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Preface

Bio-inspired superhydrophobic coating, which exhibits exceptional nonwetting 
properties characterized by a large contact angle and minimal contact angle hystere-
sis, has garnered significant attention across a broad range of applications. This book 
comprehensively and systematically explores the various advancements pertaining 
to superhydrophobic coatings, starting from their fabrication and extending to their 
practical implementation. The book delves into eco-friendly methods of producing 
superhydrophobic coatings, highlighting the importance of sustainable approaches. 
Furthermore, it explores the notable application scenarios wherein superhydro-
phobic coatings have proven to be effective, including anti-icing, anti-fouling, and 
gas–liquid separation.

Chapter 1 provides a comprehensive overview that delves into the latest techniques 
employed in the production of superhydrophobic coatings. These techniques are 
specifically focused on utilizing environmentally safe materials, thereby addressing 
growing concerns regarding their impact on the environment.

Chapter 2 reviews recent advancements in durability tests specifically focused on 
superhydrophobic coatings that are applicable to anti-/de-icing in unmanned aerial 
vehicles. Additionally, this chapter sheds light on the often-neglected aspect of 
superhydrophobic coating degradation caused by droplet erosion, which can result 
in significant harm to the surface topology due to the application of “water hammer 
pressure.” Consequently, this study offers valuable recommendations to promote 
a more systematic and efficient approach toward conducting durability tests on 
superhydrophobic coatings.

Chapter 3 explores the extensive research conducted on gas–liquid membrane con-
tactors. Here, the primary emphasis is placed on superhydrophobic membranes that 
have been ingeniously designed to tackle the ever-present challenge of membrane 
pore wetting. By addressing this issue, researchers aim to optimize the performance 
and efficiency of these contactors.

Chapter 4 takes a deep dive into the intriguing realm of micro/nano roughness and 
its profound influence on the development of antifouling and bactericidal surfaces. 
Through this exploration, the chapter seeks to enhance our understanding of how these 
surfaces effectively combat microorganisms, ultimately offering improved strategies 
for successful coexistence between humans and microorganisms.

Chapter 5 elucidates the evolutionary journey undertaken by superhydrophobic anti-
fouling surfaces that have been ingeniously inspired by biological systems. Additionally, 
this chapter introduces an innovative and state-of-the-art research platform aimed 
at propelling the development of next-generation antifouling surfaces specifically 
tailored for maritime navigation, thereby revolutionizing the field.
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IV

Chapter 6 highlights the significance of modifying wetting properties to augment 
the durability and performance of construction materials. This chapter emphasizes 
the pivotal role played by nanomaterials and bulk additives in the transformative 
alteration of surface properties. Furthermore, investigations into coatings specifically 
formulated to provide surface protection are meticulously outlined. The practical 
applications of hydrophobic coatings are exemplified through a diverse array of com-
mercial products, effectively illustrating their real-world relevance and significance.

By addressing these topics, the book provides readers with a comprehensive under-
standing of the historical background and the remarkable progress made in the 
field of superhydrophobic coatings. Moreover, this book serves as a rallying call to 
scientists worldwide, urging them to collectively overcome the barriers impeding 
the development of lotus-inspired superhydrophobic coatings and pave the way  
for their exploration in new and untapped application domains.

Junfei Ou
School of Materials Engineering,

Jiangsu University of Technology,
Changzhou, China
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Chapter 1

Superhydrophobic Coatings with 
Environmentally Friendly Materials
Brenda Resendiz Diaz and Colin R. Crick

Abstract

Due to their excellent robustness and water-repellence properties, materials 
with low surface energy such as fluoroalkyl compounds (perfluoroalkyl silanes and 
fluoroacrylic copolymers) and organosilane-based chemistries are used for superhy-
drophobic coatings fabrication. However, these materials can cause a severe environ-
mental impact and generally are not biodegradable or recyclable. For this reason, new 
environmentally friendly methods using natural materials are still being developed to 
obtain similar features, especially for packaging, textile and medical applications. The 
use of plant-based materials shows potential for creating superhydrophobic coat-
ings, as many of them are naturally hydrophobic and can produce the desired surface 
textures. The main challenges to making superhydrophobic coatings from plant-based 
materials are abrasion resistance, strong adhesion, functionality in certain environ-
ments, and durability, but at the same time, they must be biodegradable. This chapter 
summarizes the recent approaches for superhydrophobic coatings made from envi-
ronmentally safe materials and their applications.

Keywords: superhydrophobic coatings, plant-based materials, eco-friendly, 
biopolymers, sustainable

1. Introduction

In nature, superhydrophobicity is observed in various plants, animals, and 
insects. They possess a unique surface texture that allows them to repel water 
effortlessly. Researchers are focusing on mimicking such surface structures for 
real-world applications to generate properties such as surface protection, anticor-
rosion, anti-icing, self-cleaning, antifouling, and so on [1]. To fabricate an artificial 
superhydrophobic surface, two main factors must be considered (1) hierarchical 
micro- and/or nanoscale roughness and (2) surface chemistry [2]. Due to their low 
surface energy, synthetic materials are typically used for superhydrophobic coatings 
fabrication [3]. Superhydrophobic coatings that have been traditionally used are made 
from fluorinated and sulfhydryl compounds, along with silicones. However, these 
materials are harmful to the environment, toxic, and nondegradable, and they are 
relatively expensive. Moreover, their fabrication involves the use of organic solvents, 
which makes them challenging to dispose of and keep human health safe [4, 5]. 

XIV
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Despite this, they successfully achieve lower surface free energy and provide a degree 
of durability [4]. Recently, researchers have been placing importance on substitut-
ing these materials as their main priority. New eco-friendly alternatives including 
bio-based polymers such as cellulose, chitosan, and plant-based waxes are being 
implemented to produce robust coatings [4–8]. The advantages of these materials are 
their biodegradability, non-toxicity, and low-cost, which makes them good prospects 
for industries like food packaging [4]. However, most plant-based materials are 
hydrophilic, which limits their application. As a result, chemical modifications and 
new innovative techniques are necessary to achieve properties such as hydrophobicity, 
resilience, and longevity [4, 7, 8].

When fabricating superhydrophobic coatings, materials such as cellulose, chito-
san, and lignin are commonly used as rough agents, while waxes and fatty acids are 
utilized as low surface energy materials [8]. The combination between them leads to 
obtaining contact angles above 150°, which is the value to consider a surface superhy-
drophobic [9]. This chapter aims to provide a summary of common biopolymers and 
other plant-derived materials used for fabricating superhydrophobic coatings, along 
with the modifications needed to achieve hydrophobicity properties considering 
biosafety and cost-effective scale-up.

2. Biopolymers

2.1 Definition and classification

Polymers that are derived from renewable sources, carbon neutral, and can 
biodegrade are known as bio-based polymers. This encompasses all plants, animals, 
or microorganisms’ mass resources [10, 11]. Different biopolymer classifications 
depend on the production process, the source material, and the material’s life cycle 
[11]. They can be classified into three categories based on their origin and production 
(Figure 1) [14]:

1. Polymers extracted from biomass, that is, polysaccharides such as starch, cel-
lulose, and proteins.

2. Polymers made by conventional chemical synthesis using bio-based monomers, 
that is, polylactic acid.

3. Polymers produced by microorganisms or genetically modify them through bac-
teria, that is, polyhydroxyalkanoate.

Biopolymers as raw materials are gaining importance in various industries. These 
polymers are preferred by companies due to their environmentally friendly and non-
toxic nature [13]. Sectors such as food packaging, textiles, cosmetics, and medicine 
are working toward achieving similar properties as synthetic polymers [15].

Biopolymers are a potential alternative to film fabrication due to their biode-
gradability, renewability, and low-cost [10]. Many of these substances exhibit 
hydrophilic behavior (presence of -OH groups), resulting in reduced resilience, 
poor cohesion and adhesion, and inferior mechanical properties. To expand their 
application fields, it is necessary to modify them to make them hydrophobic 
chemically [10].
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3. Superhydrophobic coatings from polysaccharides

3.1 Polysaccharides

Polysaccharides are created from monosaccharides that can be found in plants 
such as cellulose, alginates, and starch, as well as in animals like chitosan [16, 17]. 
They are commonly used as a raw material; however, the presence of hydrophilic 
groups leads them to have poor water repellence, which limited them for certain 
applications [10]. Researchers are developing new strategies to enhance hydrophobic 
behavior to fabricate novel superhydrophobic surfaces from polysaccharides that 
mainly work as roughness agents [4, 7, 8].

3.1.1 Cellulose

Cellulose is considered one of the most eco-friendly, renewable, and biodegrad-
able materials in the world [15]. Primarily, cellulose is extracted from the cell wall 
of woody plants  and is combined with lignin and hemicellulose [18]. It has been 
established that cellulose is composed of glucose units arranged in a polymer struc-
ture (poly-b-(1,4)-D-glucose) and hydroxyl groups in an equatorial position [15, 19, 
20]. The material’s strength is attributed to the numerous hydroxyl groups that form 
strong hydrogen bonds [18].

Chemical modification of cellulose is required to replace hydroxyl groups with 
hydrophobic groups to achieve superhydrophobic properties [21, 22]. A variety of 
strategies have been performed to enhance the efficiency of the surface hydrophobic-
ity to improve compatibility and dispersibility in different solvents [23]. Recently, 
cellulose has been used as a coating ingredient to generate surface roughness by 

Figure 1. 
Biopolymers classification [12, 13].
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forming nano/micro cellulose fibrils or cellulose nanoparticles [8]. To avoid using 
hazardous organic solvents, researchers developed lignin-coated cellulose nanopar-
ticles (L-CNC). Lignin which is less hydrophilic than cellulose, was used to build a 
rough structure which was then combined with a water-soluble nontoxic polymer, 
polyvinyl alcohol (PVA) which acts as a binder material (Figure 2) [24]. Using the 
spray coating technique, lignin-cellulose nanoparticles/PVA solutions demonstrated 
superhydrophobicity with water contact angles around 150° [25].

A green and effective nanofibrillated cellulose-based superhydrophobic coating 
was built by using a coupling reaction of ethyl orthosilicate and cetyltrimethoxysi-
lane. The coating revealed nano roughness, low surface energy, and good thermal 
stability. Additionally, the coating exhibited a certain degree of antibacterial activity. 
The wettability of the surface was monitored for 30 days, and it demonstrated good 
water resistance (contact angle above 160°) [26]. A semitransparent superhydropho-
bic surface with a rough texture was created using nano- and microstructure cellulose 
by utilizing the spray coating technique. To make this surface, building blocks were 
prepared and then molded to mimic the surface of lotus leaves. After substituting the 
hydroxyl groups of cellulose with stearoyl groups, the static contact angle was signifi-
cantly increased to over 158°, and the contact angle hysteresis was lowered to 5°. As a 
result, it exhibited excellent water repellency against a jet of water impinging [27].

3.1.2 Chitin and chitosan

Chitin is the second most abundant biopolymer in nature, which is derived from 
the exoskeleton of crustaceous as well as from the fungi and insects’ cell walls [28]. 
It is a polymer with a long chain of β-(1,4)-N-acetyl-D-glucosamine and N-acetyl-D-
glucosamine [15, 18]. Chitosan is derived from the N-deacetylation of chitin using 
alkali [15, 28]. The degree of deacetylation varies from 40 to 98%, which determines 

Figure 2. 
Surface morphology of L-CNC coating at higher magnification and its particle surface. The coating presented 
high roughness. Reproduced (adapted) from Ref. [24] with permission from the Royal Society of Chemistry.
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the molecular weight of the polymer and its applications [28]. Chitosan is a weak 
base and insoluble in water, which is commonly used for medical and pharmaceutical 
applications [15].

Chitosan micro/nanoparticles have the potential to be used in superhydrophobic 
coatings [8]. The physicochemical properties of these particles, such as crystallinity, 
molecular weight, and functional groups, can vary depending on the method used 
to create them. The particles can have either a spherical or an amorphous morphol-
ogy. Chitosan, due to its amino and hydroxyl functionality, is suitable for chemical 
modification, such as deacetylation [23].

Chitosan-based nanoparticles offer certain advantages for medical textiles such 
as antibacterial activity and low toxicity [29]. A proposed superhydrophobic coating 
using chitosan nanoparticles was made through the covalent bonding of octadecyl-
amine (ODA) to chitosan with the help of a cross-linking agent, glutaraldehyde (GA) 
(Figure 3). To reduce surface energy, ODA has been used thanks to its long hydro-
carbon chain, while particle accumulation (measuring 200 nm in size) was used to 
enhance roughness. The process involved the extraction of chitin from crab shells, fol-
lowed by cleaning and grinding, decolorization, deproteinization, demineralization, 

Figure 3. 
Crab shells are processed to obtain chitosan powder for the fabrication of chitosan-based superhydrophobic 
material. Reprinted (adapted) with permission from [30] Copyright 2023 American Chemical Society.
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and deacetylation. Afterward, chitosan underwent chemical modification with GA 
and ODA before being sprayed onto polyester fabric, medical-grade cotton, and 
PU sponge using the spray coating technique, obtaining water contact angles for all 
materials above 158° [30].

A safe and environmentally sustainable fabrication method was used to obtain 
a chitosan-fluorine-free superhydrophobic coating to be transparent. The process 
consists of two main steps: (1) chitosan functionality modification and (2) solvent-
free deposition. During the first stage, stearoyl chloride reacts with the hydroxyl and 
amine groups on the chitosan backbone, resulting in esterification and secondary 
amide formation. In the second stage, the modified chitosan is applied onto a glass 
slide and heated in an oven to ensure it adheres to the substrate. It was demonstrated 
that by increasing the number of chitosan, the hydrophobicity enhances, leading to 
higher contact angles (>150°) [31].

3.1.3 Starch

Plants such as corn, rice, and potato contain abundant biopolymer known as 
starch, which can be stored in various parts of the plant like roots, tubers, leaves, and 
seeds [15, 32]. It is insoluble in water, semicrystalline, and dense [32]. These carbohy-
drates consist of linear polysaccharide amylose and branched polysaccharide, which 
are formed at the end of photosynthesis [15]. It is composed of glucose units linked 
to α-1,4 and α-1,6 glycosidic bonds. Starch is a highly adaptable biomaterial that has 
garnered attention for its widespread availability, lack of toxicity, affordability, and 
ability to biodegrade [33].

The high performance of nano-based superhydrophobic coatings has been increas-
ing interest in a variety of sectors [34, 35]. Starch nanoparticles show excellent micro/
nano structure to form environmentally friendly superhydrophobic coatings. By 
combining a lower surface tension material (i.e., PDMS) covering and nano starch-
based particles, the robustness water repellent coatings can be achieved with a water 
contact angle >150° [35]. It is important to notice that pH could help to monitor the 
freshness of the coating when it is in contact with different types of food [34]. A 
thermostable and colorimetric starch-based superhydrophobic coating (>150°) with 
edible materials (starch nanoparticles, stearic acid, and anthocyanin) was fabricated. 
The combination of stearic acid and starch nanoparticles contributes to the micro/
nano roughness of the coating, while anthocyanin is used to monitor freshness levels 
through pH levels [36].

Starch is mainly used to enhance the roughness of the surface. By utilizing starch-
based materials, polyethyleneimine (utilized as an interlayer binder), and beeswax, 
a superhydrophobic coating was created. Beeswax density of 1.1 mg cm−2 was the 
correct value to maintain superhydrophobicity having contact angles above 150° and a 
sliding angle of 6°. The coatings indicated resistance to immersion of water for a long 
time and showed the ability to repel liquid foods [37].

3.1.4 Lignin

Lignin is a biopolymer present in the cell walls of woody plants (Figure 2) [38]. It 
is formed through the oxidative coupling of p-hydroxy cinnamyl alcohol monomers 
and other related compounds. The cell wall gains rigidity, strength, and increased 
resistance through the covalent bonding of lignin and hemicellulose [39, 40]. 
The structural organization of lignin contributes to the physical and mechanical 
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properties of wood [41]. It is a natural and renewable material that has recently been 
exploited as raw material for industrial applications [38]. However, chemical modi-
fication is necessary to enhance hydrophobicity due to its hydrophilicity and poor 
dispersibility [42].

Lignin-based superhydrophobic coatings are still developed due to the complex 
chemical structure and difficult modification of lignin [8]. Recently, lignin nano-
spheres have been successfully fabricated for electrochemistry utilization to form 
rough structures, fluorine-free silane coupling to reduce the surface energy, and 
nanocellulose crystals to act as reinforcement material. The hydrothermal lignin 
nanospheres without modification reached a contact angle of 139° for just 1 minute 
after the surface become hydrophilic. However, by combining both methyltrime-
thoxysilane and hexadecyltrimethoxysilane, the coating reached a contact angle of 
164° [43]. A different instance of utilizing lignin for constructing a superhydrophobic 
coating involved coating cellulose nanocrystals with lignin. Varied particle sizes 
aid in achieving an appropriate rough surface structure. To create the coating, the 
lignin particles were first modified to have low surface energy. Then, they were 
placed on the substrate that had been covered with adhesive. Finally, a wooden bar 
was used to press the particles into the adhesive, resulting in contact angles above 
160°(Figure 4) [25].

Lately, a green effective approach using lignin-micro-nanospheres (LMNS) chemi-
cally modified with γ-Valerolactone (GVL) was proposed. The lignin microspheres 
were utilized for the fabrication of superhydrophobic coatings on wood surfaces 
by immersing them in the solution (LMN, ethanol, F13-TMS, and epoxy). It was 
demonstrated that LMNS were uniformly anchored to the wood surface and showed 
spherical morphology. The hierarchical micro/nano structure provides the surface 
with hydrophobicity with contact angles of 164.4° and 162.3° and sliding angles of less 
than 10°. Additionally, the coatings presented strong resistance to organic solvents 
and exhibited a significant photothermal effect [44].

Figure 4. 
SEM micrographs of surface morphology using L-CNC particles at high magnification and cross section. 
Reproduced with permission from [25] published by Materials, 2017.
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4. Superhydrophobic coatings from proteins

4.1 Proteins

Proteins are biological macromolecules whose monomer units are α-amino acids 
sequence of the polypeptide chain, which play an important role in most of the 
biochemical functions of the cell. Their functionality depends on their structure and 
can be chemically, enzymatically, or physically modified due to the higher number of 
functional groups [45, 46]. Inspired by nature and enhancing interfacial adhesion, 
researchers are developing the use of proteins (i.e., Lysozyme) to provide nanoscale 
surface roughness [47, 48].

4.1.1 Zein

Zein is classified as a prolamin protein and is primarily derived from the endo-
sperm of corn, accounting for 80% of its protein composition [49]. Its unique 
amino acid sequence gives it an amphiphilic nature. It has a high concentration of 
hydrophobic amino acids (50% hydrophobic residues), making it insoluble in water. 
However, it can be dissolved in the presence of organic solvents such as ethanol, high 
concentrations of urea and alkali (at pH 11), or anionic detergents (around 21–26% 
hydrophilic) [49, 50].

Recently, there has been a growing interest in zein as a renewable and biodegrad-
able material to act as a coating agent for industries such as food packaging, biomedi-
cine, and pharmaceuticals [51]. Researchers have been using the electrospinning 
technique to create zein fibers for the fabrication of superhydrophobic coatings [8]. 
These coatings have been found to exhibit contact angles above 150°. The concentra-
tion of zein determines the hydrophobicity of the surface. When the concentration is 
low, the surface becomes rough due to collapsed beads forming. However, when the 
concentration increases, the surface becomes smoother, forming fibers that reduce 
the contact angle [52]. Another eco-friendly method using zein is by producing zein 
nanoparticles that can enhance the antimicrobial activity of textiles [53]. To achieve 
this, ellagic acid was added as it is known for its effective antibacterial properties 
against E. coli and S. aureus (Figure 5) [54]. Despite the use of zein nanoparticles, 
the surface roughness was insufficient to attain superhydrophobicity, which requires 
contact angles of higher than 150° [53].

A dual-layered superhydrophobic coating can be fabricated through a cost-
effective spray coating method by combining waxes’ (beeswax and candelilla wax) 
low surface energy and roughness while zein/pectin nanoparticles and cellulose 
nanofibers act as a supporting layer. The coating possesses higher water repellence to 
different types of food liquids (tea, milk, honey, and coke) with water contact angles 
greater than 150° and sliding angles less than 20° [55].

4.1.2 Other proteins: Lysozyme and bovine serum albumin

Recent reports have proved that other types of proteins can be applied for super-
hydrophobic coatings. Lysozyme is a type of glycohydrolase that shows great poten-
tial. [48, 56]. It can hydrolyze the β-1,4-linkages found between N-acetylmuramic 
acid and N-acetyl-d-glucosamine residues in the peptidoglycan of bacterial cell walls. 
It is extracted from eggs and milk, and it is recognized as safe when in contact with 
food [57]. By utilizing cysteine as a reducing agent, the phase transition of lysozyme 
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results in the production of micro/nano roughness that can effectively adhere to 
various surfaces. A durable and water-repellent coating (contact angles above 148° 
and sliding angles less than 10° depending on the food liquid) that resists adhesion to 
different types of food, such as yoghurt, milk, honey, and so forth, can be formed by 
using a combination of phase-transited lysozyme and carnauba wax. Additionally, to 
this, the coating showed high repellency to blood, and the blood droplet rolled easily 
without any residue [48].

In addition to this, it is possible to modify lysozyme (microparticles with 
500 nm in diameter) to provide surface roughness by transitioning it into a mic-
roparticle-aggregated necklace network with internal amyloid stacking structures 
[8]. Lysozyme particles combined with a hydrophobic treatment turned different 
types of surface materials (cotton, ceramic, wood, PET, etc.) into superhydropho-
bic surfaces. It was demonstrated that lysozyme crystallization can be accelerated 
and facilitate protein-based superhydrophobic surfaces by using the facile protein 
spotting technique [47].

Bovine serum albumin is another type of protein composed of a single polypeptide 
that contains 583 amino acid residues [58]. Bovine serum albumin nanoparticles were 
synthesized by adding dipentaerythritol penta-acrylate to form covalently cross-
linked nanoparticles in which bovine serum amine groups react with acrylate groups. 
The nanoparticles were deposited in cotton fibers achieving contact angles above 
150° due to the rough structure and chemical modification, making them resistant 
to certain physical manipulations, extended UV radiation exposure, and chemical 
exposure [59].

5. Superhydrophobic coatings from lipids

5.1 Lipids

Lipids are hydrophobic and amphipathic molecules with high molecular weight. 
They are primarily soluble in organic solvents and not soluble in water. These struc-
tures act as energy storage within cells and offer thermal insulation [15]. Plants and 
algae primarily contain phosphoglycerides and glycosylglycerides as their main lipid 
components. When in contact with water, lipids exhibit a variety of behaviors such 

Figure 5. 
Antimicrobial fabric with zein nanoparticles [53].
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as forming monolayers, micelles, bilayers, membranes, or vesicles. This is due to 
water’s strong cohesive self-attraction, which repels the hydrocarbon chains present 
in lipids [60].

In many organisms such as plants, lipids contribute to the surface covering includ-
ing surface waxes, cutin, and suberin. Commonly, an example of this is the lotus 
effect exhibited by the leaves of the Nembulo nucifera flower [1]. The nanoscale rough 
structure combined with a natural hydrophobic wax helps with self-cleaning action. 
This action causes water droplets to roll into the surface, protecting the leaves from 
foreign organisms [61].

5.1.1 Waxes

Waxes consist of long-chain compounds that are typically nonpolar, meaning they 
are pure hydrocarbons or have a small hydrophilic component that does not easily 
interact with water, and they are highly hydrophobic in nature [60, 62, 63]. They can 
be categorized into natural and synthetic. Natural waxes are obtained from plants 
and animals [7]. Waxes such as carnauba wax, rice bran wax, soy wax, and candelilla 
wax are plant-derived, while beeswax is an example of a wax derived from animals 
[62, 63]. Additionally, petroleum waxes like paraffin and microcrystalline are also 
considered sustainable materials [6, 63, 64]. Waxes are soluble in organic solvents, 
solid at room temperature, and malleable [63, 65]. Their chemical composition makes 
them one of the most hydrophobic materials in nature. A significant amount of data 
indicates that waxes’ chemical composition is complex and has not yet been fully 
established [62, 63]. The chemical composition of waxes varies depending on how the 
wax was extracted, the stage in which waxes were collected, and the environmental 
conditions [66]. They are mostly constituted by long-chain aliphatic compounds 
(10–60 carbon atoms) including fatty acids, hydrocarbons, alcohols, ketones, alde-
hydes, and esters (Table 1) [63].

Because waxes are economical, readily available, biodegradable, and can even be 
consumed, they could be a sustainable solution for industrial applications including 
the food, textiles, and paper industries [75]. Waxes are often utilized as materials with 
low surface energy. However, it is also recognized that waxes can cause the formation 
of rough structures because of the crystallization process, which creates crystals when 

Wax Chemical composition

Carnauba wax Free fatty acids (3–3.5%), resins (4–6%), alcohols (2–3%), hydrocarbons (1–3%), and long-
chain esters (84–85%) [67].

Candelilla wax Hydrocarbons, free acids (7–9%), n-alkanes, esters, alcohols, sterols (20–29%), and resins 
(12–14%) [68].

Rice bran wax Fatty acids (typically C20–C26) and fatty alcohols (C30–C36) [69, 70].

Beeswax Esters (67%), free acids (12%), free alcohols, hydrocarbons (14%), and other non-identified 
components (6%) [71].

Soy wax It is mainly composed of triacyl glyceride with a high portion of stearic acid. The wax came 
from soy oil, which consists of several fatty such as palmitic acid (10%), stearic acid (4%), 
oleic acid (18%), linoleic acid (55%), and linolenic acid (13%) [72, 73].

Paraffin wax Alkanes (80–90%) with around 20–30 carbons [74].

Table 1. 
Chemical composition of some biodegradable waxes based on references.
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they are deposited in a substrate [76]. For this reason, waxes can create superhydro-
phobic surfaces by themselves combining both features [62, 77].

A superhydrophobic coating was made of candelilla wax and rice bran wax via 
a one-step spray solution. The waxes were dissolved in hot ethanol using tempera-
ture above their melting point. The coating presented micro/nanoroughness, which 
allowed it to repel several types of food liquids (milk, cola, orange juice, etc.) with 
WCA ~ 155° [78]. Another superhydrophobic coating was fabricated using soy 
wax dispersed in hot ethanol. The non-wettable coating had excellent repelling 
properties against different non-Newtonian food liquids with a higher apparent 
contact angle of 159° [73]. In addition to this, a general all-by-one superhydro-
phobic coating was made with food-grade waxes (beeswax and paraffin wax). 
The suspension was created using ethanol (95%) at 80°C and then ultrasonicated 
to homogenize the components. The superhydrophobic coating was applied to 
distinct types of food packaging materials obtaining water contact angles of ~160° 
and sliding angles of ~6.2° [76]. From the combination of candle soot particles and 
carnauba wax, a low-cost superhydrophobic surface can be fabricated. By deposit-
ing the concentrations of candle soot and carnauba wax into the glass substrate, 
the solvent evaporated completely leaving a rough structure with a contact angle of 
172° [79].

A novel superhydrophobic coating with coffee lignin and beeswax (Figure 6). 
The wax wrapped the coffee lignin surface to increase hydrophobicity. Due to the low 
melting point of beeswax, the thermal stability was unsatisfactory at higher tempera-
tures (120°C), causing a decrease in contact angle (from 165 to 89°C) [80]. Another 
approach using waxes as low surface energy material is by combining polylactic acid 
(PLA) and carnauba wax (CW). PLA/CW coating presented contact angles above 
150° when it is in contact with different liquids. However, if the coating is exposed 
to a higher temperature (above the melting point of the wax), the coating without 
PLA starts to lose roughness while PLA/CW coating maintains superhydrophobic 
properties due to PLA rough structure [81]. Based on the results, it appears that using 
the spray coating technique is more effective than the dip coating technique. This is 
because it improves the roughness, which is necessary for achieving superhydropho-
bicity [81].

Figure 6. 
Superhydrophobic coating prepared by coffee/lignin and beeswax. The coating has high repellence to different 
types of liquid foods [80].
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5.2 Fatty acids

Fatty acids are part of the lipids and play an important role in metabolism. They 
are the main constituents of oils, fats, waxes, and lipid-based materials [82]. Fatty 
acids are carbon chains with a methyl group at the end of the molecule and a carboxyl 
group at the other end [83]. Most fatty acids are insoluble in water, which makes 
them hydrophobic in nature. Depending on the degree of saturation and length, 
the properties of the fatty acid vary [8]. Moreover, it is common for fatty acids to 
associate with one another, resulting in the creation of monolayers and micelles [83]. 
Stearic acid is a commonly used fatty acid for creating superhydrophobic surfaces 
and hydrophobic compounds [8]. Stearic acid (CH3(CH2)16COOH) is a long-chain 
saturated fatty acid, and due to its non-toxicity and biocompatibility, it is used for 
cosmetics and pharmaceutical applications (Figure 7) [84, 85].

Inexpensive solutions for repellent surfaces to avoid water corrosion and another 
type of liquids for aluminum alloys are becoming attractive for industrial applications 
[8, 85, 86]. Applying the chemical etching technique, a superhydrophobic coating 
from stearic acid was made. The morphology of the coating shows micrometer and 
nanometer structures, which were able to trap enough air, preventing water penetra-
tion. The coating with a water contact angle of 156 ± 1° was more stable and resilient 
to corrosive liquids such as acids and bases compared to the coatings made by tradi-
tional techniques [86]. Another approach uses stearic acid and epoxidized soybean oil 
in cotton fabric etched by deep eutectic solvent. To improve the surface roughness of 
cotton fabric, the eutectic solvent was used while stearic acid and soybean oil coated 
the surface to provide low surface energy. A durable and flexible superhydrophobic 
cotton fabric (>150°) with self-cleaning properties and potential application for 
water separation was achieved [87]. An environmentally friendly and economical 
superhydrophobic coating was made from sepiolite nanoparticles functionalized with 
fatty acids (cinnamic acid and myristic acid) using the dip coating method. Cinnamic 
acid and myristic acid provide low surface free energy to sepiolite nanoparticles. The 
coatings showed a static contact angle of 160° with anti-biofouling and antimicrobial 
characteristics. A decrease of Gram-positive and -negative bacteria from 30% to 
2–8% was observed [88].

6. Superhydrophobic coatings from other plant-based materials

Researchers are investigating alternative methods to create biodegradable superhy-
drophobic coatings. One possibility is using lycopodium spores, a type of plant-based 
material with a rough surface and naturally hydrophobic. By combining the spores’ 
natural roughness with a material that has lower surface energy, it is possible to 
achieve superhydrophobicity [8].

Figure 7. 
Stearic acid structural formulate [84].
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6.1 Lycopodium spores

Lycopodium spores are plant-based materials that come from ground pine. These 
spores are intrinsically hydrophobic and present spherical shapes. They have a char-
acteristic length scale of 20 μm, which provides surface roughness (Figure 8) [90]. 
Surfaces made from lycopodium spores have a higher water contact angle of 144° and 
stronger adhesion to surfaces, making them classified as “sticky” [91]. Lycopodium 
spores are commonly used as a carrier for oral drugs and vaccines [89]. These spores 
serve as natural protective packaging that offers high uniformity and large cavities to 
encase different materials, particularly for medical purposes [92].

Researchers are investigating new uses for lycopodium spores, particularly in 
creating superhydrophobic coatings. For example, a superhydrophobic surface was 
made by lycopodium spores to disperse in a Mater-Bi polymer matrix (a blend of 
vegetable-derived polyester with thermoplastic starch). Researchers achieved a water 
contact angle of approximately 150°. However, the coatings were sticky, preventing 
water droplets from moving freely across the surface, commonly referred to as the 
“rose petal effect” [93]. Recently, a superhydrophobic coating using lycopodium 
spores with a combination of two natural waxes (Carnauba wax and Beeswax) has 
been fabricated. The components were probe sonicated to correctly disperse the 
particles in water. As a result, they obtained contact angles above 155° and contact 
angles of hysteresis less than 7° [90].

7. The route of real-world application

Numerous types of plant-based materials have been reported in the literature 
for creating superhydrophobic coatings. Although these materials offer a range of 
useful functionalities, their commercial development has been limited. This could 
be attributed to different factors such as low physical resilience, durability, material 
compatibility, scaling up complications, and so forth [94]. Comparing the coatings 

Figure 8. 
SEM micrographs of lycopodium spores showing the honeycomb-like architecture. Reprinted (adapted) with 
permission from [89] Copyright 2023 American Chemical Society.
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fabricated by synthetic materials and superhydrophobic coatings made from envi-
ronmentally friendly materials, it can be inferred that both have been facing the same 
issues. Coatings derived from plant-based materials offer various benefits such as 
their ability to biodegrade, nontoxic nature, and reduced impact on the environment 
[8]. However, they are still needed chemical modification due to their fragility and 
hydrophilic behavior. These factors are important to consider for real-world applica-
tions to have a potential low-cost manufacturing process [4].

The global market of superhydrophobic coatings is incorporating more fluorine-
free coatings. These commercial products are mainly used in nonmedical fields such 
as construction, automotive, aerospace, and marine [4]. Sectors such as food packag-
ing aim to incorporate biodegradable coatings to minimize plastic pollution. This shift 
toward sustainability could also be implemented in the medical and textile sectors [3, 
8]. Currently, to the best of our knowledge, there are no superhydrophobic coat-
ings available in the market that are made solely from natural materials without any 
chemical modification.

8. Conclusion

In this chapter, we have outlined some affordable techniques and eco-friendly 
materials for fabricating superhydrophobic coatings. The use of biodegradable mate-
rials including biopolymers such as polysaccharides, proteins, and lipids as well as 
other plant-based materials including lycopodium showed tremendous potential for 
various applications. Based on the literature, it has been shown that many materials 
can function as rough agents by undergoing modifications that result in the formation 
of nanoparticles for the creation of rough surface textures. In addition, lipid com-
pounds such as waxes can act as low surface energy materials; by combining both, it is 
possible to obtain superhydrophobicity.

Several low-cost and simple techniques (e.g., spray coating, dip coating, etc.) 
were used to fabricate such coatings. It is important to notice that superhydropho-
bic coatings from bio-based materials are still being developed to achieve better 
robustness and longevity, while avoiding using organic solvents and other chemical 
modifications, which involves toxic and hazardous compounds. Adding environmen-
tally friendly materials would enhance the biodegradability and recyclability of the 
coatings.
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Chapter 2

Perspective Chapter: Challenges in 
the Durability of Superhydrophobic 
Coatings Pertinent to Unmanned 
Aerial Vehicle (UAV) Icing 
Mitigation
Zichen Zhang, Junfei Ou and Wen Li

Abstract

Icing is a severe hazard to the flight safety of unmanned aerial vehicles (UAV) 
in cold climates. Great efforts have been put into developing a reliable and practical 
anti-/de-icing system for icing mitigation. Compared to the conventional thermal-
based deicing systems, applying superhydrophobic coatings with excellent ice-repel-
lent performance is a promising anti-icing technique with low weight and low energy 
input. However, the application of superhydrophobic coatings on UAV is hindered by 
the substandard durability. This chapter comprehensively reviews advances in dura-
bility tests of superhydrophobic coatings pertinent to UAV anti-/de-icing. This chap-
ter specifically introduces the mechanism of degrading superhydrophobic coatings 
by droplet erosion, which is rarely discussed in previous studies but can cause severe 
damage to the surface topology by applying “water hammer pressure.” Consequently, 
recommendations are provided to facilitate a more systematic approach to conducting 
durability tests for superhydrophobic coatings.

Keywords: durability, superhydrophobic coating, anti-icing, droplet erosion,  
aircraft icing

1. Introduction

Aircraft icing plays a critical factor in endangering flight safety, since it can 
distort airflow over the wing, degrade the controllability, cause the stall at a lower 
angle of attack and lead to roll and pitch upsets [1]. Federal Aviation Administration 
(FAA), European Union Aviation Safety Agency and Civil Aviation Administration 
of China have issued strict icing airworthiness regulations because in-flight icing has 
resulted in several severe aviation accidents [2]. For example, American Eagle Flight 
4184 crashed because of icing, resulting in 68 fatalities; and in 2004, China Eastern 
Airlines Flight MU5210 crashed due to wing icing (or frost), resulting in the loss of 55 
lives. Data disclosed by FAA show that icing incidents led to 46 flight safety accidents 
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between 2008 and 2016 [3]. The development of unmanned aerial vehicles (UAV) 
has indeed seen rapid growth in recent years, which is attributed to the increasing 
demand in the civil and military applications. However, during military operations, 
25% of UAV flights encountered icing, which had a detrimental impact on mission 
success [4]. Common strategies for UAV icing avoidance involve either grounding the 
UAV or modifying path planning, which significantly reduces the operational capa-
bilities of the UAV in cold climates [5].

Advanced anti-/de-icing systems are essential protections for aircraft in adverse 
weather conditions. Most airliners rely on the thermal deicing system, which involves 
heating the icing components during flight to remove the accreted ice. The thermal 
de-icing method uses either hot air from the engine or electrical heating parts to melt 
the accreted ice [6]. High-voltage plasma deicing is also a promising thermal deicing 
method, which can achieve the flow and icing control with the same equipment [7]. 
However, these anti-/de-icing techniques may be too complex, heavy and power-
intensive to be practical for UAV, and therefore, may not be suitable for small-scale, 
lightweight UAV due to payload limitations and limited available power [8]. As a 
result, a hybrid deicing system combining a thermal deicing system on the wing/pro-
peller’s leading edge and a superhydrophobic coating covering the wing surface was 
developed as a low-power hybrid deicing strategy [9]. This hybrid deicing method has 
been used on unmanned aviation vehicles and wind turbines. As a part of the hybrid 
deicing system, superhydrophobic coating is a promising anti-icing technology with 
lightweight, low energy consumption and excellent water/ice repellency [10]. Because 
of the air pockets underneath the water droplet or ice, some superhydrophobic coat-
ings can significantly reduce ice adhesion by reducing surface energy and delaying 
icing time. Microcraks between the solid surface and the water or ice may be intro-
duced by the air pockets. The size of the microcracks is the key factor that governs 
ice adhesion. Consequently, some superhydrophobic surfaces significantly reduce ice 
adhesion if they provide sufficiently large microcraks at the interface.

Superhydrophobic coatings can be fabricated in many ways, but the primary 
approach is either patterning roughness on the solid surface, followed by attaching 
a thin layer of a low surface energy material or depositing materials with nanostruc-
tures and low surface energy on the surface. Fluoropolymers or siloxanes are classical 
materials with low surface energy employed to achieve superhydrophobicity [11]. 
Common techniques to fabricate superhydrophobic coatings include lithography, 
sol-gel method, electrochemical deposition, chemical vapor deposition, spraying, 
imprinting, hydrothermal method and phase separation [12]. Yang et al. [13] reported 
a facile phase separation route to produce anti-corrosion superhydrophobic polyvinyl-
chloride coatings on a magnesium alloy (see Figure 1(a)). Ding et al. [14] described 
the construction of the superhydrophobic surface by electrospinning the poly(vinyl 
alcohol) and poly(vinyl alcohol)/zinc acetate solutions followed by the calcination 
process, which yields fibrous zinc oxide superhydrophobic films (see Figure 1(b)). 
The wetting properties of the fibrous films were further altered by applying a coat-
ing of a low surface energy fluoroalkylsilane using hexane. Figure 1(c) shows the 
schematic diagram of the reproduction route to create a robust superhydrophobic 
coating using the nanoimprint technique for rose petals [15]. Singh et al. [17] reported 
the synthesis of superhydrophobic coating on cotton fabrics using a sol-gel route (see 
Figure 1(d)). In addition to using a single method, Wang et al. [18] obtained a highly 
durable superhydrophobic coating by combining lithography and spraying tech-
niques. Several bulk materials can also provide superhydrophobic surfaces. Zhu et al. 
[16] developed a superhydrophobic bulk material by embossing carbon nanotubes on 
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polytetrafluoroethylene mold to create the necessary hierarchical texture required for 
the superhydrophobicity (see Figure 1(e)). Some hydrophilic materials can also be 
used to fabricate superhydrophobic coatings. Li et al. [19] employed plasma etching 
and plasma deposition of hydrophilic diamond-like carbon to a paper and successfully 
got a superhydrophobic surface. The mechanism is that the hierarchical nanostructure 
of the carbon provides an appropriate roughness to reduce the surface energy.

While some superhydrophobic coatings that can provide large microcraks have 
excellent icephobic performance, none can be used in anti-/de-icing systems of 
aircraft due to the limited durability. As early as 1969, the National Aeronautics 
and Space Administration (NASA) collaborated with the FAA to test 100 icephobic 
coatings in the icing wind tunnel at Glenn Research Center, but none could be used 
for aircraft applications [20]. NASA then established Revolutionary Icing Materials 
Evaluation Laboratory (RIMELab, previously referred to as Fundamental Adhesion 
and Shedding Test laboratory) at the Glenn Research Center, which is equipped with 
advanced ice adhesion measurement and research equipment. RIMELab is dedicated 
to developing low-ice-adhesion coatings, testing coating durability and quantifying 
the ice adhesion strength.

In this way, enhancing the durability of superhydrophobic coatings is crucial for 
application in aircraft. NASA also highlighted that the development of superhydro-/
ice-phobic coatings is mainly hindered by the coating durability subject to the 
operational environment [21]. As an aeronautic superhydrophobic coating, it should 
perform well in environments with high humidity, high velocity, low temperature, 
thermal shocks, mechanical wear, corrosion, intense radiation and high-speed water 
droplet impacts [22]. As a result, the primary types of durability performance of 
superhydrophobic coatings are droplet/particle erosion resistance, mechanical abra-
sion resistance, icing/deicing cycles durability, UV resistance and corrosion resistance 
[23]. Droplet erosion tests (see Figure 2(a)) simulate the impact of micro-droplets 
or rain droplets, which could gradually degrade the wettability of superhydrophobic 
coatings due to a Cassie to Wenzel transition. Droplet erosion could be as destructive 

Figure 1. 
Techniques to fabricate superhydrophobic coatings: (a) phase separation method, (b) electro-spinning method, (c) 
nano-imprinting method, (d) hydrothermal method and (e) a superhydrophobic bulk material [13–16].
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as solid particle erosion because of the “water hammer effect” [26, 30]. The water 
hammer effect in droplet impact refers to the phenomenon where a sudden increase in 
pressure occurs upon the impact of a droplet on a surface. This effect is caused by the 
rapid deceleration of the droplet upon impact, leading to a sharp increase in pressure 
that propagates through the fluid. It can result in the generation of shock waves and 
high local pressures.

Particle erosion is a common test performed to evaluate the mechanical durabil-
ity of superhydrophobic coatings. Figure 2(b) shows a typical experimental setup 
where particles impinge on the coating with an inclination angle of 45°. These 
collisions could cause substantial changes to the surface topography, leading to 
severe destructions of superhydrophobic performance. Mechanical wear is one of 
the most straightforward and common types of degradation for superhydrophobic 
coatings; therefore, it is important for characterizing durability [31]. Experiments 
of mechanical wear have a common concept of rubbing or sliding a solid material 
into the coating (see Figure 2(c)). Mechanical wear induces material removal that 
eventually leads to surface topology modification and superhydrophobicity loss. 
Ultraviolet (UV) light from sunlight could lead to photo-oxidation of superhydro-
phobic coatings and subsequently the increase of surface energy eventually leads to 
wettability degradation [32, 33]. Similarly, chemical corrosion, icing-deicing cycle 
and frost could greatly affect the surface topography and surface energy of super-
hydrophobic coatings [34].

Plenty of studies have introduced methods of testing or enhancing the durability 
of superhydrophobic coatings in recent years. However, there is a lack of compre-
hensive review covering these methods. As a result, this chapter comprehensively 
summarizes cutting-edge techniques to quantify the surface durability and fabricate 
durable superhydrophobic coatings. In the following context, the thermodynam-
ics of the surface will be introduced at first to provide the fundamental theory of 
the wetting phenomenon. Then, methods to quantify the mechanical durability 
(e.g., sand erosion, droplet erosion and abrasion durability) of superhydrophobic 

Figure 2. 
Classification of the durability of superhydrophobic coatings: (a) droplet erosion test, (b) sand erosion test, (c) 
mechanical abrasion test, (d) other durability tests [23–29].
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coatings are demonstrated. State-of-art durable coatings that can effectively resist 
mechanical damage are also introduced. After a comprehensive review of the envi-
ronmental factors affecting the durability of superhydrophobic coatings, promising 
approaches to improve the coating durability will be discussed aiming at inspiring 
great ideas for developing durable, user-friendly and cost-effective superhydropho-
bic coatings.

2. Thermodynamics of superhydrophobic coatings

Static, receding and advancing contact angles are significant parameters to quan-
tify the wettability of a coating. The contact angle is the angle between the surface 
tangent on the liquid-vapor interface and the tangent on the solid-liquid interface 
at their intersection. The static contact angle is the result of the quasi-equilibrium 
between the liquid, the solid and the vapor phases, so its value on a smooth and 
homogeneous surface can be given by the Young equation [35]:

 γ γ γ θ− = lg cossv sl Y   (1)

where γsv, γsl and γlv are solid-vapor, solid-liquid and liquid-vapor interfacial ener-
gies. θY is the Young contact angle. Superhydrophobic coatings have a static contact 
angle above 150°. The static contact angle is independent of the inclination of the 
surface but changes with temperature and surface tension [36]. Eq. (1) can be related 
to the work of adhesion by the Young-Dupre equation:

 ( )( )γ θ+ =lg 1 cos rec W   (2)

where W is the work of adhesion, which is the amount of work required to create a 
new interface [37]. Eq. (2) demonstrates that droplets on superhydrophobic coatings 
(with a high static contact angle) overcome small work of adhesion in the wetting/
dewetting process, so droplets on those surfaces can move easily [38].

While contact angle can quantify the equilibrium state of droplets, it is not an ideal 
parameter to predict the friction of droplets. For example, surfaces with “rose-petal-
effect” have both high contact angle, high water adhesion and low receding angle, 
meaning droplets can hardly move on it. As a result, contact angle hysteresis is widely 
used to quantify the friction of droplets [39, 40]. Contact angle hysteresis (CAH) is 
defined as the difference between the advancing (θa, contact angle of an expanding 
droplet) and receding contact angles (θr, contact angle of a shrinking droplet). A 
widely used experimental setup of measuring the static contact angle, receding and 
advancing angles is shown in Figure 3 [41–43]. The setup consists of a light source, a 
syringe and a camera that records the shape of droplets with a sharp edge. A syringe 
pump usually manipulates the syringe to control the water injecting/sucking rate 
precisely.

Most superhydrophobic coatings are rough and air gets trapped in their hierarchi-
cal structures (named as Cassie-Baxter state), thereby, Eq. (1) needs to be revised as:

 θ θ= + −cos 1CB fcos f   (3)
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where f is the solid area fraction.
Recently, the Cassie-Baxter state has been observed in practice by cryo-SEM 

(see Figure 4) [29, 44]. Figure 4(a) clearly shows that sessile water droplets cannot 
penetrate the hierarchical structures on the superhydrophobic coating.

Figure 3. 
The experimental setup measures the static, receding and advancing contact angles.

Figure 4. 
Experimental evidence of Cassie-Baxter state: (a) a water droplet and (b) a frost layer on a superhydrophobic 
coating with visible air pockets [29, 44].
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3. Mechanical durability of superhydrophobic coatings

3.1 Droplet erosion

Droplet erosion resistance is one of the most important durability for superhydro-
phobic coatings pertinent to aircraft/wind turbine icing. Droplet erosion indicates 
continuous impacts of rain droplets or high-speed airborne droplets [45]. For a rep-
resentative case of a working offshore wind turbine coated with SHS as an anti-icing 
coating, rain droplets or sea spray droplets would impinge onto the exposed surface 
at a high relative velocity of around 80 m/s [46]. Some impinged water droplets may 
penetrate the micro-scale surface textures of superhydrophobic coatings, which refers 
to the wetting transition from the non-wetted Cassie-Baxter state to the Wenzel state, 
thereby, eliminating the hydrophobicity and icephobicity of the SHS. Furthermore, 
due to the continuous impacts of high-speed droplets, the surface topology of 
superhydrophobic coatings can be considerably altered and even some materials are 
worn away from the substrate [26]. It is well known that the superhydrophobicity 
of a surface is usually achieved by adding hydrophobicity agents onto micro-/nano-
textured surfaces [47]. Therefore, superhydrophobic coatings with substantial surface 
topology change induced by rain erosion may lose the superhydrophobicity.

It should be noted that while extensive studies have been undertaken to investigate 
droplet erosion effects on different metal surfaces or special erosion-resistant coat-
ings with extremely high-speed drop impacts (i.e., >200 m/s) [48], few studies have 
discussed the rain erosion mechanisms and effects on the wettability degradation 
(e.g., increasing contact angle hysteresis) on superhydrophobic coatings. Most of the 
previous studies about droplet erosion only focused on material or mass loss with 
extremely high-speed droplet impacts (i.e., >200 m/s). However, droplet-erosion-
induced wettability degradation on superhydrophobic coatings occurs with a rela-
tively lower droplet impingement speed (i.e., <100 m/s) without apparent material 
loss [26]. The water hammer effect in the early stage of the impact was found to be 
responsible for most of the damage resulting from droplet erosion [49]. In our previ-
ous study, we reported the wettability and icephobicity degradation as well as the 
micro-scale surface topology change upon superhydrophobic coatings after experi-
encing droplet erosion tests (i.e., impact velocity around 100 m/s), and illustrating 
the underlying physics of droplet erosion damage by analyzing the fundamentals of 
the droplet impact on a solid surface [26].

The fundamentals of droplet impact over a solid surface need to be addressed for 
exploring the mechanisms of rain erosion damage on superhydrophobic coatings. As 
described by Field [50], the whole impact process of a droplet can be divided into a 
compressible regime and an incompressible regime based on the progress of shock 
wave in the droplet. In the compressible regime, Figure 5(a) shows the initial com-
pressible stage where the periphery of the contact area moves outward a short time 
after impact with a velocity higher than the speed of sound in the liquid and solid. 
It indicates that a shock wave envelope, after which droplet behaves compressible, is 
generated immediately giving tremendous pressure to the solid surface. This pressure 
is usually called “water hammer pressure” whose magnitude can be estimated using 
Eq. (4) where cL and ρL are speed of sound and density of the liquid droplet [50]. 
However, liquid moving faster than the speed of sound near the periphery of the 
contact area even has a higher pressure reaching up to three times to the water ham-
mer pressure based on the description of Lesser’s geometrical acoustics model [51]. 
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The lateral jet shown in Figure 5(a) is liquids moving faster than the speed of sound in 
a droplet. As shown in Figure 5(b), the shock wave can propagate in the droplet until 
it reaches the free surface where the release wave starts moving into the droplet and 
terminates the compressible regime after a short time. After the compressible regime, 
as shown in Figure 5(c), the pressure on the contact area at the incompressible regime 
falls to the much lower “dynamic pressure” (Bernoulli stagnation pressure), which 
is a reasonable approximation verified by the experimental results of Soto et al. [52]. 
In addition to the water hammer pressure and dynamic pressure, three stress waves, 
that is, Rayleigh surface wave, compression wave and shear wave, are generated by 
the water hammer effect propagating on the target surface. Among these three stress 
waves, Rayleigh surface wave contains the most energy (i.e., over 2/3 of total energy) 
and has the lowest decay rate in terms of pressure magnitude so only it is considered in 
the further analysis of this study [53]. In isotropic solid-like superhydrophobic coat-
ings, Rayleigh surface wave causes the surface molecules to move in ellipses in planes 
normal to the surface and parallel to the direction of propagation, which could lead to 
the crack initiation or surface topology change. As a result, Rayleigh surface wave can 
also cause the surface topology change and, consequently, induce wettability degrada-
tion over the SHS similar to water hammer pressure and dynamic pressure.

 ρ ∞=hammer L LP c U   (4)

Eq. (4) is only applied to the ideal solid rigid surface. If the compressibility of 
the target surface is taken into consideration, the water hammer pressure could be 
expressed more accurately as:

 
( )

ρ
ρ ρ∞

 
=   + 

1
1 /hammer L L

L L S S

P c U
c c

  (5)

where ρs and cs are the density and speed of sound in the target surface, respec-
tively. The water hammer pressure is generated on a radius of contact given by 

∞= /hammer Lr RU c where R is the radius of a droplet before impact. The duration of 
water hammer pressure depends on the droplet radius as well as impact velocity and 
can be expressed as ∞= 23 /2hammer Lt RU c  [39].

As described by Blower [54] and Athanasopoulos et al. [55], the in-plane ampli-
tude of the Rayleigh surface wave attenuates as it moves away from the impact center 

Figure 5. 
Different stages of droplet impact on a solid surface. (a). Shock wave generation at the initial compressible regime. 
(b). Shock wave propagation in the droplet. (c). Incompressible regime.
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(i.e., ξ −∝ 0.5P  where P and ξ are the amplitude of Rayleigh surface wave and the 
traveling distance of it from the impact center, respectively) so the amplitude of 
Rayleigh surface wave generated by the water hammer pressure can be estimated by 
the following equation [26]:
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where ξ is the distance to the impact center.
All water hammer pressure, dynamic pressure and Rayleigh surface wave are likely 

to be the main factors causing wettability degradation after rain erosion tests since all 
of them have different features, which may generate severe damage to superhydropho-
bic coatings. Although water hammer pressure is tremendous in comparison with the 
dynamic pressure in terms of stress magnitude, the acting area of it is much smaller 
than that of the dynamic pressure. For a representative case of a droplet impinging 
onto an aluminum surface at a velocity of 65 m/s with a diameter of 3 mm, the mag-
nitude of water hammer pressure can reach 89 MPa, significantly higher than only 
2 MPa of dynamic pressure. However, the area experiencing the dynamic pressure 
is 512 times greater than the water hammer pressure. The significantly larger acting 
area of the dynamic pressure probably leads to more severe damage to the surface 
since more surface textures in a larger area might be damaged. The amplitude of the 
Rayleigh surface wave decays with propagating distance, which means the damage 
caused by the Rayleigh surface wave is higher near the impact center than in the far 
field. In summary, the importance of these three stresses to the degradation of the SHS 
due to rain erosion cannot be certainly compared with respect to the stress magnitude 
or acting area; thereby, the damage contributed by them should be further analyzed 
and compared considering energy transformation or classical surface fatigue theories.

To protect superhydrophobic coatings, previous studies have been devoted to 
fabricating durable coatings that resist droplets’ high-speed impact. Brown et al. 
[56] applied plasma-enhanced chemical vapor deposition to fabricate a new durable 
superhydrophobic coating, which does not observe failure even after 6000 impacts 
at 165 m/s (typical speed at the tip of wind turbine blades). Song and Benmeddour 
[57] developed a new coating comprising a surface-modifying polymer bearing 
fluorinated and polydimethylsiloxane branches on the erosion-resistant polyurethane 
matrix to improve the droplet erosion durability. The development of protective 
coatings to resist droplet erosion should properly use several resins with different 
properties in combination or modifications to improve the superhydrophobicity as 
well as the durability [58].

3.2 Sand erosion

Sand erosion is a common and severe wear phenomenon for aircraft and wind 
turbines in the desert (see Figure 6(a)), which is caused by the repeated impact of 
sand or other abrasive particles [60]. During operation in desert, forests and near 
volcanoes, abrasive particles such as sand, dust, coal derivatives and fly ashes impinge 
on the surface at a high speed (over 100 m/s), leading to material removal and 
significant changes in the surface topography (see Figure 6(b)). Sand erosion occurs 
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when the abrasive particles strike the coated surface at high velocities, causing the 
removal or thinning of the coating. While the material removal of ductile materials 
(e.g., metals and alloys) is caused by the cutting and plowing of the solid particles 
(see Figure 6(c)), sand erosion leading to crack initiation and propagation (see 
Figure 6(d)) on brittle materials (e.g., ceramics and silicon wafers) removes material 
pieces from the surface [61].

Many factors influence the material loss rate pertinent to sand erosion such as 
airflow speed, impact angle, object geometry, surface hardness, fracture toughness 
and material elasticity. Erosion rate can take the form:

 ( ) ( )α α= = 2m m m
k p pW CE f CV M f  (7)

where Ek, α, Vp and Mp are particle kinetic energy, impact angle, impact velocity 
and sand mass, respectively. C is a constant related to the material property. Particle 
kinetic energy has a form of = 21

2
m
k p pE M V . C and m are constant terms related to 

the material characteristics, which need to be determined by experiments. While 
ultra-hard coatings are preferred to resist sand erosion, some softer polymers (e.g., 
polyurethane) can also provide excellent erosion resistance in atmospheric conditions 
[62]. Therefore, polyurethane has been used to fabricate durable superhydrophobic 
coatings [57].

Various erosion-resistant coatings for ice protection have been explored in pursu-
ing durable superhydrophobic coatings. Kumar et al. [63] developed a superhydro-
phobic coating by introducing silica nanoparticles in a polyvinylidene fluoride matrix 
to improve erosion resistance. The sand erosion test was done by placing the sample 
surface 10 cm away from the sandblast nozzle at a pressure of 200 kPa for 30 s. After 
the sand erosion test, the coating with 10% polyvinylidene fluoride remains super-
hydrophobic. Fu et al. [64] fabricated an erosion-resistant superhydrophobic coating 
by applying plasma electrolytic oxidation (PEO) and chemical vapor deposition 
(CVD) on the aluminum substrate. After conducting a sand falling test (i.e., dropping 

Figure 6. 
Sand erosion is a severe problem to (a) aircraft and (b) turbines. The mechanism of sand erosion on (c) ductile 
and (d) brittle materials [59].
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sand particles from a certain height to the surface) using 2000 g sand, the coating 
remains superhydrophobic. Zheng et al. [65] employed a bio-epoxy resin and SiO2 
nanoparticles to make an eco-friendly hydrophobic coating. They found that the coat-
ing became superhydrophobic after conducting the sand erosion test since impacts 
of sand create a porous structure on the surface, allowing more air to be entrapped 
beneath the droplet.

3.3 Mechanical abrasion

When superhydrophobic coatings are subjected to mechanical abrasion, such 
as rubbing or scratching, the surface structures can be compromised, significantly 
degrading the superhydrophobic characteristics. Hensel et al. [66] proposed a method 
of creating superhydrophobic coatings by mimicking the effectively liquid-repellent 
and mechanically stable springtail-skin morphology. They tested the durability 
by oscillating a steel ball with a normal force on the bio-inspired coating. Hensel 
observed the failure of membranes, which are plastically deformed and delami-
nated from the substrate, and the pillar arrays that are broken from the bottom (see 
Figure 7(a)). Kondrashov et al. [67] presented an approach to generate a mechani-
cally robust superhydrophobic coating by growing silicon microcones and nanograss 
using mask-free dry etching processes. They tested the coating durability by conduct-
ing a linear abrasion test, exposing the coating to a normal force and moving the 
coating back and forth. They found that the coating that combines microcone and 
nanograss structures (MC-LD) shows greatly improved mechanical durability since 
microcones can provide an excellent shield to resist wear damage (see Figure 7(b)). 
MC-LD remains superhydrophobic after the abrasion test with a force of 20 N, but 
the coating with only nanograss degrades to a hydrophilic coating after experienc-
ing the same test. Dong et al. [68] used the 3D printing technique to fabricate a bulk 
superhydrophobic material by generating inherently nanoporous structures in the 
bulk material. In contrast to losing superhydrophobicity after 25 abrasion cycles for 

Figure 7. 
Mechanical abrasion leads to the compromission of surface topology on superhydrophobic coatings.
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those coatings (see Figure 7(c)), the bulk superhydrophobic material keeps low water 
adhesion and high contact angle after 40 abrasion cycles. Dong’s research shows a 
promising method to fabricate durable superhydrophobic coatings without concern-
ing the loss of materials.

The abrasion durability of superhydrophobic coatings can be tested using various 
methods. The most common method for measuring abrasion resistance involves lin-
ear shear abrasion, where a solid abradant moves tangentially across the surface being 
tested. In this type of wear, the contact point between the surfaces moves parallel to 
the surface with a force vector perpendicular to the material. Various experimental 
setups have been used in the literature to study this tangential abrasion, involving 
the fundamental concept of rubbing or sliding a solid material against the surface 
under investigation [69, 70]. This process causes mechanical wear, resulting in mate-
rial removal and eventual alteration of the surface properties, including the loss of 
non-wettability. Circular and linear abrasion employs similar principles and utilizes 
the same experimental setup. The main distinction lies in the movement of abradant 
materials. Circular abrasion involves a disk-shaped abradant material that undergoes 
rotational motion. In contrast to linear abrasion, one drawback of circular abrasion is 
the variation in speeds among different sections of the abradant material. As a result, 
this type of testing is not as commonly used, though the setup is easier to implement. 
In certain situations, superhydrophobic coatings may encounter sharp objects such 
as knives, pens, forks, and other items that can cause significant surface damage. 
Previous studies have conducted blade tests for non-wettable coatings. These tests 
are essentially similar to linear abrasion tests, but a sharp blade simulates the rubbing 
action instead of using a flat abradant material.

4.  Environmental factors affecting the durability of superhydrophobic 
coatings pertinent to aircraft/wind turbine icing mitigation

4.1 Icing/deicing cycles

Impact icing and bulk icing are two common icing phenomena related to ice accre-
tion on the surface of aircraft. Impact icing occurs when supercooled large droplets or 
ice crystals in the atmosphere strike the surface of in-flight aircraft and freeze upon 
impact. Impact icing typically occurs between 0 and −20°C on unprotected aircraft 
surfaces, such as the leading edges of wings, engine guide vanes and propellers. It 
can significantly impact aircraft performance, causing changes in aerodynamics, and 
impaired control. Bulk icing usually occurs on parked aircraft in freezing drizzles 
where liquid water freezes on aircraft surfaces without impact or pressure. Bulk icing 
is smooth and transparent, making it difficult to detect visually.

Since many superhydrophobic coatings have excellent anti-icing performance, 
such as reducing ice adhesion, delaying freezing time and suppressing ice nucleation 
temperature, ice adhesion on superhydrophobic coatings is measured in plenty of 
studies. Bulk and impact ice are two common types of ice used in the measurement. 
The formation of impact ice is simulating the impact of supercooled droplets or ice 
crystals onto the aircraft surface using the experimental facility shown in Figure 8(a) 
[71]. Instead, some previous studies made impact ice by spraying droplets in a cold 
climate chamber to the surface directly [74]. Since the formation of impact ice 
involves the impact of droplets, the surface topology of superhydrophobic coatings 
could be compromised in the same mechanism as the droplet erosion in this process. 
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Besides, before ice nucleation of droplets on the surface, water can infiltrate micro-/
nanostructures of superhydrophobic coatings. When water freezes and expands, it 
can potentially damage or break the surface topology. While impact ice can simulate 
the in-flight icing process more closely and evaluate the icephobic performance of a 
coating more accurately, bulk ice is used more frequently due to simple experimental 
conditions. Figure 8(b) shows a typical facility for icing/deicing cycles that create 
the bulk ice at first and break the ice sample mechanically then [42]. Another icing/
deicing cycle is creating the bulk ice also at first but melting the ice consequently. 
Although melting bulk ice seems harmless to the superhydrophobic coating, remov-
ing the surface material or applying tremendous fracture stress in the icing process 
could significantly change the surface topology. Mobarakeh and Farzaneh [72] 
observed that the spongy micro-structures on the surface is replaced by large rough-
ness features after 15 icing/deicing cycles (see Figure 8(c)). Mobarakeh and Farzaneh 
conduced the icing test at −10°C and the deicing test at the room temperature, which 
are the icing/deicing conditions used in many literature. Their icing samples were 
obtained in an icing wind tunnel to simulate the impact icing on UAV. Brown et al. 
[56] reported that the amount of material is significantly reduced after 80 cycles (See 
Figure 8(d)). Similarly, Wang et al. [73] proposed that the amount of microcones on 
the superhydrophobic coating is significantly reduced after 40 melting cycles (See 
Figure 8(e)). They also conducted the ice-breaking tests using the facility shown in 
Figure 8(b), and surprising found that 20 breaking cycles contribute less damage to 
the superhydrophobic coating than 40 melting cycles in terms of surface roughness 
and microcone number. Their study indicates that the water freezing process severely 
damages the hierarchical structures more than removing ice from the surface.

4.2 Chemical corrosion

Corrosion is usually an undesirable and unsecured phenomenon since it has a 
detrimental impact on the functional characteristics of metals. The total annual cost 
of corrosion in the petroleum industry of USA is estimated to be 1.4 billion dollars 
[75]. Superhydrophobic coatings have shown excellent corrosion resistance in highly 
acidic or aggressive media [76]. The fabricated hierarchical structures offer a pas-
sivation layer hindering metallic corrosion, e.g., offshore wind turbines subjected to 

Figure 8. 
The experimental setup of creating (a) impact ice samples [71] and (b) bulk ice samples [42]. (c–e) Icing-deicing 
cycles significantly change the surface topology of superhydrophobic coatings [56, 72, 73].
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aggressive environments with high humidity and intensive salinity, offering a new 
efficient mechanism from anti-corrosion. Liu et al. [77] stated that the anti-corrosion 
mechanism of superhydrophobic coatings under salty water is avoiding corrosive 
medium like Cl− reaching the metal substrate.

While superhydrophobic coatings have excellent anti-corrosion features, chemical 
corrosion could also lead to the degradation of hydrophobicity. An important chemi-
cal corrosion (or called contamination) subjected to aircraft ground icing is the cor-
rosion of deicing fluids to superhydrophobic coatings. Aircraft ground deicing often 
involves using chemicals such as deicers or anti-icing agents. While these chemicals 
aid in ice removal, they can also degrade the performance of superhydrophobic coat-
ing by resolving the coating material or depositing hydrophilic agents on the surface 
since deicing fluids usually contain glycols and other organic solvents [42]. Zhang 
et al. [42] found that a commercial type I deicing fluid mainly containing propylene 
glycol could degrade a silicon-based superhydrophobicity by resolving the topping 
material and significantly undermining the hierarchical structure. Furthermore, the 
thickening agents (e.g., xanthan gum) in a type IV deicing fluid could adhere tightly 
on superhydrophobic coatings, which results in the transition of surface wettability 
from superhydrophobic to hydrophilic very quickly [42]. Even though the coating 
intrinsic chemical characteristics are not altered in this case, the surface is covered by 
another hydrophilic material in the aircraft deicing process, which should be cautious 
for the application of superhydrophobic coatings on aircraft.

4.3 UV irradiation

In the presence of oxygen or water in the environment, UV in sunlight could 
induce the photo-oxidation of coatings. The UV resistance of superhydrophobic coat-
ings varies with the coating composition. Shorter wavelengths in the UV range result 
in more severe damage to the opaque coating, whereas UV-transparent coatings can 
very well resist the photo-oxidation induced by UV light. Superhydrophobic coatings 
that only absorb UV light with wavelengths lower than 280 nm usually have good 
durability to resist UV radiation [33].

The UV durability of superhydrophobic coatings could be assessed by placing the 
coatings under sunlight in order to cover the whole range of sunlight spectrum but this 
method is not time efficient [78]. A climate chamber equipped with an intensive UV 
light lamp can accelerate the degradation of superhydrophobic coating [79]. An interna-
tional standard, that is, ASTM G154, has regulated the standard practice for operating 
UV lamp for exposure of non-metallic materials, which is widely used in many previous 
studies of testing UV degradation of superhydrophobic coatings [80, 81].

Plenty of studies are dedicated to fabricating UV-resistant superhydrophobic coat-
ings. Radwan et al. [82] combined poly(vinylidene fluoride-co-hexafluoropropylene) 
with alumina nanoparticles to create a superhydrophobic coating with high UV 
durability. Their results showed that after a long 500-hour UV exposure at a constant 
temperature of 60°C, the coating remained superhydrophobic with little contact 
angle degradation. They contribute excellent UV durability to the higher bond 
energy provided by alumina nanoparticles. Raghu et al. [83] employed transparent 
ZrO2-nanotubes to fabricate transparent superhydrophobic coatings to improve 
UV-resistance. Gao et al. [84] developed a highly transparent superhydrophobic 
coating with SiO2-coated ZnO nanorod arrays. A thin layer of SiO2 acts as a physical 
barrier to filter UV to protect ZnO, which is typically prone to UV-triggered photo-
oxidation reactions.
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4.4 Insect contamination

Insect impact are operational events of aircraft occurring during the ground 
operation, take-off and landing phases of the flight profile, which was recognized as 
early as 1945. Insect impact residue can greatly contaminate the aircraft surface (see 
Figure 9(a)) and alter the aerodynamic performance of aircraft [86]. The issue of 
insect debris has garnered attention in multiple industries. Specifically, it has been a 
focus for the wind farm industry. There has been a particular interest in understand-
ing the effect of surface irregularities induced by the insect contamination (see 
Figure 9(b)) on the efficiency of wind turbine blades and the subsequent power 
losses they may cause. Corten and Veldkamp [85] hypothesized that the insect debris 
at the suction peak of turbine blades could reduce the power output and verified this 
hypothesis experimentally (see Figure 9(c)).

Superhydrophobic coatings are effective in reducing insect contamination by 
significantly decreasing the adhesion of the debris. This property makes it difficult 
for insects to adhere to the coating. Krishnan et al. [87] observed that the superhy-
drophobic coating could reduce the contamination area efficiently since the super-
hydrophobic coating significantly promotes the retracting of insect debris. However, 
they also pointed out that superhydrophobic and oleophobic coatings are ideal for 
minimizing insect contamination because the adhesion of insect blood is low on 
oleophobic coatings rather than superhydrophobic coatings. Kok et al. [88] tested the 
ability of contamination cleaning for surfaces with various roughness and proposed 
that rougher surfaces with better hydrophobicity display less residue adhesion.

5.  Recommendations for the durability of superhydrophobic coatings 
pertinent to aircraft/wind turbine icing mitigation

This chapter reviews the recent advances in durability of superhydrophobic 
coatings pertinent to aircraft and wind turbine icing mitigation. In order to develop 
effective superhydrophobic coating for aircraft/wind turbines, it is necessary to 
have a consistent, reliable method for characterizing the performance of candidate 
materials subjected to realistic environmental conditions, such as rain, sand and 
ultraviolet exposure. As a result, the durability tests listed above (i.e., droplet erosion 
resistance, sand erosion resistance, abrasion resistance, icing/deicing resistance, UV 
resistance, chemical corrosion resistance and insect contamination) are necessary to 
be conducted to quantify the durability of superhydrophobic coatings before applying 
them on aircraft and wind turbines in practice. This chapter is intended to display the 

Figure 9. 
Insect contamination on an (a) aircraft and a (b) wind turbine. (c) Insect-contaminated wind turbine generates 
less power than the clean turbine [85].
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problem and perhaps can shed some light into conducting tests that can be industri-
ally valuable. Here are some recommendations for the durability test of superhydro-
phobic coatings:

1. In order to assist the advances in the application of superhydrophobic coatings, it 
is significant to standardize the evaluation methods based on the working condi-
tions of aircraft and wind turbines. This chapter indicates that some of the above 
durability testing methods are well studied in this regard, and this allows specific 
recommendations. Table 1 summarizes the standard methods for durability 
assessment of a coating. However, there is currently a lack of specific durability 
testing standards for superhydrophobic coatings that can be applied to aircraft or 
wind turbines. As a result, some standards or regulations for coating durability 
assessment should be developed or updated based on current standards. For ex-
ample, ASTM G73 regulates the droplet erosion durability of coatings by quan-
tifying the material removal rate. However, superhydrophobic coatings suffer 
degradation (e.g., a decrease of the static contact angle) after the droplet erosion 
test with little material removal. In this way, ASTM G73 should be updated to 
include the hydrophobicity degradation after the droplet erosion test to meet the 
specific requirement of applications of superhydrophobic coatings on aircraft.

2. The importance of each durability test needs to be quantified based on local 
environmental conditions since natural factors that influence the durability of 
superhydrophobic coating vary with different regions. For example, sand ero-
sion is severe in Middle Eastern countries where the desert covers a large portion 
of countries, but it is not a primary concern in countries in Western European 
countries that receive a significant amount of rainfall throughout the year from 
the Atlantic Ocean. Instead, superhydrophobic coatings prepared for offshore 
wind turbines in Europe are severely threatened by the corrosion of salty vapor 
and droplet erosion due to plenty of airborne tiny droplets.

3. The durability tests of superhydrophobic coatings should be application spe-
cific. Fabricating a superhydrophobic, durable coating for all tests listed above 

Durability type Standard code Test details

Droplet erosion ASTM G73 Samples are installed on a rotating arm and impinge with droplets 
at high speed (up to 600 m/s).

Sand erosion ASTM G76 Samples are eroded by high-speed airborne particles injected by a 
nozzle with a specified particle size, velocity, and attack angle.

Mechanical abrasion ASTM D4060 Abrasion of samples with different loads and abraders.

Chemical corrosion ASTM G1654 Evaluating basic corrosion performance of coatings after exposure 
to corrosive environments.

UV ASTM G154 Simulation of weathering conditions in a chamber under 
consecutive UV irradiation.

Icing/deicing cycles ASTM C1645 Determining the effects of icing/deicing cycles on the length of 
service of concrete paving units.

Table 1. 
ASTM standards about coating durability.
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is an overwhelming task. Despite this fact, the coating should also be excel-
lent if it is durable under the situations where it mostly works. Offshore wind 
turbines mostly work in aggressive environments with high humidity, severe 
corrosion and intense UV radiation but sand erosion is rare. As a result, devel-
oping a superhydrophobic coating with excellent UV and corrosion resistance 
is an ideal coating for the icing mitigation of offshore wind turbines. Instead, 
aircraft working in airports in the desert faces intense UV radiation in park and 
severe sand erosion during landing and take-off, so a superhydrophobic coating 
with excellent erosion and UV resistance would be suitable for aircraft icing 
mitigation.

4. Coating durability needs to be further improved to allow the coating to perform 
well in operating conditions of aircraft and wind turbines. The coating should be 
tested in a realistic and dynamic environment, such as inside a droplet erosion 
test rig where the droplet can impinge onto the coating with a speed over 100 m/s 
analogous to the landing or take-off condition.

6. Conclusions

In conclusion, superhydrophobic coatings that can create large microcracks have 
demonstrated significant potential in anti-icing applications. These coatings exhibit 
excellent water repellency, creating a protective barrier on surfaces that prevent ice 
formation. Superhydrophobic coatings can effectively reduce ice accumulation and 
enhance anti-icing properties by minimizing the adhesion of water droplets/ice. 
Compared to conventional thermal-based anti-icing technologies, superhydrophobic 
coatings have advantages of lightweight and low energy consumption. As a result, 
applying superhydrophobic coatings to achieve surface modification is a promis-
ing anti-icing technique in wide applications including aerospace and wind energy. 
International Organization for Standardization (ISO) has published a standard 
(ISO10689) to systematically evaluate the durability of superhydrophobic coatings 
pertinent to industrial applications.

While superhydrophobic coatings show promising results in anti-icing applica-
tions, further research is still needed to optimize their performance and extend 
the length of service. This chapter mainly reviews the challenges in improving the 
durability of superhydrophobic coatings and highlights recent advances in enhanc-
ing the coating durability. One of the challenges is droplet erosion, which could 
occur on in-flight aircrafts or offshore wind turbines subject to the high-speed 
impact of droplets. The “water hammer effect” in the high-speed impact generates 
tremendous stress, leading to severe coating damage. Further, our recent study 
indicates that the water hammer pressure and Rayleigh surface wave induced by the 
impact are the main factors leading to the coating degradation in droplet erosion. 
Sand erosion, mechanical abrasion and icing/deicing test also significantly change 
the surface topology, but UV radiation and chemical corrosion change the surface 
chemistry. In this way, the durability of superhydrophobic coatings with hierarchical 
structures can be defined as the ability of a surface to maintain surface topology and 
low surface energy under practical working conditions. As a result, durable super-
hydrophobic coatings should be fabricated with excellent mechanical hardness and 
stable chemical properties.
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Abstract

Membrane contactors allow for higher mass transfer per unit volume. Hence, there
has been great interest in recent years on its development and applications in separa-
tion processes. It offers high interfacial area between liquid and gas phases while
preventing direct mixture, and concurrently prevents flooding and foaming, thanks to
the independent gas and liquid flow rates. However, wetting of the membrane pores is
a serious problem for this technology application, where even partial membrane pores
wetting could significantly deteriorate contactor performance. Therefore, it is crucial
that the membranes are hydrophobic to maintain membrane nonwetting during
operation. Moreover, any membrane surface modification to increase its hydropho-
bicity must also be highly stable, does not leach out, and can be applied for long-term
operation. This chapter looks at the research done on superhydrophobic membranes
for gas-liquid membrane contactor application and its recent advances.

Keywords: superhydrophobic, membrane, gas-liquid contactor, surface modification,
wetting, polymeric

1. Introduction

There is a massive demand in recent years to develop new separation technologies
or improve on existing ones, in order to enhance product quality, solve environmental
issues, improve energy efficiency, increase process safety and/ or cost reduction.
However, to compete with proven conventional separation technologies, critical
attention must be given to every detail to achieve the required properties. In one such
case, membrane technology has the potential to replace traditional energy-intensive
separation techniques and provide a reliable option for sustainable industrial growth
[1]. Today, membrane contactor has attained considerable attention due to its wide
range of potential applications. The number of publications on the field has risen
steadily since the past 20 years, as shown in Figure 1 [2].

Since most of chemical separation processes are related to the contact of two different
phases (liquid-liquid or gas-liquid), a membrane contactor system is deemed suitable for
operations such as gas absorption and stripping, liquid-liquid extraction, distillation,
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heterogeneous reactions, emulsification, demulsification, humidification, and dehumidi-
fication. There have been quite a number of commercialized membrane contactor system
reported, such as ammonia recovery, de-gassing of water, and air humidification [3].

2. Membrane contactor: working mechanism and applications

2.1 Introduction to membrane contactor

A membrane contactor is a specialized device that can be used in various industrial
processes and applications to transfer materials (such as gases or liquids) across a
porous membrane between two phases. The porous membrane acts as a nonselective
barrier between the phases, in which the transport of species through the membrane
pores occurs by diffusion mechanism. In a membrane contactor system, the selectivity
of the separation process is governed by the component’s affinity to the specific phase.
The detailed fundamentals and mass transfer transport mechanism of the species
through porous membrane contactors can be found in the open literature [4, 5].

The primary purpose of a membrane contactor is to enhance mass transfer,
separation, or purification processes. Membrane contactors offer several advantages
over traditional contacting devices. They provide an exceptionally high interfacial con-
tact area between the phases, which results in an improvedmass transfer coefficient (K)
and is a more compact separation system with less capital cost and energy consumption.
This is contributed to the use of thousands of hollow membrane fibers in the module.
For comparison, based on reported experimental results, the volume of a conventional
packed column is 4–10 times bigger than a membrane contactor unit [6, 7].

Another advantage of membrane contactor systems is its operational flexibility.
Since the membrane separates the two different phases, independent control of the
phase’s flow rates prevents operational problems like flooding, foaming, weeping,
entrainment, and loading [4]. In addition, the modularity of membrane contactors
leads to easy scale-up and scale-down. The characteristics of membrane contactors
compared with conventional contactors are shown in Table 1.

Figure 1.
The yearly publications on membrane contactor for the past 20 years shows immense interest in the field. Adopted
from Ref. [2].
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Membrane contactors, however, do face some challenges. Regular asymmetric
membranes have high gas permeability, ultra-thin skin layer, and small thickness; hence
any resistance is negligible. In membrane contactor process on the other hand, the
membrane phase itself adds extra resistance to mass transfer process. This resistance
can be minimized using appropriate materials and optimizing fabrication conditions to
improve the membrane structure and properties [8, 9].

Another crucial matter is that wetting of the membrane pores is a serious problem
for this technology application. Partial wetting of the membrane can significantly
deteriorate the mass transfer coefficient and decrease the separation efficiency
[10, 11]. Several attempts have been made to develop and modify the membrane
structure to minimize wetting and the mass transfer resistance; these are highlighted
in the proceeding sections. In order to successfully implement membrane contactor
technology in the industry, current status, and future direction of the technology are
discussed critically in this chapter.

2.2 Applications of gas-liquid membrane contactor

The schematic of the mass transfer mechanism of the gas-liquid membrane
contactor technology is shown in Figure 2. The overall mass transfer resistance, K is
the combination of the gas (g) phase, membrane (m) and liquid (l) phase resistances
that is shown in Eq. (1).

1
Ko

¼ 1
Km

þ 1
Kl

þ 1
Kg

(1)

In an ideal case, the membrane pores are considered gas-filled, which minimizes
the overall resistance. In fact, the nonwetted mode can be achieved by using highly
hydrophobic or superhydrophobic membranes with small pore sizes. Partial wetting
of the membrane can seriously increase the overall resistance and deteriorate the
separation performance of the membrane [10]. The gas phase resistance can be
reduced by increasing velocity and/or the species concentration. Using low-thickness
porous hydrophobic membranes with ultra-thin skin layers may minimize the resis-
tance for different applications. So far, several attempts have been reported in the
literature to enhance the membrane structure for contactor applications [8, 9, 12]. In
addition, introducing chemical reactions for separation purposes and increasing the
liquid phase velocity can significantly enhance the liquid mass transfer coefficient and
minimize the resistance [11, 13].

Contactor type Surface area/ volume
(m2/m3)

Mass transfer coefficient (Kl.a)
(s�1) � 10�2

Gas/liquid volume
flow (%)

Bubble column 50–600 0.5–12 60–98

Packed column 10–350 0.04–7 2–25

Venturi
scrubber

150–2500 8–25 5–30

Membrane
contactor

1000–10,000 5–50 1–99

Table 1.
Characteristics of different gas-liquid contactors (Ref. [8]).
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Since contact of two phases is possible via the membrane contactor, several
applications can be expected in the scope of gas-liquid contacting processes. The use
of gas-liquid membrane contactors covers a wide range of separation processes such as
absorption/stripping, degassing, humidification/dehumidification and distillation.
The varied applications and research on gas-liquid membrane contactors are summa-
rized in Table 2.

As summarized in Table 2, so far, simultaneous absorption of various types of acid
gases and toxic vapors such as VOCs, CO2, H2S, SO2, and NO2 with different liquid

Figure 2.
Schematic of nonwetted mode mass transfer profile of component “A” (CA) for different applications of gas-liquid
membrane contactor: (a) gas absorption and dehumidification; and (b) stripping, degassing, humidification,
distillation.
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Application Gas Liquid Membrane Research focus References

Absorption CO2,
SO2,
H2S,
NO2,
Ozone,
VOCs,
H2S/
CO2,
CO2/
SO2,
ethylene/
ethane

Water,
Na2SO3,
Na2CO3,
NaHCO3

and NaOH
solutions,
MEA, DEA,
MDEA
solutions
and
mixtures of
amine,
AgNO3

solutions

PVDF, PSF and PEI, PP,
PTFE, ePTFE, and
composite PP.

• Development of hollow
fiber membrane structure

• Evaluation of different
physical and chemical
liquid absorbents for gas
absorption

• Simultaneous absorption of
different gases

• Process optimization
• Process modeling and

simulation

[14–18]

Stripping CO2/N2,
VOCs/
Air,
ethylene/
ethane/
Air

Water,
MEA and
DEA
solutions,
silicon oil
200 fluid
and
Paratherm
NF®,
AgNO3

solutions

PVDF, PSF, PEI,
ceramic, PTFE and PP

• Development of membrane
structure for improving gas
stripping performance

• Modeling of membrane
contactor gas stripping

• Effect of main operating
parameters on stripping
performance

[19–21]

Degassing Air/O2,
N2/O2,

Water PP, poly-4-
methylpenten-1,
silicone,
rubber capillary
(SILASTIC®),

• Applications for boiler feed
water deoxygenation,
ultrapure water production,
and
microbiocontamination.

• Mass transfer analysis and
process simulation

[22, 23]

Distillation Water
vapor,
N2

Aqueous
mixtures of
ethanol,
isopropanol
solution

Commercial PTFE
(POREFLON), PP and
PVDF

• Isopropanol separation in
sweep gas membrane
distillation and Ethanol
separation in vacuum
membrane distillation
(VMD) were conducted.

• Effect of operating
conditions on flux
improvement

[24–26]

Humidification air Water Composite PVDF, In-
house made PES and
PSF,

• Model development of heat
and mass transfer

• The effects of structure-
induced flow
maldistributions on the
deteriorations of
humidification efficiencies.

• Effect of operating
parameters

• Effect of membrane
structure on humidification

[27, 28]

dehumidification Air/
vapor

LiCl
solution,
Triethylene

Composite PVDF,
Polydimethylsiloxane,
(PDMS), and
polyvinyltrimethylsilane

• Spiral wound and flat frame
membrane modules

• Mathematical modeling of
heat and mass transfer in

[29, 30]
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absorbents have been conducted using membrane contactors [14–18]. Many
researchers focused on CO2 removal due to its greenhouse effect and impact to
global warming. In correspondence, gas-stripping membrane contactors are
developed to regenerate the liquid absorbents either as integrated process or standalone
system [19–21]. Degassing to remove O2 and CO2 through membrane contactor mod-
ules from boiler feed water was developed to control corrosion [22, 23]. There is also
vast interest in its application for membrane distillation of organic solvents [24–26].
Additionally, membrane contactor is also considered an alternative for air humidity
control [27–30].

3. Current issues and challenges of membrane contactor

Membrane wetting is the main challenge of gas-liquid membrane contactors, as it
can deteriorate the separation performance. Although the membrane employed in gas
absorption is often hydrophobic and capable of resisting the wetting of absorbents,
aqueous absorbent solutions of organic compounds, especially alkanolamines [31],
could still penetrate the membrane pores over prolonged operation. The schematic
diagram of nonwetting, overall-wetting, and partial wetting of the membrane
contactor is shown in Figure 3.

The partial-wetting mode will cause the overall mass transfer resistance to increase
rapidly and significantly influence the stability of long-term operation [10]. Malek
et al. [33] investigated the effects of membrane-wetting pressures on the overall mass
transfer. They concluded that partial wetting of the membrane can change the overall
mass transfer coefficient of membrane gas absorption. Lu et al. [32] presented the
wetting mechanism for hydrophobic hollow fiber membrane-alkanol amine absor-
bents for CO2 capture. A mathematical model for wetting mechanism was proposed
by correlating the resistance-in-series equation, the Laplace equation, and the pore
size distribution function of the membrane.

For a given hydrophobic membrane material and structure, the degree of
partial wetting of membrane pores depends on the surface tension the contact
angle between the absorbents and the membrane surface, and the operating
conditions. The minimum or breakthrough pressure (ΔP), exerted on the liquid phase
to enter the membrane pore can be estimated by the Laplace-Young equation, as
shown in Eq. (2) [34]:

ΔP ¼ 2γcosθ
rp,max

(2)

Application Gas Liquid Membrane Research focus References

glycol
(TEG),

(PVTMS), PE, coated
PEI

cross-flow hollow fiber
membrane.

• Parameters affecting vapor
mass flux through the
membrane.

• Transversal flow modules

Table 2.
Applications of gas/vapor-liquid membrane contactors.
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where γ is the surface tension of the liquid, θ the contact angle
between the fluid phase and the membrane, and rp,max is the maximum
membrane pore radius.

Figure 3.
Operation modes in a hydrophobic microporous hollow fiber membrane and pore-wetting patterns: (a) nonwetting
mode, (b) overall-wetting mode, and (c) partial-wetting mode. Adapted from Ref. [32].
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Thus, based on the Laplace-Young equation, membrane and liquid absorbent
properties can influence membrane wetting [34]. Surface hydrophobicity and pore
size are two essential membrane properties that can be controlled during fabrication
and modification processes.

Among hydrophobic polymers, PP, PTFE, and PVDF have extensively been
used for porous membrane fabrication [8, 13, 14]. Microporous PTFE
membrane shows good gas absorption performance and long-term stability [35];
however, its application is limited due to its high production cost and
unavailability in small diameters [12]. PP and PTFE are however not soluble in com-
mon solvents at room temperature and these membranes are normally fabricated
using thermal and stretching methods. These methods do not have the flexibility to
control pore size and porosity. PVDF, on the other hand, can be dissolved in organic
solvents at room temperature, resulting in asymmetric membranes with controlled
pore size, porosity, and low mass transfer resistance (favorable factors for membrane
contactor) via phase inversion process. There have been extensive studies on improv-
ing membrane hydrophobicity, which will be explored further in detail in the next
section.

Aside from the membrane itself, the selected liquid absorbent properties are
also crucial, where its surface tension is key, affecting membrane wetting. Amine
solutions have been used for acid gas capture extensively. These organic solutions
possess low surface tension, which can easily penetrate through the membrane
pores and result in wetting. Thus, there are studies to develop liquid with high
reactivity and surface tension, like ionic liquids and amino acid salt solutions, to
minimize wetting and prolong the stability of the operation [17, 36, 37]. The
liquid absorbents are tailored to have high affinity to the gas component, high
compatibility with the membrane material, as well as low vapor pressure and
viscosity. Low vapor pressure is important to minimize liquid loss during the
operation, while low viscosity is required to minimize the pressure drop in the
membrane contactor module. These tailored properties would increase mass transfer
and enhance the membrane contactor separation performance. New and novel absor-
bents, however, suffer from high cost and low regenerability for a cost-effective
operation.

The interaction between membrane material and liquid absorbent can significantly
affect the membrane structure and properties, which could result in unviable long-
term operation. Other than inert PTFE, materials such as PP and PVDF have shown
interaction with alkaline solutions [38, 39], which are usually used as liquid absor-
bents for acid gas capture. Therefore, compatibility of the absorbent with the mem-
brane needs to be considered in the design of long-term operation.

Aside from polymeric material, the idea of using composite membranes
has also been explored due to its long-term wetting stability and high
compatibility with liquid absorbents [40–42]. Composite ceramic membranes
have high thermal stability and are proposed for high-temperature processes
like gas-stripping membrane contactors. Thin-coated layers are developed to
minimize membrane resistance, attain high gas permeability, high
hydrophobicity to minimize wetting, high mechanical resistance against erosion
of the liquid flow, and high chemical resistance for a prolonged operation. They
provide a good alternative for membrane contactor application besides polymeric
membranes.
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4. Membrane fabrication and modification for superhydrophobicity
improvement

A surface is considered superhydrophobic when the static water contact angle
exceeds 150o and has low contact angle hysteresis (i.e., less than 10o) [43]. A
superhydrophobic surface can be created by reducing the surface free energy of a
rough surface or roughening a low surface energy material or a combination of both
[44, 45]. The higher the surface roughness, the solid-liquid contact surface would
become smaller and hence larger contact angle [46].

One tactic to obtain superhydrophobic membrane is through fabricating a mem-
brane with a rough surface directly, i.e., by having nanoparticles entrapped in the
membrane structure by adding them into the polymer matrix itself [47]. The other
approach is to modify fabricated membrane surface with low surface energy materials
[48]. Figure 4 shows a general summary of the fabrication methods of
superhydrophobic polymeric membranes.

4.1 Membrane fabrication with nanoparticles to achieve superhydrophobicity

One way of achieving superhydrophobic properties is to have nanoparticles
entrapped in the membrane structure by adding them into the polymer matrix itself
[47]; this has been intensively studied to improve the membrane properties, such as
permeability, selectivity, and physical strength [49]. 2 wt% of nanoparticles is
reported to improve significantly the membrane contact angle by 18% [50]. The
addition of nanoparticles with longer hydrophobic chains is considered to provide
higher membrane hydrophobicity [50, 51]. Blending modification is the most practical
way that can be applied to industrial-scale production [52].

Another way to achieve membranes with different structures is to adjust the bath
formula and conditions during nonsolvent-induced phase inversion (NIPS). PVDF
precipitation is controlled by both liquid-liquid demixing and solid-liquid demixing,
which could result in amorphous cellular morphology or interlinked semi-crystalline

Figure 4.
Summary of the fabrication methods of superhydrophobic polymeric membranes.
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particle structure, respectively. Hence, the coagulation bath significantly affects the
characteristics of the fabricated PVDF membranes [53].

Table 3 shows some of the methods used by researchers to produce
superhydrophobic membranes for gas-liquid contact applications. Researchers
also reported a significant reduction in surface free energy and increased surface
roughness.

The biggest issue is, however, the agglomeration that takes place when blending
nanoparticles together with polymer. Agglomeration causes the instability of casting
solution and nonuniform distribution of particles in the membranes; this leads to a
change in membrane topography, microstructure, and performance [60]. Pang et al.
managed to obtain evenly distribution of SiO2 in their membrane by introducing
hydroxyl groups into PVDF, which enhanced the affinity between the PVDF chains
and the hydrophilic nano-SiO2 particles [54].

4.2 Membrane surface modification for superhydrophobicity

Surface modification methods can be either through physical modification or
chemical modification. In physical modification, the modifiers exist on membrane
surface via physical interaction but not covalent bonding. Hence, the chemical com-
position of the membrane remains unchanged. Surface coating/ deposition is a simple
yet effective method for membrane modification; however, interaction between the
coated layer and the membrane surface is relatively weak, and probably lost during
long-term operation [60].

A variety of methods, including the wet-chemical modification [61], plasma treat-
ment [52, 62], sol-gel method [47, 63], and atomic layer deposition [64, 65], can be

Membrane material Nanoparticles Fabrication Contact
angle

Surface
free

energy
(mN/m)

Surface
roughness

(nm)

Application Reference

PVDF Hydrophobic modified SiO2

nanoparticles in ethanol bath
NIPS 164o 0.9 773 CO2

absorption
[53]

PVDF Silica-
hexadecyltrimethoxysilane
(SiO2-HDTMS) in dope

NIPS 160o — — CO2

absorption
[54]

PVDF Crystallization of pristine
PVDF (P-PVDF) powder and
defluorinated PVDF (D-
PVDF) powder

Solute and
solvent co-
crystallization

151o — 451 Membrane
distillation

[55]

PVDF-HFP Nano-SiO2 particles NIPS 151o 3.49 3590 Gas-liquid
separation

[56]

PVDF Poly-dimethylsilane-grafted-
silica (PGS) nanoparticles in
coagulation bath

NIPS 161o 0.68 3860 Gas-liquid
separation

[57]

PVDF TiO2-SiO2 mixture NIPS 161o — 870 Membrane
distillation

[58]

Polyvinylidene
luoride-co-
hexafluoropropylene
(PcH)

Electrospin with carbon
nanotubes (CNTs)

Electrospin 158o — 455 Membrane
distillation

[59]

Table 3.
Fabrication of superhydrophobic membrane.
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found in literature and have been used for the modification of membrane to improve
its properties, as well as to functionalize the membrane with additional properties
[61]. However, surface modification techniques using plasma treatments and particle
beam irradiation need expensive and complex equipment, therefore they could not be
used widely in industry [66].

For superhydrophobic coating of membranes, nanoparticles are commonly
used, such as SiO2, TiO2, Al2O3, ZnO, and CaCO3 [44], to roughen the surface.
Polymers that possess hydroxyl groups or carboxyl groups on their molecular
chains form bonding under certain conditions with the hydroxyl groups on the
surface of inorganic nanoparticles like nano SiO2 and nano TiO2 [67]. Some
researchers took the approach to lower surface energy to achieve superhydro-
phobicity; for example, Xiong et al. [68] used surface silanization and fluorination to
lower the surface energy to only one-third of the original PTFE membrane, and Meng
et al. [43] used low surface energy of fluorinated silanes with surface roughness of
nanoparticles.

Table 4 describes some of the surface modification methods used to attain
superhydrophobicity on polymeric membrane.

Membrane
material

Modification method Contact
angle

Surface
roughness

(nm)

Membrane
Application

Reference

PP Coating with granular PP. and the
mixtures of Methyl ethyl ketone

(MEK) and cyclohexanone

158o 274 CO2 absorption [12]

PVDF Coating with TiO2 and
1H,1H,2H,2H-perfluorododecyl-
trichlorosilane (FTCS) with PEG

template

160o — Membrane
distillation

[43]

PVDF Dip coat with TiO2-FTCS 158o 1380 Membrane
distillation

[48]

PTFE Surface silanization and fluorination 159o 5380 Membrane
distillation

[68]

PVDF Catechol(CA)/polyethyleneimine
(PEI) co-deposition, sol-gel growth
of SiO2 nanoparticles, and grafting of

long chain perfluorosilane

157o 133 Membrane
distillation

[69]

PP UV grafting and immobilsation of
octadecyltrichlorosilane (OTS)

162o 126 Water-in-oil
emulsions
separation

[70]

PTFE Spray-deposition with mixture of
silIca and MEK

158o 210 CO2 absorption [71]

PVDF Thiol-ene click chemistry reaction
with silica and PDMS

157o 191 Dehumidification [72]

PP Coating with modified SiO2
nanoparticles

163o 4538 Membrane
distillation

[73]

Polyurethane
acrylate
(PUA)

Spray coat with functionalized SiO2 150o — Oil/Water
Separation

[74]

Table 4.
Surface modification of polymeric membrane achieving superhydrophobicity.
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4.3 Current separation performance of superhydrophobic membrane

Performance of superhydrophobic membrane for contactor application is com-
pared in this section. For CO2 removal process, the normally reported range of CO2

flux for polymeric membrane contactors is 0.2–6.0 mmol/m2.s [3]. It is worth noting
that CO2 removal using membrane contactor performance is much more complex and
influenced by a lot of factors, like the choice of absorbent and operating conditions
(i.e., flowrate, temperature, and pressure) [75]. However, for ease of comparison, flux
is a valid criterion to monitor and evaluate its performance since it is used as a scale-
up factor for the technology [35]. Table 5 shows the reported performance of the
produced superhydrophobic membrane (listed in column “modified”) and compares
it against the flux for membrane in pristine condition.

As observed from Table 5, the produced superhydrophobic membrane in general
provides better separation performance. The results above describe the performance
during short testing, and the effect of superhydrophobicity is actually more substan-
tial for long-term operation. For example, the modified PP/cyclohexanone:MEK
membrane, during the initial operating period it, performs poorer than pristine mem-
brane because although the modification treatment enhanced hydrophobicity, it also
decreased membrane porosity and increased its thickness. However, after 20 days of
operation, modified PP/cyclohexanone:MEK membrane CO2 flux is stable at
1.3 mmol/m2.s; the pristine membrane on the other hand declined by 78% down to
0.5 mmol/ m2.s [12].

Another considerable application of membrane contactor is for membrane distilla-
tion. As shown in Table 6, the difference can be seen in the membrane distillation
performance between pristine membranes and modified superhydrophobic membranes.

Similar to membrane contactors for CO2 removal, the significance of
superhydrophobic membranes for membrane distillation application is much more
impactful after long-duration testing. PVDF-TiO2-FTCS-PEG membrane remained
stable at 12 kg/m2.h after 24 hours, while the pristine membrane flux dropped by 44%
to 10 kg/m2.h [43]. Therefore, superhydrophobicity is a good strategy to minimize
wetting and improve membrane contactors for industrial applications.

4.4 Stability of superhydrophobic membrane

Although superhydrophobic membrane is less prone to wetting, chemical
reaction between the surface of the membrane and the absorbent could still occur

Superhydrophobic
membrane

Gas flow rate
(ml/min)

Solution Solution flow rate
(ml/min)

CO2 Flux (mmol/
m2.s)

Reference

Pristine Modified

PP/cyclohexanone:
MEK

200 (20% CO2) MEA 17 2.3 1.8 [12]

HMSNs/PVDF 1500 (pureCO2) 12 wt%
MEA

90 40 50 [53]

PVDF-SiO2-HDTMS 20 (19% CO2) DEA 50 1.1 2.4 [54]

PTFE-silica MEK 1000 K2CO3 75 1.5 1.85 [71]

Table 5.
CO2 removal performance of superhydrophobic membrane in contactor process.
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after prolonged contact, leading to decline in membrane stability and decrease in its
mass transfer flux [54]. Hence, it is important to evaluate its performance for long
duration. For superhydrophobic membrane as contactor, the decline in performance
could be mainly due to chemical degradation of the interface [54] or damage to the
coating [73].

Long-term testing of these superhydrophobic membranes for gas-liquid contactor
for more than 24 hours is scarcely found in literature. Table 7 lists the reported long-
duration performances that are done at least for a day. Despite a slight decline, the
results are encouraging and pave the way for potential developments.

Aside from the decline in performance, the membrane hydrophobicity is also
observed to have reduced, for example PVDF-SiO2-HDTMS contact angle reduced
from 160o to 154o after 20 days of operation. Chemical degradation of the interface
by MEA solvent leads to the dehydrogenation of the PVDF surface. This is more
destructive for pristine PVDF where the contact angle suffers greatly and dropped
to 59o [54].

5. Challenges and way forward

This chapter has thus far described the methods of superhydrophobic polymeric
membrane fabrication, which are either direct fabrication of rough surface mem-
brane, or surface modification of existing membrane. Drawing insights from pertinent
literature, these methods demonstrate the capability to achieve an impressive contact
angle ranging from 150o to 164o (as described in Section 4.1 and 4.2). Promising
membranes for application should have outstanding antiwettability not only on out-
side surfaces but internal surfaces as well, i.e., the surface of pores and channels, for
persistence of the antiwettability in service [53]. For effective scale-up for industrial
applications, there would be a trade-off between the best superhydrophobic mem-
brane and the most practical method of membrane fabrication and modification.

Even though research has been conducted to fabricate superhydrophobic mem-
branes successfully, there are still other challenges prior to further scale-up and

Superhydrophobic
membrane

Feed flow rate
(ml/min)

Feed composition Flux (kg/m2.h) Reference

Pristine Modified

PVDF-TiO2-FTCS-
PEG

300 10 wt% NaCl 18 14 [43]

PVDF ENM-TiO2-
FTCS

750 3.5 wt% NaCl 46.2 73.4 [48]

P-PVDF/D-PVDF — 35 g/L NaCl — 68.43 [55]

PVDF/TiO2-SiO2 300 0.1 mmol/L gallic acid
solution with surfactant

10 15 [58]

CNT/PVDF-co-HFP 400 30 g/L NaCl solution 28.8 29.5 [59]

F-SiO2@PTFE 150 5.5 wt% NaCl 7 9 [68]

F-SiO2/PEIC/PVDF 900 35 g/L NaCl 14.12 14.58 [69]

OTS-PP 1667 35 g/L NaCl 5.0 8.5 [73]

Table 6.
Membrane distillation performance of superhydrophobic membrane.
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technology commercialization. As described by Lv et al. [12], the focus on increasing
hydrophobicity is good for performance, but this alone would not offset the disad-
vantages of low porosity and high resistance. Hence, several strategies have been
employed to reduce mass transfer resistance. One of the strategies is to braid, weave,
or loom together the hollow fiber membranes to reduce liquid boundary layer resis-
tance and improve mass transfer.

To overcome chemical degradation, the right selection and compatibility of the
membrane material and solvent are crucial. This chapter has mainly focused on
polymeric material; however, ceramic membranes are also possible alternative for
membrane contactor application [40].

It is understandable that there is limitation, and only so far that improvement from
superhydrophobic membrane can help. Thus, it is crucial for membrane contactor
research to also optimize operating parameters to enhance performance. Surface
tension of organic solvent decreases at higher temperature, leading to membrane

Membrane Application Long-duration performance Reference

PP-MEK CO2 absorption with MEA Decline 14% after 20 days [12]

PVDF-SiO2-HDTMS CO2 absorption with DEA Decline 3% after 20 days [54]

PVDF + LDPE CO2 absorption with MEA Decline 14% after 1 day [54]

Modified PTFE Membrane distillation Decline 11% after 1 day [68]

OTS-PP Membrane distillation Decline 13% after 3.5 days [73]

Table 7.
Long-duration stability testing of superhydrophobic membrane for gas-liquid contactor application.

Figure 5.
Summary of challenges and strategies on superhydrophobic membrane for gas-liquid membrane contactor
applications.
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wetting; therefore, operating at lower temperature would be an option. Good trans-
membrane pressure control during operation is very important to maintain a slight
higher pressure at the liquid side, but not high enough to wet the membrane. In
addition, it is essential to conduct extended stability testing lasting beyond a few days
to confidently move these researches from proof-of-concept to prototype demonstra-
tion at the actual site.

Another potential strategy is to consider methods of rejuvenating the used mem-
brane. Restoring the functionality of the membrane is a good alternative that could
extend the lifespan and reduce the cost of operation (i.e., instead of replacing it with
new membranes). Physical cleaning may be done by simply washing with water and
blowing with gas to clear the clogged pores. Other chemical cleaning or repairs could
be considered depending on the membrane and application.

The summary of challenges and future directions regarding superhydrophobic
membranes for gas-liquid membrane contactor applications are highlighted in Figure 5.
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Chapter 4

The Effect of Micro/Nano 
Roughness on Antifouling and 
Bactericidal Surfaces
Reyna I. Garcia-Gonzalez and Colin R. Crick

Abstract

The importance of microorganisms, especially bacteria, has often been 
 underestimated, yet they have vital roles in staying in the environment and affect-
ing human health and industries. These microorganisms have complex systems and 
change quickly over time, becoming more resistant. The spread of harmful microor-
ganisms has negative effects on industries and human health. Even microorganisms 
that seem harmless can be a big problem because they are becoming more resistant to 
normal cleaning and antibiotics. They resist ways like creating strong biofilms, which 
make these microorganisms even tougher and help infections spread. Although there 
are other options like using heat or chemicals, the problem of bacterial resistance is 
still a big worry for health and industries. Trying out new ideas that do not use chemi-
cals or antibiotics, like using superhydrophobic surfaces, could be a big solution. 
These surfaces use both special chemicals and changes in how they feel to water to 
stop bacteria from sticking and growing. By looking for new ways, we can get better at 
dealing with these microorganisms and find better ways to live with them.

Keywords: roughness, bacteria, antimicrobial surfaces, self-cleaning surfaces, 
nanostructure, microstructure

1. Introduction

Single-celled organisms are often judged in everyday life to be insignificant or 
harmless. However, bacteria have been on Earth for billions of years and have been 
integral to generating and maintaining its habitability for plants and animals. Their 
complex metabolic systems and rapid evolutionary pathways help them become more 
and more resistant over time [1]. The complexity of single-celled organisms has been 
progressively revealed over decades of scientific research; without this, we would not 
have discovered their abilities, including their processes of developing resilience in 
a range of environments [2, 3]. The proliferation of harmful microorganisms affects 
a range of fields, including industrial processes that are affected by biofouling and 
corrosion. Microbes that present an intrinsically low risk may cause detrimental 
conditions when they are not attended to properly (e.g., thrush caused by yeast 
infections). Despite the widespread use of microbial elimination from surfaces, such 
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as disinfectants and antibiotics, their proliferation is still problematic, as microbes 
have the capacity to develop resistance to these efforts. These resistance mechanisms 
make microbes more resilient to the local environment, generally through the genera-
tion of biofilms [4, 5]. Genetic and assembly modifications (i.e., biofilms) contribute 
to growing antibiotic and chemical resistance, which has presented a new challenge 
for scientists. Antimicrobial resistance is mainly driven by their inherent metabolic 
mechanisms: the diversity of genetics to create mutations, the capacity to exchange 
genetic information with other bacteria, biofilms formation, rapid reproduction, and 
forced exposure to antibiotics or chemicals that force genetic mutations or resistance 
genes [1, 6, 7]. To combat this issue, prudent and responsible use of antibiotics and 
chemicals as well as research and development of new antimicrobial agents are 
essential to slow down the development and spread of resistance. By consistently 
managing drugs and antibiotics, microbial resistance would be reduced worldwide, 
since the presence of these emerging contaminants helps the distribution of micro-
bial-resistant agents. Over the years, there have been alternatives that avoid using 
chemical disinfectants and antibiotics, such as heat, ultraviolet light, ozone, colloidal 
silver, supercritical water treatment, and natural and phytochemical competitors 
[3, 8]. However, it is important to note that while these methods may be helpful in 
certain contexts, serious medical situations, or highly contaminated environments, 
antibiotics, and chemical disinfectants remain essential tools to fight infection and 
prevent the spread of pathogenic bacteria [2]. Antimicrobial resistance is a key reason 
for exploring biocide-free alternatives such as superhydrophobic surfaces, which 
focus on the removal of bacteria and microorganisms from the surfaces by preventing 
the attachment of organic material and preventing the accumulation of water, which 
could otherwise promote the growth and colonization of these microorganisms [9]. 
Superhydrophobic surfaces are made by altering their structural and chemical prop-
erties. An inherently water-repelling surface chemistry is required alongside a highly 
rough morphology (on both the micro and nano scales). Micro/nano roughness can 
be developed by forming bumps, pillars, ridges, or other types of surface structures. 
Additionally, a hierarchical arrangement can be created by incorporating multiple 
levels of micro and nanostructures.

2. Biofilm formation and bacterial attachment in roughness areas

Bacterial biofilm formation represents a dynamic phenomenon that allows 
 bacterial cells to adhere to surfaces and aggregate into colonies. Through this process 
of biofilm formation, pathogenic bacteria can prosper by adjusting to their external 
environment [10–12]. This resilience is obtained by microbial biopolymers such as 
poly-gamma-glutamic acid, proteins, exopolysaccharides, and extracellular DNA, 
which allows a more suitable environment to be created [11, 13]. Pathogenic bacteria 
can grow as biofilms, protecting them against antimicrobial agents and other sub-
stances such as disinfectants and antibiotics. The combination of these factors allows 
bacteria to develop resistance to antibiotics and chemicals, posing significant chal-
lenges in healthcare, agriculture, and environmental protection [2, 10]. Therefore, 
avoiding the formation of these biofilms by developing superhydrophobic surfaces by 
micro and nanostructures is a pathway to research, and then bacteria resistance can 
be reduced. The agglomeration process of bacteria within a biofilm depends on sev-
eral distinct stages where the implementation of a superhydrophobic material could 
affect their formation, avoiding microorganisms during the reversible adhesion 
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stage [2, 4]. The main objective of this stage is to obstruct the continuation of biofilm 
formation because bacteria are not already attached to the surface; in this way, a 
superhydrophobic surface could limit bacteria to starting the second phase of the 
biofilm formation, the irreversible adhesion [13–16]. During the irreversible adhe-
sion stage, the bacteria undergo a transformation characterized by the loss of their 
flagellum, rendering them immobile on the surface. Subsequently, these immobilized 
bacteria begin to secrete material, enabling them to adhere firmly to the surface 
and remain devoid of movement, creating connections and marking the initiation 
of the third stage in the biofilm process. The colonization stage requires a prolifera-
tion of bacteria in such a manner that, in conjunction with the excreted slime, they 
form a suitable structure to acquire external nutrients through water channels. This 
colonization process is vital for the bacteria’s growth, stability, and development. 
It is enhanced by quorum sensing, which is the complex system of communication 
between bacteria to coordinate the behavior into the biofilm formation as well as 
regulate the gene expression to make it favorable to biofilm formation [4, 17]. Upon 
reaching a considerable size and nourishment level, the biofilm enters the active dis-
persal stage. During this phase, bacteria start to depart from the biofilm, equipped 
with flagella, to colonize new surfaces that have not yet been populated. This repeti-
tive cycle (Figure 1) remains the biofilm formation process, which could be limited 
by superhydrophobic properties [15, 16].

As previously mentioned, the limited control of bacteria spread could lead 
to infections in various sectors, including healthcare, agriculture, and industrial 
processes. For instance, hospitals are a critical area of concern where nosocomial 
infections can result in prolonged stays, disabilities, and financial burdens [18]. In 
agriculture, the misuse of antibiotics in farm animals has contributed to bacteria 
resistance, such as Penicillin resistance in humans, which can be transmitted to 
humans through food consumption and contact [2, 19]. Regarding the industry 
field, biofilms can decrease heat transfer across surfaces, make fluids harder to flow, 
and even increase surface degradation. Moreover, biofilm formation of resistant 
microorganisms that grow in process reactors and pipelines can be spread and 
generate polluted food even after it has been processed, triggering infections in 

Figure 1. 
Biofilm formation. (A) Reversible adhesion stage, (B) irreversible adhesion, (C) biofilm formation, (D) 
colonization process by quorum sensing, and (E) dispersal stage.
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the purchasers [20, 21]. While bacterial contamination can indeed be mitigated 
through the implementation of singular or multi-tiered functionalization steps 
across surfaces to achieve remarkable antiseptic potential, preferably during the 
initial phases of bacterial adhesion preceding biofilm formation, an environmental 
alternative without the use of antibiotics and chemicals involves the development 
of superhydrophobic surfaces through structural modification, as it could be seen 
in nature [5, 12].

3. Roughness effect in hysteresis, tilt angle, and wettability in materials

A superhydrophobic surface is characterized by an extreme water repellency, 
namely the ability to repel water droplets to a remarkable extent, causing them to 
bead up and easily roll off the surface. Incorporating micro and nano-scale irregulari-
ties serves a dual purpose: enhancing water repellency (avoid adhesion) and amplify-
ing the hysteresis property [22, 23]. The effect of low surface energy materials and 
the surface roughness trigger droplets to bead up into spherical droplets as they roll 
off the surface, carrying away dust and surface contaminants [24, 25]. The achieved 
roughness on the material improves the property of capturing air between the water 
droplet and the surface, minimizing the contact area and reducing the adhesion 
between water and the surface [23, 26]. As a result, water droplets cannot wet the 
surface effectively, leading to the water-repellent behavior observed on superhy-
drophobic surfaces. This property has many applications, including self-cleaning 
coatings, anti-icing surfaces, and even potential medical and industrial uses [23, 27]. 
Wettability varies depending on the surface’s physical structure and chemical prop-
erties [28]. Measurement of surface wettability is principally achieved through the 
Water Contact Angle (WCA), sliding angle, and contact angle hysteresis (CAH).

The WCA describes the angle formed between the plane of the surface and the sur-
face of the water droplet at the three-phase contact point (water-vapor-solid) [29, 30]. 
Varying these surface properties can result in tremendous changes to its water repel-
lency. Essentially, it illustrates the capacity to which a surface repels or attracts a liquid. 
If the angle is large, the droplet tends to bead up and roll off the surface, indicating a 
super hydrophobic or water-repellent behavior [25, 29]. The sliding angle character-
izes the facility with which a water droplet can smoothly roll off a surface, in this way, 
quantifies the angle by which the droplet is inclined in relation to the surface plane until 
movement starts to be complicated due to the liquid adhesion to the surface (32,37). 
Then, the sliding angle is influenced by properties like droplet mobility, adhesion, and 
resistance to external forces (Figure 2). This sliding angle reaches its highest point when 

Figure 2. 
Sliding angle and hysteresis. Water droplets roll off a tilted surface.
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the droplet begins to roll off the surface, being the point at which the lowest receding 
contact angle (upper edge) and the highest advancing contact angle (lower edge) are 
reached [31].

 A RCAH θ θ( ) ( )= −  (1)

The difference between the advancing angle ( Aθ ) and the receding angle ( Rθ ) is 
commonly referred to as the contact angle hysteresis (Eq. (1)) [32]. This hysteresis 
phenomenon in water contact angle measurements emerges due to the complex 
interactions between a liquid droplet and a solid surface during interactions that 
involve vapor, liquid, and solid surface tensions [33]. Surface roughness introduces 
irregularities that influence the behavior of the liquid droplet [24, 34]. Then, when 
having a highly hydrophobic material, the Aθ  and Rθ  get high values, and the differ-
ence between them is about zero.

The CAH phenomenon as well as the analysis of tilt angle and WCA are vital in 
real-world scenarios, influencing the behavior of liquids on surfaces during dynamic 
conditions [22, 33] and finding applications in fields ranging from self-cleaning mate-
rials to efficient fluid transport systems. Additionally, understanding and manipu-
lating WCA, tilt angle, and CAH contributes to adapting surface functionalities to 
specific needs, developing innovations in numerous industries, such as the aerospace 
sector, where improved aerodynamics and anti-icing properties are sought, as well 
as the medical field, where avoiding wettability and biofilm formation on medical 
devices is crucial [27, 35, 36].

As these three parameters describe the relation between the surface properties 
and the liquid behavior, how specific surfaces repel water and are self-cleaned could 
be analyzed by Young’s equation, Wenzel State, and the Cassie-Baxter State. The 
pioneering investigation into measuring a characteristic that determines whether 
a material is hydrophobic or not was initiated by Young, whose equation describes 
the behavior of a droplet when in contact with a surface; the droplet shape changes 
when it interacts on a surface, creating a new interface-three-phase contact line in 
an ideal smooth surface (Figure 3) [31, 37, 38]. Then, these three interfacial ten-
sions (solid–liquid, liquid–gas, and solid–gas interfacial tensions) must be balanced 
to the total surface free energy to describe the corresponding contact angle [39]. 
However, to explain the behavior of a droplet by the WCA on a rough surface, the 
protuberances of these surfaces must be considered as the main feature [34, 40]. The 
roughness effect on the surfaces could be described by the fundamental states known 
as Wenzel State and Cassie-Baxter State to describe how a droplet of water interacts 
with a surface (Figure 3). Regarding the Wenzel state, when a droplet of water 
comes into contact with a surface, the liquid fills up the gaps present on the surface to 
completely cover them, leading to a complete contact with water surface [41–43]. This 
completely wetting surface could amplify the hydrophobic or hydrophilic properties 
of the surface, depending on whether the droplet creates a convex or concave shape. 
On the other hand, the Cassie–Baxter state suggests the opposite scenario; the liquid 
droplets do not fill these gaps created by the micro and nano roughness but rather 
by air, resulting in a surface composed of both solid and air [43–45]. As the droplet 
is suspended by air and some spots of the material, the liquid can easily slide off 
the surface due to low adhesion, preventing water and nutrient adhesion and thus 
decreasing bacterial growth. Through the interplay between these states, antibacterial 
and bactericidal properties could be achieved on different material surfaces.
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4. Antibiofouling and bactericide properties

As described above, the hierarchical structure on surfaces increases the 
 hydrophobicity of a material. However, bactericide and anti-biofouling properties 
greatly influence a material when industrial and environmental processes are being 
analyzed to prevent the spread of infections, corrosion, and biofouling. Even when 
both properties involve inhibiting or eliminating bacteria, they operate in distinct 
ways. Antibiofouling surfaces prevent the proliferation of bacteria, decreasing the 
availability of initial attachment of bacteria, while bactericidal surfaces directly kill 
bacteria [46]. The anti-biofouling property refers to a surface that can impede the 
growth and reproduction of bacteria by affecting the bacterial metabolic processes, 
disrupting cell wall formation, or even perturbing essential functions of certain 
cells [47–49]. Hence, the antibacterial principle is to avoid bacteria proliferating and 
decreasing biofilm formation by eliminating essential nutrient sources to the correct 
bacteria growth or adding elements that could affect the bacteria biofilm formation 
[47, 50]. The main nutrients required for bacteria to grow are water, carbon, nitrogen, 
and common minerals such as salts, phosphate, sulfate, magnesium, and calcium 
[51, 52]. The limitation of bacteria growth by changing the amount of nutrients was 
analyzed to study the impact of microorganisms on humans [53]. Pioneering work in 
creating a culture medium for the growth of specific bacteria was developed by Louis 
Pasteur in 1860 [51], which demonstrates the role of microorganisms in fermentation 

Figure 3. 
Models that describe wettability.
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and diseases. However, Robert Koch developed the first solid culture to grow and 
isolate bacteria by a selection of nutrients required to make possible the individual 
study of metabolic processes of the different colonies of bacteria [54, 55]. This selec-
tive and differential media improves microbiology research by possibly differentiat-
ing microorganisms between them based on their metabolic requirements. The use 
of these different culture media has demonstrated that nutrient limitation could be 
a critical feature in slowing down bacteria growth on certain surfaces, making them 
valuable for disease prevention and hygiene improvements.

In the real world, nutrients could be limited in the environment, such as in the 
glacial environments, where bacteria face nutrient limitations due to the low organic 
matter content and slow nutrient release from ice melt [56]. Bacteria in desert soils 
are limited to rainfall and high evaporation rates; water becomes the main limitation 
for these bacteria [57]. These limitations of nucleotides required for DNA synthesis 
affect the DNA replication in the metabolisms of bacteria to the correct growth and 
cell division [58, 59]. The limitation of amino acids from organic matter restricts 
protein synthesis, which is one of the most important metabolic processes for enzyme 
activity, meaning essential cellular functions. In the same way, the cell wall forma-
tion can be compromised by the organic matter limitation, and the amino acids are 
the precursors of peptidoglycan synthesis that is primarily composed of bacterial 
cell walls [60, 61]. These are some examples of how nutrient limitations in removing 
organic matter and water from the surfaces could trigger more hygienic and clean 
surfaces through anti-biofouling properties. Hierarchical structures, with their 
inherent ability to repel water through hydrophobicity, offer a multifaceted solution 
that extends beyond surface water resistance. These structures possess a self-cleaning 
mechanism that extends to the removal of nutrients and dead cells of microorganisms 
that might have adhered to the surface. This self-cleaning capacity is a result of the 
interrelation between the surface’s architecture and the water-repellent nature. The 
surfaces not only prevent water from adhering to them but also inhibit the attachment 
of organic matter, such as dead cells of microorganisms and nutrients, from remain-
ing on the surface [62]. On the other hand, the bactericide property points out a more 
proactive approach to decrease bacteria growth and proliferation on surfaces, directly 
involving bacteria neutralization or killing bacteria on contact, which makes bacteria 
unable to form biofilms and incapable of reproduction [63, 64]. Even the bactericide 
surface is more effective when combining physical, chemical, and, in some cases, 
photonic mechanisms; the micro and nano roughness structures represent the main 
point of analysis for developing these bactericide structures [46, 62].

In their initial stages, designs for bactericidal surfaces predominantly relied on 
chemical methods as standalone approaches. These methods involved incorporating 
silver nanoparticles or applying antimicrobial compounds to the surface, effectively 
achieving their intended antibacterial effect [6, 49]. While these strategies have dem-
onstrated success, they have also introduced certain challenges, like environmental 
concerns related to toxicity, as well as the gradual decrease in effectiveness over time 
due to the bacterial resistance and possible degradation and diminishing concentration 
of the active compounds [7, 65]. Furthermore, given the escalating concern about anti-
microbial resistance, elaborating hierarchical structures is an alternative to research.

4.1 Antibacterial micro and nanostructures in the real world

The starting point of these structures are examples found in nature such as 
cicada wings, shark and springtail skin, and lotus leaves. Hierarchical structures 
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made in laboratories and industry that effectively prevent bacteria growth find their 
inspiration in the remarkable designs found in nature. These natural micro and nano 
roughness surfaces, with unique advantages, serve as the foundation for innovative 
solutions in certain fields, including antibacterial technology [66–68]. Cicada wings 
exhibit a hierarchical arrangement characterized by micro- and nano-scale structures. 
These structures give the wings their water-repellent properties and prevent bacte-
rial adhesion. The intricate patterns on cicada wings create a surface that is not only 
water-resistant but also impedes the agglomeration of organic matter and nutrients 
for bacteria growth [67, 69–71]. Bacteria can be eliminated easily from these cicada 
wings due to the combination of micro and nano protrusions that provide water-
repelling characteristics, which affects their growth and colonization [46, 69, 72]. 
Similarly, shark skin poses a unique texture that reduces water friction. This texture 
consists of tiny square structures called dermal denticles, which serve as an inspi-
ration for antibacterial surfaces due to hydrophobicity but also for antimicrobial 
properties [73–76]. In the same way, springtail skin features a pattern that enables 
it to regulate moisture levels and avoid immersion when standing on water [77, 78]. 
The lotus leaf, known for its exceptional self-cleaning properties due to micro and 
nanostructures, enhances water droplets to bead up and easily roll off, carrying away 
contaminants. This behavior, known as the Lotus effect, serves as a model for creat-
ing surfaces with both self-cleaning and antibacterial properties [36, 68, 78–80]. By 
incorporating these hierarchical structures into materials, the research seeks to not 
only prevent bacterial adhesion but also enable easy removal of any attached con-
taminants. Then, examples such as cicada wings, shark skin, springtail skin, and lotus 
leaves have exhibited the importance of complex patterns and textures in resisting 
bacterial colonization. By emulating these natural designs, researchers are developing 
innovative solutions for creating surfaces that are not only antibacterial but also self-
cleaning, paving the way for cleaner and safer environments across various applica-
tions [70, 81]. These surfaces appear to effectively prevent biofilm formation and 
bacterial proliferation, offering a promising perspective to create cleaner and more 
hygienic materials in certain environments.

The comparison of structures found in nature can be compared, and the similari-
ties suggest similar behavior through bacterial attachment. An example of these is 
the structure laboratory made with SiO2 nanoparticles spread on the micropatterned 
wafers (Image A, B, C, D) and found in natural structures such as the lotus leaves 
(Image E and F) and springtail skin (Image G) in Figure 4. The micro and nano 
roughness of these surfaces achieves superhydrophobic properties as well as antibac-
terial and antifouling qualities.

5. Self-cleaning surfaces

The advantage that these superhydrophobic surfaces could achieve is that they 
not only could be cleaned easily but also, could have the property of being clean 
by themselves, self-cleaning properties allow droplets of water to carry out con-
taminants, mainly organic material, because of the low affinity to be adhered to the 
surface [83]. Moreover, by limiting the removal of nutrients from the surface, giving 
an anti-biofouling property, micro and nanostructures are able to affect bacterial 
cell walls and impede bacteria attachment. Adhesion of the metabolites improves the 
presence of biofilms that tend to create biofouling issues; therefore, their repulsion 
is highly important for long-term antifouling [84, 85]. Self-cleaning surfaces have 
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received a lot of attention in research as well as in commercial applications. Potential 
applications could be developed for self-cleaning surfaces such as automotive, build-
ing, household, optical applications, and aerospace [79, 84–87]. Therefore, to achieve 
an antibacterial effect, the surface’s tilt angle must be small with a high contact angle 
hysteresis for droplets to fall out of the surface (Figure 5).

Moreover, by reaching a high hydrophobicity, bacteria will be attached to water by 
being more attracted by it instead of staying on the surface. Nevertheless, eliminat-
ing water from the surfaces will make it more difficult for bacteria to grow because 
of limited wettability [10, 11, 15, 21, 88]. As shown in Video 1 (https://drive.google.
com/file/d/1IbIawbAZ1uAWTxSAPWQLF1rfcpBGea1E/view?usp=drive_link), when 
creating a self-cleaning surface by micro-patter (silicon pillars), the droplet of water 

Figure 4. 
Comparison of PDMS-covered pillars and SiO2 nanoparticles and lotus leaf SEM (scanning electron microscopy) 
images. (A) Micropillars covered by SiO2 nanoparticles, (B) a single micropillar covered by SiO2 nanoparticles, 
(C) SiO2 nanoparticles spread on the top of a micropillar, (D) SiO2 nanoparticles cluster on the top of a 
micropillar, (E) lotus leaf, (F) lotus leave, (G) springtail skin. (lotus leaf image (E) reproduced from Zhao [63], 
lotus leaf image (F) and springtail skin image (G) reproduced from Yang et al. [82]).

Figure 5. 
Self-cleaning surfaces.
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appears to remove the dust particles (paper made) that remain on the top of a surface. 
Despite the water not being adhered to the surface material, the amount of water 
and the sliding angle required to roll off is noticeably more elevated compared to the 
results that a hierarchical structure could reach on the surface, as shown in Video 2 
(https://drive.google.com/file/d/1eFLqx8dHFp_q9q4HMHXkhe5WHw3WTWrn/
view?usp=drive_link). When combining micro-roughness (silicon pillars) and nano 
roughness on the top (SiO2 nanoparticles), the property of self-cleaning surface is evi-
dent. This surface removes the undesired material from the surface remarkably with 
a lower sliding angle and an evident low hysteresis due to the stable spherical shape 
of the droplets of water. Another illustrative example of these laboratory-fabricated 
structures utilizing nanopillars resembling natural examples not only for antifouling 
properties but for bactericide purposes is shown in Figure 6, where TiO2 nanopil-
lars demonstrate to damage the cell walls of bacteria like Escherichia coli or Klebsiella 
pneumoniae, which leads to bacteria eradication. Similarly, Staphylococcus aureus poses 
a smaller morphology; the hierarchical structure impedes the attachment of coccus 
and disrupts the correct functionality of metabolism.

6. Bacteria on hydrophobic and hydrophilic surfaces

When comparing the behavior of bacteria on superhydrophilic and hydrophobic 
surfaces, their distinct wetting properties come into play. Superhydrophilic surfaces 
exhibit a strong affinity for water, causing water droplets to spread out extensively, 
creating a larger contact area. In the context of bacterial interaction, these surfaces 
encourage bacterial adherence and expansion, as the increased contact area enhances 
the chances of bacteria attaching to the surface [88]. This characteristic can be advan-
tageous in scenarios such as wound healing and biofilm studies, where promoting 
bacterial colonization is desired. In contrast, hydrophobicity leads to water droplets 
forming compact beads that readily roll off. When bacteria encounter hydrophobic sur-
faces, their ability to adhere becomes compromised [89, 90]. The limited contact area 
and weak attractive forces inhibit bacterial attachment and colonization. This behavior 
is particularly useful in applications where preventing microbial contamination is cru-
cial, such as medical devices and environments prone to high humidity. Hydrophobic 

Figure 6. 
SEM images highlight the interaction between TiO2 nanopillars and E. coli, K. Pneumonia, and S. aureus 
(reproduced from Jenkings et al. [63]).
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surfaces effectively resist bacterial growth and biofilm formation by eliminating the 
main nutrients bacteria require to grow and avoiding water accumulation [89, 91].

Superhydrophilic surfaces facilitate bacterial adhesion and spreading, making 
them suitable for cases requiring enhanced bacterial colonization. On the other 
hand, hydrophobic surfaces deter bacterial attachment, proving advantageous when 
preventing bacterial growth and biofilm formation is the objective [63, 88–90].

7. Conclusion

The intricate process of bacterial biofilm formation presents challenges in various 
sectors due to its role in promoting bacterial resistance. The development of superhy-
drophobic surfaces, characterized by water repellence due to micro/nano-scale irregu-
larities, inhibits biofilm formation and directly kills bacteria. This approach aligns 
with different stages of biofilm development, from avoiding initial adhesion to the 
surfaces before irreversible attachment to directly avoiding bacteria growth to reduce 
bacterial resistance. Superhydrophobic surfaces offer a potential solution by prevent-
ing water adherence and impeding biofilm formation, leading to improved hygiene 
and disease prevention in healthcare, agriculture, and industries. Furthermore, the 
development of hierarchical structures in surfaces offers solutions for anti-biofouling 
and bactericidal properties. These properties target bacterial attachment and metabo-
lism, impede biofilm formation, and disrupt essential functions. The innovative 
combination of micro and nano roughness to reach superhydrophobicity and bacterial 
remotion presents a transformative approach to challenges in infection prevention, 
corrosion mitigation, and biofouling to achieve cleaner, safer, and more efficient 
environments. The exceptional potential of superhydrophobic surfaces developed 
by hierarchical structures provides beyond self-cleaning properties to even decrease 
bacteria growth and proliferation.
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Abstract

Following the tributyl-tin antifouling coatings’ prohibition in 2003, global inter-
est was directed toward non-toxic coatings as an eco-friendly alternative. Natural 
surfaces with superhydrophobicity exhibited exciting antifouling mechanisms. 
Efficient and eco-friendly antifouling coatings have been developed using bioinspired 
polymeric nanostructured composites. These superhydrophobic surfaces have rough 
topologies and low surface-free energies. Various organic/inorganic polymeric nano-
composites were developed for increasing fouling prevention by physical microfoul-
ing repulsion and chemical surface inertness. The biofouling costs and the difficulties 
of artificial antifouling coatings were also discussed in this chapter. It will introduce a 
cutting-edge research platform for next-generation antifouling surfaces for maritime 
navigation. This chapter aims to explain the evolution of superhydrophobic antifoul-
ing surfaces inspired by biological systems.

Keywords: antifouling coatings, environmentally friendly, self-cleaning 
nanocomposite coatings, polymer nanocomposites, nanofillers, bioinspired surfaces

1. Introduction

Modern research has focused on the development of effective marine antifouling 
and superhydrophobic surfaces to mitigate the detrimental effects of marine biofoul-
ing on the shipping sector [1]. Natural biomimetic structures with low surface-free 
energy (SFE) can provide inspiration for the creation of polymer/inorganic anti-
fouling coatings. The key antifouling design tools required an understanding of the 
surface characteristics of nanocomposites, such as polymeric structures and nano-
fillers’ morphology. Fouling represents a scary nightmare with dynamic issues that 
negatively affect marine navigation in both ecological and economic terms. Shipping 
contributes to almost 90% of all international trade. Shipping costs and environ-
mental risks are just two of the negative ecological and economic effects of fouling 
adhesion [2]. Fouling increases fuel consumption and friction drag.  
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This can lower hydrodynamic efficiency and ultimately the ship’s speed [3]. Increased 
CO2, NOx, and SOx emissions may result from fouling adherence (Figure 1), which 
raises shipping costs by around $12 billion annually [2, 3]. Traditionally, biocidal 
antifouling coatings were used to prevent biofouling. But such coatings have a severe 
impact on non-target species such as dolphins and fish, and shorten the time between 
dry-dockings [4]. Additionally, they may result in low fuel savings, environmental 
degradation, and harm to the maritime eco-system. In 2003, the International 
Maritime Organization (IMO) forbade the application of organo-tin antifoul-
ing paints due to these coatings’ detrimental effects. Recent advancements have 
focused on FR coatings as an eco-friendly alternative to biocidal fouling-prevention 
substances.

Surfaces with FR coatings are non-toxic, very mobile, and non-stick. 
Fluoropolymers and polysiloxanes, two types of FR resin, have been shown to 
perform effectively as self-cleaning materials that can stop physical fouling through 
an anti-adhesion mechanism. Fluorine atoms are tightly bound in fluoropolymer 
structures, which results in high stiffness and a lack of structural rotation along 
the polymeric backbone [5]. This stiffness also makes it difficult for connected 
biofouling strains to easily free themselves. Polysiloxanes (particularly polydimeth-
ylsiloxane (PDMS)) offer a more widely used antifouling resin as compared to 
fluoropolymers [6].

PDMS building blocks include flexibility in the structure, non-toxicity, water-
repellency, fouling-resistance, and reduced SFE [7]. Through the silicone matrix’s 
well-dispersion of the nanofillers, the antifouling performance of PDMS was 
enhanced [8]. Superhydrophobic surfaces have made environmentally beneficial and 
cost-effective advancements in a variety of industries, including textiles, antifouling 
coatings, anti-icing, and anti-corrosion [9]. The ability of lotus leaves to self-clean is 

Figure 1. 
The conditioned film, micro- and macro-fouling, and the issues brought on by fouling adherence on the ship hull 
are typical fouling phases that are graphically illustrated. An example of how fouling adhesion has a negative 
economic and ecological influence [1]. Copyright 2017; reprinted with Elsevier’s consent.
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one of the earliest lessons we can learn from nature. These leaves have been studied 
for decades because of their exceptional water repellency due to their distinctive 
structure and extremely hydrophobic composition [10]. The lotus leaves Nelumbo 
nucifera represent well-known examples of superhydrophobic surfaces that naturally 
clean themselves because of their 20–40 μm epicuticular wax rough topology [11]. 
Superhydrophobicity is found in nature in the form of butterfly wings, cabbage, 
Indian cress plant leaves, and more [12]. Due to their rough micro/nanostructure, low 
SFE, superhydrophobic surfaces have contact angle hysteresis ≤5° and water contact 
angles (WCA) ≥150° [13].

In 1990s, the concept of the first artificial superhydrophobic surface was demon-
strated [14]. Sensitive surface features can be safeguarded by superhydrophobicity 
[15]. The Wenzel and Cassie-Baxter models can be used to explain how roughness 
affects a solid surface’s non-wettability [16, 17]. The rise in the solid-liquid interface 
might increase surface roughness and hydrophobicity by trapping air in the surface 
grooves to produce superhydrophobic surfaces [18–20]. The resulting nanocomposite 
structures may have improved interfacial bonding due to economic, extra-high 
surface-area, and matrix-nanofiller interfacial bonding [21]. By evenly dispersing the 
nanofillers throughout the coating resin, it is possible to successfully build a super-
hydrophobic structure with outstanding substrate-coating adhesive forces. Rough 
topology superhydrophobic composites are possible when ceramic nanofillers and 
polymers are structurally controlled [22]. Superhydrophobicity can be produced by 
rough surfaces by trapping air in the ridges and grooves present beneath the water 
droplets. Biomimetic lithography, stamping, and etching processes were used to pro-
duce superhydrophobic nano-surfaces [23]. The creation of long-lasting antifouling 
nanostructures for the shipping industry was the main goal of the mature rostrum’s 
nanocomposite coatings.

2. Detrimental effects of biofouling on shipping

2.1 Biofouling mechanism

Based on the biofoulans’ size, type, and invasion time, biofouling (Figure 1) is 
commonly classified into three main categories: 1—first colonizers; 2—secondary; 
and 3—tertiary colonizers (soft and hard biofoulers) [24]. First and second coloniz-
ers are termed micro-biofoulers, whereas soft and hard biofoulers are generally 
termed macro-biofoulers [24, 25]. First colonizers are microorganisms that colonize 
invaded surfaces within hours. This microbial assemblage consists of bacteria, 
diatoms, unicellular microalgae, and cyanobacteria to form the so-called biofilm or 
slime [26].

In the early biofouling event (the first minutes), proteins, proteoglycans, 
and polysaccharides of different biological processes compose an organic-
conditioning film consisting of chemical compound macromolecules to achieve 
wettable surfaces [27]. Planktonic bacteria, as one of the first colonizers, start 
the invasion through two stages within hours [28]. One of which is returnable, 
the so-called adsorption, and the other is unreturnable, the adhesion. The instant 
allure response caused by returnable adsorption attracts germs to the wet surface. 
Detrimental physical powers are known to control the bacterial adsorption process, 
including van-der-Waal forces, electrostatic interaction, and Brownian motion 
[29]. The so-called slime film, which is composed of a spreading bacterial lawn 
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and extracellular polymeric bridges produced by sessile bacteria, is what forms the 
unreturnable phase.

Secondary colonizers (protozoans and macroalgal zoospores) start to emerge and 
colonize surfaces after the settlement of the first colonizers’ stage within a period of 
almost a week [26, 30]. The primary colonizers provide them with enough nutrient 
supply via different microbial metabolic processes and products. A general insula-
tion pattern of biofilm formation over time may be the net result of mutual and 
continuous physical interactions between the primary and secondary colonizers. Such 
physical interactions include conspiracies, survival tournaments, mutual elimination, 
and limited breakups.

Tertiary colonizers are macro-biofoulers (soft and hard biofoulers). Macro-
biofoulers with non-calcareous structures are termed soft macro-biofoulers such 
as sponges and ascidians (tunicates) [31], whereas hard biofoulers are those with 
external calcareous skeletons, such as mussels, oysters, crustacean barnacles, and 
tube worms [32]. Tertiary colonization takes place after 2 to 3 weeks of settlement of 
both primary colonization and secondary colonization. However, the macroscopic 
tertiary biofoulers attach themselves to the invaded surfaces to feed on the primary 
and secondary colonizers [33]. Along the process of colonization, macro-biofoulers 
strongly engage themselves with the invaded surfaces via their secretions, which 
provide them with enough chemical bonding and electrostatic interactions to assure 
no breakup from such surfaces.

2.2 Marine biofouling costs

Biofouling assemblages cause ubiquitous calamity and negative economic and 
ecological impacts, especially in marine environment [34]. Maritime sectors appear 
to be adversely influenced by both micro- and macro-biofouling namely ships 
submerged surfaces, vessels and internal seawater systems, marine renewable energy, 
oil and gas, and aquaculture sectors [34–36]. In their colonization, macro-biofoulers 

Maritime sector Biofouling Impact Management

• Shipping industry

• Oil & gas

• Renewable energy

• Aquaculture

Macro- and 
micro-biofoulers

• Reduction of propeller 
efficiency and increased 
surface roughness

• Increased drag resistance 
and hydrodynamic weight

• Decreased vessel’s veloc-
ity loss of functionality 
and performance

• Increased fuel 
consumption

• Reduction of air quality 
and increased hazardous 
emissions

• Leaching antifouling 
biocides

• Antifouling coatings 
(self-cleaning and 
foul-release)

Micro-biofoulers • Metallic corrosion 
(microbially induced 
corrosion)

Table 1. 
Major maritime biofouling-induced impacts and management [26, 35, 40, 41].
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are responsible for an extra substantial economic cost because their hard-formed 
layers create typically optimum anaerobic conditions that accelerate the microbially 
induced metal corrosion process (anaerobic micro-biofoulers) [37, 38]. Hard macro-
biofouling accounts for about 85% of annual economic impacts, whereas the total 
estimated penalties and fines of micro-biofouling and anaerobic microbially induced 
corrosion account for about 20 and 50% of all pipeline infrastructure failures [38]. 
The global estimation of the damage cost of microbially induced corrosion accounts 
for about 2.5 trillion USD annually [39]. Biofouling-induced damage costs are the 
net impacts of increased ship drag resistance, decreased velocity of the vessels, the 
hydrodynamic deficiencies of increased surface roughness due to the adhesion of 
biofouling communities, and, subsequently, exceeded biofouling management costs 
[40]. Major biofouling management regimes provide antifouling leaching biocidal 
coatings [38, 41], anti-adhesion (anti-biofilm) coatings [35], and self-cleaning foul-
release coatings [35, 38]. Biofouling-induced impacts and management are summa-
rized in Table 1.

3. Traditional methods to combat biofouling

The necessity to protect ship hulls against marine fouling invasion had been 
 established for as long as ships are needed for transportation. The tale of antifoul-
ing paints started in ancient time with the complaints of different sailors with their 
wooden ship hulls from the heavy burden of various assemblages of marine organisms 
and seaweeds on the submerged surfaces. Such accumulation negatively affected the 
vessels as it affected the overall ship’s performance [42]. Such suffering forced the 
sailors to provide their wooden ships with different coverings such as asphalt, wax, 
tar, oil, tallow [43, 44]. In the ages of 700 B.C., the Phoenician and Carthaginian sail-
ors began to apply pitch-copper and tallow-lead thin sheets as protective shields from 
the marine invaders [45]. In the ages after 500 B.C., Phoenicians applied oil-mixed 
arsenic and sulfur sheathing. Protection by asphalt, wax, tar, tallow, pitch, copper, 
and lead had been applied during the ages from 300 B.C. until the fifteenth century 
among Greeks, Romans, Vikings, and Columbus sailors [46]. In the early 50’s, organo-
metallic paints such as tin, arsenic, and mercury started to emerge and encountered 
a development to introduce tributyltin (TBT)-based paints that showed amazing 
performance [23]. Later on, in 2001, TBT was banned by the IMO due to the severe 
toxicity to the marine environment [47]. During the period between 1960’s–1970’s 
and the early nineteenth century, copper sheathing of wood and steel ships had been 
commonly used and favored with different mixtures of copper sulfide, arsenic ore, 
iron dust, and zinc alloy. From the late period of 1970’s–1980’s to the mid-nineteenth 
century paints containing copper, zinc, and mercuric oxide had been applied with 
polymeric binder [36].

Considering the foregoing history, antifouling paints could be classified into 
different categories: 1—biocidal paints (as organotin compounds such as mercury, 
arsenic, and their compounds), 2—leaching paints (containing polymers with high 
molecular weight, such as epoxy, acrylates, and chlorinated rubber), 3—ablative 
paints (a mixture of biocide, such as iron, zinc oxide, arsenic, and mercury, incor-
porated with the coating resin), 4—self-polishing paints (acrylic or methacrylic 
copolymer-based paints such as TBT-based paints and tin-free paints based on copper, 
zinc, and silyl acrylate), 5—foul-release paints (their mode of action depends on 
prevention fouling adhesion via their smooth and low-energy surfaces that enable the 
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hydrodynamic forces of water to wash off the fouling attachments, where the paint is 
based on the elastomers PDMS, the epoxy primer, and the oil additive to enhance the 
smooth performance), 6—engineered antifouling surfaces (physically, chemically, 
and topographically controlled surfaces inspired by different natural antifouling sur-
faces found around us in nature, such as shark and whale skin and molluscan shells).

4.  Innovative approaches, such as superhydrophobic surfaces, to tackle 
biofouling

4.1 Eco-friendly FR coatings

Fouling refers to the accumulation of marine organisms, such as algae, barnacles, 
and mussels, on underwater surfaces such as ship hulls, offshore structures, and 
marine equipment [48–50]. This fouling can lead to increased drag, reduced fuel 
efficiency, and increased maintenance costs. The rise in fuel consumption inherently 
results in elevated transportation expenses for the shipping sector. About 2% of the 
world’s total energy is allocated to commercial shipping, encompassing a fleet of 
nearly 100,000 cargo vessels [51]. Consequently, the excessive fuel usage attributed 
to biofouling can lead to heightened CO2 emissions, which is counterproductive in 
the pursuit of carbon neutrality. Furthermore, organisms adhering to vessel hulls can 
traverse international waters, reaching local marine ecosystems devoid of their natu-
ral predators. In such settings, they can perpetuate unchecked and potentially trigger 
ecological upheavals [52]. Current data indicates that governments and enterprises on 
a global scale expend over $15 billion each year to mitigate or manage the impacts of 
marine biofouling [53].

Traditional antifouling coatings typically contain toxic biocides, such as TBT, 
which was prohibited by the IMO in 2001 [54, 55], quaternary ammonium salts, 
tar, asphalt, toxic (arsenic), or heavy metals (silver, copper, and lead), which can 
have negative impacts on marine ecosystems [56–58]. Eco-friendly FR coatings can 
effectively prevent the attachment of marine organisms (such as algae, barnacles, 
and mollusks) to submerged surfaces while minimizing environmental impacts 
[59, 60]. Eco-friendly fouling-release coatings can provide an effective alternative 
to traditional antifouling coatings. These coatings work by creating a low-friction 
surface, preventing marine organisms from firmly attaching to the submerged 
surface. The reduced friction allows water flow to easily remove any loosely attached 
organisms, preventing the formation of a thick fouling layer. Eco-friendly FR coat-
ings are designed to be non-toxic and environmentally friendly. They are typically 
made from non-biocidal materials, such as silicone or fluoropolymer-based polymers, 
which have low toxicity and minimal impact on marine life [61, 62]. These coatings 
are engineered to have a smooth and slippery surface, making it difficult for fouling 
organisms to establish a strong attachment. Eco-friendly FR coatings can provide 
effective fouling prevention while minimizing negative environmental impacts. By 
reducing the need for toxic biocides, these coatings can help protect marine ecosys-
tems and contribute to sustainable marine practices [63, 64]. Recent developments 
are based on FR coatings, including silicone, modified fluorinated polymers, cross-
linked coatings, amphiphilic copolymer coatings, hydrogel coatings, and biomimetic 
coatings [65, 66]. Additionally, environmentally friendly compositions comprising 
curable polysiloxane binders and non-ionic hydrophilic-modified polysiloxanes have 
been utilized [67, 68].
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For example, a recent paper highlights the importance of designing coatings that 
are bactericidal to prevent fouling by bacteria, marine organisms, and proteins. It 
discusses the major strategies for combating surface fouling, including preventing 
biofoulants from attaching or degrading them, and the use of various techniques 
such as functionalization of surfaces with poly (ethylene glycol) or oligo (ethylene 
glycol), biocidal agents, polycations, enzymes, nanomaterials, and photoactive agents 
[69]. Various innovative technologies have been employed to improve these coatings, 
including the use of copolymers containing MQ silicone and acrylate [65, 70], char-
coal-based graphene oxide-copper oxide [71], and the incorporation of phenylmethyl 
silicone oil as a lubricant [72].

The main problem of biofouling is the accumulation of marine organisms on 
submerged surfaces and its negative impacts on various industries, such as shipping, 
aquaculture, and energy production [73–75]. There is a need for effective antifouling 
coatings that can prevent or reduce biofouling, and for discussing the limitations of 
current coatings, such as toxicity, environmental concerns, and durability. This work 
introduces the concept of FR coatings, which prevent biofouling by reducing the 
adhesion strength of marine organisms to the surface Also, it describes the advan-
tages and challenges of these coatings. Overall, the introduction sets the context and 
motivation for the research presented in the paper and highlights the importance of 
developing new FR coatings based on innovative materials and formulations. The 
paper discusses the development of FR coatings based on copolymers containing MQ 
silicone and acrylate, and the preparation of FR paints based on these copolymers 
with the incorporation of non-reactive phenylmethylsilicone oil [70]. The coatings 
showed good hydrophobicity, mechanical properties, and adhesion strength, with 
high oil leaching efficiency and excellent antifouling performance. The paper also 
provides insights into the effects of copolymer composition on the properties of the 
coatings, which can guide the design of new coatings with tailored properties.

It is important to note that the effectiveness of FR coatings can vary depending 
on factors such as the specific coating formulation, water temperature, vessel speed, 
specific marine environmental conditions, and the type of fouling organisms present. 
Ongoing research and development are crucial to improving the performance and 
longevity of these eco-friendly coatings. Further studies and field trials are neces-
sary to evaluate the long-term effectiveness, durability, and economic viability of 
eco-friendly FR coatings. However, the hypothesis suggests that these coatings hold 
promise as a more sustainable alternative to traditional antifouling coatings, benefit-
ing both marine industries and the environment. FR coatings work on the principle 
of creating a slippery or low-energy surface that makes it difficult for organisms to 
adhere to the substrate.

4.2 Bioinspired strategies for antifouling applications

Biofouling is a complicated, dynamic phenomenon that affects both the 
 environment and the economy on a worldwide scale. Through collaborative 
interdisciplinary efforts in marine biology, polymer science, and engineering, 
bio-inspired tactics have been harnessed to pave the way for advancing the next 
era of antifouling marine coatings [76, 77]. Bioinspired antifouling strategies aim 
to reduce the environmental impact of conventional antifouling coatings by utiliz-
ing sustainable and nature-inspired solutions. However, it is important to note 
that while these approaches hold promise, they may have limitations in certain 
environments or applications. Ongoing research and development are focused on 
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optimizing the performance and durability of bioinspired antifouling coatings. 
There have been several bioinspired antifouling coatings that have been successfully 
developed and tested. These coatings draw inspiration from nature’s strategies to 
prevent fouling and have shown promise in reducing or preventing the attachment 
of marine organisms [76–79].

Adhering to the principles of nature and drawing insights are the natural world 
form the foundational principles of bionic technology. Within this framework, 
antifouling approaches can be categorized into two main domains: chemical and 
mechanical. (i) Numerous aquatic and terrestrial organisms possess the ability to 
secrete natural substances that combat bacterial infections and biofouling [78, 79]. 
As an illustration, terpenoid and halogenated compounds sourced from algae serve 
as notable examples, and capsaicin produced from chili peppers [80, 81], also has 
antifouling action [82]. (ii) Mechanical antifouling approaches: Within this realm, 
scientists have identified intrinsic surface textures spanning from nanometer to mil-
limeter dimensions across various organisms, including mangrove foliage, lotus leaves 
(Nelumbo nucifera), shells, sharkskin, and corals [83]. These natural topographies 
operate mechanically to diminish the prevalence of biofouling [84, 85]. The main bio-
inspired approach is the surface roughness and texture of marine organisms that have 
evolved rough or textured surfaces that discourage fouling attachment. Bioinspired 
antifouling coatings mimic these features to create surfaces that are less favorable for 
the attachment and growth of fouling organisms.

Also, the microtopography of some organisms that have tiny ridges and scales 
called denticles that reduce drag and discourage fouling, such as shark skin [84, 
85]. Coatings with microtopography can mimic these structures to create a slippery 
surface that makes it difficult for organisms to settle and grow. These coatings, known 
as “sharkskin coatings” or “riblet coatings,” have been applied to ship hulls and have 
shown promising results in reducing drag and fouling attachment.

Schumacher et al. [86, 87] successfully recreated shark epidermal riblets on a 
PDMS elastomer to establish a microstructured surface. The architecture featured 
rib structures forming periodic rhombuses with dimensions of 2 mm width, lengths 
ranging from 4 to 16 mm, and 2-mm spacing. Notably, the outcomes revealed a 
significant decline in spore settlement on the engineered surface in contrast to smooth 
surfaces, manifesting an impressive effective reduction of up to 77%. Moreover, the 
surface exhibited the capability to minimize bacterial adhesion and suppress the 
formation of biofilms. Thus, these shark-inspired surfaces exhibit the potential to 
proficiently counteract microbial sedimentation and impede biofilm establishment.

Some lotus leaves and other plants have self-cleaning properties due to their 
waxes and hydrophobic surfaces with micro−/nano-structures that repel water and 
contaminants [88, 89]. To date, these principles are being applied to create self-
cleaning antifouling coatings that shed water and debris, reducing the attachment of 
organisms [90]. As an illustration, Selim and colleagues effectively prepared a range 
of nanostructured coatings with a lotus-inspired configuration. This innovative 
approach involved utilizing in situ techniques to combine vinyl-terminated PDMS 
with YeAl2O3 nanorod composites. These composites, composed of single-crystal 
nanorods, are easily synthesized and possess regulated structures and shapes [91, 
92]. Consequently, the resultant surface inherits superhydrophobic attributes, self-
cleaning attributes, and noteworthy antifouling properties.

Furthermore, certain marine organisms use hydrophobic (water-repellent) or 
hydrophilic (water-attracting) surfaces, produce natural anti-adhesives or com-
pounds, produce protective mucus layers, or can change their surface properties in 
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response to environmental cues to control fouling. Some marine organisms have bio-
cidal activity and produce compounds that are toxic to fouling organisms. Researchers 
are studying these properties and compounds to develop environmentally friendly 
antifouling coatings that mimic their effects, create a physical barrier, and can switch 
between fouling-resistant and fouling-release states, deterring fouling attachment or 
making it easier to clean. Additionally, researchers are exploring the use of naturally 
occurring substances such as enzymes and proteins to create antifouling coatings that 
interfere with the attachment and growth of fouling organisms.

Unlike mobile species like sharks and dolphins that can actively remove attached 
fouling organisms, sedentary species such as sponges and corals lack this ability. 
However, despite their stationary nature, corals manage to maintain clean and tidy 
skin surfaces. Certain sponges and corals have intricate structures that create turbu-
lent water flow, preventing fouling attachment. Coatings inspired by these macrotex-
tures have been developed, creating surfaces with complex patterns and features that 
make it difficult for fouling organisms to attach. For example, previous research has 
demonstrated that corals employ a variety of antifouling mechanisms [91, 92]. These 
strategies include the release of natural antifoulants, the utilization of skin with low 
surface energy, the emission of fluorescence, the shedding of old skin layers, and the 
swinging tentacles. Last but not least, biomimetic surface coatings directly replicate 
the surface features and properties of specific marine organisms known for their 
fouling resistance.

4.2.1 Superhydrophobicity in nature

During the 1990s, researchers in the fields of biology and materials science 
 initiated investigations into naturally occurring superhydrophobic surfaces [93]. Over 
the past few years, scientists have introduced superhydrophobic coatings character-
ized by remarkable water repellency for automotive, marine, and medical sectors [94, 
95]. The emergence of superhydrophobic nanocoatings represents a pivotal approach 
to achieving surface superhydrophobization, leading to remarkable alterations in both 
surface and interfacial domains. Numerous techniques have been established to create 
superhydrophobic surfaces, encompassing approaches such as layer-by-layer assem-
bly, sol-gel method, photolithography, electrodeposition, electrospinning, and 3D 
printing [96]. While multiple methodologies exist, those founded on simple chemical 
reactions hold particular appeal due to their straightforward procedures, economical 
nature, and potential for large-scale production.

On a superhydrophobic surface, the water droplet forms a nearly spherical shape 
with minimal contact area, and it tends to slide off the surface easily due to the 
combination of surface texture and low surface energy [97]. A superhydrophobic 
surface is characterized by a high water contact angle (WCA) exceeding 150° [98, 99]. 
Superhydrophobicity, or the ability to repel water and maintain extremely high 
contact angles with water droplets, is observed in various natural phenomena. Here 
are a few examples of superhydrophobicity in nature:

An illustrative instance of superhydrophobicity is the surface of a lotus leaf. 
Lotus leaves boast remarkable water repellency and self-cleaning capability due to 
the presence of hierarchical micro−/nanostructures and hydrophobic waxes on their 
surfaces, a phenomenon referred to as the “lotus effect.” Insect wings, such as those 
of Morpho butterflies, similarly demonstrate characteristics of the “lotus effect” [93]. 
The wing surfaces feature intricate micro- and nanostructures that scatter light, giv-
ing the wings their vibrant colors. These structures also create a hydrophobic surface, 
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causing water droplets to bead up and roll off the wings. Additionally, water striders 
are insects that can walk on the water surface due to their hydrophobic legs. The legs 
are covered with tiny hairs that trap air and create a cushioning effect, preventing the 
insect from breaking the water’s surface tension. This adaptation allows water striders 
to move effortlessly on the water without sinking.

Selim et al. introduced a self-cleaning solution utilizing elastomeric PDMS and 
nanomagnetite composites [100]. The composite surface demonstrated superior 
antifouling efficacy compared to the PDMS, PDMS/nanomagnetite, and control com-
posites, as observed through diatom and bacterial fouling assessments. Furthermore, 
Selim and his colleagues explored the effects of nanostructured surfaces and the 
distribution of GO decorated with TiO2 nanorod (NR) fillers on the FR and superhy-
drophobic properties of silicone nanocoatings [101]. By integrating 1 wt% GO/TiO2 
hybrid fillers, they achieved enhancements in surface roughness and non-wettability 
while reducing surface-free energy. Consequently, they developed an improved model 
for superhydrophobic nanocomposite coatings, enabling sustained surface attributes 
suitable for prolonged marine applications. These examples from nature inspire the 
development of superhydrophobic coatings and materials in extensive applications, 
such as drag reduction, antifouling, self-cleaning surfaces, anti-icing coatings, oil/
water separation, anticorrosion purposes, and waterproof textiles. By emulating the 
structures and properties found in these natural systems, scientists and engineers aim 
to create functional and efficient superhydrophobic materials for a range of practical 
applications [102–105].

4.2.2 Characterization of the superhydrophobic surfaces

The fabricated superhydrophobic materials are subjected to various tests to 
 evaluate their hydrophobic properties. Contact angle measurements are commonly 
used to quantify the degree of water repellency, with higher contact angles indicating 
greater hydrophobicity. Other tests may include nanoscale roughness, water droplet 
roll-off angles, coating thickness, durability assessments, mechanical stability, and 
resistance to contamination [106].

The water contact angle (WCA) measures the angle between a water droplet and 
the surface. A WCA greater than 150° indicates superhydrophobicity. Several factors, 
including surface roughness, surface energy, and the level of cleanliness, influence 
the contact angle [107, 108]. When a liquid effectively wets the surface (referred to 
as a wetting liquid or hydrophilic surface), the static contact angle assumes a value 
within the range of 0⁰ ≤ θ ≤ 90⁰ degrees. Conversely, when a liquid does not wet the 
surface (termed a hydrophobic surface), the contact angle falls within the range of 
90⁰ < θ ≤ 180⁰ degrees (Figure 2).

In 1805, Thomas Young introduced the foundational concepts of contact angle 
and wettability [109]. Presently, the contact angle measurement technique stands 
as the most prevalent approach employed to assess the wettability of a surface [110, 
111]. The static contact angle (θ) is defined as the angle formed at the point where 
the gas-liquid interface intersects the three-phase boundary, represented by a 
tangent line.

The Wenzel state manifests when the interactions between the liquid and the solid 
are high, resulting in the complete filling of surface voids by the liquid droplet [112]. 
Meanwhile, when the voids are occupied by air, the liquid droplet resides on both 
the solid surface and the air. This state is called the Cassie-Baxter state. In contrast 
to Wenzel’s model, the Cassie-Baxter model exhibits a slightly reduced contact angle 
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hysteresis and an increased advancing contact angle. Consequently, the Cassie-Baxter 
model is more extensively employed across various surfaces [113–115].

4.3 Bioinspired antifouling nanocomposite coatings

Numerous plants and animals have evolved surfaces with exceptional antifouling 
performance in nature [85, 116–118]. Strong attempts have been made to create coat-
ings that resemble these natural antifouling surfaces because they serve as inspiration. 
In recent years, six main bioinspired strategies have been used to tackle biofouling: (i) 
micro−/nano-rough coatings: Some creatures, including the lotus and shark [85, 118], 
have developed micro/nanostructured surfaces to resist biofouling. (ii) Natural antifoul-
ing agents: One effective method to stop biofouling is to employ bioactive substances 
that are emitted by particular organisms, like sponges and corals [119]. Hydrogels 
resemble mucus. In other cases, fish and amphibians (like frogs) use the epidermal 
mucus to counter biofouling [120]. (iii) Slippery liquid-infused porous surfaces (SLIPS): 
Microstructures can be found on the skin of earthworms and pitcher plants [121]. They 
differ from the lotus, though, in that liquid is present and trapped in the microstruc-
tures. These interfaces, known as SLIPS, are made to be nonstick and can therefore be 
employed to fend off fouling organisms [122]. (iv) Some marine creatures molt epithe-
lium to refresh their surface [123], which aids in clearing their surfaces of fouling organ-
isms. Dolphin skin has a rubber-like feel and can generate an unsteady surface when 
subjected to turbulent flow [124, 125]. Fouling organisms have a hard time settling on a 
surface that is so unstable. Because of the shedding effect and the unstable surface, the 
surface is dynamic in marine environments. (v) Zwitterionic coatings: Bilayers of lipids 
in living things contain phosphotidylcholine units, which have zwitterions made up of 
two organisms with opposing charges. Researchers investigated the antifouling potential 
of phosphatidylcholine’s analogues and specifically created zwitterionic polymers, as a 
result of their blood clotting-preventing capabilities [85, 126, 127].

These bioinspired techniques exhibit none of TBT’s harmful environmental effects 
and have excellent antifouling properties; therefore, they have great potential for use 

Figure 2. 
(a) Example of the contact angles created by sessile liquid drops on a uniformly flat solid surface; (b) a droplet’s 
non-wetting behavior on solid substrates, including Wenzel’s and Cassie-Baxter models.
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in the future. The main bioinspired tactics used to prevent biofouling are highlighted 
in this chapter, which also provides new and intriguing results from nature. These 
bioinspired methodologies are also discussed in terms of their cutting-edge materials, 
production methods, pertinent antifouling processes, current issues, and potential 
future developments. The advantages of nanomaterials include their high surface 
area-to-volume ratio and economic advantage. The mechanical robustness and 
surface non-wettability are improved thanks to nanofillers’ promotion of mechani-
cal strength and roughness. Because nanofillers typically have inherent antifouling 
activity and because rough surfaces will entrap air more than smooth surfaces, they 
can enhance the antifouling characteristics of surfaces [128, 129].

To create these antifouling coatings, a variety of nanofillers, including Cu2O 
[130], Ag [131], MnO2 [132], and graphene oxide [133, 134] were added to polymeric 
surfaces. These coatings are affordable, effective, lasting, harmless, and friendly to 
the environment. It is becoming more common to create bioinspired antifouling coat-
ings using nanocomposite methods for innovative and large-scale production. Natural 
antifoulants have been shown to have a number of antifouling mechanisms; however, 
there is insufficient information to definitively pinpoint the molecular pathways. 
Natural antifoulants’ mechanisms are still poorly understood [135]. There is still 
much to learn about how natural antifoulants work to prevent fouling.

4.4 Marine antifouling biomimetic surface microtopographies

Numerous maritime animals possess fouling-resistance qualities, which were 
affected by the surface’s texture roughness, wettability, surface energy, etc. [136, 137]. 
Since no biocides are released, there is less potential danger to marine ecosystems 
when duplicating the natural antifouling surface microstructures. So, one of the 
upcoming research trends is biomimetic microstructure coating, which has received 
a lot of attentions lately [138, 139]. Rough microstructures may have an antifouling 
mechanism that reduces the surface area where fouling organisms come into contact 
with the surface [140, 141]. Surface roughness has a stronger fouling-resistance [142, 
143]. When the structure is an order of magnitude smaller than the fouling organ-
ism, the number of attached foulers grows but adhesion strength decreases [144]. 
Gorgonians, shark skin, echinoderms, and other biomimicking antifouling surfaces 
were examined by Scardino and de Nys [145]. Terrestrial wildlife also offers priceless 
models, so inspiration is not confined to marine critters.

A number of physical fabrication techniques, such as picosecond laser textur-
ing, electron beam lithography, hot embossing, ion beam lithography, photoli-
thography, and soft lithography, were evaluated in order to replicate the biological 
surface microtopographies [146, 147]. Soft mold replication is the most common 
and straightforward method for recreating biological microstructures on surfaces 
coated with synthetic materials. The elastomer sheet converts into a negative 
replica of the biological sample after curing and is removed from the mold. The 
negative replica is then secured to a plate and used as a mold. The specimen’s posi-
tive replica is obtained after curing and separation [148]. The negative replica is 
covered with the precursor and curing agent. On the surface of lotus leaves, waxes 
and microstructures have been discovered [149–152]. A layer of air can be trapped 
between a drop of liquid and the surface of a leaf by the hydrophobic epicuticular 
waxes and microstructures (Cassie-Baxter state). Both characteristics produce 
surface self-cleaning on lotus leaves with low CAH and stop moisture from seeping 
into the surface [153, 154]. Every micropapillary on the surface of the lotus leaf 
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was found to be covered in nanostructures [155]. The micro−/nano-hierarchical 
composite architectures allow lotus leaves to be extremely hydrophobic and low 
sticky [156, 157]. When used in marine vessels, the microstructures can therefore 
have a dual effect.

Numerous fabrication processes have been used to create micro−/nanostructured 
surfaces thanks to the development of cutting-edge technologies [158]. These tech-
niques include additive manufacturing (3D printing) [159], mechanical microma-
chining [160], self-assembly [161], etching procedures [162], electrostatic approaches 
[163], nanocomposite approaches [144], deposition approaches [164], and soft 
lithography [164]. Although there may be certain disadvantages, these techniques 
have a bright future when used in actual manufacturing. A successful FR coating 
of PDMS/β-SiC nanocomposite with 153° WCA and micro-roughness was prepared 
(Figure 3) [165]. Additionally, a silicone/ZnO nanostructured composite with micro/
nano-roughness and surface superhydrophobicity was developed (Figure 4) [166]. 
PDMS enhanced with TiO2/SiO2 nanocomposite was created [167] for photocatalytic 
and self-cleaning outcomes. AFM examination of the produced well-dispersed 
silicone/TiO2@SiO2 (0.5 wt.%) indicated surface roughness and displayed superhy-
drophobic antifouling performance.

Improved superhydrophobicity and fouling-inhibition properties may also be 
a result of this nano−/micro-surface and low SFE [112, 168]. Two recently created 
nanocomposites of PDMS/RGO and PDMS/GO-γ-AlOOH coating were compared 
as superhydrophobic FR materials [169]. Compared to PDMS/RGO nanocomposite, 
the nanocoating of PDMS/GO-γ-AlOOH (3 wt.%) composite displayed better FR 

Figure 3. 
Hydrosilation-cured silicone/β-SiC nanostructured composite as antifouling and superhydrophobic surface. The 
TEM of β-SiC nanowires and the AFM of the FR-causing PDMS/β-SiC composite are also included. The created 
nanocomposite underwent a 3-month field trial in seawater, and the results showed excellent fouling-prevention 
[165]. Copyright 2018 was adopted with springer Nature’s consent.
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performance under various microfouling stressors. The well-dispersed silicone/GO-γ-
AlOOH (3 wt.%) could achieve the lowest biodegradability of 1.6%. It has microbial 
endurability against gram-negative and gram-positive bacterial strains with 97.94%, 
and 86.42%, respectively.

Figure 4. 
Illustration of the silicone/ZnO nanostructured composite film [166] (copyright 2019, after permission from 
Elsevier).

Figure 5. 
The PDMS/GOH@Ag (0.5 wt.%) nanofillers for antifouling and FR nanocoatings [170]. Copyright 2021, 
reproduced with permission from Elsevier.
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Avicennia marina/silver was employed to reduce GO and obtain GOH@Ag 
hybrid as reported by Soleimani et al. [170] (Figure 5). In PDMS-based coatings, 
GO, GOH@Ag, and CNTs were all utilized as nanofillers. The GOH@Ag (0.5 wt.%) 
showed the greatest performance with SFE = 16 mN/m, root mean square roughness 
(RMS) = 103 nm, and WCA = 118.8°. The production of PDMS/GOH@Ag nanocom-
posite was achieved by the combination of Ag and A. marina to the graphene nano-
composite coatings.

A surface with a micro−/nano-roughness, low SFE (12.06 mN/m), high WCA 
(158° ± 2°), and high FR efficiency was created by PDMS/GO-Fe3O4 (1 wt.%) nano-
composite as reported by Selim et al. [171] (Figure 6). It showed the lowest biode-
gradability percentage when tested against Kocuria rhizophila (2.047%), Pseudomonas 
aeruginosa (1.961%), and Candida albicans (1.924%).

5. Conclusions

The intriguing characteristics of naturally occurring superhydrophobic surfaces 
have inspired the creation of new superhydrophobic antifouling nanocoatings. 
Surface non-wettability and FR structure were significantly influenced by surface 
heterogeneity and rough topology. Graphene is a practical substance for producing 
superhydrophobic surfaces due to its distinct physicochemical features. Water-
repellent antifouling marine coatings have gained much interest for their advantages 
in both the economy and the environment. Numerous characteristics of graphene 
nanocomposites, including antifouling, self-cleaning, and anti-corrosion, are avail-
able at a low price. Graphene nanostructured surfaces have outstanding antifouling 
and anticorrosion features. The potential of nanoscale filler tectonics was illustrated 
for the fabrication of structurally folded nanocomposite materials. Self-cleaning 
and antifouling graphene nanocomposites have been produced and are being used 
as a new trend in antifouling applications in marine navigation. A variety of hybrid 

Figure 6. 
Schematic illustration for the PDMS/GO-Fe3O4 (1 wt.% nanofillers) for superhydrophobic antifouling 
nanocomposite coatings [171]. Copyright 2023, reprinted with Elsevier’s permission.
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graphene composite materials are being researched for maritime coatings due to 
their superior surface properties. Well-dispersed graphene-based nanocoatings can 
exhibit outstanding physico-mechanical and non-wetting properties. Benefits of 
these nanocomposites include coating behavior that prevents fouling, facility, eco-
nomics, and toughness. The fabrication of PDMS/nanofiller composites can result in 
FR nanostructures with improved self-cleaning capabilities. These multifunctional 
FR nanocomposites will be commercially available in the near future, saving tens of 
billions of dollars in annual fouling costs.
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Chapter 6

Hydrophobic Protection for
Building Materials
Katarzyna Buczkowska

Abstract

The chapter “Hydrophobic Protection for Building Materials” highlights the sig-
nificance of modifying wetting properties to enhance the durability and performance
of construction materials. It addresses the theme of wetting in building materials,
wetting assessment techniques, and factors influencing wetting, such as chemical
composition, pore distribution, and surface properties. Traditional building materials
are compared with innovative materials like geopolymers. Various methods of wetting
modification are discussed in this chapter, including altering material composition
through bulk additives and coatings. Research is presented to acquaint the reader with
current trends in modifying the wetting of construction materials. The chapter
underscores the importance of nanomaterials and bulk additives in altering surface
properties and outlines investigations into coatings designed for surface protection.
Practical applications of hydrophobic coatings are also demonstrated through
examples of different commercial products.

Keywords: surface modification, hydrophobic protection, civil engineering materials,
geopolymer composites, ecological materials

1. Introduction

The realm of building materials is one of continuous evolution, driven by the
pursuit of enhancing their durability, performance, and functionality in the face of
diverse environmental conditions. Among the various challenges that materials
encounter, the phenomenon of wetting stands out as a critical determinant of their
behavior. The concept of wetting, encompassing the ability of materials to absorb
fluids and propagate them along their surfaces, holds profound implications for
material integrity and longevity. In the context of construction, where materials are
subjected to multifaceted conditions, understanding and modifying wetting behavior
emerge as crucial pursuits.

Section 3 of this chapter is dedicated to exploring the intricacies of wetting, shed-
ding light on the factors influencing a material’s interaction with fluids and elucidating
techniques for assessing and modifying wetting characteristics. This foundational
understanding serves as a stepping stone toward enhancing material performance in
construction applications. As the behavior and durability of building materials are
deeply intertwined with wetting phenomena, comprehensive investigation and
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manipulation of wetting behaviors become pivotal. Figure 1 shows the application
areas for hydrophobically modified cement-based materials.

The assessment of wetting properties is a pivotal step in deciphering the interac-
tion between building materials and fluids. Contact angle measurement, a key param-
eter in quantifying wetting behavior, is scrutinized through various techniques. The
spreading method, laser beam method, and drop method each offer unique insights
into the material’s interaction with fluids, unveiling the dynamic interplay between
surface and liquid.

The wetting behavior of building materials is governed by a complex interplay of
factors. The arrangement of pores within a material’s structure holds sway over its
ability to absorb fluids, with parameters such as size and distribution significantly
affecting the degree of wetting. As revealed by research, the manipulation of pore
characteristics can lead to material optimization, ensuring efficient fluid interaction
and enhanced durability.

Chemical composition and surface properties further influence wetting behavior.
The presence of molecules and functional groups on a material’s surface can pro-
foundly alter its interaction with fluids. Through meticulous study and manipulation
of these surface characteristics, researchers can tailor material wetting behaviors to
suit specific needs, thus fortifying material performance.

In this dynamic landscape, the protection of building materials assumes paramount
importance. Techniques such as surface coatings, hydrophobic and oleophobic treat-
ments, and anti-corrosion agents act as guardians, shielding materials from the dele-
terious effects of external elements. These interventions not only enhance material
longevity but also provide avenues for creativity and esthetics in construction.

In summary, the exploration of wetting behaviors in building materials offers a
gateway to unraveling the intricate interplay between materials and fluids. This
understanding forms the bedrock for fortifying material performance, improving
durability, and expanding the horizons of construction applications. Through the
careful manipulation of wetting behaviors and the application of protective measures,
building materials can transcend their inherent limitations and pave the way for
resilient, functional, and visually appealing structures.

Figure 1.
Applications of hydrophobically modified cement-based materials [1].
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2. Comparison of geopolymers and Portland cement

Portland cement is the most commonly used type of cement and a
fundamental component in the production of concrete and mortar. It is a finely
ground, rocky mixture consisting mainly of calcium oxide (quicklime - 65%) and
silica (silica dust - 21%), as well as, for example, alumina (5.6%) or iron oxide (3.4%).
These substances occur primarily in the following forms [2]:

• Tricalcium silicate - (CaO)3. SiO2, commonly referred to as alite, often
denoted as C3S.

• Dicalcium silicate - (CaO)2. SiO2, commonly referred to as belite, often
denoted as C2S.

• Tetra-calcium aluminoferrite - (CaO)4. Al2O3. Fe2O3, commonly referred to as
celite, often denoted as C4AF.

• Tricalcium aluminate - (CaO)3. Al2O3, commonly denoted as C3A.

It is produced by grinding and burning a mixture of calcium carbonate (in the
form of limestone, chalk, or other rocks), silica (in the form of sand or clay, but old
glass can also be used), bauxite (as a source of alumina, but recycled aluminum can
also be used), iron ore (as a source of iron oxide, but recycled iron or fly ash from
power plants can also be used), gypsum, and other additives. This mixture is hydrated
after dissolution in water and solidifies by forming calcium hydroxide (allowing the
cement to set even underwater). Therefore, the main difference between geopolymers
and Portland cement lies in the reaction that occurs during solidification.
Geopolymers undergo polycondensation, while cement undergoes hydration. Cement
can simply be mixed with water, whereas geopolymers require activating solutions to
achieve a high pH. These activating solutions increase the cost of geopolymers [3, 4].

Portland cement is the primary ingredient in concrete (specifically known as
cement concrete - alternatively, asphalt, gypsum, or other substances can be used
instead of cement). Concrete is the most widely used composite material in construc-
tion worldwide. Hydrated cement serves as the binder and matrix. Additionally,
concrete contains aggregates (often called coarse aggregates, used to create a durable
compressive skeleton formed by interlocking individual grains, thereby increasing the
overall compressive strength). Commonly used aggregates include sand, gravel, or
crushed stone with various particle sizes. Other additives such as metal or polymer
fibers (used to increase tensile and flexural strength), other mineral or liquid admix-
tures, and accelerators or superplasticizers (to improve the workability and consis-
tency of the concrete mix) are also added. The combination of concrete and iron or
steel reinforcement allows for reinforced concrete, which can better withstand tensile
loads than plain concrete [5, 6].

Geopolymers have significantly better mechanical properties compared to con-
crete made from Portland cement, particularly much higher compressive strength
(around 100 MPa for geopolymers, 30 MPa for cement, and up to 60 MPa for cement
with special modifications). However, tensile and flexural strength are lower in
geopolymers. This can be compensated for by using reinforcements commonly used in
conventional concrete, such as carbon steel bars or corrosion-resistant materials like
carbon fiber. However, it is not possible to use any lightweight metals or alloys in the
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production of geopolymer composites as these materials quickly lose their strength
due to the strong alkalinity of geopolymers. To produce geopolymer composites with
glass fibers, it is necessary to use alkali-resistant glass fibers, for example, made of
organic polymers [4, 7].

One of the most significant advantages of geopolymers is their higher thermal
resistance. While concrete rapidly degrades when heated to temperatures above 300°
C due to thermal decomposition, which also releases toxic substances, geopolymers
remain stable up to a melting temperature of around 1265°C. However, even in this
case, some changes occur in the structure or composition. In the temperature range of
100–200°C, there is an increase in porosity and a decrease in mass due to the release of
bound water. As the temperature increases, there is further mass loss. At temperatures
above 600°C, siloxane bonds begin to break down, releasing hydroxyl ions. With
further temperature increase (above 800°C), porosity decreases due to partial
melting or sintering of geopolymers into a more compact structure. However, these
changes are much less destructive than the changes in concrete exposed to too high
temperatures [4, 7].

Geopolymers also have low thermal conductivity, which can be further reduced by
foaming. This can be achieved by adding powdered aluminum, which reacts with
alkaline substances, such as hydroxides in the liquid geopolymer mixture, releasing
hydrogen gas. All these properties, therefore, make it feasible to use geopolymers for
passive fire protection. [4, 7].

Geopolymers are also much more resistant to chemical attack, making them suit-
able for use in harsh conditions, such as acidic rain, sewage treatment plants, or
chimneys. Moreover, they exhibit significant adsorptive capabilities, making them
potentially useful, for example, in wastewater treatment, where they can serve as
adsorbents or filtering media. Additionally, they can seal various particles incorpo-
rated into the structure during geopolymerization, thus avoiding leakage into the
surrounding environment. Consequently, they can be used for storing hazardous
waste or other waste materials, such as exhaust gases from industrial plants or
power plants [4, 7].

However, the main advantage of geopolymers lies in their much lower energy
consumption during production and lower emissions. The production of geopolymer
cement requires approximately 1230–1310 MJ/t, with most of the energy consumed
during the calcination of clay materials. In contrast, the production of Portland
cement consumes nearly three times more energy, about 3500 MJ/t, especially during
the calcination of limestone. Furthermore, Portland cement production generates a
large amount of carbon dioxide (approximately one ton per ton of cement), which
cannot be significantly reduced since carbon dioxide is an unavoidable byproduct of
limestone calcination. In 2005, cement production was responsible for 1.8 billion tons
of carbon dioxide emissions, accounting for about 8% of the total emissions that year.
In contrast, geopolymer production emits 50–80% less carbon dioxide, mainly due to
lower temperature requirements (which reduces energy demand). Temperatures up
to 1500°C are required for cement production, while 600–700°C are sufficient for
thermal processing of clay components in geopolymers [8].

The main drawback of geopolymers is the need for their alkaline activation, which
poses a logistical problem. This is due to the necessity of purchasing or producing,
distributing, and more complex on-site use of activating solutions because of their
strong alkalinity (corrosiveness). Materials based on ordinary Portland cement simply
need to be mixed with water. Another disadvantage is the risk of variability in the
composition and structure of materials used in geopolymer production, especially fly
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ash or slag. The variable composition of activators and binders leads to inconsistent
properties of the obtained material, which is problematic in standardizing these
materials, whereas the composition and properties of Portland cement are clearly
defined. However, this problem can be addressed.

3. Wettability of building materials

The concept of wettability constitutes a fundamental aspect that profoundly influ-
ences the behavior and durability of construction materials, especially when exposed
to various environmental conditions. This dedicated section of the chapter aims to
delve into the nuances of wettability, examining numerous factors that affect a mate-
rial’s ability to absorb fluids. Furthermore, it elucidates available techniques for
assessing and modifying wettability characteristics. In essence, wettability pertains to
the inherent tendency of a surface to absorb and facilitate the spread of fluids along its
structure. Unlike droplet formation, this phenomenon involves fluids like water
adhering to the material’s surface [1, 9].

The fundamental tool for expressing the level of wettability is the contact angle.
This angle measures the inclination of a liquid droplet on the material’s surface. A
smaller contact angle indicates strong wettability, where the fluid spreads widely. This
implies a high surface energy. On the other hand, a larger contact angle signifies weak
wettability, where the fluid tends to form droplets and roll off the surface due to lower
surface energy. Through this measure, researchers can discern a material’s propensity
for fluid absorption, its capillary action potential, or repellency, and how these prop-
erties directly impact its durability and overall performance [9, 10].

Hao Yao and colleagues [9], in their publication, focused on comprehending the
mechanisms of wettability transition on microstructural surfaces, revealing the intricate
interdependence between surface geometry and wettability behavior. By combining

Figure 2.
Illustration of hydrophobic cementitious materials from three aspects, covering preparation, characterization, and
properties [9].
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theoretical analysis with experimental methods, researchers illustrate how microstruc-
tures can be designed to induce specific wettability effects, potentially revolutionizing
material design. Figure 2 presents an illustration of hydrophobic cementitious materials
from three aspects: preparation, characterization, and properties.

The composition and microstructural organization of the material have an impact
on wettability behavior. Jihui Zhao et al. [1] investigate the effects of hydrophobic
modifications on concrete and their influence on surface free-energy. François-Xavier
Coudert and colleagues [11] analyze changes in wettability properties and surface free
energy due to concrete hydrophobization. Meanwhile, Chenzhi Li and colleagues [12]
focus on the mechanisms of wettability transition on microstructural surfaces and
their significance for the durability of construction materials.

The influence of pore structure on wettability has been described by Jihui Zhao
and his team [13], emphasizing the importance of surface analysis techniques such as
X-ray photoelectron spectroscopy (XPS) and surface energy analysis (SEA) in under-
standing and manipulating wettability. Similarly, Wang et al. [14] concentrate on
testing and modeling wettability transition on microstructural surfaces.

In summary, wettability serves as a foundation for understanding the behavior and
durability of building materials. The mentioned publications highlight the multidis-
ciplinary nature of wettability’s influence, encompassing microstructural consider-
ations, surface modifications, and broader material applications. Together, these
studies contribute to a more precise analysis of the impact of wettability on material
behavior and their diverse applications in the field of construction.

3.1 Methods for assessing wettability

The assessment of wetting in building materials is a crucial step in understanding
how fluids interact with their surfaces. This assessment is based on the measurement
of the contact angle – the angle at which a liquid droplet rests on the material’s surface.
This angle provides insights into the wetting behavior of the material, offering infor-
mation about the spreading or droplet formation of fluids on the surface. Various
techniques for measuring the contact angle are utilized, each revealing different
aspects of the material’s interaction with fluids. These techniques include: [15, 16].

3.1.1 Spreading method

In this method, the change in contact angle over time is carefully monitored by
introducing a liquid droplet onto the material’s surface. This dynamic analysis reveals
how the fluid interacts with the surface over time, shedding light on the material’s
ability to absorb or repel fluids. The spreading method provides subtle insights into
the evolution of wetting in response to fluid exposure.

3.1.2 Laser beam method

The laser beam method employs a laser beam to measure the angle of inclination
of a liquid droplet resting on the material’s surface. This technique offers precise
measurement of the contact angle, allowing for an accurate assessment of wetting
characteristics. The precision of the laser beam ensures reliable quantification of
contact angles, contributing to a thorough understanding of the material’s response to
fluids.
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3.1.3 Drop method

The drop method takes a different approach by capturing micrographs of droplets
on the material’s surface. The shape and dimensions of these droplets provide signif-
icant information about the material’s wetting tendencies. Analyzing the geometry of
droplets –whether they spread or maintain their shape – offers a qualitative and visual
representation of how fluids interact with the surface.

Shirong Zhu et al. [16] conducted extensive research on advanced methods for
assessing surface-free energy and wetting. Their work delves into the intricacies of
these measurement techniques, offering insights into their applications, advantages,
and limitations. This comprehensive review serves as a valuable resource for
researchers and practitioners seeking to understand the complexity of wetting mea-
surement.

Fan Ding and Manglai Gao [17] examined wetting measurement methods to
enhance oil recovery. Although focused on a different context, their review provides
valuable insights into various techniques used across different fields for wetting
assessment. This broad perspective highlights the versatility of wetting measurement
and its applications beyond the realm of building materials.

Significant research was conducted by Grzegorczyk-Frańczak et al. [18]. Their
work focused on the changes in wetting properties and surface energy during the
hydrophobization of concretes with the addition of boiler slag and coal dust. These
studies provided valuable insights into the influence of these additives on the hydro-
phobic properties of concrete, which is crucial for the durability and performance of
building materials under various environmental conditions.

On the other hand, the work of Adhikary et al. [19] provided a review on light-
weight self-compacting concrete. The authors concentrated on analyzing various
aspects of this type of concrete, including its components, properties, and potential
applications in construction. Their research emphasizes the importance of lightweight
self-compacting concrete in the context of sustainable construction and the need for
further studies to optimize its properties and applications.

In conclusion, wetting measurement through contact angle assessment forms the
basis for uncovering the intricate dynamics between materials and fluids. The
presented methods showcase a multifaceted approach to understanding wetting
behavior. These measurement techniques, supported by in-depth research,
serve as essential tools for delving into the interaction of building materials with
fluids, ultimately influencing their performance and durability in construction
applications.

3.2 Factors influencing wettability

The wetting of building materials is a multifaceted phenomenon shaped by a range
of factors related to their structural, chemical, and physical properties. Within this
complex structure, several key determinants play vital roles in shaping the wetting
characteristics of the material, each offering a unique perspective on its behavior
during interactions with fluids. An essential aspect of these properties is wettability,
which refers to the material’s capacity to absorb liquids, such as water. The influence
of the material’s structure on its ability to absorb fluids has been the subject of
numerous studies and analyses, contributing to a better understanding of this
phenomenon.
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3.2.1 Pores - size and distribution

The significance of pore distribution and size in building materials regarding their
interaction with fluids, particularly water, is well-documented in scientific literature.
Figure 3 shows the complexity of the correlation study of concrete pore structure
based on WOS (2018–2023). The distribution of pores within the material has a
significant impact on various aspects of its interaction with fluids. It is often observed
that materials with a higher percentage of larger pores exhibit the ability to absorb a
greater amount of water and other fluids. However, the quantity of pores is not the
only crucial factor; their size and distribution also play a key role. These parameters
determine to what extent fluids can penetrate the material. For example, materials
characterized by an organized network of small pores often demonstrate much better
wettability compared to materials with a more chaotic pore structure.

In a study conducted by Song Jin et al. [21], the impact of pore structure on the
ability of concrete with varying strengths to absorb water and the permeability of
chloride was analyzed. Another example comes from the research of Jianzhuang Xiao
et al. [20]. Their work focused on investigating the influence of pore structure on
concrete’s ability to absorb water. These studies revealed that the distribution and
distribution of pores have a complex impact on the material’s response to varying
humidity levels. The results provide valuable insights into optimizing concrete prop-
erties related to water interaction. In the studies presented by Dinghua Zou et al. [22],
the authors demonstrate that the pore structure of the aggregate affects the equilib-
rium of residual water, but has a negligible impact on the rate of water release.

Furthermore, it is worth noting that the influence of pore structure on the ability
to absorb water is not limited to traditional materials such as concrete. Shikun Chen
et al. [23] conducted research on the pore structure and water absorption capability of

Figure 3.
Correlation of concrete pore structure study based on WOS (2018–2023) [20].
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geopolymers. In the context of studying the influence of distribution, size, and pore
structure on the hydrophobic properties of alkali-activated materials, it is essential to
consider the work of Bang et al. [24]. Another study by Ruan et al. [25] focused on the
analysis of the microstructure and mechanical properties of sustainable cementitious
materials with an ultra-high substitution level of limestone and calcined clay powder.

The research presented by Lawrence M. et al. [26] offers tangible insights into how
pore distribution influences a material’s water absorption behavior. This study under-
scores not only the pivotal role of pore structure in interaction processes but also
accentuates the imperative to comprehend and regulate these characteristics to
enhance the efficacy of building materials. Grasping these facets is paramount for
engineers and scientists striving to develop materials with optimal characteristics
concerning water resistance and longevity in diverse environmental scenarios.

The size and distribution of pores in building materials significantly influence their
interaction with fluids, especially water. Figure 3 illustrates the complex relationships
between the pore structure in concrete and its interaction with fluids, summarizing
publications from WoS between 2018 and 2023. Materials with a higher proportion of
larger pores tend to absorb more water. However, the sheer number of pores is not the
only determinant; their size and distribution are equally important. Materials with a
well-organized network of small pores often exhibit better wettability than those with
a random pore structure. Numerous studies have focused on the impact of pore
structure on concrete’s ability to absorb water and other properties. Notably, the
influence of pore structure is not limited to traditional materials like concrete but also
extends to newer materials such as geopolymers. Understanding the role of pore
distribution and size is crucial for optimizing water resistance and durability of build-
ing materials in various environmental conditions.

3.2.2 Chemical composition and surface properties

The wettability of materials is shaped not only by their physical structure but also
by their chemical composition (Figure 4) and surface properties (Figure 5). Mole-
cules and functional groups present on the material’s surface can interact with fluids in
various ways, directly affecting the material’s absorption capacity. This complex
interplay between surface chemistry and wetting behavior has been thoroughly
investigated and documented in various scientific studies. The aforementioned issue
will be discussed in detail in Section 4 of the above chapter.

Figure 4.
Effect of chemical composition modification on wetting properties [27].
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4. Methods of protecting building materials

In the field of construction, modifying the wettability of materials plays a crucial
role in improving their durability, performance, and functionality. The literature pre-
sents various approaches that contribute to understanding ways to shape wettability
to enhance material performance. One approach involves adding additives to modify
the material’s structure and improve wettability, while another direction involves
applying appropriate hydrophobic coatings.

The following information presents methods of modifying material wettability
through both additives and applied coatings. By understanding and utilizing these
approaches, researchers and engineers can create materials with tailored surface
properties that positively impact their durability and performance across various
applications in construction and beyond.

4.1 Bulk additives in modifying wettability of building materials

The way building materials interact with water and their ability to withstand it are
of paramount importance to their strength and durability. This section focuses on
altering material behavior by modifying its structure through additives. As people
seek materials with improved properties, researchers investigate how to modify the
surface properties of these materials.

Research of Shidong Li et al. [29] delves deep into the influence of silica nanofluids
on wettability alteration. By employing advanced visualization techniques, Li et al.
were able to provide a comprehensive understanding of how surface properties, when
interacted with specific chemical compositions, can significantly alter a material’s
ability to absorb water. Their findings underscore the importance of nano-level
interactions and their profound impact on macro-level properties.

Figure 5.
Effect of surface modification on wetting properties [28].
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In the multifaceted exploration of water absorption in materials, the
incorporation of recycled materials into building mixes offers a unique dimension. A
pivotal study in this context was conducted by Alena Sicakova et al. [30]. They exam-
ined the characteristics of building mixes that incorporate fine particles from selected
recycled materials. Sicakova and her team’s findings suggest that the inclusion of these
recycled particles can significantly influence the water absorption properties of the
resulting composite. This highlights not only the potential for sustainable material
development but also emphasizes the intricate interplay between chemical composition
and surface properties when recycled components are introduced. Their research lays
the groundwork for understanding the potential benefits and challenges of integrating
recycled materials into building mixes, offering a fresh perspective on optimizing water
absorption properties while championing sustainability.

A seminal study by Ernesto Mora et al. [27] provides invaluable insights into this
endeavor. Their research delves into the control of water absorption in concrete mate-
rials through modification with hybrid hydrophobic silica particles. The introduction of
these silica particles alters not only the inherent properties of the concrete but also
significantly reduces its water absorption capacity. Mora and his team’s findings under-
score the transformative potential of such modifications, suggesting a promising avenue
for enhancing the durability and longevity of construction materials.

In summary, wettability, a key property of materials, is shaped by both physical
structure and a complex balance of chemical composition and surface properties. The
behavior of building materials in contact with liquids results from a complex interac-
tion of factors, each contributing a unique aspect to the material’s reaction to interac-
tions with liquids - pore structure, surface chemical composition, and type of surface.
All these factors together form the wettability profile of the material. This subtle
interdependence is fundamental to understanding how building materials interact
with liquids, which has profound implications for their durability and performance in
various construction applications. Molecules and functional groups on the material’s
surface play a crucial role in determining how it interacts with liquids (Figure 4).
Recent research sheds light on this intricate relationship. Shidong Li and his team [29]
highlighted the role of silica nanofluids in altering wettability, emphasizing the
importance of interactions at the nano level. Meanwhile, studies conducted by
Sicakova et al. [30] revealed the potential of incorporating recycled materials into
construction mixes, showing how such additives can affect water absorption proper-
ties and promote sustainable development. Additionally, the works of Mory,
González, Romero, and Castellón [27] demonstrated the potential of modifying con-
crete with hydrophobic silica particles to reduce its water absorption. These findings
underscore the importance of understanding and manipulating surface chemistry to
design materials with tailored wettability properties, suitable for a wide range of
applications in construction and beyond.

4.2 Surface protection of building materials

Surface protection of building materials is a crucial element that ensures the dura-
bility and longevity of construction. Building materials such as concrete, sandstone,
bricks, and ceramics are exposed to various external factors, including water, moisture,
salts, pollutants, UV radiation, temperature changes, and other harmful substances. To
maintain their quality and properties, various methods and means of surface protection
are employed, tailored to specific requirements and operational conditions.
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One of the pioneering studies in this field is the work of Dario S. Facio and Maria J.
Mosquera [28], in which the researchers introduced a simple strategy for producing
superhydrophobic nanocomposite coatings in situ on a construction substrate. Their
method, based on an innovative approach to nanocomposites, opens up new possibil-
ities for creating durable and efficient hydrophobic coatings for various construction
applications. Figure 6 illustrates the hydrophobic effect of the material without and
with the coating.

In the context of advancements in superhydrophobic surfaces, the work of Yun-
Yun Quan et al. [31] provides a review of the latest achievements in creating durable
superhydrophobic surfaces. The authors focus on various aspects of structures and
materials that contribute to achieving desired hydrophobic properties, emphasizing
the evolution of techniques and materials used in this field.

Another significant contribution in the realm of hydrophobic coatings is the study
conducted by Zhang et al. [32]. The researchers presented functional and versatile
superhydrophobic coatings obtained through stoichiometric silanization. Their
approach to creating hydrophobic coatings, which are both durable and versatile,
holds potential for application across a broad spectrum of industries, from construc-
tion to manufacturing.

In summary, the development of hydrophobic coating technologies in recent
years has brought about many innovative solutions that have the potential to revolu-
tionize the construction sector and other fields. Thanks to studies like those presented
by Facio, Mosquera, Quan, Chen, and Zhang, the future of hydrophobic coatings
seems promising, offering materials with improved performance, durability, and
functionality.

4.2.1 Painting and impregnation

One of the most popular and effective approaches to modifying the wetting of
building materials is through surface coating techniques. The use of paints and
impregnating agents allows the creation of a protective layer on the material’s surface,
shielding it from water infiltration and other substances. The coating can also serve
esthetic purposes, providing the desired color and appearance to the material’s Surface
[33]. By applying a hydrophobic material layer to the surface, the material’s interac-
tion with liquids can be significantly altered. The study conducted by Bing Yin et al.

Figure 6.
Hydrophobic coating effect [28].
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[34], for example, focused on applying superhydrophobic coatings to concrete sur-
faces. Their research indicates that such coatings effectively reduce water absorption
by concrete, potentially enhancing its durability in moist conditions. This example
underscores the role of hydrophobic coatings in improving the ability of building
materials to repel water.

In the study conducted by Yao et al. [9], the authors thoroughly analyzed the
advancements in hydrophobic cement-based materials. Their research focused on the
preparation, characterization, and properties of these materials, emphasizing the
importance of appropriate coating techniques to achieve desired hydrophobic prop-
erties. This study underscores that proper painting and impregnation techniques can
significantly influence the ability of building materials to repel water, which is crucial
for maintaining their integrity and extending their lifespan in various environmental
conditions.

In a comprehensive review by Pan et al. [35], the authors delved into various
methods of concrete surface treatment. Their research, encompassing a wide
range of techniques, highlighted the significance of painting and impregnation in
the realm of building materials. The study meticulously categorizes different types
of treatments and elucidates their underlying mechanisms. This work underscores
the pivotal role that surface treatments play in enhancing the durability,
performance, and esthetic appeal of concrete structures. By understanding the
intricacies of these methods, professionals can make informed decisions to ensure
the longevity and resilience of their constructions in the face of environmental
challenges.

Surface coating techniques serve as versatile tools for modifying the wetting prop-
erties of building materials. The research examples illustrate that the application of
protective coatings can significantly impact the durability, performance, and longev-
ity of materials in humid and adverse conditions.

4.2.2 Hydrophobic and oleophobic coatings

Hydrophobic and oleophobic coatings have gained widespread attention due to
their exceptional ability to provide protection against water and oil. These coatings
work by altering the surface properties of materials, making them less prone to
wetting and absorption while promoting fluid runoff instead of absorption. This
inherent feature makes these coatings particularly effective in safeguarding materials
constantly exposed to moisture, including building facades, roofs, and architectural
elements (Figure 7) [36–48].

Coating the surface of cement-based materials with substances of low surface free
energy, such as silanes and fluorosilicates [37]. The primary mechanism of this process
is the reaction of the molecular functional groups of these substances with the
hydroxyl groups on the surface of cementitious materials. As a result, a layer of
hydrophobic molecules forms on the material’s surface, converting it into a hydro-
philic one [38, 39].

The differences between silane-based hydrophobic coatings and traditional water-
proof coatings mainly arise from the molecular characteristics of silanes. Due to their
small molecular structure, silanes can easily penetrate open cracks or capillary pores in
the material, creating an effective hydrophobic barrier [40].

Contemporary research in the field of hydrophobic modification increasingly
combines various concepts and techniques. For instance, the studies by Genga et al.
focused on combining surface roughness with graphene oxide and reducing surface
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energy using a silane solution [41]. Other research, such as that conducted by Wong
et al., centered on utilizing waste in the process of creating hydrophobic coatings [42].

An important aspect in the context of hydrophobic coatings is also the use of
nanoparticles. Their presence can significantly increase surface roughness, leading to
enhanced hydrophobic properties [43–45]. Nanoparticles can also influence the
structure and compactness of coatings, further increasing their resistance to water
penetration [46, 47].

In the context of preserving cultural heritage, protecting building materials from
degradation is a pivotal issue. In response to this challenge, Mosquera, Carrascosa, and
Badreldin introduced an innovative approach to creating superhydrophobic and
oleophobic coatings on historic building materials [48]. Their research focuses on
techniques and methods that effectively enhance not only the resistance of materials
to water and oils but are also suitable for delicate and historical surfaces (Figure 8).
Through this approach, it is possible to maintain the integrity and authenticity of

Figure 7.
Silicone-based products penetrate deeply, forming a repellent layer within the substrate [36].

Figure 8.
The effect of hydro- and oleophobic coatings [48].
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historic structures while providing them protection against damaging factors. This
work represents a significant step toward integrating modern technologies with the
conservation of cultural heritage.

The effectiveness of hydrophobic and oleophobic coatings in safeguarding building
materials, surfaces, and architectural elements is highlighted by the presented
research. By altering surface properties to deter water and oil interactions, these
coatings play a crucial role in enhancing the resistance and esthetic preservation of
structures in various environmental conditions.

4.2.3 Anti-graffiti agents

In urban settings where graffiti poses a frequent issue, the application of anti-
graffiti agents has become a common solution aimed at protecting surfaces from
permanent graffiti painting. In Figure 9, a schematic of the anti-graffiti coating is
presented. These agents play a crucial role in creating a protective layer, which in turn
facilitates the removal of unwanted paints and marks while minimizing damage to the
substrate.

Modern cities around the world grapple with the issue of graffiti, which, although
often considered a form of street art, can lead to the degradation and damage of
building materials. In response to this challenge, Amrutkar et al. [49] conducted an in-
depth analysis of the latest solutions in the field of anti-graffiti coatings.

In their study, the authors focused on various technologies and materials used in
anti-graffiti coatings. They highlighted the fact that an ideal anti-graffiti coating
should not only effectively protect the surface from spray paint but also be durable,
weather-resistant, and easy to maintain.

One of the key findings of the study was that anti-graffiti coatings can be divided
into two main categories: permanent and removable. Permanent coatings create a
durable barrier on the surface of the building material, preventing paint adhesion. On

Figure 9.
Anti-graffiti coating [49].
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the other hand, removable coatings allow for easy removal of graffiti without
damaging the surface.

The authors [49] also emphasized the importance of nanotechnology in creating
modern anti-graffiti coatings. Thanks to the use of nanoparticles and nanocomposites,
it is possible to create coatings with exceptional resistance to various types of paints
and markers, while ensuring excellent adhesion to various building materials.

In the context of sustainable development and ecology, attention should be paid to
the need to create environmentally friendly anti-graffiti coatings. The publication
[49] mentioned research on biodegradable and ecological coatings, which
effectively protect not only against graffiti but also minimize the negative impact on
the environment.

In conclusion, the review publication [49] provides a comprehensive overview of
the field of anti-graffiti coatings, highlighting the latest achievements and directions
of development. Thanks to such studies, it is possible to create effective and durable
solutions that help maintain the esthetics and durability of urban structures in the face
of challenges associated with graffiti.

The application of anti-graffiti agents presents a valuable strategy for protecting
urban surfaces from permanent graffiti. Research underscores the efficacy of these
coatings in deterring vandalism, facilitating maintenance, and preserving cultural
heritage. In cities grappling with graffiti-related challenges, the use of anti-graffiti
agents remains a crucial component of conservation and urban environment
maintenance.

4.2.4 Self-cleaning coatings

The urban environment is constantly exposed to various pollutants, which can
degrade the appearance and functionality of building materials. In recent years, the
development of self-cleaning coatings has emerged as a promising solution to address
this challenge. These coatings maintain not only the esthetics of structures but also
contribute to their longevity by reducing the need for frequent cleaning and
maintenance.

In a study by Cedillo-González et al. [50], the authors delved into the self-cleaning
properties of TiO2 coatings for building materials. Their research highlighted the
crucial role of morphology and humidity in the stain removal performance of these
coatings. Specifically, they found that the efficiency of TiO2 coatings in removing
stains is significantly influenced by their morphological characteristics and the ambi-
ent humidity levels. This insight underscores the importance of tailoring the proper-
ties of self-cleaning coatings to specific environmental conditions to achieve optimal
performance.

Rabajczyk et al. [51] took a broader perspective, examining self-cleaning coatings
and surfaces of modern building materials designed to remove various air pollutants.
Their research emphasized the potential of these coatings to keep surfaces not only
clean but also contribute to improving air quality. By effectively removing pollutants
from their surfaces, these coatings can play a pivotal role in creating healthier urban
environments.

One of the intriguing aspects of self-cleaning surfaces is their ability to interact
with different types of pollutants. Quan et al. [52] explored the role of surface wetta-
bility and dust types in the self-cleaning process. Their findings revealed that the
efficiency of self-cleaning is significantly influenced by the type of dust and the
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wettability of the surface. For instance, certain dust types can be more easily removed
from hydrophobic surfaces, while others may require hydrophilic properties for
effective cleaning.

The mechanism behind many self-cleaning coatings is the photocatalytic activity
of materials like TiO2. When exposed to sunlight, these materials can break down
organic pollutants, making it easier for them to be washed away by rain or wind. This
not only ensures cleaner surfaces but also reduces the organic load on building mate-
rials, potentially extending their lifespan [50].

Another significant advantage of self-cleaning coatings is their potential economic
benefits. By reducing the frequency and intensity of cleaning required, these coatings
can lead to significant savings in maintenance costs over the lifespan of a building or
structure [51].

However, it is essential to note that while self-cleaning coatings offer numerous
benefits, they are not a one-size-fits-all solution. As highlighted by the studies, the
effectiveness of these coatings can vary based on environmental conditions, the spe-
cific pollutants in question, and the properties of the coating itself [52].

In conclusion, the development and application of self-cleaning coatings represent a
significant advancement in the field of building materials. As urban environments
continue to grapple with pollution and its associated challenges, these coatings offer a
promising avenue to maintain the esthetics, functionality, and longevity of structures.
Self-cleaning coatings represent an innovative solution in the field of building materials
and are crucial for maintaining the esthetics, durability, and functionality of surfaces.
Research examples on the applications of self-cleaning coatings for building materials
highlight the diversity of applications and the potential of such solutions. As the con-
struction industry emphasizes durability, performance, and esthetics, self-cleaning
coatings remain a key tool in achieving these goals.

5. Application of hydrophobic coatings in practice

To test the surface protection capabilities of concrete, geopolymers, and sandstone,
19 commercially available products were tested. These products were selected based on
their specific applications, particularly those intended for surface treatment of concrete
or other mineral materials, as well as in accordance with previous research. Further-
more, the selected products were primarily designed for surface hydrophobization, such
as primer coatings (mainly used as an adhesive bridge between the surface and other
coatings, but often applied independently for surface hydrophobization).

Below are the coatings that exhibited high hydrophobicity:
Stoprim micro - A primer, transparent coating for mineral substrates based on a

concentrated aqueous solution of siloxanes. Depending on the dilution ratio with
water, it can be used as a primer or for hydrophobization. For the following tests, a
dilution ratio of 1:4 was used.

Lukofob classic - Hydrophobic coating based on polysiloxane resin in organic
solvents. Intended for treatment of mineral surfaces (natural stones, concrete, etc.).
To be used in an undiluted form.

Repesil Aqua - Hydrophobic coating based on a water emulsion of siloxanes.
Designed for absorbent mineral substrates (discolorations may occur on weakly
absorbent substrates). To be used in an undiluted form.

Hydrofobizant Fortesil - Final hydrophobic coating for natural and artificial stone,
based on a water emulsion of siloxanes. To be used in an undiluted form.
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To determine the coating’s ability to hydrophobize surfaces, a series of tests were
performed, including the drop test described in the earlier part of the chapter, and the
results are presented below.

5.1 Stoprim micro

This product achieved very good results in hydrophobizing the surfaces of the
tested materials. The initial contact angles were 125.1° for concrete, 130.5° for
geopolymers, and 119.5° for sandstone. At the same time, the droplet size changed
only slightly during measurements after several minutes, indicating more of an evap-
oration process than infiltration. Furthermore, the appearance of the samples
remained unchanged (Table 1).

5.2 Lukofob classic

This product showed excellent results in hydrophobization. The initial contact
angle was 137° for concrete, 133.8° for geopolymers, and 129.8° for sandstone. At the
same time, the droplet size changed only slightly during measurements after several
minutes, indicating more of an evaporation process than infiltration. The droplet size
also changed only slightly. The appearance of the samples remained unchanged after
application (Table 2).

t(s) Concrete Geopolymer Sandstone

Contact angle (°)

0 125.1 130.5 119.5

1 120.1 128.7 118.6

2 119.8 128.2 117.0

3 118.5 125.1 116.5

4 117.0 125.0 114.3

5 115.8 123.6 111.9

Table 1.
Contact angles of samples subjected to the action of Stoprim micro.

t(s) Concrete Geopolymer Sandstone

Contact angle (°)

0 137.0 133.8 129.8

1 134.4 131.7 128.0

2 133.4 130.0 127.9

3 133.0 129.5 127.5

4 132.7 127.8 126.6

5 132.3 127.0 126.0

Table 2.
Contact angles of samples subjected to the action of Lukofob classic.
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5.3 Repesil aqua

This product showed excellent results in hydrophobization of the tested
materials’ surfaces. The initial contact angle was 131.6° for concrete, 124.2° for
geopolymers, and 121.9° for sandstone. The droplet size varied only slightly, and the
appearance of the samples remained unchanged after application. The main advantage
of this product is that it is water-based (water emulsion of siloxanes), which reduces
the risk of contamination or damage to treated objects by potentially aggressive
solvents (Table 3).

5.4 Hydrofobizator fortesil

Although this product did not alter the appearance of the samples and
effectively hydrophobized sandstone and concrete, achieving high contact angles and
minimal droplet changes, it did not perform as well on geopolymers. While the initial
contact angle was very high for geopolymers, the droplet quickly infiltrated, and the
infiltration rate was highly inconsistent. This suggests that although the agent is
strongly hydrophobic, it is unable to fill the highly porous surface of geopolymers
(Table 4).

t(s) Concrete Geopolymer Sandstone

Contact angle (°)

0 131.6 124.2 121.9

1 125.0 120.8 119.9

2 124.7 117.3 118.3

3 123.2 114.7 116.2

4 121.0 114.3 115.9

5 120.2 112.4 113.9

Table 3.
Contact angles of samples subjected to the action of Repesil aqua.

t(s) Concrete Geopolymer Sandstone

Contact angle (°)

0 129.0 114.9 129.0

1 126.5 103.4 127.3

2 125.0 84.2 125.9

3 123.8 45.1 125.1

4 122.0 — 124.0

5 120.9 — 119.6

Table 4.
Contact angles of samples subjected to the action of hydrophobic agent Fortesil.
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6. Conclusions

The chapter “Hydrophobic Coatings for Building Materials” explores the signifi-
cance of modifying wetting properties to enhance the durability and performance of
construction materials. It presents research conducted on commonly used building
materials such as Portland cement and sandstone, as well as new materials like
geopolymers. To introduce readers to the realm of construction materials, the first
part of the chapter compares alternative materials, such as geopolymers, with the
widely used Portland cement, highlighting their distinct reactions during the solidifi-
cation process, as well as their physicochemical, mechanical properties, and environ-
mental impact.

The concept of wetting is comprehensively discussed in the context of building
materials, with a particular focus on factors influencing wetting behavior, such as pore
size and distribution, chemical composition, and surface properties. Various methods
for assessing wetting are presented, including the spreading method, laser beam
method, and drop method.

The chapter underscores the importance of surface protection for building mate-
rials. In its subsequent sections, it elaborates on the significance of modifying wetting
behavior through bulk additives and coatings, providing examples of nanomaterials
and polymers employed to alter surface properties. Strategies such as hydrophobic
and oleophobic coatings and self-cleaning coatings are discussed, aiming to enhance
the durability and performance of materials in diverse environments.

The final part of the chapter presents research on selected hydrophobic coatings
aimed at extending the lifespan of building constructions. During tests of hydrophobic
protection, a range of commercially available products dedicated to protecting con-
crete and other mineral materials were examined, evaluating their impact on water
absorption on the surfaces of concrete, geopolymers, and sandstone (and additionally
sandstone) using the drop test method. The testing of hydrophobization on these
materials revealed that many of the products already available on the market can also
be applied to protect the surfaces of geopolymers and sandstone. The most effective
were found to be hydrophobic coatings based on siloxanes and protective coatings
based on epoxy resins.

This chapter provides fundamental knowledge about hydrophobic protection for
building materials and serves as a basis for further research, demonstrating their
efficacy in modifying surface wetting properties and enhancing material protection.
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