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Abstract: The properties of thin polymer films are influenced by the size of the fillers, their mor-
phology, the surface properties and their distribution/interaction in the polymer matrix. In this
work, thin polymer composite films with MoOj or SiO; nano and micro fillers in PVDF-HFP /PVP
polymer matrix were successfully fabricated using the solvent casting method. The effects of different
types, sizes and morphologies of the inorganic fillers on the crystallization of the PVDF-HFP polymer
were investigated, as well as the effects on the thermal and mechanical properties of the composites.
Scanning electron microscopy, ATR-FTIR spectroscopy, differential scanning calorimetry, nanoin-
dentation and uniaxial mechanical tests were used for characterization. The results showed that
MoOj3 nanowires thermally stabilized the polymer matrix, induced crystallization of the PVDF-HFP
polymer in all three polymorphs (-, 3-, y-phase) and formed a geometrical network in the polymer
matrix, resulting in the highest elastic moduli, hardness and Young’s modulus.

Keywords: polymer composites; crystallization; PVP; PVDF-HFP; mechanical properties; thermal
properties

1. Introduction

Polymer composites are promising new engineering materials with improved thermal,
mechanical, and surface properties. Various fillers have been used to improve different
properties of polymers, i.e., carbon nanotubes [1], glass fibers [2], cellulose [3], silica-SiO,
particles [4], SiC and Al,O3 nanowires [5], and others. The particle size and morphology of
the fillers, their orientation, dispersion, and concentration in polymer matrix, the adhesion
between the polymer matrix and the filler and the interphase properties have already been
proved to have a major influence on the final properties of the composites. It has already
been shown that the particle size has a great influence on the mechanical properties, such as
Young’s modulus [6], which is due to the different degree of interactions between the filler
and the polymer matrix. For spherical Al,Oj3 particles, it was found that the addition of
microparticles has only a small effect on the Young’s modulus, while the Young’s modulus
increases significantly with the addition of nanoparticles [7].

The polymer composites based on polyvinylidene fluoride (PVDF) or poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HEP) polymers are used in various attractive ap-
plications, i.e., as flexible, biocompatible nanofibers with superior piezoelectric/ferroelectric
properties in the field of bone tissue regeneration [8], flexible electronic skins [9], nanogen-
erators [10], or intelligent and smart packaging material with water vapor impermeabil-
ity [11]. Additionally, magnetoactive polymer composites with CoFe,O4 nanoparticles in a

Coatings 2024, 14, 1603. https:/ /doi.org/10.3390/ coatings14121603 1 https://www.mdpi.com/journal/coatings
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polyvinyl alcohol (PVA) polymer matrix are being investigated for applications in the fields
of remote sensing, soft robotics, electronics, and biomedicine [12]. Another useful applica-
tion is flexible energy storage devices such as supercapacitors for extreme conditions [13].
For the prediction of electric field distribution in the PVDF based nanocomposites with
various fillers, the researchers in the last years have used COMSOL software [14].

The increase in crystallinity affects not only the morphological characteristics but
also the mechanical and thermal properties [15]. Factors such as particle size and particle-
particle/particle-matrix interactions influence the crystallization of polymers with crys-
talline characters. The PVDF-HFP polymer is a semi-crystalline polymer that can crystallize
into a-, -, and y- phases, depending on the temperature, processing conditions and
fillers/additives used. The doping of PVDF-HFP polymer with fillers, most commonly
organic particles [16] or clay minerals [17], induce the crystallization in the most polar
-phase, which was also formed in the case of mechanical deformation of non-polar o-
phase [18]. Especially, the addition of water-soluble polyvinylpyrrolidone (PVP) polymer
induces the crystallization of PVDF-HFP polymer in 3-phase, and even more, PVP increases
its stabilization [19].

During the evaporation process of the solvent (solidification) the molecular chains
adjacent to the particles contract earlier than the free polymer chains, forming a high-density
zone with higher elastic modulus around the particles [20]. The polymer matrix as the
main component of the polymer composite carries the mechanical load, while the dispersed
particles primarily increase the material’s elastic modulus [21]. Moreover, the incorporation
of nanoparticles into the polymer matrix significantly improves the structure of the cross-
linked network between the polymer matrix and the filler, as they serve as cross-linking
attractors, which is particularly observed in the case of large deformations [22].

For the formation of high-strength composites, the adhesion between the filler and
the polymer matrix is a very important parameter that depends on the geometry of the
filler, the chemical structure of the polymer, the regularity of the molecular structure, the
conformational properties, and the branching of the polymer chains [21]. Furthermore,
Woigk et al. reported that interfacial properties correlate with strength in both longitudinal
and transverse directions in a nanocomposite based on a polylactic acid (PLLA) polymer
reinforced with natural fibers [23].

MoO3 nanowires are used in a diverse range of applications, i.e., they can enhance the
antimicrobial activity of polymer nanocomposite films [19,24,25]. However, the fabrication
of these nanoparticles is limited due to its complex nature and high cost. On the other
hand, SiO, filler, which has not yet been used in the PVDF-HFP/PVP polymer matrix,
is widely used in the pharmaceutical industry. This nanomaterial could be a promising
candidate to induce antifouling and antimicrobial properties in the polymer matrix. In our
previous study, we showed that the SiO; nanoparticles in PVDF-HFP/PVP based polymer
nanocomposite reduced the adhesion of S. aureus and E. coli bacterial cells after 24 h of
incubation [26]. Since SiO; filler is more affordable, its use would improve the availability
and application possibilities of such polymer composites.

In this research, we investigated the effects of adding morphologically different inor-
ganic fillers, such as MoOj3 and SiO; on the thermal, structural and mechanical properties
of polymer composites based on PVDF-HFP and PVP polymer. Furthermore, we compared
how different filler sizes affect crystallization, the presence of the individual crystal phases
and the interactions between fillers and the polymer matrix, which also determines the
mechanical properties of polymer composites.

2. Materials and Methods

The polymer composites were prepared using poly (vinylidene fluoride-co-hexafluoro-
propylene) (PVDF-HFP) (Sigma Aldrich, St. Louis, MO, USA) and polyvinylpyrrolidone
(PVP) polymers (Sigma Aldrich, St. Louis, MO, USA) polymer. MoO3 nanowires (Nanotul
Ltd, Ljubljana, Slovenia), MoO3; microparticles (Sigma Aldrich, St. Louis, MO, USA), 5iO,
nanoparticles (W.R. Grace, Columbia, MD, USA), and SiO, microparticles (W.R. Grace,
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Columbia, MD, USA) were used as fillers. For each polymer composite, both polymers
were dissolved separately in dimethylformamide (DMF, Carlo Erba Reagents, Cornaredo,
Italy) and mixed for 4 h at 80 °C and 300 rpm on a magnetic stirrer. The fillers were then
added to the PVP polymer solution, and the dispersion was mixed for further 2 h under the
same conditions. In the last step of the mixing process, the PVDF-HFP polymer solution
was added to the dispersion and mixed for 2 additional hours. After the mixing process, the
polymer composite solutions were casted on a Teflon plate and dried at 80 °C for 2 h. The
composition of the polymer composites was constant, with the mass ratio of PVDF-HFP,
PVP and filler being 69 wt. %, 23 wt. %, and 8 wt. %, respectively. The prepared polymer
composites are shown in Figure 1.

Figure 1. Samples of (A) polymer matrix and polymer composites: with (B) MoO3; nanowires,
(C) MoOj3 microparticles, (D) SiO, nanoparticles, (E) SiO, microparticles for characterization.

The surface topography of polymer composite thin films was investigated with a
scanning electron microscope Verios 4G HP, Thermo Fisher (Waltham, MA, USA). The
images were generated from the signal of secondary electrons at a working distance of
about 4 mm and an accelerated voltage of 3-5 kV. The nano- and micro-particles in powder
form were placed on an adhesive carbon tape fixed in the sample holder and blown with
argon to remove the excess powder. The polymer composite thin films were placed on an
adhesive carbon tape and sputtered with a 10 nm carbon layer.

The ATR-FTIR spectra were recorded at room temperature with a FTIR spectrometer
(Perkin Elmer, Spectrum 65, Waltham, MA, USA), equipped with a single reflection dia-
mond crystal. The ATR-FTIR spectra of free-standing polymer composite thin films were
recorded in a range from 4000 to 600 cm !, with 64 scans per spectrum and a resolution of
4em~ L

Differential scanning calorimetry-DSC was performed using the Q2500 calorimeter
(TA Instruments, New Castle, DE, USA). Heat—cool-reheat tests were performed in a
nitrogen atmosphere in the temperature range from —90 °C to 180 °C with heating/cooling
rates of 10 °C/min. The thermal properties of the polymer composites, i.e., the melting
and crystallization temperature, the glass transition temperature and the enthalpies were
evaluated using the TRIOS software. From these data, the degree of crystallinity of the
polymer composites was calculated using the following equation:

AHy

 AHYf

Xe -100%

where X, is the degree of crystallinity, AH is the fusion enthalpy, AH? is the fusion enthalpy

for 100% crystallinity (for PVDF-HFP polymer, the value of 104.7 ] /g was used [27]) and f
is the weight fraction of PVDF-HFP polymer in composite.
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The elastic modulus and hardness on the surface of polymer composite films were
determined using nanoindentation. The free-standing polymer composite films were
placed on the glass coated with two-component glue and fixed on a holder. The continuous
stiffness measurements (CSM) were performed by Nanoindenter G200 XP instrument
(Agilent Technologies, Santa Clara, CA, USA) using a standard three-sided pyramidal
Berkovich probe at the tip oscillation frequency of 45 Hz and 2 nm harmonic amplitude.
For each sample, the 36 indents were performed. The values of elastic modulus and
hardness were determined at a depth of 1200 and 2400 nm and Poisson’s ratio of 0.4 for
PVDF-HFP [28].

Uniaxial mechanical tests were carried out by the modular compact rheometer MCR
702 (Anton Paar, Graz, Austria) with samples, which were 5 mm wide, 40 mm long and
150 pm thick. The measurements were carried out at room temperature with pre-applied
force of 0.3 N in three repetitions for each polymer composite film. Average stress-strain
curves were presented as the result of the characterization. Young’s modulus was calculated
as a slope of stress-strain curves in a linear range.

3. Results and Discussion
3.1. Morphology

The properties of polymer composites depend on the morphology, size and distribu-
tion of the filler within the polymer matrix. Therefore, the MoO; and SiO; fillers, which
differ in size and morphology, were used to produce the polymer composites. The morphol-
ogy of all four polymer composite fillers is shown in Figure 2. The MoO3 nanowires (with
a diameter of about 200 nm and a length of up to 3 um), which grow in an ortho-rhombic
crystal structure, have a large specific surface area (12.06 + 0.05 m?/g) [29] (Figure 2a).
The commercially available MoO3 microparticles also exhibit an orthorhombic crystal
structure, with an average single crystal size of about 10 pm [29]. Since they show a ten-
dency to form larger agglomerates (Figure 2b), they have smaller specific surface area of
0.27 4 0.05 m? /g [29]. The mesoporous SiO, nanoparticles, which tend to form agglom-
erates (Figure 2c), have the largest specific surface area of (345.55 &+ 1.26 m?/ g) [30]. In
contrast, the SiO, microparticles were the largest filler particles with irregular shapes and
an average particle size of about 150 um (Figure 2d). They have a specific surface area of
305.51 & 1.23 m? /g [31].

Figure 2. SEM images of nano- and micro-particles used: (a) MoO3 nanowires, (b) MoO3; microparti-
cles, (c) SiO, nanoparticles, (d) SiO, microparticles.



Coatings 2024, 14, 1603

The surface topography of PVDE-HFP/PVP polymer matrix and polymer composite
films with MoOs and SiO, nano- and micro-particles is shown in Figure 3. Partially
circular polymer domains can be observed on the surface of the polymer matrix (Figure 3a)
and the polymer composite filled with MoOs particles (Figure 3b,c). The viscoelastic
properties of PVDF-HFP and PVP polymer solution were different, which leads to the
formation of phase separation structures in polymer composites during the film formation
process. The PVP domains with fillers in the PVDF-HFP polymer matrix are formatted,
which appear as spherical structures on the surface. The incorporation of PVP reduces the
overall crystallinity of PVDF-HFP, which can promote the formation of a more amorphous
and nanostructured surface. The interaction between PVP and PVDF-HFP induces the
self-assembly of PVP into spherical nanostructures with an average diameter of 200 to
500 nm [19]. However, when MoO3 nano- or microparticles were added, these spherical
structures increase in size to ~2 pm. The MoO3; nanowires were homogeneously dispersed
on the surface of the polymer composite (Figure 3b). In addition, the polymer domains
were also visible on the surface of the polymer composite with MoO3 microparticles
(Figure 3c), where the rough surface was observed because of the larger dimension of the
fillers, which were, however, relatively homogeneously dispersed. The coatings with the
SiO, nanoparticles consist of agglomerated particles (Figure 3d), which are visible on the
surface due to the very low density of the nanoparticles which prevent their sedimentation
in the polymer matrix. In contrast, when SiO, microparticles were added, the particles did
not agglomerate, but larger microparticles are visible on the surface (Figure 3e).

(e)

Figure 3. SEM images of the surface of (a) PVDF-HFP/PVP polymer matrix and polymer composite

thin films and with the addition of: (b) MoO3 nanowires, (c) MoO3 microparticles, (d) SiO, nanopar-
ticles, (e) SiO, microparticles. The enlargement of the polymer domains is shown in the insert.

3.2. Structural Properties

The structure of polymer composites, in particular the interactions between MoOj3
or 5iO, nano/micro fillers and the polymer matrix, was investigated by ATR-FTIR spec-
troscopy. The vibrational modes of the chemical bonds provide information about the
crystalline phases in polymer composites and the dispersity of the fillers in the polymer
matrix, which is reflected in a shift of peak intensity and position.

The ATR-FTIR spectra of PVDE-HFP/PVP polymer matrix and polymer composites
with MoOj3 and SiO; nano/micro fillers are shown in Figure 4. FTIR spectroscopy shows
the presence of mixed crystal phases in the polymer composites, however the ratio between
the phases was different depending on the type of filler.



Coatings 2024, 14, 1603

——MoO; nanowires
MoO; microparticles
——8i0, nanoparticles
—— Si0, microparticles
—— PVDF-HFP/PVP

1657

1462
1441
1423
13791404
1288
1276

Absorbance [a.u.]
1
——2>==2>1668
1494
\(X(\ ﬁﬁm
1072
988
945
911
—— . $=880
T840
734
712
666
653

i/
AL
K N A\
! NS IS AAN
1800 1600 1400 1200 1000 800 600

Wavenumber [cm ']

Figure 4. ATR-FTIR curves for PVDF-HFP /PVP polymer matrix and polymer composites with MoO3
nanowires, MoOj3 microparticles, SiO, nanoparticles, SiO, microparticles.

In the PVDF-HFP/PVP polymer matrix film, the peaks corresponding to the electroac-
tive phases (B + ) of PVDF-HFP were observed at 840 cm~!. Additionally, the combination
of the o + B +y phases were observed as a collective peak at 1176 cm ™! (symmetric stretch-
ing of -C-C-C-bond [32]) and 1401 cm ! in FTIR spectra and at 880 cm ! and 1403 cm ! in
Raman spectra [33]. These high intensity peaks (at 840 em~!, 880 cm ™! and 1403 cm 1) cor-
respond to rocking of CH; and asymmetric stretching of CF, groups, symmetric stretching
of CF, and C-C groups [34], and CH, swinging [35]. The clearly visible peak at 1234 cm ™!
also in the PVDF-HFP/PVP polymer matrix film is the exclusive peak, typically used for
the identification of y phase [36]. A strong peak at about 1668 cm ™! was attributed to C=O
and C-N stretching in the PVP polymer [37].

The bands observed at 1423 cm™!, 1462 cm~! and 1494 cm~! correspond to the
bending of the CH; group in the PVP polymer [34,37] which was present in all spectra. The
peak at 1072 cm ™! is a composition of two overlapping peaks of PVDF and SiO;. In the
case of the addition of SiO, filler, the peak at 1060-1070 cm ! [38] is characteristic of the
Si-O bond and has caused the broader peak. However, this peak was present also in all
spectra of nanocomposite, which is due to the out-of-plane vibration of CF3 bound in the
PVDE-HFP polymer [39]. Furthermore, the shift to a higher wavenumber of the peak at
1184 cm ™! was observed in the samples with SiO, addition.

The polymorphic crystalline polymer PVDF-HFP can exhibit different mechanical
properties depending on the presence of a crystal phase in the composite material. The
characteristic peaks for the y-phase of the PVDF-HFP polymer at 811 em~—1, 1234 ecm—!,
and 1429 cm ! are present in spectra with MoOj3 /SiO, microparticles and SiO, nanoparti-
cles. However, in the composites with SiO, microparticles and MoO3 nanoparticles, the
absorption peak at 614 cm ! indicates the formation of a small amount of a-phase. The
increase in x-phase was observed in the composite with MoO3; nanowires, while character-
istic peaks at 1209 cm~! and 1423 cm~! were found in the spectra. Moreover, the highest
intensity of the peaks at 1276 cm ™! (typically an exclusive peak for  phase) and 840 cm ™!
also indicates the presence of a larger amount of 3-phase in the composite with MoOj3
nanowires. Meanwhile, the peak corresponding to the CF, symmetrical stretching at 1424
cm ! [40] has the highest intensity in the case of MoO3 nanowires addition. According to
these results, we can expect the best mechanical properties of polymer nanocomposite with
MOO3.

The SiO, nano/microparticles induced the crystallization of the PVDF-HFP polymer
in the y-phase, while SiO, microparticles promote the formation of the a-phase. The
Y-phase is usually formed by the addition of the fillers such as clays and by solid phase
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transformation from the non-polar x-phase to the polar y-phase [41]. In addition, the low
evaporation rate of DMF in the oven (at 80 °C) reduces the mobility of the polymer chains,
favoring the formation of the 3-phase [42]. Moreover, nucleation in the y-phase is also a
consequence of the rapid evaporation of the solvent [42]. Furthermore, the mesoporous SiO;
nanorods induced the formation of the polar 3-phase of PVDF due to the intermolecular
hydrogen interactions in the interphase [43], as observed in the characteristic FTIR peak at
1276 cm ™. On the other hand, not only the filler but also the PVP polymer has an influence
on the crystallization of PVDF; PVP also stabilized the 3-phase of PVDEF [19].

3.3. Thermal Properties

The DSC curves of the polymer matrix and polymer composites with MoO3 and SiO;
nano/micro fillers are shown in Figure 5, where Figure 5a shows the reheating curves
and Figure 5b the cooling curves. The values of the glass transition temperatures (Tg),
melting temperatures (T, ) and enthalpy of fusion (AH) were determined from the reheating
curves, while the crystallization temperatures (T.) and enthalpies were determined from
the cooling curves. All temperatures and enthalpies are listed in Table 1. The lowest glass
transition temperature was determined for PVDE-HFP/PVP polymer matrix, which was
6.5 °C lower compared to the pure PVDF-HEFP film [18]. When fillers were added to the
polymer matrix, the polymer composite with MoO3 nanowires exhibited the lowest glass
transition temperature (—38.42 °C), while the phase transitions were similar for the other
composites. The melting temperature of PVDF-HFP/PVP polymer blend was ~12 °C
lower compared to the pure PVDF-HFP film (T, = 142.00 °C). This temperature shift is
due to the addition of PVP polymer, as it acts as a plasticizer and can absorb moisture
at room conditions [18]. The addition of MoOs microparticles and SiO, nanoparticles
also lowered the melting temperature of the composites by about 2-6 °C compared to
the PVDF-HFP/PVP polymer matrix. The highest melting enthalpy was observed with
the addition of SiO; nanoparticles, followed by MoO3; nanowires and SiO, microparticles,
while the lowest value was observed for the polymer composite with MoO3 microparticles.
Moreover, the crystallinity of the polymer composites was reduced in the same order from
12.72% to 12.28%, 11.00% and 5.96%, respectively.

—— Mo, nanowires
Mo, microparticles

—— §i0, nanoparticles

—— SiD, microparticles
PVDE-HFPIPVP

- = [ —— PVDF-HFP
3 ...
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3 x W
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Figure 5. DSC curves for polymer composites: (a) second heating step, (b) cooling step.

Table 1. Parameters of DSC curves for pure PVDF-HFP, polymer matrix (PVDF-HFP/PVP) and
polymer composites with MoOj3 and SiO; nano- and micro-particles.

Polymer Films with Tg [°C] Tm [°C] AHp [J/gl T [°C] AH, [J/g] Xc [%]

PVDF-HFP —35.66 142.00 36.42 110.39 32.60 34.79
PVDE-HFP/PVP —40.33 130.19 30.78 98.49 10.09 40.01
MoOj3 nanowires —38.42 127.50 8.87 29.60 2.31 12.28

MoOj3 microparticles —30.96 124.41 4.31 22.53 0.42 5.96
SiO, nanoparticles —32.82 124.36 9.19 15.46 0.93 12.72
SiO, microparticles —32.95 128.07 7.94 20.96 0.73 11.00
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3.4. Mechanical Properties

The mechanical properties of the polymer composite surfaces were evaluated by
nanoindentation. The elastic modulus (Figure 6a) and hardness (Figure 6b) are shown
because of the measurements. Compared to the pure polymer blend PVDF-HFP/PVP,
the addition of MoOj3; microparticles and SiO; fillers did not significantly change the elas-
tic modulus and hardness. The elastic modulus of the polymer composite with MoOj3
microparticles was 1.85 % 0.02 GPa, with SiO; nanoparticles 1.73 £ 0.01 GPa, and with
SiO, microparticles 1.86 £ 0.02 GPa. The highest hardness (0.16 £ 0.001 GPa) of the
polymer composite surface was observed in the case of the addition of MoO3; nanowires,
which was due to the highest stiffness of the polymer chains fixed in the nanowire net-
work. However, the other fillers slightly increased the hardness of the pure polymer
matrix surface (0.06 & 0.001 GPa [18]), with 0.076 £ 0.001 GPa for MoO3 microparticles,
0.072 £ 0.0005 GPa for SiO; nanoparticles and 0.088 + 0.001 GPa for SiO; microparticles,

respectively.
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Figure 6. Nanoindentation: (a) elastic modulus and (b) hardness of PVDE-HFP/PVP polymer blend
and polymer composites with MoO3 and SiO, nano- and micro-particles.

In addition, Figure 7a shows the stress-strain curves of the polymer composites ex-
amined. The test results indicate that the fillers in nano-dimensions significantly enhance
the mechanical properties with MoO3 nanowires achieving the highest extensional stress
values at the same strain, followed by SiO, nanoparticles. However, when microparticles
were added, the mechanical behavior of the polymer composite was almost independent of
the particle type. The same trend was observed for the Young’s modulus (Figure 7b), which
describes the mechanical properties of the material and indicates stiffness and resistance
to deformation by external forces. The highest stiffness of the polymer composite was
achieved with the addition of MoO3 nanowires, attributed to the largest number of internal
connections or bonds between the filler and the polymer chains. The Young’s modulus
value for the PVDF-HFP/PVP polymer matrix was 1347.6 £ 8.3 MPa, while it was lower
for the polymer composite with MoO3z nanowires (1544.1 £ 8.8 MPa), but higher when
SiO; nanoparticles were added (1199.7 &= 7.6 MPa). This could be due to the high degree
of crystallinity of the PVDF-HFP/PVP polymer matrix, which makes the polymer film
stiffer. The polymer composites with the addition of MoOj3 or SiO, microparticles exhibited
comparable Young’s modulus values (882.5 £ 6.9 MPa for MoO3 and 893.3 £ 3.5 MPa
for Si0y).

While the addition of fillers generally improves thermal and mechanical properties,
the combined effects of the matrix type, nanoparticle size, and dispersion quality are also
very important [42]. Due to synergy of load transfer from the matrix to reinforcement
particles in nano-dimensions the nanocomposite with MoO3 nanowires exhibited the best
mechanical properties. Moreover, the Young’s modulus was improved for the polymer
nanocomposite with MoO3 nanowires, followed by the mesoporous SiO; nanoparticles
with an average pore size of 2.6 nm and a total pore volume of 0.17 cm®/ g [44]. The Young’s
modulus was similar for the composites with the microparticles, where the interactions
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between the particles and the polymer matrix were almost independent of the particle size
and the type of inorganic filler.
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Figure 7. Mechanical properties of the polymer nanocomposites samples obtained with uniaxial
mechanical tests. (a) Stress-strain curves, (b) values of Young’s modulus for PVDF-HFP /PVP polymer
blend and polymer composites with MoOj3 and SiO; nano- and micro-particles.

The Young’s modulus for PVDF-HFP is 1560 MPa which decreases to 330 MPa with
increasing addition of the MgCl,-6H,O filler (4 wt. %) [45]. On the other hand, polymer
blends consisting of a PVDF/PVP showed a much higher value of Young’s modulus
(~2930 MPa), which was further improved to ~2960 MPa by the addition of 7 wt.% of
lanthanated CoFe,O4 nanoparticles (CLFO) [46].

The particle size in polymer matrix influences the mechanical behavior of composite
due to the different degree of interactions between particles and the host polymer matrix
or, in other words, different molecular-chain-network interactions [20]. The particles act as
junctions among molecular chains of polymers and additionally improve the interactions
in polymer matrix [20].

4. Conclusions

In this study, the influence of incorporating two different types and sizes of particles
into a PVDF-HFP/PVP polymer matrix using the solvent casting method to produce thin
polymer composite films was investigated. Furthermore, SiO; nanoparticles were used as
a comparison and possible substitute to the currently-used MoQOj3. SiO; nanoparticles are
widely used, inexpensive and widely available, while the production of MoO3; nanowires
is very limited. Both MoOj3 and SiO, particles are promising materials for environmental
applications, such as antimicrobial or antifouling coatings.

The presented study showed that the addition of nano/micro MoOj3 or SiO; fillers to
the polymer matrix, which consists of PVDE-HFP and PVP polymer, improved the thermal
and mechanical properties of the polymer composites. In addition, the MoO3 nanowires
formed a geometric network in the polymer matrix, resulting in the best mechanical proper-
ties, i.e., the highest elastic modulus, hardness and Young’s modulus. This improvement is
consistent with the identification of the ferroelectric polar 3-crystal phase of the PVDF-HFP
polymer in this nanocomposite. On the other hand, MoO3; microparticles predominantly
induced the y-phase. The SiO, particles induced the crystallization of the PVDF-HFP
polymer in the y-phase, but a small amount of x-phase was also identified in the composite
with the addition of SiO, nanoparticles. However, metal oxide particles in the form of
microsized contributed to mechanical properties less effectively due to weaker polymer
matrix-filler interactions. The results emphasize the importance of particle size and its
distribution in achieving the desired coatings properties.
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Abstract: Antibacterial microcapsules were prepared using chitosan as the shell material and Toddalia
asiatica (L.) Lam extract as the core material. The optimal preparation process for the microcapsules
of Toddalia asiatica (L.) Lam extract were determined via orthogonal and single-factor experiments as
follows: the mass ratio of Toddalia asiatica (L.) Lam extracts and chitosan (M1:Mc) was 3.0:1, the pH
value of microencapsulation was 7, and the reaction temperature was 50 °C. The M:Mc increased,
the glossiness of the coatings increased and then decreased, the color difference and roughness of
the coatings showed an increasing trend, the transmittance of the coatings decreased, the grade of
citric acid resistance decreased, the resistance to ethanol and detergents of the coatings increased,
and the fracture elongation of the coating increased and then fell. As the M1:M¢ of microcapsules
increased, the antibacterial rates of the coating against Escherichia coli increased first, then decreased,
and lastly increased. The trend of the coating against Staphylococcus aureus first increased and then
decreased. When the microcapsule M1:Mc was 3.0:1, the performance of the coating was better, and
the antibacterial rates against the two bacteria were 67.14% and 68.39%, respectively. Toddalia asiatica
(L.) Lam extracts endow waterborne coatings with antibacterial properties, expanding the application
range of waterborne coatings.

Keywords: Toddalia asiatica (L.) Lam extracts; microcapsules; waterborne coatings; antibacterial
coatings

1. Introduction

With the improvement of the economy and living standards, health and hygiene
issues have received increasing attention from people [1]. However, the pollution caused
by microorganisms in the environment where people live is extremely severe [2]. The use
of antibacterial materials is the simplest and most effective way to achieve a pollution-free
environment [3-5]. On the premise of not changing the original adhesion of the coating,
an ideal antibacterial coating should meet the characteristics of low cost, low toxicity,
high antibacterial efficiency, broad-spectrum antibacterial properties, and antibacterial
persistence [6-8]. The antibacterial agents added to antibacterial coatings are mainly
divided into three types: natural antibacterial agents [9], organic antibacterial agents [10],
and inorganic antibacterial agents [11]. Natural antibacterial agents are non-toxic, have
a wide range of sources, and have significant antibacterial effects, but their stability is
poor [12,13]. Natural antibacterial agents are prepared into microcapsules to improve
their stability and corrosion resistance [14]. These antibacterial microcapsules are added
to waterborne coatings to endow them with antibacterial properties, which is of great
practical significance for improving the service life of coatings, enriching the functions of
waterborne coatings, and protecting substrates [15-17].

With the proposal of the “dual carbon” goal, while developing antibacterial and an-
tiviral coatings, the toxicological properties of coatings have also been given attention [18].
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The production concept of green, non-toxic, and sustainable development is advocated [19-
21]. Toddalia asiatica (L.) Lam extracts belong to the Rutaceae family, and its parts have
extremely high medicinal value [22]. The chemical components of its anhydrous ethanol
extract have good antibacterial properties against Staphylococcus aureus and Escherichia
coli [23]. He et al. isolated resveratrol from the Toddalia asiatica (L.) Lam and tested it
against Gram-positive bacteria, methicillin-resistant Staphylococcus aureus, and broad-spectrum
antibiotics B- Lactamase Staphylococcus aureus with it having strong antibacterial activity, and
the minimum inhibitory concentration against all three bacteria was 0.156 mg/mL [24].
Duraipandiyan et al. [25] used hexane, chloroform, ethyl acetate, methanol and water
extracts of Toddalia asiatica leaves and isolated the compound Flindersine to test against
bacteria and fungi. They found that ethyl acetate extract showed promising antibacterial
and antifungal activity and the isolated compound Flindersine showed moderate activ-
ity against bacteria and fungi. The existing commercial antibacterial products mainly
include antibacterial additives such as Miao Kangbao, Biocote, and SteriTouchden, as
well as antibacterial coatings such as SilverSan, InterponAM, and Nippon Cleansing 120
bamboo charcoal antibacterial [26]. The main reason why antibacterial coatings can exert
antibacterial effects is that special antibacterial agents are added to the coating formula,
which can have a sustained antibacterial ability after coating is completed [27]. Chitosan
was selected as the shell material and Toddalia asiatica (L.) Lam extracts were selected as
the core material for the preparation of microcapsules. They are both natural products
that are environmentally friendly. At the same time, microcapsule technology was used
to overcome the weakness of the poor stability of natural antibacterial agents. The shell
material chitosan also has antibacterial properties, and it was synergized with the core
material antibacterial agent, effectively improving the antibacterial performance against
Staphylococcus aureus and Escherichia coli. This coating had more significant sustainable
properties compared to other similar technologies on the market due to its more certain
composition, ease of addition, mixing and dispersion, and stable mixing.

Chitosan was selected as the shell material and Toddalia asiatica (L.) Lam extracts was
selected as the core material for the preparation of microcapsules. A three factor, two
level orthogonal experiment was designed to explore the optimal preparation process
of microcapsules by analyzing factors such as yield, encapsulation rate, microstructure,
and chemical composition. On this basis, a single-factor experiment was conducted. The
obtained single-factor microcapsules were added to the waterborne topcoat at the same
content to prepare an antibacterial coating, and the effect of the mass ratio of chitosan
and Toddalia asiatica (L.) Lam extracts on the antibacterial coating was investigated. In this
study, Toddalia asiatica (L.) Lam extracts were prepared into microcapsules and added to
the coating. This not only improved the poor stability of natural antibacterial agents, but
also enhanced the antibacterial efficacy of the coating, reduced environmental pollution,
and maintained the stability of the substrate itself, expanding the application range of
waterborne coatings.

2. Materials and Methods
2.1. Materials

Table 1 shows the list of experimental materials. The Toddalia asiatica (L.) Lam Leaves
were from Lingshan County, Qinzhou City, Guangxi Province, China. The leaves were
placed in a 40 °C oven (Shanghai Jinghong Experimental Equipment Co., Ltd., Shanghai,
China) and dried to a constant weight. They were ground into powder using a crusher
(Zhejiang Fengli Crushing Equipment Co., Ltd., Shengzhou, China). The coating was a
waterborne acrylic topcoat (Jiangsu Haitian Technology Co., Ltd., Wuxi, China). A 50 mm
x 50 mm x 10 mm sized silicone mold was selected to prepare the coating. The size of the
glass substrate (Jiangsu Huaou Glass Co., Ltd., Yancheng, China) was 25 mm x 75 mm X
10 mm.
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Table 1. List of experimental materials.

Test Material Purity Manufacturer
Chitosan AR Shandong Haiyi Chemical Technology Co., Ltd., Binzhou, China
Acetic acid AR Henan Mingao Chemical Co., Ltd., Anyang, China
Tripolyphosphate (TPP) AR Sichuan Blue Sword Chemical Group Co., Ltd., Shifang, China
Tween-80 AR Jinan Huifengda Chemical Co., Ltd., Jinan, China
X-100 AR Shanghai Maokang Biotechnology Co., Ltd., Shanghai, China
Anhydrous ethanol AR Jinan Hongrun Chemical Co., Ltd., Jinan, China
Nutrient agar medium - Huankai Microbial Technology Co., Ltd., Guangzhou, China
Nutrient broth - Qingdao Haibo Biotechnology Co., Ltd., Qingdao, China
Staphylococcus aureus - Ningbo Mingzhou Biotechnology Co., Ltd., Ningbo, China
Escherichia coli - Ningbo Mingzhou Biotechnology Co., Ltd., Ningbo, China
Cleaning agents AR Guangdong Baiyun Cleaning Group Co., Ltd., Guangzhou, China
Citric acid AR Shandong Lemon Biochemical Co., Ltd., Weifang, China

2.2. Preparation Method and Experimental Design of Microcapsules
2.2.1. Preparation Method of Microcapsules

First, 0.20 g of acetic acid was diluted in 19.8 g of deionized water in a beaker (Ningbo
Pulai Experimental Instrument Co., Ltd., Ningbo, China) and a 1% concentration acetic acid
solution was prepared. A 0.20 g of chitosan powder was weighed and added to the acetic
acid solution and then a magnetic stirrer (Yancheng Xieying Machinery Manufacturing Co.,
Ltd., Yancheng, China) was added. The beaker was placed in a water bath pot (Gongyi
Yuhua Instrument Co., Ltd., Gongyi, China) with a set speed of 600 rpm and a temperature
of 60 °C until the chitosan powder was completely dissolved to form a chitosan shell
material solution. The leaf powder was mixed with anhydrous ethanol in a mass ratio of
1:15 in the beaker, and the beaker was sealed with cling film. The concentration of blade
powder was 6.25%. The beaker was placed in the water bath pot for extraction for 70 min
with a set speed of 600 rpm and a temperature of 60 °C. The extracted mixture was put into
a centrifuge (Shanghai Luxiangyi Centrifuge Instrument Co., Ltd., Shanghai, China) and
centrifuged for 7 min at a speed of 7000 rpm. The mixture was filtered using a vacuum
pump (Ningbo Aifake Vacuum Technology Co., Ltd., Ningbo, China) combined with a
Buchner funnel (Wuhan Dingsheng Zhongtian Experimental Instrument Co., Ltd., Wuhan,
China) to obtain the filtrate. The obtained filtrate was subjected to rotary evaporation
and dried to obtain a solid extract, sealed, and then stored in a cool and dark place for
future use [28]. Tween-80 and X-100 were weighed to prepare an emulsifier solution with
a mass fraction of about 3.0%. The solution was added dropwise to the Toddalia asiatica
(L.) Lam extracts. The speed of the water bath pot was set to 600 rpm and the temperature
was 50 °C. The solution was placed in the water bath pot for 45 min. The prepolymer
solution was sucked up by a dropper and added to the core material lotion drop by drop.
The core material (0.20 g) and shell material (0.40-0.80 g) solution were fully mixed for
1 h. The concentration range of the core material was 0.25-0.45%, and the concentration
range of the shell material was 0.89-1.01%. The 0.5 mol/mL NaOH solution was added
to adjust the pH value of the solution to around 7. The TPP solution with a concentration
of 5.0% was added; then, the beaker was placed in the water bath for the crosslinking
reaction and microencapsulated for 3 h. The speed of the water bath was set to 600 rpm and
the temperature was 60 °C. The obtained solution was cooled at room temperature. The
high-speed centrifuge speed was set to 7000 rpm, and the resulting product was centrifuged
for 10 min. The upper clear liquid was poured out, and the solid product was placed in a
freeze-drying machine (Ningbo Xinzhi Freeze Drying Equipment Co., Ltd., Ningbo, China)
for 24 h before being taken out and ground. The final product obtained was a powdered
microcapsule [29].
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2.2.2. Orthogonal and Single-Factor Experimental Design of Microcapsules

According to the preliminary experimental results, the main influencing factors in
the preparation process of chitosan-coated Toddalia asiatica (L.) Lam extract microcapsules
included Mt:Mc, the pH value of the solution during the crosslinking reaction, and the
reaction temperature. An orthogonal experiment was designed to investigate the effects
of M1:Mc, the pH value of the solution during the crosslinking reaction, and the reaction
temperature on the preparation of microcapsules. A single-factor experiment was designed
to investigate the effect of M:Mc on the preparation of microcapsules, based on the optimal
preparation parameters obtained by combining the yield and encapsulation rate of the
orthogonal experiments. Table 2 shows the material table for the orthogonal experiments.
Table 3 shows the material table for single-factor experiments.

Table 2. Orthogonal test bill of materials.

Sample Chitosan Toddalia Asiatica Ethanol Tween-80 X-100 Deionized TPP Deionized
) () (L.) Lam Extracts ©) () () Water () Water
(g) (g) (g)
1 0.20 0.40 7.60 0.07 0.73 25.87 0.50 9.50
2 0.20 0.40 7.60 0.07 0.73 25.87 0.50 9.50
3 0.20 0.60 10.80 0.10 1.10 38.80 0.50 9.50
4 0.20 0.60 10.80 0.10 1.10 38.80 0.50 9.50
Table 3. Single-factor test bill of materials.
Chitosan Toddalia Asiatica Ethanol Tween-80 Deionized Deionized
Sample (#) (@) (L.) (@) @) X-100 (g) Water (2) TPP (g) Water (2)
& Lam Extracts (g) 8 8 8 8
5 0.20 0.40 7.60 0.07 0.73 25.87 0.50 9.50
6 0.20 0.50 9.50 0.08 0.92 32.33 0.50 9.50
7 0.20 0.60 11.40 0.10 1.10 38.80 0.50 9.50
8 0.20 0.70 13.30 0.12 1.28 45.27 0.50 9.50
9 0.20 0.80 15.20 0.13 147 51.73 0.50 9.50

2.3. Preparation Method of the Coating

The prepared microcapsules were added to the waterborne topcoat with a mass
fraction of 5% and mixed evenly to obtain 1.0 g of topcoat coating. The obtained topcoat
coating was evenly applied in the silicone mold, leveled, and dried at room temperature.
The coating was dried in the oven at a set temperature of 55 °C for 30 min.

2.4. Testing and Characterization
2.4.1. Performance Characterization of Microcapsules

(1) Coverage rate (C): The microcapsules were soaked in ethanol for 24 h and then
filtered and dried. The formula given calculates the coverage rate, quantifying the
extent of the shell material covering the microcapsule surface (1). M; is the weight of
microcapsules, M; is the weight of the filter paper, and M3 is the weight of the total
mass of the dried filter paper and shell material.

(M; +My) — M3

C= M, 1)

(2) Yield rate (Y): The total mass, My, includes all materials. After drying, the microcap-
sule powder mass is My. The yield rate calculation is shown in the Formula (2).

_ M

Y= 2
M,

)
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(3) Microscopic morphology and chemical composition: Microcapsule morphology was
observed via a Zeiss optical microscope (OM, Carl Zeiss AG, Oberkochen, Germany).
Scanning electron microscopy (SEM, Tescan, Brno, the Czech Republic) was employed
to scrutinize the microcapsule and coating microstructures. Fourier-transform infrared
spectroscopy (FTIR, Brucker AG, Karlsruhe, Germany) was used to determine the
chemical composition of both the microcapsules and the coatings.

2.4.2. Color Difference Testing of the Coating

In the light of GB/T 11186.3-1989 [30], a SEGT-] colorimeter (Zhuhai Tianchuang
Instrument Co., Ltd., Zhuhai, China) was utilized to assess and record the chromaticity of
the coating. The color difference (AE) between the microcapsule-containing coating and
the pure coating was determined using Formula (3), taking into account AL (brightness
variation), Aa (red—green difference), and Ab (yellow-blue difference).

N|—=

AE = [(AL) + (8a)* + (8b)’] 3)

2.4.3. Glossiness, Transmittance, and Light Loss Testing of the Coating

In GB/T 4893.6-2013 [31], a glossmeter (Shenzhen Linshang Technology Co., Ltd.,
Shenzhen, China) was used to test and record the glossiness values of the coating at three
incidence angles of 20°, 60°, and 85°, with the unit being GU.

A UV spectrophotometer (Beijing Puxi General Instrument Co., Ltd., Beijing, China)
was employed to determine and analyze the transmittance of the coating across the visible
light spectrum, ranging from 380 to 780 nm.

The light loss incurred by the coating was subsequently quantified using Formula (4),
where Gy, denotes the light loss rate, G represents the glossiness of the coating in its unmod-
ified state (without microcapsules), and G; signifies the glossiness after the incorporation

of microcapsules.

GL=:9%§;5;x1ow% ()

2.4.4. Roughness and Tensile Testing of the Coating

The roughness value was tested and recorded using a JB-4C roughness tester (Cangzhou
Oupu Testing Instrument Co., Ltd., Cangzhou, China).

Silicone molds were used for curing and demolding of the coatings. A universal
mechanical testing machine (Instron, Boston, MA, USA) was used to conduct tensile tests
on the coatings. The fracture elongation of the coating, calculated using Formula (5),
quantifies the elongation (e) at the fracture point, taking into account the original length
(L1) and the length at fracture (L), providing a measure of the coating’s tensile properties.

L-1L

e L

x 100% 5)

2.4.5. Cold Liquid Resistance

According to GB/T 4893.1-2021 [32], a citric acid solution with a mass fraction of
10%, undescended ethanol with a volume fraction of 96%, and a cleaning agent prepared
with deionized water were chosen as the experimental liquids. Damage to the surface
was inspected under specified lighting conditions. The test results were evaluated using
numerical levels.

2.4.6. Antibacterial Properties of the Coating

Adbhering to GB/T 21866-2008 [33], the testing protocol was meticulously executed.
Escherichia coli (ATCC25922) and Staphylococcus aureus (ACTT6538) were selected for an-
tibacterial testing. An agar plate medium was prepared by accurately weighing 24 g of
agar medium into 1000 mL of distilled water, followed by sterilization. The slant-preserved
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bacterial strains were then inoculated onto the agar plates and incubated in a constant tem-
perature and humidity incubator (Shanghai Zhetu Scientific Instrument Co., Ltd., Shanghai,
China) at 38 °C for 18-20 h. The 9 g of nutrient broth and 500 mL of distilled water were
weighed to prepare the nutrient broth culture medium. The polyethylene film was soaked
in 70.0% ethanol solution for 30 min, washed with eluent, dried, and set aside for later use.
Fresh bacteria from the agar medium were transferred into this broth using an inoculation
ring. The sterilized nutrient broth culture medium was sequentially diluted in a ten-fold
increase to form a 1:1000 bacterial suspension. Approximately 0.5 mL of this bacterial
suspension was then dispensed onto both the test coating and the control group surfaces. A
sterilized plastic film was applied to each specimen’s surface using sterilized tweezers, and
the specimens were placed in sterilized culture dishes before being transferred to a constant
temperature and humidity incubator set at 38 °C and RH > 90% for 24 h of cultivation.
Following the incubation period, the samples were removed, and 20 mL of eluent was
added. The samples were thoroughly rinsed by clamping the thin film with tweezers and
repeatedly flushing it. The rinse solution was then inoculated into nutrient agar culture
medium and re-incubated in the same incubator conditions for an additional 48 h. Finally,
in accordance with GB/T 4789.2-2022 [34], the colony count in the culture medium was
meticulously measured and recorded using a colony counter (Guansen Biotechnology
(Shanghai) Co., Ltd., Shanghai, China). After 48 h of cultivation, the actual number of
colonies recovered from each sample was scaled up by a factor of 1000 for easier counting
or standardization purposes. The formula utilized to calculate the antibacterial rate, as
presented in Formula (6), designates R as the antibacterial rate, measured in percentage (%).
In this formula, B represents the average number of colonies recovered from pure coating
samples after 48 h, expressed in CFU/piece. Similarly, C denotes the average number of
bacteria recovered from the antibacterial coating sample after the same duration, expressed
in CFU /piece.

_B-C
B

R x 100% (©)
3. Results and Discussion

3.1. Analysis of Microcapsule Preparation Results

3.1.1. Analysis of the Yield and Encapsulation Rate Results of the Microcapsules

Table 4 shows the analysis of the microcapsule yield results obtained from the orthogo-
nal experiments. In the four groups of microcapsule samples in the orthogonal experiment,
the difference in yield was very small, and the yield difference of the four samples fluc-
tuated around 0.5%. From the range of results, the reaction temperature had the greatest
impact on the yield of microcapsules. For the yield of microcapsules, the primary and
secondary factors affecting their preparation process were C > A > B, and the optimal
preparation process was Al, B2, and C2. Table 5 shows the analysis of variance results for
yield. The variance results for the three factors were the same as the range results, and
none of the three influencing factors were significant.

Table 6 shows the analysis of the microcapsule encapsulation rates obtained from the
orthogonal experiments. The coverage rate is an important factor used to evaluate the
encapsulation effect of microcapsules and affects their antibacterial properties. Sample 3#
had the highest encapsulation rate of 29.71%. The minimum coverage rate was sample 2#,
and the coverage rate result was 20.20%. Based on their range results, the primary and
secondary levels of three factors were A > B > C. The factor A (M1:Mc) had the greatest
impact on the encapsulation rate of microcapsules. Based on the variance results in Table 7,
the optimal preparation process was A2, B1, and C2. The optimal preparation process
parameters for the microcapsules were M1:Mc of 3.0:1, a microencapsulation pH value of
7, and a reaction temperature of 50 °C.
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Table 4. Analysis of the yield of the microcapsules during the orthogonal test.

Sample (#) Factor A Factor B Reactiolrfli;e();cerature Yield Rate
P Mt:Mc The pH of the Reaction ©0) P (%)
1 2.0:1 7 50 13.78
2 2.0:1 9 60 14.15
3 3.0:1 7 60 13.84
4 3.0:1 9 50 13.76
Mean 1 13.965 13.810 13.770
Mean 2 13.800 13.955 13.995
Range 0.165 0.145 0.225
Factor primary and C>A>B
secondary levels
Optimal solution Al1B2C2
Table 5. Variance analysis table of yield results.
Factor Sum Of. Sc.:luared Degree of F Ratio F Critical Value Significance
Deviations Freedom
A 0.027 1 0.818 10.100
B 0.021 1 0.636 10.100
C 0.051 1 1.545 10.100
Error 0.10 3
Table 6. Analysis on the results of the orthogonal test of the microcapsule coverage rate.
Factor C
Factor B .
Sample (#) Factor A The pH of the Reaction Coverige Rate
Mt:Mc . Temperature (%)
Reaction 5
O
1 2.0:1 7 50 22.16
2 2.0:1 9 60 20.20
3 3.0:1 7 60 29.71
4 3.0:1 9 50 25.88
Mean 1 21.180 25.935 24.020
Mean 2 27.795 23.040 24.955
Range 5.860 2.895 0.935
Factor primary and secondary levels A>B>C
Optimal solution A2B1C2
Table 7. Analysis of variance table for coverage rate.
Factor Sum of Squared Deviations Degree of Freedom F Ratio F Critical Value Significance
A 43.758 1 2.476 10.100
B 8.381 1 0.474 10.100
C 0.874 1 0.049 10.100
Error 53.01 3

A single-factor experiment was designed and conducted based on the optimal prepa-
ration parameters obtained from the yield and coverage rate of orthogonal experiments.
Using Mt:Mc, which had a relatively large influencing factor, as the experimental variable,
the pH value of the solution during fixed microencapsulation was 7, and the reaction
temperature was 50 °C (determined based on the results of coverage rate) for single-factor
testing. Table 8 shows the yield and coverage rate results of the single-factor experimental
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microcapsules. The highest yield of sample 5# was 30.58%, while the lowest yield of sample
9# was 22.97%. The yield of the microcapsules decreased with the increase in M:Mc. This
is because, under the premise of maintaining the quality of the shell material, as the quality
of the Toddalia asiatica (L.) Lam extracts increase, there will be an excess of core material
that is not covered. Sample 7# had the highest coverage rate of 37.74%, while Sample 5#
had the lowest coverage rate of 28.73%. The coverage rate of microcapsules showed a trend
of first increasing and then decreasing with the increase in Mt:Mc. This is because as the
quality of the core material increases, the concentration of emulsifiers remains unchanged.
When the core material is excessive, the emulsification effect on the core material is poor
and not fully emulsified, resulting in a decrease in the coverage rate of the microcapsules.

Table 8. The yield and coating rate of the microcapsules were tested via a single-factor experiment.

Sample (#) MT:MC Yield Rate (%) Coverage Rate (%)
5 2.0:1 30.58 28.73
6 2.5:1 30.27 30.31
7 3.0:1 28.23 37.74
8 3.5:1 27.35 36.54
9 4.0:1 22.97 36.36

3.1.2. Microscopic Morphology Analysis of the Microcapsules

Figure 1 shows the SEM images of five microcapsule samples prepared in a single-
factor experiment. When Mt:Mc was 2.0:1, there were fewer successfully prepared mi-
crocapsules and more irregular aggregates present. When M1:Mc was 2.5:1, many spherical
microcapsules of different sizes were observed, but there were still many ir-regular aggre-
gates present. When Mt:Mc was 3.0:1, the prepared microcapsules exhibited adhesion
and uneven size. When M1:Mc was 3.5:1 and 4.0:1, there were many mi-crocapsule micro-
spheres, but the microcapsules exhibited uneven dispersion and local adhesion. This is
because the core material content is too high and not completely emulsified and dispersed,
resulting in an increase in the viscosity of the core material emulsion. During the process
of microencapsulation, the core material will be present between the encapsulated micro-
capsules, leading to the formation of adhesion between them, and resulting in a slightly
sticky and rough texture of the formed microcapsule powder [35].

20um

STN— A u\

Figure 1. SEM images of microcapsules under the single-factor test: (A) Sample 5#, (B) Sample 6#,
(C) Sample 7#, (D) Sample 8#, and (E) Sample 9#.
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As shown in Figure 2, the particle size of the 5# microcapsule sample was widely
distributed between 3.0 um and 5.0 um. The particle size of the 6# microcapsule sample
was concentrated between 2.0 um and 4.0 pm. The particle size of 7# microcapsules was
mainly distributed in 3.0-5.0 pum. The particle size of 8# microcapsules was concentrated
between 2.0 um and 7.0 pum. The particle size distribution of microcapsules was rela-
tively uniform compared to the first four groups of samples, with a distribution between
2.0 um and 12.0 pm. The particle size distribution of microcapsule samples 8# and 9% was
relatively uniform.

N C

30

Relative frequency (%)
Relative frequency (%)

9 10 1 o2 0 1 2 3 4 5 6 7 8 9 10 10 1 o 1 2 3 4 5 6 7 8 9 10 1 12
Particlesize (1 m) Particle size (4 m)

25

Relative frequency (%)
Relative frequency (%)

O 1 2 3 4 5 6 7 8% 9 10 u 12
Particle size ( # m)

Figure 2. Particle size distribution: (A) 5#, (B) 6#, (C) 7#, (D) 8#, and (E) 9%#.

3.1.3. Chemical Composition Analysis of the Microcapsules

As shown in Figure 3, the absorption peak at 3350 cm ! was the stretching vibration
peak of C-O in the core material. The characteristic peak at 1655 cm~! was the stretching
absorption peak of C=0 in chitosan. The characteristic peak at 1590 cm ™! was the defor-
mation vibration peak of -NH; in chitosan [36]. The two stretching vibration absorption
peaks generated at 2921 cm ™! and 2875 cm ™! were the absorption peaks of C-H in chitosan,
and the absorption peak of ~OH in chitosan was at 3432 cm~!, indicating the presence of
shell material chitosan in the microcapsules [37]. The absorption peaks at 1600 cm ! and
1110 cm ! were characteristic peaks of C=N and C-O in coumarin compounds in the core
material, which are positioned on the absorption curve of the microcapsules, proving the
presence of the core material Toddalia asiatica (L.) Lam extract in the microcapsules as well.
The above proves that microcapsules had been successfully prepared.
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Figure 3. Infrared spectra of core materials, shell materials, and microcapsules.

3.2. Microscopic Morphology and Chemical Composition Analysis of the Coating

Figure 4 shows SEM images of the coating prepared using microcapsules with different
Mr:Mc at a 5.0% additive content. When the microcapsule content in the coating was 0%,
the surface was relatively flat and smooth. The surface of the antibacterial coating with the
addition of 5.0% microcapsules becomes rough, with many protrusions. The surface of the
antibacterial coating with samples 5# and 6# added was rougher because there are more
irregular aggregates in these two microcapsules, resulting in poor surface smoothness of
the prepared coating. The coating of samples 7#, 8#, and 9# had slightly lower roughness
compared to the antibacterial coatings of samples 5# and 6#. However, due to the uneven
dispersion and local adhesion of these three microcapsule samples, the surface of the
prepared coatings was rougher and more uneven than that of the pure coating.

As shown in Figure 5, the absorption peak at 1729 cm~! was the absorption peak of
C=0 in waterborne coatings [38]. There were the stretching vibration peaks of N-H and O-
H at 3425 cm ™! and the two stretching vibration absorption peaks of C-H in shell material
chitosan appeared at 2921 cm~! and 2875 cm !, respectively [39]. The characteristic peak
appearing at 1114 cm~! was the absorption peak of C-O in the microcapsule core material.
This proved that after adding the prepared microcapsules to the waterborne topcoat, the
shell and core components belonging to the microcapsules still existed, and there was no
chemical reaction between the microcapsules and the waterborne topcoat.

Figure 4. Cont.
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Figure 4. SEM images of coatings prepared by adding 5.0% microcapsules with different M1:Mc:
(A) coating without microcapsules, (B) coating with microcapsules 5#, (C) coating with microcapsules
6#, (D) coating with microcapsules 7#, (E) coating with microcapsules 8#, and (F) coating with
microcapsules 9#.
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Figure 5. Infrared spectra of the coating.

3.3. Influence of Different M:Mc of Microcapsules on the Optical Properties of the Coatings

Glossiness is an important indicator for the surface coating of wooden products.
Table 9 shows the effect of microcapsules with different Mt:Mc on the glossiness and light
loss of coatings. 0# represents the glossiness value of the coating without microcapsules
added. Figure 6A shows the changes in the surface glossiness and light loss of the coating
measured at three incident angles. Compared with the coating without microcapsules, the
addition of microcapsules greatly reduced the glossiness of the coating itself. The difference
in glossiness between coatings varied relatively little at an incidence angle of 60°. As the
Mr:Mc increased, the glossiness showed a trend of first increasing and then decreasing.
The maximum value reached 7.47 GU when the M1:M¢ was 2.5:1, followed by 7.33 GU; at
this time, the M1:Mc was 3.0:1. As shown in Figure 6B, as the M1:Mc increased, the light
loss of the coating showed a trend of first decreasing and then increasing. The light loss
of the coating at a 60° incidence angle reached the minimum value of 59.69% when the
Mr:Mc was 2.5:1, followed by 60.44%; at this time, the M1:Mc was 3.0:1. This is because the
prepared microcapsule powder is relatively sticky and rough. Adding it to the waterborne
coating for curing reduces the smoothness of the coating, thereby reducing the surface light
reflection performance of the coating [40,41]. When the added microcapsules M1:M¢ was
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Glossiness (GU)

2.5:1 and 3.0:1, the glossiness and light loss of the coating were relatively excellent, and the

coating performance was better.

Table 9. Effect of microcapsules with different M1:Mc on the glossiness of the coatings.

Surface Glossiness of the Coating Light Loss
Sample (GU) (%)
#)
20° 60° 85° 20° 60° 85°
0 5.97 18.53 39.57 - - -
5 1.67 7.17 4.70 72.03 61.31 88.12
6 1.73 7.47 7.13 71.02 59.69 81.98
7 1.53 7.33 9.80 74.37 60.44 75.23
8 143 6.77 8.90 76.05 63.46 77.51
9 1.37 6.67 9.47 77.05 64.00 76.07
90
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Figure 6. Effect of MT:M¢ of microcapsules on (A) the glossiness and (B) light loss of the coating.

Table 10 shows the changes in chromaticity and the color difference values of coatings
with different M1:Mc. As shown in Figure 7A, the brightness value of the coating showed
a fluctuating downward trend with the increase in M1:Mc. The addition of microcapsules
reduced the reflection ability of the coating to light, thereby reducing the brightness value
of the coating. Figure 7B,C show an overall upward trend in the red green and yellow
blue values of the coating. This is because the microcapsules are brown in color, and
as the core material amount increases, the color of the microcapsules gradually darkens,
resulting in an increase in the red—green and yellow-blue values of the coating. As shown
in Figure 7D, the color difference value of the coating generally showed an upward trend
with the increase in M1:Mc. When the M1:M¢ was 2.5:1, the minimum color difference
value was 18.29. When the M1:M¢ was 4.0:1, the maximum color difference value was 27.17.
This is because microcapsules themselves are relatively rough and have a strong sense of
particle size. After adding the coating, there were uneven dispersion, local agglomeration,
and other phenomena, which increased the color difference of the coating and affected its
aesthetics [42,43].

Figure 8 shows the variation trend of transmittance of coatings prepared using mi-
crocapsules with different Mt:Mc. Compared with the coating without microcapsules,
the overall transmittance of the coating-added microcapsules was lower. As the Mt:M¢
continues to increase, the overall transmittance of the prepared coating in the visible light
band shows a trend of first increasing and then decreasing. Table 11 shows the transmit-
tance of waterborne coatings containing different M:Mc microcapsules in the visible light
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band. When the added microcapsule M1:Mc was 2.5:1 (sample 6#) and 3.0:1 (sample 7#),
the transparency of the coating was relatively excellent, with corresponding visible light
transmittance of 87.05% and 86.00%, respectively. When adding M1:Mc at 4.0:1 (sample
94#), the light transmittance of the coating was poor, corresponding to a visible light trans-
mittance of 84.08%. Due to the increasing aggregation phenomenon of microcapsules, the
surface roughness of the prepared coating is enhanced, which reduces the transmission and
reflection of incident light, enhances the scattering phenomenon of light, and thus reduces
the transmittance of the coating. When the M1:Mc was 4.0:1, the minimum transmittance
appeared. Because the coating containing the 9# microcapsule has a darker color, this

reduces the penetration ability of light and the transmittance of the coating.

Table 10. Effect of microcapsules with different M1:M¢ on the chromaticity and color difference of

the coating.

Sample

Chromaticity Parameter

AE
(#) Ll al bl L2 ar bz
0 84.30 1.35 5.41 84.65 1.25 5.70 -
5 68.75 7.00 14.25 68.8 6.80 14.05 18.76
6 68.70 7.75 12.50 68.65 7.60 11.85 18.29
7 65.45 10.25 16.85 65.20 9.55 15.45 23.53
8 66.20 10.20 16.20 65.85 9.70 16.15 22.98
9 62.95 12.30 18.80 63.45 11.80 18.40 27.17
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Figure 7. The effects of microcapsules with different M1:M¢ on the chromaticity value and color
difference of the coating: (A) L value, (B) a value, (C) b value, and (D) AE.
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Figure 8. Effect of the M1:M¢ of microcapsules on the transmittance of the coating.

Table 11. Transmittance of coatings containing microcapsules with different My:Mc in the visible
light band.

Sample (#) Visible Light Transmittance (%)

0 90.44
85.81
87.05
86.00
85.96
84.08

O 00 3 O Q1

3.4. Influence of Different Mr:Mc of Microcapsules on the Cold Liquid Resistance of the Coatings

Table 12 shows the cold liquid resistance of coatings prepared from microcapsules
with different M1:Mc. The cold resistance levels of the coating without microcapsules
to citric acid, ethanol, and cleaning agents were level 2, level 3, and level 4, respectively.
After adding microcapsule samples to the coating, the citric acid resistance level of the
coating decreased to level 3. Compared to the tested area, the color differences in the test
area were seen from multiple directions. This is because chitosan can dissolve in weak
acid solutions [44], and as the shell material of microcapsules, chitosan is affected by citric
acid, thereby reducing the cold liquid resistance of the coating to citric acid. Compared
with the coating without microcapsules added, the ethanol cold liquid resistance of the
coating was improved. When adding microcapsules of samples 5# and 6#, the ethanol
resistance level of the coating was level 2. When adding microcapsules of samples 7#, 8#,
and 94#, the ethanol resistance level of the coating was level 1. The cleaning agent cold
liquid resistance of the coating showed an upward trend with the increase in M1:Mc. The
cleaning agent resistance level of the added samples 5# and 6# microcapsule coating was
raised to level 3, and the cleaning agent resistance level of the added samples 7#, 8#, and 9#
microcapsule coating was raised to level 2. This is because the added microcapsules have
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a protective effect on the coating, thereby improving its performance. When the Mt:Mc
of microcapsules added to the coating was 3.0:1, 3.5:1, and 4.0:1, the antibacterial coating
prepared had excellent cold liquid resistance performance.

Table 12. Cold-resistant liquid grade of coatings containing microcapsules with different Mp:Mc.

Cold Liquid Resistance Level (Level)

Sample (#)
Citric Acid Ethanol Cleaning Agents
0 2 3 4
5 3 3
6 3 2 3
7 3 1 2
8 3 1 2
9 3 1 2

3.5. The Influence of Different Mr:Mc of Microcapsules on the Mechanical Properties of
the Coatings

Table 13 shows the fracture elongation of the coating prepared by microcapsules with
different M1:Mc. The fracture elongation of the coating without microcapsules added
was 24.77%. After adding microcapsules, the fracture elongation of the coating showed
a trend of first increasing and then decreasing and tended to stabilize. When adding
the 7# microcapsule sample, the fracture elongation of the microcapsule coating reached
its maximum value of 13.26%, at which point the microcapsule Mt:Mc was 3.0:1. The
minimum fracture elongation of the coating was 7.24%, corresponding to the microcapsule
Mr:Mc of 2.0:1. This is because the addition of microcapsules enhances the brittleness of
the coating, thereby reducing its tensile resistance [45,46].

Table 13. Effect of microcapsules with different Mt:Mc on the mechanical properties of the coatings.

Sample (#) Fracture Elongation (%) Roughness (um)
0 24.77 0.227
5 7.24 2.426
6 10.97 2.764
7 13.26 1.533
8 8.40 1.657
9 8.39 1.796

From the changes in the roughness values of the coating shown in Table 13, com-
pared with the coating without microcapsules, the addition of microcapsules increased the
roughness of the coating. As the microcapsule Mt:M¢ increased, the roughness showed
a fluctuating trend of first increasing, then decreasing, and then increasing again. When
sample 7# was added to the coating, the roughness reached a minimum value of 1.533 um,
corresponding to the microcapsule M1:Mc of 3.0:1. When adding sample microcapsules
5# and 6#, the roughness was 2.426 pm and 2.764 um, and the microcapsule M1:Mc were
2.0:1 and 2.5:1, respectively. This is because the aggregation phenomenon of microcap-
sules in samples 5# and 6# is more severe, which can easily reduce the dispersibility of
microcapsules in waterborne coatings, causing more protrusions in the coating.

3.6. Effect of Microcapsules with Different Mr:Mc on the Antibacterial Performance of
the Coatings

As shown in Table 14, compared to the colony recovery rate of the pure coating, the
colony recovery rate of the coating with microcapsules added was significantly reduced.
Figure 9 shows the trend of the antibacterial activity of microcapsules with different M:Mc
against two types of bacteria in the coating. For Escherichia coli, as the microcapsule
MrTt:Mc increased, the antibacterial rate showed a trend of increasing, decreasing, and
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then increasing. When the added microcapsule M1:Mc was 3.0:1, the antibacterial rate
reached the maximum value of 67.14%. When the added microcapsule M1:M¢ was 2.5:1,
the minimum antibacterial rate of the coating was 58.36%. This is because the coverage rate
of microcapsules with M:Mc of 2.5:1 is lower, and the content of antibacterial agents in
the core material is lower, so the antibacterial rate of the coating is lower. The antibacterial
rate of the prepared coating against Staphylococcus aureus first increased and then decreased.
When adding 7# microcapsules, the maximum antibacterial rate against Staphylococcus
aureus was 68.39%, and the corresponding microcapsule Mt:Mc was 3.0:1. When the
microcapsule Mt:Mc added to the coating was 2.0:1, the antibacterial rate reached the
minimum value of 59.95%. This is because the core material content of microcapsules
with M1:Mc of 2.0:1 is relatively low, and the encapsulation rate of microcapsules is low.
Therefore, there are fewer sustained-release antibacterial agents for the core material, and
the antibacterial rate of the coating is lower. The antibacterial rate of the coating against
Staphylococcus aureus was generally higher than that against Escherichia coli. This is because
the effective antibacterial component coumarin compounds in the core material Toddalia
asiatica (L.) Lam extract have better antibacterial effects on Staphylococcus aureus [47]. When
the added microcapsule M1:M¢ was 3.0:1 (sample 7#), the antibacterial coating prepared
had the highest antibacterial rates against Escherichia coli and Staphylococcus aureus.
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Figure 9. Antibacterial rate of coatings containing microcapsules with different Mt:Mc.

Table 14. The average number of recovered colonies and antibacterial rate of the coating-added

microcapsules with different Mt:Mc.

Average Number of Antibacterial Rate Average Number of Antibacterial Rate
Sample (#) Recovered Escherichia against Escherichia Recovered Staphylococcus against Staphylococcus
Coli (CFU-Piece™1) Coli (%) Aureus (CFU-Piece—1) Aureus (%)
0 353 - 367 -
5 144 59.21 140 59.95
6 150 57.51 133 63.76
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Table 14. Cont.

Average Number of Antibacterial Rate Average Number of Antibacterial Rate
Sample (#) Recovered Escherichia against Escherichia Recovered Staphylococcus against Staphylococcus
Coli (CFU-Piece~1) Coli (%) Aureus (CFU-Piece~1) Aureus (%)
7 116 67.14 116 68.39
8 147 58.36 127 65.40
9 127 64.02 143 61.04

4. Conclusions

The biggest influencing factor for preparing microcapsules was M1:Mc. The optimal
preparation process parameters for microcapsules were Mt:Mc of 3.0:1, a microencapsula-
tion pH value of 7, and a reaction temperature of 50 °C. When the addition content was
5.0%, as the M:Mc of the added microcapsules increased, the glossiness showed a trend
of first increasing and then decreasing. As the microcapsule Mt:Mc increased, the color
difference value generally increased. The overall visible light transmittance increased and
then decreased. The level of citric acid resistance of the coating decreased, while the level
of ethanol and cleaning agent resistance increased, with the most significant improvement
in cleaning agent resistance. The fracture elongation increased and then decreased, and
the roughness value gradually increased. As the microcapsule M1:Mc increased, the an-
tibacterial rate against Escherichia coli increased, decreased, and then increased again. The
antibacterial rate against Staphylococcus aureus increased and then decreased. When the
microcapsule Mt:M¢ was 3.0:1, the antibacterial rates of the coating against Escherichia coli
and Staphylococcus aureus reached their maximum values, which were 67.14% and 68.39%,
respectively. Based on the properties of the coating, the waterborne coating prepared with a
microcapsule Mt:Mc of 3.0:1 exhibited excellent performance. The glossiness was 7.33 GU,
the loss rate was 60.44%, the color difference AE was 23.53, the visible light transmittance
was 86.00%, and the resistance to citric acid, ethanol, and cleaning agents was grade 3,
grade 1, and grade 1, respectively. The fracture elongation was 13.26%, and the roughness
was 1.533 um. The antibacterial rates against Escherichia coli and Staphylococcus aureus were
67.14% and 68.39%, respectively. The preparation of Toddalia asiatica (L.) Lam extracts into
microcapsules can overcome the problems of the poor heat resistance, poor stability, and
short shelf life of general natural antibacterial agents, while also endowing antibacterial
agents with sustained-release properties. Compared to commonly used shell materials
such as melamine resin and urea formaldehyde resin, chitosan is more environmentally
friendly, the drugs used are non-toxic, the recycling of production waste is easier, and it is
more environmentally friendly. Chitosan and Toddalia asiatica (L.) Lam extracts both have
antibacterial properties, and their synergistic effect can effectively enhance the antibacterial
performance of the coating. The results effectively improved the antibacterial rate of water-
borne coatings, providing a new approach for the application of d Toddalia asiatica (L.) Lam
extract in waterborne coatings.
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Abstract

Microbial contamination of fresh berries poses a significant public health risk due to their
delicate and porous structure. This study evaluated the antimicrobial efficacy of wash-
ing and coating with sodium dichloroisocyanurate (SDC) against Escherichia coli, Listeria
monocytogenes, and Salmonella enterica on blackberries. Two treatment approaches were
tested: washing in SDC solutions (500 ppm and 1000 ppm for 1, 4, and 8 min), and
hemicellulose B-based coatings supplemented with SDC (1 and 4 min exposure). Our
results demonstrated that microbial reduction was significantly influenced by SDC con-
centration and exposure duration; longer treatment times and higher SDC concentrations
achieved greater reductions. Washing with 1000 ppm SDC for 8 min obtained reductions of
5.0 + 0.22 Log CFU/mL for E. coli (p < 0.001), 3.6 & 0.45 Log CFU/mL for L. monocy-
togenes (p < 0.01), and 4.5 & 0.30 Log CFU/mL for S. enterica (p < 0.001). Coating treat-
ments at 1000 ppm for 4 min achieved even greater reductions for S. enterica, reaching
6.8 & 0.35 Log CFU/mL, which was statistically superior to the corresponding washing
treatment (p < 0.001). These findings support SDC as a promising antimicrobial agent for
blackberry decontamination using a washing or coating method, with potential applications
in fresh produce safety.

Keywords: blackberries; sodium dichloroisocyanurate (SDC); washing; edible coatings;
hemicellulose B; microbial reduction; foodborne pathogens

1. Introduction

The blackberry (Rubus fruticosus) constitutes one of the many widely distributed
berries among the Rubus genus, which belongs to the Rosaceae family. The berries are
made up of an agglomeration of drupes, each about 1-3 cm in diameter, which vary in
color from green to crimson to black as they ripen. Blackberries have been savored for
centuries, cherished for their delightful flavor [1]. Berries, notably blackberries, have
recently garnered popularity as “superfoods” due to their high concentration of bioactive
chemicals. These include vitamins A and C, sterols, carotenoids, terpenoids, and phenolic
constituents, all of which provide significant health advantages while remaining low in
calories [2,3]. Blackberries contain high concentrations of bioactive components such as
anthocyanins, flavonols, ellagitannins, and phenolic acids [4-6]. These phenolic compounds
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are well known for their anti-inflammatory, antioxidant, antidiabetic, and antibacterial
properties [7]. Furthermore, they are thought to play a role in the prevention of chronic
oxidative stress, cancer, and cardiac illnesses such myocardial cardiac disease and a fatal
stroke [8]. In addition to their nutritional and therapeutic value, blackberries are particularly
vulnerable to microbial contamination due to their delicate uneven surface structure, high
moisture content, and minimal postharvest processing. Their frequent consumption in
raw form further elevates the risk of foodborne illness, as pathogens are not eliminated
through cooking. Notably, blackberries have been implicated in past contamination events,
including Salmonella outbreaks traced to fresh berries in the United States and Europe,
reinforcing their relevance in food safety research [9,10].

Foodborne pathogens contribute significantly to global morbidity and mortality. Each
year in the United States, 31 major foodborne pathogens cause roughly 9.4 million illnesses,
56,000 hospital stays, and 1300 fatalities [9]. The most common bacterial pathogens linked
to foodborne diseases are L. monocytogenes, enterohemorrhagic E. coli and S. enterica [9,10].
Bacterial contamination may take place at any stage throughout the production chain,
notably through contact with contaminated water and interactions with those handling
food or gear throughout harvesting and post-harvest [11]. Safeguarding the microbiological
integrity of blackberries is critical for lowering the risk of foodborne diseases and preserv-
ing consumer trust. Chemical interventions, radiation exposure, and biological measures
have all been investigated as ways to decontaminate fresh food [12,13]. Several studies
have demonstrated the effects of chemicals such as ozone [14], sodium hypochlorite [15],
lactic acid [16], and chlorine dioxide [17], on reducing the bacterial populations in berries.
However, these reductions have generally not been significant [15-18]. Consequently, there
is a growing demand for antimicrobial treatments that are low-cost, safe for consump-
tion and highly effective at controlling microbes including L. monocytogenes, E. coli, and
S. enterica, all of which contribute significantly to foodborne illness.

Sodium dichloroisocyanurate (SDC), a member of the N-halamine group of com-
pounds, is a recognized biocidal agent due to its broad-spectrum antibacterial properties.
The N-halamine compounds are distinguished by the presence of nitrogen-halogen cova-
lent bonds. The antibacterial activity of SDC is attributed to the +1 oxidation state of the
halide atoms in its molecular structure [19]. SDC is the sodium salt of a chlorinated hydroxy
triazine and is utilized as a source of free accessible chlorine in the form of hypochlorous
acid. It is extensively used as a reliable source of chlorine for swimming pool disinfection
and in the food industry. It is used to disinfect drinking water, particularly in crises, since
it is a convenient source of free chlorine. More recently, it has been used as a source
of chlorine for point-of-use water treatment in homes [20]. SDC is less corrosive than
bleach, exhibits mild toxicity, and is cost-effective, safe for humans, and environmentally
benign [21,22]. Prior research has demonstrated the efficacy of SDC against prevalent food-
borne intestinal protozoa, including Giardia lamblia, Entamoeba histolytica, Cyclospora, Cryp-
tosporidium, and Microsporidia, as well as food-borne bacteria such as L. monocytogenes, E. coli
and S. enterica [19,23].

Hemicellulose B, a plant-derived biopolymer, has shown promise as edible coating
material for food applications due to its excellent film-forming ability, and compatibility
with antimicrobial agents [24,25]. In our previous research, we developed hemicellulose-
based packaging films specifically for food safety enhancement [26,27]. These formulations
demonstrated improved antimicrobial retention, with notable effectiveness in reducing
food borne pathogen populations during short-duration treatments.

This study systematically evaluates both washing and coating strategies using SDC
as an antimicrobial agent for microbial decontamination of blackberry surfaces. Specifi-
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cally, it investigates the impact of SDC concentration and exposure duration on reducing
populations of three foodborne pathogens (L. monocytogenes, E. coli and S. enterica).

2. Materials and Methods

2.1. Preparation of Bacterial Strains

Stock cultures of L. monocytogenes (strain 19111), E. coli (ATCC strain 20R2R, serotype
0157:H7), and S. enterica (strain 53647, serotype Typhimurium) were sourced from the USDA-
ARS ERRC collection in Wyndmoor, PA, USA. To preserve these bacterial strains, they were
stored at —80 °C in tryptic soy broth (TSB; BBL, Sparks, MD, USA) containing 20% glycerol.
To guarantee viability, each starting culture was grown for 24 h at 37 °C on tryptic soy agar
(TSA; BBL) slants containing 0.6% yeast extract and stored at 4 °C for two to four weeks.

For experimental preparation, a loopful of each bacterial strain was transferred from
TSA slants to individual tubes containing 20 mL TSB. The cultures were grown at 37 °C on
the rotary shaker at 5.0 x g for 18 h, reaching an estimated concentration of ~9 log CFU/mL.
After incubation, the bacterial cultures underwent centrifugation at 10,000 x g for 10 min,
after which the supernatant was removed. The resulting pellets were washed twice with
2 mL of 0.1% peptone water and subsequently reconstituted in a volume of 20 mL of 0.1%
peptone water for further experimental applications. All experiments were performed in
triplicate (1 = 3) for each bacterial strain and treatment condition to ensure reproducibility
and statistical robustness.

2.2. Preparation of Antimicrobial Solution

SDC, sourced from Sigma-Aldrich (St. Louis, MO, USA), was dissolved in sterile
deionized (DI) water in precise quantities to reach the required concentrations for experi-
mental use. The solutions were formulated at room temperature and left undisturbed for
24 h before being utilized in experiments.

2.3. Preparation of Coating Solution

Hemicellulose B was extracted from corn bran in our laboratory following the pro-
cedure detailed in our previous publications [24,26]. The coating solution was prepared
by dispersing 1% (w/v) hemicellulose B into a 500 mL glass container containing steril-
ized deionized (DI) water supplemented with SDC at concentrations of either 500 ppm or
1000 ppm. The solution was mixed thoroughly to achieve homogeneity. For control
treatments, sterilized DI water without SDC was used following the same protocol.

2.4. Disk Diffusion Assay

The disk diffusion assay was performed by inoculating TSA plates with ~8 log CFU
of individual strains of L. monocytogenes, E. coli, and S. enterica (Table 1). After inoculation,
the plates were left to air dry for 5 min. A 6 mm paper disk was carefully placed on each
plate, and 100 pL of SDC at concentrations of either 250 ppm or 1000 ppm was applied to
the disks. The plates were then incubated for 24 to 48 h, after which the zones of inhibition
surrounding the disks were measured in millimeters (mm).

Table 1. Zones of inhibition for the different bacterial strains E. coli, L. monocytogenes, and S. enterica
on TSA plates after treatment with SDC (1000 ppm). Each sample underwent testing in duplicate.

Zone of Inhibition (Diameter in mm)

Bacterial Pathogen Trial 1 Trial 2 Average
E. coli 8 8.5 8.25
L. monocytogenes 9.5 9 9.25
S. enterica 8.5 8.25 8.37
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2.5. Preparation of Blackberries and Inoculum

Fresh blackberries were purchased from neighborhood stores, refrigerated at 4 °C,
and consumed within a week. Berries selected for analysis measured 1-2 cm in diameter
and weighed around 7-8 g. A total of 80 blackberries underwent an initial rinse with
water, followed by treatment with 70% ethyl alcohol spray to eliminate microorganisms.
Afterward, the berries were placed inside a biosafety cabinet and allowed to dry for 2 h.

To inoculate the blackberries with microbial contaminants, they were submerged in
100 mL of an inoculum solution, which consisted of 2 mL of each foodborne pathogens
thoroughly mixed with 98 mL of 0.1% peptone water (approximately 6-7 log CFU/mL)
to ensure proper suspension and distribution. After a 1 min immersion, the berries were
transferred back to the biosafety cabinet and left to dry at 22 + 2 °C for an additional 2 h to
facilitate microbial attachment.

2.6. Treatment of Blackberries and Microbiological Analysis

Two treatment strategies were applied to inoculated blackberry samples: washing in
SDC solutions and application of a hemicellulose B-based coating.

For SDC solution treatments, twenty blackberries per group were immersed in 500 mL
of sterilized deionized (DI) water containing SDC at concentrations of either 500 ppm or
1000 ppm. The samples were agitated at room temperature (22 °C) for exposure dura-
tions of 1, 4, or 8 min. Control groups were processed identically using sterile DI water
without SDC.

Following treatment, ten blackberries from each group were transferred into indi-
vidual Whirl-Pak® bags with 10 mL of 0.1% peptone water and homogenized for one
minute using a stomacher. Serial dilutions were performed, and aliquots were plated onto
selective media to identify three pathogens, PALCAM agar (BBL/Difco, Sparks, MD, USA)
(with selective supplement) for L. monocytogenes, Xylose Lysine Tergitol-4 (XLT4) agar for
S. enterica, Tryptic Soy Agar (TSA, BBL/Difco) for E. coli.

For coating treatments, 20 blackberries were treated with a coating solution composed
of 1% (w/v) hemicellulose B dispersed in DI water containing either 500 ppm or 1000 ppm
of SDC. Samples were agitated at room temperature for durations of 1 or 4 min only. Sterile
DI water was used for controls.

Microbiological analysis for the coating treatment targeted S. enterica exclusively. Ten
blackberries per group were homogenized as described above, followed by serial dilutions
and plating on XLT4 agar. Plates were incubated at 37 °C for up to 48 h, after which the log
colony-forming units (CFU) were determined. All microbiological assays were conducted
in triplicate to ensure experimental reproducibility.

2.7. Statistical Analysis

The results from triplicate tests were expressed as the mean =+ standard deviation.
Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, Inc.,
San Diego, CA, USA), employing a one-way analysis of variance (ANOVA), followed by
a post hoc Tukey’s test. Before applying ANOVA, the normality of the data was checked
using the Shapiro-Wilk test. If the data did not meet the assumptions for normal distribu-
tion, appropriate adjustments or non-parametric methods were considered. Statistically
significant differences between treatment means were indicated by asterisks (* p < 0.05;
**p <0.01; ** p <0.001).

3. Results and Discussions

To improve the microbiological safety of blackberries, which are highly prone to
contamination due to their delicate surface, this study evaluated two post-inoculation
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treatments: SDC washing and coating. Washing treatments targeted L. monocytogenes,
E. coli, and S. enterica over varied exposure times, while the coating approach focused solely
on S. enterica at shorter durations. Pathogen reductions were assessed via selective media
to compare treatment efficacy.

3.1. Disk Diffusion Assays and Selection of SDC Concentration

Disk diffusion assays were conducted to evaluate the antimicrobial effectiveness of
SDC on different bacterial strains. When 250 ppm of SDC was applied to sample discs
on TSA plates, no inhibition zones were observed across the tested strains. However,
increasing the concentration to 1000 ppm yielded inhibition zones with average diameters
reaching up to 9.25 mm for the tested strains, as shown in Table 1. Consequently, for
subsequent experiments on blackberries application, the SDC concentration was adjusted
to 500 ppm, under the assumption that 250 ppm would be insufficient. Furthermore, the
concentration was raised to 500 ppm for experiments with blackberries to account for the
fruit’s porous surface, which could potentially limit the antimicrobial’s effectiveness.

3.2. Treatment of Blackberry Surfaces with SDC Solutions

The effectiveness of SDC in lowering populations of L. monocytogenes, E. coli, and
S. enterica was assessed at two doses (500 ppm and 1000 ppm) as well as across three
exposure durations (1 min, 4 min, & 8 min). The results demonstrated that decline in
bacterial population was impacted by both the treatment concentration and the length of
exposure, with longer durations and higher concentrations leading to greater decreases in
microbial load (Figures 1-3).

m 500 ppm m 1000 ppm
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Figure 1. The inhibitory activity of SDC against E. coli is dependent on both time and concentration.
The X-axis denotes treatment duration in minutes, while the Y-axis indicates the reduction in bacterial
population, expressed in Log CFU/mL. The figure presents the average results from three experiments
conducted in duplicate. Asterisks indicate statistically significant differences between the means of
various treatments (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 2. The inhibitory activity of SDC against L. monocytogenes is dependent on both time and
concentration. The X-axis denotes treatment duration in minutes, while the Y-axis indicates the
reduction in bacterial population, expressed in Log CFU/mL. The figure presents the average results
from three experiments conducted in duplicate. Asterisks indicate statistically significant differences
between the means of various treatments (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 3. The inhibitory activity of SDC against S. enterica is dependent on both time and concentra-
tion. The X-axis denotes treatment duration in minutes, while the Y-axis indicates the reduction in
bacterial population, expressed in Log CFU/mL. The figure presents the average results from three
experiments conducted in duplicate. Asterisks indicate statistically significant differences between
the means of various treatments (* p < 0.05; ** p < 0.01; *** p < 0.001).
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For E. coli, microbial reduction at 500 ppm was recorded as 1.1, 2.9, and 4.0 Log CFU/mL
at exposure times of 1, 4, and 8 min, respectively. When tested at a concentration of 1000 ppm,
bacterial levels showed a notable decline, with reductions of 1.9, 3.5, and 5.0 Log CFU/mL
(p < 0.001) (Figure 1) in comparison to control group (i.e., sterile deionized water). These
results demonstrate that higher concentrations and longer exposure times contribute to a more
pronounced reduction in E. coli populations on blackberry surfaces. However, upon analysis
of the data across two concentrations and three duration intervals, it was observed that a
52.6% greater reduction in microbial loads on the surface of blackberries could be attained by
increasing the exposure time from 1 to 4 min, necessitating a lower dosage of 500 ppm SDC
rather than 1000 ppm (2.9 Log CFU/mL at 500 ppm in 4 min; 1.9 Log CFU/mL at 1000 ppm
in 1 min). In a comparable manner, a further reduction of 14.2% could be achieved with a
500 ppm solution, necessitating an extension of the exposure time by 4 min (4 Log CFU/mL
at 500 ppm in 8 min; 3.5 Log CFU/mL at 1000 ppm in 4 min).

For L. monocytogenes, microbial reduction at 500 ppm was observed at 1.1, 1.8, and
2.4 Log CFU/mL for exposure durations of 1, 4, and 8 min, respectively. At 1000 ppm
concentration, microbial levels reduced through 1.5, 2.8, and 3.6 Log CFU/mL (p < 0.01)
over the designated time intervals when compared to the control samples (Figure 2).
These results highlight the effectiveness of higher concentrations in reducing bacterial
presence. These findings illustrate that increasing concentration and extending the exposure
duration led to more substantial microbial reduction. Analyzing the correlation between
concentration and exposure time, it was noted that a 20% and 60% greater reduction in
L. monocytogenes on blackberry surfaces could be attained with a 500 ppm solution (instead
of 1000 ppm), necessitating an increase in exposure time from 1 to 4 min and from 1 to
8 min, respectively. (1.8 and 2.4 Log CFU/mL at 500 ppm in 4 and 8 min, respectively;
1.5 Log CFU/mL at 1000 ppm in 1 min).

For S. enterica, microbial reductions at 500 ppm were recorded as 1.3, 2.1, and
3.2 Log CFU/mL at exposure times of 1, 4, and 8 min, respectively. When tested at
1000 ppm, microbial reductions were 1.91, 3.3, & 4.5 Log CFU/mL (p < 0.001), showing
a notable increase relative to the corresponding control samples (Figure 3). These results
highlight the effectiveness of higher concentrations in reducing bacterial presence. This pat-
tern highlights the direct correlation between higher concentrations and extended exposure
durations in achieving greater microbial reduction.

3.3. Treatment of Blackberry Surfaces with Hemicellulose-Based Coating Approach

The effectiveness of the hemicellulose B-based coating formulation, supplemented
with SDC, was assessed for its ability to reduce S. enterica populations on blackberry
surfaces. Treatments were performed using two concentrations of SDC (500 ppm and
1000 ppm) and evaluated at exposure times of 1 and 4 min.

At 500 ppm, microbial reductions were 3.2 and 5.4 Log CFU/mL for the 1 min and
4 min exposures, respectively. When tested at 1000 ppm, reductions increased to 5.2 and
6.8 Log CFU/mL (p < 0.001), across the same time intervals, indicating a clear enhancement
in antimicrobial activity with higher concentration and longer contact time (Figure 4).
These results demonstrate a strong positive correlation between treatment intensity (con-
centration and duration) and microbial reduction. Notably, the coating approach yielded
substantial decreases in S. enterica, outperforming washing treatments under comparable
conditions (Table 2).
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Figure 4. The inhibitory activity of SDC hemicellulose-based coating against S. enterica is dependent
on both time and concentration. The X-axis denotes treatment duration in minutes, while the Y-axis
indicates the reduction in bacterial population, expressed in Log CFU/mL. The figure presents
the average results from three experiments conducted in duplicate. Asterisks indicate statistically
significant differences between the means of various treatments (* p < 0.05; ** p < 0.01; *** p < 0.001).

Table 2. Demonstrates the best-performing SDC concentration and time for microbial reduction on
blackberries. * Means are expressed as log CFU/mL + SD. Asterisks to the left of the mean indicate a
significant difference between treatment means. Significance was defined as * p < 0.05; ** p < 0.01;
***p <0.001.

Best-Performing

Best-Performing Exposure Time

a .
Bacterial Pathogen Log Reduction

SDC Concentration (ppm) (min) (CFU/mL)

E. coli 1000 (Washing) 8 *50x0.21

L. monocytogenes 1000 (Washing) 8 *3.6 +0.45
S. enterica 1000(Washing) 8 *45+0.11
S. enterica 1000 (Coating) 4 ***6.8 £0.18

Overall, this intervention underscores the antimicrobial efficacy of SDC in reducing
microbial contamination on blackberry surfaces through both washing and hemicellulose-
based coating strategies. Across solution-based treatments, increased SDC concentration
(from 500 ppm to 1000 ppm) and extended exposure times (up to 8 min) consistently
improved microbial reductions for L. monocytogenes, E. coli, and S. enterica. These findings
confirm that both concentration and contact time are key parameters for optimizing disin-
fection outcomes (Table 2), aligning with previous research highlighting the effectiveness
of chlorine-based agents in fresh produce safety [28-30].

Interestingly, extended exposure of lower concentrations also yielded significant re-
ductions (p < 0.05), suggesting operational flexibility depending on dosage availability and
processing time constraints. For instance, the washing treatment with 500 ppm solution for
4 or 8 min could achieve comparable results, and in some cases superior reductions relative
to shorter exposures at 1000 ppm. Such data offers practical insights for tailoring sanitiza-
tion protocols across production environments, particularly where chemical minimization
is desired without compromising efficacy [31,32].
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Beyond solution washing, the hemicellulose B-based coating approach exhibited
even greater efficacy, especially against S. enterica, with reductions reaching up to
6.8 Log CFU/mL at 1000 ppm within just 4 min (p < 0.001). This superior performance
possibly stems from the polymer’s capacity to retain SDC on the fruit surface, promoting
prolonged contact and targeted antimicrobial release. On porous produce like blackberries,
such delivery systems enhance overall pathogen control and may contribute to shelf-life
extension while minimizing risk of pathogen rebound.

The notable performance of hemicellulose coatings builds on previous work demon-
strating their potential in food packaging and surface decontamination applications [24-27].
As a biodegradable, edible film-forming material, hemicellulose B can serve as both an
antimicrobial agent and as a sustainable alternative to synthetic polymers. Although hemi-
cellulose does not possess any antimicrobial activity, its ability to integrate with active
agents like SDC enhances retention of antimicrobial activity, protects fragile surfaces, and
supports post-harvest handling protocols. By integrating hemicellulose-based coating
treatments, this research advances a safer, more efficient framework for fresh produce
sanitation and sets the stage for developing targeted edible antimicrobial systems for
commercial applications.

Despite its strengths, this study has its limitations. Microbial analyses were performed
immediately post-treatment without monitoring long-term pathogen suppression, shelf-
life stability, or residual activity during storage. Coating treatments were evaluated only
against S. enterica, leaving efficacy against L. monocytogenes and E. coli unaddressed in
that format. Additionally, parameters such as drying time, uniform coating application,
and cost-effectiveness were not investigated. The absence of sensory testing [33,34], also
restricts conclusions regarding consumer experience and market viability. Given that
SDC is a strong oxidizing agent, future studies should assess its potential to alter fruit
appearance, taste, aroma, and nutritional properties, especially at higher concentrations.
Furthermore, the physical and chemical properties of the hemicellulose B-based coating,
such as viscosity, thickness, homogeneity, adherence to fruit surfaces, and stability under
storage conditions were not characterized in this study. We acknowledge that these at-
tributes are essential for interpreting antimicrobial performance and assessing practical
feasibility, especially in regulatory and scalability contexts. This omission limits the ability
to fully evaluate the coating’s behavior in real-world applications. However, we note that
this study was designed as a proof-of-concept, with a primary focus on demonstrating
antimicrobial efficacy. The coating formulation was used to explore its potential as a de-
livery system for SDC. Although SDC is widely used and generally considered low in
toxicity, its direct application to food surfaces warrants further safety evaluation to address
potential risks such as skin irritation or respiratory effects at high exposure levels. The
promising results observed here suggest that SDC-infused hemicellulose coatings could
be integrated into commercial workflows, such as automated spray systems or edible film
applications in modified atmosphere packaging. Such implementations may contribute to
reducing microbial load during storage and distribution, extending shelf life, and offering
a sustainable alternative to conventional antimicrobial interventions like chlorine rinses
or ozone treatments. In addition, preliminary biodegradability testing confirmed that the
hemicellulose-based coating is environmentally degradable, with full data to be presented
in a forthcoming study. This supports its potential as a sustainable material for food safety
applications.

To advance this work, future studies should explore broader pathogen coverage in
coating systems, assess microbial stability under realistic storage conditions, and perform
detailed sensory analyses across treated fruits. Comparative trials across different produce
types, such as strawberries, grapes, or tomatoes would help verify transferability of find-
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ings. Optimization of formulation protocols, scale-up strategies, and regulatory compliance
will be essential for industrial adoption. Specifically, it will be important to determine how
long and at what concentration SDC remains on fruit surfaces after coating or washing, to
assess the potential risk of ingesting harmful levels. Further research should also define
optimal SDC concentrations and exposure durations to support practical application. As
demonstrated in previous studies by Nazaruddin et al. [35], and Carpena et al. [36], inte-
grating natural compounds into biodegradable matrices can enhance food safety through
intelligent responsiveness and spoilage detection. Inspired by these approaches, combining
SDC with natural antimicrobials or antioxidants may open new avenues for synergistic
control and shelf-life enhancement in fresh produce management.

4. Conclusions

This study demonstrates the effectiveness of SDC in reducing microbial contamination
on blackberries through two intervention strategies: washing and coatings. The antimicro-
bial activity of SDC was strongly influenced by concentration and contact time, with higher
levels and longer exposures resulting in substantial reductions in L. monocytogenes, E. coli,
and S. enterica. Notably, the hemicellulose-based coating approach achieved superior micro-
bial reductions against S. enterica in shorter durations, suggesting enhanced retention and
delivery of SDC on berry surfaces. This highlights the potential of coating-based systems
for rapid and efficient pathogen control, particularly on delicate fruits like blackberries.
SDC demonstrated promising antimicrobial efficacy under laboratory conditions, though
its application in real-world produce safety requires further validation, including coating
characterization, long-term stability, and comparative trials. The current study did not
include sensory analysis, residue quantification, or simulation of commercial packaging
and handling conditions. These limitations underscore the preliminary nature of the find-
ings and highlight the need for future research to assess practical feasibility, safety, and
scalability. Such efforts will be essential to determine whether SDC-infused coatings can
serve as a sustainable and effective alternative to conventional antimicrobial interventions
in fresh produce management.
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Abstract: In order to prepare chitosan-coated pomelo peel flavonoid microcapsules with antibacterial
properties, chitosan was used as the wall material for the purpose of coating the core material, pomelo
peel flavonoids. The pH of the microcapsule crosslinking reaction was 7.5, the mass ratio of the
microcapsule core material to the wall material was 1:1, and the concentration of the emulsifier was
1%. The microcapsules obtained under these preparation conditions exhibited superior performance,
morphology, and dispersion. Additionally, the yield and coating rates were recorded at 22% and
50%, respectively. To prepare the paint film, the microcapsules were added into the coatings at
varying concentrations of 0%, 3.0%, 6.0%, 9.0%, 12.0%, and 15.0%. The antibacterial efficacy of the
paint film for both bacteria was progressively enhanced with the incorporation of microcapsules.
The antibacterial efficacy against Staphylococcus aureus was observed to be higher than that against
Escherichia coli. As the content of microcapsules increased, the color difference in the paint film
increased, the gloss loss rate increased, and the light transmission rate reduced. The tensile property
and elongation at break reduced, and the roughness increased. At a microcapsule content of 6.0%, the
paint film exhibited superior overall performance, with an antibacterial efficacy against Escherichia
coli and Staphylococcus aureus of 46.3% and 56.7%, respectively. The color difference was 38.58. The
gloss loss rate was 41.0%, the light transmission rate was 90.4%, and the paint film exhibited a large
elastic region, with an elongation at break of 21.5% and a roughness of 1.46 um.

Keywords: microcapsules; pomelo peel flavonoids; antibacterial properties; paint film

1. Introduction

With the innovation of technology, users expect more from furniture products [1-5].
As one of the commonly used materials in homes, wood materials have the characteristics
of texture, easy to work with, light weight, and high strength [6-8]. However, wood has the
property of dry shrinkage and wet expansion [9-11] and is vulnerable to damage such as
decay and mold during use [12-14]. Wood absorbs moisture easily from the air, providing
a favorable environment for bacteria to thrive [15]. Paint films are widely used in people’s
daily life in direct contact with the surface of household products. To protect the substrate
of wooden furniture, the surface is usually coated [16-20]. The paint films on furniture
surfaces are important carriers of bacterial transmission, so improving the antibacterial
property of paint films is one of the effective means to stop the direct transmission of
bacteria [21-24]. At present, plant-based antibacterial agents are the most extensively
studied and conveniently extracted natural antibacterial agents. They use certain parts of
plants containing bactericidal active substances or extract effective ingredients to achieve
antibacterial effects. They have the advantages of high efficiency, low toxicity or nontoxicity,
no pollution, and high selectivity and are not easily resistant to drugs [25-27]. Natural
antibacterial agents have problems such as poor processing performance and unstable
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chemical properties [28]. Therefore, they cannot be directly applied in waterborne paint
and need further research and promotion. Microcapsule technology is used to cover
natural antibacterial or antibacterial substances to make antibacterial microcapsules [29,30],
expanding the application scope of natural antibacterial agents [31,32].

Flavonoids are a class of compounds widely present in nature, found in certain
plants and berries, with a total of about 4000 species. They often exist in the form of
free or glycosidic compounds in plants and are currently a highly regarded natural active
product with excellent physiological functions [33-35]. Lopes et al. [36] investigated
the efficacy of glycosides and flavonoids in inhibiting Staphylococcus aureus RN4220 and
Staphylococcus aureus SA1199B. The results showed that the tested flavonoids inhibited
biofilm formation in Staphylococcus aureus strains. Liu et al. [37] studied the chemical
composition of flavonoids extracted from pomelo peel. And its antibacterial activity
against the selected pathogen Vibrio anguillarum and biosensor strain Chromobacterium
violaceurm CV026 was determined. These studies indicate that pomelo peel extract can
be used for the production of antibacterial agents. Chitosan is a natural biopolymer
which is widely used in various industries because of its excellent film forming property,
antibacterial activity, and biodegradability [38,39]. Chen et al. [40] used chitosan as the
wall material and water-soluble vitamin C and oil-soluble lemon essential oil as the core
materials and prepared antibacterial microcapsules by the single condensation method.
The results showed that both chitosan and oil-soluble lemon essential oil had antibacterial
properties, so the paints with microcapsules had antibacterial properties. Utami et al. [41]
encapsulated Holothuria atra microcapsules through the ionic gelation process of chitosan
and sodium tripolyphosphate (STPP). The results showed that the prepared microcapsules
had high antibacterial activity against Escherichia coli and Staphylococcus aureus. Escherichia
coli and Staphylococcus aureus are commonly used for antibacterial performance testing.
Escherichia coli is a Gram-negative bacterium, while Staphylococcus aureus is a Gram-positive
bacterium, and the two bacteria can represent different bacterial species. Escherichia coli and
Staphylococcus aureus are considered to be the two most common bacteria [42,43], which are
widely found in nature and are closely related to human health.

Therefore, chitosan-coated pomelo peel flavonoid microcapsules were prepared with
pomelo peel flavonoid as the core material, chitosan as the wall material, and STPP as the
crosslinking agent. The microcapsules were prepared by the ion condensation method [44].
Different contents of microcapsules were added to the paint films to explore their appli-
cation in the paint film. The performances of the paint film with added microcapsules
were analyzed. The content of microcapsules in the paint film was controlled to make
sure that the antibacterial properties of the paint film are improved while the film still has
good properties. This provides a certain technical basis for the application of antibacterial
microcapsules and the preparation of antibacterial paint film.

2. Materials and Methods
2.1. Materials

The deacetylation degree range of chitosan is 80.0% to 95.0%. A mold made of silicone
material with a diameter of 50 mm x 50 mm x 10 mm was used to prepare the paint films.
The waterborne acrylic topcoat used in the test was from Jiangsu Haidian Technology
Co., Ltd., Jurong, China. The pomelos were Shatian Pomelo from Rong County, Yulin,
China. Two microorganisms, Staphylococcus aureus and Escherichia coli, were used to test
the antibacterial performance of the paint films. In addition, the materials used in this
experiment were all chemicals. The experimental materials are shown in Table 1. The
equipment used in the experiment is shown in Table 2.

45



Coatings 2024, 14, 1003

Table 1. List of materials.

Material Molecular Formula CAS No.
Chitosan (C6H11 NO4 )n 9012-76-4
Acetic acid CH3;COOH 64-19-7
Tween-80 C24H4406 9005-65-6
Sodium tripolyphosphate NasP3019 7758-29-4
Anhydrous ethanol CyHgO 64-17-5
Staphylococcus aureus - -
Escherichia coli - -
Nutrient agar medium - -
Nutritious broth - -
Table 2. Experimental equipment.
Equipment Model Manufacturing
Optical microscope (OM) AX10 Carl Zeiss AG. Oberkochen, Germany
Scanning electron microscope (SEM) Quanta-200 Thermo Fisher Scientific, Waltham, MA, USA
Magnetic stirrer DF-101Z Nanbei Scientific Instrument Technology Co., Ltd., Beijing, China
Fourier Transform Infrared (FTIR) spectrometer VERTEX 80V Bruker Corporation, Karlsruhe, German
Humidity chamber HWS-50 Shanghai Shangyi Instrument Equipment Co., Ltd., Shanghai, China
Freeze-dryer YTLG-10A Shanghai Yetuo Technology Co., Ltd., Shanghai, China
Colony counter XK97-A Hangzhou Qiwei Instrument Co., Ltd., Hangzhou, China
Portable colorimeter SC-10 Zhuhai Tianchuang Instrument Co., Ltd., Zhuhai, China
Gloss meter HG268 Shenzhen ThreeNH Technology Co., Ltd., Shenzhen, China
Ultraviolet spectrophotometer U-3900 Hitachi Scientific Instruments (Suzhou) Co., Ltd., Suzhou, China
Universal mechanical testing machine AGS-X Shimadzu Manufacturing Co., Ltd., Kyoto, Japan
Fine roughness tester JB-4C Suliang Instrument Technology Co., Ltd., Suzhou, China

2.2. Method of Preparing Microcapsules

As shown in Table 3, the optimal preparation process for the preparation of chitosan-
coated pomelo peel flavonoid microcapsules was investigated by designing a three-factor
two-level orthogonal test and a one-factor test. The orthogonal tests were designed, and
the influencing factors were the pH for the crosslinking reaction of the microcapsules, the
mass ratio of the core and wall materials of the microcapsules, and the concentration of
the emulsifier during the emulsification of the microcapsules. Samples of microcapsules
with different parameters were obtained. The experimental arrangement is shown in
Table 4. According to the various test results, the maximum influence of the preparation of
microcapsules was explored. The maximum influence factor was used as the variable of
the one-factor test, and the preparation process of microcapsules was optimized through
the test so as to obtain a better preparation process for the microcapsules.

Table 3. The orthogonal test schedule.

Level Factor A Factor B Factor C
pH Value m(Core Material):m(Wall Material) Concentration of Emulsifier (%)
1 6 1.0:1 1
2 8 1.2:1 3

Table 4. The orthogonal test microcapsule samples.

Sample pH m(Core Material):m(Wall Material) Concentration of Emulsifier (%)
1 6 1.0:1 1
2 6 1.2:1 3
3 8 1.0:1 3
4 8 1.2:1 1
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The preparation of microcapsules was divided into four steps. The first step was
to prepare the chitosan wall material solution, the second step was to prepare the core
material emulsion of pomelo peel flavonoids, the third step was to mix the wall material
solution with the core material emulsion, and the fourth step was to add STPP into the
mixed solution to make it crosslinked with the wall material. The specific preparation steps
are shown in [45].

Table 5 shows the dosage of materials.

Table 5. The schedule of test material dosage.

1% Acetic

: : Pomelo Peel ~ Anhydrous s Deionized
Test Sample Chl(to)san S(;?lclglon Flavonoids Ethanol Emlzls)lﬁer Water SF(H;P
& ® ® ® & (mL) &
1 0.80 39.20 0.80 7.20 0.72 71.28 0.80
2 0.80 39.20 0.96 8.64 211 68.29 0.80
Orthogonal test 3 0.80 39.20 0.80 7.20 2.10 69.90 0.80
4 0.80 39.20 0.96 8.64 0.70 69.70 0.80
5 0.80 39.20 0.80 7.20 0.72 71.28 0.80
6 0.80 39.20 0.80 7.20 0.72 71.28 0.80
One-factor test 7 0.80 39.20 0.80 7.20 0.72 71.28 0.80
8 0.80 39.20 0.80 7.20 0.72 71.28 0.80
9 0.80 39.20 0.80 7.20 0.72 71.28 0.80

2.3. Preparation of Waterborne Paint Films with Different Contents of Microcapsules

Waterborne paint films with different contents of microcapsules were coated in the sili-
cone mold. The ordinary content of the surface paint of the substrate was 60 g/m?-80 g/m?,
and a total of 4-6 coats were applied. To simulate the regular use of the paint on the surface
of the substrate and to take into account the loss during actual use, the total waterborne
paint mass of the paint film was set at 400 g/m?, and the thickness was about 80 um. The
amount of paint film prepared is detailed in Table 6.

Table 6. The preparation of the paint film.

Content of Microcapsules (%) Mass of Microcapsules (g) Mass of Waterborne Paint (g)

0 0 1.00
3.0 0.03 0.97
6.0 0.06 0.94
9.0 0.09 091
12.0 0.12 0.88
15.0 0.15 0.85

The optimal microcapsule sample 7 prepared in the one-factor test was added to the
waterborne paint at different concentrations of 0%, 3.0%, 6.0%, 9.0%, 12.0%, and 15.0%. The
microcapsules and the waterborne paint were thoroughly stirred by a glass rod and coated
in silicone molds. The silicone molds were left at room temperature for 1 h and then cured
in an oven at 50 °C for 30 min. Finally, the paint film was slowly removed from the silicone
mold to obtain a complete paint film sample for testing.

2.4. Performance Test
2.4.1. The Microcapsule Yield and Coverage Rate

After the preparation of microcapsules, the product quality was measured, and the
percentage of the product quality to the raw material quality was calculated, that is, the
yield of the microcapsules.

The weighed microcapsule powder, denoted as M;, fully ground, was added to a
beaker filled with anhydrous ethanol and soaked for 2 days. In order to fully dissolve the
cores, the beakers were placed in a water bath at 60 °C for 4 h. After soaking, complete
filtration, and rinsing, the resulting product was oven-dried at 50 °C until the weight did
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not change. The resulting product was recorded as M;. This was the weight of the wall
material of the microcapsule. The formula for calculating the coverage rate of microcapsules
is shown in Formula (1).

P = (M; — M)/ M; x 100% 1)

2.4.2. The Morphology and Chemical Composition

An OM was used to observe and analyze the microstructure of the microcapsules. For
observation, the light source was first turned on, and the slide was placed on the carrier
table and fixed with a pressure clamp. The focus was adjusted until the field of view was
clear, and the picture was taken.

An SEM was used to observe and analyze the microstructure of the microcapsules
and the paint film. The SEM was used to characterize the microstructure of the paint
films. In order to characterize the microcapsules by SEM, a processed sample was placed
on the sample stage, a door of the sample compartment was closed, and the vacuum
pump was turned on to pump the air. The relevant parameters were set according to the
sample characteristics and observation need, and the desired image was captured and
saved. When the particle size of the microcapsules was analyzed, the SEM image of the
microcapsules obtained was analyzed by software to generate a histogram of the particle
size of the microcapsules.

An FTIR spectrometer was used to determine the chemical composition of micro-
capsules and the paint films with added microcapsules. When the paint film samples
were tested by the FTIR spectrometer, the parameters were adjusted so that the back-
ground spectra were first acquired, and subsequently, the paint film samples were placed
in the sample chamber for testing. The KBr pressing method was used for the testing of
microcapsule samples.

2.4.3. The Antibacterial Performance

Escherichia coli (ATCC25922) and Staphylococcus aureus (ACTT6538) were used to test
the antibacterial properties of the coating. According to GB/T 21866-2008 [46], the testing
was divided into bacterial strain preservation, bacterial strain activation, bacterial suspen-
sion preparation, sample testing, and calculation results. The specific experimental steps
can be found in [46,47]. The antibacterial rate R of the paint film was calculated according
to Formula (2), where B represents the average number of recovered colonies after 48 h
of blank coating and C represents the average number of recovered colonies after 48 h of
antibacterial paint film, in CFU/piece.

R = (B—C)/B x 100% @)

2.4.4. The Optical Performance

Based on the GB/T 11186.3-1989 [48], a portable colorimeter was used to measure the
color value of the paint film and calculate the color difference in the paint film. After the
portable colorimeter was calibrated, a point was selected on the paint film to test, and the
color values of L, a, and b were noted. The values of the blank paint film were denoted as
L1, a1, and by, and those of the film containing microcapsules were denoted as Ly, 1, and
by. The color difference AE of the paint film was calculated by Formula (3), where AL = L,
— Ll, Aa =day —ay, and Ab = bz — bl'

AE = [(AL) + (Aa)? + (ab)?] 7 @)

Based on GB/T 4893.6-2013 [49], a gloss meter was used to test the glossiness of the
paint film and record the glossiness of the paint film under three sets of incident angles
(20°, 60°, and 85°). Gy was the glossiness of the paint film without microcapsules added,
G1 was the glossiness of the paint film containing microcapsules, and the gloss loss rate G|,
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at 60° incidence angle of the paint film was calculated. The calculation formula is shown as
Formula (4).
GL = (GO — Gl)/GO x 100% (4)

An ultraviolet spectrophotometer was used to measure the light transmittance of the
paint film in the visible band with a wavelength range of 380 nm-780 nm.

2.4.5. The Mechanical Performance

The paint film was tested by a universal mechanical testing machine. During the test,
the two ends of the paint film were fixed by the fixture, and the paint film was stretched
until it broke. According to Formula (5), the elongation at break of the film was denoted as
e, and the original length of the film was denoted as Ly. When the film broke, the distance
beyond the original length was denoted as L,. The elongation at break of the paint film
was the ratio of the distance over the original length to the original length.

e=L,/Lyx100% ®)
A fine roughness tester was used to test the roughness of the paint film.

3. Results and Discussion
3.1. The Microcapsules” Yield and Coverage Rate

Four kinds of microcapsule samples were obtained by a three-factor and two-level
orthogonal test. The yield of the orthogonal test for the preparation of microcapsules is
shown in Table 7. Sample 3 has the highest yield, and the result is 22%. According to
Table 7, it can be found that the yield results of microcapsule samples have little difference.
According to the yield range analysis, the primary and secondary effects of the three factors
are A > B = C. Therefore, the biggest factor that influences the microcapsule yield is A,
which is the pH value of the microcapsule crosslinking reaction. The mass ratio of the
microcapsule core material to wall material and the emulsifier concentration had the same
effect on the yield. The optimal level of microcapsule yield was A2 Bl C2, namely, a
crosslinking reaction pH of 8, a core-wall ratio of 1:1, and an emulsifier concentration
of 3%. As shown by the result data in Table 7, the size of factors affecting the yield of
microcapsules is basically consistent with the range result. Through the sum of squared
deviations, it can be seen that factor A has a much greater impact on the yield than the other
two factors. Therefore, combining the yield results of microcapsules, it can be concluded
that the pH value of the microcapsule crosslinking reaction has the greatest influence on
the yield of the microcapsules. The optimum preparation process of the microcapsules
was when the pH value of the microcapsule crosslinking reaction was 8, the mass ratio of
the microcapsule core material to wall material was 1:1, and the emulsifier concentration
was 3%.

Table 7. Analysis of range and variance results of microcapsule yield rate in orthogonal tests.

Factor C
Factor A Factor B h . o
Category Sample pH Value m(Core Material):m(Wall Material) Cg&fﬁgggtg,}o;’f Yield (%)
1 6 1.0:1 1 20
2 6 1.2:1 3 20
3 8 1.0:1 3 22
Range 4 8 1.2:1 1 21
Mean value 1 20.000 21.000 20.500
Mean value 2 21.500 20.500 21.000
R 1.500 0.500 0.500
Factor primary and secondary levels A>B=C
Optimal level A2 Bl 2
Optimal solution A2B1C2
Sum of squared deviations 2.250 0.250 0.250
Degree of freedom 1 1 1
Variance Fratio 2.455 0.273 0.273
Fsitical value 10.100 10.100 10.100
Significance

49



Coatings 2024, 14, 1003

Table 8 shows the coverage rate results of the chitosan-coated pomelo peel flavonoid
microcapsules in the orthogonal test. Sample 3 had the highest coverage rate of 53%.
According to the analysis of range results, the order of the three influencing factors is A > B
> C. Therefore, the factor that has the largest influence on microcapsule coverage rate is
the pH value of the crosslinking reaction, followed by the mass ratio of the microcapsule
core-wall material and finally the emulsifier concentration in the preparation. A2 B1 C1
is the optimal coverage rate level of the microcapsule preparation. The variance results
of the impact of various factors on the coverage rate are basically consistent with the
range results. From the sum of squares data, it can be seen that the influence of the
pH value of the microcapsule crosslinking reaction on the result of the coverage rate is
much greater than that of others. Thus, it can be concluded that factor A, that is, the pH
value in the microcapsule crosslinking reaction, has the biggest influence on the coverage
rate of microcapsules. The optimal process for the coverage rate of microcapsules is the
microcapsule crosslinking reaction with a pH value of 8, a core-wall ratio of 1:1, and a
concentration of the emulsifier of 1%.

Table 8. Analysis of range and variance results of microcapsule coverage rate in orthogonal tests.

Factor C
Factor A Factor B h Coverage
Category Sample pH Value m(Core Material):m(Wall Material) Cé)rx;clflxggae’t;(;z}o;)f Rate (%)
1 6 1.0:1 1 45
2 6 1.2:1 3 31
3 8 1.0:1 3 53
Range 4 8 1.2:1 1 51
Mean value 1 38.000 49.000 48.000
Mean value 2 52.000 41.000 42.000
R 14.000 8.000 6.000
Factor primary and secondary levels A>B>C
Optimal level A2 B1 C1
Optimal solution A2B1C1
Sum of squared deviations 196.000 64.000 36.000
Degree of freedom 1 1 1
Variance Fratio 1.986 0.649 0.365
Fritical value 10.100 10.100 10.100
Significance

According to the results of the orthogonal test, the pH value of the microcapsule
crosslinking reaction is the most significant factor influencing the yield and coverage rate of
chitosan-coated pomelo peel flavonoid microcapsules. Therefore, based on the orthogonal
test, a one-factor test was designed with the pH value of the microcapsule crosslinking
reaction as the variable. According to the orthogonal test results, the yield of microcapsule
samples did not vary much, so the preparation parameters of the one-factor test focused on
the results of the coverage rate in the orthogonal test. When the mass ratio of the core-wall
material is 1:1, the coverage rate and yield are better. When the emulsifier concentration is
1%, the coverage rate is better, and the high coverage rate is conducive to improving the
antibacterial property of the waterborne paint, so the emulsifier concentration is determined
to be 1% in the one-factor test. The results of the one-factor test are shown in Table 9. In the
one-factor test, sample 5 with a pH value of 5.5 had a higher yield but a lower coverage
rate. This may be because the pH value was too low, resulting in a large amount of residual
chitosan wall material being coated. It can be proved that the coating of microcapsules
should be carried out under alkaline conditions. When the pH exceeds 5.5, the yield of
microcapsules slightly increases with the increase in pH value. When the pH value reaches
7.5, the coverage rate of microcapsules is up to 50%, and with the increase in pH value, the
coverage rate of the microcapsules gradually decreases, which may be because the high pH
value leads to the formation of microcapsules too fast, and the core material is reduced. It is
proved that when pH value is 7.5, it is more suitable for pomelo peel flavonoids coated with
chitosan. The optimal preparation conditions are a core-to-wall ratio of 1:1, an emulsifier
concentration of 1%, and a pH value of 7.5 during the crosslinking reaction. Based on the
results of the microcapsules’ yield, coverage rate, and morphology in the one-factor test,
sample 7 with a pH value of 7.5 at the time of the crosslinking reaction was selected as the
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optimal sample and added to the waterborne paint film to further explore the application
of microcapsules in the waterborne paint.

Table 9. The yield and coverage rate of microcapsules in the one-factor test.

Sample pH Value Yield Rate (%) Coverage Rate (%)
5 5.5 24 38
6 6.5 20 41
7 7.5 22 50
8 8.5 22 47
9 9.5 23 44

3.2. The Morphological and Chemical Composition of the Microcapsules

The macroscopic morphology of the pomelo peel flavonoids, chitosan, and chitosan-
coated pomelo peel flavonoid microcapsule sample 7 is shown in Figure 1. The pomelo
peel flavonoids are irregular large granular yellow crystals, and the chitosan is a beige
powder. The microcapsules prepared with these two are in a yellow powder shape. This is
because during the preparation of the microcapsules, the core emulsion mixed with the wall
solution, resulting in staining. At the same time, the chitosan wall material itself is thinner
and has a beige color, and there are also more encapsulated core materials. The color of the
core materials is revealed through more micropores, making the color of the microcapsules
darker. This can preliminarily prove that the successfully prepared microcapsules contain
two substances, pomelo peel flavonoids and chitosan.

10 mm

Figure 1. Macroscopic morphology: (A) pomelo peel flavonoids for core material, (B) chitosan for
wall material, and (C) microcapsules (sample 7).

The micromorphology of the chitosan-coated pomelo peel flavonoid microcapsules
prepared by orthogonal test is shown in Figure 2. Microscope images show that there
are two kinds of materials in the microcapsule: the wall material, chitosan, and the core
material, pomelo peel flavonoids. The bright white spot inside the microcapsule is the
pomelo peel flavonoids, which can preliminarily prove the success of the microcapsule
coating. It can be observed that microcapsule sample 1 and sample 2 prepared at pH
6 in the orthogonal test have better dispersibility and more microcapsule particles. The
agglomeration of microcapsule sample 3 and sample 4 was serious when the pH value
was 8. This may be due to the high pH value during the reaction of microcapsules, which
leads to a fast crosslinking reaction of the microcapsules. When the core material is not
fully coated, too much crosslinking is formed in the wall material; the microcapsules were
adhered together by a large number of walls that were not coated with the core material
and could not be presented as separate spheres.
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Figure 2. OM images of the microcapsules: (A-D) samples 1-4.

Figure 3 shows the microscopic morphology of the chitosan-coated pomelo peel
flavonoid microcapsules in the one-factor test. The particles of chitosan in the microscope
image are too small, and the observation analysis is limited. Therefore, the microscopic
morphology of microcapsules in the one-factor test is mainly observed by the SEM. It can
be observed that microcapsule sample 5 in the one-factor test is basically in an amorphous
state, which indicates that the crosslinking reaction of microcapsules is not suitable when
the pH is 5.5, and microcapsules cannot be formed when the pH is too low. The agglom-
eration phenomenon of microcapsule sample 8 was more serious, and the agglomeration
phenomenon of microcapsule sample 9 was the most serious, but it was obvious that the
microcapsules had formed into a spherical state, indicating that the microcapsules were
successfully prepared. However, a high pH value will lead to a sticky agglomeration of
microcapsules, which is not conducive to microcapsule dispersion and is not suitable for
the microcapsule crosslinking reaction. The crosslinking reaction between the chitosan and
STPP occurred under alkaline conditions. When the solution is at a lower pH value, STPP
is more likely to protonate, forming positively charged STPP molecules. The positively
charged STPP interacts electrostatically with the negatively charged chitosan molecules,
promoting the crosslinking reaction. When the pH value is higher, the protonation degree
of STPP decreases, and the electrostatic interaction between STPP and chitosan is weakened,
so the crosslinking reaction is weakened. In Figure 3, the microcapsules prepared at pH
7.5 for sample 7 were clearly observed to be more complete spherical microcapsules and
well dispersed, with fewer impurities compared to the other samples. Therefore, consider-
ing the yield, coverage rate, and microscopic morphology of the chitosan-coated pomelo
peel flavonoid microcapsules, sample 7 with a 22% yield and a 50% coverage rate was
selected. Figure 4 shows the particle size distribution of microcapsules prepared by the
one-factor test. As shown in Figure 4, the particle size of the microcapsules prepared at
different pH values is relatively dispersed, mainly between 2 and 7 um, indicating that the
chitosan-coated pomelo peel flavonoid microcapsules have different particle sizes and poor
morphology. The average particle size of the four samples is not significantly different. The
average particle size of sample 6 is 5.19 um, that of sample 7 is 5.19 um, that of sample 8 is
5.28 pm, and that of sample 9 is 5.38 pm.

Figure 5 shows the infrared spectra of the wall material, the chitosan-coated pomelo
peel flavonoid microcapsules, and the core material. In the infrared spectra of the chitosan
wall material, 3433 cm~! is a vibration absorption peak of the chitosan structure -OH,
1647 cm ™! is the vibration absorption peak of an amide group I, 1088 cm~! is a C-O-C
absorption peak, and 891 cm ! is the stretching vibration absorption peak of a pyranoside
ring. In an infrared spectrum of the pomelo peel flavonoids, the vibration peaks at 1372,
1242, and 1058 cm ™! are the characteristic peaks of pomelo peel flavonoids, the absorption
peak at about 3390 cm ™! is a hydroxyl association, and the absorption peak at 2932 cm ™!
is CH,-. In addition, 1740 cm ™! and 1646 cm ™! are the C-O-induced stretching vibration
peaks, and 877 cm ™! is the absorption peak caused by substituent positions on the ben-
zene ring. The absorption curves also showed the absorption peaks of the chitosan and
pomelo peel flavonoids [50]. The chemical components of the chitosan and pomelo peel
flavonoids were present in the microcapsules, which proved the successful preparation
of microcapsules.
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Figure 3. SEM images of one-factor microcapsules: (A-E) samples 5-9.
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Figure 4. Particle size distribution: (A-D) sample 6-9.
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Figure 5. FTIR images of chitosan, pomelo peel flavonoids, and microcapsule sample 7.

3.3. The Morphology of the Paint Film

The macroscopic morphology shown in Figure 6 is the paint film with different
contents of sample 7. The paint film was yellow and transparent after microcapsules
were added. With the increase in microcapsule content in the paint film, the transparency
gradually decreased, and the color of the paint film gradually deepened. This is because the
microcapsules are yellow; the addition of the waterborne paint changes the color of the film.
The microcapsules coated with chitosan have good dispersibility and no obvious granular
sensation in the waterborne paint. When the proportion of microcapsule mass in the total
paint film mass is less than 15.0%, the morphology of the paint film is not affected except for
the color change, and no cracking phenomenon appears, which preliminarily proves that
the chitosan-coated pomelo peel flavonoid microcapsules are suitable for addition to the
waterborne paint. When the proportion of microcapsule mass in the total paint film mass
reaches 15.0%, the edges of the paint film have already been damaged. This is because the
chitosan increases the viscosity of the paint film. The excessive content of microcapsules in
the waterborne paint leads to increased viscosity and poor flat property, making it difficult
to form the paint film. This indicates that the paint film with 15.0% microcapsules is no
longer suitable for application.

The microstructure of the paint film with added microcapsule sample 7 is shown in
Figure 7. With the addition of 3.0% microcapsules, the paint film has a slightly raised
granular feeling. When the content is 6.0% and 9.0%, the granular feeling on the paint
film surface is more obvious. When the content reaches 12.0%, the agglomeration of a lot
of microcapsules in the paint film, the paint film presents a large area of raised folds. It
can be seen that when the content of microcapsules is above 9.0%, it will seriously affect
the flatness.
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Figure 6. Macroscopic morphology of the paint films with different contents of microcapsules: (A)
without microcapsules, (B) with 3.0% microcapsules, (C) with 6.0% microcapsules, (D) with 9.0%
microcapsules, (E) with 12.0% microcapsules, and (F) with 15.0% microcapsules.
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Figure 7. SEM images of paint films with different microcapsule contents: (A) with 3.0% microcap-
sules, (B) with 6.0% microcapsules, (C) with 9.0% microcapsules, and (D) with 12.0% microcapsules.

3.4. The Chemical Composition of the Paint Film

Figure 8 shows the FTIR image of the paint film without microcapsules and added
microcapsules with a content of 9.0%. In Figure 8, around 1726 cm ™! is the characteristic
peak of the C=0 in the waterborne acrylic resin in the waterborne acrylic paint, and around
1144 cm~! is the vibration peak of the C-O in both the waterborne paint and microcapsules.
About 3390 cm~! is the characteristic peak of the hydroxy-association of pomelo peel
flavonoids in microcapsules, and 2932 cm ™! is the absorption peak of CH,-. The C-O-C
absorption peak of the chitosan structure in the microcapsules is about 1088 cm !, and the
stretching vibration absorption peak of the pyranoside ring is at 891 cm~!. It can be proved
that the microcapsules are used in the waterborne paint, and the chemical composition of
the paint film is not destroyed.
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Figure 8. FTIR image of the paint films with and without microcapsules.

3.5. The Antibacterial Properties of the Paint Film

The average number of recovered bacteria and the antibacterial rate are shown in
Table 10. As shown in Table 10, the antibacterial rate against both bacteria gradually
increased with the increase in the microcapsule content, indicating that the paint film with
added microcapsules has an antibacterial effect on both bacteria. When the content of
microcapsules in the paint film reaches 15%, the antibacterial rate of the paint film against
the two kinds of bacteria could reach 83.2% and 91.7%, respectively. Both the wall material
chitosan and the core material pomelo peel flavonoids have antibacterial activity, which
further improves the antibacterial rate of the microcapsules.

Table 10. The antibacterial properties.

Average Number Average Number of
Content of of Recovered Antibacterial Rate against Recovered Antibacterial Rate against
Microcapsules (%) Escherichia coli Escherichia coli (%) Staphylococcus aureus  Staphylococcus aureus (%)
(CFU-Piece 1) (CFU-Piece1)
0 190 - 432 -

3.0 134 295 +0.6 289 33.1+£0.8

6.0 102 463+ 1.6 187 56.7 £ 1.5

9.0 73 61.6 £09 126 70.8 = 1.2

12.0 51 732+14 74 829 +£2.7

15.0 32 832+ 1.1 36 917 £17

Figure 9 shows the antibacterial rate of paint films with different microcapsule contents.
The antibacterial activity of the paint film against Staphylococcus aureus is slightly higher
than that against Escherichia coli. The results show that the chitosan-coated pomelo peel
flavonoid microcapsules successfully had an antibacterial effect in the waterborne paint film
and effectively improved the difficult mixing of the pomelo peel flavonoids in waterborne
paint. The pomelo peel flavonoids that have antibacterial properties work together with the
chitosan that also has antibacterial properties through the micropores of the microcapsules
to inhibit bacteria.
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Figure 9. The antibacterial rate of paint films with different microcapsule contents.

The chitosan-coated pomelo peel flavonoid microcapsules had a higher antibacterial
rate compared to melamine-resin-coated pomelo peel flavonoid microcapsules [51]. When
the content of melamine-resin-coated pomelo peel flavonoid microcapsules in the paint
film was 6%, the antibacterial rate against Escherichia coli was 50.5%, and the antimicrobial
rate against Staphylococcus aureus was 40.5%. When the content of the chitosan-coated
pomelo peel flavonoid microcapsules in the paint film was 6%, the antibacterial rates
against Escherichia coli and Staphylococcus aureus were 46.3% and 56.7%, respectively. This
is due to the fact that only the core material is antibacterial in the melamine-resin-coated
pomelo peel flavonoid microcapsules, and the wall material is not antibacterial, whereas
chitosan, which is used as the wall material of the microcapsules in the chitosan-coated
pomelo peel flavonoid microcapsules, is also antibacterial, so the antibacterial rate of the
microcapsules is increased.

A significance analysis was conducted on the data in Table 10. The significance
analysis was conducted using a non-repeated two-factor variance method. The three
values of F, p-value, and F crit separately were calculated (Table 11). Among them, F
is the test statistic, a statistical measure used for hypothesis testing calculations. The
p-value represents a significance level, evaluates the range and interval of the overall
parameters, and calculates the probability of the experiment occurring. F crit is the critical
value of F on the corresponding significance level. Among them, F > F crit indicates
that there is a difference between the two sets of data. F < F crit means there is no
difference between the two sets of data. The criteria for determining significant differences
are 0.01 < p-value < 0.05, indicating significant differences. A p-value < 0.01 means the
difference is extremely significant. A p-value > 0.05 indicates insignificance. According to
the above methods, the results obtained are F > F crit and p-value < 0.01, indicating that
the content of microcapsules in the paint film has a significant effect on the antibacterial
properties of the paint film.
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Table 11. Significance analysis of antibacterial properties.

Item SS d¢ MS F p-Value F Crit
Content of microcapsules 10,537.29 5 2107.457 243.8058 0.00 5.050329
Antibacterial species 142.83 1 142.83 16.5236 0.009682 6.607891
Error 43.22 5 8.644
Total 10,723.34 11

3.6. The Optical Properties of the Paint Film

(1) The chromaticity value and color difference

The chromaticity value of and color difference in paint films with different microcap-
sule contents is shown in Table 12. When the paint film contains 15% microcapsules, the
color difference can reach up to 40.74. Because of the addition of yellow granular micro-
capsules to the paint, the color of the paint film deepens, and the L value in the paint film
gradually decreases as the microcapsules increase. The a values representing the red—-green
values are positive in all samples, indicating that the color was reddish. Because the color
of the paint film itself tends to be blue, the b value of the sample without microcapsules
is negative. After adding microcapsules, the b value changed from negative to positive,
indicating that the color became yellowish and gradually increased as the microcapsules
increased, indicating that the yellow color of the microcapsules themselves had an obvious
influence on the paint film.

Table 12. The chromaticity value of and color difference in paint films with different microcapsule

contents.
Content of Microcapsules (%) L a b AE
0 81.91 1.73 —2.27 -
3.0 44.93 0.97 0.50 37.09
6.0 43.50 0.97 1.30 38.58
9.0 43.00 0.90 1.57 39.11
12.0 42.20 0.87 1.60 39.91
15.0 41.40 0.63 1.87 40.74

(2) Glossiness and gloss loss rate

Table 13 shows the glossiness and gloss loss rate of paint films with different microcap-
sule contents. At different incidence angles, the glossiness decreases as the microcapsules
increase. Because the chitosan-coated pomelo peel flavonoid microcapsules have color, the
addition of microcapsules enhances the diffuse reflection of light on the surface of the paint
film, which affects the glossiness. When the paint film contained 9.0% microcapsules, the
gloss loss rate of the paint film was 41.7%; when the microcapsule content was higher than
9.0%, the gloss loss rate of the paint film began to decrease as the microcapsules increased.
This is because of the good dispersibility of the chitosan-coated pomelo peel flavonoid
microcapsules in the waterborne paint, which has little effect on the flatness of the dried
paint film.

Table 13. The glossiness and gloss loss rate of paint films with different microcapsule contents.

Content of Microcapsules (%) 20° (%) 60° (%) 85° (%) Gloss Loss Rate (%)

0 6.10 17.45 31.17 -
3.0 4.47 14.13 14.93 19.1
6.0 2.40 10.30 727 41.0
9.0 2.13 10.17 4.10 41.7
12.0 2.10 10.17 3.40 41.7
15.0 1.77 8.10 3.27 53.6
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(3) Visible light transmittance

The visible light transmittance of paint films with different microcapsule contents is
shown in Table 14. The visible light transmittance is higher than 85% on the whole. The
addition of microcapsules has little effect on the visible light transmittance. When the
paint film contained 3.0% microcapsules, the visible light transmittance value was 93.25%.
Figure 10 shows the light transmittance curve of microcapsule paint film with different
additive content. As the microcapsule content increases, the light transmittance of the paint
film decreases slightly. All paint films tend to be relatively transparent, exhibiting a stable
visible light wavelength range. This indicates that adding microcapsules has little effect on
the transparency of the paint film and is suitable for practical applications.

Table 14. The visible light transmittance of paint films with different microcapsule contents.

Content of Microcapsules (%) Visible Light Transmittance (%)
0 89.89
3.0 93.25
6.0 90.40
9.0 90.47
12.0 87.94
15.0 85.54
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Figure 10. Visible light transmittance.

3.7. The Mechanical Properties of the Paint Film
(1) Roughness

The effect of microcapsule content on the roughness of the paint film is shown in
Table 15. The roughness increased with the increase in microcapsules. The addition of
microcapsules results in uneven particles on the paint film surface. When the microcapsule
content increased, the concave and convex feeling of the paint film was enhanced, which
affects the flatness of the paint film and makes the roughness rise continuously. How-
ever, because the microcapsules prepared with chitosan have better dispersibility in the
waterborne paints, the overall roughness of the paint film is low.
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Table 15. The effect of different microcapsule content on the roughness.

Content of Microcapsules (%) Roughness (%)
0 0.27
3.0 0.46
6.0 1.46
9.0 2.60
12.0 2.65
15.0 2.70

(2) Elongation at break

As an important parameter characterizing the uniform or stable deformation of a
material, elongation at break is an index used to judge the ductility of a material, indicating
the ability of the paint film to deform without rupturing when subjected to an external force.
Higher elongation at break indicates better ductility of the paint. The tensile properties of
the paint film are shown in Figure 11. When the microcapsule content in the paint film
was 3.0% and 6.0%, the elastic region of the paint film was the largest, and the ductility
of the paint film was higher. This means that the paint film has better flexibility and
ductility and can better adapt to the deformation of the substrate, thereby improving the
overall performance of the paint. But when the microcapsule content exceeded 9.0%, the
ductility of the paint film began to decrease gradually. This shows that the appropriate
amount of microcapsules can enhance the ductility of the film, but this may be because
the chitosan-coated pomelo peel flavonoid microcapsules dispersed in waterborne paints
have a certain viscosity, which thickens the paint and regulates the viscosity of waterborne
paints to a certain extent. However, the microcapsule content is too high, which will reduce
the ductility of the paint film. Too many particles of microcapsules added to the paint film
can easily produce agglomeration; microcapsules cannot be evenly distributed in the paint
film, resulting in stress concentration, and these stresses will be released when the paint
film is subjected to external forces, thus reducing the elongation at break.

24
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Figure 11. The tensile properties.
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Table 16 shows the effect of the microcapsule content on the elongation at break. The
elongation at break was 18.9% when the paint film did not contain microcapsules. When
the content of microcapsules added to the paint film was 3%, the elongation at break was
22.3%. The chitosan-coated pomelo peel flavonoid microcapsules have a certain viscosity,
and an appropriate amount of dispersion in the waterborne paints can thicken the paint
and improve the viscoelasticity. The elongation at break of the membrane decreased when
the content of microcapsules in the paint film was greater than 3.0%. When the content was
15.0%, the elongation at break was 7.9%. When the microcapsule content is too high, the
viscoelasticity decreases, the paint film becomes brittle, and the relative tensile property of
the paint film gradually decreases, which leads to a decrease in the elongation at break.

Table 16. The elongation at break.

Content of Microcapsules (%) Elongation at Break (%)
0 18.9
3.0 223
6.0 21.5
9.0 16.1
12.0 10.5
15.0 7.9

4. Conclusions

The preparation procedure for the optimal chitosan-coated pomelo peel flavonoid
microcapsules is as follows: the pH value of the microcapsule crosslinking reaction is 7.5,
the core-wall ratio is 1:1, and the concentration of the emulsifier is 1%. The morphology
of microcapsules is better, and the dispersion is relatively uniform. With the increase in
microcapsule content, the antibacterial rate of the paint film with added microcapsules
against the two kinds of bacteria increased gradually, and the antibacterial rate against
Staphylococcus aureus was higher than that against Escherichia coli. The color difference in
the paint film gradually increased, the gloss gradually decreased, the loss of light increased,
the roughness gradually increased, and the light transmittance decreased. The ductility of
the paint film could be enhanced with the appropriate amount of microcapsules. The best
tensile properties and the highest elongation at break of 22.3% were obtained when the
paint film contained 3.0% microcapsules. When the content of microcapsules exceeds 6.0%,
the tensile performance and elongation at break of the paint film significantly decrease.
When the content of microcapsules was 6.0%, the comprehensive performance of the paint
film was superior, the antibacterial rate of the paint film against Escherichia coli was 46.3%,
the antibacterial rate of the paint film against Staphylococcus aureus was 56.7%, the color
difference was 38.58, the gloss loss rate was 41.0%, the transmittance rate was 90.4%, and
the paint film had a large elastic area, with an elongation at break of 21.5% and a roughness
of 1.46 um. These results provide a technical reference for the application of pomelo peel
flavonoid microcapsules in the preparation of waterborne antibacterial paints.
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Abstract: Polyester-based polyurethane coatings were widely used in automotive, indus-
trial, construction, and plastics industries due to their excellent mechanical properties,
adhesion, and relatively outstanding oil and chemical resistance. In these coatings, the
type and ratio of polyester and isocyanate curing agents influenced the cohesion energy,
hydrogen bonding, crystallinity, crosslinking density, molecular weight, and morphology
of the polyurethane at the microscopic level, thereby affecting the macroscopic mechanical
properties, electrical performance, and environmental resistance of the material. However,
there was limited systematic research on the effect of crosslinking density on the proper-
ties of polyester-based polyurethanes. In this study, an HTP-1 system was composed of
neopentyl glycol (NPG) and phthalic anhydride (PA), and an HTP-2 system was composed
of neopentyl glycol (NPG), hexahydrophthalic anhydride (HHPA), and adipic acid (AA). A
series of polyesters (HTPs) were synthesized by adding polyols with different functional
groups and adjusting their proportions in the system. The synthesized polyester was
characterized using FI-IR, GPC, and DSC, and then cured with polyisocyanate curing
agent N3390 to prepare the coating. The following properties of the films were evalu-
ated: adhesion, impact resistance, pencil hardness, gloss, flexibility, oil resistance, and
weather resistance. The results showed that in the HTP-1 system, the introduction of
dipentaerythritol resulted in a polyester with a broad molecular weight distribution at high
hydroxyl values, with a maximum PDI of 12.66 and a glass transition temperature (Tg)
reaching 40.19 °C. The polyesters prepared by introducing three types of multifunctional
polyols into the HTP-1 system exhibited good impact resistance, adhesion, and hardness.
At low hydroxyl values, the coatings demonstrated good flexibility, but due to the lower
crosslinking density, the oil resistance was poor. As the hydroxyl value increased, flexibility
decreased, while oil resistance improved. In the HTP-2 system, coatings prepared with
three different multifunctional polyols showed good impact resistance, flexibility, and
hardness at low hydroxyl values but poor adhesion and oil resistance. As the hydroxyl
value increased, adhesion improved from grade 1 to grade 0, and oil resistance improved
for coatings prepared with trimethylolpropane and ditrimethylolpropane. However, the
oil resistance of coatings prepared with dipentaerythritol decreased. Regarding weather
resistance, the HTP-1-series resins primarily exhibited the cleavage of -CH, groups, while
the HTP-2-series resins showed the cleavage of C-N bonds. Overall, the HTP-2 series
resins demonstrated better weather resistance. In the high-hydroxyl-value HTP-2 sys-
tem, the incorporation of trimethylolpropane or ditrimethylolpropane has been shown
to produce coatings that achieve a balance among mechanical properties, flexibility, and
oil resistance. This finding provides valuable insights for the design and development of
high-performance polyester-based polyurethane coatings.

Coatings 2025, 15, 61 https://doi.org/10.3390/ coatings15010061
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1. Introduction

Polyurethane is one of the most common, versatile, and extensively researched materi-
als worldwide [1,2]. Polyurethane coatings, leveraging their exceptional performance char-
acteristics, have demonstrated significant application value across various fields. Firstly,
polyurethane coatings, due to their excellent water resistance, have become a core mate-
rial in the field of wood protection [3-5], significantly extending the service life of wood.
Secondly, their superior weather resistance, aesthetic qualities, and wear resistance have
enabled widespread applications in the automotive and construction industries [6-8]. Fur-
thermore, polyurethane coatings, with their outstanding durability, chemical corrosion
resistance, and flexibility, provide irreplaceable technical advantages in the field of cor-
rosion protection [9,10], ensuring reliable and long-lasting protection for equipment and
infrastructure under complex and demanding environmental conditions.

Based on their chemical structure, polyurethane coatings can be classified into
polyester-based polyurethane coatings and polyether-based polyurethane coatings [11,12].
Compared to polyether-based coatings, polyester-based coatings exhibit higher glass
transition temperatures and superior properties. Due to the flexibility of ether bonds,
polyether-based polyurethane films demonstrate better cold resistance and alkaline hy-
drolysis resistance, as well as lower viscosity. However, polyether-based polyurethanes
lag behind polyester-based ones in terms of oil resistance, water resistance, mechanical
properties, drying performance, and reactivity with -NCO. Consequently, polyester-based
polyurethanes find far more extensive application in the coatings industry.

Polyester-based polyurethanes are synthesized through the reaction of polyester poly-
ols with polyisocyanates, with the properties of the resulting polyurethane being predom-
inantly determined by the chemical composition and structure of the polyester polyols.
When the type of polyisocyanate is fixed, the characteristics of the polyester polyol dictate
the final performance of the coating.

During polyester synthesis, the selection of polyols is critical. Di-functional alcohols
increase the molecular weight of the resin, while polyols with functionalities above three
increase the hydroxyl value and branching degree of the polyester resin. Branching in
polyester resins relies primarily on hydroxyl groups from tri-functional alcohols. To achieve
faster drying, trimethylolpropane is commonly used during polyester synthesis, whereas
glycerol, containing secondary hydroxyl groups, is less frequently employed. A higher
proportion of diols and fewer triols, along with minimal free hydroxyl groups, yield
coatings with excellent flexibility but relatively lower hardness and chemical resistance.
Conversely, using a higher proportion of triols increases free hydroxyl groups, leading
to coatings with higher crosslinking density, enhanced hardness, and better chemical
resistance, albeit with higher viscosity and lower solvent resistance.

In some studies, the use of tetra-functional polyols such as ditrimethylolpropane to
replace traditional tri-functional polyols such as trimethylolpropane has been explored to
prepare coatings with superior properties. In alkyd resin systems, hexafunctional polyols
such as dipentaerythritol are often used as raw materials. However, research on the use
of highly functional polyols such as dipentaerythritol for polyester synthesis remains
relatively limited, presenting significant potential for further exploration.

Jiang [13] synthesized ditrimethylolpropane acrylate using ditrimethylolpropane and
acrylic acid as raw materials. Their experimental results demonstrated that ditrimethy-
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lolpropane acrylate exhibited faster curing rates, higher hardness, and better flexibility
compared to trimethylolpropane acrylate.

Huang et al. [14] utilized a “one-pot” vacuum polymerization method to synthe-
size hydroxyl-terminated polyesters for two-component polyurethane coatings using
ditrimethylolpropane, DMPA, monocarboxylic acids, and caprolactone. These polyesters,
with solid concentrations of 100%, showed viscosities (3304-9060 mPa-s) lower than those
of linear polymers with equivalent molecular weights and significantly reduced intrin-
sic viscosities. Films cured from these hydroxyl polyesters exhibited excellent impact
resistance, high adhesion strength, high hardness, and minimal weight loss of only 5% at
280 °C.

Haseebuddin et al. [15] prepared high-solid alkyd resins by esterifying soybean fatty
acids (SOFAs) and dehydrated castor oil fatty acids (DCOFAs) with dipentaerythritol (DPE).
Their analysis of the physical, optical, thermal, and mechanical properties revealed that
increasing DPE content improved surface distribution, formed more dendritic network
structures, enhanced flowability, and increased coating hardness.

Baloji Naik [16] used DPE as the primary raw material and 2,2-bis(hydroxymethyl)propionic
acid (BMPA) as a chain extender to synthesize second-generation hyperbranched polyols
(HBPs). These were further reacted with various concentrations of linseed oil fatty acids
(LOFAs) to produce a series of hyperbranched alkyd (HBA) resins. These resins exhibited
excellent adhesion, high gloss, and remarkable flexibility.

In this study, neopentyl glycol and phthalic anhydride were used as the HTP-1 sys-
tem, and neopentyl glycol, hexahydrophthalic anhydride, and adipic acid were used as
the HTP-2 system. A series of polyesters (HTPs) were synthesized by adding polyols
with different functional groups and adjusting their proportions in these systems. The
polyester was characterized using FI-IR, GPC, and DSC, and cured with polyisocyanate
curing agent N3390 to prepare the film. The adhesion, impact resistance, pencil hardness,
gloss, flexibility, oil resistance, and weather resistance of the film were evaluated. This
study investigates the impact of different functionalities of polyols on the properties of
polyester polyurethane coatings, aiming to explore the effect of crosslinking density on the
performance of polyester-based polyurethane coatings, thus achieving a balance between
mechanical properties and resistance.

2. Experiments
2.1. Materials

Neopentyl glycol (NPG, industrial grade) was supplied by Jilin Chemical BASF
(Jilin, China).; trimethylolpropane (TMP, industrial grade) was obtained from Jilin Petro-
chemical (Changchun, China); phthalic anhydride (PA, industrial grade) was purchased
from Nanjing Chemical Reagent (Nanjing, China); ditrimethylolpropane (Di-TMP, indus-
trial grade) and dipentaerythritol (Di-PE, industrial grade) were provided by Chifeng
Ruiyang Chemical (Chifeng, China); hexahydrophthalic anhydride (HHPA, industrial
grade) and adipic acid (AA, industrial grade) were supplied by Suzhou Chuanyuan Chem-
ical (Suzhou, China); monobutyltin oxide (FC4100, industrial grade) was obtained from
Beijing Zhengheng (Beijing, China); and n-butyl acetate (BAC), cyclohexanone (CYC), and
xylene (industrial grade) were sourced from Zibo Kangping Economic and Trade (Zibo,
China) Hexamethylene diisocyanate (HDI) trimer (Desmodur N3390, with an NCO content
of 19.36%) was provided by Bayer AG (Leverkusen, Germany). The leveling agent used
was BYK311 (Leverkusen, Germany).
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2.2. Synthesis of Hydroxyl-Terminated Polyesters

We added the formula-specified amounts of polyacid, polyol, and other materials
to a three-neck flask equipped with a water separator, reflux condenser, agitator, and
thermometer. A small amount of mono-butyl tin oxide and reflux xylene was then added.
The mixture was heated to 70-90 °C to melt most of the components. Subsequently, the
mixture was stirred and gradually heated to 140-160 °C to initiate reflux. Simultaneously,
the column top temperature was maintained between 95 and 105 °C. The temperature was
increased gradually by 6-8 °C per hour, reaching 220 °C. At 220 °C, samples were taken to
test the acid value, ensuring it was below 10 mg KOH/g. Nitrogen was then introduced
into the system, and after 30 min, the mixture was cooled to approximately 150 °C. Finally,
a mixture of cyclohexanone and butyl acetate was added for dilution, and the material was
discharged while still hot.

The formula of polyester synthesis has theoretical hydroxyl value mass percentage as
shown in Table 1. The polyester synthesis diagram is shown in Scheme 1.

Table 1. Ratios of the raw materials used to synthesize HTPs and the corresponding theoretical
hydroxyl mass ratios.

HTPs Molar Ratios of Raw Materials Theoretical Hydroxyl Mass Ratio
HTP-1-0 NPG:PA =1.15:1 2
HTP-1-1 NPG:TMP:PA =1.05:0.17:1 4
HTP-1-2 NPG:Di-TMP:PA =1.12:0.1:1 4
HTP-1-3 NPG:Di-PE:PA = 1.06:0.08:1 4
HTP-1-4 NPG:TMP:PA = 0.12:1.03:1 8
HTP-1-5 NPG:Di-TMP:PA = 0.34:0.75:1 8
HTP-1-6 NPG:Di-PE:PA = 0.87:0.27:1 8
HTP-2-0 NPG:HHPA:AA =2.29:1:1 2
HTP-2-1 NPG:TMP:HHPA:AA =2.21:0.28:1:1 4
HTP-2-3 NPG:Di-TMP:HHPA:AA = 2.44:0.09:1:1 4
HTP-2-5 NPG:Di-PE:HHPA:AA =2.17:0.15:1:1 4
HTP-2-2 NPG:TMP:HHPA:AA = 0.29:2:1:1 8
HTP-2-4 NPG:Di-TMP:HHPA:AA =1.26:1.16:1:1 8
HTP-2-6  NPG:Di-PE:HHPA:AA =2.43:0.31:1:1 8
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Scheme 1. Diagram of resin synthesis route for HTP-1-1 and HTP-1-4.
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(D Schematic diagram of the synthesis of HTP-1-1, which is a polyester system with a
low hydroxyl value; @) schematic diagram of the synthesis of HTP-1-4, which is a polyester
system with a high hydroxyl value. In the HTP-1-1 resin, the amount of neopentyl glycol
(NPQG) is higher, while the trimethylolpropane (TMP) content is lower. When the three
hydroxyl groups on TMP react with phthalic anhydride (PA), the carboxyl groups formed
subsequently react with the hydroxyl groups from the abundant NPG. Conversely, in
the HTP-1-4 resin, the amount of TMP is higher, and NPG content is reduced. The three
hydroxyl groups on trimethylolpropane (TMP) react with phthalic anhydride (PA) to form
carboxyl groups, which subsequently undergo reactions with the hydroxyl groups present
on additional TMP molecules. This is the key difference between the two reactions. The
composite diagram of HTP-1-2 and HTP-1-1 is structurally similar, as is the composite
diagram of HTP-1-5 and HTP-1-4. In both cases, the TMP nucleus is replaced by Di-TMP.
Similarly, the synthesis of HTP-1-3 and HTP-1-6 resembles that of HTP-1-1, except the TMP
nucleus is replaced by Di-PE. The same pattern applies to the HTP-2 systems.

2.3. Preparation of Polymeric Film

Hydroxyl polyester was prepared in a mixture of cyclohexanone (CYC) and butyl
acetate (BAC) (CYC:BAC = 2). Then, N3390 was mixed in a molar ratio of NCO:OH = 1.1:1
in the presence of the catalyst dibutyltin dilaurate (DBTDL) (0.01 wt % reactant and solvent)
and the leveling agent (0.1 wt % reactant and solvent) to maintain a solid content of
4041 wt %. Then, we sprayed on an aluminum plate followed by a tinplate using a spray
gun to prepare the coating film, and we tested the coating performance after 7 days of
normal-temperature curing.

2.4. Characterization
2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR)

The hydroxyl resin sample was coated on the pressed KBr chip using the KBr pressing
method, and then dried under an infrared lamp. The infrared spectrum of the sample
was collected using an FTIR-8100 Fourier-transform infrared spectrometer from Shimadzu
Company, (Kyoto, Japan). The scanning range was 4000~400 cm ™!, and the scanning was

performed 32 times. The resolution was 2 cm 1.

2.4.2. Gel Permeation Chromatography (GPC)

For the gel chromatography (Breez2 type) analysis, the separation column used was
a PLGEL 10MIXEDx3 (Waters, Milford, MA, USA) high-crosslinked spherical polystyro-
divinylbenzene polymer column. The mobile phase was 4 (THF) and the flow rate was
1.500 mL/min; the standard material was monodisperse polyethylene; and the detector
was an HP1047A differential refractometer (Waters, Milford, MA, USA).

2.4.3. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was measured with an American Univer-
salV1.717 TA Instruments DSC 2910 thermal analyzer (TA, New Castle, DE, USA), and the
heating rate was 10 °C/min. The test temperature range was —80 °C-80 °C, the ambient
atmosphere was nitrogen, and the sample size was 5-10 mg.

2.4.4. Heat Resistance of Hydroxyl Resin

All polyester samples were then dried at 180 °C for a sufficient period to thoroughly
remove any solvents. The mass of each polyester sample after drying at 180 °C was taken
as the baseline. Subsequently, the samples were further dried at each of the following
temperatures for 3 h: 220 °C, 260 °C, and 300 °C.
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The mass retention rate is denoted as u. The mass retention rate at 220 °C, denoted as
Usgoec, is calculated as follows:

:mxlog

Uz0°C Mig0oC

where myppoc and mygpec are the masses of the polyester samples after drying at 200 °C and
180 °C, respectively.

2.4.5. Properties of the Polymeric Film

The hardness of the film was measured according to GB/T 6739-2006, and adhesion
was tested according to GB/T 9286-1998, flexibility according to GB/T 1731-1993, and
impact resistance according to GB/T 1732-1993. Polyester viscosity was tested according to
GB/T 1723-1993 and polyester solids were tested according to GB/T 1725-2007.

The polyester varnish sprayed onto the aluminum plate was placed in No. 15 aviation
hydraulic oil and soaked for 7 days. After 7 days, we observed the change in the shape and
hardness of the varnish surface on the aluminum plate.

The UVB-313 aging chamber(Dongguan Haotian test equipment, Dongguan, China)
was utilized to simulate accelerated ultraviolet (UV) radiation-induced degradation in
accordance with the GB/T 14522-2008 standard. The experimental conditions were meticu-
lously controlled, with a temperature of 60 °C, a radiant irradiance of 0.71 W/ mZ, and a
relative humidity (RH) maintained at >95%. Hot air convection was employed to ensure
uniform exposure during continuous irradiation. The total duration of exposure was 400 h,
with sample assessments conducted at 100 h intervals. To evaluate photodegradation, the
color difference AE between the irradiated and unirradiated regions of the sample was
quantitatively analyzed using a BYK 7075 color difference meter (BYK, Wesel, Germany),
and GB/T250-1989 was referred to for the measurement of color difference. In parallel,
Fourier-transform infrared (FT-IR) spectroscopy was performed using an FTIR8100 spec-
trometer (Shimadzu, Kyoto, Japan) to investigate the alterations in the molecular structure
of the sample surfaces. Shifts in characteristic absorption bands were monitored to eluci-
date the chemical modifications induced by prolonged UV exposure, providing insight
into the underlying mechanisms of surface degradation over time.

3. Results and Discussion
3.1. Structural Characterization of HTPs

The infrared spectrogram of the HTP-1 system is shown in Figure 1, where the widest
and strongest -OH peaks are observed near 3520 cm ™! because of the residual active
hydroxyl group in the polyol. In the polyester systems containing phthalic anhydride, the
-CH=CHj, stretching vibration of the benzene ring occurs at 3060 cm~!. The peaks at 2855
and 2927 cm~! correspond to aliphatic C-H stretching vibrations, and the characteristic
peaks of esters can be seen in the spectrum at 1720 cm~!. The C=C stretching vibration
peak of the benzene ring group is observed at 1600 cm~!. The peaks at 1375 and 1460 cm !
correspond to symmetric and asymmetric bending vibrations of methyl groups. The peak at
1300-1250 cm ! is the stretching vibration of C-O-C, the peak at 980 cm ! and 864 cm ! is
the bending vibration peak of C-O-C, and the =CH out-of-plane bending peak at 708 cm !
and 737 cm ! is the benzene ring.
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Figure 1. Infrared spectrum of the HTP-1 system.

The infrared spectrum of the HTP-2 system is shown in Figure 2. The widest and
strongest -OH peak is also observed near 3530 cm ™!, the peaks at 2960 and 2870 cm ™!
correspond to the aliphatic C-H stretching vibration peak, and the characteristic peak of
ester is also seen in the spectrum at 1720 cm~!. The infrared spectra of the two systems
prove that the polyester reaction occurred, and with an increase in the hydroxyl value
of the reaction product, the intensity of the hydroxyl value peak increases gradually at
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Figure 2. Infrared spectrum of the HTP-2 system.

3.2. Molecular Weight Distribution of HTPs

The molecular weight data for the HTP-1 and HTP-2 series of polyesters are presented
in Table 2, with their molecular weight distributions illustrated in Figures 3 and 4, respec-
tively. Both systems show that, despite the relatively similar molecular weights among
certain samples (e.g., HTP-1-2 vs. HTP-1-3, and HTP-2-1 vs. HTP-2-3), notable differences
in PDI are observed, which can be attributed to steric hindrance effects. Specifically, the
bulky groups in dipentaerythritol and the resulting steric hindrance between adjacent
groups reduce the reactivity of hydroxyl groups and constrain chain segment mobility,
leading to broader molecular weight distributions. In the HTP-1 series, the rigid aromatic
ring structure further amplifies this effect by introducing additional spatial hindrance.
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Table 2. Molecular weight distribution of the HTP system.

HTPs Mn Mw Mp Mz Mz/Mw PDI
HTP-1-0 1910 3624 3652 5822 1.6 1.89
HTP-1-1 1846 3457 2811 5720 1.65 1.87
HTP-1-2 2932 14,017 5946 42,533 3.03 478
HTP-1-3 3209 31,648 5493 132,151 418 9.86
HTP-1-4 2267 6033 4825 12,689 2.1 2.66
HTP-1-5 3168 15,946 6557 50,053 3.14 5.03
HTP-1-6 3415 43,249 5066 178,604 413 12.66
HTP-2-0 2441 4779 4848 7563 1.58 1.95
HTP-2-1 2139 4378 3562 7609 1.74 2.05
HTP-2-2 2069 4292 3357 7692 1.79 2.08
HTP-2-3 2198 7146 2614 17,842 2.5 3.25
HTP-2-4 3450 30,832 7452 127,856 415 8.94
HTP-2-5 3405 24,970 6825 97,844 3.92 7.33
HTP-2-6 2881 13,235 3713 42,266 3.19 4.59

HTP-1-0

20

25

Elution time/min

Figure 3. Molecular weight distribution curve of the HTP-1 system.
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Figure 4. Molecular weight distribution curve of the HTP-2 system.

As the hydroxyl value increases, the molecular weight distributions in both systems
become progressively broader. For instance, in the HTP-1 series, the PDI of HTP-1-6
rises significantly to 12.66. Similarly, in the HTP-2 series, the PDI of HTP-2-4 increases
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from 2.05 to 8.94, reflecting the introduction of more reactive centers that generate both
low-molecular-weight segments and greater molecular weight heterogeneity.

3.3. Analysis of Glass Transition Temperature of HTPs

The differential scanning calorimetry (DSC) analysis results of the HTP-1 resin system
are presented in Figure 5 and Table 3. Upon introducing three types of multifunctional
polyols, the glass transition temperature (Tg) exhibits an overall increasing trend. Due to
the inherent symmetry of neopentyl glycol, the HTP-1-0 linear polyester prepared with
this polyol crystallizes at room temperature, which affects its Tg. Under identical hydroxyl
value conditions, the polyester synthesized with dipentaerythritol achieves the highest Tg,
reaching 40.19 °C, which can be attributed to the complex structure of dipentaerythritol
and the rigidity of phthalic anhydride. Furthermore, as the hydroxyl value increases, the
Tg of polyesters prepared with all three multifunctional polyols also increases.

1 1 1 1 1 1
0 10 20 30 40 50 60 70
Temperature/°C

Figure 5. Glass transition temperature of the HTP-1 system.

Table 3. Glass transition temperature of the HTP system.

HTP-1 Tg HTP-2 Tg

HTP-1-0 25.62 °C HTP-2-0 —23.04°C
HTP-1-1 22.81°C HTP-2-1 —18.34°C
HTP-1-2 27.76 °C HTP-2-2 —21.23°C
HTP-1-3 36.02 °C HTP-2-3 —19.40 °C
HTP-1-4 33.64 °C HTP-2-4 ~11.32°C
HTP-1-5 32.96 °C HTP-2-5 —~10.52 °C
HTP-1-6 40.19 °C HTP-2-6 —18.35°C

The DSC analysis results for the HTP-2 resin system are shown in Figure 6 and Table 3.
This system lacks rigid monomers such as aromatic rings and incorporates a flexible
monomer—adipic acid—resulting in polyesters with Tg values below 0 °C. Among them,
the Tg of HTP-2-0 polyester with a hydroxyl value of 2 is —23.04 °C. Introducing three
different multifunctional polyols leads to an increase in hydroxyl value and a correspond-
ing rise in Tg. Under identical hydroxyl value conditions, dipentaerythritol, due to its
higher hydroxyl content and relatively low usage amount, produces polyesters with a lower
Tg compared to the other two polyols. Even with increased hydroxyl values, the Tg of
dipentaerythritol-based polyesters exhibits only a modest rise. In contrast, the polyester pre-
pared with ditrimethylolpropane demonstrates the highest Tg, reaching —10.52 °C, which
can be attributed to the symmetrical and complex distribution of ditrimethylolpropane’s
molecular structure. At the same hydroxyl value, the amount of ditrimethylolpropane used
is slightly lower than that of trimethylolpropane, and the higher hydroxyl group content
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in its structure contributes to more complex reaction distributions, which is the primary
factor driving the Tg enhancement.

Tg=-23.04°C
/

-60 -40 -20 0 20 40 60 80
Temperature/°C

Figure 6. Glass transition temperature of the HTP-2 system.

3.4. Analysis of Heat Resistance of HTPs

The quality retention rates of HTP-1 and HTP-2 series resins at different temperatures
are shown in Table 4, while the time-dependent quality retention rates of the HTP-1 series
are illustrated in Figure 7. The temperature-dependent quality retention rates of the HTP-2
polyester series are presented in Figure 8. At 300 °C, the quality retention rate of the linear
resin HTP-1-0 is 86.96%. Under conditions of low hydroxyl value, the introduction of
three polyols with different degrees of functionality leads to an improvement in quality
retention. Among these, HTP-1-3 achieves the highest quality retention rate of 90.63%. This
enhancement can be attributed to the high crosslinking density generated by the multiple
active sites of dipentaerythritol, along with the significant steric hindrance and the large
cyclic structure of the benzene ring, which collectively contribute to the improved thermal
stability at elevated temperatures.

Table 4. HTP system mass retention ratio.

HTP-1 180 °C 220°C 260 °C 300 °C HTP-2 180 °C 220°C 260 °C 300 °C
HTP-1-0 100% 98.52% 92.96% 86.96% HTP-2-0 100% 98.13% 95.49% 88.01%
HTP-1-1 100% 99.11% 93.28% 87.16% HTP-2-1 100% 97.66% 95.54% 91.52%
HTP-1-2 100% 98.89% 93.85% 87.95% HTP-2-2 100% 97.35% 95.01% 89.95%
HTP-1-3 100% 99.13% 97.15% 90.63%  HTP-2-3 100% 98.08% 96.06% 92.12%
HTP-1-4 100% 99.20% 96.93% 89.19% HTP-2-4 100% 98.77% 96.50% 92.81%
HTP-1-5 100% 97.87% 93.05% 86.45% HTP-2-5 100% 97.68% 95.29% 91.15%
HTP-1-6 100% 98.94% 96.69% 92.17% HTP-2-6 100% 97.51% 95.08% 91.66%
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Figure 7. Quality retention rate of the HTP-1 system varies with temperature.
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Figure 8. Quality retention rate of the HTP-2 system varies with temperature.

As the hydroxyl value increases, the quality retention rates of HTP-1-4 and HTP-
1-6 are further enhanced, with HTP-1-6 reaching a retention rate of 92.17%. This result
correlates with its higher glass transition temperature. However, the quality retention rates
of HTP-1-2 and HTP-1-5 are lower than those of the other samples, potentially due to the
presence of a greater number of ether bonds in their molecular structures. This observation
is consistent with findings by Zhang et al. [17,18], who investigated the thermal degradation
behavior of glycerol-adipate polyester and trimethylolpropane-adipate polyester using
infrared spectroscopy. Their study revealed that during thermal degradation, the strength
of the carbon-oxygen bond, as indicated by the infrared absorption peak at 1173 cm™!,
gradually increases, suggesting that the degradation process tends to favor the formation
of ether bonds. In polyester systems, the existing abundance of ether bonds, which are
prone to rotation, accelerates the rate of thermal degradation, thereby leading to lower
quality retention rates.

The temperature-dependent quality retention rates of the HTP-2 polyester series are
presented in Figure 8. At 300 °C, HTP-2-0 exhibits a quality retention rate of 88.01%.
Upon the introduction of three polyols with varying degrees of functionality, the overall
quality retention rates exceed 90%, except for HTP-2-2, whose quality retention rate remains
below this threshold. As the hydroxyl value increases, the quality retention rate at 300 °C
improves correspondingly.

Compared to the HTP-1 system, the HTP-2 system demonstrates slightly higher quality
retention rates. This can be attributed to the presence of a greater proportion of flexible
chain segments and the absence of bulky steric hindrance, such as that caused by benzene
rings. The reduced steric constraints facilitate higher chain segment mobility and reactivity
during crosslinking, leading to the formation of a more thermally stable network structure.
Consequently, the HTP-2 system exhibits superior thermal resistance characteristics.

3.5. Mechanical Properties of Polymeric Film

The mechanical performance test results of HTP-1 polyester are presented in Table 5.
This system demonstrates excellent impact resistance, with all samples achieving an adhe-
sion level of 0 and a pencil hardness of 6H. This high hardness is primarily attributed to
the incorporation of phthalic anhydride-containing aromatic rings. The rigid structure of
the benzene ring significantly enhances the mechanical strength of the polyester coating,
which corresponds to its superior pencil hardness.
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Table 5. Mechanical properties of HTP system.

HTPs Adhesion Flexibility = Impact Resistance Pencil Gloss
(Grade) (mm) (cm) Hardness (60°)
HTP-1-1 0 1 50 6H 95
HTP-1-2 0 1 50 6H 96
HTP-1-3 0 1 50 5H 95
HTP-1-4 0 3 50 6H 92
HTP-1-5 0 3 50 6H 97
HTP-1-6 0 1 50 6H 93
HTP-2-1 1 1 50 2H 93
HTP-2-2 1 1 50 2H 94
HTP-2-3 1 1 50 3H 92
HTP-2-4 0 2 50 3H 92
HTP-2-5 0 2 50 4H 91
HTP-2-6 0 1 50 4H 96

Under low-hydroxyl-value conditions, the polyester coatings prepared with the three
different multifunctional polyols exhibit a flexibility of 1 mm, indicating excellent flexi-
bility. However, at higher hydroxyl values, the flexibility of the coatings prepared with
trimethylolpropane (HTP-1-4) and ditrimethylolpropane (HTP-1-5) decreases to 3 mm,
whereas the flexibility of the coatings prepared with dipentaerythritol (HTP-1-6) remains
at 1 mm. This phenomenon is closely related to the high functionality and significant steric
hindrance of dipentaerythritol. At the same hydroxyl value, the lower usage amount of
dipentaerythritol results in predominantly linear polyester chains with lower branching
degrees. This reduced branching minimizes excessive crosslinking during the curing pro-
cess, thereby maintaining a balance between high crosslink density and good flexibility.
Consequently, even under high-hydroxyl-value conditions, polyester coatings prepared
with dipentaerythritol exhibit superior flexibility.

The mechanical performance test results of the HTP-2 polyester system are summa-
rized in Table 5. All samples exhibit good impact resistance; however, the pencil hardness
of the HTP-2 polyesters is lower compared to that of the HTP-1 system. At low hydroxyl
values, the adhesion of the coatings prepared with the three multifunctional polyols de-
creases to grade 1. The adhesion of a coating is generally influenced by factors such as
the molecular weight of the base resin, the presence of polar groups, and the degree of
crosslinking. Under low-hydroxyl-value conditions, the usage of multifunctional polyols is
relatively low, resulting in predominantly linear molecular chains with low branching de-
grees. Consequently, the polyester lacks sufficient unreacted hydroxyl groups to effectively
crosslink with the curing agent, leading to a lower crosslink density and reduced adhesion.

At higher hydroxyl values, the increased incorporation of multifunctional polyols
significantly enhances the branching degree of polyester molecules, thereby increasing
the crosslink density and improving adhesion to grade 0. While the increased usage
of multifunctional polyols may reduce flexibility due to higher crosslink density, the
incorporation of flexible adipic acid into the HTP-2 system mitigates this effect. The
long-chain structure and flexibility of adipic acid help to counterbalance excessive rigidity
within the system, maintaining the coating flexibility at 2 mm. This indicates that the
strategic introduction of flexible monomers can simultaneously enhance crosslink density
and improve the flexibility of polyester coatings.

3.6. Oil Resistance of Polymeric Film

The oil resistance data of HTP system resin are shown in Table 6. In the HTP-1 system,
under low-hydroxyl-value conditions, the polyester coatings prepared using trimethylol-
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propane (TMP) and ditrimethylolpropane (DTMP) exhibit delamination after oil immersion,
with their hardness decreasing from 6H to HB. In contrast, the coatings prepared with
dipentaerythritol (DPE) remain intact even under low-hydroxyl-value conditions, with
only a slight reduction in hardness. This can be attributed to the synergistic effect of the
rigid benzene ring structures and the complex molecular structure of DPE, which hinder
oil penetration into the coating and prevent swelling. As the hydroxyl value increases,
the reduction in hardness of the coatings prepared from all three polyfunctional polyols
after oil immersion decreases significantly, and the surface condition of the coatings remain
intact. This is because higher hydroxyl values increase the polyol content, providing more
active hydroxyl groups to react with curing agents, thereby enhancing the crosslinking
density and effectively preventing oil penetration.

Table 6. HTP system oil resistance results.

HTPs Initial Pencil Penci! Hardnes.s After Oil-Soaked State
Hardness Oil Immersion

HTP-1-1 6H HB Partial shedding
HTP-1-2 6H H Partial shedding
HTP-1-3 5H 3H Surface integrity
HTP-1-4 6H 6H Surface integrity
HTP-1-5 6H 5H Surface integrity
HTP-1-6 6H 6H Surface integrity
HTP-2-1 2H / Completely shedding
HTP-2-2 2H / Completely shedding
HTP-2-3 3H / Completely shedding
HTP-2-4 3H 3H Surface integrity
HTP-2-5 4H 3H Surface integrity
HTP-2-6 4H / Completely shedding

In the HTP-2 system, under low-hydroxyl-value conditions, the polyester coatings
prepared using all three types of polyfunctional polyols were unable to resist oil penetration,
resulting in noticeable swelling. This is primarily due to the absence of rigid benzene ring
structures in the HTP-2 system and its inherently lower crosslinking density, which fails
to effectively prevent oil ingress. As the hydroxyl value increases, more active hydroxyl
groups participate in reactions with the curing agents, leading to a significant increase
in crosslinking density and an improvement in the coating surface condition, thereby
enhancing oil resistance. However, under equivalent hydroxyl-value conditions, the oil
resistance of the coatings prepared with DPE decreases. Without the rigid benzene ring
structure, the steric hindrance effect of DPE limits the reactivity of some active hydroxyl
groups with curing agents, reducing the achievable crosslinking density and thereby
impairing the oil resistance of the coating.

3.7. Weather Resistance (QUV) of Polymeric Film

The color difference data of the HTP series resins after UV aging for different durations
are presented in Table 7. When AE < 1, the naked eye cannot perceive any noticeable
difference. When AE is between 1 and 2, the naked eye can perceive a slight color difference.
As AE increases to between 2 and 3.5, the color difference becomes more noticeable. When
AE exceeds 3.5, the color difference is particularly pronounced. The data indicate that the
HTP-1-series resins exhibit significantly larger color differences after UV exposure, with
values generally exceeding 10. Moreover, the color difference increases progressively with
aging time. In contrast, the HTP-2 series resins display much smaller color differences,
with most values ranging from 1 to 3.
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Table 7. The color difference (AE) in the HTP system changes with time.

HTP-1/min 100 h 200 h 300 h 400 h HTP-2/min 100 h 200 h 300 h 400 h
HTP-1-0 9.31 9.66 11.71 12.53 HTP-2-0 0.35 0.62 0.94 1.48
HTP-1-1 8.50 8.68 11.51 14.93 HTP-2-1 0.76 1.16 1.53 2.04
HTP-1-2 6.40 10.03 11.20 12.05 HTP-2-2 0.54 1.00 1.19 1.86
HTP-1-3 9.41 11.43 10.33 16.27 HTP-2-3 0.63 0.67 0.82 1.33
HTP-1-4 4.66 7.29 8.86 10.32 HTP-2-4 1.07 1.57 1.90 2.26
HTP-1-5 7.56 9.72 10.90 13.11 HTP-2-5 0.33 0.43 1.11 2.53
HTP-1-6 7.75 8.32 10.16 10.26 HTP-2-6 0.67 1.08 1.26 3.09

For the HTP-1 system, UV irradiation induces chain scission within the polyurethane,
and the presence of oxygen accelerates this process. Under UV light, oxygen generates
a significant amount of reactive oxygen species, which act on the reactive sites along the
polymer chains. This leads to the formation of various chromophoric and auxochromic
groups, such as quinones and stilbene quinones, resulting in a pronounced increase in color
difference [19,20].

In contrast, the HTP-2 system shows smaller color differences, which can be attributed
to differences in molecular structure. The absence of aromatic structures in HTP-2 reduces
its susceptibility to photooxidation. Furthermore, the lower reactivity of the alpha hydrogen
atoms in the polyol structure effectively minimizes the formation of chromophores, thereby
enhancing UV stability and leading to a smaller color difference.

The infrared spectra of the HTP-1-series polyesters after 400 h of UV aging are shown
in Figure 9. In the HTP-1-0 system, the peaks at 2940 cm~! and 2850 cm ! correspond to
the absorption vibrations of the -CHj- and -CHj groups, respectively, while the peak at
1687 cm~! corresponds to the absorption of the carbonyl group. The peaks at 1261 cm ™!,
1130 cm~!, and 1078 cm ™! correspond to the stretching vibrations of the urethane bond
in the curing agent, ester group in the polyester, and ether bond (C-O-C) in the polyester,
respectively. In all systems except HTP-1-0, a decrease in the intensity of the -CHjy- and -CHj3
absorption peaks at 2940 cm~! and 2850 cm ! is observed, indicating partial scission of the
-CH,- groups. Meanwhile, an increase in the intensity of the absorption peak at 1078 cm !
is observed, which is associated with the stretching vibration of C-O in polyurethane. This
indicates that under UV irradiation, some chemical bonds in the polyurethane molecules
undergo scission, resulting in the formation of new oxidation products, which leads to an
increase in C-O groups [21].
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Figure 9. Infrared spectrum of the HTP-1-series resin after UV aging for 400 h.

77



Coatings 2025, 15, 61

The infrared spectrum of the HTP-2 system after 400 h of aging is shown in Figure 10.
In HTP-2-0, absorption peaks are observed at 2940 cm~! and 2863 cm ™!, correspond-
ing to the stretching vibrations of the -CHj; and -CHj groups, respectively. The peak at
1725 cm~! represents the C=0 stretching vibration of the polyurethane, while the peak at
1531 cm ™! corresponds to the -NH group. The absorption peak at 1251 cm ™! is attributed
to the amide group, and the peak at 1170 cm~! is associated with the C-O-C stretching
vibration of the polyester. The spectrum shows a significant decrease in the intensity of
the peak at 1251 cm ™! in the HTP-2-1 resin, indicating that the amide bonds may have
undergone cleavage. Given that the bond dissociation energies of the C-N and C-O bonds
are 120-300 kJ /mol and 462 k] /mol, respectively, it is likely that the C-N bond in the amide
group undergoes cleavage first. This observation is consistent with the findings of Zhu
et al., who attributed the lower protective performance of aliphatic polyurethanes to the
cleavage of the C-N bond [22,23].
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Figure 10. Infrared spectrum of the HTP-2-series resin after UV aging for 400 h.

4. Conclusions

Using two systems, neopentyl glycol-phthalic anhydride (HTP-1) and neopentyl
glycol-hexahydrophthalic anhydride (HTP-2), the effects of various functionalized polyols
on the properties of polyester-based polyurethane coatings were investigated. GPC results
indicated that at low hydroxyl values, the molecular weight distribution was relatively
narrow, while an increase in hydroxyl values resulted in a broader distribution. In the
HTP-1 system, the introduction of dipentaerythritol led to a molecular weight distribution
of as high as 12.66. DSC analysis revealed that dipentaerythritol in the HTP-1 system
exhibited the highest glass transition temperature, reaching 40.19 °C.

Thermal analysis demonstrated that polyesters prepared with trimethylolpropane
in the HTP-1 system exhibited inferior thermal stability, with the lowest mass retention
of 86.49% at 300 °C. Coating performance tests showed that the coatings derived from
the HTP-1 system exhibited excellent impact resistance, hardness, and adhesion, while
flexibility decreased with increasing hydroxyl value. In contrast, coatings derived from the
HTP-2 system showed poor adhesion at low hydroxyl values, improving from grade 1 to
grade 0 as hydroxyl values increased, with a corresponding decrease in flexibility (from
1 mm to 2 mm) and lower hardness compared to the HTP-1 system.

Oil resistance tests revealed that coatings with low hydroxyl values were unable to
resist oil penetration, with the HTP-2 system performing worse. However, as hydroxyl
values increased, oil resistance significantly improved. Due to the steric hindrance of
dipentaerythritol, which reduced crosslinking density, its oil resistance was comparatively
poor. Regarding weather resistance, the HTP-1 series resins primarily exhibited degradation
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via the cleavage of -CH, groups, whereas the HTP-2-series resins predominantly exhibited
C-N bond cleavage.

The research results demonstrate that the selection and proportion of polyfunctional
polyols significantly influence the properties of polyester-based polyurethane coatings,
including mechanical strength, flexibility, crosslinking density, and oil resistance. During
polyester synthesis, it is essential to select appropriate polyols based on specific application
requirements. For instance, to achieve high hardness in industrial protective coatings,
such as those for machinery surfaces, ditrimethylolpropane (DTMP) can be employed as
the primary polyol to enhance crosslinking density and coating durability. In the case of
aerospace coatings, where superior oil resistance and excellent mechanical properties are
critical, a combination of trimethylolpropane (TMP) and DTMP in high-hydroxyl-value
systems can be utilized to achieve well-balanced performance optimization.
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Abstract: Polyester fibers tend to generate static electricity during the weaving and application
processes, posing a threat to their production. Enhancing the water absorbency and electrical
conductivity of polyester fibers themselves is an effective approach to improving their antistatic
properties. In this study, multifunctional chitosan (CS), sodium phytate (SP), and Cu?* were loaded
on polyester fibers through layer-by-layer (LBL) self-assembly. The antistatic and water absorption
capability of the modified polyester fibers was investigated by designing different process parameters
combined with a surface resistance test and water contact angle tests. The antistatic property test
results confirmed the positive effect of CS and Cu?* on discharging electrostatic charge. Within
a definite scope, with the increase in the number of assembly layers, assembly duration, and the
concentration of the assembly substances, the wettability of the modified polyester fibers became
more favorable and the antistatic effect became more remarkable.

Keywords: polyester fiber; antistatic property; wettability; layer-by-layer self-assembly

1. Introduction

In the present era of organic synthesis and the development of macromolecule poly-
mers, an increasing number of highly practical polyester fibers with different specialties
are being developed and put into production and use [1,2]. Polyester fibers are widely
used in the textile industry for their superior mechanical properties, comfort, and breathing
abilities, such as high tensile strength and modulus, moderate resilience, excellent thermal
setting effects, good heat, light resistance, etc. [3,4]. Polyester fiber has become the fiber
with the fastest development and the largest output among synthetic fibers due to the
good controllability of the preparation process and excellent product performance [5,6].
However, the significant problem of static electricity generation has limited its production
and application to a certain extent. Effective antistatic modification is urgently needed
to expand the application range of polyester fiber [7-9]. Various polymeric modifiers are
utilized for the permanent antistatic modification of synthetic fibers. Sano et al. designed
copoly(amide-ethers)-containing ionic units as antistatic modifiers to form hygroscopic
paths, which greatly reduce resistivity. Even after dyeing, the antistatic properties per-
sisted. This is due to the fact that both hydrophilic and ionic groups had been effectively
immobilized on the surface of polyester fibers [10,11].

Metal ion coordination modification is an effective method utilized to create functional
fabrics [12-15]. This process forms a crosslinked structure via coordination between metal
ions and the ligand functional groups present on the fabric’s surface. In this way, the
antistatic, antimicrobial, and other physicochemical properties of fabrics can be effectively
improved for a wide range of demanding applications. Xu et al. employed phytic acid,
seafoam, polyaspartic acid, and Fe>* as raw materials and successfully prepared dense
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protective film coatings on the surface of cotton fabrics by using a layer-by-layer self-
assembly method and spraying technique. This protective layer endowed cotton fabric
with long-lasting flame-retardant properties [16]. Nabipour et al. deposited guanazole
complexes containing silver and zinc ions on the surface of cotton fabrics by layer-by-layer
self-assembly. The treated cotton fabrics showed excellent flame retardancy with a UL-94
V-0 rating in a vertical combustion test. At the same time, they also had excellent antimicro-
bial properties, and the silver guanazole-treated cotton fabrics also had good antifungal
activity [17]. In recent years, there has been a growing interest in employing layer-by-layer
(LBL) self-assembly technology for the antistatic modification of polyester fibers [18-20].
LBL self-assembly is a highly versatile and used technique for surface modification that
involves the sequential adsorption of a polyanion and a polycation to form thin polymer
films [21,22]. This technique offers a broad range of materials for constructing layer-by-
layer assemblies, from basic polyelectrolytes and organic small molecules to advanced
functional nanoparticles and even polyvalent metal ions [23—-25]. While most research
efforts have traditionally focused on synthetic polyelectrolytes, natural macromolecules
such as chitosan, pectin, sodium alginate, and xanthan gum are also promising materials for
constructing polyelectrolyte layers. These natural polyelectrolytes exhibit excellent water
solubility and are more amenable to cross-linking with other substances, which enhances
their adsorption properties and interface stability [26-28].

In this study, we developed a method for constructing an antistatic coating on the sur-
face of polyester fibers via LBL self-assembled technology. The LBL self-assembly process
involved the sequential deposition of chitosan, a cationic polyelectrolyte, sodium phytate,
an anionic polyelectrolyte, and Cu®* to form a composite coating on the polyester fiber
surface. In search of a more feasible and efficient process for the preparation of antistatic
polyester fibers, a series of multiple experiments were conducted with different numbers
of assembled layers, assembly durations, and concentrations of assembled substances
as variables.

2. Materials and Methods
2.1. Materials

Dust-free polyester fiber cloth specimen: 100% low-elastic polyester fiber (75D /36F,
straight grain, weave, 110 g/m?) was purchased from Bufan Industrial Co., Ltd. (Dongguan,
China), with a smooth surface, firm sealing edge, and no obvious defects. Chitosan (degree
of deacetylation > 95%, viscosity 100-200 mPa-s), sodium phytate (99.0%), and copric
chloride dihydrate (CuCl,-2H,0O, purity 99.9% on a metal basis) were supplied by Shanghai
Machlin Biochemical Co., Ltd., Shanghai, China. Hydrochloric acid (36.5-38.0%) was
purchased from Nanjing Chemical Reagent Co., Ltd., Nanjing, China. The distilled water
utilized in the experiments was produced by a laboratory-grade ultrapure water system
(model PLUS-E3-10TH, provided by Nanjing Yipu Yida Technology Development Co., Ltd.,
Nanjing, China).

2.2. Pre-Treatment of Polyester Fiber Substrate

The polyester fibers were made into samples with sizes of 100 mm x 100 mm x 10 mm,
40 mm x 40 mm x 1 mm, and 15 mm X 15 mm x 1 mm, respectively, which were used
for antistatic and surface wettability experiments and characterization. The substrates of
the polyester fibers were cleaned twice with deionized water until they were free of dust
impurities. Then, they were placed in an oven at 60 °C for drying for 0.5 h, removed, and
stored in a desiccator for standby.

2.3. Preparation of the Self-Assembly Solution

The positively charged CS solution was prepared by dissolving CS powder in distilled
water. Subsequently, dilute hydrochloric acid was added dropwise into to CS solution
and stirred at a constant rate until the pH of the solution was 3. The anionic SP solution
was prepared by dissolving SP powder in distilled water, stirring at a constant speed,
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and gradually adding dilute hydrochloric acid until the pH of the solution was 3. For
the Cu?* solution, CuCl,-2H,0 powder was dissolved in distilled water while being
continuously stirred.

2.4. Formation of Antistatic Coatings on Polyester Fibers via Layer-by-Layer Self-Assembly

In this experiment, the LBL self-assembly technique was employed, with the mutual
adsorption of CS, SP, and Cu?* resulting in the formation of antistatic coatings on polyester
fibers. First, the polyester fiber specimens were impregnated in the CS solution and
immersed for a period of time at room temperature and atmospheric pressure. As the
surface of the polyester fibers had a negative charge after the surface activation treatment
in the early stage, the positive and negative charges [29] were attracted to each other, and
the surface of the polyester fibers was successfully loaded with CS polycation layers. After
the impregnation, the specimens were removed, cleaned with distilled water, and dried
in a drying oven at 50 °C for 0.5 h. At this time, the polyester fibers possessed a positive
surface charge. Then, they were impregnated in the SP solution and immersed for a period
of time. After the impregnation, the specimen was removed, cleaned with distilled water,
and dried in a drying oven at 50°C for 0.5 h. At this time, the surface of the polyester
fibers had a negative charge. Subsequently, the specimens continued to be impregnated in
the solution of CuCl, for some time. Then, the samples were rinsed with distilled water
and dried in the oven at 50 °C for another 30 min. One layer of SP and one layer of Cu?*
were considered to comprise a single deposition cycle. After that, the SP and the Cu?*
layers were loaded several times using cyclic loading to ensure the performance effect. The
preparation process is schematically shown in Figure 1.
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Figure 1. Scheme of fabricating CS/SP/Cu?* coatings on polyester fiber surface by LBL self-assembly.

The concentrations of polyelectrolyte and Cu?* solutions, the soaking time, and the
number of layers assembled were taken as variables in the growth control experiments.
The original polyester fiber was taken as the control group. Multiple experiments were set
up to explore the optimal process conditions or process range for the surface performance
improvement in polyester fiber. The concentration of all the assembly substances was set
as 1,5, and 10 g/L. The soaking time was set as 30, 60, and 90 min. Moreover, the number
of SP/Cu?* loading layers were set as 1, 3, and 6. When exploring the effect of a particular
variable, all other conditions were kept identical.
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2.5. Characterization and Measurements

The surface morphology and elemental composition of the polyester fiber coatings
were characterized using scanning electron microscopy (SEM, Quanta 400 FEG, FEI Inc.,
Eindhoven, The Netherlands) equipped with an energy-dispersive X-ray spectroscopy
(EDX) system. Each sample was coated with a 5-10 nm Au layer prior to SEM imaging. A
Fourier transform infrared spectroscopy (FI-IR) analysis of the samples was performed
using an ALPHA II infrared spectrometer (ALPHA 11, Bruker, Fallanden, Switzerland) in
the scanning region of 4000~600 cm 1.

2.6. Surface Resistance Test

The surface resistance (R) of the samples (size: 100 x 100 x 10 mm?) was measured
at a temperature of 22 °C and 51% humidity using a handheld surface resistivity meter
(VC385, Victorlong Instruments, Shenzhen, China). The average value was calculated after
every three point measurements. The antistatic effect of the samples was evaluated and
analyzed according to the standard AATCC 76-2018 [30] and GB/T 12703.4-2010 [31].

2.7. Water Absorption Performance Test

The water contact angle was measured using a contact angle system (CA, CAST2.0 CA,
Solon Information Technology Co., Ltd., Shanghai, China) at room temperature. Distilled
water droplets of 5 uL each were employed for the contact angle analysis. To evaluate the
change in the contact angle over time, the test solution was continuously dispensed onto
the polyester fiber for one minute. Three distinct locations on the sample were measured,
and an average was determined. Additionally, the contact angle of the unmodified fiber
was measured to serve as a comparative reference.

3. Results and Discussion
3.1. Surface Morphology and Structure Analysis

The surface morphology of the polyester fibers before and after modification was
investigated by SEM, as shown in Figure 2a—e. As observed, the surface of the untreated
polyester fibers was smooth but with some granular impurities. After a 90 min deposition
of CS (1 g/L) and SP (1 g/L), the fibers displayed a more rugged appearance, indicating
the formation of a coating wrapping around the surface of the polyester fibers (Figure 2b,c).
When a layer of CuCl, (1 g/L) was deposited on the polyester fiber surface for 90 min,
merely a small quantity of particle-like impurities were present (Figure 2d). As it was
further deposited up to three layers, the number of particles seemed to pile up and agglom-
erate. However, the distribution remained uneven (Figure 2e). Following the assembly
of six layers, a thick and compact coating appeared on the entire surface of the polyester
fiber (Figure 2f,g). As shown in Figure 2h, there are N, P, and Cu elements from CS, SP, and
CuCl; on the coated polyester fiber. The results demonstrate that the CS/SP/ Cu?t coating
was successfully formed.

The FT-IR spectra of the above specimen are also shown in Figure 3. The peaks present
across the wavelength of 1720 cm ™! to 720 cm~! were related to the cyclic group in the
polyester fiber structure. The characteristic peaks of the polyester fiber became weaker
after the application of the CS/SP/Cu?* coating, indicating that the polyester fiber surface
was covered by the self-assembled layer. The diminished peaks in the infrared spectrum
provide less information because the typical absorption peaks of the polyester fiber were
very strong in this wavenumber range. Additionally, the absorption peaks in the range of
16001700 cm !, corresponding to -OH groups, showed a shift, which may be due to the
formation of hydrogen bonds [32,33].
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Figure 2. SEM images of (a) original polyester fiber, (b) CS-coated polyester fiber, (c) CS/SP-
coated polyester fiber, (d) 1 layer of CS/SP/Cu®*-coated polyester fiber, (e) 3 layers of CS/SP/Cu?*-
coated polyester fiber, 6 layers of CS/SP/Cu?*-coated polyester fiber at (f) 5000 x and (g) 20,000 x
magnification, and (h) EDS analysis of CS/SP/Cu?*-coated polyester fiber.
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Figure 3. FI-IR spectroscopy of (a) original, (b) CS-coated, (c) CS/SP-coated, and (d) CS/SP/ Cu?t-
coated polyester fiber samples.

3.2. Analysis of Surface Resistance

The data concerning the effects of varying numbers of assembly layers, assembly
durations, and concentrations of the assembly substances influencing the surface resistance
of the polyester fibers are summarized in Table 1. The surface resistance of the original
polyester fiber exceeded the measurement range of the resistance tester, surpassing 10'% Q,
and thus classifying it as an insulating material. The polyester fibers with a single layer
of CS loading exhibited a reduction in surface resistance, which further decreased as the
CS concentration increased, ultimately reaching as low as 10!° Q). This indicated that

85



Coatings 2024, 14, 1236

the loading of CS improved the antistatic property of the polyester fiber. A higher CS
concentration means more positively charged ions, creating more conductive channels on
the fiber surface that facilitate charge migration and dissipation [34]. However, the addition
of SP seemed to have no significant impact on the antistatic property of the polyester fiber.
The incorporation of conductive Cu?* led to a marked decrease in surface resistance, with
the reduction continuing as the concentration increased. Under the identical concentration
(10 g/L) and number of assembly layers (six layers), the surface resistance of the polyester
fiber treated for a 30 min immersion was 108 ), which met the basic antistatic requirement
for polyester fibers. Extending the immersion time to 90 min further reduced the surface
resistance to as low as 10® Q. It can be observed that a longer immersion duration of
the polyelectrolyte and Cu?* on the polyester fiber leads to a greater reduction in surface
resistance and a more pronounced antistatic effect. A similar tendency was also observed
with variations in the number of loading layers. An increase in the number of loading
layers corresponded to a decrease in surface resistance and an improvement in its antistatic
property. The antistatic durability of the modified polyester fiber was further evaluated
by washing experiments. According to GB/T 12490-2014 [35], the washing solution was
added to a water bath containing stainless steel beads. A sample (10 g/L, 90 min soaking,
and six layers) was taken and stirred in the water bath at 40 °C for 30 min. This process
was recorded as one washing time. The test sample still maintained an antistatic surface
resistivity of about 10® () after being washed 10 times.

Table 1. Variation in surface resistance of polyester fibers with different numbers of assembly layers,
assembly durations, and concentrations of assembly substances.

Concentration
LBL Self-Assembly (g/L) Impregnation Layers Surface Resistance
Structure Time(min) Value (Q)
CS SP CuCl,

original / / / / / outrange
CS 1 / / 90 1 1012
CS 5 / / 90 1 1011
CS 10 / / 90 1 1010
CS/SP 1 1 / 90 6 1011
CS/spP 5 5 / 90 6 1010
CS/SP 10 10 / 90 6 1010
CS/SP/Cu%* 1 1 1 90 6 10°
CS/SP/Cu?* 5 5 5 90 6 108
CS/SP/Cu%* 10 10 10 90 6 100
CS/SP/Cu?* 10 10 10 30 6 108
CS/SP/Cu?* 10 10 10 60 6 107
CS/SP/Cu%* 10 10 10 90 1 108
CS/SP/Cu?* 10 10 10 90 3 107
CS/SP/Cu? after 10 10 10 90 6 108

washing 10 times

3.3. Analysis of Surface Wettability

The water absorption data of the modified polyester fibers are revealed through the
water contact angle test (Figure 4). An analysis of the experimental data (Figure 4a) shows
that the water contact angle of the original polyester fiber was 136°, with no obvious
change observed within 60 s. This lack of change is attributed to the synthetic nature of
polyester fibers, which feature a dense molecular structure that inhibits water molecule
infiltration and absorption. In contrast, the initial water contact angle of the sample
loaded with one layer of CS was 133°, but decreased to 52° after 60 s, indicating a notable
improvement in its water absorption property. This enhancement is due to the presence
of a large number of hydrophilic groups, such as hydroxyl and amino groups, in the CS
structure [36]. After loading SP, there was no significant change in the water absorption
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properties. This result aligns with the surface resistance test findings, indicating that
SP did not improve the antistatic effect and mainly served as a bridge to connect CS
and Cu?*. However, the introduction of Cu?* led to a dramatic reduction in the water
contact angle from 130° to 0° within 20 s, demonstrating a remarkable improvement in
water absorption compared to the previous samples. The CS/SP/Cu?* coating altered the
surface morphology and microstructure of the polyester fiber, facilitating water molecule
penetration and absorption [34]. Water absorption performance under different assembly
conditions was analyzed, revealing a trend similar to that observed in the surface resistance
test. Specifically, a greater number of loading layers within a certain range improved the
water absorption effect (Figure 4b). In this experiment, the most effective water absorption
was achieved when both the nanoparticle and polyelectrolyte concentrations were 10 g/L
(Figure 4c). At this concentration, water was absorbed almost instantly upon contact.
Additionally, the water absorption of polyester fibers increased with prolonged treatment
time (Figure 4d). It is evident that all polyester fibers treated with CS/SP/Cu?* exhibited
water droplet absorption within 5 s. This finding indicates that the treatment method
significantly enhances the water absorption capacity of the polyester fibers, which, in turn,
facilitates charge conduction and dissipation, thereby improving the antistatic performance.
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Figure 4. The water contact angle data of (a) different LBL self-assembly structures, (b) the numbers
of assembly layers, (c) the concentrations, and (d) the assembly durations of the assembly substances
affecting the wettability of the polyester fibers.

4. Conclusions

This study successfully achieved efficient antistatic CS/SP/Cu?* coatings on polyester
fiber surfaces via the LBL self-assembly method. Under various self-assembly conditions,
the surface resistance values of the modified polyester fiber samples ranged from 10'? to
10° (), meeting the requirements of antistatic materials and demonstrating a good antistatic
effect. Generally, both Cu?* and CS were effective in enhancing the antistatic property. As
the number of assembly layers, assembly durations, and the concentration of assembly
substances increased, the antistatic performance improved correspondingly. Based on a
comprehensive analysis of the test results, the optimal conditions for achieving a superior
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antistatic property in this experiment are an assembly time of 90 min, an assembly cycle
of six layers, and a concentration of 10 g/L. Further washing experiments showed that
the modified samples still maintained an antistatic surface resistivity of about 10% () after
washing 10 times and good antistatic durability.
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Abstract: This study aims to synthesize and evaluate the properties of bio-sourced poly(1,3-propanediol)
laurate (PO3G-LA) as a plasticizer in the fabrication of poly(1,3-propanediol) laurate/L-polylactic
acid (PO3G-LA/PLLA) thin films. Utilizing an esterification reaction between poly(1,3-propanediol)
(PO3G) and lauric acid (LA), PO3G-LA is synthesized and incorporated into PLLA films via solution
casting. Results demonstrate that PO3G-LA exhibits excellent compatibility with PLLA, markedly en-
hancing the toughness and slightly improving the thermal stability of the resulting films. Specifically,
the addition of 20% PO3G-LA increases the elongation at the break of the films to 190%, indicating
enhanced flexibility. Accelerated degradation experiments conducted at 60 °C revealed that the
presence of PO3G-LA under neutral conditions had minimal impact on the degradation rate of the
film samples. Conversely, variations in the PO3G-LA content of the films when exposed to acidic and
alkaline conditions were found to influence their degradation rates.

Keywords: bio-sourced plasticizer; poly(1,3-propanediol) laurate; L-polylactic acid (PLLA); thin
film materials

1. Introduction

Polylactic acid (PLA) stands out among bio-based polyesters for its excellent thermal
processability, optical properties, high modulus, environmental sustainability, and biocom-
patibility, making it a promising alternative to traditional plastics [1,2]. PLA finds extensive
applications in the medical field, serving as an implant material, drug delivery system,
and tissue engineering scaffold [3]. Its utility extends to commodity packaging, where its
biodegradability and minimal environmental footprint offer a compelling substitute for
traditional plastics [4]. Moreover, PLA’s potential in textiles is under exploration, driven
by its biodegradability and capacity to mitigate the environmental footprint of textile
manufacturing [5]. However, the inherent brittleness and low elongation at the break of
PLA materials limit their broader applications [6,7].

Common modification strategies to mitigate these limitations include chemical copoly-
merization and physical blending [8-10]. Physical blending modification is presently the
prevailing approach in industrial production [11]. An established technique involves in-
corporating plasticizers, which can diminish intermolecular forces among PLA molecules,
thereby enhancing the material’s flexibility and processability [12,13]. Additives such
as citrate esters [14], Ethyl triacetate (TAC) [15], and poly(1,2-propanediol) (PPG) have
demonstrated efficacy in bolstering PLA’s ductility and flexibility [16]. Buong et al. [17]
found that blending a small amount of polyethylene glycol (PEG)-200 with PLLA yielded
no significant toughening effect, but the toughness improved noticeably when the PEG-200
content exceeded 10 wt% [18]. Chu et al. [19] explored the toughening impact of varying
N-ethyl-p-toluenesulfonamide (N-PTSA) concentrations on PLA. Their findings revealed
enhanced motility and flexibility of PLA molecular chains upon N-PTSA addition, along-
side improved interfacial compatibility and reduced melt processing viscosity, thus leading
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to cost savings. Lin et al. [20] combined PCL, TBC, and sodium dodecylbenzenesulphonate
(SDBS)-modified multi-walled carbon nanotubes (s-MWCNTs) with PLA, synergistically
enhancing PLA toughness through PCL flexibility and TBC’s plasticizer effect, while s-
MWCNTs acted as reinforcement. Hao et al. [21] utilized poly(diethylene glycol adipate)
(PDEGA) as a plasticizer, finding that low molecular weight PDEGA (L-PDEGA) improved
PLA’s elongation at break, while high molecular weight PDEGA (H-PDEGA) enhanced its
impact strength. These studies underscore the efficacy of physical blending and specific
additive incorporation as strategies to enhance the mechanical properties of PLA, thereby
broadening its application potential.

Poly(1,3-propanediol) (PO3G), a novel fully bio-derived polyether developed by
DuPont, exhibits superior compliance, mechanical properties, and thermal stability at-
tributed to its elongated molecular chain. PO3G is synthesized through the condensation of
1,3-propanediol. 1,3-Propanediol can be produced via a bio-based method using biomass
such as sugarcane or corn as feedstock through microbial fermentation [22-24]. There-
fore, PO3G is a potential high-quality green plasticizer derived entirely from renewable
sources [25,26]. PO3G has similar structural units to PEG and PPG, suggesting its potential
as a plasticizer for polylactic acid (PLLA). Nonetheless, the terminal hydroxyl group in
PO3G was anticipated to expedite the degradation of PLLA. In response, this study pursued
the esterification of PO3G with lauric acid (LA), leading to the synthesis of a new PLLA
plasticizer, poly(1,3-propanediol) laurate (PO3G-LA). PO3G-LA utilizes the renewable
and biodegradable nature of its principal raw material, PO3G, and aligns with PLLA in
environmental sustainability, presenting a green and natural copolymer that minimizes
environmental impacts typically associated with plasticizers. The introduction of PO3G-LA
into PLLA films significantly enhances their elongation at break, thermal stability, and crys-
tallinity, positioning PO3G-LA as an innovative green plasticizer and a viable alternative to
conventional plasticizers.

2. Experimental
2.1. Experimental Reagents

Materials used in this study include L-polylactic acid (PLLA, 4032D, Nature Works,
Minnetonka, MN, USA), poly(1,3-propanediol) (PO3G, Mn = 2300, DuPont, Wilming-
ton, NC, USA), lauric acid (LA, Chengdu Kelong Chemical Reagent Factory, Chengdu,
China), 1,4-dioxane (Adamas Reagent Co., Shanghai, China), molybdenum trioxide (MoO3,
Adamas Reagent Company, Shanghai, China), and dichloromethane (DCM, Damao Chemi-
cal Reagent Factory, Tianjin, China).

2.2. Experimental Apparatus

The equipment utilized encompasses a collector-type constant temperature heating
magnetic stirrer (DF-101S, Gongyi Yuhua Instrument Co., Ltd., Gongyi, China); an elec-
tric blast drying oven (GZX-9240MBE, Bo Xun Industrial Co., Ltd., medical equipment
factory, Shanghai, China); an electronic balance (FA2004, Koshihira Scientific Instrument
Co., Ltd., Shanghai, China); a IHNMR (400 MHz Bruker Avance II, Bruker, Billerica, MA,
USA); a Fourier Transform Infrared Spectrum Analyzer (IS10, Nicolet Instrument Co., Ltd.,
Madison, WI, USA); an SEM (NOVA NANOSEM 450, FEI, Hillsboro, OR, USA); a Micro-
computer Controlled Universal Tensile Tester (CMT4104, Chuangcheng Zhijia Science and
Technology Co., Ltd., Beijing, China); a Thermogravimetric Analyzer (STA449F3, NET-
ZSCH, Selb, Germany); and a Differential Scanning Calorimeter (2414Polyma, NETZSCH,
Bavaria, Germany).

2.3. Preparation of PO3G-LA

In a 250 mL three-necked flask, 143.75 g of PO3G and 32 g of LA, along with 3.125 g of
molybdenum trioxide, were combined. The flask was initially purged with dry nitrogen at
room temperature for 15 min, then heated to 160 °C with uniform stirring under a nitrogen
stream for a 6 h reaction period. Upon cooling to room temperature, an appropriate amount
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of dichloromethane was added to dissolve the reaction mixture. The catalyst molybdenum
trioxide and any unreacted lauric acid were removed through filtration, performed five
times to ensure thorough separation. Subsequently, excess water was eliminated via
distillation under reduced pressure, yielding 152.85 g of a light yellow viscous liquid,
identified as PO3G-LA. The synthesis route of PO3G-LA is illustrated in Figure 1.

RV Lo /\/\/\/\/\/H\ >
A/\/\/\/\)Lfo/\/iok/\/\/\/\/\

Figure 1. Synthesis route of PO3G-LA.

2.4. PO3G-LA/PLLA Composite Film Blending Experiment with Different Ratios

For film preparation, a casting solution with a 20% mass fraction was created using
dioxane as the solvent and PO3G-LA and PLLA as solutes. The mass fractions of PO3G-LA
to PLLA varied at 0%, 5%, 10%, 15%, 20%, and 25%, resulting in composite films designated
as PLLA, 5PO3G-LA/PLLA, 10PO3G-LA/PLLA, 15PO3G-LA/PLLA, 20PO3G-LA/PLLA,
and 25PO3G-LA /PLLA. The composite material was dissolved in a three-necked flask to
form a homogeneous, colorless, viscous liquid. This solution was then transferred to a
conical flask.

A clean glass plate was prepared, and a measured amount of the solution was evenly
spread across the glass plate’s surface using a 500 um film scraper to form a thin film. The
glass plate was left to air-dry in a fume hood for 6 h, followed by drying in a 60 °C oven
for an additional 6 h. After oven drying, the film-coated glass plate was left in the oven at
60 °C for 24 more hours to ensure complete drying. The film was then removed, sealed, and
stored for further analysis. The schematic diagram of PO3G-LA /PLLA film preparation is
depicted in Figure 2.

500um film spreading
PO3G-LA
PLLA

\/

’=¢‘"\—‘ -_——

)
Mix and stir well casting solution
defoaming process Cast into film drying

Figure 2. Schematic diagram of PO3G-LA /PLLA film preparation.

2.5. Performance Testing and Structural Characterization

Nuclear magnetic resonance hydrogen spectroscopy test. Approximately 5 mg of
PO3G, LA, and PO3G-LA were weighed using an analytical balance, dissolved in about
0.05 g of CDCL3, and then transferred to an NMR tube for analysis.

Fourier transform infrared spectroscopy (FTIR) Characterization. One mg each of
PO3G, LA, PO3G-LA, as well as samples of PLLA and PO3G-LA /PLLA films with varying
PO3G-LA contents (5%, 10%, 15%, 20%, 25%), were dissolved in a suitable amount of
dichloromethane. These solutions were then applied to KBr plates—prepared by repeated
milling and pressing of KBr powders—dried of solvent and scanned in the wavenumber
range of 4000-400 cm~! using FTIR.

92



Coatings 2024, 14, 461

Thermogravimetric analysis (TGA). TGA was employed to determine the thermal
decomposition temperatures of the PO3G-LA/PLLA film samples with different PO3G-LA
ratios. The experiments were conducted under a nitrogen gas flow, heating at a rate of
10 °C/min within the temperature range of 25-600 °C.

Differential scanning calorimetry (DSC) characterization. DSC analyzed the thermal
behavior of the PO3G-LA/PLLA films across a temperature range of —40 °C to 190 °C,
with a heating rate of 10 °C/min. The crystallinity of the films with various ratios was
calculated using the following equation:

AHy,

Xo= - om
©" AHy X wprLa

x 100%,

where AH,, is the enthalpy of melting of the film sample, AH) is the enthalpy of crystal-
lization for fully crystallized PLLA under ideal conditions (93.6 J/g), and w is the mass
fraction of PLLA in the film sample.

Mechanical performance test. The tensile strength and elongation at the break of
the film samples were measured using an electronic universal testing machine. Speci-
mens were prepared as rectangles measuring 50 x 20 mm and tested at a tensile rate of
10 mm/min, with the experiment conducted five times for each ratio of film samples to
obtain average values.

Surface morphology characterization. The surface morphology of the films was
examined under a scanning electron microscope (SEM). Five dry specimens were fixed on
a sample stage using conductive adhesive and sputter-coated with gold for 30 s to enhance
conductivity. Images of the surface structures were captured at consistent magnification
levels using SEM.

Biodegradability test. Twenty-one square samples, each measuring 20 x 20 mm?, were
prepared from PO3G-LA/PLLA films with varying PO3G-LA contents and subsequently
dried under vacuum at 65 °C for 20 h to achieve a constant weight, which was recorded as
my. These samples were then placed into twenty-one sample bottles, each receiving 20 mL
of a pre-prepared buffer solution at pH levels of 3.0, 7.0, and 11.0. The bottles were securely
sealed and incubated in an oven set at 60 °C to undergo degradation experiments, with the
buffer solutions being refreshed every 48 h over a 21-day degradation cycle.

3. Results and Analysis
3.1. Nuclear Magnetic Resonance Map Hydrogen Characterization of PO3G-LA

The 1H-NMR spectrum of LA reveals characteristic chemical shifts (Figure 3): 2.3 ppm
for -CH,-(C=0O)OH, 1.2 ppm and 1.32 ppm for -CH,-CH,-CH>-, and 1.6 ppm and 0.75 ppm
for CH3-CHj-. In the PO3G spectrum, the peaks at 3.55 ppm, 3.4 ppm, and 1.8 ppm
correspond to -CH,-OH, -CH,-CH,-O, and -CH,-CH,-CHo-, respectively. The integral
areas of these peaks at 3.55 ppm, 3.4 ppm, and 1.8 ppm were 1, 19.67, and 39.11, respectively,
allowing for the calculation of PO3G’s average degree of polymerization to be about 20,
with a molecular weight (Mp,) of 2300. The PO3G-LA profile exhibited a shift in the chemical
shifts of 3.55 ppm and 3.6 ppm to a higher chemical shift at 4.1 ppm, with the 4.1 ppm peak
corresponding to CH,-O(C=0)-. This shift indicates the completion of the esterification
reaction between the hydroxyl group on PO3G and lauric acid, signifying the formation of
PO3G-LA.
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Figure 3. 1H-NMR characterization of LA, PO3G, and PO3G-LAA.

3.2. Fourier Infrared Spectroscopic Characterization of PO3G-LA, PO3G-LA/PLLA Films

Figure 4 illustrates the FTIR analysis, where the peak at 2924 cm~! in the LA spectrum
is identified as the stretching vibration of C-H, and the peak at 1687 cm ! corresponds
to the C=0 stretching vibration. In the PO3G spectrum, the 1121 cm~! peak is attributed
to the C-O stretching vibration. Notably, in the PO3G-LA spectra, the C=O stretching
vibration shifts to 1732 cm~!, altering the carboxylate absorption peak seen at 1687 cm ™!
in LA’s spectrum, confirming the occurrence of an esterification reaction.
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Figure 4. FTIR spectra of PO3G-LA, PO3G, and LA.

Figure 5 displays the FTIR spectra of PO3G-LA /PLLA composite films and those of
pure PLLA films. The spectra of the composite films closely mirror those of PLLA without
the emergence of new characteristic peaks or the disappearance of existing ones, aside
from variations in peak intensity. The peak at 1758 cm ™! aligns with the C-O stretching
vibration in both PLLA and PO3G-LA, while the peaks at 1367 cm ™! and 1457 cm ! are
proximate to the C-H stretching vibrations in -CH3 and -CH2-. Additionally, the peak at
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1090 cm~! represents the C-O stretching vibration. These spectral characteristics indicate
the successful synthesis of PO3G-LA and its incorporation into the PO3G-LA /PLLA films.
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Figure 5. FTIR spectra of PO3G-LA /PLLA films with different PO3G-LA contents.

3.3. Analysis of Thermal Stability and Crystallization Properties of PO3G-LA/PLLA Films

Figure 6 presents the thermogravimetric (TGA) and derivative thermogravimetry
(DTG) analyses for PO3G-LA /PLLA composite films with varying concentrations of PO3G-
LA. Incorporating PO3G-LA into PLLA films not only slightly elevates the temperature
required to reach a 50% weight loss, as seen in the TGA curves, but also diminishes the
overall thermal decomposition. This enhancement in thermal stability is further evidenced
by the DTG curves, which demonstrate a consistent decline in the peak thermal loss
rate with an increase in PO3G-LA concentration. Notably, the inclusion of 5% PO3G-LA
shows an increase in the thermal loss rate for the composite films compared to pure PLLA.
However, when the PO3G-LA concentration is raised to 10% or beyond, a notable decrease
in the thermal loss rate is observed, indicating an improvement in thermal stability.

100 0.0 p-
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Figure 6. Thermogravimetric (TGA) (left) and derivative thermogravimetry (DTG) (right) curves of
PO3G-LA/PLLA composite films with different PO3G-LA contents.
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This phenomenon can be attributed to the plasticizing effect of PO3G-LA, which
increases the mobility of the PLLA chains, thereby facilitating a more orderly thermal
decomposition process. The presence of PO3G-LA likely aids in dispersing thermal energy
more evenly throughout the polymer matrix, which in turn elevates the degradation temper-
ature. This mechanism is supported by literature indicating that plasticizers can improve
the thermal stability of biopolymers by enhancing the mobility of polymer chains [27].

Furthermore, studies have shown that the incorporation of bio-based plasticizers into
biopolymers not only enhances their flexibility but also can slightly increase their thermal
stability due to improved energy dissipation and thermal resistance [28]. These references
corroborate our findings that the addition of PO3G-LA, particularly at concentrations of
10% or higher, contributes to the enhanced thermal stability of PLLA films, making it a
promising plasticizer for improving the thermal properties of bio-based polymers.

Figure 7 showcases the Differential Scanning Calorimetry (DSC) curves for PO3G-
LA/PLLA composite films across a range of PO3G-LA concentrations, with corresponding
quantitative data detailed in Table 1. The analysis of Table 1 elucidates that the incorporation
of PO3G-LA not only lowers the glass transition temperature (Tg) of the PLLA films but
also influences the crystallinity of the composites in a noteworthy manner. Specifically, a
nuanced variation in Tg is observed, which initially decreases with the addition of PO3G-
LA, reaching a nadir at 50.2 °C with a 20% PO3G-LA content, indicative of the highest
level of compatibility between PO3G-LA and PLLA at this or lower concentrations. An
upward shift in Tg with a 25% PO3G-LA inclusion signals a slight reduction in compatibility.
Moreover, the crystallinity of the films undergoes a significant alteration upon PO3G-LA
addition. The pure PLLA film exhibits a crystallinity of 35.76%, whereas the incorporation
of 5%, 10%, 15%, 20%, and 25% PO3G-LA enhances the crystallinity to 39.64%, 37.95%,
43.19%, 45.33%, and 40.62%, respectively. This increment in crystallinity with PO3G-LA
addition underscores its role as an efficacious nucleating agent, promoting the orderly
arrangement of PLLA chains and thus enhancing the crystallinity of the composite films.
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Figure 7. DSC curves of PO3G-LA /PLLA films with different PO3G-LA contents.

Table 1. DSC data of PO3G-LA/PLLA films with varying PO3G-LA contents.

Sample Tg (°C) Tm (°C) AHm (J/g) Xc (%)

Pure PLLA 60.4 166.8 33.48 35.76
5PO3G-LA/PLLA 54.9 168.3 35.25 39.64
10PO3G-LA/PLLA 55.8 168.0 31.97 37.95
15PO3G-LA /PLLA 52.4 167.2 34.36 4319
20PO3G-LA/PLLA 50.2 167.0 33.95 4533
25PO3G-LA/PLLA 56.1 167.9 28.52 40.62
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It is important to note the absence of a cold crystallization peak in the DSC curves,
which is typically observed in polymers with significant amorphous regions undergoing
heating. This absence can be attributed to the films” high degree of crystallinity achieved
during the solution casting process, possibly nearing the material’s crystalline saturation.
This high initial crystallinity limits the availability of amorphous regions that could re-
crystallize upon heating, hence the non-observation of cold crystallization peaks in our
DSC analysis. This phenomenon, coupled with the observed increases in crystallinity upon
PO3G-LA addition, suggests an enhanced ordering and densification of the polymer matrix,
contributing to the thermal and structural properties of the PLLA composites.

3.4. Analysis of Mechanical Properties of PO3G-LA/PLLA Films

Analysis from Table 2 reveals that the pure PLLA film exhibits an elongation at a
break of only 5.71%. However, the introduction of PO3G-LA into PLLA films significantly
enhances their ductility, with elongation at break values reaching 77%, 91%, 139%, and
190% for PO3G-LA additions of 5%, 10%, 15%, 20%, and 25%, respectively. This improve-
ment demonstrates a progressive increase in the elongation at break for PO3G-LA contents
ranging from 0% to 20%. A subsequent addition of PO3G-LA to 25% results in a reduction
of elongation at break to 99%. Figure 8 illustrates that with increasing PO3G-LA content,
the elongation at break initially increases and then decreases while the tensile strength
of the films gradually declines. This observed pattern suggests that excessive PO3G-LA
concentrations may lead to its aggregation, negatively impacting the material’s toughen-
ing effect on PLLA films. Notably, the tensile strength of the composite films decreases
marginally with PO3G-LA additions between 5% and 25%.

Table 2. Elongation at break and tensile strength of PO3G-LA /PLLA composite films with different
PO3G-LA contents.

Sample Elongation at Break/% Tensile Strength/MPa
Pure PLLA 571 £1.93 42.46 £1.32
5PO3G-LA/PLLA 77.33 £ 6.27 30.24 +0.49
10PO3G-LA/PLLA 91.54 +2.40 29.18 £ 043
15PO3G-LA/PLLA 139.38 & 5.00 27.21 £0.77
20PO3G-LA/PLLA 190.88 + 4.84 26.46 £+ 1.69
25PO3G-LA/PLLA 99.95 + 6.62 24.33 +£1.18
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Figure 8. Elongation at break and tensile strength of PO3G-LA/PLLA composite films with different
PO3G-LA contents.
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The molecular structure of PO3G-LA, characterized by ether bonds along the main
chain, facilitates more flexible rotation around these bonds, thereby enhancing chain
flexibility. This property suggests that PO3G-LA holds promise as an effective plasticizer
for PLLA, capable of improving its mechanical properties by enhancing ductility without
significantly compromising tensile strength.

3.5. PO3G-LA/PLLA Thin Films Indicating Morphology Analysis

Figure 9 illustrates the surface morphologies of PO3G-LA/PLLA composite films
with varying PO3G-LA contents. The films, prepared in different ratios, were laid on a
paper sheet marked with “FILM”. As observed in Figure 8, the macroscopic morphology
of the composite films exhibited minimal change across different PO3G-LA concentrations,
maintaining high transparency.

FILMi FILM FILM

Pure PLLA SPO3G-LA/PLLA 10PO3G-LA/PLLA

FILM FILM FILM

15PO3G-LA/PLLA 20PO3G-LA/PLLA 25PO3G-LA/PLLA

Figure 9. Surface morphology of PO3G-LA /PLLA composite films with different PO3G-LA contents.

3.6. Microscopic Morphology Analysis of PO3G-LA/PLLA Films

Figure 10 provides a detailed view of the microscopic morphologies of PO3G-LA /PLLA
composite films with varying PO3G-LA concentrations. The surfaces of these films are
observed to be uniformly smooth and flat across all samples. However, an increase in
PO3G-LA content leads to a rougher surface texture and the appearance of bulges without
any evident phase separation or surface material precipitation. This observation indicates
excellent compatibility between PO3G-LA and PLLA, suggesting that PO3G-LA integrates
well into the PLLA matrix without causing adverse effects on the film’s uniformity.

a b C

50 ym
—
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— —

Figure 10. Micro-morphology of PO3G-LA /PLLA composite films with different PO3G-LA contents:
(a) Pure PLLA (b) 5% PO3G-LA/PLLA (c) 10% PO3G-LA/PLLA (d) 15% PO3G-LA/PLLA (e) 20%
PO3G-LA/PLLA (f) 25% PO3G-LA/PLLA.
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Figure 11 shows the tensile fracture morphologies of PO3G-LA/PLLA composite films,
contrasting the effects of different PO3G-LA concentrations on fracture behavior. Pure PLLA
films exhibit relatively flat fracture surfaces, indicative of brittle failure. The introduction
of PO3G-LA transforms these surfaces, making them rougher and adorned with burrs
resulting from the material’s stretching. This morphological change is emblematic of
toughness fractures, underscoring that PO3G-LA incorporation significantly enhances the
toughness of PLLA films.

b

Figure 11. Tensile cross-sectional morphology of PO3G-LA /PLLA films with different PO3G-LA
contents: (a) Pure PLLA (b) 5% PO3G-LA/PLLA (c) 10% PO3G-LA/PLLA (d) 15% PO3G-LA/PLLA
(e) 20% PO3G-LA/PLLA (f) 25% PO3G-LA /PLLA.

Furthermore, numerous holes were noted along the tensile direction in the film sec-
tions, primarily attributable to the dispersed phase. This dispersed phase causes the
PO3G-LA to deform along the direction of tension, transforming from spherical to elliptical
shapes. The tips of the ellipses act as energy-absorbing sites, which during detachment
from the substrate, absorb significant energy, leading to the formation of holes in the
direction of tension.

3.7. Biodegradability Testing of PO3G-LA/PLLA Films

The degradation rate of polyester film materials can be significantly accelerated under
acidic or alkaline conditions compared to the conventional degradation process in soil or
compost, as evidenced in previous studies [29-31]. These environments have been shown
to exert a profound influence on the degradation of biodegradable polymeric materials.
Moreover, conducting degradation experiments at temperatures near the glass transition
temperature (Tg) of PLLA enhances the mobility of macromolecular chains, thus expediting
the degradation process and increasing experimental efficiency [32-34]. This mechanism
primarily involves ester bond hydrolysis, resulting in the gradual breakdown of both PLLA
and PO3G-LA /PLLA films, as observed in various research investigations [29,35,36].

Figure 12 illustrates that under neutral conditions (pH = 7), the addition of PO3G-LA
had minimal impact on the film’s degradation rate. However, under acidic conditions,
the degradation rates of PO3G-LA/PLLA composite films with 5% to 25% PO3G-LA
content were all lower compared to pure PLLA films. Among these, the 5PO3G-LA/PLLA
films showed higher degradation rates than those containing 10PO3G-LA /PLLA, 15PO3G-
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LA/PLLA, 20PO3G-LA/PLLA, and 25PO3G-LA /PLLA, films, and the degradation rates
of the latter three ratios of composite films showed no significant differences. This trend
could be attributed to the fact that PO3G-LA addition enhances the crystallinity of the
PLLA films. As the content of PO3G-LA increases, the crystallinity of the PLLA films also
increases, which, in turn, slows down the degradation rate.

Time(d) Time(d) Time(d)

Figure 12. pH degradation curves of PO3G-LA/PLLA composite films with different PO3G-LA
contents: (a) pH =3, (b) pH =7, (c) pH = 11.

Figure 12 also demonstrates that the films degrade more rapidly under alkaline con-
ditions (pH 11) compared to neutral and acidic environments. Initially, the degradation
rate of the composite film is primarily influenced by the PO3G-LA content, as PO3G-LA
hydrolyzes more swiftly in alkaline conditions than in acidic ones, as indicated by refer-
ences [37,38]. An increase in PO3G-LA content enhances the penetration of the solution
into the film’s interior, resulting in an accelerated degradation rate. Subsequent degrada-
tion rates are affected by multiple factors. The 25PO3G-LA/PLLA composite films were
completely degraded by day 18, whereas the 20PO3G-LA /PLLA and 15PO3G-LA/PLLA
films reached full degradation by day 19. The 10PO3G-LA/PLLA, 5PO3G-LA/PLLA, and
pure PLLA films were all completely degraded by day 20. This variation in degradation
times may be associated with the infiltration of small-molecule plasticizers and alterations
in the crystallinity of the PLLA films.

4. Conclusions

In our research, we developed an eco-friendly, non-toxic ester plasticizer, PO3G-LA,
from PO3G and LA, significantly enhancing PLA toughness. The toughness and thermal
stability of PLLA films improved notably with the addition of PO3G-LA, particularly at
higher concentrations. This improvement highlights PO3G-LA’s potential as a sustainable
plasticizer in toughening PLLA. Future research should explore its broader applications in
sustainable materials development and investigate its behavior under varied environmental
conditions to fully harness its ecological benefits.
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Abstract: Oracle bones are artifacts of great significance and value in the study of Chinese history and
culture. Because of soil and bacterial erosion, bones become fragile, and the inscriptions on the surface
become blurred, resulting in the loss of historical information on the bones. In early times, scholars
often used adhesives for bonding and reinforcement, whereas in modern times, organic and inorganic
materials have been used as reinforcement for oracle bones. In this study, the surface of oracle bone
was protected and reinforced by a new silicone coupling reagent that could self-polymerize in the
format of colorless solution with good antimicrobial properties. The DESPMA was applied to the
surface of oracle bone by dropwise addition and curing, effectively protecting it from bacteria and
slowing down the yellowing process. The results showed that the reagent could significantly improve
the antimicrobial properties of bone samples and reduce the yellowing and discoloration caused by
bacterial attack. The reagent barely affected the appearance of the bone samples. These findings are
promising and valuable for effective application in bone protection and utilization.

Keywords: conservation; oracle bones; heritage preservation; antimicrobial properties; restoration
of relics

1. Introduction

A large number of bone products exist in historical artifacts, most of which are made
from ivory, tortoiseshell, and animal bones. Artifacts made from tortoiseshell and animal
bones are known as oracle bones. The bones used in oracle bones include pig bones, sheep
bones, bovine bones, and a few human bones.

The writing recorded on oracle bones provides important evidence for studying
history, but the process of making oracle bones is complicated. Ancient peoples cauterized
and drilled these bones and applied writing to them, which documented the lives of the
nobles of the Shang Dynasty [1-3]. This action makes oracle bones fragile and difficult to
preserve [4,5].

Research has shown that the chemical composition of oracle bones includes both
inorganic and organic parts [6]. Organic materials account for 30%, mainly including
proteins and polysaccharides, and inorganic materials account for approximately 70%,
mainly comprising calcium phosphate, carbonate, and fluoride. After thousands of years of
soil burial, the non-apatite portion of the mineral composition becomes more unstable, and
some inorganic materials are dissolved [7,8]. This results in varying degrees of cracking,
fragmentation, and yellowing of oracle bones.

After many years of soil burial, some chemicals, bacteria, and fungi in the soil again
change the morphology and chemical composition of oracle bones [9-11]. Figure 1 shows
the oracle bone ZR044547 from a collection in Taiwan, China, which was embellished and
pasted in 2010 [12]. The images show that, as a result of the corrosion of the soil (Figure 1A),
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the color distribution of the surface is uneven, and some of the oracle bones have begun to
show a darker brown color.

Figure 1. Cloth-covered glue marks on oracle bone ZR044547 on the front (A) and the back (B).

However, this information holds great significance to the study of history, which
provides rich information on rituals, diet, and diseases [13-16]. In order to protect the
bones, scholars began to study the use of chemicals to protect and repair oracle bones [17].

The physical preservation of the oracle bone is mainly achieved through vacuum
storage to protect the oracle bone [18]; Because some oracle bones are fragile and cannot
be vacuum treated, scholars began to study the use of chemical adhesives. In previous
studies, plaster or glue adhesives were usually used to repair the bones. Glue adhesives
were made mainly from cellulose nitrate and cellulose acetate dissolved in acetone [19].
Figure 1B shows a large trace of glue.

In general, the protective agent needs to have good working properties and provide
cohesion, strength, and durability [17,20]. In practice, scholars have tried to use a variety
of materials for the protection of oracle bones, such as B-72 acrylic resin, polyvinyl acetate,
polyvinylidenebutyl alcohol, polyethylene glycol, and acrylic reinforcement [21-23]. They
also have adopted different techniques for the use of these reagents, such as dripping, spray
painting, submerging, and decompression infiltration [24,25].

In the 1980s, a class of organic silicon anti-weathering materials, including the com-
pounds of methyl trimethoxysilane, polysiloxane, and silicone were developed [26-29].
Polymer resin materials have been widely used in the restoration of cultural relics, such
as type 509 epoxy resin which is often used in porcelain, and three, a resin used in metal
cultural relics coating. At the same time, 2-hydroxyethyl methacrylate (HEMA), as the
main monomer component in composite resin material matrix, is also widely used in the
field of dental materials (self-etch adhesives and luting composites) [30,31]. Researchers
are also exploring the antioxidant and antibacterial properties of composites made with
HEMA as a monomer.

In this study, we proposed a novel organic silicon coupling reagent protectant for the
prevention of bacterial attack on fragile oracle bones. Figure 2 schematizes the mechanism
of action of the proposed reagent on the oracle bone. The first image shows a large gap
inside the oracle bone, the second image shows the addition of reagents to fill the gap,
and the third image shows the inhibitory effect on bacteria. Our goal was to reduce the
negative consequences of discoloration and corrosion of the oracle bone after bacterial
attack and to reduce preservation damage. We evaluated the antimicrobial effect of the
agent with X-ray diffraction (XRD), scanning electron microscopy (SEM), Vickers hardness
measurement (n = 2, 3 readings per specimen), antimicrobial properties, and penetration
velocity measurements.
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Figure 2. Demonstration of reagent mechanism.

2. Materials and Methods
2.1. Reagents and Materials

2-Hydroxyethyl methacrylate (HEMA), saturated sodium chloride, and anhydrous
sodium sulfate were purchased from National Pharmaceutical Group Co. (Beijing, China).
Gelatin with the texture of colorless or light yellow flakes or lumps was produced by
Zhonglian Chemical Reagent Co., Ltd. (Tianjin, China). DESPMA (2-(2-(Methacryloyloxy)
ethyl)disulfide)ethyl(3-(diethoxymethylsilyl)propyl)carbamate) was synthesized according
to a published study [32].

HEMA-CDI (10.07 g, 44.9 mmol) and 3-(diethoxymethylsilyl) propylamine (9.04 g,
47.24 mmol) were placed into a 100 mL round bottom flask, then 50 mL of dry dichloromethane
(DCM) was added. After stirring the reaction mixture for 1 h, the DCM was removed and the
residual oily substances were precipitated in petroleum ether twice. The obtained light yellow
oily substance was dried under vacuum (yield: 92.9%) [33].

Real oracle bones are precious and their chemical composition would be unpredictably
damaged by their use in this study. In general research, real oracle bones are not usually
allowed to be used for experiments. According to the scientific experimental method, we
used two materials in this experiment: cauterized bovine bone and simulated bone samples.
The cauterized bovine bone simulated the production process of the oracle bone, and the
simulated bone sample simulated the composition of the oracle bone [34].

2.2. Bovine Bone Samples

It has been found that the oracle bones burn at different temperatures and, if soaked
with acid after excavation, would be weathered [35]. High temperatures, drilling, and
chiseling operations will change the physical structure and chemical composition of oracle
bone [36]. To better verify the effect of the reagent, we used cauterized bovine bone in the
experiment. To prepare the bovine bone, the following steps were used:

1. The bones were boiled for 1 h in a solution of sodium bicarbonate to remove oil and
grease;

2. The cooled bones were dried in the air for 2 d and then sawed into rectangles of similar
size by using a Low Speed Diamond Saw (SYJ-150, Shanghai Optical Instrument
Factory, Shanghai, China);

3. The cut bones were placed in a muffin pan, burned at 550 °C for 4 h and then cooled
for 8 h;

4.  The resulting bones were soaked in 4.5% hydrochloric acid for 5 min, rinsed with
water three to four times, and then dried in the air for 2 d.

Figure 3 shows the bovine bone samples before (Figure 3A) and after being treated
by boiling in sodium bicarbonate solution and drying at room temperature (Figure 3B),
and by firing at high temperature (550 °C) (Figure 3C). The treated bone exhibited a
whitening effect, a decrease in bone quality and surface curvature, and/or a tendency to
release white powder on contact. These negative effects seriously affected the integrity
of the bone surface.
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Figure 3. (A) Bovine bone samples. (B) Bovine bones boiled and dried. (C) Bovine bones fired at 550 °C.

Figure 4 shows the XRD results of the real oracle bone and bovine bone samples. When
the real oracle bone was tested, the diffraction peaks of gelatin appeared at 25.91°, 31.84°,
39.49° and 48.59° (Figure 4A), which was consistent with the hydroxyapatite diffraction
data in the database. The bovine bone sample (Figure 4B) showed diffraction peaks that
almost identical to those of the real oracle bone.
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Figure 4. XRD results of real oracle bone (A) and bovine bone (B) samples.

2.3. Simulated Bone Samples

The composition of oracle bone will change after thousands of years of burial. To
better verify the effect of the reagent, we used a simulated bone sample in the experiment.
The simulated bone samples were prepared based on the percentage content of different
metacarpal bone substances, as shown in Table 1 [5]. Then, 0.23 g of water, 0.79 g of
gelatin, 0.3 g of calcium carbonate, 1.3 g of undried and unsterilized earth, and 6.97 g of
hydroxyapatite were mixed. The mixture was stirred in an agate mortar and divided into
five equal portions of ~2 g per sample. Each portion was pressed into a powder tablet
at 1 MPa by using SZT-15T manual powder tablet press (Tianjin Zhongtuo Science and
Technology Development Co, Tianjin, China).

Table 1. Percentage chemical composition of oracle bone substances.

Water Organic Matter Carbonate Soils Hydroxyapatite
2.40 8.24 3.13 13.56 72.68

Silica resin contains a hydrophobic alkyl group and a silicon oxide group for the
formation of the Si-O-Si network. It has the flexibility of organic materials, water resistance,
and the aging resistance of inorganic materials. Research shows that the silicone resin has
good permeability and combined strength to strengthen the internal structure of the overall
mechanical strength and aging resistance of the relics.

Scanning electron microscopy (SEM, FEI SIRION-100, 5.0 kV of accelerating voltage,
Hillsboro, OR, USA), Fourier transform infrared spectroscopy (FTIR, Thermo Scientific™
Nicolet™ iN10, 4000450 cm ! range, Thermo Fisher Scientific, Madison, WI, USA), and X-
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ray diffractometry (XRD, AXS D8 ADVANCE, Cu Ka radiation, scan range 20 = 10-80°, Bruker,
Billerica, MA, USA) were used to analyze the structure and composition of the samples.

2.4. Plate-Coated Colony Counting Assay

The bovine bone samples treated by DESPMA were used as carriers for the autoclaved
materials. The antimicrobial properties of the samples were verified using colony counting
on agar plates. The experimental samples and equipment were sterilized before the experi-
ment. All the samples were sterilized by ultraviolet disinfection, and the sterilized samples
were put into disposable plates to characterize the antibacterial properties of the surface.

1. 500 g of soil was collected, soaked in deionized water, covered with the soil surface
for 2-5 cm, stirred and settled overnight, and an appropriate amount of supernatant
was taken as the source of the flora for this characterization experiment.

2. Sample A, treated by DESPMA, had a solution of soil dropped onto on the surface.
As the liquid needs to wrap around the sample surface as much as possible, the liquid
was spread as far as possible.

3. The sample B, without the DESPMA, had a solution of soil dropped onto the surface.
As the liquid needs to wrap around the sample surface as much as possible, the liquid
was spread as far as possible.

4. The incubation temperature was 37 °C, the humidity was 60%-98%, and the incuba-
tion time was 24/48/72 h.

5. After incubation, 10 (L medium) was taken from the surface of samples A and B. The
solutions were coated in three gradients and counted separately, namely, 1x, 10x and
100 x.

3. Results

To improve the precision of the permeability at the molecular level, a new component,
a reducible silica monomer called DESPMA, was used. The molecular structure of the
reagent along with its 'H nuclear magnetic resonance spectroscopy (\H NMR) data are
shown in Figure 5. We perform integration on specific peaks during the process. The
integrated areas of the two are in a ratio of 4:6, which demonstrates that the two raw
materials are coupled in a 1:1 ratio. The diethoxymethylsilyl property of DESPMA by in
situ crosslinking caused a lower crosslink density and a greater permeability [32].

(A)

T

(B)

6.5 6.0 55 50 45 40 3.5 30 25 20 1.5 L0 05 00 0 75 7.0 65 0 55 50 45 40 35 30 25 20 15
£1 (ppm) £1 (ppm)

Figure 5. (A) 'H NMR spectrum/spectra of HEMA-CDI. (B) 'H NMR spectrum/spectra of DESPMA.

The methacrylate group in this monomer was used for free radical polymerization, the
disulfide bond has a certain reduction response, and the two alkoxygen groups connected
to the silicon atoms were used for crosslinking curing.

As shown in Scheme 1, DESPMA first penetrated into the oracle bone, and then
triggered the crosslinking reaction, playing a role in reinforcement and protection.
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Si-OR + H,0 Si-OH + R-OH

Si-OH + Si-OH —> Si-0-Si+ H,0

Si-OH + Si-OR —> Si-0-Si+ R-OH

Scheme 1. Crosslinking reactions of DESPMA.

From the infrared spectrum of DEPMA, it can be observed that, the stretching vibration
absorption peak of N-H is at 3340 cm ™!, the stretching vibration absorption peaks of C-H
are at 2973 cm~! and 2881 cm ™!, the stretching vibration absorption peak of the ester group
C=0isat 1719 cm ™}, the stretching vibration absorption peak of the C = C double bond is
at 1527 cm~!, the bending vibration absorption peak of-CH,-is at 1444 cm ™!, the bending
vibration absorption peak of-CHj is at 1390 cm ™!, the stretching vibration absorption
peak of C-O is at 1244 cm ™!, the in-plane bending vibration absorption peak of C-H is at
1164 cm ™!, the out-plane bending vibration absorption peak of C-H is at 942 cm !, and
the antisymmetric stretching vibration absorption peaks of Si-O are at 1072 cm ! and 763

cm! (Figure 6).

— DESPMA

Transmittance (%)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

100,000
—— DESPMA
123.0928
80,000
60,000
Py
173
g 370.1663
s 40,000 -
[l
20,000
5393174
2121163 292.1919] 414.1911 643.2666 7318'3“4
04 A A | 1 a
T T T T T
0 200 400 600 800 1000

m/z

Figure 6. (A) The FTIR results of the DESPMA. (B) The mass spec results of the DESPMA.
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The penetration ability of the reagent is a key factor for the effect of the reagent, and
the penetration ability determines the area of the reinforced oracle bone.

In order to better improve the permeability, the density of Si-O-Si bonds was reduced,
and the silicon atoms act in only two directions that can be connected to the crosslinked
network. The remaining two directions are not connected to the crosslinked network.
The introduction of silicon oxide groups (Si-O-Si) can change the size of the pores in the
network. By adjusting the number and distribution of silicon oxide groups, the pore size
precisely controls the permeability of the material. Larger pores favor the diffusion and
penetration of macromolecules or hydrophobic molecules.

3.1. Micro-Structure Evolution of the Simulated Bone Samples

Scanning electron microscopy (SEM) was utilized to investigate the evolution of the
microstructure of the samples. The magnification was adjusted to 200 pum and 5.00 pm
to meticulously analyze the surface features. As shown in Figure 7A,C, the untreated
samples present a rough and porous surface texture. In contrast, the samples treated by
DESPMA (Figure 7B,D) exhibit a smoother surface. The reagents fill in the pore to some
extent, thereby reinforcing and protecting the sample.

200um

Figure 7. The micro-structure evolution of the simulated bone samples. (A) Untreated samples were
amplified to 5.00 um. (B) Samples treated by DESPMA were amplified to 5.00 pm. (C) Untreated
samples were amplified to 200 pm. (D) Samples treated by DESPMA were amplified to 200 pm.

3.2. Surface Hardness Change

The reinforcement performance of the reagent was measured using Vickers hardness.
For two samples measuring 2 cm X 2 cm, one was untreated, and the other one treated
by DESPMA. The specimens were placed in a microhardness indenter (Micromet 5100,
Buehler, Singapore). Three indents were made in each specimen, near the center of the
specimen and at least 0.5 mm away from each other. As shown in Figure 8, the hardness
of sample b increased by 6.8% to 26.8%. To increase the reliability of the experiment, by
averaging the three values, the hardness of sample B was increased by 14.3%.
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Figure 8. The surface hardness change in the simulated bone samples.

3.3. Consolidation of Reagents

The consolidation of the adhesive is a key factor in oracle bone reinforcement. Because
of their low boiling point, all solvents used in this article can evaporate in an open environ-
ment at room temperature. In addition, the consolidation speed can affect the applicable
range and condition of the material to a large extent.

Two reagents, B72 (acrylic resin adhesive) and PS (liquid sodium silicate) were experi-
mentally tested and compared with the present reagent. As shown in Figure 9, to make
the experiment comparable, all materials were applied to the bone sample surface only
once, and the mass changes were recorded immediately after the application. Reagent
addition was followed by rapid volatilization and then a slow consolidation reaction. The
consolidation rate for DESPMA (Figure 9C) is slightly lower than that of B72 (Figure 9B)
but higher than that of PS (Figure 9A).

11.6 & 11.6 - 11.6 -
én 1.2 én 11.2 én 1.2
T 108 T 108 T 108
D D D
2 104 2 104 2 104
10.0 10.0 1001

0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
time/h time/h time/h

Figure 9. Consolidation rates of different solvents. (A) 1.5% PS aqueous solution. (B) 1.5% B72
acetone solution. (C) 1.5% DESPMA dichloromethane solution.

To investigate the possible mechanism of the change above, the composition of the
bone samples was monitored during the consolidating process by FTIR analysis. The
infrared spectrogram of the bovine bone sample reveals distinct absorption peaks corre-
sponding to specific vibrational modes. At 1413 cm~!, an asymmetric stretching vibration
absorption peak is attributed to the carbonate ion (CO327). Similarly, at 1028 cm~!, an
asymmetric stretching vibration absorption peak is indicative of the P-O bond. The sym-
metric stretching vibration of the P-O bond is observed at 962 cm~!, while the symmetric
stretching vibration of the carbonate ion (CO527) is discernible at 873 cm~!. Further-
more, the stretching vibration of the Ca-O bond is characterized by an absorption peak at
631 cm™ !,

The N-H group (at 3340 cm~!) within DESPMA may engage in hydrogen bonding
with the phosphate (P-O) or carbonate (CO32~) groups present in the bovine bone. This
interaction can enhance the cohesion and increase the hardness of the sample, without
generating any new chemical absorption peaks in the infrared (IR) spectrum. The Si-O
groups in DESPMA (1072 cm ™! and 763 cm~!) may form a silica bridging bond with
the hydroxyl group or water molecules in the bovine bone, which helps to improve the
crosslinking density and stability of the material (Figure 10).
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Figure 10. The FTIR results of the bone samples before and after the consolidation treatment.

3.4. Volatility of Reagents

The volatilization speed of the solvent in the reinforcement material has a great
impact on the final protection effect. A fast volatilization speed may reduce the depth
of the reinforcement agent, and even cause a reverse migration phenomenon of the
reinforcement agent, thus resulting in secondary damage. Therefore, we tested the
volatility of the solution.

We also used a circular simulated bone sample of the same diameter in this experiment.
After complete coverage of the entire surface with the reagent, the size of the area covered
by the liquid on the surface of the bone sample was determined and the time it took for the
reagent to completely vaporize was recorded. The bone sample had a diameter of R and an
area of R2, and the reagent covered an area with a diameter of r and an area of 7r?. The
percentage of the area covered, E, was calculated as follows in Equation (1):

E=1%/R?, 1)

As shown in Figure 11, DESPMA evaporated faster when the reagents were applied
to the bone surface, avoiding chemical damage to the surface of the oracle bone to a
greater extent and minimizing influence on surface color and appearance. The curve will
eventually become zero, since the solvent of the reagent is volatile.
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Figure 11. Comparison of the degree of volatilization of solvents. (A) 1.5% PS aqueous solution.
(B) 1.5% B72 acetone solution. (C) 1.5% DESPMA dichloromethane solution.

3.5. Reagent Protection

Heat resistance is one of the important performance indexes of silicone coating. We also
performed another test by dropping the same solution on a slide coated with hydroxyapatite
gelatin and placing it in an oven at 40 °C. The breakage and peeling of the slides were

111



Coatings 2024, 14, 1430

recorded. In this experiment, the hydroxyapatite gelatin solution was added dropwise to
the slides and it solidified to form a white solid-mounted flake covering the entire slide;
then, 2 mL of water, PS, B72, and DESPMA solutions were added dropwise to each of the
four slides. After dying at room temperature, the slides were heated in an oven at 40 °C.
The time until the cracking of hydroxyapatite gelatin was recorded. As shown in Figure 12,
the sample treated with an aqueous solution cracked after only 15 min of heating in the
drying oven. The protection time was extended to 34 min for the sample treated with
B72 solution, 45 min for the sample treated with PS solution, and 48 min for the sample
treated with DESPMA solution. This result can be attributed to the high bond energy of the
Si-O bond (~460 k] /mol) [37] that endows the reagent with excellent heat resistance and
chemical stability.
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Figure 12. Time of appearance of cracking for the samples on slides.

3.6. Effects of Bacteria on Agar Plates

Figure 13 shows the petri dish coated with the solution of soil. Figure 13B shows
a yellow bacterial colony, identified as Staphylococcus aureus. The next day, we observed
multiple colonies with white and yellow dots on the petri dishes, indicating a relatively
high concentration of microorganisms in the solution.

1 PREGE 5 . 7 8 °9°10
n i il il L

Figure 13. Cell culture medium. (A) The original petri dish. (B) The treated petri dish.

Samples were taken every 24 h and coated at a multiple dilution of 1, 10 and 100,
where (a) (b) (c) is the sample treated by DESPMA, and (d) (e) (f) is the untreated sample.
Figure 14A shows that the number of colonies on x100-fold diluted (c) plates was 461
and on (f) plates was 1121, decreasing by 58.8%. Figure 14 shows that DESPMA inhibited
bacterial growth to some extent.
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Figure 14. (A) The 24-h culture medium was sampled and coated. (B) The 48-h culture medium was
sampled and coated. (C) The 72-h culture medium was sampled and coated.

3.7. Effects of Bacteria on the Bone Samples

The simulated bone samples and bovine bone samples treated by DESPMA were used
as carriers for the autoclaved materials. A series of tests was conducted to determine the
effectiveness of the different solutions in preventing yellowing and damage of the bovine
bone and simulated bone samples. To do this, we pipetted 2 mL each of B72, PS, and
DESPMA solutions onto the samples and allowed them to cure. The chromatographic
solutions were then applied uniformly to the surface and any changes in appearance were
recorded, The numbers of yellow patches and microflora on the samples were examined by
microscopy and counted. This rigorous procedure ensured the accuracy and reliability of
our results.

As the results in Tables 2 and 3 show, the bone samples treated by DESPMA developed
fewer bacterial colonies. Using day 28 as a reference, there was the lowest number of
colony counted on the surface of the bone samples treated by DESPMA, and a relatively
good performance in both the simulated bone samples and the bovine bone samples. The
degree of yellowing on the bovine bone samples increased only slightly compared with
the simulated bone samples, highlighting the effectiveness of the DESPMA solution in
preventing yellowing.

Table 2. Bacterial colonies counted on simulated bone samples.

Solution Day 1 Day 7 Day 14 Day 21 Day 28
DESPMA 0 0 0 2 4
PS 0 0 2 5 6
B72 0 0 2 4 5
Water 0 0 3 5 8

Table 3. Bacterial colonies counted on for bovine bone samples.

Solution Day 1 Day 7 Day 14 Day 21 Day 28
DESPMA 0 0 2 3 5
PS 0 3 5 7 8
B72 0 2 4 6 8
Water 0 3 3 7 9

4. Conclusions

The physical protection of oracle bones is crucial. In this study, we proposed the use
of a chemical method to protect the surface of oracle bones from erosion. Specifically, we
successfully developed a new silicone resin reagent (DESPMA). The resulting product was
then dissolved in dichloromethane to form a reinforcer solution with superior antimicrobial
and penetration properties. We applied droplets of the solution to the surface of the oracle
bones to test its effectiveness as a protective material. After the curing treatment, the bone
samples showed improved protection and antimicrobial properties, and the change in
appearance was within acceptable limits. This study proposed a new means to protect
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oracle bones, although the reagents used should be further refined so that they can provide
better protection for the information on the bone surfaces by strengthening the internal
physical structure of oracle bones.
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