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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
technique. A coating solution was prepared by mixing methyltrichlorosilane-
modified SiO,/TiO> nanoparticles at different ratios to enhance the super-
hydrophobicity and reduce water absorption of the mortar. The sample prepared
using a Si0,/TiO; 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 more than 97.5 % and chloride ion penetration depth.
Furthermore, the robustness of the superhydrophobic coating was analyzed
against various tests including water drop impact, sand abrasion impact, tape
peeling and sandpaper abrasion tests, with each test conducted 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
multifunction protection surface to increase the service life of on-site building
construction with enhanced mechanical durability and anti-corrosion properties.

Keywords: superhydrophobic; methyltrichlorosilane; self-cleaning; mechanical
durability; anti-corrosion.
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INTRODUCTION

Mortars are widely used in the construction industry due to their versatility
and cost-effectiveness.! However, their susceptibility to water and corrosive ions
such as CI', SO4* etc., leads to the physical and chemical degradation processes.>
The concrete structure may crack, spall and delaminate and steel bars in the
buildings can be affected by chloride corrosion, leading to reduce the strength.
Therefore, it is essential to limit water penetration and enhance anti-corrosion
properties to improve durability and prolong the service life of building structures.?

Surface superhydrophobicity is one of the methods for creating new functional
materials with complete waterproof,* self-cleaning® and anti-corrosion properties.®
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 beachieved by creating hierarchical
surface morphology and modifying it" with low surface energy materials.’
Recently, SiO; and TiO; nanoparticles (NPs) along with various alkyl silanes have
been used to create superhydrophobic coatings such as butyltrichlorosilane (BTS),
octadecyltrichlorosilane (ODTS) and methyltrichlorosilane (MTCS).%* MTCS is
one of the alkyltrichlorosilanes (trichlorosilane head group with a hydrocarbon tail
group of variable length) that has the shortest chain lengths high reactivity than
others. It can facilitate the polycondensation reactions at room temperature.”!° In
recent years, many researchers have studied bulk composite superhydrophobic
cement mortar to extend the service life in construction.> However, the
composites have high-cost 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 SiO,/TiO> NPs on mortar surface. The coating
offers the advantage of easy application on-site building construction without
affecting the structure, resulting in time and cost savings. Additionally, it
effectively prevents water and corrosive ions from penetrating into the inner spaces
of buildings as well as bulk composites. The ratio SiO»/TiO, NPs was optimized
to increase surface roughness, reduce surface energy, and enhance water
permeability resistance. Furthermore, the superhydrophobic mortar demonstrates
excellent self-cleaning, 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).
After that, the mortars were removed from the molds and cured for 7 days before testing. To
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prepare the superhydrophobic coating, a solution was created by adding 0.8 % w/v of fumed
silica (SiO,, 7 nm, Sigma-Aldrich Pte. Ltd.) and titanium dioxide (TiO,, 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 % v/v. 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
perpendicular 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 apendant drop tensiometer with 3. uL of deionized water. The
permeability 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 impact
test, sand abrasion impact test, tape peeling test and sandpaper abrasion test. For the water drop
impact test, water droplet of 40 pL. was dropped onto the superhydrophobic mortar surface from
a height of 10 cm and a tilt angle of 45°. The sand abrasion impact test involved impacting
grains of sizes 100-500 pm on the surfaces at a height 40 cm and a tilt angle of 45° with a flow
rate of 2.8 m s, The tape peeling test was carried out using the method reported in ASTM
D3359-09.!! 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™' 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.® The depth of chloride ion penetration was
measured using the AgNOs3 color development test.

RESULTS AND DISCUSSION
Morphology analysis

The morphology of ordinary mortar (OM) and mortars coated with MTCS-
modified SiO,/TiO; nanoparticles (NPs) after 15 spraying times were analyzed in
detail using SEM. Fig. l1a shows the hydration products with rough and highly
porous surface of the mortar (19.2 %). After spraying, the MTCS-modified
Si0,/TiO; coating covered the pore structure of the mortar, as shown in Fig. 1b-f.
From the figure, the porosity of the coated surface (which was measured using
Imagel)!? decreased to 10.2 %, 8.5 %, 6.9 %, 8.6 % and 6.1 %, respectively. The
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surface of the MTCS-modified TiO, (0/100) coating consisted of large, loose
agglomerates of TiO: (Fig. 1b) while the MTCS-modified SiO, (100/0) coating
surface was densely packed (Fig. 1f). The size of TiO, particles approximately
three times larger than that of SiO; particles, resulting in a dense and low-porosity
Si0; film. However, superhydrophobic surface requires a hierarchical surface with
mono-scale roughness, which was observed in the SiO,/TiO; ratios of 25/75 and
75/25 (Fig lc and e).

@ o ® sio, we MTCS

Fig.-1. Surface morphologies and schematic diagram of a) ordinary mortar and the coated
mortar by MTCS-modified SiO»/TiO; 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-modified
Si0,/TiO; 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 Si0»/TiO; ratios of 50/50 and 75/25 displayed superhydrophobic mortar
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:'?

cosf, =ficos0 —f, = fi(cos6 +1) -1 (D
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where 6, is the contact angle of the coated mortar surface, 6 is the contact
angle of the ordinary mortar surface (55.2°), f; is the solid fraction between the
coated mortar and the droplet, f, is the air fraction between the coated mortar and
the droplet. The solid fraction (f;) and air fraction (f,) of coated mortars are
presented in Table I. The results imply that the ratio of SiO,/TiO, increases air
pockets in the rough structure, forming a solid-gas composition interface.
Moreover, the smaller contact area between the droplet and coated mortar surface

trends to increase the superhydrophobicity.
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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 Air Coefficient of Reduction in the
fraction fraction water absorption / coefficient of water
(1) (2) x10? cm? s™! 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:'*
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where K, is the coefficient of water absorption / cm? s!; Q is the quantity of
water absorbed by the sample / cm?® in time, ¢ / s and 4 is the total surface area of
the sample / cm?. For the OM, the coefficient of water absorption was measured to
be 700x10° cm? s\, 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. Interestingly, the
samples coated with MTCS-modified SiO»/TiO; at a ratio of 75/25 exhibited the
highest water resistance with a 97.5 % leads to reduce the coefficient of water
absorption. This is due to the appropriate combination between SiO, and TiO,
increase the nano-scale roughness on the surfaces (see Fig 1¢) and the highest air
fraction (see Table I). Air pockets between the water drops and surface prevent
water absorption into the mortar surface, following the Cassie-Baxter model.*
Therefore, MTCS-modified Si0»/TiO; in a ratio of 75/25 is considered to have
sufficient potential for practical applications due to hierarchical 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
Si0,/TiO, NPs created a protective barrier on the mortar surface which improved
the superhydrophobicity and effectively prevented the infiltration of water from
entering the mortar and causing damage. Therefore, this property 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.
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Fig. 3. a) The FTIR spectra and b) x-ray diffraction patterns of ordinary mortar (OM) and
superhydrophobic mortar (SM)

Chemical composition analysis

Fig. 3a displays the FTIR transmission spectra of ordinary mortar (OM) and
superhydrophobic mortar (SM) with wavenumbers ranging from 4000 cm™ to 400
cm’!. The absorption bands of OM at 435 cm™! correspond to Si-O.° Peaks at 1400,
872 and 710 cm™ are attributed to the C-O bond due to the presence of calcite in
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mortar.'>!® The peaks at 1800-2300 cm™ was observed in mortar.!” The peak at
3643 cm’!' corresponds to the O-H vibration of portlandite (Ca(OH),).> After
modification, the absorption band at 2970 cm™! belongs to the C-H bond.in the -
CH; group. Additionally, the peak 1271 c¢m™ corresponded to thé bending
vibration of Si-CH3, indicating successful MTCS modification and surface energy
reduction.'® In addition, the peaks at 1026 cm™ and 767 cm™ belong to the peaks
of Si-O-Si,’ which are consistent with the functional groups in the MTCS structure,
forming a self-assembled film. TiO, NPs are approximately three times larger in
diameter compared to SiO, nanoparticles while the specific surface area is less than
SiO, NPs. Thus, the appropriate combination between SiO» and TiO- can increase
specific surface area, leading to increase -OH groups. The superhydrophobic
modification mechanism involved MTCS reacting with the -OH groups of SiO,
and TiO, NPs through hydrolysis and condensation reactions, leading to the
grafting of alkoxy groups of MTCS on the SiO, and TiO, surfaces.* Then, MTCS-
modified SiO,/TiO, NPs absorbed onto the mortar surface and filled lager pores of
hydration products. Thus, the SiO»/TiO, NPs reacted with MTCS to reduce the
surface energy and improve the surface roughness on mortar. The peaks at 1800-
2300 cm™ 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 belite.!® After coating, the
SM shows lower intensity peaks of mortar, while significant peaks of SiO, and
TiO, appeared.?®?!

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 SiO,/TiO, NPs form a film on the mortar,
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 SiO»/TiO, NPs surfaces. These air pockets
reduce the contract area, generating a greater net force and prevent the droplet from
penetrating into the mortar surface.?
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Fig. 4. The self-cleaning test of a) ordinary mortar and b) superhydrophobic mortar and c)
mechanism diagram of self-cleaning.

While the self-cleaning property of SM is promising, one of the major
problems of superhydrophobic coatings is their poor mechanical durability.
Therefore, 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,
the sand abrasion impact test is 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. Moreover, the
superhydrophobicity of the SM surface was retained even after 60 cycles in the
tape peeling test. Fig. 5d shows the sandpaper abrasion test on the SM. Before
abrasion, water drops was 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 experiment set up
in other research. ® 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 significant reduction in water
absorption, approximately 82.6 %, compared to OM. These results confirmed the
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robust superhydrophobic mortar despite the coating being applied only on the
surface, which allowed the coating to be used in practical applications on a large-
scale.

() (b) & (c)
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droplet Tee Sand - Tape
40 cm e gains peeling
10 cm
Sample _,_, Sample
(a5° las
Water drop Impact Test Sand Abrasion Impact Test Tape Peeling Test
(d) after 20 cycles
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Sandpaper
10cm

>

Sandpaper Abrasion Test

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

Table II Mechanical durability tests of superhydrophobic mortar.

Water drop impact Sand abrasion Tape peeling Sandpaper abrasion
test impact test test test
Number WCA /© S?nd WCA /© Number WCA /© Number WCA /©

of drops gain/g of cycles of cycles
0 154 +1 0 154+ 1 0 154+ 1 0 154 +1
10000 149+ 2 100 15112 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 AgNOs color development test, chloride permeated regions turn
violet due to AgCl precipitation, while regions without chloride penetration turn
brown due to the formation of Ag>0.** The chemical reactions of the AgNO; color
development test are shown in equations (3) and (4).?
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Fig. 6. The chloride ions diffusion of a) ordinary mortar and b) superhydrophobic mortar
obtained by silver nitrate color experiment.

The violet regions are affected by the concentration of AgNOs3 solution, pH,
types of cement and the chloride content of cement.?* The SM exhibited excellent
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 barrier for corrosion
and prevents external chloride ions, which are confirmed by the EDS results. The
anti-corrosion mortar effectively blocks the diffusion of chloride ions inside the
building and might prevent it from reaching the steel inside 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 superhydrophobic and anti-
corrosion properties prevent water or corrosive ions from entering the mortar,
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slowing down the corrosion of steel inside the structures and enhancing the
durability and service life of construction buildings. Therefore, the fabrication of
superhydrophobic mortar can facilitate its durable application in outdoor and
marine environments and has the potential as a superhydrophobic coating for
various substrates.

CONCLUSION

In conclusion, the MTCS-modified SiO,/TiO, nanoparticle-coated mortar
demonstrates a superhydrophobic surface using a simple spray coating method. A
sample coated with a SiO»/TiO; ratio of 75/25 with 15 spraying times exhibits the
highest water contact angle and the lowest water absorption with a hierarchical
structure. Furtermore, the water absorption of the superhydrophobic mortar 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 cycles, the
water absorption was reduced by 86.2 %. Moreover, the fabricated
superhydrophobic mortar exhibited excellent self-cleaning and anti-corrosion
property, 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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H3BOJ

TEXHOJIOTUJA HAHOIIEA TIPEBJIAKA HA ITOBPIITUHY MAJITEPA 3A TIPOIOYXXEIE
PAJHOT BEKA TPABEBMHCKHUX KOHCTPYKIIUJA

NIDCHAMON JUMRUS"?, MONWIPA THAPINTA?, PATCHARAPORN CHAIWONG?, ARISARA PANTAWAN'?,
TEWASIN KUMPIKA?, WINAI THONGPAN?, NIWAT JHUNTAMA*, EKKAPONG KANTARAK? WATTIKON SROILA?Z,
RATTIYAKORN RIANYOI?, PISITH SINGJAI? AND WIRADEJ THONGSUWAN?

'Office of Research Administration, Chiang Mai University, Chiang Mai 50200, Thailand, Department of
Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand,
3Department of Physics, Faculty of Science and Technology, Thammasat University, Lampang, 52190,
Thailand, *Faculty of Science and Agricultural Technology, Rajamangala University of Technology Lanna,
Chiang Mai 50300, Thailand.

CynepxuzppodobHa, camouncreha ¥ aHTUKODO3HMOHA IpeBjaKka je yCIeIIHO HaHeTa Ha
MasTep KopulrhewmeM TEXHUKE jeSHOCTENeHOT PacHpIlHBamka. Y PacTBOP 3a PACIpIIHBAKE Cy
mojaTe |y  pa3NMUUTUM  ofgHocuMa HaHouectunie SiO2 u TiO: MopudukosaHe
METWITPUXJIOpOCHIAaHOM Ja Ou ce mnosehasa cynepxunpododHOCT ManTepa U CMambuila
aTcoprLHja Boje. Y3opak HpUIpem/beH Npu mMaceHoM opHocy Si02/TiOz2 = 75/25 je mokasao
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HajBehu KOHTAKTHH yrao M HajMamwH yrao KiIu3ama, WTOo je 00e3Denuno cMamemne ancopmuyje
Bozie Behe oz 97,5 % U cMameme AyOrHe NpoArpama XJIOpUIHUX joHa. [TocTojaHOCT IIpeBiake je
aHaW3UpaHa pa3IMYUTUM TeCTOBUMA, yibyuyjyhu yTunaj nagajyhux xanu soge (10.000 xamn),
abpasujy meckom (300 g), omnemsbuBame momohy Tpake (60 nukiayca) U abpasuja IIMHUPIIT
nanupom (5 nuxiayca). IIpesnaxa je nokasaia OOJIUYHO CMabEE allCOPIILUje BOJE U MOCTIE TECTa
abpasuje mmupra nanupom Tokom 20 nukmyca (82,6 %), Hako je KOHTAaKTHH yrao CMameH Ha
118°. TIpuKa3aHu pe3ynTaTH yKasyjy 4a (hopMHUpame CynepxunpodobHe NpEBIaKe Ha MaaTepy
MpencTaB/ba AJTEPHATHBHU MPUCTYIN, KOjU je jenHOCTaBaH, epuKacaH U EKOHOMHUYAH, 3a
ode3deheme MynTHUQYHKIUOHAIHE 3alUTHTE IOBPLUIMHE MajiTepa Ha JIMIY <MeCcTa y LWbY
NponyXewa PafgHOr BeKka KOHCTPyKUHja ca MoDOoJbIIaHMM MEXaHWYKMM M aHTHKOPO3MOHUM
CBOjCTBUMa.

(TTpumsseHo 17. anpuin; peBuaupano 24. Maja; npuxsaheHo 25. asrycra 2024.)
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