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One-Step Covalent Surface Modification to Achieve Oil-Water
Separation Performance of a Non-Fluorinated Durable
Superhydrophobic Fabric
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ABSTRACT: In this work, a durable superhydrophobic fabric was fabricated by a
facile covalent surface modification strategy, in which the anchoring of 10-
undecenoyl chloride (UC) onto the fabric through the esterification reaction and
covalent grafting of n-dodecyl-thiol (DT) via thiol-ene click chemistry were
integrated into one step. Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM)
measurement results demonstrated that UC and DT were covalently grafted onto the o
fabric surface. The formed gully-like rough structure by the grafted UC and DT on I e e S L T ot e
the fabric surface together with the inherent microfiber structure, combined with the

grafted low-surface-energy materials of UC and DT, gave the resultant modified
DT—-UC@fabric superhydrophobic performance. The superhydrophobic DT-UC@ <. @ 35
fabric was used for separation of oil—water mixtures; it exhibited high separation

efficiency of more than 98%. In addition, it presented excellent durability against

mechanical damage; even after 100 cyclic tape-peeling and abrasion tests, the DT—UC@fabric could preserve superhydrophobic
performance, which was ascribed to the formed covalent interactions between the fabric surface and the grafted UC and DT.
Therefore, this work provided a facile, efficient strategy for fabricating superhydrophobic composites with excellent durability, which
exhibited a promising prospect in the application of self-cleaning and oil—water separation.
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1. INTRODUCTION

arge amount of oily wastewater produced by frequent oil spills
and leaks of organic compounds is one of the significant threats
to human’s living environment and health,"? which impels the
development of novel approaches and materials for efficient
oil—water separation, considered to be a great issue of
concern.”* A variety of techniques and materials have been
employed for cleaning oil- contamlnated water, including
physical absorption,” in situ burmng, bioremediation,” etc.

the fabric surface. Unfortunately, superhydrophobic surfaces
are vulnerable to mechanical damage. To enhance durability, it
is common to establish covalent bonds between fabrics and
nanoparticles or low-surface-energy substances.'®

Up to date, as a novel chemical modification method, photo-
induced thiol-ene click chemistry has been applied to prepare
superhydrophobic fabrics owing to its highly efficient covalent
grafting of ene-terminated molecules on thiol-terminated
surfaces under UV light. '7=19 For instance, Hou et al. grafted
methacryl-heptaisobutyl polyhedral oligomeric silsesquioxane

However, these traditional cleanup methods consume
substantial time and human, material, and financial resources
and have low efficiencies. Since special superhydrophobic/
superoleophilic materials were reported for oil—water separa-
tion,® diverse types of superhydrophoblc/ superoleophlhc
materials including porous sponges”'’ and fabrics'"'* were
developed. Particularly, cellulose-based fabrics like cotton and
woven have gained tremendous attention owing to their
superiority in the aspects of light weight, low cost, recycling,
biodegradability, and excellent mechanical strength. However,
the fabric surface needs to be modified to achieve super-
hydrophobic properties prior to application. Recently, various
strategies including dip- coatlng, * chemical vapor deposition,"*
and plasma treatment'> have been developed to fabricate
superhydrophobic fabrics. These methods commonly involve
depositing nanoparticles or low-surface-energy substances onto
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(MA-POSS) onto a sulthydryl pretreated cotton fabric via
thiol-ene click chemistry. The formed rough structure and low
surface energy of MA-POSS promoted fabric superhydropho-
bicity.”” Xue et al. used a similar method to graft
dodecafluoroheptyl methacrylate onto sulthydryl-pretreated
fabrics to obtain superhydrophobic fabrics.”' These methods
provide the fabric excellent mechanical durability arising from
the covalent bond interaction between fabrics and low-surface-
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Figure 1. Schematic preparation of a superhydrophobic DT—UC@fabric.

UC)  Superhydrophobic DT-UC@Fabric

energy compounds. However, these methods suffer from
cumbersome steps, such as alkali etching or sulfhydryl
treatment on the fabric in advance, as well as involvement of
environment unfriendly low-surface-energy substances like
fluoride.

Inspired by previous studies, we present a facile, one-step,
fluorine-free highly efficient strategy to prepare a durable
superhydrophobic fabric, which is schematically illustrated in
Figure 1. The anchoring of high chemical activity of 10-
undecenoyl chloride (UC) onto fabrics through the
esterification reaction and covalent grafting of n-dodecyl-thiol
(DT) via thiol-ene click chemistry are combined into one step
with the aid of UV light. The bridging effect of UC in the
reaction process ensures the optimum attachment of DT on
the fabric surface. The combination of the formed rough
structure and low-surface-energy materials promoted the fabric
to be superhydrophobic and could be used for oil—water
separation. More interestingly, the as-prepared fabric exhibited
excellent durability against mechanical damages like abrasion
and tape peeling. This was associated with the strong covalent
interactions between the grafted UC and DT and fabric fibers.
Hence, this work provided a facile, high-efficiency strategy to
fabricate a durable superhydrophobic fabric, exhibiting
promising application in the field of oil recovery and water
purification.

2. RESULTS AND DISCUSSION
2.1. Preparation of the Superhydophobic DT-UC@

Fabric. In the current work, a cellulous fabric was used as the
starting material. A facile one-step dip-coating strategy was
developed to prepare a superhydrophobic fabric, which is
schematically illustrated in Figure 1. The cellulose-based fabric
was immersed into a solution containing 10-undecenoyl
chloride (UC), n-dodecylthiol (DT), and the photo-initiator
HMPEF. The naturally existent hydroxyl groups in the fabric
readily converted to esters by the treatment of the fabric with
UC;** thus, UC was grafted onto the fabric surface through the
esterification reaction with hydroxyl groups due to its high
chemical activity. Accompanying with the esterification
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reaction, the thiol-ene click reaction also occurred between
ene-containing UC and thiol-containing DT with the
assistance of UV irradiation with a wavelength of 365 nm,
resulting in DT molecules covalently anchored onto the fabric
surface. Upon the completion of the reaction, the fabric was
washed with water, ethanol, and acetone to remove impurities
followed by drying in an oven, and the target fabric was
obtained (designated as DT—UC@fabric).

The key parameters affecting the fabric surface including UC
and DT concentrations were optimized to get the best
characteristics. Considering thiol-ene click chemistry is a highly
efficient reaction, in which the theoretical molar ratio of thiol
and ene groups is 1:1, the molar ratio of UC and DT was fixed
at 1:1. To investigate the effect of UC and DT concentrations
on the hydrophobicity of the DT—-UC@fabric, the mass
concentration of UC was adopted for convenience, and the
corresponding results are plotted in Figure 2a. When the UC
concentration was increased from 2 to 8%, the water contact
angle (WCA) of the DT-UC@fabric increased from 135 to
156°, indicating that the DT—UC@fabric was superhydro-
phobic. Afterward, the WCA reached the plateau at 156° even
when the UC concentration was further increased to 10%. This
might be explained as follows. When the UC concentration
reached 8%, all hydroxyl groups on the fabric surface were
converted to ester groups completely and the UC loading
amount reached a maximum. The further increase of the UC
concentration could not bring about an increase in the UC
loading amount; thus, the WCA did not increase. Therefore,
the UC concentration was optimized as 8%, and the
corresponding fabric was utilized for further discussion.

The FTIR spectra of UC, DT, pristine, and DT-UC@
fabrics are shown in Figure 2b. Compared with the pristine
fabric, two evident peaks were observed in the DT-UC@
fabric. First, the stretching vibration peaks of C—H at 2920 and
2896 cm ™' ** in the DT—UC@fabric are attributed to the alkyl
groups in UC and DT. Furthermore, the peaks at 1626 and
2540 cm™' observed in the spectra of UC and DT are
attributed to C=C** and S—H,”” respectively. However, these
two peaks were not detected in the DT-UC@fabric,
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Figure 2. (a) Effect of the UC concentration on hydrophobicity of the DT—UC@fabric. (b) FTIR and (c) XPS spectra of pristine and DT-UC@
fabrics. High-resolution C 1s spectra of (d) pristine and (e) DT—UC@fabrics.

indicating that the C=C and S—H bonds had undergone the
thiol-ene click reaction. To further understand the chemical
evolution before and after modification, XPS was employed to
monitor the fabric surface, and the XPS survey spectrum is
shown in Figure 2c. The pristine fabric was only composed of
C and O elements, with the C 1s peak and O 1s peak at
binding energies of 533 and 285 eV,”° respectively. However,
for the DT—UC(@fabric, besides the original C and O peaks,
new peaks of S 2p and S 2s were also detected at binding
energies of 166.6 and 230.1 eV,"”*! which could be from the S
element in DT. Furthermore, in their high-resolution C 1s
spectra, three obvious peaks located at 287.6 eV (C=O0),
286.4 eV (C—0), and 284.6 eV (C—C) were observed in the
pristine fabric (Figure 2d), while a new peak was detected at
286.1 eV in Figure 2e, which should be ascribed to the C—S
bond.”” Moreover, the C—O peak was weakened, while the C—
C peak was significantly increased in Figure 2e compared with
the pristine fabric, indicating that the surface of DT-UC@
fabric was dominated by a large amount of alkyl groups. This
further verified that UC and DT had grafted onto the fabric
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surface through the one-step covalent surface modification
method.

2.2. Surface Analysis of the Superhydophobic DT-
UC@Fabric. The surface morphologies of pristine and DT—
UC@fabrics are characterized by SEM and shown in Figure
3a—f, respectively. Both the fibers in pristine and DT-UC@
fabrics are in ordered arrangement (see Figure 3a,d), but it
should to be noted that the surface on the pristine fabric is very
smooth except some inherent texture (see Figure 3b,c) due to
the wicking effect of the porous structure,”®*° whereas the
surface on the DT—UC@fabric is pretty rough, where tortuous
gully-like structures are clearly observed on the microfiber
surface (see Figure 3e,f).

Besides the SEM images, the surface morphologies of
pristine and modified fabrics are further characterized by AFM,
as shown in Figure 3g—I, respectively. Compared with the
pristine fabric, the 3D surface morphology of the modified
DT-UC@fabric became rougher than that of the pristine
fabric (see Figure 3g,j), the root mean square roughness (Rq)
of the fabric increasure from 14.649 to 149.856 nm, and the
height difference was increased from 51.81 to 351.95 nm from
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Figure 3. SEM images of (a—c) the pristine fabric and (d—f) the DT—UC@fabric. AFM images of (g—i) the pristine fabric and (j—1) the DT—
UC@fabric.
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Figure 4. Digital photographs of water, coffee, and ink droplets on (a) pristine and (b) DT—UC@fabrics. (c) Separation process of the

dichloromethane/water mixture (DCM was dyed with Sudan II, water was dyed with CuSO,). (d) Separation efficiency of the DT—UC@fabric for
various organic solvent/water mixtures.
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Figure 5. WCA variation of the DT—UC@fabric at (a) various washing times, (b) water droplets with various pH values, and (c) soaking with
various organic solvents. (d) WCA variations and (e, f) SEM images of the DT—UC@fabric during the tape-peeling test. (g) WCA variations and

(h, i) SEM images of the DT—UC@fabric during the abrasion test.

the analysis chart (see Figure 3i,1). The structural evolution on
the fabric surface should be a result of the covalently grafted
UC and DT during the one-step modification. More evidence
was found in the EDS spectra and element mapping of the
DT-UC@fabric (see Figure S1), in which new occurrences of
element S was detected; meanwhile, the element content of C
increased but the O element decreased after modification,
which verified large amounts of long alkyl chains in UC and
DT had grafted on the fabric surface, resulting in the fabric
fiber become rough due to the wrinkle effect.”

2.3. Wetting Behavior and Oil-Water Separation
Performance of the DT-UC@Fabric. As depicted in Figure
4a,b, the photographs recorded the sitting status of water,
coffee, and ink droplets on pristine and DT—UC@fabrics,
respectively. When these droplets were dropped onto the
pristine fabric, they spread quickly and then were absorbed.
While when water, coffee, and ink droplets were dropped onto
the DT—UC@fabric surface, these droplets could stand and
formed a round shape with WCA ~156° and maintained the
same shape even after 30 min, indicating that the DT-UC@
fabric featured stable superhydrophobic performance. While
when n-hexane was dropped on the DT—UC@fabric surface, it
was absorbed immediately. Additionally, when the DT-UC@
fabric was completely immersed into water, a mirror-like
phenomenon was observed (Figure S2), where an air bubble
layer was formed on the surface of the fabric. This
phenomenon could be attributed to the entrapped air cushion
between water and the modified fabric surface, which was
formed due to the micro—nano hierarchical structure in which
air molecules could retain. This air cushion acted as a shield to
effectively inhibit water penetration into the fabric surface even

in full immersion. After being taken out of water, the surface of
the fabric was not wet, implying that the as-prepared DT—
UC@fabric displayed durable superhydrophobicity. Further-
more, the superhydrophobic DT—UC@fabric presented a self-
cleaning effect when it was contaminated with dust. When
water droplets were continuously dropped onto the tilted
fabric surface, they would roll off the surface at once and flush
away the dust layer, and the dust-contaminated fabric would
return to be clean (Figure S3 and Video S1). Based on its
special oil-absorbing water-repelling feature, it could absorb
dichloromethane and remove them from the dichloro-
methane/water mixture (Figure S4 and Video S2). Consider-
ing its inherent high porosity, the superhydrophobic DT—
UC@fabric could be utilized for continuous separation of oil—
water mixture. A simple equipment was set up in Figure 4c,
where the superhydrophobic DT—UC@fabric was sandwiched
between two double-pass pipes. Pouring the dichloromethane/
water mixture into the double-pass pipe, dichloromethane
would settle to the bottom due to its large density. Once
dichloromethane approached the DT—-UC@fabric, it was
absorbed immediately due to the superoleophilicity, which
could be owing to the tortuous gully-like structures and the
grafted hydrophobic long alkyl chain; thus, a layer of
dichloromethane was formed on the fabric, which increased
the contact area with oil droplets. This was based on the
theoretical intrusion pressure formula as follows®"**

2 L 0
Ap=_}/=_}/cos
R A

where y is the surface tension, R is the radius of the meniscus,
and L and A are the circumference and the area of the fiber
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pore, respectively. @ is the advancing angle on the fabric.
According to this equation, it can be seen that for oil, the fabric
cannot bear any pressure due to Ap < 0; thus, oil can easily
pass through the fabric, while the water can be supported
because Ap > 0. As time elapsed, the absorbed dichloro-
methane gradually penetrated into the fabric and flows slowly
into the beaker under gravity, while water remained on the
upper layer throughout the process (see Video S3). As a result,
dichloromethane was successfully separated from the dichloro-
methane/water mixture. Moreover, separation efficiency was
taken into account to evaluate its separation performance. The
separation efficiency of the DT—UC@fabric for chloroform,
dichloromethane, hexane, toluene, gasoline, acetonitrile, and
ethyl acetate was above 98% in every case, as shown in Figure
4d, indicating the DT-UC@fabric possessed excellent
separation performance.

2.4. Durability of the Superhydrophobic DT-UC@
Fabric. In general, most superhydrophobic surfaces feature
poor durability and are vulnerable to mechanical damage,
corrosive solution environment, and high-temperature ex-
posure; thus, it is essential to investigate their durability under
different conditions.*™*® Here, the durability of the prepared
superhydrophobic DT—-UC@fabric was evaluated by water
washing, as well as acid and alkaline conditions and organic
solvent exposures. For the stability of washing tests, the fabric’s
WCA can be maintained over 150° even with washing that
lasts for 20 h, as shown in Figure Sa. When encountering acid
and alkaline water droplets in a wide pH range (2—12), the
fabric surface can preserve its superhydrophobic property, as
shown in Figure Sb. Additionally, even after a long time of
immersion in an organic reagent, the fabric does not lose its
superhydrophobic performance, as shown in Figure Sc.

Furthermore, the durability of the DT-UC@fabric against
mechanical damage was evaluated by tape-peeling and abrasion
tests. The effect of tape-peeling times on WCA is shown in
Figure 5d. The WCA of the DT-UC@fabric only decreased
slightly with the increase in tape-peeling tests; even when tape-
peeling cycles increased to 100, the fabric still preserved its
superhydrophobicity (WCA about 152°). Figure Se,f revealed
the SEM images of DT—UC@fabric after the tape-peeling test.
When compared with the sample before the test, the overall
fibers remained in a similar state, except for becoming floating
and loose, not compact as before (see Figures Se and 3d). In
the magnified SEM images, no obvious destruction of the
rough structure was observed, but minor changes like tortuous
gully-like structures disappeared (see Figures Sf and 3e). This
could be due to the adhesive effect of the tape, which also
makes the low-surface-energy materials leave the fiber surface;
herein, the WCA of the DT-UC@fabric decreased slightly but
remained larger than 150°.

The influence of abrasion on WCA variations of DT-UC@
fabric is shown in Figure Sg. With the increase in cyclic
abrasion, the WCA of the DT—-UC@fabric showed a trend of
slight decrease but remained about 151° after 100 abrasion
cycles. Figure Sh showed that the overall morphology of the
DT-UC@fabric surface did not change significantly; only the
fiber arrangement and distribution became more compact
compared with that before test (see Figure 3d), which should
be associated with the abrasion pressure. In a magnified image
(see Figure 5i), the fiber surface structure remained clearly
rough. One should note that the previous tortuous gully-like
structures transformed into a wrinkled state, implying some
grafted materials were desquamated from the fabric surface,

thus leading to a slight decrease in WCA. The abovementioned
tests indicated the DT—UC@fabric had excellent mechanical
durability against damage; this should be derived from the
formation of strong chemical bond between UC and DT and
the fabric.

3. CONCLUSIONS

A non-fluorinated durable superhydrophobic DT—UC@fabric
was prepared via one-step covalent surface modification. It
exhibited high oil—water separation efliciency of larger than
98% for various organic solvent/water mixtures. Meanwhile,
the DT—-UC@fabric presented excellent durability and could
preserve superhydrophobic performance against mechanical
damage. This was associated with strong covalent interactions
between the grafted UC and DT and fabric fibers by the one-
step surface modification method. Hence, this work provides a
facile, high-efficiency strategy to fabricate a durable super-
hydrophobic fabric.

4. EXPERIMENTAL SECTION

4.1. Materials. A cellulose-based fabric was obtained from
the local supermarket, 10-undecenoyl chloride (UC) was
obtained from Aladdin Chemistry Co. Ltd., n-dodecylthiol
(DT) was provided by Jiuding Chemical Technology Co., Ltd.
(Shanghai, China), and 2-hydroxy-2-methylpropiophenone
(HMPF) was purchased from Aladdin Chemistry Co., Ltd.
(China). Dichloromethane (DCM) and other solvents were
purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). All reagents were of analytical grade and
directly used.

4.2, One-Step Preparation of the Superhydrophobic
DT-UC@Fabric. The preparation formula of a DT-UC@
fabric is shown in Table 1. First, pieces of the pristine cellulose

Table 1. Experimental Formula for the Preparation of the
DT-UC@Fabric

UC mass concentration (%) UC (g) DT (g) DCM (g) HMPF (g)

2 0.8 0.8 40 0.2
4 1.6 1.6 40 0.2
6 2.4 2.4 40 0.2
8 3.2 3.2 40 0.2
10 4.0 4.0 40 0.2

fabric (2 cm X 2 cm) were washed with ethanol several times
under sonication to remove surface impurities and then dried
at 60 °C. Typically, the cleaned fabric was immersed into the
mixture solution of 40 g of dichloromethane, 0.2 g of HMPF,
3.2 g DT, and 3.2 g of UC, and then the solution containing
fabric was exposed to UV light with an intensity of 300 W m™
at 365 nm from the top side for 30 min under vigorous
magnetic stirring at room temperature. Finally, the cellulose-
based fabric was taken out and washed successively with
dichloromethane and then was dried at 60 °C in an oven. The
resultant fabric was denoted DT—UC@fabric.

4.3. Characterization. Fourier transform infrared (FTIR)
spectra were recorded on a spectroscope (Antaris, Nicolet
7000) in the range from 4000 to 400 cm™". High-resolution X-
ray photoelectron spectroscopy (XPS) measurements were
performed using VG Scientific ESCALab 220I-XL equipped
with a Mg Ka X-ray source and a hemispherical electron
analyzer. The morphology of the fabric was observed using a
scanning electron microscope (SEM, Zeiss ultra plus) and an
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atomic force microscope (AFM, Park Systems NX10). The
surface hydrophobicity was measured using a DSA30 contact
angle analyzer (KRUSS, Germany).

4.4. Oil-Water Separation Efficiency and Durability
Evaluation. A DT-UC@fabric was used to separate a
mixture solution of 100 mL of water and 100 of mL solvent.
Once the separation was completed, the separated solvents
were collected, and the separation efficiency (E) was calculated
with the following formula

E =V/100 X 100%

where V represents the volume of collected solvents after
separation from the mixture.

For testing the durability with washing tests, the fabric’s
WCA was tested after various washing times, and the longest
washing time was 20 h. For testing the stability against acid
and alkali resistance, water droplets in the pH range 2—12 were
dropped on the fabric surface, and the fabric’'s WCA was tested
at least 1 min later in a stable state. For testing the stability the
organic reagent resistance, the fabric was immersed into the
organic reagents for 24 h, and then, the fabric’s WCA was
tested after drying.

For the durability against tape peeling, the DT—UC@fabric
was fixed on a glass slide by a double-sided tape; a 30kPa
pressure was exerted to achieve a good contact between the
fabric surface and the tape. The tape-peeling process starting
from pressing and ending as peeling-off the tape was
designated as one cycle. A total of 100 cycles were conducted,
and WCA was measured every 10 cycles.

For the durability against abrasion, the DT—UC@fabric was
placed on a sandpaper (300 mesh), and then, it was moved
forward 10 cm at a rate of 20 cm min~" under external force
accompanied with a 100 g balancing weight. This process was
defined as one cycle. A total of 100 cycles were conducted, and
WCA was measured every 10 cycles.
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