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Hydrophobic-oleophilic surfaces based on chemical modification of 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fabrication and characterization of 
nanoporous anodic alumina structures. 

• Perfluorooctyl functionalization of 
nanoporous surfaces. 

• Influence of topography and surface 
chemistry on the wettability of nano
porous alumina substrates. 

• Contact angle measurements using 
water and non-polar solvents. 

• Surface energy of nanoporous anodic 
alumina surfaces calculated by “three- 
liquid acid-base procedure”.  
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A B S T R A C T   

Hydrophobic/oleophilic nanoporous anodic alumina substrates were fabricated by two-step anodization method 
following of chemical modification with 1H, 1H, 2H, 2H-perfluorooctyltrichlorosilane (FOTS). Surface 
morphology was characterized using a scanning electron microscopy. The influence of the topography and the 
pore size of the surface in the contact angle measurements with different solvents have been studied. The water 
repellence capacity of the nanoporous anodic alumina structure as fabricated depends on pore diameter but, 
there is a critical value of pore size beyond which the water contact angle decrease. After chemical modification 
of the surface, this effect is not observed. The porous topography of the material is not an advantage for the 
oleophibicity. The CA values for the non-porous surface using different solvents are lower than the structured 
surface. 

The results obtained in this study can be used to desire wettability properties. Modified NAA exhibit hydro
phobicity and at the same time permeability for solvents with low surface tension.   

1. Introduction 

Wettability is a surface property of a solid material used in a variety 
of field in industrial applications and also in daily [1–6]. Two factors can 
regulate this property of the materials: one is the surface topology and 
the other is the chemical component of the surface. The surface topology 

can be explained by the classical theoretical models attributed to Wenzel 
[7], Cassie [8] and derivatives [9,10]. Wenzel state is a complete wet
ting state, the space between the surface protrusions on the surface is 
totally wetted with liquid (Fig. 1a). In the Cassie state, the liquid droplet 
cannot immerse into the structure. The liquid is only on the top of the 
rough surface due to the air fraction trapped at the bottom between the 
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liquid droplet and the surface (Fig. 1b). The contact angle (CA) is uti
lized as a measure of wetting between a liquid and a solid surface and 
can be assessed directly by measuring the angle formed between the 
solid and the tangent to the drop surface. The CA of water in the Wenzel 
and Cassie states can be calculated using the following equations:  

cos θw = r cos θY                                                                            (1)  

cos θCB = (cos θY +1) f - 1                                                               (2) 

where θY is the Young’s CA of a smooth surface [11], r is the area ratio of 
structured surface to planar surface (r ≥ 1), θw is CA in the Wenzel state, 
θCB is the CA in the Cassie state and, f is the surface fraction of the 
droplet that is in contact with the surface. 

In some cases, when the droplet is placed on structured surfaces, the 
liquid partially enters into the structure allowing the liquid droplets 
stick to the surface. This state is called intermediate state and have been 
studied by different authors [12,13] (Fig. 1c). 

Wettability can be modified by creating a rough micro- or nano
structure [14–19], or by modifying the substrate with a layer of chem
ical coating [20–26]. By design and modifying with a particular 
chemical modification, some surfaces simultaneously can be showing 
different behaviour. Porous hydrophobic and oleophilic materials 
(PHOMs) are interesting in microfluidics [27,28], oil/water separation 
[29–31], oil cleaning or oil droplet manipulation [32,33]. This type of 
materials have been demonstrate to be good candidates for cleaning up 
oil spills, which have increased in the last decades and it have caused 
damages to the environment and also to the society [34]. PHOMs have 
the option to eliminate an oil layer from the water surface. 

In the last decade, several studies have been focused on fabrication of 
hydrophobic surfaces on metal, such as aluminium. Preparation of hy
drophobic surface with micro- or nanostructures is of interest to improve 
the surface performance of aluminium. Many techniques have been re
ported to obtain super- and hydrophobic surfaces on aluminium [22, 
35–38]. The anodization method is one of the methods in preparing 
micro and nanostructures, such as nanoporous anodic alumina (NAA), 
for large-scale applications. This technique allows controlling the sur
face morphology by anodization time or voltage. 

Nanoporoous anodic alumina (NAA) is an attractive material for 
surface engineering due to because of its cost-effective and highly 
controlled fabrication process such as interpore distance and diameter of 
pores and, good thermal stability. NAA has been used in a different 
range of applications [39–43]. Moreover, the high content of hydroxyl 
groups on the surface make easier the functionalization of the material, 
which improve the properties of the alumina for different applications 
such as biocompatibility for cell culture, tissue engineering or drug 
delivery [44–49]. 

It is well-know the fabrication of porous materials with selective 
wettability by chemical functionalization with alkyl or fluorine groups. 
Herein, we prepare NAA chemically modified using a hydrophobic self- 
assembled monolayer (1H, 1H, 2H, 2H,-perfluorooctyltrichlorosilane, 
FOTS), to give a lower surface energy while maintaining the surface 
topography [21,23,50,51]. The non-polar nature of fluorinated alkanes 
awards range properties, such as water repellence. 

In this paper, surface nanostructure is modified in order to improve 
the hydrophobicity of the NAA and, we have studied the simultaneous 

oleophilicity of the material with different liquids after functionaliza
tion. FOTS present fluorinated groups, which reduces the surface energy 
with the material and can self-assemble on surfaces with hydroxyl 
groups such as the NAA samples. Our results demonstrate that with a 
particular functionalization the same material can be hydrophobic and 
oleophilic at the same time. The topography of the surface and in spe
cific the pore diameter and the porosity of the sample play a role in the 
wettability of the material. Another parameter to consider is the surface 
energy. It have also been calculated by the van Oss-Good model, which 
consider acid-base interactions. 

This type of surfaces are more studied recently because of their ap
plications in oil/water separation, anti-oils coatings, oil droplet 
manipulation or oil capture. 

2. Experimental section 

2.1. Fabrication of nanoporous anodic alumina (NAA) 

Nanoporous anodic alumina was fabricated from high purity 
99.999% aluminium foils (Goodfellow, Cambridge Ltd.) using a two- 
step anodization process in different acids [52–54]. The first anodiza
tion was performed at 40 V in 0.3 M oxalic acid (H2C2O4) solution at 5 ◦C 
for 20 h or 1% phosphoric acid (H3PO4) at 195 V for 20 h at − 5 ◦C. After 
removing porous alumina by a wet chemical etching in a mixture of 0.4 
M phosphoric acid (H3PO4) and 0.2 M chromic acid (H2CrO4) at 70 ◦C, a 
second step was carried out until a total charge of 80 C per sample used 
in the anodization. The anodic oxidation of aluminium can result NAA of 
20 μm thickness with pore diameters from 25 nm to 130 nm. A wet 
chemical etching in 5 wt % phosphoric acid at 35 ◦C was applied to 
widened the pore size and it increase with the time prolongation. 
Etching times of 20, 40 and 95 min were selected. 

2.2. Surface characterization 

NAA substrates morphology were analyzed by scanning electron 
microscopy using a FEI Quanta 600 environmental scanning electron 
microscope (ESEM) (Hillsboro, OR, USA) operated in low vacuum at an 
accelerating voltage between 15 and 20 KeV. 

2.3. Chemical modification of NAA surfaces 

All the NAA substrates were treated with 1H, 1H, 2H, 2H,-perfluor
ooctyltrichlorosilane (FOTS) (CAS: 78560-45-9, Alfa Aesar, Germany). 
The same approach as in previous work was employed [55]. In brief, 40 
μl of FOTS was dropped into 40 ml of n-hexane. Each NAA sample was 
placed inside the FOTS-hexane solution for 1h with gentle agitation. The 
substrates were then take out of the solution, rinsed with hexane and 
place in an oven at 110 ◦C for 1h. The samples were rinsed with acetones 
and left to dry. 

2.4. Contact angle measurements 

Contact angles (CA) were measured using a drop shape analysis 
system under ambient conditions applying solvent droplets of about 3 μl. 
The average CA value was obtained by measuring 9 times at three 

Fig. 1. Classical theoretical models. Schematic representation of a liquid droplet on non-planar surface: a) Wenzel’s model, b) Cassie’s model and c) Interme
diate state. 
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different positions for each sample. 

2.5. Infrared spectrometry 

Fourier transform infrared (FTIR) spectroscopy was used to charac
terize the surface after chemical surface modification. FTIR spectra were 
obtained using a Jasco FT/IR-6700 Infrared Spectrometer in trans
mittance mode. Background spectra and sample spectra were recorded 
over the range of 500–2500 cm− 1 at a resolution of 4 cm− 1 and aver
aging 64 scans. Data were analyzed using Spectra Manager™ Suite 
Spectroscopy Software. 

2.6. Energy dispersive X-ray spectroscopy (EDX) 

Nanoporous anodic alumina subtrates after chemical modification 
were analyzed by energy-dispersive X-ray spectroscopy using a detector 
coupled to FEI Quanta 600 environmental scanning electron 
microscopy. 

3. Results and discussion 

3.1. Fabrication and characterization of nanoporous anodic alumina 

The nanoporous anodic alumina was fabricated in a controllable 
process using the two-step anodization method as we describe previ
ously in experimental section. The pore diameter were tuned by varying 
etching conditions (Table 1). Fig. 2 shows top view ESEM images of 
nanoporous alumina surfaces of 20 μm thick NAA layers grown from 
oxalic and phosphoric electrolytes. The anodic oxidation of aluminium 
in oxalic acid can result in the pore diameters from 25 nm to 30 nm, 
which can be widened after etching treatment. When the electrolyte 
used in the anodization step is phosphoric acid, the pore diameter ob
tained is from 130 nm to 135 nm and it can be growth with different 
etching times until 370 nm. 

After ESEM characterization of the samples, we can observe that the 
pore size, the pore wall thickness and the porosity are affected by the 
etching parameters, while keeping the interpore distance remains con
stant using the same electrolyte (Table 2). 

3.2. Wettability of NNA surfaces 

The wettability of the fabricated nanoporous surfaces was charac
terized by contact angle measurements with 3 μl of water droplets. We 
also analyzed the wettability on non-porous flat alumina substrate. In 
this case, the surface is hydrophilic with a water contact angle (WCA) of 
64.25◦, which is lower than the electropolished Al surface (85.01◦) and 
different to the values reported previously [50]. It may be come from 
different structural features due to different conditions during the 
preparation of the surface and it affect the WCA values. Herein, the 

non-porous alumina surface was obtained at 40 V in 0.3 M oxalic acid 
solution at 5 ◦C during 15 s. 

The degree of wettability of NAA can be determinated by the contact 
angle and, to understand the behavior of contact angle on nanoporous 
surfaces, pore size should be considered. It is well-known that the pore 
diameter and the porous alumina thickness influence on the wetting [13, 
56–58]. In Fig. 3, the WCA as a function of the pore diameter for the 
fabricated NAA structures is plotted. As the figure shows, increases in 
pore size lead to changes in wettability surface. We observe that there is 
a critical pore diameter from which WCA falls down. The pore walls 
become too thin with increasing etching time, and then it cannot support 
the water droplet. It spreads easily and the hydrophobicity of the surface 
decrease. Similar results are reported in previously works [55,59]. 

When the geometrical parameters pore diameter and interpore dis
tance are modified, porosity is also altered. For different porosity values 
will be different solid-liquid contacts and, the geometry of water droplet 
on the porous surface will be different. 

Herein, the porosity value has been calculated from the surface 
topography from ESEM images using ImageJ software, by counting the 
percentage of pixels whose intensity is below a set threshold. The 
porosity is the “surface porosity” of the sample that is the area fraction 
occupied by depressions. Fig. 4 illustrates the WCA values at different 
porosity for all samples. The results show that no correlation between 
porosity and contact angle was found. 

3.3. Chemical modification and wettability properties of NAA substrates 

Chemical modification of the nanoporous anodic alumina structures 
offers a solution for the obtaining of hydrophobic surfaces. Herein, NAA 
surfaces were modified utilizing a hydrophobic surface coupling agent 
(1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS)), in order to 
improve the hydrophobic properties of the material. The surface prop
erty of the NAA-FOTS was characterized by measuring contact angle 
with water (WCA). FOTS increase the water repellence of the substrates 
because it hydrophobic termini with fluorinated tail groups and reduce 
the surface energy with the substrate. This silane can self-assemble on 
any surface with hydroxyl groups such as aluminum oxide (Al2O3). 

A direct comparison of untreated and modified non-porous alumina 
and NAA-P-E95 is presented in Fig. 5. The surface of non-porous alumina 
is hydrophilic and, as we mentioned before, a surface modification with 
FOTS leads to an increased hydrophobicity. This increase is observed 
also in the NAA structure. The combination of the porous alumina sur
face and chemical modification with a silane with fluorine groups allow 
the fabrication of hydrophobic aluminum oxide surfaces. 

Fig. 6 exhibits that there is a critic pore diameter from which WCA 
falls down as we explained previously. After surface modification with 
the fluorosilane reagent, all the nanostructures exhibit a change toward 
hydrophobic surfaces, which present CA values higher than 90 ◦C. The 
WCA values do not follow the pore diameter trend as the given in Fig. 3. 
It is possible that hydrophobic tails in FOTS prevent water entrance into 
the pores and the water does not experience in the same way the in
fluence of the surface’s topography as is explained in a previous work 
[55]. WCA values for NAA-FOTS are higher than for non-porous-FOTS 
surface, so we can confirm that the porous are required to obtain high 
hydrophobicity in alumina. 

FTIR spectra of aluminium, non-porous alumina and NAA fabricated 
from oxalic acid before and after chemical modification is shown in 
Fig. 7. NAA samples show characteristic peaks for Al–O bonds from 1400 
to 1600 cm− 1. The peaks at 1124, 1144, 1212 and 1239 cm− 1for the 
NAA modified surface are attributed to the CF2 groups. The bands for 
CF3 group are in the range of 1110–1350 cm− 1and is difficult to 
distinguish it overlaps with the CF2 bands. We confirm that the hydro
philic property of NAA is modified by FOTS to form hydrophobic sur
faces in the FTIR analysis shown in Fig. 7 but, it do not allow a 
quantitative comparison of the functionalization groups on the different 
samples. 

Table 1 
Etching conditions for preparation nanoporous anodic alumina substrates by 
anodization technique.   

Electrolite Voltage 
(V) 

Temperatura 
(◦C) 

Etching Time 
(min) 

NAA-O- 
NE 

0.3 M Oxalic acid 40 5 0 

NAA-O- 
E20 

0.3 M Oxalic acid 40 5 20 

NAA-P- 
NE 

1% Phosphoric 
acid 

195 − 5 0 

NAA-P- 
E20 

1% Phosphoric 
acid 

195 − 5 20 

NAA-P- 
E40 

1% Phosphoric 
acid 

195 − 5 40 

NAA-P- 
E95 

1% Phosphoric 
acid 

195 − 5 95  
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Fig. 8 shows the EDX spectra of NAA surfaces from different elec
trolyte etching after chemical modification. It can be seen that the NAA- 
FOTS consist of O and Al from Al2O3 and F from the hydrophobic 
coupling agent (FOTS). The minimum C and P on the surface might be 
from the electrolyte residual from the anodization step or the etching to 
widen the pore size. The ratio of aluminium to oxygen in Al2O3 calcu
lated from EDX data is 1.09 for NAA-O-E20 and 1.12 for NAA-P-E95, 
which correspond to the alumina value (1.12). 

3.4. Oleophilic performance of chemically modified NAA substrates 

Some porous materials show, simultaneously, hydrophobicity and 
oleophibicity after designing and modifying chemical chains on the 

Fig. 2. Morphological analysis of Nanoporous 
Anodic Alumina. Top view ESEM images of nano
porous anodic alumina with different pore size. a) 
Non-porous alumina, b) NAA-O-NE, etching time 0 
min, pore diameter = 28.01 ± 2.54 nm, c) NAA-O- 
E20, etching time 20 min, pore diameter = 70.15 
± 5.87 nm, d) NAA-P-NE, etching time 0 min, pore 
diameter = 133.73 ± 13.34 nm, e) NAA-P-E20, 
etching time 20 min, pore diameter = 184.47 ±
19.34 nm, f) NAA-P-E40, etching time 40 min, pore 
diameter = 200.30 ± 10.21 nm, g) NAA-P-E95, 
etching time 95 min, pore diameter = 378.90 ±
12.10 nm.   

Table 2 
Geometrical parameters of nanoporous anodic alumina substrates and WCA 
values.   

dpore (nm) dinterp (nm) Porosity (%) WCA (◦) 

NAA-O-NE 28.01 ± 2.54 101.25 ± 4.20 16.55 ± 4.18 42.10 ±
7.83 

NAA-O- 
E20 

70.15 ± 5.87 103.81 ± 5.68 50.24 ± 1.51 46.12 ±
5.65 

NAA-P-NE 133.73 ±
13.34 

453.78 ±
17.25 

8.35 ± 0.96 74.81 ±
2.21 

NAA-P-E20 184.47 ±
19.34 

454.15 ±
15.52 

17.23 ± 0.64 76.37 ±
3.35 

NAA-P-E40 200.30 ±
10.21 

459.22 ± 8.37 26.0 ± 1.21 71.93 ±
6.65 

NAA-P-E95 378.90 ±
12.10 

455.21 ± 3.74 56.81 ± 0.83 50.75 ±
4.15  

Fig. 3. Water contact angle versus pore diameter. WCA measurements as a 
function of pore diameter of NAA substrates obtained with different anod
izing parameters. 

Fig. 4. Water contact angle versus surface porosity. WCA as a function of 
the surface porosity for NAA structures. 

Fig. 5. Comparison of untreated and modified non-porous alumina and 
NAA. Images of 3 μl water drops deposited on: a) Non-porous alumina, b) 
Nanoporous anodic alumina NAA-P-E95, c) Non-porous alumina after modifi
cation with FOTS, d) Nanoporous anodic alumina NAA-P-E95 after modifica
tion with FOTS. 
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surface. Organic materials and most solvents are considered as low en
ergy materials with respect to their surface energies (Table 3), whereas 
inorganic materials, such as aluminium dioxide, are referred as high- 
energy materials. In order to analyzed the oleophilic behaviour of the 
modified nanoporous anodic alumina, contact angle on the NAA-FOTS 
was measured using organic solvents with low surface tension (Table 4). 

Low-energy liquids spread on high-energy surfaces such as alumina 
oxide. This effect is observe when we compare CA values from the same 
surface using different liquids like water and decane or chloroform. The 
water occupies the top of the nanopores and solvents with low surface 
tension wet or even can fill the pore walls. 

The CA values for the non-porous surface are lower than the struc
tured surface for almost all the liquids. Therefore, we can say that the 
porous topography of the material is not an advantage for the oleophi
bicity of this oxide substrate. 

The contact angle values versus the pore diameter is shown in Fig. 9. 
The WCA increase with the increasing of the pore diameter but no 
correlation was found between topography and wettability in the case of 
chloroform or decane. The droplet of non-polar solvent spread out on the 
NAA surface and is partly absorbed by the substrate. These solvents 
present stronger interactions with the chemical groups of the surface 
(oxalate and phosphate groups and –CF2-CF3) which can explain the 
contact angle values obtained. These interactions also exist with water 
but, the high surface tension (γ = 71.8) leads to high CA values. 

From these results, NAA-FOTS structures can be simultaneously 
considered hydrophobic (CA > 90 ◦C) and oleophilic (CA < 90 ◦C) with 
low surface tension liquids (Fig. 10). 

3.5. Surface energy of NAA structures with different liquids 

The energy related to the intermolecular forces at the interface be
tween two media is defined as surface energy. It can be explained as the 
energy necessary per unit area to increase the size of the surface (N/m). 
If the molecular interactions are stronger, surface energy will be higher 
and, it will generally cause good wetting. On the other hand, poor 
wetting will be caused by a surface with a low energy. This is due to the 
surface is not able of forming strong bonds and, there is low energetic 
reward for the liquid to break bulk bonding in favour of interacting with 
the surface (Fig. 11). 

The most common way to measure surface energy is through contact 
angle, which is measured with several liquids. Another factor to consider 
is the surface tension of the liquid, as well as the type of interactions 
between the liquid and solid. Low surface energy causes poor wetting 
and a high contact angle (hydrophobic surface), while high surface en
ergy causes good wetting and low contact angle value (hydrophilic 
surface). 

With the contact angle values and knowing the surface tension of the 
solvents, the surface energy can be calculated. 

In this work, the surface energy of the NAA-FOTS samples have been 
calculated from a “three-liquid acid-base procedure” developed by van 
Oss et al. [60–62]. This model considers acid-base interactions. It 
combines polar and dispersive interactions in one term and is defined by 
the following equation: 

Fig. 6. Comparison of WCA value of nanoporous structures before and 
after chemical modification versus pore diameter. WCA measurements as a 
function of pore diameter of NAA substrates before and after chemical modi
fication with FOTS. 

Fig. 7. Infrared spectrometry. FTIR spectra for aluminium, non-porous 
alumina, NAA-O-NE and NAA-FOTS with different pore diameter. 

Fig. 8. Energy dispersive X-ray spectroscopy. EDX spectra of NAA substrates 
after chemical modification. 

Table 3 
Surface tension and its components at 20 ◦C [63].   

γLW γ− γ+ γΤ 

Water 21.8 25.5 25.5 71.8 
N-Decane 23.83 0 0 23.83 
Chloroform 27.2 0 3.8 27.2  
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γT
L (1+cosθ) = 2{(γLW

S γLW
L )0.5 + (γ+S γ−L )0.5 + (γ−S γ+L )0.5}                     (3) 

Where γT, γLW, γ+ and γ− mean the total Lifshitz-van der Waals (disper
sive), lewis acid and base surface components. The subscripts S and L 
refer to the solid surface and probe liquid. The final γT of solid is ob
tained by  

γT = γLW + γAB                                                                              (4) 

Where γAB is defined by 2(γ+S γ−S )0.5 

Water, decane and chloroform are chosen as three probe liquids in 
this work. Using the surface tension data provide in Table 3 into equa
tions (1) and (2) and, the resultant contact angles summarize on Table 4, 
we calculated the surface energy of NAA structures after chemical 
modification with FOTS (Table 4). 

As known, the surface energies of the liquid, substrate and of the 
interface between them determine the wettability and the contact angle 
values. Another factor to consider is the surface topography. We have 
observe that in NAA-FOTS substrates, the CA increase with increasing 
pore diameter. As we expected, and we illustrate in Table 4, the sample 
with the largest diameter (NAA-P-E95) is the one with the highest 
contact angle and the lowest surface energy. The adhesion of the liquid 
to the surface is better in flat alumina that in NAA structures and, 
because that the highest surface energy obtained in the case of the non- 
structure alumina. 

The surface energy has also calculated for the rest of the samples. We 
have noticed not correlation between pore diameter and surface energy 
as is show in Table 4. If we compare samples fabricated by the same 
electrolyte, we observe decreasing of surface energy with increase of 
pore diameter as in NAA-O-NE & NAA-O-E20 fabricated from oxalic acid 
and NAA-P-NE & NAA-P-E95 fabricated from phosphoric acid. It seems 
that the residual surface groups on the sample, as oxalate or phosphate, 
affects in the surface energy measured. On the other hand, we observe an 
effect of the porosity on the surface energy measurements. Results 

Table 4 
Contact angle values of three probe liquids on NAA-FOTS surfaces and the calculated surface energies (mN/m).   

Non Porous Alumina NAA-O-NE NAA-O-E20 NAA-P-NE NAA-P-E20 NAA-P-E40 NAA-P-E95 

CONTACT ANGLE 
Water 102.51 ± 4.06 110.59 ± 2.21 129.90 ± 1.28 134.16 ± 2.29 136.06 ± 6.57 136.30 ± 5.52 143.28 ± 7.75 
N-Decane 56.31 ± 1.76 58.96 ± 4.21 80.12 ± 0.44 66.11 ± 2.75 61.06 ± 1.48 62.81 ± 0.53 90.99 ± 0.45 
Chloroform 53.81 ± 1.64 53.82 ± 1.81 71.48 ± 0.38 60.81 ± 0.35 64.20 ± 1.49 66.42 ± 1.75 85.35 ± 4.34 

SURFACE ENERGY 
γАВ 16.5 13.71 13.22 17.1 14.18 13.43 10.1 
γLW 14.41 13.68 8.17 11.75 13.11 12.64 5.75 
γ 2.1 0.02 5.04 5.34 1.06 0.79 4.35 
γ+ 1.24 9.11E-05 2.68 4.92 2.81 2.46 3.73 
γ− 0.89 1.43 2.37 1.44 0.1 0.06 1.26  

Fig. 9. Oleophilic behaviour of the modified NAA. Contact angle values 
versus pore diameter for different solvents on NAA-FOTS. 

Fig. 10. Hydophobic/Oleophilic surfaces. Images of (a) water, (b) decane 
and (c) chloroform droplet on chemical modified NAA-P-E20 nanostructure 
with a porosity of 17.23 ± 0.64%. 

Fig. 11. Surface energy. A basic depiction of surface energy showing molec
ular interactions between a liquid and a surface. 

Fig. 12. Surface energy of modified NAA. Surface energy as a function of 
porosity of NAA-FOTS substrates. 
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indicate higher energy for samples with less porosity (Fig. 12). 

4. Conclusions 

Nanoporous anodic alumina structures with diverse topography 
were fabricated by two-step anodization process in oxalic or phosphoric 
acid. Two different surface modification methods are analyzed: the well- 
defined nanotopogaphies and surface chemistry. We have studied how 
these parameters influence on the wettability and in the surface energy 
of nanoporous anodic alumina structures, which have been calculated 
following a theoretical model based on acid base interactions. Contact 
angle measurements shows that the surface after chemical modification 
exhibits repellence towards water with a WCA higher than 90◦ and 
permeability towards non polar oils. The hydrophobicity increase when 
the increasing of the pore diameter and it cause poor wetting and low 
surface energy. In the case of the oleophilic feature, the best result is 
obtain with non-porous structure. Surface energy of the NAA-FOTS 
structures have been calculated from “three liquid acid-base proced
ure”. There are not correlation between pore diameter and surface en
ergy but we notice higher energy valued for structures with low 
porosity. 

The results obtained in this work can be used as a first step to design 
NAA as porous hydrophobic/oleophilic material for specific purposes in 
particular conditions such as microfluidics or material for oil/water 
separation. 
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don nanoporous anodic alumina with layer-by-layer polyelectrolite, Nanoscale Res. 
Lett. 11 (2016) 1–9, https://doi.org/10.1186/s11671-016-1585-4. 

[50] A. Ressine, D. Finnskog, G. Marko-Varga, T. Laurell, Superhydrophobic properties 
of nanostructured-microstructured porous silicon for improved surface-based 
bioanalysis, NanoBiotechnology 4 (2008) 18–27. 

[51] M. Pei, L. Huo, K. Zhang, H. Zhou, P. Liu, Hydrophobic surface via coating 
fluorinated homopolymer: effects of the surface etching of silicon wafer and coated 
fluoropolymer amount, Colloids Surf., A 585 (2020), 123984, https://doi.org/ 
10.1016/j.colsurfa.2019.123984. 
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