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orine-free superhydrophobic and
wear-resistant cotton fabric with a UV curing
reaction for self-cleaning and oil/water separation

Yaofa Luo,a Shuang Wang,a Xihan Fu,a Xiaosheng Du, ab Haibo Wang, ab

Xu Cheng*ab and Zongliang Du*ab

A durable superhydrophobic, self-cleaning cotton fabric prepared with UV curing was prepared by a simple

method and used for oil/water separation. Firstly, sulfhydryl silica nanoparticles on the fabric surface were

prepared by the Stöber reaction (SiO2–SH@cotton). Then, the side chain hydroxyl terminated PDMS was

reacted with isocyanate to form an isocyanate terminated prepolymer. The prepolymer terminated by

HEMA (vinyl-terminated PDMS (PIH)) was sprayed on the fabric surface, and then the superhydrophobic

coating (SiO2–S–PIH@cotton) was formed using UV curing. A series of characterization methods were

used to demonstrate the properties of the modified cotton fabric. When the weight gain after PIH

spraying was 1.8 wt%, the fabric reaches an optimal state (water contact angle (WCA) of 153� and

a sliding angle of 7�). When used in an oil–water separation test, the highest separation efficiency

reached 99.1%. In particular, the as-prepared fabric has excellent wear resistance. Compared with that

before spraying, the superhydrophobicity of the as-prepared fabric has no obvious decrease after 300

cycles under 200 g of weight or after 100 cycles under 500 g of circular friction. This indicated that

surface sprayed polymers have two functions: providing low surface tension and protecting the rough

surface formed by silica particles. This process was time-saving, energy-saving, protected the

environment, had a low material cost and a strong performance stability. It is hoped that this fabric can

be used in the large-scale industrialization of oil–water separation.
1. Introduction

Superhydrophobic surfaces have attracted wide interest because
of their potential applications in self-cleaning, anti-corrosion,
anti-icing, oil–water separation, and so on.1–4 Inspired by the
magic of nature, such as lotus leaves, petals and buttery wings,
the construction of a superhydrophobic surface requires two
conditions: the roughness of the surface micro/nanostructures
and a compound with a low surface tension.5–7 Among all the
materials, textiles, especially cotton fabric, which is inexpen-
sive, renewable, exible and easy to hybridize, was one of the
most promising candidates for the construction of micro/
nanostructures combined with low surface tension compo-
nents for preparing the superhydrophobic products.8,9

There are several types of materials and methods to
construct a micro/nano hierarchical structure on the surface of
cotton fabric. Huang et al. successfully developed TiO2 particles
on the surface of cotton fabric similar to the structure of
a petal's surface, with good mechanical properties,
, Sichuan University, Chengdu 610065, PR

8-85401296
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environmental stability, better self-cleaning performance and
oil–water separation efficiency.10 Shah et al. developed Al2O3

nanoparticles and a PDMS composite coating, and achieved an
excellent superhydrophobic effect (WCA¼ 165�).11 Zhu reported
a simple method to prepare ZnO and a PDMS hybrid on the
fabric, which showed excellent superhydrophobic properties,
self-cleaning properties and UV resistance, as well as wear and
wash resistance.12 Wang et al. introduced two adjacent transi-
tion metals (Fe and Co) to be nanoparticles and n-octadecyl
thiol to be the components of low surface tension to prepare
a surface with superhydrophobicity (CA > 150�).13 Also, nano-
SiO2 is the most widely reported and used, attributed to its low-
cost, easy modication, and eco-friendly nature.14–18

However, the adhesion of rough nano silica particles on
cotton fabric is not ideal, and it is easy for them to peel off, thus
with the reported superhydrophobic materials it is still difficult
to achieve the wear and scratch resistance. Therefore, nding
materials and methods that could not only reduce the surface
tension, but also improve the wear and scratch resistance is
crucial.14 Cao et al. reported that a nano-rough surface was
formed by a silica aerogel, and then a superhydrophobic cotton
fabric was prepared using a PDMS coating. The contact angle
(CA) was greater than 160� and the rolling angle was less than
10�. It had good anti-fouling, self-cleaning, and high-efficiency
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
oil–water separation performances. The superhydrophobic
material could endure 100 cycles of wear resistance (3.5 kPa)
and ve cycles of repeated mechanical washing.19 Pan et al.
prepared a PDMS-CuSA2 superhydrophobic coating on cotton
fabric using an in situ method with dip coating method with
sodium hydroxide etching. The WCA of the prepared fabric
could reach 158� and the coating had excellent chemical
stability and UV resistance. The efficiency of oil–water separa-
tion was more than 90% and the fabric had good reusability.
The as-prepared material can withstand 10 cycles (100 g) of
mechanical abrasion.20 However, these methods relied on the
affinity between PDMS and the fabric itself, and the traditional
high-temperature baking method was time-consuming and
energy-consuming. In particular, the preparation of a super-
hydrophobic fabric coating with good wear resistance and high
separation efficiency for oil/water mixture still has great
challenges.20

Herein, a UV curable uorine-free superhydrophobic coated,
and wear-resistant cotton fabric was prepared by a simple
method and applied in oil–water separation (Scheme 1). Firstly,
sulydryl silica nanoparticles were prepared on the surface of
the fabric via a Stöber reaction (SiO2–SH@cotton). Then, the
side chain hydroxyl terminated PDMS was reacted with isocya-
nate to form an isocyanate terminated prepolymer. The pre-
polymer terminated by HEMA (vinyl-terminated PDMS (PIH))
was sprayed onto the fabric surface, and then the super-
hydrophobic coating (SiO2–S–PIH@cotton) was formed by UV
curing. A series of characterization methods were used to
demonstrate the structure of modied fabric. In particular, it
was found that the as-prepared fabric had excellent wear
resistance. Compared with that before spraying, the super-
hydrophobicity of the as-prepared fabric showed no obvious
decrease aer 300 cycles under 200 g of weight, and the wear
resistance reached more than 100 cycles under circular friction
of 500 g. This process was time-saving, energy-saving, environ-
mentally friendly, had a low material cost and a strong perfor-
mance stability. It is hoped that this fabric could be applied in
the large-scale industrialization of oil–water separation.
Scheme 1 Preparation of SiO2–SH@cotton and SiO2–S–PIH@cotton.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2. Experimental section
2.1 Materials

Tetraethyl orthosilicate (TEOS), 3-mercaptopropyltriethox-
ysilane (MPTES), ethanol (EtOH) aqueous ammonia (NH3$H2O,
25 wt%), dibutyltin didodecylate (DBTDL, 90%) hydroxyethyl
methacrylate (HEMA), 2-hydroxy-2-methylpropiophenone (Dar-
ocur 1173), isophorone diisocyanate (IPDI) and methyl alcohol
were supplied by the Huaxia Chemical Industry Co., Ltd
(Chengdu, China). Hydroxyl terminated organosilicon (PDMS,
X-22-176B,Mn ¼ 2600) was supplied by Shin-Etsu Chemical Co.,
Ltd (Japan). There was no further purication before use of any
of the chemical reagents. Dichloromethane (DCM), n-hexane
(NH), bromobenzene (BB), trichloromethane (TCM), petroleum
ether (PE) and tetrahydrofuran (THF) were purchased from
Tansoole. Cotton fabric (desized and scoured, woven, 106 g
m�2) was purchased from Dragon Clan (China) Co., Ltd.,
(Fujian, China). The pristine cotton fabric was pre-treated with
deionized (DI) water with ultrasonic cleaning before use.
2.2 Sample preparation

The preparation of a sample was divided into two steps. Firstly,
the silica particles were reacted on the cotton fabric via the
Stöber reaction. The original fabric (5 g) was pre-wetted by
immersing it in TM solution (100 ml, consisting of EtOH, TEOS
and MPTES).13 The weight ratio of EtOH, TEOS, and MPTES in
solution was 6 : 3 : 1. Next, the pre-treated fabric was put into
a sealed beaker lled with an ammonia atmosphere and reacted
at 50 �C for 20 min. The fabric (named SiO2–SH@cotton) was
obtained aer drying for 1 h at 80 �C.

In the second step (see Scheme 2), PIH (IPDI 0.01 mol, PDMS
0.005 mol, HEMA 0.01 mol) was synthesized rst (PIH: Mn ¼
3.66 � 104 g mol�1, Mw ¼ 7.84 � 104 g mol�1), and then the
photo-initiator 1173 X was added. Next compounding solution
was sprayed onto the surface of the SiO2–SH@cotton. Subse-
quently, the sprayed fabric was placed under UV light (365 nm,
120 mW cm�2) and allowed to cure for 5 min at a distance of
RSC Adv., 2021, 11, 4660–4671 | 4661
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Scheme 2 Synthetic route for obtaining vinyl-terminated PDMS (PIH).
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10 cm from the UV light. In this way, the superhydrophobic
cotton fabric (SiO2–S–PIH@cotton) was nally obtained.
2.3 Characterization

Fourier-transform infrared spectroscopy (FT-IR) and X-ray
photoelectron spectroscopy (XPS) were performed with a Nico-
let 560 FT-IR spectrometer (Nicolet, USA) in the range of 400–
4000 cm�1 and XSAM800 instrument (Kratos Analytical, UK),
respectively. X-ray diffraction (XRD) was conducted to research
the crystallization of the samples using a D8 advance diffrac-
tometer (Bruker) in the range of 5�–60�. The thermodynamic
stability of the cotton fabric was determined suing TGA and
DTG (TA Instruments, USA) from 50� to 800 �C. The test
conditions were as: heating rate: 20 �C min�1, under N2 and air
atmosphere. Cotton samples were tested by thermogravimetry-
IR (TG-IR) spectroscopy to determine the combustion prod-
ucts of the cotton samples with a STA 8000 TG-IR spectrometer
(Perkin Elmer, USA). The limiting oxygen index (LOI) was
measured by the vertical combustion method given in the GB/
T5454-1997 standard. The size of the cotton sample was
150 mm (length) � 58 mm (width). The morphology of the
cotton bers before and aer modication as well as the char
residues aer cone calorimetry testing (CCT) were characterized
using scanning electron microscopy energy-dispersive X-ray
4662 | RSC Adv., 2021, 11, 4660–4671
spectroscopy SEM-EDX analysis with a JSM-7500F instrument
(SEM, JSM-7500F, Jeol, Japan). The standard for the CCT
combustion test method is the ISO 5660-1 standard, using
a cone calorimeter (Fire Testing Technology, UK). The size was
100 mm (length) � 100 mm (width). The washing resistance of
the cotton fabric before and aer modication was determined
using the AATCC 61-2006 standard. The tensile strength and
elongation at break of the cotton fabrics were measured
according to the GB/T3923-1997 standard test method. At least
three measurements for each sample (25 cm � 5 cm) were
recorded. The exibility of the fabric samples was evaluated
according to ASTM D1388-96 (2002) test method. The bending
rigidity of the fabrics was measured using eqn (1):

G ¼ M � C3 (1)

where, G, M and C are the bending rigidity (mg cm), the cotton
fabric weight (mg cm�2) and the average bending length (cm),
respectively. The WCAs in the air and the sliding angles (SA)
were measured using the DSA25S contact angle measuring
device (Krüss, Germany). Deionized water (i.e., 5 mL for the static
contact angle, 15 mL for the SA) was used as a testing liquid in
this research.

The weight gain (WG) was calculated using the following
eqn (2):
© 2021 The Author(s). Published by the Royal Society of Chemistry
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WGð%Þ ¼ W1 �W0

W0

� 100% (2)

where W0 is the weight of the SiO2–SH@cotton fabric and W1 is
the weight of SiO2–S–PIH@cotton fabric.
2.4 Self-cleaning test and stability evaluation

The cotton fabric before and aer modication was covered
with the powder impurity coating, buried in the soil, and then
taken out to compare the dirt on it aer ushing with a small
amount of water. Chemical stability was measured using the
following experiment. The treated textile was soaked in various
Fig. 1 (a) The FT-IR spectra of pristine cotton fabric, SiO2–SH@cott
SH@cotton and SiO2–S–PIH@cotton. (c) The XPS spectra of the pristine
resolution XPS spectra of the C 1s region of (d) pristine cotton fabric, (e)

© 2021 The Author(s). Published by the Royal Society of Chemistry
chemical solutions, such as acid (pH ¼ 2, hydrochloric acid),
alkali (pH ¼ 11, sodium hydroxide), NaCl solution, DCM, NH,
toluene, coffee and milk for 48 h. Aer the treatments were
nished, the WCA tests were applied to assess the chemical
durability of the treated fabrics. Furthermore, the anti-
ultrasonic treatment capability was investigated by using a UV
lamp to light the fabric, followed by determination of the WCAs
of the surface every 20 min.
2.5 Oil and water separation experiment

Oil/water separation is the primary function of the fabric. In this
study, light oil (NH) and heavy oil (DCM) were prepared for use
on and SiO2–S–PIH@cotton. (b) The XRD of pristine cotton, SiO2–
cotton fabric, SiO2–SH@cotton and SiO2–S–PIH@cotton. The high-
SiO2–SH@cotton and (f) SiO2–S–PIH@cotton.

RSC Adv., 2021, 11, 4660–4671 | 4663
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as two oil models to test the separation efficiency. Moreover,
other heavy or light oils were also applied to assess the gener-
alizability of the oil/water separation material. As shown later,
this device was applied to oil/water separation tests. A mixture
of 100 ml of red oil and 100 ml of blue water was put into the
funnel container above the separation device.21 Theoretically,
the red oil passes through the lter into the beaker below but
the blue water cannot penetrate the fabric and remains in the
upper container. Additionally, the separation test was repeated
for 30 cycles to study the repeatability of the use of the func-
tional fabric. Eqn (3) was used to calculate the fabric separation
efficiency rate:22

ES ¼ (m1/m2) � 100% (3)

where m1 and m2 are the masses of solutions aer and before
the test, ordinally. Moreover, NH and DCM were considered to
represent different densities of oil, respectively.
3. Results and discussion
3.1 Characterization

FT-IR, XRD and XPS were used to characterize the composition
of the pristine cotton, the SiO2–SH@cotton and the SiO2–S–
PIH@cotton to conrm whether the modication process was
successful. The results of this are shown in Fig. 1. Firstly, the
broad absorption peaks at 3430 cm�1, 2900 cm�1 and
1640 cm�1 corresponded to the stretching vibrations of –OH,
the stretching vibrations of –CH2 and the bending vibrations of
–OH, respectively, and these were the characteristic peaks of
Fig. 2 The TGA (a) and DTG (b) curves of pristine cotton, SiO2–SH@cot

Table 1 Characteristic parameters of TGA and DTG curves for cotton u

Sample T5% (�C) Tmax (�C)

Pristine cotton 330 377
SiO2–SH@cotton 334 362
SiO2–S–PIH@cotton 338 361

a T5% is the temperature at which the mass loss is 5 wt%, Tmax is the tempe
mass loss rate.

4664 | RSC Adv., 2021, 11, 4660–4671
cellulose.23 The bands at 1108 cm�1 and 795 cm�1 were
assigned to the Si–O–Si stretching peaks. The peak at 2132 cm�1

was due to the stretching vibration peak of –SH which only
appeared with the SiO2–SH@cotton, which proved that SiO2–

SH@cotton had been fabricated successfully.24,25 Meanwhile,
a new peak appeared at 1430 cm�1 which was attributed to the
stretching vibration of S–C. This showed that the double bond
of HEMA reacted with the sulydryl radical aer the UV curing
reaction. The peak at 1260 cm�1 only appeared when modi-
cation of the cotton surface was attributed to Si–C, which also
conrmed that PDMS and MPTES were successfully coated on
to the cotton fabric.26

Then the crystal structures of the four types of cotton bers
were determined by XRD, and the results are clearly shown in
Fig. 1b. The peak values of the pristine cotton ber were found
at the 2q ¼ 14.62�, 16.45�, 22.75� and 34.44� positions, which
corresponded to the crystal planes of cellulose-I (1�10), (110),
(200) and (004), respectively.27,28 The crystal structure of the
modied cotton ber was consistent with that of the pristine
cotton fabric and the intensity of the peak had decreased
slightly. These structures indicated that a series of chemical
modications had not changed the crystal structure of the
cotton ber.

Finally, the chemical components on the surface of the
cotton fabrics were further determined using XPS, as shown in
Fig. 1c–f. As shown in Fig. 1c, the pristine cotton fabric included
C 1s (283.2 eV) and O 1s (531.3 eV) peaks, whereas two new
peaks, S 2p (162.5 eV) and Si 2p (101.8 eV), appeared aer the
modication of the silica particles (SiO2–SH@cotton) and N 1s
(398.6 eV) appeared on the cotton fabric aer spraying with PIH.
ton and SiO2–S–PIH@cotton under a N2 atmosphere.

nder a N2 atmospherea

Rmax (wt% per min) Residue at 800 �C (wt%)

44.2 8
43.2 17.5
39.5 18.8

rature at which the mass loss rate is maximum, Rmax is the the maximum

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of pristine cotton (a), SiO2–SH@cotton (b) and SiO2–S–PIH@cotton (c) at 100, 2000, and 5000 SE, respectively.

Fig. 4 EDX elemental mapping images of carbon, nitrogen, sulfur, silicon, and oxygen of SiO2–S–PIH@cotton at 2000 SE.
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These XPS results showed that silica particles and PIH polymers
were successfully graed onto the fabric.29,30 Based on the XPS
analysis of C 1s, it was found that C–Hx (C–C, C–H, C]C, 283.15
eV), C–O (284.42 eV), C]O (286.3 eV) were included in pristine
cotton. Compared with pristine cotton, it could be seen from
Fig. 1e that the groups of two new peaks (C–O/C–S, 284.22 eV
and C–Si, 282.81 eV) also appeared, which proved that the silica
particles with the sulydryl group had been modied
successfully. At the same time, it can be seen from Fig. 1f that
two peaks were added (–COO, 286.68 eV and C–N, 282.92 eV),
which indicated that the reaction of thiol with a double bond
was successful, and that of isocyanate and polyol was
successful.31,32
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 Thermogravimetric analysis (TGA)

In order to compare the change of thermal stability of the cotton
fabric before and aer modication, TGA and DTG were used, and
the results are shown in Fig. 2. Various related parameters are also
listed in Table 1. It can be seen from Table 1 that the T5% of the
modied cotton fabric had obviously increased and the thermal
stabilities of the as-prepared cottons were improved. The improve-
ment of the thermodynamic properties of the modied fabric was
benecial for applications of the fabric.

3.3 Morphology analysis

As mentioned, previously, superhydrophobicity requires two
conditions: a rough nano surface and a low surface tension
RSC Adv., 2021, 11, 4660–4671 | 4665
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Fig. 5 The WCAs and SAs of cottons with different weight gains after
spraying with PIH.
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surface. The material studied here was examined by SEM, and
the clear images can be seen in Fig. 3. It can be seen from Fig. 3
that the surface of the pristine cotton was smooth. Aer the
TEOS and MPTES modication, dense small particles grew over
the surface of the cotton and covered the whole bre surface
(Fig. 3b).

It should be noted that the silica particles were formed on
the ber surface by a sol–gel method. This is consistent with
a phenomenon reported previously in the literature. From
Fig. 3c, it can be seen that the surface of the silica particles was
coated with a very thin coating, which should be the PIH that
was sprayed on, before the light curing reaction. This structure
should be helpful for superhydrophobic capacity and durability.

The EDX mapping was further used to investigate the
element distribution of SiO2–S–PIH@cotton fabric. It was
clearly seen that the elements of C, O, N, S, and Si were
dispersed uniformly (Fig. 4). In summary, the previous results
conrmed that the SiO2 nanoparticles had been formed and
that PIH was distributed uniformly on the surface.
Fig. 6 (a) Strain–stress curve of the cotton fabric sample. (b) Bending rigid
amounts of PIH (Pc: pristine cotton).

4666 | RSC Adv., 2021, 11, 4660–4671
3.4 Weight gain aer spraying with PIH

In order to study the effect of weight gain aer spraying with
PIH on superhydrophobicity, the change of WCA between 1%–

3% weight gain, was measured and the results are shown in the
Fig. 5. With the increase of the quantity of PIH, the WCA
increased rst and then decreased. When the weight of the
spray coating was 1.8%, the maximum WCA was 153� and the
maximum SA was 7�. The reason for this is that the rough
surface and the low surface tension coating need to achieve
a balance, too little PIH, is insufficient to support the low
surface tension, whereas with too much PIH, it was easy to
completely cover the silica particles, and the roughness was
reduced. It can be seen from Fig. 5, that the trend of the change
of SAs was consistent with that of the WCAs. Therefore, a weight
gain of 1.8% aer spraying with PIH was selected as the
optimum in this research.
3.5 Flexibility of superhydrophobic cotton fabric

As a fabric still in the implementation process, the mechanical
strength and soness are very important parameters. In order to
study the mechanical properties and soness of the modied
fabric, the stress–strain curve and bending rigidity were deter-
mined, and the results are shown in Fig. 6. It can be seen from
Fig. 6a that the pristine cotton fabric has a good mechanical
property. Aer the rst step of modication (SiO2–SH@cotton),
the rigidity was enhanced and the elongation decreased slightly.
This should be due to the formation of rigid silica particles on
the fabric surface, and the cellulose structure was slightly
damaged in the ammonia atmosphere. Aer spraying PIH
(WG ¼ 1.8%), the breaking strength of the fabric continued
to increase, but the elongation at break decreased. This was
due to the formation of a lm on the surface of the fabric
aer PIH curing, which increased the strength. But it may
also be due to the binding of the yarn, which limited the
yarn movement and lead to the decrease of elongation at
break. Bending rigidity of the treated cotton fabrics with
different weight gains aer spraying with different amounts
of PIHs is shown in Fig. 6b. The rigidity of the SiO2–
ity and weight gain of the treated cotton fabrics after spraying different

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The influence of (a) ultrasonic treatment, (b) solutions with different pH values, (c) placed under different temperatures for 6 h, and (d)
wash cycles. Effect of (e) horizontal scratch cycles, and (f) circular scratches, on WCAs and SAs of SiO2–SH@cotton and SiO2–S–PIH@cotton.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 5

:5
9:

52
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
SH@cotton fabric was higher than that of the pristine
cotton fabric. With the increase of the amount of PIH
sprayed, the rigidity of the fabric increased. This result was
consistent with the stress–strain curve. Although the
© 2021 The Author(s). Published by the Royal Society of Chemistry
mechanical strength of the modied cotton fabric showed
some changes, its exibility was still very good, which is very
important for the subsequent applications of the cotton.
RSC Adv., 2021, 11, 4660–4671 | 4667
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Fig. 8 Self-cleaning ability of (a) pristine cotton textile and (b) SiO2–S–PIH@cotton with powder contaminants. Self-cleaning ability of (c) pristine
cotton textile and (d) SiO2–S–PIH@cotton in polluted solutions.
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3.6 Durability of superhydrophobic cotton fabric

The durability and stability of modied fabrics is very important
when considering their practical applications. As shown in
Fig. 7a, when the fabric sample was placed in the ultrasonic
processor, it could be observed that the WCA of the SiO2–S–
PIH@cotton decreased slightly with the extension of the ultra-
sonic wave, and it still remained above 150� aer 120 min, but
the decrease of SiO2–SH@cotton was faster, which may be
caused by insufficient adhesion of the silica particles on the
surface and partial shedding. Fig. 7b shows the change of the
WCA of the fabric surface aer the fabric was immersed in
solutions with different pH for 48 h. Both samples were not
sensitive to the change of pH value, and the WCA decreased
slightly in acidic and alkaline conditions. Fig. 7c shows the
curve of the inuence of temperature change on the WCA. The
samples were baked for 6 h at each temperature. It can be seen
from the gure that the two samples were not sensitive to
4668 | RSC Adv., 2021, 11, 4660–4671
temperature change. Even if they were baked at 200 �C for 6 h,
their WCAs were remained stable. This showed that the modi-
ed fabric had excellent high temperature resistance.

Fastness of fabrics when washed in water is an important
index to measure the superhydrophobicity of fabric. In Fig. 7d,
the materials were washed according to a standard washing
method, and the change of WCA was tested. It can be seen from
Fig. 7d that the WCA of SiO2–S–PIH@cotton decreased slightly
with the increase of washing time, and it remained above 138�

aer 30 cycles of washing. The WCA of SiO2–SH@cotton
decreased rapidly with the increase of washing time, which may
be due to the insufficient adhesion of the nanoparticles.

Finally, the main idea of this research was to improve the
wear resistance of superhydrophobic fabrics, so two methods
were used to evaluate the wear resistance of the modied
fabrics. The rst method was the horizontal scratch method,
results are shown in Fig. 7e, which involves friction back and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Photograph of water (dyed with MB) and dichloromethane
(dyed with OR) on a pristine textile. (b) Photograph of water droplets
on SiO2–S–PIH@cotton. (c) Photograph of water droplets and n-
hexane on SiO2–S–PIH@cotton.
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forth on the surface of 15 cm sandpaper (2000 mesh), and then
the WCA was measured aer the friction. The results showed
that the wear resistance of the SiO2–S–PIH@cotton was very
good, and it was still above 144� aer 300 cycles, whereas the
WCA of the SiO2–SH@cotton decreased greatly aer friction.
The rst reason for this was that the nanoparticles easily fell off
the surface under friction if there was no protective layer, and
the superhydrophobic effect became worse. In the circular
scratch method (Fig. 7f), the test results were similar to those of
the rst method. In addition, from Fig. 7, it can be seen that the
trend of the change of the SAs was consistent with that of the
WCAs. Therefore, the SiO2–S–PIH@cotton had excellent friction
resistance, and the abrasion resistance of the superhydrophobic
fabric could be solved by a spraying and UV curing method.
Fig. 10 Absorption processes of (a) light oil (n-hexane, dyed with OR) and
S–PIH@cotton.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.7 Self-cleaning

The results of the self-cleaning ability testing of the fabrics is
shown in Fig. 8. When the two types of cotton fabrics were
inserted into ne powder contaminants at the same time, and
then taken out, and were then ushed with a small amount of
water, it was found that SiO2–S–PIH@cotton was free from dust
and had a self-cleaning function similar to the lotus leaf
surface, whereas the unmodied cotton fabric was still covered
with dust (Fig. 8a and b). The results of another test are shown
in Fig. 8c and d. For this test two fabrics were simultaneously
inserted into a bluish colored aqueous solution, where pristine
cotton immediately absorbed the blue liquid whereas the SiO2–

S–PIH@cotton remained clean. The sample SiO2–S–PIH@cot-
ton could also oat on the water surface without external force.
These results all indicate that SiO2–S–PIH@cotton is super-
hydrophobic with self-cleaning ability, which is conducive to its
further application in the eld of outdoor decorations and
household appliances.

3.8 Oil–water separation

As shown in Fig. 9, the pristine cotton fabric could absorb both
water and oil. The SiO2–S–PIH@cotton was completely lipo-
philic, and aer absorbing oil and then dropping water solution
on it, there was still good hydrophobicity. Based on this char-
acteristic, SiO2–S–PIH@cotton could be used in the eld of oil–
water separation. The fabric was used to absorb a light oil (NH,
dyed with OR) and heavy oil (DCM, dyed with OR), and the
results are shown in Fig. 10. This small piece of cotton fabric
could easily absorb the light oil oating on the water and the
heavy oil sank into the water. These results proved that the
SiO2–S–PIH@cotton had a great potential in the eld of oil–
water separation.
(b) heavy oil (dichloromethane, dyed with OR) fromwater using SiO2–

RSC Adv., 2021, 11, 4660–4671 | 4669
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Fig. 12 (a) The separation efficiency of SiO2–S–PIH@cotton for various oil–water mixtures. (b) The variation of separation efficiency andWCA of
SiO2–S–PIH@cotton versus the number of separation cycles.

Fig. 11 Photographs of the oil–water separation process with SiO2–S–PIH@cotton.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 5

:5
9:

52
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Therefore, representative oil–water separation was used to
verify the oil–water separation efficiency. Fig. 11 shows the oil–
water separation device and oil–water separation program.
Heavy oil (DCM) was chosen as an oil model to test the sepa-
ration performance. The results showed that when the oil–water
mixture was poured into the separation device, the oil easily
leaked through the fabric into the conical ask, and the water
was tightly blocked above, so it achieved the purpose of oil–
water separation. The experiment proved that SiO2–S–PIH@-
cotton has excellent oil–water separation efficiency, and the
separation efficiency reaches more than 99.1%.

In order to verify the applicability of SiO2–S–PIH@cotton, the
oil–water mixture was prepared with different types of oil and
was then treated with the same oil–water separation method.
The results are shown in Fig. 12a and b, which proved that there
was a good separation effect (more than 98.5%) for the six
simulated oils. In addition, the durability of the fabric was
veried by repeated ltration and separation cycles. The results
showed that aer 30 cycles of repeated use, the ltration effi-
ciency was still above 97.8%, and the WCA of SiO2–S–PIH@-
cotton was still greater than 145�. Thus, the SiO2–S–PIH@cotton
had an efficient oil–water separation ability and reusability.
4670 | RSC Adv., 2021, 11, 4660–4671
4. Conclusion

A durable, superhydrophobic, self-cleaning cotton fabric based
on UV curing was prepared by a simple method and used in the
eld of oil–water separation. A series of characterization
methods were used to demonstrate the material's structure.
When the weight gain aer PIH spraying was 1.8%, the fabric
reaches an optimal state with a WCA of 153� and a SA of 7�. The
superhydrophobic fabric shows excellent chemical and envi-
ronmental stability under the optimal conditions. When used
in an oil–water separation test, the highest separation efficiency
could reach 99.1%. In particular, it was found that the as-
prepared fabric has excellent wear resistance compared with
that before spraying with PIH. In both the horizontal wear test
and the circular wear test, the superhydrophobic durability of
SiO2–S–PIH@cotton was much better than that of SiO2–

SH@cotton. This indicated that the surface sprayed polymers
have two functions: (i) providing low surface tension, and (ii)
protecting the rough surface formed by silica particles. This
process was time-saving, energy-saving, environmentally
friendly, had a low material cost and strong performance
stability. It is hoped that this method can be used in the large-
scale industrialization of oil–water separation.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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