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Abstract In this paper, a facile and efficient

approach to robust and durable superhydrophobic

cotton fabric was presented via in situ CuO deposition

and stearic acid (STA) coating. The combined effects

of both rough structure and low surface energy

endowed cotton fabric (Cot) with superhydrophobic-

ity, water repellency, and self-cleaning property.

Moreover, the as-prepared fabric (Cot–CuO–STA)

could keep its robust superhydrophobicity under harsh

environmental conditions of acidic, alkaline and salt

solutions, high temperature, mechanical abrasion and

washing. Importantly, the obtained Cot–CuO–STA

with WCA of 156.5� had great potential in oil/water

separation with high separation efficiency of up to

98.7% for various oils (dichloromethane, trichloro-

methane, soybean oil, and n-heptane). Further, fasci-

nating permeate flux (more than 1800 L.m-2.h-1) and

remarkable recyclability made Cot–CuO–STA a

promising application in oil-contaminated water treat-

ment and marine spilt oil cleanup.

Graphic abstract Robust and durable superhy-

drophobic cotton fabric was fabricated for oil/water

separation via a facile and efficient route. The resultant

fabric exhibited remarkable separation efficiency for

different kinds of oils, fascinating permeate flux, and

excellent recyclability.
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Introduction

Inspired by amazing organisms in nature, such as lotus

leaves (Yang et al. 2018; Farhadi et al. 2011) and

gecko feet (Pokroy et al. 2009), superhydrophobic

materials with low surface energy and hierarchical

micro/nanostructure have attracted attention and

interest because of their practical applications in

self-cleaning (Yang et al. 2019; Gelebart et al. 2017),

anticorrosion (Lvov et al. 2016; Zhao et al. 2017),

antifouling (Qing et al. 2019; Fisher et al. 2018),

antiicing (Liu et al. 2014; Li et al. 2019) and oil/water

separation (Wang et al. 2015; Liu et al. 2019a, b, c). To

date, numerous methods have been exploited to obtain

artificial superhydrophobic surfaces, such as sol–gel

method (Lin et al. 2019; Liu et al. 2018), chemical

vapor deposition (Cheng et al. 2019; Zhang et al.

2011), template processing (Chen et al. 2018; Wang

et al. 2015), plasma etching (Liu et al. 2019a, b, c; Cai

et al. 2019), electrospinning (Lu et al. 2009; Zhu et al.

2018), dip-coating (Ge et al. 2020; Zhang et al.

2019a, b; Dong et al. 2019), spraying method (Peng

et al. 2018; Foorginezhad et al. 2019) and thiol-ene

click chemistry (Xue et al. 2019; Yang et al. 2020).

Although great success has been achieved in the

fabrication of superhydrophobic surfaces, low

mechanical and bonding strength still impede their

practical applications in industry and engineering

fields (Jia et al. 2018; Zhang et al. 2019a, b). Most

superhydrophobic surfaces have low resistance, espe-

cially exposing them to surroundings of corrosive

substances, high temperature, strong light, abrasion

and washing. These harsh conditions may destroy the

superhydrophobicity of the material surface, hindering

its applications. Therefore, much effort has been spent

to improve the durability of the artificial superhy-

drophobic surface in recent years. Hou et al. (2018)

successfully prepared POSS-based superhydrophobic

fabrics by thiol-ene click chemistry, which displayed

excellent durability to corrosive liquids, UV irradia-

tion, high temperature, washing and mechanical

abrasion. Zhou et al. (2017a, b) prepared superhy-

drophobic cotton fabric with good resistance to UV

radiation, high temperature, organic solvent, and

mechanical abrasion by modifying phytic acid-metal

complexes and PDMS on textile substrates. Chen et al.

(2015) obtained a versatile material with flame

retardant, self-healing and superhydrophobic proper-

ties by impregnating cotton fabric with APP/bPEI/F-

123

7284 Cellulose (2020) 27:7283–7296



POSS. However, challenges remain to exist for facile

and green preparation strategy of robust and durable

superhydrophobic surface. That is realizable for

industrial applications, especially in terms of mild

processing conditions and large-scale production.

In this work, a facile, efficient approach to robust

and durable superhydrophobic cotton fabric was

proposed via in situ CuO deposition and stearic acid

(STA) coating. CuO micro/nano particles have the

advantages of safety, low cost, biocompatibility,

photocatalytic, and antibacterial activity. They have

been often applied to prepare multifunctional textiles

(Rezaie et al. 2018; El-Nahhal et al. 2018; Perelshtein

et al. 2009). Moreover, the deposition of CuO

micro/nano particles on fabric can improve the

stability of coated surface. Therefore, it is promising

to endow cotton fabric (Cot) with super-hydrophobic-

ity and excellent resistance based on the synergistic

effect between CuO micro/nano particles and STA,

inducing a robust hierarchical structure and low

surface energy. In this context, the morphology,

wetting property, chemical structure, environmental

durability, antifouling, self-cleaning, and oil/water

separation performances of the superhydrophobic

cotton fabric were investigated systematically. The

obtained superhydrophobic cotton fabric displayed

remarkable stability and durability for acidic, alkaline

or saline solutions, mechanical abrasion and washing.

Therefore, this robust and durable superhydrophobic

cotton fabric with facile fabrication has wide applica-

tion prospects.

Experiment section

Materials

Cotton fabric (136 g/m2, yarn fineness of 30 tex) and

soybean oil were purchased from local market. Copper

acetate (Cu(CH3COO)2), stearic acid (CH3(CH2)16-
COOH), sodium hydroxide (NaOH), Sudan III,

trichloromethane (CHCl3), ethanol, n-heptane

(C7H16) and ichloromethane (CH2Cl2) were purchased

from Aladdin Industrial Corporation (Shanghai,

China). All chemical reagents were analytical-grade

and used without further purification.

Sample preparation

Superhydrophobic cotton fabric was fabricated via

in situ CuO deposition and stearic acid (STA) coating.

Briefly, clean cotton fabric (5 cm 9 5 cm) was

immersed into CuAc solution (0.5 * 3wt.%) to react

at 70 �C for 30 min, subsequently heating up to

100 �C for another 30 min reaction. Then, the fabric

was washed with deionized water and dried at 60 �C
for 1 h to obtain CuO-deposited fabric (Cot–CuO).

After that, the Cot–CuO was coated using 1 wt.% of

STA solution for 5 min using a dip-coating method

and then dried at 60 �C, each cycle for 30 min.

Finally, the superhydrophobic cotton fabric (Cot–

CuO–STA) was obtained. For comparison, cotton

fabric was directly immersed into STA solution to

obtain STA-coated fabric (Cot–STA) as control

sample.

Characterization

Surface morphology of the samples was characterized

by Field Emission Scanning Electron Microscopy

(FESEM, S-4800, Hitachi, Japan) at an accelerating

voltage of 15 kV. Chemical structure of the samples

was analyzed using Fourier Transform Infrared Spec-

trometer (FTIR, Nicolet 5700, Thermo Electron Corp.,

USA) ranging from 4000 to 400 cm-1 at a resolution

of 2 cm-1 and X-ray Photoelectron Spectrometer

(XPS, Thermo Fisher Scientific, USA) with Al K-Al-

pha monochrome X-ray source. Crystal structure of

the samples was characterized by X-ray Diffractom-

etry (XRD, Rigaku Corp. D/max-2400). Water contact

angles (WCA) were measured by optical contact angle

apparatus (JC2000C1, China) at room temperature

with 5lL water droplets, and the average values were

obtained by measuring each sample at five different

positions. Tensile strength of the samples (15 9 5

cm2) was tested using Instron 5967 testing machine

(Instron Corp., USA) at a rate of 100 mm/min

according to ASTMD 5035-2006 standard method.

Stability tests

Acidic, alkaline, and NaCl solutions (0.9, 2.5 and 10

wt.%) were used to investigate the chemical stability

of the Cot–CuO–STA, respectively. The fabric was

immersed into different solutions, taken out at desired
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time interval, and then washed with deionized water

and dried at 60 �C for WCA measurement.

High temperature stability was determined by

placing in a drying oven at 100–200 �C for 2 h. For

mechanical stability test, the fabric weighing 200 g

was placed face-down to 800 or 1500 mesh sandpaper,

respectively, and dragged back and forth (10 cm for a

cycle). The WCA was determined after different

abrasion cycles. Washing resistance was tested

according to AATC 61-2006(2A) standard method.

Samples (15 cm 9 5 cm) were washed in stainless

steel washing tank containing detergent with a

concentration of 0.15% (w/v) at 49 �C with rotating

speed of 40 rpm. After 45 min, the sample was taken

out, then washed and dried. One machine washing

cycle is equivalent to five home washings.

Measurement of oil/water separation

Dichloromethane, trichloromethane, soybean oil and

n-heptane were used to evaluate the oil/water separa-

tion efficiency of the Cot–CuO–STA. Oil or organic

solvents colored with Sudan III were mixed with water

with volume ratio of 1:1, then the mixture (200 mL)

was poured into a sand core funnel through the fabric.

The separated oil and water were collected, respec-

tively. The separation efficiency (g) was calculated

according to the following Eq. (1).

gð%Þ ¼ M1

M0

� 100 ð1Þ

where M0 and M1 are the weight of water before and

after separation, respectively.

The permeate flux (J, L m-2 h-1) was calculated

according to Eq. (2).

J ¼ V

St
ð2Þ

where V is permeate volume, S is effective area of the

fabric, and t is permeate time (h).

Results and discussion

Fabrication and characterization

The preparation process of the superhydrophobic

cotton fabric was presented in Scheme 1. The cotton

fabric was first modified with CuO

micro/nanoparticles via in situ chemical precipitation

method, and then coated with STA solution by dip-

coating process. CuO micro/nanoparticles success-

fully anchored on the fabric surface confirmed by

FESEM images (Fig. 1). The neat microfibers in fabric

have smooth surfaces (Fig. 1a). After deposits of CuO,

the microfibers exhibit roughness at the micro/nanos-

cale due to the formed CuO micro-particles (Fig. 1b).

CuO particles are densely embedded and randomly

oriented, generating a rough microstructure in fabric

surface. After STA coating, the fabric displays a

stacked sheet structure (Fig. 1d). These surface

heterogeneities contribute to the superhydrophobic

surface, which can entrap air (Liu et al. 2019a–c). The

Cot–CuO–STA has a WCA of 156.5�, indicating the

superhydrophobic surface (inset in Fig. 1d). By con-

trast, the Cot–STA was demonstrated to be superhy-

drophilic as shown in Fig. 1c, due to the formation of

few lamellar structures even immersing fabric in STA

solution for seven times (Fig. S1). The results

demonstrated that CuO deposition could facilitate

the coating of STA on the fabric surface.

Theoretically, the surface factors of fabric such as

density, roughness and surface energy can influence

the superhydrophobic behavior of fabric surface.

Thus, the effect of CuAc concentrations (five times

coating with STA) and coating times (2 wt.% of CuAc)

on the WCA values of Cot–CuO–STA was investi-

gated. As CuAc concentrations increased from 0.5 to 3

wt.%, CuO particle densities increased, and CuO

particles densely anchored on the fabric surface

(Fig. S2). Fig. S3 shows the effect of CuAc concen-

trations on the surface morphologies of Cot–CuO–

STA with STA coating for five times. It can be found

that stacked sheet structure generated and gradually

increased with the increases of CuAc concentrations,

which might be due to the increment in density and

roughness of fabric surface generated by CuO parti-

cles, promoting STA coating. Consequently, theWCA

of Cot–CuO–STA slightly increased from 154.5� to

156.9� (Fig. 2a). And, the WCA of Cot–CuO–STA

improved to 157.5� from 152.7� with increasing the

coating times from one to seven times (Fig. 2b),

attributed to more compact lamellar structures

(Fig. S4). The results indicated that CuO deposition

was beneficial for the coating of STA on the fabric

surface, and the coexistence of micro/nanostructure

and low surface energy is key for creating a superhy-

drophobic surface, like natural lotus leaves with wax
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and nano-papillae (Zhou et al. 2017a, b; Nanda et al.

2019). Figure 2c shows the contact, deformation and

departure processes of water droplet on the Cot–CuO–

STA surface within 5 s. It can be seen that water

droplet contacted with the surface could detach from

the substrate even though severe deformation, reveal-

ing a self-cleaning surface.

The wetting property of the modified fabric derived

from not only surface structure but also its chemical

composition. Figure 3a shows the crystal phases of

Cot, Cot–CuO, Cot–STA and Cot–CuO–STA, respec-

tively. Cot and Cot–STA show diffraction peaks of

cellulose crystal at 2h = 14.9�, 16.6�, and 22.9� (Riaz
et al. 2019). New characteristic peaks appeared at

2h = 35.8�, 38.9�, 48.7�, 58.2�, 61.5�, 66.2� and 68.1�

Scheme 1 Preparation strategy of superhydrophobic cotton fabric via in situ CuO deposition and stearic acid coating

Fig. 1 FESEM images of a Cot, b Cot–CuO, c Cot–STA, d Cot–CuO–STA
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after deposition process in Cot–CuO and Cot–CuO–

STA, which were demonstrated as the crystal phase of

CuO (Ethiraj et al. 2012). Figure 3b shows FTIR

spectra of different samples. It can be seen that the

absorption peaks of cellulose fabric before and after

CuO deposition are the same, except the absorption

band at around 598 cm-1 attributing to Cu–O stretch-

ing vibration (Kliche and Popovic 1990). In addition,

C–H stretching vibration at 2902 cm-1 has split into –

CH3 and –CH2 asymmetrical and symmetrical stretch-

ing vibrations of the long chain aliphatic groups of

STA at 2915 cm-1 and 2850 cm-1, respectively

(Kong et al. 2015). The results verified the modifica-

tion of cellulose with CuO and STA. Further, the

surface chemical composition was determined by XPS

spectra and shown in Fig. 3c–f. For Cot and Cot–STA,

only C and O peaks were found (Fig. 3c). After CuO

deposition, new peak at 935 eV appeared, attributed to

Cu 2p. Figure 3e–f show that the Cu 2p peak has two

peaks attributed to Cu 2p3/2 at 933.7 eV and Cu 2p1/2

at 954.0 eV, respectively (Ren et al. 2018). The

C1s peak of Cot can be divided into two components at

284.7 eV and 286.2 eV, which belong to C–C and C–

O bonds, respectively (Fig. 3d) (Yan et al. 2019).

Moreover, the C1s peak of Cot–STA was composed of

two peaks corresponding to C–C (284.3 eV) and C=O

(287.6 eV), respectively. After CuO deposition and

STA coating, the peak weakened. Thus, the combina-

tion of CuO particle and STA coating not only

improved the roughness of cotton fabric but also

decreased its surface energy, mainly contributing to

the superhydrophobic surface. Further, the effect of

surface treatment on the mechanical strength and air

permeability was investigated and shown in Fig. S5.

Superhydrophobic treatment did not affect the

mechanical properties of the fabric keeping their

tensile strength of 11 MPa and elongation at break of

21 * 23%, expectedly had a negative effect on its

breathability with mild reduction of air permeability.

Fig. 2 WCA of Cot–CuO–STA with different a CuAc concen-
trations (immersed by STA for 5 times) and b immersion times

(treated by 2 wt.% CuAc), c photographs of the dynamic water-

adhesion behavior on the Cot-CuO-STA surface within 5 s.

Arrows represent the moving direction of water droplet
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During practical application, harsh environmental

conditions may destroy the super-hydrophobicity of

material surface, hindering its applications. Thus, the

durability of the Cot-CuO-STA was investigated, and

the results were presented in Fig. 4. After immersing

the fabric in acidic and basic solutions for 3 days, the

Fig.3 a XRD patterns, b FTIR spectra and c XPS spectra of four samples, d C1s high resolution spectra of four samples and e, f Cu
2p high resolution spectra of Cot–CuO and Cot–CuO–STA. Durability of Cot–CuO–STA

123

Cellulose (2020) 27:7283–7296 7289



WCA was almost constant and higher than 153� at pH
5 * 13, indicating excellent superhydrophobicity

(Fig. 4a). Even immersion for 7 days, the WCA was

still in the range of 141�– 154�. Although, the strong
acidic (pH=1) demonstrated a negative effect on the

fabric surface due to corrosion (Fig. 4b), the obtained

superhydrophobic surface in this work displayed

remarkable resistance against acidic and alkaline

conditions. Additionally, when the fabric was

immersed into mild (0.9, 2.5 wt.%) or strong (10

wt.%) salt solutions for 7 days, WCA was in the range

146�–152� (Fig. 4c). The reduction of WCA with

prolonging immersion days was due to salt corrosion

(Tang et al. 2019). Meanwhile, the fabric maintained

its original water repellency with WCA more than

156� even though exposing under high temperature for

2 h (Fig. 4d). All the results demonstrated the high

chemical stability of Cot–CuO–STA.

In order to assess the fabric robustness against

mechanical force, sandpaper abrasion and mechanical

washing tests were carried out. Cot–CuO–STA sub-

jected to 200 g weight was dragged back and forth for

10 cm as a cycle, as shown in Fig. 5c. It was found that

from Fig. 5a theWCAwas 151� even after 20 abrasion
cycles with a 1500 mesh sandpaper. Although the

WCA slightly declined after 20 abrasion cycles with

800 mesh sandpaper, the surface still kept outstanding

water repellency (WCA = 146�). The surface mor-

phology and rough structure of the fabric maintained

after sandpaper abrasion (inset in Fig. 5a). Also,

superhydrophobic property of Cot–CuO–STA was

maintained with a WCA of 151� after 10 washing

cycles (Fig. 5b). Although the WCA slightly

decreased to 148� after 20 washing cycles, the surface
still remained excellent water repellency. The results

showed that the Cot–CuO–STA has remarkable

Fig.4 WCA changes of Cot–CuO–STA after immersed in a acidic, alkaline and c salt solutions and d under high temperature. Surface

morphology of Cot–CuO–STA after b immersed in solution (pH = 1) for 7 days
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mechanical resistance. Excellent durability, especially

under rigorous environments such as acidic, basic, salt

solutions, high temperature and mechanical damage,

is crucial for material to expand its application fields.

Antifouling and self-cleaning performances

The water repellency of Cot–CuO–STA is also

verified through a silver mirror phenomenon due to

the air layer between the fabric surface and liquid

(Fig. 6a), and a water jet spraying experiment

(Fig. 6b). As soon as the waterspout contacts the

surface, bounces immediately. Further, the antifouling

and self-cleaning performances of the Cot–CuO–STA

were investigated by using methylene blue (MB)

solution and blush Y powders as pollutants. As shown

in Fig. 7a, when MB solution directly poured onto the

surface of Cot–CuO–STA, the solution flowed directly

to the bottom. While the fabric surface maintained

clean and dry. Furthermore, when the water was fallen

on the.

polluted surface by blush Y powders, the fabric was

not wetted, penetrated and stained by blush Y

(Fig. 7b). Meanwhile, the blush Y powders well

swilled out by the water falling on the fabric surface.

These results strongly indicated the remarkable

antifouling and self-cleaning performances of the

obtained Cot-CuO-STA.

Oil/water separation

Moreover, the super-repellency of the Cot–CuO–STA

was demonstrated by assessing the adsorption of water

and oil colored using MB and Sudan III, respectively.

As shown in Fig. 8a, when the two kinds of colored

liquids dropped onto the Cot, the droplets were quickly

Fig.5 WCA changes of Cot–CuO–STA after a mechanical abrasion and b mechanical washing, insets are the surface morphology of

Cot–CuO–STA abraded by sandpaper for 20 cycles. c Schematic diagram of sandpaper abrasion test
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soaked and penetrated the cotton fabric due to its

amphiphilic. In contrast, the Cot–CuO–STA exhibits

superhydrophobicity and superlipophilicty, and effec-

tively repels colored water droplets resulting in the

formation of round-liquid balls on the interface

(Fig. 8b). This excellent water-repellency

demonstrates its promising oil/water separation per-

formance. As shown in Fig. 8c, the separation of oil/

water mixture can be performed by using simple and

available equipment. Colored oil can permeate

through the Cot–CuO–STA rapidly and drop in the

conical flask due to its affinity with Cot–CuO–STA

Fig. 6 a Optical images of

Cot–CuO–STA showing a

silver mirror phenomenon,

b a water jet spraying

experiment

Fig. 7 Antifouling and self-cleaning performances of Cot–CuO–STA against a MB solution and b blush Y powders
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surface. At the same time, water is retained above the

fabric owing to its superhydrophobicity.

Further, the effect of separation cycles on the oil/

water separation efficiency of Cot-CuO-STA was

evaluated and shown in Fig. 8d. In this study, various

oils including trichloromethane, dichloromethane,

n-hexane and soybean oil were selected as heavy oil

and light oil, respectively. It is clearly that the

separation efficiency of Cot–CuO–STA for different

kinds of oils was all as high as 98.7%. Although the

separation efficiency showed a slight decline after 10

cycles, the efficiencies for all cycles still kept above

97%. Also, fast spreading of oil and easy saturation are

crucial features of the separating membrane to

promote the rapid oil/water separation. Thus, the

permeate flux of the Cot–CuO–STA for oil/water

mixture was investigated by using trichloromethane

and dichloromethane as representatives. The Cot–

CuO–STA displayed a fascinating permeate flux

(more than1800 L m-2 h-1) for both trichloro-

methane and dichloromethane, shown in Fig. 9. After

repeated separation for 10 cycles, the permeate flux of

trichloromethane was still 1666 L m-2 h-1, maintain-

ing 92% of its initial permeate flux, while 1745

L m-2 h-1 of dichloromethane, 97% of its initial

permeate flux. These results indicated that the

obtained Cot–CuO–STA has outstanding oil/water

separation performance and recyclability, exhibiting

promising applications in oil-contaminated water

treatment and marine spilt oil cleanup.

Conclusion

A facile and scalable approach to robust and durable

superhydrophobic cotton fabric was proposed by the

combination of CuO deposition and stearic acid

coating. The in situ CuO deposition endowed the

cotton fabric with a hierarchically rough structure,

which enables and binds stearic acid on the fabric

surface. The obtained fabric (Cot–CuO–STA) exhib-

ited a remarkable superhydrophobicity with WCA of

156.5�, a water repellency and a self-cleaning prop-

erty. Moreover, the Cot–CuO–STA displayed robust

resistance to acid, alkali, salt, high temperature,

mechanical abrasion and washing. Importantly, the

resultant Cot–CuO–STA can be applied for oil/water

separation with separation efficiency all as high as

98.7% for different kinds of oils. Further, fascinating

permeate flux (more than1800 L.m-2.h-1) and

remarkable recyclability made Cot–CuO–STA a

promising application in oil-contaminated water treat-

ment and marine spilt oil cleanup.

Fig. 8 Photographs of colored water and oil on a Cot, b Cot–CuO–STA surfaces. c The process of oil/water separation based on Cot–
CuO–STA. d separation efficiency of Cot–CuO–STA after different separation cycles
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