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Abstract: The superhydrophobic, self-cleaning and anti-corrosion surface was 
successfully coated on mortar using an effective one-step spray coating tech-
nique. A coating solution was prepared by mixing methyltrichlorosilane-modi-
fied SiO2/TiO2 nanoparticles at different ratios to enhance the superhydrophob-
icity and reduce water absorption of the mortar. The sample prepared using a 
SiO2/TiO2 with the ratio of 75/25 was found to be optimal, exhibiting a high 
water contact angle and low sliding angle, which resulted in a reduction of 
water absorption by more than 97.5 % and chloride ion penetration depth. Fur-
thermore, the robustness of the superhydrophobic coating was analyzed against 
various tests including water drop impact, sand abrasion impact, tape peeling 
and sandpaper abrasion tests, each test was conducted with over 10000 drops, 
300 g, 60 cycles and 5 cycles, respectively. Notably, the coating showed 
excellent water absorption reduction of 82.6 % after sandpaper abrasion for a 
length of 200 cm (20 cycles), even though the water contact angle was reduced 
to 118°. Thus, the fabrication of superhydrophobic mortar surface offers a novel, 
alternative approach that is simple, efficient, cost-effective and provides multi-
function protection surface to increase the service life of on-site building cons-
truction with enhanced mechanical durability and anti-corrosion properties. 
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INTRODUCTION 
Mortars are widely used in the construction industry due to their versatility 

and cost-effectiveness.1 However, their susceptibility to water and corrosive ions 
such as Cl–, SO42–, etc., leads to the physical and chemical degradation pro-
cesses.2 The concrete structure may crack, spall and delaminate and steel bars in 
the buildings can be affected by chloride corrosion, leading to the strength red-
uction. Therefore, it is essential to limit water penetration and enhance anti-cor-
rosion properties to improve durability and prolong the service life of building 
structures.3 

Surface superhydrophobicity is one of the methods for creating new funct-
ional materials with complete waterproof,4 self-cleaning5 and anti-corrosion pro-
perties.6 It is well known that a surface is considered superhydrophobic when it 
exhibits a water contact angle (WCA) greater than 150° and a sliding angle (SA) 
less than 10°. Artificial superhydrophobic coatings can be achieved by creating 
hierarchical surface morphology and modifying it with low surface energy mat-
erials.7 Recently, SiO2 and TiO2 nanoparticles (NPs) along with various alkyl 
silanes have been used to create superhydrophobic coatings such as butyltri-
chlorosilane (BTS), octadecyltrichlorosilane (ODTS) and methyltrichlorosilane 
(MTCS).8,9 MTCS is one of the alkyltrichlorosilanes (trichlorosilane head group 
with a hydrocarbon tail group of variable length) that has the shortest chain 
lengths and higher reactivity than others. It can facilitate the polycondensation 
reactions at room temperature.9,10 In recent years, many researchers have studied 
bulk composite superhydrophobic cement mortar to extend the service life in 
construction.1–3 However, the composites high-cost is due to a lot of starting 
materials, which may impact the mechanical properties (compressive strength 
and flexural strength).  

This study aims to replace bulk composites with a simple spray coating 
technique using MTCS-modified SiO2/TiO2 NPs on mortar surface. The coating 
offers the advantage of easy application on-site building construction unaffecting 
the structure, resulting in time and cost savings. Additionally, it effectively pre-
vents water and corrosive ions from penetrating into the inner spaces of buildings 
as well as bulk composites. The ratio SiO2/TiO2 NPs was optimized to increase 
surface roughness, reduce surface energy, and enhance water permeability resist-
ance. Furthermore, the superhydrophobic mortar demonstrates excellent self-clean-
ing, mechanical durability and anti-corrosion properties. This work presents a 
novel alternative coating methodology for creating durable superhydrophobic on 
mortar surfaces, instead of the composites superhydrophobic cement mortar. 

EXPERIMENTAL 
Preparation of superhydrophobic mortar  

First, Portland cement (The Siam Public Company Ltd.) was mixed with water at a ratio 
of 5:1. Then, the mixed mortar was placed into oiled molds (2 cm diameter and 0.6 cm thick). 
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After that, the mortars were removed from the molds and cured for 7 days before testing. To 
prepare the superhydrophobic coating, a solution was created by adding 0.8 % of fumed silica 
(SiO2, 7 nm, Sigma–Aldrich Pte. Ltd.) and titanium dioxide (TiO2, 21 nm, Ajax Finechem) 
with ratios of 0/100, 25/75, 50/50, 75/25 and 100/0 to methyltrichlorosilane (MTCS, 99.5 % 
purity, Sigma–Aldrich Pte. Ltd.) dissolved in toluene (99.5 % purity, RCI Labscan Ltd.) at a 
concentration of 2.5 vol. %. The mixture solution was stirred for 1 h and then sprayed onto the 
mortar surface using a spray coating technique for 15 times. The spray gun was held perpen-
dicular to the surface at a distance of 10 cm under ambient air and atmospheric pressure. 
Characterizations 

The surface morphology and porosity of samples were analyzed using scanning electron 
microscopy (SEM, Hitachi TM4000Plus) and ImageJ software. The chemical bonding was 
analyzed using Fourier-transform infrared spectrometry (FTIR, BurkerTENSOR 27) and X- 
-ray diffraction (XRD, Rigaku Smartlab) on the surface of uncoated and coated samples with 
the size of 2 cm in diameter and 0.6 cm thick. Water contact angles (WCA) and sliding angles 
(SA) were measured using a pendant drop tensiometer with 3 µL of deionized water. The per-
meability of water was evaluated by measuring the rate of water absorption by dry specimen 
mortar in 1 h. 
Mechanical durability tests 

The mechanical durability of the coating surface was evaluated through water drop imp-
act test, sand abrasion impact test, tape peeling test and sandpaper abrasion test. For the water 
drop impact test, water droplet of 40 μL was dropped onto the superhydrophobic mortar sur-
face from a height of 10 cm and a tilt angle of 45°. The sand abrasion impact test involved 
impacting grains of sizes 100–500 μm on the surfaces at a height 40 cm and a tilt angle of 45° 
with a flow rate of 2.8 m s-1. The tape peeling test was carried out using the method reported 
in ASTM D3359-09.11 The coating mortar surface was pressed with 3M tape under a pressure 
of 3 kPa to ensure good contact between the surface and the 3M tape. Then, the tape was 
peeled off from the surface and the above process was repeated. The sandpaper abrasion test 
was performed on the superhydrophobic mortar surface using sandpaper grit No. 600 as the 
abrasion surface. The sample was moved in one direction for 10 cm at a speed of 5 mm s-1 
with a load of 100 g. The WCAs after mechanical durability tests were then investigated. 
Chloride permeability test 

The mortar samples were covered by epoxy resin (World Chemical Far East Company 
Ltd.) except for the diffusion surface. Then, the samples were soaked in a 7 wt. % NaCl 
(Labscan Asia Co., Ltd.) solution for 14 days. After that, a 0.1 mol/L silver nitrate (AgNO3, 
RCI Labscan Ltd.) solution was sprayed on the cut surface.3 The depth of chloride ion penet-
ration was measured using the AgNO3 color development test. 

RESULTS AND DISCUSSION 

Morphology analysis 
The morphology of ordinary mortar (OM) and mortars coated with MTCS- 

-modified SiO2/TiO2 nanoparticles (NPs) after 15 spraying times were analyzed 
in detail, using SEM. Fig. 1a shows the hydration products with rough and highly 
porous surface of the mortar (19.2 %). After spraying, the MTCS-modified SiO2/  
/TiO2 coating covered the pore structure of the mortar, as shown in Fig. 1b–f. 
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From the figure, the porosity of the coated surface (which was measured using 
ImageJ)12 decreased to 10.2, 8.5, 6.9, 8.6 and 6.1 %, respectively. The surface of 
the MTCS-modified TiO2 (0/100) coating consisted of large, loose agglomerates 
of TiO2 (Fig. 1b) while the MTCS-modified SiO2 (100/0) coating surface was 
densely packed (Fig. 1f). The size of TiO2 particles approximately three times 
larger than that of SiO2 particles, resulting in a dense and low-porosity SiO2 film. 
However, superhydrophobic surface requires a hierarchical surface with mono- 
-scale roughness, which was observed in the SiO2/TiO2 ratios of 25/75 and 75/25 
(Fig 1c and e). 

 
Fig. 1. Surface morphologies and schematic diagram of: a) ordinary mortar and the coated 

mortar by MTCS-modified SiO2/TiO2 NPs in ratios of b) 0/100, c) 25/75, d) 50/50, e) 75/25 
and f) 100/0. 

Wettability analysis 
Fig. 2 shows water contact angle (WCA) of OM and coated mortar. The OM 

exhibited hydrophilicity with a WCA of 55.2°. After coating with MTCS-modi-
fied SiO2/TiO2 at different ratios using 15 spray applications, the mortar surfaces 
transformed into hydrophobic and superhydrophobic surfaces, with WCAs of 
149.3, 145.6, 154.1, 154.7 and 145.7°, respectively. Interestingly, the samples 
coated at SiO2/TiO2 ratios of 50/50 and 75/25 displayed superhydrophobic mor-
tar with WCA greater than 150° and SA less than 2°. Therefore, the hierarchical 
structure and low surface energy of the coated mortar surface contributed to the 
superhydrophobic behavior. This wetting behavior can be explained by the 
Cassie–Baxter equation:13 
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 1 2 1cos cos (cos 1) 1f f fγθ θ θ= − = + −  (1) 

where θγ is the contact angle of the coated mortar surface, θ is the contact angle 
of the ordinary mortar surface (55.2°), f1 is the solid fraction between the coated 
mortar and the droplet, f2 is the air fraction between the coated mortar and the 
droplet. The solid fraction (f1) and air fraction (f2) of coated mortars are pre-
sented in Table I. The results imply that the ratio of SiO2/TiO2 increases air 
pockets in the rough structure, forming a solid-gas composition interface. More-
over, the smaller contact area between the droplet and coated mortar surface 
trends to increase the superhydrophobicity.  

 
Fig. 2. Water contact angles and sliding angles of samples. 

TABLE I. Solid fraction, air fraction and water permeability of ordinary and coated mortars 

Sample Solid 
fraction (f1) 

Air 
fraction (f2)

Coefficient of water 
absorption, 10-9 cm2 s-1 

Reduction in the coefficient 
of water absorption, % 

OM – – 700 – 
0/100 0.089 0.911 36.1 94.8 
25/75 0.110 0.890 57.4 91.8 
50/50 0.064 0.936 29.0 95.9 
75/25 (SM) 0.061 0.939 17.7 97.5 
100/0 0.111 0.889 74.5 89.4 

Furthermore, water permeability property was measured by the coefficient of 
water absorption, as shown in Table I. The coefficient of water absorption value 
was calculated by the equation:14 

 a
1( )QK

A t
=  (2) 

where Ka is the coefficient of water absorption, cm2 s–1; Q is the quantity of 
water absorbed by the sample, cm3, in time, t / s and A is the total surface area of 
the sample, cm2. For the OM, the coefficient of water absorption was measured 
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to be 700×10-9 cm2 s–1. After spraying, the coefficient of water absorption of all 
samples decreases by over 88 % compared to OM, indicating that the coating 
layer prevented water absorption into the pore structure of the mortar. Interest-
ingly, the samples coated with MTCS-modified SiO2/TiO2 at a ratio of 75/25 
exhibited the highest water resistance with a 97.5 % which reduced the coef-
ficient of water absorption. This is because the appropriate combination between 
SiO2 and TiO2 increase the nano-scale roughness on the surfaces (see Fig. 1e) as 
well as the highest air fraction (see Table I). Air pockets between the water drops 
and surface prevent water absorption into the mortar surface, following the Cas-
sie–Baxter model.4 Therefore, MTCS-modified SiO2/TiO2 in a ratio of 75/25 is 
considered to have sufficient potential for practical applications due to hier-
archical surface, high WCA and low water resistance, representing an optimum 
superhydrophobic mortar (SM) in this study. This result indicates that the coating 
of MTCS-modified SiO2/TiO2 NPs created a protective barrier on the mortar 
surface which improved the superhydrophobicity and effectively prevented the 
infiltration of water entering the mortar and causing damage. Therefore, this pro-
perty is closely connected to the durability of mortar in outdoor environments, 
suggesting that the superhydrophobic coating can improve the service life and 
performance of the mortar in practical applications. 

Chemical composition analysis 
Fig. 3a displays the FTIR transmission spectra of ordinary mortar (OM) and 

superhydrophobic mortar (SM) with wavenumbers ranging from 4000 to 400 cm–1. 
The absorption bands of OM at 435 cm–1 correspond to Si–O.5 Peaks at 1400, 
872 and 710 cm–1 are attributed to the C–O bond due to the presence of calcite in 
mortar.15,16 The peaks at 1800–2300 cm–1 were observed in mortar.17 The peak 
at 3643 cm–1 corresponds to the O–H vibration of portlandite (Ca(OH)2).5 After 
modification, the absorption band at 2970 cm–1 was attributed to the C–H bond 
in the –CH3 group. Additionally, the peak 1271 cm–1 corresponded to the bend-
ing vibration of Si–CH3, indicating successful MTCS modification and surface 
energy reduction.18 In addition, the peaks at 1026 and 767 cm–1 belong to 
Si–O–Si,5 which are consistent with the functional groups in the MTCS structure, 
forming a self-assembled film. TiO2 NPs are approximately three times larger in 
diameter compared to SiO2 nanoparticles while the specific surface area is less 
than SiO2 NPs. Thus, the appropriate combination between SiO2 and TiO2 can 
increase specific surface area, leading to increase –OH groups. The superhydro-
phobic modification mechanism involved MTCS reacting with the –OH groups 
of SiO2 and TiO2 NPs through hydrolysis and condensation reactions, leading to 
the grafting of alkoxy groups of MTCS on the SiO2 and TiO2 surfaces.4 Then, 
MTCS-modified SiO2/TiO2 NPs absorbed onto the mortar surface and filled 
lager pores of hydration products. Thus, the SiO2/TiO2 NPs reacted with MTCS 
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to reduce the surface energy and improve the surface roughness on mortar. The 
peaks at 1800–2300 cm–1 in SM were of very low intensity, indicating that the 
mortar surface is covered with a low surface energy coating. In Fig. 3b, the XRD 
pattern of OM and SM is presented. The main components of mortar are the 
same, namely calcite, quartz, portlandite, calcium silicate hydrate, alite and bel-
ite.19 After coating, the SM shows lower intensity peaks of mortar, while sig-
nificant peaks of SiO2 and TiO2 appeared.20,21 

 
Fig. 3. a) The FTIR spectra and b) X-ray diffraction patterns of ordinary mortar (OM) and 

superhydrophobic mortar (SM). 

Self-cleaning and mechanical durability properties 
It is well known that outdoor mortar is easy to face with dust particles over 

time. The cumulation of pollutants for a long time will have a negative impact on 
the performance of mortars. The self-cleaning property of the OM and SM was 
tested using sand as a contaminator, as shown in Fig. 4a and b. In the SM, water 
droplets bead up into spheres and leave no residual droplets on the surface. This 
result indicated that the MTCS-modified SiO2/TiO2 NPs form a film on the mor-
tar, exhibiting negligible water adhesion. Fig. 4c shows the mechanism of self- 
-cleaning of the SM. While the water drop is rolling, it collects dust particles, 
demonstrating excellent self-cleaning property. In the Cassie–Baxter state, the 
droplet rests on top of the surface features, suspended by air pockets between the 
liquid droplet and the MTCS-modified SiO2/TiO2 NPs surfaces. These air 
pockets reduce the contract area, generating a greater net force and prevent the 
droplet from penetrating into the mortar surface.22 

While the self-cleaning property of SM is promising, one of the major prob-
lems of superhydrophobic coatings is their poor mechanical durability. There-
fore, the mechanical durability of SM was evaluated using water drop impact 
test, sand abrasion impact test, tape peeling test and sandpaper abrasion test, as 
shown in Fig. 5a–d and Table II. In the water drop impact test, the WCA of SM 
decreased to less than 150° after impinging of 10000 water droplets. Additionally,  
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Fig. 4. The self-cleaning test of: a) ordinary mor-
tar, b) superhydrophobic mortar and c) mech-
anism diagram of self-cleaning. 

 
Fig. 5. Schematic of mechanical durability tests: a) water drop impact test, b) sand abrasion 
impact test, c) tape peeling test and d) sandpaper abrasion test on superhydrophobic mortar. 

the sand abrasion impact test was also performed to investigate the durability of 
the superhydrophobic coating to simulate the impact of dust particles. The SM 
lost its superhydrophobicity after impingement with 300 g of sand gains. More-
over, the superhydrophobicity of the SM surface was retained even after 60 
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cycles in the tape peeling test. Fig. 5d shows the sandpaper abrasion test on the 
SM. Before abrasion, water drops were placed on the SM surface with a WCA of 
~152°. After 5 cycles of abrasion, the superhydrophobicity of SM was only 
slightly reduced. The superhydrophobic coating was robust after dragging nearly 
50 cm on the sandpaper, which shows high durability compared to the same exp-
eriment set up in the other research.8 However, the coating surface was severely 
abraded after 20 cycles (200 cm in length) of abrasion, resulting in a dramatic 
decrease in WCA to ~118°. Interestingly, the abraded mortar exhibited a signific-
ant reduction in water absorption, approximately 82.6 %, compared to OM. 
These results confirmed the robust superhydrophobic mortar despite the coating 
being applied only on the surface, which allowed the coating to be used in prac-
tical applications on a large-scale. 

TABLE II. Mechanical durability tests of superhydrophobic mortar 
Water drop 
impact test 

Sand abrasion 
impact test 

Tape peeling 
test 

Sandpaper 
abrasion test 

Number of 
drops WCA / ° Sand gain

g WCA / ° Number of 
cycles WCA / ° Number of 

cycles WCA / ° 

0 154±1 0 154±1 0 154±1 0 154±1 
10000 149±2 100 151±2 30 150±2 5 149±3 
20000 145±1 200 150±3 60 149±2 10 135±4 
30000 123±2 300 149±3 90 141±4 15 131±6 
40000 115±2 400 140±4 120 131±4 20 118±5 

Anti-corrosion analysis 
Fig. 6 shows the depth of chloride ion penetration in OM and SM after 

immersion in NaCl solution for 14 days and subsequent spraying with AgNO3 
solution. In the AgNO3 color development test, chloride permeated regions turn 
violet due to AgCl precipitation, while regions without chloride penetration turn 
brown due to the formation of Ag2O.3,23 The chemical reactions of the AgNO3 
color development test are shown in Eqs. (3) and (4):3  
 3 3AgNO NaCl AgCl NaNO+ → +  (3) 
 3 2 3 22AgNO 2NaOH Ag O 2NaNO H O+ → + +  (4) 

The violet regions are affected by the concentration of AgNO3 solution, pH, 
types of cement and the chloride content of cement.24 The SM exhibited excel-
lent corrosion resistance, with an average depth of chloride ion penetration of 
about 1.6 mm (Fig. 6b), while chloride ions were able to penetrate most of the 
OM (Fig. 6a). Thus, the superhydrophobic coating demonstrated as a good bar-
rier for corrosion and prevents external chloride ions, which are confirmed by the 
EDS results. The anti-corrosion mortar effectively blocks the diffusion of chlo-
ride ions inside the building and might prevent it from reaching the steel inside 
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the building in chloride salt environments. It was found that the coating method 
improves the anti-corrosion property of mortar, acting as a protective barrier with 
effective performance in outdoor and marine environments. The superhydropho-
bic and anti-corrosion properties prevent water or corrosive ions from entering 
the mortar, slowing down the corrosion of steel inside the structures and enhan-
cing the durability and service life of construction buildings. Therefore, the fab-
rication of superhydrophobic mortar can facilitate its durable application in out-
door and marine environments and has the potential as a superhydrophobic coat-
ing for various substrates. 

Fig. 6. The chloride ions diffusion of: a) ordinary 
mortar and b) superhydrophobic mortar obtained 
by silver nitrate color experiment. 

CONCLUSION 

In conclusion, the MTCS-modified SiO2/TiO2 nanoparticle-coated mortar 
demonstrates a superhydrophobic surface using a simple spray coating method. A 
sample coated with a SiO2/TiO2 ratio of 75/25 with 15 spraying times exhibits 
the highest water contact angle and the lowest water absorption with a hierar-
chical structure. Furthermore, the water absorption of the superhydrophobic mor-
tar was reduced by 97.5 %, indicating excellent waterproofing ability, despite the 
coating being applied only to the surface. The coated mortars maintained their 
unique wettability after being impacted with water drop, sand, tape peeling and 
abraded with sandpaper, demonstrating excellent robustness due to their good 
mechanical durability properties. Even after being abraded with sandpaper for 20 
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cycles, the water absorption was reduced by 86.2 %. Moreover, the fabricated 
superhydrophobic mortar exhibited excellent self-cleaning and anti-corrosion pro-
perty, effectively reducing chloride ion penetration. Therefore, the simple, cost-
effective coating process is suitable for various applications in on-site building 
construction. In the future, the superhydrophobic coating can be applied to other 
material surfaces such as wood, metal and plastic to extend their service life. 
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РАДНОГ ВЕКА ГРАЂЕВИНСКИХ КОНСТРУКЦИЈА 
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Суперхидрофобна, самочистећа и антикорозиона превлака је успешно нанета на 
малтер коришћењем технике једностепеног распршивања. У раствор за распршивање су 
додате, у различитим односима, наночестице SiO2 и TiO2 модификоване метилтрихлоро-
силаном да би се повећала суперхидрофобност малтера и смањила апсорпција воде. 
Узорак припремљен при масеном односу SiO2/TiO2 = 75/25 је показао највећи контактни 
угао и најмањи угао клизања, што је обезбедило смањење апсорпције воде веће од 97,5 % 
и смањење дубине продирања хлоридних јона. Постојаност превлаке је анаизирана раз-
личитим тестовима, укључујући утицај падајућих капи воде (10000 капи), абразију 
песком (300 g), одлепљивање помоћу траке (60 циклуса) и абразијy шмиргл папиром (5 
циклуса). Превлака је показала одлично смањење апсорпције воде и после теста абразије 
шмиргл папиром током 20 циклуса (82,6 %), иако је контактни угао смањен на 118°. 
Приказани резултати указују да формирање суперхидрофобне превлаке на малтеру 
представља алтернативни приступ, који је једноставан, ефикасан и економичан, за обез-
беђење мултифункционалне заштите површине малтера на лицу места у циљу проду-
жења радног века конструкција са побољшаним механичким и антикорозионим својствима. 

(Примљено 17. април, ревидирано 24. маја, прихваћено 25. августа 2024) 
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