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Abstract 

A new hydrophobic hexyltrimethoxysilane (HTMS) coating for polyester fabric was successfully 
synthesized via a one-step water-based sol-gel method under acidic condition. Five different molar 

ratios of HTMS: water (1;40, 1:30, 1:20, 1:12 and 1:3) were prepared and the solution was 
deposited onto the polyester fabric by a simple dip-pad-cure process. The effect of water content 

on hydrophobicity was evaluated by manual testing on the treated polyester fabric samples. The 

effectiveness of hydrophobicity properties was further characterized using water contact angle 

(WCA) measurement. The optimized molar ratio of 1:3 was found to obtain the best hydrophobic 

property of 136.2° with particle size 115.3 µm measured using Particle Size Analyzer (PSA). 

Fourier transform infrared spectroscopy (FTIR) analysis confirmed the success of sol gel process 
with the presence of Si-O-Si band, which was also determined using energy dispersive X-ray 

spectroscopy (EDX). The Scanning Electron Microscopy (SEM) images revealed a good surface 

morphology of the homogenous thin xerogel coating with no visible cracks. Using HTMS without 
combinations of other precursors resulted in rough surface structure due to the low surface energy 

caused by long-chain alkyl silane in the HTMS coating and this provided the treated polyester 

fabric with good hydrophobicity. 
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1- Introduction 

Water-repellent coating helps to repel water by infusing the characteristic of “lotus effect” on the surface of material. 

“Lotus effect” which refers to ability of lotus leaves to make water droplet rebound and easily fall off and at the same 

time keeping it clean, has received a lot of attention from researchers. The effect has been studied in the context of 

application using modern technologies [1-3]. Numerous studies have focused on creating a surface that can resist the 

absorption of water either by modifying a lower surface energy substance on the rough surface or by increasing the 

surface roughness of the lower surface energy substance [4-5]. Many governmental and private laboratories are currently 

in the process of improving the function of hydrophobic coating by varying the synthetic route in the production process 

[6]. Despite the rapid development in coating technologies, the ultimate aim of research is to simplify the process and in 

an easily controlled environment, and eventually make it more economical. Sol-gel technique met all these requirements. 

It is efficient, easy to perform, and it can be operated at low temperature with no requirement of complicated conditions 

[7-9]. Additionally, sol-gel technique only involves a series of simple hydrolysis and condensation reactions, which 

starts from using an alkoxysilane in alcohol and other polar solvents [10]. Therefore, the sol-gel technique was selected 

for this study. 

Sol-gel synthesis offers the use of wide range of raw materials. Nano-sized silica is one of the most common oxide 

nanoparticles. The combination of silica has been extensively used for preparation of hydrophobic characteristic of the 

substrate. Preliminary experiments used polydimethylsiloxane (PDMS) and silica (SiO2) nanoparticles for coating on 
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glass, paper and plastic and they showed a superhydrophobicity with WCA of 156.4° [11]. Nabipour et al. synthesized 

ammonium hexametaphosphate (NH4-HMP), laponite (LAP), and hexadecyltrimethoxysilane (HDTMS) using sol gel 

method to enhance the hydrophobicity (WCA of 138°) and flame retardancy of the cotton fabric [12]. The 

superhydrophobic surface of cotton was fabricated using silica nanoparticles, zinc oxide (ZnO) nano-rods and 

decyltrimethoxysilane (DTMS)  [13]. Although the combination of precursor could give the hydrophobicity 

characteristic, some of the chemicals are expensive and potentially harmful during the preparation process. Thus, HTMS 

was used as it is inexpensive, less toxic and its chemical composition can be easily adjusted to show hydrophobicity.  

The nature of solvent is also crucial to determine the dispersion of hydrophobic particles and the usage of alcohol as 

the solvent has been proven to give a brilliant result [14-15]. Today's research organizations are becoming more 

environmentally conscious and aiming to move toward more sustainable practices. As a result, water-based dispersions 

have become popular as it poses less environmental damage. Hence, deionized water (H2O) was chosen as the solvent 

for the preparation of silica hydrosol. Consequently, in order to overcome the immiscibility of the alkoxide system in 

aqueous media, alcohol was employed as co-solvent but its amount was greatly reduced. In this study, we present a 

simple, fast, low cost and environmentally friendly water-based sol-gel process to prepare hydrophobic coating by using 

HTMS in the presence of the acid catalyst. Coating was then deposited onto the polyester fabric sample using dip-pad-

cure technique. HTMS was used as precursor in this research due to its good adhesion to the substrate which may increase 

the water contact angle [16]. Additionally, it serves as a cross linker resulting in dense and less hydrophilic of the 

substrate [17]. Thus means it can increase the hydrophobicity of the substrate. The prepared hydrophobic fabric has 

preserved its softness and smoothness providing comfort to the wearer. 

2- Research Methodology 

2-1- Materials and Reagents 

The precursor HTMS together with analytical grade of absolute ethanol (EtOH) and sulfuric acid (H2SO4) used as co-

solvent and catalyst respectively were purchased from Sigma Aldrich (Missouri, USA). Deionized water used as solvent 

was obtained from a Milli-Q water purification system (Millipore) in the laboratory. Commercial polyester fabric was 

used as the substrates and purchased from the local market. 

2-2- Preparation of Silica Hydrosol and Treatment of Fabric 

Five different molar ratios of HTMS:H2O (1:3, 1:12; 1:20; 1:30, 1:40) were prepared via sol-gel process in an acidic 

medium. For preparation of 1:3 molar composition of HTMS to water, initially a mixture of 2162 µL water, 934 µL 

ethanol and 2132 µL sulfuric acid was prepared. Later, 8972 µL HTMS was added into the mixture and the solution was 

covered using an aluminium foil to prevent evaporation. The mixture was stirred vigorously on a magnetic stirrer at 30 

°C until a clear solution was obtained. The same steps were repeated for preparation of different molar ratios of 

HTMS:H2O (1:12; 1:20; 1:30, 1:40) by varying the volume of water.  

The SiO2 hydrosol was coated using dip-pad-cure process onto the 3×3 cm polyester fabric sample. The fabric was 

dipped in the coating solution for 10 min, and then padded using an automatic laboratory padder (TD110, TESTEX) 

with a nip pressure of 2 kg/cm2. The coated fabrics were then dried at 80 °C for 15 min and cured at 120 °C for 2 min 

in an oven. Figure 1 shows the synthesizing of HTMS sols and fabric treatment process. 

 

Figure 1. Synthesizing process of HTMS sols and treatment of polyester fabric. 
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2-3-Observation and Characterization 

The hydrophobicity effectiveness of the coated polyester fabric was first observed with naked eye. For this purpose, 

a few drops of water were scattered on five different surfaces of treated polyester fabrics (1:3, 1:12; 1:20; 1:30, 1:40) and left 

for 30 minutes. The best hydrophobic HTMS sol-gel coating was then selected for further characterization. The obtained 

coating solution was characterized for functional groups using Nicolet Is50 Fourier-transform infrared spectroscopy 

(FTIR) from Thermo Fischer Scientific. An attenuated total multiple reflection technique (ATR) was used to analyse 

the raw HTMS and 1:3 molar ratio HTMS sol-gel coating at range of 4000 cm-1 to 450 cm-1. The particle size was 

measured by Malvern Zetasizer Nano S90 laser diffraction particle size analyzer (PSA). The surface morphology and 

the elemental composition of the coated polyester sample were evaluated using scanning electron microscope with 

energy dispersive x-ray detector (SEM-EDX) (Hitachi TM3030 Plus, operating at 10 keV). The water-silane effect was 

characterized by water contact angle (WCA) measured by OCA40 contact angle system (Dataphysics, Germany) using 

a 5 μl water droplet at ambient temperature. 

3- Results and Discussion 

3-1-Variation of Water Content 

Different ratios of HTMS/H2O (1:40, 1:30, 1:20, 1:12 and 1:3) were prepared. Based on the observation, the time 

needed to obtain clear solution was 5 hours for the composition with a ratio 1:40 and the longest was 24 hours for the 

composition 1:3. The observed time to complete the reaction increased with the decrease in mol ratio of water. This 

effect was consistent with the findings by Azolin et al. [18] who concluded that a faster hydrolysis reaction occurred by 

the increase in the amount of water. The slow hydrolysis reaction may increase hydrolysis amount and the number of 

sites hydrolyzed, enhancing the Si-O-Si network formation. Additionally, in high hydrolysis reaction, a particulate like 

silica structure produced due to the ring formation condensation and growth mechanism which improved the adhesion 

properties of the sols [19]. Sols with higher water content led to less adhesive coatings with crack formation, resulting 

in penetration of the water from the substrate [20-21]. The sol-gel solution of ratio 1:3 was chosen as the best molar 

composition as it shows highest water repellency based on the hydrophobicity test shown in Figure 2 using 3×3 cm sized 

polyester fabric samples. Only Sample 5 (1:3) shows no water penetration after 30 minutes. Thus, the sol-gel solution 

of 1:3 HTMS:H2O molar ratio was chosen for further characterization. 

       
      (a)        (b) 

Figure 2. Polyester fabrics dipped with five different molar ratio of HTMS/H2O coating solutions (1) 1:40, (2) 1:30,  (3) 1:20, 
(4) 1:12 and (5) 1:3 after water dropping: (a) after a few seconds of water dropping; (b) after 30 minutes of water dropping.  

3-2- FTIR Analysis 

The first characterization of HTMS sol-gel coating was performed using FTIR. The spectra for raw HTMS and HTMS 

sol-gel coating with 1:3 molar composition was characterized using FTIR spectroscopy. Figure 3 shows the FTIR spectra 

for raw HTMS and HTMS sol-gel coating. They were recorded in the range between 4000 cm-1 to 450 cm-1 using ATR 

technique as the samples were in liquid form. The characteristic absorption peaks at 2926 and 1458 cm-1 in raw HTMS 

and at 1409 cm-1 in the HTMS sol-gel coating helped to identify the –CH3 stretch vibration and the C-H absorption [22]. 

Furthermore, sharp absorption peak at 803 cm-1 in the raw HTMS spectrum and broad peak at about 500 cm-1 in HTMS 

sol-gel coating indicated the Si-O vibration modes and Si-O rocking respectively. The strongest band at 1081 cm-1 and 

medium band at 2839 cm-1 in the raw HTMS spectrum resulted from Si-OCH3 asymmetric stretching of silyl group. The 

broad peaks of O-H bonds stretching at 3285 cm-1 which were attributed to uncondensed silanols and the characteristic 

absorption of Si-OH at 1643 cm-1 did not appear in the spectrum of the raw HTMS confirmed the hydrolysis of sol-gel 

process was successful. The characteristic absorption band of the condensation product of HTMS was also detected. 

The absorption bands at 1014 cm-1 were due to the symmetrical stretch vibrations that corresponded to the formation of 

three-dimensional Si-O-Si network in the HTMS sol-gel coating [23]. 
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Figure 3. FTIR spectra of 1:3 molar composition of HTMS sol-gel coating (A) and raw HTMS (B). 

3-3- Particle Size Analysis. 

Size distribution of nanoparticles was reported to have a critical effect on enhancing various properties as it can alter 

the porosity of the coating [24]. Hence, the particle size of HTMS sol-gel coating was evaluated using particle size 

analyzer. The particle size of the HTMS sol-gel coating with 1:3 molar composition was measured at 115.3 µm. 

decreasing the water content to some extent causes the particle size to rise steeply. This was described by Kesmez et al. 

[25]. He concluded that the formation of larger particle size was due to the use of smaller water to precursor ratio and 

lower amount of acid catalyst. Additionally, at low water content, the silica nanoparticles initially form oligomers with 

small network size, aggregate and grow with each other to form a network structure with a high crosslinking degree 

[26]. According to Morita et al. [27] an increase of particle size, could decrease the total area of interaction between the 

fluids and solid surface. It results in lower energy required to remove a droplet, and thus, it increases the hydrophobicity 

of the surface. The decrease in the particle size was favourable in increasing trend of water content as it attributes to the 

hydrolytic depolymerisation reaction, which is the reverse reaction of condensation. Although the particle growth of 

SiO2 particle is complex, the control of the SiO2 particle size possible by altering the water/precursor ratio and acid 

catalyst/precursor ratio for a better coverage on the substrate. 

3-4- Water Contact Angle Measurement. 

In order to analyse the effect of 1:3 molar composition of sol-gel coating on hydrophobicity, static wettability study 

of WCA was conducted by using sessile drop method. A 5 μl water droplet was tested on the fabric sample at ambient 

temperature and water contact angle of 136.2° was obtained as shown in Figure 4. The Si-OH groups on the SiO2 

particles could react with the ester functional groups on polyester fiber surface resulting in the chemically linked of the 

HTMS:H2O sols with the polyester fabric. Silanes can alter the surface hydrophobicity due to the presence of alkyl chain 

which can shield the hydrophilic surface. The WCA increases in tandem with an increase of carbon atom number as the 

long alkyl chain has better ability to shield the substrate [28]. According to Kock-Yee [29], a surface is hydrophilic 

when its WCA is <90° and it is hydrophobic when it is >90°. He obtained this finding from his in-depth study on the 

basis of the measured wetting and adhesion interactions between water and a variety of surfaces. Thus, the synthesized 

HTMS sol-gel coating was successful in creating a hydrophobic surface on the polyester fabric.  

 

 
Figure 4. 5 μl water droplet on coated polyester fabric. 
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3-5-SEM-EDX 

Surface morphology of the coated polyester fabric and elemental composition of the HTMS sol-gel coating were 

examined under SEM-EDX. The SEM-EDX images in Figure 5 show the ununiformed deposition of amorphous silica 

coating on the fabric fibre in the form of homogenous thin xerogel coating [30]. The formation of xerogel can be 

explained by the evaporation of solvents during the drying and curing process, whereby the capillary forces resulted in 

shrinkage and collapsed of the gel network. In addition, the reaction between alkoxysilanes and water was quite gentle 

avoiding phase separation and leading to good homogeneity [31]. From the images, it is clear this sol-gel formulation is 

able to produce a good HTMS sol-gel coating with the ability to coat the fibre without any cracks or fractures and 

managed to generate surface roughness indicating no undesirable agglomeration within the creation of the coatings. The 

formation of micro or nano bumps on the substrate can enhance the surface hydrophobicity which directly enhanced the 

WCA [32-33]. Additionally, the hydrophobicity of the substrate mainly depends on the surface roughness and surface 

energy [34]. 

  

  
Figure 5. SEM images of coated polyester fabric surface at (A) 100, (B) 1 K, (C) 2 K, and (D) 5 K magnification. 

The EDX analysis was applied to study the elemental composition of the treated polyester fabric. This technique was 

utilized to determine the presence of essential elements from the synthesized coating solution that need to be deposited 

on the fabric surface. Figure 6 shows the EDX spectrum with carbon, oxygen, silicon and aurum peaks. Carbon, silicon 

and oxygen come from the HTMS sol-gel materials while aurum was from gold sputtered-coating treated on the fabric 

sample before it was subjected to SEM analysis to improve conductivity. Deposit of the important elements of 

hydrophobic coating were verified as the peaks for carbon and silicon were high compared with the EDX spectrum of 

the untreated polyester fabric reported by El-Kheir et al. [35]. 

 
Figure 6. EDX spectrum of the coated polyester fabric surface. 
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4- Conclusion 

Water-repellent coating was successfully synthesized by utilizing HTMS as silica precursor using a water-based sol-

gel system. This was performed under acid catalyst to produce gel-typed coating and a small amount of ethanol was 

introduced into the reaction to enhance the solubility and hydrolysis process. The molar ratio of HTMS to H2O was 

found to affect the interaction between the substance and its adhesion on the substrate. A molar ratio of 1:3 was selected 

as the best molar composition as it produces the highest hydrophobicity on the coated polyester fabric. The water contact 

angle obtained for 1:3 molar ratio HTMS:H2O coated on polyester fabric was 136.2° by using sessile drop method. The 

particle size measured was 115.3 µm which also attributed to the hydrophobicity effect of the coated polyester fabric. 

The presence of hydrolysis and condensation products in the sol-gel reaction were assured from the comparison of FTIR 

spectra of raw HTMS and the synthesized coating with the formation of Si-O-Si network. Moreover, the EDX analysis 

verified the coating deposition by the presence of silicon and carbon element on the coated polyester fabric. The SEM 

images showed good surface morphology of the homogenous thin xerogel coating with no visible cracks. Additionally, 

the sample managed to preserve their soft and smooth fabric nature and no hardening was observed after the coating 

treatment. This study has demonstrated that HTMS treated polyester fabric has a great potential as water repellent fabric 

and it is a promising candidate to meet the actual demand in the textile industry. 
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