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Abstract: Rubber wood often exhibits dimensional instability during use, which seriously hinders its
widespread application. In order to enhance the dimensional stability of rubber wood, a two-step
method was employed in this study to modify rubber wood using two plant-derived compounds,
namely sucrose and tung oil. Samples treated alone with sucrose or tung oil were also prepared.
The water absorption, dimensional stability, and thermal stability of modified and untreated wood
were evaluated. The results show that wood samples treated with 30% sucrose and tung oil had
excellent water resistance and dimensional stability based on the synergistic effect of sucrose and
tung oil. After 384 h of immersion, the 30% sucrose and tung oil group presented a reduction in water
absorption by 76.7% compared to the control group, and the anti-swelling efficiency was 57.85%,
which was 66.81% higher than that of the tung oil treatment alone. Additionally, the leaching rate
of the 30% sucrose and tung oil group decreased by 81.27% compared to the sample modified with
the 30% sucrose solution alone. Simultaneously, the 30% sucrose and tung oil group showed better
thermal stability. Therefore, this study demonstrates that the synergistic treatment of modified rubber
wood by sucrose and tung oil is an eco-friendly, economical, and highly efficient approach with the
potential to expand the range of applications of rubber wood products.

Keywords: dimensional stability; sucrose; tung oil; wood modification; rubber wood

1. Introduction

The rubber tree (Hevea brasiliensis) is a fast-growing and versatile tree with dual eco-
nomic significance, primarily cultivated for collecting rubber [1,2]. The primary regions for
rubber tree cultivation and production in China are Hainan Province and Xishuangbanna,
Yunnan Province [3]. Rubber wood is a by-product of rubber trees, which is taken from
the trunk of rubber trees. Due to its light color, hardness, and ease of processing, rubber
wood finds frequent applications in furniture manufacturing and interior decorations [3-5].
Nevertheless, one of the main drawbacks of rubber wood is its dimensional instability,
which can be easily affected by environmental humidity during use, leading to dimensional
deformation and seriously affecting its use [5-8]. Therefore, it is very necessary to modify
rubber wood to enhance its properties and expand its range of applications.

Various methods have been researched and compared to enhance the dimensional
stability and other properties of wood, mainly including impregnation treatment, chemical
modification treatment, and heat treatment [9]. Among them, the methods of the impreg-
nation modification and chemical modification of wood mainly include acetylation [10],
furfurylation [11], esterification [12], silylation [13], grafting polymerization [14], paraffin
modification [15], resin impregnation [16], and so on. Although these methods can enhance
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the properties of wood, the majority of modifiers contain hazardous chemicals or solvents
that can cause serious environmental and health problems. For instance, wood treated with
phenolic (PF) resins and melamine-urea-formaldehyde (MUF) resins release formaldehyde,
phenols, and other harmful substances that restrict their use in indoor applications [17].
In contrast, high-temperature heat treatment avoids using chemicals, while treated wood
does not release harmful substances during use. Many studies have demonstrated the
efficacy of heat treatment in enhancing wood properties, including dimensional stability
and resistance to biological degradation [18-21]. However, heat-treated wood may reduce
both mass and volume, which can lead to a reduction in the actual recovery rate of wood
and a decrease in long-term resistance to water absorption [22]. Shukla et al. discovered
that the weight loss of rubber wood became more pronounced with an increasing heat
treatment temperature, and heat treatment reduces of its mechanical strength [23]. With
the growing awareness of sustainable development, developing an environmental-friendly,
sustainable, efficient, and economical wood modifier is urgently needed.

The primary treatment agent utilized in this experiment is sucrose (S), which exists in
almost the entire plant kingdom. It is mainly derived from sugarcane and sugar beets and
has the advantages of easy access, low price, and high purity [24]. Sucrose is extensively
utilized in various chemical and process industries such as fine chemicals, bioethanol,
surfactants, etc. [25-27]. Previously, sucrose was mainly used to protect archaeological
wooden artifacts [28]. Parrent used sucrose to safeguard the archaeological timber in Port
Royal, Jamaica, and achieved favorable outcomes [29]. However, there has been limited
research on the utilization of sucrose-modified wood for enhancing the properties of wood.
In recent years, Petr et al. have discovered that vacuum impregnation of poplar wood
with an aqueous mixture of sucrose and sodium chloride can increase the anti-swelling
efficiency of poplar wood by up to 36%, indicating that sucrose is a highly effective and
environmentally friendly agent for modifying wood [30]. Nevertheless, because sucrose
is a polyhydroxy compound, it is difficult to fix in wood, and its high leachability is a
major problem.

Tung oil (TO), a traditional Chinese wood oil extracted from the tung tree’s seeds,
consists of alpha oleic acid, oleic acid, and linoleic acid [31]. It has been extensively
used for safeguarding wooden structures and furnishings for over a millennium due to
its biodegradable nature and non-toxicity towards humans [32]. As a dry oil, TO can
quickly dry in the air and polymerize into tough, smooth, and transparent films. Even
after undergoing severe aging, tung oil still maintains excellent water resistance [33,34].
Moreover, several researchers have reported that impregnating wood with TO could
enhance its dimensional stability, decay resistance, and weathering resistance [35,36]. Both
S and TO treatments can improve certain properties of wood; however, currently, no
research has focused on the combined effects of S and TO on the properties of rubber wood,
mainly including dimensional stability and thermal stability.

In this study, a two-step method was applied to modify Xishuangbanna rubber wood
using sucrose (S) and tung oil (TO) as treatment agents. In the first step, the wood was
impregnated with different concentrations of an S solution. Then, impregnation of TO
strengthens S fixation. Simultaneously, wood samples that were untreated and separately
treated with S or TO were also prepared for comparative analysis. The effects of S and TO
on the moisture absorption, water absorption, dimensional stability, color, and thermal
stability of the rubber wood were evaluated. Furthermore, the microstructural and chemical
structural changes of the rubber wood before and after modifications were analyzed
through the utilization of scanning electron microscopy (SEM) and Fourier transform
infrared spectra (FTIR). This work may provide an economical and effective approach to
improving the durability of rubber wood.
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2. Materials and Methods
2.1. Materials

Wood samples were collected from the sapwood of rubber wood in Xishuangbanna,
Yunnan Province. After being air-dried, the lumbers were cut into pieces of 20 x 20 x 20 mm?
(Longitudinal x Tangential x Radial, eight replicates for each test) according to the Chinese
standard (GB/T 1927.2-2021, 2021) [37] for the measurement of the weight percent gain
(WPG), water absorption rate (WA), equilibrium moisture content (EMC), volumetric
swelling rate (VSR), anti-swelling efficiency (ASE), and leaching rate (LR). In addition,
samples with dimensions of 20 x 50 x 50 mm? (Longitudinal x Tangential x Radial) were
prepared for measuring color changes. The samples were dried to a constant weight at 80 °C
and then divided into different groups. Sucrose (S) and tung oil (TO) were bought from
Xilong Scientific Co., Ltd. (Shenzhen, China) and Gushi Anshan Tung Oil Sales Co., Ltd.
(Xinyang, China), respectively.

2.2. Sample Preparation

The wood samples were modified using a two-step method. The samples were
prepared following Table 1, resulting in twelve sets. In the first step, the wood samples
were impregnated with aqueous solutions of S at concentrations of 10, 20, 30, 40, and 50%
(wt/wt) and then marked S10, S20, S30, S40, and S50, respectively. The impregnation
method was employed in accordance with the full cell process. Specifically, the samples
were subjected to a vacuum of —0.1 MPa for 30 min, followed by the introduction of the S
solution and an increased pressure to 0.6 MPa for 90 min. Afterward, the wood samples
were removed and dried in an oven at 80 °C until reaching a stable weight. In the second
step, the S-treated samples were impregnated by TO using an identical process. After
removing the samples, the surface of the samples was wiped with a tissue to remove
the excess TO on the surface. To obtain a uniformly flat cured surface, the samples were
subjected to further oven drying at 80 °C until their weight remained constant. The samples
treated with the S and TO two-step methods were marked as 510-TO, S20-TO, S30-TO, 540-
TO, and S50-TO, respectively. Additionally, the wood specimens treated by TO only were
also prepared and marked as TO. The untreated wood specimens were used as the control
group and marked as C. The weight percent gain (WPG) was calculated, which included
WPG; (for the first step), WPG,; (for the second step), and WPGr (for both two steps).

Table 1. Parameters of different modification treatments and weight percent gains (WPGs) of
control (C), samples modified with different concentrations of sucrose (S10, 520, S30, S40, and
550), samples modified with tung oil (TO), and samples modified with both sucrose and tung oil
(510/520/530/540/550 + TO).

Treatment WPG (%) Density
Groups 3
1stStep  2nd Step WPG, WPG, WPGr (g/cm?)

C / / / / / 0.54 f (0.05)
S10 10%S / 7.78 € (0.84) / / 0.59 € (0.02)
S20 20%S / 17.98 4 (1.99) / / 0.62 ¢ (0.05)
S30 30%S / 31.14 € (2.76) / / 0.75 9 (0.09)
S40 40%S / 4437 (2.32) / / 0.76 4 (0.04)
S50 50%S / 58.13 2 (2.11) / / 0.85" (0.04)
TO / TO / 52.72 2 (3.45) / 0.80 <4 (0.06)

S10-TO 10%S TO 7.78 (0.84) 50.612P (1.57)  58.39°(2.05)  0.84 P (0.05)
$20-TO 20%S TO 17.98 (1.99) 45772 (296)  63.75P (3.88)  0.882 (0.03)
S30-TO 30%S TO 31.14 (2.76) 41.79% (3.02) 72932 (2.92)  0.89 2 (0.03)
$40-TO 40%S TO 4437 (2.32) 32.01 ¢ (3.07) 76382 (5.74)  0.912 (0.05)
S50-TO 50%S TO 58.13 (2.11) 21.344 (3.31) 79472 (6.07)  0.922 (0.05)

Data are provided as the average (standard deviation) from replicates; different small letters represent a significant
difference (p < 0.05) for different treatments.
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2.3. Density

The density (specific gravity) of the samples was measured using the common water
displacement method [38]. The density was measured by an electronic balance densitometer
(XFMD-12001A, Lichen, Shanghai, China). Density can be calculated by Equation (1):

Density = Mass/Volume €))

2.4. Dimensional Stability Test
2.4.1. Moisture Sorption and Dimensional Stability Test

The samples were placed in a constant temperature and humidity chamber at 25 °C
and 65% relative humidity (RH) for two weeks. The equilibrium moisture content (EMC),
volumetric swelling rate (VSR), and anti-swelling efficiency (ASE) were calculated accord-
ing to Equations (2)—(4).

EMC(%) = (m; —mj)/mj x 100 2)
VSR(%) = (Vi — V1)/V; x 100 3)
ASE(%) = (VSRe — VSR )/ VSR, x 100 @)

where m; (g) is the weight of the sample at the hygroscopic equilibrium condition, m; (g) is
the weight of the sample in the oven-dry condition before hygroscopic absorption, V; (cm?)
is the volume of the sample at the hygroscopic equilibrium condition, and V; (cm?) is the
volume of the sample in the oven-dry condition before hygroscopic absorption. VSR (%)
and VSR, (%) are the mean VSRs in the modified and control groups, respectively.

2.4.2. Water Absorption and Dimensional Stability Test

The oven-dried wood specimens were submerged in deionized water at room tem-
perature, with the liquid level maintained 50 mm above the surface of the sample. After
being immersed for 1, 3, 6, 12, 24, 48, 96,192, and 384 h respectively, these specimens were
taken out, and the water was wiped off the surface. The water absorption rate (WA), water
absorption volumetric swelling rate (VSRwa ), and water absorption anti-swelling efficiency
(ASEwa) were calculated according to Equations (5)—(7).

WA (%) = (mp —mjy)/my x 100 (5)
VSRwa (%) = (Va — V2)/V3 x 100 (6)
ASEwa (%) = (VSRW am — VSRwac) / VSRwac x 100 @)

where my, (g) and m; (g) represent the weight of the sample after n hours of immersion
and the drying weight of the sample before the immersion test, respectively. V, (cm®) and
V, (cm?) represent the volume of the sample after n hours of immersion and the volume of
the sample before the immersion test, respectively. The VSRwa values of the modified and
control samples are represented by VSRyam (%) and VSRya (%), respectively.

2.5. Leachability Test

After being dried, the modified samples were immersed in deionized water for 384 h
(with the water changed every 48 h) and were subsequently removed and dried at a
temperature of 103 °C until the weight was constant. The leaching rate (LR) was calculated
according to Equation (8).

LR(%) = (mm —m3)/ (mm —mp) x 100 ®)

where my (g) and my, (g) are the mass of the sample in the oven before and after modifica-
tions, respectively. m3 (g) is the oven-dry weight of the sample after 384 h of immersion.
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2.6. Color Changes

The International Commission on Illumination CIE’s (1976) [39] L*a*b* standard
chromaticity system was used to characterize the colors. The precision colorimeter (NH145,
3 nh, Shenzhen, China) was used to measure the L*, a* and b* of all samples. Three
measurements were taken at different locations on each surface for two tangential sections
of the test samples. The measured data were used to calculate AL* (luminance difference),
Aa* (color index difference on the red and green axes), Ab* (color index difference on the
yellow and blue axes), and AE* (total color difference) according to the formula of the
L*a*b* color system (CIE 1976) according to Equations (9)—(12).

AL* = Ly — L%, )
Aa* = a*, —a*. (10)
Ab* = b*p —b*. (11)
AE = \/ (AL*)? + (Aa*)? + (Ab*)? (12)

where L*, a*., and b*. are the values measured for the control group; L*m,, a*, and b*,
are the values measured after the modification, respectively.

2.7. Characterizations and Microscopic Observations
2.7.1. Scanning Electron Microscope (SEM) Analysis

The surface morphologies of the samples were evaluated using a scanning electron
microscope (SEM) (TESCAN MIRA LMS, Czech Republic) to investigate changes in physical
structure. The samples were affixed directly onto the conductive adhesive and coated with
Au using a Quorum SC7620 sputter coater at 10 mA. Subsequently, imaging of the samples
was photographed using a TESCAN MIRA LMS scanning electron microscope with an
accelerating voltage of 3 kV.

2.7.2. Fourier Transform Infrared (FTIR) Analysis

Fourier transform infrared (FTIR) spectra (Thermo Scientific Nicolet iS50, USA) was
employed to characterize the changes in the chemical structures of the wood samples. A
powder sample of 1.5 mg and pure KBr of 200 mg were finely ground and pressed into
transparent sheets using a hydraulic press. The samples were then subjected to infrared
spectroscopy with a wave number range of 4004000 cm~!, a scan number of 32, and a

resolution of 4 cm™!.

2.7.3. Thermogravimetric (TG) Analysis

The thermal stability of the wood samples was evaluated using thermogravimetric
analysis (TG) before and after treatment. The thermal stability of each sample was assessed
using a thermogravimetric analyzer (Netzsch TG 209 F1, Germany) under a nitrogen
atmosphere with a heating rate of 10 °C/min and a final temperature of 600 °C.

2.8. Statistical Analysis

An Analysis of Variance (ANOVA) test was conducted using IBM SPSS Statistics
(V 0.23) software to evaluate the effects of different modification treatments on the proper-
ties of the samples. The Least Significant Difference (LSD) method was further employed
to identify the significant difference between every mean value at p < 0.05.

3. Results and Discussion
3.1. Weight Percent Gain and Density

Weight percent gain (WPG) is a significant parameter for assessing wood modifications,
which was used to evaluate the S and TO uptake. As illustrated in Table 1, the WPG; of the
specimens treated by S at concentrations of 10, 20, 30, 40, and 50% (wt/wt) were 7.78, 17.98,
31.14, 44.37, and 58.13%, respectively. WPG; increases with the rise of S concentration
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and exhibits a positive correlation with S concentration. The statistical analysis shows
that there were significant differences between different concentrations of S and WPG;.
Due to the small molecular nature of S, it easily permeates into the wood samples during
impregnation. As water evaporates, S can penetrate and deposit within the wood samples.
The WPG; of the TO-impregnated samples alone was 52.72%, indicating that TO could
penetrate into the wood and occupy its voids. The WPG, of S10-TO, S20-TO, S30-TO,
540-TO, and S50-TO were 50.61, 45.77, 41.79, 32.01, and 21.34%, respectively. The WPG,
value exhibits a negative correlation with the concentration of S, and the WPG, values
of the S30-TO, 540-TO, and S50-TO groups exhibited significant differences compared to
the WPG; of the TO group. This may be attributed to the deposition of S inside the wood
during the first impregnation process, which hinders TO penetration and consequently
causes the reduction of the WPG; value. In addition, density is also an important indicator
for the evaluation of wood properties and has a significant impact on the strength and
processing properties of wood. As shown in Table 1, the density of the samples treated
solely with 10 to 50% of the S solution exhibited varying degrees of increase compared
to the untreated samples. After the impregnation of TO alone, the density of the samples
increased by 48.15% compared to the control group. And the density of the samples treated
with both different concentrations of S and TO increased significantly, ranging from 57.41%
to 70.37%, compared to the untreated specimens. Furthermore, statistical analyses show
significant differences in density in all modified groups compared to the control group.

3.2. Dimensional Stability Analysis
3.2.1. Moisture Sorption and Dimensional Stability

The dimensional stability of wood is one of the most important parameters in wood
applications, including its moisture absorption and water absorption state. In the former
case, wood with low dimensional stability may shrink or swell as the EMC decreases or
increases in the surrounding environment [40]. Therefore, the dimensional stability of
wood seriously affects the quality and application of wood products.

The EMCs and ASE values are shown in Figure 1 to evaluate the hygroscopicity and
hygroscopic dimensional stability of the wood in the control and modified groups. After
treatment with different concentrations of the S solution alone, the EMC was reduced to
varying degrees. The EMC of the S10, 520, S30, 540, and S50 groups exhibited reductions
of 5.75%, 11.19%, 21.68%, 22.74%, and 25.13%, respectively, when compared to the control
group (9.28%). The EMC decreased continuously as the concentration of S increased;
however, the observed differences in EMC between the 530, 540, and S50 groups were not
statistically significant, probably indicating that the sucrose entering the wood had already
reached saturation. Wood is hygroscopic because the cellulose chains have many hydroxyl
groups which are bound to atmospheric oxygen. S can establish hydrogen bonds with these
exposed hydroxyl groups, thereby reducing the number of hydroxyl groups that are bound
to atmospheric moisture within the wood. At relative humidity levels above 85%, S exhibits
a high degree of hygroscopicity, whereas, at lower humidity levels, it diminishes the
wood’s hygroscopic properties [29]. After treatment with TO, the EMC of the samples was
significantly reduced compared to the untreated wood. However, no significant difference
in EMC was observed between the TO group and the S10-TO group. The EMC values for
the S30-TO, 540-TO, and S50-TO treated samples were 4.13%, 4.15%, and 4.11% respectively,
representing a remarkable decrease of approximately 55% compared to the control group.
Additionally, the statistical analyses suggested significant differences in the EMC of the
530-TO, 540-TO, and S50-TO groups compared to the TO group.
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Figure 1. (a) Equilibrium moisture content (EMC) of control group and different treatment groups at
equilibrium state of 25 °C, 65% RH. (b) Anti-swelling efficiency (ASE) of different treatment groups at
equilibrium state of 25 °C, 65% RH. Different small letters represent significant differences (p < 0.05)
for different treatments.

The ASEs of the modified samples are shown in Figure 1b. Both the S and TO impreg-
nations exhibited a positive impact on enhancing dimensional stability. When impregnated
with the S solution alone, S30 exhibited the best effect with an ASE of 41.57%. After the
introduction of TO, the ASE values of TO, the S10-TO, S20-TO, S30-TO, S40-TO, and S50-TO
groups were 48.34%, 52%, 54.98%, 63.10%, 62.90%, 60.04%, respectively. The ASE of the
530-TO group exhibited a significant increase of 30.5% compared to the sole impregnation
of TO, thereby indicating a remarkable synergistic effect achieved through the combined
utilization of both S and TO.

3.2.2. Water Absorption and Dimensional Stability

As a natural polymer material, wood contains a large number of free hydroxyl groups,
which are very easy to combine with water molecules in the form of hydrogen bonds [41].
Simultaneously, wood has a multitude of void structures, which can store a large amount
of water molecules, and this is one of the reasons why wood is very easy to absorb water.
To investigate the water absorption values of wood treated with S and TO, the WA values
of all the wood specimens were computed and are illustrated in Figure 2.

—&—C —e—S10——S20 s —=—T0 —e— S10-TO —A— S20-TO
—¥—S30 —&— S40 —o— S50 0 —¥— S30-TO —@— S40-TO —o— S50-TO
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Immersion time (h) Immersion time (h)

Figure 2. (a) Water absorption rate (WA) of control group and 510, S20, S30, S40, S50 groups. (b) Water
absorption rate (WA) of TO group and S10-TO, S20-TO, S30-TO, 540-TO, S50-TO groups.
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The WA exhibited an increase with a prolonged immersion time. The untreated wood
exhibited a WA of 116.37% after being immersed for 384 h. For the S-treated samples
(Figure 2a), the WA values for 510, 520, S30, S40, and S50 were 111.29, 88.52, 63.12, 56.03,
and 40.62%, respectively. These results indicate that the presence of S effectively inhibits
water penetration into the wood. The addition of S swelled the cell wall of the wood and
blocked some of the pits [30,42], thereby impeding water movement within the cell wall
and subsequently reducing WA. In comparison, the WA of the TO group exhibited a sharp
decline to 35.38% after soaking for 384 h (Figure 2b), indicating its excellent water repellency.
Humar and Lesar reported that TO can effectively reduce the water absorption of wood [43].
However, the samples treated by both S and TO showed different WA trends. As shown in
Figure 2b, after introducing tung oil, the WA of the samples showed a significant reduction.
WA reduction rates of 71.4%, 73.1%, and 76.7% were observed in the S10-TO, S20-TO,
and S30-TO treatments, respectively, after 384 h of immersion compared to the control
group. Noteworthily, the S30-TO group exhibited the lowest WA of 27.1% after immersing
for 384 h. Based on previous studies, the WA values of wood modified with epoxidized
linseed oil, carnauba wax, and rosin were 129%, 92%, and 87%, respectively [44,45]. Thus,
our treatment exhibited superior water resistance properties compared to natural water
repellents. However, the WA of the 540-TO group and S50-TO group were 36.72% and
37.78%, respectively, which were slightly higher than that of the TO group. This situation
may be due to the lower WPG, values of the S40-TO and S50-TO groups because TO plays
a more important role in improving water resistance performance.

Chemical modification decreases the water absorption of wood and enhances its
dimensional stability. ASEw, is primarily utilized for assessing the dimensional stability
of wood following water immersion. The ASEw, for the different modification groups
is shown in Figure 3. The ASEwa of the samples treated with the S solutions of different
concentrations alone exhibited a significant decrease from 1 to 48 h after immersion in water.
After 48 h of soaking, the ASEw, tended to stabilize. The ASEwa of the samples treated
with 530, 540, and S50 remained stable at approximately 34% after being immersed in water
for 384 h. S can easily penetrate the cell wall and forms hydrogen bonds with cellulose
molecules. At the same time, S can swell the cell wall, reduce the stretching deformation of
the cell wall, and ultimately enhance the dimensional stability of wood [29,42].

100
—=—si0| ® —=—TO
—e—520 —e—S10-TO
—a—S30 20 —A—$20-TO
—v— 840 —¥—$30-TO
S50 g —e— S40-TO
T ——S50-T
9 S50-TO
e 70 -
<
=
= 60 4
— n
<
50
* 40 4
30

T T T T T T T T T T T T T
100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Immersion time (h) Immersion time (h)

Figure 3. (a) Water absorption anti-swelling efficiency (ASEwa) of 510, S20, S30, S40, S50 groups.
(b) Water absorption anti-swelling efficiency (ASEwa) of TO group and S10-TO, 520-TO, S30-TO,
540-TO, S50-TO groups.

Additionally, treatment with TO demonstrates a significantly greater improvement
in dimensional stability. After soaking for 6 h, the ASEwa of all the TO-treated samples
exceeded 80%. When treated with TO alone, ASEws was 71.77% at 12 h and decreased
to 34.68% at 384 h. This finding is consistent with the studies conducted by He et al. and
Lee et al. [21,35], which suggest that oil uptake and the formation of a protective layer on
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the wood are the main factors in increasing the dimensional stability of wood. As previously
mentioned, tung oil has the ability to fill cell gaps, deeply penetrate the cell wall, and reduce
the number of available water-uptaking sites. Therefore, it improves the deformation
resistance of wood. By comparison, the two-step S and TO treatments demonstrated
superior dimensional stability due to the synergistic effect of S and TO impregnation.
Particularly, for S30-TO, the ASEwa still reached 75.66% after 24 h of immersion. The
ASEwa was 57.85% after 384 h of immersion, representing a 66.81% improvement compared
to treatment with TO alone. These results suggest that the implementation of composite
modifications is highly effective in reducing water absorption and enhancing dimensional
stability. In conclusion, the samples treated with the 30% S solution and TO demonstrate
the best dimensional stability, and the ASEyya results are in agreement with WA.

3.3. Leachability Analysis

In high-humidity environments, such as bathrooms, it is essential to fix modifiers used
in wood products to prevent leaching. This is due to the fact that the absence of modifiers
will significantly diminish both the water resistance and dimensional stability of wood.
The leaching rate (LR) of the wood samples treated with 30% S and/or TO are shown in
Table 2. After 384 h of immersion, the LR of the untreated wood was 0.45%, which should
be related to the extractives of the wood. This suggests that the testing process rarely affects
the leaching of wood component contents. The LR of the S30 group was 94.32%. Because S
is a polyhydroxy compound, it was easy to be washed away by water in the wood, and
its fixation was poor. The LR of TO was 1.22%, indicating little leaching of TO during the
experiment. The LR of S30-TO was 17.66%, which was 81.27% lower than S30, significantly
reducing the leaching rate of the S. Furthermore, the statistical analyses demonstrated the
significant efficiency of TO on the fixation of S in wood. TO has a positive fixation effect on
S in wood as it forms a solidified film on the inner surface of the wood. Meanwhile, the
high retention of effective modifiers contributed to the wood maintaining long-term water
resistance and dimensional stability.

Table 2. Leaching rate (LR) of the C, S30, TO, and S30-TO groups.

Samples Leaching Rate (%)
C 0.452 (0.13)
S30 94.32 0 (3.37)
TO 1.22 ¢ (0.61)

$30-TO 17.66 4 (2.68)

Data are provided as the average (standard deviation) from replicates; different small letters represent significant
differences (p < 0.05) for different treatments.

3.4. Color Changes

The surface color of the modified wood exhibited varying degrees of change compared
to the control wood. The colors of the TO and S30-TO groups were similar, as illustrated in
Figure 4a. Moreover, Figure 4b illustrates the alterations in the L*, a*, and b* values of the
rubber wood subjected to various treatments. For color parameters including L*, a*, and b*,
the lightness of all the modified wood samples decreased, with the L* values of S30, TO,
and S30-TO decreasing by 9.89, 19.89, and 20.03%, respectively, compared to the control
wood. This decrease in the L* value is indicative of a darker coloration.

The a* value of S30 exhibited a 69.17% increase, while those of TO and S30-TO demon-
strated respective increases of 111.85% and 110.8%. The increase in the a* value signifies an
inclination for the wood surface to exhibit a red hue. The b* values of the S-30, TO, and
530-TO groups exhibited increases of 42.88, 81.28, and 77.10%, respectively, indicating a
propensity for yellowing on the wood surface. The impact of modifications on the total
color difference is also demonstrated in Figure 4b. The total color difference of S30, TO,
and S30-TO increased from 0 to 25. The surface colors of TO and S30-TO were yellow or
dark yellow, which may be due to the formation of a yellow film after TO solidification [46],
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resulting in a darker color of the modified sample. However, the solidified TO film does
not cover the natural grain of the wood and maintains its aesthetic characteristics.
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Figure 4. (a) Appearance of the C, S30, TO, and S30-TO groups. (b) Color parameters of the C, S30,
TO, and S30-TO groups. Different small letters represent significant differences (p < 0.05) for different
treatments.

3.5. Morphology and Structure

The microstructures of the control and modified wood samples are shown in Figure 5.
By comparing the cross and tangential sections of the control group, all three treatment
methods altered the natural cell morphology of the wood to a certain degree. Observing
the cross and tangential sections of S30 reveals that sucrose can easily enter the interior of
the wood and can block some pits. Many sucrose particles can be observed on S30-T. After
treatment with TO, the wood cell lumens were almost completely filled with TO (TO-C),
and the path of the water movement (e.g., pits and ray cells) was completely blocked in the
tangential section (TO-T).

Figure 5. Microstructure images of the C, S30, TO, and S30-TO groups. (C-C, S30-C, TO-C, and
530-TO-C refer to cross sections of wood samples; C-T, S30-T, TO-T, and S30-TO-T refer to tangential

sections of wood samples).

The formation of a cured film can be distinctly observed in the TO and S30-TO groups,
which is due to the fact that TO is polymerized by free radicals with oxygen under sunlight
and heating conditions, leading to the creation of a cured film within the wood. The
microstructure of the S30-TO group was found to be similar to that of the TO group. As
a consequence of blocking and covering, the number of water channels is reduced, and
the hygroscopicity of the wood decreases, thus improving the dimensional stability of
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the wood. This result is consistent with the moisture and water absorption dimensional
stability results.

3.6. FTIR Spectroscopy Analysis

Figure 6 displays the FTIR spectra of both the untreated and modified samples. It
can be seen that the chemical structure of the samples treated with different modifications
changed compared to the control, while the spectra remained fundamentally unaltered.
The band at 3420 cm ! exhibits a stretching vibration peak of hydroxyl (-OH) [47]. After
modification, the intensity of the stretching vibration peak of -OH decreases, which may be
attributed to the stretching vibration of free hydroxyl groups in sucrose molecules [48]. This
indicates that the modification treatment reduces the relative content of hydroxyl groups in
wood and improves its dimensional stability. The band at the 3420 cm~! intensities of the
TO group and S30-TO group decreased significantly, indicating that after TO treatment, the
relative number of hydroxyl groups was reduced, which is beneficial for improving the
dimensional stability of wood [49]. The bands of 2927 cm~! and 2855 cm ™! only appear
in the TO and S30-TO groups, which are attributed to the saturated C-H symmetric and
antisymmetric stretching vibrations of tung oil [50]. The control group and S30 group did
not find these two peaks, further confirming that tung oil successfully impregnated the
wood interior. In addition, the band intensities at 1740 cm ™! and 1596 cm~! correspond to
the tensile vibration of carbonyl groups (C=0) [51,52], and their strength changes can be
observed after modification treatment. The band intensities at 1374 cm~! and 895 cm™!
correspond to C-H stretching vibrations [53,54], and the band at 1160 cm ™! corresponds
to C-O stretching vibrations [55]. After modifications, the composition of the wood was
essentially unchanged, but some of the chemical structure of the wood changed to some
extent. Therefore, it can be inferred that sucrose penetration into the cell wall and crystal-
lization there, wood oil uptake, deposition of oil in the cell wall, and the production of
a hydrophobic oil film are all important factors contributing to the dimensional stability
of wood.
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Figure 6. FTIR spectra of the C, S30, TO, and S30—TO groups.
3.7. Thermal Stability

In addition to being able to resist water, it is also crucial for wood products to possess
thermal stability. In order to estimate the changes in the thermal properties of wood before
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and after the modification treatments, thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) curves were plotted for the modified and control samples, as shown in
Figure 7.

TG(%)
DTG(%/°C)

BN

T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600

Temperature(°C) Temperature (°C)

Figure 7. (a) Thermogravimetric and (b) derivative thermogravimetric thermographies of the C, S30,
TO, and S30-TO groups.

For the control group, the different components of the wood degraded accordingly
with temperature variations. In the first stage, TG curves in the range of 100-220 °C are con-
sidered as a degradation of unstable components such as hemicellulose and a bond breaking
of complex components [56,57]. Subsequently, temperatures ranging from 220 to 450 °C
result in a significant reduction in mass loss by approximately 80%, which encompasses
both thermal decomposition (220-290 °C) and carbonization phases (260450 °C) [35,58].
The control sample exhibited a peak at 342 °C, which can be ascribed to the decomposition
of cellulose resulting in wood mass loss. The pyrolysis temperature of TO ranges from
420 to 450 °C. Thus, treatment with TO can effectively enhance the thermal stability of
wood [59]. As depicted in Figure 7b, the pyrolysis temperature of the samples treated with
TO was higher than that of the control group. The S30 and S30-TO groups exhibited a
distinct peak at 228 °C, attributed to the sucrose dehydration and condensation leading
to caramel formation; however, this peak was of a short duration. When the temperature
rises to 256 °C, a large edge peak appears, which is mainly due to further carbonation
and polymerization after the complete caramelization of sucrose; concurrently, gaseous
byproducts such as CO,, CO, acetic acid, acetone, and furfural compounds are gener-
ated [60,61]. The S30, TO, and S30-TO groups exhibited a maximum mass loss at 351 °C,
353 °C, and 361 °C, respectively, all of which were higher than that of the control group at
342 °C. This suggests that all the modified treatments enhanced the thermal stability of the
wood. The levels of residual substances were observed to decrease in the TO and S30-TO
groups as compared to the control group. This reduction in residual substances could
be attributed to the degradation of most of the tung oil, while some wood components
remained undecomposed [59]. In the same weight loss range (80 to 20%), the S30-TO group
showed the highest pyrolysis temperature. It exhibited better thermal stability due to the
synergistic effect of sucrose caramelization and tung oil impregnation. Thus, modified
wood is suitable for heat-resistant applications like solid wood flooring with a heating
system and furniture in the kitchen.

4. Conclusions

In this study, sucrose (S) and tung oil (TO) were used as treatment agents to modify
rubber wood by a two-step method. The wood samples treated with 30% S and TO
exhibited excellent anti-hygroscopicity, water resistance, and dimensional stability based
on the synergistic effect of S and TO. After 384 h of immersion, the S30-TO group presented
a 76.7% reduction in WA compared to the control group, and the ASEw, was 57.85%,
which was 66.81% higher than the TO treatment alone. Compared with the S30 group, the
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leaching rate of the S30-TO group decreased by 81.27%, indicating that TO has a remarkable
fixation effect on S. The addition of S could swell the cell wall and effectively reduce the
tensile deformation of the cell wall. Meanwhile, TO had the capability to obstruct wood
voids and form a solidified protective film on the wood surface, thereby impeding water
infiltration. Furthermore, S and TO treatments significantly enhance the thermal stability
of rubber wood. These findings suggest that, as environmental-friendly natural materials,
the treatment of S and TO, probably by synergistic effects, could impart rubber wood
with better water resistance, dimensional stability, and thermal stability. Therefore, this
work offers an eco-friendly, economical, and highly efficient approach to improving the
performance of rubber wood, with broad potential applications and commercial values.
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