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Superhydrophobic surfaces offer innovative solutions, particularly in water/oil separation systems, 
as they repel water and attract oil, enabling efficient separation. The study aimed to analyze coatings 
developed on galvanized steel and aluminum, regarding their wettability in saline water and diesel 
oil, aiming for applications in the oil and gas industry. Specimens underwent texturizing, in-situ 
growth of layered double hydroxide (ZnAl-LDH) film and modification with stearic acid (STA). 
Both LDH films exhibited similar binary hierarchical structures of hexagonal petals and micrometric 
flowers, interconnecting along the surface, forming pores that allowed for air entrapment after STA 
modification. CA for saline water exceeded 150º, and for diesel oil was under 10º, characterizing the 
coatings as superhydrophobic and superoleophilic. The coatings show promising potential for water/
oil separation using recyclable substrates and a simple, low-cost, environmentally friendly process.

Keywords: Nanocoatings, LDH films, Superoleophilicity, Superhydrophobicity, Water/oil 
Separation.

1. Introduction
The oil and gas sector is one of the main drivers of the 

global economy. In 2021, global investment in oil and gas 
exploration was more than US$30 trillion. In the same year, 
Brazil achieved a record-breaking oil export of approximately 
US$31 billion, generating a revenue of R$104 billion in 
taxes, deductions and fees1.

Unfortunately, accidents and environmental disasters 
associated with this sector have been documented in Brazil 
since 19752,3, often related to significant oil spills. Highlights 
include the accident in Guanabara Bay (RJ) in 1997, with 
a spill of 2.8 million liters of fuel oil into mangroves4, the 
2019 incident along the Brazilian coast affecting over 9 
states with the appearance of crude oil; and a similar event in 
2022, on the coast of Ceará state, proving how the problem 
remains current5.

Wettability is a property of materials related to the 
interaction of a liquid with a solid surface, being influenced 
by both morphology and chemical composition. With water 
and oil being chemically opposite, surfaces typically exhibit 
completely different wettability behaviors. In other words, a 
surface that repels water tends to attract oil, and vice versa6,7.

Water/oil-repellent coatings have a wide range of applications 
in the oil and gas industry. They can be used to extend the 

lifespan of offshore platforms by mitigating corrosive and fouling 
processes and enhance the flow and efficiency of pipelines by 
reducing drag and minimizing scale formation. In processing 
equipment, these coatings can improve the effectiveness of 
refining processes by acting as water-oil separators. Additionally, 
they can be applied to oil-water separation meshes to minimize 
the environmental impact of oil leaks8,9.

The Brazilian company Petrobras’ strategic plan 
establishes an ambitious goal of zero leaks by 202810. To 
achieve this goal, the prevention - and appropriate response 
- to accidents is extremely important. In this context, the 
search for innovation and the adoption of new solutions plays 
a crucial role. Superhydrophobic (SHP) surfaces emerge as a 
promising solution, arousing the interest of researchers due 
to their numerous application possibilities, including their 
use in water/oil separation systems11,12.

Quantitatively, the most common method for determining 
wettability is measuring the contact angle (CA). A SHP 
surface (CA ≥ 150°), which repels water, often exhibits 
the opposite behavior with oil, causing the liquid to spread 
(CA < 10°), and vice versa13-15. This characteristic allows 
for more efficient separation of these two liquids9, enabling 
the creation of three different types of materials: those that 
remove water7,16, those that remove oil8, or those that alter 
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One method to achieve such surfaces involves the 
combination of double-layered hydroxide films and fatty 
acids19,20. These compounds are characterized by the formula 
[M2+

1-xM
3+

x(OH)2]
x+. (An-)x/n . yH2O], where M2+ e M3+ represent 

metal cations in lamellar structures with a An- anion located 
in the interlayer space. Due to the flexibility in modifying 
their composition, various chemical combinations can be 
generated, making them extensively utilized for creating SHP 
surfaces21-23. They serve as agents for aggregating roughness 
and aiding in compatibility with surface energy-reducing 
agents, given their richness in hydroxyl groups24,25. The main 
objective is to form a hierarchical micro/nanometric structure, 
generating air pockets beneath droplets and achieving larger 
contact angles, following the Cassie-Baxter wettability 
model26,27. Figure  1 illustrates the interaction between a 
droplet and a rough surface according to the Cassie-Baxter 
wettability model (Fig. 1a) and in the presence of a modified 
LDH film (Fig. 1b).

Efficient oil-water separation not only contributes to 
environmental protection but also addresses industrial 
pollution from oily wastewater, aligning with sustainable 
development goals28,29. Given this, and in accordance with the 
SDGs, this work aims to analyze and characterize coatings 
on galvanized steel and aluminum 5052 substrates regarding 
their wettability with water and diesel, aiming for potential 
applications in oil-water separation.

2. Experimental

2.1. Materials
Aluminum alloy 5052 was supplied by Metaltorque Metais 

e Ferramentas Ltd. Galvanized A35 steel was provided by 
Galvanisa Ltd. Zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O) 
and aluminum nitrate nonahydrate (Al(NO3)3 · 9H2O) was 
procured from Dinâmica Química Contemporânea Ltd. 
Isopropyl/ethanolic alcohol and hydrochloric acid (HCl) 
were obtained from Anidrol Produtos para Laboratório 
Ltd. Ammonium hydroxide (NH4OH) and acetone were 
sourced from Química Moderna Indústria e Comércio Ltd. 
Sodium chloride (NaCl) was acquired from Hexis Científica 
Ltd. Diesel fuel was obtained from a local gas station. All 
reagents were of analytical grade and utilized without 
additional purification.

2.2. Preparation of specimens and surface 
treatment

The AA5052 (Al) samples were initially cut into dimensions 
of (20 x 20 x 3) mm, followed by a sanding process up to 
#1200 grit to remove oxides and homogenize the surface. 
The final step involved an acid attack in HCl (2M) for 10 
minutes, aiming to create an initial microstructure.

The galvanized steel (GS) samples were supplied pre-cut 
and industrially coated, with dimensions of (30 x 30 x 6) mm. 
Surface treatment for these samples involved a light blasting 
with alumina to remove oxides present on the surface and 
create a more uniform initial texture.

The surface preparation process was followed by cleaning 
with isopropyl alcohol and acetone in an ultrasonic bath for 
5 minutes each, followed by air drying.

2.3. Chemical modifications
The creation of the suitable morphology for achieving 

superhydrophobicity was accomplished through the 
development of films of Zn-Al layered double hydroxide 
(LDH). The Zn-Al-LDH coatings were generated in-situ 
on aluminum and galvanized steel surfaces, alternating the 
suppliers of Al3+ e Zn2+ cations between the substrate and 
nitrate solutions.

Al samples (Al3+ source) were modified in a zinc nitrate 
solution (Zn2+ source), while GS samples (Zn2+ source) were 
modified in an aluminum nitrate solution (Al3+ source). Both 
modifications were carried out in a water bath for 180 minutes 
at 70°C in a 0.1M solution in the presence of ammonia.

The surfaces were then modified with a surface energy-
reducing agent to achieve water repellency. This process 
involved immersion in a stearic acid solution (1% w/v) for 
90 minutes. Finally, the surfaces were placed in an oven 
where they remained for 120 minutes at 80 °C, before being 
cooled at room temperature (25°C).

2.4. Surfaces characterization

2.4.1. Topography and roughness parameters
The topography and roughness parameters, including 

(Ra), root mean square (RMS), skewness (Rsk), and kurtosis 
(Rku), were analyzed using a confocal microscope (Zeiss 
– Axio Imager Z2m).

2.4.2. Morphological and chemical characterization
For surface morphology evaluation, a Field Emission 

SEM was utilized (Tescan – MIRA 3, Mira TC software). 
Additionally, a semi-qualitative chemical analysis was 
performed using EDS (Oxford Instruments – X-act 51-
ADD007, Aztec software) associated with the SEM.

2.4.3. Zinc layer thickness
The measurement of the coating layer thickness was 

performed by taking five random measurements on each 
side of the galvanized steel sample using a thickness gauge 
(DeFelsko® – Positector® 6000 series).

2.4.4. Wettability
The wettability of the surfaces was assessed through 

contact angle measurements using an optical goniometer 
Figure 1. Interaction of a water droplet based on the Cassie-Baxter 
wettability model (a) and on a modified LDH film (b).
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(Biolin Scientific® Theta Attention®, OneAttension 3.0 
software). The measurements were conducted at room 
temperature (25°C) with an average of 5 drops of saline 
water (NaCl 3,5%) and diesel (10 µl) randomly dispensed 
along the surface.

3. Results and Discussions

3.1. Topography and roughness parameters
The achievement of superhydrophobicity on solid surfaces 

relies on the combination of a micro-nanometric structure 
and low surface energy30,31. Therefore, to establish an initial 
roughness for anchoring the Zn-Al-LDH films, preliminary 
texturizing processes were implemented on the surfaces of 
both the aluminum (Al) and galvanized steel (GS) samples. 
Table 1 shows the roughness parameters before and after 
the initial texturization.

Rq (Root Mean Square) represents the standard deviation 
of surface heights, serving as a parameter less susceptible to 
extreme values in the measurement32. A significant increase 
in the RMS value was observed from the sanded Al sample to 
the etched one, indicating that the chemical etching induced 
a heightened roughness on the surface, as confirmed in the 
3D surface images (Figure 2a  and  2b). The color-coded 
topography histogram visually demonstrates a threefold 
increase in the total profile amplitude, from 60 to 180 um.

SEM images show how the acid etching applied to the 
Al samples altered the surface morphology, evolving from 

parallel scratches (Fig. 2.a1), typical of the sanding process 
with abrasive paper, to interconnected micrometric structures 
arranged in a cubic-like33 pattern with smooth tops (Fig. 2.a2). 
This transformation is attributed to the selective action of 
HCl in regions around the dislocations, resulting in the 
formation of micropits through the reactions34-36:

2 3 3 2Al O 6HCl 2AlCl 3H O+ → + 	 (1)

3 22Al 6HCl 2AlCl 3H+ → + 	 (2)

The specialized roughness parameters, Rsk and Rku, serve 
as indicators of asymmetry and sharpness of irregularities, 
respectively. Rsk values < 0 signify a prevalence of irregularities 
with heights below the average, while Rku values > 3 indicate 
that more pronounced irregularities are concentrated on the 
surface (leptokurtic)32. Despite the complete alteration of 
surface morphology through HCl etching, the Rsk and Rku 
values of the texturized Al remained nearly unaltered. This 
suggests that the surface continued to maintain a prevalence 
of narrow valleys, with irregularities proportionally increased 
in both directions.

Due to zinc’s high susceptibility to HCl acidic etching37, 
texturization was achieved through light alumina blasting. 
SEM images of the untreated GS (Fig. 2.b1) displays ridges 
associated with the cooling process of molten zinc and 
the presence of corrosion products. The blasting process 
induced a structure of multidirectional scratches (Fig. 2.b2) 
with coarser dimensions compared to the etched aluminum 
surface. Contrastingly to the Al sample, the blasted GS sample 
exhibited a slight decrease in RMS, as blasting is a common 
procedure for eliminating irregularities or contaminants38, 
besides establishing an anchor profile.

Simultaneously, the analysis of the color histogram 
reveals an unaltered total profile amplitude of the surface. 
This outcome suggests that texturization modified the 
morphology of existing irregularities without impacting the 
total profile height, which remained at 55 µm. In fact, the 

Table 1. Roughness parameters before and after texturization.

Sanded Al Etched Al Untreated GS Blasted GS
Ra 1.153 4.890 2.305 1.709
Rq 1.497 6.672 2.707 2.157
Rsk -0.345 -0.358 -0.658 -0.149
Rku 5.237 5.680 2.304 4.012

Figure 2. SEM and topographic analysis of substrate surfaces: (a1) Sanded Al, (a2) HCl etched Al, (b1) Untreated GS, and (b2) Blasted GS.
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obtained roughness parameters indicate that blasting caused 
a slight decrease in Rq, albeit not significantly pronounced. 
Despite the increase in the Rsk value, implying a tendency 
to form peaks along the surface, the sample maintained 
a prevalence of valleys (Rsk < 0). Rku indicates that the 
existing irregularities became sharper after blasting, aligning 
with the SEM images.

3.2. Zinc layer thickness
To assess material loss and financial viability, the Al and 

GS samples were weighed before and after the acid etching 
and blasting procedures, respectively. The data indicated a 
loss of less than 1.5% for Al and 1% for GS. However, for the 
GS samples, evaluating the loss of thickness is also crucial to 
evaluate the impact on the barrier protection of the coating.

The Brazilian technical standard NBR-6323 stipulates a 
minimum zinc layer thickness of 84 µm in the galvanization 
process for steel products39. The zinc layer of industrially 
galvanized samples measured approximately 91 µm, complying 
with the technical standard. However, the blasting process 
resulted in a reduction of about 10% in thickness (averaging 
9 µm), making the coating slightly below the specified value. 
Consequently, the blasting process carried out needs to undergo 
modifications in the future to avoid compromising the corrosion 
protection of the steel, as the operational conditions of the oil 
and gas industry in Brazil are known to subject steel products 
to harsh environmental challenges40-42.

3.3. Morphological and chemical characterization
The Zn-Al-LDH film was designed to alter the textured 

surface of GS and Al, creating a micro-nano-hierarchical 
geometry that facilitates the entrapment of air beneath the 

droplet. The in-situ formation of the films included the 
dissolution of the substrates, utilizing them as a source of 
bivalent cations (Zn2+) for galvanized steel and trivalent 
cations (Al3+) for the aluminum alloy. The missing metallic 
cations in both cases were provided by the precursor salts, 
aluminum nitrate, and zinc nitrate, respectively.

Figure 3 provides a comparison between the microscopies 
of the LDH films obtained on the two substrates: (a) Al and (b) 
GS. In both samples, it is possible to observe the deposition 
of lamellar structures in the form of hexagonal petals that 
cluster together to form hierarchical micro-nanostructures 
resembling flowers. The vertical alignment of these lamellae 
creates an interconnected network that allows the formation 
of pores throughout the entire surface. These characteristics 
of the LDH films contribute to an increase in the surface area, 
as well as to achieving a wettability configuration similar 
to the Cassie-Baxter model43-45.

Comparing Figures (3a1 and 3b1) with Figures (3a2 and 
3b2) reveals that the LDH film on the GS substrate exhibited 
more refined lamellae with a denser presence on the substrate, 
forming smaller flowers (highlighted). The presence of clear 
nanorods clustered in star-like shapes was only observed in 
the Al sample, being associated with zinc oxide (ZnO)44,45.

The enlarged images provide a clearer view of the flower-
like structures (Figures 3a3 and 3b3). The lamellae thickness 
on the AA5052 substrate ranged from 100 to 200 nm, while 
on the galvanized substrate, it varied from 52 to 76 nm. The 
images highlight a greater number of pores for the LDH on 
the galvanized substrate, a morphological feature that, as 
previously mentioned, may contribute to improving water 
repellency properties.

The elemental composition analysis of both GS and Al 
samples (Figure 4) reveals significant alterations induced 

Figure 3. Surface morphologies revealed by SEM: (a) Al substrate and (b) GS substrate.
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by the in-situ formation of the Zn-Al-LDH film. In the GS 
sample (Figure 4a), the conversion coating introduced the 
element N to the untreated surface (UN). Notably, there is an 
increase in the O and Al elements, coupled with a decrease 
in the Zn element. This observed behavior can be linked to 
the LDH film formation process, which obtained external 
Al3+ cations through aluminum nitrate, while the only source 
of Zn2+ was derived from the substrate being coated. The 
presence of C element in the composition may be attributed 
to the existence of zinc carbonate on the surface.

A similar trend was observed for the Al sample (Figure 4b). 
The chemical modification resulted in the appearance of 
new elements, including N and Zn, not originally present in 
the substrate (UN). Additionally, the alloying elements and 
impurities inherent in the substrate, such as Mg, Si, and Cr, 
remained unidentified, suggesting the occurrence of surface 
coating. Analogous to the GS sample, the concentration of the 
metallic cation supplied by the substrate (Al3+, in this case) was 
reduced and the O element exhibited a significant increase.

Thus, the coatings obtained in the GS and Al samples 
showed similar proportions of the elements O, Zn, Al, and 
N, which constitute the main elements of a Zn-Al-LDH film.

The high concentration of O element plays a crucial role 
in the formation of Zn-Al-LDH films as it is present in the 
hydroxide ions (OH-) within the lamellae. These ions react 
with the metallic cations, forming Al and Zn hydroxides44. 
This chemical reaction contributes to facilitates the interaction 
with fatty acids (in addition of the increased surface area 
provided by the LDH films), as the hydroxides bind with 
the polar carboxyl group of these fatty acid31,44,45.

The Figure 4 also illustrates the changes in chemical 
composition after stearic acid coating. There is an increased 
presence of carbon in the GS sample (Figure 4a) and its 
emergence in the Al sample (Figure 4b). These chemical 
alterations manifest in the SEM images (Figure 5 a1 and b1), 
showcasing a translucent deposition on both substrates. 
Through EDS mapping of the C element (Figure 5 a2 and b2), 
this deposition is linked to the stearic acid molecule, while 
retaining the hierarchical structure previously established 
during the formation of LDH films.

Stearic acid is a long-chain carboxylic acid with 18 carbon 
atoms in its structure. At one end of its chain, the presence 
of the carboxyl group (-COOH) allows this compound 
to react with the LDH film (OH-) through an acid-base 

reaction, resulting in the formation of carboxylate ions and 
water (Figure 6a). Following this reaction, the carbon chain 
(nonpolar) of the formed carboxylate ion is oriented opposite 
to the substrate, as depicted in Figure 6b25,31,44.

3.4. Wettability
The interaction between the Zn-Al-LDH films and the 

fatty acid can be more effectively evaluated by examining 
the evolution of surface wettability. Typically, metal surfaces 
are hydrophilic, characterized by contact angles (CA) of 
less than 90° 28. As expected, the untreated Al presented a 
hydrophilic wettability with CAUN =70°. However, untreated 
GS was hydrophobic, with CAUN =107°. Texturing the surface, 
as explained by Wenzel, enhances the intrinsic wettability 
of the material. This behavior was indeed observed on the 
etched Al and blasted GS, where the initial CA dropped 
to 52° for Al and to 89° for GS. Figure 7 depicts a graph 
illustrating the progression of CA throughout the process 
of achieving nanometric coatings on Al and GS samples.

The abrupt change in wettability occurs when the LDH 
film is formed, transforming the surfaces into super-hydrophilic 
due to the presence of hydrophilic groups (hydroxide ions)15, 
as presented in Figure 6a. The contact angles of both Zn-
Al-LDH films were found to be close to zero.

The modification with the surface energy agent allows to 
alter the wettability of the samples from super-hydrophilic 
to superhydrophobic, as shown in Figure 7. CA values for 
GS and Al both increased from 0° to CA values exceeding 
150°, rendering the surfaces highly water-repellent and 
minimizing the contact between the liquid and the solid.

The reduction in contact can be quantified using the 
Cassie-Baxter formula (Equation 1), which calculates the 
portion of air retained between the water droplet and the 
coating. This approach allows for the quantification of the 
water repellency efficiency of the substrate, as a greater 
amount of air beneath the droplet implies less contact with 
the substrate. Equation 3 is described below:

( )Cos   cos  1 1SHP SMOOTHfsθ θ= + − 	 (3)

where fs denotates the solid fraction, θSHP corresponds to the 
coating CA value, and θSMOOTH represents the CA of an ideal 
surface of the same material46,47. The contact angles for the 
smooth surfaces of Al and GS, modified only with AE, were 

Figure 4. Elemental composition analysis of samples: (a) GS and (b) Al.
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Figure 5. SEM images (1) and EDS mapping of Carbon element (2) after stearic acid modification of Zn-Al-LDH films on (a) Al and 
(b) GS samples.

Figure 6. Schematic representation of Zn-Al-LDH and stearic acid interaction.

Figure 7. Contact angle evolution during nanometric coating 
formation in GS and Al samples.

103° and 110º, respectively. Thus, the air fraction (1-fs) for 
the SHP coatings of Al and GS is 86% and 87%, respectively. 
This means that the contact between the electrolyte and the 
metallic surface is reduced to less than 15% in both samples.

This outcome is visually manifested by the emergence of 
an air layer when the SHP surfaces are completely submerged 
in water. In Figure 8, both the uncoated and SHP-coated Al 
and GS samples were submerged in a synthetic seawater 
solution. While Figures 8.a1 and 8.b1 depict the uncoated 
samples as opaque, Figures 8.a2 and 8.b2 display a distinctive 
gleam, or silvery shine, indicative of the Salvinia Effect. This 
phenomenon occurs from the total reflection of incident light 
at the air-water interface48,49.

Scientists explain that a surface showcasing the Salvinia 
Effect, upon encountering an oil film on a water surface, 
ends up adsorbing it49-51. This behavior is attributed to the 
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infiltration of oil into the hierarchical structures of the surface, 
replacing the pre-existing air. Therefore, the substantial air 
content within the coatings obtained on Al and GS substrates 
suggests a promising application as a solution for oil spills 
along the Brazilian coastline52.

The Lotus effect, denoting the self-cleaning attribute of 
SHP coatings, was assessed in Figure 8b. Both uncoated and 
SHP-coated samples were tilted at a 10° angle, with sand 
grains placed on their surfaces. Self-cleaning is a significant 
characteristic as dirt can negatively impact the interaction 
between water and the surface, thus affecting the efficiency 
of oil/water separation. In the case of uncoated samples 
(Figures 8a3 and 8b3), dirt resists removal by the droplet, 
remaining on the surface where the droplet exhibits high 
adhesion. In contrast, the SHP surfaces of Al (Figure 8a4) 
and GS (Figure 8b4) effectively removed dirt as the droplet 
rolled, leaving behind a clean trail on the surfaces.

Superhydrophobic coatings, as explained previously, 
tend to demonstrate strong interaction with oily compounds, 
presenting oleophilic tendencies that extend to superoleophilic 
behavior13-15,53. In Figure 9, photographs of water and diesel 
oil droplets on the SHP coatings obtained on the AA5052 
aluminum alloy and galvanized steel are presented.

As observed, the coatings applied to aluminum (Fig. 9.a2) 
and galvanized steel (Fig. 9.b2) exhibited contact angles with 
diesel oil of less than 10°, indicating extensive spreading 
of the droplet and high wetting of the surface by the oil.

This observed superoleophilic behavior can be attributed 
to the presence of aluminum stearate and zinc stearate 
compounds, respectively formed on the surfaces of the 
aluminum alloy and galvanized steel31,44. As previously 
represented in Figure 6, the stearate of the corresponding 
metal has a long carbon chain (18 carbons), which is oriented 
towards the outer part of the coating. Thus, this long chain, 

Figure 8. Salvinia and lotus effects on Al (a) and GS samples (b): uncoated (1 and 3) and superhydrophobic (2 and 4).

Figure 9. Wettability of nanometric coatings on (a) Al and (b) GS samples with saline water and diesel oil.
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having a nonpolar character, promotes water repellency, 
which has a polar nature and allows significant interaction 
with diesel oil, which has a nonpolar character54,55.

4. Conclusions
The obtained coatings have demonstrated significant 

potential for application in mitigating and controlling oil 
leakage contamination in natural waters. The Zn-Al-LDH 
films, derived from different sources of metal cations Zn2+ 
and Al3+, produced similar petal and flower-like structures, 
enhancing the surface area, and forming numerous pores 
across the surface. Finer structures were observed on the 
galvanized steel substrate, resulting in a higher quantity of 
pores and increased adsorption of the carbon element, present 
in the surface energy-reducing agent. Stearic acid chemically 
interacted with the LDH films, modifying the wettability of 
the surfaces from superhydrophilic to superhydrophobic. 
Both coatings exhibited the Lotus Effect, indicating a 
low interaction between the surfaces and the droplets, as 
predicted by the Cassie-Baxter wetting model. Additionally, 
the Salvinia Effect, also identified in both samples, suggests 
that the micro-nanometric hierarchical structures formed by 
the Zn-Al-LDH film created a texture capable of forming 
air pockets upon interaction with water. In contrast, when 
encountering oil, which possesses polarity opposite to that 
of water, these air pockets functionated as fluid reservoirs, 
effectively adsorbing the liquid. As a result, superhydrophobic 
and superoleophilic coatings have been attained, exhibiting 
mutual repellency to water and absorption of oil. Therefore, 
these coatings represent a promising and sustainable alternative 
for the development of meshes, networks, and/or separation 
membranes for these fluids, which can address industrial and 
environmental challenges through a simple, cost-effective, 
and environmentally friendly approach.
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