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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 potential in cost-effectiveness in case of application it in skyscrapers, high buildings, 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 simple, facile
and cheap method using easily available materials such as polydimethylsiloxane (PDMS) and TiO2 nanopar-
ticles and fully characterized for direct usage. PDMS is a bonding layer and TiO2 nanoparticles are a rein-
forced composite to form roughness, which shows superhydrophobicity. Characterizations showed that the as
prepared superhydrophobic coating has a water contact angle 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 its surface to low temperatures and UV light. SEM images
confirm 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, more attention has been paid to the fabrication of superhydrophobic surfaces and coatings
based on oxides and polymers with exceptional water repellency. 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 fab-
ricated substrate plays a key role in creating superhydrophobic properties and is used to prevent ice accumu-
lation on the substrate [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 ex-
ceeds 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, in which it 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], water treatment [32], optical devices [33], etc.

Experimental

Chemicals

High purity titanium (1) 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 ym to 800 pm was used as raw
material and quartz sand 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 during 3 hours, then placed in-
to an ultrasound bath for 1 h under a hermetically covered cap. Further, TiO, was added to the mixture and
ultra-sonicated another 2 h.

Preparation of Superhydrophobic Coating on Glass by Coating with Sliding Scraper

The glass substrate was repeatedly cleaned several times by 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.

\ ¢
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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 have been used experi-
mentally to make superhydrophobic sands. Akmola sand has been cleaned with deionized water in an ultra-
sonic bath for 30 minutes. The cleaned sand was dried at 70 °C for 30 minutes. The synthesized superhydro-
phobic suspensions 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 these formulas:

STD:\/(xl—X')er(xz—X')z+(x3—5(')2+...; "
n-1
RSD:@, 2
X

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

Result and Discussion

Wettability of superhydrophobic sands was investigated with optical contact angle measuring and con-
tour analysis system. In order to measure contact angle, sand particles were uniformly distributed on the sur-
face of conductive double sided carbon tape and thereafter placed to sample stage. An amount of 10 pul water
droplet was applied for 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) were analysed after coating PDMS and results are
shown in 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 to the surface
of these sands. Bottom row of Figure 2 represents the contact angle analysis and superhydrophobic proper-
ties of these sands can be seen from the results. Water contact angles were 149.3°£3.8°, 157.3°£5.4° and
165.5°+3.5° for these sands.

a) b)

145.7°+45.5°

5

149.3°+3.8° 157.3°45.4° 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

In order to compare effects of TiO, NPs to hydrophobic properties of sand, a diagram is shown in Fig-
ure 3. An increase of contact angle can be seen after applying TiO, NPs with PDMS. This also indicates use-
ful impacts of TiO;, to process of superhydrophobic materials. The highest contact angle was achieved from
cleaned Akmola sand after coating mixture of PDMS and TiO2 NPs and it was 165.5°+3.5°. This result evi-
denced that cleaning procedure effectively improve superhydrophobic properties of sand.
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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 for 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. The dispersion of PDMS + TiO; is shown in Figure 4. A stable and
homogenized dispersion indicates that the silicone polymer dissolved in hexane is bound to the surface of the

TiO; particles.

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

The results of the study 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 TiO2, 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
for 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).
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Figure 6. Zeta potential ({) of (red line) TiO,, (green line) PDMS, (blue line) PDMS/TiO;

The average electro kinetic (zeta ") 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 TiOin hexane PDMS in hexane |PDMS/TiO, in hexane Average value
Size average (d, nm) 501.5£3.8 784.244.2 1153.1+2.7 812.9+3.6
PDI 0.163+0.004 0.152+0.002 0.155+0.003 0.157+0.003
Z(mV) 0.0539+0.02 0.0309+0.04 0.001824+0.002 0.0289+0.02

The wettability of sand increased with the inflow due to an increase in the amount TiO,, reaching a su-

perhydrophobic effect with a contact angle of 165.5° at 6 mg of TiO2, 157.3° at 5 mg of TiO2. 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 7
demonstrates that all samples have a hydrophobic effect with a contact angle above 90°.
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Figure 7. 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 superhydro-
phobic materials on the sand surface (see Figure 7 (c, f, g)). The microstructure of sand surface was changed
and produced rougher surface after applying PDMS and PDMS/TiO.. Mixture of PDMS/TiO, was demon-
strated a greater effect on superhydrophobicity. Moreover, cleaned and un-cleaned Akmola sands were im-
aged with SEM before and after processing with superhydrophobic materials. SEM images of cleaned (Fig-
ure 8) and uncleaned Akmola sand (Figure 9) before (a, b, ¢) and after coating PDMS (d, e, f), also
PDMS/TIO: (h, i, j) with different magnification. Smooth and uniform coating layer of superhydrophobic
material can be seen from these images. Also, it was readily apparent that effects of cleaning process for
Akmola sand. Small dust and clay particles were disappeared from surface of sand after cleaning with water
and difference can be seen from Figures 8 (b, ¢) and 9 (b, c). Clean surface provides better sticking of super-
hydrophobic 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, c) 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, e, f),
also PDMS/TiO; (h, i, j) with different magnification

500pm 20pm

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

The microfluidics was studied on the surface of superhydrophobic sand surfaces (Figure 10). The fluidi-
ty of water with blue dye on these surfaces is very high with an inclination angle of 45°. These surfaces have
high self-cleaning ability because any dust or contamination can be easily removed with the water droplets at
this inclination 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, also UV light (400 W) was exposed on these surfaces at
room temperature for 24 hours in order study stability of their superhydrophobic properties. After exposure
to low temperatures these surfaces were warmed up to room temperatures in order 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 in or-
der to make sure that superhydrophobic properties do not change after few cycles of temperature variety.

20°C -20°C -50°C

b)

143.9°+2.6° 161.3°+5.7° 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 have been applied for two different sands
(quartz and sand from 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, have been investigated. Also these coatings demonstrate microfluidity process on their surfaces,
where the self-propelled flow is driven by the surface tension-induced pressure gradient. The superhydro-
phobic properties are retained after exposure to low temperatures and UV light.

These superhydrophobic self-cleaning materials by facile method can be potentially used in construc-
tion to obtain concrete, anti-ice paving slabs, building facades, roofs and waterproofing of buildings.
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7Kenis dgicnieH TOMeH TeMIepaTypa MeH YJIbTPAKYJITiH COYyJIeCiHiH dCepiHeH KeiliH
TYPAKThI CynepruapodoodThl 63iH-03i Ta3apTATBIH KAOBIHAAPABI JalibIHIAY

O3iH-031 TazapTaTblH TUAPOPOOTE OeTrep soToc 3(hGdeKTici ambUFaHHAH KeWiH COHFBI OipHeme
OHXKBIIBIKTAa KOFAMHBIH Ha3apbIH ©3iHe ayaap/sl. JIOTOC »KambIpaKkTaphIHBIH J1ac Kepiepae Ta3alblK CaKTay
JKOHE JKaHOBIP Ke3iHze ©3iH-031 Ta3apTy Kabijeri jxaHa MaTepHaiiapAbl d3ipieyre aHe OeT KYpbLIBIMBIH
3epTTeyre anbin Keiai. MyHaal akplIIsl KacueTTepi 6ap OeT, OHBI 39yIIiM FUMaparTap/a, Ouik FuMaparrapia
JKOHE T.0. KOJIIaHy KaFaaibIHIa SKOHOMUKAIBIK THIMIUTIK TTOTCHI[HATBIHA e 00Jybl MyMKiH. ['uapohoOThI
KACHETTI KOpCeTy YIUiH OeTTiH eKi Heri3ri KpUTepHiii - OyJ1 :aObIH MaTepHaJbIHBIH Kelip-OyIbIPIIBIFEI JKOHE
TeMeH OeTTiK dHeprusichl. byt 3eprreyne cyneprunpooOThl ©3iH-031 Ta3apTaThIH KaOBHAAD ITOJIUANMETHII-
cuinokcan (PDMS) xone TiO2 nanoOesmmIexTepi CHUSAKTHI OHalf KON JKETIMAI MaTepHaajapAbl IaigamaHa
OTBIPHIN, KapanalblM, KEHIJT KOHE ap3aH iCIieH JalbIHAANIBI )KOHE TiKeNel maianany YIIiH TOJBIFBIMEH
cunattainrad. PDMS 6aiinanpic KabaThl yiIiH KonganeUras xoHe Ti02 HaHOOeMImIeKTepi cynepruapodoOTsI-
JBIKTBI KOPCETETiH KeIip-OyAbIp/bl KaJIBIITACTHIPY VINIH KYIISHTIIreH KOMIIO3WIMSI OOJBIN TaObUIaJIbI.
Cunarramanap OoWbIHIIA AaiibiH cynepruapodoOThl kaOBIHHBIH CyMeH jkaHacy Oypbimibl 165,5° ceipraHay
Oypeiiel 5°-meH a3 ekeHiH kopcerti. COHBIMEH KaTap ©3iH-e31 Ta3apTy JoHe OeTTiK MHUKpPO(IIOUITIK
KacuerTepi 3epTrenai. by xaObHAapBIH cynepruapooOThl KacueTTepi OHBIH OETiHe TOMEH TeMIeparypa
MEH YIBTPAKYJTiH COyJIeHIH ocepiHeH KeiiH ne esrepmeiini. SEM cyperrepi IIBIHBI JKoHE KyM
TYHIpIIiKTEepiH/Ie albIHFaH OCTTiH OpecKeN KYPhUIBIMBIH PacTalibl.

Kinm ce30ep: cyneprunpooOThI skal0biH, CynepruapodoOTsl KyM, MOTHINMETHICHIOKCAH, THTaH OKCUAIHIH
HaHOOeIIeKTepi, xKaHacy OypsImbl, YK coyieci, aeHIT ofic, dMIeKTPOKHHETHKAIIBIK TOTSHIHAL.
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O. Tokrap0aitynsl, A. Kypb6anosa, O. Yanubek, A. Cepanus,
T. XKynycona, I'. Cyryp6ekoBa, H. Hypamke

I[onyuyenue cynepruapooOHbIX CAMOOUHMINAKIINXCS MOKPBITHI JIETKHM METO/I0M:
YCTOHYHMBBIX K BO3/1€iiCTBMI0 HU3KHX TeMIIEPATyP U YJIbTPa(pnoI1eTOBOro U3JIy4YeHust

3a mocjeAHHe HECKOIbKO AECATKOB JIET CaMOOYHIIAOIINECs] THAPO(GOOHBIE MOBEPXHOCTH MPUBICKIH 00-
MIIpHOE BHUMaHUE IOCse OTKPHITHA (P dekra soroca. CriocOOHOCTH JIMCTHEB [IBETKA JIOTOCA COXPAHSThH UH-
CTOTY B OTHOCHTEIBHO I'PS3HBIX MECTHOCTSX M CAMOOYHINATHCS BO BpeMs JOXKJEeH HalpaBmiia K pa3BUTHIO
HOBBIX MaTepHaloB U MOAU(HKAINK CTPYKTYPHI MOBepXHOCTH. [I0BEpXHOCTH C TAKMM YMHBIM ITOKPBITHEM
MOXXET MMEeTh SKOHOMHYECKHH ITOTCHIHANI B CIIyJae MCIONB30BaHMs Ha HEOOCKPEOAX, BEICOTHBIX 3IaHUAX H
T.1. /IBa T1aBHBIX KPUTEPHS TIOBEPXHOCTH AJIst 00JIaqaHust THAPOPOOHOCTH ITO HIEPOXOBATOCTH MOBEPXHOCTH
1 HHU3Kasg MOBEPXHOCTHAS 3HEPIus MOKPHIBAIOLIETO MaTepuana. B aToM uccienoBanuu cynepruapohoOHbie
CaMOOYHIIAIOLINECS TOKPHITHS OBUTH TONyUYeHBI IIPOCTHIM, JITKUM H JICIIEBBIM METOJIOM C HCIIOJIB30BaHUEM
JIETKOJOCTYITHBIX MaTepHajioB, Takux kak nomuaumetwicuwiokcad (IIAMC) u nanouactumps! TiO2, 1 momHO-
CTBIO OXapaKTEepHU30BaHbl I mpsiMoro ucnons3oBanus. [IIMC mpencrasiser coboil CBA3yrOMMA cI0H, a
HaHowacTuibl TiO2 mpencTaBisioT co00i apMHUPOBAHHBIN KOMIIO3HT Ui ()OPMHUPOBAHUS IIEPOXOBATOCTH,
HPOSIBILIIONIEH CynepruapooOHOCTh. XapaKTepUCTHKA IT0Ka3ana, YTO CBEXKEIPUTOTOBICHHOE CYNeprUApO-
(hoOHOE MTOKPBITHE MMEET YroJl CMaunMBaHUs BOJIOH 10 165,5° mpu yrite ckonbxkenus MeHee 5°. Takxke ObLH
M3y4YeHbl CaMOOYHMINAIONINECS U TIOBEPXHOCTHBIE MHKPOXKHIKOCTHBIE cBolcTBa. CymepruapodoOHble CBOM-
CTBA 3TUX MOKPBITUI HE MEHSIOTCA Ja)Ke TOCie BO3AEHCTBUA Ha UX MOBEPXHOCTh HU3KUX TeMieparyp u Y d-
n3nydeHus. M3obpaxenuss COM NOATBEPKAAIOT IMIEPOXOBATYIO0 CTPYKTYPY HOIYyYEHHOH MOBEPXHOCTH Ha
CTEKJIC U TIeCUNHKAX.

Kniouesvie cnosa: cyneprunpopoOHOE MOKPHITHE, CYyNEeprHIApOPOOHBIH MECOK, MOMUANMETHICHIOKCAH, Ha-
HOYACTHUIIBI OKCHJIAa THUTaHa, KpaeBoi yrou, Yd-usnydeHue, GacmibHBIH METOA, 3JIEKTPOKHHETHIECKHH II0-
TEHIINAI.
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