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Abstract: Using microencapsulation technology and the natural antimicrobial properties of aloe-
emodin, the antimicrobial microcapsules were prepared by in situ polymerization using urea-
formaldehyde resin as the wall material and aloe-emodin as the core material. The antimicrobial
microcapsules were mixed into waterborne coatings to improve the antimicrobial ability of water-
borne paint films against bacteria for better protection of substrates. The purpose of this study was
to optimize the preparation process of aloe-emodin antibacterial microcapsules. With the variety
and concentration of emulsifiers as the changing factors, three different emulsifiers, namely sodium
dodecyl benzene sulfonate SDBS, OP-10, and Tween-80, were selected to explore the effects of emul-
sifier type and microcapsule loading on the physicochemical and the antibacterial properties of
waterborne paint films, and the morphology, chemical composition, antibacterial properties, optical
properties, and roughness of the paint films were tested and analyzed. The results showed that all
the emulsifiers with 3.0% concentration in the microencapsulation preparation were better than 1.0%.
The performance of the microencapsulated varnish films prepared with the addition of the three
emulsifiers had advantages and disadvantages, with the highest antibacterial rates of 77.1%, 55.4%,
and 65.9% for Escherichia coli and 70.0%, 63.9%, and 60.7% for Staphylococcus aureus, respectively. The
antibacterial properties of the microencapsulated varnish film prepared by adding SDBS emulsifier
were slightly above those of the other two groups. The three sets of paint films’ color differences
rose, the gloss reduced, the rate of light loss increased, the rate of light transmission fell, and the
roughness increased with an increase in microencapsulated content. Aloe-emodin microcapsules
enable the water-based coating to have antibacterial properties, expanding the application range of
water-based coatings.
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1. Introduction

In a contemporary society where living standards are gradually rising, the health of
human life is becoming increasingly important to people [1-3]. The living environment
in which human beings live is also getting more and more attention [4,5]. The pollution
of bacteria and other microorganisms in the human living environment affects people’s
health [6]. Coatings are commonly used in the decoration of furniture, artifacts, and
other household objects, which are frequently touched by people in their daily lives and
work [7]. Bacteria may be transmitted indirectly by contact through the carrier of furniture
surface paint film, so making a coating with antimicrobial properties is one of the ways to
effectively block indirect transmission [8]. In practice, coatings with antibacterial properties
are effective in reducing the density of bacteria on furniture and other objects, optimizing
people’s living environment [9]. This requires us to investigate the antimicrobial function
of coatings.

Compared to traditional paints, water-based paints are increasingly used because of
their green, energy-saving, and low formaldehyde benefits [9-13]. However, waterborne
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coatings do not possess antimicrobial properties and cannot act as antimicrobial agents [14].
Microencapsulation technology can be used to wrap the wall material on the surface of
the core material by physical or chemical methods to produce tiny “core-shell structure”
spherical particles [15]. The use of microencapsulation technology to cover the core with
antimicrobial properties stabilizes the core, resulting in a long-lasting and stable antimicro-
bial effect [16]. The preparation of antimicrobial agents into microcapsules can optimize
the performance of the antimicrobial agent and make the coating antimicrobial at the same
time [17]. This has important implications for optimizing the preparation of antimicrobial
agents and enriching the functionality of the coatings for real-life applications. The practical
application of microencapsulation technology in various coating fields is very extensive,
such as construction, road, medical, marine, aerospace, and wood surfaces. Microcapsule
technology applied to coatings can not only enhance the performance of the coating itself,
but also enable the coating to have better performance, to obtain multi-functional coat-
ings. For example, toughening microcapsules can enhance the toughness of the coating,
self-repair microcapsules can make the coating obtain a self-repairing function, discoloring
microcapsules can make the coating gain the function of discoloration, etc. Therefore, the
application of microcapsule technology in coatings has a great application prospect.

Aloe-emodin is an anthraquinone compound, mainly from the natural plant Aloe
curagao, palm leaf rhubarb, etc. [18]. It is one of the active ingredients of the antibacterial
function of aloe-emodin, which Staphylococcus and Streptococcus are extremely sensitive
to. It is one of the natural antibacterial agents which can destroy bacteria efficiently, but is
also safe, harmless, and non-irritating [18-20]. It can remove harmful metabolites released
during bacterial infections as well as endotoxins left behind by the bacteria after they are
killed [20]. Aloe-emodin has a strong suppressive effect on the nucleic acid and protein
synthesis in Staphylococci [21-23]. At the same time, the key exotoxin of Staphylococcus aureus
that causes many infections is «-toxin, which is an important virulence factor secreted by
Staphylococcus aureus. Aloe-emodin possesses the ability to inhibit the hemolytic activity of
a-toxin, thus achieving an antibacterial effect [23]. In addition, aloe-emodin is often used
in cosmetic ingredients and is safe and non-toxic. As such, applying it in coatings in direct
contact with the human body will not cause any harm to the skin [24]. The use of green
materials to prepare microcapsules is a hot research topic nowadays. Aloe-emodin itself
is dark in color, has orange-red crystals as its state of matter, and has large, asymmetrical
particles with low stability, making it unsuitable for direct addition to coatings [25]. By
changing its own processing properties through microencapsulation technology, it can be
well used in actual production and life and has a broad development prospect.

During the preparation of microcapsules, a suitable emulsifier must be selected in
order to obtain a stable core emulsion [26-28]. An emulsifier is a class of substances that
is a surfactant that enables a mixture of two or more immiscible components to form a
stable emulsion [29]. The principle of action of emulsifiers is that during emulsification, the
dispersed phase is dispersed in the continuous phase in the form of micro-droplets [29-31].
The hydrophilic-lipophilic balance value (HLB value) was used to indicate the hydrophilic
or lipophilic emulsifier [32]. When the HLB value of the emulsifier is lower, the stronger
its lipophilicity. When the HLB value is less than 10, in the emulsification process the
microcapsules can be formed for the state of water-in-oil, which can make the water
disperse into the oil. When the HLB value is higher, its hydrophilicity is stronger. When
the HLB value is greater than 10, in the emulsification process, the microcapsules can be
formed for the state of oil-in-water, which can make the oil disperse into the water [33].
The higher the HLB value of the emulsifier, the more hydrophilic it is.

The aim of this study was to optimize the preparation process of antibacterial mi-
crocapsules of aloe-emodin using emulsifier type and concentration as variables. Using
microencapsulation technology, the antimicrobial microcapsules were prepared with urea-
formaldehyde resin as a wall material and aloe-emodin as a core material, and the prepared
microcapsules were added into the waterborne coatings at different contents to make water-
borne coatings with antimicrobial properties. In this experiment, the type and concentration
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of emulsifier were used as variables to investigate the optimal type and concentration of
emulsifier for preparing microcapsules, and three different HLB values and types of emul-
sifiers were selected, namely SDBS, OP-10, and Tween-80. SDBS and Tween-80 are both
hydrophilic emulsifiers. OP-10 is a non-ionic emulsifier with both hydrophilic and hy-
drophobic groups, and its hydrophilic group interacts with water molecules. When water
is added to the OP-10 emulsifier, the molecular space configuration of OP-10 changes
under the action of water, forming a zig-zag structure, its hydrophilic group encases the
hydrophobic group inside, so that the whole hydrophilic group is on the outside, and water
molecules in the form of hydrogen bonding are connected with the ether group. Many
water molecules are linked around the OP-10 molecule to form a larger hydrophilic group,
which greatly improves its hydrophilic ability, thus improving the HLB value [34].

The core material of microcapsules in this experiment, aloe-emodin, is an oily sub-
stance [33], and to disperse aloe-emodin evenly in water, it is necessary to use hydrophilic
emulsifier, i.e., an emulsifier with an HLB value greater than 10. Therefore, the three emul-
sifiers selected for this experiment all have HLB values greater than 10 and are hydrophilic
emulsifiers [34]. The effect of the emulsifiers on the microcapsules and the paint film was
investigated by comparing the morphology, yield, and encapsulation rate of the prepared
microcapsules as well as the antimicrobial and optical characteristics of the paint film. The
results of this study can provide a reference for the research of preparation and optimization
of antibacterial microcapsules of aloe-emodin in waterborne coatings.

2. Experimental Materials and Methods
2.1. Experimental Materials

Table 1 displays the supplies used for this experimental investigation. Silicone abra-
sives were 50 mm X 50 mm X 10 mm in size and were used to prepare coatings. Polyvinyl
alcohol has a molecular weight of 13,000-23,000. The degree of substitution (relative to
vinyl acetate groups) was 88%. Dulux aqueous coating was used as the finish. The Petri
dish had a 90 mm diameter. Both the Staphylococcus aureus and the Escherichia coli were
second generation standard strains from the Beijing Biological Preservation Center, desig-
nated ACTT6538 and ATCC25922, respectively. The emulsifiers used in this experiment
were supplied by Tianjin City Beichen District Fang Zheng Reagent Factory.

Table 1. List of experimental materials.

monooleate (Tween-80)

Material Molecular Formula My, (g/mol) CAS No. Conce(:;ot)r ation
urea CH4N,O 60.06 57-13-6 99.0
formaldehyde solution - - - 37.0
triethanolamine CgH15NO3 149.19 102-71-6 99.9
polyvinyl alcohol [CoH4Oln - 9002-89-5
aloe-emodin C15H1905 270.2369 481-72-1 98.0
citric acid monohydrate CeH19Og 210.14 5949-29-1 99.9
anhydrous ethanol C,HgO 46.07 64-17-5 99.9
waterborne acrylic resin - - 9003-01-4 -
Escherichia coli - - - -
Staphylococcus aureus - - - -
nutrient agar medium - - - -
nutritional broth - - - -
sodium chloride NaCl 58.4428 7647-14-5 99.5
silicon dioxide SiO, 60.084 14808-60-7 99.5
polyethylene film - - - -
Petri dish - - - -
sodium dodecylbenzene sulfonate (SDBS) C18H9NaO3S 348.48 25155-30-0 99.0
octylphenol p"l(}é;’l’jyleg)hylene ether-10 - H,0)N-Cy4Hp0 602.797 9002-93-1 99.0
polyoxyethylene dehydrated sorbitan CauHiusOg 428.60 9005-65-6 99.0
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2.2. Preparation Method of the Aloe-Emodin Microcapsules

In this experiment, antimicrobial microcapsules were prepared by in situ polymer-

ization using microencapsulation technology and the natural anti-microbial properties of
aloe-emodin, with aloe-emodin as the core substance and urea-formaldehyde resin as the
wall substance. By varying the kind and concentration of emulsifier, the optimal process
parameters for producing microcapsules were investigated. The type of emulsifier and HLB
value are presented in Table 2. The microcapsules were prepared according to a certain
formaldehyde to urea molar ratio, core to wall ratio, reaction temperature, and stirring rate
of microencapsulation. The preparation parameters are shown in Table 3 and the materials
used in the test are shown in Table 4. The microencapsulation preparation process in this
experiment was repeated four times with a deviation of £5%.

Table 2. Different emulsifier types and HLB values.

Name of Emulsifier HLB Value Type of Emulsifier
SDBS 10.6 Anionic type
OP-10 134 Non-ionic
Tween-80 15.0 Non-ionic

Table 3. Preparation parameters of the test.

Types of Emulsifier n (Urea):n m ((;ore Temperature Stirring Speed
Sample Emulsifiers Concentration (%)  (Formaldehyde) Material):m °Q) (rpm)
(Wall Material)
1 SDBS 1 1:1.2 1:15 50 600
2 SDBS 3 1:1.2 1:15 50 600
3 OP-10 1 1:1.2 1:15 50 600
4 OP-10 3 1:1.2 1:15 50 600
4 Tween-80 1 1:1.2 1:15 50 600
6 Tween-80 3 1:1.2 1:15 50 600
Table 4. Material list.
Wall Aloe-
Formaldehyde . Polyvinyl . Deionized Emulsifier NaCl .
Sample Urea(® gl ) Ma(tg)“al Aleohol (g) E“:;i‘“ Water (g) () g 0208
1 10.00 16.22 16.00 0.10 1.07 232.65 2.35 1.28 1.28
2 10.00 16.22 16.00 0.10 1.07 227.95 7.05 1.28 1.28
3 10.00 16.22 16.00 0.10 1.07 232.65 2.35 1.28 1.28
4 10.00 16.22 16.00 0.10 1.07 227.95 7.05 1.28 1.28
5 10.00 16.22 16.00 0.10 1.07 232.65 2.35 1.28 1.28
6 10.00 16.22 16.00 0.10 1.07 227.95 7.05 1.28 1.28
(1) Preparation of wall material: Formaldehyde solution and urea were combined thor-
oughly, triethanolamine was added to bring the pH level down to about 8, and then
0.1 g of polyvinyl alcohol was added. The mixture was then placed in a magnetic
stirrer and heated to 80 °C while being stirred at a rate of 600 rpm for one hour.
(2) Preparation of core material: In order to fully emulsify the core material, for 45 min

®G)

different types of emulsifiers were mixed with water and thoroughly stirred before
the core material, aloe-emodin, was added and placed into the magnetic stirrer. The
reaction temperature was then set to 60 °C and the stirring rate to 1000 rpm.

Microencapsulation: The solution of urea-formaldehyde resin wall material was
slowly added into the core material with a dropper at 600 rpm. Citric acid monohy-
drate crystals were added in small amounts to adjust the pH of the solution to 2.5-3.0.
The reaction was then continued for another two hours while being stirred with the
addition of the proper amounts of NaCl and SiO, powder. The final product was
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aged for 24 h at room temperature. After aging, the product was filtered several times
with ethanol and water using a filtering machine and put into an oven and dried at
40 °C for 24 h. After drying, the product was ground and the resulting powder was
microencapsulated.

The addition of polyvinyl alcohol in the process of microcapsule preparation can
reduce the free formaldehyde content, and at the same time, in the actual use of the process,
it can enhance the water resistance of the interface between the waterborne coating and
the wood material and reduce the brittleness of the coating while improving the toughness
and stability of the coating. The addition of NaCl and SiO, improves the phenomenon of
agglomeration of microcapsule particles bonded to each other and makes the microcapsule
material stronger.

2.3. Preparation Method of the Paint Films

The aloe-emodin microcapsules prepared from three different types of emulsifiers
were added to the waterborne topcoats to prepare three different types of films. The added
contents were 0%, 1.0%, 3.0%, 6.0%, 7.0%, and 9.0%, respectively. The breakdown of the
materials used in the waterborne paint films is shown in Table 5. Firstly, the microcapsules
were mixed with the coatings, and then the coatings were applied to the silicone molds.
After the coatings were applied, they were dried at room temperature for 45 min and then
in a constant temperature oven at 40 °C for 45 min. After the paint film was cured, the
samples were demolded and used to test the antibacterial and optical properties of the
paint film. The coatings were then applied to a transparent glass plate to test the roughness
of the paint film.

Table 5. List of materials for paint films.

Content of the Microcapsules (%) Microcapsule Weight (g) Coating Weight (g)
0 0 1.00
1.0 0.01 0.99
3.0 0.03 0.97
6.0 0.06 0.94
7.0 0.07 0.93
9.0 0.09 0.91

2.4. Testing and Characterization
2.4.1. Yield and Coverage Rate Test of the Microcapsules

After the microcapsules were dried to a constant mass, their mass was weighed and
the yield of the resulting microcapsules was recorded. The microcapsule powder was
weighed with mass m;, ground with a mortar to destroy the microcapsule wall material,
and put into a glassware. The hot ethanol was added, the powder was soaked in it, and
put in a constant temperature water bath at 65 °C for 2 h. The hot ethanol was added again
and soaked for 2 h. Following the soaking, it was rinsed with ethanol and deionized water
before being extracted and filtered. The final product, which was the wall material, was
dried in an oven set at 40 °C until the mass remained constant. The weight of the wall
material was denoted as m,. Equation (1) was used to determine the encapsulation rate of
the microcapsules:

pP= (m1 — mz)/ml x 100% (1)

2.4.2. Micromorphology and Chemical Composition Test

Optical and scanning electron microscopy were used to describe the microscopic
morphology of the microcapsules. The produced aloe-emodin microcapsules were equally
distributed on clean slides, covered with coverslips, and positioned upward on the carrier
table. After securing the slides with spring clamp grips, the microscope’s focal length
and brightness were adjusted. To examine and record the microscopic morphology of the
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microcapsules, the 20 x microscope lens was chosen. Microcapsules and varnishes were
examined to determine their chemical composition using infrared spectroscopy.

2.4.3. Antibacterial Test of the Paint Films

In the antimicrobial test of the coating, the strains tested were Staphylococcus aureus and
Escherichia coli. According to GB/T 21866-2008 [35], the antimicrobial properties of the paint
film were tested. Firstly, numerous flat nutrient agar mediums were created as a backup
using nutrient agar medium powder that had been heated, dissolved in filtered water, and
then dispensed into Petri dishes. To create broth culture solution, nutrient broth powder
was heated with purified water until it was completely dissolved. To generate an eluent
with a concentration of 0.85%, sodium chloride was added to filtered water and heated to
dissolve. This mixture was then placed aside. The broth culture solution, eluate, and plane
nutrition agar medium were all autoclaved at 121 °C for 30 min. The polyethylene film
needed to soak in a solution of 70.0% ethanol for 30 min before being rinsed with eluate,
dried, and prepared for use.

The slant conserved strains were fresh strains that were conserved for no more than one
month. After 20 h of incubation at 37 °C in a constant temperature and humidity chamber,
the bacteria on the slant medium were transferred to the flat nutrient agar medium using
the sterilized treated inoculation loop. Then, 1-2 loops of fresh bacteria were scraped
from the flat nutrient agar medium with the inoculation loop and added to the broth
culture solution. According to GB/T 4789.2-2016 [36], ten-fold incremental dilutions were
made in turn to make a 1:1000 bacterial suspension. The 0.5 mL of bacterial suspension
was taken drop by drop and added on the prepared lacquer film. The polyethylene film
was picked up with sterilized forceps and covered the lacquer film flatly to ensure there
were no air bubbles between the covering film and the lacquer film, so that the bacterial
solution evenly touched the lacquer film. The samples were placed in Petri dishes and
incubated in a constant temperature and humidity chamber at 37 °C and 98.0% for 24 h.
Two sets of parallel tests were performed for each sample. The samples were taken out
after 24 h incubation, and 20 mL of eluent was added to rinse the sample lacquer film and
the covering film repeatedly. After stirring the eluate well, 0.5 mL was inoculated into the
flat nutrient agar medium and incubated in a constant temperature and humidity chamber
at 37 °C and 98.0% for 48 h.

The flat nutrient agar medium that had been incubated for 48 h was taken out, placed
in the bacterial colony counter, and carefully observed using a magnifying glass. All the
colonies at the bottom of the medium were counted one by one with a probe pen, and the
number on the display after counting was the number of colonies in that medium. The
average of the 2 sets of parallel tests was taken as the final result. After 48 h of incubation
for each sample, the measured number of colonies was multiplied by 1000 to determine
the real value of the recovered live bacteria. Equation (2) is a calculation of the lacquer
film’s antibacterial rate. Where B stands for the typical number of colonies recovered after
48 h for the lacquer film without microcapsules, and C stands for the typical number of
colonies recovered after 48 h for the lacquer film with microcapsules. R stands for the
antibacterial rate.

R=(B—-C)/B x 100% ()

2.4.4. Optical Properties Test of the Paint Films

According to GB/T 11186.3-1989 [37], the color difference of paint film was tested by
using a portable colorimeter. The values of L, a, and b were noted during the test. The L
value represents the lightness value of the sample tested; the larger the L value, the brighter
the color. The a value represents the red-green value of the sample tested; a positive value
means the color is red, a negative value means the color is green. The b value represents
the yellow-blue value of the sample tested; the positive value means the color is yellow,
and the negative value means the color is blue. The values of L1, a1, and by indicate the
paint film without adding core or microcapsules and Ly, 4, and b, are for the paint film
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with adding core or microcapsules, and the color difference AE was calculated according to
Equation (3), where AL=L; — L1, Aa=a; — aj, and Ab =by — b;.

AE* = [(AL? + (Aa*)* + (Ab*)*]'/2 3)

According to GB/T 4893.6-2013 [38], at 20°, 60°, and 85°, the gloss level of the paint
films was measured using the glossmeter. Based on Formula (4), the gloss loss rate of the
paint films at a 60° incidence angle was determined. Gy is the paint film’s gloss without the
addition of core material or microcapsules, and G; is the gloss after adding core material or
microcapsules. Gy, stands for the light loss rate.

GL = (GO — Gl)/GO x 100% (4)

UV spectrophotometers were used to test the transmittance of paint films. The wave-
length of visible light in the band 380-780 nm was the wavelength range for testing. When
a beam of light had passed through the sample, the ratio of the remaining light intensity to
the light intensity of the incident light was the transmittance.

2.4.5. Roughness Test of the Paint Films

According to GB/T 6062-1985 [39], the surface roughness of the paint film was tested
by placing the coated glass plate on the test bench, adjusting the position of the stylus until
it touches the paint film, testing, and recording the surface roughness of the paint film.

3. Results and Discussion
3.1. Analysis of Microcapsule Preparation Results
3.1.1. Analysis of Microcapsule Yield and Coverage Rate

The yield of microcapsules is one of the important indicators to evaluate the results
of microcapsule preparation. Table 6 shows the results of microcapsule yield and encap-
sulation rate of different emulsifier types and concentrations. Among them, the highest
yield of 14.25 g was obtained for Sample 6 microcapsules, and the highest encapsulation
rate of 9.4% was obtained for Sample 2 microcapsules. By comparing the different concen-
trations, it can be found that the yields of microcapsules prepared by the three emulsifiers
at 3.0% concentration were higher than those at 1.0% concentration, and the coverage rates
were basically the same with very small differences. In this way, it can be known that the
emulsifier at 3.0% concentration is more suitable, so in the preparation of waterborne paint
film, three microcapsules prepared at 3.0% emulsifier concentration were chosen to be
added to the paint, namely, Sample 2 microcapsules, Sample 4 microcapsules, and Sample
6 microcapsules.

Table 6. Microcapsule yield and coverage rate under different emulsifier types and concentrations.

Types of Emulsifier . Yield Rate Coverage
Sample Emylﬁsiﬁers Concentration (%) Yield (g) (%) Rate ("/%)
1 SDBS 1.0 10.16 3.8 9.3
2 SDBS 3.0 11.85 45 94
3 OP-10 1.0 13.27 5.1 7.7
4 OP-10 3.0 13.58 5.1 7.5
5 Tween-80 1.0 14.15 53 8.0
6 Tween-80 3.0 14.25 54 8.0

3.1.2. Analysis of Microcapsule Morphology

Figure 1 shows the macroscopic morphology of the microcapsules of Sample 2, Sam-
ple 4, and Sample 6. The color of the microcapsules of Sample 2 prepared with SDBS
as the emulsifier was relatively darker, and the color of the microcapsules of Sample 6
prepared with Tween-80 as the emulsifier was relatively lighter. This indicates that the
microcapsules with Tween-80 as the emulsifier can better reduce the staining of the core
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material to the wall material during the transformation process and lighten the overall color
of the microcapsules so that their color is more suitable for mixing in the paint film. While
the microcapsules with SDBS as the emulsifier had the most obvious effect of staining of
the core material on the wall material during the conversion process, so the microcapsules
had the darkest color.

B

10 mm 10 mm 10 mm

Figure 1. Macro-topography of microcapsules: (A) Sample 2, (B) Sample 4, (C) Sample 6.

Figure 2 shows the microscopic images of the six microcapsules. From the figure,
it can be seen that the microcapsules of Sample 1 and Sample 2 prepared with SDBS as
the emulsifier were spherical, round, and full, basically without large agglomerates and
needle crystals. The microcapsules of Sample 3 and Sample 4 prepared with OP-10 as the
emulsifier showed obvious agglomeration. Sample 5 and Sample 6 microcapsules prepared
with Tween-80 as the emulsifier also showed obvious agglomeration and poor dispersibility.
This indicates that the SDBS emulsifier can make the core material of the microcapsules
be better emulsified and dispersed, so that the wall material of the microcapsules is also
more uniformly coated on the surface of the core material. Taken together, the dispersion
of microcapsules prepared with SDBS as the emulsifier was better, and the agglomeration
phenomenon of microcapsules with OP-10 and Tween-80 as emulsifiers were more serious.

50 um

D E F

Figure 2. OM images of microcapsules: (A) Sample 1, (B) Sample 2, (C) Sample 3, (D) Sample 4,
(E) Sample 5, (F) Sample 6.
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Figure 3 shows the SEM images of three microcapsules of Sample 2, Sample 4, and
Sample 6. It can be clearly seen that the microcapsules were all round spheres. The particle
size distribution of the microcapsules is shown in Figure 4. Sample 2 prepared with 3.0%
SDBS emulsifier had the best dispersion, little adhesive material on the surface of the
microcapsules, and concentrated distribution of microcapsule size. More than 70.0% of the
microcapsules were between 4 and 7 pum in size, and the distribution of the microcapsules
between 5 and 6 um in size was the most, accounting for about 40.0%, with an average
size of 5.82 pm. The Sample 4 microcapsules prepared with 3.0% concentration of OP-10
emulsifier were more seriously agglomerated though, with microcapsules adhered together
and poorly dispersed, and the microcapsule size was most distributed between 4 and 5 um,
exceeding 35.0%, with an average particle size of 5.98 um. The average particle size of
the microcapsules of Sample 6 prepared with 3.0% concentration of Tween-80 emulsifier
was 5.97 um, and the microcapsule particle size was most distributed between 4 and
5 um, which was close to 40.0%. The analysis of the graph shows that the particle size
distribution and average particle size of the three microcapsules are relatively similar,
Sample 2 microcapsules have the smallest average particle size and better dispersion, while
Sample 4 and Sample 6 microcapsules have a larger proportion of small particles.

Figure 3. SEM images of microcapsules: (A) Sample 2, (B) Sample 4, (C) Sample 6.

In general, the higher the HLB value, the more hydrophilic the emulsifier is, and
the better the emulsification and dispersion of aloe-emodin in aqueous wall materials.
However, the HLB value of SDBS was the lowest among the three emulsifiers, and
the prepared microcapsules were the best dispersed. This may be due to the strong
emulsifying effect of OP-10 and Tween-80 on aloe-emodin, which dispersed the core
material into too small microdroplets, leading to the difficulty of depositing the wall
material on the surface of the central material during microencapsulation. As a result,
the agglomerative deposition of the wall material appeared, affecting the generation
and dispersion of microcapsules, making the particle size of part of the successfully
encapsulated microcapsules smaller.

In summary, Sample 2 microcapsules prepared with 3.0% concentration of SDBS
emulsifier were dark in color but had good dispersion and concentrated particle size
distribution. The Sample 4 microcapsules prepared with 3.0% concentration of OP-10
emulsifier and the Sample 6 microcapsules prepared with 3.0% concentration of Tween-80
emulsifier were lighter in color, with more microcapsules of small size, but more serious
agglomeration. Therefore, the microcapsules prepared by these three different emulsifiers
have their own advantages and disadvantages, and they need to be added into the paint to
prepare the paint film to further compare and explore the role played by microcapsules in
the paint film.
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Figure 4. Particle size distribution of microcapsules: (A) Sample 2, (B) Sample 4, (C) Sample 6.

3.1.3. Analysis of Chemical Composition of Microcapsules

Figure 5 shows the IR spectra of Sample 2, Sample 4, and Sample 6 microcapsules.
The trends of the absorption peaks of the three microcapsules were basically the same. As
can be seen from the figure, there is an O-H stretching vibration peak at 3350 cm~!, a C-H
bending vibration peak at 2950 cm !, and a C=0 stretching vibration peak at 1630 cm .
The chemical composition of the urea-formaldehyde resin in the microcapsules is indicated
by the absorption peak at 1247 cm !, which is brought on by the deformation vibration of
N-H in the resin [40]. The peak at 1045 cm~1, on the other hand, is the C—-O-C absorption
peak of dihydroxymethylurea in the urea-formaldehyde resin. The peak at 1570 cm ™! is
the aloe-emodin C=C peak, which reveals the chemical make-up of aloe-emodin within the
microcapsules [41,42]. The presence of both core and wall materials in the microcapsules,
as well as the fact that their chemical composition has not been altered, is shown by all of
these feature peaks, demonstrating the success of the microcapsule encapsulation.

3.2. Analysis of Paint Film Properties
3.2.1. Analysis of Paint Film Morphology

Figure 6 shows the macroscopic morphology of the paint film of Sample 2 microcap-
sules prepared by adding different contents of SDBS emulsifier with 3.0% concentration.
Figure 7 shows the macroscopic morphology of the paint film of Sample 4 microcapsules
prepared by adding different contents of OP-10 emulsifier with 3.0% concentration. Figure 8
shows the macroscopic morphology of the paint film of Sample 6 microcapsules prepared
by adding different contents of Tween-80 emulsifier with 3.0% concentration. It can be
seen from the figures that all three groups of paint films are yellow and transparent, and
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the color gradually becomes darker with the increase in microcapsule content. When the
microcapsule content is lower than 6.0%, the color of the paint film is lighter, and when the
microcapsule content is higher than 6.0%, the color of the paint film becomes significantly
darker, which may have a greater impact on the furniture color when it is actually applied
to the furniture surface. The surface flatness of all the three groups of paint films was
fair by observing the smoothness of the paint film surface, and there were no obvious
large particles and agglomerates, and the paint films were all more complete with less
cracking. Therefore, in the subsequent analysis of the paint film morphology and chemical
composition, the sample with 6.0% microcapsule addition was chosen as the representative
for observation.

250

microcapsule: sample 2

200 4 microcapsule: sample 4

microcapsule: sample 6

1730 1045

v 1247 "
51570 ; :

150 - 3350 2350

J

o

(=]
1

o))
o
1

Transmittance (%)
(e}

50 4
—100 H

e
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 5. FTIR image of the microcapsules.

Figure 6. Macro-morphology of paint films with different contents of Sample 2 microcapsules added:
(A) 0%, (B) 1.0%, (C) 3.0%, (D) 6.0%, (E) 7.0%, (F) 9.0%.

10 mm

Figure 7. Macro-morphology of paint films with different contents of Sample 4 microcapsules added:
(A) 0%, (B) 1.0%, (C) 3.0%, (D) 6.0%, (E) 7.0%, (F) 9.0%.
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Figure 8. Macro-morphology of paint films with different contents of Sample 6 microcapsules added:
(A) 0%, (B) 1.0%, (C) 3.0%, (D) 6.0%, (E) 7.0%, (F) 9.0%.

Figure 9 shows the microscopic morphology of the paint film without any microcap-
sules and the paint film with aloe-emodin microcapsules prepared with three different
emulsifiers, both with 6.0% microcapsules and 3.0% emulsifiers. It was observed that there
was a slight wrinkling on the surface of the paint film without the addition of microcapsules.
The surface of the paint film with the microcapsules prepared by adding Sample 2 with
SDBS as the emulsifier and Sample 4 with OP-10 as the emulsifier had slight wrinkles, but
the particles were fewer and the surface was flat. Tween-80 was used as the emulsifier on
the paint film surface of Sample 6, which resulted in more pronounced bumps and particle
aggregation. This phenomenon shows that the Sample 6 microcapsules were strongly
agglomerated and could not be equally disseminated in the coatings, therefore, they were
gathered together and generated bigger particles on the surface. It is obvious that adding
Tween-80 as the emulsifier microcapsule to coatings can have a significant negative impact
on the smoothness of the paint film.

A B

Figure 9. SEM images of paint films: (A) without microcapsules, (B) with 6.0% Sample 2 microcap-
sules, (C) with 6.0% Sample 4 microcapsules, (D) with 6.0% Sample 6 microcapsules.

By observing the macroscopic and microscopic morphology of the three groups of paint
films, it can be found that the paint films made from microcapsules prepared with the three
emulsifiers at a concentration of 3.0% had a transparent yellow color, and the smoothness
and integrity of the paint films were good, which indicates that the concentration and
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type of emulsifier of the microcapsules have a positive effect on the morphology of the
paint films.

3.2.2. Analysis of Chemical Composition of Paint Film

Figure 10 shows the IR spectra of the blank waterborne paint film and three different
paint films spiked at 6.0% microcapsule content. The 2950 cm ! and 1144 cm ! are the C-H
bending vibration peaks and the C-O vibration peaks present in both the waterborne paint
film and the microcapsules. The C=0 and the characteristic (-CH;)-CH, stretching vibra-
tional peaks in the waterborne paint film appear at 1730 cm~! and 1450 cm !, respectively.
These distinctive peaks can be seen in all four curves, proving that the aqueous coatings’
chemical composition was not altered when combined with the microcapsules. The typical
N-H peak can be seen in the microcapsule wall material at 1247 cm~!. The typical peak
for C=C in the microcapsule core material can be seen at 1560 cm~!. These peaks are
present in all three curves for the paint film with the three different microcapsules added,
proving that the wall and core materials of the microcapsules in the waterborne coating
remained unchanged, indicating that the microcapsules did not react chemically with the
paint when added to the waterborne coatings and that both the waterborne coatings and
the microcapsules remained intact.

300
Paint film without the microcapsules
250 4 Paint film with 6.0% sample 2 microcapsules
Paint film with 6.0% sample 4 microcapsules
200 - Paint film with 6.0% sample 6 microcapsules
X 1450
= 150 2950 1730 1144
: P e
g 1004 § L ‘ :
E 50 |
g
= o
a .
—50 4
—100
—150 T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)
Figure 10. FTIR image of the paint films.

3.2.3. Analysis of Antimicrobial Properties of Paint Film

Table 7 and Figure 11 show the actual number of colonies and antimicrobial rates
recovered after antimicrobial testing for three groups of paint films added with Sample 2
microcapsules prepared with 3.0% concentration of SDBS emulsifier, Sample 4 microcap-
sules prepared with 3.0% concentration of OP-10 emulsifier, and Sample 6 microcapsules
prepared with 3.0% concentration of Tween-80 emulsifier, respectively. As can be seen from
the graphical data, compared to the paint films without microcapsules, all three groups
of paint films with added microcapsules showed a gradual increase in the antibacterial
rate against both bacteria as the amount of microcapsules added increased, and the an-
tibacterial effect against Escherichia coli was slightly better than that of Staphylococcus aureus
overall. The highest antibacterial rates against both bacteria were 77.1% and 70.0% for the
paint film with Sample 2 microcapsules, 72.3% and 63.9% for the paint film with Sample 4
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microcapsules, and 70.7% and 60.7% for the paint film with Sample 6 microcapsules. The
antibacterial effect of the paint film with Sample 2 microcapsules was slightly better than
the other two groups for both Escherichia coli and Staphylococcus aureus. This is because the
coating rate of Sample 2 microcapsules prepared with SDBS as the emulsifier was higher
than that of Sample 4 and Sample 6 microcapsules, and the microcapsules themselves were
less agglomerated, so they were evenly dispersed in the coatings, making the antibacterial
effect even better. These results show that the microcapsules successfully acted as antibac-
terial agents in the paint film. The microcapsules prepared with different emulsifiers all
have antimicrobial functions and the strength of the antimicrobial effect depends to a large

extent on the effectiveness of the microcapsule coating.

Table 7. Actual recovery of viable bacteria and antibacterial rate of paint films.

Average Number

Antibacterial Rate Average Number of  Antibacterial Rate

Sample Content of the of Recovered against Recovered against
P Microcapsules (%) Escherichia coli Escherichia coli Staphylococcus Staphylococcus
(CFU-Piece1) (%) aureus (CFU-Piece—1) aureus (%)

0 314 - 280 -
g . 1 204 35.0 221 21.1
Palg; Iih?e";lth 3 168 4655 164 414
microcs sules 5 126 59.9 126 55.0
p 6 105 66.6 121 56.8
9 72 77.1 78 72.1

0 314 - 280 -
L . 1 239 23.9 235 16.1
Pal;‘; Iﬁh?e"fth 3 201 36.0 186 33.6
microcf sules 5 173 449 154 45.0
p 6 140 55.4 152 45.7
9 87 72.3 101 63.9

0 314 - 280 -
g . 1 231 26.4 229 18.2
Palg; Iﬁh?e"glth 3 206 34.4 184 343
i s 5 164 478 160 429
p 6 133 57.6 158 43.6
9 92 70.7 110 60.7

A
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Figure 11. Antibacterial rate of paint films: (A) against Escherichia coli, (B) against Staphylococcus aureus.
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3.2.4. Analysis of Optical Properties of Paint Film

The data on the chromaticity values and color difference values of the paint films
with different microcapsules added are shown in Table 8. The effect of microcapsules
prepared with different emulsifiers on the chromaticity values and color difference
of the paint films is shown in Figure 12. Figure 12A shows that as the microcapsule
content increased, the color difference of all three groups of paint films with added
microcapsules increased continuously compared to the blank paint films without added
microcapsules. Figure 12B shows that as the microcapsule content increased, the L value,
which represents the degree of brightness, decreased slightly for all three groups of
paint films. When granular microcapsules were added to the coatings and prepared into
paint films, the smoothness of the paint films was impacted by the microcapsules and,
as a result, the paint films’ brightness slightly diminished. Figure 12C shows that the
increase in microcapsule content had little effect on the value representing the red—green
value in the three groups of paint films. In contrast to the L value, Figure 12D shows
that the b value representing the yellow values in the three groups of films showed an
increasing trend, with the yellow color of the paint film increasing as the microcapsule
content increases. Of the three groups of films, the difference in color was greatest
in the paint film with the addition of Sample 2 microcapsules, this is because Sample
2 microcapsules prepared with the SDBS emulsifier were themselves the darkest of
the three microcapsules. Therefore, the addition to the paint film resulted in a greater
color difference compared to the blank film. This trend is also reflected in the b value,
which represents the degree of yellow color, with the paint film with the addition of
microcapsules from Sample 2 having the highest b value and the a and L value not
differing much from the other two groups. Sample 4 microcapsules prepared with the
OP-10 emulsifier had the lightest color itself and, therefore, the least color difference
compared to the blank paint film without the addition of microcapsules, which is a better
choice for addition to clear waterborne coatings.

Table 8. Chromaticity and color difference of paint films with different contents of microcapsules.

Content of the

Sample Microcapsules (%) L a b AE

0 93.6 £ 0.7 —0.8+£0.1 38+05 -
Paint film with 1.0 920+ 1.6 -3.0+0.1 18.1+1.2 14.5
Sample 2 3.0 86.2 £ 1.5 -33+02 427 £23 39.7
microcapsules 5.0 842 +1.6 1.0£0.1 55.6 £ 1.8 52.7
6.0 845+ 1.6 19+03 613 +1.2 58.3
9.0 81.7 £ 0.9 51106 63.1+14 60.8

0 93.6 £ 0.7 —0.8+0.1 38105 -
Paint film with 1.0 90.6 £2.3 —-1.0+0.1 162+ 1.2 12.8
Sample 4 3.0 89.4 £ 0.8 0.8 +£0.1 254+ 05 22.0
microcapsules 5.0 85.4 £33 29+0.6 374+ 14 34.8
6.0 85.6 £2.5 14+03 38.8+15 36.1
9.0 83.5+23 6.1 +05 481+£0.7 46.0

0 93.6 £ 0.7 —0.8+0.1 38105 -
Paint film with 1.0 91.5+2.0 —294+02 214+1.1 17.9
Sample 6 3.0 86.4 £2.0 —-20+0.1 374+ 0.8 34.4
microcapsules 5.0 854 +£1.0 -0.5 539 +1.2 50.8
6.0 87.7+14 —0.6 £0.1 545+ 1.3 51.1

9.0 822 £1.6 6.1 £0.2 61.9 £ 0.6 59.6
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Figure 12. Effect of the microcapsule content on chromaticity and color difference of the paint films:
(A) color difference value, (B) value of L, (C) value of a, (D) value of b.

The impact of various microcapsule additions on the gloss and light loss of the paint
films are shown in Table 9. The three groups of paint films all experienced a steady decline
in gloss as the amount of microcapsules in each set of paint films increased. The gloss of the
paint film of Sample 6, which was prepared by adding Tween-80 emulsifier, was slightly
lower than that of the other two groups, probably due to the poor dispersibility of Sample 6
microcapsules, which could not be dispersed evenly in the coatings, and the agglomeration
and accumulation of particles caused the low gloss of the paint film. As shown in Figure 13,
at an incidence angle of 60°, with the increase of the microcapsule content, the gloss of all
three groups gradually decreased and the light loss rate gradually increased. When the
microcapsules content reached 9.0%, the gloss of the paint film was the lowest and the light
loss rate was the highest. This is because the granular microcapsules affect the flatness of
the paint film after drying. At the same time, the increase in the microcapsule content also
makes the diffuse reflection of light on the surface of the paint film increase, and the gloss
level decreases.

20 100
u —#— Paint film with sample 2 microcapsules E —=— Paint film with sample 2 microcapsules
18 4 P itk 4mi ules —&— Paint film with sample 4 microcapsules
~@— Paint film with sample 4 microcapsules P P
16 —A— Paint film with sample 6 microcapsules 0 A Paint film with sample 6 microcapsules
~ _///.
32 e
~ )
jus) @ 01
o g
0 2
2 < 10
51 @
@) S
2
T //
204 Jf
0 T T T T T T T T T 0 T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 1
Content of the Microcapsules (%) Content of the Microcapsules (%)

Figure 13. Effect of content on gloss and loss of gloss of paint films at 60°: (A) gloss, (B) gloss loss rate.
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Table 9. Gloss and gloss loss rate of paint films with different contents of microcapsules.
Content of the 5 5 o Gloss Loss Rate
Sample Microcapsules (%) 20° (GU) 60° (GU) 85° (GU) (%)
0 59+03 17.8 £ 0.6 70+1.0 -
Paint film with 1.0 62102 124 £1.0 2.8 30.3
Sample 2 3.0 3.8+0.1 85+04 39+02 525
microcs sules 5.0 20+0.1 62+0.1 35+0.1 65.4
P 6.0 1.8+0.1 6.1+0.1 32+01 65.6
9.0 17401 64+02 19+0.1 66.0
0 59+03 17.8 £ 0.6 70+1.0 -
Paint film with 1.0 28+03 12.0 £ 0.6 9.8+0.2 32.7
Sample 4 3.0 23+£02 84+03 47 +£0.1 52.7
microcs sules 5.0 1.6+0.1 6.9+02 28+0.1 65.3
P 6.0 1.8+0.1 57+0.1 21+01 67.8
9.0 15402 43+£03 0.5 76.1
0 6.0+ 0.3 17.8 £ 0.6 70+1.0 -
Paint film with 1.0 35+01 112 £0.7 109 £ 0.8 36.9
Sample 6 3.0 15+0.1 74402 20+0.1 58.4
microcf sules 5.0 12401 48+02 1.0+0.1 73.2
P 6.0 1.6+0.2 3.8+0.1 0.5 78.5
9.0 12401 27+01 0.3 84.7

Figure 14 shows the light transmission rates of the three groups of paint films. The
trend of the visible light transmission rates of the three groups of paint films is basically
the same and shows a negative correlation with the amount of microcapsules added; the
higher the content, the lower the overall transmission rate of visible light. This is because
when the opaque yellow microcapsules are added to the colorless and transparent coatings,
the degree of transparency of the paint film decreases. When the microcapsules are added
at levels higher than 6.0%, the transmittance of the three groups of paint films decreases
sharply between the blue and violet wavelengths of 400-430 nm. This is because when the
microcapsules are added at higher levels, the yellow color of the paint film increases, the
absorption of blue-violet light increases, and the intensity of visible light remaining after
passing through the paint film is greatly reduced compared to the incident light intensity,
thus reducing the transmission rate. Figure 14B shows that the absorption peak at 430 nm
for the paint film of Sample 4 microcapsules prepared with the addition of OP-10 emulsifier
is weaker compared to Figure 14A,C. This is because the Sample 4 microcapsules were the
lightest in color and, therefore, absorbed less blue-violet light than the other two groups.

In summary, among the three groups of paint films with three different microcapsules,
the films with the addition of microcapsules prepared with OP-10 as the emulsifier had
the lowest color difference, higher gloss, and highest light transmission. The trend of color
difference, chromaticity value, gloss, and light transmission was the same for all three
groups; increasing microcapsule addition had similar data values, indicating that the effect
of the different emulsifier types on the optical properties of the paint films was small, while
the effect on the optical properties of the paint films for practical application on wood
surfaces needs to be further investigated.

3.2.5. Analysis of Paint Film Roughness

Table 10 shows the roughness of the three groups of paint films. It can be observed from
the data that the roughness of the three groups of paint films increases as the microcapsule
content increases. This is because as the microcapsule content increases, the microcapsules
are present in the paint film in the form of spherical particles, and the increase in particles
leads to unevenness on the surface of the paint film, causing the roughness of the paint film
to increase. The roughness of the paint film with Sample 6 microcapsules was the highest
among the three groups of paint films. This was due to the fact that the microcapsules
prepared with Tween-80 as the emulsifier were more agglomerated, so the surface of the
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paint film was rough and uneven when added to the coatings. The roughness of the paint
film with Sample 2 microcapsules was lower because the microcapsules prepared with
SDBS as the emulsifier were evenly dispersed and the particle size distribution of the
microcapsules was more concentrated, so the surface flatness of the paint film prepared by
adding to the coatings was higher than the other two groups. At the same time, because
the granularity of the microcapsules affects the flatness of the paint film after drying, with
the addition of microcapsule content, the gloss of the paint film decreases, the light loss

rate increases, the light transmission rate decreases, and the roughness rises.
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Figure 14. Effect of the adding content on light transmittance of the paint films: (A) the films with
Sample 2 microcapsules, (B) the films with Sample 4 microcapsules, (C) the films with Sample

6 microcapsules.

Table 10. Roughness of paint films with different contents of microcapsules.

Sample Mg::::ig:‘.::lfetshﬁ’/o) Roughness (um)
0 01+01
1.0 04+0.1
Paint film with Sample 2 3.0 07+0.1
microcapsules 5.0 1.5
6.0 1.5+02
9.0 21+£01
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Table 10. Cont.

Sample MiC;::ZEZSfetsh(e"/o) Roughness (um)
0 01+0.1
1.0 0.8+£02
Paint film with Sample 4 3.0 1.2
microcapsules 5.0 20%01
6.0 2.6 0.1
9.0 4.2
0 01+0.1
1.0 0.7+0.1
Paint film with Sample 6 3.0 1.6
microcapsules 5.0 35+01
6.0 41+03
9.0 51£01

4. Conclusions

All microcapsules prepared with 3.0% concentration of emulsifier were better than
1.0%. The microcapsules prepared with SDBS as the emulsifier had high coverage, uniform
dispersion, and small average particle size, but were darker in color. The yield of microcap-
sules (Sample 2) was 4.5% and the coverage rate was 9.4%. The microcapsules prepared
with OP-10 as the emulsifier were light in color, with a larger proportion of small-sized
microcapsules, but with more obvious agglomeration. The yield of microcapsules (Sample
4) was 5.1% and the coverage rate was 7.5%. The highest yield of microcapsules was
prepared using Tween-80 as the emulsifier, with the largest proportion of small size micro-
capsules, but with more obvious agglomeration. The yield of microcapsules (Sample 6)
was 5.4% and the coverage rate was 8.0%. The antibacterial properties of the paint films
prepared by adding microcapsules with the three different emulsifiers all increased with the
addition of microcapsules, up to 77.1%, 72.3%, and 70.7% against Escherichia coli and 70.0%,
63.9%, and 60.7% against Staphylococcus aureus, respectively. The antibacterial properties of
the paint films with the addition of microcapsules prepared with SDBS as the emulsifier
were slightly higher than those of the other two groups. As the microcapsules themselves
have color, the addition of microcapsule content increases the color difference between the
three groups of paint film. With the addition of microcapsules, the color difference of the
three groups increased, the gloss decreased, the light loss increased, the light transmission
decreased, and the roughness increased. The paint film with the addition of microcapsules
prepared with OP-10 as the emulsifier had the lowest overall color difference, higher gloss,
and highest light transmission. The coatings with antimicrobial function have potential
applications in furniture coating and construction. The performance test was limited by
coating the paint film with a slide as the substrate. The effect of the lacquer film and its use
in various wood substrates has to be further explored at a more biological level for future
practical applications.
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