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Abstract Self-cleaning surfaces are nature-inspired and based on the surface processes occurring

on butterfly wings and lotus leaves. Owing to their unique characteristics, they are usable in a num-

ber of industrial applications, including the manufacture of solar panels and glass. In particular,

they can be used for the separation of oil and water, which is highly relevant to petroleum technolo-

gies. Self-cleaning surfaces help to reduce the time and cost of keeping equipment clean while

enhancing its durability, and they can be broadly categorized into hydrophilic and hydrophobic sur-

faces. On hydrophilic surfaces, water spreads considerably (sheeting of water), and therefore, it can

transport contaminants and leave a clean surface. However, a hydrophobic surface is cleaned by the

slipping of water droplets on it. Currently, water-repellent surfaces are used more widely in self-

cleaning technologies. The selection and design of such surfaces require a thorough understanding

of the underlying physical chemistry of the relevant process. This paper presents an in-depth discus-

sion of self-cleaning surfaces, with an emphasis on their applications in the petroleum industry.
� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
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1. Introduction

Hydrophobicity and hydrophilicity are amongst the key prop-
erties of many surfaces. One of the main features of these sur-

faces is their self-cleaning behavior. Numerous studies have
investigated the potential applications of such surfaces and
their fabrication methods. This review summarizes those inves-

tigations and highlights recent advancements in the use of self-
cleaning surfaces and their manufacturing processes. It indi-
cates directions for future research and points out some poten-

tial uses of self-cleaning surfaces. Furthermore, it discusses the
fundamental physics of such surfaces.

On a hydrophilic surface, water tends to spread, resulting in

the formation of a thin layer of water. This phenomenon
depends on the contact angle (CA) on the surface, formed at
the interface of solid, liquid, and gas phases at the point where
the liquid drop is in contact with the solid surface [1,2]. A

hydrophilic surface has a CA lower than 90�, and surfaces with
a CA close to 0� are ultra-hydrophilic. When the surface CA
exceeds 90�, the surface is termed hydrophobic. Further, sur-

faces with a CA greater than 150� are called superhydrophobic
(SH) surfaces [3].

A liquid’s capability to maintain contact with the surface of

a solid is referred to as wettability, and it is the net outcome of
interactions among intermolecular forces [4,5]. Wettability
(wetting degree) is specified on the basis of the balance between
Fig. 1 Droplet behavior on a su
adhesive and cohesive forces. The spreading of a drop of liquid
on a surface is because of adhesive forces between the liquid
and solid. On the other hand, cohesive forces between water

molecules tend to minimize the contact of water droplets with
a surface. Regardless of wettability, the shape of a droplet on a
solid surface is spherical. As mentioned, the wettability is

determined by the surface CA. As shown in Fig. 1, a smaller
CA leads to a higher wettability, and vice versa [6,7]. There
are various kinds of solid surface wettability, such as the
famous Young’s model (Fig. 2a), Wenzel model (Fig. 2b), Cas-

sie–Baxter model (Fig. 2c), and Bico and Quéré theory. The
Young–Dupré equation is used to determine the structure of
a liquid–vapor interface, wherein the CA has a boundary con-

dition role through the Young equation [8]. A contact can be
theoretically described by considering the thermodynamic bal-
ance among the three phases, namely liquid, solid, and gas or

vapor phases (hereafter represented by the letters L, S, and G,
respectively). The gas or vapor phase can be a mix of ambient
atmosphere and a balanced liquid–vapor concentration. Fur-

thermore, an immiscible liquid phase can replace the
‘‘gaseous” phase. In Fig. 2a, if cSG, cSL, and cLG denote the
solid–vapor, solid–liquid, and liquid–gas surface tensions,
respectively, then the Young equation can be used to calculate

the equilibrium CA (hC) as follows [9]:

cSG � cSL � cLG cos hC ¼ 0 ð1Þ
rface with different CAs [155].

http://Young%e2%80%93Dupr%c3%a9+equation
http://boundary+condition
http://boundary+condition
http://Young+equation
http://thermodynamic
http://balance
http://balance
http://phases
http://liquid
http://immiscible
http://Young+equation


Fig. 2 Liquid drop schematic to depict the quantities in a- Young equation [6] b- Schematics of Wenzel state [156], and c- Cassie state

[156].
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Based on the Young–Dupré equation, the CA can be attrib-

uted to the adhesion work as [10]

cLG 1þ cos hCð Þ ¼ DWSLG ð2Þ
where DWSLG is the solid–liquid adhesion energy per unit area
in medium G.

Young [11] was the first to specify the CA-surface tension
relationship for sessile droplets on flat surfaces. A century
later, Young’s equation was modified, and the modified equa-
tion showed the dependence of the CA on droplet volume. The

existence of line tension was suggested by Gibbs [12,13], and it
acts on the three-phase interface and accounts for the surplus
energy at the solid–liquid-gas phase interface; the CA e can be

defined as

cos h ¼ cSV � cSL
cLV

þ j
cLV

1

a
ð3Þ
where j and a denote the line tension and the droplet radius,
respectively. Although an affine relationship has been vali-
dated against experimental data between the inverse line radius

and the cosine of the CA, it does not provide the correct sign of
j and it overestimates the value of j.

On rough surfaces, a droplet could be in two different

states. One possible state is the contact of a droplet with the
entire rough surface, that is, the wetting of all the surface
grooves under the drop [12]. In 1936, Wenzel established the

principles of this mode (Wenzel mode) [12]. Wenzel stated that
the actual liquid–solid contact area under a droplet on a rough
surface is larger than that on a smooth surface. When the
energy of the solid–liquid interface is lower than the solid-air

interface energy, as the rough surface is wetted, more energy
is withdrawn, and therefore the rough surface becomes wet fas-
ter. However, if the solid–liquid interface energy is higher, the

http://Young%e2%80%93Dupr%c3%a9+equation
http://adhesion


Fig. 3 Connection between observed CA and roughness ration

based on Wenzel equation [16].
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surface inherently repels water, and it becomes very difficult to

wet the rough surface [14]. Wenzel corrected Young’s equation
to obtain Eq. (4) for the first time. The equation is known as
Wenzel’s equation and it shows that the CA increases by rais-

ing the CA of the rough surface:

cos hw ¼ r cos hY ð4Þ
where hw denotes the apparent CA in Wenzel’s theory and hY
is the equilibrium CA of Young for the same substance on a

smooth surface. Furthermore, r represents the roughness ratio
of the surface and is given by Eq. (5). In other words, r is the
ratio between the actual surface and the geometric surfaces

[15].

r ¼ Ar

A0

¼ cos hw
cos hY

ð5Þ

In this equation, Ar is the actual level, and A0 is the

observed level or geometric level.
According to the Wenzel equation, a drop tends to intensify

the intrinsic behavior of the surface. In other words, if a

smooth surface shows hydrophilic properties (i.e., h < 90),
roughness further increases the surface hydrophilicity. Simi-
larly, if a smooth surface exhibits hydrophobic properties

(i.e., h greater than 90), the roughness increases the surface
hydrophobicity (see Fig. 3) [15]. The relationship between sur-
face roughness and CA is shown in Fig. 3 [16].
fig. 4 Schematic of water droplets on s
However, the right side of the Wenzel equation may exceed
one for specific surfaces, namely highly roughened surfaces or
porous structures. In such cases, the Wenzel equation is inva-

lid, and the Cassie–Baxter model is used instead [12].
The second feasible state for a droplet on a rough surface,

shown in Fig. 2c, is that the droplet is suspended on surface

protrusions and air is trapped between the surface protrusions
under the droplets, known as the Cassie–Baxter mode. Cassie
and Baxter developed an equation to determine the CA of a

liquid on air–solid composite surfaces. At these coatings, air
is trapped among surface grooves, which represents a main dif-
ference between Wenzel’s theory and the Cassie–Baxter theory
[15]. The Cassie–Baxter equation is defined as

Coshcb ¼ 1þ fsl cos hY � 1ð Þ ð6Þ
where fsl is the fraction of the solid–liquid surface area, hY is
the CA of Young, and hcb is the CA of Cassie and Baxter.
In this theory, the drop tends to exacerbate the inherent behav-

ior of the surfaces stated earlier. The system in this model is
more accurate than the one in the Wenzel model. However,
it cannot be used to obtain a good idea of the parameters

for surfaces where the roughness is distributed randomly. [15].
Fig. 4 compares the above-mentioned states for smooth and

rough surfaces. A characteristic CA (h) is formed by a droplet

that rests on a solid surface and is surrounded by a gas. When
there is roughness on the solid surface and the liquid is in close
contact with the solid asperities, the Wenzel state is considered
for the droplet. The liquid is in the Cassie–Baxter state when it

rests on the asperities.
This theory is based on the influence of geometric factors

on the surface upon the property of surface wetting. Equation

(6), which is presented below, is referred to as the Bico and
Quéré equation [17]:

h < hc; cos hc ¼ 1� us

1� uc

ð7Þ

Here, hc is the critical CA, h is the CA on a smooth surface

with the same chemical composition as the rough surface, r is
the roughness factor, and us represents the volume fraction of
the solid surface that remained dry. Thus, the following con-
clusions can be drawn:

For a flat surface (r ? 1), hc is equal to zero, which implies
that flat surfaces become smoother if the CA (h) reaches

zero.
For porous surfaces (r?1), we have hc ¼ p=2 (i.e., liquids
with h< p/2), and the surface is wetted. In other words, the
mooth and rough surfaces [157,158].



Fig. 5 Microstructures on the top of (a) a lotus leaf (Nelumbo sp.) (b) a taro (Colocasia esculenta) leaf surface along with a waxy coating

(removed here), help to increase hydrophobicity [159,160].
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introduction of porosity increases the hydrophilicity of
hydrophilic surfaces. Since us and r are not always equal,
the equation always gives a CA between 0� and 90� as the
critical CA. Therefore, a porous surface with the capability
to guide a liquid can be realized by appropriately designing
the geometry of the surface [17].

Fig. 5a and 5b depict colored scanning electron microscopy
(SEM) images of microstructures on a lotus leaf surface
(Nelumbo sp.) and a taro leaf surface (Colocasia esculenta),

along with a waxy coating. The excessive hydrophobicity of
these leaves is attributable to the concurrent presence of dou-
ble micro- and nanostructures and hydrophobic waxes on the

leaf surface, which are abundant in soil plants [18]. An epider-
mal cell on the surface shows a micrometer-scale protrusion,
which includes small, nanosized protrusions covered by a
dense wax layer. The last layer of wax, which is 1–5 lm thick

on the cuticle surface, is the main cause of the hydrophobicity.
Similar hydrophobic properties can be seen in other plants
[18]; nevertheless, the hydrophobic leaves of other plants have

different surface structures. The hydrophobicity of these leaves
is due to the crystalline waxes of the epithelial layer and papil-
loma skin cells [19]. Waxes are a mixture of aliphatic com-

pounds, especially those without nonacosanol and
nonacosanediol compounds [20]. One of the most typical fea-
tures of these surfaces is their self-cleaning properties. Differ-

ent particles, regardless of their size and chemical nature, are
removed from hydrophobic leaves by natural or artificial rain.
This continues until the complete removal of hydrophobic wax

from the surface. However, some particles remain on the sur-
face of the plants, which show high wettability, and they are
removed only by heavy rainfall [19]. Fig. 6a and 6b show a

reduction in the contact surface of droplets because of the
unevenness of papilloma leaves and insect wings. In fact, the
drops are in contact with only structure, which is located on
the epithelial layer of the skin cells. Contaminant particles

adhere to the liquid, as shown in Fig. 6b, and move with a
drop on the leaf [19]. Decreasing the number of polar groups
on the surface reduces the surface energy. This process is evi-

dent in most of the epithelial layer waxes, which are made of
hydrocarbons. Here, a composite surface is formed since air
is trapped between the grooves on the surface (Fig. 6c). The

surface augments water–air interaction and decreases the
water–solid contact. In this case, the droplets do not spread,
and the water continues to be in the form of spherical droplets.

The drop’s CA is also dependent on the surface tension of
water. On the other hand, because the particles are usually lar-
ger than the surface structures, they are in contact only with



Fig. 6 A- wettability of the Hemianax papuensis dragonfly wing [161], b- Sticking contaminated particles to the droplet surfaces [162],

and c- Effect of unevenness of the surface on the contact surface [163].
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the uneven tip. Thus, the contact surface between particles and
uneven tips decreases (Fig. 6a), and their tendency to stick to

the surface of the water drop increases (Fig. 6b). Conse-
quently, the droplet absorbs the particle to be removed from
the leaf surface since there is no stronger force to overcome

the adhesion of contaminated particles-water droplets.
Fig. 7 shows a schematic of the removal of contaminated

particles from a smooth and uneven hydrophobic surface.

Clearly, on a smooth surface with a small CA, the droplet
velocity is relatively low. Therefore, particles attached to the
droplet move together with the droplet; however, all particles

are not removed. This is particularly the case for hydrophobic
particles, and it is because of the surface energy between the
particle and surface. Notably, hydrophobic surfaces with a
suitable degree of roughness are effective in repelling contam-

inated particles. The self-cleaning mechanism (or lotus effect)
is the most important property of these surfaces. In addition
to plants’ leaves, the bodies of light insects, such as butterflies

and crickets, show SH properties. Furthermore, the feet of
these aquatic insects are excellent examples of SH surfaces
and keep the insects afloat. The wings of crickets or locusts

have columns with a diameter of 80 nm and an interval of
90 nm, which makes them self-cleaning. The body surface of
lizards, which has been the inspiration behind many innova-
tions in nanotechnology, is an excellent example of a SH sur-

face with self-cleaning properties [18].
In general, there are two approaches for fabricating

hydrophobic surfaces and SH surfaces: 1) using materials with

low surface energy to form a rough surface that is converted
from a hydrophobic surface to a SH surface by changing the
surface morphology and 2) modification of a rough surface

by using materials with low surface energy. In the second
approach, thin coated materials with low surface energy are
deposited on rough surfaces. In practice, the two approaches

are usually employed to manufacture hydrophobic surfaces
and SH surfaces. Studies have shown that synthetic nanostruc-
tures mimicking the lotus leaf structure are suitable for creat-
ing SH surfaces [21]. The discoverer of the lotus effect,

Wilhelm Barthlott, noted that the structure of the lotus leaf
includes nanoparticles and microstructures containing a series
of periodic arrays of hierarchical ridges [22]. Later, the devel-

opment of high-precision SEM [23] led to more detailed studies
of various microstructures on the plant’s outer surfaces.
Researchers have identified the nanoparticles and microstruc-

tures as the main causes of superhydrophobicity and self-
cleaning properties. In other words, the nanostructures on



Fig. 7 Relation between roughening and self-cleaning [19].

Fig. 8 Dynamic CA [164].
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the leaf surface of plants such as lotus give rise to air–liquid
junctions on the surface. It is noteworthy that in the design

of hydrophobic structures, in addition to controlling the sur-
face energy of the coating, which is related to the type of mate-
rial used, hydrophobic structures with SH properties are

obtained by controlling the surface geometry. Therefore, struc-
tural parameters such as the shape and height of the ridges (ef-
fective height of the structured part) and the spacing between

ridges are the main factors determining the self-cleaning rate
of the structures [20].

Owing to their unique characteristics, hydrophobic surfaces
can be used in various applications and industries, such as the

textile industry (self-cleaning fabrics), the automotive and
aerospace industries (self-cleaning glass, car bodies, and non-
adhesive surfaces), the marine industry, optical devices and

components (cameras, sensors, lenses, and telescopes), and in
the construction of dams. One of the most important applica-
tions of these surfaces could be in the petrochemical industry.

This is due to the fact that these surfaces are self-cleaning sur-
faces [24] with waterproof [25], anti-smudging [26], and anti-
sticking [26] properties. They can hence be used for water har-

vesting [27], increasing heat transfer [28], in the energy field
[29], for fabricating medical and electrical microstructures
[30], for providing low-friction coatings and reducing drag
force [31], for anti-icing [32], for anti-fogging [33], for smart

fabric synthesis [34], for corrosion reduction [35], in solar
energy panels [19], in anti-fouling coatings [36], in laboratory
equipment and chips and heat transfer applications [37], and

for separating oil from water [38]. Because of these features
and applications of SH surfaces, SH coatings can help solve
various natural problems and ultimately increase oil exploita-

tion and reduce harvesting costs in petroleum industries.
At present, there is abundant information about hydropho-

bic surfaces and their use in various industries, but the use of
these surfaces in the oil and gas industry is less mentioned. In
this paper, to provide a profound understanding of the charac-

teristics of SH surfaces, we first explain the angles related to
the contact between a droplet and a surface, along with rele-
vant essential theories. In the following, existing natural

hydrophobic surfaces, artificial surfaces, hybrid surfaces, man-
ufacturing methods for SH surfaces, manufacturing con-
straints, and the characteristics of SH surfaces that render

the surfaces useful in the petrochemical industry are described
in detail.

2. Wall contact angle

The wall CA (h) of a liquid is measured by assuming that a
drop of the liquid is placed on a flat, planar, rigid, and uniform



594 F. Sotoudeh et al.
surface [39]. When a liquid drop is positioned on a solid sur-
face, its non-diffusion results in the drop having a constant
shape and equilibrium CA representing the solid surface wetta-

bility [40]. Geometrically, the CA is at the interface of the
liquid–solid-gas phases [41]. According to Fig. 1, if the equilib-
rium CA is lower (higher) than 90�, the surface is hydrophilic

(hydrophobic), while a surface with a CA exceeding 150� is
regarded as a SH surface. Although obtaining the maximum
angle of 180� is generally difficult [42], it has been achieved

using advanced methods [43].
For many purposes, it is not enough to measure the CA of

a stationary droplet, and measurement of other angles, such
as dynamic CA [44], is recommended [5]. In this regard, a

drop is assumed to be placed on a horizontal hydrophobic
surface. A syringe slowly increases the drop volume until
the liquid–solid interface shows no increase. This is called

advancing CA, and the opposite case is termed receding
CA (Fig. 8) [45]. In other words, to reach the equilibrium
CA, the droplet should be subjected to equilibrium conditions

over a sufficient time period. The static angles of advancing
and receding contact are formed by increasing the droplet
volume on the surface and then collecting the droplet from

the surface. The advancing CA is typically larger than the
posterior CA [46]. However, on SH surfaces, the two angles
are very close, with only a slight difference. The angles
formed behind and in front of the drop represent the

dynamic receding (hR) and dynamic advancing CAs (hA),
respectively, if the drop travels on an inclined surface, that
is, if the drop moves on the boundary between solid, liquid,

and gas phases. Different speeds may be used for measuring
dynamic CAs. Dynamic CAs at measured low speeds should
be approximately equal to static CAs.

3. Technological applications of SH surfaces

It is imperative for the petroleum industry to find ways to

exploit renewable energy sources and increase the efficiency
of oil recovery from existing reservoirs. The use of SH surfaces
may aid in achieving this goal. Reducing ancillary costs is one

way to increase efficiency in the oil and gas industry. Trans-
portation networks, as indicated in Fig. 9, are responsible
for some of these expenses. Using an appropriate passive
method can prevent the corrosion of ships’ hulls, masts, and

pipelines and reduce drag force in the transportation network.
In addition to the separation of water from oil, SH surfaces are
very useful for other purposes in the petroleum industry,

owing to the advantages that they offer. This section discusses
some studies related to the technological applications of SH
surfaces.

3.1. Corrosion-resistant surfaces

Corrosion is a major issue affecting the supply of oil and gas

through pipelines [47]. Increasing resistance to corrosion has
been one of the most important objectives in the industry for
a very long time, and it has very significant economic conse-
quences. In practice, corrosion damage cannot be totally pre-

vented, but there are several techniques for slowing it down;
examples are cathodic and anodic protection, and the use of
protective coatings to slow down the rate of corrosion. In gen-

eral, in a SH surface, it is expected that interaction between
corrosive ions and the surface is prevented by an air barrier
that exists between the surface and its corrosive surroundings
[48]. Furthermore, since the extent of actual contact between

the corrosive electrolyte and the surface is small, a SH surface
has high resistance to corrosion to the electrolyte. Providing
SH coatings on surfaces can protect them from external mois-

ture and hinder electrochemical processes [49]. This has the
potential to enhance the resistance to corrosion of the surface
when exposed to very hostile environments. Thus, SH surfaces

may be used to reduce the corrosion of metal substrates,
including those made of magnesium and aluminum [50]. They
can also be used to protect metal alloys, such as nickel and
steel alloys. The anti-corrosion mechanisms of SH surfaces

are discussed below.
Past studies have used many techniques for fabricating SH

surfaces, and various methods have been used for their charac-

terization and analysis. However, the conclusion of the studies
has always been the same: SH coatings safeguard metallic sub-
strates from corrosive environments. SH surfaces should have

micro- and nanoroughness on their surface, and their surface
energy should be reduced. The rough surface has large peaks
separated by numerous valleys. Since SH coatings have an

inhomogeneous structure, air can be easily trapped in the
peak-to-valley pattern. Therefore, because of the trapped air,
aggressive ion species such as Cl- in electrolytes or corrosive
conditions cannot easily corrode the underlying surface. In

reality, the trapped air on the SH surface serves as a passiva-
tion layer, shielding the substrate from corrosive processes
and thereby preventing its corrosion. It is quite easy for aggres-

sive ions to corrode smooth metal surfaces that are exposed
directly to corrosive species in their surrounding environment.
The air trapped in the surface grooves of SH coatings may pre-

vent corrosive substances from making direct contact with the
material. Furthermore, the SH coatings would let more air get
to the surface in the valleys, which would reduce the area of

rough surface that is in contact with an aggressive solution.
This is yet another major feature that explains why SH sur-
faces can increase the resistance to corrosion of metals, as
demonstrated by Liu et al. [51]. The following equation can

be used to compute the height (h) of the water column con-
tained within the pipe:

h ¼ 2c cos h
qgR

ð8Þ

where c, q and R denote the surface tension, liquid density,

and a cylindrical tube radius. The SH surface can be thought
of as a vertical cylindrical tube that has been immersed in a liq-
uid. The SH surface has a CA exceeding 150� and a much

smaller pore diameter compared with other surfaces. Conse-
quently, the Laplace pressure can drive a corrosive liquid out
of the pores of the SH surface, allowing the substrate to be
completely shielded from corrosion in the harsh environment

in which it is used.
Recently, researchers have used SH coating without any

toxic components to protect surfaces from corrosion. Such

use of SH surfaces is possible due to the existence of air pack-
ets between the surface and the corrosive solution, which pre-
vents the diffusion of corrosive ions and protects the substrate

[52]. SH surfaces can reduce the rate of corrosion in metals by
different orders of magnitude through hydrophobization.
Many studies have shown the corrosion mitigation capability

of SH surfaces. Using a commercially available hydrophobic



Fig. 9 Transportation networks in oil and gas industry [https://www.dreamstime.com/stock-illustration-oil-petrol-industry-icons-set-

different-transports-constructions-factories-flat-isolated-vector-illustrations-image68304265].
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coating treatment, the potentiodynamic polarization test
showed that the corrosion current on metal surfaces was

greatly reduced [53].
Fig. 10 shows the spreading factor of a water droplet that

collided with SH (CA = 160�) and hydrophilic (CA = 80�)
surfaces. Clearly, when the SH surface was used, the contact

time and spreading factor of the droplet decreased dramati-
cally. These two parameters are the main factors determining
corrosion. Therefore, using SH surfaces is effective in reducing

surface corrosion.

3.2. Oil and gas pipeline transportation and drag reduction

In the petroleum industries, drag reduction techniques for
long-distance transportation pipelines have recently become
a hot research topic. Pipeline transport involves considerable
energy consumption because of the presence of frictional resis-
tance against the fluid flow. Smoothing out the inner wall of

the pipe has been a difficult task so far, but it could help. It
is possible to lower the fluid resistance by providing a SH sur-
face with decrease of drag capabilities on the inner layer of an
oil transport pipeline, to reduce the overall energy consump-

tion. In this case, a SH surface coating on a pipeline reduces
drag by 14 % [54]. Moreover, the decrease of drag influence
of a SH surface with secondary micro-/nanostructures is supe-

rior to that of a surface comprising primary structures. It has
been experimentally demonstrated that a novel inner coating
on a pipeline can significantly reduce drag compared with an

uncoated pipe used as a control. The drag release efficiency
showed a spectacular 8 % enhancement in comparison to the
uncoated pipe [55]. Decrease of drag is of importance in the

drilling and maintenance of pumping facilities in the petroleum

https://www.dreamstime.com/stock-illustration-oil-petrol-industry-icons-set-different-transports-constructions-factories-flat-isolated-vector-illustrations-image68304265
https://www.dreamstime.com/stock-illustration-oil-petrol-industry-icons-set-different-transports-constructions-factories-flat-isolated-vector-illustrations-image68304265


Fig. 10 Comparison of spreading factor and contact time of a droplet in collision with SH and hydrophilic surfaces [152].

Table 1 A summary of the existing investigations on using SH surfaces for drag reduction.

CA, � SA, � Reduction in drag Ref.

perfluorooctyltriethoxysilane 163 – 13 [171]

Mixture of stearic acid and lauric acid and FAS17 < 161 – 67 [172]

Perfluorotetradecanoic acid 160 3 20–30 [173]

biomimetic polydimethylsiloxane 151.74 – 19.2 [174]

perfluorooctyltriethoxysilane 163 2.7 31.6 [175]

N-dodecanethiol 159.7 – 38.5 [58]

commercial SH coating 165.8 – 20 [176]
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industry. The addition of a small amount of high molecular
polymer can result in the reduction of drag in pipes. Flow
improvers, or drag reducing agents, have been in use in the pet-
roleum industry for a long time. In the field of subsea produc-

tion, piping typically presents a significant bottleneck because
of the high cost of subsea installations [56]. Hydrodynamic
drag force generated by the friction force between water and

a moving solid surface in the water is a major issue faced in
underwater motion. Inspired by shark skin, researchers have
fabricated different SH coatings to decrease the drag force.

As stated, SH coatings have air pockets inside their hierarchi-
cal micro-/nanoscale structures, which reduces the solid–liquid
interface and thereby diminishes the drag. Decrease of drag by
SH surfaces has been examined in many studies. A multifunc-

tional TiO2–SiO2@polydimethylsiloxane hybrid material was
proposed as a water-repellent ship coating owing to its low
drag coefficient [57]. Another model was reported by Dong
et al. [58]; by using electroless deposition of gold aggregates,
they fabricated a SH coating on a model ship with a large

and curved surface, and they achieved a 38.5 % decrease of
drag due to the trapped air between ship and water (plastron
effect). Decrease of drag has also been demonstrated through

the contrast sailing test [59] and on a submarine model. Li
et al. [60] showed that a layer of active air plastron with con-
trollable pressure and superhydrophobicity helped achieve sig-

nificant decrease of drag (92 %–96 % for high speed water
jetting). Jeung and Yong [61] found that SH surfaces can
decrease the drag force by up to 26.5 %. Overall, using SH sur-
faces is a solution for achieving pressure drops smaller than

those occurring with untreated solvent at the same flow rate.

http://drag+reducing+agents
http://and+Yong


Fig. 11 An example of where atmospheric icing (frost, snow, rime, and glaze) and superstructure icing (sea spray icing) would be

predicted to occur in different areas (A drilling platform such as the Eric Raude) [63].

Table 2 A summary of the existing investigations on using SH

surfaces for anti-icing systems.

CA, � SA � Ref.

graphene composite 155–165 3–7 [177]

polydimethylsiloxane < 161 3 [178]

Micro/nanostructures and

organosilane groups

159 – [179]

polydimethylsiloxane 155 5 [180]

Micro-cubic array structures 149.61 < 8 [181]

concrete coating 160 ± 1 6.5 ± 0.5 [182]
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Further information on the literature about applications of SH

surfaces in decrease of drag is provided in Table 1.
The inset in Fig. 10 compares a droplet’s form when it col-

lided with SH and hydrophilic surfaces at a contact time of

0.65 s. Clearly, the SH surface led to a decrease in the wetted
surface as a major factor contributing to drag enhancement.
The reduction of the wetted area implied the reduction of

motion resistant force. Thus, using a SH surface reduced the
drag force dramatically.

3.3. anti-icing properties

Since the 1970 s, there has been a growth in offshore oil explo-
ration and oil production in cold places such as the North Sea,
Hibernia, Norway, and Alaska, and icing has begun to harm

permanent infrastructure in these areas. Superstructure icing
is a factor that can increase the complexity of a storm’s impact
and perhaps cause major damage [62]. Superstructure icing

makes operations more difficult or requires activities to be
paused or suspended until an icing event and its repercussions
are managed. For example, increased offshore activities expose

vessels, rigs, and workers to the risk of superstructure icing,
according to the International Energy Agency. As a result of
global warming, longer ice-free periods are expected, and they
will be accompanied by longer fetches and, potentially, stron-

ger polar lows that will occur farther north than they do today
[63]. High winds that are frequent and long-lasting, along with
prolonged fetch, result in higher wave heights and the possibil-

ity of more severe superstructure icing than that at present
(Papineau, n.d.). Decks, for example, are particularly vulnera-
ble to the formation of ice because of their horizontal orienta-

tion (Fig. 11). Vertical surfaces such as bulkheads, on the other
hand, can become ice-coated when they become wet. A drill
rig’s height above the water line appears to be affected by ice
[64]. Multiple forms of icing, including snow and sea spray,

often occur simultaneously, especially in the wake of powerful
winter storms. If ice loads are not removed after each event,
they could have an additive effect on the vehicle’s trim and sta-

bility [65]. According to reports, combined snow and sea spray
icing caused a significant problem, which deserved additional
investigation, off the Canadian East Coast [66].

The conventional approach to anti-icing is primarily based
on a melting method that requires significant energy, but it is
not completely successful [67]. Several biomimetic anti-icing

mechanisms have been identified in recent years, including
anti-icing (preventing droplets from sticking to the surface
and removing them directly before they freeze) [68], Suppres-
sion of ice nucleation (postpone the crystallization of droplets

of water, which makes freezing take longer) [69], and removal
of ice (reduction of adhesion force between the ice and the
surface thereby allowing the ice to easily fall off) [70].

Recently, SH coating has been used as an anti-icing coatings.
As mentioned, the existence of air packets on SH surfaces
helps droplets slide easily on its surface. Consequently, the

residence time for freezing the droplet will not be sufficient,
which reduces the frost’s side effects on surfaces. Obviously,
ice storms are one of the most important phenomena causing



Fig. 12 Droplet behavior in collision with a surface with various CA [165,166].
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damage to sensitive electrical equipment and aerospace facil-
ities. The unique characteristics of SH surfaces could be used
in most cases to reduce such damage. Experimental investiga-

tions have shown that using SH coatings can protect equip-
ment from icing, even up to �5�C, and saturated humidity
have indicated that SH surfaces are useful for decrease of

ice adhesion to the surface by up to 97 % [71]. Some inves-
tigations on the use of SH surfaces in anti-icing systems are
listed in Table 2. Fig. 12 visually compares the deformations
of a droplet in collision with hydrophilic and SH surfaces.

Evidently, after the impact time of 0.15 s, the SH surface
led to a reduction in the wetted area. Since reducing the con-
tact surface reduces heat transfer, when a droplet collides

with a cold surface, there is little time for heat transfer from
the droplet to the surface. Thus, the use of a SH surface
reduces the icing process of a droplet on the surface at low

temperatures.
3.4. Self-cleaning surface

Inspired by the photosynthesis process of the green leaves of

trees, researchers have developed hydrophilic surfaces that
destroy the chemical structure of pollutants in the presence
of sunlight through photocatalysis processes [72]. One of the

materials that can be used as an self-cleaning surface is tita-
nium dioxide [39]. In 2001, Pilkington Glass was introduced
as the first commercial self-cleaning coating comprising thin

transparent layers of titanium dioxide [40]. Titanium dioxide
cleans glass through two mechanisms, namely photocatalysis
and hydrophilicity. During the photocatalysis process, the

chemical structures of organic contaminants and other impuri-
ties on the coating are broken down by the absorption of sun-
light. The hydrophilicity of the surface reduces the wall CA,
creating a water film on the surface that removes contami-

nants. Under normal conditions, titanium dioxide absorbs
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light with an energy higher than its energy gap [73]; therefore,
charge carriers are generated. Negatively charged electrons (-e)
and positively charged (+h) holes cause a few charge carriers

to migrate to the surface. Cavities oxidize organic molecules on
the surface while atmospheric oxygen is combined with elec-
trons to form superoxide radicals. At room temperature, these

radicals strike nearby organic molecules, which turns the pol-
lutants into carbon dioxide and water [41].

It is noteworthy that titanium oxide is not very active in the

visible region and can only absorb 4 % of the visible sunlight
[74]. This compound usually exhibits ultra-hydrophilicity
properties under ultraviolet light [75]. Through the addition
of metals such as chromium, manganese, cobalt, and iron to

titanium dioxide nanoparticles, they can be made to perform
photocatalytic degradation of pigments under visible light
[42]. When titanium oxide polycrystals are deposited with

cobalt, the energy gap in titanium oxide decreases because of
the interaction of cobalt ions in the titanium oxide network
and the formation of new bonds [73]. The electrons in the crys-

tal lattice can then be transferred to the conduction band
through light absorption in the visible region. Thus, photocat-
alytic activity in titanium oxide can be performed, and adding

chromium to the structure of titanium oxide reduces the light
absorption edge and increase absorption in the visible region
[43]. The ultra-hydrophilicity of titanium dioxide is also
induced by sunlight. The cavities formed by optical excitation

in titanium dioxide collect oxygen from the surface of the elec-
tron material and oxidize it [76]. Therefore, free oxygen radi-
cals are formed on the surface, which allows hydrogen

bonding. Bonding between oxygen and hydrogen radicals
results in hydroxide groups being formed on the surface, lead-
ing to smaller CAs [41]. The photocatalytic activity of titanium

dioxide increases when it is used as a thin layer of nanocrystals.
Aside from titanium oxide, other materials like WO3, CdS,
ZnO, and ZrO2 can also be used to make surfaces that clean

themselves. The properties of a material’s surface are often dif-
ferent from those inside the material [77]. This is because the
atoms and molecules adjacent to the surface of the material
are less bonded to atoms inside the material and hence are

thermodynamically more unstable. This instability manifests
itself in the form of higher free energy [77]. Besides, energy
levels at the surface are discrete; these levels are compressed

within the material and create an energy band structure [78].
At the nanoscale, the surface-to-volume ratio is considerably
high, and the possibility of occurrence of surface cavities and

the chemical decomposition of contaminants increases. Hence,
titanium oxide nanoparticles are commonly used as ultra-
hydrophilic surfaces [79]. In contrast to hydrophilic surfaces,
hydrophobic surfaces prevent water from spreading or being

absorbed on the surface; they cause water to drip and slip
because of their micrometer- and nanometer-scale surface
roughness. hydrophobic surfaces have shallow surface energy,

while the hydrophilic surface energy is significant [8]. The use
of nanotechnology and the emergence of different properties
at nanometer dimensions have resulted in the realization of

SH and ultra-hydrophilic surfaces.

3.5. Solar cells

Solar photovoltaic (PV) technology, being both efficient and
clean, is becoming more and more important in the petroleum
industry. According to reports [80], around 10 % of the oil
produced in 2013 was used for oil production and processing,
and a considerable part of the energy used was used for heating

in the oil processing industry. Solar energy can be used in oil
production and processing, and such use can save a significant
amount of oil and gas and reduce the emission of greenhouse

gases [80]. Thus, solar energy development and utilization for
oil production in oil-rich regions are feasible in most cases [81].
The many applications of solar energy in the oil industry

include the generation of heat and electricity, the treatment
of water produced by oil wells, and the refinement of crude
oil [82]. To date, solar energy has been employed extensively
in oilfields for the three aforementioned purposes, and research

has been performed to determine whether solar energy can be
used for refining oil. The current focus is on how to use solar
energy to achieve high-temperature catalyst conditions, and

this subject is now under investigation. Over the course of four
decades, perceptions about solar energy among oil giants have
changed constantly and dramatically. As a result of the current

restrictions on greenhouse gas emissions, big oil companies are
more likely to speed up the development of solar energy.

An anti-reflection layer is introduced on the outside of a

photovoltaic solar cell to allow photons to enter [83] for
absorption by the cell. Heavy oil exploitation and high levels
of solar radiation are required in some locations around the
world. However, the performance of solar PV modules used

to make electricity is affected by things like the amount of sun-
light, the speed and direction of the wind, the temperature, the
humidity, and the amount of dust in the air [84]. Hence, pro-

ducing solar panels that are resistant to pollution over a long
period of time is critical to maintaining the long-term and effi-
cient operation of solar cells [85,86]. Antireflective surfaces

with SH qualities are getting a lot of attention right now
because they could be used to solve important technological
problems. In addition to their unique surface texture and

chemistry, which govern their wettability, SH surfaces have
self-cleaning qualities as a result of their high wettability. Sur-
face micro-/nanotexturing, in combination with reduced sur-
face energy of materials, results in improved anti-wetting

capabilities of materials [87]. Because the CA on self-cleaning
surfaces is greater than 150�, the surfaces display exceptional
anti-wetting qualities, resulting in the rapid roll-off of water

droplets upon contact. The same is true for transparent coat-
ing materials that change the optical path in the right way,
which could reduce surface reflection. Transparency is a key

part of enhancing the effectiveness of optical devices like win-
dows, lenses, solar panels, and even in other applications [88].
Typically, a solar panel is only able to collect around 25 % of
the solar energy that strikes it; the rest of the radiation is sim-

ply reflected back into space. The development and use of
transparent SH surfaces that reject atmospheric dust on solar
panels and the resulting reduction in the reflectivity of the solar

panel surfaces is very desirable [87].
Most offshore rigs are mainly powered by hydrocarbon

energy sources, which leads to high levels of ecological foot-

prints. These effects can be reduced by using solar power for
sustainable petroleum exploration and production. In view
of the self-cleaning of SH surfaces, self-cleaning micro-shell

structures with SH surface behavior were employed in a solar
cell. It was observed that such a structure prevented degrada-
tion by dust particles and thereby enhanced the efficiency of
solar cells [89]. An additional study demonstrated that a super-
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hydrophilic nanopatterned glass surface that did not have any
surface chemical treatment had effective self-cleaning and
antireflective properties with just a 1.39 % loss in the efficiency

of the solar cell. However, bare glass packaging and packaging
of fluorinated SH resulted in a 7.79 % and 2.62 % drop in the
solar cell efficiency, respectively [90]. Furthermore, a TiO2-

coated mesh film with micro- and nanostructures has been
used for the oil/water separation [91], and a SH polymer-
coated copper mesh has been used for the separation of

organic solvents from water [92]. Additionally, a strategy has
been proposed for the fabrication of robust self-cleaning SH
surfaces, which can be used on soft and hard substrates. This
strategy results in a surface with remarkable robustness against

knife scratches and sandpaper abrasion [93]. Table 3 provides
a list of studies related to the use of SH surfaces in solar pho-
tovoltaic systems.

3.6. Heat transfer

Consistent and reliable thermal management is of high impor-

tance to the petroleum industry. Thermal management in oil
and gas processing is often difficult because of the large num-
ber of pieces of equipment used and their complexities [94].

Condensation occurs in heat exchangers that are employed
in thermal applications like air conditioning, collecting water,
getting energy from the sun, and getting salt out of the water.
The energy consumption for these thermal applications has

already sparked widespread concern about the availability of
energy and the potential environmental consequences. Fur-
thermore, the thermal efficiency of heat exchangers has a direct

impact on the overall efficiency of the entire petroleum system.
Hence, improving the heat transfer performance of thermal
applications could help save considerable energy [95]. In this

regard, it has been found that the use of SH surfaces signifi-
cantly improves a heat exchanger’s performance.

In some parts of the world that are oil-rich, temperatures

sometimes drop to �35 �C. The extremely low temperature
Table 3 A summary of the existing studies on using SH

surfaces for solar systems.

CA, � SA � Ref.

3D crosslinked network of

nanopores and silica nanoparticles

157.9 1.2 [183]

Hybridizing ZnO Nanowires with

Micropyramid Silicon Wafers

171.2 ± 1.8 1.9 [184]

Nanograss films using glancing-

angle deposition of an electron-

beam evaporated source material

on glass

greater

than150

– [185]

aluminium oxide coatings 155 [186]

silica nanoparticles 146 < 10 [187]

metal layer on a silicon surface greater

than150

1.5 [188]

polyethylene terephthalate 160 13 [189]

ZnO based micro-/nano-

hierarchical

162 greater

than2

[190]

three-dimensional micro-pillar

arrays on the ethylene-tetrafluoro-

ethylene films

155 15 [191]
can gelatinize crude oil [96]. In such areas, the heat transfer
process is very important. Many investigations have focused
on the heat transfer properties of SH surfaces, especially for

oil–water separation. A new mode of condensate sinkage was
proposed for roughness-induced SH surfaces to explain the
non-condensable gas influence on the condensation heat trans-

fer efficiency of a steam–air mixture [97]. The condensation
performance and convective condensation heat transfer of
finned tubes with hybrid wettabilities (hydrophilic-SH hybrid)

have also been studied in the presence of large amounts of non-
condensable gas [98,99]. In order to increase the condensation
of droplets on SH surfaces, one study created patterns on SH
aluminum surfaces by using carbon dioxide laser-processing

techniques [100]. In another study, stable dropwise condensa-
tion was found to occur on a bioinspired hydrophilic slippery
surface with non-condensable gas. The condensation also

increased the heat transfer rate, showing its potential for use
for a low degree of subcooling or a large non-condensable
gas concentration [101]. Another investigation conducted into

the effects of steam condensation heat transfer on a
honeycomb-like microporous SH surface demonstrated that
condensation heat transfer increased various non-

condensable gas concentrations on the SH surface throughout
a broad range of subcooling, up to about 35 K [102]. Besides
self-cleaning, SH surface can also be used for energy storage
in wet and humid environments [103]. SH surfaces have also

been employed for medical applications. A SH material based
on fluorinated alkyl side-grouped poly (carbonate urethane)
containing carbon nanotubes was created; it exhibited out-

standing platelet antiadhesion and blood compatibility [104].
It has also been demonstrated that SH surfaces with only
nanoscale roughness reduce adhesion and proliferation of

4 T1 mouse mammary tumor cells compared with SH surfaces
with microscale structure [105].

3.7. Water collection

In deep oilfield drilling, a number of issues, including poor
driving of water and major conflicts between planes, layers,
and interlayers, are encountered [106]. Water collection with

SH surfaces is another application of SH surfaces. For such
an application, SH surface-modified cotton substrates with n-
dodecanethiol and gold micro/nanostructures are used. Such

modification leads to the fabrication of SH surfaces with a
CA of greater than 150 [107]. Zimmermann et al. [108] manu-
factured the SH textile fabrics. However, since the traditional

CA is not suitable for obtaining SH textile properties, the
water shedding angle was defined for this purpose [108]. This
value specifies the minimal angle of inclination at which a dro-
plet entirely leaves a surface. Superhydrophilic star-shaped

patterns for a titanium dioxide (TiO2) SH surface, a titanium
dioxide-copper (TiO2-Cu) composite surface modified with
thiol [109], a hybrid superwettable coating surface with super-

hydrophilic nanoparticles [110], SH coating [111], and a sur-
face with a well-ordered hierarchical nanoneedle structure
[112] have been found to show excellent water collection.

Wang et al. [113] demonstrated that an increase in a nanostruc-
ture’s height or a decrease in a nanostructure’s diameter
resulted in a reduction in the defrosting temperature. Thus,

to save energy in the defrosting process, the nanostructure size
of the surface should be optimized. Such a structure also helps

http://dioxide
http://titanium+dioxide
http://thiol
http://coating+surface
http://nanoparticles
http://SH
http://silica+nanoparticles
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small water drops converge into large drops and makes them
roll off the surface before freezing, which results in the surface
showing anti-icing property. An acrylic polymer-silica

nanoparticle composite on a glass substrate [68] or stainless
steel [114] also has anti-icing property. Farhadi et al. [115]
noted that in a humid atmosphere, the anti-icing efficiency of

SH surfaces is reduced because of water condensation, which
is the main limitation of such surfaces.

4. Creation of SH SURFACEs

In general, skin microstructures of tree leaves can be divided
into two categories: hierarchical microstructures (Fig. 13a,b)

and unitary microstructures (Fig. 13c,d) [117].
The findings discussed in the previous show that synthetic

SH surfaces mimic natural leaf surfaces. So far, many research-

ers have attempted to produce modified surfaces [118–120] and
surfaces that have very low surface energy and to control the
surface morphology on the micro-/nanoscale, for realizing a
hydrophobic surface [121,122]. Researches have shown that

making CAs greater than 120� on a flat surface only by manip-
ulating the water-repellent chemical structure of the surface
without introducing nanoscale or micro-textures is almost

impossible. Therefore, there should be two surface roughness
components and an aqueous chemical structure (low surface
energy) to form SH surfaces [123]. The surface roughness

can be expressed using the Wenzel equation, which predicts
that if the molecular level of hydrophobicity is rough, it will
show high hydrophobicity [124]. Broadly, there are several
methods to design SH materials, including dip-coating [125],

a sol–gel method [126,127], a hydrothermal method [128], elec-
trospinning [129], etching [130], anodization [131], electrode-
position [132], laser treatments [133], lithography [134], a
Fig. 13 A-b) Hierarchical microstructures
template method [135], a layer-by-layer method [136], and
modification of natural fibers [137]. The rapid increase in SH
surface applications has led to increased interest in the devel-

opment of fabrication methods for these surfaces. Table 4
shows some recent methods for the manufacture of SH sur-
faces with their CA and sliding angle (SA).

By oxidizing a sample surface and then changing it with a
single layer of n-octadecyl thiol, a surface made of SH zinc
oxide was made with high durability [138]. This procedure is

amongst the simplest SH surface fabrication methods [139].
Qing et al. [140] demonstrated that spraying SH coating over
a sandpapered surface resulted in a SH sample with excellent
anti-icing property. For the first time, Pei et al. [141] fabricated

a hydrophilic-hydrophobic reversal surface. The manufactur-
ing procedure included UV-induced thiolene interfacial click
reaction of thiol-modified palygorskite nanorods (Pal-SH)

with polydimethylsiloxane diacrylate. Wang et al. [142] com-
pared the spraying method with the wet chemical etching
method for SH surface fabrication and demonstrated that

the former is more efficient than the latter. However, the frost-
ing problem should be resolved before applying the sprayable
SH coating.

5. Restrictions on coatings and SH surfaces

Recently, researchers have presented numerous reports on the

exciting and unique behavior of SH surfaces and materials.
However, so far, none of the SH surfaces has been commercial-
ized. The most important reasons are listed below.

a. Costs: With the exception of SH diatomaceous earth,
the materials that are SH are costly. This is because of
the significant amount of processing required to produce
and c-d) Unitary microstructures [117].



Table 4 Some recent methods to create the SH surfaces.

Ref. CA� SA� method Application

Zhang et al.

[192]

156 5 combines droplet etching and chemical

modification

thermostability, anticorrosion, self-cleaning and

antifouling

Mahadik

et al. [193]

163 ± 2 5 ± 1 sol–gel spray coating long-term industrial and domestic applications

Wang et al.

[194]

152 and 145 15 ± 1 and

23 ± 2

Roll-to-roll melt hot-pressing self-cleaning, packaging and drag reduction

Liu et al.

[116]

162 ± 5 4 Solution immersion process cohesion strength and high- and low-temperature

resistance

Ma et al.

[195]

156 – Thermoplastic forming mechanical stability and resistance to corrosion

Wang et al.

[138]

154 2 electrodeposition excellent anti-corrosion effect and self-cleaning

Ji et al.

[196]

162 2 Grinding and acid etching repellency of the low surface tension liquid,

hexadecane, and the rolling behavior

Liu et al.

[197]

163 � 1 calcination process Transparent, durable and thermally stable

Sun et al.

[198]

158.6 ± 1.3� 1 chemical etching anti-icing ability, thermostability, and

mechanical durability

Lv et al.

[199]

150 10 Sanding and etching UV resistance, and thermal and mechanical

stability.

Barthwal

et al. [200]

156 4 sol–gel Self-cleaning, oil–water separation, and flame

retardant

Pan et al.

[201]

161 ± 2.5 �8 picosecond laser texturing Antibacterial Adhesion

Zhang et al.

[202]

158 ± 2 5 simple dip-coating Self-cleaning

Sriram et al.

[203]

170 ± 2 8 ± 1 solution-casting Separation of oil–water

Seo et al.

[120]

� 99.82� – single-electrode mode Triboelectric

nanogenerator with cilia microstructures

Energy Harvesting
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the micro-/nanostructures of these types of surfaces. For
example, most nanosurfaces and SH microstructures
have recently been developed by the photovoltaic pro-
cess [143], which is an expensive process. Notably, pho-

tolithography is done on a small chip, and the total cost
of this method for large surfaces is prohibitive.

b. Performance of nanostructure: A high-quality SH sur-

face requires water-repellent surface chemistry with con-
stant topography on micro-/nanoscales. Achieving this
with a simple set of requirements is not possible. This

is because the nanotextured polymers easily bond
together and quickly lose their hyperactivity [144,145].

c. Durability: Even if high-quality SH particles are used,
these particles cannot be easily attached to the substrate

without a significant reduction in their superhydropho-
bicity behavior. This condition tends to involve a com-
promise between two desirable but incompatible

characteristics, namely durability and superhydropho-
bicity behavior [146].

d. Densification: Although repelling water is the main fea-

ture of SH coatings and surfaces, they cannot repel
water vapor. Hence, precipitation and condensation
cause a considerable extent of surface wetting [147].

e. Impact: The trapped air layer associated with SH sur-
faces is destroyed or decreased by the local high pressure
of water. It is because of local water flow or slight and
easy abrasion of the surface during immersion in water.
Since superhydrophobicity is a surface characteristic,
any significant surface impact causes local defects in
superhydrophobicity behavior [148].

f. Wettability of activating agents: Increasing the water
surface tension leads to superhydrophobicity behavior.
Conversely, superhydrophobicity is greatly reduced or

eliminated by reduction of the water surface tension by
using surface activating agents or oils [149].

6. Natural superhydrophilic-SH hybrid surfaces

A hybrid surface [150–152] is a new type of surface that has

been considered for various applications in recent years. Plants
such as Alchemilla mollis and Euphorbia have SH leaves, and
the central parts of these plants are highly hydrophilic. This
is because of the various structures and chemistries of these

surfaces and the possibility of water accumulation because of
the presence of SH areas with a high adhesive state; an exam-
ple of this is found on the surface of the red rose. When the

droplet reaches a certain size, the leaves of this plant twist,
and water droplets are directed toward the plant’s stem. A sim-
ilar mechanism has been observed in Namib Desert beetles.

With this process, this insect can absorb morning fog and sur-
vive in very hot environments. Researchers have shown that

http://Mahadik


Fig. 14 Path of using surfaces with various ca patterns [68,150–152,167–170].
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this ability is due to the existence of a SH waxy coating, cov-
ered with areas of hydrophilicity. When the water droplets

are large enough, these areas direct the droplets to the beetle’s
mouth. Furthermore, the cactus Opuntia microdasys, which
grows in the Chiu Wahwa Desert, collects water from fog with

its razor blades. These blades have microspores at the tip with
higher imperfections than the end areas, leading to variable
wettability. Similar observations have been reported for the

native grass of the Namib Desert, called Stipagrostis sabuli-
cola, with hard stems up to 2 m tall [153,154]. This plant can
guide water owing to the parallel grooves of the plant axis.

Cotula fallax can also collect fog owing to the three-
dimensional placement of its delicate leaves and hairs that
cover it. The Sri Lankan spider Uloborus walckenaerius accom-
plishes this using silk made of twisted knots of nanofibrils.

In general, Fig. 14 depicts the path of using surfaces with
various CA patterns. Based on this figure, it is concluded that
using a hybrid surface is a promising method to control multi-

phase flow behavior in both gravity and microgravity condi-
tions, and that by using this type of surface, we can control
multiphase flow according to our requirements in different

applications.

7. Conclusions

A comprehensive review of SH surfaces is presented to provide
an understanding of the physics of such surfaces as well as
their relevant theories, artificial surfaces, and fabrication meth-

ods. The review includes several examples of naturally occur-
ring SH surfaces and discusses their properties. It further
reveals the significant potential of SH surfaces in a number
of applications pertinent to the petroleum industry, leading

to its performance enhancement. For instance, SH surfaces
can improve the oil/water separation process. Furthermore,
the application of offshore systems such as floating solar cells

as an auxiliary energy source is growing, and a large part of oil
extraction and refining plants is in the form of offshore rigs.
The use of SH surfaces reduces the formation of liquid wall
films over equipment, which facilitates the control of the per-
formance of offshore solar cells. Furthermore, since petro-

chemical equipment is constantly exposed to corrosion, it has
been shown that the use of hydrophobic surfaces could help
protect the equipment. It has been argued that applying SH

surfaces could aid petroleum-related operations in cold cli-
mates by preventing gelatinization of crude oil and freezing
the transmission line. Importantly, it has been shown that

using SH surfaces allows water collection in deep oilfield dril-
ling and promotes decrease of drag. It has also been shown
that surface morphology and contact/sliding angles are related.

Nevertheless, the fabrication of these surfaces remains quite
expensive, and hence there is a pressing need to develop man-
ufacturing methods to fabricate SH surfaces at a lower price.
Another drawback is that the application of these surfaces in

some industries leads to a pressure drop while maintaining
their properties, which is dependent upon the environmental
conditions. Thus, further studies are required to make SH sur-

faces more resistant to environmental conditions and reduce
the resultant pressure drop.

As a future direction, the authors propose combining SH

surfaces with hydrophilic surfaces for use in a variety of appli-
cations, owing to the beneficial presence of interactions
between superhydrophobicity and hydrophilicity forces. In

particular, comprehensive studies are required on
hydrophobic-hydrophilic hybrid surfaces.
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