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raditional porcelain tiles often lack self-cleaning properties and suffer 

from aesthetic limitations. This study presents a novel approach for 

fabricating superhydrophobic, self-cleaning porcelain tiles with 

enhanced visual appeal. We strategically combined SiO2 and ZnO nanolayers 

with an antifouling material, applied via spray and drop coating methods. 

Characterizations (FE-SEM, FTIR, contact angle, UV-Vis, colorimetry, 

roughness, illuminance, and stain resistance) confirmed the effectiveness of our 

approach. Heat treatment of the antifouling coating (400 °C) significantly 

increased hydrophobicity (WCA=119°). SiO2 and ZnO intermediate layers 

enhanced water repellency, achieving 154° and 149° water contact angles, 

respectively. This demonstrates superhydrophobicity, in line with Cassie-

Baxter's model, and mimics the lotus leaf's self-cleaning mechanism. Low 

surface energy, likely due to antifouling nanoparticle bonds, contributes to water 

repellency with roll-off angles of 6° and 7° and causes anti-stain properties on 

the tile surface. Importantly, these layers optimize surface roughness, boosting 

hydrophobicity and improving the whiteness and brightness of polished tiles. 

Surface roughness values of 308 nm (SiO2) and 158 nm (ZnO), along with 

superior whiteness values (116.4 and 106, respectively), were observed, 

exceeding surfaces without intermediate layers (57.5). Rayleigh scattering 

theory explains the whiteness enhancement. Stain resistance significantly 

improved with intermediate layers, while surface gloss remained unchanged. 

This research demonstrates the potential of our coating approach to create 

highly functional and visually appealing polished tiles for diverse industrial 

applications. Prog. Color Colorants Coat. 18 (2025), 113-128© Institute for 

Color Science and Technology. 
 

 

 
 

 

1. Introduction 

Nature showcases a diverse array of surfaces with 

remarkable properties, inspiring the development of 

artificial counterparts. For instance, the lotus leaf, 

banana leaf, and Namib Desert beetle exhibit impressive 

hydrophobicity, repelling water and maintaining pristine 

surfaces [1-5]. Driven by these natural phenomena, 

scientists have pursued the creation of artificial 

superhydrophobic surfaces with potential applications in 

protecting historical structures, modifying surface 

performance, and developing self-cleaning, anti-

bacterial, and anti-slip coatings [6-10]. 

Among common building materials, ceramic tiles 

offer considerable potential for such advancements. 

T 
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While polished tiles boast an aesthetically pleasing 

appearance with high gloss and hardness, their 

susceptibility to staining poses a significant challenge, 

particularly in high-traffic areas [11, 12]. This 

vulnerability stems from the presence of open pores on 

the polished surface, readily absorbing liquids and 

harboring dirt, thus compromising both the beauty and 

functionality of the tiles [13-18]. 

Surface properties, including surface energy, hydro-

phobicity, and roughness, are crucial in determining how 

materials interact with liquids [19-22]. Recognizing this, 

researchers have explored incorporating various 

materials into ceramic tiles to achieve functionalities like 

self-cleaning, anti-bacterial, and anti-slip properties [23-

28]. Notably, anti-stain properties are highly desirable 

for floors and walls in various settings, including homes, 

stores, and commercial buildings [29]. 

Achieving stain-resistant surfaces relies on precise 

control over surface energy, which can be manipulated 

by influencing hydrophobicity, physico-chemical 

properties, and roughness [30, 31]. Polished and self-

cleaning tiles exemplify the growing demand for 

surfaces with anti-stain and hydrophobic characteristics 

[11, 12]. Polished porcelain tiles, known for their 

superior gloss and hardness compared to natural stones, 

have witnessed significant market growth [32]. 

However, studies on tile polishing highlight that while 

the process enhances aesthetics, it can also expose 

previously covered pores, rendering the tiles 

susceptible to stains and loss of shine upon contact 

with liquids like coffee or tea [32-34]. 

Several researchers have explored methods to 

achieve high water repellency on ceramic surfaces. 

Motlagh et al. used a two-layered silica coating with 

varying particle sizes and a final chemical compound 

layer, achieving good water repellency but potentially 

introducing complexities for industrial applications 

[35]. Zheng et al. employed a laser treatment for a high 

contact angle, but this method likely would not be cost-

effective for mass production [36]. Acikbas et al. 

developed a technique for wall tiles that involved 

adding a specific powder to the glaze and then spraying 

a polymer, achieving good water repellency but 

potentially impacting the production quality of 

porcelain floor tiles [37]. These studies highlight the 

existing efforts to create water-repellent ceramics, but 

limitations in cost, complexity, or applicability to 

specific tile types remain challenging. 

To overcome limitations of traditional tiles,  

this research explores a novel approach utilizing 

nanomaterial coatings on nano-polished tile surfaces. 

Strategically, ZnO and SiO2 nanoparticles are employed 

as intermediate layers to enhance the final product's 

hydrophobicity (water repellency) and whiteness. These 

materials were chosen for their advantageous 

combination of properties: inherent whiteness that 

complements the aesthetics of the ceramic coating, 

ensuring a visually cohesive final product. Furthermore, 

ZnO and SiO2 are readily available and cost-effective for 

large-scale production. Importantly, these intermediate 

layers also exhibit good adhesion properties  

with ceramic materials, creating a strong and durable 

bond between the layers. Through comprehensive 

characterization techniques like FE-SEM, FTIR, contact 

angle measurement, UV-Vis spectroscopy, colorimetry, 

roughness analysis, illuminance measurement, and stain 

resistance testing, we will evaluate the effectiveness of 

this approach. Our surface roughness and morphology 

analysis will provide insights into how these 

nanoparticles influence the desired properties. This 

research holds promise for advancing the development 

of high-performance tiles, offering improved durability, 

stain resistance, and aesthetics for diverse residential and 

commercial applications. 

 

2. Experimental  

2.1. Materials  

The experiment utilized various components. Porcelain 

ceramic tiles served as the foundational substrate, with 

their specific glaze composition documented in Table 1 

from Eefa Ceram Co. Two precursor materials were 

employed: nano zinc oxide (ZnO) powder (30-50 nm 

particle size) (98.5 % purity, Shahin Rouy Sepahan 

Co., Iran) and nano silicon dioxide (SiO2) powder (30-

40 nm particle size) (Isatis Co., Iran). The antifouling 

agent was APX-128 (Foshan Boer Ceramic Technique-

China, 28 wt. %), a commercially available dispersion 

of silica gel nanoparticles and silicon polymers in 

heptane (C7H16) commonly used in ceramic tile 

production for surface cleaning [26]. Distilled water 

was the solution to prepare the ZnO coating, while 

ethanol served the same purpose as the SiO2 coating. 
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Table 1: The composition of materials used in the glaze of porcelain tile (produced in Eefa Ceram Co.)  

Glaze composition SiO2 Al2O3 CaO B2O3 K2O Na2O 

Percent (%) 61 10.5 12 3.5 6.5 6.5 

 

 

2.2. Method  

This study thoroughly explored the impact of various 

combinations of coatings and heating on porcelain 

ceramic tile surfaces, as shown in Figure 1. Key details 

about sample preparation and treatments are provided 

in Table 2 for clarity. 

 

2.2.1. Substrates and pre-treatment 

All experiments began with porcelain ceramic tile 

samples measuring 2 cm by 2 cm. Initially, these 

samples were subjected to a pre-heating stage at a 

temperature of 1200 °C for 80 minutes. This step was 

essential to ensure a uniform base for all subsequent 

treatments. Following this, the surface of the samples 

was polished using a BMR (LEVIGA) machine, with the 

process parameters set to 4.8 m/min, 3 bar, and 500 rpm. 

 

2.2.2. Sample treatments 

S1: This sample received the APX-128 antifouling 

material directly applied via the drop method (two 

drops by using a plastic pipette) without any additional 

heating (designated as "antifouling coating"). To find 

the optimal heating temperature for hydrophobicity, 

seven additional coated samples with APX-128 were 

heated at different temperatures: 100, 200, 300, 400, 

500, 600, and 700 °C for 10 minutes each. The sample 

heated at 400 °C is named S2.  

S2: As mentioned above, this sample received the 

same APX-128 coating as S1 but with an additional 

heating step at 400 °C for 10 minutes ("antifouling 

coating (400 °C)"). 

S3 and S4: These samples explored alternative 

coatings using nanoparticles. S3 was coated with SiO2 

nanoparticles (0.1 g per 50 mL ethanol), while S4 

received ZnO nanoparticles (0.1 g per 50 mL distilled 

water). Both samples were applied using the spray 

method with 40 coats. S3 and S4 were heated at 600 °C 

for 10 minutes ("alternative nanoparticle coatings"). 

 

 

 

Figure 1: Schematic representation of the preparation and application process of SiO2 and ZnO solutions for coating 

polished tile surfaces. 
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Table 2: Identifying samples: coatings and heating conditions. 

No. Sample name Code 

1 Porcelain tile S 

2 Polished tile S0 

3 Polished tile/ AF (without calcination) (drop method) S1 

4 Polished tile/ AF(400 °C) (drop method) S2 

5 Polished tile/ SiO2(600 °C) S3 

6 Polished tile/ ZnO(600 °C) S4 

7 Polished tile/ SiO2/ AF(400 °C) (drop method) S5 

8 Polished tile/ ZnO/ AF(400 °C) (drop method) S6 

 

 

S5 and S6: To investigate combined effects, S3 

(first coated with SiO2 nanoparticles) received an 

additional layer of APX-128 via the drop method 

before heating at 400°C for 10 minutes (designated as 

"S5, combined coating"). Similarly, S4 (initially treated 

with ZnO nanoparticles) received a subsequent APX-

128 layer and heating at 400 °C for 10 minutes 

(designated as "S6, combined coating"). 

 

2.3. Characterization techniques  

FE-SEM imaging (TeScan-Mira III 30 kW) revealed the 

surface morphology. FT-IR spectroscopy (Bruker FT-IR 

Equinox 55) identified chemical bonds (500-4000 cm
-1

). 

UV-Vis spectroscopy (Ocean Optic HR400) determined 

optical properties (200-850 nm). Colorimetry (CIE Lab) 

also quantified visual appearance (L*, a*, b*). The 

surface roughness of the coated tiles was investigated 

using a Perthometer M2-Mahr GmbH-Gottingen-

Germany roughness tester. This measurement, expressed 

as the average arithmetic roughness (Ra), provided 

valuable information about the texture of the coatings 

and their potential impact on contact angle and adhesion 

properties. Contact angle measurements were performed 

using a Dino-Lite digital microscope and Digimizer 

software. This technique involved placing a water 

droplet (55 µL) on the coated surface and measuring the 

angle between the droplet and the surface. The 

illuminance of the coated surfaces was measured using 

an 18-1407 LUX meter at a 60° angle. This assessment 

provided insights into the coatings' light reflection and 

scattering properties, which are relevant for potential 

applications in light-sensitive environments. The anti-

staining performance of the coatings was evaluated 

following the INSO 9169-14 standard. This standard 

prescribes specific stains like olive oil, alcohol-iodine, 

and glyceryl tributyrate-chromium oxide. After 

application, the stains were removed with water and 

various detergents. This evaluation provided valuable 

information about the ability of the coatings to resist 

staining from common household and industrial 

contaminants. 

 

3. Results and Discussion 

Figure 2 illustrates the influence of the heating process 

on the water contact angle (WCA) of the antifouling-

coated surface (S1). As observed, the initial WCA of 

the surface at room temperature was approximately 

89°. Interestingly, the WCA continuously increased 

with increasing temperature until reaching a maximum 

of 119° at 400 °C. However, further temperature 

elevation beyond 400 °C resulted in a notable decrease 

in the WCA. While heat treatment can enhance the 

coating's water repellency by potentially reorienting 

polymer chains, removing hydrophilic groups, or 

altering surface texture, excessive heat can be 

detrimental. It could break down polymers, increase 

surface energy, weaken the coating-substrate bond, and 

negatively impact wettability through delamination or 

surface changes. 

FTIR was employed to analyze the surface 

composition and chemical modifications of an 

antifouling material subjected to thermal treatment. 

The material, previously identified as a dispersion of 

silica gel nanoparticles and silicon polymers in heptane 

(C7H16), underwent drying at room temperature 

followed by heating at 400 and 600 °C. Detailed results 

are presented in Figure 3. The FTIR spectra revealed 

significant changes upon heating. Notably, alkane and 
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alkyne functionalities, identified by peaks at 2966 and 

2179 cm-1, decreased in intensity. The complete 

disappearance of the alkyne-related peaks (2179 and 

2357 cm-1) at 600 °C suggested extensive thermal 

decomposition. 

Additionally, the intensity of the C-H peak (813 cm-1) 

decreased with increasing heating temperature, further 

supporting the removal of organic moieties from the 

surface. Conversely, the intensity of Si-O-Si and Si-O-C 

peaks (770-1450 cm-1) increased with heating, indicating 

the formation of new bonds between the silica 

nanoparticles and the silicon polymers. This likely 

resulted in a more "ceramic-like" surface with more 

inorganic Si-O bonds. Three potential reactions involving 

condensation and oxidation processes have been 

proposed to explain the observed changes. These 

reactions contribute to the thermal transformation of the 

material, potentially leading to enhanced antifouling 

properties observed at higher temperatures (Eqs. 1-3). 
 

...≡Si-OH+..≡C-OH→..≡Si-O-C≡..+H2O (1) 
 

..≡Si-OH+..≡Si-OH→..≡Si-O-Si≡..+H2O  (2) 
 

..-C≡C-CH3+O2→CO2 + H2O  (3) 

 

The influence of various treatments on the surface 

properties of different samples is evident in their water 

contact angles, presented in both Table 3 and Figure 4. 

Table 3 summarizes the contact angle data, while 

Figure 4 visually represents all samples. Also, the color 

pictures of drops on the samples have been shown in 

supplementary materials. Uncoated porcelain tiles (S) 

exhibit hydrophilic with a contact angle of 65°, while 

polished porcelain tiles (S0) are slightly more 

hydrophilic with an angle of 53°. Coating a polished 

tile with the antifouling material (S1) further increases 

its water repellency, evidenced by a higher contact 

angle of 89°. 

Interestingly, heat treatment amplifies this effect, as 

demonstrated by the significant increase in S2's contact 

angle to 119° after heating at 400°C. This highlights 

the combined impact of the antifouling coating and 

heating in enhancing hydrophobicity. In contrast, 

nanolayer coatings of SiO2 and ZnO (S3 and S4) 

induce super hydrophilic characteristics, achieving 

contact angles below 10°. This indicates excellent 

water adhesion, showcasing a contrasting behavior 

compared to the hydrophobic samples. Notably, 

applying the antifouling material via the drop method 

and subsequent heating at 400°C (S5 and S6) reverses 

this trend, resulting in remarkable water repellency. 

These samples boast superhydrophobic surfaces with 

exceptionally high contact angles (154° and 149°) and 

low roll-off angles (6° and 7°), signifying their superior 

ability to repel water.  

 

Table 3: Water contact angles and roll-off angles of samples (WCA data is an average of 10 contact angle 

measurements). 

No. Sample Coating method 
WCA (Water 

Contact Angle) 

Standard 

deviation (°) 
Roll off 

angle 
Surface property 

1 S None 65º 4.32 - Hydrophilic 

2 S0 None 53º 8.10 - Hydrophilic 

3 S1 
AF-drop (without 

calcination) 
89º 8.14 - Hydrophilic 

4 S2 
AF-drop (after 

heating at 400℃) 
119º 5.28 - Hydrophobic 

5 S3 
SiO2 nanolayer 

(spray) 
˂10 - - Superhydrophilic 

6 S4 
ZnO nanolayer 

(spray) 
˂10 - - Superhydrophilic 

7 S5 
SiO2+ AF Drop 

method 
154º 3.54 6º Superhydrophobic 

8 S6 
ZnO+ AF Drop 

method 
149º 4.72 7º Superhydrophobic 
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Figure 2: After thermal treatment, water contact angle measurements on the antifouling-coated samples. Each sample 

underwent 15 individual measurements, with the average value and an error margin of less than ± 5° reported. 

 

 
Figure 3: FTIR spectra of the antifouling material dried at room temperature and heated at 400 and 600 ºC. 
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Figure 4: Contact angles of water droplets on the surface of the samples: S (Porcelain tile), S0 (Polished tile), 

S1(Polished tile/AF), S2(Polished tile/AF(400 °C)), S5(Polished tile/ SiO2/AF(400 °C)), and S6(Polished 
tile/ZnO/AF(400 °C)). Note: Contact angles are not shown for samples S3 and S4 due to their superhydrophilic 

nature, where water readily spreads on the surface. A real-color image of the contact angles of the drops is 
available in the supplementary files. 

 

Figure 5 presents the FE-SEM images of the 

different sample surfaces: S, S0, S1, and S2. Figures 5a 

and 4b depict the untreated porcelain surface (S) and its 

polished counterpart (S0). The polished surface 

exhibits pores that can facilitate the adsorption of 

pollutants, leading to surface discoloration. An 

antifouling coating (S1) was applied to address this 

issue, as shown in Figure 4c. This treatment effectively 

filled the pores, resulting in a decrease in surface 

porosity. However, heating the coated surface at 400ºC 

(S2) induced the formation of nanoparticles and 

increased surface roughness (Figure 5d). 

Interestingly, this roughness also generated 

nanometer-scale patterned structures on the surface. 

The combined effect of increased roughness and 

nanostructures led to a significant improvement in the 

contact angle of the surface, from 89° to 119° (Figure 

5d and Table 3). The detailed impact of roughness on 

the contact angle will be discussed in a subsequent 

section. Figure 5e shows the particle size distribution 

of the surface of S2. The average particle size is 103 

nm, indicating the formation of relatively small 

nanoparticles after the 400ºC heat treatment. 

Figures 6 and 7 unveil a two-step approach to 

modifying the porcelain surface for enhanced 

functionality, focusing on the initial nanolayer 

deposition (Figure 6) and subsequent antifouling 

treatment (Figure 7). Figures 6a and 6b showcase FE-

SEM images of the deposited SiO2 (S3) and ZnO (S4) 

nanolayers, respectively. Both exhibit uniform 

nanoparticle distributions across the surface, with sizes 

ranging from 100 to 300 nm, as confirmed by the 

histograms in Figures 6c and 6d. The average particle 

size is 143 nm for SiO2 and 170 nm for ZnO (Figure 

6d). Although these layers exhibit super hydrophilicity, 

the absence of patterned structures, like those seen on 

lotus leaves, may hinder their self-cleaning abilities. 

Patterned structures contribute to lower surface energy, 

a key factor for self-cleaning surfaces.  

Figure 7 addresses this limitation by introducing an 

antifouling treatment to S5 (SiO2) and S6 (ZnO) 

followed by heat treatment at 400°C. Figure 7a reveals 

individual nanoparticles successfully attached to the 

SiO2 surface in S5, indicating effective coating. In 

contrast, Figure 7b demonstrates a remarkable 

transformation in S6, where the ZnO surface exhibits 

the formation of agglomerated nanoparticle clusters 

remarkably resembling the patterned structures found 

on lotus leaves. These clusters potentially create air 

cushions between individual structures, reducing 

surface energy and promoting water droplet repellency, 

mimicking the self-cleaning mechanism of the natural 

lotus leaf [26]. The particle size distributions in Figures 

7c and 7d confirm the presence of nanoparticles in both 

samples, with S5 exhibiting a wider range (100-700 

nm, average 273 nm) compared to S6's narrower range 

(50-300 nm, average 175 nm). These tailored surface 

modifications, with their distinct nanoparticle 

morphologies and patterned structures (particularly 

evident in S6(b)), pave the way for exploring their 

potential applications in various fields, particularly in 

self-cleaning and hydrophobic surfaces. 
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Figure 5: FE-SEM images of samples: (a) S (Porcelain tile), (b) S0 (Polished tile), (c) S1 (Polished tile/AF), 

(d) S2(Polished tile/AF(400 °C)) and (e) Particle size distribution of sample S2. The average size of 156 particles is 103 
nm with a standard deviation of ±28 nm. 

 

 
Figure 6: FE-SEM images and particle size distributions of S3 Polished tile/ SiO2(600 °C) (a, c) and S4 Polished tile/ZnO 

(600 °C) (b, d); Average sizes are 143 nm (S3, 209 particles) and 170 nm (S4, 190 particles) with standard deviations of 
±40 and ±48 nm, respectively. 
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Figure 7: FE-SEM images and average particle sizes of S5 (Polished tile/ SiO2/AF(400 °C)) (a, c) and S6 (Polished 

tile/ZnO/AF(400 °C)) (b, d); Average sizes are 273 nm for S5 (79 particles) and 175 nm for S6 (89 particles), with 
standard deviations of ±65 and ±74 nm, respectively. 

 
Figure 8: FE-SEM image of sample S5 (a,b) and Sample S6 (c,d) cross-sections; The average thickness of 

(SiO2+antifouling) and (ZnO+antifouling) layers on the surface of samples S5 and S6 is 677 and 220 nm, respectively. 
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FE-SEM analysis revealed fascinating details about 

the coated porcelain surfaces (Figure 8). Both S5 and 

S6 samples exhibited multi-layered structures with 

well-adhered nanoparticles, comprising either SiO2 or 

ZnO combined with antifouling material (Figures 8a-b 

and c-d), respectively. Intriguingly, the surfaces 

displayed a unique topography with roughness, 

protrusions, and depressions. This intriguing variation 

potentially enhances surface area and interaction with 

water and biomolecules, impacting functionality. 

Remarkably, these features were achieved with 

incredibly thin and uniform coatings, measuring only 

677 and 220 nm for S5 and S6, respectively, making 

them invisible to the naked eye. This combination of 

multi-layered structure, adhered nanoparticles, and 

unique topography paves the way for further 

exploration of these coatings' potential applications. 

Surface features significantly impact how a surface 

interacts with water, dictating its hydrophobicity. As 

shown in Scheme 1 a (S2), the water droplet fills the 

surface grooves, indicating strong capillary interaction 

and low hydrophobicity. Conversely, in Scheme 1-b, the 

droplet beads up. It remains suspended on air due to the 

significantly smaller surface features than the droplet, 

leading to minimal contact and high hydrophobicity, 

consistent with the Cassie-Baxter state [38]. 

The porous structure of the polished tile surface 

promotes water absorption and adhesion, as 

demonstrated by the Wenzel and Cassie transition 

models [39]. Surface energy plays a crucial role in 

achieving superhydrophobic behavior. Reducing surface 

energy increases the contact angle, making the surface 

more water-repellent [40]. Coating the surface with an 

antifouling agent fills the porous structure, reducing 

surface energy and thus increasing the contact angle. 

Notably, the micro/nanostructure of the surface mimics 

the natural superhydrophobic lotus leaf, further 

enhancing its water-repelling properties. 
 

 
Scheme 1: (a) A scheme of S2, (b) schemes of S5 and 

S6. The wetting transition from the Wenzel state to the 
Cassie–Baxter state on the tile surface was investigated. 

Surface roughness, average particle size, and water 

contact angle (WCA) measurements are presented  

in Table 4. Ra and Rz, representing the arithmetical 

mean deviation and average maximum height of the 

profile, respectively, are used to characterize surface 

roughness. The results indicate that applying the 

antifouling material (S1) to the polished tile (S0) 

reduced both Ra and Rz, suggesting it filled surface 

porosity. However, heating this layer at 400°C (S2) 

increased Ra and Rz, likely due to material 

accumulation and reaction on the surface. When heated 

to 400 °C, the antifouling layer (dispersion of silica gel 

nanoparticles and silicon polymers) undergoes thermal 

decomposition. This is supported by the FTIR analysis 

(Figure 3), which shows a decrease in the intensity of 

peaks associated with alkane and alkyne functionalities 

(2966 and 2179 cm-1). This breakdown process can 

leave behind residual fragments or byproducts on the 

surface, contributing to increased roughness (Ra and 

Rz). Notably, Ra and Rz decreased again for samples 

S5 and S6 compared to S2, implying that pre-coating 

with SiO2 and ZnO nanoparticles filled some surface 

porosity. The WCA data in Table 4 reveals that S0, S1, 

S3, and S4 are hydrophilic, while S2 is hydrophobic, 

and S5 and S6 exhibit superhydrophobicity. 

Interestingly, the samples correlate with Ra, Rz, 

and WCA. This suggests that both surface composition 

and roughness influence WCA. Comparing Ra with the 

WCA of S2, S5, and S6 indicates that achieving 

superhydrophobicity may only require roughness in the 

nanometer range (sub-micrometer). Reflection spectra 

analysis (Figure 9) revealed interesting insights into 

our coated samples' surface light reflection properties. 

While uncoated (S0) and S1 samples displayed high 

average light reflection about 78 and 78.3 %, 

respectively in the visible range (400-700 nm), S2 

exhibited a significant decrease (63 %), indicating a 

reduction in surface lightness. This highlights the 

impact of the heating process employed on S2 during 

antifouling material incorporation. 

Introducing SiO2 and ZnO nanoparticles through 

the coating (S5 and S6) restored the light reflection and 

surpassed the uncoated counterparts. S5 and S6 

achieved average reflections of 77.8 and 74.3 %, 

respectively. This translates to a relative increase in the 

lightness parameter (L*) measured through colorimetry 

(Table 5). While S0 and S2 had L* values of 90.65 and 

83.63, respectively, S5 and S6 reached 89.73 and 

88.49, indicating a successful restoration of lightness 
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through nanoparticle coating. 

Similar trends were observed for surface whiteness. 

Heating S1 to 400 °C in S2 drastically dropped 

whiteness from 83 to 57.5 (Table 5). However, coating 

with SiO2 and ZnO nanoparticles (S5 and S6) led to a 

remarkable increase in whiteness, exceeding even the 

uncoated samples. S5 and S6 achieved whiteness 

values of 116.4 and 106, respectively, compared to 81 

and 83 for S0 and S1. This significant enhancement in 

whiteness, coupled with the superhydrophobicity of the 

coated surfaces, demonstrates the high quality and 

potential benefits achieved through the chosen coating 

approach. 

Based on Table 4, the average particle sizes of S2, 

S5, and S6 are 103, 273 and 175 nm, respectively. 

Rayleigh scattering theory[41] establishes that the 

intensity of light (electromagnetic wave) scattering is 

contingent upon particle size (Eq. 4): 
 

   (
    

  
) (

   

   
)
 

                                     (4) 

here, k represents the wavenumber, a signifies the 

particle size, r denotes the distance from the origin, ε 

stands for the dielectric constant, and θ depicts the angle 

between the incident light and detection. Large particles 

induce greater scattering, whereas smaller particles result 

in reduced scattering. The predominant cause of 

enhanced whiteness in S5 and S6 compared to S2 

appears to be the larger average particle size. As shown 

in Scheme 2a, in sample S2, a portion is reflected when 

light interacts with the surface. At the same time, another 

part is transmitted or absorbed through the antifouling, 

glaze, and engobe layers, thereby diminishing whiteness. 

Conversely, as illustrated in Scheme 2 b, SiO2 and ZnO 

nanoparticles in samples S5 and S6 serve as scattering 

centers, increasing the proportion of light scattered or 

reflected onto the surface, with only a minor fraction 

transmitted through the layers for absorption. This 

mechanism contributes to the heightened whiteness of 

the surface. 

 

Table 4: Presents the samples' roughness, average particle size, and water contact angle. 

No. Sample Average Particle Size (nm) Ra(nm) Rz(μm) WCA(º) 

1 S0 - 335 5.92 53 

2 S1 - 247 3.74 89 

3 S2 103 801 3.81 119 

4 S3 143 135 3.31 ˂10 

5 S4 170 124 2.65 ˂10 

6 S5 273 308 2.93 154 

7 S6 175 158 1.86 149 

 

 

Figure 9: Reflection spectra for samples S0, S1, S2, S5, S6. 
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Scheme 2: Illustrates the distinct reflection behavior: (a) Weak reflection in S2 due to lack of scattering centers, leading 

to low whiteness and (b) Strong reflection in S5 and S6 as nanoparticles act as scattering centers, enhancing whiteness. 

 

 

Table 5: The optical and colorimetric parameters alongside the water contact angle measurements. 

No. Sample L* a* b* Whiteness WCA(º) 

1 S0 90.65 -2.25 -0.69 81.0 53 

2 S1 90.69 -1.59 -1.10 83.0 89 

3 S2 83.63 -3.30 1.12 57.5 119 

4 S3 91.02 0.39 -7.57 114.0 ˂ 10 

5 S4 91.31 1.27 -8.57 119.1 ˂ 10 

6 S5 89.73 0.40 -8.59 116.4 154 

7 S6 88.49 0.04 -6.85 106.0 149 

 

Evaluating the stability of surface hydrophobicity is 

crucial for achieving a perfect coating. To assess this, 

samples were exposed to air and water for a set period. 

Subsequently, the contact angle of water droplets on 

the surface was measured. Figure 10 presents the 

results of this experiment. As evident from Figure 10, 

there is a clear contrast in the trends observed for 

samples exposed to air compared to water. While 

samples S5 and S6 initially exhibit a high contact angle 

(around 155°), indicating a high degree of 

hydrophobicity, the contact angle for samples in water 

reduces significantly over time. After 24 hours of 

immersion, the contact angle for both S5 and S6 in 

water decreases to around 110°. In contrast, the contact 

angle for air-exposed samples remains relatively 

constant throughout the experiment, hovering around 

the initial value of 155°. This observation suggests that 

the coating may experience a partial loss of its water-

repelling properties when exposed to water for 

extended periods. Possible reasons for this behavior 

could be the penetration of water molecules into the 

coating or the disruption of hydrophobic groups at the 

surface due to water exposure. 

 
Figure 10: Stability of the hydrophobicity of the layers 

in water and air. 

 

Table 6 presents the illuminance data, measured in 

lux, for samples S, S0, S5, and S6, utilizing an 18-1407 

LUX meter positioned at a 60° angle to assess the 

surface gloss. This measurement angle is chosen to 

comprehensively evaluate the coated surfaces' light 

reflection and scattering characteristics. The results 

indicate a slight variation in the measured lux values, 
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with S registering at 70 lux, S0 at 78 lux, S5 at 77 lux, 

and S6 at 75 lux. Despite the application of coatings, 

the illuminance values of the samples exhibit minimal 

reduction, suggesting that the surface coatings do not 

significantly impair the reflective properties of the 

samples.  

The stain resistance of samples S, S5, and S6 was 

assessed utilizing the INSO 9169-14 Iranian standard 

organization method, which incorporates various 

washing methods denoted as methods a, b, c, and d, each 

referenced by a corresponding number (5, 4, and so 

forth) as can be seen in Figure 11. Notably, method a is 

regarded as the optimal washing procedure. This 

comprehensive evaluation involved subjecting samples 

to different stains commonly encountered in everyday 

scenarios, including olive oil, glyceryl tributyrate-

chromium oxide, and alcohol-iodine, mimicking typical 

substances that might come into contact with surfaces. 

After applying stains, the samples were allowed to dry 

for a standardized period of 24 hours. Subsequently, 

cleaning was carried out using warm water (55 °C), 

ensuring a controlled and uniform testing environment. 
 

Table 6: The results of the LUX meter on the surface of S, S0, S5, and S6. 

Samples S S0 S5 S6 

LUX Value (lux) 70 78 77 75 

 

 
Figure 11: Illustrates the classification process for the stain resistance test according to the INSO 9169-14 Iranian 

standard organization. 
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Table 7: Presents the resistance of the samples against different stains, including olive oil, Glyceryl tributyrate-chromium 

oxide, and Alcohol-iodine drops. 

Samples  Olive oil 
Glyceryl tributyrate -

Chromium oxide 
Alcohol-iodine Result 

S 

Before 

washing with 

method a 
   

4 

 

After 

washing with 

method a 
   

After 

washing with 

method b 
   

S5 

Before 

washing 

   5 

 

After 

washing 
   

S6 

Before 

washing 

   5 

 

After 

washing 

   

 

 

The testing results revealed significant differences in 

stain resistance among the samples, as seen in Table 7. 

Samples S5 and S6 demonstrated exceptional 

performance, achieving a stain resistance classification 

of class 5 when subjected to the cleaning method. This 

classification signifies the complete removal of stains 

solely through warm water washing, indicative of robust 

stain resistance properties. In contrast, sample S 

exhibited less impressive stain resistance characteristics. 

Upon employing method a, stains persisted on the 

surface of sample S, suggesting a lower level of 

resistance to staining compared to S5 and S6. However, 

method b proved effective in eliminating all stains from 

sample S, although requiring a more aggressive cleaning 

approach. 

 

4. Conclusions 

This research successfully investigated the impact of 

applying antifouling coatings with and without 

intermediate nanolayers on polished tiles' optical, 

colorimetric, surface, and wetting properties. We 

demonstrated that our approach effectively enhances 

tiles' hydrophobicity and self-cleaning properties. 

Applying an antifouling coating on a polished tile, 

followed by heat treatment, significantly increased 

hydrophobicity. Introducing SiO2 and ZnO 

intermediate layers enhanced surface roughness, 

leading to superhydrophobic properties with water 

contact angles reaching 154° and 149°, respectively. 

This increase in hydrophobicity is likely due to the 

surface morphology created by the nanoparticles 

enhancing the air-trapping behavior consistent with the 

Cassie-Baxter model. Importantly, the intermediate 

nanolayers remarkably improved the tiles' whiteness 

and L* values, surpassing tiles coated solely with 

antifouling material. This improvement can be 

explained by Rayleigh scattering due to the 

nanoparticle size. 
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Moreover, stain resistance was notably enhanced, 

and surface gloss remained largely unchanged, 

demonstrating the practical benefits of this approach. 

This approach offers self-cleaning and functional tiles 

with maintained aesthetics. Optimizing nanoparticles 

and durability holds the key to wider industry adoption. 
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