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Abstract: To obtain dual functions of antibacterial and self-healing of a coating, nano-silver solution
microcapsules coated with urea formaldehyde resin were selected for antibacterial agents, and rosin-
modified shellac microcapsules coated with melamine formaldehyde resin were selected for repairing
agents. The optical, mechanical, antibacterial, self-healing, and other physicochemical properties of
the coatings were analyzed. The method of adding two microcapsules independently did not affect
the coating’s hardness. When the primer was prepared by self-healing microcapsules and the topcoats
were prepared by antibacterial microcapsules, the hardness of the prepared coatings was maintained
at 3 H, with the adhesion up to class 2, the impact strength up to 18 kg·cm, and the roughness
as low as 1.144 µm. The elongation at fracture of the coatings prepared by adding microcapsules
independently was improved by 2.2%. The self-healing microcapsules release the repair agents to
improve the mechanical properties of the coatings. In terms of the antibacterial properties of the
coatings, the method that involves adding the microcapsules independently is better than mixed
adding. Against Escherichia coli, the antibacterial rate of coatings prepared by adding microcapsules
independently reached 82%. Against Staphylococcus aureus, the antibacterial rate of coatings reached
83.3%. At the same time, the self-healing rate was up to 41.1%. The two microcapsules were added
to the water-based coating independently to obtain antibacterial and self-healing functions with
good comprehensive properties. By modifying coatings on the Andoung wood (Monopetalanthus
spp.) with antibacterial microcapsules and self-healing microcapsules, it is possible to obtain good
antibacterial properties, further protect the wood substrate, and broaden the application range of
functional coatings.

Keywords: microencapsulation; rosin-modified shellac microcapsules; antibacterial properties;
self-healing properties

1. Introduction

Wood is a natural renewable material [1]. With a warm feel and beautiful pattern, wood
is widely used in the furniture industry [2–5]. Given a characterization of dry shrinkage
and wet expansion, as well as the impact of environmental factors, the surface of wooden
furniture often cracks. This phenomenon will reduce the service life of furniture [6,7].
Therefore, to improve the service life of the wooden furniture, people began to add a
coating to the surface of the furniture to protect it [8,9]. Water-based coatings are widely
used nowadays because of their advantages, such as the fast drying speed, environmental
protection, and pollution resistance [10,11]. With the application of water-based coatings, it
was found that the water-based coating has some defects. For example, after application for
the long term, the coating on the surface of wooden furniture will be affected by moisture
and other factors in the environment [12]. These factors will make coating properties
decrease because of micro-cracks. If the micro-cracks cannot be repaired in time, they
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will expand and fracture the coating structure, which will negatively affect the feelings
of the furniture users and reduce the service life of the furniture [13]. The wood can
easily breed bacteria and does not have antibacterial activity. The water-based coatings do
not have antibacterial properties, either. Therefore, with people’s attention to health, the
development of water-based coatings with antibacterial and self-healing properties on the
wood surface has broad prospects.

The reason why silver can inhibit bacteria is because most of the bacteria are unicellular
microorganisms that rely on proteases to maintain metabolism. When silver encounters
proteases, the activity of proteases will take away an electron of silver, making silver atoms
into silver particles. The silver particles will effectively puncture the cell membrane. They
can also further make the bacteria unable to breathe, metabolize, and reproduce due to
protein denaturation until the bacteria die. Thus, they achieve the effect of inhibiting
bacteria. With the increasing resistance of bacteria to existing antibiotics and the steady
advancement of nanoscience, there has been renewed interest in the study of silver and its
compounds [14]. Nano-silver particles were widely used in biomedical fields, especially in
the antibacterial field [15,16].

Nano-silver particles refer to elemental silver particles with particle sizes ranging
from 1 to 100 nm obtained by chemical or physical methods. Compared with ordinary
silver particles, nano-silver had better chemical reactivity, biological activity, and catalytic
properties [17]. Silver-based antibacterial materials have been used by humans for many
years because they can effectively kill bacteria. In the 1960s, Moyer believed that 0.5%
silver nitrate solution would not interfere with epidermal cell proliferation but did have
obvious antibacterial effects on Staphylococcus aureus, Hemolytic streptococcus, Pseudomonas
aeruginosa, and Escherichia coli [18]. Nano-silver particles have been favored by researchers
because of their broad-spectrum antibacterial activity and their lower resistance [19]. Re-
searchers have worked on developing various methods of preparing nano-silver particles,
such as chemical reduction and physical methods, and characterizing them in detail via
different techniques. Haidari et al. first prepared nano-silver particles using sodium
borohydride as a reducing agent and mercaptosuccinic acid as a stabilizing agent [20].
Huang et al. successfully prepared a silver-containing composite system (PM-Ag-Cur) by
using biodegradable polymer micelles as nanocarriers, modifying nano-silver particles on
polymers, and encapsulating curcumin in the core [21]. Nano-silver particles perform well
in antibacterial applications, effectively disrupting the bacteria and inhibiting their growth.
In recent years, with the rapid development of nanotechnology, nano-silver particles have
been widely used in medical treatment and daily life because of their stronger antibac-
terial properties and lower resistance [22]. However, the stability and reproducibility of
nano-silver particles still need to be improved. Therefore, researchers have improved the
antibacterial properties and stability of nano-silver particles by adjusting the size, shape,
and composition of nano-silver particles, as well as optimizing the preparation method
of nano-silver particles. Nogueira et al. successfully prepared nano-silver particles by
using sodium borohydride as a reducing agent and diamino silane as a stabilizing agent
and used them in antibacterial research. The nano-silver particles were proven to have
good antibacterial properties against Staphylococcus aureus [23]. The antibacterial property
of nano-silver particles is mainly based on their unique surface reaction process, and the
property enables nano-silver particles to interact effectively with bacterial cells. The nano-
silver particles form an antibacterial layer and cause the proteins in bacteria to coagulate,
achieving an antibacterial property. Nano-silver particles have significant antibacterial
ability against Escherichia coli and Staphylococcus aureus, among others. Nano-silver particles
can be prepared from leaf extracts of Catharanthus roseus and Azadirachta indica in a very
environmentally friendly way. Moreover, nano-silver particles are effective in inhibiting
the growth of multidrug-resistant bacteria [24].
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The clustering of nano-silver particles reduces their opportunity of uptake into bio-
logical systems. The stability of nano-silver particles has been shown to be a crucial factor
for their long-term antibacterial durability. The nature of the capping agent affects the
size and appearance of the nano-silver particles and their interaction with the solvent [25].
An appropriate capping agent is beneficial to the stability of the antibacterial property of
nano-silver particles.

Microcapsules refer to the use of polymer materials such as solid, solution, and
gas encapsulation into tiny particles. The existence mode of the core material mainly
includes an emulsion, dispersion, or solution form. The microcapsule wall acts as a barrier
to protect the core material from the external environment. There were many kinds of
microcapsules studied by researchers. At the beginning of the 21st century, White’s group
in the United States took the lead in proposing the self-healing method of microcapsules,
and the United States has become a hotspot of research in the field of material science [26].
In 1949, the mechanical preparation method of microcapsules independently developed by
Wurster at the University of Wisconsin was widely used in the medical field. Rodrigues
et al. produced polyurethane/urea (PUU) microcapsules with fragrances for industrial
applications in textile substrates [27]. Xu et al. used two kinds of biopolymers as wall
materials to enhance the effect of sunscreen on octyl methoxycinnamate microcapsules [28].
In addition, azobenzene-containing layer-by-layer self-assembled membranes (LbL) and
microcapsules have been used as carriers for light-sensitive drug delivery systems. UV
irradiation was able to trigger changes in the permeability of LbL and the breakdown of
microcapsules, resulting in the release of encapsulated drugs and proteins. This means
that the fast response time, high healing efficiency, and excellent antibacterial properties of
the dual-functional coatings have potential application value [29]. This will be the general
direction and research path of current scientific research, making materials dual-functional
and intelligent. The purpose of this study was to prepare microcapsules by coating nano-
silver solution and applying them to a wood surface mixed with self-healing microcapsules.
Under the premise of keeping the properties of the original water-based coating unchanged,
coatings had the dual functions of antibacterial and self-healing activity.

In this paper, antibacterial microcapsule-coated nano-silver solutions were mixed with
self-healing microcapsules. Orthogonal experiments were designed with the content of
self-healing microcapsules and microcapsule adding methods and the coating methods as
influencing factors to obtain the best adding method. After coating the Andoung wood
(Monopetalanthus spp.) with the water-based coating prepared with microcapsules, the
optical, mechanical, resistance-to-liquid, antibacterial, and self-healing properties of the
coatings were investigated. The results provide a reference for applications of antibacterial
microcapsules in water-based coatings.

2. Materials and Methods
2.1. Materials of Test

The transparent shellac for the preparation of self-healing microcapsules was supplied
by Jinan Yongtai Chemical Co. Ltd., Jinan, China. The rosin solution was supplied by
Linyi Dongye Trading Co. Ltd., Linyi, China. The Andoung wood was supplied by the
laboratory, with the specification of 50 mm × 100 mm × 5 mm. Table 1 is the list of
experimental materials information. The nano-silver particle content is 25 PPM in the
transparent nano-silver solution, with a particle size of 5–7 nm.
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Table 1. List of experimental materials information.

Materials Materials Firm

Nano-sliver solution (25 PPM) Tianjin Beichen Founder Reagent Factory, Tianjin, China
37.0% formaldehyde Xi’an Tianmao Chemical Co., Ltd., Xi’an, China
Melamine C3H6N6 Shandong Zibo Haijie Chemical Co., Ltd., Zibo, China

Triethanolamine Guangzhou Jiale Chemical Co., Ltd., Guangzhou, China
Tween-80 (emulsifier) Wuxi Yatai United Chemical Co., Ltd., Wuxi, China
Tween-20 (emulsifier) Wuxi Yatai United Chemical Co., Ltd., Wuxi, China
Span-80 (emulsifier) Shandong Zibo Haijie Chemical Co., Ltd., Zibo, China

Citric acid monohydrate Nanjing Quanlong Biotechnology Co., Ltd., Nanjing, China
Absolute ethanol Guangzhou Kema Chemical Technology Co., Ltd., Guangzhou, China

Acetic acid (CH3COOH) Shanghai Sinopharm Chemical Reagent Co., Ltd., Shanghai, China
Water-based primer Akzo Nobel Paint Co., Ltd., Guangzhou, China
Water-based topcoat Akzo Nobel Paint Co., Ltd., Guangzhou, China

Escherichia coli Beijing Conservation Biotechnology Co., Ltd., Beijing, China
Staphylococcus aureus Beijing Conservation Biotechnology Co., Ltd., Beijing, China

Nutrient agar Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China
Nutritious broth Chixing Pharmaceutical Technology Co., Ltd., Hangzhou, China

Detergent Sichuan Kelun Pharmaceutical Co., Ltd., Chengdu, China
Red ink Guangzhou Hero Hailuo Cultural Products Co., Ltd., Guangzhou, China

Ethanol (medical grade) Shandong Elimokang Medical Supplies Co., Ltd., Shandong, China

2.2. Preparation of Nano-Silver Solution Microcapsules

The preparation method of nano-silver solution microcapsules was developed from
previous studies [30].

(1) Urea–formaldehyde prepolymer (the wall materials): A total of 7.0 g of urea was
weighed and added to a beaker. Then, 9.47 g of formaldehyde was added. The ratio of
urea and formaldehyde was determined according to the 1:1 molar ratio. A magnetic
rotor was added into the beaker which was in the water bath. While two materials
were stirred thoroughly to mix them uniformly, the temperature of the water bath was
formulated to 70 ◦C. The rotation speed of the water bath was adjusted to 600 rpm.
At this time, the solution was added dropwise by 2 mL of triethanolamine to adjust
the pH value to 8–9. The mouth of the beaker was sealed with a layer of plastic wrap
to protect the solution from oxidation. After the solution was maintained colorless
and transparent for about 30 min, it was cooled at room temperature.

(2) Nano-silver solution (the core materials): First, 8.4 g of nano-silver solution was added.
Ethanol, Span-80, and Tween-80 were weighed in quantity and stirred with a glass
rod until the Span-80 and Tween-80 dissolved. An emulsifier with a concentration
of about 2% was obtained. The emulsifier was added dropwise to the nano-silver
solution. The temperature of the water bath was controlled at 60 ◦C, and the rotation
speed was controlled at 600 rpm. The emulsion of core materials was obtained after
emulsification for 1 h.

(3) Microcapsules: The rotation speed of the water bath was kept at 600 rpm. The urea–
formaldehyde prepolymer was slowly and gradually added to the emulsion of core
material with a pipette. The 8% citric acid monohydrate was added to adjust the pH
value to about 2.5–3.0. Then, they reacted for 3 h under the water bath and then stood
still. After 3 days of cooling at room temperature, the wall material, core material,
and remaining emulsion were washed repeatedly with distilled water and ethanol in
a vacuum filter. The filter paper was removed after vacuum filtration when the water
after washing became transparent. The microcapsules were then poured into petri
dishes. The powdered microcapsules were obtained after drying for 48 h. The oven
was formulated at 60 ◦C.

2.3. Preparation of Self-Healing Microcapsules

The microcapsules were prepared by in situ polymerization.



Coatings 2024, 14, 286 5 of 24

(1) Preparation of melamine–formaldehyde prepolymer (the wall materials): The
melamine–formaldehyde resin, the wall materials, were prepared, and they were
formulated in a molar ratio of 3.5:1. A mixture of wall materials was stirred at
800 rpm, and the pH value of the mixture was adjusted to the range of 8.0–9.0 by
adding triethanolamine dropwise. The mixture was stirred slowly, using the magnetic
rotor. The temperature of the water bath was raised to 70 ◦C. The solution was stirred
for 30 min at 800 rpm. Then the melamine–formaldehyde prepolymer was obtained.

(2) Preparation of a rosin-modified shellac (the core materials): A total of 4.4 g of rosin
solution and the 4.4 g of shellac were weighed and mixed for use. Then, 78.9 mL of
ethanol, 0.15 g of Span-20, and 0.15 g of Tween-20 were compounded to prepare an
emulsifier with a concentration of 1%. The emulsifier was added dropwise to the
mixture of rosin and shellac and then transferred to a water bath. The system was
stirred for 1 h to obtain the core solution.

(3) Preparation of melamine–formaldehyde resin-coated rosin-modified shellac micro-
capsules: The wall material was added dropwise to the core solution, dispersed with
an ultrasonic disperser for 15 min, and then transferred to a water bath. The pH value
of the solution was adjusted to 4 with citric acid monohydrate solution. The stirring
rotation speed of the reaction was controlled at 600 rpm for 3 h at 60 ◦C. At the end
of the process, it was put in the oven for 3 days. Then, the products were washed
repeatedly with distilled water and ethanol, filtered several times, and then dried
in the oven at 60 ◦C for 2 days to obtain a white powder that was the self-healing
microcapsules.

2.4. Preparation of Coatings with Antibacterial Microcapsules Mixed with Self-Healing Microcapsules

From the previous studies, when the nano-silver solution microcapsules were formu-
lated with Wcore/Wemulsion of 1:4, Wcore/Wwall of 0.8:1 and a rotation speed of 1000 rpm,
the coatings prepared by the content of microcapsules was 5% and had optimal comprehen-
sive properties, such as antibacterial properties [31]. With 3-factor and 2-level orthogonal
tests (Table 2), the 4 groups of tests were designed by mixing self-healing microcapsules
and antibacterial microcapsules. The specific tests are shown in Table 3. The content of
self-healing microcapsules, mixing or independent adding methods, and coating methods
were taken as the factors. Among them, two adding methods were selected. One was that
primers were a pure water-based coating, while topcoats were coated with self-healing
microcapsules and antibacterial microcapsules as mixing adding method A to investigate
the effect of the mixing adding method on self-healing and antibacterial properties of coat-
ings. The independent adding method B was that each layer of coatings was prepared by
different types of microcapsules to investigate the self-healing properties and antibacterial
properties of the coatings when two types of microcapsules were added independently.
The two coating methods of 1 primer with 2 topcoats and 3 primers with 2 topcoats were
commonly used in furniture enterprises. By compositing these adding methods, the effect
of the adding methods on the performance of coatings was investigated. The antibacterial
properties of coatings applied on the Andoung wood were used as test results to compare
the 4 groups of tests.

Table 2. The 3-factor and 2-level orthogonal tests.

Levels Content of Self-Healing
Microcapsules (%) Adding Method Coating Method

1 3 Mixing adding method A 1 primer/2 topcoats
2 6 Independent adding method B 3 primers/2 topcoats
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Table 3. Tests’ arrangements.

Samples (#) Content of Self-Healing
Microcapsules (%) Adding Method Coating Method

1 3 Mixing adding method A 1 primer/2 topcoats
2 3 Independent adding method B 3 primers/2 topcoats
3 6 Mixing adding method A 3 primers/2 topcoats
4 6 Independent adding method B 1 primer/2 topcoats

A maximum influencing factor was obtained to design single-factor tests to obtain
optimal process parameters for coatings prepared with microcapsules. Table 4 shows the
single-factor tests, where “primer” is abbreviated as “P”, “topcoat” is abbreviated as “T”,
“self-healing microcapsules” is abbreviated as “s”, and “antibacterial microcapsules” is
abbreviated as “a”, respectively.

Table 4. Single-factor tests.

Samples (#) Types Adding
Methods

Antibacterial
Microcapsules (g)

Self-Healing
Microcapsules (g) Primer (g) Topcoat (g)

1 A PsaT 0.050 0.060 0.890 1.000
2 A PT1sa 0.025 0.030 1.000 0.945
3 A PT2sa 0.025 0.030 1.000 0.945
4 B PaT1s 0.050 0.030 0.950 0.970
5 B PaT2s 0.050 0.030 0.950 0.970
6 B PsT1a 0.060 0.025 0.940 0.975
7 B PsT2a 0.060 0.025 0.940 0.975
8 B PT1a2s 0.025 0.030 1.000 0.945
9 B PT2a1s 0.025 0.030 1.000 0.945

In Table 4, sample 1# (PsaT) was created via a mixing adding method wherein the
self-healing and antibacterial microcapsules were mixed in the primer, and the topcoat
was the water-based coating. Sample 2# (PT1sa) was created via a mixing adding method
that the primer was the water-based coating, and the self-healing and antibacterial mi-
crocapsules were mixed in the first topcoat. Sample 3# (PT2sa) was made via a mixing
adding method in which the primer was the water-based coating, and the self-healing
and antibacterial microcapsules were mixed in the second topcoat. Sample 4# (PaT1s) was
made via an independent adding method in which antibacterial microcapsules were added
to the primer, and self-healing microcapsules were added to the first topcoat. Sample 5#
(PaT2s) was created through an independent adding method in which the antibacterial
microcapsules were added to the primer, and the self-healing microcapsules were added to
the second topcoat. Sample 6# (PsT1a) was created through an independent adding method
in which the self-healing microcapsules were added to the primer, and the antibacterial
microcapsules were added to the first topcoat. Sample 7# (PsT2a) was created through an
independent adding method in which the self-healing microcapsules were added to the
primer, and the antibacterial microcapsules were added to the second topcoat. Sample
8# (PT1a2s) was created through an independent adding method in which the primer was
the water-based coating, the antibacterial microcapsules were added to the first topcoat,
and the self-healing microcapsules to the second topcoat. Sample 9# (PT2a1s) was created
through an independent adding method in which the primer was the water-based coat-
ing, the self-healing microcapsules were added to the first topcoat, and the antibacterial
microcapsules were added to the second topcoat.
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2.5. Testing and Characterization
2.5.1. Performance Characterization of Microcapsules

Encapsulation rate: First, 1.0 g of microcapsules was weighed and recorded as M1.
The microcapsules were then put in ethyl acetate for 72 h after thorough grinding. The
amount of ethyl acetate should exceed that of the microcapsules. The remaining solution
was rinsed and filtered repeatedly with distilled water in the vacuum filter (Shanghai
Akuzann Scientific Instrument Co., Ltd., Shanghai, China). Then, the solution was dried in
an oven at 60 ◦C. The remaining mass was recorded as M2, and the coating rate, C, is as
shown in Equation (1):

C = (M1 − M2)/M1 (1)

Based on the previous studies [30], nano-silver particles were almost impossible
to observe due to their small content. So, the encapsulation rate of nano-silver solution
microcapsules was 40%, and the core material containing nano-silver particles encapsulated
in microcapsules was proved.

Microstructure and Chemical Composition: By using SEM (FEI Company, Hillsboro,
OR, USA) and an optical microscope (OM, Carl Zeiss, Oberkohen, Germany), the mi-
crostructure of the self-healing microcapsules and coatings after scratching was observed.
The chemical components of the microcapsules were analyzed by Fourier-transform in-
frared spectroscope (FTIR, Germany BRUKER Co., Ltd., Karlsruhe, Germany) in the range
of 4000–500 cm−1.

2.5.2. Gloss and Mechanical Properties

Color difference: Based on GB/T 11186.3-1989 [32], the color difference meter (Suzhou
Weifu Photoelectric Technology Co., Ltd., Suzhou, China) was used to measure the color
difference value of the coating. The coating without microcapsules was set as the control
sample. According to Equation (2), the color difference value, ∆E, was calculated, where
L* indicates the brightness of the coating, a* indicates the red-green of the coating, and b*
indicates the yellow-blue of the coating.

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2 (2)

Gloss: Based on GB/T 9754-2007 [33], samples were tested mainly with a 20◦, 60◦,
and 85◦ angle of incidence. The gloss of the antibacterial coating prepared by antibacterial
microcapsules was compared with that of the coating prepared without microcapsules. The
higher the gloss, the better the appearance quality of the coating in general.

Coating transmittance: A UV spectrophotometer (Shanghai Smeo Analytical Instru-
ment Co., Ltd., Shanghai, China) was used to test coatings applied to glass substrates.
Coating transmittance was measured in the range from 300 nm to 800 nm. The visible band
range was 600–800 nm. Coating transmittance values were calculated using Origin integra-
tion. The transparency of antibacterial coatings prepared with or without microcapsules
was observed.

Hardness: Based on GB/T 6739-2006 [34], the coating’s hardness was measured by
pencils. The pencil hardness, 6 H-6 B, was used to rank the coating’s hardness. The coating
needed to be scratched under a load of 1.0 kg, and the pencils were kept at an angle of
45◦ under the tests. After the pencil with maximum hardness scratched the coatings, the
coating was fractured. The pencil hardness with maximum hardness was recorded as the
hardness value of the coatings.

Impact resistance: Based on GB/T 1732-2020 [35], the coating impact tester (Shenzhen
sanuo Experimental Equipment Co., Ltd., Shenzhen, China) was used to test the impact
resistance of the coatings. The impact force values were used to rank the deformation
and damage of the coatings. Through the positioning height, a 1.0 kg weight hammer
was released to produce an impact on the coatings. The coating was observed with a 4×
magnifying glass to check for micro-cracks, wrinkles, and flaking. The maximum impact
force values that did not cause damage to the coating were recorded as the impact resistance.
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Adhesion: (1) Based on GB/T 4893.4-2013 [36], the coating’s adhesion was chosen to
be tested by the Baguette knife coating scribe (Hebei Zhongke Beigong Test Instrument
Co., Ltd., Cangzhou, China). The blade was used to scratch the coating with force. The
same process was used to scratch the coating at 90◦ vertically, forming a cross-cutting
line. Afterwards, the grid lines were quickly attached with adhesive tape and removed
to observe the peeling of the coatings. The adhesion rating was in descending order,
from 0 to 5. No peeling occurred on the surface of the coating at grade 0. (2) Based on
GB/T 5210-2006 [37], the adhesion tester (model BEVS 2201, Guangzhou Shenghua Co.
Ltd., Guangzhou, China) was chosen to test the coating’s adhesion. After the coating
was dried, the test column was directly bonded to the coating, using an adhesive agent.
After the adhesive agent was dried, the bonding test combination was placed on a suitable
tensile testing instrument. The bonding test combination underwent a controllable pull-off
test. The tensile force required to break the adhesion between the coating and substrate
was measured.

Roughness: A JB-4C precision roughness meter (Shanghai Taiming Optical Instrument
Co., Ltd., Shanghai, China) was selected to determine the coating’s roughness, using
contact measurements. The position of the Andoung wood was fixed. The coordinates
were adjusted so that the probe touched the surface of the coating. The coordinate axis
scale showed 0 when the test began. According to the measurement results, the average
value was recorded as roughness. The unit of roughness (Ra) was µm.

Tensile resistance: The coating was applied to a glass board and dried before being
removed. Then, the M-Testi universal mechanical testing machine (Changchun Xinte
Testing Machine Co., Ltd., Changchun, China) was used to test the elongation at fracture of
the coating. The elongation at fracture of the coating was calculated according to Equation
(3), where L0 is the original length of the paint film, L is the length of the coating at the
break, and e is the elongation at fracture of the coating. Based on the previous studies [38],
as the elongation at fracture of the blank samples was 0%, it can be concluded that blank
samples without self-healing microcapsules did not have the self-healing properties.

e =
(L0 − L)

L
× 100% (3)

Resistance to liquid: Based on GB/T 4893.1-2021 [39], the filter paper was wetted in
liquid. Then, the filter paper was put on the coating. It was set aside for about 16–24 h.
After that, the filter paper was taken away. The liquid was wiped off from the surface after
24 h. The samples were put under a light source to check the deterioration of coatings. The
test areas were compared with the other areas, and the resistance to liquid of coatings was
ranked according to the deterioration of coatings with the standard Table 5.

Table 5. Standard of the resistance to liquid of the coating.

Grade Standard of Resistance to Liquid

1 The test area has no difference compared to that before the test.
2 Only when the light glowed, the coating reflected color, etc.
3 The color of the tested areas and the other areas was different according to different directions.
4 The coating was cracked or bulged.
5 The coating structure and color deteriorated, and the filter paper was stuck to the coating.

2.5.3. Antibacterial Properties of Coatings

Strain preservation: Escherichia coli and Staphylococcus aureus slant media were placed
at 0–5 ◦C for strain preservation.

Strain activation: The required strains of bacteria were inoculated into the plate
nutrient agar media. The constant-temperature and -humidity box (Shaoxing Shangcheng
Instrument Co., Ltd., Shaoxing, China) was controlled at 36–38 ◦C and incubated for
18–20 h. A few fresh bacteria were scraped for 1–2 rings from the above inoculated media
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with an inoculating ring, and were added to the nutrient broth. The concentration of the
nutrient broth with bacteria required for the experiment was (5.0 − 10.0) × 105 cfu/mL
(number of colonies per milliliter of sample).

Sample tests: According to GB/T 4789.2-2022 standard [40], the 0.4–0.5 mL nutrient
broth with bacteria was moved by pipette and added dropwise on the blank control sample
plate and antibacterial coating sample plate. A layer of sterilized plastic wrap was sealed
on the sample plates by sterilized tweezers. There was no air bubble between the layer of
plastic wrap and the coating. Then, the layer of plastic wrap was slowly pressed downward
to make the suspension spread around. After that, the bacteria evenly contacted the sample.
When finished, samples were transferred to a constant-temperature and -humidity box for
incubation for 24 h. The temperature was formulated to 38 ◦C. The relative humidity (RH)
was greater than 90%.

Preparation of plate nutrient agar media by dilution coating plate method: The wood
surface and sealing plastic wrap were washed with 20 mL of eluent repeatedly. The eluent
was added to the plate nutrient agar media. When the temperature was reduced to 45 ◦C,
it was moved to plate nutrient agar media containing bacteria. After 48 h of incubation
in a constant-temperature and -humidity box at 38 ◦C, colonies can be produced. Finally,
the colony counter was used to count. The number of live bacteria measured above was
multiplied by 1 × 103. The actual number of live bacteria recovered from each sample
after 24 h of cultivation was observed. The antibacterial rate is calculated according to
Equation (4).

R = (B − C)/B (4)

where R = antibacterial rate, expressed in (%); B = number of bacteria recovered after 24 h
of blank control sample plates (CFU); and C = number of bacteria recovered after 24 h of
antibacterial coating sample plates (CFU).

The number of samples tested in the antibacterial experiment is denoted by N. In this
test, the antibacterial test for one type of bacteria was performed 2 times. The standard
deviation of the sample is denoted as S (Equation (5)), and X denotes the number of colonies
measured in the sample.

S =

√
1

N − 1 ∑N
i=1

(
Xi−X

)2 (5)

2.5.4. Self-Healing Properties

By using a blade to scratch on the test samples, the width of the scratch was immedi-
ately observed under a microscope and labelled as H0. After five days, the width of the
scratch was again observed under a microscope and labelled as H1. The self-healing rate is
calculated according to Equation (6).

H = (H0 − H1)/H0 × 100% (6)

Four replications were completed for each sample. The test results show good repro-
ducibility within a 5% error. A new sample was used for each test.

3. Results and Discussion
3.1. Analysis of Microstructure and Chemical Composition of the Self-Healing Microcapsules

The FTIR of melamine–formaldehyde resin-coated rosin-modified shellac microcap-
sules are shown in Figure 1. The distinct vibrational peak at 2980 cm−1 was the -CH2
group, which was a rosin compound [41]. This indicates the presence of the core materials.
The triazine ring absorption peak of the wall materials was at 883 cm−1, the N-H stretch-
ing peak was at 1558 cm−1, and the C-O peak appeared at 1000 cm−1, thus indicating
the presence of melamine–formaldehyde resin, the wall material. Thus, it can be proved
that the melamine–formaldehyde resin-coated rosin-modified shellac microcapsules were
successfully encapsulated.
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SEM images of the self-healing microcapsules are shown in Figure 2. The microcapsule
surface was smooth; there were many spherical microcapsules. This indicates that the
self-healing microcapsules were successfully encapsulated.
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Figure 2. SEM of self-healing microcapsules. (A) low magnification; (B) high magnification.

3.2. Analysis of Orthogonal Test Results

According to the specific orthogonal test, the antibacterial rates were used as the
results to test the range and variance, as shown in Table 6. The R-value of the adding
method was obtained from the range results as 6.3, which was larger than that of the other
two factors. The F of the adding method was obtained from the variance results as 1.825,
which was larger than that of the other two factors.
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Table 6. Analysis of range and variance.

Samples (#)
Content of

Self-Healing
Microcapsules (%)

Adding Method Coating Method Antibacterial Rate (%)

1 3 A 1 primer/2 topcoats 81.1
2 3 B 3 primers/2 topcoats 82.9
3 6 A 3 primers/2 topcoats 78.9
4 6 B 1 primer/2 topcoats 89.7

Mean value 1 82.0 80.0 85.4
Mean value 2 84.3 86.3 80.9

R-value 2.3 6.3 4.5

SS 5.29 39.69 20.25
df 1 1 1
F 0.243 1.825 0.931

Fcrit 10.1 10.1 10.1
Significance - - -

Figure 3 mainly shows the results obtained from the orthogonal test, where the six
points represent the average antibacterial rate data of the four samples in pairs at each of the
two levels and three factors. Figure 3 shows the effect of the three factors on antibacterial
rates. The antibacterial rates of the coatings showed an increasing trend with the increasing
content of the self-healing microcapsules. The antibacterial rates of the coatings were
positively correlated with the adding methods and negatively correlated with the coating
methods. The trend of antibacterial rates indicated that the biggest influencing factor was
the adding methods of microcapsules. Therefore, combining the range and significance
analysis, the preparation process to obtain the optimal antibacterial properties was that the
adding method was B, the content of self-healing microcapsules was 6%, and the coating
method was one primer and two topcoats.
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3.3. Effect of Different Adding Methods on the Physical and Chemical Properties of Coatings
3.3.1. Analysis of Color Difference and Gloss

Table 7 shows the color difference values of the coating on the Andoung wood obtained
with different adding methods. The color difference was an important reference standard
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for the optical properties of the coating. The coatings without microcapsules were used as
the control samples. The chromaticity values for sample 0# showed an L* value of 43.20, a*
value of 19.00, and b* value of 29.30. The smaller the color difference values of the coating,
the more the grain of the wood can be preserved. The ∆E was the color difference value
obtained by using the coating without microcapsules as the control sample. In samples
1#–3#, the color difference of the primer with microcapsules (PsaT) and the second topcoat
with microcapsules (PT2sa) was 17.60 and 18.98, respectively. The adding of microcapsules
to both the first and second topcoat resulted in a gradual increase in color difference due
to an increase in the L. The highest color difference of 33.73 was obtained from sample
5# (PaT2s) with adding method B. Figure 4 shows the trend of chromaticity values of the
coatings. The values of the color difference of coatings prepared by the independent adding
method B were higher than those of the coatings prepared by mixing adding method A.
The higher value of the color difference indicates that the position where the microcapsules
are located affects the overall color difference.

Table 7. Color difference values of coatings on the Andoung wood with different adding methods.

Samples (#) Adding Methods L* a* b* ∆L* ∆a* ∆b* ∆E

0 PT 43.20 19.00 29.30 0 0 0 0
1 PsaT 59.53 8.91 26.98 14.23 −10.09 −2.32 17.60
2 PT1sa 42.22 11.62 16.54 −3.08 −7.38 −12.76 15.06
3 PT2sa 41.67 11.12 12.42 −3.63 −7.88 −16.88 18.98
4 PaT1s 51.48 3.42 4.50 6.18 −15.58 −24.80 29.93
5 PaT2s 66.20 3.30 7.98 20.90 −15.7 −21.32 33.73
6 PsT1a 61.64 3.67 10.83 16.34 −15.33 −18.47 29.04
7 PsT2a 59.42 5.95 5.62 12.85 −13.44 −20.30 27.53
8 PT1a2s 58.15 5.56 9.00 14.12 −13.05 −23.68 30.50
9 PT2a1s 40.47 13.02 7.23 −4.83 −5.98 −22.07 23.37
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Figure 4. The trend of chromaticity values of the coating on the Andoung wood with different
adding methods.

Table 8 shows the gloss grade of the coatings measured by different adding methods.
The gloss grade was measured at a 60◦ angle of incidence, which was the main test value
and can reflect the gloss of the coating. The better the gloss of the coating, the more it
increases the surface color of the wood.
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Table 8. Gloss of the surface coating of the Andoung wood with different adding methods.

Samples (#) Adding Methods
Gloss (%)

20◦ 60◦ 85◦

1 (A) PsaT 4.40 18.00 11.00
2 (A) PT1sa 4.40 15.70 10.50
3 (A) PT2sa 4.20 13.10 9.70
4 (B) PaT1s 2.10 11.15 8.40
5 (B) PaT2s 2.10 11.60 8.60
6 (B) PsT1a 2.10 11.85 9.20
7 (B) PsT2a 2.40 11.70 9.40
8 (B) PT1a2s 2.60 11.45 9.60
9 (B) PT2a1s 2.20 11.65 9.10

Figure 5 shows the trend of coating gloss with different adding methods. The gloss of
sample 1# (PsaT) was 18%. The gloss of adding two types of microcapsules to the primer
at the same time is better than that of adding them to the topcoat at the same time. The
adding method B, in which the microcapsules were independently added to both the
primer and topcoat reduced the coating gloss more. The self-healing microcapsules and
antibacterial microcapsules were white and had different particle sizes, and when they
were independently added to both the primer and the topcoat, the specular reflected light
was weaker due to the unevenness of the surface. For the independent adding method
B, the gloss of sample 6# (PsT1a) with the primer prepared by self-healing microcapsules
and the topcoat prepared by antibacterial microcapsules was 11.85%. It was better than the
adding method of the primer prepared by antibacterial microcapsules and topcoat prepared
by antibacterial microcapsules. The content of microcapsules in the coating deteriorated
the coating gloss and affected the color difference of the coating. It was necessary to refine
the adding methods of microcapsules. The advantage of the independent adding method
B was that the content of each microcapsule can be better controlled in order to achieve a
more precise adjustment of the coating properties and obtain good optical properties.
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3.3.2. Analysis of Mechanical Properties of Coatings

Figures 6 and 7 show the mechanical properties of the coatings on the Andoung
wood, including hardness, adhesion, impact resistance, and roughness. Figure 6 shows the
mechanical properties of coatings with different adding methods. The Andoung wood is
borne to various mechanical stresses, such as friction and impact force, during actual use.
Therefore, the coating on the wood plays a protective role. Figure 6A shows the coatings’
hardness with different adding methods. The coating’s hardness without microcapsules
was up to 2 H, while the coating’s hardness obtained by different adding methods was
maintained at 3 H. This shows that the adding methods did not affect the coating’s hardness.
The content of microcapsules in water-based coatings increases the coating’s hardness.
Figure 6B shows the adhesion of coatings with different adding methods. From the results,
we can see that the mixing adding method A and the independent adding method B that
the primer prepared by antibacterial microcapsules made the coating’s adhesion decrease.
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Figure 6C shows the impact resistance of the coating with different adding methods.
Under the mixed addition method, two types of microcapsules were mixed together, and
the mechanical energy was converted into thermal energy when subjected to force. When
the coating was prepared by independent adding method B, the microcapsules were in
a state of high elasticity. When bore to the impact force, the microcapsules were able to
absorb a larger amount of energy. Therefore, the impact resistance of sample 6# (PsT1a) was
up to 15 kg·cm. The antibacterial microcapsules can have good impact resistance no matter
which topcoat they are added to.

As shown in Figure 6D, with the mixing adding method A, the microcapsules in
the topcoat increased the coating’s roughness. With the independent adding method B,
sample 4# (PaT1s) and sample 5# (PaT2s) with the self-healing microcapsules in the different
layers of the topcoat, independently, had a high overall roughness value of 2.85 µm and
2.33 µm, respectively. However, when the two types of microcapsules were added to the
primer and topcoat, independently, the two types of microcapsules balanced the polymer
molecules in the water-based coating. Therefore, the coating’s roughness was reduced.
Sample 6# (PsT1a) had the lowest roughness of 1.144 µm, while the coating was relatively
flatted and smooth. Therefore, the independent addition method of using antibacterial
microcapsules to prepare the topcoat and self-healing microcapsules to prepare the primer
reduces the coating’s roughness. The reason was that, when the microcapsules were
added to the coating, the microcapsules effectively filled the defect of the coating, thus
making the coating smoother and reducing the coating’s roughness. At the same time, the
microcapsules are also supported to form a protective coating, avoiding contact between
the coating/wood substrate and the external environment. This reduced the influence of
external factors on the coating and improved the durability and stability of the coating.

As shown in Figure 7, sample 2#, sample 4#, sample 6#, and sample 7# with the differ-
ent adhesion levels were selected for the pull-off test. Through the comparison, we found
that sample 6# bore the highest tensile pressure in a short time, which was significantly
higher than that of sample 4#, which proved once again that adding antibacterial microcap-
sules to the primer independently reduced the coating’s adhesion. Comparing sample 7#
with sample 2# and sample 4#, sample 7# was better than sample 2# and sample 4# in terms
of both the tensile pressure and inflection time, which indicated that adding self-healing
microcapsules in the primer can increase the coating’s adhesion. Sample 7# was better than
sample 6# in terms of the inflection time, but the bearing tensile pressure was lower than
that of sample 6#, thus indicating that the position of antibacterial microcapsules in the
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topcoat affected the combining force in the coating. When the first topcoat was prepared
with antibacterial microcapsules, the coating had higher adhesion, but the durability was
poor. When the second topcoat was prepared with antibacterial microcapsules, there were
better combining forces in the coating, as indicated by the higher durability. The content of
antibacterial microcapsules reduced the completeness of the coating.

3.3.3. Analysis of Resistance to Liquids of Coating

The resistance to liquids of coatings refers to the properties of the coating in relation to
its ability to maintain its original function and appearance under long-term or short-term
exposure to various liquids. Wood products will be exposed to liquids such as water, acid,
and beverages during use. That will cause the coating to turn white, lose light, bulge, or
even crack. Therefore, the resistance to liquids of the coating is crucial. Table 9 shows the
resistance to liquids of the coatings prepared by different adding methods. Whether it was
the mixing adding method A or the independent adding method B, the coating left a red
trace after resistance to red ink. The resistance to red ink was grade 5. The resistance to
ethanol was grade 1 in all cases. The color of the detergent was transparent, so the change
in the coating was not noticeable when the detergent was added dropwise to the coating’s
surface. The grade of detergent resistance of the coating without microcapsules was grade
2, which was observed by slight water stains on the coating. However, the grades of the
resistance to liquids of the water-based coating with the microcapsules were improved.
Under the same content of microcapsules, the coating prepared by mixing adding method
A had a good grade 1 of resistance to liquids, whereas the resistance to liquids of the coating
prepared by independent adding method B was worse. The coating released the nano-silver
solution when the coating was borne to stress. The nano-silver solution was soluble in
water easily and showed water stains when in contact with detergent, leaving a visible
trace on the coating after the water evaporated. The density of the topcoat prepared with
antibacterial microcapsules decreased. The defect of the coating was increased, causing
liquids to penetrate it, thus reducing the grades of the resistance to liquids of the water-
based coating.

Table 9. Resistance to liquids of coating on the Andoung wood with different adding methods.

Samples (#) Add Methods
Resistance to Liquids (Grade)

Red Ink Detergent Ethanol

0 PT 5 2 1
1 (A) PsaT 5 1 1
2 (A) PT1sa 5 1 1
3 (A) PT2sa 5 1 1
4 (B) PaT1s 5 1 1
5 (B) PaT2s 5 2 1
6 (B) PsT1a 5 2 1
7 (B) PsT2a 5 2 1
8 (B) PT1a2s 5 2 1
9 (B) PT2a1s 5 2 1

3.3.4. Analysis of the Coating Transmittance

Figure 8 shows that different adding methods affected the coating transmittance in
the wavelength range of 300–800 nm. The coating transmittance with different adding
methods was calculated using Origin integration in the visible light interval at 800–600 nm.
As shown in Table 10, the highest transmittance rate was 91.78% for sample 6# (PsT1a). The
second highest transmittance rate was 91.38% for sample 1# (PsaT). In general, the overall
coating transmittance of the independent adding method B was better than that of the
mixing adding method A. However, the content of microcapsules of the topcoat negatively
affected the coating transmittance. The main reason is that the microcapsules with the
mixing adding method in water-based coatings had agglomerated. After drying, the
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agglomeration increases the coating’s roughness and leads to a diffuse reflection, resulting
in a decrease in the coating transmittance.
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Table 10. Visible light transmittance of coatings with different adding methods.

Samples (#) Adding Methods Visible Light Transmittance (%)

1 (A) PsaT 91.38
2 (A) PT1sa 88.07
3 (A) PT2sa 88.47
4 (B) PaT1s 88.07
5 (B) PaT2s 89.98
6 (B) PsT1a 91.78
7 (B) PsT2a 88.19
8 (B) PT1a2s 71.37
9 (B) PT2a1s 87.30

3.3.5. Analysis of Tensile Resistance of Coatings

The elongation at fracture of the coatings was measured before and after the scratching
on coatings and after self-healing for 5 days, as shown in Table 11. Before scratching, the
length of the water-based coating samples for testing was formulated to be 35 mm. The
maximum elongation at fracture was taken as the tensile resistance. From the mixing
adding method A, the mechanical properties of sample 1# (PsaT) were lower than that of
sample 2# (PT1sa) and sample 3# (PT2sa). The elongation at fracture of sample 3# (PT2sa)
reached 20.81%. With the independent adding method B, the highest elongation at fracture
of 17.79% was achieved by sample 4# (PaT1s), in which the primer was prepared with
antibacterial microcapsules and the topcoat was prepared with self-healing microcapsules.
The elongation at fracture increased gradually because of the adding of self-healing mi-
crocapsules to the topcoat. The self-healing microcapsules in the topcoat, when borne
to tensile force, fractured, and a small amount of the repairing agent flowed out, which
increased the tensile resistance of the coating.
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Table 11. Elongation at fracture with different adding methods in three conditions.

Samples (#) Adding Methods
Elongation at Fracture (%)

Before Scratching After Scratching After Self-Healing

1 (A) PsaT 18.91 13.19 16.62
2 (A) PT1sa 19.78 14.92 17.38
3 (A) PT2sa 20.81 14.15 17.82
4 (B) PaT1s 17.79 14.46 16.12
5 (B) PaT2s 14.42 11.09 13.09
6 (B) PsT1a 17.86 14.52 16.72
7 (B) PsT2a 17.06 14.78 16.21
8 (B) PT1a2s 12.29 9.62 10.96
9 (B) PT2a1s 11.86 9.00 10.15

When the coating was measured again after self-healing for 5 days, the elongation
at fracture was found to be much higher. The highest elongation at fracture, i.e., 17.82%,
was achieved by sample 3# (PT2sa) with the mixing adding method A. For independent
adding method B, the elongation at fracture of sample 6# (PsT1a) was 16.72%, which was an
improvement of 2.2% over that after scratching. It showed that, when borne to tensile force,
the self-healing microcapsules fractured so that the rosin-modified shellac would flow out,
which repaired the coating and improved the mechanical properties of the coating.

3.4. Effect of Different Adding Methods on the Antibacterial Properties of the Coatings

Antibacterial tests were carried out against Escherichia coli and Staphylococcus aureus,
respectively. The results are shown in Figure 9. It can be seen that the antibacterial coating
prepared by both antibacterial microcapsules and self-healing microcapsules had almost
the same antibacterial properties against Escherichia coli and Staphylococcus aureus.
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With the mixing adding method A, when the two microcapsules were mixed by
adding in the topcoat for sample 2# (PT1sa), the coating showed antibacterial rates against
Escherichia coli and Staphylococcus aureus of 77.8% and 78.2%, respectively, which were
superior to those of mixing adding in the primer. With the independent adding method B,
the antibacterial rates of sample 4# (PaT1s) were only 74.9% and 69.8% against Escherichia
coli and Staphylococcus aureus, respectively. Sample 5# (PaT2s) had a poor antibacterial
effect, too. Sample 6# (PsT1a) had the highest antibacterial rates of 82% and 83.3% against
Escherichia coli and Staphylococcus aureus, respectively. The antibacterial rates of sample 7#
(PsT2a) were 78.6% and 81.7% against Escherichia coli and Staphylococcus aureus, respectively.
The main difference between these two samples was the position of the antibacterial agent
in the topcoat. The antibacterial rates of the independent adding method B were higher
than those of the mixing adding method A. When the two types of microcapsules were
mixed by adding, the agglomeration occurred, which deteriorated the properties of the
microcapsules [42]. The coating with antibacterial microcapsules in the topcoat had the
best antibacterial properties, mainly because the bacteria usually incubate on the surface of
the coating. When the bacteria deteriorate the coating, the antibacterial microcapsules in
the topcoat release a nano-silver solution to kill the bacteria.

3.5. Effect of Different Adding Methods on the Self-Healing Properties of Coatings

The effect of the adding methods on the self-healing properties of the coating on the
Andoung wood was explored, as shown in Figure 10. Figure 10A shows the scratch of
sample 1# measured under the microscope after scratching as 28.94 µm. Figure 10B shows
the scratch measured at the same location as Figure 10A after 5 days of self-healing. The
scratch was 22.48 µm after self-healing, which was narrowed by 6.46 µm. The self-healing
rate was calculated with Equation (6) as 22.3%. Figure 10C,D show the scratch narrowed by
2.79 µm for sample 2#. Figure 10E,F show that the scratch narrowed by 5.59 µm for sample
3#. Figure 10G,H show that the scratch narrowed by 0.35 µm for sample 4#. Figure 10I,J
show that the scratch narrowed by 1.57 µm for sample 5#. Figure 10K,L show that the
scratch narrowed by 6.86 µm for sample 6#. Figure 10M,N show that the scratch narrowed
by 4.85 µm for sample 7#. Figure 10O,P show that the scratches narrowed by 1.95 µm for
sample 8#. Figure 10Q,R show that the scratches narrowed by 4.93 µm for sample 9#.

As shown in Table 12, samples 1#–3# were prepared with the mixing adding method.
The self-healing rates were 22.3%, 25.6%, and 24.3%, respectively. There was little difference
in the self-healing properties. This indicates that mixing by adding antibacterial micro-
capsules in the topcoat did not affect the self-healing properties. When the antibacterial
microcapsules were mixed and added to the primer, this method affected the self-healing
properties of the self-healing coating. Samples 4#–9# were mainly prepared with the in-
dependent adding method. It was seen that the self-healing properties of sample 4# and
sample 5# with the adding of self-healing microcapsules to the topcoat were poor, with
only 2.6% and 7.6% self-healing rates. The self-healing rate of sample 6# with the adding of
self-healing microcapsules to the primer reached 41.1%. The self-healing rate of sample
7# with nano-silver solution microcapsules added to the second topcoat and self-healing
microcapsules added to the primer was 32.4%. The self-healing properties of sample 6#
and sample 7# were better than those of the others. This indicates that the coating prepared
with the method involving adding nano-silver solution microcapsules to the topcoat and
self-healing microcapsules to the primer had the better self-healing properties. The reason
is that, when micro-cracks occurred, the coating in contact with the wood was fractured
by stresses, and the synergistic effect between the microcapsules was able to achieve good
self-healing properties.



Coatings 2024, 14, 286 20 of 24

Coatings 2024, 14, x FOR PEER REVIEW 20 of 24 
 

 

narrowed by 4.85 µm for sample 7#. Figure 10O,P show that the scratches narrowed by 
1.95 µm for sample 8#. Figure 10Q,R show that the scratches narrowed by 4.93 µm for 
sample 9#. 

 
Figure 10. OM images of the self-healing properties of coatings with different adding methods: (A) 
after 1# scratch, (B) after 1# self-healing, (C) after 2# scratch, (D) after 2# self-healing, (E) after 3# 
scratch, (F) after 3# self-healing, (G) after 4# scratch, (H) after 4# self-healing, (I) after 5# scratch, (J) 
after 5# self-healing, (K) after 6# scratch, (L) after 6# self-healing, (M) after 7# scratch, (N) after 7# 
self-healing, (O) after 8# scratch, (P) after 8# self-healing, (Q) after 9# scratch, and (R) after 9# self-
healing. 

As shown in Table 12, samples 1#–3# were prepared with the mixing adding method. 
The self-healing rates were 22.3%, 25.6%, and 24.3%, respectively. There was little differ-
ence in the self-healing properties. This indicates that mixing by adding antibacterial mi-
crocapsules in the topcoat did not affect the self-healing properties. When the antibacterial 
microcapsules were mixed and added to the primer, this method affected the self-healing 
properties of the self-healing coating. Samples 4#–9# were mainly prepared with the 

Figure 10. OM images of the self-healing properties of coatings with different adding methods:
(A) after 1# scratch, (B) after 1# self-healing, (C) after 2# scratch, (D) after 2# self-healing, (E) after
3# scratch, (F) after 3# self-healing, (G) after 4# scratch, (H) after 4# self-healing, (I) after 5# scratch,
(J) after 5# self-healing, (K) after 6# scratch, (L) after 6# self-healing, (M) after 7# scratch, (N) after
7# self-healing, (O) after 8# scratch, (P) after 8# self-healing, (Q) after 9# scratch, and (R) after 9#
self-healing.
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Table 12. Self-healing properties of the coating on the Andoung wood with different adding methods.

Samples (#) Adding Methods After Scratching
(µm)

After Self-Healing
(µm)

Self-Healing Rate
(%)

Standard
Deviation of

Self-Healing Rate

1 (A) PsaT 28.94 22.48 22.30 0.0063
2 (A) PT1sa 10.90 8.11 25.60 0.0072
3 (A) PT2sa 23.05 17.46 24.30 0.0068
4 (B) PaT1s 13.34 12.99 2.60 0.0008
5 (B) PaT2s 20.75 19.18 7.60 0.0022
6 (B) PsT1a 16.71 9.85 41.10 0.0171
7 (B) PsT2a 14.95 10.10 32.40 0.0108
8 (B) PT1a2s 14.44 12.49 13.50 0.0041
9 (B) PT2a1s 18.65 13.72 26.40 0.0067

3.6. Self-Healing and Antibacterial Properties of Microcapsules in Coatings and Interfacial
Interactions between Wood and Coating

(1) Comparison of antibacterial and self-healing properties of coatings

Taking sample 6# with optimal comprehensive performance as an example, the self-
healing microcapsules were added to the primer, and the antibacterial microcapsules were
added to the first topcoat. The coating’s microstructure was analyzed by using SEM, as
shown in Figure 11. Figure 11A shows an image of the coating’s microstructure after
scratching, and Figure 11B shows the image of that after the self-healing at the same
position. It can be seen that the micro-crack of the coating was narrower after 5 days. This
indicated that the core materials flowed out and filled the scratch.
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Figure 11. SEM images of the scratch of the coating prepared by antibacterial microcapsules and
self-healing microcapsules: (A) after scratching on the coating and (B) after 5 days of self-healing.

(2) The mechanism analysis of antibacterial and self-healing properties of coatings

The mechanism analysis of the antibacterial and self-healing properties of coatings
is shown in Figure 12. The scratch occurred on the coating after scratching. The micro-
capsules were borne to stresses, and the wall material was fractured and released the core
materials. When the rosin-modified shellac came into contact with air, it was dried to fill
the scratch of the coating at room temperature to achieve the self-healing [43,44]. Nano-
silver particles, that is, the effective antibacterial component in the nano-silver solution,
flowed out to form an antibacterial coating. The slow release of nano-silver particles from
the antibacterial microcapsules caused the protein in the bacteria to coagulate to achieve
the effect of bacterial inhibition. The nano-silver solution after encapsulation had better
stability, a smaller size, and a stronger interaction with bacteria. At the same time, the
microencapsulation technology protected the nano-silver particles from clustering, which
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improved the antibacterial properties of the microcapsules [45]. The coating prepared by
antibacterial microcapsules and self-healing microcapsules had significant antibacterial
properties against Escherichia coli and Staphylococcus aureus and had significant self-healing
properties to fill the micro-cracks.
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4. Conclusions

Dual-functional coatings prepared by mixing two microcapsules were investigated,
including exploring the optical, mechanical, and resistance to the liquid properties of
the coatings, as well as antibacterial and self-healing properties. The main influencing
factor of the performance of the water-based coating was obtained as adding methods of
antibacterial microcapsules and self-healing microcapsules. The gloss of the coatings with
both antibacterial microcapsules and self-healing microcapsules added to the primer at the
same time was superior to that of the one with both microcapsules added to the topcoat at
the same time. The optimal coating gloss of sample 1# (PsaT) was 18%. Sample 6# (PsT1a)
had the optimal coating transmittance in the wavelength range of 300–800 nm of 91.78%.
The coating’s hardness was not affected by the adding method and was maintained at
3 H. The mechanical properties of coatings prepared with the independent adding method
B were better than those of the mixing adding method A. The elongation at fracture of
sample 6# (PsT1a) after 5 days of self-healing was improved by 2.2% compared to that after
scratching. The adding of self-healing microcapsules can improve the mechanical properties
of the coating. Sample 2# (PT1sa) showed antibacterial properties against Escherichia coli of
77.8%, and Staphylococcus aureus of 78.2%, respectively. The mixing adding of microcapsules
in the topcoat is better than that in the primer when comparing the antibacterial properties.
With the independent adding method, the antibacterial rates of sample 6# (PsT1a) reached
82% and 83.3%, respectively. Therefore, the antibacterial effect of the independent adding
method B was superior to that of the mixing adding method A. Sample 6# (PsT1a) had
the optimal self-healing rate of 41.1%. The antibacterial microcapsules and self-healing
microcapsules were added to the primer and topcoat in an independent method, which
can develop their respective properties and effectively make coatings dual-functional. The
dual-functional coatings provide the reference for preparing more functional and smarter
coatings in the future.
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