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Abstract
Improving the surface roughness and reducing the surface energy are the main strategies for
constructing cotton fabrics with superhydrophobic surface. However, the complex finishing process and
poor durability still impede the production and application of superhydrophobic cotton fabrics. Therefore,
it is critical to produce superhydrophobic fabrics with excellent durability via a noncomplicated method.
In this work, monomers of methyl methacrylate (MMA) and trifluoroethyl methacrylate (TFMA) were
polymerized via free radical polymerization to produce a fluoropolymer. Then, the fabric was coated with
the fluoropolymer to construct a superhydrophobic surface via the pad-dry-cure technology. The TFMA
unit in the fluoropolymer had lower surface energy than the MMA unit. Under the high-temperature curing
condition, the MMA unit in the fluoropolymer was grafted onto the cotton fabric via transesterification,
and the TFMA was exposed on the fabric surface. The finished fabric showed durable superhydrophobic
properties, outstanding oil–water separation properties, and excellent self-cleaning properties. Given the
results, the finished fabric has great potential application in clothing and industrial fields.

Introduction
Cotton fabrics are widely used in daily life because of their excellent wearing comfort and softness (Duan
et al. 2020; Xu et al. 2020d; Ye et al. 2020). With the development of science and technology, traditional
cotton fabrics have been unable to meet human production and living needs; hence, a series of functional
cotton fabrics, such as antibacterial cotton fabric (Gao et al. 2020; Xu et al. 2019), superhydrophobic
cotton fabric (Ou et al. 2020; Yan et al. 2020), and conductive cotton fabric (Trovato et al. 2021; Zheng et
al. 2020) have been explored. Among these functional fabrics, superhydrophobic fabrics have received
enough attention because of their great application potential in self-cleaning and oil–water separation
(Chauhan et al. 2019; Yang et al. 2020).

At present, improving surface roughness and reducing surface energy are the main strategies to construct
cotton fabrics with superhydrophobic surface (Dalawai et al. 2020; Das et al. 2021; Sam et al. 2019). To
improve the surface roughness of cotton fabrics, immobilizing inorganic particles such as silica (SiO2)
(Jannatun et al. 2020; Kong et al. 2020; Xu et al. 2020c), titanium dioxide (TiO2) (Guo et al. 2020; He et al.
2020; Ren et al. 2020), and zinc oxide (ZnO) (Khan et al. 2020; Patil et al. 2019; Wang et al. 2019) on the
cotton fabric surface or etching the fabric surface with chemical agents are the main preparation
methods. Shang et al. (Shang et al. 2020) used hydrophobic SiO2 nanoparticles, octavinyl polyhedral
oligomeric silsesquioxane, and castor oil–based thiolated oligomer to coat cotton fabric via spray
deposition and UV light–induced thiol–ene click chemistry. The SiO2 coating could improve the surface
roughness of the finished fabrics. As a result, the superhydrophobic surface of the fabrics was not
destroyed even after 30 sandpaper abrasion cycles or 60 min ultrasound treatment. Ren et al. (Ren et al.
2020) used TiO2@SA/CS coating, comprising TiO2, chitosan (CS), and stearic acid (SA) to coat cotton
fabric. The surface of the obtained fabric showed excellent superhydrophobicity. Moreover, the
superhydrophobic surface of the modified fabrics could become superhydrophilic when the surface was
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subjected to ammonia treatment, and the superhydrophobicity could be restored after heating treatment.
Cheng et al. (Cheng et al. 2019b) improved the surface roughness by etching the cotton fabric with
biological enzymes. Then, they coated the etched fabric surface with epoxidized soybean oil and stearic
acid, thus successfully preparing superhydrophobic cotton fabric. The root-mean-square roughness of the
pristine fabric was 3–8 nm, and that of the etched fabric surface was 39–45 nm, indicating that the
surface roughness was successfully improved by etching the cotton fabric with biological enzymes. The
root-mean-square roughness of the finished cotton fabric was 42–50 nm, indicating that the surface
roughness of the cotton fabric did not reduce after the surface was coated with epoxy soybean oil and
stearic acid. The finished cotton fabric showed excellent superhydrophobicity, and its water contact angle
(WCA) was higher than 157.3°. Moreover, the WCA values of the finished fabric still exceeded 152.7° after
it was subjected to 10 abrasion cycles or 100 tape-peeling treatment tests, demonstrating the excellent
mechanical stability of the fabric. Cheng et al. (Cheng et al. 2020a) also improved the surface roughness
by etching the cotton fabric with 7.5 wt% sulfuric acid solution; then, they coated the etched fabric
surface with epoxidized soybean oil and stearic acid, successfully preparing superhydrophobic cotton
fabric. The WCA of the obtained fabric was 155.6°. After the obtained fabric was subjected to 14
abrasion cycles or 100 tape peeling treatment times, the WCA value was still 150.0°, revealing the
excellent mechanical stability of the fabric. Although the abovementioned methods improved the surface
roughness of the fabric, the inorganic particles easily fell off the fabric surface, and the etching strategies
greatly reduced the fabric mechanical strength. These disadvantages hinder the actual production and
application of superhydrophobic cotton fabrics.

To reduce the surface energy of the cotton fabric, the main strategy involves coating the cotton fabric
with some fluoropolymer (Xu et al. 2020b; Yang et al. 2018a; Yang et al. 2018b), polyester (Wang et al.
2014; Xi et al. 2016), and silane polymer (Eduok et al. 2021; Ge at al. 2020; Kim et al. 2020). Shang et al.
(Shang et al. 2021) used tannic acid to treat the cotton fabric surface and then coated the treated fabric
sample with aminopropyllsobutyl polyhedral oligomeric silsesquioxane. The modified fabric showed
excellent superhydrophobic properties, and its WCA was higher than 158.3°. Moreover, the
superhydrophobic properties of the modified fabrics were not significantly reduced after they were
subjected to 15 abrasion cycles or 50 tape peeling cycles. Xu et al. (Xu et al. 2020a) prepared
superhydrophobic fabrics by coating the cotton fabric with lauryl methacrylate and subsequent
crosslinking via radio-frequency capacitance coupled plasma. The obtained fabric showed excellent
superhydrophobic properties, with a WCA of 157.3°. Moreover, the superhydrophobic properties of the
fabric were not significantly changed after it was subjected to 1500 abrasion cycles or 45 laundering
cycles. Although the superhydrophobic cotton fabric was successfully prepared via this strategy, the
methods of grafting low-surface-energy material on cotton fabrics via covalent bonding were
complicated, which limits the production of superhydrophobic fabrics.

In the present work, monomers of methyl methacrylate (MMA) and trifluoroethyl methacrylate (TFMA)
were polymerized via a free radical polymerization reaction to produce poly(methylene terephthalate)
(PMT). Then, the PMT copolymer was grafted onto the cotton fabric via the pad-dry-cure technology. The
TFMA unit in the PMT copolymer had lower surface energy than the MMA unit (Jiang et al. 2014). Under
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the high-temperature curing condition, the MMA unit in the PMT copolymer was grafted onto the cotton
fabric via transesterification, and the TFMA was exposed on the fabric surface. The cotton fabric grafted
with the PMT copolymer via covalent bonding will result in a durable superhydrophobic surface. The
superhydrophobic fabrics constructed via this strategy have great application in self-cleaning and oil–
water separation.

Experimental Section
Materials

The reagents used in the experiment are described in Supporting Information (SI).

PMT synthesis

Free radical copolymerization was adopted to prepare the fluorinated copolymer. Methyl methacrylate
(8.424 g, 84.13 mmol), TFMA (5.905 g, 35.13 mmol), azobisisobutyronitrile (0.276 g, 1.681 mmol), and
1,4-dioxane (36.0 mL) were stirred under nitrogen atmosphere for 30 min, and then the copolymerization
reaction was performed at 90°C for 6 h. The purified copolymer was filtered, washed with 1,4-dioxane (50
mL × 3 times), and vacuum-dried at 100°C for 4 h to obtain the PMT.

Fabrication of superhydrophobic fabrics

First, the PMT copolymer (1 g) was dissolved in acetone (100 mL), and the solution was stirred for 30
min. Second, cotton fabric (5 cm × 5 cm) was immersed in the solution for 5 min, and the wet pick-up of
fabric was controlled to 100%. Afterward, the sample was heated at 180°C for 5 min. Finally, the treated
fabric sample was washed with acetone (50 mL × 3 times) and dried at 100°C for 1 h. The finished fabric
sample was named SC-1. Samples SC-2 and SC-3 had 2 wt% and 3 wt% PMT solution concentrations,
respectively, but their preparation processes were similar to that of SC-1.

Characterization

The methods for the structure and property characterization of the fabrics are described in Supporting
Information.

Results And Discussion
Structural analysis of PMT copolymer

The synthesis route of PMT copolymer is shown in Fig. 1. The azobisisobutyronitrile initiates the
copolymerization of MMA monomer and TFMA monomer under the condition of oxygen isolation to form
the PMT copolymer. To analyze the PMT copolymer structure, Fourier-transform infrared (FTIR)
spectroscopy and proton nuclear magnetic resonance spectroscopy analysis were performed. Fig. S1
shows the FTIR spectra of the PMT copolymer. The peaks at 1741 cm− 1 and 1171 cm− 1 were due to the
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stretching vibrations of C = O and C-F3 bonds, respectively. Moreover, the peak of the C = C bond vibration
was not present in the spectra, indicating that the copolymerization of the MMA and TFMA was finished.
The 1H NMR spectra of the PMT copolymer are displayed in Fig. S2. The chemical shifts at 3.63 ppm (a, -
CH2-CF3) and 4.63 ppm (b, -CH3) are assigned to the TFMA and MMA units, respectively. These results
demonstrate that the PMT copolymer was successfully synthesized using the MMA and TFMA
monomers.

Surface structure and morphology analysis of the finished fabrics

The preparation route and the mechanism of the finished fabrics are displayed in Fig. 2. In the
preparation process, the pad-dry-cure technology was used to prepare the finished fabrics. First, the
cotton fabric was immersed in the PMT solution and then heated at 180°C for 5 min; the obtained fabric
was finally washed with acetone to remove the unreacted PMT copolymer, thus finishing the fabric with
PMT copolymer. Moreover, the TFMA chain in the PMT copolymer had lower surface energy than the
MMA chain. Under the high-temperature heating condition, the MMA chain reacted with the hydroxyl
groups of the cotton fiber via transesterification, while the TFMA chain tended to be more exposed on the
fabric surface (Jiang et al. 2014). Consequently, the MMA chain of the PMT copolymer was grafted onto
the fabric sample via covalent bonding, and the TFMA chain on the cotton fabric could construct the
superhydrophobic surface. To verify the reaction mechanism between PMT copolymer and cotton fabric,
the structure and morphology of the finished fabric were analyzed.

The attenuated total reflection (ATR) spectra of pristine and finished fabric samples are displayed in
Fig. 3. Compared with the spectrum of the pristine fabric, those of three finished fabrics had new peaks at
1742 cm− 1 and 1102 cm− 1, assigned to the stretching vibrations of the C = O group and C-F3 group,
respectively. This result demonstrates that the finished fabrics were successfully coated with the PMT
copolymer.

To further analyze the surface structure of fabric samples, X-ray photoelectron spectroscopy (XPS)
analysis was conducted. Figure 4a shows the wide-range XPS spectra of the pristine and finished fabrics.
The spectrum of the pristine fabric had peaks at 283.6 eV and 531.8 eV, assigned to the C 1s and O 1s
signals, respectively (Zhou et al. 2019). Compared with the spectrum of the pristine fabric, those of the
three finished fabrics had an additional peak at 687.4 eV, attributed to the F 1s signal (Chen et al. 2019).
This result also indicates that the finished fabrics were coated with the PMT copolymer.

Figure 4b shows the F 1s XPS spectra of the fabrics. Sample SC-3 featured the highest peak intensity of F
signal on the finished fabric surface, while SC-1 had the lowest. Moreover, the F content on the finished
fabric surface also showed a similar trend (Table S1). This result demonstrates that the content of PMT
copolymer coated on the finished fabric surface increased with the concentration of PMT copolymer
solution during the experiment. Figures 4c–f show the C 1s XPS spectra of the pristine and finished
fabrics. The spectrum of the pristine fabric had peaks at 284.5 eV (C-C), 286.3 eV (C-OH), and 288.4 eV
(C-O-C) (Ding et al. 2019; Shang et al. 2021), while the spectra of the three finished fabrics had a new
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peak at 292.0 eV (C-F3) (Yang et al. 2018b). Moreover, the peak at 288.6 eV (C = O/C-O-C) of the three
finished fabrics was slightly shifted compared with that of the pristine fabric. This result indicates that
the finished fabric surface produced a new C = O valence bond. According to the ATR and XPS results, the
PMT copolymer was successfully grafted onto the finished fabrics via transesterification.

Figure 5 shows the XRD spectra of the pristine and finished fabrics. The three finished fabrics showed
cellulose peaks at 15.1°, 16.6°, 23.0°, and 34.6°, similar to the pristine fabric (Luo et al. 2021; Tian et al.
2019). This result demonstrates that the cotton fiber crystal structure was not significantly destroyed
after the finishing process.

Figure 6 shows the scanning electron microscopy (SEM) image of the pristine and finished fabrics. In the
low-magnification SEM images (Figs. 6a–d), the three finished fabrics were similar to the pristine fabric.
This result indicates that the PMT copolymer was mainly grafted onto the cotton fibers, and it did not
cover the gap between the fibers, which ensured that the finished fabric had excellent air permeability. In
the high-magnification SEM images (Figs. 6e–l), the surface of the pristine fabric appeared clean and
smooth, while the surfaces of the three finished fabrics were rough and had many filaments. Moreover,
among the three finished fabric samples, SC-2 had the roughest surface. To prove that the filaments on
the surface of the finished fabrics were the PMT copolymer, the elements on the SC-2 surface and their
distribution were analyzed. As shown in Figs. 6m–p, the SC-2 surface contained C, O, and F, indicating
that the filaments on SC-2 were the PMT copolymer. In addition, the C, O, and F element mapping images
also demonstrate that the PMT copolymer was uniformly dispersed on the SC-2 surface. The above
results prove that the PMT copolymer was successfully coated and uniformly distributed on the finished
fabrics.

Analysis of superhydrophobic properties of fabric samples

The above structural analysis of the finished fabric shows that the PMT was successfully grafted onto
the fabric. To analyze the superhydrophobic properties of the finished fabric, which was coated with the
PMT copolymer, the pristine and finished fabrics were compared. As shown in Figs. 7a–d, the water
droplet (stained with methyl orange, MO) was quickly wetted on the surface of the pristine fabric, while it
exhibited a spherical shape on the surfaces of the three finished fabrics. To quantify the hydrophobic
properties of the fabrics, the WCAs were determined (Figs. 7e–h). Distilled water was quickly wetted on
the pristine fabric; therefore, the WCA of the pristine fabric was 0°. The WCAs of the three finished fabrics
were higher than 155.0°, while that of the pristine fabric was lower. Moreover, among the three finished
fabrics, SC-2 had the highest WCA (161.0° ± 0.2°). Therefore, SC-2 was selected as the research object to
analyze the hydrophobic performance and oil–water separation performance of the fabric. Another
interesting comparison between the pristine and finished fabrics is illustrated in Figs. 7i and j. Droplets of
common liquids in daily life, such as milk and coffee, appeared spherical on the SC-2 surface, but rapidly
melted on the surface of the pristine fabric.
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Figures 8a and b show optical images of the pristine fabric and SC-2 placed on water (stained with ink).
The pristine fabric was immediately immersed up to the water bottom, while the SC-2 remained afloat on
the water surface even after long periods. Figures 8c and d show optical images of the pristine fabric and
SC-2 after water immersion. The SC-2 had a bright, shining surface (Fig. 8c), while the surface of pristine
fabric was not different from that before the immersion (Fig. 8d). The photograph of the stream water
bouncing off the SC-2 surface is displayed in Fig. 8e. The flowing water immediately bounced off the SC-
2 surface without any wetting trace on the surface. According to these results, a superhydrophobic
surface was successfully constructed by grafting PMT copolymer onto fabrics.

Self-cleaning properties of finished fabrics

The finished fabric had excellent superhydrophobic properties, meaning that it had great application
potential in self-cleaning. Figures 9a and b show optical images of the pristine fabric and SC-2 immersed
in polluted water. The pristine fabric became contaminated immediately after its immersion (Fig. 9a).
However, the surface of the SC-2 remained clean even after its immersion (Fig. 9b). The self-cleaning
properties of the pristine fabric and SC-2 are also compared in Fig. 9c. Methyl orange dust was placed on
the surfaces of the pristine fabric and SC-2, and then the fabric surfaces were rinsed with distilled water.
The MO dust on the SC-2 surface was easily washed away by distilled water, and no water trace was left
on the fabric surface; however, a large amount of water was needed to wash off the MO dust on the
surface of the pristine fabric. The results demonstrate that SC-2 had excellent self-cleaning properties for
both contaminated solutions and dust pollutants.

Durability properties of the superhydrophobic surface of finished fabrics

In practical applications, the durability of the superhydrophobic fabric is a major factor. Figures 9e and f
demonstrate the mechanical durability of SC-2. As shown in Fig. 9e, the WCA of the SC-2 surface
decreased only slightly with the increase in the number of abrasion cycles. Even after 1600 abrasion
cycles, the WCA was still 157° ± 0.5°. This indicates that the abrasion treatment had little effect on the
SC-2 superhydrophobic surface. Figure 9f shows the laundering durability of the SC-2 sample. The effect
of washing treatment on the durability of the SC-2 superhydrophobic surface was similar to the effect of
abrasion treatment. The WCA of the SC-2 surface decreased with increasing washing runs. After 50
washing cycles, the WCA value was still 155.6° ± 0.3°. This result proves that the washing treatment had
little effect on the SC-2 superhydrophobic surface. According to these results, the superhydrophobic
surface of the finished fabric had excellent mechanical durability.

Analysis of oil–water separation properties of finished fabrics

The excellent durability of the finished fabric indicates that it has great application potential in the field of
oil–water separation. To judge whether the finished fabric had oil–water separation properties, qualitative
characterization was conducted, and the results are shown in Figs. 10a–c. The water droplets (stained
with ink) and the oil droplets (stained with oil red O) were quickly wetted on the pristine fabric, while the
water droplets exhibited a spherical shape on the SC-2 surface whether it wetted by the oil droplets. This
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result demonstrates that the SC-2 can be used for oil–water separation processes. Figure 10d shows the
separation efficiencies of various oil–water mixtures when SC-2 was used as the filter material. The
separation efficiency of the various oil–water mixtures such as cyclohexane/water mixtures and N-
hexane/water mixtures was 99.5%. Moreover, the WCA of SC-2 after it was subjected to various oil–water
separation processes also exceeded 156.0° (Fig. 10e). These results indicate that the finished fabric had
excellent oil–water separation properties.

Analysis of desired properties of fabrics

In practical applications, the inherent properties of modified fabric samples are critical (Xu et al. 2017; Xu
et al. 2018; Zhang et al. 2018). Hence, the water vapor permeability, water absorption ability, tensile
strength, elongation, and flexibility of the fabric samples were analyzed, and the results are depicted in
Fig. 11.

The water vapor permeabilities of the three finished fabrics were slightly lower than that of the pristine
fabric, by 11.0% at most (Fig. 11(1)). The water absorption abilities of the three finished fabrics were
similar to that of the pristine fabric (Fig. 11(2)). The tensile breaking strengths of the three finished
fabrics were lower than that of the pristine fabric (Fig. 11(3)), but by 16.6% at most. The elongations of
the three finished fabrics were almost the same as that of the pristine fabric (Fig. 11(4)). The flexibilities
of the pristine and finished fabrics are shown in Fig. 11(5). The pristine fabric showed good flexibility, and
the loop height was 9.0 mm, while the loop heights of the three finished fabrics were only slightly higher.
This result shows that the flexibilities of the three finished fabrics were slightly lower than that of the
pristine fabric, but by an acceptable percentage. In general, the desired properties of the finished fabric
were not significantly reduced after the modification.

Conclusion
A durable superhydrophobic surface of finished antibacterial fabric was successfully constructed using
PMT copolymer. The finished fabric samples showed excellent superhydrophobic properties. The WCA
value of the fabric with 2 wt% PMT solution (SC-2) was 161.0° ± 0.2°. The superhydrophobic surface of
SC-2 also showed excellent mechanical durability. Even after SC-2 was subjected to 1600 abrasion cycles
or 50 laundering cycles, the WCA values were still greater than 155.6°. Moreover, the finished fabric had
excellent self-cleaning properties for both liquid and solid dust pollutants. The SC-2 sample as a filter
material also showed excellent oil–water separation properties for various oil–water mixtures such as
chloroform/water and N-hexane/water mixtures, and the separation efficiency was up to 99.5%. In
addition, the desired properties of finished fabrics such as flexibility, air permeability, and water
absorption ability were not significantly lower than those of the pristine fabric. Given the results, the
finished fabric grafted with PMT copolymer has great application prospects in several fields, including
self-cleaning and oil–water separation.
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Figure 1

PMT synthesis route.

Figure 2

Preparation route and mechanism of the finished fabric.
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Figure 3

ATR-FTIR spectra of fabrics.
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Figure 4

Wide-range XPS spectra and C 1s XPS spectra of the pristine fabric (a, e); SC-1 (b, f); SC-2 (c, g); and SC-3
(d, h). F 1s XPS spectra of the fabric samples (i).
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Figure 5

XRD spectra of fabric samples.
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Figure 6

SEM images of the pristine fabric (a, e, i); SC-1 (b, f, j); SC-2 (c, g, k); and SC-3 (d, h, l). SEM image (m), C
(n), O (o), and F (p) element mapping images.
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Figure 7

Water droplet (stained with methyl orange) placed on fabrics and water contact angle image of fabric
samples: pristine fabric (a, e); SC-1 (b, f); SC-2 (c, g); and SC-3 (d, h). Optical image of droplets of several
common liquids placed on SC-2 (i) and pristine fabric (j).
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Figure 8

The pristine fabric immersed in water (a) and SC-2 afloat on water (b). The shining surface of SC-2 in
water (c) and the surface of the pristine fabric wetted by water (d). Flowing water bouncing off the SC-2
surface (e).
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Figure 9

Self-cleaning of the pristine fabric (a) and SC-2 (b) treated with stained water. Self-cleaning behavior of
solid dust on the surface of the pristine fabric (c) and SC-2 (d). Durability of SC-2 subjected to abrasion
cycles (e) and laundering cycles (f).
Analysis of oil–water separation properties of finished fabrics
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Figure 10

Water droplets (stained with ink) and chloroform (stained with oil red O) wetted on the pristine fabric (a).
Water droplets placed on the SC-2 surface (b). Water droplets placed and chloroform droplets wetted on
the SC-2 surface (c). Separation efficiency of SC-2 as filter material for various oil–water mixtures (d).
Water contact angle of SC-2 after separation of various oil–water mixtures (e).
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Figure 11

Water vapor permeability (1), water absorption (2), tensile strength (3), elongation (4), and flexibility (5) of
the pristine fabric (a), SC-1 (b), SC-2 (c), and SC-3 (d).
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