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With the reduction of petroleum resources and the intensification of environmental pollution, the development
and application of bio-based coatings using renewable resources have become increasingly important in the
wood working industry. Wood wax oil is a new bio-based natural coating that provides an environmentally
friendly solution for wood preservation. The main challenges related to wood wax oil are slow drying speed and
poor liquid resistance. To address this issue, wood wax oil was modified using Irgacure 2959, and the effects of
the different concentrations (0, 0.5, 1.0, 1.2 and 1.5 %) of Irgacure 2959 on the properties of ultraviolet (UV)
wood wax oil were explored. X-ray photoelectron of spectroscopy analysis indicated that in a wood wax oil film
containing 1.2 wt% Irgacure 2959, the C-C and C—=O0 conversion rates are 15.62 % and 25.30 %, respectively.
Compared with regular wood wax oil films, the 1.2 % Irgacure 2959 wood wax oil film exhibited a notable
14.2 % decrease in surface roughness. The surface of the UV wood wax oil film exhibits hydrophobic properties,
which are positively correlated with its roughness. 1.2 wt% Irgacure 2959 UV-cured wood wax oil with a
hardness level of 3 H, an adhesion level of 1, a viscosity of 24.87 s, and a reduction in drying time from 1 h to
20 min. The weather resistance is better than that of the commercial wood wax oil. These findings underscore the
potential and versatility of UV wood wax oil, capable of forming a low-roughness and high-gloss wax film on the

surface of wooden materials, thus providing an environmentally friendly and non-toxic alternative.

1. Introduction

The application of coatings on wooden surfaces, as commonly
observed in wood coatings, serves the dual purpose of safeguarding and
enhancing the aesthetic quality of the wood while also sealing the
wood’s pores (De Meijer, 2001). This protective barrier not only en-
hances the stability and durability of the wood but also imparts unique
attributes such as antibacterial resistance (Deng et al., 2023; Zou et al.,
2024), self-healing capabilities (Xia and Yan, 2024), waterproofing
(Kapridaki and Maravelaki-Kalaitzaki, 2013), and flame retardancy (Gu
et al., 2007), thereby extending the spectrum of functionalities provided
to wood (Bulian and Graystone, 2009).

Currently, traditional coatings such as solvent nitrocellulose and
polyurethane (PU) coatings have been used as surface coatings for
wooden materials (Chattopadhyay and Raju, 2007). However, their use
has been restricted in many developed countries owing to their severe
environmental pollution and health risks to individuals, as well as
harmful effects on the ecosystem (Gan et al., 2023; Li et al., 2009).

Derived from natural extracts, wood wax oil has garnered significant
attention both domestically and internationally as an emerging envi-
ronmentally sustainable coating (Chen et al., 2020). Wood wax oil
presents a multitude of merits including profound permeation capa-
bility, resistance to moisture (Humar and Lesar, 2013), corrosion (Piao
et al., 2022), insects, flames, and ultraviolet resilience (Lesar et al.,
2011), accompanied by the absence of deleterious odors (Zhang and
Song, 2024). Wood articles subjected to wood wax oil treatment exhibit
distinct and authentic grain motifs, a tactually pleasing texture, a surface
refraining from film formation (Liu et al., 2024), mitigated tendencies
for contraction and expansion, and structural integrity devoid of frac-
tures, warping, or detachment (Ragunathan et al., 2020). Furthermore,
the application of wood wax oil entails operational simplicity. Adapting
well to an array of climatic conditions, including aridity, humidity, and
elevated and diminished temperatures, wood wax oil emerges as an
optimal candidate for both interior and exterior embellishment en-
deavors (Tang et al., 2021). Therefore, the use of sustainable wood wax
oil as an environmentally friendly coating has emerged as the preferred
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CHs(CH,)4CH =CHCH,CH; = CH(CH,);COOH

Fig. 1. Synthesis reaction formula of linoleic acid.

solution for addressing the environment and health (Ewa and Bjorn,
2008).

Wood wax oil primarily comprises drying oils and semi-drying oils
(Janesch et al., 2020). Drying oils, characterized by iodine values
exceeding 130, readily undergo oxidative polymerization in the pres-
ence of air, resulting in elastic and flexible solid films (Wexler, 1964).
Semi-drying oil keeps the wax oil in a liquid state. Linseed oil plays a
significant role in fast drying and film-forming as a representative drying
oil (Nykter et al., 2006). The principal constituents consist of glycerides
of unsaturated fatty acids, notably a-linolenic acid and linolenic acid
(Schonemann and Edwards, 2011). A study has found that tung oil,
whose main component is a-eleostearic acid containing structures such
as octadecyl conjugated triene, can form a cured film through
auto-oxidation at room temperature. Tung oil-based wood wax oil has
good water resistance (Zhang and Song, 2024). However, toxic in-
gredients such as tung oil ketone acid can cause harm to the human
body. Therefore, we introduce environmentally friendly and sustainable
thistle oil instead of tung oil (Ullah et al., 2015). In previous study,
thistle oil has been utilized in the synthesis of biodiesel, exhibiting fuel
properties commensurate with those of mineral diesel (Ullah et al.,
2015). The main components of thistle oil include silymarin, linolenic
acid, oleic acid, etc. Among them, silymarin is an antioxidant that can
reduce the production of free radicals and inhibit lipid peroxidation
reactions (Fathi-Achachlouei et al., 2019). Particular emphasis was
placed on the significant antioxidative properties exhibited by thistle oil
when applied to wood (Singh and Singh, 2012). This application serves
to enhance the wood’s resistance to atmospheric oxidation. Semi-drying
oils (Falkenburg et al., 1948), exemplified by soybean oil and sunflower
seed oil with iodine values ranging from 100 to 130, undergo a transi-
tion to a colloidal state approximately 7-8 days after application in a
thin layer, followed by air drying. Sunflower seed oil and soybean oil
contribute to the enhanced flowability of wood wax oil. Functioning as
semi-drying oils, they effectively penetrate the pores of wood, safe-
guarding its internal structure and reinforcing wood preservation

Thistle oil Sunflower oil

Linessed oil

measures. Carnauba wax and beeswax act as film formers and impart a
degree of flexibility and hardness to the oil base (de Freitas et al., 2019;
Tulloch, 1971). The hardness of carnauba wax exceeds that of beeswax
and is employed to regulate the hardness of wood wax oil (Nurul Sya-
hida et al., 2020). It is noteworthy that the synergistic combination of
beeswax and carnauba wax often serves to isolate wood products from
moisture in the surrounding environment, concurrently enhancing
luster and adhesion.

Wood wax oil contains oleic acid and linoleic acid. Under elevated
temperature conditions, linoleic acid undergoes isomerization reactions,
resulting in the formation of conjugated linoleic acid. When the energy
level reaches a specific threshold, the conjugated double bonds engage
in Diels-Alder reactions with other unsaturated double bonds, yielding
primarily dimeric linoleic acid and minor amounts of trimeric linoleic
acid, alongside other polymerization by-products, as shown in Fig. 1.
This process serves to enhance the polymerization degree of vegetable
oils. Furthermore, other unsaturated fatty acids also exhibit polymeri-
zation reactions under high-temperature conditions.

Owing to the presence of antioxidant components such as
a-tocopherol and catechol in wood wax oil, these compounds impede the
oxidation rate of the oil when exposed to oxygen, resulting in a pro-
longed drying time for the wood wax oil coating. Therefore, to expedite
the drying process, Irgacure 2959 was introduced into the wood wax oil.
This photoinitiator can be cured at room temperature or through
exposure to UV light. Irgacure 2959, renowned for its efficiency and
resistance to yellowing, serves as a photoinitiator for the polymerization
reactions of unsaturated pre-polymer systems (Eren et al., 2021). The
active hydroxyl groups present in the Irgacure 2959 molecule facilitate
interactions through hydrogen bonding (Coimbra et al., 2008). The
incorporation of this yellowing-resistant and environmentally friendly
Irgacure 2959 into the wood wax oil effectively addresses the challenge
of slow curing at room temperature.

We successfully prepared UV wood wax oil, using nitrogen protec-
tion during the polymerization process instead of traditional oxygen-
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Fig. 2. Wood wax oil raw material.
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Table 1

Main components of wood wax oil.
Name Main ingredients Function
Linseed oil a-Linolenic acid > 53 % Drying oil
Thistle oil Oleic acid > 30 % Drying oil

Linoleic acid > 40 %

Sunflower Linoleic acid 70.0 %, oleic acid 16 %-20.0 % Semi-drying oil
seed oil
Soybean oil Palmitic acid 6.0-8.0 %, oleic acid Semi-drying oil
25.0-36.0 %,
stearic acid 3.0-5.0 %, linoleic acid
52.0-65.0 %,

arachidic acid 0.4-0.1 %, oleic acid 2.0-3.0 %

Beeswax Palmitate, palmitoleate, and oleate Auxiliary
adjust viscosity
Carnauba Fatty acid methyl ester, polyhydroxyalkanoates  Adjust viscosity
wax
Naphtha Alkanes 55.4 %, monocyclic alkanes 30.3 %, Solvent
bicycloalkanes 2.4 %, alkylbenzene 11.7 %
Colophony Abietic acid Auxiliary

mediated polymerization. This approach enabled the synthesis of
transparent composites in a single synthesis step. The wood wax oil upon
exposure to UV radiation at room temperature, exhibits exceptional
resistance to yellowing. This study focuses on the use of thistle oil as a
drying oil instead of traditional toxic tung oil, emphasizing the impact of
Irgacure 2959 on the cure time of the wood wax oil. The stability of the
UV wood wax oil was assessed through chemical and physical perfor-
mance evaluations. This innovative approach enhances understanding
of the curing kinetics and stability of the UV-cured wood wax oil, of-
fering potential applications in advanced coating technologies.

2. Materials and methods
2.1. Materials

As shown in Fig. 2, the main ingredients of vegetable oil include
thistle oil (Panjin Huacheng Pharmaceutical Co., Ltd.) and linseed oil,
sunflower oil, and soybean oil (Shanghai McLean Biochemical Tech-
nology Co., Ltd.). The main ingredients and functions are as shown in
Table 1. The vegetable waxes used were white beeswax (Shanghai
McLean Biochemical Technology Co., Ltd.) and carnauba wax (Shan-
dong Yousuo Chemical Technology Co., Ltd.). The additional in-
gredients used were naphtha (Shandong ChenYu Chemical Co., Ltd.),
serve as solvent, hand feel powder SGF-6RM obtained from Shenzhen
City Heyan Yuese Plastic Pigment Additive Co., Ltd., and Hunan Jindian
Special Pigment Additive Co., Ltd., utilized to increase smooth tactile
sensation. Liquid rosin procured from Letong Musical Instrument Co.,
Ltd., was incorporated to enhance adhesion and impart coloration, while
isooctanoic acid acquired from Shanghai McLean Biochemical Tech-
nology Co., Ltd., was employed as a drying agent. Irgacure 2959 (Mw:
224.3) was provided by Shanghai Yinchang New Materials Co., Ltd.
Basswood (Tilia) and walnut (Juglans spp.) multilayer board was pro-
vided by Zhejiang Shenghua Yunfeng New Materials Co., Ltd. Shanghai,
China.
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2.2. Preparation of UV wood wax oil

(S1) Polymerization of oils and Irgacure 2959. A principal blend of
60.0 % linseed oil and thistle oil in a 3:1 ratio, along with sunflower oil
and soybean oil in a 1:1 ratio, was employed. Irgacure 2959 was
incorporated at concentrations of 0, 0.5, 1.0, 1.2, and 1.5 %, denoted as
12959-0, 12959-0.5, 12959-1.0, 12959-1.2, and 12959-1.5. The vege-
table oil pre-polymerization process involves introducing nitrogen into
the reaction system through a three-way valve to isolate air and oxygen.
The reaction mixture was subjected to oil bath heating at 110 °C, with
stirring at a speed of 600 rpm for a duration of 3 h.

(S2) Wax polymerization. When the temperature descended to 100
°C, a combination of carnauba wax and beeswax in a 3:1 ratio, totaling
6.0 %, was introduced, and the polymerization process was conducted
for 1 h.

(S3) Auxiliary agent blending. When the temperature dropped to 60
°C, a formulation consisting of 15.0 % rosin, 2.0 % tactility powder, and
20.0 % naphtha was added. The mixture was stirred for 30 min. After
10.0 % isooctanoic acid was added, stirring continued for an additional
30 min, resulting in the production of an environmentally friendly wood
wax oil. The ingredient list of the UV wood wax oil is shown in Table 2.

2.3. Spectroscopy testing and characterization

The composition of the wood wax oil was determined using an ATR
method with a VERTEX 80 V infrared spectrometer (Bruker, Germany).
The micro-infrared spectra of the walnut 12959-1.2 wood wax oil was
tested by LUMOS II FTIRT (Bruker, Germany). The absorbance of the UV
wood wax oil was analyzed using a UV- visible (vis) spectrophotometer
(U-3900).

2.4. Characterization of physical properties

2.4.1. Color difference

The chromaticity value test was conducted on a basswood multilayer
board and the chromaticity value was measured using a SEGT-J portable
colorimeter (produced by Zhuhai Tianchuang Instrument Co., Ltd.
Zhuhai, China), with color values Lj, a;, and b; representing the blank
samples, and Ly, ap, and by representing other samples. L represents
illuminance, corresponding to brightness, whereas a signifies the range
from red to green, and b denotes the range from blue to yellow. The color
difference calculation formula is as follows (1) (Coronel-Aguilera and
San Martin-Gonzalez, 2015).

AE (color difference) = [(AL*)? + (Aa*)? + (Ab*)?]V/? (€D)]

where AL* = L — Ly, Aa* = a; — ag, and Ab* = by — bs.

2.4.2. Gloss

The wood wax oil was applied onto a 150 mm x 150 mm black glass
substrate, and the gloss of the coating at a 60° angle was measured using
an HG268 intelligent gloss meter (3nh Technology Co., Ltd., Shenzhen)
in accordance with the GB/T 4893.6-2013 “Furniture Surface Coating
Physicochemical Properties Testing—Part 6: Gloss Measurement
Method.”

Table 2

UV wood wax oil ingredient list.
Sample Irgacure Linseed Thistle Sunflower Soybean Camaba Beeswax Rosin Tactility Isooctanoic Naphtha Total

2959 (g) oil (g) oil (g) oil (g) oil (g) wax (g) ® (€3] powder (g)  acid (g) (€3] Weiwei
(@)

12959-0 0 54 18 6.8 6.8 2.7 0.9 18 2.4 12 24 145.6
12959-0.5 0.8 54 18 6.8 6.8 2.7 0.9 18 2.4 12 24 146.4
12959-1.0 1.5 54 18 6.8 6.8 2.7 0.9 18 2.4 12 24 147.1
12959-1.2 1.8 54 18 6.8 6.8 2.7 0.9 18 2.4 12 24 147.4
12959-1.5  2.25 54 18 6.8 6.8 2.7 0.9 18 2.4 12 24 147.85
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Fig. 3. Reaction mechanism of UV wood wax oil.

2.4.3. Roughness

The basswood substrates were polished with 1000 grit sandpaper,
and then coated with UV wood wax oil to test the roughness. The
roughness of the basswood wax oil coating was tested using a JB-4 C
precision roughness tester (Shanghai Taiming Optical Instrument Co.,
Ltd.).

2.4.4. Contact angle

The water contact angles (WCAs) of the walnut wood wax oil sur-
faces were tested using a DSA100S droplet shape analyzer (KRUSS,
Germany). These surfaces were cut into strips with the width of
approximately 1.0 cm. The WCAs at the different elapsed time (0s, 5 s,
10 s, and 20 s) were recorded at five positions, with 5 uL water droplets.

2.4.5. Viscosity

The viscosity of the wood wax oil was determined according to the
GB/T 1723-1993 “Determination of Viscosity of Coatings” for coating
viscosity measurement, using a KU-4 viscometer.

2.4.6. Drying time

The drying time of the walnut wood wax oil film was evaluated under
1 kW high-pressure mercury lamp curing, in compliance with GB/T
1728-2020 “Method for Determining the Drying Time of Paint Films and
Putty Films.”

2.4.7. Gel content

Initially, 1.0 g of wood wax oil was individually weighed and placed
within a glass container, denoted as m;. Subsequently, upon complete
solidification, the combined weight of the glass container and the wood

wax oil was determined as m». The ratio of the mass of the residue after
drying to the mass of the sample is the gel content. The gel content of the
wood wax oil was then computed using Eq. (2):

Gel content (%) = % * 100 @
1

2.4.8. Hardness

The hardness of the paint film was determined according to the GB/T
6739-2006 “Pencil Hardness Test for Paints and Varnishes,” pencils of
varying hardness from 6 H to 6B were employed. A higher B number
indicates a darker and softer pencil, whereas a higher H number in-
dicates a lighter and harder pencil. HB represents an intermediate
hardness level. The pencil, held at an angle of approximately 45 ° to the
paint film surface, was pushed forward across the coating under a 1.0 kg
load at a speed of 1.0 cm/s. The maximum hardness of the pencil at
which the coating remained undamaged was recorded as the hardness of
the wood wax oil film.

2.4.9. Adhesion

The adhesion of the coating was determined in accordance with the
GB/T 4893.4-2013 “Furniture Surface Coating Physicochemical Prop-
erties Testing — Part 4: Cross-Cut Test for Adhesion.” The QFH-HG600
paint film cross-cut tester was used to assess the adhesion of the wal-
nut coating. After the cross-cut was made, the area was brushed to
remove any loose fragments, and then 3 M tape was applied. It was
rubbed back and forth with a finger to ensure secure adhesion, and then
the tape was swiftly peeled off. The smoothness of the cut edges and any
fragment detachment from the tape were observed and rated according
to the provided chart. Coating damage was categorized into six levels,
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Table 3
Wood wax oil infrared absorption spectrum section.

Thistle oil Linseed oil Wood wax oil Corresponding functional groups

3008 3009 C—C-based stretching vibration
2987 2987 CHs

2920 2923 2920 CH;

2854 2855 2854 CH,

1743 1742 1743 c=0

1650 1650 c=C

1455 1454 1455 C-H

1156 1158 1156 c-0

1104 1103 1091 c=0

989 989 989 Cc-C

721 721 721 —CHy

590 590 590 CH base swing vibration

ranging from O (strongest adhesion) to 5 (weakest adhesion). If the
coating’s intact rate exceeded 70.0 %, it was considered good; other-
wise, it was deemed damaged.

2.5. Thermal stability

Thermogravimetric (TG) analysis measurements of UV-cured wood
wax oil films were performed on a TG 209 from TA Instruments to study
the thermal stability of the samples. The temperature ramp was main-
tained at a controlled rate of 10 °C/min with a flow rate of 20 mL/min,
within a heating range spanning from room temperature to 700° C.

2.6. Cold-resistant liquid performance

The testing was conducted in accordance with the provisions of GB/T

(@) =

(b)
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4893.1 “Test of Surface Coatings of Furniture — Part 1: Determination of
Surface Resistance to Cold Liquids.” The test durations were as follows:
24 hin grade 3 water, 48 hiina (1 & 20) acetic acid solution, and 1 hin a
5 % (mass fraction) sodium carbonate solution. The chromaticity values
and gloss of walnut wood before and after liquid resistance were tested.

2.7. Weather resistance testing

The weather resistance testing of the wood wax oil coating on the
basswood surface was assessed according to GB/T 1865-2009, UVA-340
lamps, and an irradiance of 8 w/m?, (Chen et al., 2022). These boards
are placed in a constant temperature and humidity box with a temper-
ature of 40 °C and a humidity of 60 °C for 4 h, and then placed in a UV
box for 4 h. This whole process is regarded as a cycle. A total of 8 aging
cycles were performed, with a total aging time of 64 h. One panel was
retained as a control sample and stored at room temperature, shielded
from moisture and light. To ensure uniform exposure, the panels were
rearranged at intervals not exceeding 4 h. After every 8 h of aging
exposure, chromaticity values and gloss in the test samples were eval-
uated. The color difference was calculated according to Eq. (1). The loss
of gloss after aging resistance was calculated according to the formula

(3).

Gl - G2
— X

Gl 100

L(%) = 3)
L (%) is the gloss loss rate, G; is the gloss before weather resistant,
and G is the gloss after weather resistant.
The above tests were conducted three times on each sample, and the

average value was taken.
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Fig. 4. (a) Infrared spectrum of wood wax oil and raw materials, (b) UV wood wax oil infrared spectroscopy, and (c) the absorbance of wood wax oil with different

concentrations of Irgacure 2959.
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Fig. 5. (a) Color difference, (b) gloss, (c) roughness values of wood wax oil, (d) contact angle and (e) basswood with different Irgacure 2959 concentrations.

3. Results and discussion
3.1. Synthesis of UV wood wax oil

Fig. 3 depicted the structural formula illustrating the reaction be-
tween Irgacure 2959, oleic acid, and a-linolenic acid. The active hy-
droxyl group of the Irgacure 2959 forms ester bonds with the carboxyl
groups present in oleic acid and a-linolenic acid, initiating an esterifi-
cation reaction that results in the formation of polymers and water (Eren
et al., 2021). The generated water can be effectively separated using an
oil-water separator.

3.2. Infrared spectroscopic and UV-vis spectra analysis

The characteristic peaks of the components of the wood wax oil were
shown in Table 3. As shown in Fig. 4(a), after subjecting oil-wax raw
materials, primarily consisting of linseed oil and thistle oil, to a high-
temperature pre-polymerization process at 110 °C, pronounced
changes in the vibrational spectra of specific functional groups were
observed. Evidently, the C-H stretching vibrations on the C=C bonds at
3008 cm ! gradually diminished with the high-temperature polymeri-
zation of linseed oil and thistle oil. Simultaneously, the O-H stretching
vibrations at 2921 cm ™! also vanished. This phenomenon signified a
reduction in the active hydrogen concentration of the resulting wood
wax, indicative of a polymerization reaction occurring within the plant
oil-wax system (Peng et al., 2020). Furthermore, a decreasing trend in
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the O-H stretching vibrations at 3675 cm ™! was noted, likely attributed
to the hydrolysis reaction of ester bonds in linseed oil. In parallel, an
enhanced trend was observed in the stretching vibrations of the C-O-C
ether bonds at 1091 and 1378 cm™!, indicating the occurrence of
polymerization reactions within the plant oil-wax system (Schonemann
and Edwards, 2011). Simultaneously, the C-H of a-linolenic acid, rep-
resented by the emergence of the C=C bond at 1417 cm ™}, and the -CH
functional group at 590 cm ™' displayed weakened vibrational peaks
following the oil polymerization process (Rosu et al., 2018). It is note-
worthy that Irgacure 2959 needs to undergo polymerization in
conjunction with oleic acid and a-linolenic acid, otherwise, following
the polymerization of oleic acid and a-linolenic acid, Irgacure 2959 re-
mains unreacted.

The esterification reaction between Irgacure 2959, oleic acid, and
a-linolenic acid resulted in the formation of esters and water. In this
reaction, the hydroxyl group in Irgacure 2959 reacted with the carboxyl
groups in oleic acid and o-linolenic acid under high-temperature
anaerobic conditions. In Fig. 4(b), the peak at 3299 cm ™! corresponds
to the —OH group in the Irgacure 2959. After the esterification reaction,
the —~OH peak diminishes, and a new peak at 1047 cm™! arises, indi-
cating the formation of C-O bonds. This observation confirmed the
esterification reaction between oleic acid, a-linolenic acid, and Irgacure
2959. The successful preparation of the UV wood wax oil was thus
inferred. Fig. 4(c) presented the UV absorbance spectrum of the UV
wood wax oil, spanning the absorption wavelengths from 220 to
500 nm. Peaks with elevated absorbance in the spectrum are typically
correlated with absorption peaks of specific compounds. In this context,
the heightened absorbance with 12959-1.2 aligns with the complete
reaction of Irgacure 2959 with oleic acid and a-linolenic acid. The UV
spectrum of the 12959-1.2 exhibited five prominent absorption bands in
the range of 310-350 nm in the infrared spectrum, originating from
electronic transitions of the acyl groups. The most intense absorption
peak occurred at 340 nm, attributed to n — IT*electron transitions in the
carbonyl and carboxyl groups of the R-band, accompanied by a redshift.

3.3. Physical properties of UV-cured wood wax oil

In Fig. 5(a), the color difference of basswood UV-cured wood wax oil
coating calculations was performed, in comparison with the blank
substrate. All UV-cured wood wax oil exhibited a significantly greater
color difference, enhancing the warmth of the wood, whereas the
12959-1.5 wood wax oil displayed the least color difference. In Fig. 5(b),
the gloss of 12959-1.2 was observed to be lower than that of 12959-0.5,
and its gloss is higher than that of commercial wood wax oil. Fig. 5(c)
revealed a 14.2 % reduction in roughness for 12959-1.2 compared with
12959-0 and a remarkable 13.8 % reduction relative to the substrate.
Furthermore, the roughness was 21.7 % lower than that of the com-
mercial wood wax oil, indicating that the UV-cured wood wax oil
effectively filled the surface pores of the substrate, covering exposed cell
lumens and resulting in a highly cross-linked, smooth, and stable film.
(Varganici et al., 2021)

The water contact angle and roughness of six surfaces were presented
in Fig. 5(d). The results demonstrated that the wood wax oil coating
exhibited a certain degree of wettability, with the contact angle of
12959-1.2 approaching 90 °, and decreased with increasing contact
time. The initial WCA for 12959-0 was 97.9 °at 0 s and 91.8 °at 20 s, the
WCA 0f12959-1.0 at 0 s and 20 s were 86.8 and 68.4° respectively. The
initial WCA of 12959-1.5 was 104.4 ° and the WCA at 20 s was 89.3.
These results indicated that the WCAs of surfaces with different photo-
initiator were significantly different. And a positive correlation was
observed between the surface roughness (Ra) value and the WCA.(Zhang
et al.,, 2023) The Ra values of 12959-0, 12959-0.5, 12959-1.0,
12959-1.2, and 12959-1.5 were 2.09 + 0.07, 2.06 + 0.04, 1.79 + 0.03,
1.81 + 0.05, 2.33 £+ 0.05 pm, respectively. The surface contact angle
and roughness in this study were comparable to those of commercial
wood wax oil.
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Table 4
UV wood wax oil physical properties.
Sample Viscosity Gel Drying Hardness  Adhesion
(s) content time
(%) (min)
12959-0 48.81 + 99.57 + 49.0 £ 0.5 4H 1
0.76 1.01
12959-0.5 45.88 + 99.58 + 45.0 +£ 0.4 3H 1
4.11 1.21
12959-1.0 27.87 + 99.59 + 35.0+0.3 3H 1
0.04 1.35
12959-1.2 24.87 + 99.31 + 20.0 £0.2 3H 1
0.47 1.15
12959-1.5 23.27 + 99.45 + 30.0+0.3 3H 1
1.59 1.31

As illustrated in Fig. 5(e), the application of basswood coatings with
varying concentrations of Irgacure 2959 was observed to enhance both
the hue and gloss of the basswood substrate. The modulation of color
intensity and surface luminosity was attributed to the controlled incor-
poration of the Irgacure 2959 reagent into the basswood coating matrix.
This nuanced manipulation of the Irgacure 2959 concentration serves to
impart distinctive optical characteristics to the basswood, thereby
contributing to an augmented visual appeal. The findings presented in
Fig. 5(e) underscored the significant impact of Irgacure 2959 concen-
trations on the aesthetic attributes of basswood coatings, providing
valuable insights for the optimization of wood finishing processes.

As shown in Table 4, the viscosity of the UV wood wax oil decreased
proportionally with the increase in Irgacure concentration. This phe-
nomenon arises owing to the reaction between Irgacure 2959, oleic acid,
and a-linolenic acid, resulting in the formation of new esters and water.
Consequently, this reaction led to a reduction in the viscosity of the
wood wax oil. Wood wax oil with high gel content exhibited longer
drying times, whereas oil with low gel content had shorter drying times.
The gel content of the samples was consistently high, all exceeding
99.0 %. 12959-1.2 exhibited the shortest curing time, thereby demon-
strating the highest curing efficiency among the tested formulations. The
curing time of the wood wax oil varied with the absence or presence of
various concentrations of Irgacure 2959. Notably, the 12959-1.2 wood
wax oil exhibited a curing time of 20 min, whereas the other samples
required 30 min for solidification. This discrepancy suggested that
12959-1.2 imparted heightened UV absorbance to the wood wax oil,
indicating its maximum absorption capacity in the UV-vis absorption
spectrum. The coating hardness of the UV-cured wood wax oil was
notably superior, measuring at 3-4 H, with consistently high adhesion
levels rated at grade 1.

3.4. Thermal stability of UV-cured wood wax oil

The TG and DTG of the UV-cured wood wax oil were presented in
Fig. 6, Fig. 6(a) showed that 12959-1.2 underwent pyrolysis at the latest
stage, achieving a thermal decomposition efficiency of 82.86 % between
244 °C and 490 °C. Conversely, [2959-0.5 began pyrolysis at the earliest
stage. These results indicated that the wood wax oil coating of 12959-1.2
possessed the highest thermal stability. Fig. 6(b) presented that the
12959-1.2 wood wax oil coating exhibited the maximum weight loss rate
at 420.7 °. This demonstrated that UV wood wax oil could withstand the
test of high temperature and had the potential to be used as a coating for
outdoor wood products. (He et al., 2019)

3.5. Chemical structure and composition

In Fig. 7(a), the Cls X-ray photoelectron of spectroscopy (XPS)
analysis revealed the presence of C-C, C-O, and C—=O0 bonds in the
12959-1.2 UV-cured wood wax oil coating, with binding energies of
284.8, 286.4, and 289.0 eV, respectively (Giesbers et al., 2013). It is
worth noting that the presence of C=0 observed in XPS Cls spectra
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Fig. 7. (a) UV-vis spectra of UV-cured wood wax oil C1s and O1s, (b) 12959-1.2 wood wax oil before and after curing, and (c) curing mechanism of UV wood wax oil.

Table 5
C and O conversion rates of UV-cured wood wax oil.

Sample Cls C—C conversion Olg C—O0 conversion
rate (%) rate (%)

12959-0 33,027.87 26,353.53

12959-0.5  32,890.00 0.42 22,839.52  13.33

12959-1.2  27,868.54 15.62 19,685.37  25.30

12959-1.5 33,787.35 —2.30 22,905.97 13.08

indicated that only a portion of C=0 in the UV wood wax oil was
converted to eC—Qe.

The O1s XPS spectrum analysis revealed the existence of C—=0 and
C—O bonds in the wood wax oil coating, with binding energies of
531.5-532 and 533 eV, respectively (Schindler et al., 2009). The inte-
grated areas of C and O of 12959-1.2 were significantly reduced.
Conversely, after the reaction with 1.5 % 12959, an increase in the

integrated areas of C and O was noted. This observation suggested that
during the curing process of the UV-cured wood wax oil, 12959-1.2
exhibited the highest participation in the curing process, leading to the
most significant decrease in the concentration of C and O. These out-
comes aligned with the observed maximum UV absorbance in Fig. 4(c),
establishing a congruent relationship between the Irgacure concentra-
tion and the transformative processes.(Eren et al., 2021)

The conversion rates of C—C and C—=O fractions in the wood wax oil
with different concentrations of Irgacure 2959 were shown in Table 5.
Notably, the 12959-1.2 wood wax oil exhibited the highest conversion
rates for both C-C and C=O0 functionalities, registering at 15.62 % and
25.30 %, respectively. Fig. 7(b) represented the emergence of saturated
CH,, functionalities at 2921 cm ™!, CH functionalities at 882 cm ™!, and
C-H C—C-H functionalities at 961 cm ™' observed in the cured state of
the UV-cured wood wax oil. The disappearance of CH bonds after curing
further corroborated the successful solidification of the UV-cured wood
wax oil. Fig. 7(c) illustrated the curing mechanism of the UV wood wax



Y. Chang and Z. Wu

Industrial Crops & Products 218 (2024) 118952

(a) 25 (b) 25
m I 12959-0 I 12959-0
d I 12959-0.5 5 I 12959-0.5
8 20- 12959-1.0 O 20 :259-1 -(2)
& 12958-1.2 2 .2923'1‘5
£ EH018 % Commoﬁity wood wax oil
° Commodity wood wax oil °
S 154 2 154
8 ©
© Ea
1 =
= - £
S 10 A *§ 10 T
k] 3
7] -
° o
Q
% 5 - O 54
0 | I I
0 __I—Ti—r—'—_ o+ - Y —
Waler resistance A“"c add i SOdILIm Before qud resistance Water resistance Acetic acid resistant Sodium carbonate resistant
Fig. 8. (a) Color difference and (b) gloss of wood wax oil before and after cold liquid resistance.
a b
( ) 24 ’\) 20
—~ —9—12959-0 X —8—12959-0
u ——12959-0.5 i —8—12959-0.5
g 20 o o 12959-1.0
o g © 12959-1.2
[$] —8—12959-1.5 .
c Commodity wood wax oil g 15 —— |2959'1-5_ ‘ g
o 2 Commodity wood wax oil
£ 16 3
° o
S @ 10
9 124 8
- 5]
c -
= 1§
B g
o Z ]
.y e
© .t
£ 4 [}
®© a s
o / @
S 2 §
0 T T T T T T T T T T T T T T T T
0 8 16 24 32 40 48 56 64 0 8 16 24 32 40 48 56 64
Time (h) Time (h)
©) ——— — (@)
e \\ o ‘e \,' ”// ‘n\,\ /,\/» -
tf W e e NN
5 (4
:
£ 3
g E
= [}
© c
= — ! "\ B
915 | /AN / —— 1295015
12959-1.2 Y Y :ggggl .g
_ Iigii(‘,g &k 3 8 ——12959-0.5 g i a g
——gse0 N = = 129590 Hiig g g
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™")

Wavenumber (cm™)

Fig. 9. (a) Weathering color difference of UV-cured wood wax oil, (b) UV-cured wood wax oil weathering gloss loss rate (c) infrared spectrum of UV-cured wood wax
oil before weathering, (d) infrared spectrum of UV-cured wood wax oil after weathering.

oil. The esterified wood wax absorbed light energy, leading to the
decomposition and generation of polymer radicals and o-hydrox-
yisopropyl radicals, both of which served as initiators for polymeriza-
tion, with the latter exhibiting greater reactivity in the reaction process.

3.6. Analysis of cold liquid resistance of UV-cured wood wax oil

The gloss and color difference before and after exposure to cold-

resistant liquid for the wood wax oil were depicted in Fig. 8. As illus-
trated in Fig. 8(a), there was a significant color difference observed in
the commercial wood wax oil after exposure to sodium carbonate,
whereas the color difference stability of the wood wax oil studied herein
surpassed that of the commercial counterpart. The Fig. 8(b) showed that
12959-1.0 and 12959-1.5 wood wax oils exhibited higher gloss before
liquid resistance testing, maintaining elevated levels even after exposure
to water and acetic acid. However, a noticeable decline in gloss was
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and substrate.

observed after exposure to of the samples to sodium carbonate,
accompanied by a gradual increase in color difference. The gloss of
12959-1.2 wood wax oil remained relatively consistent before and after
water and acetic acid resistance. Considering both gloss and color dif-
ference comprehensively, the 12959-1.2 wood wax oil demonstrated a
more stable performance in cold-resistant liquid durability.

3.7. Analysis of weather resistance performance of UV-cured wood wax
oil

The results of 64 h weather resistance test on the UV wood wax oil
were illustrated in Fig. 9. Fig. 9(a) indicated that under weather resis-
tance, Irgacure 2959 exhibited an augmented capacity for weather
resistance, resulting in reduced and stabilized resistance to color dif-
ferences. Fig. 9(b) showed that the gloss loss rate of the wood wax oil
coatings with different concentrations of Irgacure 2959 increases or
remains stable over time, and 12959-1.2 was lower than the gloss loss
rate of commercial wood wax oil, indicating that the UV-cured wood
wax oil coatings showed a comparable level of gloss after weathering.
Fig. 9(c) was the infrared spectrum before weathering, and Fig. 9(d) was
the infrared spectrum after weathering. The emergence of saturated CHy
functionalities at 2921 cm ™ 'and 2857 cm ™, 1730 cm™! is C=0 and
1163 cm ™ lis C—0, no new chemical bonds appear or disappear in the
UV wood wax oil before and after weathering. The results showed that
no chemical changes occur in the UV-cured wood wax oil before and
after weathering.

3.8. Wood wax oil coating microscopic infrared

The micro-infrared spectra of the 12959-1.2 wood wax oil was pre-
sented in Fig. 10. The corresponding features labeled as “a,” “b,” “c,”
“d,” and “e” exhibit a consistent pattern. In Fig. 10 (a), the magenta-
colored regions indicated the highest penetration, with the color
gradient on the chart representing a decreasing concentration of the

10

wood wax oil from top to bottom. The infiltration of the wood wax oil
from right to left was illustrated in Fig. 10 (b), and the integral areas at
different locations were depicted in Fig. 10 (c). Larger integral areas
signify greater penetration, with zone b exhibiting the maximum infil-
tration. Given the heterogeneous nature of wood as a material, the
permeation of the wood wax oil within it appeared to be characterized
by irregular and non-uniform patterns. The infrared spectra depicting
the interaction between the substrate and the wood wax oil were pre-
sented in Fig. 10 (d). The absorption peak at 722 cm ™! corresponded to
the bending vibration of the cis-C—=C bond in a-linolenic acid or oleic
acid present in linseed oil (Arminger et al., 2020). The prominent C-H
vibration peak at 791 cm ™! was observed in spectrum c, whereas the
C-O absorption at 1045 cm ™! in the substrate disappeared, indicating a
reaction between the wood wax oil and lignin in the substrate. The peak
at 1060 cm™! represented the stretching vibration of C-O in wood
hemicellulose, whereas that at 1099 cm™! corresponded to the flexural
vibration of C-O. The spectrum of the coated substrate (spectrum c)
surpassed those of spectra a and b, suggesting a substantial reaction
between hemicellulose and wood wax oil. The signal at 1166 cm ™' was
attributed to the stretching vibration of C-O-C (Ou et al., 2015; Rosu
et al., 2018). The absorption peaks of the coated wood at 1400 and
1465 cm ™! were enhanced. The peak at 1465 cm™?, arising from the
anti-symmetric bending vibration of —~CHj, exhibited a decrease in in-
tensity 2°. The absorption peak at 1743 cm™ ! corresponded to the
stretching vibration of C=0 (Chen et al., 2011)(Pandey, 1999; Traoré
et al., 2016). Spectrum c significantly surpassed spectra a and b, indi-
cating vibrational changes. This suggested that the carboxyl groups in
the fatty acid chains of the wood wax oil undergo esterification reactions
with the hydroxyl groups in the substrate’s hemicellulose and lignin,
leading to the formation of new C—=O bonds (Schwanninger et al.,
2004)(Pandey and Pitman, 2003; Peng et al., 2020).
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4. Conclusions

In this study, we presented a UV-cured wood wax oil synthesized
using Irgacure 2959. The introduction of an Irgacure at a concentration
of 1.2 % in the wood wax oil enhances the color and gloss of the wood
material. In comparison with regular wood wax oil films, the 12959-1.2
UV-cured wood wax oil exhibited a notable 14.2 % reduction in surface
roughness, the surface of the UV wood wax oil film exhibits hydrophobic
properties, which are positively correlated with its roughness. 12959-1.2
UV-cured wood wax oil achieving a hardness level of 3 H, an adhesion
level of 1, a viscosity of 24.87 s, and a drying time of 20 min. 12959-1.2
results in heightened light absorption by the wood wax oil, maximizing
its absorption capacity. At a 1.2 % concentration of Irgacure 2959, the
C—C and C=O0 conversion rates were 15.62 % and 25.30 %, respec-
tively, representing conversion rates higher than those of other con-
centrations. The weather resistance is better than that of commercial
wood wax oils. In addition, the UV-cured wood wax oil undergoes
esterification reactions with the hydroxyl groups in the hemicellulose
and lignin of the walnut substrate, forming new C—=O bonds. The
resistance to cold liquids remains stable, and the aging resistance sur-
passes that of commercial wood wax oils.
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