
Regular Article     PHYSICAL 
                                      CHEMISTRY 
                                                                                                                                                                                                               RESEARCH 

                                                                                                                                                                                                                         Published by the 
                                                                                                                                                                                                                 Iranian Chemical Society 
                                                                                                                                                                                         www.physchemres.org 
                                                                                                                                                                                        info@physchemres.org 
 
Phys. Chem. Res., Vol. 5, No. 2, 339-357, June 2017 
DOI: 10.22036/pcr.2016.64009.1316 
 

 
 

Enhanced Procedure for Fabrication of an Ultrahydrophobic Aluminum Alloy 
Surface using Fatty Acid Modifiers 

 
M. Fallaha, A. Rabieea, M. Ghashghaeeb,* and A. Ershad-Langroudic 

aFaculty of Polymer Science, Iran Polymer and Petrochemical Institute, P.O. Box: 14965-115, Tehran, Iran 
bFaculty of Petrochemicals, Iran Polymer and Petrochemical Institute, P.O. Box: 14975-112, Tehran, Iran 

cFaculty of Polymer Processing, Iran Polymer and Petrochemical Institute, P.O. Box: 14965-115, Tehran, Iran 
 (Received 23 October 2016, Accepted 3 January 2017) 

 
      A superhydrophobic aluminum surface was fabricated through an enhanced low-cost approach and the effects of several relevant 
factors on static contact angle and sliding angle were investigated. First, the operating parameters including the etching time as well as the 
reaction time and temperature were varied. Next, the so-called chemical factors including three different fatty acids and five different 
solvents were examined. The surface was analyzed by means of SEM, ATR-FTIR, EDX and WCA measurements. The results show that 
the immersion time of about 5 min and the reaction temperature of about 60 °C were the optimum conditions for the creation of a 
superhydrophobic Al surface with excellent self-cleaning properties. Overall, the choice of oleic acid and ethanol were found to be the best 
as the fatty acid and solvent, respectively. The highest contact angle was 163.7° and the lowest sliding angle was about 1°. 
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INTRODUCTION 
 
      Fabrication of ultrahydrophobic (superhydrophobic) 
surfaces has absorbed the attention of several scientists to 
this field owing to its practical importance [1]. The 
ultrahydrophobicity has been defined as a property of the 
surface signified as a high water repellency and high contact 
angles (θ > 150°) often accompanied with a low water 
sliding angle (θ < 10°) [2]. The hydrophobicity stems from 
two surface features including the surface energy and 
morphology, such that the higher the roughness of the 
surface and the lower the surface energy, the larger the 
contact angle [3-4]. On a perfect smooth surface with no 
covering layer, the static contact angle can amount to ~120° 
at most. Hence, constructing a suitable micro-structure is the 
key for obtaining a superhydrophobic surface [5-6]. There 
exist many of such surfaces in the nature, such as the lotus  
leaves.  To  mimic  this  nature-made self-cleaning property, 
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various synthetic superhydrophobic surfaces have been built 
[7]. Superhydrophobic surfaces have obtained several 
applications, including the self-cleaning, anti-icing, 
corrosion resistance, anti-biofouling treatments, stain 
resistance in textiles, friction controlling, reducing the drag 
resistance of hulls in ships/submarines, microinjection 
needles, preventing from obstruction of the oil pipes, fog 
condensation, oil/water separation, etc. [4-6,8-14]. Hence, it 
has been an interesting topic to bestow this property to 
different solid materials.  
      Thanks to their high strength, very good electrical and 
heat conductivities, and low weight, aluminum (Al) and its 
alloys are an important class of engineering materials with 
many applications in our daily life, including the aerospace 
and shipping industries, packaging, construction, 
transportation, and many household items [9,11-12,15]. 
These materials are metallically bonded and, therefore, 
intrinsically hydrophilic with a large value of surface 
tension ranging from hundreds to thousands 
dyne/centimeter.        This       makes         achieving        the  
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superhydrophobicity on their surface be relatively difficult 
[2]. 
      The recent research efforts in preparing super-
hydrophobic surfaces have essentially focused on generating 
micro/nano-scale (dual) roughness and surface treatments 
with low surface-energy molecules [12]. Several techniques 
are available to create a rough surface, including sol-gel 
[16-17], colloidal template [11], solution-immersion [12, 
18], layer-by-layer assembly [19-20], laser fabrication [11], 
etching [21], chemical and electrochemical deposition 
[10,22], lithography [19,23], chemical/physical vapor 
deposition [24-25], electrospinning [14,26], molding [27], 
solvent-mediated phase separation [27-28], anodic 
oxidization [28], and template-based extrusion [27]. The 
widely employed reactive molecules for the low surface-
energy modification are normally the long-chain fatty acids 
and thiols, perfluorinated alkyl agents, alkyl/fluorinated 
organic silanes, polydimethylsiloxane polymers and 
combinations thereof [5,12,29]. The long-chain fatty acids 
are among the most effective modifiers owing to their low 
surface energy and their suitable chemisorptions ability thus 
forming stable carboxylate groups on the surface [12,30-
31]. For instance, Wen et al. [32] showed the anti-icing 
behavior of Al alloy modified with dodecanoic (lauric) acid. 
An ultrahydrophobic porous alumina surface with a water 
contact angle value of 154.2° was also prepared successfully 
via grafting an octadecanoic (stearic) acid film on a 
roughened Al substrate [33]. Zang et al. [8] reported the Al 
surface treatment using stearic acid as the modifier. 
Emphasizing the effect of the solvent ratio, these 
investigators could enhance the corrosion resistance and 
wettability of the Al surface, providing static contact angles 
of up to 167.3°. Another publication by Jafari and Farzaneh 
[5] reported the relatively high contact angle of ~154° and a 
CA hysteresis of about 30° through deposition of stearic 
acid layer on the Al alloy surface. The hydrophobic property 
was enhanced further by introducing SiO2 and CaCO3 
nanoparticles and spraying the mixture on the surface. 
Consequently, high water contact angles of 162° and 158° 
and low contact angle hysteresis values of 3° and 5° were 
obtained, respectively, with the two mentioned additives. 
Some authors [9] reported a stable super-hydrophobic layer 
with a static contact angle of 154° after treatment of  an 
anodized Al surface via chemisorption of myristic acid. The 

 
 
authors also studied the change in the corrosion resistance 
and the surface stability. Other investigators showed [3] that 
the hydrophobicity can be fortified via tuning the 
morphology of the surface. An acceptably hydrophobic 
surface (a contact angle of ~150°) was achieved through the 
Al treatment with stearic acid alone, however. 
      The present work is aimed to explain the effect of 
individual steps in making an ultrahydrophobic Al surface 
including the cleaning/polishing, alkali treatment, acid 
washing, and modification with long-chain fatty acids. The 
effects of pivotal operating conditions including the time 
and temperature as well as the chemical factors such as the 
fatty acid and solvent are investigated for the first time. 
 
EXPERIMENTAL 
 
      Aluminum sheets (containing Al, Mn, and Fe as the 
major elements) with 40 mm × 60 mm × 0.5 mm 
dimensions were employed as the alloy substrate. The 
aluminum plates were initially treated with a silicon carbide 
polisher (1200 grit) and cleaned with acetone. The cleaned 
plates were subsequently washed with deionized water for 5 
min, immersed in a 1 M NaOH aqueous solution for 5 min, 
and dried at room temperature for 10 min. After the initial 
treatments, the samples were dipped in 2.6 M HCl solution 
for a certain time and finally rinsed with deionized water. 
The chemically treated sheets were modified by three fatty 
acids including stearic acid, oleic acid, and lauric acid. For 
this coating, the aluminum plates were immersed into the 
solution of fatty acid with a concentration of 0.005 M for 5 
min at different temperatures. The tested solvents were 
acetone, toluene, water, dimethylformamide (DMF), and 
ethanol. The coated plates were finally dried in an oven at 
75 °C for 45 min.  
      The attenuated total reflectance Fourier transform 
infrared (ATR-FTIR) spectra were obtained using on a 
Bruker Vertex 80 FTIR spectrometer. The surface 
morphology was explored using a TESCAN VEGA 
scanning electron microscope (SEM). For obtaining the 
static water contact angle of the plates, a water droplet of 
about 12 µl volume was placed on the surface through a 
needle and afterwards the image was captured with a digital 
camera  within   30  s.   Finally,   the   contact   angles  were  
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determined from the tangent line and the ellipse curve-
fitting to the water droplet image using a Krüss G10 device. 
For the sliding angle, a droplet with the above-mentioned 
volume was placed on the surface and the slope of the 
surface with respect to the ground was increased until the 
droplet began to move. The angle obtained from the height 
of the surface at this moment was taken as the sliding angle. 
The elemental composition of the substrate was determined 
by a TESCAN VEGA3 SBU energy-dispersive X-ray 
spectroscopy (EDX) apparatus.  
 
RESULTS AND DISCUSSION 
 
Effects of the Preliminary Treatments on the 
Surface   
      The evolution of a superhydrophobic surface on the Al 
alloy during the initial steps is illustrated in Fig. 1 through 
consecutive molecular-scale images. Figure 1a shows the 
non-treated aluminum sheet. As implied by this panel, the 
surface of the alloy appears to be very smooth with no 
sizable hillocks. However, many corrugations become 
evident when the image is zoomed out to Fig. 1f. After 
polishing the surface (Fig. 1g), the corrugations of the 
surface at the larger scale disappeared almost entirely so 
that a uniform surface was prepared for the subsequent 
processing. Fig. 1b depicts the lower-scale effects which 
evinced an irregularity of the corrugations with respect to 
those in Fig. 1a. The next step involved the immersion in 
NaOH (1 M) solution (Fig. 1c). The main purpose of this 
treatment was to remove some of the Al oxide species on 
the surface, to facilitate the subsequent HCl etching process 
[8,34], and the oxidation of the surface [35-36]. The 
reactions involved in the said process are shown below [37]: 
  
      2Al + 6H2O → 2Al(OH)3 + 3H2                                   (1) 
 
      Al(OH)3 + NaOH → Na+ + [Al(OH)4]-                        (2) 
 
      Al2O3 + 2NaOH + 3H2O → 2Na+ + [Al(OH)4]-            (3) 
 
The NaOH not only converts alumina moieties to the 
respective hydroxide species, but it also oxidizes the 
Al(OH)3 species to hydroxide anions thus creating more 
hydroxyl groups on the surface. Clearly, the NaOH  solution  

 
 
also cleans the surface at high pH conditions and adequately 
high temperatures along with partial roughening of the 
surface [38]. As demonstrated in Fig. 1c, the immersion of 
the sheets in the sodium hydroxide solution resulted in a 
very mild but distributed corrosion effect on the surface, 
pointing out to the start of an etching treatment by NaOH. 
The fine corroded points are difficult to spot in Fig. 1h. 
However, the corroded points are more visible and plentiful 
in Fig. 1i due to the more severe etching of the surface in 
HCl solution according to the following equation [37]:  
 
      Al + HCl → H2 + AlCl3                                               (4) 
 
As can be seen in Fig. 1d, the result of this etching process 
is the creation of many nano- and micro-sized cavities and 
hillocks on the surface, which are able to trap the air inside 
thus increasing the water contact angle and the hydrophobic 
property. The abundance and size of the cavities are two 
important parameters in producing the hydrophobicity. 
Figure 1j shows the Al sheets after the modification by 
stearic acid. The uniform spreading of a thin white layer of 
stearic acid on the surface is obvious in both panels of (e) 
and (j) in Fig. 1.  
      The chemical composition of the samples at each step 
was found using EDX analysis. The typical atomic 
percentage contents of the elements are given in Table 1. Up 
to the depth of ~3 μm which is analyzed by the EDX 
technique [39-42], elements such as Al, Fe, and Mn and 
their oxide species were present in the Al sheet as shown in 
Table 1. After surface polishing (sample 2), the composition 
of the surface did not change significantly. However, the Fe 
element and its oxide compounds disappeared from the 
composition. When the sample underwent immersion in 
sodium hydroxide (sample 3), the amount of oxygen 
increased substantially. This is an indication of the surface 
oxidation and creation of new hydroxyl groups on the 
surface. The NaOH treatment led to the introduction of 
5.1% of Na onto the surface. However, the deposited Na 
disappeared upon subsequent processing in HCl solution as 
its chloride salt. The immersion of the plates in HCl 
commences the etching process, which is deemed to remove 
the previously formed metal oxide species from the surface 
through reduction, e.g., to AlCl3 moieties thus reducing the 
oxygen content of the surface.  A  small  amount  (0.2%) of  
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Fig. 1. SEM images of Al plates at two different magnifications of 10 μm (a-e) and 500 μm (f-j) where panels  
           (a) and (f) related to the original  non-treated surface, (b) and (g) to  the polished surface, (c) and (h) to  
          that further  pretreated  by NaOH, (d) and (i) to  that chemically treated  in HCl, and  (e) and (j)  to the  

             sample modified by stearic acid. 
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Fig. 1. Continued. 
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Fig. 1. Continued. 

 
 

Table 1. Chemical Compositions of the Substrate  at Different Steps  Where Sample 1 Refers 
               to the Original Non-treated Surface,  Sample 2 to the Polished Surface, Sample 3 to  
               the  Substrate   Further Pretreated by NaOH, Sample 4 to that  Etched  in  HCl, and  

                                        Sample 5 to the Substrate Modified by Stearic Acid 
 

Elements Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Al 93.66 90.38 42.76 66.92 41.64 

Mn 0.22 0.44 0.23 0.37 0.18 

O 5.84 9.19 51.96 32.50 20.08 

Fe 0.27 0.00 0.00 0.00 0.00 

Na 0.00 0.00 5.05 0.00 0.00 

Cl 0.00 0.00 0.00 0.21 0.11 

Si 0.00 0.00 0.00 0.00 0.36 

C 0.00 0.00 0.00 0.00 37.64 
 

e j 
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chlorine was also detectable on the surface (sample 4) after 
the HCl treatment. The appearance of carbon in EDX 
spectra for the samples after the last step (sample 5) 
demonstrates the reaction between aluminum surface and 
stearic acid. 
 
Influence of Immersion Time in HCl on 
Superhydrophobic Property   
      Here, we discuss the effect of the HCl treatment 
duration (the etching time) on the water contact angle of the 
aluminum plates modified by stearic acid. As can be seen in 
Table 2, the optimum value for the time of immersion is 
about 5 min. Before this critical time, the contact angle is 
even as small as 143°, while above the peak time, the 
contact angle again reduces to 154°. In agreement with the 
SEM images, this indicates that a treatment in hydrochloric 
acid plays a vital role in creating the ultrahydrophobicity 
and self-cleaning properties. The chemical etching is 
believed [43] to increase the molecular-scale roughness on 
the surface which increases the hydrophobicity of the 
substrate accordingly. Indeed, the etching process generates 
hillocks and valleys on the surface, which in turn provide 
micrometer spaces to trap the air in between, leading to 
increased contact angles. When the etching time increases 
from ~5 min to 10 min, however, the mentioned terrains are 
postulated to be partially destroyed thus becoming poor in 
perfectly trapping the air inside [43]. Consequently, the 
contact angle is again decreased. Considering the curvature 
of the trends, therefore, the results indicated that an 
approximate time of 5-6 min is the optimal time for the 
etching process on the Al plates. 
      As  observed  in  Table  2,  the  etching  time  has a great 

 

 

 

 

 

 
 
 
 
 
influence on the sliding angle as well. For a 2 min 
immersion time, the sample had a relatively good contact 
angle but had a very high sliding angle such that the water 
droplet could not slide down even a vertical surface. 
However, the immersion times of 5 and 10 min were long 
enough in providing considerably low sliding angle values. 
In fact, if suitable roughness is created on the surface, the 
cavities can trap the air and form a solid-air-liquid 
composite explained as the Cassie-Baxter state [7,44-45]. 
When the water droplet is in Cassie-Baxter state, the total 
contact area between the droplet and the solid surface is 
decreased and the adhesive force at their interface is 
weakened in such a manner that the water droplets roll off 
easily the surface and the tilt angle is decreased accordingly 
[46]. 
 
Effect of Reaction Temperature on 
Superhydrophobic Property   
      The effect of the reaction temperature on the contact 
angle of the resulting surface is discussed here. To our 
knowledge, this factor has not been investigated by other 
research groups. In a similar system of stearic acid in 
acetone at 30 °C, however, the contact angle measurements 
were done at temperatures ranging from -10-20 °C [5] 
where it was found that the Al alloy became less 
hydrophobic at supercooled temperatures. The authors did 
not report any change in the reaction temperature. Figure 2 
contains the results of static contact angle and sliding angle 
at different reaction temperatures in the surface 
modification with stearic acid. As the reaction temperature 
is increased, the reaction energy for the hydrogen binding 
interaction is more conveniently provided such that the fatty  

       Table 2. Water Static Contact Angles  and Sliding Angles of  the  Al Sheet with 
                     Different  Immersion Times of  HCl  Treatment  at  20 °C.  The Stearic 
                     Acid Modification was Implemented at 20 °C for 5 min 

 

Immersion time  

(min) 

2 5 10 

Water contact angle 143.2° 157.3° 154.0° 

Contact angle hysteresis Too high 1.5° 1° 
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acid could react more favorably with the Al substrate. The 
plausible binding mechanism is shown in Fig. 3. Overall, 
the reaction temperature of 60 °C was found to be optimal 
temperature with respect to both static contact angle and 
sliding angle. When the temperature was increased from 60 
to 70 °C which was closer to the boiling point of ethanol, 
fast evaporation of ethanol occurred and, hence, deposition 
of  the  fatty  acid  was  uncontrolled. This  inevitably  led to 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
reduced contact angle at 70 °C compared to that at 60 °C. 
Other possible reasons for this observation include the weak 
interaction of the carboxylic group with the surface and the 
easy cleavage of the anchoring bonds due possibly to the 
high mobility of stearic acid in the solution at temperatures 
approaching its melting point.  
      As demonstrated in Fig. 2, the sliding angle was also 
measured for the samples. At  the  experimental  conditions,  

 
Fig. 2. Static contact angles and sliding angle of the samples after HCl treatment at different  

               temperatures for 5 min. 

 
Fig. 3. The proposed mechanism for the reaction between the fatty acid molecules and the Al  

              alloy surface. 
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all of the samples possessed a sliding angle being well lower 
than 7°. This indicated a good self-cleaning property for all 
of the modified plates. The alteration of the sliding angle 
with the reaction temperature exhibited no distinct trend 
owing probably to surface heterogeneities that influenced 
the sliding of the droplet on the surface.     
 
Effect of Reaction Time between Stearic Acid and 
Aluminum Surface 
      Figure 4 shows the changes in the contact angle of water 
on the aluminum surface for varying reaction times at 20 
°C. The obtained contact angles were above 157° indicating 
that all of the samples had an ultrahydrophobic property. 
This means that a 5 min modification in stearic acid is 
sufficient for creating an ultrahydrophobic Al surface. As 
the time increases, however, the water contact angle 
increases gradually with a mild rate. Although the 
prolonged processing with stearic acid would be 
advantageous, it will not be cost effective in industrial 
practice to employ long times. In general, it is anticipated 
that by increasing the reaction time, the surface energy of 
the substrate decreases thus increasing the contact angle. In 
a close study, e.g., Yin et al. [47] measured the contact 
angle of water on aluminum surface under various 
processing times; the authors observed analogously that the 
contact angle increased upon prolonging the reaction time 
between the Al  surface  and  perfluoroalkyltriethoxysilanes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In another work by Ren et al. [48] in this respect, the 
investigators evaluated the contact angle of flat and rough 
Al surfaces modified by stearic acid at different reaction 
times. The obtained results for both of the samples showed 
increasing contact angles upon prolonging the reaction time. 
The slope of this rising trend decreased after ~10 h, 
however.  
      As demostrate in Table 3, the values of sliding angles of 
all of the samples were less than 6°. Therefore, all of 
samples had a satisfactory self-cleaning feature. Overall, the 
stearic acid modification increased the surface 
hydrophobicity with respect to the samples without this 
treatment (see the data in Figs. 2 and 4 for comparison). 
 
Effect of Different Fatty Acids on Static Contact 
Angle and Sliding Angle  
      Figure 5 depicts the water droplets on the Al surfaces 
modified by three fatty acids. The FT-IR spectra of the 
aluminum surfaces modified by different fatty acids 
including stearic acid, lauric acid, and oleic acid are shown 
in Fig. 6. The FT-IR spectrum of the stearic-acid-modified 
sample (Fig. 7a) shows strong peaks at 2891 and 2825 cm-1,  
assigned to the C-H asymmetric and symmetric stretching of 
aliphatic CH2 groups, respectively [49]. The appearance of 
the mentioned peaks indicates the existence of long-chain 
alkyl groups on the aluminum surface. 
      The peak obtained at  1709  cm-1  could be  attributed to  

 
Fig. 4. Relationship between the water contact angle and the reaction time in surface modification  
           with  stearic acid at 20 °C. The  samples had undergone HCl  treatment at  20 °C for 5 min  

              before the stearic acid modification. 
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the vibration of the carboxylic acid C=O bonds [50-51]. 
These altogether point out to the grafting of stearic acid onto 
the aluminum surface. The IR spectrum shown in Fig. 6b for 
the lauric acid modification indicates the regions of 
stretching frequencies identical to those observed for stearic 
acid except for their intensities. The reason behind this 
difference would be the fact  that  stearic  acid  contains  six  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
more carbon atoms compared to lauric acid. It might be due 
to a relatively lower amount of lauric acid chemisorbed on 
the Al surface. Figure 6c depicts the IR spectrum for the 
case of oleic acid modification. The peaks associated with 
the C-H bonds appeared at 2891 and 2825 cm-1 and that of 
C=O at 1709 cm-1. For all of the samples, C-O stretching 
frequency was found at 1594 cm-1 [52] and the peak due to  

                    Table 3. Sliding Angles of the  Samples  after  Stearic  Acid  Modification  at Different 
                                  Reaction Times at 20 °C. The Samples were under HCl Treatment at 20 °C for  
                                  5 min before the Stearic Acid Modification 

 

Reaction time  

(min) 

5 10 15 20 25 

Sliding angle 1.5° 2.4° 3.9° 5.7° 1.8° 
 

 

 

   

Fig. 5. Typical images of water droplet on aluminum alloy samples modified by (a) stearic acid, (b) lauric  
            acid, and (c) oleic acid. 

a 

b c 
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the C-H bonding of CH3 groups appeared at 2995 cm-1 [5]. 
In total, the IR spectra presented here demonstrated the 
adsorption of fatty acids on the aluminum surface albeit 
with low concentrations. 
      It is helpful to compare different fatty acids in 
modification of the Al surface. Three different fatty acids 
including stearic acid, oleic acid, and lauric acid were 
chosen to probe effect of the number of carbon atoms  and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
carbon-carbon double bonds on the hydrophobicity. As 
observed in Fig. 7, stearic acid is a fatty acid with 18 carbon 
atoms with all of bonds being C-C except the carboxylic 
acid group. The structure of oleic acid is very similar to that 
of stearic acid but it is a monounsaturated omega-9 fatty 
acid with a lipid number of 18:1 cis-9 [53]. Lauric acid is 
also similar to stearic acid but having 6 less carbon atoms 
with respect to stearic acid. 

 
Fig. 6. FTIR-ATR spectra of aluminum surfaces modified by organic thin films of (a) stearic acid, (b)  

               lauric acid, and (c) oleic acid. 
 
 
                    Table 4. Static Contact Angles and Sliding Angle Values of Al Surfaces with Different  
                                   Fatty Acids at Two Different Temperatures 
 

 Temperature  

 (°C) 

Water contact angle  

(°) 

Sliding angle 

 (°) 

Stearic acid 20 157.3 1.5 

 60 163.7 1.7 

Lauric acid 20 160.6 2.5 

 60 157.0 3.3 

Oleic acid 20 160.7 4.2 

 60 159.5 3.9 
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Fig. 7. Chemical structures of stearic acid, lauric acid and oleic acid. 

 
 

           Table 5. Static Water Contact Angles and Sliding Angle Values of Different Surfaces  Modified 
                          by Stearic Acid at 60 °C and 5 min Using Different Solvents 

 

Solvent Acetone Toluene Water DMF Ethanol 

Water contact angle 157.4° <90° 152.3° 149.8° 163.7° 

Sliding angle 12.0° Failed Failed 12.7° 1.7° 
 
 
 

 Table 6. Chemical Compositions of the Substrates after Modification by Stearic Acid at 60 °C 
                           for 5 min Using Different Solvents 

 

Elements Acetone Toluene Water DMF Ethanol 

Al 49.34 22.71 38.68 55.58 41.64 

Mn 0.20 0.01 0.08 0.23 0.18 

O 11.50 61.61 35.58 10.62 20.08 

Fe 0.28 0.08 0.15 0.32 0 

Na 0 0 0 0 0 

Cl 0 1.20 0 0.58 0.11 

Si 0.44 0.16 0.25 0.43 0.36 

C  38.25 14.23 25.25 32.25 37.64 
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Fig. 8. SEM images of Al plates at two different magnifications of 500 μm (a-e) and 50 μm (f-j) where panels (a)  
           and (f) are related  to  the acetone  solvent, (b) and (g) to toluene, (c) and (h) to water, (d) and (i) to DMF,  

             and (e) and (j) to ethanol. 

a 

b 

f 

g 



 

 

 

Fallah et al./Phys. Chem. Res., Vol. 5, No. 2, 339-357, June 2017. 

 352 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

   
Fig. 8. Continued. 
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      Overall, the three fatty acids showed similar behaviors 
in providing the hydrophobicity such that their 
corresponding sheets were all superhydrophobic (Table 4), 
though their behavior was different at the two temperature 
levels studied. At the reaction temperature of 20 °C, the 
contact angle with stearic acid modification was less than 
the other two fatty acids which were equally good at 
hydrophobization (showing contact angles of ~161°). In 
contrast to the low-temperature conditions, however, the 
stearic acid provided the highest contact angle (of about 
164°) among the three fatty acids at 60 °C. This means that 
the static contact angle of stearic acid increased with 
increasing the reaction temperature while it decreased for 
the case of lauric acid and remained almost unchanged in 
the case of oleic acid modification. These findings would be 
considered as initial guidelines for any possible application 
in industry. As such, one would prefer using oleic acid as a 
modifying agent of low surface energy for the desired low- 
temperature conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of Different Solvents with Stearic Acid as the 
Surface Modifier   
      This part explains the effect of different solvents in the 
course of the modification with stearic acid in terms of the 
contact angle. A total of five solvents were used, including 
acetone, toluene, water, DMF and ethanol. As seen in Table 
5, the static contact angle and sliding angle of the sample 
treated with stearic acid in ethanol was better than those in 
the other solvents. As a general observation, however, the 
obtained contact angle was high for most of the solvents 
(with the exception of toluene) such that the resulting 
surface was adequately hydrophobic. However, only ethanol 
gave a satisfactory sliding angle. For acetone and DMF, the 
contact angle was slightly higher than 10° but they have to 
be rejected because the self-cleaning feature is commonly 
attributed to surfaces with a sliding angle of lower than 10° 
[54]. With water and toluene as the solvent, the sliding 
angle was very high, thus being far from a self-cleaning 
ability. The toluene was the worst case as  it  did  not lead to  
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any superhydrophobic property. To further probe these 
findings, we studied the samples also via SEM and EDX 
analyses. As demonstrated in Table 6, the amount of carbon 
on the surface, which is an indication of the stearic acid 
uptake of the surface, is about 38% in the case of ethanol 
and acetone solvents, being higher than the other solvents. 
The toluene-solvent case which exhibited a hydrophilic 
property possessed the lowest C percentage (~14%).    
      As also shown in Fig. 7, the deposition of the stearic 
acid over the surface is acceptable for all of the cases except 
for the toluene solvent in which the fatty acid covered the 
surface non-uniformly. Therefore, the toluene is not a 
suitable solvent for the reaction medium. The SEM images 
obtained with water as the solvent revealed some non-
uniformity of the organic layer on the surface which is most 
probably the main reason for a high sliding angle in this 
case. Despite the lower C percentage on the surface treated 
in water than DMF (Table 6) and the less uniform layering 
of stearic acid in the former case (Fig. 8), the static contact 
angle of the surface prepared in water was slightly higher. 
This means that the layering of an organic compound might 
fulfill one aspect such as hydrophobicity while rejecting 
another property such as self-cleaning. Then, a perfect 
modification requires an adequately uniform deposition of 
the fatty acid on the surface without deteriorating the 
roughness of the surface. The ethanol at the first priority 
level acceptably provided these criteria for the Al sheets at 
the experimental conditions at hand, such that the high level 
of uniformity (Fig. 8) and the quality of the binding of 
stearic acid enabled a very low sliding angle (Table 5), 
meaning as a very good self-cleaning property.  
 
CONCLUSIONS 
 
      In this article, we explained the steps of fabrication of a 
superhydrophobic aluminum surface coated with stearic 
acid, lauric acid, and oleic acid. We discussed the effects of 
several important factors influencing the contact angle and 
sliding angle. The resulting surface demonstrated a 
promising superhydrophobicity along with a satisfactory 
self-cleaning property. An about 5-min duration for the 
etching process and the reaction temperature of about 60 °C 
were found to be optimum conditions for the creation of a 
superhydrophobic surface with a self-cleaning  feature.  The 

 
 
best results obtained at the optimum conditions were a 
contact angle of 163.7° and a sliding angle of about 1°. By 
increasing the reaction time, the contact angle increased 
with a small slope; however, an increase in the reaction time 
could not be reasonable from an economical point of view. 
Regarding the best results at near-ambient temperatures, the 
most appropriate fatty acid for the Al surface modification 
was oleic acid and the best solvent was ethanol. By 
addressing the important practical factors in the preparation 
steps, the present study can help in creating 
superhydrophobic aluminum surfaces with high contact 
angles and perfect self-cleaning properties through simple 
and low-cost procedures. Although, the results were 
obtained on Al plates, the trends and methods should be 
applicable to other systems. However, the optimum 
conditions may clearly differ from those reported in this 
article. 
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