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Organophilic nano-alumina for superhydrophobic epoxy coatings 
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H I G H L I G H T S  

• Stearic acid functionalized alumina nanoparticle with superhydrophobic characteristics. 
• Simple, fast and cost effective approach for developing epoxy-based superhydrophobic coatings. 
• Functionalized alumina NP as the top layer coating provides hydrophobic character to epoxy-stainless steel system. 
• Hydrophobic characteristics depend upon the filler in epoxy/hardener system.  
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A B S T R A C T   

Bilayer coatings with high hydrophobic characteristics were successfully prepared by depositing alumina 
nanoparticles functionalized with stearic acid as top layer paint onto epoxy –based bottom coatings. More stable 
alumina suspensions were obtained with reflux in 2-propanol than in toluene. The dispersions of functionalized 
alumina NP (2 wt% and 3 wt%) in 2-propanol were applied by the spray-coating method on a stainless steel 
substrate previously coated with two different partially cured epoxy -based coatings: DGEBA and Novolac Type 
II. Results show that DGEBA-based coatings with functionalized alumina NPs displayed superhydrophobic 
characteristics with very little interaction with water droplets, typical of the Cassie state, due to the low surface 
energy promoted by the functionalized alumina NPs. The alumina-modified Novolac Type II coating presented 
WCA in the range of 140–145◦, with strong adhesion of water droplets to the surface, characteristic of the Wenzel 
state, which is related to the other fillers present in the commercial resin. Based on these results, it was possible 
to develop superhydrophobic coating by using a fast, cost effective and environmentally-friendly approach which 
can be scalable to relatively great surfaces, involving alumina functionalized with fatty acids and epoxy resins 
with controlled curing process.   

1. Introduction 

Superhydrophobic nanocomposites have drawn considerable atten
tion for both fundamental research and practical applications in the last 
decade, due to their excellent properties, such as self-cleaning [1–3], 
anti-fogging [1,4], anti-icing [5], water-oil separation [6], oil purifica
tion [7], high insulating characteristics [8], anti-biofouling [9,10], 
anti-scaling [11–13], liquid splash [14], wear resistant [15], and 
anti-corrosion properties [16–18]. The high performance of 

superhydrophobic coatings in these applications is due to their low 
wettability since these surfaces present water contact angle higher than 
150◦ [19–23]. A superhydrophobic surface can be obtained by the as
sociation of two different factors: surface roughness and low surface 
energy. Surface roughness is usually constituted by a hierarchical 
structure of micro/nanometric dimensions, and the surface energy can 
be decreased by regulating the chemical composition of the surface [14, 
22,24]. In the last years, many synthetic methods were developed for 
superhydrophobic surfaces, including electro-deposition [25], phase 
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separation [26], drop casting [27], spray-coating [28], plasma method 
[12], spin-coating [29,30], sol-gel processing [31], templating [32], and 
lithography [33]. Nanoparticles (NPs) are also considered promising 
materials to prepare superhydrophobic coatings because multi-scale 
roughness can be easily achieved by joining the nanoscale of primary 
nanoparticles with the microscale roughness of nanoparticle aggregates 
[34,35]. Such particles are usually modified with low surface energy 
compounds to impart hydrophobic characteristics and better dispersion 
into polymeric matrices [21,22,30,36–38]. Most of these studies refer to 
silica nanoparticles [30,36]. Alumina nanoparticles (NP) have been also 
considered important materials for developing superhydrophobic sur
faces due to their relatively low cost, high modulus and high thermal 
resistance. The incorporation of organic moiety on the alumina NP 
surface is considered an effective way to decrease the surface energy and 
improve the hydrophobic characteristics [39]. Some studies involved 
the hydrophobization of alumina NP by silylation using functionalized 
silane [6,40,41]. However, the use of long-chain fatty acids is increasing 
in interest because they are cost effective and environmentally friendly 
when compared with fluoro-compounds. In these cases, the carboxylate 
groups act as bidentate ligands on the surface of metal oxide nano
particles providing effective anchorage of the fatty acid on the nano
particle surface. Moreover, the long alkyl chains contribute for a 
decreasing of the surface energy of the particle. Richard et al. func
tionalized alumina particles with stearic acid and applied their disper
sion directly on glass slides or aluminum coupons, thus obtaining 
superhydrophobic surfaces with contact angle as high as 156◦ [38]. 
Barron’s group used highly branched carboxylic acids in alumina 
nanoparticles and observed contact angle of around 155◦ of the corre
sponding coating sprayed on glass slides [37,42]. 

Epoxy resins are considered versatile thermosetting materials with 
wide range of applications due to their exceptional properties, such as 
easy processing, high safety, excellent solvent and chemical resistance, 
toughness, low shrinkage on cure, mechanical and corrosion resistance, 
and excellent adhesion to many substrates [43]. However, they are 
relatively polar, thus performing high surface energy, which limits their 
applications as self-cleaning, anti-fouling and water-proof coatings. 
Therefore, the development of epoxy coatings with superhydrophobic 
characteristics is of great interest to combine the excellent properties of 
epoxy coatings with water repellence. There are two main strategies for 
developing superhydrophobic epoxy coatings: by dispersing 
fluorine-based copolymers [44] or nanoparticles [45–49] into the epoxy 
system before applying the coating onto a substrate (glass slide, metals, 
etc.) or using bilayer coating method where nanoparticle suspensions 
are deposited/sprayed onto a fresh epoxy-based paint [22,35,50]. The 
last approach is versatile because it can provide super-hydrophobicity to 
different painted surfaces at large scale. Some reports have successfully 
developed super-hydrophobic epoxy surfaces by spraying alkyl- or flu
oroalkyl silane solutions [51] or hydrophobic silica suspensions [22,35] 
onto epoxy-based paintings. However, few reports deal with the use of 
alumina dispersions on epoxy painted surfaces. Wu et al. prepared 
bilayer coating constituted by a bottom layer of incompletely cured 
epoxy resin modified with glycidoxypropyl- and perfluorodecyl-based 
silane and a top layer containing a suspension of alumina and modi
fied epoxy [50]. In this case, the super-hydrophobic character was 
achieved by a combination of the silane-modified epoxy coating 
together with alumina nanoparticle. 

Inspired on the importance of the subject, the novelty of the present 
work was to adapt the hydrophobic characteristic of alumina function
alized with stearic acid with the bilayer coating approach to develop 
scalable and cost effective hydrophobic epoxy resin-based coatings. The 
great motivation was to evaluate the possibility of extending this 
approach to commercial epoxy paints already employed for anti- 
corrosive purpose. Thus, stearic acid–functionalized alumina NP 
dispersion was applied as the top coating of stainless steel plaques 
previously coated with diglycidyl ether of bisphenol A (DGEBA) or a 
commercial product based on epoxy Novolac-type resin combined with 

the room temperature curing system. This approach has not been tested 
before with functionalized alumina particles and commercial epoxy- 
based paints. According to the results presented in the following sec
tions, the combination of stearic acid-functionalized alumina nano
particles and the strategy of applying these particles on the incompletely 
cured epoxy coating resulted in outstanding hydrophobic effect mainly 
when epoxy resin based on diglycidyl ether of bisphenol A was 
employed. This technology is highly attractive from a technological 
point of view because with very simple steps it allows imparting 
superhydrophobic characteristics to commercial epoxy coatings, on 
large surfaces like those already employed for anti-corrosive purpose. 

2. Experimental 

2.1. Materials 

Alumina NPs (diameter = 13 nm; specific surface area = (100 ± 15) 
m2 g− 1) (Aeroxide-Alu), stearic acid (SA), 2-propanol, toluene and 
ethanol were purchased from Sigma-Aldrich. Distilled water (Millipore, 
15 MΩ cm) was used throughout the experimental process. Epoxy resin- 
based on diglycidyl ether of bisphenol A, (DGEBA) (trade name = MC- 
130; flash point = 255 ◦C; epoxy equivalent = 185–196 g eq− 1) from 
Aditya Birla Chemicals (Thailand) was dried overnight under vacuum. 
The curing agent for the MC-130 based on cycloaliphatic amines (ITA
MINE CA 51L) was purchased from DDChem (Italy). Tankguard Type II 
system, purchased from JOTUN, is composed of Novolac based epoxy 
resin (compound A) and polyamide as curing agent (compound B). 

2.2. Modification of alumina nanoparticles 

To assess the performance of different solvents, two protocols were 
used for the carboxylation of alumina NPs. Briefly, 2.0 g of alumina NPs 
were refluxed for 23 h in toluene (200 mL) or 2-propanol (200 mL) 
containing 5 g of stearic acid (SA), according to the procedure adapted 
from the work of Alexander et al. [37]. The functionalized particles were 
then centrifuged for 30 min, re-suspended twice in 30 mL of 2-propanol 
and then 30 mL of ethanol, with centrifugation steps between each 
dispersion to remove the unreacted carboxylic acid and dried overnight 
under vacuum at 80 ◦C. The functionalized alumina nanoparticles were 
named as Al-SAtol and Al-SAprop, when obtained by reflux under toluene 
or 2-propanol, respectively. 

2.3. Preparation of the epoxy coatings 

Stainless steel 316 (SS 316) plates with dimensions of (2.5 × 2.5 ×
0.15) cm3 were used as substrates. Both DGEBA and Novolac Type II 
systems were applied on stainless steel substrates using a brush and 
cured for 3.5 h at 40 ◦C in a vacuum oven, which was determined as the 
best time to reach good hydrophobic properties. Then, the dispersions of 
alumina NPs in 2-propanol (2 wt% and 3 wt%) were applied on the 
substrate by spray coating. The samples were left at room temperature 
for 4 days before testing to guarantee the total evaporation of the solvent 
and complete the curing process. Three replicas were made for each 
sample. The thickness of the alumina layers that was applied on the 
epoxy coatings stayed in the range of 300–400 μm. 

2.4. Nanoparticles and coating characterizations 

Thermogravimetric analysis (TGA) was conducted on a DSC/TGA 
SDT Q600 (TA Instruments, USA). The samples were run in an open 
aluminium crucible under continuous air flow. The heating profile was 
equilibrated at 50 ◦C and then heated at 20 ◦C min− 1 with oxygen at
mosphere until 100 ◦C and nitrogen atmosphere until 700 ◦C. 

Fourier transform infrared (FTIR) measurements were performed 
with the spectroscopy Nicolet 6700 (Thermo Scientific, USA) instrument 
recording spectra in the 400-4000 cm− 1 range. 
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Nuclear magnetic resonance analyses (NMR) (27Al MAS and 27Al 
3QMAS) were performed on the spectrometer DD2 400 (9.40 T magnetic 
field) (Agilent Technologies, USA) equipped with 4.0 mm VT CP/MAS 
probe. Analyses were performed at room temperature (around 22 ◦C). 

Nanoparticle size (diameter) distribution was obtained by using a 
Zetasizer Nano (Nano ZS) (Malvern P analytical, UK). The solutions were 
prepared by weighing 0.05 wt% of the nanoparticles in 2-propanol and 
dispersed using an ultrasonic bath for 30 min. The presented data were 
the average value of three measurements. 

Contact angle measurements of non-functionalized and functional
ized alumina nanoparticles and the epoxy-based coatings were obtained 
by the sessile drop method (resulting static contact angle data) using the 
goniometer Attention Theta (Biolin Scientific, DE). For the nanoparticle 
analysis, the powder was compression molded as compact disks. The 
deionized water drops (average volume of the drop around 4.0 μL) were 
deposited in three different positions of the sample surface and the water 
contact angle (WCA) values were determined. Each static contact angle 
of deionized water drop was the average of measurements from various 
positions on the surface. 

The scanning electron microscope (SEM) analyses of the coating 
surfaces were performed on a Quanta 250 (FEI) (Thermo Scientific™, 
USA) with field emission source (FEG). Samples were previously 
metalized with gold/palladium on sputter coater Metalizer K575X 
(Emitech Quorum, USA). 

Relative roughness of the coatings was determined from images 
obtained by SEM, on a Quanta FEG 450 – FEI microscope, with an ac
celeration voltage of 10 kV and magnification of 25,000. The Gwyddion 
software for SPM data analysis [52] was used to acquire relative 
roughness data from SEM images of specimens. This is an indirect 
method, but it is useful to compare roughness parameters, provided that 
the images of the investigated samples are obtained under the same 
conditions and subjected to the same treatments by the software. The 
SEM images were obtained with rather low acceleration voltage (10 kV) 
to ensure that the secondary electrons reflected mainly the surface 
topography. Diagonal roughness profiles were obtained in the treated 
images, and the average roughness was estimated. 

3. Results and discussion 

3.1. Functionalization of alumina NPs 

The extent of functionalization of alumina NPs obtained in toluene 
and 2-propanol was estimated by TGA. Fig. 1 compares the TGA profiles 
of SA and as-received alumina NPs with the functionalized NPs. As- 
received alumina NPs did not exhibit significant mass loss below 
1000 ◦C (Fig. 1). The functionalized alumina NPs (Al-SAtol and Al-SAp

rop) presented mass loss at around 400 ◦C and 300 ◦C, respectively. These 
temperatures were significantly higher than those observed for the pure 
SA, indicating that the acid was successfully incorporated into the 
alumina NP surface. From the residue observed in the TGA curves, it was 
possible to estimate the degree of SA incorporation. Thus, Al-SAtol and 
Al-SAprop presented a degree of SA incorporation of around 14% and 
22%, respectively, indicating that the use of 2-propanol during the 
reflux stage of alumina NP with SA was more effective. This result may 
be attributed to the higher polarity of 2-propanol, which improves the 
alumina NP dispersion and the access of the SA onto the NP surface. 

The FTIR spectra of carboxylic functionalized NPs, non- 
functionalized alumina NPs and stearic acid are compared in Fig. 2. 
The bands at 2963 and 2929 cm− 1 (peaks a and b) in the spectra of the 
functionalized alumina were assigned to the stretching vibrations of C–H 
bonds of –CH3 and –CH2 groups, respectively, of the stearic acid moiety. 
The strong band related to the C––O stretching of SA at around 1700 
cm− 1 was replaced by bands at 1600 (peak c) and 1450 cm− 1 (peak d), 
which were assigned to the asymmetric and symmetric vibration of the 
bidentate modes of the carboxylate ligand, confirming the covalent 
attachment of SA onto the alumina NP surface [38]. A similar profile was 

also reported by Egerton et al., who analyzed the FTIR spectrum of 
aluminum tristearate [53]. The authors suggested that the carboxylate is 
bridging rather than chelating to a single aluminum ion. These bands 
seemed more intense on Al-SAprop spectrum, suggesting a better 

Fig. 1. TGA analysis of (a) non functionalized alumina; functionalized alumina 
particles: (b) Al-SAtol (c) Al-SAprop and (d) pure stearic acid. 

Fig. 2. FTIR spectra of (a) non functionalized alumina; functionalized alumina 
particles: (b) Al-SAtol (c) Al-SAprop and (d) pure stearic acid. 
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functionalization in case of 2-propanol reflux. 
Solid-sate NMR is an important tool for characterizing several ma

terials like alumina, zeolites, molecular sieves, polymers, nano
composites, etc. 27Al nucleus have spin number I = 5/2, known as 
quadrupolar nucleus. The quadrupolar interaction of such nuclei is 
generated from the interaction of the magnetic field with the electrical 
field gradient generated by the asymmetric distribution of the electrons 
around those nuclei. This interaction is the predominant one when 
observing those nuclei by NMR. So, in the 1D NMR spectra of quad
rupolar nuclei (Ex: 27Al MAS), the second order quadrupolar interaction 
is not completely cancelled, and sometimes it is difficult to distinguish 
species with close chemical shifts. Several experiments have been 
developed to eliminate the second order quadrupolar interaction. One of 
them is MQMAS (Multiple quantum magic angle of spinning) developed 
by Frydman and Harwood in 1995 [54,55]. MQMAS is a 2D pulse 
sequence in which in one dimension, data is collected at a multiple 
quantum coherence (3Q or 5Q depending on the nuclei) free from the 
quadrupolar interaction, so that it is possible to distinguish the isotropic 

chemical shifts of the resonances. In the second dimension (F2) a normal 
MAS spectrum is shown. The quadrupolar coupling constants of each site 
can be also calculated from those spectra. Although the limitation of this 
experiment is its low sensitivity, it has been used on a routine basis by 
many laboratories nowadays. Thus, the confirmation of the alumina 
functionalization was also possible by 27Al 3QMAS (13 kHz) NMR 
spectra presented in Supplementary information, Fig. S1. Regarding the 
27Al 3QMAS spectrum obtained for the non-modified alumina nano
particles (Fig. S1a), one can see in the F1 dimension the peaks free of the 
quadrupolar interaction. Therefore, by fixing the center of gravity of 
each resonance signals, the isotropic chemical shift can be directly read 
in F1. Two aluminum species can be distinguished: one small peak at 
~46 ppm corresponding to a tetrahedral site (aluminum in a tetrahedral 
coordination) and a greater signal at ~10 ppm which is due to the 
presence of octahedral aluminum site (Aluminum VI). It can be noticed 
that the signal from the octahedral species has a gravity center but the 
signal spreads out in the F2 dimension. This indicates that these sites 
have a larger quadrupolar coupling constant when compared to those in 
the tetrahedral site indicating a more disordered ambient. 

The 27Al 3QMAS NMR spectra of the modified alumina nanoparticles 
displayed a new octahedral site with isotropic chemical shift around 0 
ppm (F1). This site may be assigned to the Al atoms coordinated with the 
carboxylate groups. The results indicate that 27Al 3QMAS NMR experi
ments contributed to confirm the attachment of the organic fatty acid 
chain to the alumina surface [54,55]. 

The effect of the functionalization on the size and size distribution of 
the alumina NPs was evidenced by DLS analysis performed on the dis
persions in 2-propanol. Fig. 3 compares the size distributions of non- 
functionalized alumina NPs with those related to the SA functional
ized alumina NPs prepared under reflux in toluene and 2-propanol. The 
average diameter of non-functionalized alumina was in the range of 293 
nm. This value was significantly higher than that informed by the sup
plier (13 nm), indicating the presence of aggregates. The functionali
zation in either toluene or 2-propanol media decreased the average 
diameters of the alumina NPs to values in the range of 161 nm and 115 
nm, respectively. Moreover, the dispersions of the functionalized 
alumina NPs in 2-propanol at a concentration of 0.05 wt% were stable 
for several weeks. This behavior suggests that the functionalization 
reduced the NP aggregation, thus resulting in aggregates with smaller 
particle sizes. The smaller average diameter of the alumina aggregates 

Fig. 3. Diameter size distribution of (a) non functionalized alumina; and 
functionalized alumina particles: Al-SAtol (b) Al-SAprop (c). 

Fig. 4. SEM images of DGEBA-based epoxy coating covered with dispersion containing (a) 2 wt% and (b) 3 wt% of non-functionalized and (c) 2 wt% and (d) 3 wt% 
of functionalized alumina NPs. 
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functionalized in 2-propanol medium suggests, in agreement with the 
TGA result, the presence of higher amount of SA covering the nano
particles, thus decreasing the chance of aggregation. 

The hydrophobic character of the modified alumina NPs was evi
denced by WCA measurements. The videos illustrating the water drop
lets on the surface of the alumina NP disks are presented in 
Supplementary information (Videos S1–S3). Non-functionalized 
alumina NP presented a hydrophilic character demonstrated by the 

immediate absorption of the water droplet by the corresponding surface 
(Video S1). On the other hand, the SA functionalized alumina NPs pre
pared in both toluene (Al-SAtol) or 2-propanol (Al-SAprop) presented a 
superhydrophobic character and very weak interaction with the water 
droplet. In the case of (Al-SAtol), the water droplets remained attached to 
the needle even when compressed against the surface, indicating very 
little contact between the water and the sample surface (see Video 2). Al- 
SAprop also displayed very low wettability, since the water droplets 

Fig. 5. SEM images of Novolac-based epoxy coating covered with dispersion containing (a) 2 wt% and (b) 3 wt% of non-functionalized and (c) 2 wt% and (d) 3 wt% 
of functionalized alumina NPs. 

Fig. 6. Water droplet images and WCA values of DGEBA-based epoxy coating covered with dispersion containing (a) 2 wt% and (b) 3 wt% of non-functionalized and 
(c) 2 wt% and (d) 3 wt% of functionalized alumina NPs. 

Fig. 7. Water droplet images and WCA values of Novolac-based epoxy coating covered with dispersion containing (a) 2 wt% and (b) 3 wt% of non-functionalized and 
(c) 2 wt% and (d) 3 wt% of functionalized alumina NPs. 
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immediately rolled off after touching the surface (see Video S3). 
Therefore, it was not possible to measure the WCA on these samples. 
These results are superior to those observed by Richard et al. [38] 
probably due to the nanosized dimension of the alumina NP used in the 
present work. Alexander et al. also reported water contact angles of 
around 155◦ for alumina nanoparticle functionalized with isostearic 
acid in toluene medium [37]. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.matchemphys.2020.123543 

In the present paper, we demonstrated that for improved hydro
phobic results it is not necessary to use fatty acids with highly branched 
hydrocarbon chain to functionalize the alumina NPs since cheaper 
stearic acid provides similar or even better effect. Moreover, our results 
show that reflux in 2-propanol was more effective than in toluene me
dium, as far as the stability and dispersion of functionalized alumina NPs 
are concerned. It must be added that 2-propanol also presents a great 
advantage from both toxicological and environmental points of view 
since it is less toxic than toluene. Therefore, for the preparation of the 
superhydrophobic coatings, functionalized alumina NPs refluxed in 2- 
propanol were employed. 

3.2. Characterization of the superhydrophobic epoxy-based coatings 

To establish the curing time of the epoxy coating for the best hy
drophobic response, a dispersion containing 2.0 wt% of functionalized 
alumina NPs obtained in 2-propanol (Al-SAprop) was sprayed on the 
surface of a Novolac layer cured at different times. Fig. S2 illustrates the 
images of WCA measurements performed on the coatings as a function of 
the curing time. From this Figure, it was possible to observe that the best 
hydrophobic character was achieved when the Novolac bottom layer 
was cured for 3.5 h. Lower curing times favor the embedding of the 
alumina NPs by the epoxy, thus decreasing the hydrophobicity and 
roughness. For the system cured for longer time (4.5 h), the water 
droplets rolled off indicating high hydrophobic character. However, the 
particles presented poor adhesion to the epoxy surface. Therefore, the 
curing protocol of 3.5 h at 40 ◦C in a vacuum oven was used to cure the 

epoxy layers. 
The dispersions of alumina NPs in 2-propanol (2.0 wt% and 3.0 wt%) 

were applied on the stainless steel substrates previously coated with 
epoxy resins cured for 3.5 h at 40 ◦C. The SEM images of the alumina- 
epoxy coating surfaces are shown in Figs. 4 and 5 for DGEBA and 
Novolac systems, respectively. DGEBA-based coatings presented rough 
surfaces for both non-functionalized and functionalized alumina NPs. 
Nevertheless, those involving the functionalized NPs displayed slightly 
smaller NP size with the nanoparticles more efficiently packed, when 
compared with those prepared with non-functionalized NPs. By using a 
3 wt% dispersion of functionalized NP, the particle distribution at the 
coating surface seemed to be more homogeneous (Fig. 4d). 

The morphologies of the Novolac Type II-based coatings prepared 
with non-functionalized or functionalized alumina NPs are quite 
different from those observed for the DGEBA-based coatings (Fig. 5). 
The surface constituted by non-functionalized alumina NPs displayed a 
non homogeneous particle distribution on the surface, suggesting some 
incompatibility between the NPs and the Novolac resin. The function
alization of the NP promoted a better distribution of NPs on the surface, 
but it was still possible to observe some non uniform regions. These 
results may be attributed to the presence of several other ingredients and 
fillers in the commercial Novolac–based epoxy system, which may 
interact with the nanoparticles. According to the supplier, this com
mercial resin is filled with ceramic particles to provide a better rein
forcing action to the coating. 

The wettability of the surfaces was evaluated by static water contact 
angle (WCA) measurements. The WCA values of DGEBA- and Novolac- 
based coatings without NPs corresponded to 38.4◦ and 87.5◦, respec
tively. The WCA value found for the Novolac – type coating was larger 
than that observed for pure DGEBA-based coating, which can be 
attributed to the presence of fillers in the commercial Novolac product. 
Figs. 6 and 7 exhibit the water droplet images and the water contact 
angle (WCA) values for DGEBA and Novolac systems, respectively, 
covered with alumina NP dispersions. The WCA values are also sum
marized in Table 1, together with the experimental error. For the 
DGEBA-based coatings, the use of non-functionalized alumina resulted 
in increased WCA values when 3.0 wt% of NPs was employed in the 
dispersion. Considering that the non functionalized alumina NP is highly 
hydrophilic as presented in Video 1, the slightly higher WCA for the 
sample prepared with the 3.0 wt% dispersion may be attributed to the 
surface roughness. The coating containing functionalized NPs, on the 
other hand, presented a very high hydrophobic character. As illustrated 
in Videos S4 and S5 (Supplementary Information section), these surfaces 
presented a very weak interaction with the water droplet, as the droplets 
did not adhere to the coating surface and moved back to the needle when 
it was removed and those that dropped down to the surface rolled off 
immediately. Therefore, the WCA could not be estimated. This behavior 
is characteristic of the Cassie state [19]. 

The Novolac-based coatings covered with non-functionalized NP 
layer resulted in a significant decrease in WCA when compared with the 
pure Novolac coating, indicating an increase of the hydrophilic char
acter of these coatings. This behavior is attributed to the hydrophilic 

Table 1 
WCA and Average roughness values obtained from SEM images, for the epoxy- 
based coatings treated with alumina dispersions.  

Alumina NP 
dispersion (wt. 
%) 

Al-SAprop 

dispersion (wt. 
%) 

WCA (◦) Roughness (a.u.) 

DGEBA Novolac DGEBA Novolac 

– – 38 .4 ±
0.4 

87.5 ±
0.5 

13 ×
10− 3 

7 ×
10− 3 

2 – 34.2 ±
0.2 

46.3 ±
3.1 

38 ×
10− 3 

40 ×
10− 3 

3 – 53.1 ±
0.5 

45.5 ±
5.2 

55 ×
10− 3 

21 ×
10− 3 

– 2 Roll off 139.9 ±
4.2 

34 ×
10− 3 

29 ×
10− 3 

– 3 Roll off 144.5 ±
3.4 

35 ×
10− 3 

20 ×
10− 3  

Fig. 8. Sticky property of Novolac-based epoxy coating covered with dispersion containing 3 wt% of functionalized alumina NPs.  
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character of the alumina NP and the non-uniformity of the coatings 
observed for this surface. For the Novolac samples modified with func
tionalized alumina NPs, WCA values of 139.9◦ and 145.5◦ were achieved 
for samples prepared from dispersions containing 2.0 wt% and 3.0 wt%, 
respectively. Contrarily to the behavior observed for DGEBA-based 
coatings, the Novolac coatings containing functionalized alumina pre
sented a strong sticky effect, where the water droplet was stuck to the 
alumina surface even when the surface was turned upside down as 
illustrated in Fig. 8. This behavior can be associated with the Wenzel- 
impregnating state [20], where the water droplet is partially 
immersed into the surface slots and may be attributed to the presence of 
other fillers in the Novolac composition, which promotes adhesion to the 
water droplets. Therefore, a balance is occurring in these coatings: the 
hydrophobic alumina NPs at the coating surface promote a hydrophobic 
effect while other fillers in the epoxy resin that may have a high affinity 
towards water promote a sticky effect. 

Table 2 compares the WCA of different surfaces coated with alumina 
NPs, indicating that the approach used in the present work was suc
cessful in obtaining superhydrophobic surfaces. 

Superhydrophobicity is determined by low surface energy and sur
face roughness. In this work, the average roughness values of the 
different surfaces were estimated from SEM images [57]. Fig. S4 in 
Supplementary information illustrates the SEM images adjusted with 
Gwyddion software, the 3D image of the surface, and the roughness 
profile of the epoxy-based coatings. Table 1 summarizes the average 
roughness of the samples. The surface roughness values for the 
epoxy-coatings containing non-functionalized and functionalized 
alumina NPs were higher than those of pure epoxy coatings, as expected. 
However, in both systems, the surfaces constituted by functionalized 
alumina NPs presented lower roughness values, because of the lower 
size of the functionalized particle aggregates, as indicated by DLS 
measurements. Considering the DGEBA series, when using a more 
concentrated dispersion (3.0 wt% of NPs) the average roughness values 
increased. Since the coatings prepared with functionalized NPs pre
sented significantly higher hydrophobic character, one can conclude 
that the low surface energy promoted by the presence of the function
alized NPs was the main factor governing the superhydrophobic effect in 
these systems. In the case of Novolac-based coatings, the roughness 
value of the samples prepared with 2.0 wt% of non-functionalized NP 
dispersion was higher. However, the surface was not homogeneous, 
which contributed to the lower WCA values. Also in this series, the 
apolar nature of the functionalized NPs probably played the main role in 
increasing the hydrophobicity, although the presence of other fillers 
should contribute to diminish this effect. 

4. Conclusions 

Alumina nanoparticles were functionalized with stearic acid in 2- 
propanol and toluene refluxes and incorporated as the top layer of a 
bilayer epoxy-based coatings. The results showed that reflux in 2-prop
anol is more effective than in toluene since resulted in more stable and 
dispersed suspensions, due to the polar nature of 2-propanol molecules. 
Additionally, 2-propanol represents a great advantage over toluene 
since it presents less toxicological and environmental risks. The func
tionalized alumina NP dispersions were sprayed over partially cured 
epoxy-based coatings of either diglycidyl ether of bisphenol A (DGEBA) 
or Novolac Type II resin combined with the room temperature curing 
systems to produce bilayer superhydrophobic coatings. 

The coatings obtained with DGEBA and functionalized alumina 
nanoparticles presented superhydrophobic characteristics, with very 
low interaction of water droplets with the surface, characteristic of the 
Cassie state. The analysis of WCA measurements and surface roughness 
values, estimated from SEM micrographs, suggests that the low surface 
energy promoted by the functionalized alumina NPs plays the main role 
in the superhydrophobic characteristics of the DGEBA/alumina system. 

On the other hand, the coatings produced with Novolac Type II 
epoxy resin with functionalized alumina nanoparticles presented WCA 
values in the range of 140◦–145◦, with strong adhesion of water droplets 
to the surface, characteristic of Wenzel state, which is probably related 
to the nature of other fillers that are present in this commercial epoxy 
resin, showing that a careful choice of the epoxy matrix is crucial to 
obtain the desired results. 

Summarizing, we have shown that superhydrophobic alumina 
nanoparticles can be more effectively and safely obtained in 2-propanol 
reflux and employed to obtain superhydrophobic nanocomposite epoxy 
coatings. The bilayer coating approach described in the present work 
involves very simple steps, is cost-effective, scalable, environmentally- 
friendly, and can be easily adapted to large areas. Moreover, by 
adjusting the coating parameters it is possible to impart super
hydrophobic characteristics to commercial epoxy anti-corrosive coat
ings, thus enlarging its field of applications. 
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Table 2 
Water contact angle of hydrophobic surfaces containing alumina.  

Coating Substrate WCA Ref. 

Octanoate functionalized 
Al2O3 

Glass slide 143◦ [42] 

2-hexyldecanoate 
functionalized Al2O3 

Glass slide 151◦ [42] 

isostearate functionalized 
Al2O3 

Glass slide 154◦ [37] 

stearate functionalized 
Al2O3 

Glass slide 156◦ [38] 

stearate functionalized 
Al2O3 

PDMS-coated lignocellulose 
composite 

156◦ [56] 

Silane funct.Al2O3/PDMS Pristine fabrics 155◦ [6] 
isostearate funct. Al2O3/ 

epoxy resin 
Plastic film 150◦ [41] 

Funct. Al2O3 with silica/ 
fluor-silane 

Al plate etched with CuCl2 164◦ [41] 

stearate functionalized 
Al2O3 

Stainless steel coated with 
DGEBA epoxy resin 

Roll 
off 

This 
work 

stearate functionalized 
Al2O3 

Stainless steel coated with 
Novolac epoxy system 

144◦ This 
work  
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