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Abstract:

Despite the growing interest in bio-based epoxy systems, there remains a significant research
gap in developing fully bio-derived curing agents that can replace conventional BPA-based
epoxy hardeners while maintaining adequate mechanical and physical performance on wood
substrates. The objective of this study was to investigate the potential of new bio-based,
bisphenol A-free epoxide nanocomposite coatings for wood surfaces, as a replacement for
commercially available coating containing bisphenol A. In addition, the surface properties of
these coatings were evaluated.

This study involves the use of environmentally friendly, bisphenol A-free, new bio-based epoxy
coatings and their nanocomposite derivatives, in which both the resin and hardener are derived
from natural sources. The study is original in its use of sustainable natural resources in the
coatings industry, as well as in the development of cost effective and readily available systems
compared to those derived from petroleum. Futhermore, this

he research is is the first to employ moss oil and turpentine oil as hardeners in epoxy resin
curing reactions.

The results obtained with these two oils, which share a similar chemical structure, were
compared. The study also investigates the effect of nanoparticles on the physical and
mechanical properties of the bio-based coatings. In this study, novel bio-based epoxide
nanocomposite coatings for wood surfaces were prepared using a tung oil-based epoxide resin,
which was cured with moss and turpentine oil for the first time. Moss oil and turpentine oil
were utilised as epoxy hardeners. The wood species selected for this investigation was Fagus
orientalis (oriental beech). Furthermore, as prospective substitutes for bisphenol A, the
characteristics of the new bio-based epoxide coatings, specifically the system obtained using



moss oil and turpentine oil as hardening agent, were evaluated in relation to their
nanocomposite derivatives doped with carbon nanoparticles (fullerene, carbon nanotubes, and
graphene) for application on wooden substrates. Following the application of various coating
materials to the wood surface, evaluations were conducted on the mechanical and physical
properties of the wood. This included measurements of water absorption, t oven-dry density,
and compression strength parallel to the grain of Fagus orientalis (oriental beech). The findings
revealed that all test specimens showed oven-dry density values higher than those recorded for
the control group. After the final absorption period, all coated specimens demonstrated a
reduction in water absorption compared to the control.. Each coated specimen also exhibited a
higher compression strength parallel to the grain than the control group. Consequently, it was
established that the implementation of innovative bio-based nanocoatings has the potential to
enhance the mechanical and physical properties of Fagus orientalis (oriental beech) wood.
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Introduction

Currently, the wood coating industry is embracing two key areas: the circular economy and bio-
based resources. There is a growing body of scientific research focusing on the utilisation of
natural additives in coatings (Sen 2001, Mustapha et al. 2019). This reflects a broader trend in
the industry to identify environmentally-friendly and multipurpose alternatives to traditional
synthetic fillers (Sadh et al. 2018). These synthetic fillers have often been criticised for their
lack of environmental responsibility in production (Sanjay et al. 2018, Venkatesan ef al.2016).
Kishi and Fujita (2008) demonstrated that an epoxy resin based on liquefied wood and
resorcinol exhibited excellent performance as a matrix resin in fibre-reinforced composites.

Epoxy coatings are commonly used on wood surfaces for protection and durability. Epoxy is a
type of resin that, when combined with a hardener, creates a strong and durable chemical bond.

It provides a protective layer that can help protect the wood from moisture, chemicals, and



wear. Epoxies are a very adaptable class of polymers with applications in almost every field,
from aeronautics to home adhesives (Babahan et a/.2020, Babahan-Bircan et a/.2023, Hasan et
al.2022).

Epoxy nanocomposites for wood are a type of epoxy coating that incorporates nanoscale fillers
or additives to enhance the properties and performance of the coating on wood surfaces. These
nanomaterials can improve mechanical properties, barrier properties, UV resistance, adhesion,
and even provide antimicrobial properties (Hyvonen ef al. 2006, Kaymake1 2016). The addition
of nanomaterials, such as nanoparticles, nanofibers, or nanoclays, to the epoxy resin can
significantly improve the mechanical properties of the coating. This includes increased tensile
strength, hardness, and impact resistance, making the wood surface more durable and resistant
to wear and tear. Epoxy nanocomposites also offer enhanced barrier properties, providing
increased resistance to water, moisture, and other environmental factors. This helps to prevent
wood degradation, warping, and rotting, thereby extending the lifespan of the wood surface.
Additionally, some nanomaterials used in epoxy nanocomposites, such as silver nanoparticles,
possess antimicrobial properties. This means that they can inhibit the growth of bacteria, fungi,
and other microorganisms on wood surfaces. This is particularly useful in applications where
hygiene and cleanliness are important, such as kitchen countertops or cutting boards.

The addition of vegetable oils, resins, waxes, and natural extractants to wood coating
formulations was undertaken with the objective of enhancing their performance when exposed
to a range of environmental conditions, including those posed by insects, light, humidity, and
temperature (Chang et a/.1982, Pandey and Pitman 2004, Teaca et al.2019, Varganici et al.
2021). Plant oils that are not harmful can create a barrier on the surface of wood cells, reducing
the amount of water that the wood absorbs. Because of this, these oils show a lot of promise as

wood preservatives (Kabasakal et al. 2023).



Tung oil has a long historical usage, as evidenced by reports that the Chinese Empire employed
it in its ship coatings. Poth asserts that tung oil, linseed oil, and plant oils are the three most
significant drying oils (Poth 2001, Du et al. 2020). Due to its capacity to repel water, tung oil
is employed for the preservation of wooden materials. Humar and Lesar (2013) also highlighted
the capacity of tung oil to impede water absorption over varying timeframes, including the
short, medium, and long term. Additionally, they underscored its ability to repel water and
safeguard against brown and white rot fungi. Nevertheless, the commercial application of pure
tung oil is constrained or requires the incorporation of drying agents into its formulation due to
its relatively prolonged drying period (exceeding five days). Moreover, it was established that
a coating of tung oil was an effective method of preventing the absorption of water and the
growth of fungi that cause wood decay, thereby slowing down the deterioration of wood
surfaces exposed to the elements. The extensive use of wood in outdoor environments has
prompted research and development in both academic and industrial contexts to investigate
innovative methods for enhancing wood coatings. In conclusion, tung oil-based epoxy coatings
can be considered an optimal solution for enhancing and protecting wood surfaces. They offer
a distinctive combination of strength and aesthetic appeal, rendering them suitable for a
multitude of applications, including furniture, flooring, and countertops. Tung oil-based epoxy
coatings provide exceptional water resistance, chemical resistance, and durability (Altay et
al.2024, Kabasakal et al.2024).

Turpentine's oil primary constituents are volatile terpenic hydrocarbons (CioHie), which might
vary based on the tree species, growing site, and distillation method. Its boiling point is
approximately 150 °C. Turpentine is typically used as a cleaning agent, paint thinner, and
varnish thinner. Vitamins and perfumes are two common products that contain derivatives
(Cabaret et al.2019). The primary derivative of turpentine is synthetic pine oil, which is utilized

in cleaning solutions, disinfectants, and other items with a pine aroma (Zhu et al.2018, Salvador



et al.2020, Gallo-Corredor and Sarria-Villa 2014). Turpentine oil is commonly used as a solvent
in wood coatings. It is known for its ability to dissolve various resins and natural gums, making
it an effective ingredient in many wood finishes. Turpentine oil is often used to thin down thick
wood coatings, such as varnishes or oil-based paints. It helps to reduce the viscosity, making
the coating easier to apply and ensuring a smoother finish. Turpentine oil can be used as a
cleaner for wood surfaces, especially when there are stains or sticky residues. It helps to dissolve
and remove the unwanted substances, preparing the wood for further coating or refinishing.
Turpentine oil is a volatile solvent, meaning it evaporates relatively quickly. When added to
wood coatings, it can help accelerate the drying time, allowing for faster application of multiple
coats or finishing processes. Turpentine oil can be added to oil-based wood coatings, such as
varnishes or stains, to enhance the glossiness of the finish. It helps to improve the flow and
leveling of the coating, resulting in a smoother and shinier surface. But, this study represents
the first instance of the utilisation of turpentine oil as a curing agent for epoxy resin.

Moss oil is primarily used in the production of perfumes, candles, and cosmetics. It is not
commonly used as a coating for wood or other surfaces. Moss oil is generally not a common
ingredient in wood coatings, and there is limited information available on its specific
applications or benefits in this field. The limited availability of information on the use of moss
oil contributes to the originality of this study. This study marks the first instance of using moss
and turpentine oil as a curing agent for epoxy resin. Furthermore, it seeks to elucidate the
comparative efficacy of these two oils, which share a similar chemical structure and double
bond configuration with turpentine oil.

The incorporation of carbon-based nanomaterials such as carbon black, graphene, carbon
nanotubes, and amorphous carbon nanoparticles into coating matrices has been widely studied
and shown to be both realistic and effective in enhancing the performance of wood coatings.

Carbon nanoparticles (CNPs) contribute to improved UV resistance, mechanical durability,



barrier properties, and in some cases, even antimicrobial effects. Their nano-scale dispersion
provides a significant increase in surface area, promoting better interaction with polymer
matrices and wood surfaces.

Several recent studies support the practical use of CNPs in wood coating formulations: Jirous-
Rajkovi'’c and Mikle’ci’c (2021) successfully incorporated carbon nanoparticles into a
waterborne acrylic coating applied on wood, which resulted in enhanced abrasion resistance
and UV stability (Jirous-Rajkovi'c and Mikle“ci’c 2021). Carbon black and related particles
are already industrially employed in exterior wood stains and UV-protective coatings,
demonstrating their viability on a commercial scale (Walinder and Johansson 2011). In our
study, the carbon nanoparticles were uniformly dispersed in the coating matrix, and no
aggregation or sedimentation was observed during application. The enhanced properties
observed in coated wood specimens including surface hardness and weather resistance further
support the realistic and beneficial use of CNPs in such systems.

In this study, bio-based epoxy resin obtained from tung oil was cured with turpentine and moss
oil, and the feasibility of using these oils as curing agents for epoxy resin was investigated.
Furthermore, these new bio-based systems were prepared with carbon nanoparticles, and their
nanocomposite derivatives were also obtained to investigate how the presence of carbon
nanoparticles contributes to mechanical and physical properties. Despite extensive research on
bio-based epoxy resins, most commercial systems still rely on petroleum-derived hardeners and
bisphenol A-based chemistries, raising environmental and health concerns. Furthermore, the
use of natural oil-derived curing agents remains largely unexplored, particularly regarding moss
oil and turpentine oil as potential epoxy hardeners. Therefore, there is a clear need to investigate
alternative bio-based curing systems capable of achieving comparable performance while

reducing environmental impact. The present study addresses this research gap by developing



novel tung oil-based epoxy systems cured with moss and turpentine oils and evaluating their

nanocomposite derivatives for wood coating applications.

Materials and methods

Material and chemicals

In this study, oriental beech (Fagus orientalis L.) was used as wood material. Wood specimens
were prepared in the directions of oven-dry density (20 mm tangential x 20 mm radial x 20 mm
longitudinal), water absorption (20 mm tangential x 20 mm radial x 20 mm longitudinal), and
CSPG (20 mm tangential x 20 mm radial x 30 mm longitudinal), respectively. The Sigma-
Aldrich Chemical Company supplied 2,4,6-tris (dimethyl aminomethyl) phenol,
glycidylmethacrylate, phenothiazine, and tung oil (Figure 1). The fullerene C60, 95 %, and
graphene nanoplatelet (S. A: 320 m?/g, diameter: 1,5 pm, 99,9 % (multi-walled carbon

nanotubes)) were provided by the Turkish business Nanografi (Figure 2).

o]
OW
0

oA NAAATAANAS
o AN AN AN

Figure 1: The structure of tung oil (produced by cold pressing the seeds of the tung tree
(Vernicia fordii (Hemsl.) Airy Shaw )) (Babahan-Bircan et. al. 2022, Kabasakal ef al. 2023,
Kabasakal et al. 2024).



Figure 2: The structure of carbon nanoparticles

The crude moss oil was obtained from the Arifoglu Company, based in the Republic of Turkey.
It was extracted from oakmoss (Evernia prunastri (L.) Ach.), which grows primarily on the
bark of oak woods (Quercus species) in forested regions. Nine major groups comprised the
chemical components of the moss oil. These included aliphatic hydrocarbons, alcohols, ketones,
aldehydes, terpene/terpenoids (monoterpene hydrocarbons, oxygenated monoterpenes,
oxygenated sesquiterpenes, and oxygenated sesquiterpenes), and other various substances.
According to the chemical profile, the moss oil sample had 47 different chemical ingredients,
which together made up 98,6 % of the total amount. The composition of the moss oil was found
to be 15 sesquiterpene hydrocarbons (73,6 %), 9 oxygenated sesquiterpenes (19,5 %), 1
oxygenated monoterpene (0,1 %), and 1 monoterpene hydrocarbon (0,1 %).

Sesquiterpenes (Figure 3) represent a class of terpenes that are composed of three isoprene

units, and frequently possess the molecular formula CisHz4 (Celik 2020, Tosun et al.2015).
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Figure 3: The structure of a sesquiterpenes (cis-polyisoprene)



The Arifoglu Company in the Republic of Turkey provided the raw ingredients, which included
pure a-pinene, -pinene, and crude turpentine oil. It was obtained from the calabrian pine (Pinus
brutia Ten.) species, a widely available pine tree native to the eastern Mediterranean region.
The resin extracted from calabrian pine (Pinus brutia Ten.) was distilled to produce the
turpentine oil used in our formulation. The main ingredient in turpentine, an essential oil made
from gum resin, is pinene. Approximately 70-80 % rosin and 20-30 % turpentine make up the
gum resin. The gum undergoes a distillation procedure after extraction, and the solid residue at
the bottom of the distillation apparatus which is made up of fatty acids and resin acids is referred
to as rosin. Turpentine is the volatile, liquid fraction that is mostly composed of a-pinene and
B-pinene. There are two structural isomeric forms of pinene, a bicyclic monoterpene (Salvador
et al. 2020, Afre 2006). The two main constituents of turpentine oil, a-pinene and B-pinene, are

seen in Figure 4.
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Figure 4: The chemical structure of major components of turpentine oil.



Synthesis of epoxy-functionalized tung oil (ETO)

The epoxidation of tung oil (ETO) was produced using a methodology that was consistent with
that of our earlier study (Babahan er a/.2020), employing the use of tung oil and glycidyl
methacrylate via a Diels-Alder reaction. Firstly 25,96 g of glycidyl methacrylate was combined
with 80 g of tung oil and 0,8 g of phenonthiazine at 150 °C in the presence of nitrogen gas
(Figure 5). The finished product was identified through the use of 'H-NMR and *C-NMR

spectroscopy (Babahan ef al.2020).
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Figure 5: Epoxidation of tung oil reaction

'H-NMR (500 MHz, CDCL3) 8(ppm): 5,64-6,34 (-CH=CH-); 5,22-5,25 (-C(0)0-CH,-CH-0-C(0)-); 4,25-4,27 (-
C(0)0-CH,-CH-0-C(0)-); 4,12-4,14 (C(0)0-CH,-CH(CH,)0); 3,24-3,29 (O(CH,)CH-CH,-); 2,71 (-
CH(CH=CH)CH,-); 2,61-2,69 (O(CH,)CH-CH,-); 2,28 (-CH»-C(0)0-); 2,06-2,15 (-CH,-CH=CH-, -CH=CH-
CH(CH=CH>-); 1,56-1,66 (-CH>-CH»-C(0)0-); 1,19-1,45 -(CH,)s-CH,-C(O)O-, -(CHa),-CH,-CH=CH-); 1,28
(CH3-C- C(0)0-); 0,83-0,87 (CH3-CH,-CH,). *C-NMR (500 MHz, CDCls) 8(ppm): 172,75 (C(CHz3)-C(0)0O-);
134,71 (-CH=CH-); 64,67 (O(CH,) CH-CH>-); 48,93 (O(CH,) CH-CH>-); 44,17 (O(CH,) CH-CH>-).



Preparation of bio-based epoxide coatings (ME and TE)

In this study, turpentine oil and moss oil were employed as epoxy hardener agents. In order to
facilitate the cross-linking process, 2,4,6-tris (dimethylaminomethyl) phenol was selected as
the catalyst.

The epoxide reactant (ETO) was employed in the preparation of formulations at a 1:1 ratio of
epoxide to oil, utilising both moss oil and turpentine oil as the epoxide reactant. The system
obtained through the utilisation of moss oil as a hardening agent is designated as ME (Figure
6), whereas the system obtained through the utilisation of turpentine oil as a hardening agent is
designated as TE (Figure 7). Each of the formulations was supplemented with a few drops of
2 % solution of 2,4,6-tris (dimethylaminomethyl) phenol, which served as the catalyst in this
process. The coating formulations were prepared without the use of a solvent. The reactants
were combined and subjected to rigorous agitation for a period of two hours following the
weighing process. Subsequently, the mixtures were applied to wooden specimens using a brush
in order to assess their mechanical and physical performance characteristics. The coated wood
specimens were allowed to cure in a controlled environment at 25 = 2 °C and 50 £ 5% relative
humidity for 48 hours. To ensure consistency across all groups, the dry film thickness of the
coatings was measured using a digital thickness gauge and maintained at approximately 120 +

10 pm.
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Moss oil (hardener)

Epoxide tung oil (ETO)
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Figure 6: The preparation of epoxide-moss oil coatings (ME).

Epoxide tung oil (ETO) Turpentine oil (hardener)

Epoxide-turpentine oil coating (TE)

Figure 7: The preparation of epoxide-turpentine oil coatings (TE).



Preparation of bio-based epoxide-nanocomposite coatings

Figure 8 provides a comprehensive account of the tools and experimental configurations
employed, accompanied by a schematic illustration of the procedures involved in the synthesis
of epoxide-moss oil and epoxide-turpentine oil nanocoatings. These were developed in
accordance with the methodology outlined in our previous research (Babahan-Bircan et
al.2023). Nanocomposites were constructed using a variety of carbon nanoparticles, including
graphene, carbon nanotubes, and fullerenes. The carbon-based nanoparticles were initially
combined with acetone for a period of two hours at a temperature of 25 °C within a sonication
bath. This process was conducted with the objective of preventing the deposition of
nanoparticles and facilitating their dispersion within the epoxy matrix. Subsequently, the
nanoparticles were mixed once more for a period of two hours in the aforementioned solvent,
utilising a mechanical mixer, at a mass concentration of 0,10 %. Subsequently, 5 g of ETO
epoxide resin was applied following the combination of acetone with the nanoparticles (5 g:
0,10 % by mass of epoxide resin). The reaction was administered at a controlled temperature
for a period of two hours at rt. To extract the mixtures of nanoparticles and epoxide resin (ETO)
from the solvent, the specimens were left at room temperature for a period of 24 hours.
Subsequently, a 1:1 mass ratio of 5 g of bio-based hardeners, namely turpentine or moss oil,
was added to the epoxy/nanoparticle mixture, and the mixture was vigorously agitated for
approximately two hours. The formulation process did not employ the use of solvents. A 2 %

addition of 2,4,6-tris (dimethylaminomethyl) phenol was made to all formulations.
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Epoxide tung oil (ETO)

Epoxide-moss/turpentine oil nano network
(Carbon Nanoparticles)

Epoxide-moss/turpentine oil nanocaotings coated Oriental beech (Fagus orientalisL.) wood

Figure 8: The preparation of bio-based epoxide nanocomposites utilising moss and turpentine
oil in conjunction with carbon nanoparticles.

Oven-dry density test

Oven-dry density measurements were taken in accordance with TS ISO 13061-2 (2021).
Furthermore, In total, 90 wood specimens measuring 20 mm x 20 mm x 20 mm were made,
with 10 from each specimen group. The specimens were dried in an oven at a temperature of
103+2 °C until they reached the stated weight. Subsequently, the specimens' diameters were
gauged with a precision calliper featuring a resolution of 0,01 mm, their volumes were
calculated with the stereometric method, and their weights were recorded on an analytical scale

with a sensitivity of 0,01 g.



Calculated according to TS ISO 13061-2 (2021) standard.
In here;
My = The specimen's oven-dry weight (g).

Vo = The specimen’s oven dry volume (cm?).

Water absorption test

In total, 90 wood specimens measuring 20 mm x 20 mm x 20 mm were made, with 10 from
each specimen group. Specimens were kept in room temperature for 2, 6, 14, 30, 62, 94, and
126 h using distilled water. Following each soaking time, specimens were removed from the
water, patted dry with paper, and then immediately weighed. Therefore, Equation 1 was applied

to ascertain each specimen's WA.

Mf _Moi
Wa=—L_"° 100 (1)
M

In here;
WA = Water absorption (%),
M= Specimen’s weight after water absorption period (g),

M,; = Oven dry weight of specimen before water absorption period (g).

Compression strength parallel to grain (CSPG)



In accordance with ISO 13061-17 (2017), a universal test apparatus with a 39,2266 N capacity
and a 6 mm/min loading period was used to perform the compression strength parallel to grain
test (Liu et al. 2019). A total of 90 wood specimens, 10 from each specimen group, with
dimensions of 20 mm X 20 mm x 30 mm, were used. Prior to testing, wood specimens were

conditioned for two weeks at 20 °C and 60 % relative humidity.

a.b

Calculated according to ISO 13061-17 (2017) standard.
In here;

oB — CSPG (N/mm?2 ),

P —load at break (N),

a, b — specimen cross-section dimensions (mm).

Statistical evaluation

The Duncan test and variance analysis were looked at using the SPSS software once the test
results were acquired with a 95 % confidence level (p < 0.05). Homogeneity groups (HG) were

the subject of statistical investigations; distinct letters denote statistical significance.

Results and discussion



This study encompasses the utilisation of environmentally benign, human-friendly and BPA-
free healthy epoxy coatings and their nanocomposite derivatives, with both the resin and
hardener derived from natural sources.

The study is original in terms of the utilisation of sustainable natural resources in the coating
industry, as well as the development of cost-effective and readily accessible systems in
comparison to those derived from petroleum. Furthermore, this research is original in that it
employs the use of moss oil and turpentine oil as hardeners in epoxy resin curing reactions for
the first time. The results obtained with these two oils, which have a similar chemical structure,
were compared. Furthermore, the impact of nanoparticles on the physical and mechanical

properties of bio-based coatings is also examined.

OH

Figure 9: The chemical reaction of epoxy ring opening and cross-linking.

New bio-based epoxy nano-coating systems have been developed to replace BPA-based epoxy
coatings in the wood industry. The wood species selected for this research is oriental beech

(Fagus orientalis L.). To achieve this aim, tung oil-based epoxide resin (ETO) was used to



create a new generation of bio-based epoxide nano-coatings. Furthermore, hardeners such as
moss oil and turpentine oil were also used for the first time in this study for epoxy curing. The
first stage of the process involved the combination of tung oil with glycidyl methacrylate, which
forms the basis of the bio-based epoxide resin (ETO). The epoxide resin was then cured with
hardeners (ME and TE systems were obtained). To obtain nanocomposite derivatives of these
coatings, the epoxide resin (ETO) was premixed with carbon nanoparticles (including graphene,
carbon nanotubes (CNTs) and fullerenes) before curing with moss oil and turpentine oil. The
physical and mechanical properties of oriental beech (Fagus orientalis L.) wood, including
water absorption (WA) levels, oven-dry density and compressive strength parallel to the grain
(CSPG) were also investigated. Comparative analysis of epoxy coatings obtained by curing
bio-based epoxy resin prepared from tung oil with moss/turpentine oil and its nanoparticle-
containing derivatives revealed interesting findings. The oven dry density, water absorption and
compressive strength parallel to fibre (CSPG) results are presented in Table 1, Table 2, Table
3, Table 4.

In the first step, bio-based epoxide resin (ETO) was obtained by epoxidisation of tung oil by
Diels-Alder reaction. This bio-based epoxide resin (ETO) was cured with bio-based hardeners.
An examination of the chemical structures of the active substances in turpentine and moss oil,
which are used as hardeners, reveals that both contain double bonds in a similar manner. These
double bonds enable them to act as nucleophiles (Hanif e al. 2024, Parker and Isaacs 1959). In
the presence of an epoxy ring and a nucleophile, the latter attacks the former, resulting in a ring
opening reaction. At this juncture, crosslinking ensues. The reaction between oxirane groups
and double bonds results in an increase in cross-linking density. It is yet to be documented in
the existing scientific literature that a epoxidized tung oil between bearing double bonds
compounds, used for the preparation of corresponding coatings, can be carried out successfully.

The process is depicted in Figure 9.



In contrast, commercial epoxy coatings used for wood substrates typically rely on a diglycidyl
ether of bisphenol A (DGEBA) epoxy resin and an amine-based curing agent (e.g., polyamines,
aliphatic or cycloaliphatic amines). In these systems, curing proceeds via a well-established
mechanism where amine hydrogen atoms act as nucleophiles and attack the electrophilic carbon
in the oxirane ring. This results in a highly efficient and fast ring-opening polymerization,
producing a densely crosslinked, thermoset network with excellent mechanical and chemical
resistance. This mechanism has been widely reported and optimized for various applications
including protective wood coatings (May 1988, Kirk 1991).

The key distinction lies in the source and nature of the crosslinking agent: in our system,
crosslinking is achieved through reactive sites inherently present in the epoxidized-tung oil
backbone with double bonds, whereas in commercial systems, crosslinking relies on external
hardeners such as multifunctional amines. While commercial systems typically offer higher
crosslink density and faster cure kinetics, bio-based systems provide environmental advantages
and tunable flexibility, albeit often requiring longer cure times and elevated temperatures to

achieve full network formation (Yang et al. 2008, Sharma and Kundu 2006).

Oven-dry density

Table 1 lists the oven-dry density values for the coated oriental beech (Fagus orientalis L.)

specimens and the control group.



Table 1: Oven-dry density values of oriental beech (Fagus orientalis L.) specimens

Chemicals | Oven-dry Standart | Homogeneity | Increases compared to
density deviation groups control group
(kg/m?) (%)
Control 0.641 0.36 A
ME 0,686 0,21 C (+7.02)
MEC 0.651 0,28 AB (+1.56)
MEF 0,682 0,33 C (+6.39)
MEG 0.663 0,39 BC (+3.43)
TE 0.681 0,19 C (+6.24)
TEC 0,648 0,20 A (+1.09)
TEF 0,655 0.34 AB (+2.18)
TEG 0.649 0,15 A (+1.24)

ME: Epoxidized moss oil, MEC: Epoxidized moss oil with added carbon nanotubes, MEF: Epoxidized moss oil

with added fullerene, MEG: Epoxidized moss oil with added graphene, TE: Epoxied tung oil, TEC: Epoxidized

tung oil with added carbon nanotubes, TEF: Epoxidized tung oil with added fullerene, TEG: Epoxidized tung oil
with added graphene.

In our study, oven-dry density values were higher in all coated test groups than in the control
group. The specimens coated with ME had the maximum oven-dry density value (0,686 kg/m?)
in the experiment, while the control group had the lowest oven-dry density value (0,641 kg/m?).
The homogeneity group (C) in our investigation included ME, MEF, and TE, and there was no
statistically significant difference between them. In the AB group, the MEC and TEF samples
did not significantly alter the results.

Additionally, compared to specimens coated with their derived nanocomposite materials, MEC,
MEF, MEG, TEC, TEF, and TEG, specimens coated with ME and TE showed higher oven dry
density values. The oven-dry density values of specimens coated with ME and its derivatives,
MEC, MEF, and MEG, were found to be higher than those of specimens coated with TE and
its derivatives, TEC, MEF, and TEG. After covering specimens of oriental beech (Fagus
orientalis L.) with epoxy resin, Altay measured the oven-dry densities of the specimens
(Sikafloor 156) (Altay 2022a). The coated specimens did better than the group under control.
The oven-dry density of wood coated with biobased epoxide amine nanocoatings was examined

by Kabasakal et al. (2023). They discovered that the oven-dry density of the wood was raised



by the plant oil-based nanocomposite resin coating method. As our work involved coated
specimens with an oven-dry density increase, the results aligned (Altay 2022a, Kabasakal et
al.2023)

Considering the effects that wood material is exposed to during its use, the physical properties
of wood are of great importance. The density of wood material is closely related to many
properties of wood such as thermal, acoustic, gluing, resistance, drying, impregnation and
processability properties (Tiirkyllmaz and Vurdu 2005). The density of the wood mostly
determines its many functions. For example, compared to low-density wood, high-density wood
has more strength, flexibility, and surface hardness. It provides stronger protection against
corrosive impacts. Softwood might sometimes be advantageous since it facilitates processing
and causes less shrinkage and swelling. This is possible when the wood is light (Ors and Keskin
2008). Where a wood product can be used depends on its density. Wood with a high density
offers superior resistance. It resists abrasions rather well. Better processing properties are
another benefit of low-density materials (Kollmann and Cote 1968, Bektas and Giiler 2001).
As the density of the coated specimens in our experiment rose, it may be expected that the

resistance properties and resistance to abrasions would also rise.

Water absorption

Table 2 displays the water absorption (WA) values of the coated oriental beech (Fagus
orientalis L.) specimens and the control group. Table 3 shows the reduction in the coated

species' WA levels as compared to the control group.

Table 2: WA values of oriental beech (Fagus orientalis L.) specimens.



Chemicals WA (%)
2h H.G 6h HG|14h |HG|30h | HG| 62h |HG | 94h | HG| 126 | H.G
h

Control | 42,05 D |4842| B |5638| D |62 C |7579| C |8092| E |83,52| D
ME 34,91 | ABCD | 46,05| B |[54,88| BC | 62,05 A |69,56| B |78,61| CD |79,45| BC

MEC 29,72 | ABC | 39,50 | AB |[4940| AB |59,33| B |¢7,13| AB | 75,16 | BC | 7572 | A
MEF 27,04 | AB 3939 | AB [s51,50| BC | 61,22 A | 71,51 B |78,50| CD | 79,26 | BC
MEG 2549 | A 32,35 A 4477 A | 5504 A | 67,13 AB | 7502 | BC | 77,46 | AB

TE 31,96 | ABC | 41,16 | AB [4895| B [5640| A |6645| A |7623| C |[7856| B
TEC 3233 | CD |4834| B |[35600| D |6046| BC | 7000 B |7602| C |77,13| AB

TEF 3866| D | 4798 B [5559| C |60,34| BC | 6746 AB | 71,12 A |76,18| A

TEG 36,04 | BCD | 47,14 | B |5545| C |61,75| C |67,52| AB | 7361 | AB | 7839 | B

H.G.: Homogeneity groups, ME: Epoxidized moss oil, MEC: Epoxidized moss oil with added carbon nanotubes,

MEF: Epoxidized moss oil with added fullerene, MEG: Epoxidized moss oil with added graphene, TE: Epoxied

tung oil, TEC: Epoxidized tung oil with added carbon nanotubes, TEF: Epoxidized tung oil with added fullerene,
TEG: Epoxidized tung oil with added graphene.

The control group in our study absorbed the most water overall during all water absorption
times. The water absorption of spruce treated with tung oil was compared to that of control
specimens by Humar and Lesar (2013). After soaking the wood for seven days, they discovered
that the control specimens absorbed more water than the wood treated with tung oil. The
epoxidization procedure using tung oil achieved decreased water absorption compared to the
control group during all water absorption periods, which is consistent with the findings of
Humar and Lesar (2013). Following the 62 h and subsequent WA periods, there was a
statistically significant difference in the WA values between the coated all test groups and the
control group. After 126 h of water absorption, the results showed that the ME, TE, and their
nanocomposite derivatives absorbed less water than the control group. The results of the study
showed that MEC-coated specimens were the most effective at inhibiting the absorption of
water. Research has produced waterborne polyurethanes (PUDs) from a variety of monomers
derived from vegetable oils, including internal emulsifiers and polyols (Liang ef al.2018, Liu
et al.2019, Liang et al.2019). Altay et al. (2024) examined the water absorption (WA) of
oriental beech (Fagus orientalis L.) wood coated with a novel bio-based epoxide-amine (EP)
and the nano-composite coating derivatives that resulted from the reactions of epoxy-

functionalized tung, such as fullerenes, graphene, and carbon nanotubes. Their results showed



that, in comparison to control specimens, coated specimens' water absorption decreased after
200 hours of water absorption. The water absorption levels of oriental beech (Fagus orientalis
L.) coated with bio-based epoxide amine nanocoatings were investigated by Kabasakal et al.
2023. Epoxy-coated samples performed better than control samples in terms of resistance to
water absorption during all water absorption periods, according to the results of the water
absorption (WA) test. The results of our investigation are in agreement with those of Kabasakal

et al. (2023) and Altay et al. (2024).

Table 3: Decreases of water absorption values of wood specimens compared to the control
group

Chemicals Decrease in water absorption values compared to the control (%4)
Zh &h 14h 30h 62h 94h 126h

Control
ME (-1697) | (-489) | (-2.66) | (-033) | (-822) | (2.85) | (-4.87)
MEC | (-2932) | (-1842) | (-12.38) | (-4.70) | (-11.42) | (-7.11) | (-9.33)
MEF | (-35.69) | (-18.64) | (-8.65) | (-1.67) | (-5.64) | (-2.99) | (-5.10)
MEG | (-39.38) | (-33.18) | (-20.59) | (-11.39) | (-11.42) | (-729) | (-7.23)
TE (-23.99) | (-14.99) | (-13.17) | (941) | (-1232) | (:5.79) | (-5.93)
TEC | (-23.11) | (-0.16) | (-0.67) | (-2.89) | (-7.63) | (-6.05) | (-7.65)
TEF (-8.06) | (-090) | (-1.40) | (-3.08) | (-1099) | (-12.11) | (-8.78)
TEG (-14.29) | (-2.64) (-1.64) (-0.81) | (-1091) | (-5.03) (-6.14)

ME: Epoxidized moss oil, MEC: Epoxidized moss oil with added carbon nanotubes, MEF: Epoxidized moss oil

with added fullerene, MEG: Epoxidized moss oil with added graphene, TE: Epoxied tung oil, TEC: Epoxidized

tung oil with added carbon nanotubes, TEF: Epoxidized tung oil with added fullerene, TEG: Epoxidized tung oil
with added graphene.

These PUDs are widely utilized in sealants (Kang et a/.2018), sound-absorbing foams (Meng
et al.2021), adhesives (Dodangeh et al.2020), flexible electronic devices (Ren et al. 2020, Jia
et al.2021), coatings (Cheng et al.2016, Cui et al.2020), and adhesives (Meng et al.2021).
Rather than using organic solvents, they employ water. Remarkably, novel triglyceride
structures and long, flexible fatty acid chains added to the polyurethane backbone result in
incredibly flexible and water-resistant polymer films (Zhang ef a/.2013, Alberto et al.2021).

A hybrid epoxy composite with a 33 % weight reinforcement concentration was developed by
Jain and Gupta (2018) and is partially reinforced with teak and sal wood flooring. The findings

indicate that teak and sal wood absorb less water as a result of hybridization. Our findings,



which show that applying epoxidation using plant-based chemicals reduces water absorption
compared to the control group, are in line with those of Jain and Gupta (2018). The control
group's water absorption was 83,52 % after the 126 h water absorption period. Additionally, the
rate of water absorption ranged between 76,18 % and 78,56 % in the specimens epoxidized by
adding tung oil and its derivatives, whereas it varied between 75,72 % and 79,45 % in the
specimens epoxidized by adding moss and its derivatives. Bisphenol C is used in the synthesis
of polyetheramide polyols from fatty amides of mahua oil in another study by Raychura et al.
(2018). Low surface wettability was found in the coating performance investigation, which may
lengthen the shelf life of the wood substrate. Plant oils are typically employed for their ability
to resist water; when applied for wood preservation, this lowers the amount of free water in the
wood while having little effect on the diffusion of bound water into the cellwalls. As a result,
there may be a minor increase in the dimensional stability of the wood (Paajanen and Ritschkoff
2002). Hyvonen et al. 2006 state that natural oils like linseed oil and tall oil can prevent wood
from absorbing water (Hyvonen et al.2006). Extended oil treatments reduce the water-
absorbing capacity of sapwood. Prolonged oil application processes are fundamentally water-
repellent, even if they retain a significant amount less oil than pure long oil. Tomak and Yildiz
(2012) state that vegetable oils can create a barrier on the surface of wood cells to stop water
absorption. Consequently, these oils have a lot of potential in the wood protection industry.
Since no chemical association between oil and wood has been found, linseed oil impregnation
could only reduce the water adsorption rate and not the final moisture content (Tomak and
Yildiz 2012). Kaymake1 (2016) looked at how well wood polymer nanocomposites based on
carbon nanotubes and polypropylene absorbed water. Their research led them to the conclusion
that wood polymer nanocomposites absorb less water when carbon nanotubes are added. In
terms of water repellency and anti-swelling effectiveness, epoxidized linseed oil-treated wood

has considerably surpassed linseed oil-treated wood (Kaymakgi 2016).



Research has demonstrated the effectiveness of wax and vegetable oil emulsions as water
repellents (Temiz et al. 2013). Because the vegetable oil-based epoxidation coating procedure
lowers the specimens' water absorption at the conclusion of the 126-hour WA period in our

inquiry, our results are comparable to those of the previously mentioned studies.

Compression strangth parallel to the fiber (CSPG)

Table 4 displays the CSPG values for the coated oriental beech (Fagus orientalis L.) specimens

and the control group.

Table 4: The CSPG values of oriental beech (Fagus orientalis L.) specimens.

Chemicals CSPG standard Homogeneity Increases compared to
(kg/cm?) | deviation groups control group (%0)

Control 57,73 3.91 A

ME 59,75 413 AB (+2.24)
MEC 58,42 2,75 A (+1.19)
MEF 58,53 4.09 A (+0.15)
MEG 60,46 437 AB (+3.45)

TE 60,16 6,55 AB (+2.94)
TEC 5934 215 AB (+1.54)

TEF 60,40 2,77 AB (+3.35)
TEG 60,12 409 AB (+2.87)

ME: Epoxidized moss oil, MEC: Epoxidized moss oil with added carbon nanotubes, MEF: Epoxidized moss oil

with added fullerene, MEG: Epoxidized moss oil with added graphene, TE: Epoxied tung oil, TEC: Epoxidized

tung oil with added carbon nanotubes, TEF: Epoxidized tung oil with added fullerene, TEG: Epoxidized tung oil
with added graphene.

The control group's CSPG values were 57,73 kg/cm?, while the MEG coated specimens had the
highest values in the study, measuring 60,46 kg/cm?®. Every coated test specimen had CSPG
values that were higher than those of the control group. However, the CSPG values of the coated

test groups and the control group did not differ statistically significantly. Using carbon



nanoparticles, Jeffamine D2000, and tung oil-based epoxide resin (Babahan-Bircan et al. 2023)
effectively cured graphene, CNT, and fullerene for the first time. All of the cured coatings
exhibited robust mechanical properties, such as impact resistance, adhesion to crosshatch, and
hardness. Compared to epoxide-amine nanocoatings, epoxide-amine coatings frequently
displayed inferior mechanical properties.

It was shown in a different study that Calotropis gigantea enhanced the mechanical properties
of epoxy composites reinforced with jute fibers, including their ultimate flexural, tensile, and
compressive strengths (Garai et al. 2005).

The CSPG characteristics of wood coated with biobased epoxide amine nanocoatings on
oriental beech (Fagus orientalis L.) were examined by Kabasakal et al. 2023. The vegetable
oil-based nanocomposite resin coating technology shown favorable qualities against
mechanical effects on wooden materials, as per the CSPG findings. The mechanical properties
of wood-epoxy polymer composites are influenced by the micromechanical properties of both
epoxy polymers and wood cell walls. The molecular makeup of the functional groups may have
an impact on this characteristic in addition to crosslinking (Vinod ef al. 2018). Vinyl and epoxy
resins have similar mechanical characteristics. They are frequently mixed with other materials,
including carbon fiber, to produce high-performance composites (Dang et al. 1997, Wang et al.
2010). When the commercial epoxy agent Sika floor 156 was applied to oriental beech (Fagus
orientalis L.) wood, specimens coated with epoxy showed higher CSPG values than the control
group (Altay et al. 2022b). Our study's results concur with those of Kabasakal et al. (2023) and
Zhou et al. (2015).

The present study demonstrates that bio-based epoxy resins can serve as promising alternatives
to petroleum-derived systems in wood coating applications. The use of natural epoxides not
only aligns with environmental sustainability goals but also provides comparable or improved

performance in terms of mechanical and physical properties of treated wood. Notably, the



application of bio-based epoxy coatings significantly reduced water absorption (WA) of the
wood specimens, indicating enhanced barrier properties. This finding aligns with previous
reports which emphasize that the crosslinked network formed by epoxies limits moisture
diffusion and improves dimensional stability (Mallakpour et al. 2015). Furthermore, coated
specimens exhibited increased oven-dry density and improved parallel-to-grain compressive
strength (CSPG) compared to uncoated controls. Overall, the findings confirm that bio-based
epoxy coatings not only offer a sustainable solution for wood protection but also contribute to

improved mechanical resilience and long-term durability.

Conclusions

Bio-based epoxy resin (ETO), derived from epoxidising tung oil, was cured with bio-based
moss oil and turpentine oil to create new coating systems for wood surfaces that are both
human- and environmentally-friendly. These coating systems offer an alternative to BPA-based
epoxy coatings for wood surface. In this study, the use of moss oil and turpentine oil as
hardeners for epoxy resin represents a novel approach. The addition of carbon nanoparticles to
bio-based epoxy-oil and epoxy-turpentine oil systems has resulted in the formation of
nanocomposite derivatives. The new bio-based coatings and their nanocomposite derivatives
were examined and evaluated for their mechanical and physical characteristics.

The findings indicated that the oven-dry density values of oriental beech (Fagus orientalis L.)
exhibited an increase when nanocomposite derivatives of ME and TE (derived from seaweed
oil/turoentine oil) were employed. Epoxidized plant oil-coated specimens consistently

outperformed the control group in terms of water repellency. All coated test specimens had



CSPG values that were higher than the control group's. The CSPG levels of the coated test
group and the control group did not, however, differ statistically significantly.

Consequently, it has been demonstrated that the application of innovative bio-based nano-
coatings enhances the mechanical and physical properties of oriental beech (Fagus orientalis
L.) wood. In comparison to the control group, the test specimens exhibited reduced water
absorption values and elevated oven-dry density and compressive strength values.

In conclusion, the application of innovative biobased nano-coatings has been demonstrated to
enhance the mechanical and physical properties of oriental beech (Fagus orientalis L.) wood.
In comparison to the control group, the test specimens exhibited reduced water absorption
values and greater oven-dry density and compression strength values. Furthermore, moss oil
and turpentine oil can be used as an epoxy hardener, thereby reducing the environmental impact.
The utilisation of bio-based materials allows for the conservation of energy and petrochemical
raw materials. Overall, this study demonstrates that natural oil-derived curing agents such as
moss oil and turpentine oil represent promising alternatives to conventional petroleum-based
hardeners in epoxy coating systems. The developed bio-based nanocomposite coatings not only
improve mechanical and physical performance of wood materials but also contribute to the
advancement of sustainable coating technologies. These findings provide a foundation for
future research focused on optimizing bio-based curing mechanisms and scaling

environmentally friendly epoxy systems for industrial applications.

Authorship contributions
[.B.B.: Supervision, experimental, analyzing data, writing-original draft preparation. C.A.:
Experimental, interpretation of the analyzed data, writing and reviewing of the manuscript. B.K:

Experimental, writing and reviewing of the manuscript. S.E.: Experimental, writing and



reviewing of the manuscrip. H.T.: Interpretation of the analyzed data. M.C.: Experimental E.

K.: Experimental

Acknowledgments

The authors received no financial support for the research, authorship, and/or publication of
this article. The authors would like to thank Aydin Adnan Menderes University and Mugla Sitki
Kog¢man University for providing the laboratory facilities and technical infrastructure used

during this research.

Declaration of interest

The authors declare no conflict of interest.

References:

Afre, R.A.; Soga, T.; Jimbo, T.; Kumar, M.; Ando, Y.; Sharon, M.; Somani, P.R.;
Umeno, M. 2006. Carbon nanotubes by spray pyrolysis of turpentine oil at different
temperatures and their studies. Microporous and Mesoporous Materials 96:184—191.
https://doi.org/10.1016/j.micromeso.2006.06.036

Alberto, M.; Iliut, M.; Pitchan, M.K.; Behnsen, J.; Vijayaraghavan, A. 2021. High-grip
and hard-wearing graphene reinforced polyurethane coatings. Composites Part B:
Engineering 213.e108727. https://doi.org/10.1016/j.compositesb.2021.108727

Altay, C.; Toker, H.; Baysal, E.; Babahan, 1. 2022a. Some Surface Characteristics of
Oriental Beech Wood Impregnated with Some Fire-Retardants and Coated with
Polyurea/Polyurethane Hybrid and Epoxy Resins. Maderas. Ciencia y Tecnologia 24. €7.
https://doi.org/10.4067/s0718-221x2022000100407

Altay, C.; Toker, H.; Baysal, E.; Babahan, I.; Kili¢, H. 2022b. Mechanical and fire
properties of oriental beech impregnated with fire-retardants and coated with
polyurea/polyurethane hybrid and epoxy resins. Maderas. Ciencia y Tecnologia 24.e23.
https://doi.org/10.4067/S0718-221x2022000100423

Altay, C.; Babahan-Bircan, L.; Toker, H.; Baysal, E. 2024. Physical, mechanical, and
surface properties of Oriental beech coated with bio-based epoxide nano-coatings after
weathering. Journal of Coatings Technology and Research 21(6):2023-2034.
https://doi.org/10.1007/s11998-024-00951-2

Babahan, I.; Zheng, Y.; Soucek, M.D. 2020. New bio based glycidal epoxides. Progress in
Organic Coatings 142:¢105580. https://doi.org/10.1016/j.porgcoat.2020.105580
Babahan-Bircan, I; Demirkaya, I; Hasan Hasan, S.0.; Thomas, J.; D. Soucek, M. 2022.
Comparison of new bio-based epoxide-amine coatings with their nanocomposite coating
derivatives (graphene, CNT, and fullerene) as replacements for BPA. Progress in Organic
Coatings 165:¢106714. https://doi.org/10.1016/j.porgcoat.2022.106714



Babahan-Bircan, I.; Thomas, J.; Soucek, M.D. 2023. Comparison of Bio-Based Epoxide-
Diamine Coatings Prepared with Acyclic and Cyclic Aliphatic Diamines. Journal of Coatings
Technology and Research 20:1435-1444. https://doi.org/10.1007/s11998-022-00756-1
Bektas, L; Giiler, C. 2001. Andirin yoresi dogu kayini (Fagus orientalis Lipsky.) odununun
baz fiziksel ozelliklerinin belirlenmesi. Turkish Journal of Agriculture and Forestry
25(4):209-215. (In Turkish).

Cabaret, T.; Gardere, Y.; Frances, M.; Leroyer, L.; Charrier, B. 2019. Measuring
interactions between rosin and turpentine during the drying process for a better understanding
of exudation in maritime pine wood used as outdoor siding. Industrial Crops and Products
130:325-331. https://doi.org/10.1016/j.indcrop.2018.12.080

Cui, J.; Xu, J.; Li, J.; Qiu, H.; Zheng, S.; Yang, J. 2020. A crosslinkable graphene oxide in
waterborne polyurethane anticorrosive coatings: experiments and simulation. Composites Part
B: Engineering 188.e107889. https://doi.org/10.1016/j.compositesb.2020.107889

Celik, G. 2020. Antimicrobial properties and chemical composition of the essential oil of
leucobryum glaucum (Leucobryaceae). Anatolian Bryology 6(2):112-118.
https://doi.org/10.26672/anatolianbryology.730445

Chang, S.T.; Hon, D.N.S.; Feist, W.C. 1982. Photodegradation and photoprotection of wood
surfaces. Wood Fiber Science 14:104-117. https://core.ac.uk/download/pdf/236631466.pdf
Cheng, D.; Wen, Y.; An, X.; Zhu, X.; Ni, Y. 2016. TEMPO-oxidized cellulose nanofibers
(TOCNs) as a green reinforcement for waterborne polyurethane coating (WPU) on wood.
Carbohydrate Polymers 151:326-334. https://doi.org/10.1016/j.carbpol.2016.05.083

Dang, T.D.; Wang, C.S.; Click, W.E.; Chuah, H.H.; Tsai, T.T.; Husband, D.M.; Arnold,
F.E. 1997. Polybenzobisthiazoles with crosslinking sites for improved fibre axial compressive
strength. Polymer 38(3):621-629. https://doi.org/10.1016/S0032-3861(96)00537-X
Dodangeh, F.; Seyed-Dorraji, M.S.; Rasoulifard, M.H.; Ashjari, H.R. 2020. Synthesis and
characterization of alkoxy silane modified polyurethane wood adhesive based on epoxidized
soybean oil polyester polyol. Composites Part B: Engineering 187.e107857.
https://doi.org/10.1016/j.compositesb.2020.107857

Du, W.; Yu, J.Y.; Gu, S.J.; Wang, R.Y.; Li, J.T.; Han, X.B.; Liu, Q.T. 2020. Effect of
temperatures on self-healing capabilities of concrete with different shell composition
microcapsules containing toluene-di-isocyanate. Construction and Building Materials
247.e118575. https://doi.org/10.1016/j.conbuildmat.2020.118575

Gallo-Corredor, J.A.; Sarria-Villa, R.A. 2014. Determinacion de acido abietico en
colofonia extraida de la resina de Pinus patula presente en los bosques forestales caucanos
empleando cromatografia liquida de alta resolucion. Journal de Ciencia e Ingenieria 6:61-64.
https://jci.uniautonoma.edu.co/2014/2014-11.pdf

Garai, R.M.; Sanchez, 1.C.; Tejera-Garcia, R.; Rodriguez-Valverde, M.A.; Vilchez, M.;
Hidalgo-Alvarez, R. 2005. Study on the effect of raw material composition on water
repellent capacity of paraffin wax emulsions on wood. Journal of Dispersion Science and
Technology 26(1):9-18. https://doi.org/10.1081/DIS-200040872

Hanif, M.; Zahoor, A.F.; Saif, M.J.; Nazeer, U.; Ghulam, K.; Parveen, B.; Mansha, A.;
Chaudhry, A.R.; Irfan, A. 2024. Exploring the synthetic potential of epoxide ring opening
reactions toward the synthesis of alkaloids and terpenoids: a review. RSC Advances
14:€13100. https://doi.org/10.1039/D4RA01834F

Hasan, S.0.H.; Babahan-Bircan, I. 2022. Preparation of bionanocomposite coatings from
tung oil treated with a diamine and a triamine as alternatives for bisphenol A (BPA). Progress
in Organic Coatings 168:¢106887. https://doi.org/10.1016/j.porgcoat.2022.106887

Humar, M.; Lesar, B. 2013. Efficacy of linseed- and tung-oil-treated wood against wood
decay fungi and water absorption. International Biodeterioration & Biodegradation 85:223-
227. https://doi.org/10.1016/j.ibiod.2013.07.011



Hyvoénen, A.; Piltonen, P.; Niinimiki, J. 2006. Tall oil/water-emulsions as water repellents
for Scots pine sapwood. Holz als Roh-und Werkstoff 64:68-73.
https://doi.org/10.1007/s00107-005-0040-5

ISO. 2017. Specifies a method for determining the ultimate stress in compression parallel to
grain of wood. ISO 13061-17. ISO: Londra, England.

Jain, N.K.; Gupta, M.K. 2018. Hybrid teak/sal wood flour reinforced composites:
mechanical, thermal and water absorption properties. Materials Research Express
5(12):e125306. https://doi.org/10.1088/2053-1591/aae24d

Jia, Y.; Sun, R.; Pan, Y.; Wang, X.; Zhai, Z.; Min, Z.; Zheng, G.; Liu, C.; Shen, C.; Liu,
X. 2021. Flexible and thin multifunctional waterborne polyurethane/Ag film for high-
efficiency electromagnetic interference shielding, electro-thermal and strain sensing
performances. Composites Part B: Engineering 210.e108668.
https://doi.org/10.1016/j.compositesb.2021.108668

Jirous-Rajkovi’c, V.; Mikle“ci’c, J. 2021. Enhancing Weathering Resistance of Wood—A
Review. Polymers 13, 1980. https:// doi.org/10.3390/polym13121980

Kabasakal, Y.; Baysal, E.; Babahan-Bircan, 1.; Altay, C.; Toker, H. 2023. Investigation
of some physical and mechanical properties of wood coated with plant-oil based epoxide
nanocomposite materials. Progress in Organic Coatings 176:¢107383.
https://doi.org/10.1016/j.porgcoat.2022.107383

Kabasakal, Y.; Babahan-Bircan, I.; Baysal, E.; Altay, C.; Toker, H. 2024. Surface
properties of oriental beech wood coated with vegetable oil-based epoxide-amin
nanocomposite materials after weathering. Journal of Coating Technology and Research
21:925-938. https://doi.org/10.1007/s11998-023-00860-w

Kirk, R.E. 1991. Kirk-Othmer Encyclopedia of Chemical Technology (Vol. 16). Wiley: New
York, USA.

Kang, S.Y.; Ji, Z.; Tseng, L-F.; Turner, S.A.; Villanueva, D.A.; Johnson, R.; Albano, A.;
Langer, R. 2018. Design and synthesis of waterborne polyurethanes. Advanced Materials
30(18):e1706237. https://doi.org/10.1002/adma.201706237

Kaymakg, A. 2016. Karbon nanotiip ile giiclendirilen ahsap polimer nanokompozitlerin uzun
siireli su alma davranis1. Kastamonu Universitesi Orman Fakiiltesi Dergisi 16:216-224.
Kishi, H.; Fujita, A. 2008. Wood-based epoxy resins and the ramie fiber reinforced
composites. Environmental Engineering and Management Journal 7(5):517-523.
https://doi.org/10.30638/eem;.2008.074

Kollmann, F.; Cote, W.A. 1968. Principles of wood science and technology. Solid Wood,
Vol. I. Springer-Verlag: New York, USA.

Liang, H.; Liu, L.; Lu, J.; Chen, M.; Zhang, C. 2018. Castor oil-based cationic waterborne
polyurethane dispersions: storage stability, thermo-physical properties and antibacterial
properties. Industrial Crops and Products 117:169-178.
https://doi.org/10.1016/j.indcrop.2018.02.084

Liang, H.; Li, Y.; Huang, S.; Huang, K.; Zeng, X.; Dong, Q.; Liu, C.; Feng, P.; Zhang,
C. 2019. Tailoring the performance of vegetable oil-based waterborne polyurethanes through
incorporation of rigid cyclic rings into soft polymer networks. ACS Sustainable Chemistry &
Engineering 8(2):914-925. https://doi.org/10.1021/acssuschemeng.9b05477

Liu, L.; Lu, J.; Zhang, Y.; Liang, H.; Liang, D.; Jiang, J.; Lu, Q.; Quirino, R.L.; Zhang,
C. 2019. Thermosetting polyurethanes prepared with the aid of a fully bio-based emulsifier
with high bio-content, high solid content, and superior mechanical properties. Green
Chemistry 21(3):526-537. https://doi.org/10.1039/C8GC03560A

Mallakpour, S.; Dinari, M.; Neamani, S. 2015. A facile and green method for the
production of novel and potentially biocompatible poly(amide-imide)/ZrO2-poly(vinyl



alcohol) nanocomposites containing trimellitylimido-1-leucine linkages. Progress in Organic
Coatings 86:11-17. https://doi.org/10.1016/j.porgcoat.2015.03.007

May, C.A. 1988. Epoxy Resins: Chemistry and Technology, 2nd edition. CRC Press: Boca
Raton, USA.

Mustapha, R.; Rahmat, A.R.; Majid, R.A.; Mustapha, S.N.H. 2019. Vegetable oil-based
epoxy resins and their composites with bio-based hardener: A short review. Polymer-Plastics
Technology and Materials 58:1311-1326. https://doi.org/10.1080/25740881.2018.1563119
Meng, D.; Liu, X.; Wang, S.; Sun, J.; Li, H.; Wang, Z.; Gu, X.; Zhang, S. 2021. Self-
healing polyelectrolyte complex coating for flame retardant flexible polyurethane foam with
enhanced mechanical property. Composites Part B: Engineering 219.¢108886.
https://doi.org/10.1016/j.compositesb.2021.108886

Ors, Y.; Keskin, H. 2008. 4ga¢ malzeme teknolojsi. 8th edition. Gazi Kitapevi: Ankara,
Turkey. ISBN 978-605-5804-00-8

Pandey, K.K.; Pitman, A. 2004. Examination of the lignin content in a softwood and a
hardwood decayed by a brown-rot fungus with the acetyl bromide method and Fourier
transform infrared spectroscopy. Journal of Polymer Science Part A: Polymer Chemistry
42:2340-2346. https://doi.org/10.1002/pola.20071

Paajanen, L.; Ritschkoff, A.C. 2002. Effect of crude tall oil, linseed oil and rapeseed oil on
the growth of the decay fungi (Doc. nr. IRG/WP 02-30299). International Research Group on
Wood Protection.

Parker, R.E.; Isaacs, N.S. 1959. Mechanisms of epoxide reactions. Chemical Reviews
59(4):737-799. https://doi.org/10.1021/cr500282006

Poth, U. 2001. Drying oils and related products. Ullmann’s Encyclopedia of Industrial
Chemistry. https://doi.org/10.1002/14356007.a09 055

Raychura, A.J.; Jauhari, S.; Patel, K.I.; Dholakiya, B.Z. 2018. A renewable approach
toward the development of mahua oil-based wood protective polyurethane coatings: synthesis
and performance evaluation. Journal of Applied Polymer Science 135:e46722.
https://doi.org/10.1002/app.46722

Ren, W.; Zhu, H.; Yang, Y.; Chen, Y.; Duan, H.; Zhao, G.; Liu, Y. 2020. Flexible and
robust silver coated non-woven fabric reinforced waterborne polyurethane films for ultra-
efficient electromagnetic shielding. Composites Part B: Engineering 184.e107745.
https://doi.org/10.1016/j.compositesb.2020.107745

Sadh, P.K.; Duhan, S.; Duhan, J.S. 2018. Agro-industrial wastes and their utilization using
solid state fermentation: a review. Bioresources and Bioprocessing 5.el.
https://doi.org/10.1186/s40643-017-0187-z

Sharma, V.; Kundu, P.P. 2006. Addition polymers from natural oils - A review. Progress in
Polymer Science 31(11):983-1008. https://doi.org/10.1016/j.progpolymsci.2006.09.003
Salvador, V.T.; Silva, E.; Gongalves, P.G.C.; Cella, R. 2020. Biomass transformation:
hydration and isomerization reactions of turpentine oil using ion exchange resins as catalyst.
Sustainable Chemistry and Pharmacy 15:1-23. https://doi.org/10.1016/j.scp.2020.100214
Sanjay, M.R.; Madhu, P.; Jawaid, M.; Senthamaraikannan, P.; Senthil, S.; Pradeep, S.
2018. Characterization and properties of natural fiber polymer composites: A comprehensive
review. Journal of Cleaner Production 172:566-581.
https://doi.org/10.1016/j.jclepro.2017.10.101

Sen, S. 2001. Bitki fenollerinin odun koruma etkinliklerinin belirlenmesi. Doktora Tezi.
Zonguldak Karaelmas Universitesi, Zonguldak, Tiirkiye, 333 pages.

Teaca, C.A.; Rosu, D.; Mustata, F.; Rusu, T.; Rosu, L.; Rosca, I.; Varganici, C.D. 2019.
Natural bio-based products for wood coating and protection against degradation: a review.
BioResources 14:4873-4901. https://doi.org/10.15376/biores.14.2. Teaca



Temiz, A.; Kose, G.; Panov, D. Terziev, N.; Hakki Alma, M.; Palanti, S.; Akbas, S. 2013.
Effect of bio-oil and epoxidized linseed oil on physical, mechanical, and biological properties
of treated wood. Journal of Applied Polymer Science 130:1562-1569.
https://doi.org/10.1002/app.39334

Tomak, D.E.; Yildiz, U.C. 2012. Applicability of vegetable oils as a wood preservative.
Artvin Coruh University Journal of Forestry Faculty 13(1):142-157.

Tosun, G.; Yayl, B.; Ozdemir, T.; Batan, N.; Bozdeveci, A.; Yayh, N. 2015. Volatiles and
antimicrobial activity of the essential oils of the mosses Pseudoscleropodium purum,
Eurhynchium striatum, and Eurhynchium angustirete grown in Turkey. Record of Natural
Products 9(2):237-242. https://www.acgpubs.org/doc/2018080718065726-RNP-1304-033.pdf
Tiirkyillmaz, E.; Vurdu, H. 2005. Anadolu simsir odununun bazi fiziksel ve kimyasal
ozellikleri. Gazi Universitesi Orman Fakiiltesi Dergisi 5(2):227-238.
https://dergipark.org.tr/tr/pub/kastorman/issue/17247/180174

TSE. Turkish Standards Institution. 2021. Physical and mechanical properties of wood -
Test methods for small clear wood specimens - Part 2: Determination of density for physical
and mechanical tests. TS ISO 13061-2. TSE: Ankara, Tiirkiye.

Varganici, C.D.; Rosu, L.; Rosu, D.; Mustata, F.; Rusu, T. 2021. Sustainable wood
coatings made of epoxidized vegetable oils for ultraviolet protection. Environmental
Chemistry Letters 19:307-328. https://doi.org/10.1007/s10311-020-01067-w

Venkatesan, J.; Anil, S.; Kim, S.K.; Shim, M.S. 2016. Seaweed polysaccharide-based
nanoparticles: Preparation and applications for drug delivery. Polymers 8(2):1-30.
https://doi.org/10.3390/polym8020030

Vinod, A.; Vijay, R.; Singaravelu, D.L. 2018. Thermomechanical characterization of
Calotropis gigantea stem powder-filled jute fiber-reinforced epoxy composites. Journal of
Natural Fibers 15(5):648-657. https://doi.org/10.1080/15440478.2017.1354740

Wilinder, M.; Johansson, I. 2011. Industrial wood coatings for exterior applications: A
review of durability and formulation approaches. Journal of Coatings Technology and
Research 8(3):309-319. https://doi.org/10.1007/s11998-010-9313-y

Wang, T.; Chen, S.; Wang, Q.; Pei, X. 2010. Damping analysis of polyurethane/epoxy graft
interpenetrating polymer network composites filled with short carbon fiber and micro hollow
glass bead. Materials & Design 31(8):3810-3815.
https://doi.org/10.1016/j.matdes.2010.03.029

Yang, L.; Dai, H.; Yi, A.; Lin, B.; Li, G. 2008. Structure and properties of partially
epoxidized soybean oil. Journal of Thermal Analysis and Calorimetry 93(3):875-879.
https://doi.org/10.1007/s10973-008-9043-x

Zhang, C.; Ying, X.; Ruqi, C.; Huh, S.; Johnstonc, P.; Kessler, M. 2013. Soy-castor oil-
based polyols prepared using a solvent-free and catalyst-free method and polyurethanes
therefrom. Green Chemistry 15:1477-1484. https://doi.org/10.1039/C3GC40531A

Zhou, A.; Tam, L.; Yu, Z.; Lau, D. 2015. Effect of moisture on the mechanical properties of
CFRP-wood composite: an experimental and atomistic investigation. Composites Part B:
Engineering 71:63-73. https://doi.org/10.1016/j.compositesb.2014.10.051

Zhu, S.; Xu, S.; Yi, X.; Wang, J.; Zhao, Z.; Jiang, J. 2018. High value-added application of
turpentine as a potential renewable source for the synthesis of heterocyclic Schiff base
derivatives of cis-1,8-p-menthane-diamine serving as botanical herbicides. Industrial Crops
and Products 115:111-116. https://doi.org/10.1016/j.indcrop.2018.02.021



