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Abstract

To lower the water absorption capacity and enhance the anti-corrosion performance of
geopolymer coatings, methyltrimethoxysilane (MTOS) was adopted as a hydrophobic
modifier to synthesize hydrophobic geopolymer coatings, and their anti-corrosion behav-
iors were systematically investigated. The results reveal that increasing MTOS content
gradually improves the fluidity and setting time of fresh coatings while reducing their
bonding strength. MTOS effectively strengthens the surface hydrophobicity of the coatings,
decreases the water absorption of coated concrete substrates, and remarkably boosts chlo-
ride ion penetration resistance. The modified coatings achieve the optimal anti-corrosion
performance at an MTOS dosage of 8 wt.%. Under this optimal condition, the surface
water contact angle reaches 135.1°. After 28 days of chloride ion erosion, the chloride ion
concentration is 45.0% lower than that of the unmodified counterpart. Meanwhile, the coat-
ing exhibits the minimum water absorption rate of 2.06% and the lowest average chloride
penetration rate of 0.41 x 10~3 mg/(cm?-d), which accounts for only 41% of the standard
threshold value. This study demonstrates that MTOS-based hydrophobic modification
can significantly upgrade the anti-corrosion capability of geopolymer coatings, which
provides a valuable theoretical basis and practical guidance for improving the durability of
concrete structures.

Keywords: geopolymer coating; hydrophobic modification; anti-corrosion performance;
chloride penetration resistance

1. Introduction

Concrete has been widely applied in large-scale infrastructure construction owing
to its outstanding mechanical performance and cost-effectiveness. Nevertheless, concrete
is inherently porous and hydrophilic, making it vulnerable to the invasion of various
corrosive substances in service environments. Such corrosive ingress inevitably causes
the performance degradation of concrete matrices and corrosion of embedded steel rein-
forcements, thereby bringing severe hidden safety risks to engineering structures [1,2].
Accordingly, it is highly necessary to block the penetration of corrosive media and further
improve the service durability of concrete structures.

Surface protective coatings serve as an effective physical barrier attached to structural
surfaces to hinder the inward transport of moisture and corrosive ions, which is regarded
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as one of the most facile and cost-efficient strategies for structural durability enhance-
ment. Traditional organic coatings including epoxy resin, polyurethane and acrylic resin
possess favorable water resistance and anti-corrosion characteristics [3,4]. However, they
still suffer from several inherent drawbacks such as high raw material cost, poor aging
resistance, environmental incompatibility and weak interfacial compatibility with concrete
substrates, which greatly restrict their long-term service application in structural protection
engineering [5,6]. Hence, developing eco-friendly and high-durability novel coating mate-
rials is of great practical significance.

In recent years, geopolymer coatings have gained widespread research attention due
to their superior chemical and thermal stability as well as satisfactory interfacial bond-
ing compatibility with concrete. As a class of low-carbon and environmentally friendly
inorganic protective coatings, geopolymers are synthesized via an alkali-activated reac-
tion using industrial solid wastes such as fly ash, blast furnace slag and metakaolin as
primary precursors [7]. Aguirre Guerrero et al. [8] prepared geopolymer coatings suitable
for marine concrete protection with metakaolin and fly ash separately and verified that
metakaolin-based geopolymer coatings possessed higher compressive strength and better
chloride resistance through accelerated electrochemical corrosion tests. Akshay et al. [9]
incorporated TiO; nanoparticles into geopolymer systems to simultaneously enhance the
anti-corrosion and antibacterial properties of the resultant coatings. Jiang et al. [10] explored
the strength evolution law of geopolymer coatings immersed in artificial seawater and
confirmed their satisfactory resistance against chloride-induced structural deterioration.
Zhou et al. [11] incorporated nano-TiO, and polyvinyl alcohol powder for synergistic
modification, which effectively refined internal microcracks and reduced matrix poros-
ity, thus significantly promoting the anti-corrosion performance of geopolymer coatings.
Zuo et al. [12] utilized epoxy emulsion modification to mitigate the drying shrinkage
defect of geopolymer coatings. Yu and Li et al. [7,13] introduced graphene oxide to re-
inforce the anti-corrosion performance of geopolymer coatings and further clarified the
underlying reinforcement mechanisms by combining molecular dynamic simulation and
experimental characterization.

Despite the great application potential of geopolymer coatings in structural anti-
corrosion fields, their intrinsic hydrophilic nature allows for rapid moisture penetration
into internal matrices, which inevitably impairs their long-term protective durability.

Hydrophobic modification is an efficient route to reduce the surface hydrophilicity of
geopolymer coatings and optimize their protective efficiency and service lifespan. Dong
et al. [14] fabricated superhydrophobic fly ash-based geopolymers with a maximum wa-
ter contact angle up to 170° via polymethylhydrosiloxane (PMHS) modification. Zhang
et al. [15] adopted hydroxyl-terminated polydimethylsiloxane (PDMS) as a hydrophobic
modifier, which prominently improved the hydrophobicity and reduced the water absorp-
tion of geopolymers by 76.87%. She et al. [16] modified fly ash—slag composite geopolymers
using isooctyltriethoxysilane, revealed its intrinsic hydrophobic modification mechanism,
and clarified the dynamic evolution rule of the surface contact angle of modified coatings.

Existing studies have fully proven that hydrophobic modifier incorporation can
effectively improve the hydrophobicity and reduce the water absorption of geopoly-
mer materials. Nevertheless, these hydrophobically modified polymers are mostly ap-
plied as substitutes for concrete, with limited utilization in anti-corrosion coatings. The
two application scenarios differ fundamentally in performance priorities: concrete applica-
tions require a balanced performance between compressive strength and hydrophobicity,
while anti-corrosion coatings focus on improving overall anti-corrosion properties, in-
cluding hydrophobicity, ion penetration resistance and adhesion. At present, relevant
investigations focusing on the application of hydrophobic geopolymers as anti-corrosion
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protective coatings remain insufficient, and systematic research concerning the influence
mechanism of hydrophobic modification on the anti-corrosion behaviors of geopolymer
coatings is still lacking. In addition, most current studies prefer to adopt PDMS as the
hydrophobic modifier [15,17-19], which is limited by high raw material cost and narrow
application scope. Compared with conventional siloxane hydrophobic modifiers such
as PDMS, methyltrimethoxysilane (MTOS) contains one methyl group (-CHjs) and three
methoxy groups (-OCHj3). Owing to this structural feature, it presents higher reactivity
and can form a stable hydrophobic layer with other active groups. In addition, MTOS is
environmentally friendly and low-cost. However, the improvement effect of MTOS on the
anti-corrosion performance of geopolymer coatings remains unclear.

Therefore, this study adopts MTOS, a greener and more cost-effective alternative, as
a hydrophobic modifier to fabricate hydrophobic modified geopolymer coatings (HGCs).
This work systematically characterizes the fluidity, setting time, bonding strength, water
contact angle, water absorption, and chloride ion penetration resistance of the prepared
HGCs and further conducts Fourier transform infrared (FTIR) spectroscopy analysis to
validate its satisfactory anti-corrosion potential.

The remainder of this article is organized as follows. In Section 2, the raw materials,
preparation process and test methods are introduced. The experimental results are reported
and discussed in Section 3. Concluding remarks are made in Section 4.

2. Experimental Procedure
2.1. Raw Materials

Fly ash and slag powder produced by Zhengzhou Hengyuan New Material Co., Ltd.,
Zhengzhou, China as well as metakaolin supplied by Henan Runbo New Material Co.,
Ltd., Henan, China were used as precursors. Their chemical compositions are listed in
Table 1. The alkaline activator was prepared by mixing sodium silicate solution with sodium
hydroxide to achieve a modulus of 1.5. Sodium silicate was provided by Jiashan Yourui
Refractory Material Co., Ltd., Jiashan, China with an initial modulus of 3.3, Na,O content
of 8.54 wt.% and SiO, content of 27.3 wt.%. Solid granular sodium hydroxide with purity
higher than 97 wt.% was purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China, Trimethoxymethylsilane (MTOS, purity > 98 wt.%) manufactured by
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China was adopted as the
hydrophobic modifier. Water-soluble white powdered polyvinyl alcohol was obtained from
Shandong Yushuo Chemical Co., Ltd., Jinan, China, and titanium dioxide was supplied by
Qingdao Yushuo Chemical Technology Co., Ltd., Qingdao, China.

Table 1. Chemical composition of fly ash, slag powder, and metakaolin.

Chemical Fly Ash Slag Powder Metakaolin
Composition (wt. %) (wt.%) (wt.%)
SiO, 45.1 33.06 47.25
Al,O3 24.2 15.04 45.24
CaO 45 39.29 0.85
SO3 12 1.9 0.07
MgO - 9.96 0.17
Fe;O3 0.85 - 3.04

2.2. Mix Proportions and Preparation

Solid sodium hydroxide was first dissolved in deionized water to prepare 60 wt.%
NaOH solution, which was further mixed with sodium silicate solution to obtain the target
alkaline activator. Predetermined amounts of MTOS were added into the prepared alkaline
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activator, followed by magnetic stirring at 1200 rpm for 10 min to acquire homogeneous
modified activator solutions. Fly ash, slag powder and metakaolin were dry-blended
manually for 2 min and then poured into the modified activator solution. The mixed slurry
was continuously stirred at 1200 rpm for 15 min to complete the preparation of hydrophobic
geopolymer coatings. Fresh geopolymer slurry was poured into a spray gun and uniformly
sprayed onto each sample surface for 10 s with a nozzle distance of 60 mm. The coated
samples were cured for 28 days at 20 &= 2 °C and RH (95 £ 3)%. To determine the coating
thickness achieved by this process, 9 steel plates were treated with the coating technique.
The coating thickness was measured using a coating thickness gauge, and the measured
value was 165 £ 15 pm. The detailed mix proportions of all groups are displayed in Table 2.
To clarify the modification effect of MTOS, five different MTOS dosages were designed
in this experiment. The mass ratios of MTOS to the binder were 0%, 2%, 4%, 6%, 8% and
10%, respectively.

Table 2. Mix proportion of hydrophobic geopolymer coatings.

Component PO P1 P2 P3 P4 P5
Fly ash 75 75 75 75 75 75
Slag powder 45 45 45 45 45 45
Metakaolin 30 30 30 30 30 30
Alkaline activator 105 105 105 105 105 105
Polyvinyl alcohol 3 3 3 3 3 3
Titanium dioxide 7.5 7.5 7.5 7.5 7.5 7.5
MTOS 0 3 6 9 12 15

2.3. Fluidity and Setting Time Test

The fluidity of fresh geopolymer slurry was measured in accordance with the Chinese
standard GB/T 8077-2023 (State Administration for Market Regulation and National Stan-
dardization Administration, Beijing, China), which was characterized by the spreading
diameter of slurry flowing freely from a standard funnel. The initial and final setting times
were determined using a Vicat apparatus referring to GB/T 1346-2024 (State Administration
for Market Regulation and National Standardization Administration, Beijing, China).

2.4. Bonding Strength Test

The pull-off test method was adopted to evaluate the interfacial bonding strength
between coatings and concrete substrates following the Chinese standard GB/T 5210-2006
(State Administration for Market Regulation and National Standardization Administration,
Beijing, China).

2.5. Contact Angle Measurement

The static water contact angle of coating surfaces was measured via the sessile drop
method using a JC2000D contact angle goniometer (Shanghai Zhongchen Digital Technical
Equipment Co., Ltd., Shanghai, China), and the volume of the distilled water droplet was
fixed at 3 pL. Five random testing positions were selected on each sample surface, and the
average value was taken as the final contact angle to ensure test reliability.

2.6. Water Absorption Test

According to Chinese standard JG/T 337-2011 (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, Beijing, China), the prepared coating was
uniformly painted on a single surface of cubic concrete specimens, and all other surfaces
were fully sealed with epoxy resin. The coated surface was immersed in deionized water
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for 28 consecutive days. The water absorption rate was calculated by recording the mass
variation in specimens before and after water immersion.

2.7. Chloride Ion Penetration Resistance Test

In accordance with Chinese standard JT/T 695-2026 (Ministry of Transport of the
People’s Republic of China, Beijing, China), the device shown in Figure 1 was adopted to
test the chloride penetration resistance of coatings. Chloride ions in the sodium chloride
solution on the right side penetrated through the coating into distilled water on the left
side. The chloride ion content in the left distilled water was detected to characterize the
chloride penetration resistance of coatings.

Silicone rubber filler  Silicone rubber plug

Outer housing

3%NaCl solution

1100mm
Testing specimen
Figure 1. Test device for chloride penetration resistance.

2.8. Fourier Transform Infrared (FTIR) Spectral Characterization

The FTIR spectra of powdered coating samples were recorded on a Bruker ALPHA
spectrometer (Bruker Corporation, Billerica, MA, USA) within the wavenumber range
of 4000400 cm~!. All original spectral data were processed via baseline correction and
normalization for subsequent comparative analysis.

3. Results and Discussion
3.1. Fluidity and Setting Time

The effects of hydrophobic modifier MTOS dosage on the fluidity and setting time of
coatings are illustrated in Figures 2 and 3.

As shown in Figures 2 and 3, both fluidity and setting time show a continuous
increasing trend with elevated MTOS dosage. Compared with the unmodified blank group,
when the MTOS dosage reaches 10 wt.%, the fluidity, initial setting time and final setting
time of modified coatings increase by 9.0%, 35.4% and 13.4%, respectively. On the one hand,
MTOS possesses a good lubricating effect, which reduces the internal friction between solid
particles in fresh slurry and thus improves slurry flowability. On the other hand, MTOS
can form dense hydrophobic films covering the surface of aluminosilicate mineral particles,
which weakens the interaction between raw particles and water molecules and retards the
alkali-activated geopolymerization reaction, consequently prolonging the overall setting
time of the coating system [20].
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Figure 2. Effects of MTOS dosage on coating fluidity.
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Figure 3. Effects of MTOS dosage on coating setting time.

3.2. Bonding Strength

The influence of MTOS dosage on the bonding strength of coatings is presented in
Figure 4.
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Figure 4. Effects of MTOS dosage on coating bonding strength.
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As shown in Figure 4, it is obvious that the interfacial bonding strength gradually
declines with an increase in MTOS content. Relative to the blank group, the 7-day and
28-day bonding strengths decrease by 39.9% and 26.3% respectively at an MTOS dosage
of 10 wt.%. The incorporation of excessive MTOS reduces the surface energy of the coat-
ing matrix and increases internal microscopic porosity [18], which weakens the physical
interfacial adsorption force between the coating and concrete substrate, leading to a
reduction in macroscopic bonding strength. Furthermore, MTOS retards the hydration
reaction between the geopolymer and cement matrix, leading to a slower development
rate of bonding strength with increasing MTOS dosage. At a dosage of 10 wt.%, the
7-day bonding strength is only 64.9% of its 28-day value, which is 18.4% lower than that
of unmodified coatings.

3.3. Surface Contact Angle

The surface contact angle of the coating without MTOS is displayed in Figure 5. The
coating without MTOS exhibits hydrophilic characteristics. Water droplets rapidly infiltrate
into the coating interior rather than remaining on the surface, showing an extremely fast
water absorption rate.

Figure 5. Surface contact angle of coating without MTOS.

Figure 6 shows the variation in the surface contact angle with different MTOS dosages.
The surface contact angle rises continuously with an increase in MTOS content. The coating
transforms from hydrophilic to hydrophobic when 2 wt.% MTOS is added, with the contact
angle reaching 103.3°. When the MTOS dosage increases to 4 wt.%, 6 wt.%, 8 wt.% and
10 wt.%, the corresponding contact angles are 112.4°,121.5°, 131.0° and 135.1°, respectively,
demonstrating that MTOS significantly enhances surface hydrophobicity. As a typical
hydrophobic substance, MTOS contains abundant methyl groups (-CHjz). These groups
arrange orderly on the HGC surface to construct a low-surface-energy hydrophobic layer,
which greatly elevates the surface contact angle [21].

Nevertheless, further increasing MTOS content above 8 wt.% exerts a negligible effect
on contact angle improvement, and surface hydrophobicity reaches a stable state. On the
one hand, the coating surface is almost fully covered by MTOS at this dosage, leaving few
unmodified regions. On the other hand, the surface energy approaches the minimum value,
and the hydrophobic performance is close to the physical and chemical limit.

3.4. Water Absorption Rate

The water absorption behaviors of all coating groups within 28 days are summarized
in Figure 7, where the horizontal axis represents the square root of time, and the vertical
axis denotes the water absorption rate. The blank sample PO shows the highest water
absorption rate throughout the whole immersion period, with a final value of 4.87% after
28 days of immersion, confirming the strong intrinsic water absorption capacity of pristine
geopolymer materials. The coating modified with 8 wt.% MTOS achieves the minimum
water absorption rate of 2.06%, which is 57.7% lower than that of the blank group. The
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hydrophobic network constructed by MTOS inside the coating matrix can effectively block
the capillary water transport channels and suppress moisture ingress.
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Figure 6. Effects of MTOS dosage on coating surface contact angle.
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Figure 7. Effects of MTOS dosage on sample water absorption rate.

3.5. Chloride Ion Penetration Resistance

Figure 8 illustrates the chloride penetration resistance of coatings with various
MTOS dosages, with time as the horizontal axis and chloride ion concentration as the
vertical axis. The chloride barrier capacity is first improved and then deteriorated
with the continuous rise in MTOS dosage, and the optimal anti-chloride penetration
performance is achieved at 8 wt.% MTOS. After 30 days of continuous chloride erosion,
the chloride ion concentration of the modified coating is 45.0% lower than that of the
unmodified sample, which verifies that the internal hydrophobic barrier derived from
MTOS can effectively hinder the inward migration of chloride ions and endow coatings
with satisfactory anti-corrosion potential.
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Figure 8. Effects of MTOS dosage on chloride penetration resistance of coatings.

To further analyze the chloride penetration behavior in different stages, chloride
penetration rate curves are obtained by differentiating concentration-time curves, as shown
in Figure 9.
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Figure 9. Variation rule of chloride ion penetration rate.

According to the magnitude and variation rate of the chloride penetration rate, the
whole chloride erosion process is divided into four stages: rapid erosion, steady high-speed
erosion, decelerated erosion and slow erosion.

In the rapid erosion stage, chloride ions migrate rapidly, driven by water carrier. Ow-
ing to abundant interconnected micropores and inherent hydrophilicity, the blank sample
PO presents the maximum penetration rate and the shortest duration of this stage. MTOS
introduces -CHj and Si-CHjz groups into the geopolymer, which reduces the exposure of
polar hydrophilic groups and markedly decreases its surface free energy. This weakens
the water—coating interaction, lowers the peak chloride penetration rate, and extends the
duration of the rapid erosion stage. At 8 wt.% MTOS, the peak penetration rate is reduced
by 62.2% compared with the blank group.

In the steady high-speed erosion stage, chloride erosion tends to be stable. Driven
by capillary action, chloride ions spread inward along the hydrophobic layer. Sample PO
has the highest penetration rate and only lasts for 3 h in this stage, implying numerous
interconnected capillary pores in unmodified coatings that allow for the rapid diffusion of
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chloride ions. Increasing MTOS content markedly extends the duration of steady erosion.
The coating with 8 wt.% MTOS has the lowest peak penetration rate and the longest steady-
stage duration, with the peak rate reduced by 62.2% and the duration prolonged by 23 times
relative to the blank sample. The hydrophobic layer derived from MTOS not only inhibits
rapid chloride invasion but also restricts continuous diffusion in capillary pores. When
MTOS dosage exceeds 10 wt.%, the local aggregation of excessive MTOS generates new
pores and interfacial defects, which provide extra penetration channels and consequently
increase the chloride penetration rate in the steady stage.

The decelerated erosion stage corresponds to the gradual attenuation of chloride
diffusion into deep pores. As capillary pores are gradually filled with water, diffusion
resistance increases, and the penetration rate decreases. Sample PO enters this stage the
earliest with the longest duration of 252 h, owing to the interconnected internal pores
without effective diffusion restriction. The duration of decelerated erosion is obviously
shortened with the addition of MTOS and reaches the minimum value at 8 wt.% MTOS with
a reduction of 28.1%. The good hydrophobicity of MTOS improves the sealing of internal
pores and reduces the number of interconnected pores. This restricts water diffusion
pathways and allows the samples to reach water saturation within a shorter time.

In the slow erosion stage, the penetration rate tends to be stable and finally approaches
zero as the capillary pores are fully saturated. The MTOS dosage shows limited influence
on this stage, and all groups exhibit similar slow steady erosion characteristics.

The average chloride penetration rate after 30-day erosion is calculated according to
Equation (1), and the results are shown in Figure 10.

0.1(C1 — Co)V

S= Ad (1)

where S is the average chloride penetration rate, C; and Cy are the initial and final chloride

ion concentrations of distilled water, V is the volume of distilled water, A is the contact
area between coating and solution, and d is the number of test days.

P1 P2 P3 P4

Sample Number

0.9

S (103 mg/(cm?-d))

0.2

0.1}

PO

Figure 10. Effects of MTOS dosage on average chloride ion penetration rate.

As shown in Figure 10, the average chloride penetration rate decreases with the
increase in MTOS content below 8 wt.%, while it rises at 10 wt.% MTOS, proving that
excessive MTOS introduces internal defects and deteriorates anti-corrosion performance.
The minimum average penetration rate of 0.41 x 1073 mg/(cm?-d) is achieved at 8 wt.%
MTOS, which is only 41% of the limit value specified in Chinese standard JT /T 695-2007
(1 x 1073 mg/(cm?-d)).
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3.6. FTIR Analysis

The FTIR spectra of geopolymer coatings with different MTOS dosages are presented
in Figure 11.
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Figure 11. FTIR spectra of geopolymer coatings with different MTOS contents.

The absorption peak near 460 cm ! is assigned to the asymmetric stretching vibration
of Si-O bonds, which corresponds to the silica tetrahedral structure inside geopolymers. Its
intensity and position are critical indicators for evaluating the polymerization degree and
formation of an aluminosilicate skeleton [22]. The characteristic peaks at 3430 cm~ ! and
1639 cm~! belong to the stretching vibration of -OH groups, which are related to free water
and adsorbed water in materials. These peaks shift towards lower wavenumbers with
increasing MTOS dosage, demonstrating that MTOS reduces the content of hydrophilic
-OH groups [18].

The band around 1025 cm ! is attributed to Si-O-T asymmetric stretching vibration,
which shifts to 1033 cm ™! after MTOS modification. The Si-OH groups produced by MTOS
hydrolysis easily react with silicate species in geopolymers to form stable Si-O-5i bonds,
leading to a blue shift in Si-O-T absorption peaks [23].

Distinct vibration peaks of -CHjz and Si-CHj groups are detected at 2962 cm ™! and
1262 cm~! in samples P3 and P5, and the peak intensity of P5 is much higher than that
of P3. No such characteristic peaks are observed in blank sample P0. This confirms that
MTOS is successfully incorporated into the geopolymer matrix and interacts with the
matrix via physical and chemical reactions. The methyl groups from MTOS construct
low-surface-energy hydrophobic layers, reduce the exposure of polar hydrophilic groups,
lower water adsorption capacity and greatly improve surface hydrophobicity.

4. Conclusions

In this study, hydrophobic geopolymer coatings were fabricated using MTOS as a
hydrophobic modifier, and their comprehensive anti-corrosion performances were system-
atically tested. The main conclusions are summarized as follows:

Increasing MTOS dosage effectively improves the fluidity and setting time of fresh
geopolymer coatings, which is beneficial to on-site construction operation. However,
excessive MTOS addition causes a significant decline in interfacial bonding strength; the
7-day and 28-day bonding strengths drop by 39.9% and 26.3% at 10 wt.% MTOS; hence
excessive modifier addition should be avoided in practical applications.
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MTOS can effectively enhance the surface hydrophobicity and reduce the water ab-
sorption of concrete substrates. The maximum contact angle of 135.1° and the minimum
water absorption rate of 2.06% are obtained at 8 wt.% MTOS. Further increasing MTOS
dosage above 8 wt.% brings little improvement in hydrophobicity and even causes a rise in
the water absorption rate.

The chloride ion concentration first decreases and then increases with the growth of
MTOS content, and the optimal dosage is 8 wt.%. After 30 days of chloride erosion, the
chloride ion concentration is reduced by 45.0% compared with unmodified coatings.

The chloride erosion process is divided into four typical stages. MTOS modification
can reduce the peak chloride penetration rate and adjust the duration of each erosion stage.
The coating with 8 wt.% MTOS exhibits the lowest average chloride penetration rate of
0.41 x 1073 mg/(cm?-d), satisfying the standard requirement and showing satisfactory
practical application potential.

MTOS forms a stable crosslinked network with the geopolymer matrix via chemical
bonding. The grafted Si-CH3 and -CHj functional groups reduce the surface energy of
HGCs. Consequently, MTOS modification significantly improves the corrosion resistance
of HGCs.

Due to the limited microscale testing methods adopted in this study, the pore structure
evolution and more microstructural variations in MTOS-modified geopolymer coatings
remain unclarified. Future work will supplement comprehensive microscopic tests and
multiscale characterization to clarify the intrinsic correlation between microstructural
evolution and macroscopic anti-corrosion performance, thereby refining the theoretical
framework of MTOS-modified geopolymer coatings.
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