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Abstract

Ice accumulation on aircraft surfaces severely affects aerodynamic performance by in-
creasing drag and reducing lift, leading to stall conditions. Conventional thermal and
pneumatic anti-/de-icing systems, although widely used, have some disadvantages, in-
cluding high cost, inefficiency, and environmental unsustainability. Hydrophobic and
icephobic coatings have emerged as a promising alternative to reduce ice adhesion and
delay ice formation. This paper reviews the use of silane agents in epoxy-based coatings,
incorporating functional additives such as natural fibers, quantum dots, and nanoparticles,
to enhance hydrophobicity. Results demonstrated that the combination of silanes and
functional additives affects surface features and wettability, improving hydrophobicity.
These case studies show the potential of this approach in the development of coatings for
advanced aircraft ice-protection applications.

Keywords: aerospace; coatings; hydrophobicity; silanes; epoxy resin; hybrid material;
natural fibers; carbon dots

1. Introduction
Ice formation on aircraft surfaces negatively interferes with airflow over the wings and

tail, reducing lift and increasing the risk of aerodynamic stall, i.e., a dangerous condition
that can lead to a temporary loss of aircraft control. To avoid ice formation, the most
common methods employed are active anti-icing and de-icing systems. The former prevents
ice formation on critical surfaces, while the latter allows limited ice accumulation before
removing it [1]. Despite their widespread use, these systems present significant drawbacks:
they are expensive, ineffective, and not ecological [2].

To overcome these issues, hydrophobic and icephobic coatings have emerged as an
alternative, able to delay ice formation or reduce ice adhesion on aerodynamic surfaces,
namely wings [3]. These coatings combine low surface energy with micro-/nanostructured
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roughness, which enhances water repellency [4,5]. It has been demonstrated that SiO2

particles with diameters between 20 and 100 nm can drastically reduce the probability of
ice formation [6]. The wettability is generally evaluated by measuring the water contact
angle (WCA), defined as the angle at which the liquid/gas interface meets the solid surface.
Based on the WCA value, a surface can be categorized as hydrophilic (θ < 90◦), hydrophobic
(θ > 90◦), or superhydrophobic (θ ≥ 150◦) [7].

There are several ways to confer hydrophobicity, including plasma polymerization of
suitable compounds, such as hexamethyldisiloxane [8], or the use of non-ionic surfactants
such as fluorocarbon and hydrocarbon surfactants, which reduce the surface tension,
leading to a more hydrophobic surface [9].

However, a common and versatile approach to impart hydrophobicity involves the
use of silane agents. Silanes with hydrolyzable groups such as Si–Cl, Si–OCH3, and
Si–OCH2CH3 can react with water to form silanols. These silanols can either bind to
hydroxyl groups on the surface of the substrate or condense with each other to form a
silicone layer with characteristic micro-/nanostructure. Additionally, the alkyl groups of
silanes can reduce surface tension, acting as active sites for further tailoring [10]. In the
aerospace field, epoxy resin (e.g., Bisphenol A diglycidyl ether, DGEBA) is the most widely
employed polymeric matrix for designing hydrophobic coatings [11,12].

This short review aims to discuss how the wettability of polymeric epoxy composites
is influenced by the synergistic interactions between silane agents and functional additives.

Furthermore, the manuscript examines and compares a variety of systems, ranging
from natural fibers to nanoparticles, in order to identify recurring mechanisms governing
surface wettability.

2. Natural Fibers, Chitosan, and Silanes
Natural fibers, such as hemp and kapok fibers or chitosan, can be functionalized

with silanes and employed as fillers to obtain hydrophobic epoxy coatings. Concerning
hemp fibers, hemp particles functionalized with hexadecyltrimethoxysilane (HDTMS) or
1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES) were incorporated into a DGEBA
epoxy matrix (EH-HDTMS and EH-PFOTES) to investigate their effect on wettability and
anti-icing performance, in comparison with neat epoxy and carbon fiber reinforced (CFR)
aeronautical panel [13]. Wettability was evaluated through static contact angle (CA) using
the sessile drop method and contact angle hysteresis (CAH), i.e., the difference between
the advancing and receding CAs measured when the droplet slides down the surface [14].
CFR and the neat EPO sample exhibited hydrophilic behavior, as indicated by CA values
lower than 90◦, which was attributed to the presence of hydroxyl groups generated during
the curing process of the resin and able to form hydrogen bonds with water molecules [15].
In contrast, EH-HDTMS and EH-PFOTES coatings showed hydrophobic features, with CA
values exceeding 90◦. This enhanced hydrophobicity was related to the exposure of the
alkyl chains of silane agents at the solid–air interface, leading to higher CA values and
lower CAH compared to neat EPO [16]. The increase in CA and the reduction in CAH
observed in the epoxy coatings (EH-HDTMS and EH-PFOTES), filled by silanized hemp
particles, were directly correlated with improved anti-icing performance and reduced heat-
exchange at the surface of composites. The freezing test demonstrated that the use of silanes
delayed the freezing time, which, in the case of EH-PFOTES, was about 113 s. Silanes not
only increase the contact angle values, but also modify the surface morphology. Atomic
force microscopy (AFM) (Figure 1) analysis showed that the neat epoxy had a smooth
surface, while coatings with silane-functionalized hemp particles exhibited increased
surface roughness. This originated from the migration of silane-modified fillers to the
surfaces of polymeric composite epoxy coatings [17].
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Figure 1. AFM of coatings: (a) EPO, (b) EH_HDTMS, and (c) EH_PFOTES (reprinted with permission
from [13]). Copyright (2023) American Chemical Society.

Similar trends were observed for epoxy–chitosan coatings modified with different
silanes. The wettability of epoxy–chitosan systems treated with aminotrimethoxy silane
(ATMS), tetraethoxy silane (TEOS), and trimethyl hexadecafluorosilane (TMHDFS) was
investigated [18]. The incorporation of chitosan and silanes led to an increase in CA
compared to neat epoxy, indicating a transition from hydrophilic to a more hydrophobic
surface. A more pronounced hydrophobic enhancement was achieved with epoxy-chitosan-
TMHDFS, which exhibited the highest CA. In addition, SEM analysis showed that the
TMHDFS-containing system exhibited an increased surface roughness compared to neat
epoxy, which displays a smooth surface, confirming the interaction among the silane,
chitosan, and epoxy matrix.

Another kind of natural fiber used in epoxy coatings is kapok fibers (KF). KF was
functionalized with [3-(methacryloyloxy) propyl]trimethoxysilane (A174) at different con-
centrations (1%, 3%, 5%, 7%, 9%, and 11%) and introduced into the epoxy resin [19]. CA
measurements revealed a progressive increase in surface hydrophobicity with increas-
ing silane content, indicating effective modification of the fiber surface. The untreated
KF/epoxy composite had relatively low CA values due to the presence of hydroxyl groups
on the fiber surface. In contrast, the silane-treated KF/epoxy system showed higher CA,
reflecting a reduced availability of hydrophilic sites that can be attributed to the formation
of a robust siloxane network.

All values are reported in Table 1.
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Table 1. Comparative overview of epoxy-based coatings modified with silane agents and functional
additives, reporting additive and silane content, water contact angle, and surface roughness.

Additives Additive Content Silane Silane Content CA (◦) Roughness (nm) Ref

Hemp fibers 2 wt.%
HDTMS

1 wt.%
96 31.4

[13]PFOTES 115 55.9

Chitosan 20 g
ATMS

0.20 g
110.8 -

[18]TEOS 98.7 -
TMHDFS 114.2 -

Kapok fibers 3.5 wt.% A174 9%vol. 81.3 - [19]

CDs 0.1 wt.%
0.3 wt.% HDTMS 1.0 wt.%

123.5 -
[20]137.1 -

ZnO
GO

GO@ZnO QDs
0.5 g APTES 5 mL

87.6 -
[21]88.4 -

88.5 -

Ti-Abi - HDTMS - 50–80 * -
[22]PFOTES 66–110 * -

TiO2 3 wt.% FAS 1%vol. 121.4 702.8 [23]

SiO2

2 g TMSPMA 30 mL 77 -
[24]3 g BTMSPA 1 g 97 -

2 g VTEOS 30 mL 78 -

SiO2 3 g GLYMO 0.015 g 152.4 13,040 [25]

SiO2 50 wt.% GLYMO - 153 313.84 [26]
* The reported values correspond to the minimum and maximum contact angles measured during droplet impact
on the coatings, attributed to the droplet fragmentation.

3. Quantum Dots and Silanes
Quantum dots are widely used as semiconductor systems due to their easy synthesis

and remarkable optical properties. They have been employed to enhance the light emission,
UV resistance, and anticorrosive performance of epoxy nanocomposites (ENCs) [27]. Car-
bon dots (CDs) derived from humic acid and HDTMS were used to prepare hydrophobic
ENCs [20]. The combined incorporation of CDs and HDTMS resulted in a significant in-
crease in CA compared to neat epoxy and reference systems containing either CDs or silane
alone (Figure 2). In particular, epoxy nanocomposites with higher CD amount exhibited
CA values close to 150◦, which is typical of a superhydrophobic surface (Table 1). During
the curing process, the silanol groups of HDTMS could establish chemical or physical
interactions, such as hydrogen bonds, with the hydroxyl groups of the CDs [28]. These
interactions promote the migration of CDs, partially coated by the HDTMS alkyl chains, at
the surface of ENCs, enhancing their surface hydrophobicity. In contrast, E-CD without
HDTMS showed a hydrophilic behavior due to hydroxyl groups on the CDs, which could
migrate toward the air–resin interface, resulting in a CA value lower than pristine resin [29].
Also, microscopy analysis displayed that the pristine resin exhibited a smooth surface,
whereas ECD0.1 and ECD0.3 showed a rougher morphology.

In another study, the wettability of epoxy coatings containing (3-aminopropyl) tri-
ethoxysilane (APTES)-functionalized ZnO quantum dots (F-ZnO QDs), graphene oxide
(F-GO), and their nanohybrids (F-GO@ZnO QDs) was investigated under alkaline con-
ditions [21]. The incorporation of silane-functionalized nanofillers led to an increase in
CA compared to pristine epoxy, indicating enhanced surface hydrophobicity. In line with
the mechanisms discussed for other silane-modified epoxy systems, the observed increase
in CA was mainly due to the combined contribution of nanofillers and silane functional-
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ization. Nanofillers increased surface roughness, while silane reduced the availability of
hydrophilic hydroxyl groups within the epoxy matrix, resulting in higher CA values for
nanohybrid-based coatings. Moreover, the introduction of F-GO@ZnO QDs into the epoxy
matrix resulted in higher surface roughness than epoxy/F-GO coatings and values compa-
rable to epoxy/F-ZnO QDs sample. The more pronounced effect of ZnO QDs on surface
roughness was ascribed to their lower tendency to agglomerate and higher exposure at the
coating surface compared to GO nanosheets, which tend to aggregate within the epoxy
matrix, limiting their contribution to surface topography.

Figure 2. Representation of contact angle values of pristine resin (E), epoxy resin filled by CDs (E-CD),
epoxy resin added with HDTMS (ESil), and epoxy nanocomposites containing carbon dots (ECD0.1
and ECD0.3) (reprinted with permission from [20])—copyright (2024) Elsevier.

4. Nanoparticles and Silanes
Nanoparticles, because of their aggregation behavior that can introduce multi-scale

surface roughness, represent an effective strategy for the fabrication of hydrophobic sur-
faces [30].

Among nanostructured oxides, titanium dioxide (TiO2) is a semiconductor commonly
employed in paints and coatings due to its refractive, UV-absorbing, and photocatalytic
properties. A hybrid material (Ti-Abi) in which Ti4+ is coordinated with abietic acid (the
main component of rosin, a bio-waste-derived material) was recently synthesized and
incorporated into epoxy composites. Epoxy systems containing Ti-Abi and either HDTMS
or PFOTES were compared with a pristine epoxy resin to evaluate their surface features and
wettability behavior, which are related to antimicrobial activity as well as fire resistance [31].

Droplet impact tests performed at different heights (50, 70, and 95 cm) revealed that the
incorporation of Ti-Abi and silane promoted a more water-repellent surface compared to
neat epoxy [22]. Epoxy coating modified with HDTMS showed an increase in CA compared
to the pristine epoxy, while those modified with PFOTES exhibited the highest CA at an
impact height of 95 cm (Table 1). Moreover, droplet fragmentation observed during the
impact test confirmed the hydrophobic behavior of the EPO-Ti-Abi-PFOTE’s surface.

In a subsequent study, TiO2 nanoparticles were functionalized with fluoroalkylsilane
(FAS) to impart hydrophobic properties [23]. Epoxy coatings containing either bare TiO2 or
FAS-functionalized TiO2 nanoparticles were compared with neat epoxy to evaluate the ef-
fect of silane modification on surface properties. While neat epoxy and epoxy/TiO2 coatings
exhibited hydrophilic behavior, the incorporation of FAS-functionalized TiO2 nanopar-
ticles resulted in a marked increase in CA, up to 121◦. Moreover, results demonstrated
a significant increase in surface roughness for epoxy coating containing FAS-modified
TiO2 nanoparticles.

Beyond TiO2, SiO2 nanoparticles have been employed to design hydrophobic coat-
ings. The influence of silane chemistry on wettability was demonstrated in epoxy coat-
ings incorporating SiO2 nanoparticles functionalized with three bifunctional silanes (3-
(trimethoxysilylpropyl) methacrylate (TMSPMA), bis [3-(trimethoxysilyl)propyl]amine
(BTMSPA), and vinyltriethoxysilane (VTEOS), together with additional inorganic fillers,
such as muscovite mica and titanium dioxide [24]. The results revealed that the surface
wettability of the epoxy coatings strongly depends on the chemical structure of the silane
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used to modify the SiO2 nanoparticles. In particular, epoxy coating containing TMSPMA ex-
hibited a hydrophobic behavior compared to those containing VTEOS or BTMSPA (Table 1).

SiO2 nanoparticles functionalized with (3-glycidoxypropyl) trimethoxysilane (GLYMO)
were incorporated into an epoxy matrix at different loadings (10 wt.%, 20 wt.%, 30 wt.%,
and 40 wt.% relative to the weight of polymer matrix) to investigate their effect on surface
wettability and anti-icing performance [25]. CA measurements showed that epoxy coating
containing a low amount of silane-modified SiO2 (10 wt.% and 20 wt.%) exhibited limited
hydrophobicity. In contrast, higher SiO2 loadings, particularly 30 wt.%, led to a marked
increase in CA, with values exceeding 150◦ (Table 1). The enhanced hydrophobicity was
attributed to the transition from the Wenzel to the Cassie–Baxter wetting regime, promoted
by the development of hierarchical micro–nano surface roughness and air entrapment at
the solid–liquid interface. Moreover, epoxy coatings containing 30 wt.% silane-modified
SiO2 showed enhanced anti-icing behavior, with a significant delay in both freezing onset
and complete freezing time, which was 650 s. SEM analysis confirmed that increasing SiO2

content resulted in higher surface roughness due to the formation of micro–nano aggregates,
further supporting the strong correlation between surface topography and wettability.

Finally, SiO2 nanoparticles functionalized with GLYMO were integrated into a bio-
epoxy matrix to obtain hydrophobic coatings [26]. These coatings were compared with a
bare Fe substrate and a smooth isosorbide-based epoxy coating. Results demonstrated that
wettability strongly depended on the nanoparticles’ loading. An increase in SiO2 content
led to the formation of superhydrophobic surfaces, while excessive filler concentration
caused a partial loss of hydrophobicity due to the exposure of unmodified hydrophilic
nanoparticles. Morphological analysis revealed that optimal formulations exhibited a
hierarchical micro–nanostructure capable of trapping air at the solid–liquid interface,
promoting a Cassie–Baxter wetting regime. The anti-icing performance of the waterborne
hydrophobic bio-epoxy coatings containing GLYMO-modified SiO2 nanoparticles was
also systematically evaluated. The optimized formulation (containing 50 wt.% SiO2),
characterized by a superhydrophobic surface with a CA of about 153◦ (Table 1), showed
reduced ice adhesion and delayed ice nucleation compared to both the bare metallic
substrate and the smooth bio-epoxy coating.

5. Conclusions
The formation of ice on aircraft surfaces remains a critical issue, severely affecting

aerodynamic efficiency and flight safety. For this reason, there is growing interest in devel-
oping innovative and sustainable anti-icing strategies. This review analyzed recent studies
focusing on the use of silanes to impart hydrophobicity to epoxy systems containing various
functional additives, including natural fibers, quantum dots, nanoparticles, and TiO2-based
hybrid material. The analyzed studies demonstrate that the hydrophobic and icephobic
behavior of these systems results from the combined effects of surface chemistry and sur-
face morphology. In particular, the chemical structure of the silane (alkyl or fluorinated),
the nature and concentration of the incorporated additives, and the resulting micro–nano
surface roughness determine the final wettability and anti-icing performance. A common
trend observed across the different systems is that silane functionalization lowers surface
energy, while functional additives promote hierarchical roughness and migration toward
the coating surface. This synergistic effect promotes the establishment of Cassie–Baxter
wetting regimes, leading to increased water repellency, delayed ice nucleation, and reduced
ice adhesion.

The factors that contribute to providing low wettability and icephobic characteristics
of surfaces, and their relationships, are summarized in the Ishikawa diagram reported in
Figure 3 [32].
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Figure 3. Ishikawa diagram summarizing the synergistic role of functional additives and silanes.

These mechanisms highlight the importance of simultaneously tailoring both chemical
composition and surface morphology when designing advanced icephobic coatings.

In conclusion, these insights can inspire the production of more efficient and environ-
mentally friendly solutions for the fabrication of next-generation epoxy-based coatings in
aerospace applications and ice protection of aircraft.
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