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Fabrication of Superhydrophobic Self-Cleaning Coatings by Facile Method:
Stable after Exposure to Low Temperatures and UV Light

Self-cleaning hydrophobic surfaces attracted public attention last few decades after discovering of lotus ef-
fect. Ability of lotus leaves to keep cleanness in relatively dirty places and to clean up itself during rains di-
rected to the development of novel materials and surface structure modification. The surface with such smart
properties may have the potential for cost-effectiveness in the case of application in skyscrapers, high build-
ings, etc. Two main criteria for the surface to express hydrophobic behavior are roughness and low surface
energy of the coating material. In this study, superhydrophobic self-cleaning coatings were prepared by a
simple, facile, and cheap method using easily available materials, such as polydimethylsiloxane (PDMS) and
TiO, nanoparticles, and fully characterized for direct usage. PDMS is a bonding layer and TiO, nanoparticles
are a reinforced composite to form roughness, which shows superhydrophobicity. Characterizations showed
that the prepared superhydrophobic coating has a water contact angle of up to 165.5°, with sliding angle of
less than 5°. Also self-cleaning and surface microfluidic properties have been studied. The superhydrophobic
properties of these coatings do not change even after exposure to their surface to low temperatures and UV
light. SEM images confirm the rough structure of obtained surface on glass and sand grains.

Keywords: superhydrophobic coating, superhydrophobic sand, polydimethylsiloxane, titanium oxide nanopar-
ticles, contact angle, UV light, facile method, electrokinetic potential.

Introduction

Recently, the fabrication of superhydrophobic surfaces and coatings based on oxides and polymers with
exceptional water repellency is a relevant topic. Superhydrophobic surfaces are essential for the energy-
saving industry, because such surfaces are not limited to self-cleaning protection properties, but are also used
for anti-icing applications [1]. The effect of roughness on the surface and energy of the fabricated substrate
plays a key role in creating superhydrophobic properties and is used to prevent ice accumulation on the sub-
strate [2, 3]. When a drop of water hits a solid surface, it tends to a lower energy state and is measured using
the contact angle of water wetting (the radius of the three-phase contact line: solid-liquid-air) of each drop
[1]. The hydrophobic surface is described as a surface in which the contact angle of water exceeds 110°, and
a drop of water reluctantly slides off its surface [4].

At present, much attention is paid to the preparation of a hydrophobic surface, which is widely used as a
self-cleaning coating [5], corrosion protection [6, 7], water-oil separation [8, 9], and anti-icing [10, 11]. Until
now, many superhydrophobic coatings with proposed applications have been made with various methods,
such as corrosion resistance [12-14], anti-fog surfaces [15-17], anti-icing surfaces [16-20], oil and water
separation [21-24], self-cleaning surfaces [25-28], battery production technology [29], sensors [30, 31], wa-
ter treatment [32], optical devices [33], etc.

Experimental

Chemicals

High purity titanium (1V) oxide nanoparticles (TiO,, 99.5 %, size 21 nm), PDMS (Silicone Sealant),
anhydrous hexane (95 %), borosilicate cover glasses were purchased from Sigma Aldrich. Mixed carbonate-
silicate sand from the Akmola region of Kazakhstan with a grain size of 0.1 um to 800 um was used as raw
material and quartz sand was purchased from LLP “Labopharma” with the GOST 9428-73.
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Preparation of Superhydrophobic Solution

Firstly, 1 g PDMS was dissolved in 10 ml of hexane by magnetic stirring for 3 hours, then placed into
an ultrasound bath for 1 h under a hermetically covered cap. Further, TiO, was added to the mixture and ul-
tra-sonicated another 2 h.

Preparation of Superhydrophobic Coating on Glass by Coating with Sliding Scraper

The glass substrate was repeatedly cleaned several times with deionized water and ethanol, then dried in
an oven at 60 °C. The as-prepared superhydrophobic solution was coated by a sliding scraper onto the sur-
face of the glass substrate. Further, the glass substrate was placed in the driving oven at 70°C for 30 min and
annealed at 300 °C for 10 min. Figure 1 shows a complete schematic picture of the experimental synthesis of
superhydrophobic coatings.

Hexane Add PDMS

Magnetic stirring Ultrasonication Coating process
] \ | - |
Tio, NPs
: r Heating with
; $ spirit lamp
-

Figure 1. Schematic of a process for synthesis of a superhydrophobic solution and coating

Preparation of Superhydrophobic Sands

Carbonate-silicate sand from the Akmola region of Kazakhstan and quartz sand were used experimen-
tally to make superhydrophobic sands. Akmola sand was cleaned with deionized water in an ultrasonic bath
for 30 minutes. The cleaned sand was dried at 70 °C for 30 minutes. The synthesized superhydrophobic sus-
pensions were applied to sand in the same manner as described above.

Characterization

The surface of the materials was studied by Scanning Electron Microscope (SEM) using a Zeiss Auriga
Crossbeam 540. The zeta potential and size distribution of suspension were measured by a Zetasizer 3000
(Malvern Instruments). The static contact angle of the droplets was measured by a contact angle meter (OCA
15 EC, Neurtek Instruments). Zeta potential and size distribution were conducted three times. Also, all con-
tact angle measurements were examined at least five times, the average value was taken. Standard deviation
was calculated by following formulas:

STD:\/()(1—5(')2+(x2—>'<')2+(x3—5<)2+...; "
n-1
RSD:@, (2)
X

where ¥ — the average result; STD — the standard deviation; RSD — the relative standard deviation
(%); n — the total number of observation.

Results and Discussion

Wettability of superhydrophobic sands was investigated with optical contact angle measuring and con-
tour analysis system. To measure contact angle, sand particles were uniformly distributed on the surface of
conductive double-sided carbon tape and thereafter placed in to sample stage. An amount of 10 ul water
droplet was applied to all samples. Figure 2 shows contact angle measurements of quartz sand, cleaned and
not cleaned Akmola sand after processing with superhydrophobic coatings. Wettability of three different
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sands (quartz sand, not cleaned, and cleaned Akmola sand) was analysed after coating PDMS and the results
are shown in the top row of Figure 2. Water contact angles were 134.5°+5.5°, 142.1°+3.1°, and 145.7°£2.9°
for these sands, respectively. Furthermore, mixture of PDMS and TiO, nanoparticles (NPs) was coated on
the surface of these sands. The bottom row of Figure 2 represents the contact angle analysis and
superhydrophobic properties of these sands can be seen from the results. Water contact angles were
149.3°4+3.8°, 157.3°+£5.4°, and 165.5°+3.5° for these sands.

a) b)

\

149.3°+3.8° 157.3°+£5.4° 165.5°+3.5°

Top row: a— PDMS coated quartz sand; b — uncleaned Akmola sand; ¢ — cleaned Akmola sand.
Bottom row: d — mixture of PDMS and TiO, NPs coated quartz sand; e — uncleaned Akmola sand;
f — cleaned Akmola sand

Figure 2. Contact angle measurements of different sands before and after coating PDMS and PDMS/TiO,

Figure 3 demonstrates the comparison of TiO, NPs effects on hydrophobic properties of sand. An in-
crease of contact angle can be seen after applying TiO, NPs with PDMS. This also indicates the useful im-
pacts of TiO, on the process of superhydrophobic materials. The highest contact angle was achieved from
cleaned Akmola sand after coating mixture of PDMS and TiO, NPs and it was 165.5°+3.5°. This result evi-
denced that cleaning procedure effectively improves superhydrophobic properties of sand.

Water contact angles for sand

180
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Quartz sand Akmola sand (not-cleaned) Akmola sand (cleaned)

EPDMS PDMS+TiO2 NPs

Figure 3. A diagram for water contact angle of obtained superhydrophobic sands
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Inhomogeneous dispersion due to the pronounced tendency of nanoparticles to agglomerate is a com-
mon phenomenon in the synthesis of polymer nanocomposite. However, good dispersion is required to ob-
tain nanocomposites with optimized properties. The dispersant has branched polysilicon chains that can bind
to the -OH group on the TiO, surface. Figure 4 illustrates the dispersion of PDMS + TiO,. A stable and ho-
mogenized dispersion indicates that the silicone polymer dissolved in hexane is bound to the surface of the

TiO, particles.

a— TiO,; b— PDMS; ¢ — PDMS/TiO, in hexane
Figure 4. Visual comparison of solutions

The study results showed a rather large agglomeration with an average hydrodynamic diameter of
812.9+3.6 nm and an average Pdi (polydispersity index) of 0.156+0.003, and the diameters of TiO,, PDMS,
PDMS/TIO; are equal at 501.5+3.8 nm, 784.2+4.2 nm, 1153.1+2.7 nm, respectively (Table 1). Inhomogene-
ous dispersion due to the pronounced tendency of nanoparticles to agglomerate is a common phenomenon in
the synthesis of polymer nanocomposite [34]. When titanium oxide was added to the silicone polymer, the
particle size increased from ~ 500 nm to 1000 nm (Figure 5).

Size Distribution by Intensity
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Figure 5. Zeta potential ({') of (red line) TiO,, (green line) PDMS, (blue line) PDMS/TIO,

The average electro kinetic (zeta “C”) dispersion potential was 0.0289+0.02mV and the average hydro-
dynamic diameter was 812.9+£3.6nm (Table 1), indicating that some agglomerates and nanoparticles are pre-
sent in the suspension.

Table 1
Stability of dispersion

Parameters TiO, in hexane PDMS in hexane |PDMS/TiO, in hexane Average value
Size average (d, nm) 501.543.8 784.2+4.2 1153.14£2.7 812.943.6
PDI 0.163+0.004 0.152+0.002 0.155+0.003 0.157+0.003
(mV) 0.0539+0.02 0.0309+0.04 0.00182+0.002 0.0289+0.02

The wettability of sand increased with the inflow due to an increase in the amount TiO,, reaching a
superhydrophobic effect with a contact angle of 165.5° at 6 mg of TiO,, 157.3° at 5 mg of TiO,. The increase
in contact angle can be attributed to surface roughness due to the formation of a bonding of titanium parti-
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cles. The contact angle of a sample was sharply decreased after 7 mg of TiO,, reaching 145.7°. Figure 6
demonstrates that all samples have a hydrophobic effect with a contact angle above 90°.

170

165 -
160 |- A.SO
e )
o 155 157.3°
(@]
c
© 150 | e
g 149.3° \
S 145+ "
O 145.7°
140 | ./'1 42.1°
135 |-
134.5°
130 1 1 1 1 1 1
3 4 5 6 7 8

Mass of TiO, [mg]

Figure 6. Dependence of contact angle on mass of TiO,

The microstructure and surface morphology of various sands has been studied using SEM. Figure 7
shows SEM images of quartz sand before (a, b, ¢) and after coating PDMS (d, e, f) and PDMS/TIO, (h, i, j)
with different magnification. The images for micro area were confirmed effectively coating of
superhydrophobic materials on the sand surface (see Figure 7 (c, f, g)). The microstructure of sand surface
was changed and produced a rougher surface after applying PDMS and PDMS/TiO,. The mixture of
PDMS/TIO, demonstrated a greater effect on superhydrophobicity. Moreover, cleaned and un-cleaned
Akmola sands were imaged with SEM before and after processing with superhydrophobic materials. SEM
images of cleaned (Figure 8) and uncleaned Akmola sand (Figure 9) before (a, b, ¢) and after coating PDMS
(d, e, ), also PDMS/TiO, (h, i, j) with different magnification. A smooth and uniform coating layer of
superhydrophobic material can be seen in these images. Also, the effect of the cleaning process on the
Akmola sand is clearly visible. Small dust and clay particles disappeared from the surface of sand after
cleaning with water and difference can be seen in Figures 8 (b, ¢) and 9 (b, c). A clean surface provides bet-
ter sticking of superhydrophobic material. For this reason, the highest contact angle was achieved from
cleaned Akmola sand (the contact angle was increased from 157.3°£5.4° to 165.5°+3.5° after using cleaned
Akmola sand).

Figure 7. SEM images of quartz sand before (a, b, ) and after coating PDMS (d, e, f),
also PDMS/TiO, (h, i, j) with different magnification
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Figure 8. SEM images of uncleaned Akmola sand before (a, b, ¢) and after coating PDMS (d, ¢, 1),
also PDMS/TiO, (h, i, j) with different magnification

Figure 9. SEM images of cleaned Akmola sand before (a, b, ¢) and after coating PDMS (d, e, f),
also PDMS/TIO, (h, i, j) with different magnification

Microfluidics was studied on the surfaces of superhydrophobic sand (Figure 10). The fluidity of water
with blue dye on these surfaces is high with an inclination angle of 45°. These surfaces have a high self-

cleaning ability because any dust or contamination can be easily removed with the water droplets at this in-
clination angle of 45° (Figure 11).
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Cleaned
Akmola sand
Quartz sand

Figure 10. The microfluidity of water with blue dye on surfaces of superhydrophobic sands
of quartz and Akmola region

Cleaned
Akmola sand
Quartz sand

Figure 11. Self-cleaning properties of superhydrophobic surfaces
of quartz and Akmola region sand

The PDMS/TiO, coatings of quartz and uncleaned Akmola sand were placed in the lab refrigerator at
low temperatures (20 °C, —50 °C) for 72 hours. UV light (400 W) was exposed to these surfaces at room
temperature for 24 hours to study the stability of their superhydrophobic properties. After exposure to low
temperatures, these surfaces were warmed up to room temperatures to study contact angle properties. As
seen in Figure 12, contact angle measurement demonstrates that both sands with coatings are still sable after
low temperature and UV light exposure. This type of experiment was done three times to make sure that
superhydrophobic properties do not change after a few cycles of temperature variety.

20°C -20°C -50°C

145.3°£2.7° 145.2°+3.1°

143.9°+2.6° 161.3°45.7° 160.9°+4.6°

Figure 12. Contact angle measurements of quartz and uncleaned Akmola region sand
with PDMS/TIO, coatings after exposure to low temperatures and UV light
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Conclusions

Superhydrophobic self-cleaning coatings based on PDMS and PDMS/TiO, were synthesized using a
facile chemical method. These superhydrophobic composites were applied to two different sands (quartz and
sand from the Akmola region). The highest contact angle of water wetting of 165.5° was shown by the
cleaned Akmola sand coated with PDMS/TiO,, which has superhydrophobic properties.

The superhydrophobic properties of materials, such as wettability, particle size, and electrokinetic po-
tential, were investigated. Also, these coatings demonstrated a microfluidity process on their surfaces, where
the self-propelled flow is driven by the surface tension-induced pressure gradient. The superhydrophobic
properties were retained after exposure to low temperatures and UV light.

These superhydrophobic self-cleaning materials by the facile method can be potentially used in con-
struction to obtain concrete, anti-ice paving slabs, building facades, roofs, and waterproofing of buildings.
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/Kenin dnicnieH TeMeH TeMIepaTypa MeH yJIbTPaKYJITiH CIyJeCiHiH dcepiHeH KeliH
TYPAKTHI Cynepruapodo0Thl 63iH-03i Ta3apTATHIH KA0OBIHIAPABI JalibBIHIAY

O3iH-631 TazapTaTthlH TUAPOGOOTE OeTrep noToc ddeKTici ambUFaHHAH KeWiH COHFBI OipHemie
OHKBUI/IBIKTA KOFAMHBIH Ha3apblH ©3iHe ayJapabl. JIOTOC TYIiHIH XKalbIpaKTapbIHbIH CAIBICTBIPMANBI TYPAC
JIAMIBI JKepiiepe Ta3a OOJNBIN KAyl JKOHE JKaHOBIP Ke3iHIe ©31H-031 Ta3zapTy KaOiJeTi kaHa MaTepHaigap
MeH 0eT KYpBUIBIMBIHBIH MOIU(UKANMsICEIH AaMbITyFa oKendl. MyHgail akeuiIpl skaObIHBI Oap Oerrep Kok
TipereH FUMapaTTapia, 39yJiM FUMapaTTapia jkoHe T.0. maijaigaHFraH Ke3je SKOHOMHKAJIBIK JleyeTKe He
6osybl MyMKiH. BeTTiH ruapodoOTsl GONyBIHBIH €Ki Heri3ri KpuTepuili — Oy OeTTiH Keaip-OybIpIbIFbI
KoHE JKaObIH MaTepuajbIHBIH ToMeH OeTTik sHeprusichl. Ocbl 3epTTeyne cynepruapodoOTsl e3iH-e3i
TazapraTbiH XaOeiHmap nomuanMmetwicuinokcan (IIJIMC) xone TiO, HaHOOeNIIEKTEpi CHUSAKTBHI OHAl KOJ
JKeTIMAI MaTepuaiapAsl MaigagaHa OTHIPBIN, KapamaibiM, jKEHIT KOHE ap3aH OICIeH JalbIHAANIBl KOHE
TikeNe# maianaHy ymrH ToibFsIMeH cunartanrad. [1JIMC GainaHbIcTRIpynIsl KabaT GOMBIT TabbUIaAb, all
Ti02 nanoGemmekTepi cynepruapodoOThUIBIKTE Ty IBIPAaTEIH KeAip-OyabIp Ty3yre apHajFaH apMHpPICHIeH
KoMno3uTke ue. CumnaTrama xaHaJaH JaibIHIaIFaH Cynepruapodo0Thl xKaObIHHBIH CyMeH JKaHacy OyphIIIbl
165,5° neiiin, celpranay OypbImbl 5°-neH a3 exeHiH kepceTTi. COHBIMEH KaTap ©3iH-031 Ta3apTy jkoHe OeTTik
MHKPOQIIIOMATIK KacHeTTepi 3epTTeiai. by aObiHaapapiH cynepruapodoOTsl KacueTrTepi OHbIH OeTiHe
TOMEH TeMIlepaTypa MEH yJIbTPaKYJIriH CAyJeHIH ocepiHeH Keiin ne e3repmeiini. COM cyperrepi HIBIHBI
JKOHE KYM TYHIpIIIKTEpiHAe albIHFaH OCTTiH OpecKeN KYPbUTBIMBIH pacTaiiIbl.

Kinm ce3oep: cyneprunpodoOTsI xabbiH, cynepruapodoO0Tsl KyM, MOTHINMETHICHIOKCAH, THTAH OKCHIIHIH
HaHOOeIIeKTepi, MeTTiK OyprImbl, Y K—coyneneny, ®eHT 9fic, dIeKTPOKHHETHKAIBIK TOTCHIIHA.
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Fabrication of Superhydrophobic Self-Cleaning Coatings ...

O. TokrapOaiiynsl, A. Kypbanosa, O. Yanubek, A. Cepanus,
T. XKynycona, I'. Cyryp6ekoBa, H. Hypamxke

IHonyuyenue cynepruapoo0HbIX CAMOOUHMINAKIINXCH MOKPBITHI JIETKUM METO/I0M:
YCTOMYUBBIX K BO3ACHCTBUIO HU3KHUX TeMIIEPaTyp U yiabTPaguoaeToOBOro U3Jiy4eHus

3a mocieaHNe HECKONBKO IECSATKOB JIET CaMOOYHIIAOIIUECS THAPOGOOHBIE MOBEPXHOCTU INPUBICKIN 00-
MIIPHOE BHUMAHHKE TT0ciIe OTKPHITHSA 3 dexra moroca. CHOCOOHOCTH JIHCTHEB IBETKA JIOTOCA COXPAHATH UHC-
TOTY B OTHOCUTEIILHO I'PA3HBIX MECTHOCTAX U CAMOOYHMINATHCS BO BpeMsl JOXK /el HalpaBuiIa K pa3BUTHIO HO-
BBIX MaTEpUaJIOB M MOJIM(UKAIUK CTPYKTYPHI TOBEPXHOCTH. II0BEPXHOCTD C TAKMM YMHBIM HMOKPHITHEM MO-
KET UMETh YKOHOMHYECKHH TIOTEHIINAJ B CIIy4Yae MCIOJIB30BaHMUs Ha HeOOCKpEDaX, BEICOTHBIX 3IaHUSX H T.1.
J1Ba raBHBIX KPUTEPHS MMOBEPXHOCTU AJIsL 00IaAaHus THAPOPOOHOCTH — 3TO MIEPOXOBATOCTH MOBEPXHOCTH
W HU3Kas MOBEPXHOCTHAsI DHEPTHsl MOKPHIBAIOIIET0 MaTepHuaia. B 3ToM mccnenoBaHuM cynepruapopooHbie
CaMOOYHIIAIOIINECS TTOKPBITHS OBIIM MOIyYEHBI IPOCTHIM, JIETKUM H JIEIIEBBIM METOAOM C HCIOJIB30BaHUEM
JIETKOJIOCTYITHBIX MaTepHalioB, Takux kak noimuauMetuicuiokcad (IIAMC) u nanouactumsl TiO,, 1 monHO-
CTBIO OXapaKTepH30BaHbI I npsiMoro npumenerns. [IIMC npexacraBnser co0oil CBA3YIOMUI €O, a Ha-
HovacTunbl TiO, — apMHpPOBAaHHBINH KOMITO3UT AJIsI (POPMHUPOBAHUS MIEPOXOBATOCTH, MPOSBISIONICH CyTep-
ruapooOHOCTh. XapaKTepHCTHKa IOKa3aja, 4YTO CBEKEIPHTOTOBIEHHOE CyNepruapodoOHOe ITOKPHITHE
MMeeT yroJl cMadMBaHMs Bomoi 1o 165,5° npu yrine ckonbxeHus: MeHee 5°. Taroke ObUIM U3y4eHBI CAaMOOYH-
IIAIOIIIECS U TIOBEPXHOCTHBIE MHUKPOXKUIKOCTHBIE cBocTBa. CynepruapodoOHble CBOHCTBA STHX MOKPBITHIA
HE MEHSIOTCS JaXke MOCIie BO3ACHCTBHS Ha MX MMOBEPXHOCTh HU3KHX Temrepatyp u Y d-usnydenus. 1300pa-
skeHuss COM MoATBEpkKIAIOT HIEPOXOBATYIO CTPYKTYPY NMOIy4YEeHHON MOBEPXHOCTH Ha CTEKIIE M MECUNHKAX.

Kniouesvie cnosa: cyneprupopobHOE MOKPHITHE, CYNEeprHapOoPOOHBI MECOK, HONMUAUMETUICUIOKCAH, Ha-
HOYACTHIIBl OKCHJA THUTaHa, KpaeBoil yron, Y®-usnyueHue, GacuabHbId METO, 3JIEKTPOKMHETHYECKUH 110-
TCHIUAT.
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