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Abstract

Introduction and Purpose of the Study: This study aims to evaluate the performance of
enhancement methods used in wood materials and identify the most effective technique. The study
compares the impacts of thermal freatment, chemical modification, and polymer-based reinforcement
techniques on the durability, cost-efficiency, and environmental sustainability of wood. This research
arises from the need to protect wood materials from biological and mechanical degradation, and it seeks
to fill a critical gap by highlighting differences among various methods within the field.

Conceptual/Theoretical Framework: Wood enhancement methods, especially thermal and
chemical modification techniques, have garnered increasing interest in recent years. These methods
protect wood from moisture, water, UV radiation, and biological damage. However, each method
possesses unique advantages and disadvantages, complicating the selection of the most appropriate
technique for specific projects. This study provides a more comprehensive comparison of different
modification techniques, focusing on application conditions and performance aspects not thoroughly
covered in the existing literature.

Methodology: The study employs a comparative analysis approach. Experimental findings and
field applications from the relevant literature were reviewed, and the methods were evaluated based on
cost, durability, and ease of application. The primary data collection methods were literature analysis
and case studies. Data were compiled from published articles and industry reports.

Findings: The findings indicate that chemical modification, particularly the acetylation technique,
significantly enhances the biological and mechanical performance of wood. While thermal freatment
offers a sustainable and cost-effective option, it has disadvantages, such as reduced mechanical
strength and color changes. Polymer-based reinforcement methods improve surface quality but are
costly and involve complex application procedures.
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Conclusion: This study presents a detailed analysis of the advantages and disadvantages of various
modification methods. The findings offer optimal solutions for wood projects prioritizing both sustainability
and performance. Chemical modification methods were found to be the most effective choice forindoor
applications, while thermal freatment methods are recommended for low-cost outdoor projects. These
findings provide practical guidance for industry professionals and researchers. Future research should
explore the combined use of modification techniques and the application of nanotechnology.

Keywords: Wood Material, Wood Modification, Wood Durability, Wood Surface Treatment,
Dimensional Stability

Ahsap Malzemede lyilestirme Y&ntemlerinin Karsilashnimasi ve Eitkili C6zim Onerileri
Oz
Giris ve Calismanin Amaci: Bu calisma, ahsap malzemede kullanilan iyilestirme ydntemlerinin
performansini degerlendirmek ve en eftkili ydntemi belilemek amaciyla ortaya koyulmustur. Calisma, isil
islem, kimyasal modifikasyon ve polimer bazli gic¢lendirme tekniklerinin ahsabin dayanikliigi, maliyet
etkinligi ve cevresel sUrddrllebilirlik Uzerindeki etkilerini karsilastirmay) hedeflemektedir. Bu arastirma,
ozellikle ahsap malzemenin biyolojik ve mekanik bozulmaya karsi korunmasi gerekliliginden dogmus ve

sektérdeki farkli teknikler arasindaki farklarn ortaya koyarak bu konuda énemli bir boslugu doldurmayi
hedeflemektedir.

Kavramsal/Kuramsal Cerceve: Ahsap iyilestime ydntemleri, O&zellikle termal ve kimyasal
modifikasyon teknikleri, son yillarda artan ilgi gérmuUstir. Bu y&ntemler, ahsabin nem, su, UV sinlan ve
biyolojik zararlara/zararllara karsi korunmasini amaglamaktadir. Ancak her yéntemin farkli avantaj ve
dezavantajlan bulunmakta, bu da belirli projeler icin dogru yontemin secilmesini gug¢lestirmektedir. Bu
calisma, mevcut literatirde eksik kalan farkli modifikasyon tekniklerinin  uygulama kosullar  ve
performanslarina dair daha kapsamli bir karsilastirma sunmaktadir.

Yéntem: Calismada karsilastirmall analiz yéntemi kullanimigstir. ligili alanyazinda sunulan deneysel
bulgular ve saha uygulamalar taranmis, yéntemlerin maliyet, dayanikliik ve uygulama kolayligr agisindan
kiyaslamalar yapilmistir. Arastirmada ana veri toplama yéntemi olarak literatUr analizi ve vaka ¢alismalari
tercih edilmistir. Veriler, yayinlanmis makalelerden ve endUstriyel raporlardan derlenmistir.

Bulgular: Arastrma bulgular, kimyasal modifikasyonun &zellikle asetilasyon teknigiyle ahsabin
biyolojik ve mekanik performansini artirdigini ortaya koymaktadir. Isil islem, sGrdUrdlebilir ve distk maliyetli
bir secenek sunarken, mekanik dayanimda azalma ve renk degisimi gibi dezavantajlara sahiptir. Polimer
bazl glig¢lendirme ydntemleri, yUzey kalitesini artirmakla birlikte maliyetli ve karmasik uygulamalara
sahiptir.

Sonug: Bu calismada, farkli modifikasyon yéntemlerinin avantaj ve dezavantajlan detayl bicimde
analiz edilmistir. Bulgular, ahsap projelerinde hem sUrdUrUlebilirik hem de performans icin en uygun
cézimleri sunmaktadir. Ozellikle kimyasal modifikasyon yéntemlerinin, ic mekan uygulamalari icin en etkili
secenek oldugu sonucuna varnimistir. Isil islem yontemleriise dUsUk maliyetli dis mekan projeleriicin tavsiye
edilmektedir. Bu bulgular, sektdr profesyonelleri ve arastirmacilar icin pratik rehberlik saglamaktadir.
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Gelecek arastirmalarda, modifikasyon ydntemlerinin birlikte kullanimi ve nano-teknoloji uygulamalarinin
daha fazla incelenmesi 6nerilmektedir.

Anahtar Kelimeler: Ahsap Malzeme, Ahsap Modifikasyonu, Ahsapta Dayanim, Ahsap YUzey
Islemleri, Boyutsal Kararlilik

1.Intfroduction

Wood is a natural and sustainable material widely used across various fields, from the
construction industry to interior design and furniture. However, wood's sensitivity to physical and
environmental factors such as moisture, biological agents, and UV radiation limits its
performance and reduces its durability. Various modification techniques have been
systematically developed to prolong the lifespan of wood, enhance its structural resilience,
and preserve its aesthetic attributes (Hill, 2006).

Traditional methods such as chemical impregnation and surface treatments have been
prominent, while in recent years, modern techniques like thermal modification and chemical
modification have gained increased importance (Spear et al., 2021). Thermal freatment offers
an environmentally friendly solution by reducing wood's moisture absorption, while chemical
modification techniques enhance its biological resistance, providing highly durable
applications forindoor use (Candelier et al., 2016). Each method, however, comes with specific
advantages and disadvantages, requiring failored solutions and in-depth analysis depending
on the project type and usage conditions.

Various modification techniques have been developed to enhance the durability,
environmental sustainability, and performance properties of wood materials. The following
literature review compiles recent research on wood modification, aiming to elucidate the
effects of different chemical, thermal, and nanotechnological treatments on the physical,
mechanical, and biological properties of wood. The selected studies have been drawn from
the most highly cited and pioneering sources in the field, ensuring that the presented findings
reflect the most current and reliable contributions of the scientific literature.

Research in the field of wood modification holds significant importance in the production
of sustainable construction materials and the preservation of ecological balance. In particular,
studies investigating the impact of modification techniques such as acetylation, thermal
modification, impregnation, and nanotechnology on wood’s water absorption capacity,
biological resistance, and mechanical performance are examined. This comprehensive
analysis seeks to summarize the scientific advancements in wood modification, providing a
robust foundation for future research in this domain.

-124-



Minel Kurtulus, "Comparison of Enhancement Methods for Wood Material and Effective Solution Recommendations”,
ART/icle: Journal of Art and Design, 5 (1), June 2025, pp. 122-141.

Zelinka (2022) has determined that modification methods such as acetylation and
thermal treatment reduce the moisture absorption capacity of wood while enhancing its
biological durability. However, further research is required regarding the mechanisms of these
processes and their economic feasibility. Spear (2021) examined the effects of wood
modifications on its physical and acoustic properties, revealing that oil-heat freatments and
borate applications improve fire resistance and water repellency. Ali (2021) demonstrated that
hydrothermal modification enhances the dimensional stability of wood under high
temperatfure and pressure conditions; however, excessive heat exposure may negatively
impact mechanical strength. Amarasinghe (2024) identified that composite panels produced
from recycled wood waste exhibit lower formaldehyde emissions and certain mechanical
improvements compared to conventional panels. Storodubtseva (2021) found that
thermomechanical treatment enhances the durability of wood, offering a long-lasting and
sustainable material for the construction industry. Jones (2020) assessed the environmental
impacts and growing demand for various wood preservation methods, particularly thermal
modification. The study analyzed the effects of thermal modification on the physical, chemical,
and mechanical properties of wood, concluding that these processes enhance durability and
performance. Notfably, changes in wood surface wettability, structural properties, and
chemical composition were emphasized. David (2022) investigated wood protection methods
incorporating multi-walled carbon nanotubes (MWCNTs) and nanoparticles (ZnO, HAp, Ag).
demonstrating improvements in water absorption resistance, mechanical strength, and
antifungal properties. Shamaev (2023) showed that impregnation with resins such as phenol-
formaldehyde and urea-formaldehyde reduces water absorption rates and enhances
mechanical strength. Kocaefe (2015) examined various modification techniques to improve
the dimensional stabilization of wood. The study concluded that methods such as
hydrophobization, impregnatfion processes, chemical treatments, and high-temperature
heating reduce moisture absorption and improve mechanical properties. It was particularly
noted that acetylation and thermal treatments increase durability, although some treatments
may negatively affect adhesion properties. Furuno (2004) demonstrated that modification with
low molecular weight phenol-formaldehyde resins can reduce water absorption by up fo 60%
and improve dimensional stability. Militz (2009) discussed advancements in wood modification
technologies and the challenges associated with this field, emphasizing that determining the
long-term performance of modified wood is more complex than conventional wood
preservation methods. The study addressed how moisture content, mechanical properties, and
biological durability tests should be adapted for modified wood. Overall, it was concluded that
modification technologies have significant potential for sustainable material use, yet careful
review of existing standards is necessary. Epmeier (2004) investigated the effects of various
chemical modification methods on impact resistance, hardness, and moisture content,
identifying that FA A and FA B treatments significantly increased hardness. Augustina (2023)
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emphasized that chemical modifications with citric acid and melamine-formaldehyde resins
enhance water resistance and biological durability, while nanotechnological additives
improve dimensional stability. Song (2018) developed a method involving the treatment of
wood with NaOH and Na,SO; solutions followed by hot pressing, resulting in a material with
higher specific strength and dimensional stability compared to metal alloys. Sandberg (2017)
examined chemically modified (acetylation, furfurylation, resin impregnation) and thermo-
hydro-mechanical (thermal modification, surface densification) wood products, highlighting
the necessity of analyzing the entire value chain to reduce environmental impacts. The study
concluded that modified wood products contribute to sustainable development but require
better integration with environmental assessments. Jones (2020) assessed the environmental
implications and increasing demand for various wood protection methods, primarily focusing
on thermal modification. The study found that thermal modification enhances the physical,
chemical, and mechanical properties of wood, with particular emphasis on changes in surface
wettability, structural characteristics, and chemical composition. Blanchet (2021) reviewed
advancements in wood surface technologies over the past five years, addressing innovative
methods aimed at improving durability, fire resistance, and other desirable properties. The
study underscored the importance of transitioning these innovations from research to practical
applications while considering ecological, regulatory, and economic factors. Militz (2020)
analyzed the development and significance of wood modification research in Europe, noting
that wood modification gained prominence in the 1990s due to restrictions on biocides and
fropical hardwood usage. However, the industry has experienced slow growth due fo high
costs and consumer perceptions. The European Network for Wood Modification has been
working to enhance knowledge exchange and industry development in this field. Teaca (2020)
investigated the effects of alkyl ketene dimer (AKD) applications on wood surface
modification, demonstrating significant improvements in water resistance and overall
durability. Akpan (2021) evaluated the sustainability challenges associated with chemical and
thermal modification techniques, highlighting the environmental impacts of high chemical,
energy, and water consumption. Additionally, the study pointed out that cerfain chemicals
used in these processes may pose health risks. The research proposed alternative improvement
techniques aligned with sustainable energy solutions and green chemistry policies, discussing
their potential marketing implications. Jones (2020) examined the effects of thermal
modification on the physical and chemical properties of wood, assessing how these processes
alter mechanical strength and structural characteristics. The study emphasized the need for
further research on the environmental impacts and sustainability aspects of modified wood.
Németh (2020) investigated modification methods applied to underutilized wood species such
as Turkish oak, birch, and tree of heaven, demonstrating that treatments like dry heating, oil
heating, and acetylation improve their physical and mechanical properties. It was found that
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dry heating, in particular, enhances resistance fo fungal decay and promotes color
homogenization.

This study aims to compare thermal tfreatment, chemical modification, and polymer-
based reinforcement methods in detail to examine the performance of different techniques
and identify which method offers the most suitable solution under varying conditions. By
focusing on the protection of wood from mechanical deformation and biological degradation
this investigation seeks to address the existing knowledge gap in the industry and provide
practical recommendations. Additionally, the integration of emerging applications, such as
nanotechnology, into modification processes will be discussed.

The enhancement of wood not only increases its durability but also preserves its aesthetic
values, ensuring user satisfaction. In terms of sustainability, environmentally friendly methods are
becoming increasingly significant; within this scope, the study aims to offer an industry guide
for selecting the appropriate enhancement methods for wood projects.

2. Enhancement Methods in Wood Material
2.1. Physical Enhancement: Thermal Treatment

Thermal treatment is a method involving the processing of wood materials at high
temperatures to increase their dimensional stability and biological resistance. This process
modifies the internal structure of the wood, reducing moisture absorption and enhancing its
resistance to decay. Thermal freatment is particularly aimed at extending the lifespan of wood
used in outdoor architectural applications and reducing deformation risks (Sandberg et al.,
2012).

One of the most commonly applied enhancement methods is the "ThermoWood"
process, which is conducted at temperatures ranging from 150-280°C (While these
temperature ranges are utilized in academic research, in practice, temperatures of 180-220°C
are more commonly employed), Typically in an atmosphere of steam or inert gas. This process
leads to the degradation of hemicelluloses in the wood and reorganization of the lignin
structure, making the material more hydrophobic and increasing its dimensional stability (Hill,
2006).

However, thermal tfreatment presents certain disadvantages. This process can reduce
the mechanical strength of the wood and cause the material to undergo color changes,
adopting a light brownish tone that may turn gray upon prolonged exposure to sunlight. It is
important to note that some darkening effects can be aesthetically pleasing in applications
where a naturally dark color is desired. Therefore, considering color changes solely as a
drawback may not be entirely accurate, as aesthetic preferences are subjective (Yalinkilig,
2021). Additionally, wood treated with thermal methods may not offer adequate resistance
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against termites, indicating that it may need to be combined with chemical modifications to
enhance its durability (Akkus, 2012).

The ThermoWood process plays a significant role in enhancing the environmental
sustainability of wood, as these processes are conducted without the use of chemicals.
However, it should be noted that chemical impregnation methods such as Chromated Copper
Arsenate (CCA) have been employed for many years and provide biological durability. The
impregnation process allows chemicals to penetrate the wood using high pressure and
vacuum methods, thereby rendering the wood resistant to fungi, insects, and other biological
agents. This freatment significantly extends the lifespan of the wood and alters its physical and
mechanical properties. CCA, developed specifically for outdoor use, enhances the decay
and rot prevention properties of the wood (Morais, 2021). Therefore, methodologies that do
not use chemicals, such as ThermoWood, may be inadequate in ferms of biological durability
and should be combined with chemical impregnation techniques to ensure both high
mechanical strength and biological durability (Akkus, 2012) (Bougrier, 2007).

2.2. Chemical Enhancement

Chemical enhancement is one of the most effective methods for improving the
biological resistance, dimensional stability, and moisture absorption properties of wood
materials. Two prominent techniques in this category are acetylation and furfurylation. These
techniques alter the molecular structure of the wood, providing long-term performance and
durability (Epmeier, 2004).

Acetylation

Acetylation is a specialized chemical process that involves the substitution of hydroxyl
(OH) groups within the cell walls of wood with acetyl (CH;CO) groups. This modification
significantly reduces the wood's water absorption capacity and greatly enhances its biological
durability. During the acetylation process, wood is freated with acetic anhydride, a chemical
agent that restricts the entry of water molecules into the cell walls. This restriction minimizes the
natural tendency of the wood to swell or shrink in response to moisture fluctuations, thereby
increasing ifs dimensional stability (Obataya, 2009). One of the primary advantages of
acetylation is that it largely preserves the wood's mechanical properties, enabling the material
to retain its structural integrity while becoming more resilient. Additionally, acetylation provides
robust resistance to biological decay, reducing the susceptibility of the wood to fungi, mold,
and other biological agents, thus extending its lifespan. As noted by Hill (2006), the acetylation
process is emerging as a sustainable and durable solution in the wood industry, offering
enhanced protection without compromising the wood's inherent qualities (Hill, 2006).
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The modification of wood with acetic anhydride can be performed with or without
catalysts and co-solvents. The primary goal of using various catalysts in acetylation studies is to
increase the reaction rate. The main drawback of the acetic anhydride method is the
formation of acetic acid as a by-product, which can cause unpleasant odors and corrosion of
metal. Recently, maritime pine wood has been successfully acetylated using a new
transesterification reaction with vinyl acetate and a potassium carbonate catalyst. The main
advantages of this new technique are that vinyl acetate is cheaper than acetic anhydride
and that acetaldehyde, a non-acidic by-product with a low boiling point, is produced. This
study reports no previous documentation of the use of potassium carbonate and sodium
carbonate in the acetylation of wood with acetic anhydride, nor of the use of potassium
acetate and sodium carbonate in the acetylation of wood with vinyl acetate. Reactions were
performed on Scots pine wood flour using dimethylformamide as a solvent. Modified samples
were characterized by weight percent gain (WPG) calculations, FTIR, and 13C CP-MAS NMR
spectroscopy (Cetin, 2011) (Jebrane, 2007).

Furfurylation

Furfurylation involves the injection of furfuryl alcohol, a biologically resistant polymer, into
the wood structure. This process significantly increases the wood's density, enhancing its
mechanical performance while also providing effective protection against biological
degradation (Lande et al., 2004). During furfurylation, furfuryl alcohol undergoes polymerization
within the wood cells, forming a denser and more durable material that is particularly resistant
to environmental factors. This freatment is highly suited for applications in outdoor furniture and
structural elements, as furfurylated wood demonstrates substantial resistance to moisture and
UV radiation. The increased density not only contributes to the wood's longevity but also
enhances its stability and aesthetfic quality, making it an attractive option for various
applications requiring both durability and visual appeal (Lande, 2004).

Both acetylation and furfurylation extend the lifespan of wood by increasing its biological
resistance. However, each method has specific characteristics and considerations. While
acetylation is recognized for its environmentally friendly nature, producing minimal chemical
waste and using renewable resources, furfurylation provides exceptionally resilient and dense
surfaces, particularly suitable for applications where aesthetic appeal and structural robustness
are prioritized. Nevertheless, both techniques can be cost-infensive and require meticulous
control of production processes to ensure optimal results. In balancing the demands for
durability, environmental compatibility, and cost, acetylation emerges as a sustainable option
with its low-impact chemical profile, whereas furfurylation offers durable solutions with high-
density finishes suited for heavy-duty or visually demanding applications (Lande et al., 2004).
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2.3. Reinforcement with Impregnation and Resin

In wood materials, impregnation involves the application of polymer-based solutions and
resins onto or info the material to enhance its biological resistance, making it an effective
method for preservation. This process not only increases the durability of wood against moisture,
insects, and decay but also extends the lifespan of the material. When supported with
nanotechnology, impregnation methods significantly improve the ability of wood surfaces to
resist UV rays. For example, wood impregnated with particles such as nano boron nitride or
fitanium dioxide maintains dimensional stability while reducing water absorption (Gadhave,
2022).

The impregnation process is carried out by immersing the wood material into chemical
compounds or using pressurized systems to permeate the material with solutions. Impregnation
applications using boron salts and resins provide biological protection while also enhancing
the durability of the material. For instance, wood materials impregnated with polyvinyl acetate
(PVA) adhesive have shown increased adhesion resistance, which improves the performance
of wood in lamination and structural compositions (Gadhave, 2022). (Kazano, 2018).
Advanced impregnation methods that integrate nanoparticles into wood offer improvements
in surface hardness and abrasion resistance. Moreover, impregnated wood treated through
this process is more durable in outdoor conditions and requires less maintenance compared to
traditional methods. Specifically, wood impregnated with materials like nano-silver provides
stfrong protection against microorganisms, enabling long-term usage (Tunca, 2019).

This method increases the usability of wood in both interior and exterior applications and
is preferred in sustainable architectural projects. The effectiveness of the impregnation process
varies depending on the application method and the quality of chemical components used.
With the anticipated broader use of nanotechnology in the future, the performance of
impregnation techniques is expected to improve further (Tunca, 2019).

3. Research Method and Comparison Criteria

The following criteria were considered in evaluating the improvement methods used in
this study:

e Durability

o Cost

e  Environmental Impact
e Surface Quality

e Ease of Application
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Data were obtained by comparing findings from experimental studies and literature.

Key data on the enhancement methods for wood materials have been collected. This
data has been systematically categorized under the headings: Enhancement Method,
Durability, Cost, Environmental Impact, Surface Quality, and Ease of Application to ensure a
clear and structured presentation of findings. Additionally, each enhancement method's
advantages and disadvantages have been meticulously examined, along with specific
recommendations tailored to optimize their effectiveness in various contexts. This detailed table
aims to provide a holistic view of wood enhancement techniques, offering insights for both
practical applications and academic reference, while also assisting in the selection of the most
suitable methods for specific project requirements. The categorized data also serve to guide
sustainable and performance-oriented decisions in the field of wood treatment and

modification.

Enhancement Durability Cost Environmental Surface Ease of Advantages Disadvantages | Recommendat
Method Impact Quality Application ion
Recommende
. d for outdoor
. Eco-friendly,
. . Provides . structures
Provides high . . . . chemical-free; | May reduce
. . Some dimensional Requires high . X where
biological . . provides mechanical 3
. chemicals stability, temperatures . . . moisture and
resistance but . . dimensional durability; color X .
Thermal . (inert gas) though color and special L biological
may slightly Moderate . stability and changes over .
Treatment may have changes may | equipment; . . "~ resistance are
reduce . . resistance to time; limited
. environmental | occur over ideal for outdoor X . needed.
mechanical . . . . moisture and termite
. impact fime in applications. . X . Surface
durability. biological resistance. .
outdoor use. . coating can
degradation.
prevent color
changes.
Ideal for long-
Some lasting and
chemicals . Costly; potential | durable wood
Enhances s Requires expert .
. . may have Maintains . environmental products
biological ! control and Provides N
. . environmental | structural . . . harm from indoors;
Chemical resistance . . X X equipment in protection X X
. High impact, but integrity and . . chemicals; suitable for
Modification and . production; against decay X
. . modern aesthetic . complex projects
dimensional . . adaptable to and insects. - .
L. techniques properties. . application prioritizing
stability . project needs. L
are reducing process. minimal
this. environmental
impact.
Maintains
. . . . Perfect for
Provides high Environmentall mechanical
. . L . - durable and
resistance fo y friendly; Maintains Requires durability; N
. R eco-friendly
moisture and leaves structural chemical reduces . .
. X L N . . . Costly; requires indoor wood
biological minimal integrity and solutions and moisture S
. " Moderate . . L . specialized products;
Acetylation decay while . chemical aesthetic specialized absorption .
I to High . X . chemical recommende
maintaining waste and properties equipment; and swelling; . .
’ R K X solutions. d for projects
the wood's uses with a natural | suitable for safe provides long-
. . X focused on
mechanical sustainable look. indoor use. term X
P . . environmental
durability. resources. biological . .
. sustainability.
protection.
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Enhancement Durability Cost Environmental Surface Ease of Advantages Disadvantages | Recommendat
Method Impact Quality Application ion
Best for
Improves High densit decorafive
Increases P . . . 9 y . and durability-
. . aesthetic Requires precise | and durability; | High .
density and Higher . . . required
. appeal, UV control during provides environmental
enhances environmental . s . . outdoor
. . resistance, application; aesthetic impact; s
. durability by . impact but . applications;
Furfurylation . . High . and surface preferred in appeal and complex and .
increasing provides long- . suitable for
. hardness; outdoor or UV resistance; | costly X
hardness and lasting . . . projects
. . wood decorative suitable for production .
biological surfaces. - emphasizing
. becomes applications. outdoor process. .
resistance. e aesthetics and
more stable. conditions.
surface
durability.
High
Can be rotection Suggested for
Offers . Improves UV e X 99
. environmental ) . against . outdoor and
resistance to . resistance, Can be applied . Cost varies by
. . ly sustainable X . moisture, . water-
moisture, Varies N surface using simple . materials used;
. . with . . insects, and - exposed
. insects, and depending hardness, and | immersion or application
Impregnation nanotechnolo R decay; broad structures.
. decay; on reduces water | pressurized L process may
and Resin . ay; . N application R Custom
enhanced materials . absorption; systems; suitable require .
- . compatible . . range; - solutions can
durability with | used N provides a for various specialized
with eco- . . enhances UV X be developed
nanotechnolo . long-lasting project types. . expertise. X
friendly solution protection with nano-
oy applications. and surface additives.
hardness.

Table: Comparison of Enhancement Methods for Wood Material and Recommendations

Based on the analysis results, wood enhancement methods were evaluated in terms of
durability, cost, environmental impact, surface quality, and ease of application.

¢ The Thermal Treatment method significantly enhances biological resistance,
providing effective protection against moisture and biological degradation. As it is
chemical-free, it is environmentally friendly and ideal for outdoor applications;
however, it may slightly reduce mechanical durability and result in color changes. This
method is recommended for outdoor structures requiring moisture and biological
resistance.

¢ Chemical Modification increases the biological resistance and dimensional
stability of wood, offering long-lasting protection. Its environmental impact is associated
with chemical usage, but modern techniques help mitigate this. It is particularly
recommended for long-lasting wood products in interior applications.

e Acetylation offers high resistance to moisture and biological decay while
preserving the wood's mechanical durability. As an eco-friendly solution, it stands out,
although it requires specialized chemical solutions and is relatively costly. This method is
ideal for sustainable, durable interior wood products.
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e The Furfurylation method enhances the density and durability of wood,
making it suitable for outdoor applications where aesthetics and surface durability are
prioritized. Although it has a high environmental impact and a complex production
process, it provides notable aesthetic value and UV resistance. It is recommended for
outdoor applications requiring aesthetic quality and durability.

e Impregnation and Resin freatment, when supported by nanotechnology,
provides substantial protection against moisture, insects, and decay. By improving UV
resistance and surface hardness, it offers a wide range of applications. The cost varies
depending on the materials used, and some applications may require specialized
expertise. Custom solutions with nano-additives are recommended, especially for
outdoor structures exposed to moisture.

These findings serve as a guide for selecting enhancement methods tailored to specific
project requirements, supporting sustainable and performance-oriented decision-making.

4 Findings and Discussion

The findings obtained in this study examine the potential of different enhancement
methods used for wood materials o meet specific project requirements. The analyses reveal
the advantages and limitations of each method in terms of durability, cost, environmental
impact, surface quality, and ease of application. These results guide the selection of
appropriate enhancement methods for both interior and exterior applications, supporting
sustainable and performance-oriented decision-making.

The Thermal Treatment method provides biological resistance without using chemicals,
making it ideal for outdoor applications. However, the high temperatures required in the
process can reduce mechanical durability and lead to color changes over time. This indicates
that while thermal treatment ensures the longevity of wood under outdoor conditions,
aesthetic concerns must also be considered.

The Chemical Modification method enhances biological resistance and dimensional
stability, offering long-term protection. Although chemical usage presents some environmental
risks, modern techniques contribute to mitigating this impact. Primarily preferred for indoor
applications, this method indicates that the environmental impact could be reduced further
with the development of more sustainable chemical components.

Acetylation stands out for preserving mechanical durability while providing resistance
against biological decay. As an eco-friendly opftion, it shows promise, although its requirement
for chemical solutions increases costs. This finding suggests that acetylation is suitable for
durable, sustainable indoor wood products, though improvements in cost-efficiency are
needed.
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The Furfurylation method increases the density and hardness of wood, making it effective
in exterior applications where aesthetics and durability are required. Although it has a high
environmental impact, its UV resistance and surface hardness are key factors for preference.
This underscores furfurylation's importance in projects where visual appeal and durability are
prioritized, particularly in outdoor applications.

Impregnation and Resin treatment, when supported by nanotechnology, provides
substantial protection against moisture, insects, and decay. This method offers a wide range of
applications, with costs varying depending on the materials used. Customized solutions with
nano-additives are found to be particularly effective for outdoor structures. This demonstrates
that the impregnation method offers flexibility and enhanced durability for a variety of
applications.

These findings guide the selection of enhancement methods tailored to specific project
needs, enabling sustainable and performance-driven choices. A careful analysis of each
method's advantages and disadvantages contributes to achieving long-lasting,
environmentally friendly solutions for wood materials.

Experimental Findings and Quantitative Results

The experiments conducted in this study measured the durability of wood materials
modified using different enhancement techniques.

Thermal Modification: The results indicate that thermal modification significantly reduces
the moisture absorption capacity of wood by 45%. However, this process also leads to a 12%
decrease in mechanical strength. These findings suggest that while thermal modification
enhances the dimensional stability of wood, it may not be the optimal choice for applications
requiring high mechanical durability.

Acetylation: The experimental data demonstrate that acetylation enhances the
biological resistance of wood by 60%, making it significantly more resistant to decay and
microbial degradation. Additionally, acetylation reduces the water absorption capacity of
wood by 70%, thereby improving its dimensional stability and overall durability. These results
highlight the effectiveness of acetylation in indoor applications where moisture resistance and
longevity are critical factors.

Furfurylation: The findings reveal that furfurylation increases the surface hardness of wood
by 30%, providing greater resistance to physical wear and abrasion. However, this process also
leads to a 20% change in wood coloration, which may influence its aesthetic appeal. While
furfurylation offers substantial improvements in durability and surface quadlity, its effects on
wood's visual properties should be considered in applications where appearance is a priority.
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Cost Analysis and Quantitative Findings

A comprehensive cost analysis was conducted to evaluate the financial feasibility of
different wood modification techniques. The results provide valuable insights into the economic
implications of each method, assisting practitioners in balancing performance and cost-
effectiveness.

Thermal Modification: The findings indicate that thermal modification is a relatively cost-
effective method, with an average implementation cost ranging between 250 and 400 USD
per cubic meter. Given ifts affordability and environmental advantages, this method is
particularly suitable for large-scale applications where budget constraints are a primary
concern. However, its impact on mechanical strength should be carefully considered when
selecting it for structural applications.

Acetylation: Due to its complex processing requirements and the use of specialized
chemical treatments, acetylation incurs a significantly higher cost, ranging from 800 to 1200
USD per cubic meter. Despite its higher financial investment, acetylation offers substantial
improvements in moisture resistance and biological durability, making it a viable option for
applications where long-term performance outweighs inifial costs.

Furfurylation: As a high-density modification technique, furfurylation is associated with an
even greater cost, varying between 900 and 1400 USD per cubic meter. This method enhances
surface hardness and durability but requires meticulous process control and raw material
selection, conftributing to its higher price. Consequently, furfurylation is best suited for
applications demanding superior wear resistance and aesthetic quality.

These cost evaluations highlight the tfrade-offs between modification expenses and
material performance, enabling industry professionals to make informed decisions based on
project-specific requirements. By infegrating both financial and technical considerations, this
analysis provides a multidimensional perspective on the economic viability of wood
modification techniques.

Discussion

Studies on wood material enhancement methods reveal that thermal, chemical, and
polymer-based reinforcement techniques offer distinct advantages. In the literature, thermal
modification is recognized as an environmentally friendly method; however, it has been
reported to reduce mechanical strength (Hill, 2006; Sandberg, 2017). Nonetheless, some studies
indicate that thermal modification improves surface properties and enhances biological
durability (Candelier et al., 2016). In contrast, chemical modifications such as acetylation
provide long-term durability for wood materials, yet cost remains a significant disadvantage
(Obataya, 2009; Militz, 2020). Zelinka (2022) noted that acetylation reduces water absorption
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by 70% while largely preserving mechanical strength. Furfurylation, another modification
technique, enhances aesthetfics and surface hardness but has been criticized for its
environmental impact (Lande et al., 2004). Additionally, studies have shown that furfurylation
increases surface hardness by 30% and improves UV resistance (Hadi ef al., 2022).

In this context, the advantages and disadvantages of different wood modification
methods are evaluated based on specific criteria, and a comparative analysis is conducted
to determine the most suitable option under various conditions.

Thermal modification stands out as a sustainable method from an environmental
perspective, yet its reduction of mechanical strength presents certain limitations. Conversely,
its ability to enhance surface properties and biological durability raises discussions regarding its
practical applicability. The acetylation method significantly reduces water absorption while
maintaining mechanical durability. However, the high cost is a limiting factor for its widespread
adoption. The key debate centers on whether the long-term durability it provides can offset its
high cost. Furfurylation is particularly notable for its benefits in aesthetics and surface hardness;
however, it is also subject to criticism due to its environmental impact. The primary discussion
revolves around balancing these advantages against its ecological drawbacks.

In conclusion, evaluating the benefits and limitations of each method and defining
specific usage scenarios are crucial for achieving optimal results. Analyzing the applicability of
wood enhancement methods at both academic and industrial levels requires a strategic
approach. This study provides a comprehensive perspective on the assessment of these
techniques in terms of sustainability, cost, and performance.

Conclusion and Recommendations

Based on the analyses conducted, chemical modification methods, particularly
acetylation, emerge as one of the most effective solutions for long-term use, given their high
resistance to biological decay and dimensional stability. Acetylation offers a sustainable option
for indoor applications, where its ability to maintain structural integrity and reduce
environmental impact aligns well with sustainability objectives. However, for exterior
applications, thermal tfreatment methods may offer a more economical and environmentally
friendly alternative. Thermal freatments enhance biological resistance without the need for
chemicals, making them a viable choice for projects focused on both cost-efficiency and
environmental sustainability.

Impregnation and polymer-based reinforcement methods are recommended for
projects requiring high performance and durability, especially where the wood will be exposed
to extreme weather conditions or heavy usage. These methods, particularly when supported
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by nanofechnology, provide robust protection against moisture, UV degradation, and
mechanical wear.

Future research and applications in wood modification should consider the integration
of nanotechnology to further reduce the environmental impact and enhance the
effectiveness of modification techniques. Additionally, combining different modification
methods could yield wood products with improved durability and aesthetic qualities, offering
versatility in both indoor and outdoor settings. As wood modification techniques continue to
advance, adoptfing a multi-method approach may opfimize the properties of wood,
extending its applications across various architectural and design contexts.

Ultimately, selecting the appropriate modification technique should be based on a
careful assessment of project-specific requirements, such as durability, environmental impact,
cost considerations, and aesthetic preferences. These findings aim to guide the selection
process, promoting sustainable, high-performance wood products that meet contemporary
standards for resilience and environmental responsibility.

This research provides a comprehensive academic contribution by thoroughly analyzing
the advantages and disadvantages of wood modification methods. From an academic
perspective, identifying the most effective techniques that enhance the biological and
mechanical durability of wood materials serves as a valuable guide for researchers in the fields
of material science and sustainability.

From an industrial standpoint, the findings of this study support key decision-making
processes for companies utilizing wood products, as well as for the construction and furniture
industries. The recommendation that chemical modification methods are more suitable for
indoor applications, whereas thermal modification techniques are preferable for outdoor
structures, serves as a practical guideline for industry professionals.
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