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Abstract

Bamboo surfaces are susceptible to scratches and contamination during service, which
limits their durability and aesthetic performance. To address this issue, this study aims to
develop a natural self-healing coating based on tung oil microcapsules. Tung oil microcap-
sules encapsulated within chitosan and gum arabic (TO/CS-GA MCs) were prepared by
spray drying at two feed rates (100 and 200 mL h~!) and incorporated into tung oil coatings
applied on bamboo substrates. The effects of microcapsule content (1.0-11.0 wt%) and feed
rate on the optical performance, mechanical performance, and self-healing performance
of the coatings were systematically investigated. The results showed that increasing the
microcapsule content gradually increased the color difference (AE) and surface roughness
of the coatings, while the gloss decreased. The hardness, impact resistance, adhesion grade,
and self-healing efficiency of the coatings exhibited a similar trend, initially increasing
and then decreasing with increasing microcapsule content. This behavior indicates that
an appropriate amount of microcapsules can enhance the coating performance, whereas
excessive addition leads to particle agglomeration and structural defects. Under the better
condition of 5.0 wt% microcapsule content and a spray-drying feed rate of 100 mL h~!, the
coating exhibited the best overall performance, including higher gloss retention, a hardness
of 2H, an impact resistance of 3 kg-cm, relatively low surface roughness, and a self-healing
efficiency of 28.16 & 0.63%. These results suggest that the spray-drying feed rate plays
an important role in regulating the particle size distribution and encapsulation efficiency
of the microcapsules, which in turn affects their dispersion and rupture—release behavior
within the coating matrix. Therefore, controlling the spray-drying parameters is crucial
for optimizing the performance of microcapsule-based self-healing coatings. Overall, this
study provides a sustainable strategy for developing natural polymer-based self-healing
coatings and offers useful insights into the design of functional microcapsules for bamboo
surface protection.

Keywords: bamboo coatings; microcapsules; self-healing; spray drying; tung oil

1. Introduction

Bamboo is a rapidly renewable biomass resource with a short growth cycle and a
relatively low carbon footprint. Owing to its favorable mechanical performance, high
strength-to-weight ratio, and environmental sustainability, bamboo has attracted increasing
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attention in applications such as construction, furniture manufacturing, and interior deco-
ration [1-3]. However, during practical service, bamboo surfaces are prone to scratches,
abrasion, and contamination caused by daily friction or accidental impacts. These defects
not only deteriorate the visual appearance of bamboo products but also accelerate surface
degradation and shorten their service life. With the increasing demand for environmentally
friendly and durable household materials, the development of protective coatings with
enhanced durability and self-healing capability has become an effective strategy to improve
the service performance of bamboo materials.

Microencapsulation technology has attracted extensive interest due to its ability to
encapsulate functional substances and regulate their release behavior [4]. By forming
a protective shell around an active core material, microcapsules can effectively isolate
sensitive components, stabilize functional substances, and improve the overall performance
of composite systems. As a result, this technology has been widely explored in diverse fields,
including energy-saving materials, pharmaceuticals, and military camouflage systems [5-7].
In general, microcapsules are prepared by coating a core material with a polymer shell
to achieve controlled release functionality, and the fabrication approaches can be broadly
classified into three categories. The first category includes chemical methods, such as
interfacial polymerization, which have been used to produce phase-change microcapsules
with a latent heat of 100.21 £ 2.7 ] /g as well as self-healing microcapsules [8,9]. The second
category involves physical methods based on mechanical processes, including spray drying
and solvent evaporation techniques [10,11]. The third category is physicochemical methods,
in which the solubility of polymers is reduced through the addition of solvents, salts,
electrolytes, or by adjusting parameters such as temperature and pH, allowing the polymer
to deposit on the core material surface and form a shell layer. Typical examples include
phase separation methods, ion exchange and Stober processes, and complex coacervation
techniques [12-15]. The selection of shell materials is critical for microcapsule formation;
suitable shell materials should exhibit good film-forming ability, sufficient mechanical
strength, ease of processing, low cost, and minimal toxicity. Generally, shell materials can
be categorized into natural polymers, semi-synthetic polymers, and synthetic polymers.
The choice of core material depends on the functional requirements of the microcapsules.
For self-healing systems, the core material typically needs to possess adequate fluidity
so that it can flow into damaged regions after release. Common healing agents include
drying vegetable oils and isocyanates [16,17]. In addition, emulsifiers play a key role in
stabilizing the emulsion system during microcapsule fabrication. Their type and dosage
significantly influence the emulsification efficiency and ultimately determine the particle
size and stability of the resulting microcapsules. Therefore, appropriate emulsifiers must be
selected according to the specific core material in order to improve the microcapsule yield
and performance. For instance, previous studies have shown that using sodium dodecyl
benzene sulfonate (SDBS) as an emulsifier can produce microcapsules with uniform particle
size and improved thermal stability [18]. Since their first application in carbonless copy
paper in 1954, microcapsule technologies have undergone rapid development, and the
concept of self-healing microcapsules was later pioneered by the White research group and
subsequently extended to applications such as concrete and marine coatings [19].

Tung oil, a natural drying oil extracted from the seeds of Vernicia fordii, exhibits an
excellent oxidative self-polymerization ability [20]. Through the conjugated double bonds
in its molecular structure, tung oil can undergo free-radical oxidative crosslinking reactions
in air, forming a dense and stable coating with good fluidity and film-forming properties.
Compared with synthetic healing agents, tung oil is widely available, environmentally
friendly, non-toxic, and biodegradable, which makes it consistent with the development
trend of sustainable coating materials. Chitosan, a natural polysaccharide derived from
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chitin, contains abundant amino and hydroxyl functional groups, which endow it with
excellent film-forming ability, biocompatibility, and mechanical strength [21]. Gum arabic
is another natural polysaccharide that exhibits excellent emulsifying stability and water
solubility [22]. Due to the electrostatic interactions between chitosan and gum arabic,
these two biopolymers can form a stable composite shell structure, which can improve
the encapsulation efficiency of microcapsules and enhance the mechanical stability of the
shell wall [23]. At present, microcapsules are commonly prepared using emulsion-based
methods. However, these methods still suffer from several limitations, including low
preparation efficiency, complex separation and drying processes, and the tendency of mi-
crocapsules to agglomerate, which restricts their large-scale industrial application [24]. In
contrast, spray drying has attracted increasing attention as an efficient microencapsulation
technique due to its high preparation efficiency, continuous production capability, easy scal-
ability, and good dispersibility of the resulting microcapsules. In particular, spray drying is
highly suitable for microcapsules with natural polymer shell materials [25,26]. Previous
studies have investigated the application of microcapsule-based self-healing coatings for
wood substrates [27-29]. For instance, Dong et al. prepared tung oil microcapsules using
chitosan and sodium tripolyphosphate and demonstrated that the incorporation of such
microcapsules could improve the durability of wood coatings [27]. In addition, Chang et al.
summarized the recent progress of self-healing microcapsules used in wood coatings and
highlighted the importance of microcapsule structure and dispersion in improving coating
performance [29]. Nevertheless, most previous studies mainly focused on the selection
of shell materials and core materials, whereas the influence of spray-drying parameters,
particularly feed rate, on the microstructure of microcapsules and the resulting coating per-
formance has rarely been systematically investigated [4,27]. Therefore, in this study, tung
oil microcapsules encapsulated within chitosan and gum arabic (TO/CS-GA MCs) were
prepared using a spray-drying technique. To highlight the influence of feed rate on atomiza-
tion behavior and drying kinetics, two representative feed rates (100 and 200 mL h™!) were
selected for comparison in order to generate distinct differences in microcapsule structure
and coating performance. The prepared microcapsules were incorporated into tung-oil-
based coatings applied on bamboo substrates. Subsequently, the optical performance,
mechanical performance, and self-healing performance of the coatings were systematically
evaluated. This study aims to clarify the relationship between spray-drying parameters,
microcapsule structure, and coating performance. The results are expected to provide
new insights into the design of environmentally friendly self-healing coatings and offer a
feasible strategy for improving the durability of bamboo-based materials.

2. Materials and Methods
2.1. Experimental Materials

The materials used for the preparation of microcapsules are listed in Table 1. Chitosan
(acetylation degree: 80.0%~95.0%, molecular weight: 150,000 g/mol) was used as the shell
material. The average air-dried density of bamboo board was about 0.70 g/cm?, and the

moisture content was conditioned to 5.0 & 1.0% under controlled conditions (25 °C, 60%
RH) 14 days before coating.

Table 1. List of chemicals and materials in the test.

Material Name Specification/Dimension Place of Origin
Chitosan Analytically pure Sinopharm Chemical Reagent Co., Ltd., Beijing, China
Acetic acid Analytically pure Sinopharm Chemical Reagent Co., Ltd., Beijing, China
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Table 1. Cont.

Material Name

Specification/Dimension Place of Origin

Gum arabic powder

Tween-80 (emulsifier)
Polymerized tung oil

Bamboo boards

Tianjin Zhonglian Chemical Reagent Co., Ltd.,
Tianjin, China
Shandong Yousuo Chemical Technology Co., Ltd.,
Linyi, China
Gushi Anshan Tung Oil Sales Co., Ltd., Xinyang, China
Zhejiang Qingyuan Huachuang Bamboo Co., Ltd., Lishui,
Zhejiang, China

Analytically pure

Analytically pure

100 mm x 50 mm x 5 mm

2.2. Preparation of TO/CS-GA MCs

As shown in Figure 1, a heat-collecting constant-temperature magnetic stirrer (DF-
101Z, Shanghai Yixin Scientific Instrument Co., Ltd., Shanghai, China) was used in the
preparation process. First, 1.0 g of chitosan was dissolved in 100 mL of a 2.0% acetic acid
solution (2.0 mL acetic acid added to 98.0 mL deionized water) and stirred at 50 °C and
1000 rpm for 30 min to obtain the chitosan solution. Subsequently, 5.0 g of gum arabic
powder was added to 100.0 mL of deionized water and stirred at 50 °C and 1000 rpm for
5 min until completely dissolved to obtain the gum arabic solution. Then, 3.0 g of tung
oil and 0.30 g of Tween-80 were added to the gum arabic solution and stirred at 50 °C
and 1000 rpm for 2 h. An ultrasonic emulsifying disperser (BILONG-500, Shanghai Bilang
Instrument Co., Ltd., Shanghai, China) was then used to emulsify the mixture for 10 min to
prepare the core emulsion. Afterward, the chitosan solution was added dropwise to the
core emulsion, and the pH was adjusted to approximately 3.5 using 1 mol L~! hydrochloric
acid. The reaction was carried out at 50 °C and 1000 rpm for 60 min. After cooling, the
mixture was allowed to stand for 6 h. Subsequently, deionized water was added for dilution
at a ratio of 1:1. Finally, two types of TO/CS-GA MCs were obtained using a small spray
dryer (JA-PWGZ100, Shenyang Jingao Instrument Technology Co., Ltd., Shenyang, China)
at feed rates of 100 and 200 mL h~!, respectively, with an outlet temperature of 110 °C.
The microcapsules prepared at a feed rate of 100 mL h~! were labeled as microcapsules 1#,
while those prepared at a feed rate of 200 mL h~! were labeled as microcapsules 2#.

2.3. Preparation of TO/CS-GA MCs Self-Healing Coatings

As shown in Table 2, the bamboo board was polished with 1000-mesh sandpaper to
make it smooth, and then 0.25 g of tung oil was evenly coated on the polished bamboo board
surface and placed in an oven (DHG-9240A, Shanghai Aozhen Instrument Manufacturing
Co., Ltd., Shanghai, China) at 50 °C. After drying for 24 h, it was taken out and polished
with 1000 grit sandpaper to make it smooth, repeated the above experimental operation
again, and then 0.50 g of the coating prepared by adding the two microcapsules to tung oil
in ratios of 0 wt%, 1.0 wt%, 3.0 wt%, 5.0 wt%, 7.0 wt%, 9.0 wt%, and 11.0 wt% was evenly
applied to the surface of the polished bamboo board. After drying in an oven at 50 °C for
72 h, it was taken out and polished with 1000 grit sandpaper to make it smooth, repeated
the above coating, drying and polishing operations once to obtain microcapsule coatings
on the bamboo surface. The coating amount of each bamboo board surface was 1.00 g,
and the coating amount was about 200.00 g/m?. Microcapsules 1# were added to tung
oil in proportions of 0 wt%, 1.0 wt%, 3.0 wt%, 5.0 wt%, 7.0 wt%, 9.0 wt% and 11.0 wt%,
respectively. The prepared coatings were named 0, 1-1, 1-2, 1-3, 1-4, 1-5 and 1-6 in sequence.
Similarly, microcapsules 2# were added to tung oil at ratios of 1.0 wt%, 3.0 wt%, 5.0 wt%,
7.0 wt%, 9.0 wt% and 11.0 wt%, and the resulting coatings were numbered as 2-1, 2-2, 2-3,
2-4,2-5 and 2-6 respectively.
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Figure 1. Schematic diagram of the preparation process of TO/CS-GA MCs.

Table 2. Microcapsules content in bamboo coatings.

Coating Microcapsules Tung Oil Microcapsules  Total Amount

Number Proportion (wt%) Content (g) Mass (g) of Coating (g)
0 0 1.00 0 1.00
1-1 1.0 0.99 0.01 1.00
1-2 3.0 0.97 0.03 1.00
1-3 5.0 0.95 0.05 1.00
1-4 7.0 0.93 0.07 1.00
1-5 9.0 0.91 0.09 1.00
1-6 11.0 0.89 0.11 1.00
2-1 1.0 0.99 0.01 1.00
2-2 3.0 0.97 0.03 1.00
2-3 5.0 0.95 0.05 1.00
2-4 7.0 0.93 0.07 1.00
2-5 9.0 0.91 0.09 1.00
2-6 11.0 0.89 0.11 1.00
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2.4. Testing and Characterization
2.4.1. Micromorphological Characterization

The surface morphology and particle size distribution of the microcapsules were
observed by scanning electron microscopy (SEM) (QUANTA-200, Thermo Fisher Scien-
tific, Waltham, MA, USA), and the healing effect of the self-healing coatings prepared
by microcapsules was observed under an optical microscope (AX-10, Carl Zeiss AG,
Oberkochen, Germany).

2.4.2. Chemical Composition

The chemical composition of the microcapsules and coatings was tested and charac-
terized by using a Fourier transform infrared spectrometer (FTIR) VERTEX80V, Bruker
Technology Co., Ltd., Ettlingen, Germany. Before testing the coating samples, the surface of
the attenuated total reflectance (ATR) crystal, a circular disk with a diameter of 3 mm fabri-
cated from diamond, was cleaned. The coating samples were then cut to an appropriate
size for measurement. The sample was placed to be tested on the surface of an ATR crystal.
For FTIR analysis of the microcapsules, the KBr pellet method was used in transmission
mode. In contrast, ATR mode was employed only for the coating samples. Approximately
1 mg of sample was mixed with 100 mg of KBr powder and pressed into pellets using a
tablet press under a pressure of 10 MPa for 1 min.

2.4.3. Microcapsule Encapsulation Efficiency Test

The 1.0 g of microcapsule powder was weighed and ground into a fine powder. The
ethanol was added to completely soak the microcapsule powder for 24 h. Then, a vacuum
filter (SHZ-D, Shanghai Smart Instrument Equipment Co., Ltd., Shanghai, China) was used
to perform suction filtration. After drying, the shell material of microcapsules was obtained.
my; was the weighed mass of microcapsules, m, was the weighed mass of shell material,
and the encapsulation efficiency was P. The encapsulation efficiency of the microcapsules
(Equation (1)) was calculated. The experimental data were tested 5 times, and the average
value was taken.

m

M =2 100% (1)
ny

P =

2.4.4. Optical Performance Testing

Color difference test method: According to GB/T 11186-2025, “Methods for measuring
the color of coatings” [30], a portable colorimeter (CR7, Shenzhen Sanenshi Technology Co.,
Ltd., Shenzhen, China) was used to test the color difference in the coatings. Each coating
was tested 5 times, and the average value was calculated and recorded as L, a and b values.
The L value represents the lightness and darkness value of the measured sample. The larger
the L value, the brighter the color. The a value represents the red-green value. A positive a
value represents a reddish color, and a negative a value represents a greenish color. The b
value represents the yellow-blue value. A positive b value means the color is yellowish,
and a negative b value means the color is bluish. The test values of the coatings without
microcapsules were L1, a1, bj, and the test values of the coatings with microcapsules were
Ly, a3, by. The color difference AE was calculated according to Equation (2). Among them,
ALZLQ le,Aa:az *al,Abez *b1.

N —

AE = [(AL) + (80)” + (ab)°] @)

Gloss test method: According to GB/T4893.6-2013, “Test of surface coatings of
furniture—Part 6: Determination of gloss value” [31], a gloss meter (HG268, Shenzhen
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Sanenshi Technology Co., Ltd.) was used to measure the gloss of the coatings at incident
angles of 20°, 60° and 85°.

2.4.5. Mechanical Performance Testing

Hardness test method: A pencil was used to measure the hardness of the coatings
according to the standard GB/T 6739-2022, “Paints and varnishes—Determination of film
hardness by pencil test” [32]. Pencils were placed with a hardness of 6B—6H on the
mechanical trolley in sequence. After the placement was completed, the trolley was pushed
horizontally so that the pencils on the trolley were evenly applied to the coating. The
scratches were observed on the coating. The hardness of the coating was defined as the
highest pencil grade that did not cause visible damage to the coating surface.

Impact resistance test method: According to the standard GB/T4893.9-2013, “Test of
surface coatings of furniture—Part 9: Determination of resistance to impact” [33], an impact
testing machine was used to measure the impact resistance of the coatings. The ball was
raised to a specified height, usually from low to high. Then the ball was released, and the
impact was observed on the coatings left by the ball. The impact resistance was recorded as
the maximum impact value that did not cause visible damage to the coating surface.

Adhesion test method: According to the standard GB/T 4893.4-2023, “Physical and
Chemical Performance Test of Furniture Surface Coatings—Part 4: Adhesion Cross-cutting
Measurement Method” [34], a knife was used to test the adhesion of the coatings. A multi-
blade cutter was held and cut at an angle of approximately 45° to the coating, then the
coating was rotated 90° and cut once to form a grid pattern. The grade of coating adhesion
was divided into grades 1-5. The smaller the grade, the less the coatings will peel off, and
the cutting edge will be smoother. The determination of the coating’s adhesion grade is
shown in Table 3.

Table 3. Coatings adhesion grade determination.

Surface Appearance of the
Cross-Cutting Area That Has
Fallen Off (Taking Six Parallel
Cutting Lines as an Example)

Classification Explanation

0 The cutting edge is completely _
smooth with no peeling off.

There is a small amount of coating
peeling off at the cutting
1 intersection, and the affected area
of the cross-cutting should not
exceed 5%.

—t ] -

There is coating peeling at the
cutting edge and/or intersection,

and the affected cutting area is !
greater than 5% but less than 15%.

Ll

The coatings partially or entirely
fall off in large fragments along the
cutting edge, and/or partially or
entirely fall off at different parts of
the grid. The affected cutting area is
greater than 15% and less than 35%.
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Table 3. Cont.

Surface Appearance of the
Cross-Cutting Area That Has
Fallen Off (Taking Six Parallel
Cutting Lines as an Example)

Classification Explanation

Large fragments of the coatings fall
off along the cutting edge and/or
4 partially or completely fall off in ﬁ
some grids. The affected cutting

area is greater than 35% and less
than 65%.

Any degree of detachment beyond
Grade 5.

Roughness test method: According to the national standard GB/T1031-2009, “Geo-
metrical Product Specifications (GPS)—Surface Texture: Profile Method Surface Roughness
Parameters and their Values” [35], a touch probe precision roughness tester (J84C, Shanghai
Taiming Optical Instrument Co., Ltd., Shanghai, China) was used to measure the roughness
of the coatings.

2.4.6. Self-Healing Performance Test

The scratch test was used to test the self-healing performance of coatings. A razor
blade was used to scratch the surface of the coatings, an optical microscope was used to
observe, and the width of the scratch was recorded. At this time, the width of the scratch
was recorded (W1). The scratch was observed at this location again after 48 h, and the
scratch width was recorded (W5). The self-healing efficiency of coatings (H) was calculated

by Equation (3).
Wi —W,

H =
W

x 100% 3)

2.4.7. Analysis of Variance (ANOVA)

The variance analysis of the experimental data was conducted using non-repetitive
two-factor analysis. As a measure of significance, the p-value evaluated whether an experi-
mental result could reasonably have occurred by chance. F was the test statistic used when
calculating hypothesis testing. F crit referred to the threshold of the F statistic determined
by a given significance level. Specifically, the threshold for determining statistical signifi-
cance was defined as 0.01 < p-value < 0.05, where p-value < 0.01 means the difference was
extremely significant, and p-value > 0.05 means the difference was not significant. When
F > F crit, from a statistical point of view, this indicated that the difference between the
groups was significant; when F < F crit, there was no significant difference.

3. Results and Discussion
3.1. Microcapsules Analysis

The SEM images and corresponding particle size distribution histograms are shown in
Figure 2A,B. From the normal distribution diagram, it can be seen that the particle size of
microcapsules 1# is approximately 3.46 & 2.73 um, while the particle size of microcapsules
2# is approximately 4.01 4 2.48 um.
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Figure 2. (A) Microcapsules 1# particle size distribution, (B) Microcapsules 2# particle size distribution.
The SEM images were obtained at a magnification of 5000 %, and the scale bar represented 10 pm.
(C) FTIR spectra of the microcapsules.

Figure 2C shows the FTIR spectrum of the microcapsules. The characteristic absorption
peaks of tung oil at 2926 cm~! (C-H stretching vibration), 1740 cm~! (C=0 stretching
vibration), and 991 cm~! (conjugated double bond bending vibration) are clearly visible,
indicating that the core material tung oil was successfully introduced into the system. The
characteristic peaks of chitosan appear at 3415 cm ™! (-OH stretching vibration), 1647 cm ™!
(amide I band) and 1040 cm~! (C-O-C stretching vibration). As a polysaccharide material,
gum arabic has its -OH absorption peak near 3500 cm~!. In addition, the absorption
peak appearing at 1622 cm ™! can be attributed to the electrostatic interaction between
the -COOH group in gum arabic and the -NH3" group of chitosan, further proving the
formation of the composite shell material structure.

3.2. Microcapsule Encapsulation Efficiency Analysis

The calculated encapsulation efficiency of microcapsules 1# and microcapsules 2# is
shown in Table 4. The results indicate that the encapsulation efficiency of microcapsule 1#
is 29.32 & 2.15%, which is greater than that of microcapsule 2#, which is 26.48 + 1.83%. The
higher the encapsulation efficiency and the higher the core material content, the better the
self-healing performance of the microcapsules [36]. Therefore, the self-healing performance
of the microcapsules 1# is speculated to be better.
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Table 4. Determination of microcapsule encapsulation efficiency.
Types of o
Microcapsules m (g) ma (8) p (%)
Microcapsules 1# 1.00 0.71 £0.02 29.32 £2.15
Microcapsules 2# 1.00 0.74 £ 0.02 26.48 +1.83

3.3. Coating Surface Morphology Analysis

As shown in Figure 3, as the microcapsule content increases, the surface morphology
of the coatings changes significantly. When the content of microcapsules was less than
7.0 wt%, as shown in Figure 3B, the microcapsules can be relatively evenly embedded in
the coatings, with only a small amount of particle accumulation, and the uniformity and
integrity of the coatings can still be maintained. However, when the microcapsule content
further increases, as shown in Figure 3C, a large number of microcapsules are obviously
agglomerated on the surface, forming an irregular accumulation of particles, resulting in a

significantly enhanced uneven distribution of coatings.

Figure 3. SEM images of coatings: (A) Coating without microcapsules, (B) Coating with 5.0 wt%
microcapsules 1#, (C) Coating with 11.0 wt% microcapsules 1#.

3.4. Analysis of Optical Performance of Coatings

As shown in Figure 4A,B, when the microcapsule content increased to 11.0 wt%, the
gloss at a 60° incident angle of the coatings prepared with microcapsules 1# decreased from
7.12 GU to 1.64 GU, while that of the coatings prepared with microcapsules 2# decreased
from 7.12 GU to 1.44 GU. Overall, the gloss of the coatings gradually decreased with in-
creasing microcapsule content. Under the same addition amount, the gloss of the coatings
containing microcapsules 1# was generally higher than that of the coatings containing
microcapsules 2#. The incorporation of microcapsules alters the surface micromorphology
and light scattering behavior of the coating. As the microcapsule content increases, the
number of heterogeneous interfaces within the coating matrix also increases. Consequently,
incident light undergoes multiple scattering at these interfaces, resulting in a significant
reduction in gloss at a 60° incident angle. A similar phenomenon has been reported in
previous studies on microcapsule-modified coatings. Deng et al. found that the addition
of tung oil microcapsules into UV coatings led to a noticeable decrease in gloss due to the
increased surface roughness and enhanced diffuse reflection caused by solid particles dis-
persed in the coating matrix [20]. In their study, the gloss of the UV coating film decreased
after incorporating microcapsules compared with the blank coating, indicating that the
presence of microcapsules significantly affects the optical properties of coatings. As shown
in Figure 4C, the color difference (AE) gradually increased with increasing microcapsule
content. Under the same addition amount, the AE value of coatings prepared with micro-
capsules 1# was generally higher than that of coatings prepared with microcapsules 2#.
Compared with microcapsules 2#, microcapsules 1# exhibited better gloss retention but
caused a more pronounced increase in color difference. This phenomenon can be attributed
to the optical characteristics of the microcapsule shell material. The chitosan—gum arabic
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shell exhibits a milky-white appearance, and the dispersion of microcapsules within the
coating disrupts the refractive index matching of the coating matrix, thereby reducing the
optical uniformity of the coating surface and leading to an increase in AE with increasing
microcapsule content. For the microcapsules prepared at a feed rate of 100 mL h™!, the
particle size was smaller, and the size distribution was more concentrated, resulting in a
more uniform coating structure and weaker light scattering effects. Therefore, at the same
addition ratio, coatings containing microcapsules prepared at 100 mL h~! exhibited better
gloss retention. These results indicate that microcapsule incorporation inevitably influences
the optical appearance of coatings, and an appropriate microcapsule content is necessary to
balance self-healing functionality and surface optical performance.
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Figure 4. (A) Changes in coatings gloss with added microcapsules 1#, (B) Changes in coatings gloss
with added microcapsules 2#, (C) Changes in color difference value of coatings. Error bars represent
standard deviation (n = 5).

As shown in Table 5, the p-value of the microcapsules content is 0.0424 < 0.05 and F
(5.4957) > F crit (5.0503), which indicates that the microcapsule content has a significant
impact on the gloss at an incident angle of 60°; the p-value of the microcapsules type is
0.0263 < 0.05, and F (9.7262) > F crit (6.6079), indicating that the microcapsules type also has
a significant impact on the gloss at an incident angle of 60°. Therefore, a lower microcapsule
content and a lower feed rate can better maintain the gloss of the coating surface.

As shown in Table 6, the p-value of the microcapsule content is 0.0021 < 0.05, and F is
21.8311 > F crit is 5.0503, which indicates that the microcapsules content has a significant
impact on color difference; the p-value of the microcapsules type is 0.0042 < 0.05, and F
is 24.7154 > F crit is 6.6079, indicating that the microcapsules type also has a significant
impact on color difference. Therefore, a lower microcapsule content and a higher feed rate
can effectively reduce color difference.
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Table 5. Analysis of the significance of 60° incident angle gloss by adding different types of microcap-
sules at different concentrations.

Difference Source SS df MS F p-Value  F Crit
Content of 01907  5.0000  0.0381 54957 00424  5.0503
microcapsules
Types of 0.0675  1.0000 00675  9.7262  0.0263  6.6079
microcapsules

Error 0.0347  5.0000  0.0069
Total 02929  11.0000

Note: “content of microcapsules” refers to the added content ranging from 1 to 11 wt%, while “types of microcap-
sules” refers to microcapsules prepared under different spray-drying feed rates (100 and 200 mL h™1).

Table 6. Analysis of the significance of color difference in coatings by adding different types of
microcapsules at different concentrations.

Difference Source SS df MS F p-Value  F Crit
Content of 59.3023  5.0000 11.8605 21.8311  0.0021  5.0503
microcapsules
Types of 134274  1.0000 13.4274 247154  0.0042  6.6079
microcapsules

Error 2.7164 5.0000 0.5433
Total 754461  11.0000

Note: “content of microcapsules” refers to the added content ranging from 1 to 11 wt%, while “types of microcap-
sules” refers to microcapsules prepared under different spray-drying feed rates (100 and 200 mL h™1).

3.5. Analysis of Mechanical Performance of Coatings

As shown in Figure 5, as the amount of microcapsules increases, the hardness, impact
resistance, and adhesion grade of the coatings exhibit a trend of first increasing and then
decreasing. As the content of microcapsules increased to 11.0 wt%, the hardness of the
coatings prepared by microcapsule 1# increased from HB to 2H and then decreased to HB,
reaching the maximum value of 2H when the content of microcapsules was 5.0 wt%. The
hardness of the coatings prepared by microcapsules 2# increased from HB to H and then
decreased back to HB, reaching the maximum value of 2H when the microcapsule content
was 3.0-5.0 wt%. With the increase in microcapsule content to 11.0 wt%, the impact resis-
tance of the coatings prepared by microcapsule 1# increased from 2 kg-cm to 4 kg-cm and
then decreased to 2 kg-cm, reaching the maximum value of 4 kg-cm when the microcapsule
content was 7 wt%. The impact resistance of the coatings prepared by microcapsules 2#
increased from 2 kg-cm to 3 kg-cm, reaching the maximum value of 3 kg-cm when the
content of microcapsules was more than 5.0 wt%. As the content of microcapsules increased
to 11.0 wt%, the adhesion grade of the coatings prepared by microcapsule 1# increased from
2 to 3 and then decreased to 1, reaching the highest grade of 3 when the content of micro-
capsules was 3.0-5.0 wt%. The adhesion grade of the coatings prepared by microcapsules
2# increased from 1 to 2 and then decreased to 1, reaching the highest grade 2 when the
microcapsule content was 5.0-9.0 wt%. As the microcapsule content increased to 11.0 wt%,
the roughness of the coatings prepared by microcapsule 1# increased from 2.24 + 0.81 pum
to 11.97 & 0.38 pm. The roughness of the coatings prepared by microcapsules 2# increased
from 3.33 £ 0.51 um to 7.93 £ 0.72 um; in most of the 1.0-9.0 wt% addition intervals, the
roughness of the coatings containing microcapsules 1# is lower than that of the coatings con-
taining microcapsules 2#. Microcapsules 1# are more effective in improving the hardness,
impact resistance, and surface smoothness of the coatings. When the microcapsule content
increased from 1.0 wt% to 5.0 wt%, the microcapsules were uniformly dispersed in the
coating matrix and effectively filled the micropores and defects. This filling effect improved
the compactness of the coating and strengthened the interfacial bonding within the coating
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structure. Thereby enhancing the hardness and impact resistance of the coatings. However,
when the microcapsule content exceeded 7.0 wt%, obvious agglomeration of microcapsules
occurred in the coating matrix. The excessive aggregation of microcapsules weakened the
local interfacial bonding and led to stress concentration within the coating, which ultimately
resulted in the deterioration of mechanical properties. Similar phenomena have also been
reported in previous studies on microcapsule-modified coatings. Deng et al. reported that
moderate microcapsule content can improve the compactness and mechanical performance
of coatings, while excessive microcapsule loading tends to cause particle agglomeration
and structural defects, leading to reduced coating mechanical strength [20]. This behavior
indicates that a better microcapsule content is necessary to balance reinforcement and
structural stability in microcapsule-based self-healing coatings. These structural defects
may act as crack initiation sites under external loading, resulting in a decrease in hard-
ness and impact resistance. When a small number of microcapsules is introduced, some
particles are distributed near the coating-substrate interface, which partially interrupts
the direct contact between the tung oil matrix and the bamboo substrate. This weakens
the mechanical interlocking and interfacial bonding, resulting in a temporary decrease in
adhesion performance. As the microcapsule content further increases, the particles can fill
the microvoids and defect structures within the coating layer, improving the compactness
of the coating and enhancing the mechanical interlocking with the substrate. Consequently,
the adhesion performance improves, and the adhesion grade decreases. The roughness in-
creases with the addition amount, mainly because some microcapsules are distributed near
the surface of the coatings and even partially exposed on the surface, forming micro-scale
convex structures, thereby increasing the unevenness of the surface morphology. Under
the same addition ratio, the microcapsules prepared under 100 mL h~! conditions have a
smaller average particle size and a higher encapsulation efficiency. The smaller particle
size is beneficial to the uniform dispersion of microcapsules in the coatings, reducing the
degree of damage to the continuous phase structure and weakening the stress concentration
effect. Therefore, the coatings in this system showed better mechanical performance, with
a maximum hardness of up to 2H and an impact resistance of 4 kg-cm.

As shown in Table 7, the p-value of microcapsules content is 0.0263 < 0.05 and F is
6.9736 > F crit is 5.0503, which indicates that the microcapsules content has a significant im-
pact on roughness; the p-value of microcapsules type is 0.7363 > 0.05 and F is 0.1268 < F crit
is 6.6079, which indicates that the impact of microcapsules type on roughness is not signifi-
cant. Therefore, a lower microcapsule content can better reduce the increase in the surface
roughness of the coatings.

Table 7. Analysis of the significance of the roughness of coatings by adding different types of
microcapsules at different concentrations.

DifferenceSource SS df MS F p-Value  F Crit
Content of 634073  5.0000 12.6815 69736  0.0263  5.0503
microcapsules

Types of 02305  1.0000 02305  0.1268 07363  6.6079
microcapsules

Error 9.0925 50000  1.8185

Total 72.7303  11.0000

Note: “Content of microcapsules” refers to the added content ranging from 1 to 11 wt%, while “types of
microcapsules” refers to microcapsules prepared under different spray-drying feed rates (100 and 200 mL h—1).
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Figure 5. (A) Changes in coating hardness, (B) Changes in coating impact resistance, (C) Changes in
coating adhesion grade, (D) Changes in coating roughness. Error bars represent standard deviation
(n=5).

3.6. Analysis of Self-Healing Performance of Bamboo Substrate Coatings

Artificial scratches were created on the coating surface using a razor blade, and the
healing effect was observed under a microscope for 48 h at room temperature, as shown in
Figure 6. As shown in Figure 6(A1,A2), the width of scratches on the coating without micro-
capsules has almost no healing effect. However, when 5.0 wt% microcapsules were added,
the width of the coating scratches decreased from 22.20 + 0.29 um to 16.10 £ 0.25 ym and
from 26.49 & 0.42 um to 21.54 + 0.52 um, as shown in Figure 6(D1,D2,K1,K2). As shown in
Figure 6(F1,F2,L1,L2), the width of the coating scratches decreased from 34.00 £ 0.32 pm
to 26.91 £ 0.43 um, and from 53.96 + 1.30 um to 47.53 %+ 0.85 um, respectively. When
the microcapsule content exceeded 7.0 wt%, the self-healing efficiency of the coatings
began to decrease. Therefore, the microcapsule content of 5.0-7.0 wt% had a better scratch
healing effect.

The self-healing efficiency of coatings is shown in Figure 7. Within 48 h after the
damage occurs, as the microcapsules in the coatings rupture under the action of external
force, the core material is rapidly released and penetrated into the scratched area, and
the scratches begin to be gradually filled and healed. As the content of microcapsules
increased to 11.0 wt%, the self-healing efficiency of the coatings prepared by microcapsule
1# increased from 9.54 £ 0.24% to 28.16 £ 0.63% and then decreased to 14.83 % 0.46%,
reaching the maximum value of 28.16 £ 0.63% when the content of microcapsules was
5.0 wt%. The self-healing efficiency of the coatings prepared by microcapsule 2# increased
from 9.28 £ 0.25% to 18.44 + 0.43% and then decreased to 9.37 & 0.21%, reaching the
maximum value of 18.44 & 0.43% when the microcapsule content was 7.0 wt%. When the
addition amounts of microcapsules were 5.0-7.0 wt%, the self-healing efficiency reached
the peak after 48 h; when the added amount exceeded 7.0 wt%, the self-healing efficiency
decreased. Under the same addition ratio, the self-healing efficiency of the coatings con-
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taining microcapsules 1# is higher than that of microcapsules 2#. Comprehensive results
show that the coatings containing microcapsule 1# show better self-healing performance.

Figure 6. Self-healing behavior of bamboo coatings. (A1,A2) The scratch width of sample 0 before
healing and after 48 h, (B1-G2) The width scratch of samples 1-1, 1-2, 1-3, 1-4, 1-5, 1-6 before healing
and after 48 h, (H1-M2) The width scratch of samples 2-1, 2-2, 2-3, 2-4, 2-5, 2-6 before healing and
after 48 h. The image selection criterion is to choose the image with the smallest deviation from the
average scratch width as the reference.
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Figure 7. Changes in the coating’s self-healing efficiency.

The self-healing mechanism of the microcapsule coatings is shown in Figure 8. The
TO/CS-GA MCs are evenly distributed in the tung oil and coated on the surface of the
bamboo. When the coatings were subject to external force or damage, the internal mi-
crocapsules ruptured and released the core material, tung oil. This exposes the core to
scratches, and the air then acts on the core, allowing it to solidify the tung oil and repair the
coatings. When the microcapsule content increases from 1.0 wt% to 7.0 wt%, the number of
microcapsules that can be effectively broken in the coatings increases, and the released tung
oil core material can fully penetrate and fill the scratched area, and then form a continuous
and dense repair film layer through oxidative polymerization reaction. The self-healing
process in this study was conducted at room temperature. Since the viscosity of tung oil
is temperature-dependent, higher temperatures may accelerate the flow and oxidative

polymerization of the released oil, potentially enhancing the healing efficiency. When
the addition amount exceeds 7.0 wt%, the microcapsules agglomerate in the coatings and
interface defects increase, making it difficult for some microcapsules to effectively break
or be blocked in release during the damage process. At the same time, the high filling
amount weakens the overall structural integrity of the coatings, causing the continuity
of the film formation in the healing area to decrease, ultimately leading to a reduction in

self-healing efficiency.
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Figure 8. Self-healing mechanism of microcapsule coatings.

In addition, the encapsulation efficiency of microcapsules prepared under 100 mL h™!
conditions is 29.32 & 2.15%, which is higher than that of the 200 mL h! sample, indicating
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that its core material content is higher and the reserves of effective healing components
are more sufficient. Therefore, at a 5.0 wt% addition ratio, the self-healing efficiency of the
coatings reaches 28.16 & 0.63%, which is significantly better than the coatings prepared
with a high feed rate. The maximum self-healing efficiency (28.16 £ 0.63%) is comparable to
previously reported microcapsule-based wood coatings. For instance, Dong et al. reported
healing efficiencies of approximately 20%—25% in tung oil microcapsule coatings on wood
surfaces [27]. Similarly, other self-healing coating systems based on vegetable oils have
demonstrated healing efficiencies ranging from 15% to 30%, depending on microcapsule
content and shell structure [29].

As shown in Table 8, the p-value of microcapsules content is 0.1103 > 0.05 and F is
3.2588 < F crit is 5.0503, indicating that the effect of microcapsules content on self-healing
efficiency is not significant; the p-value of microcapsules type is 0.0378 < 0.05 and F is
7.8652 > F crit is 6.6079, indicating that microcapsules type has a significant impact on
self-healing efficiency. Therefore, the coatings prepared by microcapsules with a lower feed
rate have better self-healing performance.

Table 8. Analysis of the significance of the self-healing efficiency of coatings by adding different
types of microcapsules at different concentrations.

DifferenceSource SS df MS F p-Value  F Crit
Content of 0.0243  5.0000 00049 32588 01103  5.0503
microcapsules

Types of 0.0117  1.0000  0.0117  7.8652  0.0378  6.6079
microcapsules

Error 0.0074  5.0000  0.0015

Total 0.0434  11.0000

Note: “Content of microcapsules” refers to the added content ranging from 1 to 11 wt%, while “types of
microcapsules” refers to microcapsules prepared under different spray-drying feed rates (100 and 200 mL h™1).

3.7. Comprehensive Performance Analysis of Better Samples

The particle size of microcapsules 1# is smaller than that of microcapsules 2#. The
smaller particles help to reduce damage to the coatings [28]. Comprehensive performance
analysis shows that the gloss, hardness, impact resistance, roughness and self-healing
performance of the coatings added with microcapsules 1# are better than those of the
coatings added with microcapsules 2#. The self-healing efficiency of the coatings with
added microcapsules 1# reaches its peak when the microcapsule content is 5.0 wt%, and
that of the coatings with added microcapsules 2# reaches its peak when the microcapsule
content is 7.0 wt%. Lower microcapsule content provides better optical and mechanical
performance, so the coatings with microcapsules 1# added and the content at 5.0 wt% is
the better sample in this experiment.

From an industrial perspective [37], the materials used in this study, including tung
oil, chitosan, and gum arabic, are relatively low-cost and widely available natural materials.
Although the preparation of microcapsules introduces additional processing steps such
as spray drying, the better added content identified in this work is only 5 wt%, which
reduces the overall material cost. Therefore, the proposed coating system shows potential
for practical applications in bamboo furniture and decorative materials.

4. Conclusions

In this study, TO/CS-GA MCs were successfully prepared by a spray-drying method,
and their effects on the performance of bamboo surface coatings were systematically inves-
tigated. Two representative spray-drying feed rates (100 and 200 mL h~!) were selected
to evaluate their influence on the structure and performance of the prepared microcap-
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sules as well as the performance of the resulting coatings. Both the content and types of
microcapsules significantly affected the optical, mechanical, and self-healing performance
of the coatings. With increasing microcapsule content, the gloss of the coatings gradually
decreased, and the surface roughness increased, indicating that the incorporation of micro-
capsules altered the surface microstructure and light-scattering behavior of the coating. In
contrast, the mechanical performance and self-healing efficiency of the coatings exhibited a
trend of first increasing and then decreasing with increasing microcapsule content. The
better microcapsule content was found within the range of 5.0-7.0 wt%, where the coatings
achieved a balanced combination of mechanical performance and self-healing capability. In
particular, microcapsules 1# prepared at a feed rate of 100 mL h~! exhibited smaller particle
sizes and better dispersion within the coating matrix, resulting in improved mechanical
performance and enhanced self-healing efficiency. Under the better condition of 5.0 wt%
addition, the coating exhibited a hardness of 2H, an impact resistance of 3 kg-cm, and a self-
healing efficiency of 28.16 &= 0.63%. Overall, the results demonstrate that the spray-drying
feed rate plays a key role in controlling the structure and performance of TO/CS-GA
MCs, which in turn significantly influences the performance of bamboo surface coatings.
These findings provide useful insights into the development of environmentally friendly
self-healing coatings for bamboo materials and offer a feasible strategy for improving the
durability of bamboo-based products. Future studies may further explore a wider range of
spray-drying parameters to optimize microcapsule preparation and coating performance.
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