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Superhydrophobic surfaces with fluorinated
cellulose nanofiber assemblies for oil—water
separationy

M. Mahbubul Bashar, Huie Zhu, Shunsuke Yamamoto and Masaya Mitsuishi @ *

A Cellulose nanofiber (CNF) is an amazing nanomaterial produced from ubiquitous sources with
outstanding mechanical, chemical, and barrier properties. This report describes facile functionalization of
CNF with trichloro(1H,1H,2H,2H-heptadecafluorodecyl)silane (THFS). The paste form CNF was solvent
exchanged from initial water to AK-225 (a mixture of 3,3-dichloro-1,1,1,2,2-pentafluoropropane and
1,3-dichloro-1,1,2,2,3-pentafluoropuropane) before surface modification with THFS. The modified CNFs
were dispersed uniformly in AK-225. The CNF film, which was prepared using simple drop casting,
showed a superhydrophobic surface with a water contact angle of 160° and oleophilicity with a hexane
contact angle of less than 35°. The modified CNF assembly is thermally stable, optically transparent and
resistant to corrosive environment (acidic, basic and seawater solutions). The separation of oil and water
mixtures was demonstrated using steel mesh coated with modified CNF. Separation efficiency greater
than 99% was achieved by simple gravitational force for hydrocarbons and organic solvents. The as-
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Introduction

Research conducted to elucidate superhydrophobic surfaces has
drawn much attention from academia to industry for their
fascinating wetting behaviour. Research efforts have expanded
into their potential applications for self-cleaning,"* micro-
fluidics,>® energy conversion,”® and separation techniques.®™
Superhydrophobic surfaces show water contact angles as high as
150° along with low sliding angle (<10°). The high contact angle
between the liquid drops and surfaces consisting of solid-liquid-
air interfaces arises from the surface chemistry and engineering
control of surface roughness. The fundamental concept of
creating superhydrophobic surfaces is imparting low surface
energy and design with appropriate roughness.”> However, low
surface energy is obtainable either by choosing hydrophobic
materials or by chemical modification with compounds such as
alkanethiols, alkyl or fluorinated organic silanes, and long-chain
fatty acids.”® Widely diverse approaches have been undertaken
for roughening surfaces in earlier studies, including chemical
etching,” plasma treatment,* electrospinning,*® lithography,®
self-assembly,” and hydrothermal*® techniques. The duly
designed superhydrophobic surfaces exhibit selective absorption
of water and organic solvents. Such surfaces can form an organic
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prepared mesh can be used repeatedly more than 50 times with the same efficiency as the initial state.

solvent sheet from which water rolls off.'® As a result, they are
able to separate oil and water easily and efficiently from oil-
water mixtures. Selective absorption or direct separation of oil
from water is one of the important issues in environment
protection because of frequent oil spill accidents and the
increase of oily wastewater from industrial production.**-*
Although there has been noteworthy success in producing
superhydrophobic surfaces for selective absorption of
liquids, their development remains challenging in terms of
creating durable, resistant, and mass-producible bio-based
materials.*?*

Cellulose, the most abundant and ubiquitous bio-material
on earth, has been used as an engineering material by
humans since prehistoric times. It has a hierarchical micro-
nanostructure that includes elementary fibrils and microfibrils.
Approximately 36 cellulose chains combine each other through
hydrogen bonds to form elementary fibrils.”” The elementary
fibrils further aggregate into larger microfibrils with typical
diameter of 5-50 nm.*~*° In terms of molecular design, cellu-
lose is a linear polymer consisting of long chains of an anhydro-
p-glucopyranose (AGU) unit (Fig. 1(b)). Each AGU repeating unit
contains three hydroxyl groups of different moieties.** There-
fore, it provides tremendous scope for chemical modifications
and reconfigurations. The application of cellulose for fabri-
cating superhydrophobic surfaces is unique because it has an
inherent facilitating hierarchical structure.

Numerous reports of the relevant literature have described
superhydrophobic surfaces with cellulose either from papers,**
filter papers,® or textiles,*** which have been modified using

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic illustration of surface modification and surface
coating processes and chemical structures of (b) CNF and (c) THFS.

various techniques such as chemical vapour deposition,>
dipping method,* and graft on graft method.*® Recently, Merta-
niemi et al. converted nanofibrillated cellulose using a spray
technique.”” They succeeded in generating biomimetic porous
superhydrophobic structures with nanofibrillated cellulose,
which exhibited self-cleaning properties. Many other reports have
described for superhydrophobic surfaces with nanocellulose aer-
ogels and cellulose-based textiles intended for oil-water separa-
tion.>**** Cellulose nanofiber (CNF), which can be isolated from
various cellulose sources, exhibits excellent mechanical, optical,
and barrier properties.”” But surface modification of CNF itself for
superhydrophobic surfaces has not been investigated extensively.
Moreover, to our knowledge, no report of the relevant literature
describes exploration of the superhydrophobicity of CNF for
practical applications such as oil-water separation. Therefore, our
approach is to modify CNF using a simple one-pot chemical
method for superhydrophobic surfaces, steering separation of oil
and water mixtures. For this study, we used a fluorinated silane
coupling agent (trichloro(1H,1H,2H,2H-heptadecafluorodecyl)
silane, THFS, Fig. 1(c)) as a low surface energy material. Hierar-
chical roughness with micro-level porosity was generated spon-
taneously from a simple drop coating assembly of modified CNF.
Thereafter, we explored the surface architecture and wetting
properties of modified CNF assemblies on different solid
substrates. Moreover, transparency and stability towards thermal
and chemical exposure of the surface were investigated. Finally,
we specifically examined the selective wettability for water and
organic solvents and carefully designed an oil-water separation
system using a steel mesh. The system exhibits high separation
efficiency and higher recyclability for practical applications.

Experimental
Materials

CNF was supplied by Daicel Corp., Japan. A fluorinated silane
coupling agent, trichloro(1H,1H,2H,2H-heptadecafluorodecyl)
silane (THFS) and hydrochlorofluorocarbon solvent, AK-225,
were purchased (Wako Pure Chemical Inds. Ltd., Japan). All
other chemicals were analytical grade. Steel mesh sheets with
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150 pm pore diameter were obtained (0.1 x 100 x 100 mm; The
Nilaco Corp., Japan).

Surface modification of CNF and surface coating

Prior modification of CNF was performed with 60% sulfuric acid as
described in earlier reports to enhance its dispersion ability in
organic solvent.* After the paste-like CNF was solvent-exchanged
with acetone, chloroform, and AK-225 to remove unbound water,
it was dispersed in AK-225 (30 mL) by stirring for 24 h. The
dispersion was diluted by adding 50 mL AK-225. Then 1.7, 3.4, or
6.8 mM THFS in AK-225 of 20 mL solution was added dropwise
while stirring slowly. Then the reaction mixture was stirred
continually for 8 h at ambient temperature. The final product was
washed with AK-225 in a Buchner funnel and was then collected as
powder CNF using vacuum filtration. The modified CNF was dried
under vacuum and was stored in a refrigerator. Then 0.1 wt%
modified CNF was dispersed in AK-225 by sonication (Ultrasonic
homogenizer, 80 W; AS One Corp., Japan). After the solution was
drop-casted onto solid substrates, the substrates were dried under
vacuum for more than 8 h.

Characterization

Fourier transform infrared (FT-IR) absorption spectra were taken
at spectral resolution of 4 cm ™" using a FTIR spectrometer (FTIR
4200; Jasco Corp.) under a nitrogen atmosphere. The film was
prepared on CaF, substrates for measurements. X-ray photoelec-
tron spectroscopy (XPS) was conducted using a spectrometer (PHI
5600; PerkinElmer Inc.) with a Mg Ko X-ray source. The detected
area was 800 um>. To confirm the Si-bonding environment, the
glass substrate was coated with a gold layer (100 nm) using vapour
deposition (VK S-200; Osaka Vacuum, Ltd., Japan). Then modified
CNF solution was drop-coated upon the gold layer. Elements C, O,
F, and Si were detected at 45° and 60° take-off angles. Then the
peak position was calibrated with C 1s peak at 284.5 eV. The
surface wettability was characterized using a static contact angle
measurement instrument (DM 300; Kyowa Interface Science Co.,
Ltd.) with a 5 pL water droplet. Surface morphology of the modi-
fied CNF assembly surface was investigated using a field emission
scanning electron microscope (FE-SEM, S-4800; Hitachi Ltd.,
Japan). Thermogravimetric analysis (TGA) was applied using a TGA
measurement instrument (thermos plus, TG 8120; Rigaku Corp.,
Japan.) at a heating rate of 10 °C min~'. The N, flow into the
combustion chamber was maintained. The film thickness of the
modified CNF assembly was measured using a laser scanning
microscope (VK-9700; Keyence Co., Japan.). The film optical
transparency was analysed using a UV-vis absorption spectropho-
tometer (V-670; Jasco Corp.).

Results and discussion

Hydrophilic CNF was modified by a simple one-pot reaction
conducted at room temperature. Fig. 1(a) portrays a schematic
of a surface functionalization process of CNF (Fig. 1(b)) with
THFS (Fig. 1(c)). We selected AK-225 as a dispersion solvent
because the solvent allows fluorinated compounds as well as
CNF to disperse uniformly. After stepwise solvent substitution,
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surface-modified CNF was dispersed homogeneously in AK-225.
The modification was confirmed from FT-IR and XPS results.
The most noteworthy point is that two new peaks were observed
at 1235 cm " and 1205 cm " (Fig. 2) attributable to antisym-
metric and symmetric stretching of long CF, groups of THFS.*’
These two peaks are completely absent for pristine CNF.
Furthermore, the relative intensity of these peaks increase as
the THFS concentration increases (Fig. S1}). Conversely,
modified CNF was accompanied with four absorption bands at
1034, 1058, 1108, and 1160 cm™*, indicating the main chain of
C-0-C and C-O in cellulose molecules,*** but their intensity
decreases as the amount of THFS increases. Moreover, the
characteristic -OH peak of the cellulose at 3345 cm ™" shifted to
a 3285 cm™ ' region (Fig. S21) with lower intensity, indicating
that new functional groups were incorporated into the -OH rich
cellulose. Similarly, the peak for -CH, of cellulose main chains
at about 2888 cm ' showed higher intensity in the case of
modified CNF, proving the THFS substitution caused by addi-
tional CH, groups. Results show that the CNF surface was
decorated with fluorinated moieties of THFS.

Furthermore, the chemical environment of modified CNF was
investigated using XPS (Fig. 3). High-resolution spectra of C 1s
obtained before and after modification were observed to confirm
the oxidation state. Fig. 3(a) depicts four distinctive peaks for the C
1s signal. At higher binding energies of 290-295 eV, two peaks
attributed to fluorocarbon groups were observed:**** a peak at
293.8 eV corresponds to CF; species; the strong peak found at
291.3 eV represents long CF, chain in fluorinated THFS. The
intensity of these two peaks is noteworthy because the longer CF,
group is specified by higher intensity. In contrast, these two peaks
are absent in the pristine CNF C 1s XPS spectrum (Fig. 3(b)). A
fairly weak peak is observed at 288.6 eV for modified CNF
(Fig. 3(a)), although for pristine CNF, this peak is the strongest
(Fig. 3(b)) because all carbon atoms in pristine CNF have at least
one C-O bonding.**® Therefore, results indicate that the C-O
bonding ratio was declined because of the incorporation of fluo-
rinated THFS components. Another peak at 285 €V is ascribed to
CH, groups, both from THFS and CNF main chains. Furthermore,
the most crucial observation is the formation of Si-O bond at the
fibre surface, which was revealed by observing the Si 2p spectrum

1205
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Fig. 2 FT-IR spectra of pristine CNF (black) and modified CNFs with
varying amounts of THFS. Numerical values 1, 2, and 3 respectively
represent concentrations of THFS: 1.7, 3.4, and 6.8 mM.
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Fig. 3 High-resolution XPS spectra for C 1s (a) modified CNFs and (b)
pristine CNFs.

(Fig. S37). A peak at 103.69 eV indicates a bonding state of Si with O
of hydroxyl group from CNF.”™* Consequently, successful modi-
fication of CNF was confirmed.

Fluorinated ligands exhibit very low surface energy.>** There-
fore, we examined the surface free energy (SFE) of the modified
CNF assembly surface. The critical surface energy of the modified
CNF assembly surface was determined as 17.4 mN m™ ' (Fig. S47).
Moreover, the component of SFE was evaluated using the Owens
and Wendt method.”* Also, SFE was calculated for pristine and
modified CNF assembly surfaces as well as a self-assembled
monolayer (SAM) of THFS (for details see ESIf). The non-polar
and polar components of SFE of the modified CNF assembly
surface were evaluated respectively as 10.3 and 3.6 mN m
whereas those of the pristine CNF assembly surface were 23.6 and
42.5 mN m ™. In contrast, SAM of THFS revealed 12.6 and 1.0 mN
m™’, respectively, for non-polar and polar counterparts. These
results prove that the modified CNF assembly surface has very low
surface energy, making it ideal for superhydrophobic surfaces.
Furthermore, the adhesion force of water droplet on the modified
CNF assembly surface was confirmed qualitatively using a static
contact angle measurement system.” A 5 pL water droplet was
placed on the modified CNF assembly surface. No adhesion was
observed after loading and unloading processes (Fig. S5T). The
water droplet can bounce on the CNF assembly surface (Fig. S67),
though its sliding angle was relatively high (on glass substrates):
16.7 & 2°. These results suggest good water-repelling properties of
the modified CNF assembly.

Another important criterion for superhydrophobic surface
is surface roughness originating from surface geometrical
architectures. Fig. 4(a) presents a low magnification image
showing that aggregation of fibres produced bundles or
a sheet-like appearance. This sheet formation results from
the solvent exchange process that occurs during a modifica-
tion step. Because the image is magnified, fibrillar structures
with hierarchical alignment are visible (Fig. 4(b)). Moreover,
highly porous surfaces were confirmed to have 1-5 pm
average pore diameter (Fig. 4(c)). Furthermore, a ‘nanostair’-
like appearance was observed on a few hundred nanometer
scale (Fig. 4(d)). This micro-nanostructure of modified CNF
assembly surfaces is dependent on the amount of the drop-
cast suspension, which was controlled by varying the
concentration of the modified CNF (Fig. S71). Therefore,

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 FE-SEM images of modified CNF on Si substrates with different
maghnifications: (a) fibre aggregation producing fibre bundles, (b)
fibrillar structure with hierarchical alignment, (c) hierarchical porous
structure with pore diameters of 1-5 um, and (d) nanostair appearance
in modified CNF at high magnification of the circled area in (c).

surface morphology of modified CNFs revealed a hierarchical
micro-nanostructure having considerable porosity, which
ultimately imparts extremely high roughness to the surface.

Consequently, our modified CNF assembly surface exhibited
very low surface energy with appropriate roughness. As a result,
it is highly desired that such a surface exhibits unusual wetting
behaviour. Fig. 5 displays an example of water contact angles
(WCAs) of pristine CNF assembly (Fig. 5(a)) and modified CNF
assembly (Fig. 5(b)) on silicon substrates. The WCA value of
modified CNF assembly surface is 160 + 2°, producing an
almost spherical shape with a 5 pL water droplet. In contrast,
the pristine CNF assembly surface is hydrophilic, showing
a WCA value of 13 £ 2°. This high water contact angle of the
modified CNF assembly surface is explained by the Wenzel and
Cassie-Baxter models. The Wenzel model describes wetting
phenomena of a liquid for a solid rough surface.** According to
this model, the roughness plays an extremely important role in
the wetting of solid. Cassie-Baxter equations can be written as

cos 0, =flcos @ + 1) — 1 (1)

(b)

Fig. 5 Photographs of water droplet on substrates coated with (a)
pristine CNF and (b) modified CNF with their corresponding SEM
images.
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where 6, and 6 respectively denote the contact angles of a rough
surface and a flat surface; f represents the fractional areas of
a liquid droplet in contact with air on the surface. The Cassie-
Baxter equation is associated with the area fraction covered by
the liquid droplet to solid and air.** In the case of the modified
CNF assembly surface, the value of the air-liquid fractional area
was calculated as 90.8%, which accounted for the effective
surface modification of CNFs with fluorinated THFS (see ESI
and Fig. S87).

A particularly beneficial property of superhydrophobic
surfaces is their optical transparency. The integration of optical
transparency into superhydrophobic surfaces is challenging
because the surface roughness is expected to be less than visible
light wavelengths.” Our modified CNF assembly surface
roughness is so high because of the aggregation of fibres, which
limits the detection of surface roughness using atomic surface
microscopy (AFM) technique. Even our modified CNF assembly
surface showed a certain limit of transparency. Fig. 6(a) shows
visual transparency on a glass substrate coated with modified
CNF. The film thickness was confirmed as about 9.3 and 15.0
um (Fig. S91) for two assemblies with respective transparencies
at 500 nm wavelength of 58.3 and 57.0% (Fig. 6(b)). These two
surfaces respectively showed WCAs of 160° and 165°. The latter
exhibited a high WCA value because of higher surface rough-
ness, which is in agreement with the theory of super-
hydrophobic surfaces.

We investigated the stability of as-prepared superhydrophobic
surfaces for thermal and chemical exposure. To hot water, artificial
seawater and strong acidic and basic solutions for 12 immersion
cycles with 5 min dipping: the total immersion time was 1 h.
Fig. 7(a) depicts WCA values for different cycles dipped in hot
water at 60 °C and 90 °C. In both cases, the average WCA values
were found to be higher than 150°, signifying the stability of
superhydrophobicity at higher temperatures. The reason for
robust superhydrophobicity with hot water on modified CNF
assemblies was confirmed using a thermogravimetric analysis of
pristine, solvent-exchanged and THFS-modified CNFs (Fig. S107).
The modified CNF exhibited better thermal stability than the
solvent-exchanged CNF. In fact, the CNF thermal stability was
enhanced from its initial 80 °C to 220 °C, which is an effective
working temperature of cellulosic materials.**** The improved
thermal stability derives from the incorporation of fluorinated
ligands into the CNF surface, which might crosslink CNFs. It is

(b) 60 -
~59 Q WCA 160°
s 9.3 um
3 58
=
o 15.0 pm
g 57
7]
LI -}
= WCA 165
55 1 L
400 500 600 700

Wavelength (nm)

Fig. 6 (a) Photograph and (b) optical transmission spectra of 9.3 um
(black) and 15.0 um (red) thick modified CNF assembilies.
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Fig. 7 WCA values on modified CNF assembly surfaces as a function
of the number of immersion cycles for (a) hot water at 60 °C (black)
and 90 °C (red), and (b) artificial seawater (black), acidic (red), and
alkaline (green) water solutions.

noteworthy that pristine CNFs exhibited better thermal stability at
temperatures higher than 400 °C. The presence of water might
affect the hydrogen bonding interactions of CNFs that accounted
the higher thermal stability.

The chemical stability of the as-prepared modified CNF
assembly was investigated by measuring WCA values for highly
alkaline, saline, and acidic solutions. Fig. 7(b) presents WCA
values for artificial seawater, highly alkaline (pH 14) and highly
acidic (pH 1) water solutions. In all cases, the WCA values were
recorded as greater than 150°. It is noteworthy that the strongly
alkaline solutions exhibited a lower contact angle, indicating
less stability towards alkaline conditions than towards the
acidic environment. However, superhydrophobicity remained
unaffected.

Next we devote attention to the contact angle of modified
CNF assemblies for hydrocarbons. Fig. 8 shows the selective
wettability towards water and octane for 20 pL droplet. Octane
droplets, shown as orange, spread on the surface whereas water
droplets, blue colour, produced an almost spherical shape.
Additionally, the wettability of organic hydrocarbons is pre-
sented in Fig. S11,1 with a lower contact angle than that of
water. The phenomena reflect the superhydrophobicity and
oleophilicity of the modified CNF assembly surfaces.

As we reported earlier, our modified CNF assembly surface
showed selective wettability with robustness in various severe

37172 | RSC Adv., 2017, 7, 37168-37174
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Fig. 8 Selective wettability of modified CNF surface. A 20 ulL octane
(orange color) droplet spreads over the surface while water droplet
(blue color) roll off on the surface.

Fig. 9 Schematic illustration of oil—water separation by a metal mesh
coated with modified CNF. The mesh pore size was 150 um. The water
droplet easily bounces and rolls off at a sliding angle 5° while oil
penetrates through the mesh by gravitational force.

environmental conditions. It can therefore be regarded as
competent for one solution of oil spillage from marine water.
Fig. 9 depicts a schematic illustration of oil-water separation by
metal mesh coated with modified CNF assemblies. The mesh
pore diameter was 150 um. The mesh plane was tilted by 5°,
facilitating the rolling off of water droplets from the surface: oil
(various hydrocarbons) penetrates through the mesh readily by
gravitational force.

SEM images of uncoated and coated meshes are displayed,
respectively, in Fig. S12(a) and S12(b).t The uncoated mesh is
smooth, showing an average WCA value of 110°. However, the
coated mesh is fashioned with modified CNFs in hierarchical
micro-nano alignment (inset), facilitating repulsion with a high
WCA value of 162°. Fig. 10(a) presents a photograph of the
separation process. The water droplet (blue) remains on the
coated steel mesh, whereas octane (orange) permeates through
the mesh. Additionally, a movie showing separation is pre-
sented in ESL}

After the filtration process, almost pure octane and water
were collected separately (Fig. 10(b)). In the separated water,
however, some oil was present, because the water droplets rol-
led off after oil wetted the surface beforehand. Nevertheless, the
separated oil contains no residual water, which was confirmed
by addition of methylene blue dyes. Moreover, separation was

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Photographs of separation process: (a) water droplet (blue)
standing on the coated steel mesh whereas octane (orange) pene-
trated through the mesh stored in the beaker, (b) collected water and
octane after separation, and (c) separation efficiency of the coated
steel mesh for different organic solvents with greater than 90%
efficiency.

conducted for many hydrocarbons and organic solvents
including tetradecane, dodecane, decane, octane, kerosene,
hexane, and toluene, keeping the volumetric ratio of water to oil
as 1:1. A total volume of 20 mL oil-water mixture was sepa-
rated. The separation efficiency was estimated based on the
volume of water collected after separation according to an
earlier report.** Fig. 10(c) expresses the separation efficiency for
each organic solvent. The efficiency was calculated as 99% for
decane, octane, and hexane, and kerosene. It is noteworthy that
the designed coated mesh can separate higher hydrocarbons
such as tetradecane, dodecane, and the organic solvent toluene
with more than 97% efficiency (Fig. S13f), although they
exhibited a contact angle greater than 100°. The modified
coated mesh is highly robust in terms of the separation cycle. In
fact, it can be used more than 50 times with the same separation
efficiency and no significant fouling by organic solvents was
observed. Even after 50 cycles the coated mesh is available for
the next step with no additional treatment such as washing and
cleaning. Further investigation, addressing wear and abrasion
resistance® will offer exciting opportunities for practical
applications.

Conclusions

We have demonstrated a simple and convenient approach to
modify CNF for the preparation of superhydrophobic surfaces,

This journal is © The Royal Society of Chemistry 2017
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potentially enabling efficient oil-water separation. CNF surfaces
were modified with fluorinated silane coupling agents in
homogeneous dispersion. Modified CNFs took hierarchical
assembly structures on solid supports. They are thermally stable
and resistant to extreme acidic and alkaline conditions. The
steel mesh coated with modified CNFs can separate oil and
water efficiently and quickly from mixtures with 99% separation
efficiency simply using gravitational force. The separation
process can be repeated more than 50 times with equal
performance. Consequently, our modified CNFs are expected to
be sustainable and effective materials for the separation of oil
and water. They are promising for scalable fabrication with low
cost, high separation efficiency and excellent durability as well
as for industrial applications for the separation of oil from
seawater.
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