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Optimization of preparation
techniques for high-temperature
resistant waterborne
phenolic-epoxy resin emulsion
under low carbon background
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Fugiang Ye and Libin He*

Suzhou Paint-key Material Technology Co., Ltd, Suzhou, China

In light of escalating global climate change concerns and the pressing need
to address industries with high carbon emissions and pollution, enhancing
the preparation of phenol-formaldehyde epoxy resins has emerged as a
critical research focus. This study seeks to fabricate waterborne phenol-
formaldehyde epoxy resins with superior performance by investigating pivotal
factors influencing their properties and refining preparation methods. Utilizing
tetrabutylammonium bromide as a phase transfer catalyst, the phenol-
formaldehyde epoxy resins are synthesized via a two-step alkalization
process. Subsequent etherification reactions involve modifying the phenol-
formaldehyde epoxy resins using cationic modifier diethanolamine (DEA) and
anionic modifier sodium p-amino benzenesulfonate, resulting in waterborne
phenol-formaldehyde epoxy resins. Subsequently, in situ synthesis is employed
to produce nanoscale silica (SiO,) modified waterborne phenol-formaldehyde
epoxy resins. The findings reveal that when the ratio of nl to n2 falls within
the range of 1/3.25 to 1/3, the emulsion displays a moderate particle size and
maintains stable storage. Furthermore, an increase in DEA dosage leads to
a particle size of less than 324 nm when the ratio of nl to n2 exceeds 1/3,
indicating stability. Moreover, optimal stability and prolonged storage lifespan
are achieved when the nano SiO, content is approximately 1.5%. This study
contributes by synthesizing high-quality waterborne phenol-formaldehyde
epoxy resin emulsions through optimized methods. The research findings offer
a theoretical foundation for this domain and support the practical application of
low-carbon and environmentally friendly concepts in the coatings industry.

waterborne phenolic-epoxy resin, emulsion preparation, nano SiO,, high temperature
resistance, low carbon, environmental protection

1 Introduction
1.1 Research background and significance
Amidst the escalating influence of global climate change, nations have

implemented and progressively reinforced regulations and policies to constrain
high-polluting and high-carbon industries, urging a shift towards low-carbon,
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eco-friendly, and sustainable practices (Sovacooletal., 2022).
Among these, the coatings industry, recognized as a significant
polluter, confronts pressures from both regulatory mandates and
market competition, compelling the development of products
aligned with low-carbon and environmental standards to meet
market demands (Pathak et al., 2022; Pleshivtseva et al., 2023).

Waterborne coatings, prized for their eco-friendly attributes, stand
as a pivotal strategy for the coatings industrys pursuit of low-
carbon transitions. Among these, waterborne epoxy resin emulsions,
serving as pivotal constituents for various functional coatings,
have garnered considerable scholarly and industrial focus in both
production and application realms (Steinbriick et al., 2022). However,
prevailing waterborne epoxy resin formulations often fall short of
meeting demands for high-temperature conditions. Consequently,
the development of waterborne epoxy resin emulsions capable of
harmonizing low-carbon environmental performance with high-
temperature resilience assumes critical importance, not only for
advancing the low-carbon evolution of the coatings sector but
also for presenting substantial industrial and market application
opportunities in the realm of high-temperature-resistant materials
utilizing waterborne epoxy resins. The significance of attaining a low-
carbon footprint in the preparation process is twofold: it aligns with the
global imperative to mitigate climate change and bolster environmental
integrity, while also addressing the inherent need for sustainable growth
within the coatings industry. Embracing low-carbon technologies and
materials enables the industry to mitigate its environmental footprint,
complying with stricter regulations and meeting evolving market
expectations. Additionally, these technologies can bolster material
performance and efficiency, fostering innovation in both materials
and processes, thereby catalyzing the green transition and fostering
high-quality development across the coatings industry worldwide.

This study begins by reviewing the current research landscape
both domestically and internationally. It then outlines the
main research methodologies employed, encompassing the
preparation of waterborne phenol-formaldehyde epoxy resins,
surface modification of nano silica (SiO,), investigation into SiO,-
modified waterborne phenol-formaldehyde epoxy resin composites,
and the in situ synthesis of nano SiO,-modified waterborne
phenol-formaldehyde epoxy resins. Subsequently, the prepared
samples undergo testing, and the resultant findings are discussed.
Ultimately, the research concludes by presenting its key findings and
implications.

1.2 Research objectives

The primary research objectives of this study are outlined as
follows:

(1) Synthesis of waterborne epoxy

resin employing a phase transfer catalyst and a two-step

phenol-formaldehyde

alkaline method.

of
glycidoxypropyltriethoxysilane.
Examination of the synthesis of SiO,-modified waterborne

(2) Surface modification nano  SiO, utilizing y-
3)
phenol-formaldehyde epoxy resin composites through in
situ polymerization, alongside the investigation of emulsion

stability and coating performance.
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TABLE 1 Information of experimental reagents.

Reagent name Specification Manufacturer
Phenol Analysis pure Aladdin
Formaldehyde Analysis pure Aladdin
Oxalic acid Analysis pure McLean
DEA Analysis pure McLean
Sodium Analysis pure Aladdin
p-aminobenzene
sulfonate
SDS Analysis pure McLean
Tetraethylammonium Analysis pure Aladdin
bromide
Glacial acetic acid Analysis pure McLean
ECH Analysis pure Aladdin
ECH

Analysis pure McLean
TETA
Tetrahydrofuran Analysis pure McLean
Acetone Analysis pure Aladdin
Hydrochloric acid Analysis pure McLean
Sodium hydroxide Analysis pure Aladdin

TABLE 2 Details of experimental equipment.

Instrument Manufacturer
name

High Shear Emulsifier BME100LX Brucker
Magnetic heating stirrer DF-1I Hitachi
Nuclear magnetic AVANCEIII500 MHz Brucker
resonance spectrometer

Fourier transform TENSOR27 Brucker
infrared spectrometer

Scanning electron Zeiss_Supra55 Hitachi
microscope (SEM)

Transmission electron JEM-2100 Hitachi
microscope

Thermogravimetric/ TGA/SDTA851e Mettler Toledo
Differential thermal

simultaneous analyzer

Pencil hardness tester QHQ Mettler Toledo
Particle size analyzer ZetasizerNanoZS90 Malvern
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2 Literature review

Numerous scholars have made significant progress in optimizing
the preparation of waterborne phenol-formaldehyde epoxy resin.
Wang H. et al. (2022) proposed a direct emulsification method
using high-speed shearing and a large emulsifier to convert
epoxy resin into emulsions. However, the resulting emulsion had
a larger particle size and poor storage stability (Wang L. et al.,
2022). In contrast, Aksoy (2022) highlighted the effectiveness
of the phase inversion method in producing smaller and more
stable emulsion products. This approach involves forming a water-
soluble anionic intermediate by reacting epoxy resin with amine
solvent, followed by adjusting the system’s water acidity/alkalinity
to induce the inversion of the anionic intermediate. It is considered
more suitable for industrial production (Aksoy, 2022). Clark et al.
(2022) demonstrated that existing waterborne epoxy resin products
were most suitable for room temperature conditions but exhibited
reduced adhesion, decreased hardness, and expansion phenomena
at high temperatures, limiting their application in high-temperature
industrial fields (Clark et al., 2022). Tangetal. (2022) suggested
enhancing the high-temperature resistance of epoxy resin by
selecting high-performance curing agents and reinforcing fillers,
and optimizing the curing process and mechanisms. For instance,
curing agents like polyurethane and phenolic resins could achieve
curing at temperatures ranging from 120°C to 180°C (Tang et al.,
2022). Ajanovicetal. (2022) devised a method to prepare a
high-temperature-resistant waterborne phenol-formaldehyde epoxy
resin emulsion, demonstrating superior thermal stability and
solvent resistance. Through adjustments in parameters such as
the content of phenol-formaldehyde resin, epoxy resin, and
surfactant, as well as the type and dosage of surfactant under
varying conditions, they achieved optimal emulsion performance
(Ajanovic et al., 2022). Wang H. et al. (2022) highlighted that by
controlling parameters like pH value, temperature, and stirring
speed, along with specific conditions of phenol-formaldehyde
resin content, epoxy resin content, and surfactant dosage, a
more stable emulsion with enhanced performance could be
obtained (Wang L. et al., 2022). Basak et al. (2024) developed novel
nitrogen oxide-based nanogels using controlled reversible addition-
fragmentation chain transfer polymerization, resulting in an
over 85% increase in shelf life compared to natural superoxide
dismutase (Basak et al., 2024). Dasetal. (2018) evaluated these
nanoparticles using techniques such as X-ray diffraction and Fourier
Transform Infrared Spectroscopy (FTIR). They observed UV-visible
spectra supporting the production of AgNPs on the surface of
polydopamine-coated hydrated silica (SiO,) (Das et al., 2018).

In conclusion, incorporating resins and curing agents with
superior high-temperature adaptability into the curing system
and optimizing synthesis and curing processes can synergistically
the high-temperature
performance of waterborne epoxy resin products.

enhance resistance and low-carbon

3 Research method

Phenol-formaldehyde epoxy resin contains significant amounts
of organic solvents, emitting large quantities of volatile organic
compounds into the air after use. This fails to meet current
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FIGURE 1
Preparation principle of phenolic resin.

environmental standards amidst low-carbon requirements, leading
to increasingly restricted applications. Waterborne transformation
of phenol-formaldehyde epoxy resin emerges as an effective
solution. Given the higher epoxy value of phenol-formaldehyde
epoxy resin compared to traditional epoxy resin, the introduction
of hydrophilic groups can be achieved by reacting a portion
of the epoxy groups, without compromising the comprehensive
performance of the cured film. The specific research and preparation
process are detailed below. The purities of the materials used in
the experiment are as follows: phenol, 98%; formaldehyde, 34%;
epichlorohydrin (ECH), 99%; tetrabutylammonium bromide, 98%;
diethanolamine (DEA), 99%; and sodium p-toluenesulfonate, 98%.

3.1 Preparation of waterborne phenolic
epoxy resin

The experiments involve various reagents. Table 1 presents the
information for all reagents used in this experiment.

The instruments utilized in the experiments are outlined in
Table 2.

The reagents and equipment utilized in this study are outlined
previously. Next, the synthesis process of waterborne phenol-
formaldehyde epoxy resin is elucidated. In a four-necked flask
equipped with a condenser, 20.00 g of phenol, 3.00 g of deionized
water, and 0.24 g of oxalic acid were added under an N2 atmosphere.
The mixture is stirred magnetically at 60°C for 15 min, followed by
the dropwise addition of 14.00 g of formaldehyde solution. After
the completion of the addition, another 0.24 g of oxalic acid is
added, and the temperature is raised to 75°C for a 2-h reaction.
Subsequently, the temperature is further increased to 90°C, and
the reaction continued for 2h (Liuetal.,, 2022; Ma et al., 2022;
Oyebanji et al., 2022). Following the reaction, the product is washed
with water to neutrality and subjected to vacuum distillation to
remove water, yielding the phenol-formaldehyde resin (I). The
principle of this reaction is illustrated in Figure 1.

Under an N2 atmosphere, an excess of ECH and 0.48 g of
tetra-n-butylammonium bromide (TBAB) is added to the previously
obtained compound (I). The reaction temperature is set at 90°C
for 3 h. Subsequently, the temperature is reduced to 70°C, and a
sodium hydroxide (NaOH) solution is added dropwise, followed by
an additional 2-h reaction period. Upon completion of the reaction,
the product is washed with water to neutrality and subjected to
vacuum distillation to remove the solvent. Finally, epoxy phenol
novolac (EPN) (II) is obtained (Cohen et al., 2022; Wangari et al.,
2022; Abdurahmonov et al., 2023). The principle of this reaction is
illustrated in Figure 2.
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FIGURE 3
Preparation principle of D-WEPN.
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TABLE 3 Information of characterization equipment.

Equipment Function

Differential Scanning Calorimeter | Determines the thermal stability and
glass transition temperature of materials.
Provides crucial information about
changes in thermal properties during
heating for assessing application
performance at high temperatures. |

Thermogravimetric analyzer Measures mass changes of materials
under heating or constant temperature
conditions. Evaluates thermal stability
and decomposition temperature, crucial
for judging material suitability for
high-temperature applications

Dynamic mechanical analyzer Measures mechanical properties of
materials under dynamic stress,
including modulus (stiffness) and
damping (energy dissipation). Obtains
viscoelastic properties for understanding
material performance at different
temperatures

FTIR Analyzes chemical bonds in materials,
identifying infrared absorption peaks of
specific chemical groups to understand
chemical structure and possible
cross-linking

SEM Observes microstructure and
morphology of materials. Analyzes
surface and cross-section to evaluate
dispersion of nano-fillers, compatibility,
and influence of microstructure on
material properties

A specified quantity of EPN (II) is dissolved in tetrahydrofuran
(THF) at 65°C with stirring. DEA is then added according to
the prescribed amount, and the reaction proceeded for a specific
duration. Upon completion of the reaction, oxalic acid is introduced
to neutralize the system for 0.5h, followed by a temperature
reduction to 55°C. Deionized water is subsequently slowly added
while stirring for 1 h to yield the waterborne phenol-formaldehyde
epoxy resin emulsion. This emulsion is labeled Diethanolamine
Water Epoxy Phenol Novolac (D-WEPN) (Sunetal, 2022).
The preparation principle of this emulsion is depicted
in Figure 3.

3.1.1 Synthesis of anionic waterborne
phenol-formaldehyde epoxy resin

EPN (II) is dissolved in THF at 65°C. Sodium p-
amino benzenesulfonate is then added as per the specified
amount, and the reaction proceeds at 100°C for 24h
(Wuetal,, 2022). Subsequently, the temperature is reduced
to 65°C, and the cosolvent sodium dodecyl sulfate (SDS) is
introduced. Deionized water is slowly added dropwise while
stirring for 2h (Strassburger etal., 2023). Finally, high-shear
emulsification is employed to form the emulsion, resulting
in the waterborne phenol-formaldehyde epoxy resin emulsion
denoted as S-WEPN.
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FIGURE 4
Results of the infrared test and analysis of conducted on the waterborne novolak epoxy resin.

3.1.2 Preparation of WEPN film

The prepared emulsion is combined with a defoaming
agent and then applied onto a polytetrafluoroethylene template.
Triethylenetetramine (TETA) curing agent is uniformly added and
stirred. Vacuum curing is conducted at 50°C for 4 h, followed
by additional curing at 110°C for 10 h, yielding the WEPN film
(Hanif et al., 2023).

3.2 Nano SiO, surface modification and
SiO, modified water-based phenolic epoxy
resin composites

Nano SiO,
aminopropyltriethoxysilane (APTES) to decrease surface hydroxyl
(-OH) content and graft organic groups, thereby improving
its hydrophobicity for enhanced dispersion in the resin
(Gongalves et al., 2022a; Kyeietal., 2022; Sonnendecker etal.,
2022). More efficient surface modification is achieved by finely

undergoes surface modification using y-

controlling the dosage of APTES and adjusting reaction conditions
such as time and temperature. This results in a reduction of the
hydroxyl content on the surface of nano SiO,, thereby enhancing
its dispersibility and hydrophobicity in phenolic epoxy resin,
consequently improving the resin’s high-temperature resistance.
Subsequently, employing phenol-formaldehyde prepolymer, ECH,
DEA, and acetic acid as primary constituents, the nanoscale
SiO,-modified waterborne phenol-formaldehyde epoxy resin is
synthesized via the prepolymer method (Sharmila et al., 2022;
Romaio et al., 2022).

3.2.1 Experimental reagents and instruments

The experiment utilizes reagents listed in Tablel and
instruments detailed in Table 2.
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3.2.2 Surface modification of nanoscale SiO,

Initially, 4 g of nanoscale SiO, are dispersed in 100 mL of ethanol
and stirred for 20 min, then sonicated for 30 min (Grinins et al.,
2022; Hennetal, 2022; Vazquez Loureiroetal,  2023).
Subsequently, 1.6 g of 3-APTES are dissolved in a 10-mL ethanol-
water solution and stirred for 30 min for adequate hydrolysis.
The dispersed mixture is then magnetically stirred at 70°C under
a nitrogen atmosphere for 1h, followed by the slow addition
of APTES hydrolysate and an 8-h reaction (WangH.etal,
2022; Koch etal., 2022; Thakare etal., 2022). Upon completion,
centrifugation, washing with deionized water and ethanol, and
centrifugation are conducted three times. Finally, vacuum drying is
performed at 60°C for 24 h, succeeded by grinding and pulverization
(Pan et al., 2022).

3.2.3 Synthesis of SiO,/WEPN emulsion

Initially, under a nitrogen atmosphere, 20.00 g of phenol, 3.00 g
of deionized water, and 0.24 g of oxalic acid are combined in a four-
neck flask and magnetically stirred at 60°C for 15 min (Dagdag et al.,
2022). Subsequently, 14 g of formaldehyde is added dropwise,
followed by the introduction of 0.24 g of oxalic acid. The temperature
is raised to 70°C, and the reaction proceeds for 2 h to yield the
phenol-formaldehyde prepolymer. Then, N-SiO, is introduced, and
the temperature was raised to 80°C for 2 h, followed by an additional
1h of reaction at 95°C (Fritz and Olivera, 2022). Following
neutralization through water washing, the system undergoes
constant pressure fractionation, with water evaporated to obtain
the nanoscale SiO2-modified phenol-formaldehyde resin. Excess
ECH and 0.48 g of TBAB are added, and the reaction is conducted
at 90°C for 3 h. Then, the temperature is lowered to 70°C, and
a sodium hydroxide (NaOH) solution is added dropwise for a
further 2 h. Subsequently, excess ECH and 0.48 g of TBAB are

frontiersin.org
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Analysis results of the infrared test conducted on nano SiO,-modified waterborne novolac epoxy resin.
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TABLE 4 Effect data of DEA dosage on average particle size and Zeta potential of emulsion.

Particle size (nm) 3500 2500 1300 1000 400 300
Zetapotential (mV) 18 20 22 24 32 35
Frontiers in Materials 06
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TABLE 5 Detailed impact of DEA dosage on

emulsion stability.

Centrifugal layering time/min

Emulsion appearance

10.3389/fmats.2024.1406583

Storage time/m

1/4.5 - Light yellow with sediment -
1/4 - Light yellow with sediment -
1/3.5 8 The milky white little precipitate 1
1/3.25 15 Milky white without precipitation 2
1/3 30 Milky white More than 5
1/2.5 35 Milky white More than 6

TABLE 6 Detailed impact of nano SiO, on emulsion stability.

N-SiO, Appearance Average Centrifugal Storage

addition particle stability/min time/m

amount size/nm

0 Milky white 326 30 More than 5

1.0 White 375 30 More than 5
transparent

1.5 White 430 25 More than 4
transparent

2.0 White 415 25 More than 4
transparent

25 Light yellow 690 20 3
transparent

3.0 Light yellow 887 20 3

3.5 Light yellow 1311 18 Less than 3

TABLE 7 Detailed impact of nano SiO, on the stability of modified water-based phenolic epoxy resin emulsion.

Content of SiO,/%

Particle size (nm) 300 400 500

750 1000 1600 2000

Zetapotential (mV) 32 31.5 31.2

30.5 29 28 25

added, and the reaction is carried out at 90°C for 3h. The
temperature is then lowered again to 70°C, and NaOH solution is
added dropwise to continue the reaction for 2 h (Gongalves et al.,
2022b; Okamura et al., 2022; Liang et al., 2023). After washing to
neutral pH, the mixture undergoes constant pressure filtration and
rotary evaporation to remove the solvents, resulting in SiO,/EPN
composite. The SiO,/EPN is mixed with THF and stirred at 65°C
until fully dissolved. DEA is added according to the stoichiometric
ratio and reacted at 65°C for 2 h (Khan et al., 2022). Then, oxalic
acid is added for neutralization and stirred for 1 h. The temperature
is lowered to 55°C, and deionized water is added with stirring

Frontiers in Materials
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until a milky white system is formed, resulting in the SiO,/WEPN
emulsion.

3.2.4 Preparation of SiO,/WEPN coating

The SiO,-modified phenolic epoxy resin water-based emulsion
is mixed with a defoaming agent and uniformly dripped into a
polytetrafluoroethylene mold. The curing agent is added and stirred
until homogeneous, followed by vacuum drying at 50°C for 4 h
(Shibata et al., 2022). Subsequently, it is heat-cured at 110°C for 8 h
to obtain the final SiO,-modified phenolic epoxy resin composite
coating.
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3.3 In-situ synthesis of nano SiO,-modified
water-based phenolic epoxy resin

To achieve uniform dispersion of nano SiO, in the phenolic
epoxy resin, this study employs an in situ polymerization method
(Wen etal., 2022). The surface hydroxyl groups of nano SiO,
are copolymerized with monomeric phenolic compounds and
formaldehyde to obtain SiO,-modified phenolic resin. Subsequently,
it is further reacted with ECH, DEA, and acetic acid to produce
a Si0,-modified phenolic epoxy resin water-based emulsion
(Steinbriick et al., 2022).

3.3.1 Experimental reagents and instruments

The reagents utilized in this experiment are detailed
in Table 1, while the instruments employed are delineated
in Table 2.

3.3.2 Synthesis of SiO,/WEPN emulsion

Polyphenol is blended with nano SiO, and sonicated for
0.5 h to ensure uniform dispersion. Under a nitrogen atmosphere,
formaldehyde is gradually added while maintaining a pH of
1-3 using oxalic acid, and the reaction proceeds at 65°C for
1 h. Subsequently, the temperature is raised to 85°C over 2h,
followed by an additional 2-h reaction to obtain SiO,-modified
phenolic resin (Mfune and Adams, 2022). Adequate epichlorohydrin
is introduced, and at 85°C, the pH is adjusted to 8 using
tetrabutylammonium bromide, with the reaction continuing for
2h. The temperature is then reduced to 65°C, and the pH
is stabilized using NaOH solution for an additional 2h to
yield SiO,-modified phenolic epoxy resin. After water washing,
the rotary evaporation process removes solvents and unreacted
materials, resulting in the production of SiO,-modified phenolic
epoxy resin.

The prepared SiO,-EPN is blended with THF and stirred at
65°C until completely dissolved. DEA is then added according to
the stoichiometric ratio and allows to react for 2 h. Subsequently,
oxalic acid is introduced for neutralization and reacted for 0.5 h. The
gradual addition of deionized water with stirring for 1 h leads to the
formation of the SiO,/WEPN emulsion.

During the alkalization and etherification reactions, precise
adjustments are made to the reaction conditions, optimizing
the introduction of hydrophilic groups through the selection
of appropriate phase transfer catalysts (TBAB) and modifiers
(DEA and sodium p-aminobenzenesulfonate). This optimization
results in waterborne phenolic epoxy resin emulsions with
enhanced stability and high-temperature resistance. Furthermore,
in the preparation of composite materials by incorporating
modified nano SiO,, a more uniform dispersion of nano SiO,
is achieved through adjustments in the amount of SiO, added,
dispersion method, and reaction conditions of the prepolymers.
This not only improves the mechanical properties and chemical
stability of the materials but also significantly enhances their
high-temperature resistance. Details of the characterization
equipment used in the experimental process are provided
in Table 3.
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4 Results and discussion
4.1 Infrared test and results

The prepared samples undergoes testing, including infrared
analysis, emulsion stability assessment, and film performance
evaluation. Following the removal of solvent from the samples,
a FTIR test is conducted with a scanning range of 4000 to
500 cm™, 32 scans per sample, and a resolution of 4.0 cm™.
Figure 4 depicts the analysis results of the waterborne novolak
epoxy resin.

In Figure 4, the phenolic resin reveals numerous phenolic
hydroxyl groups, evident through a broad absorption peak near
3300 cm™' and characteristic benzene ring peaks at 1500-1600 cm™".
Upon addition of epichlorohydrin, a distinctive epoxy peak
emerges at 912 cm™!, and most hydroxyl peaks near 3300 cm™
diminish, indicating the completion of the epoxy reaction and
the substitution of most hydroxyl groups by epoxy groups.
Subsequent addition of DEA leads to some epoxy groups undergoing
addition reactions to form hydroxyl groups, resulting in a

weakened epoxy peak at 912 cm™

-1

and a strengthened hydroxyl
peak near 3300 cm™. Neutralization with acetic acid yields a
carboxyl carbonyl peak at 1734 cm™. Infrared spectroscopic analysis
confirms the successful synthesis of phenolic epoxy resin, with
the obtained product exhibiting the expected structure. Figure 5
presents the infrared test analysis results of nano SiO, modification
before and after.

In Figure 5, the spectra reveal characteristic peaks of nano SiO,
at 3435cm™}, 1105cm™}, 808 cm™!, and 471 cm™!. The peak at
3435 cm™! corresponds to the absorption of hydroxyl groups (-OH)
on the surface of Si0,. The peak at 1105 cm ™ signifies the symmetric
stretching vibration of Si-O-Si, while the peak at 808 cm™ represents
the antisymmetric stretching vibration of Si-O-Si. Additionally, the
peak at 471 cm™! corresponds to the bending vibration of Si-O-
Si. Comparatively, the other two curves exhibit absorption peaks
attributed to -CH, and -CH, groups near 2900 cm ™!, with the third
peak being more prominent, indicating the introduction of -CH,
and -CH; groups from 3-APTES. The enhancement of peaks near
1100 cm™, 800 cm ™!, and 470 cm™* suggests the formation of Si-O-
Sibonds. The broadening of the peak around 3400 cm ™! is attributed
to the overlap between the -NH2 groups introduced by 3-APTES and
the -OH groups.

Figure 6 depicts a comprehensive analysis of the infrared
test results for the nano SiO,-modified water-based phenolic
epoxy resin.

In Figure 6, the Simple A curve reveals the presence of abundant
phenolic hydroxyl groups in the phenolic resin, evidenced by the
prominent and broad hydroxyl peak at 3400 cm™. Following the
reaction with ECH, depicted in the Simple B curve, the hydroxyl
groups undergo epoxidation, leading to a notable decrease in the
hydroxyl peak at 3400 cm™' and the emergence of an epoxy peak
at 910 cm™'. These data affirm the successful reaction between
ECH and hydroxyl groups, evidenced by the attenuation of the
hydroxyl peak. Upon the addition of DEA, depicted in the Simple
C curve, some epoxy groups react with DEA to form hydroxyl
groups, resulting in a reduction of the epoxy peak at 910 cm™!
and an augmentation of the hydroxyl peak at 3400 cm™'. After
neutralization with acetic acid, the Simple D curve reveals a
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carboxyl carbonyl peak at 1732 cm™'. Throughout the process, a
faint Si-O-Si bending vibration peak at 471 cm™ persists, indicating
the formation of chemical bonds between SiO, and the EPN
molecular chain.

4.2 Emulsion stability testing and results

Emulsion stability testing encompasses the assessment of
various aspects, including the influence of DEA on the stability of
the water-based phenolic epoxy resin emulsion, the impact of nano
SiO, on the stability of SiO,/WEPN composite material emulsion,
and the effect of nano SiO, on the stability of modified water-
based phenolic epoxy resin emulsion. The specific test results are
outlined below, with detailed data on the impact of DEA dosage
on the average particle size and zeta potential of the emulsion
provided in Table 4.

When the ratio of n;/n, exceeds 1/3, the absolute value of the
system’s zeta potential surpasses 32 mV, indicating high emulsion
stability. With increasing DEA dosage, the emulsion particle size
gradually decreases. However, when the n,/n, ratio falls below 1/3.5,
the particle size exceeds 1265 nm, signifying instability, possibly
leading to gel formation. Within the range of 1/3.25 to 1/3, the
emulsion particle size ranges from 324 to 859 nm, indicating
moderate particle size conducive to stable storage. A n,/n, ratio
exceeding 1/3 results in particle size below 324 nm, signifying stable
emulsion. Table 5 provides detailed insights into the impact of DEA
dosage on emulsion stability.

As DEA dosage increases, the emulsion transitions from
a pale yellow hue to milky white, and precipitate particles
diminish. When the n,/n, is ratio is <1/3.5, precipitation
occurs, rendering the emulsion unstable. Conversely, with a
n,/n, ratio >1/3.25, minimal precipitation is observed, ensuring
stable storage.

In Table 6, when the nano SiO, content exceeds 2%, the
centrifugation time of the emulsion decreases rapidly due to nano
SiO, aggregation. Consequently, the emulsion color gradually shifts
to pale yellow, and stability decreases, resulting in shortened storage
life, rendering it impractical. Based on dispersion and emulsion
stability analyses, a nano SiO, content below 3% is optimal, with a
recommendation of 2%.

In Table 7, when the nano SiO, content is below 2%, the
absolute value of the Zeta potential exceeds 30 mV, indicating
good system stability. However, as the nano SiO, content
increases, the average particle size of the emulsion gradually
increases. Once the nano SiO, content surpasses 2%, the average
particle size of the emulsion exceeds 1000 nm, resulting in
instability and the formation of precipitate particles. Therefore,
it is advisable to maintain the nano SiO, content below 2%,
ideally around 1.5%.

4.3 Coating film performance test

Table 8 displays the impact of nano SiO, content on various
application properties of the coating films.

Table 8 displays the variation in coating properties with
increasing nano SiO, content. Initially, the acid and alkali resistance
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TABLE 8 Effect of nano SiO, content on other application properties of the coating film.
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of the coatings rises before declining. Similarly, the impact
resistance increases from 40 cm to 50 cm, then declines. Pencil
hardness gradually elevates to 3H, while adhesion grade decreases
from 0 to 1. Additionally, both surface and bulk drying times
gradually decrease.

In Figure 6, the phenolic resin exhibits numerous phenolic
hydroxyl groups, evident from the prominent and broad peak at
3400 cm™ in the Simple A curve. Upon reaction with ECH, the
hydroxyl groups undergo epoxidation, leading to a notable decrease
in the hydroxyl peak at 3400 cm™' and the emergence of an epoxy
peak at 910 cm™' in the Simple B curve. These data signify the
effective reaction of ECH with hydroxyl groups and the attenuation
of the hydroxyl peak. With the addition of DEA, some epoxy groups
undergo an addition reaction with DEA, forming hydroxyl groups.
This results in a reduction of the epoxy peak at 910 cm ™! and an

amplification of the hydroxyl peak at 3400 cm™

in the Simple C
curve. Following neutralization with acetic acid, the Simple D curve
displays a carboxyl carbonyl peak at 1732 cm ™. Notably, a weak Si-
O-Si bending vibration peak at 471 cm™' persists throughout the
process, indicating chemical bonding between SiO, and the EPN
molecular chain.

The enhanced water-based phenolic epoxy resin emulsion,
distinguished by its remarkable high-temperature resistance,
chemical stability, environmental compatibility, and superior
mechanical attributes, holds immense promise across various
applications. It finds suitability in surface coatings within sectors
such as automotive, aerospace, and industrial machinery, offering
enduring corrosion protection. Moreover, serving as a matrix
resin, it augments material high-temperature performance, making
it ideal for high-performance composite materials fabrication.
Additionally, it meets the requirements for high-strength bonding
in elevated-temperature environments, applicable in industrial
equipment and aerospace component bonding. In contrast to the
research endeavors of others, exemplified by Pan and Yan (2023),
focusing predominantly on enhancing high-temperature resistance
through alterations in resin cross-linking density, this study
fortifies high-temperature resistance via optimized preparation
processes, nano SiO, surface modification, and composite material
techniques. This approach not only elevates high-temperature
resistance but also ensures environmental compatibility and
widens application horizons (Pan and Yan, 2023). Similarly,
juxtaposed with the research conducted by Zhaoetal. (2022),
which concentrates on leveraging diverse chemical modification
methods to bolster resin physical properties, this study, through
comprehensive methodological optimization, not only achieves
enhancements in physical attributes but also broadens material
application realms by incorporating nano-fillers, particularly
in demanding high-temperature and high-performance sectors
(Zhao et al., 2022).

5 Conclusion

This study aims to enhance phenolic epoxy resin by
incorporating nano SiO, to produce water-based phenolic epoxy
resin, thus achieving water-based properties and augmenting
its high-temperature resistance. Furthermore, the adoption of
water-based phenolic epoxy resin aids in reducing volatile
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emissions, aligning with the environmental requisites of a low-
carbon context. The specific research conclusions are delineated
as follows:

(1) The synthesis of phenolic epoxy resin proceeds smoothly,
with the replacement of hydroxyl groups by epoxy
groups. Some epoxy groups react with DEA to yield

hydroxyl groups.
(2) The characteristic ~spectral peaks of nano SiO,
are attributed to the vibration of Si-O-Si bonds.

Introduction of 3-APTES enhances the vibration peak of
Si-O-Si bonds.

Upon the
phenolic resin are epoxidized. Following DEA addition,
some epoxy groups react with DEA to form hydroxyl
Sio, the EPN
molecular chain.

When the ratio of nl/n2 exceeds 1/3, with an absolute
Zeta potential value surpassing 32mV, the emulsion

reaction with ECH, hydroxyl groups in

groups. is chemically bonded to

maintains stability. However, as DEA dosage increases,
instability occurs when the ratio of nl1/n2 falls below 1/3.5.
Within the range of 1/3.25 to 1/3, the emulsion exhibits
a moderate particle size, facilitating stable storage. A ratio
of nl/n2 exceeding 1/3 signifies emulsion stability, with
particle size below 324 nm.

The emulsion transitions from pale yellow to milky white with
rising DEA dosage. Instability and precipitation occur when
the ratio of nl1/n2 is <1/3.5, while stability prevails when the
ratio is >1/3.25.

Beyond a nano SiO, content of 2%, emulsion stability
diminishes, leading to reduced storage life and an average
particle size exceeding 1000 nm, resulting in precipitate
particle formation. It is advisable to maintain nano SiO,
content below 2%, ideally around 1.5%.

While this study yields promising outcomes, there are certain
limitations to consider. It exclusively addresses the preparation
of a singular type of phenolic epoxy resin emulsion, neglecting
exploration into alternative phenolic epoxy resin emulsions.
Future research endeavors will involve conducting more extensive
application studies to assess the emulsion’s performance in
practical settings. Additionally, comparative analyses among various
phenolic epoxy resin emulsions will be undertaken to ascertain the
optimal choices.
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