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Abstract 

A halloysite-based geopolymer filled with microwax particles was designed as a protective layer on steel 

substrates. Beeswax microparticles were obtained from the clay stabilized Pickering emulsions and they were 

homogeneously dispersed within the geopolymeric network, thus improving the coating physico-chemical 

properties. Specifically, this treatment changed the steel’s wettability by increasing its hydrophobicity. 

Moreover, XRF analysis was conducted in order to have details on the chemical compositions. 
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1. Introduction  

Geopolymers are an innovative and green alternative for construction materials due to the employing of 

industrial by-products or natural resources with the benefit of the reduction of carbon dioxide emissions [1]. 

They consist of cross-linked tetrahedral [AlO4] and [SiO4] groups with alkali metal cations, and are synthesized 

by activating an aluminosilicate precursor with a highly alkaline solution [2,3]. Among the precursors, clay 

minerals as kaolinite and halloysite nanotubes are commonly used given their low cost, eco-friendliness and 

biocompatibility [4,7]. Geopolymer coatings on metal substrates as protective and thermal barriers for concrete 

have been reported [8]. In order to guarantee low water adhesion and to reduce the growth of biological species, 

hydrophobicity is one of the main characteristics of the protective layers [9]. As a matter of fact, it should be 

noted that geopolymers are inherently hydrophilic because of the hydroxyl groups on their surface. Therefore, 

microwax particles obtained from Pickering emulsions has been employed [10,12]. In this work beeswax 

microparticles were embedded within the geopolymeric network to increase the hydrophobicity, obtaining a 

new protective layer on steel sheets for coating applications.  

2. Experimental section 

 

2.1 Geopolymer preparation and treatment of the steel sheets 

Beeswax, Halloysite (HNTs), ethanol (≥ 99.5%), acetone (≥ 99.5%) and sodium hydroxide (≥ 98%) are Sigma 

Aldrich products. Steel sheets are a gift from Puleo SpA, Italy. The beeswax/HNTs microparticles were 

prepared via Pickering emulsions as reported in literature [10]. Afterwards, a NaOH solution (12 M) was added 

to the dried beeswax/HNTs microparticles at 1:1 NaOH/HNTs ratio, resulting in a viscous and flowing paste. 

Prior to any treatment, the steel sheets were degreased in acetone using an ultrasonic bath and washed with 
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deionized water and ethanol. The coating of the steel substrates was performed by brushing the surface with 

the geopolymeric paste (GP microwax). The final hardening step was carried out by placing the treated steel 

samples in an oven at 50 °C for 48 hours. Then, samples were washed many times by pouring about 100 mL 

of water on their surface and by dipping them into 50 mL of water overnight. Finally, the treated samples were 

dried at room conditions for 5 days before characterization. It is worth to note that the same protocol was used 

for the treatment of the steel substrates with pure halloysite based geopolymer (GP), without any beeswax 

addition for comparison.  

 

2.2 Characterization 

Optical images of the samples were obtained by a digital microscope (CoolingTech).  

The wettability was investigated through water contact angle measurements in the sessile drop method, by 

employing an optical apparatus (OCA 20, Data Physics Instruments) at 25.0 ± 0.1 °C. X-ray Fluorescence 

(XRF) Spectrometry was carried out by an Olympus Innov-X DS-2000 Delta. 

 

3. Results and Discussion 

Optical microscopy was conducted to observe the morphological features of the treated and untreated steel 

sheets, and to evaluate the effect of the coating layers at a micrometric level (Figure 1).  

 

 

Figure 1. Optical micrographs of untreated steel and sheets coated with HNTs based geopolymer and 

beeswax/HNTs microparticles based geopolymer. 

 

The surface of the bare steel sheets appears heterogeneous and porous, while it looks smoother and 

homogeneous after the treatments. This effect can be related to the filling of pores with the coating protective 

materials, even though some microdomains and aggregation of particles can be observed on both the GP and 

GP microwax treated steel sheets. Accordingly, we can state that both treatments are effective in reducing the 

steel porosity although GP and GP microwax are not totally incorporated within the steel structure.  

Untreated sheet is hydrophilic and its contact angle is 52.3° without any variation as a function of time (Figure 

2). Once the surface is coated with the halloysite based geopolymer, it becomes much more hydrophilic and its 

contact angle falls to 8.1°. This effect can be related both to the high hydrophilicity of halloysite based 

geopolymer which can interact with the water via hydrogen bonding with the -OH groups on the surface, and 

to the smoother surface of the sample [13].  

A different behaviour was recorded after coating with the beeswax/HNTs microparticles based geopolymer. 

For instance, the material is still hydrophilic with a contact angle of 49.2° that barely decreases to 44.3° after 



60 seconds before any cleaning step is carried out. Remarkably, the treated steel becomes more hydrophobic 

after washing the surface with water. The value soared to 83.6° and then it slightly decreased to 74.2° after one 

minute.  

These variations can be most likely related to the excess of halloysite nanotubes. After washing away the excess 

of clay, the microwax particles on the surface can interact with the water droplet thus enhancing the 

hydrophobic contribution to the wettability of the material. It should be noted that the addition of hydrophobic 

beewax can affect the micron-level coating surface structure smoothness. 

  

Figure 2. (a) Water contact angle curves as a function of time, (b water droplets profiles at t = 0 s and t = 60 s 

after their deposition on the surface of the samples.  

 

In order to have more details about the droplet evolution on the surface, the data were analyzed by fitting the 

curves with the following equation: 

Θ = θi exp(-kθ τ n)                                                                                                                                 (1) 

where θi is the contact angle at t = 0, kθ is the constant related to the kinetics of the process and n is a coefficient 

which describes the mechanism of the water droplet evolution after its deposition on the solid substrate. In 

particular, values for n range from 0 to 1 on dependence of the absorption and spreading contributions, 

respectively.  

 

Table 1. Fitting parameters of the water contact angle kinetic evolution.  

 Kθ (s-n) n 

GP / Steel   0.121 ± 0.007 0.54 ± 0.02 

GP microwax / Steel (washed) 0.043 ± 0.006 0.35 ± 0.04 



 

It is clear that the presence of the microwax particles within the coating layer is responsible for a decrease of 

the process rate, as evidenced by kθ reduction. Similarly, the mechanism of the water droplet evolution on the 

treated steel sheet is affected, being the spreading contribution lower compared to the pure halloysite based 

geopolymeric coating, as suggested by the decrease of n.  

Aimed at characterizing the chemical composition of the protective layers on the steel sheets, XRF studies 

were carried out (Figure 3). It is worth to note that, in the three investigated systems, the most significant peaks 

are related to the presence of Chromium, Manganese and Iron which are proper components of the bare steel 

sheet. After the treatment protocols are carried out, instead, Silicon and Aluminum can be detected on the 

surface. Most interestingly, the intensity of the Si and Al peaks is higher for GP treated steel compared to the 

steel coated with beeswax/HNTs microparticles based geopolymer (inset in Figure 3).  

 

Figure 3. XRF spectra of treated and untreated steel sheets. 

Iron and Chromium are the main components of the steel sheets in terms of composition, with 70.85 and 18.10 

wt%, respectively. After the treatment protocols, instead, Al and Si are detected significantly. Despite Fe and 

Cr are still the most abundant elements, the amounts of Al and Si are 11.21 and 11.26 wt%, respectively, for 

GP microwax treated sample. Besides, the quantities of these elements increase up to 19.57 and 18.62 wt% in 

the GP treated steel. It should be noted that the Al/Si ratio is ca. 1, which is typical for pristine halloysite [14]. 

These findings are also in agreement with the contact angle data. Indeed, the higher the amount of nanotubes 

in the coating layer, the more hydrophilic the surface 

4. Conclusions  



Halloysite-based geopolymer with beeswax microparticles has been employed as protective layer on steel 

sheets by brush deposition. For comparison, geopolymeric coating without wax was also reported. After the 

treatment with both geopolymeric formulations, the steel surfaces appear more homogeneous and smoother. 

The presence of microwax particles changed the wettability properties of the steel surfaces. In fact, the 

untreated steel and the GP treated both present hydrophilic values of contact angle. On the other hand, the 

treatment of the steel sheet with GP microwax enhanced the hydrophobicity features of the material giving new 

perspectives in protective coating.  
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