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1. Introduction

The significance of wood-based composites has grown substantially in recent years
due to their enhanced material efficiency, sustainability, and versatile applications. These
composites are engineered by integrating lignocellulosic wood elements, such as fibers,
particles, or veneers, with thermoplastic or thermosetting polymeric adhesives through
various manufacturing processes, including hot pressing, extrusion, or injection molding.
Recent advancements in wood-based composites have focused on multiple facets,
including processing techniques, product innovations, surface and color treatments, and
the examination of key properties. Furthermore, bio-based layered hybrid composites
are being researched to provide sustainable alternatives in structural applications,
alongside a focus on diversifying the sourcing of raw materials. To optimize performance
characteristics, specific additives such as hardeners, coupling agents, plasticizers, and
fillers are incorporated into the composite formulation. These additives play a critical
role in improving interfacial adhesion, mechanical strength, dimensional stability, and
resistance to environmental degradation, thereby enhancing the overall durability and
functionality of the material. Additionally, energy efficiency is critical; therefore, improved
manufacturing effectiveness and sustainability are targeted. Finally, significant insights
have been gained into the acoustic properties of wood through the analysis of sound
propagation velocity, combined with impacting design choices. In addition, the evaluation
of cellulose macromolecular properties after chemical treatment helps us understand the
changes that affect the performance of wood composites, indicating a comprehensive
approach to enhancing wood-based materials.

To optimize the structural integrity and performance of wood-based composites,
specific additives are incorporated into their formulation. These additives include
hardeners, coupling agents, plasticizers, flame retardants, fungicides, and fillers, each
serving unique roles in modifying the physical and chemical properties of the polymer
matrix [1-4]. Hardeners improve curing efficiency, leading to superior bonding strength,
while coupling agents enhance interfacial adhesion between hydrophilic wood components
and hydrophobic polymer matrices. Plasticizers increase flexibility, reducing brittleness,
whereas fillers such as calcium carbonate, talc, or nanocellulose enhance dimensional
stability and mechanical resilience. Additionally, flame retardants and fungicides improve
fire resistance and biological durability, respectively, extending the material’s service life
in demanding environments [5-9]. Wood-based composites have gained widespread
acceptance in both structural and non-structural applications, making them integral
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to various industries. In the construction sector, they are used for load-bearing and
non-load-bearing elements such as beams, wall panels, sheathing, and formwork due to
their high strength-to-weight ratio and resistance to warping. In interior applications, they
are commonly utilized in furniture manufacturing, cabinetry, flooring, decorative panels,
and moldings, offering aesthetic appeal combined with functional benefits [10-14]. Exterior
applications include decking, fencing, cladding, and doors, where enhanced weather
resistance and UV stability are critical factors. The automotive and aerospace industries
also incorporate wood—plastic composites in lightweight, durable components to improve
fuel efficiency and reduce environmental impact [15]. Advancements in wood-based
composite technology continue to drive improvements in mechanical performance,
moisture resistance, biodegradability, and recyclability. Emerging trends focus on the
development of bio-based and eco-friendly adhesives derived from renewable resources,
reducing reliance on synthetic petrochemical-based binders. Additionally, nanotechnology
and fiber modification techniques are being explored to further enhance composite strength,
thermal stability, and fire resistance. With increasing emphasis on sustainable materials
and circular economic principles, wood-based composites are expected to play a crucial
role in reducing deforestation, minimizing waste, and promoting green construction
practices in the coming decades [16-18]. One of the ways to reduce deforestation is to
use alternative raw materials from which composites can be made [19-25]. In the case of
particleboards, a promising method is the use of alternative, lesser-known wood species in
particleboard production.

2. An Overview of Published Articles

Reh et al. (contribution 1) analyzed perspectives on using alder, larch, and birch wood
species to maintain the increasing particleboard production flow. These three wood species
represent an eco-friendly and sustainable wood alternative to the conventional wood raw
materials used. This review confirms the diversity of the use of these three species in
different fields and proves their suitability for particleboard production.

Wood-based composites have gained significant attention in the global market,
necessitating a deeper understanding of their physical and mechanical behavior, particularly
in relation to adhesive polymerization. Silva et al. (contribution 2) investigated the
effects of incorporating aluminum oxide and aluminum oxide copper nanoparticles
into a urea-formaldehyde-based polymeric adhesive using an environmentally friendly
approach. The manufactured Eucalyptus urophylla var. grandis wood composites were
analyzed for their resin properties such as viscosity, gel time, and pH, as well as
panel characteristics including density, moisture content, thickness swelling, modulus
of elasticity, modulus of rupture, and thermal conductivity. The results showed
that nanoparticle addition influenced viscosity, while all treatments exhibited a
basic pH. However, gel time could not be determined after 10 min. No significant
improvement was observed in swelling resistance, density, or moisture content. An
increase in pressing temperature from 150 °C to 180 °C positively affected all
physical and mechanical properties, suggesting enhanced polymerization of the
adhesive. Overall, the incorporation of 0.5% nanoparticles had a limited effect on
improving the physical-mechanical performance of the particleboards.

The modification of urea-formaldehyde adhesives involves altering its chemical
composition or incorporating additives to enhance its performance in terms of bonding
strength, durability, moisture resistance, and environmental impact, the last of which was
the goal of the research by Reh et al. (contribution 3). The potential of using ground beech
(Fagus sylvatica L.) bark as an eco-friendly additive in UF adhesives for molded plywood
manufacturing was investigated. Nine-layered, flat, and molded plywood was produced
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under industrial conditions from beech veneers bonded with a UF adhesive mixture. The
positive effect of beech bark in the UF adhesive mixture on a reduction in formaldehyde
emissions from the molded plywood was also confirmed. Beech bark, considered to be
wood-processing industry waste or a byproduct, has significant potential to be used as
a filler in UF resins for molded plywood production, providing an environmentally
friendly, inexpensive solution for the industrial valorization of bark as a bio-based
formaldehyde scavenger.

The ongoing advancements in science and technology are driving a growing demand
for environmentally friendly products derived from natural sources, as well as the enhanced
reutilization of forestry and agricultural byproducts, which are often regarded as waste. The
use of polymer blends to bond fibers for wood-based products seems an attractive
substituent because of the low cost and suitability for a wide range of applications. Natural
fiber-reinforced polymers are increasingly replacing synthetic fiber-reinforced plastics
across various industrial sectors, including automotive manufacturing, packaging, and
furniture production. These bio-based composites offer reduced weight and enhanced
thermal properties, contributing to improved sustainability and performance. Gumowska
et al. (contribution 4) elaborated on layered composites produced with different biopolymer
adhesive layers, including biopolymer polylactic acid, polycaprolactone, and biopolymer
blends of PLA + polyhydroxybutyrate with the addition of microcrystalline cellulose
and triethyl citrate for these blends, which acted as binders and co-created the five
layers in the elaborated composites. The modulus of rupture, modulus of elasticity,
internal bonding strength, and density profile were obtained, and differential scanning
calorimetry, thermogravimetric analysis, and scanning electron microscopy analysis
were performed. The results showed that among the composites in which two pure
biopolymers were used, PLA obtained the best results. The results of this study
demonstrate the feasibility of producing layered wood-based composites using various
biopolymers and their blends as specialized property layers and binders. This approach
enables the development of formaldehyde-free wood-based composites that enhance
the inherent properties of both wood and biopolymers, offering improved performance
and sustainability.

The physicochemical and mechanical properties of wood-based materials can be
significantly improved through impregnation, a process in which functional substances
penetrate the wood’s cellular structure, modifying its intrinsic characteristics. Impregnation
involves deep penetration of resins, chemicals, or nanoparticles into the wood structures.
Rahayu et al. (contribution 5) used TiO, nanoparticle impregnation and analyzed their effect on
the density and dimensional stability of mangium wood and the effectiveness of the presence
of the impregnation in wood in degrading pollutants. The samples were analyzed for density,
weight percent gain (WPG), and bulking effect (BE). The samples were also analyzed via X-ray
diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). TiO, nanoparticles
resulted in an increase in density, WPG, and BE-treated mangium. Based on the XRD and
FTIR results, the TiO; nanoparticle was successfully impregnated into mangium wood. A
scanning electron microscopy—energy-dispersive X-ray spectroscopy analysis indicated that
TiO, nanoparticles covered the surface of the wood cells. The TiO,-impregnated mangium
wood has a higher photocatalyst activity than the untreated wood, indicating better protection
from UV radiation and pollutants.

Wood preservation involves various methods to extend its lifespan and protect it
from decay, insects, mold, and weathering. The effect of using selected inorganic chemicals
as the main components of waterborne wood preservative systems on the degradation
of the cellulose constituent in wood from model samples was examined by Jurczykova
et al. (contribution 6). Whatman papers, as pure cellulose model samples, were impregnated
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with 10 different 5 wt% solutions of inorganic salts and distilled water and consequently
subjected to wet-thermal accelerated aging. The samples were then derivatized to cellulose
tricarbanilates through two different procedures (by precipitation in a methanol-water
mixture/by evaporation of pyridine from the reaction mixture) and finally analyzed
using size exclusion chromatography. Chemically treated and aged cellulose samples
showed different changes in their degree of polymerization and polydispersity in terms
of untreated non-aged standards caused by different ongoing degradation reactions, such
as dehydration, hydrolysis, oxidation, and cross-linking. This paper brings new insights
regarding the complex evaluation of the polymeric properties of degraded cellulose by
considering all important factors affecting the sample and the analysis itself through the
use of statistics.

Thermal modification is another environmentally friendly process that enhances the
durability, stability, and resistance of wood by exposing it to elevated temperatures, mostly
in the absence of oxygen. This treatment alters the wood’s chemical structure, reducing
its hygroscopicity and improving its resistance to biological degradation. Jurczkyova
et al. (contribution 7) examined the effect of thermal modification temperature on the
selected optical properties of six tropical wood species—Sp. cedar (Cedrala odorata), iroko
(Chlorophora excelsa), merbau (Intsia spp.), meranti (Shorea spp.), padouk (Pterocarpus
soyauxii), and teak (Tectona grandis). The CIELAB color space parameters, yellowness,
ISO brightness, and UV-Vis diffuse reflectance spectra were obtained. Subsequently,
these wood samples were extracted into three individual solvents (acetone, ethanol, and
ethanol-toluene). The yields of the extracted compounds; their absorption spectra; and
again, their L*, a*, b*, DE*, and Yi parameters were determined. The results showed that
thermal modification above 200 °C causes tropical wood to lose its characteristic color,
which contributes to the unique aesthetic appeal of individual species. Although the process
results in a more homogeneous appearance, it significantly reduces the wood’s brightness
and yellowness. At temperatures above 220 °C, color differences become negligible, as
confirmed by a cluster analysis within the PCA (Principal Component Analysis). This
uniformity may not always be desirable, as some consumers select wood primarily for its
decorative properties. Ultimately, the suitability of thermally modified wood depends on
its intended application and whether color consistency is a priority or if other advantages
of ThermoWood, such as enhanced durability and stability, take precedence.

Fine art coatings are typically formulated by combining metal fillers with water-based
coatings, which are then applied to the surfaces of wood structures, furniture, and
crafts for decorative purposes. However, their durability is often constrained by
limited mechanical strength. In contrast, the dispersion of metal fillers and the
mechanical performance of the coating can be significantly enhanced through the
use of coupling agents, which facilitate strong interfacial bonding between the resin
matrix and the metal filler. Han and Yan (contribution 8) examined the effect of
silane coupling agent modification and its influence on a brass powder-water-based
acrylic coating. Three different silane coupling agents, 3-aminopropyltriethoxysilane,
-(2,3-epoxypropoxy)propytrimethoxysilane, and -methacryloxypropyltrimethoxysilane,
were used to modify the brass powder filler in orthogonal tests. The artistic effect and
optical properties of the modified art coating induced by different proportions of brass
powder, silane coupling agents, and pH were compared. The results demonstrated that
the amount of brass powder and the kind of coupling agent used had a substantial
impact on the coating’s optical characteristics. These results provide a technological
foundation for the development of artistic coatings for wood.
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The influence of coating treatments on sound propagation speeds in thin boards made
of spruce and maple resonance wood was examined by Faktorova et al. (contribution 9).
Wood samples, both unvarnished and coated with oil-based or alcohol varnish, were
exposed to UV radiation and saline fog. Lamb wave propagation was analyzed using
a semicircular test model to assess acoustic responses in the longitudinal and radial
directions. A statistical analysis revealed that oil-based varnish reduced propagation speed
mainly in the radial direction, while alcohol varnish had a greater effect longitudinally
in spruce wood. In maple wood, increasing varnish layers decreased the anisotropy ratio
between the longitudinal and radial directions, regardless of varnish type. Research showed
that surface treatments applied to wooden resonance plates affect sound propagation
speeds in both the longitudinal and radial directions. The acoustic behavior of the wood is
influenced by both the type of treatment and the wood’s anatomical characteristics, with
variations in propagation speeds observed even among samples of the same species due to
differences in their anatomical structure.

In furniture production, efforts are being made to lower energy consumption
while adopting green practices. These include using sustainable materials, optimizing
manufacturing processes, and implementing energy-efficient technologies. By reducing
energy use and minimizing environmental impact, the industry can produce eco-friendly
furniture that meets both consumer demands and sustainability goals. Pakula et al.
(contribution 10) analyzed the support of eco-design ideas and sustainable manufacturing
techniques by examining the energy consumption related to drilling holes for various
furniture connections such as eccentric joints, confirmat screws, and dowels. The energy
consumption was measured using a portable power quality analyzer. The measurement
process involved recording energy consumption at different stages of the machining
process, allowing for an analysis of specific cutting work and total energy consumption for
various joint types. The results indicate that connecting furniture with dowels consumes
the least energy but is the least user-friendly, as it does not allow for disassembly,
reassembly, or easy transport. While eccentric joints consume more energy than dowels,
they offer greater convenience for transportation and easier assembly. However, each
time the furniture is reassembled, it loses strength due to material tearing caused by the
removal of the confirmat screw. The highest energy consumption for drilling holes is
associated with the eccentric joint, which, despite requiring more energy and larger holes,
provides the best durability, ease of assembly, and ability to disassemble and transport the
furniture without compromising its strength. Ultimately, it can be concluded that enhancing
the usability of furniture increases the use of technology and, consequently, energy
consumption. This study offers valuable insights into energy consumption associated
with different furniture joints, providing critical information for eco-design and sustainable
manufacturing practices. The analysis highlights the varying energy demands of each joint
type, which can inform the development of more energy-efficient and environmentally
friendly methods for furniture production.

3. Conclusions

The collective contributions in this compilation reflect a comprehensive and forward-
looking exploration of sustainable practices and innovative technologies in the field of
wood-based materials and products. Several studies (Reh et al. and Silva et al.) focus
on alternative raw materials and eco-friendly adhesive formulations, highlighting the
potential of underutilized wood species and nanoparticle-enhanced resins to improve
performance while reducing environmental impact. Complementary research (Reh et al.,
Gumowska et al.) advances the use of biopolymers, natural fillers, and bio-based
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additives, aiming to minimize formaldehyde emissions and develop fully biodegradable,
formaldehyde-free composites.

The enhancement of material properties through physical and chemical modifications
is another recurring theme. The contributions by Rahayu et al. and Jurczykova et al.
demonstrate how impregnation and inorganic chemical treatments can improve wood’s
durability, dimensional stability, and pollutant resistance, while thermal modification
(Jurczykova et al.) offers improved structural properties at the expense of aesthetic value.

Specialized applications, such as artistic coatings (Han and Yan) and acoustic
performance (Faktorova et al.), reveal the nuanced influence of surface treatments and
additives on the visual, tactile, and auditory properties of wood, expanding its functional
and creative potential. Finally, Pakula et al. contribute practical insights into the energy
demands of furniture manufacturing, balancing environmental responsibility with user
convenience and mechanical durability.

The articles collectively emphasize a growing commitment to sustainability, innovation,
and efficiency within the wood-based materials industry. Across all contributions, there is
a clear shift toward eco-friendly practices, whether through the use of alternative wood
species, bio-based adhesives, or advanced material modifications.

Researchers are increasingly exploring ways to reduce environmental impact, enhance
performance, and utilize natural or waste-derived materials more effectively. This includes
the integration of nanoparticles, biopolymers, and plant-based additives, as well as process
improvements such as thermal treatments and impregnation.

Another common theme is the importance of balancing functionality, aesthetics, and
sustainability. Whether optimizing acoustic performance, durability, or manufacturing
energy use, the studies demonstrate that thoughtful material selection and processing
techniques can lead to better, greener products.

Overall, these contributions reflect a dynamic and evolving field, where science and
technology are being applied to meet modern demands for environmentally responsible,
high-performing wood-based materials across various applications—from construction
and furniture to fine arts and acoustics.
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Abstract: Particleboard, engineered wood products as part of a large family of wood composite
materials, developed in use mainly in the 1950s and 1960s to utilize inferior wood and wood waste
when good-quality wood was in short supply; the annual production capacity worldwide is over
100 million m3. It is also necessary to have a lot of wood raw material for its production, although
raw material resources are limited on our planet. In addition to the main wood species, it is therefore
possible to think about the wider use of alternative, lesser-known European species of alder, larch,
and birch in particleboard production. These three wood species represent an eco-friendly and
sustainable wood alternative to the conventional wood raw materials used. This review confirms the
diversity of the use of these three species in different fields and proves their suitability in relation
to particleboard production. Fundamental research is ongoing in certain universities to determine
the proportional shares of use of these tree species in particleboard (in a certain weight proportion
in their core layers) for the purpose of formulating the correct technology shares and rules for their
application in the wood-based panel industry.

Keywords: wood-based panels; raw materials; lesser-known European species; alder; larch; birch;
particleboard

1. Introduction

Particleboard, engineered wood products as part of a large family of wood composite
materials, dates from the early 20th century and developed in use mainly in the 1950s and
1960s to utilize inferior wood and wood waste when good-quality wood was in short supply.
The annual particleboard production capacity worldwide is over 100 million m3, and it is
expected to reach 122 million m® by 2029. In Europe, almost 30.0 million m® of particleboard
are produced each year, mainly for furniture applications (another particleboard volume is
manufactured for construction purposes, but these waterproof particleboard are not the
subject of this paper) [1-5].

Particleboard type P2 is suitable for dry areas. The triple-layer structure of the stan-
dard product consists of a robust core layer and two fine surface layers in order to allow
clean usage. Particleboard type P2 is mainly manufactured for surface coatings. The
particleboard production and its use are progressing. Due to the impact of COVID-19,
several restrictions have been imposed by the world’s governments, and thus, construction
and furniture activities experienced a modest downturn in 2020-2021. The conditions
gradually improved after 2021, restoring the particleboard market’s growth trajectory. We
are certainly aware that the significant growth in the construction of homes on account of
rapid urbanization and the rising global population should represent one of the key factors
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fueling the particleboard market growth in following years unless there are unexpected
changes, such as COVID-19 was [1-5].

Since particleboard is produced in a large volume worldwide, it is also necessary
to have a lot of wood raw material from which the particleboard is made. Raw material
resources are limited on our planet. Although wood raw material is renewable, its reserves
are still not as high as would be desirable and there is also competition from other sectors
(pulp and paper industry, combustion, and energy production) [6-9].

The question of what to produce such a large number of particleboards from is not
underestimated, and worldwide research and manufacturing plants have been exploring
it for several decades. Lignocellulose raw materials that do not come from trees are used,
recycling of used wood has progressed significantly, and non-wood raw materials are
tested. The density of particleboard is purposefully reduced by manufacturers. The lower
density of particleboard means less wood raw material is needed. The lower density of
particleboard may be partly to the detriment of its properties, so a fundamental reduction
in density is out of the question [10-15].

Therefore, a question arises as to whether it is preferable to make more use of real
wood for the production of particleboard, namely wood species that are not used at all or
only used to a very limited extent and only locally for the production of particleboard. It
would entail wood species of less or not at all used wood species to make a particleboard.
It is the main reason for compiling this review paper [1,12].

Global research is trying to solve the possibilities of processing lesser-known and lesser-
used forest trees for their use. In particleboard production, these attempts to process and
correctly use lesser-known trees are limited, unfinished, and often completely absent [1,15].

It may be a matter of debate as to what are lesser-known or lesser-used trees in terms
of a particular location or a certain period in terms of the available stocks of such trees
in particular forests [10,16]. We will not address the representation of tree species in the
forests of the world in this paper, that is, let us say, a proposal for some other paper for
the authors’ collective, including forestry experts. However, some facts about the stocks of
these trees in the region of Central Europe, which is mainly of concern, are obvious.

Alders are represented in the forest stands of Slovakia in the range of 1.5-2% of the
total number of trees [17]. In the forests of the Czech Republic, black alder (Alnus glutinosa
(L.) Gaertn.) is mainly represented, and overall, it is estimated that all alders can be up to
2% of the total area of forest stands [18]. The representation of alders in Austria is in the
range of 2.5-3% of the total number of trees in forest stands. Even in Germany, the most
widespread species is black alder and the representation of alder in the forest stands of
Germany is around 3% of the total share of trees. In Poland, alders have a more significant
presence, not only black alder but also gray alder (Alnus incana (L.) Moench). In Polish
forests, alders represent about 5% of the total forest area, which makes them an important
deciduous species in this country [19]. In all the mentioned countries, the presence of alder
is important for biodiversity and soil stabilization in humid areas.

Data on the processed volumes of alder wood vary depending on the annual produc-
tion, demand, and forestry policy of individual countries. In Slovakia, alders are not consid-
ered economically important trees, and their annual processing is around 18,000-20,000 m?.
They are mainly used for the production of furniture and small handicraft products. In the
Czech Republic, the annual processing of alder is around 35,000~38,000 m®. Their wood is
mainly used for the production of plywood, furniture, and cladding. The annual processing
of alder in Austria is around 14,000-15,000 m3. They are used for smaller wood products
and cladding. In Germany, the annual processing of alder is estimated at approximately
40,000-50,000 m3. They are mainly used for the production of furniture, veneers, and
smaller wooden products. In Poland, alder processing is higher, ranging between 60,000
and 70,000 m? per year. They are popular for the production of furniture, plywood, and
decorative elements [20-22].

In the forests of the Slovak Republic, birch trees represent around 2% of the total share
of trees [17]. In the Czech Republic, birch makes up around 2.5-3% of the total share of
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trees in forests [18]. In Austria, the representation of birch is relatively small, mostly below
1% of the total number of trees in forests. In Germany, birches are mainly found in the
northern parts of the country and reach a share of around 2% in forest stands. White birch
(Betula pubescens Ehrh.) and other birch species are relatively abundant in Poland, with the
representation of birches reaching approximately 7-8% of the total share of woody plants
in the country [19].

The annual volume of birch processing in Slovakia is relatively low, around
14,000-15,000 m3. Birches are used for the production of furniture and small art products.
In the Czech Republic, birch processing is around 25,000-28,000 m? per year. The wood
is mainly used for the production of plywood, furniture, and smaller wood products.
Austria processes approximately 14,000-15,000 m® of birch wood per year, primarily for
the production of furniture and smaller decorative items. In Germany, approximately
35,000-40,000 m? of birch wood is processed annually. Its use is similar to that in other
countries: production of furniture, veneers, and decorative products. In Poland, birch
processing is somewhat higher, approximately 45,000-55,000 m> per year. In addition to
furniture, birches are used for the production of plywood [20,22,23].

European larch (Larix decidua Mill.) makes up about 3.5% of the total share of woody
plants in Slovakia, and its share is slightly increasing over the years [17]. In the Czech
Republic, larch has a representation of around 3—4% [18]. In Austria, larch is common in
mountainous areas, its share reaches approximately 5% of the total forest area, and it is
an important tree for Austria. In Germany, larch has a representation of around 2-3%. In
Poland, larch occurs with a share of about 3-4% within the total forest area [19].

Approximately 60,000-65,000 m? of larch wood is processed in Slovakia annually. It is
mainly used in the construction industry for the production of durable structural elements
and cladding. In the Czech Republic, larch processing is around 80,000-85,000 m? per year.
Its wood is mainly used in construction, for the production of floors, cladding and durable
external structures. In Austria, the annual volume of larch wood processing is around
120,000-130,000 m3. Austria has a strong tradition of using larch in construction due to
its durability and resistance to weather conditions. In Germany, the processing of larch
is approximately 130,000-140,000 m? per year. It is popular in construction and furniture
production due to its strength and durability. In Poland, larch is processed in a volume
of approximately 95,000-100,000 m® per year. Its wood is mainly used for the production
of durable building structures, furniture, and cladding. These values are also qualified
estimates and depend on the annual extraction and demand for larch wood [20-22,24].

We will assume that some wood species have greater prerequisites for processing
them into particleboard, while others do not have these prerequisites [8]. In recent years,
few studies have been carried out on various trees growing around the world and their
possibilities for use in particleboard [25,26]. The basic question can be whether these stud-
ied trees are represented by their volume in forests in certain regions of the world in such
a way that their research in terms of particleboard production is meaningful. Of course,
there is no point in conducting research about a tree species that occurs, say, in a park with
a representation of several individuals. Such wood species will not provide the necessary
volumes of wood raw material to produce the usual large number of particleboard pro-
duced, and even if the parameters of such wood species are advantageous, for production
plants such information is completely negligible. Therefore, it is necessary to know how
much wood raw material from a particular tree species is available in the catchment area of
a certain particleboard plant [11].

In this paper, we focused on the region of Central Europe, and we selected three types
of forest tree species that are not used in Central Europe for particleboard production. These
are the alder—Alnus spp., birch—Betula spp., and larch—Larix spp. tree species. We aimed
to point out the suitability of these three trees for particleboard production from various
points of view because research has already processed and published quite a diverse range
of information about the possibilities of utilization and incorporation of these tree species
for various purposes and some selected information from them is instructive [7,13,15].
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Each of these three tree species is reviewed theoretically from the point of view of
their potential for mechanical processing into chips and particles in two subsections: (1) the
potential of the tree species in terms of the suitability of chipping and fragmentation to
fine particles and (2) a literature overview of the previous experience of other authors in
processing these three tree species into particleboard.

All this information will aid in designing new compositions of particleboard structures.
We are deeply aware that the examined woods are not present in forest stands in such a way
that they can be processed to 100% proportions in particleboard. Since particleboard consists
of three layers, we will not plan and we do not anticipate influencing the composition
of the particleboard surface layers composed of fine particles; the surface layers will
remain composed exclusively of spruce species. We plan to influence the composition
of the particleboard core layer and replace the part of the spruce particles with a certain
proportion of one of the three investigated species. The particleboard will have an identical
appearance to ordinary boards, and even a less experienced customer will not recognize
the difference between 100% particleboard from spruce and our proposed particleboard
with a slightly modified core layer of particleboard.

It will be a proposal for a possible and acceptable modification of the composition of
the particleboard core layer, replacing part of the wood in it but replacing it with wood, real
wood grown in the forest, not non-wood materials, not strange cheap non-wood materials
that reduce the properties and value of the particleboard.

Our goal is to create a wood mixture for the particleboard core layer with the in-
corporation certain proportion of particles from these three wood species. We choose this
approach from the point of view that these three forest trees are available in Central Europe,
as well as in North Europe, and they are not industrially used for particleboard purposes,
given their lower quantity of available volumes. However, as suitable raw materials in a
certain proportion in the core particleboard layer, they can be a recordable source of wood
raw material and they can enable smooth particleboard production with a steady increase
in their production volume and with a relative shortage of common wood raw materials
for their production [1,2,5,27].

This review paper was prepared on the basis of a competitive and approved inter-
national research project (2022-2025) with the name Analysis of the Properties of the
Less-Known European Wood Species in Composite Materials, which is financed from the
research funds of two states (Slovak Republic, Czech Republic), with the participation
of three research universities. This project is focused on the analysis of the properties of
lesser-known wood species, primarily birch, larch, and alder, and their comparison with
spruce for use in wood-based composites, especially oriented strand boards and particle-
board and in the subsequent processing. We understand this project as a starting point for
other international projects in broader contexts with the involvement of several countries
because the lack of the majority wood species (spruce) for particleboard production is acute
and, even if a minor source of wood raw material, every type is in practice, alongside
other alternative raw material sources (recycled), very welcome. This research is aimed
toward particleboard type P2 development with the triple-layer structure with the core
layer modification and two fine surface layers conservation. However, the idea of incor-
porating minor sources of wood raw material into the particleboard core layer must be
research-verified and sufficiently proven so that the physical and mechanical properties
of the particleboard should be of the required level in terms of international technical
standards and customer expectations.

2. Alder Species

2.1. Potential of Alder in Terms of Its Suitability for Chipping and Fragmentation into Fine Particles
In Section 2.1, we will try to indicate the potential of alder in terms of its suitability

for chipping and fragmentation into fine particles. Our point is that the possible use and

processing of alder for the purpose of particleboard should be theoretically elaborated in

this review paper in such a way that the research project on our part is meaningful and
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that our work of a research nature is based on theoretically acquired knowledge and tested
procedures published by other authors.

A genus of trees, alder belongs to the group of soft deciduous trees, and its importance
in industrial processing is limited by the proportion of occurrence. Alder wood has a
remarkable structure. It is a very high-demand raw material, although its mechanical
processing requires more attention. Each object made of alder is unique due to the richness
of the natural structures of the annual rings, bumps, and irregular course of the core in a
composition with a variety of colors—from light golden, through deep, honey orange, to
dark brown [28-33].

The wood of the alder is scattered porous, without a noticeable darker core. The vessels
on the transverse section are not visible, while on longitudinal sections they appear as only
small cracks. Fine string rays are grouped into wide bands (combined rays), on a transverse
section in irregular distances and on the tangential section noticeable as long darker bands.
Individual string rays are not visible, not even with a magnifying glass. The vessels are
narrow and very numerous. The radial diameter of the vessels is 0.065 mm, tangential
0.05 mm, and on average, there are 100 vessels per 1 mm?. The length of the wood fibers
is 0.30-1.01-1.65 mm, and the proportion of wood fibers is 46-58-74%, indicating good
possibilities for splitting and chipping the alder wood [28,34-38].

An overview of the basic physical properties of alder wood is provided in Table 1. An
overview of the basic mechanical properties of alder wood at a moisture content of 12% is
provided in Table 2.

Table 1. Overview of the basic physical properties of alder wood [29,30,32,35].

Density (kg/m3) The Moisture Content of Freshly Cut Wood (%)
In Absolute Moisture Content of Fiber Saturation Point
Dry State po 30% pyg Sapwood Mature Wood (FSP) (%)
450-510-600 530 80-110 31-34
Shrinkage Longitudinal Radial Tangential Volumetric
(%) 0.5 46 8.5 13.8

Table 2. Overview of the basic mechanical properties of alder wood at a moisture content of
12% [29,32,35,36].

Parallel to the Fibers  Perpendicular to the Fibers
Property

w=12% w=12%
Tensile strength (MPa) 94 7.3
Compressive strength (MPa) 55
Shear strength (MPa) 45
Bending strength (MPa) 97
Modulus of elasticity in bending (MPa) 11,700
Brinell hardness (MPa) 36 14

Published collected data on the physical and mechanical properties of alder wood,
although only partially reviewed in the literature, already indicate that alder wood can
be processed for the purpose of particleboard production. The individual values of the
physical and mechanical properties of alder wood are basically not very different from
other more commonly processed softwoods or hardwoods with a lower density similar
to that of alder for the purpose of particleboard production. Therefore, alder wood seems
to be applicable for our intended purpose. In Section 2.2, we will try to summarize the
previous experiences of various authors in the use of alder for particleboard production
and the context of alder processing.
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2.2. Alder in Particleboard and the Context of Its Processing

The industrial production of particleboard made with the help of alder is unknown,
but several research workers have published partial results of alder wood processing, either
from the premise of researching its properties in chipping or gluing or directly in pressing
and laboratory production of particleboard.

2.2.1. Previous Experience of Particleboard Production from Alder Wood

Nemlj, G. (2003) was dealing with particleboard laboratory manufacturing from
alder (Alnus glutinosa subsp. Barbata) wood. He aimed to evaluate the circumstances
of the moisture content of the particles, the shelling ratio, and the effect of wood dust
on the particleboard mechanical properties (static bending, modulus of elasticity, and
internal bond) as well as selected physical properties (thickness swelling). His research
results demonstrate that alder particles, if used for particleboard production, exceeded the
EN standards for internal bond, modulus of elasticity, and static bending, although the
thickness swelling values were poorer than the requirements [39].

While Nemlj, G. (2003) [39] was producing a pure 100% particleboard from alder and
this is probably not entirely justified considering the not very large stocks of alder wood in
forests in Europe, another research study has focused on a more sober proportion of alder in
particleboards. This idea is justified, and we also prefer it. There were investigations of the
wood particles (with the sieve fraction 0.4-2 mm) as a mixture of gray alder (Alnus incana (L.)
Moench) and the lignin powder with a concentration of 15 or 25%. Their thickness swelling,
density, water absorption, internal bond strength, modulus of rupture, and modulus of
elasticity in bending were determined. It was detected that the amount and the source of
the added lignin clearly affected all the tested particleboard properties [40]. It seems to us
from this that alder wood is acceptable for the purpose of particleboard production.

Kumas et al. [41] conducted research on the effects of the drying temperature of the
particles and the pressing temperature on particleboard’s technological properties, which
were produced from black alder wood. Wood particles with different drying temperatures
(120 and 150 °C) and pressing temperatures (150 and 200 °C) were used. If the particle-
drying temperature was higher, the pressing temperature had an absolute effect on the
particleboard’s dimensional stability. An increased pressing temperature improved the
board’s mechanical properties. This research needs to be appreciated and taken into
account, as the board’s mechanical properties are important and the tried and tested path
to achieve them must be followed.

In their research, other scientific workers dealt with the assumptions of alder process-
ing from various points of view, and they came to conclusions and findings that are helpful
in the investigation of this wood as a suitable raw material for partially covering the needs
of wood raw material to produce particleboard.

2.2.2. Analysis of the Chemical Composition of Alder Wood as a Factor in
Particleboard Production

It is very important to know the chemical composition of alder wood in detail because
the individual components can partially affect its processing and the future particleboard
properties from different aspects.

Geffert at al. [42] evaluated the chemical components of alder wood (Alnus glutinosa
L.) and also investigated the changes in the chemical components caused by steaming with
saturated steam at three temperatures—105 °C, 125 °C and 135 °C. They reported that cellu-
lose is present in regular alder wood at 44.1%, polysaccharides at 77.2%, lignin at 22.0% and
extractives at 6.6%. The greatest changes in the alder wood after steaming were observed
in the polysaccharides content, with the greatest decrease at a temperature of 135 °C. The
cellulose content was relatively stable and small changes was caused by the degradation
of the more unstable wood components were apparent. Alder contains a relatively wide
range of different substances, including various polyphenols, diarylheptanoids, flavonoids,
triterpenoids and steroids. Black alder and gray alder contain the triterpenoids alnusenone,
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taraxerol and taraxerone. The steroids brassinolide and castasterone have been isolated
from sticky alder. Among the biologically active components of alder, diarylheptanoids are
the most important. Phenolic compounds and flavonoids are carriers of the antioxidant
effect. The yellow dye kaempferol is contained in the bark of Alnus nitida.

Alder wood contains extractive substances affecting its gluing process. Janceva
et al. [43] studied the possibility of using condensed tannins-rich extracts from gray alder
(Alnus incana) as well as from black alder (Alnus glutinosa) bark in the production of parti-
cleboard and plywood adhesives. The extracted microparticles from alder bark residues
used into the composition of the adhesive system showed positive potential for application
as a filler. They certainly play a significant role in particleboard production.

A seemingly less related study was published by Oztiirk et al. [44], but the results of
the studied alder in it, among other tree species, are very important. The waste-expanded
polystyrene particles of five different densities were used in the production of composite
particleboard. Half of the alder or other species chips were dried in a drying oven and the
other half just naturally conditioned at room temperature, and then a three-layer composite
particleboard 18 mm thick was produced. The thermal insulation performance of the
composite particleboard panels increased with the use of waste-expanded polystyrene
foams with a density of 30 kg/m?, according to the analysis findings. The lowest thermal
conductivity values were acquired from the expanded polystyrene waste foams with the
low density of 13, 18, and 22 kg/m? for the panels produced with alder, pine, and poplar in
the natural-drying condition. Technical drying showed better thermal performance than
natural drying. The accompanying substances in alder wood have been identified, as in
previous research [43], and need to be considered.

In their previous study, in comparison with [44], Oztiirk et al. [45] dealt with the
thermal conductivity of wood material, which is superior to other building materials
because of its substantial porous structure. Their efforts aimed to produce a relatively
new wood composite material with insulating properties by using insulating material
polystyrene instead of formaldehyde-based adhesives as the bonding material. Five wood
species (alder, beech, poplar, pine, spruce) were used and three-layer particleboard with the
thickness of 18 mm was produced in this study. The thermal conductivity values obtained
from natural drying were found to be higher than from technical drying, according to the
results of the study. Alder wood was fully operational in this trial, and it was recommended
for further research.

2.2.3. Investigations of Alder Wood Particle Storage Methods

For our needs, it seems that the research by Szadkowska et al. [46] is very stimulating.
Their study was focused on investigating the effect of the storing methods for wood
particles from two species, alder (Alnus Mill.), and pine (Pinus sylvestris L.), on the basic
chemical composition. In the study, two storing methods for woody biomass were used:
an open pile and a covered pile. The wood was cut down at the end of November and it
was freely laid as industrial rough chips for 8 months from December onwards. After this
time had passed, the material was collected again for its chemical composition analyses as
well as the enzymatic hydrolysis. The influence of the type of storage on the composition
of the individual structural components of the wood was demonstrated as the results of
the chemical composition analysis of the wood for both studied species.

On the basis of the results of the chemical determinations carried out on the wood
biomass of alder wood stored in an open pile and covered pile for 8 months, it can be
concluded that the wood storage method plays a significant role in the enzymatic hydrolysis
efficiency, which has been statistically confirmed. High yields of enzymatic hydrolysis were
obtained for alder wood biomass being stored in an open pile; moreover, the alder biomass
had a higher yield of enzymatic hydrolysis when using dyadic enzymes than biomass from
softwoods. A higher cellulose content (+3.6%) was observed when the alder raw material
was stored in a covered pile. The holocellulose content had a similar level for alder raw
material storage, being 70.1% and 71.9% for an open and covered pile, respectively. The
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hydrolysis effectiveness increased with the time as well, independent of the material type
that was hydrolyzed. Thus, it is obvious that raw alder wood (like other types of wood)
stored for too long is not suitable for the production of quality particleboard.

2.2.4. Consequences of the Thermal Treatment of Alder Wood for Particleboard Production

The effect of elevated temperatures on alder wood quality as studied in the past by
other authors is important in terms of determining the correct pressing temperature for
particleboard using alder wood. Thermal treatment of alder wood has been investigated
by Lee et al. [47]. They wanted to offer several advantages to the treated wood, such as
exclusion of oxygen during the treatment process and even more and the rapid transfer of
heat into the wood samples. Alder wood treated in soya oil at 180 °C and 200 °C for 6 h
and 10 h exhibited superior resistance against Postia placenta. Urea formaldehyde-bonded
particleboard was soaked in palm oil for 24 h before being thermally treated in the oven at
180 °C, 200 °C, and 220 °C. Such temperatures did not destroy the alder wood and pressing
it into a particleboard at the level of 230240 °C, or even slightly higher, is feasible.

The color changes and decay resistance against white rot fungus (Pycnoporus san-
quineus) of the samples after thermal treatment were investigated. After thermal treatment,
the lightness of the samples decreased, and the extent of the darkening increased along with
an increasing treatment temperature. With the expected lamination of the particleboard
surface, this argument will not matter, but when using raw particleboards without surface
treatments, it is necessary to draw attention to this.

2.2.5. Comparisons of Selected Alder Wood Resources from Various Stem Parts for
Particleboard Production

The selection of a specific stem part of alder wood resources for particleboard produc-
tion is not possible during production. Nevertheless, it is good to know that the use of an
insufficient general wood mixture in particleboard production can affect the properties, as
further research has pointed out. Alder was also the subject of the project on binderless
bark particleboard made from bark waste obtained from gelam (Melaleuca viridiflora Sol.
ex Gaertn.) [48]. The particleboard’s thermal insulation properties were determined as
well. Up to four different temperatures (140 °C, 160 °C, 180 °C, and 200 °C) were set up
to make single-layer binderless bark particleboard with a density of less than or equal
to 590 kg/m?3. The results showed that the pressing temperature affected the physical
and mechanical properties of the manufactured boards. As the pressing temperature was
increased from 140 °C to 200 °C, the average values of the mechanical properties also
increased, even though the increase was not significant for the MoR and MoE values at
pressing temperatures of 180 °C and 200 °C. The best physical and mechanical properties
were obtained from the particleboard pressed at a temperature of 200 °C, with an MoR
value of 3.97 N/mm?, MoE value of 758.05 N/mm?Z, internal bonding (IB) value of 0.6 MPa,
TS24h value of 4.94%, and WA24h value of 16.3%. For us, this implies that higher pressing
temperatures for the particleboard are fine even if the pressed chip mixture is diverse.

The characteristics of particles made of straw of selected grain species, including
comparisons with alder particleboard purposed to produce lignocellulose particleboard,
were tested by Dukarska et al. [49]. Their research offered the characteristics of three
different species of grain straw particles applied in lignocellulose particleboard production.
The research aimed to determine the physical properties of particles of less traditionally
input raw materials and to evaluate their usefulness in the process of manufacturing
lignocellulose particleboards purposed for building constructions and to measure the
particles” usefulness in the process of the lignocellulose particleboards manufacturing
oriented for the building constructions. Every investigated material was characterized
by the different tapped bulk density, varied angle of repose, geometry, poured, and the
slippery angle of repose. The material produced was sorted using screens with a mesh
diameter of 4 mm and 2 mm in order to select the material for the surface layers and
the core layer. The desired fraction for the core layer consisted of particles retained on a

16



Polymers 2024, 16, 1532

sieve with a mesh size of 2 mm. Particles larger than 4 mm were reground and sorted,
and particles smaller than 2 mm were used for the surface layers. These values need to
be known and evaluated, and this is also the case with our intended exploration of less
traditional trees, which has been confirmed by this research [49]. Alder wood has not been
primarily researched, but references to it and its connections are also applicable to the
processing of alder wood into particles. The paper’s conclusion, and for us a lesson, is
that each material is characterized by different geometry, poured, and tapped bulk density,
varied angles of repose, and slippery angles of repose. Differences in the sizes and shapes of
particles of various grain species and in their moisture content strongly affect the properties
of particleboard produced with their use. We must be aware that difficulties in storage,
transport, and particleboard production may happen.

Salca [50] examined black alder species (Alnus glutinosa L.) from various points of
view as a resource for value-added products. She assumed that due to its workability,
properties, and appearance, black alder can be considered a suitable particleboard raw
material. Her review offers a contour of the potential of black alder as a wood raw material.
She emphasized the application and alder wood properties in terms of light exposure and
the color changes under air, the surface quality of processed particleboard during sanding
and milling, coating properties, and the process optimization. The findings of her study
help with the practical applications so that this woody species can be processed and utilized
more efficiently for value-added products. The average bending strength values found for
alder wood were in the range of 44-110 MPa. Black alder as a less-utilized woody species
has been shown to have considerable potential for industry so that its use can successfully
reduce the import activities of other woody species.

2.2.6. Possibilities of Chemical Modifications of Alder Wood for the Purpose of Improving
the Quality of Particleboard Production

As in Section 2.2.4, this subsection summarizes the chemical properties of alder wood
and their potential impact on particleboard production. The synergistic influence of the
intumescent coating that contains titanium dioxide and antimony trioxide onto alder and
spruce woody species was brought to the attention of a team of researchers led by Torun
etal. [51]. Itis good to know the reactions of alder wood with various chemicals. The results
confirmed that the wood surfaces coated by different percentages of ammonium trioxide
and titanium dioxide added to paint had a positive influence on the wood’s physical
properties as a promising raw material for particleboard production with a certain share of
alder particles.

Lovaglio et al. [52] tested the wetting behavior of alder wood surface (Alnus cordata
(Loisel) Duby) from the point of view of the influence of alkyl ketene dimer and the thermo-
treatment before and after a current artificial weathering test. The FTIR analysis carried
out by them promoted their hypothesis that the alkyl ketene dimer could make the bonds
relatively chemically stable, even when using a rather small concentration. Their findings
provide important information for any future research and for alkyl ketene dimer utilization
on lesser-used wood species.

2.2.7. Use of Alder Wood for the Production of Other Types of Wood Composites and
Other Context

Alder wood plywood has been produced for many years and has been studied in
detail. The context of gluing alder veneers is fully applicable to gluing alder chips, since in
the vast majority of cases it will involve the use of an identical type of glue. Bekhta et al. [53]
dealt with the properties of plywood composed of thermally densified and non-densified
birch and alder veneers. This, in turn, is another view of the possible behavior of alder
wood, applicable to its intended processing into particleboard. Their observation aimed to
develop plywood with two wood species (black alder and birch) and two veneer treatments
(thermally densified and non-densified) to evaluate the influence of various lay-up schemes
on the plywood’s properties. The results demonstrated that the wood species, type of
construction, and thermal densification of the veneer applied influenced the examined
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mechanical and physical properties. Black alder veneers can be placed into the inner layers
of plywood without the danger of reducing their shear strength. An increase in the share
of the thermally densified veneer in one panel leads to the higher density, shear strength,
and bending strength of the plywood. It was also demonstrated that non-treated alder
veneer, despite exhibiting lower strength properties than birch veneer, could be used with
a proper lay-up scheme in the plywood-based product industry. Therefore, mixed-species
plywood enables the increased utilization of low-grade, low-density, and low-cost alder
wood veneers as inner veneers in panels to reduce the production costs and increase the
mechanical properties of predominately low-density alder wood plywood. This is a good
insight when further reflecting on the processing of alder wood.

In a broader context, these issues are also dealt with in a book compiled by the editors
Bekhta and Krystofiak [54].

Alder plywood is also of interest to other researchers. Oncel et al. [55] aimed to
determine both the tensile-shear strengths of plywood produced from Uludag fir (Abies
nordmanniana subsp. bornmiilleriana Mattf.), alder (Alnus glutinosa L.), Scots pine (Pinus
sylvestris L.) and Samsun poplar (77/51 Populus deltoides Bartr.) by using phenol formalde-
hyde resin. They tested the rotary cut veneers in combinations of poplar—fir, poplar-pine,
poplar—alder, and poplar wood, along with the effect of wood types on the adhesion glue
quality. As a result, the tensile-shear strength values of alder-poplar plywood were found
to be average. It was found as well that there was not a significant difference between
the alder—poplar and fir-poplar plywood types regarding the tensile-shear strength. All
the plywood types tested in this study, including alder plywood, are of suitable quality
for outdoor use. Another research project went even further. The authors continued the
research on laminated veneer lumber (LVL) from alder wood, the properties of which also
passed the standard values. Since alder wood has passed these tests, it will certainly behave
appropriately, while observing all the necessary technological conditions, including in the
context of its gluing in combination with spruce in the core layers of particleboard.

An extension of the idea of this research was reported by Ilkay and Mengelog [56].
They verified the layer combination effect on the equilibrium moisture content, oven-dry
specific gravity, water absorption and thickness swelling, modulus of rupture, modulus
of elasticity tensile-shear strength, and compression strength parallel to the grain of LVL
manufactured from alder and poplar. Urea-formaldehyde resin was used in LVL production.
LVL was produced in 10 different combinations. The highest compression strength, MOR,
MOE, and oven-dry specific gravity values were obtained with alder veneers used in overall
plies. But, it is interesting that the highest tensile—shear strength values were obtained
with poplar veneers used in overall plies. With the increased use of poplar veneer in
LVL production, an increase in the amount of water absorption and thickness swelling
was observed. It was noticed as well that as the contribution rate of the alder veneer
in lamination increases, the modulus of rupture, modulus of elasticity, oven dry specific
gravity, and compression strength values were raised. Also, based on this study, alder is a
suitable wood for its mechanical processing and use in composite materials.

Suvorova and Romanenko [57] tried to prove that it was possible to obtain wood
with high-performance properties based on mechanical and chemical action because of the
optimization of technological processes and use of temperature exposure. The initial raw
material was hardwood (alder, aspen), which is not too commonly used in construction
and in the production of finished materials. The condition for obtaining wood with high
operating properties (increasing strength, density, reduction of water saturation, ensuring
the samples dimensional stability for a long time) is the ability of wood as a natural polymer
to change properties under the combined effect of pressure and temperature.

Romaneko himself supported these activities in another published paper [57].

It is a very correct aspect when we also evaluate the possibility of dust formation
during alder processing. This view of alder was dealt with by Pedzik et al. [58]. Wood dust
poses the risk of explosion and fire and a threat to the health of employees, worsens the
quality of processing, accelerates the wear of machines, and requires large financial outlays
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for its removal. This study is focused on research on the extent to which the grit size of
the sanding paper affects the size of the wood dust elements and the share of the finest
elements that, when dispersed in room air, may form the respirable fraction. Six species of
hardwood (alder, beech, ash, oak, walnut, and hornbeam) and three species of softwood
(larch, spruce, and pine) were used in this research. Based on the results obtained, they
found that the dust elements’ sizes were also obtained in the case of alder, which means
that we must be careful when processing it.

The dust generated during the processing of alder was also investigated by Sydor et al.,
and they achieved similar results, with an emphasis on dust arising from alder wood [59].

If we look at the issue of alder processing from the perspective of the future, we must
also be aware of the issue of disposal of alder products at the end of their useful life. Qiu
et al. [60] were active in this regard. The paper deals with the thermal decomposition and
the behavior in combustion of two kinds of plywood used in composite floorings. The
research study was prepared on the use of a fire propagation apparatus. The combustion
parameters, including the heat release rate, ignition time, effective heat of combustion,
and mass loss rate, were analyzed. The ignition risk and heat release of alder plywood
exist. It follows that the disposal of alder products by incineration is not an operationally
suitable activity, as it will be more appropriate to extend their life through recycling and
circular economy.

The paper by Sedliacikova et al. [61] deals with the issue of the color tones of wooden
and furniture products. This issue can be interesting from the point of view of particle color
changes in the composition of particleboard, not so much from the point of view of the real
color but from the point of view of chemical changes in wood that must be perfectly bonded
together in the form of particles within the particle-pressing process. The main aim of
their study was to identify the supply of the color tones of wooden and furniture products
and to map the interest in these wood color tones for potential customers in Slovakia. It is
necessary to increase the supply of wooden and furniture products with the natural color
of the wood and at the same time in the color tones of white, gray, and brown. The current
demand for modified alder wood and thermowood is significantly higher than the supply
of such products on the market. The results of this study represent an opportunity for
woodworking and furniture factories to adapt their product range according to the needs
of potential customers, which will bring them a higher turnover and help to overcome the
possible problems. Also, based on this study, we can conclude that alder wood can also be
processed into the particleboard core layer from the point of view of the supply of wood
products with the natural color of the wood.

2.2.8. Overall Evaluation of the Context of Alder Wood’s Possibilities in
Particleboard Production

It is clear from the mentioned and other unmentioned literature sources that alder has
suitable prerequisites for its processing into particleboard. The sticky alder (Alnus glutinosa
(L.) Gaertn.) is a deciduous tree, but it is one of the softest woods, which is not very
common in the category of deciduous trees. This could be interesting for the purpose of our
project, as the low density of particleboard and OSB boards is currently in high demand all
over the world. Another characteristic of alder wood is its resistance to impacts, but also
its low stiffness. Alder wood has a high resistance to exposure in outdoor conditions in
humid or even drier places; there is a high probability of creating few, if any, cracks.

The durability of alder is mediocre in the range of hardwoods. It is impossible to
expect the quality of alder wood to be comparable to oak or maple. Alder wood can absorb
moisture, which can affect the quality of particleboard and OSB boards. Alder wood is
very suitable for any manual processing, and it also polishes well and accepts all kinds of
colors. It is suitable for making models of various products. Winter harvesting of alder
and its quick cutting is recommended, and the protection of the ends of the logs is also
suitable. Lumber must be stored in airy cages; thin lintels should be used. The use of alder
wood for furniture has been known for a long time. The appearance and, usually, the lower
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price of alder wood are chosen by many people. In addition, its durability also makes
alder home furniture long-lasting. Alder is used to make chairs, tables, cabinets, kitchen
furniture, and other types of furniture. Alder wood is known for the production of interior
doors thanks to its uniform structure with prominent knots. Alder is a relatively soft wood,
which makes it easier to repair those places where damage has occurred. It is not suitable
for the production of exterior doors; it may not be sufficiently resistant to the fluctuations
of harsher weather.

The quality of alder wood may not be sufficient for high-quality windowsill boards
or shaped wooden products. Alder wood is extremely suitable for decorative purposes
in the form of covering decorative veneers (or even micro-veneers) for large-area panels
for wall coverings. Its distinctive pattern and regular structure lend the slatted panels a
beautiful appearance. Stabilization of alder veneers with a durable transparent coating
system is necessary. Due to its softness, alder wood is suitable for turning, milling, and
the production of various noble objects. It is also suitable for carving purposes; alder
products are attractive. Alder is one of the most suitable types of wood for the production
of kitchen utensils.

Alder plywood is well-known and of high quality. Alder is easily processed by
centric peeling technology; the manufactured structural veneers are suitable for the surface
or middle layers of plywood. The insufficient strength or softness of alder for some
applications can be eliminated by making plywood from it. Alder plywood is used in the
construction of doors, furniture, and the like. Some musical instruments, such as guitars,
are made from alder. The guitar body is characterized by a robust and clean sound, a
balanced entire sound spectrum, and other suitable acoustic properties. Alder wood is only
used to a limited extent for pulp and paper production [28].

It can be concluded, based on this information from the published literature, that
alder wood has the potential to be pressed with spruce particle mixes into the core layer
of particleboard.

3. Birch Species
3.1. Potential of Birch in Terms of Its Suitability for Chipping and Fragmentation into Fine Particles

Even in the case of birch wood, there is a collection of available data on the potential
of birch in terms of its suitability for chipping and fragmentation into fine particles. Birch is
an appropriately more analyzed tree in the literature context, because its use in the veneer-
based and plywood industry is so decisive that birch wood research is more extensive and
long-term. The literature also contains data on the possible uses and processing of birch
wood for the purpose of particleboard. Therefore, in this subsection of the review paper,
birch wood is theoretically elaborated, which includes utilizable meaningful works of a
research nature. These laboratory works must include theoretically acquired knowledge
and birch wood-processing procedures published by other authors.

Birch (Betula verrucosa Ehrh.) and other birch species belong to the group of hardwoods,
and its importance in industrial processing is limited by the proportion of occurrence. It
is a very important tree species for the north of Europe and the experience of using it to
produce particleboard is greater than in the case of alder [28,33,53]. The color of birch wood
is white with a hint of red. The boundaries of the annual rings are indistinct. It creates a
very nice texture on a tangential cut, especially wood with sleeping eyes or flaming. Birch
is a sapwood tree species; the sapwood is not visible to the naked eye. It is a scattered
porous wood. The width of the annual rings ranges from 1.2 to 2.0 mm. We can only see
the shaft rays in birch on a radial section [28,33].

Of the total volume of wood, wood fibers make up 65.8-75.7%, vessels 10.6-21.4%,
stem rays 10.8-11.7%, and wood parenchyma 2%. This is scattered (diffuse) in birch wood,
i.e., the cells are scattered evenly over the annual rings. Spindle-shaped parenchyma cells
occur in birch wood. The diameter of the vessels is 0.02-0.1 mm. The thickness of the
wall is very small at 1 pm. The perforation of birch vessels is always stepped. The colons
do not have a torus. Birch has a vascular tracheid, the length of which does not exceed
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0.5 mm. The width of the libriform fiber in birch is 0.219 mm, and the thickness of the cell
wall of the libriform fiber is approximately 5 pm. All the microscopic parameters indicate
good possibilities for splitting and chipping the birch wood. Birch wood belongs to the
medium-heavy woods, and it is slightly hard. It impregnates and stains well [28,34-38].

An overview of the basic physical properties of birch wood is provided in Table 3. An
overview of the basic mechanical properties of birch wood at a moisture content of 12% is
provided in Table 4.

Table 3. Overview of the basic physical properties of birch wood [30,62-64].

Density (kg/m3) The Moisture Content of Freshly Cut Wood (%)
In Absolute Moisture Content of Fiber Saturation Point
Dry State po 30% pyg Sapwood Mature Wood (FSP) (%)
460-800 520 80-90 30-35
Shrinkage Longitudinal Radial Tangential Volumetric
(%) 0.6 53 7.8 142

Table 4. Overview of the basic mechanical properties of birch wood at a moisture content of 12% and
a moisture content higher than 30% [30,62-64].

Parallel to the Fibers ~ Perpendicular to the Fibers

Property w=12% w>30% w=12% w > 30%
Tensile strength (MPa) 137 7.0 4.0
Compressive strength (MPa) 59.9 26.3
Shear strength (MPa) 16.2 7.7
Bending strength (MPa) 123 63
Modulus of elasticity in tension (MPa) 18,100 600
Modulus of rigidity (MPa) 15,800 600
Shear elastic modulus (MPa) 1450 800
Modulus of elasticity in bending (MPa) 13,300 9900 800
Toughness (J-cm~2) 9.32 7.85
Brinell hardness (MPa) 48 20
Janka hardness (MPa) 40

Birch, in terms of the air durability, can be classified among the low-lasting wood
species. In terms of durability in contact with the ground, where there is a risk of damage
by all types of rot, it is classified as a non-perennial woody species (Table 5).

Table 5. The durability of birch wood in years [28].

Unprotected and
Exposure Unimpregnated Under the Roof Under the Water Always Dry
Durability (years) 3-8-15 5-20-30 20-40-60 300-500

The values of the physical and mechanical properties of birch wood collected from the
literature are much more comprehensive than the information collected for alder wood, as
listed in Section 2.1. It follows that the processing of birch wood into particleboard will
be more refined and less experimental. Birch wood is well-studied in many, especially
Nordic, countries, and this literature review is proof of that. The values of the physical and
mechanical properties of birch wood are very favorable for the production of structural and
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decorative veneers, and the literature research shows that they are favorable for chipping
wood and the production of various chips. Therefore, it is assumed that birch wood will
also be suitable for the production of specific chips needed for the purpose of particleboard
production. Section 3.2 provides a summary of the previous experience of various authors
in the use of birch wood for particleboard purposes and in the context of birch processing
and its possible impact on the spruce and alder particles mixture.

3.2. Birch in Particleboard and the Context of Its Processing

Kollmann et al. [65] and Maloney [66] drew attention to the great importance of the
quality of wood as an input raw material for the production of particleboard in the 1970s. In
their well-known publications, they emphasized the importance of the technical parameters
of the particles used for particleboard production (dimensions, thickness, moisture content),
and they also emphasized the suitability of certain types of wood species in terms of their
structure. They stated that it is impossible to produce high-quality boards from inferior raw
materials. From the range of available woods, in addition to conifers, they also recommend
hardwoods with a lower density, and birch (as well as alder) meets their requirements.

3.2.1. Previous Experience of Particleboard Production from Birch Wood

Varis [67] focused on Nordic wood processing and particleboard production in Finland,
mainly from spruce but also from birch, which is a reality. The main raw material in Finland
is small-diameter spruce timber from thinning, sawdust generated in sawmilling, and
particles and veneer trash created in the plywood industry. It is trash from the plywood
industry that is mainly the source of birch particles, in addition to spruce particles, in the
production of particleboard. Birch particles are a little heavier, but they are suitable for the
quality of Finnish particleboard.

Varis [67] noted that in Europe, it is more difficult with raw materials for the production
of particleboard, because in addition to a larger assortment of tree species, including birch,
recycled wood and wood from demolitions are used, but the research also coped with such
raw materials, as long as they do not exceed a certain reasonable share in particleboard.

The importance of suitable input raw materials for the production of particleboard
is emphasized in the publication by Irle et al. [12] and, with an emphasis on Central and
Eastern Europe, in a compiled publication by Reh [68].

Varis provided up-to-date information usable in pressing birch particles mixed with
spruce, but also older research was performed by Liiri [69] is impressive and incorporating.
Three-layer interior particleboards, prepared from birch, alder, pine, spruce, and aspen,
were tested for their strength properties and also their water absorption and dimensional
stability during soaking or variations in relative humidity. The wood density proved to
be the main factor in determining the suitability of the raw material, affecting both the
strength and dimensional stability. The bark in the particles for the middle layer did not
adversely affect the board’s properties. All the tree species appeared to be suitable for
particleboards. Birch provides the boards with a density of more than 800 kg/m?3, which is
already an unacceptably high density from today’s point of view, but it tells us about the
suitability of birch (and alder) for making particleboard. However, it could be satisfactorily
mixed with lighter wood species.

Good news for processing birch into particleboard also comes from the research by
Baharoglu et al. [70]. They did not deal directly with specific tree species but compiled
a very decent overview of the technological matters necessary to produce high-quality
particleboard from alternative raw materials. They analyzed a variety of literature sources,
and they summarized that the main factors that determine the potential of alternative raw
materials to be used in composites production are their physical and chemical properties,
the possibility of seasonal storage, local availability, the supply volume, and their carbon
neutrality. Their study aimed to review the current state of knowledge on the possibilities
of the use of various raw materials in the production of particleboard. Based on this review,
an experiment was performed to identify the raw materials with the highest potential,
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considering their quality and the availability of boards made from them. Suggestions
were made as well regarding the search for new raw materials, based on their production
potential. Their summaries clearly show that some raw materials, even non-wood, may be
acceptable for particleboard production, but real wood is the most suitable.

Similarly, Krug et al. [71] considered and accumulated technical information on parti-
cleboard that is presented as an important product. They also stated that particleboard, if it
is to be of good quality and meet all customer requirements, must be made from the right
raw materials and with the right manufacturing process. Real wood is an irreplaceable
raw material.

Particles made from birch were researched by Camlibel and Aydin [72]. They closely
watched the effects of a continuous pressing speed (580 or 600 mm/s) and the time of
the conditioning (without and 72 h) on selected physical and mechanical properties and
the formaldehyde content in particleboard. They based their research on the use of birch
elements in MDF boards and particleboard using UF glue mixtures, where birch has proven
itself well.

Skurydin and Skurydina [73] summarized the results of the digital differential spec-
trometry application in the processing of the results of the study of the structure of wood
and wood-based materials by dynamic mechanical analysis (DMA). The results of the
application of the DMA method and digital data-processing are presented in the study of
the dynamic mechanical characteristics of wood of birch and apple, a composite made of
hydrolyzed wood, as well as particleboard. It is proven that the use of digital processing
of experimental data provides accurate results, simplifies their interpretation, as well as
expands the understanding of the processes occurring in wood-based materials at the
level of the intermolecular interaction. According to this method, birch turned out to be a
suitable wood for particleboard manufacturing.

Singh et al., in their study, discussed birch and aspen used for the development of
modern engineered wood [74]. Wooden elements used for the development of engineered
wood have various factors in terms of the shape, size, surface conditions, density, and other
dimensional parameters that affect the mechanical as well as physical properties of the
final product. Also, the permeability, pH, element shape, and aspect ratio play a vital role
in the manufacturing process for engineered wood. A wide range of compositions and
percentages of raw elements and resins could be used to obtain different results in terms of
the physical and mechanical properties as per the application of particleboard. The addition
of selected suitable resins in small quantities along with the resin is also recommended as it
upholds the mixing process by assisting in achieving homogeneity. Birch stands out as a
suitable material comparable to well-known raw materials used to produce particleboard.

Razinkov and Ishchenko [75] looked at the issue from the perspective of the shortcom-
ing of particleboard for the production of cabinet furniture. This is related to the properties,
which must meet the standards even though particleboard-produced volumes are increased.
Important disadvantages of particleboard include the toxicity associated with the release of
formaldehyde, rather low mechanical (strength) properties, and limited areas of application
of particleboard (mainly indoor). They watched the dynamics of the technical requirements
for the properties of particleboard according to the standards and they looked for the reason
for the reduction in the requirements concerning the strength of particleboard in bending
and, in this regard, the constraint of the application areas of particleboard. Their research
included the type of wood species used for particleboard production (mainly birch, alder,
pine, aspen, and some others), and birch comes out positively from this research.

3.2.2. Possibilities of Particleboard Production from Birch Wood and Alternative Adhesives

Since birch is a very important wood species for the production of plywood for
Northern Europe, quite a lot of scientific works deal with the processing and use of birch
wood or birch bark in terms of processing it with cutting tools. This is interesting for
any cutting tool operation, which can also be chipping machines. Tupciauskas et al. [76]
investigated residual birch veneer shorts and the birch outer bark that are among the main
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residues from birch plywood production. They have a strong potential to be converted
into value-added products. Birch (Betula pendula) outer bark contains up to 45% (on the
dry basis) suberin and it has been recognized as a promising resource of suberinic acids;
their bonding potential has been proven. The study evaluated the particleboard production
made of birch wood particles obtained from residual veneer short pieces and the adhesive
enriched with birch bark extracts, and it indicates to us that a mixture of birch wood, even
in a partially inhomogeneous mixture, with the possible presence of glue, is acceptable in a
reasonably small amount for particleboard core layer production.

Jezo and Wronka [77] focused on post-extraction birch bark residues as a potential
binder in particleboards. Their paper also concerned the possibility of using post-extraction
residues obtained during the extraction of suberinic acid as a formaldehyde-free and
ecological binder in the production of particleboards. Their research aimed to address the
following issue: since suberinic acid itself is a good binder in the production of particle
boards, it is worth checking whether the post-extraction residues also have similarly good
properties in joining particles in particleboards, depending on the size of the wood particles.
In addition, the use of post-extraction residues of bark, and thus the elimination of synthetic
adhesives in the wood-based composites production process, allows the reuse of wood
raw material, which fits perfectly with the idea of upcycling. The tests showed that using
post-extraction residues of birch bark, using 10% and 20% resination, the requirements of
the EN 312: 2010 standard [78] were met in the case of the modulus of elasticity for boards
made of the largest wood particles used in the tests. The resination and the size of wood
particles contributed to the improvement of the properties of the tested boards.

This topic also caught the attention of Makars et al. [79], and they dealt with the
investigation of the furfural formation and mechanical properties of suberinic acid-bonded
particleboard depending on the parameter preparation. The adhesive included the silver
birch (Betula pendula) outer bark suberinic acidic, which can catalyze furfural formation
from xylans in wood particles that are used for particleboard preparation. As part of
their study, the impacts on the technological parameters (wet adhesive pH) of glycerol
as an additive to the adhesive and the hot-pressing temperature were investigated in
particleboard. The mechanical properties (modulus of elasticity, bending strength, and
thickness swelling) of particleboard were studied.

Makars et al. [80], in their subsequent publication, expanded on this idea and the
research on birch (Betula spp.). They also discussed the outer bark from the point of view
of betulin as a valuable product. They realized that after the removal of betulin extractives,
suberin-containing tissues were left.

3.2.3. Use of Birch Wood for the Production of Other Types of Wood Composites

It has already been stated several times that birch plywood and other birch products
are essential for the Nordic countries. Hence, a substantial part of the published scientific
information is applicable to the theory of birch particle production and their pressing.
Tupciauskas et al. [81] tried to confine, replace, or maybe even eliminate the synthetic resins
from wood-based composites because expanding the range of raw lignocellulosic is still
important and attractive. Many pretreatments of lignocellulosic have been carried out,
among which steam explosion resulted in the superior physical and mechanical properties
of the obtained binder-less particleboard. Emissions of volatile organic compounds were
investigated in the framework of the study from binderless particleboard obtained from
different raw lignocellulosic and birch suberinic acid-bonded particleboard. The results
showed that the number of detected volatile organic compounds and their chromatographic
peak area varied significantly depending on the raw lignocellulosic, board density, and
post-treatment (overlayering), decreasing over time.

The surface properties, like the roughness, color changes, hardness, wetting, and den-
sity, of heat-treated silver birch (Betula pendula) veneers were studied by Dudik et al. [82].
None of the parameters studied has proved the negative changes due to the temperature
adjustment. Both in terms of the properties and in terms of the valuation, there is consider-
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able potential for birch to replace, for example, beech, especially in the furniture industry,
by application in the form of heat-treated veneers after the required heat treatment.

Kowaluk and Jezo [83] investigated the modulus of elasticity and the contractual
compression strength when compressing (MOEC) three different wood-based composites
with several structure types with birch wood elements (veneers, particles). The density
profiles and density shares of the samples were analyzed as well, and all of the examined
wood composites exhibited a U-shaped density profile. The study results pointed out that
there is no significant correlation between the density and the obtained parameters under
compression. Observation of density share led the authors to conclude conversely than the
results suggested. Therefore, the key factor effecting the compression performance of the
samples was the adhesive area and solid glue content within the wood composites. It can be
assumed that the bigger the total contact wood particles surface coated with adhesive resin
(and thus the sum of the effective surfaces of the adhesive joint), the better the mechanical
properties of the wood composites.

3.2.4. Other Birch Biomass for Particleboard Production

Dumitrascu et al. [84] considered three different fast-growing wood species, namely
birch, poplar, and willow, in their research. They drew attention to the fact that the referred
to species may have certain potential to replace the softwoods or wood species mixtures
frequently used in the production of OSB (oriented strand boards). Their study described
selected mechanical and physical properties of the wood species used that influence the
OSBs’ performance when made using 100% strands from each wood species. The strands
of wood were first cut, then dried, screened, and sorted to form the middle and surface
layers of the OSBs. The strands were blended with pMDI adhesive (polymeric diphenyl
methane diisocyanate) and compressed with a heated hydraulic press. OSBs made of
birch presented excellent elastic properties. The results of the experimental study can
have industrial applications for the efficient utilization of less used and less known raw
material or, as in our case, for the use of birch particles mixed with spruce particles in the
particleboard core layer.

Xu [85] thought in 1994 that a huge number of material and processing variables
influence the properties of particleboard. He thought that not too much is known about
the particleboard’s internal structure, and an essential principle or theory interrelating
the structure, processing, and properties has yet to be developed. Basic knowledge of the
particleboard structure is necessary to fully understand the present particleboard technol-
ogy, but it is also important for the future upgrading and development of wood-based
composites. The study was elaborated to develop some of this knowledge base. The two
major objectives of this study were (1) to understand the influence of raw material charac-
teristics on the horizontal density distribution, and (2) to specify the effect of particleboard
nonuniformity defined by the horizontal density distribution on selected properties. He
used birch particles in the research, and with the help of them, he determined 26 particle-
board panels. All of them were made with precisely cut particles to study the first objective,
while 30 particleboards involving different element sizes and distributions, different wood
species and combinations were prepared to study the second objective. With the use of
relatively larger specimen sizes, particleboard made with larger particles exhibited more
substantial density variation, while particleboard made with smaller particles showed
larger variations at smaller specimen sizes. Two aspects of lacks, namely the size and
number, were identified as factors contributing to the relation between the particle size and
horizontal the density distribution.

Carre [86] analyzed forest biomass for the manufacture of particleboard. He used
Belgian samples of the proportion of aerial biomass greater than 7 cm in diameter, 1-7 cm,
and less than 1 cm, for birch, beech, sessile oak, and hornbeam. Particleboards were made
from the first thinnings of different types using the proportions of various grades of chips.
Similar results were obtained from all the chips made from material greater than 1 cm in
diameter. Incorporation of material less than 1 cm diameter greatly reduced the strength
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and stability of the boards, but acceptable boards could be made if the proportion of this
material was reduced to about 5% (from 15-20% in the total biomass), e.g., by using it only
in the core layer of three-layer boards. The tree species used turned out to be suitable, as
the problem was only with first thinning diameters.

Pedieu et al. [87] proposed to substitute the traditional wood raw material in the
surface layers of particleboard with the water-resistant white birch (Betula papyrifera) outer
bark particles, which helps to improve the dimensional stability of manufactured mixed
particleboard and thus reduces the shortages of raw material in a cost-efficient manner.
Mixed particleboard was manufactured under laboratory conditions using untreated or
alkali-treated white birch outer bark particles as a substitute material. These particles were
successively resinated with 3% phenol-formaldehyde resin. Overall, the results of the
study demonstrate that the wood-based panels could be manufactured using up to 45% of
the proposed substitute material and still maintain the required physical and mechanical
properties of particleboard.

3.2.5. Overall Evaluation of the Context of Birch Wood'’s Possibilities in
Particleboard Production

From the listed and other unmentioned literature sources, birch has excellent prerequi-
sites for its processing into particleboard. Quality assortments of all classes are used for the
mechanical processing of warty birch (Betula verrucosa Ehrh.) raw wood. To produce birch
lumber and blanks, no sawing machine is dominant, and therefore, neither is the cutting
technology. Birchwood is well-processed by cutting, which is why we can produce quality
lumber with frame saws, log band saws, and log circular saws. Birch dries more slowly
and shrivels. Wood tends to vaporize, so sufficient air flow must be ensured during natural
drying. Hot-air dryers are mainly used for artificial drying. This wood must be dried more
slowly, and the drying temperatures are lower than for conifers. Compared to beech, birch’s
drying times are shorter. Birch does not significantly change color during drying. Cuts from
manufactured lumber can be found in furniture products, floors, parquets, toy products,
and products with useful properties in the home and in restaurant facilities. Birchwood
is excellently processed by peeling and cutting. This feature is used in the production of
tangential decorative veneers and the structural veneers for the elaboration of all types of
plywood panels, including molded plywood and laminated wood. In the Nordic countries,
birch is considered the most important wood for plywood. Birchwood in a lower quality
class is used for the pulp and paper industry, and also as a welcome raw material in the
production of agglomerated materials. The good machinability of birch wood is used in
artistic carving. An inherent commercial use of birch wood is its sale as fireplace fuel [28].

Birch wood has proven itself in so many cases in terms of its processing that there
are almost no doubts about its incorporation into the core layer of particleboard. It will be
necessary to follow the technical principles and reveal the minor imperfections of birch
wood by other authors in the past, and the processing of birch wood in some proportion in
particleboard will probably be possible.

4. Larch Species
4.1. Potential of Larch in Terms of its Suitability for Chipping and Fragmentation into
Fine Particles

Unlike the two previous trees (alder, birch), European larch and other larch species
are softwood (coniferous) species. In our considerations, we also consider it a lesser-
known and lesser-used wood species for the purpose of particleboard production, and
we also assume that in a certain amount it could be added to the mixture of particles
in the middle layer of particleboard, similarly to alder and birch woods, as discussed in
Sections 2.1 and 3.1. Available data on the potential of larch in terms of its suitability for
chipping and fragmentation to fine particles were collected. Due to the specifics of this
softwood species, some knowledge gained is different from hardwood (alder, birch) species,
but it is usable and valuable for us. This knowledge will also be used in the laboratory
works and in the preparations for them in such a way that they serve the final goal—to
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correctly lay out and think about the composition of the middle layers of the particleboard
with the possible incorporation of certain proportions of larch wood.

European larch (Larix decidua MILL.) has a colored core in the wood. According to the
size of the coloration of the core, two basic forms are distinguished. The sapwood can be
narrow and yellowish, the core reddish-brown to deep red; at other times, the sapwood is
wider and the core lighter. The annual rings are delimited by darker summer wood. Resin
channels are scattered in the spring—lighter wood. The wood is valuable for its color and
durability. It should be applicable to the particleboard production as a whole, including all
the connections resulting from its detailed composition.

The predominant element of the anatomical structure are tracheids—coils that occupy
up to 89-93% of the total volume of the wood. They fulfill a conductive and mechanical
function. In summer wood, they are thick-walled and tangentially thickened. The cell wall
thickness of spring wood is 3.4-5.9-8.2 um, and of summer wood it is 6.7-8.9-11.4 um. The
length of the tracheids is 2.3-3.4—4.3 mm. The lumen dimensions of spring wood are in the
interval of 35.5-43.0-55.0 um, and summer wood of 4.6-13.0-21.4 pm. The microscopic
parameters of larch wood are different than in the case of the hardwoods investigated and
presented; in any case, they indicate good possibilities for splitting and chipping the wood.

Larch wood is light, flexible, easy to work with, splitable, and durable even under water.

An overview of the basic physical properties of larch wood is provided in Table 6. An
overview of the basic mechanical properties of larch wood at a moisture content of 12% and
a moisture content higher than 30% is provided in Table 7. The durability of larch wood in
years is listed in Table 8.

Table 6. Overview of the basic physical properties of larch wood [30,88-90].

Density (kg/m3) The Moisture Content of Freshly Cut Wood (%)
In Absolute Moisture Content of Fiber Saturation Point
Dry State p 30% pyg Sapwood Mature Wood (FSP) (%)
400-550-820 460 100 3040 23-28
Shrinkage Longitudinal Radial Tangential Volumetric
(%) 0.3 43 10.4 15.0

Table 7. Overview of the basic mechanical properties of larch wood at a moisture content of 12% and
a moisture content higher than 30% [29,32,35,36].

Parallel to the Fibers = Perpendicular to the Fibers

Property w=12% w>30% w=12% w > 30%
Tensile strength (MPa) 107
Compressive strength (MPa) 55.0 41.0 9.7
Shear strength (MPa) 124 6.9
Bending strength (MPa) 92 64
Modulus of elasticity in tension (MPa) 14,500
Modulus of rigidity (MPa) 14,000 600
Modulus of elasticity in bending (MPa) 13,800 6300
Toughness (J-cm™2) 6.0 4.0
Brinell hardness (MPa) 53 19
Janka hardness (MPa) 38 36.5 24.5

Larch can be classified as a very durable tree species in terms of its durability in the
air. In terms of its durability in contact with the ground, where there is a risk of damage by
all types of rot, it is classified as a medium-durable tree species.
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Table 8. The durability of larch wood in years [28].

Exposure

Unprotected, Unimpregnated,

and Impregnated Under the Roof Under the Water Always Dry

Durability (years)

20-60-80 100-120-150 300-500-700 800-1000

The chemical composition of larch wood is varied by the origin, sampling, age, and
state of health. Larch wood contains approximately 50.0% carbon, approximately 42.12%
cellulose, 31.95% hemicelluloses, and 26.40% lignin by mass in its absolutely dry state.
Larch extractives are typically lipids, phenolic compounds, terpenoids, fatty acids, resin
acids, sterols and sterol esters, and waxes. The amount of extractives is always low; in the
case of larch, 3.32 [91].

Larch wood was examined in relative detail by many authors, as is evident from the
collected values of its physical and mechanical properties from the literature cited. We can
therefore assume that these data will be beneficial for the direction of our further research
regarding this species. It seems to us that this wood can be very interesting for its use in the
central zone of the particleboard, since there is a relationship with spruce, which is currently
the main wood used for particleboard production. Section 4.2 provides a summary of the
knowledge of various authors about the use of larch wood for particleboard purposes and
about the context of larch processing.

4.2. Larch in Particleboard and the Context of Its Processing

This subsection also considers the well-known fact that particleboard is at present
a necessary, high-quality, highly represented, and very popular engineered wood-based
panel composite manufactured from wood elements and synthetic adhesives or other
suitable binders. It consists of varying sizes and shapes of particles from lignocellulosic
materials, known and tested raw material, but also lesser-known and even non-wood
raw material, bonded together with an adhesive under a high temperature and pressure.
Particleboard production has positive effects on the environment due to the utilization of
various wood residues. The replacement of input raw materials, even if only in a minor
volume, brings various technological changes and must be perfectly solved in terms of the
quality of the board offered to customers.

The gluing of larch wood is comprehensively addressed, e.g., in the related paper by
Chauzov et al. [92]. Their paper presents a study concerning the influence of the density
of larch wood on the strength of adhesive joints and its ability in relation to wet modified
adhesive. The physical and mechanical properties of adhesive joints are investigated
based on a modified melamine-urea-formaldehyde (MUF) adhesive. The application of
MUF adhesives allows the creation of glue joints of larch wood with the required strength
characteristics. In the formation of adhesive bonds, a sorting of larch by density is necessary.
The use of the MUF adhesive composition may reduce the costs of the glue by 26%.

A clear trend in the production of particleboard today is to achieve quality by reducing
the input costs associated with the lack of suitable input raw materials and reducing the
density of the particleboards produced. Input raw material is not always an incentive for
the quality of the particleboard and a meaningful proportion of different input components
is decisive for the quality of the particleboard. From this point of view, we also investigate
the possible proportion of larch in the central layer of the particleboard so that the necessary
furniture quality of the boards is achieved and the unprocessed larch wood is used for an
appropriate purpose.

4.2.1. Previous Experience of Particleboard Production from Larch Wood

Pazio and Boruszewski [93] performed an analysis of the influence of larch fibers
and particles on selected properties of particleboard and fiberboard. Their paper presents
the results of research on the effect of the addition of particles and fibers obtained from
European larch wood (Larix decidua Mill.) from plantations on selected properties of
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particleboard and fiberboard in comparison to boards of the same structure based on
typical industrial raw material uses by the wood-based panels industry. The differences
were proven in the tests of the internal bond, modulus of rupture, modulus of elasticity in
static bending, soaking in water, thickness swelling after 2 and 24 h and the density profile.
Larch boards with a minimum 50% fiber share were characterized by the comparable values
of the properties determined to standard boards regarding the modulus of rupture and
modulus of elasticity tests; however, in the remaining variants, pine boards had better
properties. The larch boards were evaluated as boards with significantly lower values of
swelling by thickness than boards made of wood from forest cultivation. On the other
hand, the density profile of the boards on the cross-section of the plantation raw material
did not differ from the boards made of pine raw material.

Some authors have examined particleboard using larch in 100% representation, which
is not a long-term solution in terms of practice, but it is necessary to become acquainted
with the results of their research. Muhcu et al. [94] investigated the log position impact
of the European Larch (Larix decidua Mill.) tree on the particleboard surface properties as
well as the physical and mechanical properties. The logs used by them were split into five
segments from the tree butt to the treetop. The wall thickness and fiber length of the wood
decreased with the increasing tree height, while the lumen diameter reduced. Likewise,
the amount of lignin and cellulose decreased with an increasing tree height, and on the
other hand, the number of hemicelluloses increased. The highest values of the solubility
(cold and hot water, alcohol-benzene, NaOH) and wood pH were detected in the butt log,
continued by the middle log, and finally, the top log. The mechanical properties (internal
bond, modulus of rupture, modulus of elasticity) and physical properties (water absorption,
thickness swelling), as well as the particleboard surface quality (contact angle and surface
roughness), were negatively affected by an increased tree height. The best particleboard
properties were obtained for the boards produced from the wood elements of the butt log
(0-3 m).

Bardak et al. [95] dealt with the effect of the utilization of sapwood and heartwood on
the particleboard surface properties, mechanical and physical properties, and the formalde-
hyde emissions from particleboard. Trees of European Larch (Larix decidua Mill.) were
chosen by them as raw materials. The logs were divided into only up to three segments:
heartwood, sapwood, and total wood. The authors were interested in the proportions of
cellulose. The amounts of it were 51.54%, and that was, of course, the highest number
and hemicelluloses (22.24%) in the sapwood, followed by the total wood, and finally, the
heartwood. On the other hand, the amount of lignin (30.54%) was found in the heartwood
and that was the highest proportion. The extractive values were also surveyed; the high-
est were obtained from heartwood, followed by total wood, and finally, sapwood. The
lowest pH value (3.03) was found in heartwood, while the sapwood samples provided
the highest values (4.95). The test samples manufactured from pure sapwood have the
smoothest surface and the lowest contact angles; on the other hand, the roughest surface
and highest contact angle were acquired from the panel boards of pure heartwood. The
formaldehyde emission values and the thickness swelling of the particleboard prepared
from pure heartwood were significantly lower than the particleboard prepared from total
wood and pure sapwood. The highest internal bond values, and the values of the modulus
of rupture and modulus of elasticity, were identified in pure sapwood. The particleboard
mechanical strength values are followed by the total wood and the pure heartwood. The
particleboard wettability and the surface smoothness manufactured from pure sapwood
are higher than those of total wood and pure heartwood.

Lee and Chung [96] assessed larch wood from the point of view of the effect of the
temperature and press time on the physical properties of larch particleboard and it appeared
to them that larch can be used for making particleboard.

Matsumoto et al. [97] looked at the problem of the effects of the particle size on the
properties of particleboard made from larch. They determined the appropriate sizes of the
elements, and they concluded that larch is a suitable tree species for making particleboard.
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This is crucial information if we consider that this research took place at the end of the last
century and its results are fully applicable for the intended pressing of larch particles in the
mixture in particleboard. We are aware that adhesives and adhesive mixtures for particle
pressing are different, more environmentally friendly and less harmful, but the published
dimensions of the particles (and fibers) are clearly valuable and workable.

Also, Dix and Roffael [98] have been active in larch research since 40 years ago and
they examined the pure larch particleboard from the point of view of the mechanical and
technological properties and, in particular, the impact of larch sapwood and heartwood on
the particleboard quality. This is all very stimulating information for us.

Shupe et al. [99] determined the effect of five different silvicultural strategies and
wood types on the physical and mechanical properties of loblolly pine (Pinus taeda L.)
particleboard as well as fiberboard. Their entire research is based on comparing their parti-
cleboard with particleboard made from larch (Larix decidua Mill.). The furnish was prepared
unconventionally from veneer outerwood and innerwood for each stand. Regarding the
particleboard, the modulus of rupture differences between the stands were insignificant.
Certain significant moduli of elasticity differences existed between the stands for fiber-
board and particleboard. The differences between the wood types were irrelevant for each
stand. For most of the stands, innerwood yielded a higher mean of mechanical values than
outerwood. The differences between the stand and wood types for the 2 and 24 h thickness
swelling and water adsorption were very small. These trials have shown that innerwood
can produce fiberboard as well as particleboard panels with very comparable physical and
mechanical properties to outerwood at the level of particleboard made from larch. The
effect of the silvicultural strategy (i.e., stand) was almost insignificant for most properties.

Simatupang et al. [100] examined larch, birch, poplar, and oak wood cut in spring
when seasoned in the open air. Birch and poplar were processed by chipping after periods
of 2, 4, 8,16, and 32 weeks. One portion of the chips was artificially dried or extracted with
water. The other portion was used immediately, and the laboratory boards were elaborated.
The researchers used a rather unconventional binder, but their research is nonetheless
remarkable. The binders used by them were pure cement or a mixture of cement with
condensed silica fume. The boards’ bending strength increased with seasoning time for all
the investigated woods but decreased after 32 weeks of seasoning. Artificial drying of the
elements and the addition of condensed silica fume led to higher bending strength values.
Larch, birch, and poplar wood seasoned for two weeks and oakwood seasoned for two
and twelve weeks were used to make composites with different amounts of condensed
silica fume (optimum between 25 and 45%). For the usually unsuitable larch and oak wood,
the addition of silicon provided boards with good strength values. In their research, it is
summarized that nearly all lignocellulosic materials can be used to produce cement-bonded
particleboard if condensed silica fume is present.

4.2.2. Inorganic Adhesives Used for the Particleboard Production from Larch

A well-known expert in joining wood with cement, Moslemi [101] considered a full
range of particleboard treatments to determine the treatments’ impact on wood-cement
cohesion. This was another study of his with a cement binder; however, the species
used was larch. His research treatments included hot water extraction of water-soluble
components in wood or in chemical additives. The wood species involved included
western larch and lodgepole pine. These species turned out to be highly inhibitory in a
series of hydration tests. The obtained data presented in the paper show that substantial
improvements in cement setting can be achieved by the removal of sugars and water-
soluble extractives from western larch. In the case of lodgepole pine, such improvements
did not take place. The data present that lodgepole pine has far less of an inhibitory effect
than larch in the untreated state. The subsequent addition of chemical additives, especially
calcium chloride, appears to enhance compatibility in cement-wood-water mixes. Thus,
larch turned out to be a more suitable tree species than pine.
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An important study was performed by Simatupang and Geimer [102] with larch
wood particles to increase the compatibility of wood-based composites manufactured with
inorganic binders of gypsum, Portland cement, or magnesia cement. The result of a series of
chemical reactions is the setting of inorganic binders, causing a succession of crystallization
stages. Crystallization is inhibited to a diverse degree by various wood kinds and their
extractives. The inhibition effect can be reduced by wood aging, and it can be counteracted
to certain degree with chemical additives. There have been developed new incorporating
processes of solid, liquid, or gaseous additives with the aim of promoting the rapid curing
of inorganic bonded boards based on the chemical composition of the wood used. We
know from this paper as well as from other papers that larch is an acceptable wood species
for these technological operations. The raw material for the binder was obtained as a
by-product of other processes in some cases, thus lowering the costs as well. The expansion
of inorganic bonded board markets worldwide depends on an increased need for building
homes, the availability of materials, as well as on the regulatory codes and changes in
established building practices.

Keegan et al. [103] have dealt in detail with larch processing from the point of view
of its use in reconstituted board products such as particleboard and medium-density
fiberboard. They stated that although there exists information on the use of larch as a raw
material to produce pulp and paper, and this is also a good solution, larch as a raw material
is a more suitable and economical solution in particleboard or fiberboard products.

4.2.3. Analysis of Chemical Composition of Larch Wood and Bark as a Factor in
Particleboard Production

The chemical analyses performed of larch wood or larch bark published in scientific
publications seem to be stimulating the research results for incorporating larch particles
into particleboards, e.g., Gou et al. [104]. They characterized the nitrogen forms in larch
wood particleboard. They used X-ray photoelectron spectroscopy (XPS) in the research
to test the existing forms of nitrogen in larch wood, urea-formaldehyde (UF) adhesive,
and finally, the particleboard made from larch wood elements and UF adhesive. Their
results pointed out that the present nitrogen forms in larch wood are the pyrrolic structures
and the amine family, and the nitrogen form in UF adhesive is the amine family only. As
expected, the forms of nitrogen in larch wood particleboard and UF adhesive are the amine
family and structures, and the percentage of amine nitrogen structures partially increased
if compared to the percentage in larch wood. Their results contribute to the research on the
release characterization of nitrogen wood species during heating and during wood-based
panel pressing.

Liu et al. [105], in their study, investigate the volatile organic compound (VOC) emis-
sion of particleboard made of larch under diverse processing conditions. To analyze the
VOC components and quantities, they used the equipment of a VOC collection chamber
and gas chromatography—mass spectrometer. The emission rate and the concentration of
the VOC were substantially affected by the hot-pressing time and temperature. With an
increasing hot-pressing time and temperature, both the earlier emission concentration and
the amount of total VOC increased. The composition of VOC was also influenced by the
time and temperature, mostly the variety of benzene, terpene, and derivative. As for the
esters, their existence and quantities were still the main components of VOC emissions.

Lo and Liew [106] divided their study of the Acacia hybrid into bark, sapwood,
and heartwood, and they compared their results with other woody species, including
larch. Each portion underwent Soxhlet extraction. During the particleboard production, a
considerable number of wood elements was extracted using the ratio of extraction of wood
particles to solvent extraction. The wood elements were bonded using urea-formaldehyde
adhesive and the targeted particleboard density was 500 kg/m3. Particleboard made
from methanol-extracted wood elements for heartwood and sapwood had a provable
difference in mechanical properties compared to the control sapwood particleboard. On the
other hand, the heartwood extracted by methanol was higher as compared to the control
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heartwood. In general, it can be stated that the wood elements extracted by different
extraction solvents could be used in particleboard production, but better particleboard
properties were proven for methanol-extracted sapwood and heartwood and for hexane-
extracted bark. The importance of other wood species for particleboard production is not
disputed, and their proposals for achieving higher mechanical properties are probably
more complex in terms of the instrumentation and more time-consuming.

Tudor et al. [107] analyzed the possible bark capacity of larch for formaldehyde re-
moval in wood adhesives. Their research activities described the methods of wood-based
composite production from larch bark. Five different types of adhesive systems were
used (urea-formaldehyde, the mixture of 70% urea-formaldehyde + 30% polyvinyl acetate,
polyvinyl acetate, polyurethane, and tannin-based adhesive) and the formaldehyde content
of the composites based on larch bark (600 kg/m?®) was analyzed. A self-agglomerated
board was analyzed as well. The findings of the research are that all the tested samples
reached the E1 classification (<8 mg/100 oven dry), and especially in the case of parti-
cleboard bonded with tannin-based adhesive, the natural polymer acted as a significant
formaldehyde scavenger.

Kain et al. [108], within their study, discussed thermal insulation wood-based pan-
els made from larch, spruce, fir, pine, and oak tree bark with various adhesives (urea-
formaldehyde, melamine-formaldehyde, Quebracho, Mimosa) as the wood element binder.
The properties of wood-based panels made from larch bark mixed with industrial popcorn
were investigated as well. The mechanical and physical properties of the panels were
analyzed. They are significantly dependent on the particle size, panel density, bark species,
adhesive type, and adhesive content. The bark species has an irrelevant influence on the
mechanical properties of the wood-based panels, but the compression ratio is important
for the panel strength and stiffness, and therefore, barks with lower bulk density are more
preferable. Panels made with green tannin resins under laboratory conditions proved
to have adequate properties for practical applications. The addition of a certain amount
of popcorn is a relatively suitable means of decreasing the panel density, but the water
absorption of such panels shall be comparatively increased. The bark type has a mean-
ingless influence on the thermal conductivity of the wood-based panels; this parameter is
predominantly affected by the panel density.

Further scientific research by Tudor et al. [109] aimed at the sound-absorption coeffi-
cient of larch bark-based insulation panel products and that is another look at the use of
larch wood (and bark) and information for incorporating larch wood into particleboard.
The main objective of this study was to investigate the sound absorption coefficient of bark-
based insulation panel products made of softwood spruce bark (Picea abies (L.) H. Karst.)
and larch bark (Larix decidua Mill.) with the help of the use of an impedance tube, with its
frequency range set between 125 and 4000 Hz. The highest efficiency of sound absorption
was noticed for spruce bark-based insulation panels bonded with urea-formaldehyde ad-
hesive, at a level of 1000 and 2000 Hz. The same frequency interval covers the potential
for noise reduction of larch bark-based panels glued with tannin-based adhesives. The
experimental data show that softwood bark, which is generally considered an underrated
material, can substitute for rather expensive materials that involve more gray energy in
sound insulation applications. The sound absorption coefficient values therefore strengthen
the application of insulation panels based on bark from the forest trees as structural ele-
ments for noise reduction in current residential buildings, and they concurrently open up
new ways for deeper research in this field.

Kain et al. [110] performed an interesting qualitative investigation on VOC emissions
from Norway spruce (Picea abies) and larch (Larix decidua) loose bark and bark-based panels.
Spruce and larch barks were dried first using different methods. Then, the barks were
prepared as loose wood elements and panel products. The VOC emissions were measured
in a small chamber after 3 and 14 days using gas chromatography and coupled mass
spectroscopy. This quantified the influence of the bark type, drying method, and time of
hot pressing on the VOC emissions. There were higher total VOC emissions from spruce
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bark than those from larch bark. High pressing temperature treatments and pressing time
significantly decrease emissions from the investigated bark types. In the emitting gases,
terpenes, aldehydes, and acids were analyzed within the study.

Liu et al. [111] conducted research on the particleboard mechanical properties and
particleboard formaldehyde emissions with nanomaterial-added melamine-impregnated
papers, and larch particles were the input raw material for particleboard production.
They investigated the influences of the different surface hot-pressing parameters, includ-
ing the time, temperature, and pressing pressure, on the particleboard properties with
nanomaterial-added melamine-impregnated papers. An orthogonal experimental design
was employed to investigate the impact of different factors and to determine the optimum
levels of the parameters to attain the best desirable board properties. The physical and
mechanical properties, including the internal bond strength, modulus of rupture, thick-
ness swelling, and formaldehyde emissions, were determined. With the incorporation
of nanoparticles into the adhesives, the physical and mechanical properties of the coated
particleboard improved, and the formaldehyde emissions reduced accordingly.

Liu et al. [112] identified and characterized the odorous volatile organic compounds
(VOC) emitted from wood-based panel products, and larch elements were in their sights
with particleboard production again. VOCs with low concentrations, even below the
detection limit, can have the negative effects as well. Therefore, VOCs emitted from
particleboard and other laminated boards were precisely collected and analyzed, and
the main odorous compounds were identified using the odor activity value. Compared
with laminated boards, particleboard demonstrated a higher concentration of total VOCs.
Halogenated compounds, esters, and aromatic hydrocarbons were the essential contributors
to the total VOCs emissions, which could relate to the additive’s addition when used for
panel manufacturing.

Even Bednarczyk and Boruszewski [113] researched larch particleboard, particularly
lightweight particleboard, with the manufacturing modification using a blowing agent from
the group of bicarbonates. The low-density particleboard has grown in popularity in recent
years due to its facilitated transportation and the lower own mass in the assembled finished
products. However, there are still certain restrictions in the general utilization caused
by the insufficient, sometimes sorely lacking, mechanical properties. These deficiencies
may be controlled by the mechanism of foaming the polymers that bind wood particles
in the structure of the boards. The study aimed to determine the possibility of using
sodium bicarbonate as a blowing agent of phenolic resin used for bonding wood particles
in the technology of lightweight particleboard. It was found that the addition of sodium
bicarbonate in the amount of 5% of the dry weight of the phenolic resin substantially
increased the internal bond strength of ready-made the particleboard.

The idea of adhesives-free bark panels is also interesting and is addressed in some
scientific works, e.g., Wenig et al. [114]. They engaged with adhesives-free bark panels as an
alternative application for an accumulated waste material. The motivation for this research
was to conserve the bark in a natural common state and to explore alternative processes and
applications for its utilization. The common method of tree trunk debarking by peeling was
used to obtain, if possible, large bark pieces. The procedure was that two pieces of peeled
bark were placed crosswise, approximately with the rhytidome sides (outer bark) facing
each other. After diverse conditioning conditions, the bark pieces were pressed with the
help of a high temperature to panel products without using any adhesives. The experiment
on bark samples of various Central European tree species (including larch) revealed that
panel product production with species-dependent properties is basically possible and
feasible with certain changes in technology. These are the steps toward the production of
the sustainable panel products by the incorporation of the natural waste material, and at
the same time, to keep its beneficial structure and its naturally real chemical composition.

Kajita and Imamura [115] carried out a study with chemically modified particleboard
and fiberboard made from larch (Larix leptolepis G.), mostly to improve the mechanical
properties, but also the dimensional stability and biological properties, too. The upgraded
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technology developed by the authors from the solid wood chemical modification was
applied to these targeted reconstituted wood products. Their research report described the
means of production and the identified properties of the chemically modified panel boards.

It seems that nowadays larch bark has been more discussed in the research than larch
wood. An example is the scientific work by Ninikas et al. [116]. They examined the technical
sensuality of low-density insulation particleboard manufacturing. Particleboards were
produced from two renewable resources, first tree bark and second hemp fibers (Cannabis
sativa). Non-toxic methyl cellulose glue was used by them as a binder. Four types of panel
products were made, which corresponded to varying mixtures of tree bark (including larch
particles) and hemp fibers (tree bark to hemp fibers per-centages of 90:10, 80:20, 70:30,
and 60:40). An additional set of panels was produced, consisting only of tree bark as
a comparative material. The results achieved pointed out that the hemp fiber addition
partially improved the mechanical properties of the boards and an acceptable level of the
boards was achieved. However, a negative side effect was that the thermal conductivity
increased as the hemp content increased. However, it was gratifying that all the values
were still within the acceptable range. Board type 30:70 (with hemp content of 30%) had the
highest mechanical properties as well as the optimal thermal conductivity value based on
the cluster analysis. So, based on this research, it was concluded that insulation panels with
a low density can be successfully produced using these renewable waste raw materials.

The work by Oktoberyani et al. [117] is also worth noting. The authors fabricated
the bark particleboard without binders from gelam (Melaleuca viridiflora Sol. ex Gaertn.)
and other woody species, including larch. They looked at the issue in terms of bark
as a waste product. They investigated the influence of the pressing temperature on the
particleboard’s physical and mechanical properties. The thermal insulation particleboard
properties were determined by them as well. Four different temperatures (140 °C, 160 °C,
180 °C, and 200 °C) were used, with the aim to laboratory-produce single-layer binderless
bark particleboard with a target density of less than 590 kg/m?>. Their results showed that
the pressing temperature, of course, affected the mechanical properties (tensile strength
perpendicular to panel surface, modulus of rupture, and modulus of elasticity) and these
mechanical properties increased as the pressing temperature increased. The particleboard’s
physical properties (water absorption and thickness swelling) decreased as the pressing
temperature increased. However, the increase in the pressing temperature from 180 °C by
20 °C more did not affect the particleboard’s physical or mechanical properties significantly,
except for the tensile strength perpendicular to the panel surface. Another positive was that
the binderless bark particleboard that was hot-pressed at 200 °C had high water resistance,
regardless of its low strength. Its thermal conductivity value was 0.14 W/m-K.

The study by Czajka and Fabisiak [118] determined the radial variation in the content
of cellulose and lignin in the cross-section of the chosen softwood species, including larch
(Larix decidua Mill.). The average values of the content of cellulose and lignin calculated for
the entire cross-sections of the larch wood were very similar. In the case of cellulose, for
larch wood its average content was 48.29%, and the average content of lignin was 27.93%.
Lower values of the cellulose share and higher of the lignin share were obtained for the
juvenile larch wood zone compared to the mature larch wood zone.

4.2.4. Overall Evaluation of the Context of Larch Wood’s Possibilities in
Particleboard Production

It is clear from the mentioned and other unmentioned literature sources that larch
wood particles and larch bark particles are suitable prerequisites for their processing into
particleboard. Assortments of raw larch wood (Larix decidua MILL.) are intended for
mechanical processing by sawing technologies as well. Larch is easy to use in this way. Like
other types of softwoods, larch cutouts are transformed into lumber by cutting, primarily
with frame saws. The mechanical as well as the physical properties of larch wood, but
above all its unique color and texture, predetermine it for the production of all products,
sometimes more than the industrially more important spruce wood. Its more limited
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application is due to its lower occurrence in forests compared to spruce. Larch lumber is
highly valued in construction and carpentry products, garden architecture products, and
exterior and interior floors and coverings. Of course, it achieves the highest market value
in the production of all kinds of rustic furniture—sofas, tables, cabinets, and beds. The
highest quality assortments of larch wood are used in shipbuilding for structural but mainly
decorative purposes. Larch wood dries more slowly than other conifers, and it tends to
slightly warp and crack. During natural drying, it is stored with smaller gaps between the
sides of the lumber, and thick lintels are not used. Smaller distances are left between the
cages, which shade them from the sun. The cages are loaded and protected against rain. For
artificial drying, hot-air dryers are mainly used, but also vacuum and condensation dryers.
During drying, there is no significant change in the color of the wood. An accompanying
phenomenon is the oozing of resin and the release of non-healed knots. For decorative
purposes, larch wood is processed in veneer production with cutting machines. These are
the highest-quality cutouts. Quality assortments of larch raw wood of a slightly lower
quality class are the raw materials for the production of structural veneers or plywood
panels. Larch wood of a low quality class is used for the pulp and paper industry, as
well as for the production of agglomerated boards, for the production of packaging, and
pallets, and for the production of toys, jewelry, and beekeeping supplies. Sometimes larch
is mistakenly used in products as an alternative to spruce, fir, and pine wood, but as this
literature review clearly shows, this is not correct. Larch has valuable properties and should
be considered a first-class and full-fledged woody species [28].

From this collected theoretical information, it appears that larch wood will be usable
for particleboard production and for bonding the particles in a mixture with spruce particles
into the core layers of particleboard. Although there is less information than for birch wood,
in the context of using a mixture of two coniferous species with rather similar chemical
compositions (larch and spruce), this board-forming process is probably feasible. In terms
of the proportion of larch wood shares in the particleboard core layer (similar to the alder
wood and birch wood described in Sections 2 and 3), this will be the subject of future
research activities, with which all this collected information will assist.

The latest publication by Akbulut and Ayrilmis [119] confirmed the current optimal
technologies for particle production from massive wood and confirmed the optimal proce-
dures for gluing particles into particleboard as well. The information contained in it is also
an assumption that modern technologies used for particleboard production are suitable for
processing lesser-known and lesser-used wood species, and that no additional investments
are required. Wood, as a raw material for particleboard production in 100% represen-
tation, will always be the preferred option compared to alternative shares of non-wood
raw materials.

5. Conclusions

Lesser-known European species of alder, larch, and birch may be used as additives to
major input raw material in the particleboard core layer. This literature search confirmed
the diversity of use of these three trees in different fields and unequivocally showed their
adequate physical and mechanical properties and chemical composition as usable tree
species to cover part of the raw material needs for particleboard.

Of course, the greatest experience in use is with Nordic varieties of birch, which is
a very valuable raw material in Northern Europe. However, birch is beginning to gain
ground in other parts of the world, and the analysis of its wood and chips in the cited
works confirmed this. Birch is also likely to prove useful in the experiments we intend to
perform as part of the upcoming research.

Larch is currently a highly researched tree species and not only larch wood but also
larch bark has great potential. In particular, the use of larch bark in composites is researched
at several research institutes around the world, and the properties of larch composites
are tested and refined by various procedures, including experimental ones, to achieve
excellent results.
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Alder wood has such a beautiful and original color that it is predestined for the
manufacture of sliced veneers. Of course, in this case, they must be trees with certain
meaningful diameters so that sliced veneers with the necessary dimensions are produced.
Smaller diameters of alder wood are very suitable for making particleboard in terms of their
chemical and technical properties and their incorporation into particleboard is confirmed
by this literature review.

These three tree species provide an eco-friendly and sustainable alternative to the
conventional tree species used in the wood-based panel industry. They cannot be a full-
fledged replacement, given that their occurrence in forests and wood reserves is not very
high, but they can reduce the spruce raw material in particleboard, which is less accessible
for the composite industry and there exists a great demand for it in other industrial areas.
However, in this respect, fundamental research is still needed to determine the proportional
shares of use of these tree species in particleboard for formulating the correct technology
shares and rules for their application in the wood-based panel industry. This literature
survey confirmed that the potential of alder, birch, and larch for use in the center layer of
particleboard is considerable.
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Abstract: Particleboards have gained attention in the global market. Understanding their physical—-
mechanical behavior in the current technological context is essential due to adhesive polymerization,
which depends on variables such as pressing time and temperature. Today, the use of nanoparti-
cles has become a plausible option for improving the properties of polymers used in wood-based
composites. This study evaluates the influences of the addition of non-commercial 0.5% aluminum
oxide (Al;O3) and aluminum oxide copper (CuO) nanoparticles using a greener route with a lower
environmental impact obtaining a urea-formaldehyde (UF)-based polymeric adhesive to manufac-
ture particle composites of Eucalyptus urophylla var. grandis wood. Regarding characterizations, the
resin properties analyzed were viscosity, gel time, and pH, as well as panel properties, including
density, moisture content, thickness swelling, modulus of elasticity, modulus of rupture, and thermal
conductivity. The results were compared with scientific publications and standards. The addition of
nanoparticles interfered with viscosity, and all treatments indicated a basic pH. It was not possible to
determine the gel time after 10 min. Nanoparticles added to the polymers in the internal layer did not
cause an improvement in the swelling properties in terms of thickness, with no significant statistical
difference for density and moisture content. The increase from 150 °C to 180 °C may have caused an
improvement in all physical-mechanical properties, indicating that the higher temperature positively
influenced the polymerization of the formaldehyde-based adhesive. Therefore, the additions of both
nanoparticles (0.5% in each condition) led to a limitation in the material influence with respect to
physical-mechanical performance.

Keywords: wood-based panel; density; thermal property; physical property; mechanical property;
pressing temperature; nanomaterials; polymeric adhesive

1. Introduction

Particleboards have been increasingly used, with a favorable trend for the coming
decades [1,2]. Due to the increase in the market competitiveness for bio-based particulate
composites, understanding their physical and mechanical behavior is paramount in the
current technological context [3].

Particleboard (PB) is a composite manufactured with wood particles aggregated by
synthetic adhesives through reconstitution and consolidation of the material using heating
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and pressure in a forming press. Urea-formaldehyde is one of the most usable resins in
particleboard production [4].

Therefore, it is important to understand that the performance of a wood composite is
directly related to the polymerization of the adhesive, which can depend on variables such
as pressing time and temperature [3,5-7].

Thus, the composite properties can still be made worse by inefficient heat transfer, as
the physical-mechanical performance is directly related to an efficient constituent interac-
tion consolidated by heat transfer from the heated press along the panel thickness [6,8]. It
is worth highlighting that pressing is one of the different manufacturing stages in panel
production, because the reduction of costs involved in the production must be prioritized
as a leading objective of every manufacturer.

The low thermal conductivity of wood is responsible for problems in heat transfer from
pressed panels under the influence of temperature. In this sense, new technological trends
verify the possibility of better performance with the use of nanometric-scale materials.
Nanomaterials can present new behaviors and properties when compared to materials on a
macroscopic scale [9]. Thus, the heat-conducting nature of nanoparticles produced with
metals can be used to improve heat transfer to the innermost layer of the panel mat, which
contributes to the polymerization of the resin and, consequently, impacts the properties of
the composite [10-12]. Aluminum oxide nanoparticles have been used as reinforcement
in polymer composites for multiple purposes [13]. Reinforcement with aluminum oxide
nanoparticles in various thermosetting resins has been researched for the development
of value-added products [14]. Researchers from different countries have been studying
the application of nanoparticles in polymeric adhesives for the manufacture of wood
composites. Some studies present the addition of nanomaterials to urea-formaldehyde
resins, reporting improvements in mechanical properties, directly affecting the swelling of
panels when in contact with water, and reducing the formaldehyde emission [15-17].

According to Cadermatori et al. [15], thermodynamic analysis revealed that Al,O3 is
an effective additive for urea-formaldehyde (UF), maintaining crucial curing parameters
such as the vitrification point and gel temperature. Additionally, Al;O3; nanoparticles
basically reduced formaldehyde emissions during the UF resin curing process at elevated
temperatures and achieved up to a 14% reduction in thickness at room temperature.

Zhang et al. [18] concluded that aluminum oxide nanoparticles, in percentages of 0%
to 4%, when used together with phenol-formaldehyde adhesive in plywood pressed at
140 °C, showed an ability to accelerate and optimize the curing process, which increases
manufacturing efficiency and reduces energy consumption in the production process.

Gupta et al. [19] studied a mixture of aluminum oxide with urea-formaldehyde resin,
in percentages of 0.5%, 1%, and 1.5%, and they verified a reduction in curing time due to
the greater thermal conductivity of the medium-density fiberboard matrix, as well as the
significant improvement of the physical and mechanical properties with the addition of
Al,O3 nanoparticles. Taghiyari and Bibalan [20] studied the use of Cu nanoparticles in
particleboards with urea-formaldehyde adhesive, in proportions of 100 and 150 mL/kg
based on the weight of dry particles, and better polymerization of the resin in the inner
layer of the panel was verified due to improved heat transfer from copper nanoparticles
and a very significant reduction in hot-pressing time.

Unlike other reported works that utilize commercial nanoparticles (Al,O3, CuO, and
ZnO) and formaldehyde-based adhesives commonly utilized in panel production, our
main goal in this study involves the use of nanoparticles from an alternative route for
nanoparticle synthesis with lower costs and environmental impacts.

For this, this work analyzed two pressing temperature levels (150 °C to 180 °C) for
wood particleboards and the effects on the curing of polymeric resin (UF) reinforced
with (0.5%) and without aluminum oxide (Al;O3) and copper oxide (CuO) nanoparticles,
verifying their physical-mechanical properties for a more environmentally friendly option.
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2. Materials and Methods
2.1. Panel Configurations and Characterization of Nanoparticles
2.1.1. Materials

The following materials related to panels and nanoparticles were included:

Particles of Eucalyptus urophylla var. grandis;

Urea-formaldehyde adhesive, with 68% solid content and pH 8 (Hexion, Curitiba,
Brazil);

Ammonium sulfate;

Al,O3 nanoparticles (own laboratory production, Itapeva, Brazil);
CuO nanoparticles (own laboratory production, Itapeva, Brazil);
X-ray diffraction equipment (Bruker AXS D8, Billerica, MA, USA);
Pneumatic press (Hidralmaq HMP 80 ton model, Araraquara, Brazil);
K thermocouple (Hikari HKP01 model, Sao Paulo, Brazil);

Gluing rotational machine (Marconi MA686, Piracicaba, Brazil);
Device for data acquisition and computer.

2.1.2. Methods

For panels, particles of Eucalyptus urophylla var. grandis were used as the main raw
material, urea-formaldehyde adhesive with 65% solid content as the gluing agent, and
ammonium sulfate as the catalyst with 20% solid content, as well as 0.5% aluminum oxide
nanoparticles (AlyO3) and 0.5% copper oxide (CuO) nanoparticles. Water was utilized in
the resin preparation, as well as in the water absorption test.

In the characterization of nanoparticles, the calcined material was analyzed by X-ray
diffraction. Subsequently, microstructural analysis was carried out with a scanning electron
microscope (SEM) to determine the shape of the synthesized material, as well as the size of
the particles before the panel production. Scherrer’s analysis was carried out.

The panels were manufactured rigorously according to the methodology previously
utilized by Silva et al. [8] and Lima [21]. All stages of the panel manufacturing process in
the laboratory and the characterization procedures followed the recommendations given
by the ABNT NBR 14810-3:2018 [22].

Regarding materials, wood, adhesive, and additives were obtained by confidential
donations through Brazilian manufacturers. To produce each panel with a calculated
nominal density of 720 kg/m? considering nominal dimensions (40 cm x 40 cm x 1.3 cm),
1500 g of Eucalyptus urophylla var. grandis wood particles was used, which were properly
classified according to 5, 9, 16, 35, and 60 mesh. Of these proportions, 5,9, and 16 mesh were
used for the single inner layer, while 35 and 60 mesh were used for the two outer layers.

Urea-formaldehyde (UF) adhesive with a solids content of 65% was prepared under a
dosage based on the weight of the particles, using 10% for the external layers and 8% for
the internal layer, where 0.5% nanoparticles were utilized in the inner layer of the panel.
The nanoparticles were obtained in partnership with other researchers and were produced
by the sol-gel protein method. A protein precursor was dissolved at 40 °C together with
the metal salts in a stoichiometric proportion. The solution was dried in an oven until it
formed a spongy structure, which was then burned and calcined to form the nanomaterial,
as performed by Silva et al. [8].

Wood particles were dried in a chamber (103 °C = 2) to reach 3% moisture content
and properly weighed in a proportion of 25-50-25% between layers. The resin was sprayed
onto the outer- and inner-layer particles on a rotary gluing machine (Figure 1a).
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Figure 1. Panel production stages: (a) resin spraying, (b) formation of mat with wood particles, and
(c) pre-pressing.

The particle mat was assembled in a forming box (40 cm x 40 cm) (Figure 1b), and
the formation was finalized through cold pre-pressing in a pneumatic press (Figure 1c) for
300 s at 0.3 MPa. After the pre-pressing stage, the analysis of temperature variation was
performed by a type K thermocouple inserted into the innermost layer of the panel.

This thermocouple was coupled to a data acquisition device (DAQ) to obtain the
temperature x time graph.

From pre-pressed mats (Figure 2a), the hot-pressing process was started with a total
cycle of 600 s, with two pressure releases with a duration of 30 s each (Figure 2b). The
pressure was set at 4 MPa with variations in temperature, at 150 °C and 180 °C. Thus,
particleboards were successfully obtained, with an average thickness of 13 mm, under
different manufacturing conditions (Figure 2c), including three material compositions (with
Al,O3, with CuO, and without nanoparticles) and two temperature pressing levels.

Figure 2. Panel production stages: (a) pre-pressed mat, (b) hot pressing, and (c) particleboard.

2.2. Characterization of Resin
2.2.1. Materials

The following materials related to resin characterization were used:

Ford cup (Marte N4, Sao Paulo, Brazil);

Urea-formaldehyde adhesive;

Al,O3 nanoparticles (own laboratory production, Itapeva, Brazil);
CuO nanoparticles (own laboratory production, Itapeva, Brazil);
Meter device (Digimed DM22, Sao Paulo, Brazil).

2.2.2. Methods

Viscosity testing was conducted using a Ford cup with a 5.20 mm orifice under ASTM
D1200-2005 [23] (Standard Test Method for Viscosity by Ford Viscosity Cup).
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The pH values of all resin samples were determined through direct measurements
using a pH meter device (Digimed DM22).

To determine the gel time of each sample, 5 g of adhesive was utilized. Each adhesive
was placed in a test tube and immersed in glycerin at 130 °C. A glass rod was continuously
moved through the adhesive to induce gelation. The time taken for gelation in each sample
was recorded as the gel time value.

2.3. Characterization of Physical and Mechanical Properties and Statistical Analysis
2.3.1. Materials

The following materials related to physical-mechanical tests were used:

Pachymeter (Mitutoyo Absolute 150 mm, Jundiai, Brazil);
Micrometer (Mitutoyo Digital 25 mm, Jundiai, Brazil);
Analytical digital scale (Marte 0.2 g precision, Sao Paulo, Brazil);
Universal testing machine (EMIC 300T, Curitiba, Brazil);

Muffle furnace (Marconi MAQ35, Piracicaba, Brazil).

2.3.2. Methods

Regarding the physical and mechanical tests carried out to characterize these panels,
the evaluation was based on density, moisture content, thickness swelling, static bending,
and perpendicular tensile strength according to specifications given by the ABNT NBR
14810-3:2018 [22], including the dimensions and quantities of specimens to be characterized.
Thus, 10 specimens were used for each test. In turn, a thermal conductivity test was carried
out following the recommendations of the ASTM E1530:2011 [24]. For this, panel specimens
50 mm in diameter were used, with a total of three samples for each treatment.

After the characterization of particleboards, the results were statistically analyzed
with an analysis of variance (ANOVA) at a 5% significance level to test for the existence of
a significant difference between the means of the respective results.

Tukey’s test was then performed, also with 5% significance, to analyze the interactions.
This analysis was carried out through R software version 3.2.0. In the result tables with
statistics, the letter “A” denotes the group with the highest average value, “B” is the group
with the second-highest average value, and so on.

3. Results and Discussion
3.1. Characterization of Nanoparticles

The analysis of sizes and structures of the nanoparticles involved the characterization
through X-ray diffraction. Figure 3 presents the diffractogram obtained from the analysis
of Al,O3 and CuO nanoparticles. The diffractogram indicates the characteristic reflections
of the y-alumina phase, verifying the typical peaks of this cubic structure presented by the
ICDD (International Center of Diffraction Data) with the reference number JCPDS 010-0425,
which confirms the formation of crystalline y-alumina.

The peaks have higher intensities. However, they are slightly broadened due to the
nature of the crystallite size of these materials. Scherrer equation analysis of the average
crystallite size for y-alumina—from the full width at half maximum (FWHM) for the (311),
(400), and (440) peaks found 7, 15, and 26 nm sizes, respectively—proves the synthesis of
a nanocrystalline material. Likewise, by analyzing the ICSD database (Inorganic Crystal
Structure Database), the presence of a single phase for copper II oxide with a monoclinic
structure (ICSD reference number 16025) was verified. Thereby, Scherrer’s equation indi-
cates a size of 37 nm, which also proves the synthesis of a nanocrystalline material.
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Figure 3. Diffractograms according to nanoparticles: (a) Al,O3 and (b) CuO.

3.2. Characterization of Resin

The pH, viscosity, and gel time properties of the resin are presented in Table 1.

Table 1. pH, viscosity, and gel time properties.

Obtained Results
Resin . N
pH Viscosity (Cp)
Urea-formaldehyde (UF) 8514 435.60 4
UF + nano Al,O3 8314 572.19 B
UF + nano CuO 8.64 A 638.88 B

A: group with the highest average value; B: group with the second-highest average value.

From the results presented in Table 1, it is possible to state that the pH does not show
a significant statistical difference with the addition of the nanomaterial. As verified in some
previous studies, the resin presented a basic pH [6,18]. Gelatinization after 10 min was
not found for any of the variations studied. This fact has already been observed by Silva
et al. [25]. Regarding viscosity, the addition of nanoparticles increased the resin viscosity,
which influenced the interaction between the matrix and reinforcement.

3.3. Characterization of Physical Properties

After the nanometric characterization of raw materials and physical tests of the panels,
the results were compared with the standard values of ABNT NBR 14810:2018 (class P2) [26],
EN 312:2003 [27], and ANSI 208-1:2016 (class M1) [28] for density, moisture, and thickness
swelling. Non-structural panels measuring 13 to 20 mm thick were taken as a reference, for
internal uses. All panels below this value were considered references and were classified
as medium-density particles (MDPs). As shown in Table 2, the results obtained for panel
density with respective coefficients of variation are presented with the ranges of values
given by these standards valid in Brazil, Europe, and North America. Our results remained
within the ranges from Brazilian and European standard documents, although they slightly
exceeded the maximum average value stipulated for the North American market.
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Table 2. Density: results and comparison with values given by standards.

Temperature Pressing 150 °C 180 °C
Without nanoparticles 661.36 1A (5.98 2) 667.43 1A (6.452)
Al,Oj3 nanoparticle 674.72 1A (6.03 2) 707.57 1A (5.28 2)
CuO nanoparticle 682.64 1A (6.59 2) 665.68 1A (7.48 2)
Brazil ABNT [26] 551 to 750 !
Europe EN [27] 500 to 800 !
North America ANSI [28] 640 to 8001

1 panel density (in kg/ m?); 2 coefficient of variation; A: group with the highest average value.

From Table 2, the density results also demonstrate some similarity to other studies,
although they were lower than the average values reported by the literature. For example,
Lima et al. [12], when manufacturing medium-density particleboards made with zinc
oxide nanoparticles (ZnO), glued with urea-formaldehyde resin, and pressed at 180 °C
in different proportions (0.5% and 1%), achieved average densities of 720.31 kg/m? and
749.98 kg /m?3, with no statistical difference between their results. It is worth highlighting
that the experimental density of panels was lower than the nominal density (as indicated
in the methodology), as manufacturing losses were verified in the particle gluing and mat
formation stages.

Following the same presentation of our results and the ranges from standards as
exemplified in Table 2, Table 3 analyzes the moisture content of particleboards pressed in
two temperature levels and configured in three material compositions (with Al,O3, with
CuO, and without nanoparticles).

Table 3. Moisture content: results and comparison with values prescribed by standards.

Temperature Pressing 150 °C 180 °C
Without nanoparticles 6.49 1A (4.93 2) 6.41 1A(4.70 2)
Al,O3 nanoparticle 6.65 1A (2.11 2) 6.51 LA (5,53 2)
CuO nanoparticle 6.56 LA (2.90 2) 6.15 1A (5.85 2)
Brazil ABNT [26] 5t0131

Europe EN [27] -
North America ANSI [28] -

moisture content (in %); 2 coefficient of variation; “: group with the highest average value.

1

Regarding the moisture analysis of the particleboards developed in this study, it was
possible to verify that all treatments met the values referenced by the ABNT [26], with no
statistical difference among the results from Table 3. All results were close to the minimum
moisture content suggested by this same standard document.

These results were also similar to those reported by other scientific studies. Lima
et al. [12] presented moisture contents of 6.18 and 6.24% for wood particle panels with
0.5% and 1% ZnO (urea-formaldehyde resin and 180 °C pressing temperature), while Silva
et al. [8] obtained an average of 6.61% moisture under the same conditions. These authors
did not find any statistical difference.

Similar to the organization of the previous tables, Table 4 discloses the obtained results
for thickness swelling after 24 h. For thickness swelling after 24 h, none of the panels met
the specifications from Brazilian and European standards. Particleboards with aluminum
oxide nanoparticles at 150 °C reached the worst performance in this property, while panels
without nanoparticles and at 180 °C showed the best results, statistically differing from the
others (Table 4).
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Table 4. Thickness swelling: results and comparison with values prescribed by standards.

Temperature Pressing 150 °C 180 °C
Without nanoparticles 36.31 1B (16.33 2) 25.57 L€ (10.60 2)
Al,Oj3 nanoparticle 52.18 1A (9.372) 4495148 (191 2)
CuO nanoparticle 43.21 LAB (13,75 2) 34.33 1B (11.97 %)
Brazil ABNT [26] <21
Europe EN [27] <161
North America ANSI [28] -

! thickness swelling after 24 h (in %); 2 coefficient of variation; A: group with the highest average value; B: group
with the second-highest average value; €: group with the third-highest average value.

For medium-density particleboards manufactured with 4% SiO, nanoparticles (urea-
formaldehyde resin and 160 °C pressing temperature), Valle [10] reached an average value
of 36.46% for this same property after 24 h. In nanocellulose-treated particleboards (urea-
formaldehyde resin and 160 °C pressing temperature), Cardoso et al. [29] verified thickness
swelling values of 30.35% and 53.68% for 2% and 3% nanocellulose, respectively. They still
confirmed a negative influence with the addition of nanoparticles.

Taghiyari and Bibalan [20] also obtained an increase in the 24 h swelling of wood
particle panels (urea-formaldehyde resin and 200 °C pressing temperature) when adding
150 mL/kg of copper nanoparticles, which increased this property from 19.52% to 22.68%.

Figure 4 illustrates the interactions between the treatments as well as possible trends
presented by the addition of the nanoparticles.
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Figure 4. Interaction graph of results for thickness swelling after 24 h according to each panel
composition.

Analyzing the interactions (Figure 4), it was possible to observe that—although the
values for CuO were lower than for Al,O3—the addition of nanomaterials exhibited the
same effect on the particleboards for this property, in which the pressing temperature was
the greatest influential variable. Thus, a higher pressing temperature favors the curing of
the polymeric adhesive, reducing thickness swelling values. It is also noteworthy that the
percentage of nanoparticles used was smaller than in other research studies—for example,
Zhang et al. [18] used up to 4% aluminum oxide nanoparticles.

Figure 4 illustrates the decrease in thickness swelling after water immersion for 24 h
in all panels (without nanoparticles, with copper oxide, and with aluminum oxide). The
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greater the difference in values between the points for the same treatment, the greater the
interaction between the factors. Occurred at a temperature of 180 °C, this reduction can be
explained by the greater polymerization of the resin at higher temperatures, improving the
performance of the panels in contact with water, that is, allowing better interaction of the
resin with the wood particles, as confirmed by Lima et al. [12].

3.4. Characterization of Mechanical Properties

The same category of non-structural panel for internal uses, with a thickness between
13 and 20 mm, was considered for this analysis. The results were compared with the
standard values of ABNT NBR 14810:2018 (class P2) [26], EN 312:2003 [27], and ANSI
208-1:2016 (class M1) [28] for commercial use in dry environments concerning the MOE
and MOR.

Table 5 presents the results obtained for the modulus of elasticity (MOE), including
respective coefficients of variation, and the ranges of values given by standard documents
from Brazil, Europe, and North America. Only the particleboard pressed at 180 °C and
produced with CuO nanoparticles did not reach the minimum expected for the European
standards. However, it met the expected modulus of elasticity for the Brazilian and North
American markets (Table 5). All configurations produced at a 150 °C pressing temperature
exceeded the minimum standardized conditions for the modulus of elasticity.

Table 5. Modulus of elasticity: results and comparison with values given by standards.

Temperature Pressing 150 °C 180 °C
Without nanoparticles 1831 1B (18.122) 1840 1B (13.222)
Al,O3 nanoparticle 1880 1B (12.01 2) 2316 1A (11.47 2)
CuO nanoparticle 1845 1B (8.352) 1703 1B (19.56 2)
Brazil ABNT [26] >1600 !
Europe EN [27] >1800 !
North America ANSI [28] >1550 1

I modulus of elasticity (in MPa); 2 coefficient of variation; #: group with the highest average value; B. group with
the second-highest average value.

Although almost all treatments were superior to the minimum modulus of elasticity
specified by these standards (Table 5); only particleboards made with Al,O3 nanoparticles
pressed at 180 °C differed statistically.

Obtained in static bending test, the modulus of rupture (MOR) is analyzed in Table 6.
All panels pressed at 180 °C exceeded the minimum modulus of rupture given by the
standards under consideration. In contrast, all panels pressed at 150 °C only met the
minimum requirements for the North American region. All particleboards are close to the
minimum performance expected by Brazilians, Europeans, and North Americans.

Table 6. Modulus of rupture: results and comparison with values given by standards.

Temperature Pressing 150 °C 180 °C
Without nanoparticles 10.24 1B (4.18 2) 11.97 LAB (17.46 2)
Al,Oj3 nanoparticle 10.42 1B (15.54 2) 13.64 1A (14.74 2)
CuO nanoparticle 10.70 1AB (16.92 2) 12.24 LAB (1471 2)
Brazil ABNT [26] >11.001
Europe EN [27] >11.50 1
North America ANSI [28] >10.001

I modulus of rupture (in MPa); 2 coefficient of variation; #: group with the highest average value; B. group with
the second-highest average value.

It is known that there is a relationship between mechanical resistance and density, and
this is not influenced by the addition of nanoparticles. Thus, it was already expected that

49



Polymers 2024, 16, 1652

MOE (MPa)

2500

2000

1500

1000

500

150

there would not be visible changes in the modulus of rupture values. The results showed a
small difference between the treatments, while the reduced percentage of nanoparticles
added to the adhesive can be considered as previously mentioned.

It is possible to highlight that the panels produced with copper oxide at 150 °C were
statistically equivalent to the panels produced without nanoparticles at 180 °C, suggesting
that the use of this nanomaterial allows a reduction in the pressing temperature. This
gain is both economically and environmentally favorable in terms of reducing energy
consumption in pressing, which is the most expensive stage in panel manufacturing. In
future studies with higher percentages of nanoparticles, better results are expected.

Through the interactions, it is possible to observe that the modulus of elasticity for
CuO nanoparticles showed a decreasing trend with increasing temperature (Figure 5a).
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Figure 5. Interaction graph of results according to each panel composition for (a) modulus of elasticity
and (b) modulus of rupture.

Also, Taghiyari and Bibalan [20] obtained a reduction in the MOE in panels produced
with urea-formaldehyde at 200 °C, as the addition of 150 mL/kg of copper nanoparticles
decreased this property from 1830 MPa to 1775 MPa. In Figure 5, the interaction graph
shows differences in behavioral trends with increasing temperature for the three treatments
analyzed. For copper nanoparticles, there was a decrease, although it was not significant
(Table 5). The better performance verified in the treatment with aluminum nanoparticles can
be justified due to the increase in thermal conductivity with the addition of the nanomaterial,
which was also observed by Gupta et al. [19]. The effect of temperature increasing on the
MOE for the treatment without nanoparticles does not present a significant change—this is
justified by the fact that UF resin can cure efficiently from 150 °C [5].

Regarding the modulus of rupture (Figure 5b), all treatments exhibited an upward
trend with increasing temperature, with a more notable effect observed for Al,O3 nanopar-
ticles. As observed for the MOE, the increase in thermal conductivity resulting from the
use of Al,O3 nanoparticles promoted a significant increase in the MOR property. Other
treatments demonstrated non-significant increases.

Comparing our results to other studies, Valle [10] obtained MOR values close to
12.25 MPa, finding no statistical difference, whereas Lima et al. [5] reached an average value
of 13.3 MPa with ZnO added to the urea-formaldehyde adhesive. Neither study showed
statistical differences. Also, Taghiyari and Bibalan [20] did not obtain an increase in the
modulus of rupture for particulate panels produced with urea-formaldehyde and pressed at
200 °C when adding 100 mL/kg of copper nanoparticles, although the 150 mL/kg addition
showed an increase from 11.56 MPa to 12.43 MPa in this same mechanical property.
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3.5. Analysis of the Variation in Pressing Temperature

Sequentially to the nanometric evaluation of the material and physical-mechanical
characterizations of the panels reported in the previous subitems, Figure 6a,b shows the
graphs obtained from the average panel data after hot pressing at 150 °C and 180 °C.
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Figure 6. Graphs of variation in pressing temperature at (a) 150 °C and (b) 180 °C.

It was possible to observe that both the particleboards produced without nanoparticles
and the panels manufactured with the addition of nanoparticles (aluminum oxide and
copper oxide) did not reach the expected pressing temperatures (150 °C in Figure 5a and
180 °C in Figure 5b), which could influence in the polymerization of the resin, as well as
affect the adequate curing of the eucalypt wood panels developed in this study.

When adding copper oxide nanoparticles, the pressing temperature in the innermost
layer of the panel was reduced in this exact location of thermocouple measuring, which did
not occur when adding aluminum oxide nanoparticles (Figure 5a). In turn, both additions
of nanoparticles influenced the protocols for manufacturing different panel compositions,
as the presence of these nanoparticles reduced the pressing temperature in Figure 4.

Aluminum oxide has greater thermal insulation capacity as this treatment has lower
thermal conductivity than copper oxide. According to Barea [30], when the temperature of
aluminum oxide increases, its thermal conductivity decreases and, therefore, it may lead to
a 5 °C difference between the final pressing temperatures for two analyses (Figures 4 and 5).

At 150 °C, it is noted that particleboards produced with aluminum oxide reached
the highest temperature. At 180 °C, the panel without nanoparticles reached the highest
temperature, which approached the ideal temperature. In this case, this nanoparticle-free
treatment also obtained the best thickness swelling properties. At 180 °C, it is also possible
to observe that the panels produced with nanoparticles presented slower heating, which is
justified by the refractory effect present in the oxides. The added nanomaterials may also
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have interfered with the physical and mechanical properties by retaining greater heat and,
therefore, may have affected the polymerization of the urea-formaldehyde adhesive.

Regarding copper oxide nanoparticles, when comparing the two graphs in Figure 5,
practically the same variation in final pressing temperature is observed in particleboards
without nanoparticles (25 and 30 °C, respectively), presenting intermediate performances
in their physical and mechanical properties compared to other treatments.

From effects of copper oxide nanoparticle addition, Taghiyari and Bibalan [20] con-
cluded that, to obtain better heat transfer performance of copper nanoparticles in wood
particleboards, it is desirable to increase their quantity. They noticed a reduction in the
modulus of elasticity, justifying that it may have been caused by a negative influence on
the bonding between the wood particles and the polymeric resin.

For higher levels of nanoparticles, better physical-mechanical properties and lower
energy consumption were confirmed by [18]. Therefore, the observed effects can be at-
tributed to the temperature gradient between both surfaces and the core in the particleboard
during hot pressing, as explained by Zhang et al. [6], where the type and relative balance
of covalent and ionic bonds in the polymeric resin structure may differ in these different
regions of composite panels, that is, externally and internally.

3.6. Analysis of Thermal Conductivity

As shown in Table 7, thermal conductivity was analyzed. The added nanoparticles
led to greater values for the lower temperature level at 150 °C, a condition opposite to the
panel without nanoparticles. Particleboard containing copper oxide showed higher thermal
conductivity than panels with aluminum oxide.

Table 7. Thermal conductivity: results.

Temperature Pressing 150 °C 180 °C
Without nanoparticle 0.137 1B (11.67 2) 0.153 LAB (3272)
Al,O3 nanoparticle 0.162 12 (3.08 2) 0.153 1AB (9,15 2)
CuO nanoparticle 0.164 1A (5.49 2) 0.158 1AB (1,93 2)

! thermal conductivity (in W/mK); ? coefficient of variation; A: group with the highest average value; B: group
with the second-highest average value.

Thermal conductivity ranged from 0.137 W/mK to 0.164 W/mK for our particleboards
under evaluation (Table 7).

Our results also suggest that tested panels may serve as efficient thermal insulating
materials, as they are in accordance with the observations of Bonduelle [31]. Panels with
insulating performance are recommended for construction uses, where indoor spaces
can be more pleasant than the external environment. Values between 0.09 W/mK and
0.197 W/mK were found by Cavus et al. [32] in their study with different wood species,
while Binici et al. [33] identified values between 0.075 W/mK and 0.1588 W/mK for
corn-straw panels. This better thermal performance was possible due to the addition of
nanoparticles. The added nanomaterials increased the panel conductivity, as it was 20%
higher in panels produced at 150 °C (Table 7). Therefore, particleboards produced without
nanoparticles require a higher pressing temperature to achieve the same effect provided by
the nanomaterials, especially copper oxide. In this way, the nanoparticles allow the use of a
lower pressing temperature for better thermal conduction.

4. Conclusions

As shown by our results obtained in physical tests to characterize the particleboards,
the nanoparticles did not provide a significant improvement in thickness swelling prop-
erties, and they did not interfere with other properties. This can be justified by the 0.5%
content of nanoparticles, which led to a limited influence on the material. For mechanical
tests, the best performances are related to the increase in temperature, where a higher
pressing temperature contributes to the heat transfer during pressing and assists the poly-
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merization of the adhesive and curing of panels, which results in more efficient chemical
bonds and the improvement of mechanical properties.
Specifically, we concluded the following:

e  For both temperatures, our particleboards were suitable for internal uses, as they were
in accordance with Brazilian and European standards for particleboards.

e Anincrease in temperature from 150 °C to 180 °C allowed better physical and me-
chanical results for all treatments, reaffirming that the innermost region of the panel
reached a higher temperature for polymerization and curing.

e  The thermal conductivity of panels with nanoparticles was higher than panels without
them, although the increase in temperature reduced this effect. Oxide nanoparticles
may have provided a refractory effect common to ceramic materials, which makes it
preferable to opt for lower pressing temperatures, especially aluminum oxide, which is
positive in terms of reducing energy consumption in a costly stage of panel production.

e  Thermal conductivity and pressing temperature evaluations suggest that, in certain
situations, the nanoparticles studied can contribute to better heat transfer to the
innermost region of the panel. However, an impaired interaction between the wood
particles and the polymeric formaldehyde-based adhesive was observed, provided
by the addition of more environmentally friendly nanomaterials, which did not allow
significant improvements in physical and mechanical properties. This effect can be
justified by the increase in the viscosity of the resin when the nanomaterial is added,
indicating a poor interaction of the aluminum oxide and copper oxide nanoparticles
with the polymers.

e  The percentage of 0.5% nanoparticles produced by the sol-gel protein methodology
in use was lower than studies found in the literature, as these publications obtained
better results in the physical-mechanical performance of panels with commercial
nanoparticle contents ranging from 2 and 4%. The lower performance obtained can
be justified by the higher viscosity of the adhesive when nanoparticles were added,
which impaired the interaction between the particles and the polymeric adhesive.

In light of the above conclusions, different levels of nanoparticles and percentages of
nanoparticles between external and internal layers are suggested for future studies, as these
topics can be regarded to identify better heat transfers to allow a more significant influence
of nanoparticles. In addition, new alternatives for the application of nanoparticles ought to
be studied to obtain better results, including the insertion of other nanomaterials, different
pressing temperature levels, structural adhesives, and other composite products such as
plywood, fiberboards, structural particleboards, and glued engineered wood products.
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Abstract: Molded plywood is used for furniture components such as seats, backrests, or integral
seat shells, and it must be durable and harmless to health. Molded plywood is made with urea-
formaldehyde (UF) adhesives; therefore, the issue of the fillers used in them is important. The
potential of using ground beech (Fagus sylvatica L.) bark as an eco-friendly additive in UF adhesives
for molded plywood manufacturing was investigated in this work. Wheat flour was used as a
reference filler. The beech bark (BB) level as a filler was 10%, a value verified under laboratory
conditions. Nine-layer flat and molded plywood were produced under industrial conditions from
beech veneers bonded with a UF adhesive mixture. The mechanical (bending strength and bonding
quality) and physical (swelling and absorbency values after 2 and 24 h) properties of the industrially
fabricated molded plywood were evaluated and compared with the European standard requirements
(EN 310 and EN 314-2). The mechanical properties of the molded plywood with the addition of BB in
the adhesive mixture were acceptable and met these standards’ requirements. The positive effect of
BB in the UF adhesive mixture on a reduction in formaldehyde emissions from the molded plywood
was also confirmed. BB, considered to be wood-processing industry waste or a by-product, has
significant potential to be used as a filler in UF resins for molded plywood production, providing an
environmentally friendly, inexpensive solution for the industrial valorization of bark as a bio-based
formaldehyde scavenger.

Keywords: molded beech plywood; UF; ground beech bark; eco-friendly fillers; free formaldehyde
emission

1. Introduction

Molded plywood is usually a three-dimensional product that is created from multiple
beech (birch) veneer layers that are glued together using adhesive, heat, and pressure in
a press. The veneer layers are arranged crosswise at an angle of 90°. Molded plywood is
used for furniture components such as seats, backrests, or integral seat shells [1,2].

The main task of molded plywood is to maintain the shape in which it was made
in the long term to properly serve its purpose. This is made possible by the fact that a
grain-interlocking pattern of the adjacent veneers is applied, which greatly reduces swelling
and shrinking and generates greater surface resistance [3,4].

The technological processes in the production of molded plywood are the same as
in the manufacture of flat plywood; the difference is in the shape of the press plates used.
In the manufacture of molded plywood, pressing molds, a matrix, and a patrix of the
necessary shape are used and molded plywood is pressed between the surfaces. The
condition is that both surfaces of the matrix and the patrix maintain the same distance
when pressing when measured to the common perpendiculars, i.e., one surface must be

Polymers 2024, 16, 966. https:/ /doi.org/10.3390/polym16070966 56

https://www.mdpi.com/journal /polymers



Polymers 2024, 16, 966

equidistant from the other. Attention must be paid to the projection of the pressing pressure.
The pressure in the surfaces perpendicular to its direction is manifested in full, but the
pressure decreases with a deviation from the perpendicular direction about the angle
forming the direction of the pressed surface. This is from a perpendicular direction to the
direction of pressure [5,6]. These are facts of fundamental importance. This paper focuses
on the composition of adhesive mixtures used to produce molded plywood, which must
be suitable for the machinery and technological operations indicated. They must be such
that they make a significant contribution to the long-term stabilization of the manufactured
shape of the plywood and that they do not degrade over time [5,7].

In terms of applications of shaped pressing technologies of veneer materials, molded
plywood is a product with a long history [5,8-12]. Therefore, the correct composition of the
adhesive mixture used for molded plywood pressing is essential. Urea-formaldehyde (UF)
adhesives are used for common shapes in molded plywood manufacturing because chairs
made using them are used indoors [10,11,13-17].

UF adhesives create a sufficient bonding strength of veneers for molded plywood [9,15,18].
However, they are not used as one-component adhesives; there is always an adhesive
mixture present in molded plywood production and, therefore, the resulting adhesive
effect is also dependent on the proportion of other components of the UF adhesive mixture
used [2,15,17].

Today’s modern UF adhesives are of significantly better quality than those pro-
duced and offered to molded plywood manufacturers in the 20th century. Formalde-
hyde emissions are notably already at relatively small levels, corresponding with strict
technical standards.

The common method used to decrease free formaldehyde in the adhesive mixtures
of molded plywood is the modification of the adhesive mixture using formaldehyde
scavengers, whereby the scavengers are directly applied to the adhesive mixtures by
mixing and by the related reaction [19-22].

The issue of minimum formaldehyde emission values from the adhesive mixtures
used in molded plywood must be completely resolved before production in light of to-
day’s strict technical standards because of the length of time pupils and students sit on
chairs made from molded plywood during their daily school attendance. This is so con-
stant that the health of pupils and students could be severely tested and endangered
over the years [23-26]. Therefore, the use of scavengers in UF adhesive mixtures is of
fundamental importance.

This paper describes research into the properties of molded (and flat) plywood pro-
duced in a factory. Both plywood types were pressed using disintegrated beech bark (BB)
as a filler for UF mixtures. The industrial production of plywood was preceded by the
thorough laboratory research testing of forest tree barks as fillers as well as their fractions
and shares. This took place from 2013 to 2022 at the Technical University in Zvolen, Slo-
vakia, mostly within its development workshops and laboratories. Only after rigorous
laboratory tests and achieving optimal laboratory results was it decided to carry out the
industrial tests in a full production operation. The industrial production of plywood using
disintegrated beech bark as a filler for UF adhesive mixtures took place at the industrial
plant BEKER-MP, s.r.0., Presov, Slovakia (www.beker.sk, accessed on 23 February 2024).

Various flours are used in UF glue mixtures as fillers and they work well. The viscosity
of such glue mixtures is reasonable, the industrial application of the adhesive mixtures is
reasonably good, and the cost is not high [2,15,27]. Some scientists and researchers have
attempted to replace flour with another type of filler that has all the effective properties
of flour, but with the additional effect of effectively capturing the leakage of harmful
formaldehyde from the adhesives. Some disintegrated bark of forest trees seems to fulfill
this role [21,22,28,29].

Beech is a high-quality raw material used for plywood production and its bark is
widely available in plywood mills because of debarking. Thus, this bark is present at the
place of wood processing, but it is considered to be ineligible for further processing. The
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proposal to use it as a filler has given it a new purpose. Thus, BB was selected to produce
molded plywood under industrial conditions (fully fledged production in a full industrial
operation). BB has been proved to be an effective filler of adhesive mixtures to produce flat
plywood under laboratory conditions and its chemical and technological parameters as well
as collection, drying, and grinding methods have already been published [22,27,30-33].

2. Materials and Methods
2.1. Materials

Rotary cut beech (Fagus sylvatica L.) veneers with an average thickness of 1.30 £ 0.05 mm,
6% =+ 1% moisture content (MC), and dimensions of 500 x 500 mm? were used to produce
the plywood. The raw wood material, which was used for peeling, came from the region
of Jasov (Slovenské Rudohorie Mountains) in Slovakia. The veneers were made using a
four-foot rotary lathe from KSB (Kralovopolska strojirna Brno, Czech Republic) at the indus-
trial plant of DYHA TIROLA, s.r.0., Moldava and Bodvou, Slovakia (www.dyhatirola.sk,
accessed on 23 February 2024).

As a binder, an industrial UF adhesive (Kronores CB 1100 F; DIAKOL Strazske s.r.o0.,
Strazske, Slovakia) with about 67% dry content was used with an ammonium nitrate
(NH4NO3) water solution (47%) as a hardener to reach the curing time to glue the mass at
100 °C in about 88 s [28]. The hardener was added at a ratio of 10 parts by weight (pbw) per
100 pbw of adhesive, according to common industrial formulations. The average adhesive
viscosity to bond the veneers was 1220 mPa.s and its pH value was 8.6. Wheat flour (WF)
was used as the reference filler (REF).

UF adhesive with 10 pbw per 100 pbw of WF based on a liquid UF resin was used as a
reference sample. This concentration of fillers for molded plywood production was selected
based on our long-term research; it achieved optimal values in the results of previous
tests [21,22] and was consistent with the observations of other authors examining the issue
of fillers in UF adhesive mixtures [27,29,34-36].

2.2. Methods

The beech bark was properly and finely ground (to a fraction of bark with grains
smaller than 0.125 mm) (Figure 1). This was utilized as an alternative to WF; the same
fraction of flour with grains smaller than 0.125 mm is used as a filler with a share of
10% in UF adhesives for plywood manufacturing. A higher bark content (15-20%) in
adhesive mixtures has not been tested under industrial conditions because under laboratory
conditions, it was found that the viscosity of such a mixture became problematic from the
point of view of the perfect application of the adhesive mixture to the veneer surface.

Figure 1. Beech bark in a dry state.
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Nine-layer flat (18 pieces) and molded (18 pieces) plywood samples were produced
under industrial conditions with the use of the bonding mixtures listed in Table 1. The
following parameters were applied during the plywood preparation: a bonding mixture
spread of 150 g/m?, the adhesive mixture was then applied using a roller spreader, and
a maximum press pressure of 1.4 MPa was used for the hydraulic press (Hydroma RM-3,
Uhersky Brod, Czech Republic). The pressing times are given in Table 1. The resulting
thickness of all plywood after pressing was 10.0 £ 0.2 mm. All the produced flat and
molded plywood samples were subjected to conditioning at 20 °C/65% =+ 1% relative
humidity (RH) to obtain a constant weight before further testing.

Table 1. Compositions of adhesive mixtures, plywood molds, and selected pressing parameters.

Variant Filler Filler Content Pressing Pressing Time
Label (pbw ! per 100 pbw of Solid Resin)  Temperature (°C) (min)
REF 10 flat plywood Wheat flour 10 110 5
BB 10 flat plywood Beech bark 10 110 5
REF 10 molded plywood Wheat flour 10 110 5
BB 10 molded plywood Beech bark 10 110 5

1 Pbw: parts by weight.

Flat plywood was produced as a REF product on identical presses to the molded
plywood. Their press plates were not molded; in this case, they were flat. The flatness
of the plywood—and, therefore, their entire area—allowed us to produce a larger range
of test samples than in the case of molded plywood production, where suitable places to
produce test sample bodies were limited because of plywood roundness. Molded plywood
was produced using molded press plates (Figure 2).

Figure 2. Molded plywood in the molded press during the pressing process.

The following tests were completed for the produced flat plywood (REF): density
(8 repetitions), bending strength (MOR) in a parallel direction to the grains of the face
veneer layer (16 repetitions), MOR in a cross-direction to the grains of the face veneer layer
(8 repetitions), bonding quality (8 repetitions), TS after 2 h (8 repetitions), TS after 24 h
(8 repetitions), WA after 2 h (8 repetitions), and WA after 24 h (8 repetitions) [37,38]. We
respected and observed the international conventions and procedures for the selection
of samples from the panels. Every part of the panel had an equal chance of becoming a
sample, but we omitted the edge of the board with a width of 50 mm and we performed
this as objectively as possible [37,38].
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The following tests were completed for the produced flat plywood (REF): density
(8 repetitions), modulus of rupture (MOR) in a parallel direction to the grains of the face
veneer layer (16 repetitions), MOR in a cross-direction to the grains of the face veneer layer
(8 repetitions), bonding quality (8 repetitions), thickness swelling after 2 h (8 repetitions),
thickness swelling after 24 h (8 repetitions), water absorption after 2 h (8 repetitions), water
absorption after 24 h (8 repetitions), and free formaldehyde emissions [37,38].

The following tests were completed for the produced molded plywood: density
(6 repetitions), MOR in a parallel direction to the grains of the face veneer layer (6 repeti-
tions), MOR in a cross-direction to the grains of the face veneer layer (4 repetitions), bonding
quality (6 repetitions), thickness swelling after 2 h (6 repetitions), thickness swelling after
24 h (6 repetitions), water absorption after 2 h (6 repetitions), water absorption after 24 h
(6 repetitions), and free formaldehyde emissions [37,38]. The molded plywood properties
were crucial in this research because we were studying the development of a new product
using an alternative adhesive mixture; thus, the properties of the flat plywood produced
using the same process and with the same adhesive mixture as the molded plywood served
as the REF.

All mechanical tests were performed using a computer-controlled universal testing
machine (TIRA 2200 Heckert Testing Machine, Schalkau, Germany) at the Technical Uni-
versity in Zvolen, Slovakia (within its own development workshops and laboratories).
Physical tests were performed at the Technical University in Zvolen, Slovakia, as well. The
free formaldehyde emissions were measured using the chamber method according to the
standard EN 717-1 [39]. A UviLine SI 5000 spectrophotometer (SI Analytics, Plains, NY,
USA) at 412 nm was used to determine the total formaldehyde content.

2.3. Statistical Analysis

An analysis of variance (ANOVA) and ¢-test calculations were used to test (« = 0.05)
for significant differences between factors and levels, where appropriate. A comparison of
the means was performed by employing the Duncan test when the ANOVA indicated a
significant difference. The statistically significant differences for the achieved results are
given in the Results and Discussion paragraphs, where the data are evaluated.

3. Results and Discussion
3.1. Density of Plywood Panels Produced under Industrial Conditions

As industrially produced plywood is usually produced in larger volumes and empha-
sis is placed on the production economics, some production operations can take place at a
higher pace and less precisely than laboratory plywood production. Thus, in the first step,
we produced the plywood under laboratory conditions with exact technological conditions
and parameters and we then used these proven parameters in the production of the molded
plywood in the factory. The achieved density results of the flat and molded plywood were
reasonable and they are presented in Table 2.

Table 2. The density of flat and molded plywood panels.

. . Filler Content Densities
Variant Label Filler — bw 1 per 100 pbw of Solid Resin)  (kg/m®)

REF 10 flat plywood 1 Wheat flour 10 758 (11) *
REF 10 flat plywood 2 Wheat flour 10 764 (6)
BB 10 flat plywood E Beech bark 10 751 (10)
BB 10 flat plywood 2 Beech bark 10 755 (6)
REF 10 molded plywood !~ Wheat flour 10 761 (21)
REF 10 molded plywood > Wheat flour 10 730 (22)
BB 10 molded plywood !~ Beech bark 10 754 (11)
BB 10 molded plywood E Beech bark 10 735 (5)

! Parallel direction to the grains of the face veneer layer. 2 Cross-direction to the grains of the face veneer layer. *
Standard deviations are in parentheses.
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3.2. Bending Strength of Plywood Panels
The results of the MOR tests are presented in Table 3.

Table 3. Bending strength of flat and molded plywood panels.

. . Filler Content MOR
Variant Label Filler (pbw! per 100 pbw of Solid Resin) (MPa)
REF 10 flat plywood 1 Wheat flour 10 95 (9) *
REF 10 flat plywood 2 Wheat flour 10 62 (3)
BB 10 flat plywood 1 Beech bark 10 93 (5)
BB 10 flat plywood 2 Beech bark 10 69 (3)
REF 10 molded plywood '~ Wheat flour 10 153 (22)
REF 10 molded plywood 2 Wheat flour 10 58 (2)
BB 10 molded plywood ! Beech bark 10 93 (8)
BB 10 molded plywood 2 Beech bark 10 60 (4)

1 Parallel direction to the grains of the face veneer layer. 2 Cross-direction to the grains of the face veneer layer.
* Standard deviations are in parentheses.

The plywood MOR results were more than adequate in all cases. They were higher
than the stated MOR values for standard plywood available on the market [40—43]. If we
considered the type, corresponding plywood thicknesses, and number of veneer layers
in the plywood, the achieved MOR values should have been at the level of 70-75 MPa in
the case of the parallel direction to the grains of the face veneer layer and in the case of
the cross-direction to the grains of the face veneer layer, at the level of 52-54 MPa. The
achieved MOR values of the plywood industrially produced in the case of the parallel
direction to the grains of the face veneer layer were higher by £30% and in the case of
the cross-direction to the grains of the face veneer layer, higher by +15%. This applied to
both the technical flour filler and ground BB filler. These were quite understandable values
because plywood manufacturers tend to achieve higher values of mechanical strength of
plywood than the minimum required. The values achieved in this research demonstrated
that the tested adhesive mixtures had been properly developed and were suitable for the
production of molded plywood. Statistically significant deviations did not occur for about
10% of filler content. Both tested fillers behaved in flat and molded plywood in much the
same way in terms of MOR and were, therefore, suitable for the application. An increase
in the filler content of about 5-10% significantly increased the viscosity of the binder; the
mixture became problematic and possible problems with the even-spreading of the binder
over the veneer surface could negatively influence the MOR of the plywood panels. Due
to the results of previous laboratory research, we did not experiment with increasing the
proportion of fillers in the adhesive mixtures in the plant. This avoided possible difficulties
with applying adhesive mixtures or equipment damage.

3.3. Bonding Quality of Plywood Panels

The results of the bonding quality tests are presented in Table 4.

As in the case of MOR and also in the case of bonding quality, we compared the
achieved values with those that were published as standards. Our results were more than
adequate in all cases. They were higher than the stated bonding quality values for standard
plywood available on the market [40—43] or in research papers [21,22,28,35,44,45]. If we
considered the type, corresponding plywood thicknesses, and number of veneer layers
in the plywood, the achieved bonding quality values should have been at the level of
0.8-1.4 MPa. The achieved bonding quality values of the plywood produced at the plant
as part of this research were higher by £65% in the case of a parallel direction to the
grains of the face veneer layer. Both tested fillers behaved in much the same way in the
flat and molded plywood in terms of the bonding quality and were, therefore, suitable
for application. The fundamental differences in the break zones of the flat and molded
plywood samples bonded with both types of filler pressed using the hot press process after

61



Polymers 2024, 16, 966

the shear strength test did not occur. This could be explained by the fact that the proportion
of filler of 10% in the adhesive was not large and, therefore, there was almost no difference
between WEF and disintegrated BB in the structure of the adhesive mixture used. This was
also consistent with the observations of other authors who investigated the mechanical
properties of plywood materials after modifications to the adhesive mixtures used to glue
veneers or adhesive penetration in wood (veneers) [40,41,46-55].

Table 4. Bonding quality of flat and molded plywood panels.

. . Filler Content Bondin
Variant Label Filler (pbw ! per 100 pbw of Solid Resin)  Quality (N%Pa)
REF 10 flat plywood ! Wheat flour 10 2.5(0.3) *
REF 10 flat plywood 2 Wheat flour 10 2.4(0.1)

BB 10 flat plywood ! Beech bark 10 2.8(0.3)

BB 10 flat plywood 2 Beech bark 10 2.8(0.3)
REF 10 molded plywood !~ Wheat flour 10 2.9(0.0)
REF 10 molded plywood 2~ Wheat flour 10 2.8 (15)

BB 10 molded plywood ! Beech bark 10 3.1(0.4)
BB 10 molded plywood ! Beech bark 10 3.0(0.2)

! Parallel direction to the grains of the face veneer layer. 2 Cross-direction to the grains of the face veneer layer.
* Standard deviations are in parentheses.

3.4. Thickness Swelling and Water Absorption of Plywood Panels

The tested plywood was designed for indoor environments, yet the thickness swelling
and water absorption values after 2 and 24 h were authoritative and informative.

The results of TS and WA of the flat and molded plywood panels after 2 and 24 h are
presented in Tables 5 and 6.

Table 5. Thickness swelling of flat and molded plywood panels after 2 and 24 h.

. . Filler Content (pbw ! per TS (%)
Variant Label Filler 100 pbw of Solliad Resilzl) (after 2/24 h)
REF 10 flat plywood ! Wheat flour 10 1.4(0.1)/3.3(0.2) *
REF 10 flat plywood 2 Wheat flour 10 1.6 (0.1)/3.6 (0.1)
BB 10 flat plywood ! Beech bark 10 1.6 (0.3)/3.6 (0.7)
BB 10 flat plywood 2 Beech bark 10 1.6 (0.1)/4.5 (0.3)
REF 10 molded plywood ! Wheat flour 10 2.6 (0.9)/5.6 (1.0)
REF 10 molded plywood 2 Wheat flour 10 2.0(0.1)/5.0 (1.0)
BB 10 molded plywood E Beech bark 10 2.3(0.2)/4.7 (0.5)
BB 10 molded plywood 1 Beech bark 10 1.9 (0.1)/4.2 (0.3)

1 Parallel direction to the grains of the face veneer layer. 2> Cross-direction to the grains of the face veneer layer.
* Standard deviations are in parentheses.

From Tables 5 and 6 it is evident that TS and WA of both the flat and molded plywood
after 2 and 24 h reached the standard values achieved by conventional plywood of this
category and these thicknesses. The achieved values of WA and TS for the examined
flat and molded plywood produced under industrial conditions did not significantly
differ from each other, which corresponded with the idea that the industrially tested
concentrations of adhesive mixtures and their composition were the results of long-term
laboratory measurements and that there were no unexpected fluctuations in the physical
properties tested [3,48,49]. Under the influence of water, the structure and properties of the
adhesive mixtures in the cured state within the produced flat and molded plywood did not
change. The extraction from the adhesive mixtures of water-soluble ingredients (mainly
fillers, but also plasticizers, stabilizers, etc., in the adhesive) was at a reasonably suitable
level [1,2,17,18,56-58].
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Table 6. Water absorption of flat and molded plywood panels after 2 and 24 h.

. . Filler Content (pbw 1 per WA (%)

Variant Label Filler 100 pbw of Solli]d Resfn) (after 2/24 h)
REF 10 flat plywood 1 Wheat flour 10 14.7 (1.2)/33.0 (2.3) *
REF 10 flat plywood 2 Wheat flour 10 14.1 (1.0)/31.9 (1.5)
BB 10 flat plywood ! Beech bark 10 12.8 (1.3)/28.8 (1.0)
BB 10 flat plywood 2 Beech bark 10 22.4(1.3)/41.1 (0.4)
REF 10 molded plywood ! Wheat flour 10 26.2 (2.6)/40.7 (2.0)
REF 10 molded plywood 2 Wheat flour 10 20.6 (1.0)/39.5 (2.1)
BB 10 molded plywood 1 Beech bark 10 15.6 (2.3)/37.8 (2.2)
BB 10 molded plywood ! Beech bark 10 17.1 (2.8)/35.7 (3.6)

1 Parallel direction to the grains of the face veneer layer. 2 Cross-direction to the grains of the face veneer layer.
* Standard deviations are in parentheses.

3.5. Formaldehyde Emissions from Plywood Panels: Laboratory Tests at the Technical University
in Zvolen

The results of the formaldehyde emission tests of plywood samples manufactured
under industrial conditions are shown in Table 7. The obtained results clearly demonstrated
that replacing wheat flour with beech bark as a UF adhesive filler led to a significant
reduction in formaldehyde emissions. The reduction in formaldehyde emissions was
approximately 24% compared with the control samples and approximately 66% compared
with the requirements of the standard EN 636 [59]. It was encouraging that the use of
both wheat flour and beech bark provided formaldehyde emissions for the E1 class of
plywood as well as E0.5 class samples according to that standard, in alignment with
the requirements of the German Chemikalien-Verbotsverordnung [60] for wood-based
materials. The reduction in free formaldehyde emissions could be attributed to the presence
of lignin and polyphenolic extractives in the chemical composition of tree bark [61]. Lignin
can react with formaldehyde in an acidic medium [62], while polyphenolic extractives can
react with formaldehyde even at an ambient temperature [63]. The potential of using tree
bark to reduce the formaldehyde emissions from plywood panels has also been confirmed
by other authors [21,22,28,31,44,46,63].

Table 7. Formaldehyde emissions of molded plywood panels.

Requirement According to

Class of Formaldehyde Emissions Using a UF Filler Requirement e e
Formaldehyde According to EN 636 Chemikalien-Verbotsverordnung
Emission Wheat Flour  Beech Bark Wheat Beech Bark (mg/m3) 3
(mg/m?) (mg/m?) Flour (ppm) (ppm) & (mg/m>) (ppm)
El 0.055 0.042 0.044 0.034 <0.124 - -
E0.5 0.055 0.042 0.044 0.034 - 0.062 0.050

The indisputable advantage of using bark as a filler is that the bark is a residue from
debarking logs. Moreover, the replacement of technical wheat flour in UF adhesive mixtures
also allows for a wider use of food flour in the food industry, thus eliminating the a threat
to the food security of the population.

3.6. Formaldehyde Emissions from Plywood Panels: Official Authorized Test in an Accredited
Foreign Independent Laboratory

The official authorized test of formaldehyde emissions from molded plywood pro-
duced under industrial conditions using BB as a filler in the adhesive mixture took place
in an accredited foreign independent laboratory. The results of the test were that molded
plywood produced under industrial conditions using BB as a filler in the adhesive mixture
achieved the following values:

1. According to EN 636: 2012 + Al: 2015, Class E1, the resulting value was 0.058 mg/m?
The limit is up to 0.124 mg/m3 [39,59].
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2. According to the German Chemikalien-Verbotsverordnung standards for wood-based
materials (enforcement dated 1 January 2020), the resulting value was 0.092 ppm. The
limit is up to 0.1 ppm (the concentration of the EN 717-1 test was multiplied by a
factor of 2) [60].

The fulfillment of the requirements according to both methods was satisfactory, with a
large and clear margin from the limit value (decision rule: simple acceptance according
to ILAC-G8: 09/2019, 4.2.1 [64]). The results of the test in an independent laboratory
confirmed the laboratory tests of free formaldehyde emission measurements and the
reliably low repeated measured values from the laboratories of the Technical University
in Zvolen.

4. Conclusions

Beech bark (Fagus sylvatica L.) that is properly and finely ground (the fraction of bark
with grains smaller than 0.125 mm) can be effectively utilized as an eco-friendly alternative
to WF as a filler with a share of 10% in UF adhesives for plywood manufacturing. The
determined values of the industrially produced flat and molded plywood panels with
10% bark content for MOR, bonding quality, and thickness swelling and water absorption
after 2 and 24 h were equal to or higher than the mechanical and physical properties of
commercially produced plywood and met the European standard requirements. A higher
bark content (15-20%) in the adhesive mixtures was not tested under industrial conditions
because under laboratory conditions, it was found that the viscosity of such a mixture
became problematic from the point of view of the perfect application of the adhesive
mixture to the veneer surface (due to high viscosity).

The positive effect of adding BB to the UF adhesive mixture on reducing harmful
formaldehyde emissions in industrially produced plywood panels for two methods was
also confirmed. After 669 h (four weeks), the detected value of free formaldehyde emissions
from the tested molded plywood in an accredited foreign independent laboratory reached
just under 47% of the permitted limit, according to EN 636: 2012 + A1: 2015. It also met the
requirements of the German Chemikalien-Verbotsverordnung for wood-based materials by
a sufficient margin. The results of the laboratory tests measuring emissions from molded
plywood at the Technical University in Zvolen were similarly positive and the plywood
clearly and reliably met the formaldehyde emissions requirements of E1 and, at the same
time, met the formaldehyde emissions requirements of E0.5.

Based on the results presented, it can be concluded that BB, considered to be wood-
processing industry waste or a by-product, has significant potential to be used as a filler in
UF resins for molded plywood production, providing an environmentally friendly, inexpen-
sive solution for the industrial valorization of bark as a bio-based formaldehyde scavenger.
For academic researchers, the validation of the technology developed in industrial practice
is encouraging, even more so when it comes to the successful development of a new product
that is also ecological and renewable. It is sometimes difficult to find a willing partner in
the industry to support operational testing. In this case, it succeeded, and many thanks
go to the plant that is considering the permanent introduction of this technology and is
currently developing a system of harvesting, drying, and grinding beech bark so that it
is a process that is unpretentious and economically inexpensive. The assumptions and
indications for this exist.
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Abstract: In this study, layered composites were produced with different biopolymer adhesive layers,
including biopolymer polylactic acid (PLA), polycaprolactone (PCL), and biopolymer blends of
PLA + polyhydroxybutyrate (PHB) (75:25 w/w ratio) with the addition of 25, 50% microcrystalline
cellulose (MCC) and 3% triethyl Citrate (TEC) for these blends, which acted as binders and co-created
the five layers in the elaborated composites. Modulus of rupture (MOR), modulus of elasticity
(MOE), internal bonding strength (IB), density profile, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and scanning electron microscopy (SEM) analysis were obtained.
The results showed that among the composites in which two pure biopolymers were used, PLA
obtained the best results, while among the produced blends, PLA + PHB, PLA + PHB + 25MCC,
and PLA + PHB + 25MCC + 3TEC performed best. The mechanical properties of the composites
decreased with increases in the MCC content in blends. Therefore, adding 3% TEC improved the
properties of composites made of PLA + PHB + MCC blends.

Keywords: composite; mechanical properties; blends; polylactide; polycaprolactone; polyhydroxybutyrate;
microcrystalline cellulose; triethyl citrate

1. Introduction

The continuous development of science and technology increases the demand for
environmentally friendly products of natural origin and the increased reuse of forestry and
agricultural byproducts that are treated mostly as waste [1,2]. Due to concerns related to
the depletion of petroleum and greenhouse gas emissions resulting from the production
of petroleum products, the use of renewable, recyclable, and compostable raw materials
is becoming increasingly desirable [3]. In recent years, environmental regulations have
forced producers of wood-based composites to think about using sustainable materials in
producing new products. This is one of the reasons why the use of alternative raw materials
in wood-based composites is of growing interest [4,5]. New political strategies aim to
improve efficiency and reduce impacts on health and the environment, and are also an
essential element in promoting competitiveness and the idea of sustainable development [6].
Trends in wood-based products for commodities show an increase in demand, which
corresponds to a combination of different factors such as aesthetic aspects, awareness
of the origin of products, service life, and performance. However, some of these factors
can be contradictory, as products from natural origin have a shorter service life than
petroleum products, and products with enhanced performance usually imply a more
complex disposal of the residues. On the other hand, there is pressure for new products
to perform perfectly during use without harming health and the environment, and, at the
end of their life cycle, to be easily reduced, reused, recycled, composted, or recovered as
energy. The elaborate production of biocomposites, defined as materials composed of at
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least two distinct constituent materials (with at least one being naturally derived), using
biopolymers and natural fibers is the answer to the current market needs. Unlike petroleum
products, natural products can be entirely recovered for further applications [7,8].

Currently, adhesives based on petrochemical products contain volatile organic com-
pounds (VOCs), and toxic chemicals are commonly used in wood-based materials, particle-
boards, fiberboards, and layered panels [9]. Synthetic adhesives dominate the production
process for wood-based materials due to their low manufacturing cost, superior bond-
ing properties and board reliability [10]. However, adhesives based on formaldehyde
come from non-renewable petrochemical sources. Despite many efforts to develop low-
formaldehyde emission binders, as well as the use of formaldehyde scavengers [11], these
have the disadvantage of free formaldehyde emissions during manufacturing and during
the use of the final products, which have a detrimental effect on health and the environ-
ment [12,13]. In addition, urea-formaldehyde (UF) and other amine resins are a severe con-
cern for human health due to their pathogenic character, which has been extensively studied
and demonstrated. Factors driving the development of renewably sourced adhesives as a
promising alternative to synthetic adhesives are the regulation of formaldehyde emissions
from wood-based industries and market interest in bio-adhesives [14]. Soubam et al. [10]
produced plywood with biopolymers as an adhesive; in this case, elaboration and tests
of layered composites were performed based on two biopolymers: natural rubber latex
(NRL) and dimethylol dihydroxy ethylene urea (DMDHEU) cross-linked with rice starch.
Researchers proved that synthetic-based adhesives could be sustainably replaced with
selected blends of biopolymers. Based on the results, the mechanical properties of plywood
bonded with 10 g NRL + 10 g cross-linked rice starch DMDHEU showed MOR, MOE, and
IB values that met the standards.

The use of polymer blends to bond fibers for wood-based products seems an attrac-
tive substituent because of the low cost and suitability for a wide range of applications.
In this sense, polymer blends with either lignocellulosic fibers or wood flour have been
studied for several years. However, the current polymer consumption per human has
provoked increasing concern regarding waste management and environmental impact.
Post-service-life processes associated with plastics, such as recycling, reducing, and reusing,
have become necessary and commendatory, and several laws have been made for this
purpose worldwide. Therefore, the use of polymers from renewable materials that rep-
resent less harm to the environment has increased in research and industry. There is a
steadily growing interest in developing non-toxic and environmentally friendly adhesives
that have adhesion properties similar to synthetic commercial resins. The most common
biodegradable synthetic polymers are aliphatic polyesters such as polylactic acid (PLA),
polyglycolic acids (PGA), polycaprolactone (PCL), and polyhydroxyalkanoates (PHA),
among others. Above all, PLA is widely used in commodities for many applications,
including grocery and composting bags, automobile panels, textiles, and bio-absorbable
medical materials [15-17]. The thermal properties of this material make it an attractive
option for thermoplastic processes such as extrusion, injecting molding, blow molding,
thermoforming, sheet forming, and film forming [18,19]. PLA is a semi-crystalline aliphatic
polyester with a low glass-transition temperature and high transparency. On the other hand,
it can be highly brittle [20] and has low heat resistance [21] and poor barrier properties [22],
although these properties can be improved with the addition of polymers with higher
crystallinity. PLA may not biodegrade at room temperature, but it does biodegrade in
controlled composting systems [23]. Polycaprolactone (PCL) is widely used in applications
including biomedical materials [24], hot melt adhesives [25], and degradable plastics [26].
The advantages include its excellent biodegradability, high flexibility, biocompatibility, and
processibility [27].

PHB is one of the most used polyhydroxyalkanoates; it can be synthesized by con-
trolled bacterial fermentation [28], which has attracted increasing attention. PHB presents
high crystallinity [29]; nevertheless, its main drawback is its melting temperature (Tm)
which is approximately 170-180 °C, close to its degradation temperature of approximately
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270 °C, yielding a small processing range for melt extrusion [30]. Blending two or more
polymers with different properties to produce composite materials is a well-known strategy
to obtain specific physical properties without the need for complex polymeric systems [31].
PLA and PHB blends have been intensively studied because of the good synergy they can
form, with PHB increasing the crystallinity of the blend [32-34] and PLA increasing the
stiffness [35]. The mechanical blending of these two polymers can be achieved in a melt
state because of their similar melting temperatures, which allows for better blending. Many
studies concluded that the best blend is achieved by blending 75 wt% PLA with 25 wt%
PHB [32,35-37].

Polymers reinforced with natural fibers are replacing synthetic fiber-reinforced plastics
in different industrial sectors, including the automotive industry, packaging, and furniture
production, providing lighter materials with better thermal properties [38]. This investi-
gation aimed to assess the impact of natural biopolymer binders on selected mechanical
and physical properties of a five-layer lignocellulosic composite produced with different
biopolymer layers (including, for example, PLA and PCL), using biopolymer blends as an
adhesive and to co-create the five layers in the composites. In the light of the state of art
mentioned above, this study fills the gap between the development of formaldehyde-free
binders for wood, made of renewable resources, and that of wood-based layered composites
modified by additional layers made of biopolymers and their blends.

2. Materials and Methods
2.1. Materials

This study produced layered composites from beech (Fagus sylvatica L.) veneers. The
nominal dimensions of the commercial veneers were 2500 mm x 200 mm x 0.60 mm,
length x width x thickness, respectively. The veneers were cut into 200 mm x 200 mm
sheets. The moisture content of ca. 5% of every veneer was measured using an ultrasonic
moisture control device. Pure, laboratory-purpose polylactide (PLA, Sigma-Aldrich, prod-
uct no. 38534, Burlington, MA, USA), polycaprolactone (PCL, Sigma-Aldrich, product no.
704105) in drops with a diameter of 3 mm, and five variants of biopolymer blends, ob-
tained under laboratory conditions, were used as binders. The following components were
used to achieve biopolymer blends: PLA was provided by Futerro (Belgium) at extrusion
grade; Polyhydroxybutyrate (PHB, P309E) was provided by Biomer (Germany); Sigma-
Aldrich provided microcrystalline cellulose (MCC); triethyl citrate (TEC) was provided by
Acros Organics.

2.2. Biopolymer Blend Elaboration

The PLA-PHB masterbatch (MB) was blended in a 75:25 w/w ratio according to rec-
ommendations from the literature [29,33], and composites were elaborated by mixing MB
with different contents of MCC and TEC, as shown in Table 1. Blends were manufac-
tured using a twin-screw extruder (M250, LabTech Engineering, Thailand) with a screw
speed of 30-200-100-100 rpm (feed—mix—extrusion) and a temperature profile process of
180-185-190-195 °C. Composites were extruded twice to guarantee dispersion and then
granulated into pellets.

Table 1. Composition and shortcode for every elaborated biopolymer blend.

Matrix PLA PHB MCC TEC

[%] [%] [%] [%]
PLA + PHB (75:25) 75.0000 25.0000 0.0000 0.0000
PLA + PHB (75:25) 54.5625 18.1875 24.2500 0.0000
PLA + PHB (75:25) 55.5000 18.5000 25.0000 3.0000
PLA + PHB (75:25) 37.5000 12.5000 50.0000 0.0000
PLA + PHB (75:25) 36.3750 12.1250 48.5000 3.0000
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2.3. Manufacturing of Biopolymer Adhesive Layers

The biopolymer adhesive layers were manufactured with an intended thickness of
1 mm. The granules were manually spread onto a frame mold with an average total of
62 g (1550 g m~2) over PTFE mats and placed on pressing steel plates. The granules were
evenly distributed over the entire surface, which was limited by the frame (Figure 1a). The
first stage involved heating slightly above the melting point of the binder; therefore, only
the bottom steel plate with biopolymers/blends spread on the PTFE mat was placed in
the press. Adequately thick spacer bars allowed the press shelves to be closed without
the upper shelf contacting the granules, while simultaneously trying to provide heat from
both sides. This treatment with the bottom steel plate and spacer bars made it possible
to control the melting of these materials. The heating time was 10 min, enough to reach
the melting point of the blends (Figure 1b). When the biopolymers and blends achieved
a molten consistency, they were covered from above with a second PTFE mat and a steel
plate and re-inserted between the press shelves to be pressed to a thickness of 1 mm. The
temperature of the press was 185 °C. A water bath was used to cool the layers after removal
from the press, and then the obtained adhesive layers were cut along the sides of the frame
to obtain an adhesive sheet (Figure 1c).

(a)

Figure 1. (a) Overheating phase of the granules of biopolymers and biopolymer blends; (b) molten
pellets (PLA in this case); (c) adhesive biopolymer layer.
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2.4. Layered Composite Manufacturing

Five-layer composites (alternating layers of veneer with biopolymer layers) were
manufactured with dimensions 200 mm x 200 mm with an average thickness of 3 mm. The
middle layer grain directions were oriented 90° relative to the surface veneers. As a result,
seven types of composites were produced with different adhesive layers (subsequently
denoted by the shortcodes listed in Table 2), and no less than four layered panels of
each binder type. The composites were pressed for 5 min without pressure, after which
they were overheated and the adhesive layers were allowed to melt between the veneers;
then, 0.6 MPa pressure was applied for 1 min, followed by 1.5 MPa for 1 min. The total
pressing time was 7 min. The press temperature was 185 °C. Following the research plan,
the produced composites were conditioned in ambient conditions (20 °C; 65% R.H.) to a
constant weight for seven days before being cut.

Table 2. Shortcodes for every elaborated composite.

Biopolymer Layers Sample
Polylactide PLA
Polycaprolactone PCL
PLA +PHB PLA + PHB
PLA + PHB + 25% microcrystalline cellulose (MCC) PLA + PHB + 25MCC
PLA + PHB + 25% MCC + 3% triethy] citrate (TEC) PLA + PHB + 25MCC + 3TEC
PLA + PHB + 50% MCC PLA + PHB + 50MCC
PLA + PHB + 50% MCC + 3% TEC PLA + PHB + 50MCC + 3TEC

2.5. Mechanical and Physical Properties

The physical and mechanical properties were tested according to European standards.
The moduli of rupture (MOR) and moduli of elasticity (MOE) were determined according
to EN 310 [39] and were reported as the average of ten measurements. Internal bond
(IB) was measured according to EN 319 [40]. Five samples of the layered lignocellulosic
composite for each binder variant were used for bond quality. All mechanical properties
were examined with an INSTRON 3369 (Instron, Norwood, MA, USA) standard laboratory
testing machine. The density profile (DP) of samples was analyzed using a DA-X measuring
instrument (GreCon, Alfeld, Germany). Measurement based on direct scanning X-ray
densitometry was carried out with a speed of 0.05 mm s~! across the panel thickness with
a sampling step of 0.02 mm. The nominal dimensions of all samples were 50 mm x 50 mm.
Graphs of the density distribution for each composite type were obtained based on three
replicates. Differential Scanning Calorimetry (DSC) tests were performed using a DSC Q20
Instrument (TA Instruments, New Castle, DE, USA). The measurements were carried out
at a heating rate of 10 °C min~—! under an inert gas (nitrogen) atmosphere with a flow rate
of 50 mL min~!. Samples of 5 mg were tested with two repetitions. Thermogravimetric
analysis (TGA) was performed on a Q500 (TA Instruments, New Castle, DE, USA) apparatus
in air (flow rate 40 mL min~!) in a temperature range of 50-600 °C at a heating rate of
10 °C min~!. Samples of 5-10 mg were tested with two repetitions. Scanning electron
microscopy images (SEM) were obtained with a Quanta 200 (FEI, Hillsboro, OH, USA)
scanning electron microscope. Pictures of the cross-sections of the manufactured five-layer
composites were obtained with a NIKON SMZ 1500 (Kabushiki-gaisha Nikon, Minato,
Tokyo, Japan) optical microscope.

2.6. Statistical Analysis

Analysis of variance (ANOVA) and t-test calculations were used to test (x = 0.05)
for significant differences between factors and levels, where appropriate, using IBM SPSS
statistical software (IBM, SPSS 20, Armonk, NY, USA). In addition, a comparison of the
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means was performed by employing the Duncan test when the ANOVA indicated a
significant difference.

3. Results and Discussion

TGA and DSC analysis was carried out for more exhaustive characterization of
all produced biopolymer adhesive layers (Figures 2 and 3). The obtained TGA results
give information regarding the thermal resistance of the tested materials. The results
for samples of PLA and PCL were widely analyzed and compared to the findings in
Gumowska et al. (2021) [41]. TGA analysis recorded the degradation temperature, which
should not be exceeded during further tests with these materials. TGA analysis of the
biopolymers and blends showed one main thermal degradation stage at temperatures of
280-430 °C, with a mass loss of approximately 90%. Figure 2 presents two characteristic
curve profiles. The first is a smooth transition (PLA and PCL) and the second shows a
deflection characteristic of materials consisting of two or more components (biopolymer
blends). The data in Table 3 display the thermal stability established for 50% and 80%
weight loss of the tested samples. The higher temperature obtained is related to higher
thermal resistance. The highest thermal stability was noted for PCL. The rest of the samples
showed similar thermal stability between them. The endothermal melting process of PLA
and PCL was similar to that found in published data. In Figure 3 multiple melting peaks can
be seen, which were previously reported for PHB and copolymers. These multiple peaks
could be caused by melting, recrystallization, and remelting during heating; polymorphism;
different molecular weight species; different lamellar thickness, perfection, or stability;
and physical aging or relaxation of the rigid amorphous fraction, among others [42]. For
example, melting—recrystallization-remelting was considered the cause of complex double
melting in PHBV [43]. A similar mechanism may be supposed for the PHB reference, but
the occurrence of different molecular weight species due to chain scission during melt
processing or the presence of 3 crystals in addition to the common & form of PHB should
not be excluded [44].

The results of the density profiles are summarized in Figure 4. The average densities
of all composites ranged from 980 to 1080 kg m~3. The density profiles for individual
samples were symmetrical to the middle of the thickness of the composites; therefore,
the graph presents the density profiles for their axis of symmetry to facilitate analysis.
The graph shows the estimated boundaries of the layers in the composites. The tested
composites consisted of five layers, alternating between veneer layers and biopolymer
layers. Regardless of the biopolymer or blend layer used, the shapes of the profiles did not
differ significantly. The most remarkable information corresponds to PCL, which is usually
less dense than PLA and its derived blends. Every determined profile shows an increase
in density characteristic of the layer materials, precisely in the bonding zones, which is
related to compaction of the resin due to resistance of the wood to impregnation [45,46].
This image justifies calling the produced composites multi-layered composites, as they
could be perceived as five-layer panels, of which the biopolymer layer acted as a binder,
and separate layers were visible even to the naked eye. The bonding lines are accurately
shown on the graphs; they were flat over the entire section of each sample’s width. The
highest average values of bonding line density were recorded for biopolymer blends with
50% MCC due to the density of cellulose (around 1500 kg m~2). Another remarkable fact
is the uneven distribution of densities at the 90° veneer (right side of the plots), which
corresponds to an inverted section in comparison to the face veneer, thus presenting a
different structure along the section with a lower density in the zones with tracheids.

73



Polymers 2022, 14, 4393

100 -
90 ~
80 -
70 - ——PLA
60 1 —PCL
%D 50 - PLA+PHB
= 40 - PLA+PHB+25MCC
= 3 | —— PLA+PHB+25MCC+3TEC
20 A —— PLA+PHB+50MCC
10 — PLA+PHB+50MCC+3TEC
O T T T
50 150 250 350 450 550
Temperature [°C]
Figure 2. Thermogravimetric analysis (TGA).
2
] .
— 0
=
E 1
=i ——PLA
2 | ——pCL
= _2 4 \ |
B | | PLA+PHB
T 3 | | PLA+PHB + 25MCC
= '! [ ——PLA+PHB +25MCC +3TEC
4 1 —PLA+PHB + 30MCC
\/  ——PLA+PHB + 50MCC + 3TEC
_5 T T T T T T T
25 50 75 125 150 175 200 225

Temperature [°C]

Figure 3. Differential scanning calorimetry (DSC).
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Table 3. Thermal stability estimators for the investigated biopolymers and biopolymer blend samples.

Mass Loss
Tested Materials
50% 80%
°C

PLA 349.3 363.3
PCL 387.4 413.8
MB 350.3 369.7
MB + C1 352.2 370.5
MB + C2 350.6 368.3
MB + C3 348.5 364.9
MB + C4 346.8 361.0
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Figure 4. Density profiles of the produced five-layer composites.

The average values of modulus of rupture (MOR) and modulus of elasticity (MOE)
under three-point bending stress for the tested composites are presented in Figure 5. The
highest average value of MOR (153 N mm~2) was found for PLA + PHB samples, while the
lowest (93 N mm~2) was found for PLA + PHB + 50MCC. In the case of MOE, the highest
average value was achieved for PLA + PHB (13,718 N mm2) and MOR. The lowest was for
PCL (11,437 N mm~2). Adding MCC to PLA + PHB reduced MOR and MOE, while adding
3% TEC increased MOR and MOE in composites with 25 and 50% MCC in biopolymer
blends. The tasks of plasticizers are, among others, to enhance polymer chain mobility [47]
and to reduce intermolecular interactions, thus giving the material greater flexibility and
a plasticization effect [48]. The addition of 3% TEC to blends with 25% and 50% MCC
caused the bonding to anchor deeper in the wood structure than blends without added
TEC, which was confirmed by the density profile graph for these samples and potentially
also affected the mechanical properties [16]. Based on statistical analysis, there were no
statistically significant differences between the average MOR values for PLA, PLA + PHB,
PLA + PHB + 25MCC, PLA + PHB + 25MCC + 3TEC, PLA + PHB + 50MCC + 3TEC, or
between PCL and PLA + PHB + 50MCC binders.

The results of internal bonding (IB) tests are presented in Figure 6. The outcomes show
that the highest average value of IB was that of PLA (8.67 N mm~2), and the lowest value
was found for PLA + PHB + 50MCC (3.29 N mm~2). When analyzing the biopolymer blends,
it was noticed that composites with 25% MCC fared better than 50% MCC. Increasing to
25% and 50% MCC in blends resulted in decreases in internal bonding of more than 4% and
37%, respectively. This occurred because the mixture of PLA, PHB, and cellulose resulted
in packed phases rather than a new polymer or copolymer, potentially generating contact
zones prone to failure due to bad mixing. Even if the blends with PLA and PHB showed
good properties overall, bad blending at the extruder or a shorter pre-melting time during
the first steps of pressing might generate interstices in which fracture could occur. This was
further noted in samples containing MCC as the powder also generated surface—surface
defects, as shown before [18].
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On the other hand, adding 3% TEC to the blends with 25% MCC increased IB by
14%, whereas adding 3% TEC to 50% cellulose blends increased IB by 28%, thus prov-
ing the positive contribution of TEC to composite blends. Based on statistical analysis,
statistically-significant differences existed between the average values of IB for PLA and
the rest of the samples. There were no statistically significant differences between PCL,
PLA + PHB + 50MCC, PLA + PHB + 50MCC + 3TEC, and PLA + PHB, PLA + PHB + 25MCC,
and PLA + PHB + 25MCC + 3TEC. The two major forms of damage to the samples re-
sulting from the IB test are presented in Figure 7. The first type of damage occurred in
the near-surface zone, along with partial destruction in the wood structure obtained as a
biopolymer adhesive. The second group includes samples in which the damage took place
in the near-surface zone along with destruction on the surface of the adhesive layers.

(b)

Figure 7. The two major forms of damage after the IB test: (a) near-surface zone along with par-
tial destruction in the structure of the wood; (b) near-surface zone along with destruction in the
adhesive layers.

SEM analysis and optical microscopy observation showed the penetration of the
biopolymers and biopolymer blends into the wood structure (Figure 8.). There was a
recognizable difference in the adhesion zone between the adhesive layers and the wood,
where partial penetration of the binder into the pores of the wood could be seen. Penetration
into the wood structure is visible in the optical microscope photographs; for an example,
see the images of PLA + PHB + 25MCC and the same binder with the addition of 3%
TEC (Figure 8e,f). It can be seen that the veneers were not 100% impregnated with the
binder, which was also confirmed by the density profiles of the manufactured five-layer
composites and which allows for the presence of an exposed face of the veneer with no
traces of any polymer resin, which in turn permits either a raw or a finished appearance
on the surface face of the elaborated composites. In addition, the addition of TEC affected
the penetration depth into the pores of the wood, which could be the origin of the better
mechanical properties shown by these composites, in which the wood structure acted as
the skeleton of the solidified polymer resin, resulting in a tougher composite.
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Figure 8. (A) SEM pictures (x500) and (B) optical microscope photos of the cross-section of composites
(10%): (a) PLA, (b) PCL, (c) PLA + PHB, (d) PLA + PHB + 25MCC, (e) PLA + PHB + 25MCC + 3TEC,
(f) PLA + PHB + 50MCC, (g) PLA + PHB + 50MCC + 3TEC. The wood and binder layers are indicated
in the pictures.

4. Conclusions

In the above study, five-layer composites were produced in which biopolymer ad-
hesive layers (PLA, PCL, blends of PLA + PHB (75:25 w/w ratio) with or without the
addition of 25% or 50% MCC, and 3% TEC for these blends) were used as binders. The
density profiles of the composites manufactured with biopolymers and biopolymer blends
as binders did not deviate from the characteristic profiles of plywood, with increased
densities at the bonding line. The produced layers acted as binders and co-created the
five layers in the composites. The mechanical properties of the composites decreased
with increases in the amount of MCC in blends. MOR, MOE, and IB values for PLA
+ PHB + 25MCC and PLA + PHB + 50MCC decreased by 11% and 39%, 6% and 15%,
and 4% and 40%, respectively. Therefore, adding TEC improved the properties of com-
posites made of PLA + PHB + MCC blends. Among the composites in which two pure
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biopolymers were used, PLA obtained the best results, while among the produced blends,
PLA + PHB, PLA + PHB + 25MCC, and PLA + PHB + 25MCC + 3TEC performed best.

The results achieved herein, regarding an attempt to produce layered wood-based com-
posites with different biopolymers and their blends as special properties layers and binders,
allow for the conclusion that it is possible to create a formaldehyde-free wood-based layered
composite that enhances the properties of both materials—wood and biopolymer. How-
ever, additional work should be performed in the field of biopolymer blend composition to
improve adhesion to wood.
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Abstract: Mangium (Acacia mangium Willd.) is a fast-growing wood that is widely grown in Indonesia.
The impregnation method is needed to improve the qualities of the wood. In this study, TiO;
nanoparticle (79.17 nm) was produced using the hydrothermal method. The purpose of this study
was to analyze the effect of TiO, nanoparticle impregnation on the density and dimensional stability of
mangium and the effectiveness of the presence of TiO, nanoparticle in wood in degrading pollutants.
The mangium samples (2 cm x 2 cm x 2 cm) were placed inside impregnation tube. The impregnation
solutions included water (untreated), 1% TiO, nanoparticle, and 5% TiO, nanoparticles. The samples
were analyzed for density, weight percent gain (WPG) dan bulking effect (BE). Samples were also
analyzed by X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). TiO,
nanoparticle resulted in an increase in density, WPG, and BE-treated mangium. Based on XRD and
FTIR results, TiO, nanoparticle was successfully impregnated into mangium wood. Scanning electron
microscopy-energy-dispersive X-ray spectroscopy analysis indicated that TiO, nanoparticle covered
the surface of the wood cells. The TiO,-impregnated mangium wood has a higher photocatalyst
activity than untreated, indicating better protection from UV radiation and pollutants.

Keywords: impregnation; mangium; TiO, nanoparticle; photocatalyst; physical properties

1. Introduction

The need for quality wood that is strong, and durable remains very high in Indonesia
and elsewhere. Wood is irreplaceable raw material for both inside (interior) and outside
(exterior) applications. Based on data [1], sawn wood production in Indonesia reached
2.6 million m? in 2020. The demand for industrial wood under the Indonesian Forest
Concession Association (APHI) [2] reached 2 million m3 in 2019. Mangium (Acacia mangium
Willd.) wood is widely used for making door and window frames and as raw material for
furniture in Indonesia. Mangium wood has a specific gravity value of 0.61 (0.43-0.66) and
belongs to the strong class II-1II [3]. This fast-growing wood has several disadvantages
that hinder its use, such as high-water content as well as hygroscopic properties that
enable it to absorb water easily. The water content in wood can affect dimensional stability
and mechanical properties [4]. According to Chu et al. [5], reducing the hygroscopic
properties of wood is important because it can improve low-quality wood by increasing its
dimensional stability. Several methods can be used to improve wood quality, including
wood modification, drying, and preservation.

In this study, we use a wood impregnation method. This treatment inserts chemicals
into the pores, lumens, and cell walls of wood, where they precipitate and stored without
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damaging the wood. In addition, the impregnation process involves chemical reaction be-
tween the impregnation compound and the most reactive groups in the wood cell wall [6,7].
Many studies have been conducted on impregnation of fast-growing wood to improve the
quality, using chemicals such as methyl methacrylate [8-10], phenol formaldehyde [11,12],
monoethylene glycol [13], melamine formaldehyde and furfuryl alcohol [14], and nano
F€304 [15]

The impregnation method using TiO, nanoparticle (NP) can also increase the wood’s
resistance to damage caused by weathering and UV radiation. In particular, the use of
TiO, nanoparticle offers an alternative formulation for better protection, and Fuva and
Hovde [16] reported that surface modification using TiO, nanoparticle can increase the
wood’s UV resistance. The resistance is because nanoparticle have a higher surface area.
Wang et al. [17] showed that TiO, nanoparticle anatase is more suitable as a photocatalyst,
while rutile TiO;, performs better in blocking UV irradiation. TiO, serves as a highly
functional materials, and it has been widely used in paints [18] because of its superior
chemical stability and non-toxicity [18,19]. TiO, nanoparticle has also been used in wood
to increase dimensional stability [20], fire resistance [21], rot protection [22], and prevent
weathering [23-27].

In some previous studies, TiO, nanoparticle was mostly purchased from commercial
sources. However, in this study we synthesized TiO, nanoparticle via hydrothermal
method. This hydrothermal method involves conducting the reaction with water as the
solvent in a closed system at a certain temperature and pressure [28]. Liu et al. [29]
highlighted that following the reaction in a closed container, the contents can be recovered
and reused after cooling to room temperature, which makes this method environmentally
friendly. Because the hydrothermal method with water solvent enables controlling the
morphology, thermal stability, and crystalline phase, it has been often used to synthesize
nano-sized materials including TiO, photocatalyst [30,31]. The hydrothermal process
has several advantages: such as the use of simple equipment, catalyst-free growth, low
cost, large uniform production area, low process temperature, and ease of controlling
particle size. Further, particle properties such as morphology and size can be controlled by
adjusting the reaction temperature and time and concentration of precursors [32]. Based on
the results of previous studies, information was obtained that TiO; nanoparticle have an
increase in reactivity as photocatalysts when forming composites with other compounds
such as toluene degradation reactions as organic volatile pollutants with Co304/TiO,
nanocomposite [33,34], hydrocarbon compounds with RuO,/TiO, nanocomposite [35],
and ethanol with Pt/TiO, nanocomposite [36]. The purpose of this study is to analyze the
effect of impregnation of TiO, nanoparticle on the density and dimensional stability of
mangium and to investigate the effectiveness of the TiO, nanoparticle presence in wood as
a polymer nanocomposite for degrading pollutants.

2. Materials and Methods

Ten-year-old mangium wood samples were obtained from community forests in the
Bogor area, West Java, Indonesia. The mangium wood is then cut into 100 cm long pieces.
All samples came from the same tree and were cut at the same time to obtain uniform
wood samples. Chemicals used in this study included bulk TiO, anatase (Pure®), ethanol
(Mallinckrodt chemical®), and deionized water.

2.1. Sample Preparation

Mangium wood was cut using a chain saw and table saw without distinguishing be-
tween sapwood and heartwood. The test samples each measured 2 cm x 2 cm X 2 cm [37],
and consisted of 30 samples, with 10 replications at each level. The sample were used in
testing the weight polymer gain (WPG), leachability (L), anti-swelling efficiency (ASE),
water uptake (WU), bulking effect (BE), and density.
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2.2. Synthesis of TiO, Anatase Nanoparticle Using the Hydrothermal Method

The preparation of TiO; nanoparticle solution was carried out using the hydrothermal
method. Seven grams of pure TiO, powder was placed in a beaker, and then mixed with
75 mL of distilled water. The solution was then reacted in a Teflon stainless steel autoclave
at 75 °C for 4 h, after which it was gradually cooled to room temperature over 24 h. The
resulting precipitate was separated onto a porcelain dish and then washed with ethanol
and calcined for 3 h at 500 °C [38].

2.3. Impregnation Method

The wood samples were oven dried before the impregnation process and then weighed
and their dimensions were measured. Furthermore, the impregnation process is carried out
using an impregnation tube. Wood samples were put into each container and an impregna-
tion solution was poured which consisted of untreated, 1% (w/v) TiO, nanoparticle, and 5%
(w/v) TiO, nanoparticle. The samples were under vacuum (—0.7 bar) for 30 min and then
under pressure (1 bar) for 2 h. The test sample was removed from the tube and dried in
the oven at 65 °C for 12 h and then left in the oven at 103 °C until the weight was constant.
The impregnated samples were then used in density and dimensional stability test and
the effectiveness of the presence of TiO; nanoparticle in wood in degrading pollutants
was analyzed.

2.4. Physical Properties

Samples were weighed and measured to obtain their weight and volume both before
and after the impregnation process. The weights and measurements were used to calculate
the following values: weight percent gain (WPG), bulking effect (BE), density (p), anti-
swelling efficiency (ASE), water uptake (WU), and leachability (L)

The WPG was calculated using Equation (1):

WPG (%) = [(W1 — Wq)/Wy] x 100 (1)

where W) is the initial oven-dried weight of the sample before impregnation, and W is the
oven-dried weight of the sample after impregnation.
ASE testing was carried out by repeated water soaking [4]. ASE was calculated with
Equation (2):
ASE (%) = [(Su — St)/Sul x 100 )

where S, is the volume shrinkage of untreated wood sample, and S; is the volume shrinkage
of the treated wood.

WU testing on samples was carried out after immersion in water for 24 h. WU was
calculated using Equation (3):

WU (%) = [(W2 — W1)/ W] x 100 3)

where W, is the sample weight after immersion in water for 24 h.
The BE test was calculated using Equation (4):

BE (%) = (V1 — Vp)/Vp x 100 (4)
where V) is the initial oven-dried volume of a wood sample before impregnation and V1 is

the oven-dried volume of wood sample after impregnation.
Oven-dried density (p) was calculated using Equation (5):

o (g/cm?) = % x 100 (5)

where B is the weight of the sample before or after impregnation treatment, and V is the
volume of the sample before or after impregnation treatment.
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2.5. Photocatalyst Activity Test

Total of 0.1 g of the test sample was put into 100 mL of 10 ppm methylene blue solution
and then stirred until homogeneous. The mixed solution was irradiated under UV light
for 60 min, and every 10 min, the solutions were taken to measure the absorbance at a
wavelength of 666 nm by UV-VIS Spectrophotometer [39].

2.6. Testing the Effect of UV-Vis Radiation

The test sample was irradiated for 6 h continuously with UV-Vis radiation in a closed
room. After that, the effect of radiation on wood was analyzed by FTIR [24].

2.7. Characterization of Synthesized TiO, Nanoparticle

The synthesized TiO, nanoparticle were characterized using UV-Vis spectrophotome-
ter, FTIR, and XRD [40]. Data processing is performed with Origin 8.5 software (Northamp-
ton, MA, USA) for spectrum and diffractogram data. Inorganic molecular elucidation was
carried out with QualX software (Roma, Italy) and Mercury software (Cambridge, UK).

Characterization of optical properties using UV Vis spectrophotometer (Shimadzu
1800) was carried out by dissolving TiO, nanoparticle anatase at a concentration of 0.1 M in
demineralized water and then measured its absorption in the UV wavelength range [41].
The results of this measurement are also used for band gap energy analysis using the
Tauc method.

Characterization using FTIR (Perkin-Elmer Spectrum One) and XRD (PANAnalytical
Empyrean) was carried out by filtering TiO, nanoparticle anatase in powder form using
a 100 mesh sieve followed by FTIR analysis of pellet method with KBr and measured at
wave numbers 4004000 cm ! and XRD analysis with powder measurement method at an
angle range of 20 which is 0-90°

2.8. Characterization of Impregnated Mangium Wood
2.8.1. Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy

The penetration ability and distribution of TiO, nanoparticle into wood cell walls were
analyzed using SEM (ZEISS EVO’50). Untreated and impregnated wood samples were cut
to a size of 0.5 cm x 0.5 cm X 0.5 cm in a tangential plane, placed on a conductor adhesive,
coated with gold, and observed under SEM at a voltage of 15 kV. Wood samples were also
analyzed using energy dispersive X-ray analysis (EDX) to analyze the chemical content of
the wood.

2.8.2. Fourier Transform Infrared Spectrometry

Untreated and impregnated samples were ground to a particle size of 200 mesh and
embedded in potassium bromide (KBr) pellets in a ratio of 1:100. The pellets were analyzed
by FT-IR (Perkin-Elmer Spectrum One) with a scanning range of 4000 to 400 cm ! at a
resolution of 4 cm ™! for 32 scans.

2.8.3. X-ray Diffraction Analysis

Wood samples were slashed using a 2 mm thick cutter in a tangential plane. The
degree of crystallinity of the wood sample (incision) was analyzed by XRD-PANAnalytical
Empyrean type with a 1D PIXcel detector. The parameters used in the device are: Cu Ko
radiation with a graphite monochromator, a voltage of 40 Kv, a current of 30 mA, and a
scan range of 20 between 0 and 90° with a scanning speed of 2° /min.

2.9. Data Analysis

This study used a completely randomized design and data were evaluated using
analysis of variance (ANOVA), followed by Duncan’s test at a significance level of o = 5%.
Statistical testing was performed using IBM SPSS Statistics (Statistical Package for Service
Solutions) version 25.0 program Stanford, California, CA, USA.
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3. Results
3.1. Synthesized TiO, Nanoparticle

TiO, powder forms a coarse spherical morphology with granules measuring approx-
imately less than 100 nm. The magnification of the diffraction peak was confirmed by
the small size of TiO, nanoparticle (see details in XRD discussion). These nanoparticle
form agglomerations with approximately 500 nm (Figure 1), which Zanatta [42] previously
attributed to van der Waals forces. The agglomeration of nanoparticle originates from the
induced dipoles in the synthesis method. The short-range interactions arising from induced
dipoles can be easily broken by the stresses that occur during impregnation.

Figure 1. SEM images of TiO, nanoparticle synthesized by the hydrothermal method.

3.1.1. FTIR Result

The analysis of the FTIR spectrum of TiO; nanoparticle (Figure 2) led to the identifica-
tion of the functional groups of Ti-O at a wave number of 545 cm ! and Ti-O-Ti at a wave
number of 802 cm !, which are bonds formed in the framework of TiO, compounds. The
TiO, spectrum showed intense peaks at 3655 and 3860 cm ™! due to the stretching of the
OH group of the H;O molecule bonded to the TiO, compound [43]. This finding indicates
that the TiO, compound has been successfully synthesized by the hydrothermal method.

% Transmittance

3860 3655 i
802

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™")

Figure 2. FTIR spectrum of TiO; nanoparticle.

3.1.2. XRD Result

The XRD analysis were intended to determine the phase, degree of crystallinity, and
crystal size of TiO, synthesized by hydrothermal method. The diffractogram of the TiO,
nanoparticle sample (Figure 3) shows peaks at the following 20 values: 25.26, 36.92, 37.76,
38.63, 48.00, 53.86, 55.03, 62.66, 68.74, 70.46, 75.03, 82.65. The calculation results show that
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the synthesized TiO; nanoparticle have a high degree of crystallinity (99.86%). The crystal
size of the TiO, nanoparticle is determined from the diffractogram data using the Scherrer
equation, where A = X-ray wavelength used; 6 = diffraction angle; and K = is a constant
whose magnitude depends on the crystal form factor, diffraction field (hkl), and § is the
full width at half maximum (FWHM) or integral breadth of the peak [44].

Intensity (cps)

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Figure 3. TiO, nanoparticle diffractogram.

The crystal size of TiO, nanoparticle calculated by the Scherrer equation (Equation (6))
is 79.17 nm. This proves that the synthesized TiO, is a nanoparticle because it has a particle
size in the range of 1 to 100 nm based on crystal size [45].
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The UV spectrum analysis of TiO, nanoparticle (Figure 4) indicated wavelength
absorbance value of 362 nm. In TiO;, the valence band comes from the 2p orbital of the
oxygen atom and the conduction band comes from the 3d orbital of the titanium atom [46].
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Figure 4. TiO; nanoparticle absorption spectrum.
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The Tauc method was used for the band gap energy analysis (Figure 5) based on the
assumption that the energy affected by the absorbance coefficient («) can be determined
using Equation (7):

(«-hv)Y = B(hv — Eg) (7)

where h is Planck’s constant, v is the frequency of the proton, Eg is the band gap energy,
and B is the constant. The factor depends on the natural electron transition value which is
equivalent to 1/2 or 2 for indirect and direct transitions in the band gap energy [47]. The
analysis of the energy band gap based on the synthesized TiO; nanoparticle yielded a
value of 3.40 eV. This value is greater than the band gap value of bulk phase anatase TiO,
nanoparticle which is 3.22 eV. These results confirm that when the size of the nanoparticle
is smaller, the band gap will be larger [40].
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Figure 5. TiO, nanoparticle band gap analysis curve with Tauc method.

The crystal structure of TiO, nanoparticle was determination using QualX software
developed by [48] and computerized with Mercury software. Based on the results of the
analysis of the crystal structure, a tetragonal crystal form was obtained (Figure 6).

b i
. 51

(A) (B)

Figure 6. Crystal structure of anatases TiO, nanoparticle in unit cells with (A) ball stick and (B) poly-
hedron patterns. a, b, c and o is the notation of the three-dimensional coordinate system contains an
origin (o) and formed by three mutually perpendicular coordinate axes: the x-axis (a), y-axis (b), and
the z-axis (c).
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3.2. Physical Properties of Mangium Wood

Table 1 presents the dimensional stability and density values of untreated and treated
mangium wood. The density, WPG, BE, and ASE values showed an increasing trend, while
the WU values showed a decreasing trend. The leaching value increased when 1% TiO,
nanoparticle was used, decreased with 5% TiO, nanoparticle concentration. The same trend
was previously shown for the parameters of dimensional stability and density [15,49].

Table 1. Value of dimensional stability and density of mangium wood.

Sample

Density WPG BE WU ASE L

Untreated

0.54 £0.022 021+0.14%2 1.04 +0.69% 50.29 +£4.45° 0.00° 044+0.19°

1% TiO, nanoparticle

0.55 + 0.02 2P 053 +0.222 114+ 0477 49.08 +7.80 % 15.46 +9.52 057 +0.21°%

5% TiO, nanoparticle

0.57+ 0.03P 276 +0.72b 210+ 1.03b 46.66 £ 6.672  21.76 £7.97b 0.43 +0.152

ab Values followed by different letters are significantly different based on the Duncan test.

The highest WPG value was obtained with 5% TiO, nanoparticle treatment
(2.76 = 0.72)%, which also yielded the highest density value (0.57 = 0.03)%. In addi-
tion to the increasing WPG and density values, physical properties such as BE and ASE
also had an increasing trend. The highest BE and ASE values were associated with 5%
TiO, nanoparticle treatment (2.10 £ 1.03% and 21.76 & 7.97%, respectively). A different
trend occurred for WU value, which was lowest with the 5% TiO, nanoparticle treatment
(46.66 £ 6.67)%.

3.3. Characteristics of Mangium Wood Impregnated with TiO, Nanoparticle
3.3.1. SEM-EDX Analysis

Figure 7a—f shows the differences between the untreated mangium wood and samples
that were treated with TiO, nanoparticle. In both samples, TiO, nanoparticle appeared to
cover the cell walls, with deposits also being present in the intercellular cavities (yellow
color in Figure 7b,ce f).

Figure 7. SEM images of untreated mangium wood 500 (a), mangium wood impregnated with
1% TiO, nanoparticle 500x (b) and mangium wood impregnated with 5% TiO, nanoparticle 500 x
(c), untreated mangium wood 1000x (d), mangium wood impregnated with 1% TiO, nanoparticle
1000, (e) and mangium wood impregnated with 5% TiO, nanoparticle 1000x (f).
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Based on the results of quantitative analysis using SEM EDX (Table 2), the TiO; content
in mangium wood impregnated with 5% TiO, nanoparticle had a higher Ti content (4.69%)
than that impregnated with 1% TiO, nanoparticle concentration (0.35%).

Table 2. SEM-EDX test results.

Sample Ti (%Wt)
Untreated -
1% TiO, nanoparticle 0.35
5% TiO, nanoparticle 4.69

3.3.2. Photocatalyst Activity Test

The concentration of methylene blue is directly proportional to its absorption value on
a visible light spectrophotometer. Figure 8a shows that the presence of TiO, nanoparticle in
wood significantly affected absorbance. Wood that was impregnated with TiO, nanoparticle
had a higher photocatalytic activity than untreated, with the C/C, ratio declining as the
UV radiation treatment time increased.

1.000
0.900 A
0.800 A

0.700 4 == Methylene blue control

0.600 4
=@~ Untreated wood
0.500 o .
TiO; nanoparticles (TiO; NPs)
0.400 4
Treated wood with 1 % TiO; NPs
0.300 o

=== Treated wood with 5 % TiO; NPs
0.200 1

Normonized Concentartion (C/C,)

0.100 4

0.000

0 10 20 30 40 50 60
Irradiation Time (min)

(a)

90 4 90.64

g249 = Methylene blue control

7435
== Untreated wood

s2.71 TiO; nanoparticles (TiOz NPs)

Treated wood with 1 % TiO,

32.78 L

== Treated wood with 5 % TiO;
NPs

Degradation of Methylene Blue (%)

Irradiation Time (min)

(b)

Figure 8. Curves (a) relative concentration of C/C, and (b) percentage of degradation of methylene
blue compounds.
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Figure 8b shows that the role of TiO; nanoparticle can be seen significantly with the
percentage value of methylene blue degradation increasing with time of UV radiation
until it reaches 90.64%. The 1% TiO, nanoparticle (82.49%) and 5% TiO; nanoparticle
(74.35%)—impregnated wood had a higher photocatalytic activity than the untreated. The
end result of the photocatalytic reaction is carbon dioxide gas which can be released into
nature and can be utilized by plants for the photosynthesis process [50].

3.3.3. Evaluation of TiO, Nanoparticle Anatase Efficiency on the Degradation of
Methylene Blue

Electrical energy consumption is one of the important criteria in the photochemical
process because it is related to the determination of the operating cost of the treatment. The
figure-of-merit is the electrical energy per order, defined as the number of kWh of electrical
energy required for reducing the concentration of a pollutant by 1 order of magnitude (i.e.,
90% degradation), in 1 m> of the contaminated sample [51]. The electric energy per order,
Ero (kWh/m3/order), is commonly used, which can be estimated using an equation for a
batch reactor [52]. Equation (8) was as follows:

P x t x 1000

==X ®)
V><60><logc—;

Ego

where P is the electrical power of the UV lamp (kW), t is irradiation time (min), V is
the volume of the treated wastewater (L), C, is the initial concentration of the pollutant
(mg L~1), and Cy is the final concentration of the pollutant (mg L~1). The results of the
analysis (Figure 9) showed that the highest energy consumption occurred in the untreated
blue methylene with a value of 6955.58 kWh/m? and the lowest occurred in the anatase
TiO, nanoparticle sample with a value of 1166.68 kWh/m?. Energy consumption in
untreated wood is 3679.12 kWh/m?3, this value is higher than treated wood with TiO,
nanoparticle which is 2030.65 kWh/m3 (1% TiO, nanoparticle) and 1585.59 kWh/m? (5%
TiO, nanoparticle).
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6955.58
70007 [ ]Methylene blue control
1 I Untreated wood
6000 Il 7O, nanoparticle (TiO, NP)
reated wood wit o Ti
i T d d with 1% TiO, NP
reated wood with 5% Ti
- Treated wood with 5% TiO, NP
= ]
£ 4000
3679.12
= ]
=
o 3000
L
2030.65
2000 4
1585.59
1 1166.68
1000 H
0

Sample

Figure 9. Energy consumption for the obtained samples.
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To estimate the kinetic rate of the removal methylene blue reaction, applying the
pseudo-first-order (n = 1) kinetic model using the following Equation (9) [53]:

~In & = Ko ©)
where Cj is the initial concentration of the pollutant, C is the concentration at time ¢, and
Kops and t are the observed rate constant and the irradiation time, respectively. According to
Equation (9), Kyps can be determined as the slope of the plot of —In C% versus the reaction
time (Figure 10). The linearity of lines (Figure 10) demonstrates that the photocatalytic kinet-
ics for methylene blue obeyed the pseudo-first-order kinetic model. The lines on Figure 10,
had high values of the correlation coefficients (R? > 0.93). This finding confirmed the valid-
ity of the pseudo-first order model [54]. The calculated values for K,,; were 0.0406 L/min
(anatase TiO, NP), 0.0062 L/min (untreated methylene blue), 0.0334 L/min (untreated
wood), 0.0262 L/min (1% TiO, nanoparticle), and 0.0123 L/min (5% TiO, nanoparticle).
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2.0 5 y = 0.0334x
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Figure 10. Reaction kinetics profile for the degradation of methylene blue in the presence of anatase
TiO, nanoparticle. Experimental conditions photocatalyst dose = 1 g/L; methylene blue = 10 ppm.

3.3.4. UV-Vis Radiation Analysis

Mangium wood that has been impregnated with TiO, nanoparticle is treated with UV
radiation at a wavelength of 366 nm and a power of 120 watts and visible light radiation
from an incandescent lamp with a power of 150 watts for 6 h in a closed system. The radia-
tion distance used is 15 cm. This test was conducted to determine the level of protection of
TiO, nanoparticle against UV-Vis radiation.

The results of the FTIR spectrum analysis (Figure 11) showed a decrease in the intensity
of the C-H aromatic and C=0 functional groups which were part of the functional group of
lignin compounds in mangium wood that were not impregnated with TiO, nanoparticle by
UV-Vis radiation treatment. This indicates that there is a degradation initiation reaction
in the main structure of the wood starting from the adhesive compound between wood,
namely lignin. The same thing did not happen to mangium wood impregnated with TiO,
nanoparticle which had the same spectrum pattern as untreated wood without UV-Vis
radiation treatment.

93



Polymers 2022, 14, 4463

C C-H
c-0 aromatic
|

% Transmittance

3283/ :

2902

1050

; T v T y T Y T
4000 3500 3000 2500 2000

Wave number (cm™)

T T T
1500 1000 500

Figure 11. FTIR spectrum after UV-Vis radiation treatment on (A) impregnated mangium wood with
5% TiO, nanoparticle, (B) impregnated mangium wood impregnated with 1% TiO, nanoparticle, (C)
untreated mangium wood without radiation, (D) untreated mangium wood with radiation.

3.3.5. FTIR

Analysis using FTIR (Figure 12) was carried out to identify the functional groups
present in untreated and treated mangium wood. The FTIR spectrum for untreated revealed
the C-H functional group from the framework of the aromatic compounds at a wave number
of 593 cm !, the C-O functional group at a wave number of 1055 cm~?, the C=C functional
group at a wave number of 1631 cm ™!, the C-H functional group at a wave number of
2914 cm ™!, and the O-H functional group at wave number 3284 and 3887 cm~ ! [55]. All
functional groups identified in untreated mangium were also identified in treated mangium
with 1% and 5% TiO, nanoparticle, but in treated mangium wood, functional groups were
identified from Ti-O at wave numbers 523 and 533 cm !, and functional groups Ti-O-Tiat
wave numbers 696 and 719 cm !, indicating the bonds formed in the framework of TiO,
compounds [43].

3.3.6. XRD

XRD (Figure 13) was used on mangium wood samples impregnated with TiO, nanopar-
ticle to identify its characteristics through phase analysis of cellulose and TiO, and to
determine TiO; crystal size in mangium wood. The diffractogram of mangium wood
impregnated with 1% TiO, nanoparticle showed peaks at a value of 26 namely 25.25, 36.62,
38.09, 39.04, 47.83, 53.93, 55.03, 62.78, 69.13, 70.42, 75.38, and 83.05. In the diffractogram of
mangium wood impregnated with 5% TiO, nanoparticle, there were peaks at 20 values,
namely 25.34, 36.54, 37.72, 39.09, 47.73, 53.66, 55.32, 62.72, 68.95, 70.29, 74.88, and 82.68. In
the diffractogram of untreated mangium wood, peaks for 20 occurred at 15.29, 21.975, and
34.31. In the diffractogram of mangium wood impregnated with 1% TiO, nanoparticle,
there were peaks at 20 values, namely 15.77, 22.20, and 34.39. In the diffractogram of
mangium impregnated with 5% TiO, nanoparticle, there were peaks at 26 values, namely
15.35,21.97, and 34.47.
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Figure 12. FTIR spectrum on (A) impregnated mangium wood with 5% TiO, nanoparticle, (B) im-
pregnated mangium wood with 1% TiO, nanoparticle, (C) untreated mangium wood.
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Figure 13. Diffractogram (A) impregnated mangium wood with 5% TiO, nanoparticle (B) impreg-
nated mangium wood with 1% TiO, nanoparticle (C) untreated mangium wood.

The XRD analysis indicated that mangium wood impregnated with 1% TiO, nanopar-
ticle experienced an increase in the value of the degree of crystallinity to 74.17% while
mangium wood impregnated with TiO, nanoparticle 5% experienced a decrease in the
degree of crystallinity to 65.13% (Table 3).
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Table 3. Data on crystallinity test results for mangium wood impregnated with TiO, nanoparticle.

Sample Degree of Crystallinity (%)
Untreated 71.98
1% TiO, nanoparticle 74.17
5% TiO, nanoparticle 65.13

4. Discussion
4.1. Synthesized TiO, Nanoparticle
XRD Analysis

A comparative analysis with the standard anatase TiO, diffractogram JCPDS card
number 78-2486 [40] confirmed anatase TiO, compounds were successfully synthesized by
the hydrothermal method. The degree of crystallinity of TiO, nanoparticle was determined
by comparing the crystalline lattice with the total number of lattices in the diffractogram
(amorphous and crystalline). The degree of crystallinity is very important because it is
linearly related to the reactivity and optical properties of a compound [56]. These results in
Figure 4 are in accordance with the research of Li et al. [57], showing that TiO, nanoparticle
synthesized by the hydrothermal method have a maximum wavelength value in the UVA
range of 320400 nm. Maximum absorbance occurs when electrons are excited from the
valence band to the conduction band [46].

The optical properties of a material can be determined through its interaction with
electromagnetic radiation fields consisting of transmission, absorption, emission, reflection,
refraction, diffraction, or scattering effects. In the special case of semiconductors such as
TiO;, this optical property can be tested in the ultraviolet, visible, and infrared wavelength
ranges. This ability is related to the characteristics of the compound’s band gap energy [58].
A smaller particle size is associated with a larger band gap, as fewer molecular orbitals are
added to the possible ground state of the particle’s energy. Therefore, absorption will occur
at higher energies, so a shift toward shorter wavelengths will be seen [40]. Our findings
(Figure 6) are in agreement with the study of Opoku et al. [59], who reported that among
three TiO, phases namely rutile, anatase, and brookite, anatase was the phase that had
the best photocatalytic activity with a body-centered tetragonal crystal structure, lattice
parameters a = b = 3.782 and ¢ = 9.502, and the space group I41/amd.

4.2. Physical Properties of Mangium Wood

The observed increase in the WPG value indicated that TiO, nanoparticle was success-
fully dispersed in the wood, filling its cavities and cell walls of wood caused the weight of
mangium wood to increase from untreated to treated as the TiO, concentration increased.
Based on the report by Chu et al. [5], an increased WPG value indicates the presence of
TiO, nanoparticle that is deposited in the cell cavities and fills them. The WPG value
increased along with the increase in the density value. The increased density value was
probably caused by the TiO, nanoparticle solution that was successfully dispersed into the
wood, which caused the cavities and cell walls of the wood to become denser and thicker
compared to untreated. As previously reported, the higher the density value of the treated
wood, the more content in the wood cavities and the thicker the wood cell walls [60].

The increase in the ASE value is directly proportional to the BE value. This shows
that the addition of TiO, nanoparticle made the wood cell walls expand and increased
bulking, resulting in improved dimensional stability with treatment. Hill [6] showed that
the higher the BE value, the more polymer filled in the wood cell wall which could increase
the dimensional stability of the wood. This is consistent with a report by Devi and Maji [61]
showing that the ASE value increases when TiO, nanoparticle was added. This result
was attributed to TiO, nanoparticle being deposited into the empty space of the wood
and making the cell walls thicker. This also causes the density value to increase and the
shrinkage and swelling to be reduced. These changes therefore improved the dimensional
stability of the wood.
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Chu et al. [5] reported that the increased WPG value caused the WU value to decrease
when wood was impregnated with TiO, nanoparticle. Based on Rathnam et al. [62], the
value of WU WPC (wood polymer composite) decreased with the addition of nanoclay
and TiO, nanoparticle. Like nanoclay, TiO; nanoparticle also provided barrier properties
to prevent the wood from absorbing water. In addition, impregnated wood with 5% TiO,
nanoparticle had a better leaching value than that with 1% TiO, nanoparticle, but between
the two concentrations it shows a small possibility for leaching because the leaching value
produced is quite low. Pouya and Younes [63] reported that at the end of a 6-day test period,
almost no leaching of TiO, nanoparticle at any concentration occurred, compared with
preservatives such as zinc sulfate and boron which are difficult to form and easy to leach
and remove from wood.

4.3. Characteristics of Mangium Wood Impregnated with TiO, Nanoparticle
4.3.1. SEM-EDX Analysis

According to Liu et al. [64], TiO; nanoparticle are deposited evenly on the cell walls
of the wood instead of accumulating in the pores. This nanoparticle interaction may be
due to physical interactions or hydrogen bonds that occur between the OH present in the
cell wall polymer and the hydrolyzed TiO; [17,65]. Mangium wood impregnated with 5%
TiO, nanoparticle appeared to have more of the surface of the wood cells covered. This
is in accordance with the physical properties test that the increase in WPG was directly
proportional to the increase in the concentration of TiO, nanoparticle impregnated into
mangium wood.

4.3.2. Photocatalyst Activity Test

Pollutants can increase the degradation rate of biopolymer materials [66]. Pollutants
consist of two types, namely organic and inorganic pollutants [67]. The use of titanium
oxide compounds can protect biopolymer materials such as wood from UV radiation due
to the strong ability to absorb ultraviolet (UV) rays [68] while utilizing them to degrade
organic pollutants through photocatalyst reactions [69]. TiO, compounds with particle
sizes in the nano range have higher photocatalytic activity than the bulk phase. This can
be attributed to the presence of a wider reactive surface area and an increase in the band
gap energy through the mechanism of optical and electronic properties that depend on
size; these properties are known as quantized particles (Q-particles) or quantum dots [70].
Photocatalytic activity can be analyzed using methylene blue in the wood samples. This
substance is difficult to degrade, and its levels can be measured using a visible light
spectrophotometer at a wavelength of 666 nm [71].

Titanium dioxide was studied extensively in the last two decades due to its strong
activity in photocatalytic reactions. The photocatalytic activity of methylene blue substances
can also be expressed as a percentage of their degradation [66]. The decrease in the
concentration of methylene blue in the untreated mangium wood also occurred through
adsorption, which can happen because the cellulose and lignin biomass in wood can behave
as effective adsorbents. Adsorbents containing a high amount of cellulose can absorb basic
dyes irreversibly [72]. The decrease in concentration of methylene blue in untreated sample
also occurred because of heat from the UV radiation during the testing process [73].

4.3.3. Evaluation of TiO, Anatase Nanoparticle Efficiency on The Degradation of
Methylene Blue

The calculation results of the Egp (Figure 9) show that the availability of TiO, nanopar-
ticle can reduce the Egg value. This is in line with the results of research by Ghavi et al. [51]
that TiO, can reduce the Egp value because TiO, nanoparticle can reduce the activation
energy for the reaction process of pollutant degradation. This result indicated that the
use of TiO, nanoparticle and its application to mangium wood can reduce the cost of
using electrical energy. The energy consumption of this research with TiO, nanoparticle
is 1166.68 kWh/m3, compared to the study of Varma et al. [74], who reported energy
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consumption with a value of 3000 kWh/m?. It turned out that our finding is smaller. This
was attributed to the utilization of nano-sized TiO,, which had larger surface area and
higher photocatalyst activity [75].

The decreased concentration of the methylene blue was linear in each treatment. This
finding indicated that both on photocatalytic activity by anatase TiO, nanoparticle and
impregnation processes applied the pseudo-first order kinetic of dye removal kinetic. The
treated mangium wood had higher gradient slopes than untreated (Figure 10). It proved
that treated mangium wood had faster photocatalytic reaction compared with untreated
at the same conditions. Eg, and kinetic profile showed that anatase TiO, nanoparticle is a
reliable substance to degrade methylene blue as organic pollutant and catalyst to be used
in photocatalytic reaction.

4.3.4. UV-Vis Radiation Analysis

Protection from UV radiation is important for the performance of the wood substrate
and the coating that protects it. Ultraviolet light causes degradation of wood substrates
and coating polymers [76]. This result is in line with research conducted by Rassam
etal. [24] indicating that the initiation reaction of wood degradation due to UV-Vis radiation
and radiation heat transfer is a decrease in the intensity of the C-H aromatic and C=C
functional groups in lignin compounds. This result proves that the synthesized anatase
TiO; nanoparticle can protect mangium wood from the degradation process due to UV-vis
radiation even though it is still in the initiation reaction stage.

4.3.5. FTIR

The functional groups were identified based on the C-H stretching from cellulose
and hemicellulose, the aromatic C-H strain and C=C strain in the lignin framework, the
O-H strain from cellulose, and the C-O strain from hemicellulose [77]. Based on the FTIR
spectrum, mangium wood impregnated with 1% and 5% TiO, nanoparticle (Figure 11) did
not have the C-H functional group in the aromatic framework and had a decrease in the
intensity of the C-H functional group. This may have happened because the TiO, nanopar-
ticle covered the surface of cellulose, lignin, and hemicellulose, which are polymers [78]
that are the main structural building blocks of wood [79], and blocked infrared radiation.
In a previous study, FTIR analysis of jabon wood impregnated with magnetite nanoparticle
showed that nano magnetite caused a bulking effect when filling the wood pores; new
functional groups were not identified, and new peaks from the infrared spectrum did not
appear [80].

4.3.6. XRD

Based on a comparative analysis of the standard JCPDS anatase TiO; diffractogram
card number 78-2486 [40], the peaks are anatase TiO, compounds that successfully im-
pregnated into mangium wood. In addition, XRD analysis was also used to identify the
crystalline phase of wood after the impregnation with TiO, nanoparticle. Based on the
comparative analysis with the standard JCPDS cellulose diffractogram No. 03-0226 [81],
these peaks were identified as cellulose, which still had the same crystal lattice as the un-
treated. This finding indicates that the impregnation treatment did not affect the crystalline
structure of the cellulose; however, the degree of crystallinity was changed in comparison
with the untreated wood, which was 71.98%.

This increase in crystallinity value was likely caused by the rearrangement of the
cellulose structure in the amorphous phase owing to its interaction with the impregnant
solution using water as a solvent and the effect of bulking inorganic particles along the
cellulose surface [82]. Inorganic particles playing a role included the TiO, nanoparticle. At
higher TiO, concentrations, the degree of wood crystallinity decreased owing to the amount
of hydrophobic TiO; [83] covering the surface of cellulose and consequently preventing
rearrangement of cellulose in the amorphous phase. The results of the calculation of the
crystal size of TiO, using the Scherrer equation [44] were 61.64 nm for 1% TiO, nanoparticle
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and 64.94 nm for 5% TiO, nanoparticle. This value indicates that the particle size of TiO,
impregnated into the wood was smaller than the particle size prior to the impregnation
process. This can have occurred because of the sonication treatment of the impregnated
solution before the impregnation process, which can reduce the TiO, particle size [84].

5. Conclusions

1. Anatase TiO; nanoparticle has been successfully synthesized by hydrothermal method
at low temperatures based on the results of characterization with spectrophotometer
Uv-Vis, XRD, and FTIR. Anatase TiO, nanoparticle has maximum wavelength of
362 nm and band gap energy of 3.40 eV.

2. The values of Eg, and kinetic profile proved that mangium wood impregnated with
TiO, nanoparticle has the ability to degrade methylene blue as the organic pollutant.

3. Density and dimensional stability of treated mangium wood increased compared
with untreated. Five percent TiO; nanoparticle treatment obtained higher WPG, BE,
ASE, and leachability values; however, lower WU values than that of untreated and
1% TiO, nanoparticle.

4. Based on XRD and FTIR analysis, TiO, nanoparticle was successfully impregnated into
mangium wood. Scanning electron microscopy—energy-dispersive X-ray spectroscopy
analysis indicated that TiO, nanoparticle covered the surface of the wood cells. The
TiO;-impregnated mangium wood has a higher photocatalyst activity than untreated,
indicating better protection from UV radiation and pollutants.
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Abstract: This work evaluates the effect of using selected inorganic chemicals as the main components
of waterborne wood preservative systems on the degradation of the cellulose constituent in wood
from model samples. The polymeric properties of cellulose and the homogeneity of the degradation
process primarily reflect very well the degree of cellulose deterioration. Whatman papers, as pure
cellulose model samples, were impregnated with 10 different 5 wt% solutions of inorganic salts and
distilled water and consequently subjected to wet-thermal accelerated aging (T = 85 °C, RH = 65%,
for 30 days). The samples were then derivatized to cellulose tricarbanilates (CTCs) through two
different procedures (by precipitation in a methanol-water mixture /by evaporation of pyridine from
the reaction mixture) and finally analyzed using size exclusion chromatography (SEC). Chemically
treated and aged cellulose samples showed different changes in the degree of polymerization (DP)
and polydispersity (PD) in terms of untreated non-aged standard caused by different ongoing
degradation reactions, such as dehydration, hydrolysis, oxidation, and crosslinking. In general, the
lowest degradation rate after treatment by chemicals and after accelerated aging was observed in
samples treated by borates, NaCl, and ZnSOy4-7H;0O. The greatest depolymerization after treatment
and after accelerated aging was caused by sulphates containing NH**, Cu?*, and Fe3* cations, with
aging by NH4Cl and (NHy4), HPO4-treated samples also leading to significant depolymerization.
The higher DP values are linked to the precipitated method of CTC preparation, though not for
chlorides and phosphates. PD is also generally higher in precipitated and aged samples and is
heavily influenced by the presence of low molecular weight products. This paper brings new insights
regarding the complex evaluation of the polymeric properties of degraded cellulose by considering
all important factors affecting the sample and the analysis itself through the use of statistics. From the
statistical point of view, the influences of all factors (solution, aging, method) and their interactions
(except aging*method) on DP are statistically significant. The influence of the sample processing
method used for analysis of the desired results becomes important mainly in practice. This work
recommends the evaporation method for more accurate description of more degraded cellulose.

Keywords: cellulose; wood preservatives; degradation; degree of polymerization; cellulose tricarbanilates;
size exclusion chromatography

1. Introduction

Although wood is one of the most widespread and essential natural materials, it also
has disadvantages. Its most well-known disadvantage is its natural flammability and high
ability to generate smoke. For this reason, wood is treated with protective substances. Inor-
ganic salts (borates, phosphates, sulphates, chlorides) are active components of waterborne
wood preservatives. These inorganic chemicals induce changes in the molecular structure
of wood polymers depending on their concentration, pH value, exposure time, dissociation
constant, and other conditions [1-3]. Meanwhile, the effect of these compounds when used
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for wood protection has mostly been observed only in terms of the application process,
fixation, leaching, hygroscopicity, corrosivity to metal fasteners, their thermal stability,
and dimensional changes in wood mass caused by crystallizing salts from preservative
solutions after drying [4-8]. Most researchers have focused on the effect of biocides and
flame retardants on the strength properties of the wood under study [1,9-11]. Surprisingly
little attention has been given to the chemical aspects of this problem, and few controlled
experimental studies have been made on the subject [12-14].

This work focuses on the evaluation of changes in the macromolecular structure of
chemically treated cellulose (a main wood component) with solutions of selected inorganic
salts in terms of long-term exposure. However, cellulose isolated from wood always shows
a certain degree of degradation caused by agents used in the isolation process, and pure
cellulose model samples in the form of Whatman paper were used for better qualitative and
quantitative description of changes in the investigated average degree of polymerization
(DP) [12,15-17].

The extent of cellulose deterioration, i.e., the magnitude of changes in its structure and
properties, depends on the extent of damage to its chemical, microscopic, and macroscopic
structure. The cellulose synthesized in nature has a certain degree of polydispersity which
influences its physical properties. Viscosity and/or the molecular weight distribution
(MWD) of cellulose are important parameters for all of its end uses. Therefore, based on
determination of MWD and DD, it is possible to accurately evaluate the degradation of
cellulose and predict its physical and mechanical properties and ongoing chemical reactions.
The result of cellulose degradation is an increased proportion of low molecular weight
fractions and a decrease in average DP and polydispersity (PD) [18-21]. Moreover, DP,
as well as crystallinity and crystallite size, have an influence on the thermal stability of
cellulose [22,23].

The molecular weight of macromolecules such as cellulose can be determined by
absolute and relative methods. Therefore, size exclusion chromatography (SEC) has gained
wide acceptance as a preferred method. This method allows for the characterization of
MWD and the determination of more of the parameters of the molecular weights. SEC also
provides information on degradation fractions and thus helps clarify the mechanism of
degradation in cellulose [24,25].

Formulation of Individual Scientific Goals

To evaluate the influence of the individual inorganic salts, which are active components
of fire retardants and biocides, on the degradation of cellulose through the determination
of DP via the SEC method.

To compare the DP of cellulose samples degraded by various chemicals among them-
selves, both with the reference sample (treated only by distilled water) and the standard
sample (untreated Whatman paper).

To compare the changes in DP within each series of samples before and after aging.

To assess the changes in DP for each sample series caused by two different methods
of CTC sample preparation (evaporation/precipitation in methanol-water mixture) and
accordingly identify the samples of treated cellulose with the largest proportion of low
molecular weight fractions due to degradation.

To determine whether the solution, aging, method, or combined effect of their interac-
tion (solution*aging, solution*method, method*aging, solution*aging*method) statistically
significantly affects the value of the calculated DP.

2. Materials and Methods
2.1. Material

Whatman filtration papers (Grade No. 1, x-cellulose content >98 wt%, basis weight
87 g/m?, air flow rate 10.5 /100 mL/in?) with dimensions of 15 x 100 mm were firstly
conditioned to a constant weight at a temperature of 23 + 1 °C and with a relative
air humidity of 50 &+ 2% according to the ISO 187 standard [26]. For the treatment of

104



Polymers 2023, 15, 573

10 sample series, aqueous solutions of selected chemicals at a 5 wt% concentration level
were used, i.e., NapyB;O7-10H,O, H3BO3, CuSO4-5H,0, ZnSO,4-7H,0, Fey(SO4)3, NaCl,
NH4CI, (NH4)2SOy4, (NHy),HPOy4, and NH4H,PO4. Moreover, the standard non-treated
unaged samples and reference unaged and aged samples impregnated by distilled water
were also included in this experiment. The impregnation of individual series of samples
was performed through immersion in a laboratory beaker with a 5 wt% salt solution or
distilled water under atmospheric pressure for 30 min. Some pieces of polyethylene mesh
were used as interlayers to avoid sticking the individual samples together. The wet-thermal
accelerated aging technique according to ISO 5630-3 [27], i.e., at 80 °C and 65% RH for a
duration of 30 days, was chosen for aging of one half of each sample series based on the
knowledge of previously published studies and existing standards. (Samples releasing
ammonia during accelerated aging were separately subjected to elevated temperature
and humidity in a second climatic chamber with the intention of preventing the other
samples from being contaminated with ammonia.) Prior to testing, all specimens were
re-equilibrated to a constant weight [26].

2.2. Methods
2.2.1. Derivatization of Cellulose into the Form of Cellulose Tricarbanilates (CTCs)

Accurate determination of molar mass distribution for cellulose samples is a challeng-
ing task and a universal method for accurate molar mass distribution analysis of cellulose
samples still does not exist [28].

In our work, cellulose tricarbanilates (CTCs) were prepared in two different ways.
The first was the modified method of precipitation [29,30]. Briefly, the cellulose samples
were dried over silica gel for several days. Anhydrous pyridine (8.0 mL), cellulose (50 mg),
and phenyl isocyanate (1.0 mL) were sealed in a 50 mL dropping flask. The flasks were
immersed in an oil bath at 70 °C for 72 h. At the end of the reaction, methanol (2.0 mL) was
added to the mixture to eliminate excess phenyl isocyanate. The yellow solutions were then
added drop wise into a rapidly magnetic stirring 7:3 methanol/water mixture (150 mL).
The solids were collected via filtration and washed with 7:3 methanol/water mixtures
(1 x 50 mL) and water (2 x 50 mL) to a neutral reaction. The CTC was air-dried overnight
and subsequently under vacuum at 60 °C to remove any traces of pyridine. The CTC was
then redissolved in 10 mL of THF and filtered through a glass filter (Membrane Solutions,
Auburn, WA, USA) with a pore size of 0.7 um before then being analyzed by SEC.

In the second method, the pyridine was evaporated from the reaction mixture instead
of precipitated, thereby producing a sample containing all the non-volatile products of
the derivatization procedure [31]. Subsequently, 2.0 mL of the pyridine reaction mixture
was transferred to a 25 mL round bottomed flask and the pyridine was evaporated under
vacuum at 40 °C. The syrupy liquid which remained was dissolved in approximately
15 mL of acetone. Following this, 2.0 mL aliquots of the acetone solution were transferred
to a 10 mL flask and evaporated with a stream of nitrogen. The residual material was dried
overnight under vacuum at 60 °C to remove any traces of pyridine and then redissolved in
10 mL of THF and filtered as above.

2.2.2. Size Exclusion Chromatography (SEC)

The SEC analysis was carried out on an Agilent 1200 HPLC (Agilent Technologies,
Santa Clara, CA, USA) system consisting of an autosampler, quaternary pump, degasser,
column thermostat, diode array detector (DAD) working at 240 nm, and differential refrac-
tive index detector (DRI). The separation was performed at 35 °C with THF at a flow rate
of 1 mL min~! on two PLgel 10 um (7.5 x 300 mm) MIXED B columns proceeded by a
PLgel 10 um (7.5 x 50 mm) GUARD column (Agilent Technologies, Santa Clara, CA, USA).
Data acquisition was carried out with Chemstation software (Agilent Technologies, Santa
Clara, CA, USA) and calculations were performed with the Clarity GPC module (DataApex,
Prague, Czech Republic). The system was calibrated with polystyrene standards with an
average MW in the range of 500-6,035,000 (Polymer Laboratories, Shropshire, UK; Tosoh
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Corporation, Tokyo, Japan). A universal calibration for determination of molecular weights
was used with the constants K = 1.095 x 1073 and o« = 0.955 [32]. All SEC results represent
the mean of two different samples, and each CTC was chromatographed twice (total of
four runs for each sample).

2.2.3. Calculations and Statistical Evaluation

The values of molecular weights, the degree of polymerization (DP), and polydis-
persity indexes (PDI) were calculated after data conversion in Clarity 15.7.1 (DataApex,
Praha, Czech Republic). All SEC results represent the mean of two different samples, each
CTC was chromatographed twice, and five signals from two detectors (1 x DRI, 4 x DAD)
were obtained from each measurement (but only one was used for calculation). The results
from chromatographic analysis of CTCs were statistically evaluated by using analysis of
variance (ANOVA), and the multiple comparison Duncan’s test was used for the determi-
nation of statistically significant differences in DP mean values. The statistical evaluation
took 23 situations of variously modified samples into account, as well as the influence of
3 factors (solution, aging, method) and 4 interactions (solution*aging, solution*method,
aging*method, solution*aging*method), including 4 repeated measurements of DP for each
situation (Figure 1).

1. SAMPLE 5
Unaged_ 5U Aged_5A
O = g

Z\Ssm Z\S Z\S Z‘S 5A-2
- | J L
4. t
(L L C I
5U-1b 5U-1a 5U-2b 5U-2a 5A-1a 5A-1b 5A-2a 5A-2b

Figure 1. Illustrative overview of three influencing factors (solution, aging, method) on the DP of
examined cellulose samples.

The layout of experimental runs and conditions (example for sample 5: treated by
Fe;(SO4)3) was as follows: 1. Two pieces were cut from each sample of chemically treated
cellulose before and after aging. 2. These pieces of cellulose were converted into the form
of CTCs. 3. Two vials with dissolved CTCs in THF were prepared from each CTC sample.
4. One vial was measured twice over time by SEC. This scheme describes the procedure
using only one method of CTC preparation. In our case, using two methods, double
sampling and measurement were performed for each sample.

3. Results and Discussion

Aging and degradation of cellulose due to chemical treatment, elevated temperature,
and increased humidity results in a drop in DP and an increase in the proportion of low
molecular weight fractions. The adverse consequences of the degradation of cellulose are
also reflected in the deterioration of mechanical and optical properties [33,34].

3.1. Degree of Polymerization (DP)

It has been previously reported that some chemicals tend to reduce cellulose’s molec-
ular weight (MW) and degree of polymerization (DP) [30,35-37]. It is apparent from our
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experiments (Table 1) that there was a greater or a lesser reduction in DP as a consequence
of the degradation process caused by presence and action of inorganic salts in the cellulose
fiber structure, which was especially evident due to accelerated aging in conditions of
elevated temperature and increased relative humidity.

Table 1. The degree of polymerization (DP) data (mean + SD) and the accumulated DP loss in
chemically treated and aged cellulose samples.

DP of Treated Samples DP of Treated Accumulated DP Loss (wpp)
Samples and Aged Samples
Evaporated Precipitated Evaporated Precipitated Evaporated Precipitated

Standard 1444 + 3 1516 + 17 — — — —
Reference 1673 £ 6 1754 £5 875+ 4 912+ 4 0.48 0.48
Na,B407.10H,O 1308 £ 106 1261 + 114 1002 £ 53 1139 + 49 0.23 0.10
H3BO3 913 £ 68 1029 + 37 885+1 925+ 9 0.03 0.10
CuS0O4.5H,0 681 +5 1145 £ 25 371 630 £ 47 0.95 0.45

ZnSO4.7H,0 877 £ 39 1244 + 88 847 + 30 1463 £ 40 0.03 —0.18
Fey(SO4)3 689 +5 1689 + 21 275+ 8 520+ 9 0.60 0.31
NaCl 1675 £7 1721 £ 26 1285 £+ 23 1212 + 4 0.23 0.30
NH4C1 1344 £+ 53 1326 £ 12 273 +£1 271+5 0.20 0.80
(NHy4)2S04 638 £ 26 1409 £ 16 12+0 376 £3 0.98 0.73
(NHy4),HPO4 972 + 67 490 + 20 34+3 176 £ 13 0.97 0.64
NH;H,PO, 1090 £+ 71 296 + 19 796 + 67 116 £ 6 0.27 0.61

The non-treated unaged standard samples had an average DP of 1444 (when the
evaporation method for CTC preparation was used) and 1516 (for the precipitation method).
The reference samples, which were only treated with distilled water free of salt cations and
anions, recorded a slight increase in DP of about 15.9-15.7% depending on the method of
CTC preparation with regard to the standard. This increase in DP, as well as an increase in
the crystallinity index caused by preferred degradation of cellulose in its amorphous part,
was also observed previously [38—41]. This anomalous behavior may be also attributed
to the formation of covalent intermolecular bonds, i.e., cross-links. Dehydration reactions
leading to the formation of predominantly ether bonds have been known to occur during
subsequent thermal treatment of cellulose [42].

The highest values for DP before accelerated aging, which were higher than the stan-
dard samples, were observed in samples treated with NaCl (about 10.3-16.0%) for both
methods of CTC preparation. Moreover, in the group of samples where CTCs were pre-
pared via the precipitation method, treatment by Fe,(SO4)3 provided a relatively high DP
(about 11.4% higher than standard samples). However, it is evident that this chemical
causes a drastic reduction in the DP of cellulose, as it was also determined by the evapo-
ration method. The drop in DP caused by Fe,(SO4); was measured at approx. 52.3% in
comparison to the evaporated standard, which is a decrease of about 59.2% in comparison
to the simultaneously precipitated standard sample. A DP higher than 1000 was observed
in celluloses treated by Nap;B4O7-10H,0O and NH,4Cl and was confirmed by both methods.
That means that these two chemicals should be considered the most gentle salt solutions
in the preservation of cellulose, at least in this first impregnation step. The precipitation
method provided a DP higher than 1000 for almost all samples besides ammonium phos-
phates, and the decrease in DP was in the range of 67.7-80.5%. On the other hand, cellulose
treated by NH4H, POy from precipitated samples provided the lowest DP value from this
group, although the group of evaporated samples provided DP values of up to 1000. The
highest drop in DP in the group of unaged evaporated samples was observed in celluloses
degraded by (NH4)»S04, CuSO4-5H;0, and Fep(SO4)s.

The lowest deterioration in chemically treated cellulose after aging, described by
high DP values, was caused by NaCl, Na;B4O7-10H,0, and H3BO3. Even higher DP
values than those observed for reference samples were found, with values being in the
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range of 1.1% for H3BO3 to 46.9% for NaCl. These findings are confirmed by both the
precipitation and evaporation method of CTC preparation. Treatment with ZnSO,4-7H,0
also results in higher DP values when the precipitation method is used (even the highest
value from aged precipitated samples was about 60.4 % higher than the reference sample).
However, there is a slight decrease (about 3.2%) compared to the reference sample when
the evaporation method is used. This chemical, as well as borates and NaCl, can be
considered as an acceptable chemical for maintaining a high DP even after aging. The most
negative influence on cellulose degradation was observed with (NH4),SO4, (NH4),HPOy,
and Fe;(SO4)3 when the evaporation method was used (the drop in DP was in the range of
95.8-98.6% compared to the evaporated reference sample), and ammonium phosphates
and NH4Cl demonstrated the greatest negative influence when the precipitation method
was used (the drop in DP was in the range of 70.3-87.3% compared to the precipitated
reference sample).

3.2. Accumulated Degree of Polymerization Loss (wDP)

Degradation of the cellulose can also be accurately characterized as a decrease in DP,
which is calculated by wpp =1 — DP/DPy, where wpp is the accumulated DP loss of
cellulose, DPy is the degree of polymerization at an initial time, and DP- is the real degree
of polymerization at the T time of accelerated aging [43,44]. The same accumulated DP loss
values were obtained with both methods of CTC preparation in reference samples. Values
corresponding to the samples treated by borates, ZnSO,-7H,0, and Na(l, i.e., samples
with a lower degree of depolymerization, are also in good agreement. On the other hand, a
greater than two-fold difference between values obtained from the two different methods
of CTC preparation was observed in samples treated by CuSO4-5H;0O and Fe;(504)3,
where higher values were reported when the evaporation method was used. For samples
impregnated by NH4Cl and NH;4H,;POy, conversely higher values were observed when
the precipitation method was used. Based on these results, we can conclude that the lowest
difference in DP between treated and aged samples, i.e., the lowest depolymerization
caused by accelerated aging in the presence of a certain chemical, can be observed when
using ZnSO,-7H,0 and H3BO; for treatment. NayB4O7-10H,O and NaCl are, from this
point of view, also acceptable. The precipitation method provides the greatest differences
in DP between aged and unaged cellulose samples treated by all salts containing ammonia,
while the evaporation method confirms that only (NH4)»,SO4 and (NHy4),HPOy from the
group of chemicals based on ammonia have a negative effect on treated celluloses in terms
of degradation during accelerated aging.

3.3. Polydispersity Index (PDI)

It was reported that the artificial aging of cellulose has an influence on PDI. Emsley
et al. [45] found a slight PDI increase in cotton linters aged at 120, 140, and 160 °C. On the
other hand, a decrease in PDI was observed in irradiated and chemically or enzymatically
treated cellulose [46].

Changes in PDI (Table 2) were found for reference samples before aging in comparison
to standard samples. The PDI of the reference evaporated sample was about 8.9% lower
and the PDI of the reference precipitated sample was up to 20.3% lower than the PDI of the
corresponding standard samples. PDI generally differs more in the group of precipitated
samples and, of course, after aging.

In the series of unaged samples, the PDI of most samples remained fairly constant,
i.e., values of between 3.15 and 4.04 for the evaporated series and values of between
2.12 and 3.87 for the precipitated series of samples. In these samples, depolymerization
proceeds randomly without preferential breakdown of the longest cellulosic chains. When
the hydrolysis of the glycosidic bonds is dominant, the ratio increases. Higher PDI values
were observed in the group of unaged samples when using ammonium sulphate and
phosphates for treatment. The range of PDI values for these samples is from 4.12 to
4.58 for the evaporation method and from 5.36 to 6.52 for the precipitation method. The
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precipitation method provides slightly higher values than the evaporation method for
samples treated by phosphates and all sulphates. On the other hand, the PDI values for the
standard and reference samples and borate- and chloride-treated celluloses are lower in
the case of precipitation method (up to 40.4% for Na;B4O7-10H,0). Fe;(SO4)s treatment
leads to significantly higher PDI values that are approx. 3.3 times higher in the case of the
evaporation method and approx. 6.5 times higher in the case of the precipitation method
than the corresponding standard samples. This chemical leads, in all cases (independent of
method or aging), to an extreme increase in PDI compared to other investigated samples.
This means that a great amount of the products of low molecular weight degradation
are still present, which thus increases PDI; however, they have no influence on MWD.
Additionally, they are usually lost during the precipitation step involving methanol or
ethanol when CTCs are prepared [47]. When the precipitation method was used, all three
celluloses treated by sulphates containing transition metal cations provided higher PDI
values compared to the other samples.

Table 2. Polydispersity index (PDI = Mw /Mn) for chemically treated and aged cellulose samples
(mean £ SD).

. PDI of Treated Samples PDI of Treated and Aged Samples
Samples Evaporated Precipitated Evaporated Precipitated
Standard 3.71 +£0.07 2.66 £ 0.03 — —
Reference 3.38 £ 0.03 212+ 0.01 2.94 +0.05 2.43 +0.03

Na;B407.10H,O 3.81 £0.27 2.27 £0.18 3.38 £0.16 2.84 £ 0.08
H3BO3 3.74+0.21 3.15+0.21 3.02 £ 0.01 2.72 £ 0.06
CuS0O4.5H,O 3.69 + 0.07 8.45+0.26 2.14 +0.07 8.53 +0.29
ZnS0O4.7H,0 4.04 £ 0.03 11.00 + 0.70 3.22 £0.09 5.83 £ 0.06
Fe;(SO4)3 12.32 £ 0.44 17.18 £ 0.23 10.56 £ 0.67 8.01 +0.03
NaCl 3.31+0.10 2.37 £0.02 5.45 +0.28 3.48 +0.05
NH,4ClI 3.24 £0.10 2.98 £ 0.04 242 £0.01 2.53 £0.02
(NH4)2S04 442 +0.09 573 £0.12 1.34 £ 0.03 11.28 £+ 0.44
(NH4),HPO4 4.12 £0.03 6.52 +£0.12 224 +0.14 6.33 +0.41
NH4H,PO4 4.58 +£0.19 5.36 = 0.28 31.36 £1.78 5.07 £0.20

In the series of aged samples, the calculated PDI values differed quite a lot depending
on the method of CTC preparation. The highest PDI values for aged samples obtained
via the evaporation method were observed in celluloses treated with NH4H,PO, (PDI of
31.36, which is also the highest PDI value among all samples) and Fe;(SO4)3 (10.56). High
DPI values were also reported for aged precipitated samples impregnated by all sulphates
(8.01-11.28). The comparatively higher PDI values observed with precipitation methods
were also caused by treatment using phosphates (5.07-6.33). The highest difference in PDI
between both methods of CTC preparation was caused when the cellulose was impregnated
by ammonium salts (except of NH4Cl) and CuSOy4-5H,O. For reference samples, borates,
Fe;(SO4)3, NaCl, and NH4H,POy, the PDI values were lower when the precipitation
method was used.

3.4. Statistical Evaluation of the Experiment

The results of determined DP obtained via SEC were statistically evaluated by the
three-way analysis of variance (ANOVA) method.

The final interpretation of ANOVA results with multiple screenings consists of an eval-
uation of the mutual effect of main factors and the interactions involved in the experiment.
To the resulting ANOVA table (Table 3), it should be noted that each mean square is just the
sum of squares divided by its degrees of freedom, and the F value is the ratio of the mean
squares. Moreover, for determination of the statistically significant difference in mean DP
values, the multiple comparison Duncan’s test was used. Statistical significance among
mean DP values is demonstrated by a calculated p-value lower than o = 0.05.
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Table 3. ANOVA table for three-way analysis of the average degree of polymerization (DP) for the
examined cellulose samples influenced by three factors (solution, aging, method) at 15 levels (11
different salt solutions, two types of aging, i.e., unaged and aged samples, two methods of CTC
preparation) and their four combined interactions.

Source of Variation Sum of Squares  Degrees of Freedom M(%I;iggzl;re F-Test p-Significance Level
Total mean 140,282,339 1 140,282,339 86,771.49 0.000
Solution (a) 18,125,070 10 1,812,507 1121.12 0.000
Aging (b) 11,334,045 1 11,334,045 7010.66 0.000
Method (c) 775,295 1 775,295 479.56 0.000
Solution*Aging (a*b) 5,319,434 10 531,943 329.03 0.000
Solution *Method (a*c) 6,479,499 10 647,950 400.79 0.000
Aging*Method (b*c) 663 1 663 0.41 0.523
Solution*Aging*Method (a*b*c) 1,272,813 10 127,281 78.73 0.000

Random effect 213,403 132 1617 —_ —_

Based on the basic statistical characteristics listed in Table 3, it is possible to suggest
that the influences of solution, aging, and method and the interactions of solution*aging,
solution*method, and solution*aging*method on DP are statistically significant. Conversely,
the influence of aging*method interaction does not provide statistically significant results
(p > 0.05). From the F-test that tests the differences between two variances, it is apparent that
the most important influence on DP from the three factors (solution, aging, method) was
aging, while the factor of method was the least significant. From all influencing interactions,
the solution*method interaction was the most powerful. The aging*method interaction
did not provide statistically significant results because the null hypothesis, in which these
two variances are equal at the 0.05 significance level, was rejected. Graphs of cellulose DP
showing the influence of various interactions within the three-way ANOVA are shown in
Figures 2—4.
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Figure 2. Influence of solution*aging on the degree of polymerization in cellulose.
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Figure 3. Influence of solution*method on the degree of polymerization in cellulose.
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Figure 4. Influence of aging*method on the degree of polymerization in cellulose.

In general, the precipitation method from the perspective of solution*method interac-
tion provides a higher DP value than the evaporation method (Figure 3). However, when
the cellulose was treated by chlorides, the DP values obtained from the evaporation method
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were slightly higher, and even higher values were observed after treatment with phosphates.
Reference samples and samples treated by NaCl, Nap;B4O7-10H,0, and ZnSO4-7H;,O (only
when CTCs were prepared by precipitation in the case of ZnSOy4-7H,0O) showed the highest
DP values. Low DP values depended more on the method used: (NH4)>,SO4, CuSO4-5H,0,
and Fe;(SOy)3 caused significant depolymerization when the evaporation method was
used, and NH4H,PO4, (NHy4),HPO,, and NH4Cl had a negative effect on DP when the
precipitation method was used. Very similar DP values that fell within the tolerance of
both performed methods of CTC preparation were provided by samples impregnated by
HO (i.e., the reference sample), Nap;B4O7-10H,0O, NaCl, and NH4Cl. Similar DP values
were also observed in cellulose treated by H3BO3; and (NH4),HPO,4. This means that
MWD is quite uniform without extremely low molecular weight fractions. These low
molecular fractions are probably broadly present in samples with sulphate content (NH4™,
Cu?*, Zn?*, Fe?*), as shown by the great difference between DP values for both methods.
The evaporation method provided lower DP values due to the presence of low molecular
weight fractions that are more reflected by this method. A very similar difference between
DP values for the two methods was also observed in the sample treated with NH4H;PO4.
However, in this case, a higher DP value is reported for the evaporation method.

The DP values for samples precipitated in the methanol-water mixture presented a
very similar statistical trend to the DP values of evaporated samples (Figure 4), although
the evaporated samples generally provided lower DP values. For aged evaporated samples,
the average DP value for all samples was approx. 17% lower than the corresponding
precipitated samples, while values for unaged evaporated samples were approx. 11% lower.
This fact indicates that precipitation of the CTC samples in a methanol-water mixture still
results in a partial loss of low molecular weight fractions.

The MWD of precipitated CTC samples may not be representative of the MWD of the
original cellulose if the cellulose contains a low molecular weight fraction [31]. This is the
reason why evaporated CTC samples were also prepared, as they contain (according to
assumptions) all the nonvolatile products from a derivatization procedure. Thus, using the
evaporation method seems to be suitable for more accurate description of more degraded
cellulose treated with various sulphates (differences between the evaporated and precipi-
tated samples are shown in Figure 4), and it may also be useful in general for aged samples
with a higher amount of low molecular weight fractions. Similarly, Pitkdnen and Sixta [28]
showed that size exclusion chromatography of non-derivatized cellulose coupled with
multi-angle light scattering (MALS) and differential refractive index (DRI) detectors suffers
from low sensitivity in the low molar mass range. They suggest using a combination of
two calibration strategies: MALS/DRI for the polymeric region of the cellulose sample and
conventional calibration for the oligomeric region.

Comparison of the polymeric properties of treated or aged samples in certain exper-
imental series should always be conducted within one of these methods. For this study,
which was focused on cellulose degradation with different chemicals in conditions of
wet-thermal accelerated aging, application of the evaporation method is considered to be
more accurate. Another reason for using this method, apart from preserving the products
of low molecular weight degradation, is the fact that the observed trends in DP decline in
the series of evaporated samples correspond more, compared to the precipitation method,
with other investigated trends among individual samples within the scope of our previous
research works on this topic, e.g., a decrease in cellulose yields, a drop in the degree of
cellulose crystallinity [12], the generation of new chromophoric structures, etc. [48].

The results in Figure 5 show that different methods of sample preparation for SEC
analysis provide different absolute mean DP values. However, some of the main effects of
individual factors on DP have already been found using analysis of variance, though which
of these factors have the greatest influence it is still unknown. Therefore, it was necessary
to conduct post hoc comparisons between pairs of treatments.
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Figure 5. Graphical comparison of average degrees of polymerization for chemically treated cellulose
when determination was performed using precipitated and evaporated samples within the group of
(a) unaged samples and (b) samples after accelerated aging.

Duncan’s multiple range test is based on the comparison between the range of a subset
of sample means and a confidence level mean with a calculated least significant range. This
least significant range increases with the number of sample means in the subset. If the range
of the subset exceeds the least significant range, then the population means can be consid-
ered to represent differences with statistical significance (p < 0.01) [49]. If 0.01 < p < 0.05,
then the parameter demonstrates a moderately statistically significant difference, which is
this study can be seen between DP means for unaged precipitated and evaporated stan-
dard samples and also between aged NaCl-treated precipitated and evaporated samples.
There are also defined pairs of samples between which a statistically significant difference
(p > 0.05) does not exist. This similarity is present within individual groups of unaged
and aged chemically treated celluloses, and moreover between some samples from un-
aged and aged groups as well. Pairs of samples (precipitated and evaporated) without
any significantly different DP values are the H3BOj3-treated, NaCl-treated, and NH4Cl-
treated celluloses in the unaged group and the reference samples, Na;B4O7-10H,O-treated
samples, and NH4Cl-treated celluloses in the aged group. The pairs of samples across
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unaged and aged groups that do not have any significant differences in DP means are the
CuS0,4-5H;,O-treated unaged evaporated and aged precipitated samples, the ZnSO4-7H,0O-
treated unaged evaporated and aged evaporated samples, and both (precipitated and
evaporated) NapB4O7-10H,O-treated aged and unaged samples.

It is also interesting to highlight the similarities between some of the chemically treated
celluloses with standard (non-treated unaged) and reference (distilled water-treated unaged
and aged) samples that are evident from Duncan’s test. There was no significant difference
between evaporated and precipitated standard samples and precipitated aged ZnSO,-7H,O-
treated samples, nor was there a significant difference between evaporated standard and
precipitated unaged (NH4),SOy-treated samples. Pairs of samples without any significantly
different DP values included the following: unaged evaporated reference sample and
unaged precipitated Fey(SO4)s-treated cellulose/unaged precipitated as well as evaporated
NaCl-treated cellulose; unaged precipitated reference sample and unaged precipitated
NaCl-treated cellulose; aged evaporated reference sample and aged evaporated as well
as precipitated NayB4O7-10H,O-treated cellulose/unaged evaporated Nap;B4O7-10H,O-
treated cellulose/unaged evaporated ZnSO,-7H,O-treated cellulose. Aged precipitated
reference samples had the same relations as aged evaporated reference samples, and there
was no significant difference between aged precipitated reference samples and unaged
evaporated (NHy4),HPOjy-treated cellulose.

4. Conclusions

Cellulose degrades due to the effect of inorganic salts, which are active ingredients in
biocides and flame retardants. The rate of degradation increases with time and exposure to
elevated temperature and humidity. DP, as well as PDI, are reduced during the degradation
of cellulose.

Our results show that depolymerization of cellulose was present to a greater or lesser
extent in all samples treated with various chemicals, and was also present in the sample
treated with distilled water. Acid hydrolysis (catalyzed by metal cations) of glycosidic
bonds, oxidation of glucopyranose rings, dehydration, and crosslinking occurred in cellu-
lose degraded by most of these chemicals.

The highest DP values after impregnation were observed in samples treated with dis-
tilled water, NaCl, NH4Cl, and NayB4O7-10H;O. After aging, the highest DP values were
again observed in samples treated by NaCl, Na;B4O7-10H,0, and H3BOs3. The greatest de-
polymerization after treatment and accelerated aging was observed in sulphates containing
NH,4*, Cu?*, and Fe3* cations, as well as in groups of aged NH,Cl and (NH4),HPO4-treated
samples. The lowest accumulated DP loss throughout the process (from initial chemical
treatment to the aged form after 30 days) was mainly connected with ZnSO,-7H,0O and
borates, and the biggest decline was associated with ammonium salts, especially NH,Cl.
PD was generally higher in evaporated and aged samples and was heavily influenced
by the presence of low molecular weight products. Chemicals such as sulphates (mainly
Fe;(504)3) and ammonium phosphates (mainly NH4H;POy) lead, in all cases, to extreme
increases in PD compared to other samples.

Therefore, wood preservatives containing ammonia that is bound mainly to phos-
phates or sulphates and chlorides, as well as wood preservatives containing copper and
iron sulphates, are not recommended for the long-term protection of timber due to the large-
scale degradation of cellulose constituents. The most acceptable wood protective agents
among those studied, in terms of preventing cellulose in wood from being damaged by
depolymerization, are borates (primarily alkaline solution of Nay;B4O7-10H,0), NaCl, and
ZnSOy4-7H,0. These assumptions were already confirmed by our previous studies [12,48]
dealing with the effect of inorganic salts on wood.

Statistical evaluation of the experiment indicates that aging had the most important
influence on DP from the three factors (solution, aging, method), with the factor of method
being the least significant.
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This study evaluated the appropriateness of using the evaporation method for more
accurate description of cellulose samples degraded by sulphates or aging. Duncan’s multiple-
range test helped to define which pairs of samples did not have a statistically significant
difference. These findings again confirm the close similarity between standard samples (or
more precisely the reference sample in this case) and celluloses treated with ZnSO,4-7H,0,
Na;B4O7-10H;0, and NaCl, which are characterized by a low degree of deterioration.

In any case, SEC analysis proved to be suitable and highly recommended for analysis of
chemically treated and aged celluloses. This measurement technique provides important infor-
mation concerning degraded fractions, thus leading to insights into degradation mechanisms.
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Abstract: This work examines the effect of thermal modification temperature (180, 200, and 220 °C)
in comparison with reference (untreated) samples on selected optical properties of six tropical
wood species—Sp. cedar (Cedrala odorata), iroko (Chlorophora excelsa), merbau (Intsia spp.), meranti
(Shorea spp.), padouk (Pterocarpus soyauxii), and teak (Tectona grandis). The main goal is to expand
the existing knowledge in the field of wood thermal modification by understanding the related
degradation mechanisms associated with the formation of chromophoric structures and, above all, to
focus on the change in the content of extractive substances. For solid wood, the CIELAB color space
parameters (L*, a*, b*, and AE¥), yellowness (Y), ISO brightness, and UV-Vis diffuse reflectance spectra
were obtained. Subsequently, these wood samples were extracted into three individual solvents
(acetone, ethanol, and ethanol-toluene). The yields of the extracted compounds, their absorption
spectra, and again L*, a*, b*, AE*, and Yi parameters were determined. With increasing temperatures,
the samples lose brightness and darken, while their total color difference grows (except merbau).
The highest yield of extractives (mainly phenolic compounds, glycosides, and dyes) from thermally
modified samples was usually obtained using ethanol. New types of extractives (e.g., 2-furaldehyde,
lactones, formic acid, some monomer derivatives of phenols, etc.) are already created around a
temperature of 180 °C and may undergo condensation reactions at higher temperatures. For padouk,
merbau, teak, and partially iroko modified at temperatures of 200 and 220 °C, there was a detected
similarity in the intensities of their UV-Vis DR spectra at the wavelength regions corresponding
to phenolic aldehydes, unsaturated ketones, quinones, stilbenes, and other conjugated carbonyl
structures. Overall, a statistical assessment using PCA sorted the samples into five clusters. Cluster 3
consists of almost all samples modified at 200 and 220 °C, and in the other four, the reference and
thermally modified samples at 180 °C were distributed. The yellowness of wood (Y) has a very high
dependence (r = 0.972) on its brightness (L*) and the yellowness index of the extractives in acetone
Yi(Ac), whose relationship was described by the equation Y = —0.0951 x Y(Ac) + 23.3485.

Keywords: ThermoWood; chemical degradation; extractives; optical properties; UV-Vis diffuse
reflectance; total color difference
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distributed under the terms and 1. Introduction

Wood has multipurpose uses that are impossible to deny and it is difficult to note all
of them in our daily lives. Wood is used commercially worldwide for construction and
fencing, furniture, floors, household uses, shipbuilding, artworks, musical instruments,
40/). wooden toys, etc. Among the characteristics that are evaluated first is its color—a visual
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perception influenced by the spectral composition of the reflected light rays. The incident
rays are partially absorbed by the wood chromophores, i.e., parts of the molecules capa-
ble of integrating with ultraviolet (UV) and visible (Vis) wavelengths of electromagnetic
radiation [1]. As a result, chromophoric structures are responsible for the color of wood,
being part of all its main components (lignin as well as polysaccharide parts) and extractive
substances, more significantly represented in tropical wood species [2]. Their usually
low concentration is increased by the depolymerization, condensation, or oxidation of
individual wood components due to stressful situations [3-5].

One such situation is the exposure of wood to heat, which uses thermal modifications
with the aim of improving its selected properties compared to unmodified wood and
increasing its application. This process usually takes place in a thermal chamber in an
environment of air, steam, nitrogen gas, hot oil, or vacuum, most often at a temperature
between 160 and 240 °C. The structural arrangement of thermally treated wood occurs
firstly at its molecular chemical level, mainly due to the degradation of hemicelluloses, the
cleavage of hydroxyl groups from hemicelluloses and lignin, and the 3D spatial crosslinking
of hemicelluloses with highly thermally stable lignin. At the same time, the essence of
thermal modification is targeted intervention in its chemical composition and structure,
which also affects the color and representation of chromophoric structures [6-9]. The dis-
coloration reactions that occur during heat treatment are often explained by the formation
of colored oxidation and degradation products concerning the main wood components
and extractives. In lignin, there is a cleavage of -O-4 linkages, resulting in a higher
concentration of phenolic groups and a demethoxylation, leading to a more condensed
structure via lignin autocondensation. Changes in phenolic extractives have been identified
as another probable reason for the discoloration of wood. Temperature and oxygen cause
polymerization of ellagitannins, while vacuum drying effectively prevents discoloration
due to a lack of oxygen. The first part of the color change process is because of the formation
of chromophoric groups such as carbonyl and carboxyl groups resulting mainly from the
degradation of carbonyl, biphenyl, and ring-conjugated double bond structures in lignin.
The release of acids and formation of quinoid compounds and carboxylic groups during
heat treatment were also confirmed [10-13].

Thermally modified wood is not just an academic topic these days. Thermal wood
treatment has already been penetrating the market for several years. The most common
heat-modified woods in North America and Europe include red oak, Norway spruce,
European and North American white ash, hemlock, radiata and Scots pine, beech, poplar,
etc. The typical dark tones of these heat-treated wood species increase their economic
value [14-18]. There is still some input into research and development. For example,
the thermal modification of tropical wood species is a relatively young topic, but it is
the subject of interest for many researchers: Kac¢ikova et al. [19,20] dealt with chemical
changes in lignin due to thermal modification in meranti, padouk, merbau, teak, and
iroko wood. Gasparik et al. [21] and Gaff et al. [22] evaluated the impact of thermal
modification on color, mechanical, and chemical changes in teak, meranti, padouk, merbau,
iroko, and mahogany wood. Korkut [23] assessed the performance of three thermally
treated tropical woods (sapele, limba, and iroko) commonly used in Turkey based on
changes in density, weight loss, swelling, color difference, surface, and physical properties.
Mburu et al. [24] characterized the physicochemical properties of heat-treated Southern
silky oak (Grevillea robusta), a tropical wood species with a low natural durability, to
improve its decay resistance. Lengowski et al. [25] compared the anatomical, chemical,
physical, mechanical, colorimetric, and thermal stability properties of thermally treated teak
(Tectona grandis) with the characteristics of the untreated teakwood to understand the
effects of the thermal modification technique beyond color changes. Esteves et al. [26]
investigated the changes in the content and composition of lignin, cellulose, hemicelluloses,
and extractives in dichloromethane, ethanol, and water in thermally modified African teak
(Pericopsis elata) and wild mahogany (Tapirira guianensis).

119



Polymers 2023, 15, 4000

However, none of these or other works in the field of wood thermal modification
specifically focus on the topic of color in connection with the chromophoric structures asso-
ciated with it. At a constant heat treatment duration, an increase in treatment temperature
determines the intensity of changes to a darker color, however, reported results provide am-
biguous data as to whether and to what degree the extension of heat treatment duration at
a constant temperature at the same time changes the color and properties of the wood [27].
An important carrier of color can be chromophores contained not only in the wood itself
but in the case of tropical wood species to a greater extent in its extractive substances, too.
Many works report correlations between color change and wood mechanical properties,
but these dependencies are questionable in the case of wood species with a large content of
different extractives, e.g., tropical wood species and black locust [2,21,22,28].

Goals

The objective of this work is to investigate the color properties of six thermally modi-
fied tropical woods by different spectroscopic techniques in order to obtain a modeling of
the changes validated by rigorous statistical methods together with principal component
analysis. These results may contribute to the understanding of the chemical degradation
mechanism of thermally modified wood by monitoring the changes in the extractive con-
tent yield and the development of relevant chromophores. Because the aesthetic aspect is
often the prevailing criterion of a decision made by the end user, the color of thermally
treated wood should be controlled during the production process, too. The results of this
experiment should show certain trends in color development in the production process of
thermally modified tropical wood species, which can be optimized with this in mind.

This new approach was applied for evaluating samples of Spanish cedar (Cedrala odorata),
iroko (Chlorophora excelsa), merbau (Intsia spp.), meranti (Shorea spp.), padouk (Pterocarpus
soyauxii), and teak (Tectona grandis), thermally modified at temperatures of 180 °C, 200 °C, and
220 °C, including the reference unmodified samples.

Other partial goals of this research leading to the main objective are

1.  Determination of the influence of the thermal modification temperature on individual
parameters (L*, a*, and b*) of the CIELAB color space, including total color difference
(AE*) and on UV-Vis diffuse reflectance parameters, i.e., k/s intensity, yellowness (Y),
and ISO brightness, of selected wood species.

2. Determination of the effect of the thermal modification temperature on individual
parameters (L*, a*, and b*) of the CIELAB color space and yellowness index (Yi) of
extractives isolated from these woods into acetone, ethanol, and ethanol-toluene and
their mass yields (wt.%).

3. Quantitative and qualitative evaluation of extracted chromophoric compounds in the
above-mentioned individual solvents using UV-Vis spectroscopy.

4.  Statistical evaluation of the measured data of solid samples and extractives.

2. Materials and Methods
2.1. Materials

Six different tropical woods, which are summarized in Table 1, were used in this
study [19,29,30].

2.2. Sample Preparation
2.2.1. Thermal Modification

Radjially cut samples with dimensions of 20 x 20 x 300 mm (r x d x 1) were divided
into 4 groups for each type of wood. One group was left as a reference (denoted as 20 °C)
and the other three were intended for thermal modification at temperatures of 180, 200, and
220 °C. All samples were pre-conditioned in a Memmert climate chamber at a temperature
of 20 &= 1 °C and a relative air humidity of 65 4= 3% to achieve an equilibrium moisture
content of 12 &= 1%.
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Table 1. Characteristics of the analyzed wood species.

Trade Name

(Samples Marking) Latin Name Occurrence Color/Appearance
. Central and South America and heartwood is light pink to
Spanish cedar (SC) Cedrela odorata the Caribbean; also, plantations reddish brown
heartwood is yellow to golden or
Africa. especiallv in the medium brown, with color
Iroko (IR) Chlorophora excelsa , 5P y tending to darken over time; pale
Ivory Coast .
yellow sapwood is demarcated
from the heartwood
fresh heartwood is blood-red in
.. Central and West Africa color, changing to a dark
Padouk (PA) Prerocarpuis soyaixii (e.g., Congo, Angola) purplish-brown with a red tinge
over time
core varies depending on the
. origin and species, ranging from
Meranti (ME) Shorea spp. ( Sﬁuthe;;tiﬁ smin ) brownish-pink to red to dark red;
-8 1La08, ppines it darkens further in the light or,
on the contrary, pales
fresh cut orangish-brown color,
Southeast Asia (e.g., Burma, which ages to a darker
Merbau (MB) Intsia spp. Indonesia), East Africa, and reddish-brown; small

Australia (New Guinea)

yellow mineral
deposits that can cause staining

Teak (TE)

Tectona grandis

Native to southern Asia; widely
on plantations throughout
tropical regions of Africa, Asia,
and Latin America

heartwood tends to be a golden or
medium brown, with color
darkening with age; often with
dark brown or black stripes

(2-8 mm wide)

The thermal modification of the test specimens was carried out in a Katres thermal

chamber according to the principle of the Thermowood® method (Thermo S for 180 °C and
Thermo D for 200 and 220 °C) in three phases [31]:

1.

Rapid heating to a temperature of 100 °C followed by gradual heating to a temperature
of 130-140 °C for about 34 h (heating step 8-10 °C per hour) depending on the type
of wood, its thickness, and moisture content. During this phase, the wood was dried
to a nearly 0% moisture content.

After reaching the required temperature (180, 200, and 220 °C), the thermal modi-
fication itself takes place for 3 h. Sensors control the constant temperature level of
the samples’ cross-section. During heat treatment, water vapor was introduced to
the chamber, which served as a protective medium against ignition and favorably
influenced the ongoing chemical reactions.

The final stage is a cooling and regeneration process (moistening) lasting 5-15 h. By
gradually watering the wood and dropping the temperature to 80-90 °C, the samples
return to the desired moisture level of approximately 5-7%. The chamber was opened
at a temperature of 40 °C to avoid thermal shock in the modified wood.

2.2.2. Preparation of Wood Samples for Analyses

From all reference and thermally modified woods, seven samples with dimensions

of 3 x 20 x 30 mm were cut for color measurement of solid wood samples using a spec-
trophotometer device (Figure 1). After cutting, the samples were stored in darkness and
conditioned at 65% relative humidity and a temperature of 21 °C to reach a 12% moisture
content. The radial surface was used for the measurements.
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Temperature of thermal modification
20 °C 180 °C 200 °C 220 °C

Spanish cedar
Cedrela odorata

Iroko
Chlorophora
excelsa

Merbau
Intsia spp.

Meranti
Shorea spp.

Padouk
Pterocarpus
soyauxii

Teak
Tectona grandis

Figure 1. The appearance of reference and thermally modified samples at temperatures of 180, 200,
and 220 °C.

Moreover, a part of each original tested series was also disintegrated using a knife mill
(MF 10 BASIC, Germany) and then sieved through a standardized set of nets. To determine
the extractives content, conditioned samples of the fraction 0.425-0.250 mm (40-60 mesh)
were used. This wood sampling and preparation was carried out according to TAPPI T
257 cm-02 [32] and ASTM D 1107—96 [33] standard procedures. From each test series,
2 samples were prepared in this way, on which, the measurement took place.

2.3. Methods

All experiments were performed according to the scheme in Figure 2.

2.3.1. Measurement of Color Parameters Including UV-Vis Diffuse Reflectance Spectra of
Solid Wood Samples

The characteristics describing the color of the sample (L*, a*, and b*) as well as the
characteristics of diffuse reflectance SCI (specular component included), which are k/s
parameters for 360-740 nm, yellowness Y, and ISO brightness were measured using a
benchtop-type spectrophotometer Konica Minolta CM-5 (Konica Minolta, Osaka, Japan).
The parameters AL*, Aa*, Ab*, and AE*, and brightness reversion were subsequently calcu-
lated from the measured data.
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Thermally modified wood
Variable 1 (species): Sp. cedar/ Iroko / Padouk / Meranti / Merbau / Teak
Variable 2 (temperature): 20 °C (Ref.) / 180 °C / 200 °C / 220 °C
For each combination, i.e. 24 samples, was performed the following procedure:

size adjustment | extraction l
L ™ ey
Solid wood Extractives Extractives Extractives
sample in acetone in ethanol in ethanol-toluen
I I I I
UV-Vis diffuse reflectance ‘ ’ UV-Vis spectrophotometry ‘
I a; b mass yield (wt.%) mass yield (wt.%) mass yield (wt.%)
AL*, Aa*, Ab*, AE* L® 5% b* L*, a*, b* L*. 8%, b*
UV-Vis DR spectra AL*, Aa*, Ab*, AE* ALY, /Aa*, Ab*, AE* AL*, Aa*, Ab*, AE*
ISO brightness yellowness index (Yi) yellowness index (Yi) yellowness index (Yi)
yellowness (Y) UV-Vis absorption spectra UV-Vis absorption spectra UV-Vis absorption spectra

Figure 2. Design of an experiment for the analysis of color and chromophoric groups in thermally
modified wood.

Before measurement, samples were conditioned at a room temperature of 23 £ 1 °C
and a relative air humidity of 50 & 2% according to standard ISO 187 [34].

The measurement of the color change took place according to the principle of spectral
reflection with a wavelength resolution of 10 nm and a measurement diameter spot of
3 mm. The spectrophotometer was calibrated before each measurement according to the
procedure recommended by the producer guided by a computer using the Color Data
Software CM-5100W SpectraMagicTNNX (Konica Minolta, Osaka, Japan).

The color parameters according to ISO 11664-4 method [35] were determined for
reference and thermally modified wood samples (for each series on seven replicates) by
the CIELAB system, in which L* denotes lightness (from 0 black to 100 white), a* denotes
color (—a green to +a red), and b* denotes color (-b blue to +b yellow). AL*, Aa*, and Ab*
represent the differences in the individual coordinates of the color space before and after
thermal modification. The total color differences AE* for individual samples were then
evaluated according to ISO 11664-6 [36] and following Equation (1):

AE* = \/(AL*)2 + (Aa*)* + (Ab*)?, 1)

The reflectance spectra were measured in the wavelength range of 360 to 740 nm under
illuminant D65 with specular components included. The 2° standard observer was set
before the computation of color coordinates. The reflectance spectra were converted into
k/s spectra using the Kubelka-Munk equation according to Equation (2) [37]:

k  (1-R)? )
where R is the measured reflectance and k and s are the absorption and scattering coeffi-
cients, respectively. Four replicates were analyzed for each sample series and the resulting
spectrum is an average of them. Yellowness and brightness values were provided directly
by the instrument, Konica Minolta CM-5.

2.3.2. Extraction

For the determination of extractive substances, the following solvents that are capa-
ble of extracting various substances from wood were chosen: acetone (C3HgO), ethanol
(C2HgO), and ethanol-toluene binary mixture in a volume ratio 7:3 (C;HgO-C7Hsg).
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The complete extraction method with acetone was performed according to TAPPI
T 280 pm-99, Acetone Extractives of Wood and Pulp [38], and methods with ethanol
(95%) and ethanol-toluene (7:3) were performed according to TAPPI T 204 cm-97, Solvent
Extractives of Wood and Pulp [39]. The moisture content of each sample was determined
prior to extraction according to TAPPI T 264 cm-97: Preparation of Wood for Chemical
Analysis [40].

2.3.3. UV-Vis Spectrophotometry Measurement of Extractives in Solvents

The analysis of samples of dissolved extractives in the liquid phase in individual
solvents was carried out on a DR-6000 UV-VIS spectrophotometer (Hach, Colorado). The
instrument was calibrated automatically on a cuvette with distilled water. First of all,
the characteristics of used pure solvents were measured and then always subtracted from
measured color parameters as well as spectra of the corresponding dissolved extract sample.

According to the CIELAB system, the characteristics describing the color (L*, a*, and
b*) were determined for all samples (in two repetitions) and subsequently, the parameters
AL*, Aa*, Ab*, and AE* were calculated. Measured data were evaluated similarly to the
solid samples. Thus, the color deviation AE* was calculated using Equation (1).

Yellowness index (Yi) values were provided by the instrument DR-6000 at the wave-
length of 720 nm.

The absorbance spectra of samples in vitro were recorded in the wavelength range
of 190 to 900 nm. At specific wavelengths, the following chromophoric structures were
observed and evaluated: phenols at 460 nm, tannins at 700 nm, organics at 254 nm, volatile
organic acids at 495 nm, and suspended solids at 810 nm.

2.3.4. Statistical Evaluation

Statistical evaluation of the measured data of solid samples and extracts was performed
using TIBCO Statistica software version 14 (TIBCO Software Inc., Palo Alto, CA, USA) for
the indicated statistical methods: cluster analysis, principal component analysis (PCA),
correlation (Pearson’s correlation coefficient), and regression analysis.

3. Results and Discussion
3.1. Measurement of Color Parameters of Solid Wood Samples Using UV-Vis Diffuse Reflectance

The color parameters of a* and b* acquire only positive values for all samples and
their colors therefore have shades of red (a*) and yellow (b*) as shown in Table 2. Padouk
wood, namely PA20 (a* = 29.00) and PA180 (a* = 26.53), is the most red-colored of all the
samples. The a* value of the other reference tropical wood samples ranges from 9.81 to
14.77. Thermally modified samples IR220, PA220, TE220, and ME200 have the lowest
values of parameter a* in the range of 2.91-4.24. Regarding the redness parameter, we can
observe that its greatest decrease was recorded between 200 and 220 °C for all samples,
except for merbau. There is no similar trend for brightness and yellowness. The samples
of padauk (PA20, PA180) together with TE20 and IR180 have the highest values of the b*
parameter (30.57-26.19). The average range of these values for the other reference samples
is 17.91-24.93. The lowest values of the b* parameter (4.17-5.24) are again, as with the
a* parameter, observed for samples IR220, PA220, TE220, and ME200. The SC20 sample
(66.32) and also the MT20, IR20, and IR180 samples (L* > 50) have the highest brightness
(L*). The brightness of the other reference samples is within a narrow range of 39—-41. The
lowest brightness values (L* < 20) are shown by samples IR220, ME220, TE220, MB200, and
TE200. L* values clearly decrease with the increase in thermal treatment for all samples
of tropical woods compared to the reference sample. This trend was also observed in the
work of many other authors [41-44] investigating other wood species. Monaco et al. [41],
who have studied the effect of thermal treatment on chestnut wood (Castanea sativa Mill.) at
temperatures of 140, 170, and 200 °C, moreover observed that AE values, calculated for the
three thermal treatments in respect to untreated samples, depend mainly on L* variations
in the case of their samples because the chromatic coordinates a* and b* did not change
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significantly except for an increase clearly observed at 170 °C and corresponding to an
increase in both yellow and red components.

Table 2. Measured (L*, a*, b*, ISO brightness, and yellowness) and calculated (AE*) color values for
samples of selected species of thermally modified tropical wood.

Wood Modification L* a* b AE* ISO Yellowness
Sample Temperature (°C) Brightness (Y)

20 (ref.) 6632 +034 1224+0.14 2410£0.14 - 20.06 2019  34.89 £0.24

Sp. cedar 180 4042+ 068 1467 £025  23.78 +£0.46 26.02 7.99 £0.16 14.95 £+ 0.27

(SC) 200 3549 £0.79 1333 £0.09 2049 +0.14 31.06 6.74 +0.15 11.82 +0.24

220 26.00 & 0.60 8.30 +0.29 13.93 £ 0.47 41.77 5.10 & 0.04 7.58 +£0.14

20 (ref.) 52.58 £ 1.26 9.81 £0.14 2493 +£1.23 - 1099 £0.13  22.64 +0.29

Iroko 180 52.27 £ 0.61 10.86 £ 0.25  28.69 +0.30 3.92 11.88 £0.14  23.62 +0.26

(IR) 200 29444079  10.58 £0.41 14.86 £ 1.16 25.25 5.67 & 0.04 8.33 £0.25

220 17.52 +1.07 291 £0.36 4.19 £ 0.50 41.32 4.63 +0.14 5.03 £0.13

20 (ref.) 39.45+0.81  29.00+£0.73  30.57 £1.35 - 5.32+0.13 10.72 £ 0.37

Padouk 180 28.89 £0.87  26.53 £0.40  26.19 £+ 0.62 11.70 4.52 +0.03 8.99 +0.12

(PA) 200 22.03 £ 0.41 9.44 £0.42 10.68 +0.74 32.90 472 +0.17 6.08 £0.23

220 22.40 £+ 0.51 3.924+0.30 417 £0.28 40.21 5.51 £ 0.06 6.08 £ 0.09

20 (ref.) 58.96 & 0.31 10.09 £0.21 17.91 £ 0.24 - 18.66 £0.30  28.24 + 0.40

Meranti 180 40.25 £1.17 9.26 +0.49 19.91 + 1.06 18.83 8.64 £ 0.22 14.54 + 0.58

MT) 200 30.87+1.12 1057 £042  19.68 +0.84 28.15 575+ 0.14 10.01 £+ 0.36

220 18.09 £ 1.11 6.13 £0.72 10.67 £1.79 41.70 4.27 +0.04 570+ 0.11

20 (ref.) 3929 £326  1354+091  23.50 £ 4.55 - 7.27 £0.11 15.19 £ 0.21

Merbau 180 2413+£0.29 11.70£033 1211 £0.39 19.06 5.40 £ 0.05 7.42 £+ 0.09

(MB) 200 17.43 £0.91 4.24 +0.51 524 4+ 0.13 29.97 4.65 + 0.03 5.24 4+ 0.05

220 22.52 +£0.42 6.06 £ 0.31 7.94 + 0.54 24.07 5.22 £ 0.06 6.54 £ 0.05

20 (ref.) 4038 +£1.17 1477 £023  30.19 +£0.39 - 6.19 £ 0.09 13.62 +0.21

Teak 180 33.18+1.08 11.32+£022  21.05+0.15 12.14 6.26 & 0.08 11.82 £ 0.16

(TE) 200 19.49 +0.92 8.87 £ 0.54 10.27 + 0.69 29.47 4.33 £+ 0.06 5.56 = 0.13

220 15.05 £ 0.44 417 £0.31 5.21 +0.41 37.13 4.03 £0.12 447 +0.11

In the next step, a cluster analysis (Figure 3) was performed for the parameters L*,
a*, and b*, which divided all samples into six clusters according to similarity. The first
group includes six thermally modified samples, MT220, SC220, PA200, TE200, IR200, and
MB180. The second cluster consists of samples modified at higher temperatures, PA220,
TE220, IR220, MB220, and MB200. The third cluster includes MT200, MT180, SC200, SC180,
TE180, and MB20. It is interesting that this group also includes the merbau reference
sample, which has similar optical properties to thermally modified samples of other woods
at temperatures of 180 °C and 200 °C. At the same time, there is twice the similarity of two
samples of the same wood and at different modification temperatures (MT200 and MT180,
and SC200 and SC180). The fourth cluster includes IR180, IR20, and TE20, and the fifth
includes MT20 and SC20. The samples of both clusters differ from the others by a higher L*
value and from each other mainly by the values of a* and b*. The last cluster consists of
samples PA20 and PA180 with a high redness value.

The graph in Figure 4 shows the development of the average values of the calculated
total color difference (AE¥), i.e., the total color change compared to the respective reference
samples. In all cases, except for ME220, there is an increase in AE* along with an increasing
thermal modification temperature. In the case of merbau, the highest AE* is at 200 °C,
and a decrease is noted at 220 °C. A temperature of 180 °C had the greatest impact on the
overall color change for SP180 (AE* = 26) and the least for IR180, which remained without
a significant color change (AE* = 4). At a temperature of 200 °C, the largest color change
occurred at PA200 (AE* = 33) and the smallest again at IR200 (AE* = 25.5). It can be said
that the AE* caused by the temperature of 200 °C of most samples, except iroko, is very
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similar (32.90-28.15), and compared to the other temperatures, the smallest fluctuations
in values are observed within this group. The highest modification temperature of 220 °C
caused color changes at a similar level (AE* =~ 40-42) for SC220, IR220, PA220, and MT220.
ME220 was relatively least affected by this temperature (AE* = 24). The most significant
increase in AE* occurred in the case of SC, MT, and MB during thermal modification from
20 °C to 180 °C. For IR, PA, and TE, this increase was the highest from 180 °C to 200 °C.
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Figure 3. A 3D graph of individual L*, a*, and b* values of the color space defining the color of selected
types of thermally modified wood samples—cluster analysis.

45
10 : -
3 |
30

2

AE*

20

15

10

Sp. cedar Iroko Padouk Meranti Merbau Teak
BT=180°C ®mT=20°C 2T=220°C

Figure 4. Total color difference (AE*) of selected types of thermally modified tropical wood samples
at temperatures of 180, 200, and 220 °C.
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The measured yellowness (Y) of the samples is a number calculated from the spec-
trophotometric data and indicates the degree of deviation of the wood color from colorless
or the preferred white towards yellow (ASTM E313 [45]). ISO brightness indicates the actual
percentage of light reflected from the wood sample at 457 nm (Tappi North America, 2017).
In general, within one series of samples, both parameters decrease with increasing modifi-
cation temperature. Small deviations from this trend, i.e., a slight increase in these values
compared to a lower modification temperature, are observed in the case of ISO brightness
for samples IR180, TE180, PA200, PA220, and MB220, and in the case of yellowness for
samples IR180 and MB220. Determined values of ISO brightness and yellowness listed
in Table 2 were further included in the statistical evaluation using a principal component
analysis (PCA).

The thermal modification temperature and wood species are the most important
factors that affect the final color. When the temperature is higher, the wood color is
darker [46]. Like for Baar and Gryc [47], it was also confirmed that lighter wood is more
susceptible to changes in surface color and brightness, and dark wood shows the smallest
deviations. In general, there is an increase in the parameter AE* as the temperature of
thermal modification increases, as in the studies published by Galff et al. [22] for padouk
merbau, mahogany, and iroko wood, Cuccui et al. [48] for teak wood, or Kac¢ik et al. [28] for
acacia. The strong correlation between the lightness difference value (AL*) and the content
of hemicelluloses was moreover published by Gaff et al. [22]. Such changes also increase
AE* [49,50] relative to untreated wood.

3.2. Measurement of UV-Vis DR Spectra and Quantitative Evaluation of Chromophoric Groups in
Solid Wood Samples

UV-Vis diffuse reflectance spectra of individual tropical wood samples thermally mod-
ified at temperatures of 180, 200, and 220 °C, including a comparison with the reference
sample (20 °C), are presented in Figure 5. k/s values, which in the range of this measure-
ment (360-740 nm) indicate the most frequent occurrence of chromophoric groups [5], were
monitored and used for their quantitative evaluation. The course of recorded spectra was
also evaluated.

The absorption coefficient in the UV region at 360 nm corresponds to the chromophoric
structures containing phenolic aldehydes (coniferaldehyde), unsaturated ketones, quinones,
stilbenes, other conjugated carbonyl structures, and charge transfer complexes [51,52]. It is
known that lignin has only a small contribution to absorption in the visible wavelength
region but increases rapidly with decreasing wavelength into the ultraviolet regions [5].

The absorbance in the visible region of blue and violet color (380-520 nm) is recognized
as a yellow color. In the visible region of measured spectra, there were no significant
absorption bands (except PA180), which would indicate the presence of chromogens at
the chromaticity centers. The absorption coefficient at 440 nm can be attributed to the
formation of colored quinoid compounds originating not only from the degradation and
oxidation of the aromatic hydroxyl groups of lignin but also from aromatic extractives
upon heat treatment [53]. The absorption coefficient of all samples (except IR180, TE180,
and PA220) after thermal modification at this wavelength is always higher than that for the
corresponding reference sample. Equally, the brightness of all thermally modified wood
(except the same samples mentioned above) is always lower in comparison with that of the
reference wood (note the k/s values at 457 nm).

Similar to the case of Sp. cedar (Figure 5a), it can also be observed for meranti that
the value of k/s increases with the increasing temperature of thermal modification and
decreases with increasing wavelengths. In addition, the spectra of SC20 and MT20 have
very similar courses and k/s values. At 360 nm, the k/s intensity of all thermally modified
SC samples is 1.7-1.8 x higher than that of SC20, which indicates an increase in the content
of chromophoric groups.

For iroko (Figure 5b), the intensity of the k/s spectra does not always increase with
temperature, such as for SC and MT. For IR180, there was a decrease in this intensity, even
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below the values of IR20 in the entire measurement area. The most significant increase in k/s
intensity in this group was observed at 457 nm for sample IR200 (2.4 x compared to IR180)
and sample IR220 (another 1.2x compared to IR200). In the case of iroko, it can be observed
that the k/s values of all four samples in the 360 nm region are very close (9.4-10.6). Similar
clustering is also evident in the merbau (9.6-10.6) and teak (11.2-11.9) series.

Sp. cedar
---180°C  --200°C

e 220 °C

(b) Iroko

14 - 20°C  ---180°C  ---200°C - 220°C
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Figure 5. UV-Vis DR spectra of selected tropical wood samples. (a) Sp. cedar, (b) iroko, (c) padouk,
(d) meranti, (e) merbau, and (f) teak thermally modified at temperatures of 180, 200, and 220 °C

compared to reference unmodified samples.

In the case of padauk (Figure 5c), in the range of wavelengths from 360 to 580 nm, it is
not possible to talk about a specific relationship between the intensity of the k/s spectra and
the modification temperature, since there is an intermingling of the individual spectra. The
course of the spectrum of PA220 (descending and slightly convex) is particularly interesting.
Its intensity is the lowest at 360 nm (8.2), compared to the other measured spectra in this
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group, and remains at this intensity approximately until the wavelength of 520 nm, when
the PA20 spectrum is below its level, and from 535 nm, when the PA180 spectrum is also
below its level. It is also worth noting the non-standard deviation of the PA180 spectrum in
the range of wavelengths 440-540 nm, when its intensity exceeds the spectra of samples
modified at higher temperatures. A similar deviation in the same range of wavelengths,
but to a lesser extent, is observed in the spectrum of PA20.

MT220 (Figure 5d) achieves the highest k/s values of all sample types at wavelengths
of 360 nm (13.1) and 392 nm (12.2).

In the case of MB200 (Figure 5e), k/s values of the monitored wavelengths (360, 440,
and 457 nm) are at a very similar level (ca. 10). The same behavior and a low spread of
values around 10 is observed in the case of the IR220 and PA200 spectra, too. The spectrum
of MB220 is abnormally located below the other spectra of samples from this given series
up to a wavelength of approx. 385 nm. Again, a certain similarity with sample PA220 is
obvious.

TE220 (Figure 5f) is unique with the highest value of k/s (11.4) at a wavelength of
457 nm. The highest increase in the intensity of k/s spectra at a wavelength of 457 nm is
between samples TE180 and TE200 (by 3.5). For all samples in the teak series, very similar
trends appeared for iroko samples, too.

The apparent absorption changes in spectra of investigated samples after thermal
treatment suggested the generation of some types of chromophores in the degradation,
condensation, and oxidation progress, which explains the samples yellowing and their
loss of brightness after the action of elevated temperature. However, it is very difficult
to differentiate structural differences between these chromophores, because the nature of
color change is complex and their composition depends on the extraction method used [54].
Considering that tropical woods have a high content of extractive substances, it can be
assumed that thermal oxidation processes play a significant role in this case. Bekhta and
Niemz [55] have reported that the color changes caused due to elevated temperatures
can be because of the formation of secondary condensation products and/or degradation
products, quinoid substances, for instance, which are known to be intensely colored.
Keating et al. [52], as well as Chen and Li [53], add that the reactive compounds may
include degradation products from the cleavage of «- and p-aryl ether bonds in lignin and
degradation products from hydrolyzed hemicelluloses [56,57], too.

3.3. Determination of the Extractive Content in Wood

Wood extractives are natural products extraneous to a lignocellulose cell wall. They
are present within a cell wall but are not chemically attached to it. It is known that some
tropical wood species have high extractive contents in the heartwood [58]. These extractives
influence the color, odor, durability, and technological properties of the different wood
species [59]. In general, the amount of lipophilic fatty acids in tropical wood species com-
pared to softwood and hardwood is very low [60]. From a group of hydrophilic constituents,
many phenolic compounds (i.e., phenolic acids, flavonoids, sterols, stilbenes, tannins, and
lignans), terpenes and terpenoids, free sugars, and sugar alcohols can be detected [61,62].
Some of the most volatile compounds produced during the thermal modification of wood
are released, e.g., fats, waxes, furfural, and hydroxymethylfurfural [63], and on the contrary,
new extractive substances are created by the degradation of the main components of wood,
e.g., dehydration and degradation products of polysaccharides and phenolic compounds
like catechol, vanillin, vanillic acid, 3-vanillyl propanol, and coniferyl aldehyde, probably
resulting from lignin or phenolic extractives [64].

These remaining substances in the wood can be extracted by several solvents. Polar
solvents penetrate well into the cell wall, due to which the cell wall partially swells. Organic
salts, oligosaccharides, and carbohydrates can be specifically extracted from wood by water
(hot or cold). Ethanol removes the tannins, dyes, or glucosides. Acetone extracts mainly
the fatty and resinous acids and sterols. Non-polar solvents (e.g., benzene, petroleum
ether, ether, and toluene) extract the fats, fatty acids, and their esters, resins and resin acids,
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waxes, and sterols from wood. The advantage of using an ethanol-toluene mixture is its
non-carcinogenicity compared to benzene. Using this mixture, it is possible to extract well
from the wood most phenolic substances (lignin fraction, sterol, tannin, and plobaphen),
some organic acids (resin acid, amino acid, vanillic acid, and syringic acid), and other
substances such as pigments and syringaldehyde [65,66].

Table 3 lists the percentage mass representation w (wt.%) of individual extractive
substances soluble in acetone, ethanol, and ethanol-toluene binary mixture in thermally
modified and reference tropical wood samples, including parameters describing their
optical properties (AE*—total color difference; Yi—yellowness index) from the next chapter.

Table 3. Determined mass yields (w) and color characteristics (AE*, Yi) for extractives in selected
solvents obtained from investigated thermally modified tropical wood species.

Extractives in

Extractives in Acetone Extractives in Ethanol

Wood Modification Ethanol-Toluene
Sample Temperature w w w

o % 3 % 3 £ .

O (Wt.%) AE i wto%)  OF Yi wto)  OF i
20 (ref.) 5.00 + 0.00 - 4070 513+132 - 180.80 231+0.60 - 49.40
Sp. cedar 180 1.82+0.13 1581 6240 295+095 6043 7470 2604024 3385  97.00
(SC) 200 2144006 2973 8500 437+020 5191 8280 2894+0.65 3099  97.40
220 0114000 4990 10720 3304047 2466 177.00 1384004 7642 164.90
20 (ref.) 4.98 + 0.00 - 2890 244 +061 - 12930 3.64+08 - 103.40
Troko 180 0424004 993 3590 1404023 2833 8990 0354005 3600 149.60
(IR) 200 136+ 011 9550  89.50 3.59+0.00 1293 13700 1274016 2490 135.10
220 079 +006 7233 13770 226+008 2806 189.00 1274001 6378 228.10
20 (ref.) 1362(§)oi - 210.80 481+017 - 23260 490+000 @ - 271.70
P?gg‘)‘k 180 2454036 1653 19940 5.05+022 3440 21460 3.05+0.03 1053 251.80
200 1204008 3596 21570 0704 0.02 4792 13890 2294026 10.68 24230
220 3054008 2804 159.00 1.69+008 4818 15530 1394007 3887 189.00
20 (ref.) 4.15 + 0.00 - 1500 1234041 - 2980 3274040 - 17.80
Meranti 180 0654008 3802 5410 357+037 6063 12420 1634037 5662 111.60
(MT) 200 146 +£0.12 8358 12500 1574037 79.67 15140 1214006 6249 10540
220 1.80 £0.02 6687 11290 1.7040.12 8625 15990 1164017 6450 111.20
20 (ref.) 7.37 + 0.57 . 11670 4.864+0.15 - 22150 7494002 - 202.80
Merbau 180 090+ 003 2644  99.00 456+004 1625 24030 1574022 1071  209.60
(MB) 200 084+003 3194 16940 421+009 7893 27730 1404005 1507 169.80
220 2174013 4737 18910 1694038 5925 9190 1754023 3604 134.20
20 (ref.) 4.6+ 0.03 - 182.80 1954 0.09 - 15390 127 +0.11 - 202.70
Teak 180 2574003 358 13250 3.06+0.18 2761 12520 1384011 3883 13260
(TE) 200 175+ 046 2550 13470 0604 0.03 3593 8540 1334005 3035 175.00
220 0834008 2650 14950 1.83+001 2249 16370 3.05+047 4077 166.00

In the following graphs in Figure 6, we can see even better the average percentage by
weight of the extracted substances from individual samples in the three selected solvents.

Upon closer analysis, it is evident that in the case of the six reference samples, four of
them (IR20, PA20, MT20, and TE20) had the greatest gain in extractive substances when
acetone was used. The greatest gain for samples thermally modified at 180 °C was, in all
six cases, when ethanol was used. For samples modified at higher temperatures (200 and
220 °C), in most cases, ethanol was the most effective during extraction (except for padauk
and teak, when acetone or a binary mixture of ethanol-toluene was more efficient).

Specifically, the greatest amount of substances extracted into acetone was obtained for
PA20 (13.2 wt.%), even in comparison with other samples extracted in other solvents. The
lowest amount of extractives across all samples and solvents (0.1 wt.%) can be observed
in SC220 in the case of acetone, which is approximately a twenty-fold decrease compared
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to the SC200 sample. The amount of extractive substances in samples SC220, IR220, and
TE220 is below the limit of 1 wt.%, and compared to the modification at a temperature of
200 °C, their representation decreases. On the contrary, for PA220, MT220, and MB220, an
increase in the obtained extractives was observed when the temperature increased from
200 to 220 °C.

Extractives in acetone

Extractives in ethanol

w3
2]

s
L

o
B

TR,
RS

Yield of extractives from wood (wt.%)

Extractives in ethanol-toluene =

Sp. cedar Iroko Padouk Meranti Merbau

D Ref. BT=180°C ®T=200°C mT=220 °C

Figure 6. The average amount of extracted substances in acetone, ethanol, and ethanol-toluene from
thermally modified and reference samples of selected tropical woods.

The greatest amount of substances soluble in ethanol was obtained for samples SC20
and PA180 (both 5.1 wt.%), MB20 (4.9 wt.%), and PA20 (4.8 wt.%), and the lowest for TE200
(0.6 wt.%) and PA200 (0.7 wt.%).

In the case of extraction into ethanol-toluene, MB20 shows the highest value of the
representation of extractive substances and, in comparison with other types of wood and
concerning the solvents used, it has the second highest yield. On the contrary, the lowest
amount of extractives soluble in this solvent (0.35 wt.%) was obtained from the IR180
sample, when compared to IR20, there was a roughly ten-fold decrease. In addition, as
can be seen from the graph in Figure 6c, an interesting group of 13 samples is observed
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during extraction into this binary mixture, from which a very similar amount of extractives
of around 1.3 £ 0.5 wt.% was obtained.

The color stability of heat-treated wood during artificial weathering has long been
the subject of much research, as wood treated in this way tends to lose color, especially
on the exterior by the action of light, or just by the leaching of extractive substances and
degradation products, which can be carriers of chromophoric structures [67-69]. Although
many improvements have been made, this issue is still a challenge. In future research, it is
therefore necessary to look for new technologies for color stability of heat-treated wood
using new surface treatments (varnishes, metal oxides, nanoparticles, etc.) [41].

3.4. In Vitro Color Measurement of Extractive Compounds Using UV-Vis Spectrophotometry

The color characteristics (AE*, respectively, L*, a*, b*, and Yi) of the individual extractive
samples are not further discussed separately, but they were used for statistical evaluation
in the PCA analysis.

The absorbance spectra of all investigated samples in vitro were recorded in the
wavelength range of 200 to 900 nm. The spectrum of the respective solvent was always
subtracted from the spectra of the dissolved extractive samples. At specific wavelengths,
depending on the extractive solvent, the following chromophoric structures could be
observed: organic acids at 254 nm, phenols at 460 nm, volatile organic acids at 495 nm,
tannins at 700 nm, and suspended solids at 810 nm. The course of the recorded spectrum
was evaluated, too.

The most effective solvent in the case of thermally modified samples (mainly at a
temperature of 180 °C), which extracted the highest percentage of compounds from wood,
was ethanol. The high content of ethanol extractives is because it is a more polar solvent
than acetone that can dissolve the most represented polyphenols [70]. For that reason,
the absorption spectra of the extractives dissolved in ethanol were also analyzed and are
presented in Figure 7.

In dissolved extractives, light is mainly absorbed by lignin below 500 nm and by phe-
nolic extractives, such as tannins, flavonoids, stilbenes, and quinones, above 500 nm [71].
The discoloration reactions that occur during heat treatment are often justified by the for-
mation of colored oxidation and degradation products involving the cell wall constituents
and extractives located in cell vacuoles [50,72].

3.4.1. The Evaluation of the Measured Spectra in the Region below 500 nm

Thermally modified samples at the highest temperature of 220 °C showed the highest
absorption in the respective series in the cases of SC220, IR220, and TE220. On the contrary,
the lowest absorption associated with a decrease in volatile organic acids and phenols
compared to the standard samples was observed in the cases of the PA220 and MB220
samples. For SC, IR, PA, and TE samples thermally modified at temperatures of 180 and
200 °C, the measured absorbance in these areas was lower than in the case of the respective
reference samples. The spectrum of the reference sample PA20 is the only one that shows
the highest intensity in the region below 500 nm compared to the other thermally modified
samples from its series. On the contrary, the reference sample MT20 shows the lowest
intensity in the entire measurement area.

For all samples, the highest absorption bands are observed in the wavelength range
around 460 nm, where an increase in the phenolic hydroxyl group can be detected. As an
auxochrome group, it could also contribute to the darkening of the thermally treated wood.

The increased absorption band at approx. 495 nm suggests the release of acidic
substances, specifically volatile organic acids (acetic and formic acid), after the degradation
of acetyl groups in polyose [73]. Acids can catalyze the condensation and degradation
reactions in lignin structures [49] and extractives after heat treatment in the presence of
water and contribute to the discoloration of the wood.
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Figure 7. Absorption spectra of ethanol extractives from selected tropical wood samples. (a) Sp.
cedar, (b) iroko, (c) padouk, (d) meranti, (e) merbau, and (f) teak thermally modified at temperatures

of 180, 200, and 220 °C compared to reference unmodified samples.

3.4.2. The Evaluation of the Measured Spectra in the Region above 500 nm

It has been established that around wavelengths of 700 nm, a mixture of extractable
components is detected, such as tannins and their derivates, e.g., ellagitannins due to their
polymerization by oxygen and increased temperatures [74,75]. Absorbance in the region of
these wavelengths, and therefore an increased amount of corresponding compounds, is
observed in samples of padouk (PA20, PA180), meranti (MT180, MT200, and MT220), and
merbau (MB200). An increased amount of other suspended solids compared to the other
samples is detected in the 810 nm region for the SC220 and PA20 samples.

3.5. Extractive Substances Determined in Tropical Wood Species by Other Authors
Tenorio et al. [76] published, in their work focused on Spanish cedar, a high value
of soluble extractives in an ethanol-toluene mixture found in the 4- and 5-year-old trees,
indicating a high presence of waxes, fats, resins, phytosterols, nonvolatile hydrocarbons,
and polar extractives in the wood of this species. Among the water-extractable substances
were tannins, gums, sugars, and coloring matters and starches. Likewise, high levels of
soluble extractives in NaOH indicate a high presence of low-molecular-weight extractives,
such as carbohydrates, consisting mainly of hemicellulose and degraded cellulose in wood.
Biwolé et al. [77] identified chlorophorin, a highly hydrophobic substance, in iroko
powder before and after 30 days of immersion in cold water. They also determined that
cudraxanthone I and geranyl trihydroxystilbene exhibited low hydrophobicity in wet
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conditions. Biwolé et al. [78] published that iroko wood is rich in polyphenols and used
MALDI-TOF analysis instead of the abovementioned other compounds such as geranyl-
trihydroxy-stilbene and neocyclomorusin.

The main extractive of padouk is homopterocarpin, directly recovered with a good
purity via acetone extraction. It also contains pterocarpin and anethole, C5 and C6 carbohy-
drates, C14—C18 fatty acids, principally hexadecanoic acid, and triglycerides [53].

Yasuda et al. [79] studied the effect of meranti extractives on the manufacture of
plywood. Using 'H and 3C NMR spectroscopy, they detected a high content of phenolic
compounds, namely secondary oxidative polymers of resveratrol (e.g., hopeaphenol) and
its related stilbenes. Other extractives of Shorea species, chrysophanol, scopoletin, and
hexamethylcoruleoellagic acid, are also known [80].

Specifically, Kilic and Niemz [81] detected fatty acids, 3-hydroxybenzoic acid, vanillic
acid, 3,4,5-trihydroxybenzoic acid, 4,4’-dihydroxy-3,3'-dimethoxystilbene, sitosterol, and
sugars in merbau using GC/MS analysis. Malik et al. [82] state that merbau extractives are
a promising material for the enhancement of wood properties because of their high content
of phenolic compounds, particularly resorcinol.

Myo Aung [83] characterized the teak methanol extractives via HPLC and detected
2-methyl anthraquinone (tectoquinone), the compound responsible for the durability, i.e.,
mainly insecticidal properties, of teak wood along with a variety of extractives in lower
quantities. The hydrophobicity, antioxidant properties, and oily nature of teak wood were
mainly due to the caoutchouc compounds [84,85].

3.6. Statistical Evaluation
3.6.1. Principal Component Analysis (PCA)

The values of all variables for wood and extractives (except ISO whiteness and all
calculated parameters, AL*, Aa*, Ab*, and AE*) were taken into consideration from Tables 2
and 3, from which the principal components were created. The original data were trans-
formed into principal component space using PCA. Based on the results of the statistical
processing, the number of components was chosen to be three, with the first component
explaining 43.26%, the second component 20.94%, and the third component 8.15% of the
variability. The dependence of the two most important components (1 and 2) can be seen in
Figure 8.
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Figure 8. Projection of individual wood samples into the coordinate system of the 1st and 2nd
principal components.
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When evaluating the contributions of individual variables to the principal components,
it can be observed that the L* values and yellowness indices for wood (Y) and extractives
(Yi), as well as the parameters a*(Ac) and b*(Ac) of extractives soluble in acetone have the
greatest influence on component 1. The amount of all extractive substances w(Ac), w(Et)
and w(Et-To) obtained from wood and the parameters a* and b* of the wood samples have
the greatest influence on component 2. And the principal component 3 is influenced mainly
by extractive substances soluble in ethanol, i.e., by the amount w(Et) of these extractive
substances and the parameters L*(Et), b*(Et), and Yi(Et), and again by the parameters a*
and b* of the wood samples.

A cluster analysis was subsequently performed on these three selected components.
The method identified five clusters. The distribution of the clusters is shown in the graphs
in Figure 9. Each graph shows a different combination of two out of the three principal
components against each other, as some clusters are distinguished from each other only in
their specific combination (e.g., cluster 5 is not distinguishable from cluster 3 in the space
of the first and second principal components in Figure 8, but what makes it different are
the coordinates in the direction of the third component, as can be seen in Figure 9).
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Figure 9. Cluster analysis shown in 1st and 3rd (a) and 2nd and 3rd (b) principal component spaces.

The first cluster consists of only one sample, which represents SC20. The second cluster
includes six samples namely SC180, SC200, IR20, IR180, MT20, and MT180. The third cluster
has the most samples and includes SC220, IR200, IR220, PA200, PA220, MT200, MT220, MB220,
TE20, TE180, TE200, and TE220. The fourth cluster consists of three samples, namely PA20,
PA180, and MB20. In the fifth cluster, there are the samples MB180 and MB200.

Based on this distribution, it can be seen that clusters 1, 2 (except SC200), 4, and 5
(except MB200) mainly consist of reference samples, where variability is obvious, and
samples thermally modified at the lowest temperature, i.e., 180 °C. Conversely, cluster 5
includes all samples of thermally modified wood species at the highest temperature of
220 °C, most of the samples modified at 200 °C (except for the aforementioned SC200 in the
second group and MB200 in the fifth group), and in addition, two teak samples (TE20 and
TE180). This confirms the great similarity or homogeneity of color and related parameters
of thermally modified tropical wood species starting at 200 °C, which were included in the
cluster analysis.

If we approach the result of the cluster analysis from the point of view of individual
wood species, the Spanish cedar samples are distributed in three clusters. SP20 is different
to the others and no similarity is observed with any of the 24 samples (reference and
thermally treated). Samples SC180 and SC200 show some similarity to iroko and meranti
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(reference and thermally treated samples at 180 °C). The SC200 sample belongs to the most
numerous group 3, which also includes other thermally modified types of wood at the
highest temperatures. A great similarity in optical properties can be seen in the iroko and
meranti samples. As mentioned above, their reference and thermally modified samples
at 180 °C are included in group 2, and the thermally modified samples at the two higher
temperatures belong again identically in group 3. For PA20 and PA180, a certain agreement
with MB20 (group 4) can be found, and the samples thermally modified at the two higher
temperatures belong again to group 3. The merbau samples behave differently in terms of
optical properties and, like the Sp. cedar, are distributed in three clusters, namely as follows:
the reference sample MB20 together with PA20 and PA180 in a separate cluster 4, samples
MB180 and MB200 in a separate cluster 5, and MB220 in the most numerous group 3. Teak
is specific in that all samples from its series (TE20, TE180, TE200, and TE220) are assigned
to cluster 3, which is typical for wood samples modified at the highest temperatures.

3.6.2. Functional Dependence of Yellowness

The measured yellowness of solid wood samples (Y) is an important evaluation param-
eter for thermally modified wood. It can be seen from the correlation analysis that the most
correlated quantity is L* with the value of the correlation coefficient
r = 0.972 (Table 4). This value is statistically significantly non-zero and indicates a very high
dependence. A specific comparison of the dependence of Y and L* is shown in Figure 10a.

Table 4. The correlation coefficient of the wood yellowness variable (Y) concerning other parameters.

Variable Y;(Ac) Y; (Et) Y; (Et-To)
—0.7076 —0.3219 —0.6022
I o b

0.9719 0.2084 0.6141

Y L*(Ac) *(Ac) b*(A)
(Yellowness) 0.6502 —0.5561 —0.7579

L*EY) a*(Et) b4(Et)
02217 —0.2174 —0.2881
L*(Et-To) a*(Et-To) b*(Et-To)
0.5746 —0.5467 —0.6007

(a) 40
35+ o

Figure 10. Cont.
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Figure 10. Relationship between wood yellowness (Y) and (a) L* parameter, (b) b* parameter, and
(c) yellowness index of extractive substances soluble in acetone Yi(Ac).

When the functional dependence of wood yellowness (Y) on other variables is in-
vestigated using a regression analysis, then the only significant parameters are L* and
b*. The regression model of this dependence is presented in Table 5. The coefficient of
determination R2 is 0.973, which indicates a very high degree of explanation of the variable
Y, with the help of parameters L* and b*. In other words, if we know the values of L* and
b*, the value of Y can be estimated quite accurately using the regression equation. The
dependence of Y and b* is shown in Figure 10b.

Table 5. Regression analysis for the dependent variable wood yellowness (Y).

Regression Summary for Dependent Variable: Y
R =0.9866, R2 = 0.9733, Adjusted R2 = 0.9708

N=24 F (2.21) = 383.06, p < 0.0000, Std. The Error of Estimate: 1.3641
b* b t(21) p-Value
Intercept —5.7726 £+ 0.7337 —7.8675 0.0000
L* 1.1630 £ 0.0537 0.6633 + 0.0306 21.6611 0.0000
b* —0.2555 + 0.0537 —0.2388 £ 0.0502 —4.7595 0.0001

137



Polymers 2023, 15, 4000

Table 5. Cont.

Regression summary for dependent variable: Y

N=24 R =0.7141, R2 = 0.5099, adjusted R2 = 0.4364
F (3.20) = 6.9361, p < 0.0022, Std. The error of estimate: 5.9908
Intercept 23.7871 + 3.6857 6.4540 0.0000
Yi(Ac) —0.6029 + 0.2488 —0.0810 £ 0.03343 —2.4238 0.0250
Yi(Et) 0.0597 + 0.1978 0.0080 + 0.0264 0.3022 0.7656
Yi(Et-To) —0.1702 £+ 0.2786 —0.0214 £+ 0.0351 —0.6109 0.5481

In search of connections between the yellowness of wood (Y) and the yellowness indices
of the individual extractives Yi(Ac), Yi(Et), and Yi(Et-To), a regression analysis was performed,
where Y was the dependent variable and individual yellowness indices were predictors.
The results of this analysis are presented in Table 5. From the results, it can be seen that
the only statistically significant factor is the yellowness index Yi(Ac). Even if we leave the
insignificant factors Yi(Et) and Yi(Et-To) in the model, the coefficient of determination is only
0.510 compared to the previous analysis including the connection with L* and b*, i.e., 0.973. For
completion, the relationship between Y and Yi(Ac) is also shown on the graph in Figure 10c,
which is described by the equation Y = —0.0951 x Yi(Ac) + 23.3485.

4. Summary and Conclusions

The results have contributed to the understanding of the chemical degradation path of
thermally modified tropical wood species by monitoring extractive content transformations
in connection with their changes in color and the color of the wood itself. The importance of
optimizing the treatment (temperature and duration of thermal modification or subsequent
treatment related to increasing the stability of wood color in exterior conditions) for each
wood species to make the best utilization of this material has been pointed out.

Solid Wood Samples

e  The values of the L*, 4%, and b* parameters are in all cases positive, and with increasing
temperature of thermal modification, they have a decreasing trend—the samples lose
brightness and darken. The exception is merbau wood, where these values increased
between 200 and 220 °C.

e Based on the cluster analysis in the CIELAB color space, the samples can be divided
into six clusters according to similarity. A special group is made up of padauk samples
PA20 and PA180, distinguished by their significant redness (a* ~ 26.5-29.0).

e  As the thermal modification temperature increases, AE* increases for most samples
except for merbau with the highest AE* value for sample MB200 (for MB220 this
value decreases by almost 20%). At a thermal modification temperature of 200 °C, all
samples (except IR200) have similar AE* values and at 220 °C, Spanish cedar, iroko,
padouk, and meranti.

Extractive Samples

e In the case of the reference samples (except for SC and MB), the largest amount of
extractives was obtained during extraction into acetone, into which mainly fatty and
resinous acids and sterols are released.

e In the case of samples modified at higher temperatures, the highest yield of extractives
(mainly phenolic compounds, glycosides, and dyes) was usually obtained using
ethanol. Their representation in wood was mostly highest at a thermal modification
temperature of 180 °C and decreased at 200 and 220 °C.

Assessment of Chromophoric Structures

e  The increasing amount of chromophores with the thermal modification temperature is
observed for Spanish cedar and meranti.
e  The k/s intensity decreases along with increasing wavelength for all woods (except padouk).
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e Padouk, merbau, and teak, and partially also iroko, modified at temperatures of 200
and 220 °C contain a comparable amount of chromophoric compounds detected at
wavelengths of 360 nm and 457 nm.

e  The discoloration of wood during thermal modification is due mainly to condensation
and oxidation reactions. Both of these lead to the formation of extensive conjugation
structures (alkenes and aromatics) while increasing the number of carbonyl or carboxyl
groups.

e New types of extractive substances formed from hemicelluloses (2-furaldehyde, etc.),
cellulose (lactones, etc.), and lignin (formic acid, methanol, monomer derivatives of
phenols, etc.) are created already below a temperature of 180 °C when they are not
subject to even more condensation reactions.

Statistical Evaluation

e  Five clusters based on the similarity of the included parameters (L*, 4%, and b* of
solid samples and extractives, yellowness of wood, yellowness indices of individual
extractives, and intensity k/s at selected wavelengths and amount of extractives) were
obtained by applying cluster analysis to the three main components.

e C(Clusters 1,2, 4, and 5 comprise only the reference and thermally modified samples
at 180 °C (except SC200 and MB200), whereas cluster 1 comprises only SC20. Cluster
3 consists of 12 samples, mostly thermally modified at 200 °C and 220 °C, plus TE20
and TE180 samples.

e  The yellowness (Y) of the wood has a very high dependence (r = 0.972) on the bright-
ness (L*) of these samples.

e  The coefficient of determination (r2 = 0.973) indicates a very high degree of explanation
of the variable yellowness (Y) using the parameter L*, and also b*.

e A certain dependence (r = 0.714) is also noted between the yellowness (Y) and the yel-
lowness index of extractives soluble in acetone Yi(Ac), whose relationship is described
by the equation Y = —0.0951 x Y(Ac) + 23.3485.

Due to thermal modification above 200 °C, tropical wood loses its specific color, which
makes individual species unique and interesting in terms of design. Although the color
becomes homogeneous, the wood significantly loses its brightness and yellowness, and
from temperatures of 220 °C, there are almost no differences in their color, as confirmed by
the cluster analysis within the PCA. This may not always be desirable, because in some
cases, consumers select a wood based solely on its decorative properties. Of course, the
use of this type of wood will always depend on the specific application. And whether the
color of the wood itself will be important at all, or whether other requirements from the
advantage of ThermoWood itself will be prioritized.

The next phase of this research aims to focus more closely on the characteristics of
preserved extracted substances from selected tropical wood species thermally modified at
different temperatures using gas chromatography (GC-MS) and infrared spectroscopy (FTIR).
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Abstract: Fine art coating is usually created by the combination of metal filler and water-based
coatings, decorated to the surface of wood structures, furniture, and crafts. However, the dura-
bility of the fine art coating is limited by its weak mechanical qualities. In contrast, the metal
filler’s dispersion and the coating’s mechanical properties can be significantly improved by the
coupling agent molecule’s ability to bind the resin matrix with the metal filler. In this study, a
brass powder-water-based acrylic coating was prepared, and three different silane coupling agents,
3-aminopropyltriethoxysilane (KH550), y-(2,3-epoxypropoxy)propytrimethoxysilane (KH560), and
v-methacryloxypropyltrimethoxysilane (KH570), were used to modify the brass powder filler in
orthogonal tests. The artistic effect and optical properties of the modified art coating induced by
different proportions of brass powder, silane coupling agents, and pH were compared. The result
demonstrated that the amount of brass powder and the kind of coupling agent used had a substantial
impact on the coating’s optical characteristics. Our results also determined how three different
coupling agents affected the water-based coating with varying brass powder contents. The findings
indicated that 6% KH570 concentration and pH 5.0 were the ideal conditions for brass powder
modification. Better overall performance of the art coating applied to the surface of the Basswood
substrates was provided by adding 10% of the modified brass powder into the finish. It had a gloss of
20.0 GU, a color difference of 3.12, a color main wavelength of 590 nm, a hardness of HB, an impact
resistance of 4 kg-cm, an adhesion of grade 1, and better liquid resistance and aging resistance. This
technical foundation for the creation of wood art coatings promotes the application of art coatings on
wood.

Keywords: art coating; brass powder; optical properties; silane coupling agent; mechanical properties;
liquid resistance; aging resistance

1. Introduction

Art coating usually serves a decorative effect [1-3] but also has more robust protection
than general coatings [4,5]. Studies [6-8] have shown that adding metal filler in the water-
based coating and applying a modified art coating can lend the surface of buildings,
furniture, and handicrafts a shiny metallic luster. Consequently, this modified coating
provides a protective and decorative role to the applied products, causing an increase in
added value [9]. Therefore, modified art coatings have a valued decorative material in the
decorating industry, with a large annual consumption [10].

In coatings market segments like architecture, product finishes and specialty coatings
consisting of acrylic resins are frequently used. The three primary categories of acrylic
coatings are water-based acrylic coatings [11], solvent-based acrylic coatings [12], and
acrylic powder coatings [13]. Water-based acrylic resin has a wide range of application
possibilities for metal powder coating due to its superior hardenability, smooth finish,
excellent stain resistance, fewer VOCs emission, low cost, and simple preparation [14-16].
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The major issues are unavoidable shortcomings, such as being sticky when hot and brittle
when cold and having poor anti-return adhesion, and inadequate thermal stability after
drying into a film [17,18]. Kim et al. [19] successfully synthesized multifunctional acrylic
polyurethane coating materials with graffiti, pollution, and adhesive resistance qualities by
using low-viscosity single-ended silicone oil and acrylic polyols with high glass transition
temperatures as raw materials. In order to increase the water resistance of the resin coating,
Yu et al. [20] effectively synthesized water-based acrylic resin modified by itaconic acid and
gamma-methacryloxypropyl triisopropoxidesilane by seeded emulsion polymerization.

Furthermore, a growing body of evidence [21-23] indicates that the requirement from
consumers for a decorative appearance is increasing. Therefore, the demand for eco-friendly,
individualized coatings, with low consumption, has turned into a development trend in
fine art coating technology. Adding metal powder as filler into water-based coatings can
achieve these goals. However, due to the poor compatibility with water-based coatings,
pure metal powder filler is easily agglomerated and dispersed unevenly within the coating,
which affects the optical properties and worsens the mechanical properties, making them
brittle, prone to cracking, and less adhesive [24]. These deficiencies severely restrict their
practical application and advancement.

The coupling agent, a kind of additive, has the ability to enhance the bonding perfor-
mance between inorganic and organic substances [25]. Due to the fact that its structure
contains two different properties of groups, one of which is pro-inorganic or easily re-
acts with the surface of inorganic materials, while the other is pro-organic or can cause
reactions with organic polymers physico-chemically. Therefore, coupling agents, or “molec-
ular bridges”, could reinforce the interaction between organic and inorganic molecules,
considerably enhancing the performance of composite materials. Currently, the coupling
agents most frequently employed are silane-based. A silane-based coupling agent’s gen-
eral formula is Y-R-5i-X3, where Y stands for the organic functional group and R for the
alkylidene group, and X represents the group that can be hydrolyzed. Thus, the applica-
tion of coupling agent molecules to metal powder coatings could open the door for their
practical use. The adhesion behavior of polyurethane (PU), polyurethane acrylate (PUA),
and two coats loaded with silicone rubber (SR) nanoparticles on tin pads was examined
by Sivakumar et al. [26] in relation to the use of silane agents. On tin surfaces, it was
discovered that silanes based on isocyanates offered outstanding adhesion for PU and PU +
SR coatings, while silanes based on acrylic offered acceptable adhesion for PUA and PUA +
SR coatings. For polyvinyl butyral coatings, Zhu et al. [27] used reduced graphene oxide
and TiO,-KH550 fillers to increase the corrosion resistance of 304 stainless steel in various
conditions. Li et al. [28] produced antioxidant functionalized silica-coated TiO, nanorods
utilizing KH550 as a bridge in a successful synthetic process. By means of melt mixing, the
AO-KH550-5i0,-TiO; was added to the polypropylene matrix. According to the findings,
AO-KH550-5i0,-TiO; might enhance polypropylene’s photostability and thermal stability.
Wang et al. [29] coated the surface of B4C particles with KH560 in order to accomplish the
optimal dispersion of particles in the epoxy coating and increase the chemical interaction
between particles and polymer coating. In addition to enhancing the interaction between
B4C particles and epoxy resin, KH560 also demonstrates the capacity to greatly enhance
epoxy resin’s anti-corrosion performance. By using a unique silane coupling agent sensiti-
zation approach that is based on three distinct functional groups of silane coupling agents
(KH550, KH570, and KH792), Zou et al. [30] examined the mechanism of chemical copper
plating of intermediate-phase asphalt-based carbon fibers. In the copper-plated carbon
fibers modified by KH550 grafting, larger grain size, reduced resistivity, and more uniform
and continuous copper coating were seen.

Brass powders are inexpensive, easily accessible, and have vibrant, sparkling colors
that are incredibly ornamental. There are, however, few studies on coating wood surfaces
with water-based coatings that contain brass powder that has been treated with silane
coupling agents. Coatings containing pristine brass powder have weak mechanical charac-
teristics, poor age resistance, and poor liquid resistance, making it challenging for them
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to meet the standards of commercial coatings for wood surfaces [31,32]. The purpose of
this paper is to modify copper powder by three different types of silane coupling agents,
screen the suitable coupling agent type, optimize the copper powder modification process,
and obtain the metal powder wood coatings with the best mechanical properties, liquid
resistance, aging resistance, and, at the same time, good optical properties.

In the present study, brass powder was selected as a filler and three types of silane
coupling agents (KH550, KH560, KH570) were used for modification to prepare brass
powder-water-based acrylic coatings. An orthogonal test based on the optical properties
was carried out to investigate the effects of four factors, coupling agent type, coupling agent
content, pH value at modification, and brass powder content, on the coating’s gloss, color
difference, and chromaticity variation. After identifying the most significant influencing
elements, single-factor experiments were designed to assess the optical, physical, dry-heat
aging, ultraviolet (UV) photooxidation, and cold liquid resistance qualities of the films.
These results establish the optimum method for preparing brass powder-water-based
acrylic coating and provide technical evidence for the creation of fine art coatings.

2. Materials and Methods
2.1. Test Materials

Brass powder (size 1000 mesh, diameter about 13 pm) was provided by Nangong Xindun
Alloy Welding Material Spraying Co., Ltd., Xingtai, China. 3-aminopropyltriethoxysilane
(KH550, CoHp3NO55i, My, 221.37 g/mol, CAS No.: 919-30-2), v-(2,3-epoxypropoxy)
propytrimethoxysilane (KH560, CoH¢Os551, My: 236.36 g/mol, CAS No.: 2530-83-8),
v-methacryloxypropyltrimethoxysilane (KH570, C19H9O55i, My,: 248.35 g/mol, CAS No.:
2530-85-0) were provided by Hangzhou Jessica Chemicals Co., Ltd., Hangzhou, China.
Dulux water-based acrylic primer and topcoat were provided by Dulux Coatings Co.,
Ltd., Shanghai, China. Citric acid monohydrate (C¢H;9Og, My,: 210.14 g/mol, CAS No.:
5949-29-1) was acquired from Suzhou Changjiu Chemical Technology Co., Ltd., Suzhou,
China. Anhydrous ethanol (C;HgO, My,: 46.07 g/mol, CAS No.: 64-17-5) was acquired
from Wuxi Jingke Chemical Co., Ltd., Wuxi, China. Tilia europaea (Basswood) boards
(100 x 50 x 5 mm?) were purchased from Beijing Yidimei Model Co., Ltd., Beijing, China.
Detergent was obtained from Lishui Diaopai Chemical Co., Ltd., Lishui, China. Coffee was
obtained from UCC Ueshima Coffee Co., Ltd., Kobe, Japan.

2.2. Silane Modification Method of Brass Powder

A water/alcohol mixture was prepared as a solvent with a mass ratio of ethanol-to-
water of 4:1 to carry out the silane hydrolysis reaction [33], and the pH value was adjusted
with citric acid monohydrate [34]. A certain quantity of silane coupling agent was weighed
according to the different silane coupling agent concentrations (m gjjane coupling agent: M
brass powder), Put into the prepared water/alcohol mixture, and stirred at room temperature
until it was fully hydrolyzed to obtain the silane modification solution. The brass powder
was then added to the silane-modified solution and stirred for 3 h at a speed of 600 rpm
in a DF-101s thermostatic heating magnetic stirrer (Gongyi Yingyu Instrument Co., Ltd.,
Gongyi, China) at 30 °C. After the reaction was terminated, the obtained material was
rinsed and filtered repeatedly with anhydrous ethanol and deionized water, respectively, by
an SHZ-D(III) circulating water multi-purpose vacuum pump (Zhengzhou Keda Machin-
ery Instrument Equipment Co., Ltd., Zhengzhou, China) to remove the unreacted silane
modifier, and then was put into a 60 °C DY]JG-9023 precision blast drying oven (Hangzhou
Yijie Technology Co., Ltd., Hangzhou, China) to obtain the modified brass powder. Table 1
shows the dosage of modified brass powder with different silane coupling agent contents.
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Table 1. Dosage of brass powder modified with different silane coupling agent content.

Silane Coupling Agent Content (%)  Brass Powder (g)  Silane Coupling Agent (g)  Ethanol (g)  Deionized Water (g)

4
6
8

10 0.4 80 20
10 0.6 80 20
10 0.8 80 20

2.3. Preparation of Water-Based Acrylic Coating with Brass Powder

Firstly, the 2.0 g of water-based primer was weighed and evenly applied to the surface
of the Basswood substrate three times. After each application, the sample was exposed to
air for 20 min before being cured and dried in an oven at 60 °C. After each coat of primer is
finished, it was sanded with 1000 mesh sandpaper. Next, the modified brass powder was
added to the water-based acrylic topcoat at a certain mass concentration and mixed well
with a glass rod to obtain a 2.0 g coating as the topcoat. The prepared topcoat coating was
evenly applied on top of the primer film with the third layer two times, exposed to air for
20 min, and cured in a 60 °C oven until the quality no longer changed. Figure 1 depicts the
structure of the prepared brass powder water-based acrylic coating.

<«—— The second topcoat

<— The first topcoat

<«— The third primer

<— The second primer

<— The first primer

<«—— Basswood board

Figure 1. The structure of the prepared brass powder water-based acrylic coating.

2.4. Orthogonal Experiment Design

A silane-based coupling agent can improve the metal filler’s oxidation resistance and
aging resistance in the coating system because of its wettability and dispersion with the
metal filler. Common silane coupling agents used in metal-resin systems include KH550,
KH560, KH570, etc. The concentration of the silane coupling agent, in addition to the type,
has a significant impact on the coating effect with metal filler [35]. Meanwhile, the silane
solution’s pH influences the rate of the reaction between polycondensation and hydrolysis,
which in turn impacts how much film forms on the surface of the metal filler [36]. While
silane can hydrolyze more quickly in both acidic and alkaline settings, condensation of
silane occurs more readily in an alkaline environment. In order to prevent significant
amounts of silane condensation and flocculation during the reaction, the pH is often fixed
between 3 and 5.

Consequently, the aforementioned variables were used to develop a four-factor, three-
level orthogonal experiment of Lo(3%), with the following four factors: pH value, copper
powder content, silane coupling agent type, and silane coupling agent content, according
to Tables 2 and 3. The dosage details of the coating system of the orthogonal test samples
are shown in Table 4.
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Table 2. Four factors and three levels of the orthogonal test.

Level Silane Coupling Silane Coupling pH Value at Brass Powder
Agent Type Agent Content (%) Modification Content (%)
1 KH550 4 3 20
2 KH560 6 4 40
3 KH570 8 5 60

Table 3. Arrangement table of the orthogonal test.

Sample (#) Silane Coupling Silane Coupling pH Value at Brass Powder
Agent Type Agent Content (%) Modification Content (%)
1 KH550 4 3 20
2 KH550 6 4 40
3 KH550 8 5 60
4 KH560 4 4 60
5 KH560 6 5 20
6 KH560 8 3 40
7 KH570 4 5 40
8 KH570 6 3 60
9 KH570 8 4 20

Table 4. Different silane coupling agent content modified copper powder acrylic paint film dosage
details.

Sample (#) Brass Powder Brass Powder Water-Based Water-Based
Content (%) Mass (g) Topcoat Mass (g) Primer Mass (g)
! 20 0.4 16 20
2 40 0.8 12 20
3 60 1.2 0.8 2.0
4 60 1.2 0.8 2.0
5 20 0.4 1.6 2.0
6 40 0.8 1.2 2.0
7 40 0.8 12 2.0
8 60 1.2 0.8 2.0
J 20 0.4 1.6 2.0

2.5. Single-Factor Experiment Design

The prepared paint film samples were subjected to orthogonal analysis in terms of
gloss, color difference, and chromaticity variation to determine the maximum influencing
factors. The experimental process was optimized for its maximum influencing factor to
investigate the effect of modifications by different silane coupling agents on the performance
of brass powder water-based acrylic coatings. The materials and preparation process were
kept unchanged, the concentration of the silane coupling agent was fixed at 6.0% and the
pH value at modification was 5.0. The effect of brass powder modified by three different
silane coupling agents (KH550, KH560, and KH570), and the content of unmodified brass
powder on the overall qualities of the film was investigated (Table 5).
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Table 5. Experimental arrangement of different amounts of silane coupling agent-modified copper
powder on the comprehensive performance of the paint film.

Silane Brass Brass Water-Based
. Water-Based
Sample (#) Coupling Powder Powder Topcoat Primer Mass ()
Agent Type  Content (%) Mass (g) Mass (g)
0 0 0 2.0 2.0
10 10 0.2 1.8 2.0
11 20 0.4 1.6 2.0
12 30 0.6 1.4 2.0
13 None 40 0.8 12 2.0
14 50 1.0 1.0 2.0
15 60 1.2 0.8 2.0
16 70 14 0.6 2.0
17 10 0.2 1.8 2.0
18 20 0.4 1.6 2.0
19 30 0.6 14 2.0
20 KH550 40 0.8 1.2 2.0
21 50 1.0 1.0 2.0
22 60 1.2 0.8 2.0
23 70 1.4 0.6 2.0
24 10 0.2 1.8 2.0
25 20 0.4 1.6 2.0
26 30 0.6 1.4 2.0
27 KH560 40 0.8 1.2 2.0
28 50 1.0 1.0 2.0
29 60 1.2 0.8 2.0
30 70 1.4 0.6 2.0
31 10 0.2 1.8 2.0
32 20 0.4 1.6 2.0
33 30 0.6 1.4 2.0
34 KH570 40 0.8 1.2 2.0
35 50 1.0 1.0 2.0
36 60 1.2 0.8 2.0
37 70 14 0.6 2.0

2.6. Testing and Characterization
2.6.1. Characterization of Micro-Morphology and Chemical Composition

The appearance of treated and untreated brass powder was observed using an EM
Crafts VERITAS scanning electron microscope (SEM, Korea EM Crafts, Seoul, Korea).
Chemical composition analysis of treated brass powder, untreated brass powder, and film
samples was performed by a BOEN-85697 Fourier transform infrared spectrometer (FTIR,
Fairborn Precision Instruments Co., Ltd., Shanghai, China).

2.6.2. Optical Performance Testing

According to the standard GB/T4893.6-2006 [37], the gloss of the coating was evaluated
using a 3NH touchscreen triangle glossmeter NHG268 (Guangzhou Threenh Technology
Co., Ltd., Guangzhou, China), which was utilized to measure the gloss at different incidence
angles (20°, 60°, and 85°).

A Kutai MS3003 multi-angle spectrophotometer (Guangzhou Threenh Technology Co.,
Ltd., Guangzhou, China) was utilized to measure the color difference of the coating, and
three groups of data L1, a1, and by were outputted by the colorimeter at a random location
on the film, and another group of data Ly, a5, and b, were measured by the colorimeter at
another location on the film. According to the CIE94 color difference Formula (1), AL is the
difference between L; and Ly, Aa (red/green difference) is the difference between a; and ay,
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and Ab is the difference between by and b,, to calculate the color difference value (AE) of
the film [38,39].

AE = \/(AL)2 + (Aa)* + (ADb)? (1)

In addition, the colorimetric values of water-based paint films with 10%, 20%, 30%,
40%, 50%, and 60% brass powder content were measured using a SEGT-] portable col-
orimeter, and four points were taken for each film, and the means were calculated as the
colorimetric values of the film, which were recorded as L*, a*, and b*. Three colorimet-
ric parameters were subtracted from the colorimetric values of pure water-based paint
films without brass powder to obtain AL*, Aa*, Ab*. The chromaticity variation of the film
with different brass powder content was estimated according to Formula (1) and noted as
AE* [40-42].

The wavelength-reflectance curves, color dominant wavelengths, and color saturation
of the Basswood board surface coatings in the visible wavelength range (380-780 nm) were
obtained using a Hitachi Model U-3900/U-3900H UV spectrophotometer (Hitachi Limited,
Tokyo, Japan) with a scanning speed of 600 nm/min. According to ASTM G173-03 [43],
Formula (2) was used to calculate the solar reflectance (R) of the coating in the visible range,
where i(A) is the standard solar radiation intensity and r(A) is the reflectance value obtained

after testing.
_ S TR
R = =70 ()
380 1(A)d(A)

2.6.3. Mechanical Performance Testing

According to the standard GB/T6739-2006 [44], a QHQ-A portable pencil hardness
tester (Liangchuang Instrument Co., Ltd., Suzhou, China) was utilized to fix a pencil
(6B-6H) and pressed down on the surface of the film at 45° under a load of 750 g, gradually
increasing the pencil hardness until the film had a lasting depression, at which time the
pencil’s hardness was recorded as the coating’s hardness.

According to the standard GB/T4893.9-2013 [45], a BEVS 1601 impact tester (Beijing
Shidai Shanfeng Technology Co., Ltd., Beijing, China) was utilized to assess the coating’s
impact resistance. The painted wooden board was put on the impact tester with the steel
ball directly above the tested surface, then the steel ball was lifted to a certain height and
allowed to free-fall impact on the board. The lowest height for the coating to be broken
was used to calculate the impact resistance strength.

According to the standard GB/T4893.4-2013 [46], a QFH-HG600 hundred grid knife
(Dongguan Zhongte Precision Instrument Technology Co., Ltd., Dongguan, China) was
utilized to assess the coating’s adhesion, using a cutting tool to apply evenly force per-
pendicular to the coating surface to form a set of parallel cutting lines on the coating, and
then repeating the above operation to cut on the coating surface and intersecting with
the original cutting line at 90° to form a grid pattern. Then the whole grid was covered
with tape for 5 min. After smoothly tearing off the tape, the level of coating adhesion was
determined with a total of 1-5 levels, with level 1 being the best.

Using the JB-6C roughness tester (Shanghai Gaozhi Precision Instrument Co., Ltd.,
Shanghai, China), the coated Basswood board was put on the testing table, and the probe
was moved to make contact with it. The probe position was adjusted to make it stable at
the 0 coordinate, and then the roughness R, was recorded.

2.6.4. Test of Aging Resistance of the Film

The film samples were subjected to accelerated aging at 160 °C in an oven to carry
out dry-heat aging resistance testing [47]. The UV photooxidation resistance testing was
performed on the prepared paint samples by using a UVA-340 fluorescent lamp according
to ASTM D4587-2011 [48] with a cycle of “4 h irradiation (0.89 W-m~2-nm~!) and 20 h
condensation” three times. The coating’s chromaticity variation AE* was calculated by
Formula (1) to evaluate its aging resistance.

150



Polymers 2023, 15, 1396

2.6.5. Test of Cold Liquids Resistance of the Film

According to the standard GB/T4893.1-2021 [49], citric acid solution with a mass
fraction of 10%, undenatured ethanol with a volume fraction of 96%, detergent, and coffee
(freeze-dried 40 g instant coffee in 1 L boiling water) were selected as test solutions. Before
starting the experiment, the coating’s surface was gently wiped with a clean cloth, and
a soft filter paper of 25 mm diameter without stain and adhesive was soaked in the test
solution, removed, and placed on the surface of the coating, which was then placed in an
airtight environment. After a certain period of time, the leftover liquid on the surface was
discarded after the filter paper was removed, and the damage to the surface of the coating
was observed after standing for 24 h, and the cold liquid resistance grade was evaluated
with reference to Table 6. Before and after the liquid resistance test, the surface coating on
the Basswood boards was measured for chromaticity using a color difference meter, and
the chromaticity variation AE* of cold liquid resistance of the film was computed using
Formula (1).

Table 6. Grading table of cold liquid resistance of the film.

Grade Description

1 No changes: the test area is indistinguishable from adjacent areas.

Slight changes: the test area is hardly distinguishable from adjacent areas
unless the light source is projected onto the test site revealing indications
such as fading, discoloration, and discoloration. No change in the structure
of the test surface, such as swelling, fiber protrusion, cracking, or blistering.

Moderate changes: visible in several directions, the test area is
distinguishable from adjacent areas through indications such as
discoloration, discoloration, and discoloration. No change in test surface
structure, such as swelling, fiber protrusion, cracking, or blistering.

Visible changes: visible in all visible directions, the test area is clearly
distinguished from adjacent areas through indications such as discoloration,
discoloration and discoloration, and/or slight changes in the structure of the
test surface, such as swelling, fiber protrusion, cracking, or blistering.

Severe changes: significant changes in test surface structure, and/or fading,
5 discoloration and discoloration, and/or the surface material is removed in
whole or in part, and/or filter paper is stuck to the surface.

With an error of less than 5%, each of the aforementioned tests was performed four times.

3. Results and Discussion
3.1. Microscopic Morphology and Infrared Spectral Analysis of the Modified Brass Powder

To observe the encapsulating effect of the brass powder, SEM analysis was performed
on the raw brass powder without silane coupling agent modification and the brass powder
was modified under the optimal conditions of silane coupling agent content of 6.0% and
at a pH of 5.0. From Figure 2A, the surface of the raw brass powder is flat and free of
adhesion, while the brass powder’s surface, which was modified by the silane coupling
agent (Figure 2B-D) is covered with a dense film; the surface is not as smooth as that of the
raw brass powder and a more obvious agglomeration phenomenon appears, demonstrating
the effectiveness of the coating.

Figure 3 shows the infrared spectra of brass powder modified by different silane
coupling agents. For the three spectra, the characteristic peaks generated by the stretching
vibration of Si-OH can be observed at 1100 cm ™!, which is due to the conversion of the
-5i0C,Hs group in KH550 and the —SiOC,yHj; group in KH560 and KH570 to Si-OH during
the hydrolysis process [50]. The stretching vibration peak of C-H in C-CHjs has a peak at
2920 cm 1. At 2853 cm™1, there is the characteristic peak of =CH,. The stretching vibration
peak of C-C is at 900 cm~!. The peak at 1476 cm ™! belongs to the deformation vibrations of
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=CH; and =CHj3 [51]. The stretching vibration peak of Si-O occurs at 814 cm ™. The Si-O-C
vibration is responsible for the peak at 1180 cm ™! [52]. There is a distinctive peak of the
stretching vibration of the amino group in KH550 at 3431 cm ™! [53]. The C=0 in KH570
is represented by the peak at 1650 cm ™! [54]. The identified peaks indicate that the brass
powder’s surface has been successfully covered with the silane coupling agent.

Figure 2. SEM images of brass powder modified by different silane coupling agents under the
optimal conditions of silane coupling agent content of 6.0% and pH of 5.0: (A) unmodified, (B) KH550
modified, (C) KH560 modified, (D) KH570 modified.
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Figure 3. FTIR images of brass powder modified by different silane coupling agents.
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3.2. Analysis of Orthogonal Test Results
3.2.1. Gloss Analysis

Gloss refers to the coating surface’s capacity to specularly reflect light and serves
as the foundation for determining how smooth the coating surface is. The findings are
displayed in Table 7, where the gloss performance of the paint film surface is significantly
indicated by the gloss corresponding to an incidence angle of 60° [55]. The visual analysis
of the paint film’s gloss at a 60° incidence angle is shown in Table 8. Sample 5# had the
highest gloss level of 13.1 GU, followed by sample 9% with 10.6 GU and sample 1# with
10.5 GU. Figure 4 depicts a graph of the film’s gloss effect at a 60° incidence angle. The
range results show that the brass powder content has the greatest effect on the coating’s
gloss, while the coupling agent content, coupling agent type, and pH of the solution during
the modification process have less effect on the coating’s gloss. According to the results
of the ANOVA of the gloss in Table 9, it was found that the ANOVA results of the above
four factors were consistent with the results of the range, and the effect of brass powder
content on the coating’s gloss was significant. Combined with the results of the ANOVA,
the better process parameters for the preparation of brass powder water-based coating
were determined to be: silane coupling agent KH560, silane coupling agent content of 6%,
pH value of the solution during the modification process of 4.0, and brass powder content
of 20%.

Table 7. The gloss of brass powder coatings modified by different coupling agents.

Gloss (GU)
Sample (#)
20° 60° 85°
1 2.5 10.5 6.0
2 0.9 3.1 1.2
3 0.6 1.0 0.6
4 0.7 1.5 0.7
5 3.2 13.1 7.4
6 0.9 2.9 1.3
7 1.0 3.7 1.7
8 0.7 1.7 1.0
9 2.6 10.6 6.2
Table 8. Visual analysis table of gloss.
Silane Couplin; Silane Couplin, H Value at Brass Powder
Sample (#) Agent Tyl:l,ae ® Agent Contel;t (‘i) I\Ijlodiﬁcation Content (%) Gloss (GU)
1 KH550 4 3 20 10.5
2 KH550 6 4 40 3.1
3 KH550 8 5 60 1.0
4 KH560 4 4 60 1.5
5 KH560 6 5 20 13.1
6 KH560 8 3 40 29
7 KH570 4 5 40 3.7
8 KH570 6 3 60 1.7
9 KH570 8 4 20 10.6
Mean 1 4.867 5.233 5.033 11.400
Mean 2 5.833 5.967 5.067 3.233
Mean 3 5.333 4.833 5.933 1.400
Range 0.966 1.134 0.900 10.000

153



Polymers 2023, 15, 1396

12 -
[ ]
10 -
— 8_
E
Z 6 "
5 I/\. ./\ ._./
4 -
n
2 \
| |
0 T T T T T T 1 ] 1 T T T
4 6 8 3 4 5 20 40 60

0SSH
09SH
0LSH

Silane Coupling  Silane Coupling  pH Value at Brass Powder
Agent Type Agent Content (%) Modification Content (%)

Figure 4. The graph of the film’s gloss effect at a 60° incidence angle.

Table 9. Analysis of variance (ANOVA) of gloss.

Factor Sum of .Sq}1ares Freedom F Ratio F Critical Significance
of Deviations Value
Silane Coupling 1.402 2 1.000 19.000
Agent Type ’ ’ '
Silane Coupling
Agent Content 1.982 2 1414 19.000
pH Value at
Modification 1.562 2 1.114 19.000
Brass Powder 170.056 2 121.295 19.000 *
Content
Error 1.40 2

Note: * in Table 9 means significant.

3.2.2. Color Difference Analysis

The primary factor used to determine whether the coating’s color is uniform or not is
its color difference value, and the results of the calculation of this parameter are displayed
in Table 10. Table 11 shows the visual analysis of color difference. According to the color
difference effect (Figure 5) and the color difference ANOVA (Table 12), it is the coupling
agent type that has a significant effect on the coating color difference value compared to the
brass powder content, coupling agent content, and pH of the solution during modification.
Combined with the results of the range, the prepared brass powder water-based coating
has a more uniform coating color under the conditions of silane coupling agent KH570,
silane coupling agent content of 8%, pH value of the solution during the modification
process of 4.0, and brass powder content of 40%.
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Table 10. The color difference of brass powder coatings modified by different coupling agents.

Chromaticity Parameter

Sample (#) AE
1 ay by L, a b
1 62.41 7.78 34.31 58.27 10.15 34.09 4.78
2 56.53 5.88 35.22 54.12 7.26 32.66 3.78
3 57.70 7.05 33.13 55.00 7.00 35.35 3.50
4 55.00 7.00 35.35 59.94 7.00 38.93 6.10
5 65.95 12.45 33.46 66.32 7.45 38.25 6.93
6 57.80 12.22 29.76 57.70 7.05 33.13 6.17
7 53.95 7.37 36.72 56.53 5.88 35.22 3.34
8 56.53 5.88 35.22 54.12 7.26 32.66 3.78
9 64.46 8.49 33.33 63.54 6.19 35.92 3.58
Table 11. Visual analysis table of the color difference.
Silane Coupling Silane Coupling pH Value at Brass Powder
Sample (#) Agent Type Agent Content (%) Modification Content (%) Gloss (GU)
1 KH550 4 3 20 4.78
2 KH550 6 4 40 3.78
3 KH550 8 5 60 3.50
4 KH560 4 4 60 6.10
5 KH560 6 5 20 6.93
6 KH560 8 3 40 6.17
7 KH570 4 5 40 3.34
8 KH570 6 3 60 3.78
9 KH570 8 4 20 3.58
Mean 1 4.020 4.740 4910 5.097
Mean 2 6.400 4.830 4.487 4.430
Mean 3 3.567 4.417 4.590 4.460
Range 2.833 0.413 0.423 0.667
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Figure 5. Effect of the color difference.
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Table 12. ANOVA of the color difference.

Factor Sum of .Sq}mres Freedom F Ratio F Critical Significance
of Deviations Value
Silane
Coupling 13.898 2 49.110 19.000 *
Agent Type
Silane
Coupling 0.283 2 1.000 19.000
Agent Content
pH Value at
Modification 0.292 2 1.032 19.000
Brass Powder 0.851 2 3.007 19.000
Content
Error 0.28 2

Note: * in Table 12 means significant.

3.2.3. Chromaticity Variation Analysis

The chromaticity variation, i.e., the color change between the brass powder coatings
and a pure water-based coating, can reflect the decorative color effect of the coating. The
calculated results and visual analysis of the chromaticity variation of the coating are shown
in Tables 13 and 14. Compared with other samples, the chromaticity parameter of sample 7#
was the best, reaching 16.15, followed by samples 2 and 8, with 16.12 and 15.57, respectively.
The chromaticity variation effect graph (Figure 6) and the chromaticity variation ANOVA
table (Table 15) showed that among the coupling agent type, coupling agent concentration,
pH value of the solution during coating modification, and brass powder content, brass
powder content is the one that can significantly affect the chromaticity variation. Combined
with the results of the range, the highest chromaticity variation of the prepared brass
powder water-based coatings was obtained under the conditions of silane coupling agent
KH550, silane coupling agent content of 4%, the pH value of the solution during the coating
modification process of 4.0, and brass powder content of 40%.

Table 13. The chromaticity variation of brass powder coatings modified by different coupling agents.

Chromaticity Parameter

Sample (#) I o ” AE*
0 70.42 8.93 30.96 -
1 61.89 8.55 34.01 9.07
2 54.49 7.54 33.02 16.12
3 56.73 6.75 34.21 14.24
4 57.34 7.46 37.33 14.63
5 65.51 9.98 34.82 6.34
6 56.57 9.38 32.31 13.93
7 55.24 6.63 35.97 16.15
8 55.33 6.57 33.94 15.57
9 64.12 7.13 34.99 7.70
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Table 14. Visual analysis table of the chromaticity variation.

Silane Coupling Silane Coupling pH Value at Brass Powder "
Sample (#) Agent Type Agent Content (%) Modification Content (%) AE
1 KH550 4 3 20 9.07
2 KH550 6 4 40 16.12
3 KH550 8 5 60 14.24
4 KH560 4 4 60 14.63
5 KH560 6 5 20 6.34
6 KH560 8 3 40 13.93
7 KH570 4 5 40 16.15
8 KH570 6 3 60 15.57
9 KH570 8 4 20 7.70
Mean 1 4.020 4.740 4910 5.097
Mean 2 6.400 4.830 4.487 4.430
Mean 3 3.567 4417 4.590 4.460
Range 2.833 0.413 0.423 0.667
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Figure 6. Effect of the chromaticity variation.
Table 15. Analysis of variance of the chromaticity variation.
Factor Sum of .Sq}1ares Freedom F Ratio F Critical Significance
of Deviations Value
Silane
Coupling 4.550 2 6.445 19.000
Agent Type
Silane
Coupling 2.646 2 3.748 19.000
Agent Content
pH Value at
Modification 0.706 2 1.000 19.000
Brass Powder 110.135 2 155.999 19.000 *
Content
Error 0.71 2

Note: * in Table 15 means significant.
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3.3. Analysis of Single-Factor Experiment Results
3.3.1. Optical Performance Analysis
Gloss

Table 16 and Figure 7 display the results of various coupling agent modifications on
the gloss of the brass powder coatings. There is no discernible variation in gloss between
unmodified and brass powder coatings modified by the three coupling agents, and the
different modification treatments have no discernible impact on the gloss performance
of the coatings. The gloss at incidence angles of 20°, 60°, and 85° revealed a negative
association with the brass powder content, i.e., the higher the brass powder’s concentration,
the lower the coating’s gloss, for both the unmodified and the brass powder coatings
modified by the three coupling agents. This is so because brass powder is a solid powder,
and adding more of it to the coating will make the coating surface rougher, which will
reduce the coating’s gloss due to diffuse light reflection [56]. The gloss of the coating will
differ greatly depending on the brass powder percentage, which should be between 0
and 10%. The weakening effect of brass powder concentration on the gloss of the coating
gradually reduces in the 20% to 50% range. The gloss curve trend tends to level out as the
brass powder percentage reaches 50%, and at this point, the brass powder content begins
to saturate. Therefore, the brass powder concentration in the modified coating should
be kept to 0-10% in order to provide a nice gloss effect. And within this range, the gloss
performance of the brass powder coating following the KH560 treatment (sample 24#) is
best.

Table 16. Gloss of different coupling agent-modified brass powder coatings.

S Silane Coupling Brass Powder Gloss (GU)
ample (#)

Agent Type Content (%) 20° 60° 85°
0 0 17.4 55.3 64.8
10 10 6.6 25.2 22.1
11 20 3.0 13.0 9.6
12 30 1.2 4.7 24
13 None 40 0.8 34 21
14 50 0.9 26 1.3
15 60 0.6 1.9 1.0
16 70 0.6 1.1 0.7
17 10 6.2 22.6 20.4
18 20 2.1 9.0 5.1
19 30 1.2 53 2.6
20 KH550 40 0.9 24 1.4
21 50 0.6 1.6 0.8
22 60 0.6 1.2 0.8
23 70 0.5 1.0 0.7
24 10 8.1 27.2 22.6
25 20 2.6 10.0 6.6
26 30 14 49 29
27 KH560 40 0.8 24 1.3
28 50 0.7 1.8 1.0
29 60 0.7 1.6 0.9
30 70 0.6 1.1 0.8
31 10 5.7 20.0 18.0
32 20 2.7 10.4 6.0
33 30 1.2 3.7 2.1
34 KH570 40 0.9 29 1.5
35 50 0.8 1.9 0.9
36 60 0.6 1.4 0.9
37 70 0.6 1.2 0.8
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Figure 7. Gloss of different coupling agent-modified brass powder coatings with different brass
powder content.

Color Difference

Figure 8 illustrates the impact of various coupling agent modifications on the brass
powder coating’s color difference. The color difference of the unmodified brass powder
coating has the biggest change with an increase in the amount of brass powder. The
coupling agent molecule has the structural formula Y-R-5i-X3, where Y in KH550, KH560,
and KH570 is an amino functional group, an epoxy hydrocarbon functional group, and
a methacryloyloxyalkyl organic functional group, respectively. R is a carbon chain with
saturated or unsaturated bonds, and X is easily combined with silicon atoms and can be
hydrolyzed by chlorine, methoxy, ethoxy, acetoxy, and other groups. The brass powder
is modified using a silane coupling agent to produce silicon hydroxyl (5i-OH), which is
then further dehydrated and condensed between coupling agent molecules to produce
an oligomeric siloxane that contains several Si-OH groups. The -OH on the surface of the
brass powder combines with the Si-OH in the oligomeric siloxane to produce covalent or
hydrogen bonds [57]. The organic functional groups of the polymer chemically react with
the Y group. Brass powder is hydrophobic and has a low affinity for water-based coatings
without surface treatment. It is essentially insoluble in water and forms huge aggregates in
water-based coatings, making it challenging to distribute evenly. Although some agglomer-
ation of the silane-modified brass powder is unavoidable, due to the surface’s abundance
of hydrophilic groups and its attraction for water-based coatings, the dispersion can be
enhanced. Brass powder content does not significantly affect the coating’s color fluctuation.
The best dispersion at 10% brass powder concentration is found with KH560 (sample 24#),
followed by KH570 (sample 31#) and KH550 (sample 17#), and the coatings produced have
a more uniform color.

159



Polymers 2023, 15, 1396

—&— None

—e— KHS550
—a— KH560
—w— KH570

AE
=S
1

T T T T T T
0 10 20 30 40 50 60 70

Brass Powder Content (%)

Figure 8. The color difference of different coupling agent-modified brass powder coatings with
different addition contents.

Chromaticity Variation

Figure 9 depicts the impact of various coupling agent modifications on the chromatic-
ity variation of brass powder coatings. The chromaticity variation between brass powder
coatings modified by the three coupling agents is small when the brass powder concentra-
tion is the same, and the modification treatment of using different coupling agents has little
effect on the coating’s chromaticity variation. The chromaticity variation of unmodified
and modified brass powder coatings with various coupling agents grew more pronounced
with the increase in brass powder content. A brass powder content range of 10-40% was
where the coatings’ chromaticity variation was the most pronounced. Because the brass
powder can essentially lie flat on the surface of the Basswood substrate once the brass
powder content exceeds 40%, the chromaticity variation of the coating tends to level off
after that point. Moreover, further increases in the brass powder content will have little
impact on the coating’s overall color. The most noticeable chromaticity difference with 10%
brass powder content is found with KH560 (sample 24#), followed by KH570 (sample 31#)
and KH550 (sample 17#).
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Figure 9. Variation curve of chromaticity variation of different coupling agent-modified brass powder
coatings with different addition contents.
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Visible Light Reflectance

When the outside temperature is high, a coating with high reflectivity applied to the
surface of wood can prevent heat from penetrating to the interior of the wood, thereby
preventing heat aging and other issues while extending the service life of wooden objects.
The reflectance of the visible wavelength band for various coupling agent-modified brass
powder coatings with various brass content is shown in Figures 10 and 11, and Table 17. The
R-value of visible wavelength reflectance of the brass powder coating was not significantly
affected by the silane coupling agent treatment. Brass powder concentration and visual
reflectance R-value had a negative relationship. The R-value in the 0 to 40% range of brass
powder composition significantly declines as the brass powder content rises. The R-value
remained relatively unchanged once the brass powder percentage reached more than 40%.
The coatings display the greatest visible light reflectance at a brass powder concentration
of 10%.
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Figure 10. Visible wavelength reflectance of different coupling agent-modified brass powder coatings
at different addition contents: (A) unmodified, (B) KH550 modified, (C) KH560 modified, (D) KH570
modified.

Figure 10 illustrates the coating samples’ color saturation. The color saturation of the
sample increases and decreases with the difference between the high and low points of
the reflectance spectrum. More bright colors result from higher saturation levels, while
darker colors result from lower saturation levels. The color saturation of the coated samples
steadily decreased with the rise in brass powder content, and the color gradually became
duller. This tendency was seen in both the unmodified and modified brass powder coatings.
Among them, the coating’s color brightness with a 10% brass powder concentration was
the best.
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Figure 11. Visible wavelengths reflectance of different coupling agent-modified brass powder coatings
with different brass content.

Table 17. Visible light reflectance of modified brass powder paint films with different coupling agent

types with different brass content.

R
Brass Powder Content (%)

None KH550 KH560 KH570

0 0.5158 0.5158 0.5158 0.5158
10 0.4389 0.4038 0.3919 0.3566
20 0.3238 0.3008 0.2688 0.3406
30 0.2867 0.2941 0.2610 0.2588
40 0.2367 0.2186 0.2245 0.2550
50 0.2115 0.2138 0.2169 0.2357
60 0.2068 0.2077 0.2094 0.2204
70 0.2062 0.2004 0.1860 0.1646

The primary wavelengths of modified brass powder paint films are shown in Table 18.
The primary wavelength of the coating color can be utilized as a starting point for assessing
the coating samples’ overall visual color. All samples” primary color wavelengths fell
within the range of 586-590 nm. The wavelength of the yellow component of visible light
ranges from approximately 565 to 590 nm; the closer the wavelength is to 590 nm, the more
orange the sample seems overall, and the closer it is to 565 nm, the greener it appears
overall. The main wavelength of the coating is closer to 586 nm as the brass powder content
rises, demonstrating that the coating’s overall color is becoming more and more yellow, and
that brass powder has a more pronounced effect on concealing the color and texture of the
wood. These findings are in line with the findings of the chromaticity variation evaluation
index.
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Table 18. Main wavelengths of modified brass powder paint films with different coupling agent types.

Main Wavelength
Brass Powder Content (%)

None KH550 KH560 KH570
0 589.89 589.89 589.89 589.89
10 589.34 589.56 589.88 590.00
20 589.29 589.47 589.78 589.68
30 588.30 588.57 589.21 588.15
40 587.64 587.56 587.90 587.80
50 587.25 587.40 587.68 587.40
60 586.88 587.06 587.26 586.09
70 586.41 587.00 587.13 587.05

3.3.2. Mechanical Performance Analysis
Hardness

According to Table 19, the amount of various silane coupling agent-modified brass
powders in the coatings affected how hard the Basswood surface’s coatings were. Due to
the water-based coating’s inherent softness, Basswood surface coatings often have a low
hardness. The coating’s hardness was 4B without the presence of brass powder. Because the
thermoplastic acrylic self-drying technique primarily relied on self-crosslinking to generate
a film, which is a physical film formation, its hardness performance was inferior. The film’s
hardness rose sharply to HB when 10% brass powder was added. The hardness of the
film steadily rose as the amount of brass powder increased, but the difference was not
substantial. The silane coupling agent greatly increased the coating’s hardness compared
to the unaltered brass powder coating. This is due to the fact that the Y group can interact
with the resin matrix and serve as a coupling agent, improving the bonding efficiency of
the resin and brass powder and significantly enhancing the mechanical qualities of the
brass powder-resin system. The effect of the silane coupling agent’s type on the coating’s
hardness is essentially the same when the coating contains 10-30% brass powder. When the
coating contains 40% brass powder, the coating’s hardness after being altered by various
coupling agents appears to vary. Due to the cross-linking principle, the epoxy functional
group of KH560 and the carboxyl group of water-based acrylic acid underwent an addition
reaction to form a chemical bond, whereas the amino functional group of KH550 and the
carboxyl group of water-based acrylic acid underwent a coordination reaction to form an
ionic bond [58]. The hardness of the brass powder coating modified by KH560 and KH570
was 3H, which was higher than that of the brass powder coating modified by KH550. The
lower hardness is caused by the readily broken ionic bonds.

Table 19. The hardness of modified brass powder film with different coupling agent types.

Hardness
Brass Powder Content (%)
None KH550 KH560 KH570

0 4B 4B 4B 4B
10 HB HB HB HB
20 H H H H
30 H 2H 2H 2H
40 H 2H 3H 3H
50 H 3H 3H 3H
60 H 3H 3H 3H
70 H 5H 5H 5H

Impact Resistance

The amount of brass powder in the coating modified with various silane coupling
agents affects the impact resistance of the Basswood surface coating according to Table 20.
The amount of brass powder applied affects the coating’s impact resistance, whereas the
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silane coupling agent’s type and the amount of brass powder added both have an impact
on the coating’s impact strength. The modified brass powder coating has a much higher
impact strength than the unmodified brass powder coating. The unmodified brass powder
coating has a maximum impact strength of 5 kg-cm in the 0 to 70% addition range, while
the modified brass powder coating has a maximum impact strength of 8 kg-cm. This is
since, following the treatment of the brass powder, the coupling agent molecules can create
a molecular layer that is covalently bound to the surface of the brass powder, and that
layer can significantly hinder water infiltration. The resin matrix strength will diminish as
a result of the water intrusion, and the bond between the resin matrix and the interface will
eventually fail, drastically reducing the mechanical capabilities of the composite material.
The impact strength of the unmodified and modified brass powder coatings tended to rise
and then fall with the brass powder content. The coating’s impact strength is optimum
at 40% brass powder content for both unmodified and KH550-modified coatings. At a
brass powder percentage of 50%, the KH560- and KH570-modified brass powder coatings
showed the highest impact strength. Due to its double bonds, which boost strength, KH570
has the strongest impact resistance [59]. By reducing the freedom of the molecular chain
and enhancing the impact resistance of the brass powder coating, the cross-linking reaction
with the resin matrix increases the crosslinking density of the brass powder-acrylic resin.

Table 20. Impact resistance of modified brass powder films with different coupling agent types.

Impact Resistance (kg-cm)

Brass Powder Content (%)

None KH550 KH560 KH570

0 1 1 1 1

10 1 2 3 4
20 3 3 4 4
30 3 3 5 5
40 5 8 6 7
50 4 7 8 8
60 3 6 7 7
70 4 8 5 6

Adhesion

According to Table 21, the amount of brass powder in coatings adjusted with various
silane coupling agents affected how well they adhered to the surface of the Basswood. The
adherence of the modified brass powder coating exhibits a more pronounced and significant
improvement when compared to the unmodified brass powder coating. This is because
of the coupling action of the silane coupling agent molecules with the covalently bonded
molecular layer on the surface of the brass powder. The Y group resin molecules also
effectively reduce the degradation of adhesion due to moisture intrusion and maintain or
noticeably improve the mechanical properties of the composite [60]. Brass powder content
and coating adhesion are inversely connected. The higher the brass powder concentration,
the lower the coating adhesion. This is due to the fact that the coating’s adhesion is also
influenced by its own characteristics and how well it adheres to the Basswood substrate.
The internal dense structure of the coating is damaged when the brass powder is mixed
into the water-based acrylic coating. As a result, the coating’s cohesion decreases, which
is reflected in a decrease in the coating’s adhesion to the wood substrate [61]. Therefore,
the coating that contains an excessive amount of brass powder doesn’t adhere as well.
The coatings containing the modified brass powder showed the best adhesion (1 grade)
when the content of metal fillers did not exceed 30%, which is consistent with the optimal
samples (1 grade) in previous reports [62]. The coating modified by KH570 has the best
adhesion of the three silane modifiers and can retain the adhesion of 2 grade even when
the amount of brass powder is raised to 40%.
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Table 21. Different coupling agent types modified brass powder paint film adhesion.

Adhesion (Grade)
Brass Powder Content (%)
None KH550 KH560 KH570
0 0 0 0 0
10 1 1 1 1
20 2 1 1 1
30 2 1 1 1
40 4 3 3 2
50 4 3 4 3
60 4 3 4 3
70 5 4 4 4

Roughness

According to Table 22, the amount of brass powder in coatings modified with various
silane coupling agents affected how rough the Basswood surface coatings were. The brass
powder-acrylic coating’s roughness was made worse by the coupling agent alteration. This
is because the hydroxyl group reacts with the inorganic filler particles, causing the surface
of the filler particles to progressively be replaced by the silane coupling agent condensate
and making the particles’ surface rougher (Figure 2). As the amount of brass powder in
the coating increased, the coating’s roughness frequently did as well. In the range of 0% to
10%, the growing trend was more pronounced. The lowest roughness of the coating was
achieved when the content of metal filler was 10%, which was better than the roughness of
1.9 um reported in reference [63].

Table 22. The roughness of modified brass powder coating film with different coupling agent types.

Roughness (um)

Brass Powder Content (%)

None KH550 KH560 KH570

0 0.480 0.480 0.480 0.480
10 1.635 1.209 1.022 1.322
20 2.318 1.742 1.612 1.965
30 2.679 2.481 1.413 3.554
40 2.983 3.654 3.554 3.210
50 2.766 2.988 2.824 2.504
60 3.908 2.782 3.037 3.453
70 4.138 3.860 3.050 4.094

3.3.3. Aging Resistance Analysis
High-Temperature Accelerated Aging

Figure 12 depicts the chromaticity variation of the coating on Basswood before and
after the high-temperature accelerated aging test with the different brass powder content
adjusted by various coupling agents. Both the coupling agent-modified brass powder coat-
ings and the unmodified brass powder coating produced chromaticity changes during the
aging process. Due to the prolonged treatment that accelerated the aging of the Basswood
and the coating, the chromaticity variation of the coating became increasingly apparent as
the aging period rose. Within 0-5 h of the high-temperature accelerated aging treatment,
the coating’s chromaticity variation was at its greatest. The brass powder concentration is
roughly negatively connected with the chromaticity variation between the coating before
and after aging throughout the same aging period, meaning that the higher the brass pow-
der content, the less noticeable the coating’s chromaticity variation after high-temperature
accelerated aging. This is because the brass powder itself does not readily react chemically
at high temperatures to alter the color. Additionally, a high concentration of brass powder
coating on wood might cover the wood itself during a high-temperature carbonization
reaction since the material’s texture and color coverage are stronger. Because both the

165



Polymers 2023, 15, 1396

water-based coating and the wood are susceptible to denaturation at high temperatures,
the weaker the color coverage of the wood substrate, and the higher the transparent water-
based coating content in the coating, the greater the chromaticity variation on the coating
with low brass powder content. After accelerated aging at high temperatures for 20 h,
the coating with 10% unmodified brass powder had the biggest chromaticity variation of
38.22, which was greater than the coating with brass powder modified by coupling agents.
This is because the silane coupling agent can coat the brass powder particles and raise the
interfacial heat resistance of the brass powder particles, which to some extent retards the
aging of the wood substrate and water-based coating substrate. Due to the addition of
some KH550 internal amino groups to the reaction during polymerization, which reduces
the coupling agent’s strong alkalinity and increases its temperature resistance [64], the
brass powder coating modified by KH550 shows the least amount of chromaticity variation
after high-temperature aging.
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Figure 12. High-temperature accelerated aging resistance of different coupling agents-modified brass
powder coatings at different addition contents: (A) unmodified, (B) KH550 modified, (C) KH560
modified, (D) KH570 modified.

UV Aging Resistance

The high UV energy of sunlight, in conjunction with oxygen, readily initiates the
polymer materials’ free radical chain photo-oxidative aging reaction. This results in the
polymer macromolecular chain being broken or producing specific crosslinking, which
directly affects the performance of polymer materials by causing color darkening, brittle-
ness, hardening, surface cracking, and a decline in mechanical properties, among other
aging phenomena, and eventually causes them to lose their value. Figure 13 depicts the
chromaticity fluctuation of the Basswood surface coating with brass powder content in the
coatings modified by various coupling agents. The amount of brass powder present and
the coating’s UV aging chromaticity variation are negatively correlated. The less noticeable
the chromaticity variation of the coating after UV aging, the higher the concentration of
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brass powder filler. The coating color is primarily influenced by UV light when the brass
powder content is between 10% and 20%. This is because the effect of UV aging on brass
powder is less pronounced than it is on polymeric water-based coatings, and the coating’s
chromaticity fluctuation is more visible, the larger the proportion of water-based coatings
in the coating. After the UV aging experiment, the unmodified brass powder coating had a
more significant chromaticity variation. Brass powder coatings can be treated using silane
coupling agents to increase their UV aging resistance. Among them, the coating modified
with KH570 performed the best.
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Figure 13. UV aging resistance of different coupling agent-modified brass powder coatings at different
addition contents.

3.3.4. Cold Liquid Resistance Analysis

One of the crucial criteria for testing the physicochemical qualities of wood coatings is
the measurement of the coating’s liquid resistance. This parameter is based on a damage
scenario induced by a liquid to which wooden objects may be exposed in daily life. The
gloss of the Basswood surface coating after the cold liquid resistance test varied according
to the amount of brass powder in the coating modified using various coupling agents, as
indicated in Table 23. Following the evaluation of liquid resistance, all coatings displayed
some degree of gloss degradation. At brass powder contents of 0 and 10%, the coatings’
loss of gloss was most noticeable. Detergent and coffee, out of the four liquids examined,
had the biggest impact on the gloss of the brass powder coatings. Detergent and coffee had
the greatest impact on the gloss of the brass powder coating modified by KH560 at 10%
concentration (sample 24#), decreasing it by 20.5 and 11.3, respectively, while detergent and
coffee had the least impact on the gloss of the brass powder coating modified by KH550 at
10% concentration (sample 17#), decreasing it by 9.9 and 8.0, respectively. KH570-modified
brass powder coatings demonstrated more consistent gloss in the liquid resistance.

Table 24 illustrates the chromaticity variation of the coated surface of Basswood before
and after the cold liquid resistance tests with various coupling agent-modified brass powder
content. After the cold liquid resistance tests, the brass powder acrylic coating that had
been altered using coupling agents had a significant change in coating color. The acrylic
coating with brass powder responded the least to the four test liquids in terms of color
change, whereas the KH560-modified coating was more sensitive to the effects of the test
liquids and created more pronounced color changes. The coating’s chromaticity fluctuation
was lowest at 10% brass powder content.
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Table 23. Liquid resistance gloss of different coupling agent-modified brass powder coatings.

Silane Coupling Brass Powder Gloss (GU)
Sample (#)
Agent Type Content (%) Citric Acid Ethanol Detergent Coffee

0 0 51.9 50.1 279 48.4
10 10 25.0 25.0 242 24.0
11 20 11.3 12.9 11.6 12.3
12 30 47 4.7 3.8 4.7
13 None 40 3.4 3.1 27 32
14 50 25 2.6 2.3 2.6
15 60 1.8 1.9 1.7 1.9
16 70 1.1 1.1 1.1 1.1
17 10 21.6 194 6.5 15.7
18 20 7.6 7.6 49 8.5
19 30 43 44 2.6 44
20 KH550 40 22 24 24 24
21 50 1.6 1.3 1.6 1.3
22 60 1.2 1.1 1.2 1.0
23 70 1.0 1.0 1.0 1.0
24 10 21.0 22.7 6.7 15.9
25 20 8.2 10.0 52 73
26 30 43 4.0 34 3.6
27 KH560 40 22 2.3 22 2.0
28 50 1.5 1.7 1.8 1.5
29 60 1.2 14 1.4 1.5
30 70 1.0 1.1 1.1 1.0
31 10 13.3 17.3 10.1 12.0
32 20 8.2 8.1 4.7 8.6
33 30 35 29 24 3.0
34 KH570 40 2.7 27 23 29
35 50 1.6 1.8 1.3 14
36 60 1.4 1.4 1.3 1.1
37 70 1.1 1.1 1.2 1.0

Table 24. Chromaticity variation of different coupling agent-modified brass powder coatings.

Sample () Silane Coupling Brass Powder AE*
Agent Type Content (%) Citric Acid Ethanol Detergent Coffee

0 0 2.89 1.51 2.89 2.61
10 10 5.46 5.21 4.04 5.19
11 20 6.19 1.25 4.98 2.01
12 30 3.15 2.67 3.23 8.11
13 None 40 5.33 3.86 12.74 5.39
14 50 15.51 0.00 9.62 9.02
15 60 15.51 0.00 9.59 9.02
16 70 8.91 5.43 18.48 5.71
17 10 4.49 1.93 9.54 4.22
18 20 11.19 217 11.19 6.34
19 30 10.75 4.60 9.08 7.31
20 KH550 40 15.22 8.62 8.48 10.04
21 50 16.30 8.22 7.96 12.83
22 60 15.94 2.54 9.39 9.01
23 70 13.46 2.49 7.34 8.41
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Table 24. Cont.

Silane Coupling Brass Powder AE*
Sample (#)
Agent Type Content (%) Citric Acid Ethanol Detergent Coffee

24 10 297 4.57 297 5.12

25 20 13.72 1.50 11.27 7.28

26 30 13.89 2.80 7.35 7.07

27 KH560 40 14.77 9.19 11.82 10.56

28 50 14.94 9.19 14.77 10.08

29 60 20.39 1.50 11.93 10.35

30 70 15.23 3.00 15.23 3.69

31 10 6.64 4.99 5.75 8.80

32 20 1.27 4.51 4.61 3.07

33 30 5.79 1.17 3.38 6.75

34 KH570 40 8.33 2.54 2.98 2.98

35 50 6.05 7.32 9.38 6.05

36 60 21.34 2.95 6.84 9.23

37 70 18.12 0.00 11.82 5.87

Table 25 displays the findings of the grading of the Basswood surface coatings fol-
lowing the measurement of liquid resistance. All of the coatings were essentially grade
1 for ethanol, leaving no mark on the coating film surface; grade 2 for coffee, leaving a
minor discoloration mark on the coating film surface. The primary cause is that coffee is a
dark brown color, which makes it easier for the coating to stain. The liquid resistance level
for detergent is primarily grade 2, whereas the grade 3 performance of unmodified brass
powder coating can be effectively improved by silane coupling agent modification. After
the citric acid test, the brass powder coating modified by KH570 has improved liquid resis-
tance and can still retain grade 2 liquid resistance even when the amount of brass powder
increases to 50%. Based on the information in Table 25, silane coupling agent KH570 and a
brass powder content of 10% resulted in the best liquid resistance performance of brass
powder acrylic coating.
Table 25. Liquid resistance grade of different coupling agent-modified brass powder coatings.
S Silane Coupling Brass Powder Liquid Resistance Grade (Grade)
ample (#)
Agent Type Content (%) Citric Acid Ethanol Detergent Coffee

0 0 1 1 2 1

10 10 1 1 2 1

11 20 2 1 2 1

12 30 2 1 3 2

13 None 40 2 1 3 2

14 50 3 1 3 2

15 60 3 1 3 2

16 70 3 1 3 2

17 10 2 1 2 2

18 20 2 1 2 2

19 30 2 1 2 2

20 KH550 40 3 1 2 2

21 50 3 1 2 2

22 60 3 1 2 2

23 70 3 1 2 2
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Table 25. Cont.

S Silane Coupling Brass Powder Liquid Resistance Grade (Grade)
ample (#)
Agent Type Content (%) Citric Acid Ethanol Detergent Coffee

24 10 1 1 1 2
25 20 2 1 2 2
26 30 3 1 2 2
27 KH560 40 3 1 2 2
28 50 3 1 2 2
29 60 4 1 2 2
30 70 4 1 2 2
31 10 1 1 1 2
32 20 1 1 2 2
33 30 2 1 2 2
34 KH570 40 2 1 2 2
35 50 2 1 2 2
36 60 3 1 2 2
37 70 4 1 2 2

3.3.5. Microscopic Morphology and Infrared Spectral Analysis of the Coating

The brass powder-acrylic acid coating modified with 10% KH570 has the best overall
performance, as can be seen from the findings above. Although the color difference is
smaller, the chromaticity fluctuation is more noticeable, and the primary wavelength of
color is closer to orange, its gloss is not significantly different from the pure brass powder
water-based coating. It also has higher levels of hardness, impact resistance, and adherence.
Its resistance to aging and fluids is also stronger. The microscopical characterizations
of the brass powder-acrylic acid coatings with and without 10% KH570 modification
are illustrated in Figure 14. The surface of the modified coating is essentially flat when
compared to the pure brass powder water-based coating, and the minor protrusion is
compatible with the findings of the roughness tests (Table 22). The material shows excellent
surface condition.

Figure 14. SEM images of Basswood surface films with 10% brass powder: (A) unmodified (Sample
104), (B) KH570 modified (Sample 31#).

Figure 15 shows the FTIR spectra of the brass powder-acrylic acid coating modified
by 10% KH570 and the pristine brass powder-acrylic acid coating. The spectrum of the
modified brass powder-acrylic acid coating clearly contains the characteristic peaks of
KH570. The peaks for methylene are at 2927 cm~ ! and 2857 ecm 1. The Si-O-M (M =Cu,
Zn, 5i) asymmetric stretching mode is thought to be responsible for the strong adsorption
band near 1100 cm 1! [65], demonstrating that a covalent link between KH570 and the brass
powder was successfully formed. Si-C bonds have significant distinctive peaks at 842 cm ™!
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and 754 cm~!, and C-H in C=CH, has an in-plane bending vibration peak at 987 cm~!.
The asymmetric stretching vibration peak of silyl ether is 1037 cm~!. The deformation
vibration peak of the C=0O is at 1727 cm~1, and the deformation vibration peak of the C=C
is at 1645 cm~!. The double bond is a significant element that can enhance the coating’s
mechanical capabilities. The intensity of the C=C peak of the unmodified coating was
greatly reduced in comparison to the FTIR spectra of the KH570-modified brass powder,
and KH570 was successful in polymerizing acrylic acid.
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Figure 15. FTIR spectra of Basswood surface films with 10% brass powder.

4. Conclusions

Orthogonal tests were used to examine the effects of various factors (brass powder
content, silane coupling agent type, silane coupling agent content, pH value) on the optical
properties of modified brass powder-water-based acrylic coatings on a Basswood surface.
The results showed that the coupling agent type and brass powder content had the greatest
effects on the optical properties, with coating gloss, color difference, and chromaticity
variation serving as the reference basis. Brass powder content had a negative correlation
with coating gloss and a positive correlation with coating chromaticity variation under
various silane coupling agent modifications. The silane coupling agent-modified coatings
had a less pronounced color difference. The silane coupling agent can greatly increase
the coating’s hardness, impact resistance, and adhesion in terms of mechanical properties.
Aging resistance and liquid resistance tests reveal that the addition of a silane coupling
agent can increase these properties. Combining all data, it is clear that the water-based
acrylic acid coating containing 10% brass powder modified by KH570 (pH 5 of the solution
at modification, coupling agent content 6%) has the best overall performance, improving
the coating’s mechanical characteristics, aging resistance, and liquid resistance in addition
to ensuring good optical properties, with a gloss of 20.0 GU, a color difference of 3.12, a
hardness of HB, an impact resistance of 4 kg-cm, an adhesion of grade 1, and better liquid
resistance and age resistance. These results provide the technological foundation for the
development of artistic coatings for wood.
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Abstract: The objective of the study was to analyze the influence of coating treatments on sound
propagation speeds in thin boards, along the longitudinal and radial directions of resonance wood.
The samples studied were thin boards made of spruce and maple wood with dimensions of 240 mm
x 80 mm x 4 mm (length x width x thickness) subjected to different coating treatments (oil-based
varnish and alcohol varnish) as well as unvarnished samples, exposed to radiation UV, and specimens
treated in the saline fog. The test method consisted of evaluating the propagation speeds of Lamb
waves applied to thin plates, according to a semicircular test model, so that the results highlighted
both the acoustic response in the longitudinal and radial directions as well as the variation in the
anisotropy of the samples with the change in the sound propagation direction relative to wood fibers.
Based on the statistical analysis, sound propagation speed profiles were obtained in each of the
38 directions analyzed for all wood samples. The results highlighted that the oil-based varnish led
to a decrease in the speed of propagation in the radial direction, compared to the alcoholic varnish,
whose major effect was in the longitudinal direction, on the spruce wood. On maple wood, increasing
the number of varnish layers, regardless of the type of varnish, led to a decrease in the anisotropy
ratio between the longitudinal and radial directions.

Keywords: varnish; anisotropy; Lamb waves; coating treatments; spruce; maple

1. Introduction

Wooden material, due to its remarkable properties, traditionally presents wide appli-
cability. Wood, through its cellular structure, shape and way of organizing the wood cells
in the three main directions, and content of lignin, cellulose, and hemicelluloses, confers
optimal physical, mechanical, and acoustic properties for musical instruments with strings
and a resonator body. The physical properties (density) and mechanical properties of
wood (elastic constants and damping) influence the acoustic properties of wood (speed of
sound, characteristic impedance, and sound radiation) because sound is produced by the
vibrations of the material [1-3]. According to [2], the parameters that reflect the vibrational
and acoustic quality of wood are the relative acoustic conversion efficiency as the ratio
of acoustic energy radiated to the vibration energy, the anisotropy of wood calculated as
the ratio between dynamic Young’s modulus and dynamic shear modulus. Thus, a high
specific dynamic modulus in the longitudinal direction, a high anisotropy factor, and a low
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damping are indicators of the tone quality of the soundboard. From the point of view of the
fiber orientation compared to the cutting directions of the wooden boards, [3] considers that
the grain angle influences the anisotropy of viscoelastic vibrational properties, just as [2,4]
correlates the acoustic qualities of wood with the effect of the angle of the microfibril on
the damping and specific dynamic Young’s modulus.

On the other hand, the accessibility of this resource since ancient times and its easy
workability have consecrated wood as a lignocellulose composite material for numerous
musical instruments [1].

The reaction of wood in the interaction with sound waves depends on the transmitted
sound energy, as well as the nature and condition of the wood: the macro- and micro-
scopic structure of the wood—cell, membrane construction, fiber size, cohesion, humidity,
elastic properties, etc. Spruce and maple wood (resonance wood) are wood with a very
fine structure and physical properties suitable for the construction of stringed musical
instruments [5,6].

According to [7,8], who identified the origin of the resonance wood of the musical
instruments belonging to the Cherubini Conservatory Collection in Florence, the most im-
portant areas for the production of soundboards were the Eastern Alps (with regions from
Italy and Slovenia), Bavarian forests, and the Carpathian Mountains (Poland, Romania,
and southern Russia). The resonance wood from the central-northern area of the Eastern
Carpathians presents special physical and acoustic properties that have been studied, with
them being correlated with the anatomical quality classes used by luthiers [8-11]. The
choice of raw material by luthiers is based on rigorous physical and acoustic criteria, with
the resonance wood thus being classified in correlation with the quality and price of the
musical instrument. The properties of the materials used in the construction of stringed
musical instruments show great variability, and that is why the first stage in the manu-
facture of musical instruments is the choice of wood [12-14]. The basic characteristic that
distinguishes resonance wood from the ordinary type is the very homogeneous anatomical
structure, obtained from the small and uniform width of the annual rings as well as the
small proportion of late wood. The microscopic structure of spruce wood consists of ves-
sels, resin canals, and cellular composition. The length of the tracheids shows a significant
increase when moving away from the pith and parcel. The vessels in the ring assembly are
1.1-6.0 mm long. Tracheid length decreases with latitude. The resin canals are visible only
with a magnifying glass and are rare (25-35 pcs/cm?). The cellular composition consists of
95% tracheids, 3.6% resiniferous formations, 1.4% radial parenchyma, and a proportion of
wood voids of 71% [15-17].

From an anatomical point of view, maple wood is made up of vessels (trachea), wood
parenchyma, radial parenchyma, and fibers. The vessels are small and rare, and the fibers
occupy about 75% of the volume of the wood substance. The porosity (proportion of voids)
is 60% of the apparent volume. Maple wood is part of the category of hardwoods with
scattered pores, with these being small, visible with a magnifying glass, and quite rare.
They are, therefore, unevenly scattered among the early and late wood and their size and
thickness decrease towards the outer limit of the annual ring.

Producers choose wood according to its cost and mechanical, artistic, and mechanical
processing criteria without, however, having the guarantee of the performance of the final
product, even in the conditions of the best acoustic performance of the wood [3,8]. The
wood used in the construction of musical instruments is covered with lacquer films that
have the role of protecting the musical instrument from wear and fluctuations in ambient
humidity. Depending on the type of varnish (the solvent), the thickness of the film, the
degree of penetration into the wood, the physical and mechanical properties of the newly
formed system (wood-wood/varnish interface and the varnish film) show elastic, acoustic,
and dynamic properties different from those of untreated wood [2—4].

Lately, there has been increased interest in scientific research on these materials by
applying direct and indirect methods and the appropriate use of measuring instruments [16].
Non-destructive techniques (NDT/E) involve the identification of properties without
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measuring them and preserving the structural integrity of the wood [11-13]. Simulation
methods using the finite element method (FEM) can be used for the evaluation techniques
of material properties even when they have complex behavior [11-13]. Ultrasonic (US) and
ultrasonic resonance (RUS) methods as part of NDT/E methods successfully achieve the
results obtained by standard static methods [14-17].

The results obtained in determining the propagation speeds of US in wood depend on
the orientation of the structure in relation to the sound source (longitudinal—L, radial—R,
and tangential—T) [18-21], according to the axes that identify its spatial directions. The
propagation speed of US through wood is a fundamental parameter in the characterization
of resonant wood, with it being dependent on the density of the wood as well as the
modulus of elasticity [22,23]. From a mechanical point of view, to understand the elastic
behavior of resonant wood, it is necessary to determine the propagation speeds in the three
directions. The method based on US propagation as a non-destructive method involves
nine propagation speeds in accordance with the directions of mechanical oscillation [22-24].
According to [20,21], the structural anisotropy of wood can be determined using different
methods: either by calculating the ratios between the longitudinal and transverse wave
velocities in the three main directions of symmetry or based on the ratios between shear
velocities, or through the estimation of wood anisotropy deals with velocity invariants.
The analysis of the anisotropy of wooden plates based on the propagation of Lamb waves
provides useful information not only about the propagation velocity of horizontal shear
waves but also the dispersion phenomena that depend on the geometry of the structure,
the dependence between the wave number, and the frequency of the particular mode that
can be obtained by a numerical solution of the Rayleigh-Lamb frequency equation [25-27].
According to [18,28,29], for bulk waves, it is already well known that the anisotropy implies
a difference between the group velocity and the phase velocity. It is shown here that this
phenomenon also occurs for Lamb waves, with it affecting both the speed and direction
of propagation.

This paper aims to emphasize the effect of the acoustic anisotropy of wood as a result of
the preferential orientation of the anatomical elements and the different surface treatments
applied to spruce and maple wood. The novelty of the study consists of the analysis of the
acoustic anisotropy of wood subjected to different surface treatments (artificial aging, salt
spray, and different types of finishes).

2. Materials and Methods
2.1. Materials

Spruce (Picea abies Karst L.) and maple (Acer pseudoplatanus L.) wood specimens
were included in the tests, with dimensions 80 x 4 x 240 mm? corresponding to the
radial x tangential x longitudinal directions, which were tested (according to ISO13061-
1:2014/ Amd1:2017 [30]) under laboratory conditions (20 °C and relative humidity (RH) of
65%). In Figure 1, the geometry and physical aspects of the samples are presented. From the
point of view of the anatomical structure of the wood, two quality classes were analyzed:
class A representing wood with a fine anatomical structure, with narrow and regular annual
rings (for spruce wood) and wavy fibers (for maple wood), and class D representing wood
with a coarser anatomical structure, with annual rings wider and irregular in width (for
spruce wood) without wavy fibers (for maple wood) [10,23].

The samples were subjected to different surface treatments to check to what extent
these treatments influence the degree of anisotropy of the wood. Table 1 shows the charac-
teristics of the investigated samples. The moisture content was monitored using a Merlin
HMS8-WS1 (Tumeltsham, Austria) moisture meter and the mass was measured with a Kern
& Sohn Weighing Balance, EW] 600-2SM, Balingen, Germany.
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(R)
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(L) 240 mm

Figure 1. The geometry of the samples.

Table 1. Physical properties: wood species (WS), density (p), equilibrium moisture content (EMC),
and type of treatment (T).

Samples WS p (kgm—3) EMC (%)  AML (g/m?) T
Code
MDHD15.1 spruce 391.01 (33.42) 6.4 (0.4) 0.000
MAHDI10.3 spruce 470.83 (18.68) 7.9 (0.5) 0.000 U q
PDNC15.1 maple 605.72 (17.54) 6.1(0.3) 0.000 ntreate
PANC10.1 maple 656.90 (15.82) 7.3 (0.5) 0.000
MDUV2 spruce 421.50 (27.92) 6.8 (0.5) —-10.318
MAUV2 spruce 473.45 (18.32) 6.2 (0.4) —13.979 UV exposure
PDUV3 maple 565.40 (17.62) 6.2 (0.2) —~12.432 300 h
PAUV3 maple 640.36 (11.75) 6.4 (0.7) —~17.813
MDSAL2 spruce 429.33 (10.19) 8.3 (1.3) 16.047 Salt fog
MASAL2 spruce 491.16 (13.81) 8.8 (1.4) 21.563 exposure
PDSAL1 maple 679.17 (35.24) 9.1(1.2) 27.135 NaCl 3.5%
PASAL1 maple 669.77 (24.71) 8.5 (1.8) 30.146 72h
MALU5.3 spruce 399.31 (45.60) 7.4 (0.9) 11.755 51 ;
MDLUS5.2 spruce 407.85 (37.50) 7.8 (0.7) 9.807 %ers 3
PALUS5.1 maple 662.57 (33.14) 8.4 (0.6) 8.375 ot "?S;
PDLU5.3 maple 652.23 (19.20) 7.4 (0.5) 6.938 varnis
MALU10.2 spruce 556.98 (29.40) 7.8 (0.3) 15.969 101 ;
MDLU10.2 spruce 496.42 (32.12) 7.3(0.7) 17.526 ,la%’ersé’
PALU10.1 maple 705.36 (41.24) 8.7 (0.3) 14.708 ot a.seh
PDLU10.1 maple 611.77 (32.15) 8.2 (0.4) 14.380 varnis
MALU15.2 spruce 522.55 (21.35) 8.0 (0.5) 22.979 51 ;
MDLU15.2 spruce 511.99 (22.31) 7.9 (0.4) 23.599 ; laky)ersé’
PALU15.1 maple 744.69 (34.32) 8.3(0.3) 23.443 oL a,s’;
PDLU15.1 maple 694.91 (21.12) 7.8 (0.6) 24.229 varnis
MALS5.2 spruce 430.08 (36.23) 7.2 (0.4) 2.865 5 layers of
PALS5.2 maple 657.79 (15.43) 7.3(0.2) 11.453 spirit varnish
MALS10.2 spruce 417.60 (18.45) 7.5(0.2) 7.042 10 layers of
PALS10.2 maple 672.47 (21.34) 7.1(0.3) 12.896 spirit varnish
MALS15.2 spruce 491.42 (35.82) 7.6 (0.5) 13.234 15 layers of
PALS15.2 maple 621.58 (28.12) 7.7 (0.2) 16.651 spirit varnish

The samples were obtained by cutting radially longitudinally from the boards, which,
after natural drying, were conditioned in a drying chamber up to a moisture content of
6—8%. Both nowadays and in the past, stringed musical instruments were covered with
varnish to protect them from variations in atmospheric humidity and dirt [31-33]. Current
studies with modern methods of determining the chemical fingerprint of the varnish layers
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on old violins have highlighted the fact that luthiers used recipes based on alcohol-solvent
resins, with oils, or the wood was treated with salts like borax and the sulfates of Zn, Cu,
Cr, Na, and Fe [32,34]. Based on these considerations, currently, the most well-known
types of varnishes used for maestro- and professional-level musical instruments are those
with an oil-based solvent and those with an alcoholic solvent (spirit) [32-35]. Not only
is the chemical composition of the surface treatment important but also the thickness of
the varnish film and the varnish-wood interface, aspects highlighted in studies [36-38].
The type of varnish and its thickness correlated with the number of layers applied in the
finishing process influence the tonality of the musical instrument as a result of not only
the difference in stiffness between the wood and the varnish film but also as an effect
of the increase in the mass of the layered material (wood—-varnish) [31,32,38]. Thus, in
the presented study, spruce and maple wood samples covered with a number of layers
of lacquer were analyzed according to the procedures applied at a violin factory (5, 10,
and 15 layers). Therefore, some of the samples were kept as control samples, others were
exposed to artificial aging with UV radiation, another set of samples were varnished with
oil-based varnish and spirit varnish with a different number of layers (5, 10, 15), and
another set of samples were exposed to the salt fog, as can be seen in Table 1.

According to [36,38], to compare the mass changes of the spruce and maple boards
before and after surface treatments (VS varnish system, UV exposure, and salt fog exposure),
the changes were evaluated as area mass loading (AML) calculated based on mathematical
relation (1):

my — My
AML = el
where AML is area mass loading induced by treatment (g-m~2); n;—the final mass of the
treated wood; m,—the initial mass of the wooden sample; b—the width of the plate; and
[—length of the plate [36,38].

1)

2.2. Methods
2.2.1. Experimental Set-Up

Basically, ultrasound (US) non-destructive evaluation consists of applying physical
elastic waves to the sample tested and analyzing the interaction between the material
samples and the field [19,39-41].

A problem associated with the propagation of Lamb waves is the coexistence of several
modes of oscillation in the plate, which leads to difficulties in interpreting the results. The
higher-order modes of oscillation start to propagate when the thickness of the plate becomes
comparable to the wavelength of the longitudinal and transverse waves. Lamb waves are
guided elastic plate waves that can be described as a combination of compression waves
(P-waves) and shear waves (S-waves) [22,42]. For the excitation of Lamb waves in the
lowest mode, transducers with Hertzian contact are used. A diagram of the system that
generates and detects the Lamb waves for measurement is presented in Figure 2.

Digital Oscilloscope
g P pC
To Ro

Analog output Trigger IN
Pulse - Receiver
5073 -Pan Am

Em Re

“X3(R)

X2(T)
Xa(t) v

Figure 2. Experimental set-up.
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A piezo-electric transducer, of very low eigenfrequency (tens of kilohertz), is coupled
to a buffer rod made of a material of elasticity module E; and Poisson coefficient v; which
has a spherical bumped head of radius R at one end. The buffer rod is compressed onto a
plate (with elasticity module E; and the Poisson coefficient v;). To increase the reliability
and assurance of the quality of measurement, the ultrafine force presses the US sensors
at constant value. The speed of the Lamb waves generated by Hertzian contact was
determined, placing the emission and the reception transducer on the sample taken into
study, measuring with +10 pm precision the distance between the centers of the transducer
and measuring with 0.1us precision the time between the generation of the Lamb wave
and its reception. The two buffer rods of the US sensors used at the emission and reception
are both identical, with them being made of the 7075-T6 aluminum-magnesium alloy, with
a density of 2.7 x 103 kg/m3, Young’s modulus of 7 x 1010 N/m?, Poisson coefficient
of 0.34, and point curvature radius of 2 mm. The US sensors are connected to a 5073PR
Pulse Receiver—equipment from Panametrics NDT USA (Olympus Corporation, Waltham,
MA, USA). The visualization of the signal and the measurement of the time of propagation
were made using a Le Croy Wave Runner 64Xi digital oscilloscope (LeCroy Corporation,
Chestnut Ridge, NY, USA), with it having a sampling frequency of 10G S/s [23,24].

The signals emitted by the transmitter positioned at point E (Figure 3) were succes-
sively measured at points B1-B19 and A1-A19 as points on a semicircle, located at an
interval of 10 degrees and a radius of 70 mm. The triangle symbol in points denoted E
represents the position of the transmitter, and the circle symbol arranged in the form of a
semicircle or quarter circle represents the successive position of the receiver. In order to
avoid the dissipative behavior of the Lamb waves in the wood specimens, an equidistant
distribution of the position of the transducers was chosen so that the effect of the anisotropy
of the wood structure could be highlighted [18,27-29].

Asg E.B1o A

P —
T S T —
——— i —_——— s ! o o o o e B—

I —— OV v 1 B AV V A e e
I — S ———— " 1 VA Vi e & e S
— e —— - — — —— 1 T A .
e e 0w
e e 41272 it e

B, E,A Big
Figure 3. The measured points on the samples.

2.2.2. Statistical Analysis

The data were analyzed to evaluate the anisotropy of the material samples in terms
of the change in the speed of sound with respect to the direction of propagation. The
distribution of resonance points on a board made of a given type of material seems to be
largely influenced by the changes in the speed of sound propagation in different directions
and can affect the acoustic impression of the musical instrument produced. The question
remains as to the overall subjective assessment of the quality of the instrument, which is
influenced by other factors but cannot be captured by the distribution of sound velocities
alone. In this limited sense, the data were analyzed with a focus on selecting the most
significant wood samples. Factor analysis (FA) was used as a basic tool to identify possible
dependencies in the data. Based on the Q-factor analysis (QFA), several clusters of samples
with similar anisotropy were extracted.
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3. Results and Discussion
3.1. Grain Angle Dependence of Lamb Wave Velocity in Wooden Plates

Since wood is an anisotropic material both in terms of morphology and properties, the
changes regarding the wave propagation capacity vary gradually with the direction of the
fibers. In Figure 4, it can be seen that for all samples, the speed of Lamb waves in the radial
direction ranges between 1.4 to 3 times lower than in the longitudinal direction, depending
on the species, the structure of the wood, and the type of treatment applied.
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Figure 4. The variation in Lamb wave velocity in wooden plates with fiber angle variations: (a) spruce
wood sample untreated, UV aged, and salt fog exposed; (b) spruce wood sample finished with oil-
based varnish and spirit varnish; (c¢) maple wood sample untreated, UV aged, and salt fog exposed;
(d) maple wood sample finished with oil-based varnish and spirit varnish.

The treatments applied to the boards influence their response to the propagation
of waves in the board. Thus, artificial aging via exposure to UV radiation and slight
thermal degradation for 300 h led to a decrease in both longitudinal (24%) and radial (1.7%)
propagation speeds compared to the untreated wood. On the other hand, the coating with
varnish films produced a wave dispersion phenomenon, with their speed decreasing in
the longitudinal direction by 42-58% and the alcoholic varnish affecting the propagation
of sounds the most in both spruce and maple wood (Figure 5). In the radial direction, the
oil-based varnish applied on spruce wood is the one that presents the lowest values of the
wave propagation speed, with it being 60% lower than the speed of the control samples. In
the case of maple wood, the film of alcoholic varnish reduces the sound propagation speed
the most, by 32% compared to the control sample (untreated).
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Figure 5. The influence of surface treatment on longitudinal and radial wave velocity in wooden
plates: (a) spruce wood sample for maestro musical instruments; (b) spruce wood sample for school
musical instruments; (¢) maple wood sample for maestro musical instruments; (d) maple wood
sample for school musical instruments.

Sound propagation in spruce and maple wood depends on the type, organization, and
three-dimensional shape of the anatomical elements of each species. In spruce wood (Picea
abies Karst L.) in the longitudinal direction, tracheids constitute 90% of the wood volume
and are approximately 100 times longer than they are wide, with them overlapping with
adjacent cells both in the upper and lower parts by 20-30% of their length. This construction
ensures the rapid propagation of waves in softwood [42—45]. In Figure 6a,c, the microscopic
view in the tangential direction of spruce wood in relation to the measurement principle
can be noted. In the radial direction, the transmitted waves meet the tracheids whose
walls show thicknesses that increase from earlywood to latewood, so it can be considered a
layered material (with each annual ring being a layer) (Figure 6b).

In the radial direction, spruce wood contains radial parenchyma cells that have a
geometry like rectangular prisms with dimensions of 15 pm high by 10 pm wide and
150-250 pm long in the radial or horizontal direction [8,21]. In the case of maple wood
(Acer pseudoplatanus L.), the anatomical architecture is more complex than that of spruce
wood, with it being made up of fibers, vessels, and axial parenchyma cells, with different
shapes, organization, and quantity [42,43]. The vessels are small and rare, and the fibers
occupy about 75% of the volume of the woody substance, the proportion of voids is 60%
of the apparent volume, and from the point of view of organization, maple wood is part
of the hardwoods with diffused, small pores, visible with a magnifying glass and quite
rare, with their size and thickness decreasing towards the outer limit of the annual ring
(Figure 6d—f) [44,45]. The vessels have average lengths between 350-800 um, with small
diameters, <50 pm. As a result, the propagation of sounds in maple wood differs from that
of spruce wood; the waves propagate through a structure with a different organization
and construction.
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Figure 6. The microscopic views of the main section of wood related to the Lamb wave direction in
the studied plates: (a) tangential section of spruce wood; (b) cross-section of spruce wood; (c) radial
section of spruce wood; (d) tangential section of maple wood; (e) cross-section of maple wood;

(f) radial section of maple wood.

Figure 7 highlights the variation in Lamb wave speeds measured on a circular tra-
jectory applied to the wooden board. The angles of 0 and 180 degrees correspond to the
longitudinal axis of the wood, and the angle of 90 degrees corresponds to the radial axis.
Thus, it can be observed that between the two directions, L and R, the structural anisotropy
of the wood is at its maximum, results highlighted in other studies [18-21].
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Figure 7. The variation in Lamb wave speeds with the rotation of the receiver position: (a) maple
samples covered with spirit varnish; (b) maple samples covered with oil-based varnish and spirit
varnish; (c) spruce samples covered with spirit varnish; (d) spruce wood sample finished with
oil-based varnish.
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Similar results were reported by [46], who analyzed spruce and sycamore wood sam-
ples from three types of quality classes: the highest, the moderate quality class, and the
control samples, obtaining the following values for the investigated elastic and acoustic
parameters: for high-quality spruce wood samples versus a control wood sample, the
sound velocity in the longitudinal c¢; and radial cg directions of ¢; = 5103 £ 280 m/s
and cg = 1365 + 201 m/s versus the control wood sample ¢; = 5388 £ 134 m/s and
crg = 1124+ 93 m/s. For sycamore, ref. [46] obtained, c; = 3894 £ 310 m/s and
cr = 1662 97 m/s. Estimations of the elastic and acoustic properties were made us-
ing methods based on ultrasound [21], reported for resonance spruce with the follow-
ing longitudinal velocities ¢;, = 5600 m/s; tangential velocity cr = 1600 m/s; and ra-
dial velocity cg = 2000 m/s, and for shear velocity, c;t = 1425 m/s; cgr = 298 m/s;
and crr = 1374 m/s and for common spruce, ¢, = 5353 m/s; cr = 1146 m/s; and
cr = 1580 m/s; and for shear velocity, c;r = 1230m/s; crr = 477 m/s;and c g = 1322 m/s.
For curly maple, the values determined using ultrasonic method are: c; = 4350 m/s;
cr = 1914 m/s; and cg = 2590 m/s, and for shear velocity c;7 = 1468 m/s; crr = 812m/s;
and crg = 1744 m/s, since for common Sycamore, the values are c; = 4695 m/s;
cr = 1878 m/s; and cg = 2148 m/s, and for shear velocity, c;r = 1148 m/s; crr = 630 m/s;
and c; g = 1354 m/s. Ref. [47] noticed that for the ratio of the sounds velocities in wood in
the two longitudinal and radial directions, within the same wood species, for the spruce
samples, the ratio CL:CR was 3.257, and for the samples of maple wood, the ratio was 2.17.

3.2. Statistical Results

In order to verify the continuity of the measurement points, a correlation analysis
of the values collected for all material samples was performed, considering the values
measured on the two semicircles A and B as forming a fictitious circle. In the correlation
matrix in Figure 8, a “butterfly” distribution of correlation values can be observed, with a
diagonal symmetry that corresponds to the orientation symmetry of the wood fibers.

CORRELATION MATRIX
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Figure 8. “Butterfly” distribution of correlation values.
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The anisotropy of the sound propagation speeds in the wood samples is highlighted
in the polar graph of the speeds in each of the 38 directions for all of the wood samples
(Figure 9).
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Figure 9. Polar graphs of sound velocities for each sample.

This summary shows the variability of the measured values with respect to the dif-
ferent directional dependencies, as well as the relatively large variation in the maximum
speed measured in individual samples. Using the Q-variant of FA (based on a transposed
data matrix and resulting in a clustering scheme, see the left part of Figure 8), it was
possible to point to certain samples that had a particular pattern of anisotropy. Based on the
Q-factor analysis (QFA), several groups of samples with similar anisotropy were extracted,
depending on the wood species, the applied treatment, or the anatomical characteristics.
In some of these groups, only a specific sample belongs to a cluster and therefore can be
declared exceptional in its own way. These selected samples are due to the type of wood
and different treatment methods. Using QFA, the measured parameters are ordered into a
so-called individual profile, which helps to identify similar characteristics. By applying the
RMS (the square root of the mean square) and STD (the standard deviation) complementary
diagrams, it was found that the PA UV3 sample appears as a very unique sample with only
one large affiliation (the dark highlighted value in Figure 10a) in the third group. This is a
sample with a very high mean velocity (Figure 10b) and, in contrast, a small anisotropy
(low STD value—Figure 10c). PD sample SAL1 has a similar small anisotropy. However, it
does not have such high speeds and therefore represents a specific type in itself, defining
another cluster, number 10. The sample MA HD10.3, which has an exceptional anisotropy
(see the maximum measured standard deviation), defines cluster 1, to which samples such
as PD LUS.3, PA SAL1, and several others with less similarity are assigned. Based on the
above, several samples can be identified that are representative of “their” characteristic
group. These are as follows: MA HD 10.3, PA LS 10.2, PAUV 3, MA UV 2,PALU 5.1, PA
LU 10.1, MA SAL 2, and MA LU 5.3. Cluster No. 7 is interesting in this respect, where two
very similar velocity profiles are obtained from different wood species (Maple PA NC 10.1
and Spruce MD LU 15.2).
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Figure 10. Comparative analysis of statistical data: (a) Q-FA clustering scheme; (b) the square root of
the mean square values; (c) STD values for each sample.

4. Conclusions

The use of non-destructive control to determine the sound propagation speeds in
different stages of the finishing of musical instruments can be a modern and precise method
of optimizing the finishing technology to obtain the desired acoustic features, depending
on the quality of the wood, the type of varnish and the treatments applied. The results
of this study help instrument manufacturers to integrate new technologies with the art of
luthiers and also apply innovative solutions for treating resonance wood, which they can
later verify using the ultrasound method. Based on the obtained experimental data, the
following conclusions were drawn:

1.  The treatment applied to the surface of the wooden resonance plates influences the
sound propagation speed both in the longitudinal and radial directions. The acoustic
behavior of the wood depends both on the type of treatment and the anatomical
characteristics of the wood, with differences in propagation speeds being recorded
between samples of the same woody species but with different anatomical structures.

2. Inspruce wood samples, the film of alcohol varnish reduces the speed of propagation
of sounds by approximately 42-58% in the longitudinal direction, and in the radial
direction, the oil-based varnish reduces the speed of propagation by 60%.

3.  In the maple wood samples, the anisotropy ratio between the longitudinal and radial
directions decreases with the increase in the thickness of the varnish film.
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Abstract: The purpose of this study is to support eco-design ideas and sustainable manufacturing
techniques by examining the energy consumption related to drilling holes for different furniture
connections. The experimental model is a simple piece of furniture made from birch plywood
with three different types of joints. Eccentric joints, confirmat screws, and dowel measurements
of energy consumption with a CNC drilling and milling machine show different values for every
kind of connector. The energy consumption was measured using a portable power quality analyzer,
specifically the PQ-box 150 manufactured by A:Eberle GmbH & Co. KG Niirnberg, Germany. This
device likely adheres to industry standards for energy measurement, ensuring accurate and reliable
results. The measurement process involved recording energy consumption at different stages of the
machining process, allowing for the analysis of specific cutting work and total energy consumption
for various joint types. Dowels exhibit the lowest energy consumption at 0.105 Wh for one furniture
joint, confirmat screws at 0.127 Wh, while eccentric joints, despite their higher energy consumption
(0.173 Wh), offer enhanced transportability and assembly flexibility of a piece of furniture. Specific
cutting power for one selected piece of furniture was 227.89 J/ mm? for dowels, 190.63 J/mm? for
eccentric joints and 261.68 J/mm? for confirmat screws.

Keywords: furniture joints; drilling; energy consumption

1. Introduction

Circular economy principles and a product’s environmental impact should be consid-
ered from the very beginning of its design. The term “eco-design” refers to the integration
of various disciplines, including ecological engineering, ecological restoration, green ar-
chitecture, and others [1]. Eco-design must consider all aspects of the product’s life cycle,
including shipping, machining, waste generation overall, and the product’s end, in addition
to materials and aesthetics [2].

The optimization of the production process brings benefits to the environment with
an almost immediately achievable goal: reducing the environmental impact of individual
stages of material processing by changing various process factors, combined with the
development of more advanced technologies and efficient processing methods [3]. The
manufacturing sector is leading the way in lowering energy consumption because of
the industry’s constant rise in energy, the usage of energy receivers, and the increasing
amount of energy used in the production process. This includes the fact that variables
influencing energy consumption have an impact on cutting parameters [4]. Over the past
fifteen years, many energy consumption models have been published, which is particularly
significant when it comes to energy-minimization machining. The relationship between
energy consumption and the material removal rate (MRR) in a typical machining operation
was initially theorized by Gutowski [5].
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Specific cutting energies can be employed as machining-process efficiency indicators in
most material removal operations. The energy required to create new surfaces, the energy
expended in the primary and secondary deformation zones, and the interfacial friction
activities at the tool-workpiece interfaces are all examples of specific cutting energies.
During the cutting process, this energy is transferred from the cutting tool to the chip,
workpiece, and heat via the cutter rake and flank surfaces. The ratio of the volume of
workpieces to the energy consumed during machining operations is known as the specific
cutting energy. The following factors affect the specific cutting energy: growl production
speed, cutting force, and cutting speed [6]. Furthermore, the energy efficiency of the
machining process is often determined using that specific cutting energy [7]. To achieve
process-level energy efficiency in processing, it is essential to comprehend the impact of
material properties and process variables on the required cutting energy factor [8]. In
grinding processes, the selection of cutting conditions can result in notable alterations and
an increased specific cutting energy [9].

When drilling holes, energy consumption is the most important parameter, but the
quality of holes made for selected furniture joints is equally essential. The degree of dimen-
sional accuracy in machining results in a higher vulnerability to errors during the assembly
of furniture components. Because of the characteristics of the workpiece, the drill tip may
slip during the initial drilling phase, potentially leading to inaccurate machining [10]. When
compared to the holes created in two adjacent layers of veneer, the holes created in the ad-
hesive layer displayed deviations that were roughly twice as large. The errors in the centers’
positions did not significantly correlate with the deviations of the holes” axis angles. Wood
shrinkage and swelling have an impact on how effectively furniture pieces work together.
Thus, they should be considered while designing. This study investigated how moisture
variations affected the drilled holes’ effective diameter [11]. The intricate variations in hole
shape caused by moisture are as follows: depending on the depth and wood grain pattern,
the holes ovalized with varying ranges, and at the bottom, their diameters were slightly
enlarged [12].

In other industries, there has also been an attempt to improve the efficiency of cutting-
energy utilization. The aircraft industry makes considerable use of metal materials, par-
ticularly multilayer stacks made of CFRP (carbon fiber-reinforced polymer) and Ti6Al4V
(Titanium-64, or Grade 5 Titanium Alloy), because of their high specific stiffness, outstand-
ing corrosion resistance, and exceptional structural efficiency. In CFRP/Ti6Al4V stack
drilling, a comparative analysis between various cooling conditions was conducted. To
ascertain the impact of various cooling techniques on the torque, specific cutting energy,
and surface morphology of the processed composite material during CFRP/Ti6Al4V stacks,
a series of drilling tests were conducted under dry circumstances and minimum-quantity
lubrication. Technical advice for choosing a cooling technique and enhancing energy effi-
ciency in the titanium-composite process machining operations can be obtained from this
work [13]. Other research on energy modeling and processing visualization have been
acknowledged as useful and efficient methods for identifying areas for energy savings and
enhancing energy efficiency. The examination focused on the study’s drilling visualization
goals and energy modeling. Drilling procedures revealed that the suggested drilling energy
model had an average forecast accuracy of 96.2%. Additionally, the results demonstrated a
12.6% increase in energy efficiency and 7417.8 ] of energy savings. The suggested approach
helped the drilling process save energy by guaranteeing the energy model’s high accuracy,
identifying possible energy savings, and enhancing energy efficiency [14].

In the wood industry, cutting forces are also examined. The impact of introducing
SBR gum granulate (Styrene-Butadiene-Rubber gum granulate) on particleboard machin-
ability was examined in a study, with a particular emphasis on cutting forces during
drilling. Various formulations, including 0% to 30% SBR, were investigated. The tests,
which were carried out on a CNC machine using a 10 mm diameter polycrystalline dia-
mond drill, showed that adding more SBR significantly improved machinability. Relative
machinability indicators based on axial force (MIF) and torque (MIM), which show im-
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proved machinability, particularly at increasing SBR content, are included in the study.
The results demonstrate how SBR gum granulation reduces cutting forces during drilling,
which raises the possibility that it could enhance wood-based composite materials used in
machining [15]. The analysis of cutting forces during the thermally modified ash-wood
drilling process was the main goal of another study. Two sets of workpieces were used
in the experiment; one set underwent heat alteration, while the other did not. Both sets
of through-holes were drilled, and piezoelectric sensors were used to measure the thrust
force and torque data. When thermally changed ash wood was drilled, the results showed
a statistically significant increase in thrust force and a statistically significant decrease in
torque when compared to the unmodified equivalent. Regarding yearly rings, the tool feed
orientation did not have a statistically significant effect on cutting forces. In conclusion, it
was discovered that thermally altering ash wood changed the cutting forces, particularly
by decreasing torque and raising thrust force, throughout the drilling operation [16].

According to a not fully specified definition, cutting can be considered as changing
the density of the workpiece by the mechanical removal of material. Parameters such as
cutting speed, feed per revolution, cutting depth, and cross-sectional area of the cut layer
are needed to determine energy consumption [17]. The cutting force can be calculated
using the above parameters, which allows for energy estimation. As of 2016, Poland was
30.3% dependent on the import of energy raw materials [18]. A piece of furniture with the
same structure and function in large-scale production may have different costs if you take a
closer look at it, considering the type of connection. Holes for appropriate connections may
differ in drilling depth, execution time, and, therefore, the tool’s operating time, diameter,
and quantity [19]. The study presented herein addresses a critical gap in the existing body
of scientific literature concerning the energy consumption associated with drilling holes
for furniture joints. Surprisingly, there remains a paucity of comprehensive research in
this domain, highlighting the significance of this paper for both academic researchers and
the furniture industry. By delving into the energy usage during the machining process
for various furniture connections, this study not only fills an important knowledge void
but also offers valuable insights into eco-design practices and sustainable manufacturing
techniques. The findings have the potential to inform future research endeavors and guide
decision-making processes within the furniture sector, ultimately advancing the pursuit of
environmentally friendly production methods. For a furniture designer, how much energy
is consumed when drilling holes should be known. If the designer wants their product to
be as environmentally friendly as possible, energy consumption when drilling holes for
furniture joints should be as low as possible with the assumed functionality. Therefore,
the purpose of this work is to verify how selected furniture connections influence energy
consumption for drilling holes.

2. Materials and Methods
2.1. Furniture Construction

For the study, a piece of furniture with a simple structure was designed. The shelf
was designed to use three different furniture joints while maintaining the same type of
material, shape, and usability. The furniture design consists of two wreaths, two sides, a
vertical partition, and two horizontal partitions. The furniture dimensions are: 800 mm
length, 1000 mm height, and 400 mm depth. Moreover, 15 mm thick birch Betula pendula
plywood (Paged Pisz Sp. z 0.0., Pisz, Poland) was used to make the furniture.

2.2. Stiffness Test

The stiffness assessment of birch plywood was performed following the PN-EN 310 [20].

The load was applied to the canter of the sample supported by two supports. The
sample dimensions were 350 mm x 50 mm X 15 mm. The marking was performed based
on 10 plywood samples with external layers arranged longitudinally, and 10 plywood
samples with external layers arranged transversely. The elastic modulus was calculated
from the sample deflection in the linear range of deflection and force dependence.
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The furniture body stiffness was calculated from the formula: G—Kirchhoff modulus,
d—plate thickness, I; ,—dimensions of the i-th plate, and x—u coefficient, calculated
differently depending on the element.

oy i 2
k=Yin 3(1112)1‘0(Z @

The global stiffness of the tested structure exceeded the values recommended by
standards by more than twice, which allowed for the adoption of a solution in engineering
practice for furniture subject to higher loads, such as library shelves. Regardless of the
selected connection, the global stiffness remained unchanged.

2.3. Numerical Study

A numerical study was performed in the Inventor Nastran 2024 program, as shown
in Figure 1. The numerical analysis was carried out to determine the correctness of the
structure in terms of stiffness and to determine the maximum stresses regardless of the
type of furniture joints used. A simplified structure was made reflecting the designed
product by entering the corresponding parameters for the selected material. In the case of
Poisson’s ratio, it was taken from the article “Theory of elasticity of an anisotropic body”.
The calculations confirmed the observations for constant material values. The stiffness K
[N/mm] depends on the dimensions of the individual structural elements of the furniture.
In the case of the analyzed structure, the furniture elements press on each other, exerting
contact stresses of no more than 0.6 MPa.
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Figure 1. Inventor Nastran tension of the structure when a force was applied.

2.4. Types of Joints

Three types of joints (Héfele, Nagold, Germany) were selected and tested. Dowel
joints use glue as a permanent connection. The second type was the confirmat screw, which
is used as a conditionally detachable connection, enabling the furniture to be unscrewed
and reassembled. After reassembling the furniture, it does not have the same strength due
to losses in the material caused by the opening of the furniture connection. The last joint
considered for testing is the eccentric joint, as a detachable joint. Drilling was performed
for 30 furniture joints of each type, as shown in Figure 2. In Figure 3, drilled holes for each
joint are shown.
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Figure 2. (A): drilling diagram for an eccentric joint (three holes); (B): drilling diagram for a confirmat
screw (two holes); (C): drilling diagram for a dowel connector (two holes). Measurements are mm.

(b) (c)

Figure 3. (a): drilled holes for an eccentric joint; (b): drilled holes for a confirmat screw (two holes);
(c): drilled holes for a dowel connector (two holes).

2.5. Tools and Machine Used

To make holes for the pins, drills with a diameter of 8 mm were used: a screw drill with
a centering spike and cutters that was non-uniform, single, two-edged, and single-stage,
with a cylindrical shank; an ordinary drill with a diameter of 8 mm; and a screw drill with
a centering spike and cutters, which was non-uniform, single, two-edged, and single-stage,
with a cylindrical shank. To make the holes for the eccentrics, drills with a diameter of
5 mm were used: screw drills with a centering spike and cutters that were non-uniform,
single, two-point, and single-stage, with a cylindrical shank, and ordinary drills with a
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diameter of 15 mm that were straight with a centering spike and cutters, non-uniform, and
had a cylindrical shank. Drills with a diameter of 8 mm were used, including screw drills
with a centering spike and cutters that were ordinary, non-uniform, single, two-edged,
and single-stage, with a cylindrical shank, For drilling confirmats screws, drills with a
diameter of 5 mm were used, including screw drills with a centering spike and cutters that
were ordinary, uniform, single, two-point, single-stage, and had a cylindrical shank, as
well as drills with 7 mm diameter screws with a centering spike that were uniform, single,
two-point, and single-stage, with a cylindrical, ordinary shank. The drills were provided
by ITA Tools Sp. z 0.0. (Cracow, Poland). A CNC drilling and milling machine was used
for testing Pass-through CNC creator 950 by Felder Group (Hall in Tirol, Austria) with a
feed of 2 m/min, and revolutions of 6000 rpm. The energy consumption was measured
using a portable power quality analyzer PQ-box 150 (manufacturer: A:Eberle GmbH &
Co. KG, Niirnberg, Germany). This type of quality meter was used for the first time
with good results for this purpose. So, this is a documentation of the new and effective
method for measuring energy consumption during individual operations in the processing
of wood-based materials.

2.6. Tests Performed

For each of the tested joints, after preheating the machine, the first stage involved
performing so-called zero tests. Their aim was to determine the amount of energy used
to operate the machine during the machining program (e.g., drive and movement of the
drill, material movement, or computer operation) without the energy used during actual
cutting. This was achieved by “tricking” the machine by using a smaller workpiece so
that the machine executed the correct machining program, but the tool had no contact
with the material. Three zero tests were performed for each type of connection as Test 0,
and the average of these measurements, denoted E0, was used for calculations. The next
stage involved conducting actual tests, where the same program ran, but this time, the
tool drilled holes in the material. Before running the CNC program each time, the energy
consumption was measured. The recording stopped shortly after the machine finished
executing the program. The energy analyzer determined the amount of energy consumed
by the machine during operation. For every joint, three tests were run (j =1, 2, 3). A
sample chart showing the total energy consumed obtained from the analyzer is presented
in Figure 4.
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Figure 4. A sample chart showing the total energy consumed obtained from the analyzer.

The results obtained in this way needed to be analyzed. The energy consumption
curve can be divided into three stages depending on the machine’s operation and the power
quality analyzer’s activity. The first stage was the time between starting the recording on
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the analyzer and starting the program on the machine. The second stage involved the
actual execution of the machining program, while the last stage was the time between
completing the program execution and stopping the recording in the energy analyzer. The
ranges of each stage are presented in Figure 5
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Figure 5. Range of each step of the energy consumption curve.

Key to this analysis is stage 2, during which the machining of the workpiece was
carried out. Based on the results obtained from the power quality analyzer, charts were
created only for stage 2. The results from the analyzer were converted by creating charts
for stage 2, in which the energy determined by the analyzer was reduced by the value
occurring at the transition from stage 1 to stage 2. For each connection, stage 2 for both the
zero tests and the actual tests had to last the same amount of time, namely 184 s for the
dowel, 220 s for the confirmat screws, and 280 s for the eccentric joints. Sample results for
the dowel connection after excluding stage 2 are presented in Figure 6.
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Figure 6. Sample results for the dowel joint after excluding stage 2.
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The results obtained in this way could be used to calculate the actual cutting energy
during the connection and the total energy required to make the joint. The total energy
consumption to make the joint can be calculated from Equation (2):

EWIIZX
E,= 2
P30 @
E,—total energy consumption to make the joint [Wh].
Enax—total energy consumption for executing the machining program for all holes to
make a joint.
The specific cutting work (SCW) was calculated based on Equation (3):

Ejmax — Eomax
SCW = 117‘/
n=1"n
SCW—specifying cutting work, ] /mm?.
Ejmax—total energy consumption during joint execution.
Eomaxy—total energy consumption during the zero test.
V,,—the volume of holes needed to make the connection.
i—number of holes depending on the connection.
j—test number.
Because three tests were performed on each joint, arithmetic averages for these three
test results of the SCW were calculated. A Student’s T-test was performed, and the standard
deviation was determined. The data were collected in Tables 1-6.

Table 1. The energy consumption for dowels.

Test 1 Test 2 Test 3 Average Stanfiard
Test 0 (=1 (i =2) G = 3) of Devia-
)= )= )= Tests tion

Wh
Total energy consumption E;ax 102.950 106.150 106.659 105.551 106.120 0.55

The energy consumption needed
to drill holes for 30 furniture - 3.199 3.707 2.6 3.169 0.55
connections Ejyx—Eomax

The energy consumption needed
to drill holes for one furniture - 3.538 3.555 3.518 3.537 0.02
connection E,

Table 2. The energy consumption for eccentric joints.

Test 1 Test 2 Test 3 Average Stam.iard
Test 0 G=1) Gi=2) (i =3) of Devia-
)= )= )= Tests tion

Wh
Total energy consumption E;e  160.964  166.779  165.063  166.682  166.174 0.96

The energy consumption needed
to drill holes for 30 furniture - 5.815 4.099 5.718 5.210 0.96
connections E jmx—EOmx

The energy consumption to drill

holes for one furniture joint E, ) 5.558 5.501 5.555 5.538 0.03
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Table 3. The energy consumption confirmat screws.

Average Standard
of Devia-
Tests tion

Test 1 Test 2 Test 3

Test0  w_y =20 (=3

Wh
Total energy consumption Ey 93.305 97.598 96.424 97.370 97.131 0.62

The energy consumption needed
to drill holes for 30 furniture - 4292 3.119 4.064 3.825 0.62
connections E10—Eomax

The energy consumption needed
to drill holes for one furniture - 3.253 3.214 3.246 3.238 0.02
connection E,

Table 4. Summary of energy consumption for one selected furniture connection Ep.

Test1 Test 2 Test 3 Average of Star}da.rd
Tests Deviation
Wh
Dowels 3.538 3.555 3.518 3.537 0.02
Eccentric 5.558 5.501 5.555 5.538 0.03
joints
Confirmat 3253 3214 3.246 3.238 0.02
screws
Table 5. Volume for each furniture joint.
vl % V3 Total V
mm?
Dowels 377.00 1281.77 - 1658.77
Eccentric joints 225.80 829.37 2244.26 3299.43
Confirmat 1079.91 662.68 - 1742.59
screws
Table 6. Specifying cutting work.
Test 1 Test 2 Test 3 Average
J/mm?3
Dowels 230.05 266.46 186.89 227.89
Eccentric joints 210.63 148.51 207.31 190.63
Confirmat 295.54 212.90 278.90 261.68
screws

3. Results and Discussion
3.1. Energy Consumption

The experimental data of energy measurements and calculated results of energy
consumption were collected in Tables 1-4.

3.2. Discussion

The average energy consumption needed to drill holes for 30 dowels (E1ax—Eomax) is
3.169 Wh, and the energy consumption needed to drill holes for one furniture connection
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(Ep) is 3.537 Wh, as shown in Table 1. The average energy consumption needed to drill
holes for 30 eccentric joints (E1yax—Eomax) is 5.210 Wh, as shown in Table 2. The energy
consumption needed to drill holes for one eccentric joint (E,) was, on average, 5.538 Wh,
which is 0.328 Wh more than the energy consumed for drilling one dowel. The energy
consumption needed to drill holes for 30 furniture connections (E1,55—Eomayx) is 3.825 Wh,
while it was 3.238 Wh for drilling for one connection, as shown in Table 3. Energy data
for all drilling tests were calculated for one furniture joint of each type, and their averages
were also summarized. Comparing the average energy consumption needed for drilling
holes for one furniture joint (Ep), the least energy is consumed while drilling for a confirmat
screw (3.238 Wh), and the most energy was consumed while drilling for an eccentric joint
(5.538 Wh). The difference between average energy consumption for dowels and confirmat
screws and between eccentric joints and other selected furniture joints is smaller because
only two holes are needed for dowels and confirmat screws and three are required for
eccentric joints. A summary of energy consumption for one selected furniture connection
(Ep) is shown in Table 4. A Student'’s t-test was performed, and the result was statistically
significant. If there were no true difference between the groups, there would be very little
chance of producing such a significant difference. As a result, we reject the null hypothesis
and support the alternative hypothesis, which implies that the mean values of dowels and
confirmat screws differ from one another. Because of the statistical significance of this
difference, we may be certain that the results represent genuine group differences rather
than just random fluctuations in the data. The standard deviation for one selected furniture
connection for dowels and confirmat screws is 0.02; for eccentric joints, this figure is 0.03.

The statistical analysis conducted through t-tests offered valuable insights into the
energy consumption disparities among the examined furniture joints. Firstly, the com-
parison between eccentric joints and confirmat screws revealed a statistically significant
difference (p-value = 0.003958847), underscoring the distinct energy utilization patterns
of these joint types. Additionally, the t-test conducted between dowels and eccentric
joints also demonstrated a statistically significant disparity (p-value = 0.01477), high-
lighting differing energy consumption profiles between these two types of joints. Con-
versely, the t-test between dowels and confirmat screws yielded a non-significant result
(p-value = 0.6490413), indicating a lack of compelling evidence to suggest a substantial
discrepancy in energy consumption between these joint variants. These statistical find-
ings complement the experimental measurements, shedding light on the relative energy
efficiency of different furniture connectors and supporting informed decision-making in
eco-design and sustainable manufacturing endeavors.

3.3. Specific Cutting Work

The data for calculation and calculated results of specific cutting work were collected
in Tables 5 and 6.

The volume of the selected material for drilling holes for one furniture joint was
1658.77 mm?3 for the dowel, 3299.43 mm?3 for the eccentric joints, and 261.68 mm? for the
confirmat screws, as shown in Table 5. Specific cutting work for one selected piece of
furniture was 227.89 J/mm? for dowels, 190.63 J/mm? for eccentric joints’ and 26.68 ]/ mm?>
for confirmat screws, as shown in Table 6. According to the physics of cutting, the confirmat
screws have the smallest hole diameter and a large depth, which makes it most difficult
for chips to escape during cutting, compared to a dowel or eccentric joint. It also has the
highest specification cutting work rate.

The conducted research unveils a pioneering method for precisely determining specific
cutting work. Leveraging the PQ-box 150 energy analyzer, a direct measurement of energy
consumption during wood material cutting was conducted. By integrating the outcomes
of these measurements with the volume of the resulting hole, the actual cutting work
was calculated. In contrast to previous approaches reliant on measuring cutting forces to
calculate cutting work, this methodology represents a significant advancement. Previous
studies primarily employed rudimentary knives featuring a single cutting surface [21-25].
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However, this novel approach enables the determination of appropriate cutting work across
various machining tools.

4. Conclusions

The above data show that connecting furniture with dowels consumes the least energy
but is the least user-friendly as it does not allow for disassembly and reassembly or easy
transport. Despite higher energy consumption than dowels, eccentric joints allow furniture
to be transported more conveniently and easily than dowels and self-assembly. Unfortu-
nately, each time the furniture is unfolded again, it loses its strength due to the tearing of the
material caused by the removal of the confirmat screw. The biggest energy consumption of
drilling holes for one furniture connection, and at the same time the most durable and best
in terms of technology and use, is for the eccentric joint, which allows the user to assemble
the furniture independently and easily disassemble and transport it, without compromising
the durability and strength of the furniture. Unfortunately, preparing the best furniture
requires more energy due to the number of holes needed and their size. It can be concluded
that increasing the usability of a piece of furniture increases the use of technology and,
consequently, energy consumption. This study provides insightful information on the
energy usage of various furniture joints, which is helpful for eco-design and sustainable
manufacturing techniques. Our understanding will grow because of increased research and
the constant observation of technical advancements, which will also direct the furniture
sector towards more environmentally friendly production practices.
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