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In this study, the importance of wash durability tests for providing efficient hydrophobic surfaces through non-

fluorinated sol-gel processes has been investigated. Various concentrations of methyltriethoxysilane (MTEOS) and 

trimethylchlorosilane (TMCS) have been used to deposit SiO2 nanoparticles on a cotton fabric in a two-step sol-gel process. 

The effects of catalyst type on the hydrophobic properties of fabric are investigated by using ammonia or hydrochloric acid 

in the sol-gel procedure. Surface characteristics, such as morphology and wettability are evaluated by image processing 

techniques and contact angle measurements. Air permeability, mechanical strength and wash durability tests are also 

performed to investigate the physical/mechanical properties of the samples. The results show that SiO2 nanoparticles are 

well dispersed on cotton fabrics with a contact angle of 149o. It is revealed that the fabric coated with 1 mL of MTEOS and 

ammonia catalyst exhibits the highest breathability and strength. Moreover, the first stage of the sol-gel technique is 

sufficient to provide super hydrophobicity. However, the results of the durability test indicate that sol-gel technique does not 
provide suitable wash durability that should be considered in future investigations.  
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1 Introduction 

The fabrication of artificial hydrophobic surfaces 

was firstly inspired by microstructures of lotus leaf
1
. 

With introduction of scanning electron microscopy in 

the 1960s, the hierarchical surface morphology of the 

lotus leaf was observed. Owing to the presence of 

microscale protrusions on a macroscale smooth 

surface, lotus leaves exhibit superhydrophobic 

properties and self-cleaning abilities. The advances 

made in surface modification techniques enable 

superhydrophobic surfaces to be used in a wide range 

of applications
2, 3

 such as touch displays of smart 

phones, anti-fogging glass, solar panels and in textile 

industries. A single droplet on such a hydrophobic 

surface shows a high contact angle between 90
o
 and 

180
o
 (refs

 
4, 5). The advantages of self-cleaning 

coatings range from short cleaning time, low 

maintenance costs, and high durability 
6
. In a 

hydrophobic coating, two factors should be 

considered, namely the surface roughness and surface 

energy. Without any nano- or micro-structure, it is 

impossible to achieve a contact angle greater than 

120° on a smooth surface with low surface energy. 

Therefore, surface roughness should also be 

considered as an important factor affecting the 

hydrophobic properties
7
. Previous research studies 

8-12
 

have used various surface modification techniques, 

such as electrochemical deposition, lithography, 

chemical vapor deposition, electrospinning and sol-

gel. The sol-gel method is one of the most preferred 

techniques due to its simple process, low cost, high 

product yield, low processing temperature, safety and 

simple equipment. Previous researchers have used 

different materials, such as glass, aluminum and 

textile fabric modified by different methods to 

achieve a hydrophobic surface
13-16

. For instance, Basu 

et al. 
17

 investigated the hydrophobic properties  

of two nanocomposite coatings produced by two 

different precursors (MTEOS and TEOS) and 

hexamethyldisilazane (HMDS) modifier. The results 

showed that MTEOS precursor improves the 

superhydrophobic properties with a contact angle of 

166°. Moreover, increasing the amount of modifier 

enhances the hydrophobicity. Lakshmi et al. 
18

 

prepared a superhydrophobic coating with improved 

hardness by embedding fumed silica nanoparticles  in 

a condensed hybrid sol of MTEOS and colloidal 

silica. By comparing the hydrophobic properties of a 

surface using two different modifiers (TMCS and 

HMDS), it was concluded that TMCS could provide 

moisture and heat resistant surfaces with greater 
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contact angles
19-21

. In another research, HMDS 

modifier was used to prepare a hydrophobic cotton 

fabric with a contact angle of 110
o
 (ref. 17). Shi  

et al.
18

 prepared a superhydrophobic cotton fabric 

coated by TiO2 and modified by Octadecyl thiol 

(ODT) with a contact angle of 151°. Zhang et al.
22

 

used layer-by-layer self-assembly procedure to 

prepare superhydrophobic cotton fabric. Cationic poly 

(dimethyldiallylammonium chloride) and negative 

charged silica nanoparticles were coated on the fabric 

and modified by (heptadecafluoro-1,1,2,2-tetradecyl) 

trimethoxysilane to achieve a superhydrophobic 

surface with a contact angle of 155°. Colleoni et al. 
23

 

fabricated hydrophobic cotton and polyester  

fabrics by hydrolysis and condensation of 

octyltriethoxysilane (OTES) combined with a 

melamine based crosslinking agent. Das et al. 
24

 

prepared a superhydrophobic cotton fabric with a 

contact angle of 163° to be used in a water/oil 

separation system with a high efficiency of 98.8%.  

Prior studies have used fluorinated materials to 
provide hydrophobic surface coating. Nevertheless, 
biocompatibility of the coating material has been a 
major concern for the end application. For clothing 

applications, breathability and sufficient stability of 
the coating material should also be considered. 
Therefore, the main objective of the present work is to 
investigate the breathability and washing durability of 
a biocompatible hydrophobic surface prepared by a 
non-fluorinated sol-gel method. Methyltriethoxysilane 

(MTEOS) and trimethylchlorosilane (TMCS) are 
used, in different concentrations, as precursor  
and modification agent respectively, to deposit  
SiO2 nanoparticles on the cotton fabric in two-step 
sol-gel process. Surface morphology, wettability, air 
permeability, mechanical strength and wash durability 

have been investigated through several tests. Since 
few research studies have been done to investigate the 
effects of catalyst type on the surface hydrophobicity, 
ammonia and hydrochloric acid were used, separately, 
in the sol-gel procedure. 
 

2 Materials and Methods 
 

2.1 Materials 

Methyltriethoxysilane (MTEOS), trimethyl–

chlorosilane (TMCS), ethanol 96%, hydrochloric acid 

37%, and ammonia 25% were all purchased from 

Merck (Darmstadt, Germany). 100% cotton fabrics 

were plain woven on a weaving machine (Behbaft 

Co., Guilan). All samples were made from 20 Ne 

warp and weft yarns with 24 and 23 picks/cm 

respectively. The woven fabric was cut into small 

pieces (2.5×3 cm
2
).  

 

2.2 Preparation of Hydrophobic Coating  

A schematic of the processing stages used for 

fabrication of hydrophobic surface is represented in 

Fig. 1. Considering the main reactions in sol-gel 

process, as mentioned by previous research studies
25

, 

similar approach was used to prepare the sols in the 

present work. In the first stage, different solutions of 

1.14 mL of ethanol mixed with different amounts of 

MTEOS (0.5, 1 and 2 mL) were prepared and then 

stirred with a magnetic stirrer at 25
o
C for 3 min. Then, 

the catalyst (ammonia or hydrochloric acid) was added 

drop-wise into the solutions and stirred for 48 h. When 

the hydrolysis and condensation procedures were fully 

performed, the white sols were obtained. Afterwards, the 

woven samples were dipped in the solutions for 15 min 

and dried at 20
o
C. During curing and drying period, the 

hydroxyl groups of cellulose could be substituted by the 

alkyl groups of hydrophobic coating material. Finally, a 

hydrophobic cotton fabric coated by nanoparticles could 

be obtained.  

After the first stage, using the field emission 

scanning electron microscopy (FESEM) images  

of the samples and image processing technique, the 

distribution and uniformity of the nanoparticles were 

compared. Based on contact angle measurements 

(illustrated in next sections) and nanoparticle 

size/distribution, the most appropriate condition was 

considered for the next stage investigations. In the 

second stage, different colloidal mixtures of ethanol 

and TMCS with different volumetric ratios (TMCS to 

ethanol = 2.5, 5 and 7.5 vol%)
26

 were prepared and 

stirred for 30 min at 25
o
C. The woven samples dip 

coated by MTEOS/Ethanol solution was immersed in 

the TMCS/ethanol mixtures for 1 min. Then, the 

samples were placed in an oven for 2 min at 150
o
C. 

The characteristics of sol–gel solutions are presented 

in Table 1.  
 

2.3 Characterization of Surface Morphology 

A scanning electron microscope (MIRA3, 

TESCAN Co.) under the voltage of 20 kV was used to 

investigate the surface characteristics, such as 

nanoparticle size and distribution. Energy dissipation 

spectroscopy (EDS) analysis was conducted to 

confirm the elemental composition.  
 

2.4 Contact Angle Measurement  

Contact angle was measured by a Protractor device 

(10-CAG  Goniometer   Angle   Contact).  A  distilled  

water droplet with the volume of 5 μL was placed on 
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the surface of sample. Images of a water droplet were 

magnified and displayed by a CMOS camera and the 

contact angle was determined using Image J software.  
 

2.5 Droplet Adsorption Time  

The droplet adsorption time was estimated for each 
sample, according to the standard AATCC 79-2000 
Test Method. Four droplets were placed on different 
parts of the sample and the average of observations 
was reported as the average droplet absorption time.  
 

2.6 Wash Durability Test  

The standard ISO 3175 test method was used to 
evaluate the durability of the coated samples. The 
samples were washed in a dilute anionic detergent 
solution (1 g/L and L:M ratio = 40:1) at 30°C for  
10 min. Then, the samples were rinsed and dried at 20°C 
 

2.7 FTIR Spectroscopy 

FTIR analysis was used to investigate the chemical 

bonds between the coated layer and the fabric surface. 

The FTIR spectra were recorded by a spectrometer 

device (Nikolet Magan-IR 560) in the transmission 

mode between 411 cm
-1

-4111 cm
-1 

at 25 °C. 

 
 

Fig. 1 — Two-stage fabrication of superhydrophobic coating on cotton fabric and sol-gel reactions 
 

Table 1 — Compositions of sol–gel solutions, deposited on to the 

cotton substrates 

Stage 2 Stage 1 Sample 

TMCS/Ethanol 

%vol 
Catalyst Ethanol 

mL 

MTEOS 

mL HCL  
M 

Ammonia  
M 

- - - - - 1 

- - 2 1.14 0.5 2 

- - 2 1.14 1 3 

- - 2 1.14 2 4 

- 0.1 - 1.14 0.5 5 

- 0.1 - 1.14 1 6 

- 0.1 - 1.14 2 7 

2.5 - 2 1.14 1 8 

5 - 2 1.14 1 9 

7.5 - 2 1.14 1 10 
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2.8 Mechanical Tensile Test 

According to the ASTM D5034-95 standard test 

method, mechanical tensile tests (tensile strength and 

% elongation) were performed to investigate the 

tensile properties of the samples by the use of tensile 

test device (Co. Shirley, England) at 23°C and  

43% RH.  
 

2.9 Air Permeability 

The permeability of the samples was measured by 

the use of a FX 3300 (Switzerland) apparatus under 

the air pressure of 125 Pa, according to the ASTM 

D737-96 standard test method.  
 

3 Results and Discussion 
 

3.1 Surface Characterization  

Figure 2 represents the FESEM images of the 

pristine cotton fabric and the coated samples in both 

stages. The results of image analysis indicate that the 

nanoparticles with diameters in the range of 36 nm 

and 46 nm are formed successfully on the surface of 

cotton fibers. As shown in Table 2, considering the 

nanoparticles size/distribution together with the 

contact angle measurements, the appropriate coating 

condition belongs to the sample with 1 mL of 

MTEOS when ammonia is used as the catalyst 

solution.  

The nanoparticle size increases with increasing the 

amount of MTEOS. The most uniform distribution of 

nanoparticles belongs to the sample fabricated with  

1 mL of MTEOS and a basic catalyst solution of 

ammonia. When ammonia catalyst is used, the size of 

nanoparticles is found larger than that when 

hydrochloric acid is used. The surface contact angle 

strongly depends on the particle size and distribution. 

Higher amounts of nanoparticles with large diameters 

and uniform distributions provide greater contact 

angles 
27

.  Therefore, the solution prepared with 

ammonia and 1 mL of MTEOS is considered as the 

appropriate solution for the next investigations. In the 

second stage, nanoparticles with diameter in the range 

of 42 - 62 nm are formed successfully on the surface 

of cotton fibres.  

The nanoparticle size also increases with increasing 

the TMCS/ethanol volumetric ratio. According to  

the theory of Rao et al. 
23

, with increasing the 

nanoparticle size, a decreasing trend is observed in the 

nanoparticle population on the surface of fibers. It is 

due to the fact that in higher volumetric ratios, free 

nanoparticles with no attachment or chemical bond 

are formed on the surface of fibres. 

3.2 Contact Angle Measurements 

Figure 3 (a) shows the results of contact angle 

measurements for the samples prepared in the first 

stage. According to the results, the highest values of 

contact angles belong to the Samples 3 and 6 

fabricated with 1 mL of MTEOS. The increase in 

contact angle from 143
o
 to 146.1

o
 is attributed to the 

increase of the precursor and the number of methyl 

groups attached to the silica surface 
28

. However, 

higher amounts of the precursor results in the 

saturation of methyl groups and formation of 

molecular irregularities, which reduce the contact 

angle 
26

. It can be seen that the samples prepared with 

ammonia catalyst solution exhibit greater contact 

angles than the samples catalyzed by HCL solution. 

As described by previous researchers 
26, 28

, the 

condensation and hydrolysis reaction occur 

simultaneously in the basic conditions. In other 

words, in acidic conditions, the formation of a strong 

network structure is limited. In basic conditions, the 

cross-linking occurs between the networks and forms 

a dense and porous structure. Figure 3 (b) shows the 

results of contact angle measurements for the samples 

prepared in the second stage.  

According to the results, the highest value of contact 

angles belongs to the Samples 9 fabricated with 5 % vol 

of TMCS/ethanol. The increase in contact angle from 

144.37
o
 to 149

o
 is attributed to the increase of the 

precursor and the number of Si-(CH3)3  groups attached 

to the silica surface 
26

. However, higher amounts of the 

precursor results in the saturation of Si-(CH3)3  groups 

and formation of molecular irregularities which reduces 

the contact angle 
19

.  

In another work, Mohamed et al.
24

 indicated that 

superhydrophobicity, described by the contact angles 

above 150
o
, shows a nearly perfect non-wetting  

state 
27

. Herein, it can be seen that Sample 9 with  

the contact angle of 149
o
 (~ 150

o
) is almost a 

superhydrophobic surface. According to the results, 

the contact angle of Sample 3 (146.1
o
) is also  

great enough (~ 150
o
) to describe hydrophobicity  

(the sample prepared in the first stage with ammonia 

solution and 1 mL of MTEOS). Therefore, it can be 

concluded that the first stage of the sol-gel technique 

is sufficient to provide superhydrophobicity and there 

is no need to perform the second stage.  
 

3.3 Droplet Adsorption Time 

Figures 4 (a) and (b) represent the results of droplet 

adsorption test and the time required for a single 

droplet to pass through the samples.  
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The trends observed for the results of droplet 

adsorption time are found the same as the trends 

obtained from the results of contact angle 

measurements for different samples. It means that the 

maximum droplet adsorption time in the first stage 

belongs to Sample 3 (ammonia + 1 mL of MTEOS) 

and in the second stage, the maximum time belongs to 

Sample 9 (5 % vol. of TMCS/Ethanol).  

 
 

Fig. 2 — FESEM images of the samples with different amounts of MTEOS/different catalysts and of the samples modified in the second 

stage with different TMCS/ethanol volumetric ratio (a) Sample 1 (the pristine sample), (b) Sample 2 (0.5 mL, ammonia), (c) Sample 3  

(1 mL, ammonia), (d) Sample 4 (2 mL, HCL), (e) Sample 5 (0.5 mL, HCL), (f) Sample 6 (1 mL, HCL), (g) Sample 7 (2 mL, HCL),  

(h) Sample 8 (2.5 % vol), (i) Sample 9 (5 %vol) and (j) Sample 10 (7.5 %vol). 
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Table 2 — Nanoparticle size and distribution in different samples 

Standard  

deviation, nm 

Nanoparticle size 

nm 

Sample  

code 

14.93 36.50 2 

10.13 46.75 3 

25.60 43.17 4 

9.76 36.89 5 

6.20 40.72 6 

10.74 36.23 7 
 

 
 

Fig. 3 — Comparison of measured contact angles of the samples 

prepared (a) in first stage with different amounts of MTEOS  

(0.5, 1 and 2 mL) and different catalysts (ammonia or HCL), and 

(b) in the second stage with different TMCS/ethanol volumetric 

ratios (2.5, 5 and 7.5 % vol) 
 

3.4 Wash Durability Test 

The standard test method of ISO 3175 has been 

used to investigate the wash durability of the samples 

prepared with different conditions. Herein, 5 cycles 

are performed according to the standard test method. 

After each washing cycle and drying procedure, the 

contact angle and drop adsorption time measurements 

are conducted again on all samples. After 3 cycles, the 

most changes are observed in the hydrophobic 

characteristics. No significant change is observed 

among cycles 3, 4 and 5. As shown in Fig. 4 (c), 18% 

and 21% reduction in hydrophobic characteristics 

(contact angle and drop adsorption time) is observed 

for the samples prepared in the first stage and second 

stage respectively. The significant fall in the contact 

angles after the first three washes can be attributed to 

the presence of physical interaction between coating 

material and cotton fabric. Therefore, it can be 

concluded that besides the excellent super-

hydrophobic properties of the samples, even the first 

stage is not capable to provide an appropriate 

hydrophobic surface with sufficient durability. 

Therefore, especially in clothing applications, the 

washing durability tests should also be performed to 

investigate the efficiency of superhydrophobic 

coatings in laundry conditions.  
 

3.5 EDX Analysis 

The spectra and quantitative results of the EDX 

analysis are presented in Table 3 and Figs 5 (a) and 

(b)   respectively.  The   EDX  analysis  for  a  pristine  

 
 

Fig. 4 — Drop adsorption time for (a) samples prepared in the 

first stage with different amounts of MTEOS (0.5, 1 and 2 mL) 

and different catalysts (ammonia or HCL); (b) samples prepared 

in the second stage with different TMCS/ethanol volumetric  

ratios (2.5, 5 and 7.5 %vol), (c) the contact angles of the samples 

3 (1st stage: ammonia + 1 mL of MTEOS) and 9 (2nd stage: 5 % 

vol of TMCS/ethanol) before and after wash durability test 
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cotton fabric shows two types of elements, viz carbon 

and oxygen 
29

. However, in the Sample 2, silicon is 

also observed in addition to carbon and oxygen. The 

presence of chlorine in Sample 9 denotes the TMCS 

compound. Except oxygen, all other elements in 

Sample 9 are observed in higher percentages as 

compared to the elements of Sample 2.  
 

3.6 FTIR Analysis 

The FTIR spectra of pristine cotton fabric, Sample 

3 (1
st
 stage: ammonia + 1 mL of MTEOS) and Sample 

9 (2
nd

 stage: 5 % vol of TMCS/ethanol) are presented 

in Fig. 5 (c). The wave numbers of 2970 cm
-1

 and 

2984 cm
-1

 are attributed to the symmetric and 

asymmetric tensile vibrations of CH2 groups. The CH3 

groups in the first stage (MTEOS) and second stage 

coating (TMCS) are observed at wave numbers of 

1443 cm
-1

, 1369 cm
-1

, 1449 cm
-1

, 1395 cm
-1

 
30, 31

. The 

peaks observed at 1274 cm
-1

, 771 cm
-1

 and 863 cm
-1 

denote the tensile vibrations of C-Si-CH3 and Si-CH3 

due to the presence of MTEOS, which is increased in 

the second stage. The main characteristic peaks at 

1161 cm
-1

, 1113 cm
-1

, 1116 cm
-1 

are attributed to the 

Si-O-Si groups 
22, 23, 29

. The broad absorption bands at 

around 1649 and 3330 cm
-1

 indicate the presence of 

hydroxyl groups
32

. The decrease in absorbance peak 

at 3330 cm
−1

 and 800 cm
-1

 is attributed to the OH 

groups of cellulose
32, 33

, which is reacted with the 

coating of sols and condensed with the alkyl groups. 

The FTIR results indicate that MTEOS and TMCS-

based coatings with alkyl groups (without polar 

groups) are capable to chemically substituted with 

hydrophilic groups of cellulose and provide 

hydrophobicity.  
 

3.7 Longitudinal and Transverse Tensile Strength 

Figure 6 (a) represents the longitudinal and 

transverse tensile strength of the Sample 1 (pristine 

cotton fabric), Sample 3 (1
st
 stage: ammonia + 1 mL 

of MTEOS) and Sample 9 (2
nd

 stage: 5 %vol of 

TMCS/ethanol). The results show that no significant 

change occurs in the tensile strength of samples in 

both directions. However, there is a significant 

reduction trend in the strength of Sample 9 (prepared 

in the second stage) that could be due to the release of 

the chlorine atoms which could reduce the strength of 

the cotton fabric 
30, 31, 34

.  
 

3.8 Air Permeability 

Air permeability is one of the most important 
properties of a fabric and depends on the porosity of 
the fabric. Figure 6 (b) represents the results of air 
permeability for Sample 1 (pristine cotton fabric), 
Sample 3 (1

st
 stage: ammonia + 1 mL of MTEOS) and 

Sample 9 (2
nd

 stage: 5 % vol of TMCS/ethanol).  
It is obvious that non-coated fabrics due to their  
low thicknesses and high porosities, show higher 

Table 3 — Quantitative results of EDX analysis for Sample 2 [1st stage: MTEOS (1 mL) + ammonia] and Sample 9  
[1st stage: MTEOS (1 mL) + ammonia, and 2nd stage: TMCS/ethanol (5 %vol)] 

Element Sample 9 Sample 2 

Atomic % Weight % Atomic % Weight % 

Carbon 46.93 38.88 45.85 38.04 

Oxygen 50.07 55.26 51.62 57.05 

Silicon 2.86 5.55 2.53 4.91 

Chlorine 0.13 0.32 0 0 
 

 
 

Fig. 5 — EDX spectra for (a) Sample 2 [1st stage: MTEOS (1 mL) + ammonia], and (b) Sample 9 [1st stage: MTEOS (1 mL) + ammonia, 

2nd stage: TMCS/ethanol (5 %vol)]. FTIR spectra (c) of different samples (I) Sample 1 (pristine cotton fabric), (II) Sample 3 (1st stage: 

ammonia + 1 mL of MTEOS) and (III) sample 9 (2nd stage: 5 %vol of TMCS/ethanol) 
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permeability in comparison to the coated fabrics 
35

. 
Herein, the 7.1% and 11.9% reductions are observed 
in the permeability of the pristine cotton fabric after 
being coated in the first and second stage respectively. 
As the observed changes are not significant, 
especially in the first stage, it can be concluded that 
the breathability of the samples could be preserved 
after being coated in the first stage.  
 

4 Conclusion 

A superhydrophobic cotton fabric is fabricated 
through a two-step sol-gel process. Various 
concentrations of MTEOS and TMCS are used as 
precursor and modification agent to deposit SiO2 

nanoparticles on the cotton fabric. The effects of 
catalyst type (ammonia or HCL), MTEOS/ethanol and 
TMCS/ethanol volumetric ratio on the surface contact 
angle, air permeability, tensile strength and wash 
durability are investigated. The most appropriate 
condition for nanoparticles size and distribution 

belongs to the sample with 1 mL of MTEOS when 
ammonia is used as the catalyst solution. With 
increasing the amount of MTEOS from 0.5 mL to  
2 mL, an increasing trend is observed in the contact 
angle. However, higher amount of precursor (2 mL) 
shows a reduction trend in the contact angle. Similar 

trend is observed in the contact angle of the samples 
with increasing the TMCS/ethanol ratio from 2.5 % 
vol to 5 % vol and then to 7.5 %vol. The samples 
prepared with ammonia catalyst solution exhibit 

greater contact angles than the samples catalyzed by 
HCL solution. No significant change is observed in 
tensile strength and also in permeability of the 
samples after being coated in the first stage.  
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