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Abstract 16 

Wastewater treatment is a process of significant socio-environmental implications, 17 

constantly calling for effective methods towards higher sustainability. In this work, an 18 

environment-friendly fluorine-free modified cotton fabric (C-S-TiO2 cotton fabric) was 19 

successfully prepared by the combination of in-situ growth of TiO2 and hydrophobic 20 

modification with octadecyl methacrylate (ODMA) by thiol-ene click reaction. The 21 

prepared cotton fabric showed superhydrophobicity/superoleophilicity (water contact 22 

angle≈156.2°), self-cleaning property and an ultra-high separation efficiency (>99.90 %) 23 

for different kinds of oil-water mixtures with the flux up to 6800 L m−2 h−1. It was found 24 

that the achieved oil separation efficiency was above 99.80 % after 20 cycles. Besides, 25 

the C-S-TiO2 cotton fabric demonstrated an excellent photocatalytic degradation rate 26 

for methyl blue (MB) (98.0 %) and the degradation rate was still above 97.0 % after 5 27 
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cycles. Importantly, the C-S-TiO2 cotton fabric was tolerant towards different harsh 1 

environments conditioned by acidic solution, alkaline solution, salt solution, and 2 

organic solvent. Herein, C-S-TiO2 cotton fabric was regarded as a promising material 3 

for complex wastewater treatment. 4 

Keywords: superhydrophobic; self-cleaning; thiol-ene click reaction; oil-water 5 

separation; photodegradation. 6 

1 Introduction 7 

The shortage of clean water has become a significant challenge for modern society. 8 

Water pollution with complex and multiple components, such as oily contaminants, 9 

heavy metals, and other organics like dyes has become a major environmental problem 10 

[1, 2]. The wastewater containing oils and dyes poses a health risk to human beings [3-11 

6]. For instance, numerous crude oils are released into oceans due to oil spill and 12 

wastewater discharges, and dyes have non-biodegradable highly toxic and carcinogenic 13 

property, which are harmful for human health and environment. It is extremely urgent 14 

to handle the wastewater effectively. Consequently, the preparation of multifunctional 15 

material is very important to effectively separate oil and to degrade different dyes from 16 

water.  17 

The common methods of wastewater treatment include adsorption [1, 7], flotation [8, 18 

9], and chemical coagulation [10, 11], etc. Compared with other methods, membrane 19 

separation has been widely applied to treat wastewater due to its advantages, such as 20 

ordinary and continues operation, lower energy input, and reduced use of chemicals 21 

[12-14]. Recently, some efforts have been paid to prepare membranes with the 22 

functionalization and the simplification of preparation process to handle the wastewater, 23 

using various methods such as electrospinning [1, 15, 16], self-assembly [17, 18], phase 24 

separation [19] and chemical modification, etc. Among these methods, chemical 25 

modification has received increasing attention due to . Typical chemical modification 26 

methods include dip-coating [20, 21], chemical vapor deposition [22, 23], 3D printing 27 

[24], etc. 28 
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Recently, inspired by lotus leaf, superhydrophobic/superoleophilic materials have 1 

been designed for wastewater treatment [25-28]. The preparation of superhydrophobic 2 

materials under UV light by the thiol-ene click reaction has been widely studied, in 3 

which C=C groups react with the thiol groups on the surface. The thiol-ene click 4 

reaction induced under UV light has been considered as an effective method for 5 

chemical modification due to the advantages of fast reaction rates, ambient atmosphere 6 

polymerization, low temperature, and flexible raw material selection [29].  7 

Fluorinated chemical reagents were commonly used to enhance the 8 

superhydrophobicity of materials, and to improve separation efficiency of oil and water. 9 

For example, a superhydrophobic fabric was prepared by modifying with TiO2 sol and 10 

perfluorooctyl methacrylate via the thiol-ene click reaction, which showed an excellent 11 

oil-water separation efficiency and good durability with a water contact angle (WCA) 12 

of 158° [29]. The modified cellulose material can still maintain its superhydrophobicity 13 

after 600 cycles of abrasion, 30 times of washing cycles and accelerated aging test with 14 

168 h. [30]. However, fluorinated chemical reagents have long-distance migration with 15 

long distance, bioaccumulation, and bio-persistence [31]. These fluorinated chemical 16 

reagents usually release some harmful byproducts and can lead to environmental and 17 

health risks [32]. Hence, the development of environmentally friendly material with 18 

fluorine-free chemical reagents possessing long hydrocarbon chains will have the 19 

potential to mitigate the environmental problems.  20 

It is well known that the material with self-cleaning property has the potential of 21 

membrane anti-fouling during oil-water separation processes. However, it is difficult to 22 

remove organic pollutants such as dyes through superhydrophobic surface-based self-23 

cleaning property. In this case, the organic pollutants could be degraded to small 24 

molecules under light irradiation with photocatalytic reaction. Titanium dioxide (TiO2) 25 

has been widely applied in fabricating photocatalytic degradation materials which have 26 

great photocatalytic performance and chemical stability [33]. Assembly of TiO2 27 

nanoparticles onto the surface of superhydrophobic materials can lead to an increased 28 
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capability of photocatalysis for removing organic pollutants. For example, the 1 

polysulfonamide/polyacrylonitrile filtration membrane decorated with TiO2 can 2 

separate oil-water emulsion effectively with high water flux [34]. However, few 3 

research studied the fabrication of superhydrophobic/superoleophilic materials with 4 

both physical self-cleaning properties and photocatalytic degradation under light 5 

irradiation. Such a multifunctional superhydrophobic and self-cleaning oil-water 6 

separation material could be used for separating oil-water mixtures and 7 

photodegradation of pollutants with following merits: (i) fluorine-free chemicals for 8 

surface modification to obtain superhydrophobicity and in-situ growth of photocatalyst 9 

on the material; (ii) tenable superhydrophobic/superoleophilic and self-cleaning 10 

material to effectively separate oil-water mixtures with good reusability; (iii) great 11 

removal efficiency for organic pollutant degradation; (iv) the property of 12 

superhydrophobicity with good stability in different harsh environments. 13 

In this work, a fluorine-free superhydrophobic/superoleophilic C-S-TiO2 cotton 14 

fabric was fabricated by the combination of in-situ growth of TiO2 with a microwave-15 

assisted method and the thiol-ene click reaction with octadecyl methacrylate (ODMA). 16 

Surface morphology, chemical structure, chemical composition and wettability of the 17 

cotton fabric and C-S-TiO2 cotton fabric were investigated. The effects of the time for 18 

preparing SH-TiO2-cotton fabric and the ODMA concentration on the wettability were 19 

investigated. The performance of the C-S-TiO2 cotton fabric in oil-water separation and 20 

dye degradation were examined using oily wastewater systems. The stability of the 21 

cotton fabric was also tested under different harsh conditions.  22 

2 Materials and Methods 23 

2.1 Materials 24 

Titanium (IV) oxysulfate solution (TiOSO4) was purchased from Aldrich. Sulfuric acid 25 

(H2SO4 (≥98%)) was obtained from Beijing Chemical Factory, China. Octadecyl 26 

methacrylate (ODMA, ≥99%), octane (≥99%), hexane (≥99%), dichloromethane 27 
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(≥99%), dichloromethane (≥99%), petroleum ether (≥99%), 3-Mercaptopropyl 1 

trimethoxysilane (MTS, ≥99%), 2, 2-Dimethoxy-2-phenylacetophenone (DMPA, 2 

≥99%) and N, N-Dimethylformamide (DMF, ≥99%) were purchased from Macklin 3 

Chemistry Co., Ltd. China. Acetone (≥99%), ethanol (≥99%), CuSO4 powers (≥99%), 4 

methyl blue (MB, ≥99%) and oil red O (≥99%) were obtained from Sinopharm 5 

Chemical Reagent Co., Ltd. China. The cotton fabrics and rapeseed oil were obtained 6 

from a local supermarket. The cotton fabric was cleaned with deionized water and 7 

ethanol using ultrasound and dried prior to subsequent experiments.  8 

2.2 Fabrication of the C-S- TiO2-cotton fabric 9 

  The process of fabricating the C-S-TiO2 cotton fabric was illustrated in Fig. 1. The 10 

TiO2 nanoparticles were synthesized by microwave irradiation based on a previous 11 

work [35]. Firstly, 150 mL deionized water, 1.0 mL of sulfuric acid (H2SO4) and the 12 

cotton fabric were added to a flask which was then placed in a MCR-3 microwave 13 

reactor (Yuhua, 750 W) heated to 90℃. Secondly, 0.6 mL TiOSO4 solution was slowly 14 

added to the above solution and a dispersion was obtained after a 10-min reaction under 15 

the conditions of 400 W atmospheric pressure. The TiO2-cotton fabric was taken out 16 

and washed three times by deionized water and dried at 60 °C for 12 h. Thirdly, MTS, 17 

deionized water, 1.0 mol/L HCl and ethanol were mixed in a 4:6:1:9 mass ratio, and the 18 

mixture was stirred for 1 h at 25 °C. The TiO2-cotton fabric was then immersed into the 19 

MTS solution for 2 h, washed three times with ethanol, and dried at 60 °C for 12 h to 20 

obtain a thiol-modified TiO2-cotton fabric (called SH-TiO2-cotton fabric). Fourthly, the 21 

C-S- TiO2-cotton fabric was immersed in an ODMA/DMF solution (2 wt% DMPA in 22 

ODMA). Subsequently, the solution with the SH-TiO2-cotton fabric was irradiated 23 

using UV light (365 nm) for 30 min. Finally, the obtained C-S-TiO2 cotton fabric was  24 

rinsed three times by DMF and dried at 60 °C for 12 h.  25 
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 1 

Fig.1 Schematic illustration of the preparation of the C-S-TiO2-cotton fabric 2 

2.3 Oil-Water Separation 3 

The C-S-TiO2 cotton fabric was fixed between the glass tube and flask as a separator 4 

for separating an oil-water mixture. The oil was chosen as n-hexane, 1,2-5 

dichloromethane, octane, 1,2-dichloroethane or petroleum ether, and the volume ratio 6 

of oil to water was 1:1. To study the recyclability of the C-S-TiO2 cotton fabric, the 7 

separation process was repeated for 20 cycles. During each cycle, the C-S-TiO2 cotton 8 

fabric was washed with ethanol and dried for further use [28]. It is worth noting that 9 

the whole process was completely gravity-driven. The flux and oil-water separation 10 

efficiency were determined by Eq. (1) and Eq. (2) 11 

Flux= V
(S × t)⁄                                                  (1) 12 

       Eff= (
m1

m0
)×100%                                              (2) 13 

where 𝑉 (L) was the permeate volume collected during a period of 𝑡, S (m2) was the 14 

fabric area. mo and m1 are the mass of water before and after separation, respectively. 15 

2.4 Photocatalytic Performance for MB Degradation 16 

The photocatalytic performance of the C-S-TiO2 cotton fabric was evaluated by 17 
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photodegradation of methyl blue (MB) using a 300 W xenon lamp. Typically, the C-S-1 

TiO2 cotton fabric (0.1 g) was immersed into a 50.0 mL MB solution (10.0 mg/L) with 2 

continuous stirring under the visible light lamp. Before light irradiation, the C-S-TiO2 3 

cotton fabric was suspended in a beaker containing the MB solution under magnetic 4 

stirring in darkness for 90 min to ensure MB adsorption-desorption equilibrium on the 5 

C-S-TiO2 cotton fabric. During photocatalysis, a 2.0 mL reaction solution was taken 6 

out at certain intervals to obtain the absorbance at 664 nm using a UV-vis 7 

pectrophotometer (UV 9100A). The degradation rate (𝜂, %) was defined as 8 

𝜂 =  
𝐴0− 𝐴𝑡

𝐴0
                                                        (3) 9 

where 𝐴0 is the absorbance in 664 nm wavelength of original solution, and 𝐴𝑡 is the 10 

absorbance in 664 nm wavelength of solution at time t (min). 11 

2.5 Characterization and Analysis 12 

The surface morphologies and elemental mapping of the cotton fabric, TiO2-cotton 13 

fabric, SH-TiO2-cotton fabric, and C-S-TiO2-cotton fabric were characterized using the 14 

cold field emission electron microscope (Hitachi S-6700, JEOL). X-ray photoelectron 15 

spectra (XPS, ESCALAB 250Xi, Thermo Scientific) was used to measure the surface 16 

chemical composition of the cotton fabric, TiO2-cotton fabric, SH-TiO2-cotton fabric, 17 

and C-S-TiO2-cotton fabric. The irradiation source was Al Kα, and C 1s peak at 284.8 18 

eV was referred to the binding energies. Fourier transform infrared (FTIR) spectroscopy 19 

(T27-Hyperion-Vector 22 spectrometer (Bruker)) was used to investigate the 20 

characteristics of the different cotton fabrics. The contact angle of the C-S-TiO2-cotton 21 

fabric was measured by a DM-701 contact angle analyzer (Kyowa Interface Science 22 

Co., Ltd).  23 

3 Results and Discussion  24 

3.1 Characterization of the C-S-TiO2-Cotton Fabric 25 

The chemical procedure of the C-S-TiO2-cotton fabric was illustrated in Fig. 2. The 26 
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superhydrophobic C-S-TiO2-cotton fabric was prepared through three steps which 1 

contained the formation of TiO2 nanoparticles, thiolation of the cotton fabric and 2 

subsequently a UV-light reaction process. Firstly, the cotton fabric was in-situ growth 3 

of TiO2 nanoparticles by the microwave-assisted method to form the TiO2-cotton fabric. 4 

Secondly, the prepared TiO2-cotton fabric was modified with the MTS solution. The 5 

TiO2-cotton fabric surface was modified with thiol through the hydrolysis reaction and 6 

the SH-TiO2-cotton fabric was obtained. Finally, the C-S-TiO2-cotton fabric was 7 

prepared via the thiol-ene click reaction which grafted ODMA with C=C bonds onto 8 

the SH-TiO2-cotton fabric surface under UV light irradiation. The obtained 9 

superhydrophobic cotton fabric can possess the multilayered structure and low surface 10 

energy because of the abundant fluorine-free hydrophobic alkyl chains of ODMA and 11 

TiO2 nanoparticles. 12 

 13 

Fig. 2 Schematic illustration of formation of C-S-TiO2-cotton fabric 14 

15 
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The morphologies of cotton fabric, TiO2-cotton fabric, SH-TiO2-cotton fabric and C-1 

S- TiO2-cotton fabric were shown in Fig. 3. As shown in Fig. 3 (a)-(a1), the cotton fabric 2 

surface was very smooth. The SEM image of the TiO2-cotton fabric (Fig. 3 (b)-(b1)) 3 

showed that the TiO2 nanoparticles covered on the cotton fabric surface and form a TiO2 4 

layer. Besides, the EDS mapping of TiO2-cotton fabric demonstrated that the presence 5 

of Ti. On the TiO2-cotton fabric surface, C, O and Ti were distributed uniformly as 6 

shown in Fig. S1. As shown in Fig. 3 (c)-(c1), after the -SH modification of TiO2-cotton 7 

fabric, the surface of SH-TiO2-cotton fabric had no obvious changes except for some 8 

wrinkles on the surface probably due to solvent evaporation during the drying process. 9 

With ODMA grafting onto the surface of SH-TiO2-cotton fabric by the thiol-ene click 10 

reaction, the fiber surface of C-S- TiO2-cotton fabric became rough and had a coating 11 

layer as compared to the cotton fabric (Fig. 3d-d1). In Fig. 4 (a), the EDS analysis of 12 

C-S-TiO2-cotton fabric showed that C, O, Ti and S had a relatively uniform distribution 13 

on the surface. However, only two elements of C and O existed on the surface of cotton 14 

fabric. These results indicated that the C-S-TiO2-cotton fabric was successfully 15 

fabricated by the in-situ growth of TiO2 particles and a rough layer grafted with ODMA 16 

by the click reaction.  17 
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 1 

Fig. 3 SEM images of the cotton fabric ((a)-(a1)), TiO2-cotton fabric ((b)-(b1)), SH-2 

TiO2-cotton fabric ((c)-(c1)) and C-S-TiO2-cotton fabric ((d)-(d1)). 3 

 4 

In order to identify the chemical structure of C-S-TiO2 cotton fabric, Fourier 5 

transform infrared and XPS were conducted to certify the chemical structure, chemical 6 

composition and binding energy on the C-S-TiO2 cotton fabric surface. As shown in 7 

Fig. 4 (b), the FTIR spectrum of TiO2-cotton fabric displayed the characteristic 8 

absorption peak assigned to Ti-O-Ti at 789 cm-1. In the spectrum of SH-TiO2 cotton 9 

fabric, the absorption peak of S-H was from 2500 to 2900 cm-1. In the spectrum of the 10 
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C-S-TiO2 cotton fabric, absorption peaks at 2976, 2918 cm-1 were observed, which were 1 

related to -CH3 and -CH2 symmetric stretching. The 1720 cm-1 peak was referred to 2 

C=O asymmetric vibration [36]. Additionally, the FTIR spectra of the C-S-TiO2 cotton 3 

fabric showed the disappearance of the stretching vibration of the S-H bond, indicating 4 

the complete click reaction after UV light irradiation. 5 

As shown in Fig. 4 (c), the cotton fabric surface presented only C1s and O1s peaks. 6 

However, in the spectrum of TiO2-cotton fabric, the new Ti peak appeared, and the Ti 7 

peak confirmed that TiO2 grew successfully on the cotton fabric fiber surface. For the 8 

surface of SH-TiO2-cotton fabric, new Si and S peaks can be clearly seen. After the SH-9 

TiO2 cotton fabric was reacted with ODMA, the C content was 64.63% for the C-S-10 

TiO2 cotton fabric, which was higher than that (58.15%) for the SH-TiO2-cotton fabric 11 

(Table S1). During the modification process, the Ti peak was gradually decreased due 12 

to the MTS modification and grafting with ODMA. With the appearance of new 13 

elements S and Si, the Ti content on the fabric surface decreased from 12.84% to 2.38%, 14 

resulting in the disappearance of Ti peak on the surface of SH-TiO2-cotton fabric. With 15 

the click reaction going on, the SH layer coupled with ODMA and the Ti peak of C-S-16 

TiO2-cotton fabric almost disappeared. In Fig. 4 (d), the high-resolution C1s spectra of 17 

the cotton fabric had three peaks with 284.8 eV of the C-H/C-C bond, 286.42 eV of the 18 

C-O-C bond, and 288.09 eV of the C=O bond, respectively [29, 37]. As shown in Fig. 19 

4 (e), the new groups C-O/C-S at 288 eV appeared as compared with the cotton fabric 20 

that indicated modifying with MTS. In Fig. 4 (f), the new group of -COOR at 289 eV 21 

appeared, which confirmed the -SH groups were reacted with C=C bond on ODMA 22 

[38]. Hence, ODMA with fluorine-free long hydrocarbon chains was successfully 23 

grafted onto the cotton fabric with the thiol-ene click reaction. 24 
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 1 

Fig.4 (a) EDS mapping of cotton fabric and C-S-TiO2 cotton fabric; (b) the FTIR 2 

spectra of different cotton fabrics; (c) XPS spectra of cotton fabric, TiO2-cotton fabric 3 

SH-TiO2-cotton fabric and C-S-TiO2-cotton fabric; the high-resolution XPS spectra of 4 

C 1s region of (d) cotton fabric, (e) SH-TiO2-cotton fabric and (f) C-S-TiO2-cotton 5 

fabric.  6 

3.2 Wettability and Self-Cleaning Property of C-S-TiO2-Cotton Fabric 7 

The wettability of oil-water separation material affects the affinity of material for oil 8 
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and water and is critical for the separation process. Herein, the surface wettability of 1 

the different cotton fabrics was investigated. As shown Fig. 5 (a), the water contact 2 

angle (WCA) of cotton fabric was 0° because of the numerous hydroxyl groups in the 3 

structure of cotton fabric. With the thiol-ene click reaction going on, the wettability of 4 

the cotton fabric changed from hydrophilicity to highly hydrophobicity with the water 5 

contact angle reaching 130.2°. The WCA of ODMA-coated cotton fabric was 90°, but 6 

the angle was quickly decreased to 30° within 0.3 s (as shown in Fig. 5 (b)). The result 7 

indicated that the -SH group reacted with C=C bond under UV light, which led to the 8 

hydrophobicity of C-S-TiO2 cotton fabric. To improve the hydrophobicity, the time for 9 

preparing SH-TiO2-cotton fabric and ODMA concentration were investigated (Fig. 5 10 

(c)-5 (d)). When the concentration of ODMA was 2 wt%, the WCA of C-S-TiO2 cotton 11 

fabric was 122.7° in 1h for preparing SH-TiO2-cotton fabric. The WCA increased to 12 

above 140° with the preparing times increasing. When the time was 3 h, the WCA 13 

further increased to 146.5°.  14 

The effect of ODMA concentration on the WCAs of the C-S-TiO2 cotton fabric was 15 

shown in Fig. 5 (d) and Table 1. When the ODMA concentration was 0.1 wt%, the WCA 16 

of the C-S- TiO2 cotton fabric was 122.0°. The WCA gradually increased with the 17 

increase of ODMA concentration. As the ODMA concentration reached 15 wt%, the 18 

WCA of the C-S-TiO2 cotton fabric increased to 156.2°. With the increase of ODMA 19 

concentration, more thiol-ene click-reactions occurred and the number of C-S bond 20 

increased, increasing the content of hydrophobic alkyl chains grafted onto the cotton 21 

fabric. With the ODMA concentration further increasing to 20 wt%, the WCA decreased 22 

to 142°. Hence, the optimal conditions for fabricating the superhydrophobic C-S-TiO2 23 

cotton fabric were 3 h for preparing the SH-TiO2-cotton fabric and the optimal 24 

concentration of ODMA 15 wt%. 25 
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 1 

Fig.5 (a) the WCAs of different cotton fabrics; (b) the WCA of the cotton fabric directly 2 

immersing the ODMA solution; (c) the effect of SH-TiO2-cotton fabric preparation time 3 

on the WCAs; (d) the effect of ODMA concentration for the click reaction on the WCAs.  4 

Table 1 Water contact angles for different materials 5 

Material 
ODMA concentration 

(wt%) 
WCA (°) 

C-S-TiO2-Cotton fabric 

0.1 122.0 

0.5 130.2 

1 135.0 

2 142.5 

5 146.0 

8 149.0 

15 156.2 

20 143.0 
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SH-TiO2-Cotton fabric 0 0 

TiO2-Cotton fabric 0 0 

Cotton fabric 0 0 

 1 

The pure water repellence behavior of the superhydrophobic C-S-TiO2 cotton fabric 2 

was investigated. Fig. 6 (a) showed the photographs of usual droplets made of water, 3 

tea, milk and cola on the cotton fabric and the C-S-TiO2 cotton fabric. The water droplet 4 

can penetrate the cotton fabric immediately due to the large pore size and numerous 5 

hydroxyl groups (-OH) on the cotton fabric surface. With regards to the 6 

superhydrophobic C-S-TiO2 cotton fabric, the usual droplets were repelled which 7 

formed nearly spherical structure on the C-S-TiO2 cotton fabric surface. Additionally, 8 

the WCAs of droplets were measured and shown in Fig. 6 (b). The WCAs of the 9 

droplets of tea, milk and cola were higher than 150°, revealing very low adhesion of 10 

the C-S-TiO2 cotton fabric to the droplets. When the C-S-TiO2 cotton fabric was 11 

immersed into water, a mirror-like phenomenon could be seen on the fabric surface in 12 

Fig. 6 (c). The phenomenon could be interpreted as that the air bubbles entered into the 13 

pores of the cotton fabric structure and the trapped air bubbles would prevent water 14 

from entering the C-S-TiO2 cotton fabric surface by forming an isolated layer. All light 15 

was reflected at the isolated layer trapped in the surface of superhydrophobic C-S-TiO2 16 

cotton fabric [36]. Consequently, the C-S-TiO2 cotton fabric surface remained entirely 17 

dry after it was taken out from water. Fig. 6 (d) presented that the C-S-TiO2 cotton 18 

fabric could float in the oil layer of oil-water mixture, which showed its 19 

superhydrophobicity and superoleophilicity. Fig. 6 (e) showed the low-adhesion 20 

property of the C-S-TiO2 cotton fabric repelling the water droplet. It was obvious that 21 

the water droplet on the needle tip can be easily repelled by the C-S-TiO2 cotton fabric 22 

surface, which suggested the strong resistibility of the C-S-TiO2 cotton fabric to the 23 

water droplet. The oil wettability of the C-S-TiO2 cotton fabric was also shown in Fig. 24 

6 (e) and Fig. S2. In Fig. 6 (e), the oil droplet (hexadecane) spread rapidly within 0.2 s 25 
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(0°) when it contacted the C-S-TiO2 cotton fabric, showing the superoleophilicity of 1 

fabric. The oil contact angles of the C-S-TiO2 cotton fabric for various oils were all 2 

close to 0° (Fig. S2 (b)). In conclusion, the C-S-TiO2 cotton fabric performed excellent 3 

superhydrophobicity and superoleophilicity, which was beneficial to the process of oil-4 

water separation. 5 

.  6 

Fig.6 (a) Photographs of droplets on the original cotton fabric and the 15-C-S-TiO2-7 

cotton fabric; (b) contact angles of different droplets; (c) 15-C-S-TiO2-cotton fabric in 8 

water; (d) 15-C-S-TiO2-cotton fabric in the oil-water mixture. (e) photographs of 9 

wetting behavior of the 15-C-S-TiO2-cotton fabric with a 5 μL water droplet and an oil 10 

droplet. 11 
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The superhydrophobic materials with low water contact adhesion can possess self-1 

cleaning and anti-fouling properties: water droplets can be broken away from the 2 

surface quickly leading to the wipe-off of pollutants from the material surface. The 3 

pollutant resistance and self-cleaning property for the superhydrophobic C-S-TiO2-4 

cotton fabric surface were also investigated. The water (colored with MB) was used to 5 

evaluate the self-cleaning property of the superhydrophobicity C-S-TiO2-cotton fabric. 6 

As illustrated in Fig.7 (a) and Video 1, the water droplet could stand on the C-S-TiO2-7 

cotton fabric surface and form a near spherical shape. As expected, the water droplet 8 

can quickly break away from the surface without adhering to the C-S-TiO2-cotton fabric, 9 

proving the superhydrophobic self-cleaning capability.  10 

As shown in Fig.7 (b), CuSO4 powder was used as a test pollutant and the C-S-TiO2 11 

cotton fabric was stick to a glass slide with a certain angle of inclination. CuSO4 12 

powders were sprinkled onto the surfaces of the cotton fabric and C-S-TiO2 cotton 13 

fabric. For the cotton fabric, the water droplet dropped onto the surface spread quickly 14 

without cleaning the CuSO4 powders. On the contrary, the water droplet slide away 15 

from the C-S-TiO2 cotton fabric surface, and the rolling water droplet washed away the 16 

CuSO4 powders, which kept the superhydrophobic C-S-TiO2 cotton fabric clean (seen 17 

Video 2). Therefore, the superhydrophobic C-S-TiO2 cotton fabric showed the 18 

remarkable contamination resistance, which had a very promising application in 19 

antifouling and self-cleaning field. 20 



18 

 

 1 

Fig.7 (a) Self-cleaning behavior of the cotton fabric and the C-S-TiO2-cotton fabric of 2 

water; (b) self-cleaning behavior of the cotton fabric and the C-S-TiO2-cotton fabric of 3 

CuSO4 power as the pollutant. 4 

3.3 Stability of the C-S-TiO2-Cotton Fabric  5 

To test the material stability such as thermal stability, chemical stability and mechanical 6 

stability, pH was changed from 1 to 14, and different organic solvents and ultrasound 7 

time were applied. TGA was used to test the thermal stability of the C-S-TiO2-cotton 8 

fabric. The change of the cotton fabric weight with temperature was studied. As shown 9 

in Fig. 8 (a), a weight loss of the C-S-TiO2-cotton fabric was only 0.1 % below 100 ℃, 10 

which may be resulted from the evaporation of the water in the cotton fabric. It was 11 

important to know that the weight loss mainly happened between 300 ℃ to 450 ℃. 12 
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With the temperature increasing to 600 ℃, the remnant of the C-S-TiO2-cotton fabric 1 

still had 11% of the original mass, showing good thermal stability as compared to the 2 

pristine cotton fabric. 3 

Chemical stability of the C-S-TiO2-cotton fabric was investigated via immersing the 4 

material into different solutions with pH ranging from 1 to 14 and organic vs. salt 5 

solutions for 72 h. The acid and alkali solutions were obtained using HCl and NaOH 6 

solutions. As shown in Fig. 8 (b), the WCAs of the C-S-TiO2-cotton fabric changed 7 

little and remained higher than 150° with pH varying from 1 to 14, which indicated the 8 

fabric was pH stable regarding the hydrophobicity. As presented in Fig. 8 (c), when the 9 

fabric was immersed into DMF, ethanol, acetone and 1.0 mol/L NaCl solutions, the 10 

superhydrophobicity of the C-S-TiO2-cotton fabric changed little, which demonstrated 11 

the good chemical resistance of the C-S-TiO2-cotton fabric. These results indicated the 12 

cotton fabric possessed excellent superhydrophobicity against harsh environments. The 13 

excellent stability can be attributed to stable covalent bonding on the fabric, TiO2 14 

particles and ODMA.  15 

Finally, the mechanical stability of the C-S-TiO2-cotton fabric was evaluated by 16 

conditioning the fabric under different ultrasonic cleaning time. As shown in Fig. 8 (d), 17 

the C-S-TiO2-cotton fabric maintained its superhydrophobicity with a WCA than 150° 18 

with the ultrasound time increasing to 120 min, showing the good mechanical stability. 19 

In summary, these results demonstrated that the C-S-TiO2-cotton fabric has good 20 

stability towards the different conditions 21 
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 1 

Fig.8 (a) TGA curves of different cotton fabrics; Variations in WCA of the C-S-TiO2-2 

cotton fabric of (b) pH, (c) organic solvent or salt solution. (d) WCA variations of the 3 

C-S-TiO2-cotton fabric with different ultrasound time. Inset: SEM image after different 4 

conditions.  5 

3.4 Oil-Water Separation Performance of the C-S-TiO2-Cotton Fabric 6 

The C-S-TiO2-cotton fabric exhibits great oil-water separation potential because it 7 

possesses excellent superhydrophobic/superoleophilic properties. Oil-water separation 8 

efficiency, recyclability and flux were measured to quantify the separation performance 9 

of the C-S-TiO2-cotton fabric. The oil-water separation process was shown in Fig. 9 (a) 10 

and oil dyed with red quickly permeated through the C-S-TiO2-cotton fabric by gravity-11 

driven separation, and oil can be collected by the flask bottom. However, blue water 12 

dyed with methyl blue was repelled and maintained on the cotton fabric during the 13 
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separation process.  1 

    As indicated in Fig. 9 (b), the C-S-TiO2-cotton fabric displayed ultra-high 2 

separation efficiencies for different kinds of oil-water mixtures. The separation 3 

efficiencies of n-hexane-water mixture, 1,2-dichloromethane-water mixture, octane-4 

water mixture, 1,2-dichloroethane-water mixture, petroleum ether-water mixture were 5 

calculated to be 99.94%, 99.95%, 99.96%, and 99.91%, respectively. The flux of n-6 

hexane-water mixture, 1,2-dichloromethane-water mixture, octane-water mixture, 1,2-7 

dichloroethane-water mixture, petroleum ether-water mixture was 5910 L m-2 h-1, 5920 8 

L m-2 h-1, 6800 L m-2 h-1, 6500 L m-2 h-1, and 6160 L m-2 h-1, respectively. What was 9 

noteworthy was that the highest flux was 6800 L m−2 h−1 upon separating octane-water 10 

mixture. The flux for various oil-water mixtures may also be partially attributed to the 11 

various pressures on the cotton fabric with different viscosities of oils.  12 

Additionally, the 1,2-dichloromethane-water mixture was used to investigate the 13 

recyclability. The separation efficiency was still above 99.87% and the flux achieved a 14 

high value of 6000 L·m−2·h−1 after 20 cycles, as shown in Fig. 9 (d). The surface 15 

morphology of the C-S-TiO2-cotton fabric kept the original morphology and almost 16 

unchanged even after 20 separation cycles (Fig. S3). The WCA of the C-S-TiO2-cotton 17 

fabric after 20 cycles of separation was still above 150°, which suggested the excellent 18 

stability of the superhydrophobic surface for oil-water separation.  19 

Fig. 9 (e) illustrated the feasible schematic diagram of the separation process for oil-20 

water mixture using the C-S-TiO2-cotton fabric. When the oil-water mixture came to 21 

contact the cotton fabric surface, oil droplets immediately wetted the C-S-TiO2-cotton 22 

fabric surface and permeated into the structure of the fabric but water droplets were 23 

easily repelled due to the superoleophilicity and porous structure of the fabric. 24 

Consequently, the oil-water mixtures was successfully separated. Thereby, the complete 25 

oil-water separation was realized. 26 

To further understand the oil-water separation process, Cassie-Baxter wetting state 27 

was applied to the C-S-TiO2-cotton fabric [39]. The C-S-TiO2-cotton fabric would be 28 
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characterized using the following formula: 1 

cos 𝜃𝑅 = 𝑓𝐿𝑆 cos 𝜃𝑆 − 𝑓𝐿𝐴                                              (4) 2 

𝑓𝐿𝑆 +  𝑓𝐿𝐴 = 1                                                       (5) 3 

where 𝜃𝑅 is the WCA of the C-S-TiO2 cotton fabric in air , 𝑓𝐿𝑆 is the fraction of the 4 

area of the solid surface wetted by the liquid. 𝜃𝑆 is the WCA of the cotton fabric in air. 5 

The higher 𝑓𝐿𝑆 indicated a higher water contact angle, meaning higher hydrophobicity. 6 

In our work, the WCA of cotton fabric and C-S-TiO2 cotton fabric were 0° and 156.2°. 7 

So the  𝑓𝐿𝑆 was calculated to be 0.80, which indicated that the hydrophobicity was 8 

increased obviously by the thiol-ene click reaction. The superhydrophobicity and low 9 

adhesion of C-S-TiO2 cotton fabric can be observed in Section 3.2. In addition, the 10 

theoretical intrusion pressure (p) is described as follows [40]: 11 

Δp =  
2𝛾

𝑅
=  − 

𝑙𝛾 cos 𝜃𝐴

𝐴
                                               (6) 12 

where γ represents the surface tension, 𝜃𝐴 is the WCA on the surface of the material, 13 

R refers to the meniscus’s radius, l is the perimeter of the pore on the material and A is 14 

the area of pore on the material. Therefore, 𝜃𝐴 of the C-S-TiO2 cotton fabric was above 15 

90° (156°), and the intrusion pressure of water (∆p) > 0, which indicated that the C-S-16 

TiO2 cotton fabric can maintain the water pressure. Therefore, water would not pass 17 

through the fabric, and it was sustained on the C-S-TiO2 cotton fabric surface, leading 18 

to a high separation efficiency for the oil-water separation process. 19 

Different types of superhydrophobic materials and associated oil-water separation 20 

performance were compared and summarized in Table 2. The separation efficiency and 21 

flux of the superhydrophobic cotton fabric of this work had a good overall performance 22 

as compared with other reported oil-water separation materials. The superhydrophobic 23 

C-S-TiO2-cotton fabric was fluorine-free environment-friendly material and had the 24 

potential application for real wastewater treatment. 25 
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 1 

Fig. 9 (a) Oil-water separation of the C-S-TiO2 cotton fabric; (b) oil-water separation 2 

efficiency and flux with different kinds of oil-water mixtures; (c) 1,2-dichloromethane-3 

water mixture separation efficiency after different separation cycles; (d) water contact 4 

angle of the C-S-TiO2 cotton fabric after different oil-water separation cycles; (e) 5 

diagram of oil-water separation process. 6 

 7 

 8 

 9 
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Table 2 Summary of different superhydrophobic materials. 1 

Material 
Preparation 

Method 

Separation 

efficiency (%) 

Flux 

(L·m−2·h−1) 
Reference 

Cotton fabric 

coated with 

quantum dot 

Dip-coating; 

Crosslinking 
>99.000 

up to 

36,000 
[21] 

SF 

Dip-coating; 

Thiol-ene click 

reaction 

>99.500 None [29] 

PDMS/SiNPs-PI 

membrane 

Electrospinning; 

Dip-coating 
>99.800 up to 4440 [39] 

PETMP/TMTVSi/ 

SiO2-coated mesh 

Coating; Thiol-

ene click 

reaction 

>99.850 None [41] 

PDMS-modified 

fabric 

Dip-coating; 

 
∼98.600 None [20] 

CO/POSS/SiO2-30-

coated fabric 

Spray-coating; 

thiol-ene click 

reaction 

>99.990 up to 3967 [36] 

C-S-TiO2 cotton 

fabric 

Microwave-

assisted; 

thiol-ene click 

reaction 

>99.900 up to 6800 This Work 

3.5 Photocatalytic Performance of the C-S-TiO2-Cotton Fabric 2 

Organic pollutants in wastewater are becoming a worldwide problem in treating 3 

wastewater and reduce membrane fouling Herein, MB was chosen as a model organic 4 

pollutant to study the photodegradation performance of C-S-TiO2 cotton fabric. The 5 
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fabric was immersed into a static MB solution in darkness. After 90 min of stirring in 1 

darkness, MB could be absorbed onto the tested cotton fabrics. In Fig. 10 (a), it was 2 

obvious that the color of the MB solution gradually changed from blue to colorless, as 3 

the time increased from 0 to 120 min under visible light irradiation. Moreover, the peak 4 

intensity from the UV–vis spectra gradually decreased with the light irradiation. It can 5 

be observed that MB had a maximum absorption band at 664 nm and it was weak 6 

gradually and almost disappeared after 120 min light irradiation.  7 

    The maximal absorbance of MB in the typical UV-vis spectra was showed in Fig. 8 

10 (b). The MB concentration decreased drastically and the absorbance of MB was 9 

close to 0.04 after 120 min of visible light irradiation. As shown in Fig. 10 (c), the 10 

cotton fabric can only absorb about 27.0 % MB. The C-S-TiO2 cotton fabric can absorb 11 

about 33.0% MB and the MB concentration rapidly decreased to about 2.8 %, which 12 

suggested that the C-S-TiO2 cotton fabric had an improved the photocatalytic 13 

performance, as compared with the cotton fabric. Fig. 10 (d) also demonstrated that the 14 

MB removal efficiency of the cotton fabric was only 37.5 % because the cotton fabric 15 

had little photodegradation under light irradiation. However, C-S-TiO2 cotton fabric 16 

exhibited a high removal efficiency above 98.0%, showing that adsorption and 17 

photodegradation had good impacts to efficient removal of MB. The recyclability of C-18 

S-TiO2 cotton fabric was tested for five cycles, and it was shown that the degradation 19 

rate after 5 cycles was still above 97 % (Fig. 10 (e)). During the recycling process, the 20 

MB degradation rate was slightly reduced, which might be due to the loss of TiO2. 21 

Furthermore, the structure of the C-S-TiO2 cotton fabric was maintained well (insets 22 

Fig. 10 (f)).  23 

The plausible mechanism for photodegradation procedure of MB solution using the 24 

C-S-TiO2 cotton fabric was also explored. Fig. 10 (f) showed the potential mechanism 25 

of photodegradation of C-S-TiO2 cotton fabric by using MB as a model organic 26 

pollutant. During the oily wastewater separation process, MB was adsorbed onto the C-27 

S-TiO2 cotton fabric in darkness and were degraded under visible light irradiation. The 28 
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corresponding photo-degradation mechanisms of MB were expressed using Eqs. (7)-1 

(10). The electrons in the valence band of TiO2 were motivated to the conduction band 2 

by absorbing light energy (hv), and then electron–hole (e- / h+) pairs were generated 3 

under visible light irradiation (Eq. (7)); the photo-generated electron e- was used to 4 

reduce the dissolved O2 in the MB solution to produce superoxide radicals of O2∙- (Eq. 5 

(8)); the photogenic hole had oxidation, which H2O molecule and h+ in the solution 6 

formed a highly active hydroxyl radicals (∙OH) (Eq. (9)); lastly, the ∙OH radicals, O2∙-, 7 

∙OH and h+ attacked the MB molecules and were broken into non-toxic CO2 and H2O 8 

(Eq. (10)). 9 

TiO2 + hv→h+ + e-                                                      (7) 10 

e- + O2→O2∙-                                                        (8) 11 

h+ + H2O→∙OH + H+                                                 (9) 12 

O2∙- + ∙OH + h+ + MB→CO2 + H2O                                     (10) 13 

In summary, the C-S-TiO2 cotton fabric was a promising material for the application of 14 

treating wastewater containing dyes. 15 
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 1 

Fig. 10 (a) UV–vis spectra of MB solution with different irradiation times; (b) 2 

absorption of the MB solution; (c) photodegradation of MB solution; (d) removal 3 

efficiency of MB; (e) water contact angle of the C-S-TiO2 cotton fabric after different 4 

degradation cycles. Insert: SEM of the superhydrophobic C-S-TiO2 cotton fabric before 5 

and after each photodegradation process; (f) schematic illustration of the mechanism of 6 

photodegradation of MB. 7 
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4 Conclusions 1 

The superhydrophobic/superoleophilic C-S-TiO2 cotton fabric was successfully 2 

prepared by the combination of in-situ growth of TiO2 with the microwave-assisted 3 

method and thiol-ene click reaction with ODMA. The WCA of C-S-TiO2 cotton fabric 4 

reached about 156.2° when the concentration of ODMA was 15 wt.%, which showed 5 

the self-cleaning property and superhydrophobicity/superoleophilicity of the fabric. 6 

The superhydrophobic/superoleophilic C-S-TiO2 cotton fabric was successfully applied 7 

for separating oil from different kinds of oil-water mixtures and performed ultra-high 8 

separation efficiency (>99.90 %). After 20 separation cycles, the oil-water separation 9 

efficiency was still above 99.80 %. Moreover, the prepared cotton fabric achieved 10 

excellent photocatalytic performance (>97.0 % after 5 cycles) upon the degradation of 11 

MB. The obtained cotton fabric showed remarkable stability, which could maintain the 12 

superhydrophobicity and surface morphology under different harsh conditions, 13 

including high temperature, acid solution, alkali solution, salt solution, organic solvent 14 

and ultrasonic treatment. Additionally, the excellent separation performances shown by 15 

water repellency, oil-water separation, and great photodegradation ability suggest that 16 

the C-S-TiO2-cotton fabric had great potential for industrial applications. 17 
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