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Abstract

The work in this research fabricated hydrophobic SiO: nanoparticles modified with
tetraethylorthosilicate (TEOS), poly-(dimethylsiloxane) (PDMS), and methyltriethoxysilane
(MTES) using a sol-gel method. The effects of the precursors, coating techniques, and
curing conditions were investigated. A water contact angle (WCA) measurement was done
using a sessile drop method with an optical contact measuring apparatus. Morphologies of
the hydrophobic films were depicted using scanning electron microscopy. All data were
analyzed using Design Expert® software. The results showed that the morphology of
the hydrophobic films had a nano-roughness as evidenced by the high contact angle.
The largest predicted WCA of these is 150.306°, which will be obtained with
a TEOS:SiO2:PDMS:MTES ratio equal to 7.00:3.374:2.75:3.00 wt%, respectively. It is
coated using a dipping technique and oven cured at 400°C.
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Introduction

Ceramics generally have surfaces with strong,
attractive, and colorful glazes. However, many
ceramic glazes have hydrophilic properties
that cause water stains which deteriorate the
glaze color and can harbor bacteria. Many
researchers have explored methods to fabricate
hydrophobic films for coating on ceramic
glazes to reduce their wetting properties,
thus enhancing their self-cleaning properties
(Lin et al., 2006; Wang et al., 2007; Wang
et al., 2009; Hallmann et al., 2010; Nadargi
et al., 2010; Hozumi et al., 2011; Lin et al.,
2011; Wen et al., 2011). These films can be
synthesised, coated, and cured using several
techniques including lithographic patterning
(Wang et al., 2009), electrochemical deposition
(Wang et al., 2007), chemical vapour deposition
(Wen et al., 2011), layer-by-layer assembly
plus phase separation (Lin et al., 2006), high
energy ball milling (Hallmann et al., 2010),
and sol-gel methods (Nadargi et al., 2010).
Nano silica particles are proven to have
a rough surface film with a lotus-leaf-like
structure (Wu et al., 2005; Prertkaew et al.,
2012). Nanoroughness produced from silica
particles can be modified with organic
compounds. For instance, Liu et al. (2011)
created a robust surface roughness from SiO»
nanoparticles with a surface modification
of polydimethylsiloxane (PDMS). Hwang et al.
(2008) synthesized transparent hydrophobic
SiO» nanoparticles with a matrix of 3-glycidoxy-
propyltrimethoxy-silane (GPTS) and tetramethy-

lorthosilicate (TMOS). Gurav et al. (2015)
prepared self-cleaning superhydrophobic silica
coatings that were modified from SiO,
microparticles with  methyltrichlorosilane
(MTCS). Hsu et al. (2014) fabricated a hydrophobic
and omnidirectional antireflective coating, that
employed SiO, nanospheres using an n-octadecyl-
triethoxysilane solution (C;3-TEOS).

In the current study, a hydrophobic film
of SiO, nanoparticles modified with tetraethyl-
lorthosilicate (TEOS), poly-(dimethylsiloxane)
(PDMS), and methyl-triethoxysilane (MTES)
was prepared using a sol-gel method. The
purpose of this study was to find the optimum
weight percentage of SiO, and MTES to
synthesize TEOS:SiO,:PDMS:MTES films.
Additionally, this study compared films coated
on ceramics by dipping and spraying methods.
Finally, the most appropriate technique for
film curing was investigated.

Materials and Methods

Chemicals
The chemicals used for synthesizing
hydrophobic precursors were AEROSIL

90 and 200 hydrophobic fumed silica with
an average primary particle size of 20 and
12 nm, respectively (Evonik Industries
AG, Essen, Germany), 98% pure tetraethy-
lorthosilicate (Acros Organics BVBA, Geel,
Belgium), 98+% pure methyltri-ethoxysilane
(Acros Organics BVBA), and poly-
(dimethylsiloxane) (Acros Organics BVBA).

Table 1. Blends of TEOS:SiO,:PDMS:MTES (wt%)

Blends TEOS SiO, PDMS MTES
A 7.00 0.50 2.75 2.00
B 7.00 1.00 2.75 2.00
C 7.00 2.00 2.75 2.00
D 7.00 4.00 2.75 2.00
E 7.00 0.50 2.75 4.00
F 7.00 1.00 2.75 4.00
G 7.00 2.00 2.75 4.00
H 7.00 4.00 2.75 4.00
I 7.00 0.50 2.75 8.00
J 7.00 1.00 2.75 8.00
K 7.00 2.00 2.75 8.00
L 7.00 4.00 2.75 8.00
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Coating Liquid Preparation

Twelve blends (A-L) of TEOS:SiO;:
PDMS:MTES precursors were prepared, as
shown in Table 1.

Figure 1 depicts the experimental
procedure as a flowchart. First, 7.00 wt% of
TEOS was refluxed with a mixture of 6.00
wt% of HCI and 27.30 wt% of ethanol at
70°C for 3 h to form TEOS solutions. At
the same time, equal amounts of 12 and
20 nm silica particles were mixed and
dispersed by ultrasonication for 3 h in 50.55
wt% isopropanol to form nano silica mixtures.
After that, 2.75 wt% of PDMS and 2.00-8.00
wt% of MTES were added. Next, the mixtures
were refluxed again at 70°C for 12 h to form
coating liquids. Then, they were coated on 102
cm? test tiles using either a dipping or spraying
method. In order to assure that this work is
industrially applicable, the test tiles were
commercially available ceramic wall tiles.
Each tile was treated with 15.00 mL of the
coating liquid. After that, the tiles were cured
by 1 of the following methods: 1) heating with
an electric hair dryer, and 2) and 3) baking in
an oven at either 300°C or 400°C for 15 min
with a heating rate of 5°C/min.

Surface
Analysis

The water contact angle (WCA) is a good
indicator of the hydrophobic properties of a
coated surface. A DataPhysics OCA 20
(DataPhysics Instruments GmbH, Filderstadt,

Coating Characterization and

Germany) equipped with a CCD camera was
employed to measure the WCA in this work.
The microscopic images of the hydrophobic
films were obtained using a JEOL JSM-6010
LV (JEOL Ltd., Tokyo, Japan) with an
Everhart-Thornley type of secondary electron
detector scanning electron microscope (SEM).

Statistical Experimental Design and Analysis

Design Expert® software version 8 was
employed to design the experiment and
analyze the data. A general factorial design
was selected for use in this study. The
conditions used for investigation were as
follows: 1) %SiO; in the coating liquid (0.5,
1.00, 2.00, and 4.00 wt%), 2) %MTES in the
coating liquid (2.00, 4.00, and 8.00 wt%),
3) the coating method (dipping and spraying),
and 4) the film curing techniques (hair dryer,
300°C in an oven, and 400°C in an oven).
The WCA data were collected according to
the experimental design and analysis using
ANOVA to find which factors and their
interactions that significantly (> 95%
confidence) affected the WCA of the films.
Furthermore, equations for predicting the
WCA of the films were obtained from
regression. Finally, contour and 3D graphs
were made showing the WCA of the fabricated
films as a function of the experimental
conditions to find the optimum synthesis
conditions, coating, and curing for the
hydrophobic films.

TEOS + (HCl and ethanol)
reflux at 70 °C for 3 hr.

Mixed nano silica + isopropanol
and mixed by ultrasonic for 3 hr.

!

Decrease temp. down to —)I

Refluxed at 70 °C for 12 hr.

< PDMS+ MTES

room temp.

!

Decrease temp. down to room

temp.

l

Coated by dipping or spraying

l

Dried by electronic hair drier or
baking in 300 °C or 400 °C oven

Figure 1. Flowchart of the experimental procedure
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Results and Discussion

WCA Results

In Table 2, the WCA data of H-blends
were prepared using different coating and
curing conditions. Five replicates for each
combination of coating and curing technique
were made, as indicated by (1) to (5). The
WCA data of other blends were collected and
tabulated but are not shown here.

The data of all the blends were analyzed
using ANOVA. The results showed that
%S10,, %MTES, and the coating technique
significantly affected the WCA. Although the
curing technique did not have a significant

Table 2. The measured WCA of H-blends

effect by itself, it interacted with other factors
and this did affect the WCA. The WCA
predictions were obtained from the regression
analysis. Equation 1 and Figure 2(a) show the
predicted WCA of the films coated by dipping
and cured with the hair drier, while Equation 2
and Figure 2(b) present the predicted WCA of
the spray coated and hair drier cured films. It
can be seen that silica addition improved the
WCA. However, MTES addition can either
increase or decrease the WCA. This is because
%MTES interacted with %SiO,. Although a
maximal WCA was obtained from the spray
coated films, the difference was small.
Generally, both coating methods yield roughly
the same WCA.

Blend WCA Blend WCA
Hdh (1) 136.10 Hsh (1) 141.95
Hdh(2) 139.90 Hsh (2) 144.15
Hdh (3) 141.85 Hsh (3) 134.70
Hdh (4) 140.65 Hsh (4) 144.45
Hdh (5) 136.95 Hsh (5) 139.70

Hd300 (1) 146.60 Hs300 (1) 144.40
Hd300 (2) 147.75 Hs300 (2) 146.10
Hd300 (3) 147.65 Hs300 (3) 143.80
Hd300 (4) 149.20 Hs300 (4) 137.25
Hd300 (5) 146.65 Hs300 (5) 146.00
Hd400 (1) 143.60 Hs400 (1) 142.35
Hd400 (2) 147.20 Hs400 (2) 143.30
Hd400 (3) 149.50 Hs400 (3) 144.35
Hd400 (4) 144.05 Hs400 (4) 142.30
Hd400 (5) 143.30 Hs400 (5) 147.25

H=H blend, d=dip coated, s=spray coated, h=hair drier, 300=300°C oven, 400=400°C oven, and numbers

inside parentheses are replicated numbers.

(a)

contact angle

B:MTES

B:MTES

contact angle

A Silica

Figure 2.

A Silica

The predicted WCA as a function of %SiO; and % MTES of the (a) dip coated and hair

drier cured films and (b) spray coated and hair driercured films
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WCA = 114.01 + 11.22- SiO(%) located at the center of the oval in Figure 3(a)
—0.14-MTES(%) + 1.91- SiOx(%)-  and is =148°. The + and — signs on % SiO,
MTES(%) —2.94- Si0, %(%)? and %MTES in the equations indicate that
—0.41-MTES*(%)? increasing %Si0; can increase the WCA while

(1) increasing %MTES can lower the WCA.

WCA = 111.43 +16.90-Si0(%) WCA = 136.31+11.39-Si0,(%)
—2.15-MTES(%) + 1.91-Si0,(%) =3.11'-MTES(%) + 1.91 SiO2(%)
MTES(%) —2.94-Si0,%(%)> MTES(%) — 2.94 SiO2%(%)?
—0.41-MTES?*(%)? —0.41-MTES?*(%)*

2 A3)
The predicted WCA of the dip coated WCA = 118.26+ 17.07-SiOx(%)

films cured in an oven at 300°C are shown in =5.12-MTES(%) +1.91-Si02(%)

Figure 3(a) and Equation 3. Those of the spray MTES(%) —2.94- Si02*(%)?

coated films are shown in Figure 3(b) and —0.41-MTES?*(%)*

Equation 4. It is clear that dip coating resulted 4

in a larger WCA than spray coating. The

maximum predicted WCA of the dip coated Figures 4(a) and 4(b) illustrate the

hydrophobic films oven cured at 300°C is predicted WCA of the dip and spray coated

contact angle (b) contact angle

B:MTES
B:MTES

A Silica A: Siica

Figure 3. The predicted WCA as a function of %SiO; and % MTES of the (a) dip coated and 300°C
oven cured films and (b) spray coated and 300°C oven cured films

contact angle (b) contact angle

B:MTES
B:MTES

A: Siica A: Silica

Figure 4. The predicted WCA as a function of %SiO; and %MTES of the (a) dip coated and 400°C
oven cured films and (h) snrav coated and 400°C oven cured films
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films, respectively, oven cured at 400°C.
Additionally, Equations 5 and 6 predict the
WCA of these films. It is clear that curing at
400°C has almost the same effect as at 300°C.
However, the 400°C cured films had larger
predicted WCA values. Furthermore, the
maximum WCA predicted by regression
analysis for the 400°C cured film was
=150.306°. This max WCA would be obtained
from a dip coated film made with 3.398 wt%
Si0; and 3.0 wt% MTES cured at 400°C.

WCA = 132.20+14.25- SiOx(%)
—4.05-MTES(%) + 1.91 SiO(%)
MTES(%) —2.94- Si0,%(%)?

— 0.41-MTES*(%)?
(5)

WCA = 113.38+ 19.93- SiO2(%)

—6.06-MTES(%) + 1.91-Si0(%)
MTES(%) — 2.94- Si0,%(%)?
—0.41-MTES*(%)?

(6)

Figures 5(a) and 5(b) show SEM
micrographs of the dip and spray coated films,
respectively. These films were made with
4 wt% of SiO; and 4 wt% of MTES and oven
cured at 400°C. The TEOS:SiO,:PDMS:MTES
films fabricated in this work had very fine
surface morphology, and thus the lotus effect
was established. The insets of Figures 5(a) and
5(b) show hydrophobic water droplets on the
films producing actual WCA values of 149.50°
and 147.25° respectively. The WCA of the dip
coated film was larger than that of the spray
coated film, although the dip coated film had a
finer morphology. This result is not consistent

Figure 5. SEM micrographs with hydrophobic water droplets on 4 wt.% of SiO; and 4 wt.% of
MTES films which were coated by (a) dipping and (b) spraying and oven cured at 400°C
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with the almost universal observation of
researchers that a film with a finer morphology
tends to exhibit a higher degree of hydro-
phobicity. One possible reason for this is that
these films are more likely to crack.

Conclusions

The TEOS:SiO,:PDMS:MTES films fabricated
in this work had a fine microscopic morphology
which contributed to their hydrophobic
properties. Equations were developed for
predicting the WCA of the films containing
various levels of SiO, and MTES applied on
ceramic tiles using 2 different techniques and
cured by 3 methods. It was predicted that the
film which had the maximal WCA would be
the one containing 3.398 wt% SiO; and 3.00
wt% MTES, dip coated and oven cured at
400°C.

Acknowledgements

The authors gratefully acknowledge Siam
Cement PCL and Khon Kaen Ceramic Co.,
Ltd. for the contribution of the test tiles of this
work. We thank the School of Ceramic
Engineering, Suranaree University of Technology,
Thailand for supporting this research work.

References

Gurav, A.B., Xu, Q., Latthe, S.S., Vhatkar, R.S., Liu,
S., Yoon, H., and Yoon, S.S. (2015).
Superhydrophobic coatings prepared from methyl-
modified silica particles using simple dip-coating
method. Ceram. Int., 41(2):3017-3023.

Hallmann, S., Fink, M.J., and Mitchell, B.S. (2010).
Wetting properties of silicon films from alkyl-
passivated particles produced by mechanochemical
synthesis. J. Colloid Interf. Sci., 348(2):634-641.

Hozumi, A., Cheng, D.F., and Yagihashi, M. (2011).
Hydrophobic/superhydrophobic ~ oxidized  metal
surfaces showing negligible contact angle hysteresis.
J. Colloid Interf. Sci., 353(2):582-587.

Hsu, C.C., Lan, W.L., Chen, N.P., and Wu, C.C. (2014).
The hydrophobic and omnidirectional antireflection
coating of SiO 2 nanospheres with C 18-TEOS.
Opt. Laser Technol., 58:202-206.

Hwang, J.H., Lee, B.I., Klep, V., and Luzinov, 1. (2008).
Transparent hydrophobic organic—inorganic
nanocomposite films. Mater. Res. Bull., 43(10):
2652-2657.

Lin, J.J., Chu, C.C., Chiang, M.L., and Tsai, W.C. (2006).
Manipulating assemblies of high-aspect-ratio clays

and fatty amine salts to form surfaces exhibiting
a lotus effect. Adv. Mater., 18(24):3248-3252.

Liu, L.D,, Lin, C.S., Tikekar, M., and Chen, P.H. (2011).
Superhydrophobic transparent films from silica
powder: Comparison of fabrication methods. Thin
Solid Films, 519(19):6224-6229.

Nadargi, D.Y., Gurav, J.L., El Hawi, N., Rao, A.V., and
Koebel, M. (2010). Synthesis and characterization
of transparent hydrophobic silica thin films by
single step sol—gel process and dip coating. J. Alloy.
Compd., 496(1):436-441.

Prertkaew, T., Punsukumtana, L., and Srilomsak, S.
(2012). Effects of sol-gel processing factors on
transmittance and surface free energy of TEOS-SiO
2-PDMS films. Suranaree J. Sci. Technol.,
19(4):237-249.

Prertkaew, T., Srilomsak, S., and Punsukumtana, L.
(2012). Statistical analysis parameters effect on
contact angle of TEOS-SiO 2-PDMS films prepared
by sol-gel process. Songklanakarin J. Sci. Technol.,
34(3):323-327.

Wang, F., Song, S., and Zhang, J. (2009). Surface
texturing of porous silicon with capillary stress
and its superhydrophobicity. Chem. Commun.,
(28):4239-4241.

Wang, M.F., Raghunathan, N., and Ziaie, B. (2007).
A nonlithographic  top-down electrochemical
approach for creating hierarchical (micro-nano)
superhydrophobic ~ silicon surfaces. Langmuir,
23(5):2300-2303.

Wen, X.F., Wang, K., Pi, P.H., Yang, J.X,, Cai, Z.Q.,
Zhang, L.J., and Cheng, J. (2011). Organic—
inorganic hybrid superhydrophobic surfaces using
methyltriethoxysilane and tetraethoxysilane sol-gel
derived materials in emulsion. Appl. Surf. Sci.,
258(3):991-998.

Wu, LY., Tan, G.H., Qian, M., and Li, T.H. (2005).
Formulation of transparent hydrophobic sol-gel
hard coatings. Singapore Inst. Manufac. Technol.
Tech. Reports., 6(2):1-4.

anti-angiogenic potential of pomegranate fractions in vitro
and in vivo. Angiogenesis, 6:121-128.

Wajant, H. (2002). The Fas signaling pathway: more than
a paradigm. Science, 296(5573):1635-1636.
Walker, P.R., Kokileva, L., LeNlanc, J., and Sikorska,
M. (1993). Detection of the initial stages of
DNA fragmentation in apoptosis. Biotechniques,

15:1032-1040.

Walsh, J.G., Cullen, S.P., Sheridan, C., Luthi, A.U.,
Gerner, C., and Martin, S.J. (2008). Executioner
caspase-3 and caspase-7 are functionally distinct
proteases. P. Natl Acad. Sci. USA, 105:12815-
12819.

Wen, L.P., Fahrni, J.A., Troie, S., Guan, J.L., Orth, K., and
Rosen, G.D. (1997). Cleavage of focal adhesion
kinase by caspases during apoptosis. J. Biol. Chem.,
272:26056-26061.

Wolf, B.B., Schuler, M., Escheverri, F., and Green, D.R.
(1999). Caspase-3 is the primary activator of
apoptotic  DNA  fragmentation via DNA
fragmentation factor-45/inhibitor of caspase-
activated DNase inactivation. J. Biol. Chem.,
274:30651-30656.

Wiyllie, A.H. (1988). Glucocorticoid-induced thymocyte
apoptosis  is  associated with  endogenous
endonuclease activation. Nature, 284:555-556.



82 Effect of Processing Parameters of Hydrophobic Film on Ceramic Tile

Xue, LY., Chiu, S.M., and Oleinick, N.L. (2001). Zhou, H.B., Yan, Y., Sun, Y.N., and Zhu, J.R. (2003).

Photodynamic therapy-induced death of MCF-7 Resveratrol induces apoptosis in human esophageal
human breast cancer cells: a role for caspase-3 in carcinoma cells. World J. Gastroentero., 9(3):408-
the late steps of apoptosis but not for the critical 411.

lethal event. Exp. Cell Res., 263:145-155.
Yip, C.H. (2009). Breast cancer in Asia. Methods in
Molecular Biology, 471:51-64.



