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AbstractIn the study, aluminum plates were first anodized and then coated with ZnO by spray-pyrolysis method.
By modification with long chain fatty acid, these surfaces demonstrate superior hydrophobicity and durability. After
optimizing the anodizing time for each fatty acid, several runs were conducted by varying concentration and spray
solution quantity. Comparison was made by optimizing the process parameters in which each acid showed maximum
hydrophobicity. Anodized, spray coated and modified surfaces were characterized by FT-IR, XRD, SEM and topogra-
phy analysis. The chemical and mechanical strength of the surfaces were explored under various extreme conditions.
The highest contact angle of 164o was obtained by coating 10 minutes anodized surface with 0.4 M and 15 ml ZnNO3
solution and modifying it with stearic acid. In the performed tests, it has been observed that this surface is much more
durable than surfaces modified with other fatty acids.
Keywords: Superhydrophobic, Spray Pyrolysis, Durability, Long Chain Fatty Acids, Anodizing Effect

INTRODUCTION

Some natural surfaces, such as the lotus leaf and butterfly wing,
have naturally superhydrophobic properties. Such surfaces have
the unusual wetting property of superhydrophobicity with a con-
tact angle greater than 150o [1]. From this point of view, surfaces
with a contact angle greater than 150o and a sliding angle less than
10o are defined as superhydrophobic surfaces [2]. The superhydro-
phobic behavior of any surface cannot be produced by surface chem-
istry alone. Two different views have been proposed to explain this
effect. The first is the Wenzel model. According to this model, the
roughness of the surface increases the surface area of the solid,
which geometrically increases the hydrophobicity. Another model
is the Cassie model. In this model, air can become trapped under
the water drop. This leads to superhydrophobic behavior because
the droplet has a partial floating approach [3]. Superhydrophobic
coatings have attracted the attention of many researchers because
of their use in many fields, including anti-fog coating, anti-freez-
ing surfaces, oil and water separation, antibacterial surfaces and
medical applications [4-8]. The wettability of a solid surface is a
function of two main factors: surface roughness and surface energy.
The hydrophobicity of a surface is indicative of the water contact
angle on the surface. In hydrophobic structures, there are air pock-
ets between the water droplet and the microstructures on the sur-
face. Air pockets prevent the water droplet from contacting the

bottom and minimize the contact area between the droplet and
the surface. This results in high contact angle and low adhesion
[9]. The initial properties of the surface are also important when
preparing a superhydrophobic surface. The roughness of the start-
ing surface causes an increase in the contact angle, as it allows air
pockets on the surface. Therefore, the wettability of a material is
closely related to its surface hierarchy [10]. In addition, the chemi-
cal composition plays a decisive role in determining surface wetta-
bility and adhesion [11]. After the surfaces are modified with a
low surface energy material, they exhibit superhydrophobic prop-
erties. This occurs at the contact angle where the thermodynamic
energy is minimal. The contact angle is the result of the interac-
tion between the tensions of the liquid-gas interface, liquid-solid
interface, solid-gas interface and can be calculated by considering
the force balance in the three-phase contact line [12,13].

Many methods are used for superhydrophobic surface forma-
tions, such as dip coating, electrospinning, sol-gel, chemical vapor
deposition, chemical and physical etching, spray coating, and elec-
trochemical deposition methods [14-21]. The poor mechanical
strength of the superhydrophobic coating is a result of the low adhe-
sion between the coating and the substrate. Researchers are putting
great effort into the synthesis of super hydrophobic surfaces with
high mechanical stability. In addition, expensive toxic reagents are
generally preferred due to their low surface energies. However, some
problems, such as high cost, complex preparation steps, toxicity,
and narrow applicability, are obstacles to the advancement of super-
hydrophobic coating technology in real-life applications [22]. There
are many material options for fabrication of superhydrophobic
surfaces such as metallic oxides (TiO2, ZnO, Al2O3, Fe3O4, CoFe2O4),
nano coatings such as inorganic silica-based materials (SiO2 nano-
particles, TEOS, OTES), carbon-based materials (carbon nano-
tubes, carbon nanotube, graphene and fullerene), metallic materi-
als (AgCl, AuCl3 etc.), nano-functional silver and gold on copper
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surfaces and sulfides. Among these, ZnO is generally preferred in
the first step of the superhydrophobic coating application due to
its advantages such as accessibility, low cost and easy applicability.
ZnO coated surface is modified with organic compounds to pro-
vide low surface energy to obtain superhydrophobic surface [13].
In the literature, palmitic, lauric and stearic acid are the most pre-
ferred fatty acids for surface modification [23-28].

Fan et al. coated zirconium palmitate on carbon fiber surface
with electrochemical technique in one step. The maximum con-
tact angle they found was 157o [29]. Zhu and Hu roughened the
aluminum surface using self-made disc cutters and then modified
it by stearic acid [30]. Lomga et al. first subjected the aluminum
surface to chemical etching in NaOH solution, then modified with
lauric acid; the highest contact angle value that they obtained was
170o [31]. Considering chemical and mechanical durability, the
super hydrophobic surface obtained with spray coating has attracted
the attention of researchers in recent studies. Celik et al. produced
high mechanical durable superhydrophobic surfaces by the coat-
ing of nanoparticles functionalized with alkyl silane, that can with-
stand 45 minutes of water-jet effect [32]. In a biopolymer-based
superhydrophobic surface study, Wang et al. sprayed organosolu-
ble chitosan staroyl ester on silicon wafer and obtained chemically
and mechanically resistant surfaces [33]. Golovin et al., consider-
ing that even the most durable superhydrophobic surfaces can be
damaged, produced self-renewable surfaces with spray coating [34].
Similar to these studies, there are many studies aiming to preserve
surface durability and super hydrophobic property for a long dura-
tion [35-42].

Different micro/nano hierarchical roughness methods, such as
electrochemical etching, lithography, use of inductively coupled
plasma (ICP) and hot embossing, are available in the literature [43-
47]. In this study, in order to achieve roughness, which is one of
the main factors of super hydrophobicity, the surface was anodized
before ZnO spray coating. The effect of anodizing time on super-
hydrophobic property and durability was investigated in detail.
The anodized plates were first spray coated with zinc nitrate solu-
tion at high temperature to form ZnO on the surface, then modi-
fied with lauric, stearic and palmitic acid separately to give them
superior superhydrophobic properties. All process parameters were
optimized for each fatty acid. In the literature UV lamps have dif-
ferent wavelengths and power was used for radiation test. Again,
most pH tests in the literature are based on contact angle mea-
surements. From this point it is difficult to make a comparison.
The effect of anodizing process and fatty acid chain length on the
mechanical and chemical durability was also investigated. UV, tem-
perature, pH and abrasion tests were applied for this aim.

EXPERIMENTAL

1. Materials
In the experiments, 1050 aluminum plates with the dimensions

of 50×20×1.5 mm were used as substrate. Content of the alumi-
num plate: 99.03% aluminum, 0.4% iron, 0.25% silicon, 0.07% zinc,
0.05% manganese, 0.05% copper, 0.05% magnesium, 0.1% chro-
mium. Merck provided ZnSO4·7H2O, acetone, ethanol, and long
chain fatty acids (palmitic, lauric, and stearic acid) were used for

all experiments. The Rigol DP832 power supply was used for the
anodizing processes.
2. Anodizing Process

The aluminum plates were cleaned with ethanol and acetone
before the anodizing, and then thoroughly rinsed with distilled water.
For the anodizing process, the aluminum substrate was placed in
an anodizing cell containing 0.1 M NaCl(aq) solution. The negative
pole of the direct current (DC) power supply was connected to
the zinc plate, which served as the cathode. The anode in the cell
was an aluminum plate connected to the positive pole of the DC
power supply. The anode and cathode were placed 2.5 cm apart
from each other. The temperature of the magnetic stirrer’s bath
was kept at about 50 oC to avoid overheating. Anodizing process
was carried out at different time intervals at a constant voltage (24V).
Schematic of the anodizing process is given in Fig. 1.
3. Preparation of Zn Nano-coatings by Spray Pyrolysis

Anodized aluminum plates were re-washed before spray coat-
ing. They were immersed in 0.5 M H2SO4 for 1 minute at room
temperature and then rinsed well with deionized water and dried
with high purity nitrogen (99.999%). Then spray coating process
was applied. Air from the compressor was used as the carrier gas
for the spray coating. The pressure of the carrier gas was set at 3 bar
and its flow rate was set to 2.5 l/min. The coating temperature was
kept constant at 375 oC. Spray nozzle was set at approximately 0.3
mm. Spray coating process was conducted using 0.1, 0.25, 0.4 and

Fig. 1. Schematic demonstration of anodizing process.

Fig. 2. Spray pyrolysis coating system.
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0.6 M ZnSO4 solution. Plates coated at various conditions were
immersed in 0.05 M fatty acid solution and modified for 1.5 hours.
Spray pyrolysis system used in the experiment is shown in Fig. 2.
4. Characterization of the Prepared Superhydrophobic Surface

Contact angles of the all samples were measured with the Atten-
tion Theta Lite brand contact angle device. Spectrum Two brand
was used for FTIR analysis. Bruker AXS/Discovery D8 brand for
XRD analysis, and Carl Zeiss/Gemini 300 for SEM characteriza-
tion. The topography of the surface was obtained by using the Biolin
Scientific/Theta Flex device.

RESULTS AND DISCUSSION

1. Anodizing Time Effect
Before exploring the anodizing time effects on superhydropho-

bicity, the anodizing process was not applied in any of the prelimi-
nary experiments. Each experiment was conducted three times and
five measurements were taken from the different locations of the
samples in all experiments. Average contact angle values were given
as the result. The aluminum plate was firstly treated with SiC sandpa-
per up to 1,200 grit. And the washing and cleaning operation were
conducted. After that 0.25 M Zinc solution was sprayed on to the
substrate at various quantities of spraying solution. Contact angles
values were obtained by modifying with palmitic acid as modify-
ing agent. As shown in Table 1. the results were not satisfactory.
There are no trials exhibiting super hydrophobic property.

After these experiments, the substrate was anodized before the
spray pyrolysis coating to explore the anodizing effect. Different
anodizing times for fixed coating concentration (0.25M) and quan-
tity (10 ml) were investigated as initial point. Palmitic/lauric/stea-
ric acid were separately used to modify these surfaces.

As seen in Fig. 3, the contact angle was found to be low when

Table 1. Contact angle values obtained by the spray pyrolysis method
without anodizing step

Concentration (M) Solution quantity (ml) Contact angle (o)
0.25 10 148.2
0.25 15 136.9
0.25 20 138.2

Fig. 3. Anodizing time effect on the super hydrophobicity at fixed
solution concentration (0.25 M) and quantity (10 ml).

Table 2. Contact angle values obtained at optimal concentration
and 20 ml spray solution

Fatty acid Concentration (M) Contact angle (o)
Stearic acid 0.4 159.7
Palmitic acid 0.4 154.7
Lauric acid 0.25 153.8

the surface was anodized for 1 minute and modified with high
chain fatty acid before coating. The reason for this is that the sur-
face did not have sufficient roughness before coating. Therefore,
the wettability of a material is closely related to its surface hierar-
chy [10].

First, the 3D topography module of the contact angle measure-
ment device was used to explore the time effect of anodizing pro-
cess on the roughness. As seen from Fig. S1, the roughness of the
surface increased with increasing time. A thin layer unidirectional
roughness was observed on the surface after 1 and 5 minutes of the
anodizing with great homogeneity. However, when the anodizing
time was taken as 10 minutes, unlike the others, micro-cracks and
nano-roughnesses were observed on the surface. It can be thought
that this is the factor that increases the durability and higher con-
tact angle. Because when 25 minutes anodizing time was taken, 1-
dimentional roughness had changed to 2d roughness, homogene-
ity had increased, but the roughness level had also decreased. This
caused a decrease in the contact angle compared to the 10 min
anodizing time. This results in an optimal anodizing time.

The highest contact angle values were obtained for 10 minutes
anodizing time. Constant 10 minutes duration was chosen as anod-
izing time for the next trials because all figures exhibited a con-
cave trend, which means has an optimal value. The effects of the
other parameters were investigated in the following experiments
after determining 10 minutes anodizing time.

After the surface was prepared with optimum anodizing time,
some operations were carried out. Surfaces with higher contact
angle were obtained compared to the surfaces at other anodizing
times and the non-anodized surfaces. The contact angle values of
the surfaces obtained with optimum anodizing time were found to
be high. Thus, it took longer time to lose its superhydrophobicity
against the tests performed. Therefore, the mechanical and chemi-
cal resistance tests performed for the surface obtained at the opti-
mum anodizing time allowed us to comment on the time-dependent
durability of the surface.
2. Effect of Solution Concentration and Quantity

After anodizing process, zinc oxide spray coating process was
conducted. The results obtained with different fatty acids are given
in Fig. 4. The contact angle values of palmitic and stearic modi-
fied surfaces increase until the solution concentration reaches 0.4 M
and then begin to decrease. This situation takes place from 0.25 M
for the lauric acid modified surface.

Again, when the quantity of the solution sprayed on to the sur-
face was increased gradually, increases in contact angles appeared
in the similar trend. Additional trials were carried out at optimum
concentrations for 20 ml solution. The data of these trials are given
in Table 2. As can be seen, 15ml is the optimum solution quantity.
After this point, there were decreases in the contact angles. This
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reduction was 3.1o for the palmitic acid, 4.5o for the stearic acid,
1.1o for the lauric acid modified surfaces. This situation is clearly
seen especially from Fig. 4(b) and (c) that the peaks of the curves
are getting closer each other.

The comparison curves are given in Fig. 5. As can be seen, each
fatty acid exhibits its own characteristics. When 0.4 molar and 15 ml

Fig. 4. Contact angles values of the (a) lauric (b) palmitic (c) stearic acid modified surfaces for different solution concentrations and quantities.

Table 3. Effect of solution concentration and fatty acids on contact and sliding angle
Modifier 0.25 M-15 ml (LA) 0.4 M-15 ml (SA) 0.4 M-15 ml (PA)
Contact angle (o) 154o±0.2 164o±0.2 158o±0.2
Sliding angle (o) ~3 ~0-1 ~2

LA: Lauric Acid, SA: Stearic Acid, PA: Palmitic Acid

Fig. 5. Comparison curve of the different fatty acids at optimal anod-
izing time and solution quantity.

solution is sprayed on to the surface and then modified with stea-
ric acid, 164o contact angle is obtained. This value is 158o for pal-
mitic acid and 154o for lauric acid modified surface.

Table 3 lists the contact angle and sliding values for the best
results, while the supplementary section contains their images and
movies.

Now, at a fixed amount of solution, the change of concentra-
tion will affect the size and number of nanoparticles on the sur-
face. Low concentration will form sparse and smaller nanostructures
on the surface. For low nanoparticle concentrations on the surface,
the contact angle results in low values. This indicates that water
penetrates between the microstructures and causes the Wenzel
regime to become wet. At high concentrations, the amount of sub-
stance and particle size on the surface will increase, agglomeration
will begin, and therefore micro/nano roughness will disappear.
Regardless of the acid chain length, the hydrophobicity will then
be reduced. The interaction of the contact angle with the concen-
tration can be explained in this way. The contact angle also depends
on the chain length of the modified fatty acid [48].

The nanoparticle concentration exhibits the optimum concen-
tration (0.25/0.4 M depends on chain length) by modification of
the surface with long chain fatty acids. To show this situation, 0.1M
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and 0.6 M spray coatings were done with 10 cc solution in 10
minutes anodizing time, then these surfaces modified with each
fatty acid and analyses were carried out. SEM images of lauric, pal-
mitic and stearic modified surfaces are given in Fig. S2(a), (b), (c),
(0.1 M), respectively, and Fig. S2(d), (e), (f) (0.6 M).

At low concentrations (0.1 M), nano-roughness is noticeable.
Very small differences emerged according to acid chain length.
When the concentration was taken as 0.6 M, it is seen that there
are sparse and few micro nanostructures on the surfaces where
macro structures increase and agglomerations begin. Therefore,
higher superhydrophobic contact angles are achieved at optimal
solution concentrations depending on chain length. In this case,
the droplet cannot or partially penetrates through the microstruc-
tures. This results in Cassie-Baxter wetting and low adhesion. The
higher contact angles seen at optimal particle concentrations are
likely the result of optimal nano/micro roughness on the surface. It
also leads to partial wetting of the nanostructure rather than com-

Fig. 6. Surface topography of the samples after 10 minutes anodizing process.

Fig. 7. XRD spectra of Zn coatings formed by spray pyrolysis at (a) 0.25 M, (b) 0.4 M concentration.

plete wetting [9,49].
Fig. S3 in the appendices shows the hydrophobicity of stearic

acid modified surfaces. In addition, Fig. S4 and video A1 shows
the sliding angle images of the sample modified with stearic acid.
Also, Fig. S5-S7 presents the best contact angle images modified
with lauric, palmitic and stearic acid, respectively.
3. Characterization

The 3D topography module of the contact angle measuring
device was used to identify the surface roughness after anodizing
process during the experimental studies; it was observed that all
fatty acids gave optimum results in 10 minutes anodizing time.
Therefore, the 2- and 3-D topography of the surface, which was
anodized for 10 minutes, was examined. As shown in the Fig. 6,
an anodizing time of 10 minutes caused a patterned structure in
the surface. Patterned hill and valley are seen in region by region.
While the micro roughness is seen on top of the surfaces (1-
10m), the depths of the valley areas are around 30m. It can be
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predicted that the actual micro and nano-roughness is provided
after spray coating. We can say that anodizing has prepared the
ground for this coating and has created patterned roughness for
the coating to be more durable depending on time.

XRD analysis was used to obtain information about the crystal
structure of particles on the surface after coating. The XRD spec-
tra of the coatings obtained by using 15 ml, 0.25 M and 15 ml,
0.4 M ZnNO3 solutions are presented in Fig. 7.

The structure of the surface coated with 0.4 M and 15 ml solu-
tion is indexed as follows: ZnO (101), ZnO (202), ZnO (104) at
the peaks at 2=36.3o, 77.02o and 82.1o, respectively. Similarly, metal-
lic Zn in the structure is indexed as Zn (100), Zn (101), Zn (102),
Zn (201) at the peaks of 2=39.0o, 43.2o, 54.3o and 86.54o, respec-
tively. ZnO (201), Zn (103), Zn (110) peaks are located at 2=70o,
where Zn and ZnO structures are indexed at almost the same
place [50-59]. Similarly, the structure of the surface coated with
0.25 M and 15 ml solution is indexed as follows: ZnO (100), ZnO
(002), ZnO (101), ZnO (102), ZnO (110), ZnO (103), ZnO (200),
ZnO (112), ZnO (201), ZnO (202) at the peaks at 2=31.84o,
34.52o, 36.29o, 47.58o, 56.65o, 62.89o, 66.41o, 67.93o, 69.18o and
77.01o, respectively [60-63]. All characteristic peaks of ZnO in the
structure agree well with the data of the Joint Committee on Pow-
der Diffraction Standards (JCPDS). In addition, the diffraction
peaks associated with the impurity are not observed, confirming
the high purity of the coating obtained. As can be seen from the
spectrum in Fig. 7(a), both Zn and ZnO structures are formed on
the aluminum substrate. In some points Zn and ZnO structures
are attributed together. When dilute solution was used, structures

such as ZnO (100), ZnO (002), ZnO (102), ZnO (110) were ob-
served. The coating obtained with this solution formed a very thin
film; the presence of an aluminum structure was also observed. As
the concentration of the solution was increased, the aluminum
structure was minimized. At the same time, Zn and ZnO struc-
tures were increased.

FT-IR is a characterization technique used for the detection of
functional groups. The FTIR spectrophotometer was used to ana-
lyze the functional group of samples coated with spray pyrolysis
and then modified with solutions of lauric acid, palmitic acid and
stearic acid. The analysis of the functional groups of the prepared
coatings was carried out using the ATR technique in the fre-
quency range 4,000-400 cm1 and shown in Fig. 8. The FTIR spec-
tra of the fatty acids and post-modification surfaces are given
separately in each graph for comparison. Dense peaks at 2,914
cm1 and 2,846 cm1 are associated with -CHn groups. These peaks
refer to the symmetric and asymmetric stress vibration of the long
alkyl groups. The characteristic peak COO of acids around 1,700
cm1 shows a shift on modified surfaces and appears as two peaks
around 1,450 and 1,530 cm1. This proves that metallic soap struc-
tures were formed on the surface of the coating after the modifica-
tion. The maximum trend at 400 cm1 indicates the presence of
Zn oxide in the structure.

After this stage, SEM images of the modified samples are exhib-
ited in Fig. 9. It is observed that micro/nano modified zinc struc-
tures are formed from the morphological properties of the prepared
coatings. The surface structure depends on the solution concentra-
tion and fatty acid chain length. While high roughness is seen in

Fig. 8. FT-IR spectrum of the (a) lauric acid, (b) palmitic acid, (c) stearic acid modified samples.
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Fig. 9(a), it is seen in Fig. 9(b) that the roughness decreases and
the particle dimensions increase. Spraying at a low concentration
made the rod-like structures narrow and homogeneous, but on
the other hand, leafier structures emerged in Fig. 9(b). When Fig.
9(b) and (c) were compared, although they were exposed to the
same coating conditions, since they were modified with different
acids, the surface morphologies were completely different. The leafy
structure on the palmitic modified surface appeared while spheri-
cal shapes on the stearic acid modified surface. Stearic acid forms
spherical structures on the surface, which permits a perfect place
for air gaps.
4. Durability

The chemical and mechanical durability of the surface has criti-
cal importance for real-world applications. For this reason, sam-
ples were subjected to extreme test conditions. The coatings were
exposed to UV, temperature, pH medium, and abrasion tests. UV
radiation tests were conducted at a wavelength of 368 nm. 5 cm
distance was set between the plates and the lamp. The chemical
durability of the samples was investigated and compared by im-
mersing the samples in a buffer solution prepared at various pH
levels. Temperature experiments were carried out at 100 oC to investi-
gate sample durability as a function of time. Fig. 10(a) shows how

the contact angles change by UV exposure with time. The stearic
modified coating shows the best performance. Fig. 10(b) shows
that samples exposed to high temperatures have a similar tendency.

The surfaces were subjected to a sandpaper abrasion test. Results
are demonstrated in Fig. 10(c). The abrasion process mechani-
cally removed the coating on the plate’s surface. The modified lau-
ric plates lost their superhydrophobic properties after about 30
cycles. The stearic acid modified plate was more resistant to sand-
ing than the other fatty acids, but it also lost its properties after 80
cycles.

The chemical resistance of samples immersed in the buffer solu-
tions prepared at various pHs was the final test in this section. Sur-
faces modified with lauric and palmitic acid rapidly lost their pro-
perties at high pH (>11), as shown in the Fig. 11. However, stea-
ric acid modified surfaces showed durability for a long time. Sam-
ples modified with lauric acid and palmitic acid responded similarly
in experiments at pH 1-9 and lost their properties between 40 and
60 minutes. Stearic acid also lasted about 100 minutes in this range.

CONCLUSIONS

Synthesis of superhydrophobic surfaces that is durable for envi-

Fig. 9. SEM images of the modified ZnO coatings (a) lauric acid (b) palmitic acid (c) stearic acid.
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Fig. 10. Contact angle values after (a) UV exposure (b) heat exposure (c) sandpaper abrasion test.

Fig. 11. pH test results for (a) lauric (b) palmitic (c) stearic acid modified samples.
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ronmental and operating conditions, aluminum plates are anod-
ized before the ZnO coating. Anodizing time was found to be 10
minutes as optimum for each fatty acid. The samples coated with
ZnO by spray pyrolysis method were then modified with fatty
acids with different chain lengths. Process parameters were opti-
mized for each fatty acid. The surfaces with the highest contact
angle were characterized by various analysis techniques. Chemical
and mechanical tests were applied to surfaces modified with dif-
ferent fatty acids under extreme conditions. The best values were
found as 154.5o±0.2, 157.5o±0.2, 164.5o±0.2 for lauric, palmitic and
stearic acid modified surfaces, respectively. Stearic acid modified
surface preserved its super hydrophobicity up to 20 hours under
UV light, while lauric lasted 6 hours and palmitic 10 hours. Like-
wise, the stearic acid modified surface exhibited superhydropho-
bic property at 100 oC for 17 hours. This time was measured as 4
and 7 hours for lauric and palmitic acid modified surfaces. Modi-
fied surfaces could withstand the abrasion test 20, 40 and 80 cycles,
respectively. This is a very challenging test and stearic acid demon-
strated superior performance here again. In general, it was observed
that the superhydrophobic properties decreased rapidly in tests
conducted at high pH. For the tests applied at other pH’s, lauric,
palmitic and stearic were able to stand 20, 30 and 60 minutes resis-
tance.
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