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ABSTRACT: A novel free-standing and flexible electrospun
carbon—silica composite nanofibrous membrane is newly
introduced. The characterization results suggest that the
electrospun composite nanofibers are constructed by carbon
chains interpenetrated through a linear network of 3-
dimensional SiO,. Thermogravimetric analysis indicates that
the presence of insulating silica further improve the thermal
resistance of the membrane. Additionally, the mechanical
strength test shows that the membrane’s toughness and
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flexibility can be enhanced if the concentration of SiO, is maintained below 2.7 wt %. Thermal and chemical stability test show
that the membrane’s wettability properties can be sustained at an elevated temperature up to 300 °C and no discernible change in
wettability was observed under highly acidic and basic conditions. After surface-coating with silicone oil for 30 mins, the
composite membrane exhibits ultra-hydrophobic and superoleophilic properties with water and oil contact angles being 144.2 +
1.2° and 0°, respectively. The enhanced flexibility and selective wetting property enables the membrane to serve as an effective
substrate for separating free oil from water. Lab-scale oil—water separation test indicates that the membrane possesses excellent
oil—water separation efficiency. In addition, its inherent property of high porosity allows oil—water separation to be performed in
a gravity-driven process with high-flux. We anticipate that this study will open up a new avenue for fabrication of free-standing
carbonaceous composite membrane with tunable flexibility for energy efficient and high-throughput production of clean water.
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B INTRODUCTION

With increasing industrial oily wastewater and stringent
regulations on its discharge limit, effective separation of oil—
water mixtures at low cost becomes a worldwide challenge. In
addition to low cost, it is also desirable for an oil—water
separation medium to possess properties, such as selective
wetting behavior, high-throughput production of clean water,
easy regeneration and reusability. In general, fabrication of
material with selective wetting property can be achieved via
modification of its surface geometry (e.g. design of hierarchical
roughness at two different length scales) > and surface
chemical composition (e.g. fluorine-based coating).6_10 For
instance, Ma et al.'" reported the superhydrophobic function of
an electrospun nonwoven fibrous mat prepared by decorating
micrometer-scale fibers with nanometer sized particles. Apart
from that, by employing in-situ polymerization of fluorinated
monomer, Tang et al.'* have endowed a hydrophilic electro-
spun nanofibrous membrane with superhydrophobic and
superoleophilic property. In addition to selective wettability,
it is equally important for the substrate to be highly porous to
achieve a high throughput. This is because a highly porous
structure will greatly affects the permeation rate across the
membrane. In this regard, electrospinning offers a promising
way to fabricate nonwoven fibrous mats with high porosity and
controllable thickness.
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Presently, several techniques'>™"” have been developed to
perform effective oil removal process. A notable example is the
gravity-driven separation on a hierarchically structured or
coated mesh. The mesh surface is either coated with low
surface energy material®™>' or composed of micro/nano-
hierarchical structure**~>* to impart desirable wetting property.
One major merit from using mesh for oil—water separation is
its ultrafast separation rate. Membrane-based separation of oil—
water”>™>” under pressure is a widely used techniques in
industries because of the high quality water produced, simple
modular design, and lower chemical consumption compared to
other treatments.”® However, the pressure-driven membrane
separation has a major drawback—fouling.”’ "' Under high
trans-membrane pressure difference, oil droplets depositing on
the membrane surface are deformed and forced to enter the
pores. As a consequence, the pores are blocked and water flow
rate is decreased. Therefore, it is expected that a membrane
separation at low pressure will be a preferred and more
sustainable approach. Apart from fouling problem, the
regeneration of oil-fouled membrane is also a great challenge.
In practice, the cleaning of fouled membrane requires harsh
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chemical conditions or involves high-temperature thermal
treatment, which is detrimental to the membrane that is low
in thermal and chemical resistance such as polymer membrane.
Therefore, search for chemically and thermally stable
membrane becomes imperative.

Carbonaceous nanomaterials, such as carbon nanotube and
carbon nanofiber (CNF), are well known for its excellent
thermal stability>>>> and chemical inertness.>* Because of its
inherent property of hydrophobicity and oleophilicity, carbona-
ceous materials have been deemed as a gromising candidate for
oil sorption and oil—water separation.”>*® A great advantage
that carbonaceous nanomaterials offer in such applications is
that it allows easy regeneration after use because of its high
thermal and chemical stability. However, carbonaceous
materials often suffer from low rigidity when they are assembled
into macrostructure. This largely restricts its performance in the
relevant applications. For practical usage, the material must be
flexible to withstand the physical impact during the process of
oil sorption or oil-water separation. While majority of studies
works on carbon nanotubes and its 3-dimensional (3D)
assemblies for oil-water separation, the study of using
continuous CNFs in the form of nonwoven mat or membrane
for oil—water separation is still absent.

Hence, in this contribution, we discuss the fabrication of
highly flexible carbon-based composite nanofibrous membrane
via addition of SiO, precursor and the resulting membrane’s
physical properties including bulk mechanical strength and
thermal stability. The performance of the fabricated membrane
on gravity-driven separation of oil—water mixtures is also
evaluated. We seek to show that the as-fabricated electrospun
carbonaceous composite membrane is able to separate
effectively oil—water at high flux and work efliciently over a
broad range of temperature and pH levels.

B EXPERIMENTAL SECTION

Preparation of SiO,—Carbon Composite Nanofibers. The
spin dope for SiO,—carbon composite was prepared by mixing
polyacryonitrile (PAN, MW = 150 000 g/mol, 7 wt %) and tetraethyl
orthosilicate (TEOS, 0.5—5 wt %) in a mixture solvent of
dimethylformamide (DMF)/acetic acid (volume ratio of 15/1).
TEOS was used as an alkoxide precursor of SiO, while PAN serves
as both a carrying polymer for TEOS and a precursor of carbon
nanofiber (CNF). Glacial grade acetic acid was added to acidify the
mixture while ensuring low water/TEOS ratio. The mixture was then
heated at 90 °C until a crystal clear solution was obtained. Following
this, the prepared spin dope was electrospun in a closed chamber
where the electric field strength was kept at approximately 0.6—0.8
kV/cm. The solution feeding rate was 9—10 xL/min. The SiO,—PAN
nanofibrous mat was collected by using a rotating drum and the as-
spun mat was left in air overnight for further hydrolysis despite that
the moisture in air could engender the hydrolysis during the
electrospinning. To prevent the nozzle blockage by the rapidlly
hydrolyzed spin dope, a solvent vapor jacket is designed and used to
cover the spinneret, as shown in Supporting Information Figure S1.

The collected sheets of SiO,—PAN fibrils were then oxidized
(stabilized) at 280 °C in air for 2 h and carbonized at 900 °C in
nitrogen for 2 h. In both processes, the ramping rate was kept at 3 °C/
min. The pure SiO, nanofibers can be obtained by heating at 550 °C
in air for 2 h at a ramping rate of 8 °C/min to remove the carbon
framework. For comparison, pure carbonaceous nanofibers were also
fabricated. Throughout the experiments, the PAN content in the spin
dopes was fixed at 7 wt %.

Characterization. The surface morphology of the as-fabricated
samples was analyzed by field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F). Transmission electron microscopy
(TEM) images were obtained by using a JEOL 2010-H microscope
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operating at 200 kV. The crystal phase of the samples were confirmed
by X-ray diffraction (XRD, Shimadzu XRD-6000) with monochro-
mated high-intensity Cu Ka radiation (4 = 1.5418 A) operated at 40
kV and 30 mA. Elemental mapping was performed by using energy-
dispersive X-ray spectroscopy (EDX, Oxford Instruments X-max). The
membranes’ oxidation resistance was determined by performing
thermogravimetric (TG) analysis (Perkin Elmer TGA-7) where the
sample was heated from 30 to 900 °C at a rate of 10 °C/min and was
immediately cooled down after reaching the pre-determined temper-
ature.

Mechanical Strength Test. The Young’s modulus of a single
SiO,-carbon composite nanofiber and CNF was evaluated by carrying
out atomic force microscopy (AFM, Park Systems XE-100) based on
the method of Kracke and Damaschke.>”° In this work, a PPP-
NCHR silicon cantilever with 169 GPa modulus and force constant of
42 N/m was employed. The cantilever has a pyramidal tip with contact
radius <10 nm. During the experiment, the samples were placed on a
stainless steel spherical holder. The force mapping on the fiber surface
was done from a randomly selected area of 5 X S um? To derive the
Young’s modulus, the relationship between the fiber nanoindentation
and the force applied was utilized which is given by dF/ds = (2/2°°)E
X A% where A is the contact area and E* the effective Young’s
modulus, defined as 1/E* =1 — Utzip/Enp +1 where v
is the Poisson ratio.

To measure bulk mechanical strength, tensile strength test was
conducted by using Instron 5567 computerized universal testing
machine. Throughout the test, 1 X S cm samples with crip length of 2
cm were clamped and pulled at a rate of 0.2 mm/min. For each
sample, a stress—strain curve could be obtained and used for toughness
measurement (by integrating the area under the stress—strain curve).

Qualitative Analysis of Oil-Water Separation Efficiency.
Silicone oil-coated SiO,—carbon composite membrane was used as
separation medium and a mixture of petroleum spirit and 02 M
hydrochloric acid (HCI) aqueous solution (dyed with methyl violet)
was prepared. Prior to the separation test, the flexible membrane was
folded to fit in the opening of a vial containing 0.2 M silver nitrate
(AgNO;) aqueous solution which is dyed with methyl violet. The
addition of methyl violet to the HCI and AgNO; aqueous solution
could result in different colors due to the difference in pH. In an acidic
solution (pH <1.6), methyl violet appears to be yellowish and it is
turned into blue-violet when the pH value rises above 1.6. Hence, the
as-prepared HCI and AgNO; aqueous solution gave rise to yellowish
and blue-violet, respectively. The as-prepared oil-water mixture was
then poured into the vial through the coated composite membrane.
Because of its high sensitivity to Cl™ ions, the AgNO; aqueous solution
in the vial can serve as an indicator in a manner that it reacts with HCI
to immediately form whitish AgCI precipitate (solubility product, K,
= 1.8 X 107"°). Hence, even a minuscule amount of HCI aqueous
solution penetrating through the membrane will be detected. By
observing the formation of AgCl precipitates, the membrane’s
separation efficiency can be qualitatively determined. The separation
performance was conducted under two pouring conditions, that is,
water was added immediately followed by oil and vice versa and the
membrane used were initially dry.

2
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B RESULTS AND DISCUSSION

Figure la shows the FESEM images of as-spun SiO,—carbon
composite nanofibers prepared from S wt % TEOS. It can be
seen that the membrane is composed of entangled nanofibers
with an average diameter of 481 + 57 nm based on 150 fiber
measurement. This highly dense fiber entanglement leads to
the formation of 3D macroporous network which could
facilitate the liquid permeation rate across the membrane
because of the decreased mass transfer resistance. The enlarged
image in Figure 1b reveals that the nanofiber has a rough
surface with wrinkles. The formation of wrinkles is probably
due to the competition between the phase separation and the
fast evaporation rate of the DMF solvent in solution jet during
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Figure 1. Characterization of electrospun composite nanofibers. (a)
Top view of electrospun composite nanofibrous mat. (b) Surface
morphology of a single composite nanofiber. (c) XRD pattern showing
amorphous carbon and silica in pristine CNFs and the composite
nanofibers. (d) Flexibility of the composite nanofibrous mat, which
can be easily cut into desirable shape, as shown in the inset.

the electrospinning process. It is interesting to note that, the
fiber-like morphology of the composite is still preserved even
after the carbon is removed by calcination at 550 °C (see
Supporting Information Figure S2) The calcination also turns
the nanofibers from black into white. This suggests that the
SiO, present in the composite forms a linear network. XRD
pattern of both pristine CNFs and SiO,—carbon composite
nanofibers, as seen in Figure 1c, show broad diffraction peaks at
approximately 25°, suggesting that the phase of carbon and
SiO, is amorphous. It is noteworthy that the characteristic peak
for both amorphous carbon and SiO, are close to each other
(~23-25°)*"* and the diffraction peak of carbon overlaps
that of SiO, in this case. This explains why the XRD spectrum
of SiO,—carbon composite nanofibers shows only one
diffraction peak which appeared to be similar to the pristine
CNFs. TEM examination further confirms the amorphous
phase of SiO, in the composite nanofibers (Supporting
Information Figure S3). Figure 1d demonstrates that the
composite nanofibrous membrane can be bent to a radius
curvature of 1.5 mm without any cracks. The membrane can be
even severely folded. Because of its excellent flexibility, the
membrane can be readily cut into desired shape as shown in the
inset of Figure 1d. The membrane flexibility and its
corresponding mechanical properties will be further discussed
in a later section.

Figure 2a shows the FTIR spectra of pristine CNFs and
SiO,-carbon composite nanofibers. For CNFs, the spectrum
shows the characteristic peaks at ~1222 and 1601 cm™" which
correspond to the C=C stretching and bending vibrations of
the carbon backbone, respectively. The broad geak at 3100—
3700 cm™" can be assigned to the N—H bonds.*® However, the
peak at 3440 cm™' belongs to the asymmetrical stretching
vibration of O—H groups because of the water adsorbed on the
surfaces.** After the addition of TEOS, the resultant composite
nanofibers show new peaks of Si—O stretching and bending
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Figure 2. (a) FTIR spectra of the as-prepared CNFs and SiO,—carbon
composite nanofibers. Elemental maps. (b) FESEM image of SiO,—
carbon composite nanofibers. (c) EDX spectrum and (d) carbon, (e)
oxygen, and (f) silicon maps of SiO,—carbon composite nanofibers
taken in panel b.

vibrations at ~1082 and 1053 cm™, respectively. The peak at
885 cm™! is ascribed to the silanol (Si—OH) vibration.* The
detection of Si—O indicates the formation of SiO, in the fibers.
No Si—C bond is observed, suggesting that there is lack of
intermolecular interaction between the silica and the carbon
species in the composite system and they form interpenetrating
structure separately during their transformation.*® It is noted
that, although most of Si—OH groups can be removed by
dehydroxylation at elevated temperature during the carbon-
ization process, the detected Si—OH can be attributed to the
isolated single silanols remained on the silica surface.*’

To verify the presence of silica in the fibers, the composition
of CNF sample containing 5 wt % Si precursor was further
characterized by EDX as shown in Figure 2b—f. The results
from the EDX analysis confirms that the composite nanofibers
are mainly composed of Si, O, and C. These are indicated by
the strong peaks in the EDX spectrum. In addition, it can be
seen that the Si element is evenly distributed across the surface
of the nanofibers as shown in Figure 2f.

On the basis of the experimental results, the formation
mechanism of SiO,—carbon composite nanofibers is proposed
and illustrated in Figure 3. Prior to electrospinning, the sol—gel
precursor is prepared by mixing PAN, TEOS, DMF, and acetic
acid. During the process where the precursor sol is spun into
fibers under appropriate electrical strength, phase separation
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Figure 3. Schematic of fabricating silica—PAN composite membrane,
silica—carbon composite membrane, and pure silica nanofibrous
membrane by employing electrospinning technique.

takes place. The DMF solvent in the precursor evaporates
quickly from the fiber in the meantime PAN the TEOS
undergoes hydrolysis. The surface morphology of the electro-
spun fibers is the result of the competition between phase
separation dynamics and evaporation rate of DMF solvent in
solution jet during electropinning. During the hydrolysis, TEOS
is polycondensed to form SiO, linear framework instead of
SiO, colloidal particles owing to the fact that the rate of
condensation is slow relative to the rate of hydrolysis under the

acidic catalysis.**** Consequently, the resultant composite
nanofibers is a continuous PAN phase with homogeneously
dispersed, phase separated SiO, domains. Upon carbonization
at elevated temperature under inert atmosphere, the PAN
phase is converted into carbon phase. The process also leads to
complete condensation of hydrolyzed TEOS to SiO,.** The
final state of SiO, in the composite is remained as evidenced
from the broad band diffraction peak at 26 values of
approximately 25° in the XRD spectra in Figure lc. It is
noted that the morphology and integrity of the composite
nanofibers is well-retained after carbonization despite that
carbon and silica have different shrinkage rates. This is owing to
the interpenetration framework of carbon and SiO, which
allows the shrinkage to be engendered in a homogenous
manner.* After removing carbon framework through calcina-
tion, pure whitish SiO, nanofibers can be obtained. However,
the resultant SiO, nanofibers are very fragile because
predominant volumetric fraction of the composite is occupied
by carbon and its removal renders the nanofibers mechanically
weak.

The percentage of the silica component in the composite
nanofibers can be derived from thermogravimetric (TG)
analysis. The TG curves shown in Figure 4a indicate that the
addition of 0.5, 1, 3, and 5 wt % TEOS resulted in SiO, loading
of 2.7, 3.2, 8.5, and 15.8 wt %, respectively, in the composite
fibers. With increasing SiO, loading, the thermal stability of the
composite nanofibers is remarkably enhanced. It is observed
that the maximum temperature at which the composite fibers
are oxidized shifted toward higher temperature region. Apart
from that, the weight loss rate is decreased. Compared to the
pure CNFs, the composite nanofibers exhibits less steep weight
loss and stabilized at higher temperature. Among the samples,
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Figure 4. Effect of SiO, loading. (a) TG analysis result showing the enhanced thermal stability with increasing SiO, content. (b) Relative difference
in flexibility between a single CNF and SiO,—carbon composite nanofiber. Inset shows the excellent flexibility of the composite membrane. Plots of
(c) Young’s modulus and (d) normalized toughness as a function of SiO, loading,
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15.8 % SiO,—carbon composite nanofibers have the lowest
weight loss rate and stabilize at the highest temperature. The
inset of Figure 4a shows the maximum oxidation rate derived
by taking the first derivative of the TG curves. As seen, the
onset of maximum oxidation rate (the highest peak in the
differential curve) is delayed with increasing SiO,. The
maximum oxidation rate for 15.8 wt % SiO,—carbon composite
nanofibers occurs at 720 °C. This enhancement in thermal
stability could be attributed to the thermal insulation effect of
silica in the composite fibers.*’

The mechanical property of a single CNF and 15.8 wt %
SiO,—carbon composite nanofibers was studied by using AFM
in contact mode. The force applied after the tip contacts with
the sample and the force required to pull off from the sample
surface can provide a measurement of stiffness. Seventeen
force—distance (F—D) curves for each samples were collected
from a randomly selected area of the sample, which was placed
on a stainless steel substrate. Figure 4b shows the representative
F—D curves of the electrospun CNF, the SiO,—carbon
composite nanofibers and stainless steel (as standard). The
relative difference in Young’s modulus CNF and SiO,—carbon
composite nanofiber can be estimated from the slope of the
force-indentation curve by using the approach as described in
the Experimental Section. The calculation shows that SiO,—
carbon composite nanofiber has an average Young’s modulus
about 3 times lower than that of CNF, suggesting that SiO,—
carbon composite nanofiber is more flexible than CNF. It is
observed that the membrane flexibility can be manipulated by
tuning the SiO, content in the composite nanofibers. This
enhanced flexibility can be confirmed by manually twisting the
membrane. As seen in the inset of Figure 4b, the membrane
could be severely twisted without breaking. After twisting, the
membrane could recover very quickly to its initial state without
causing structural deformation. On the contrary, the pure CNF
membrane was brittle and quickly broke into pieces after
folding. (see more in Supporting Information video S1)

To further study the effect of silica, tensile test was
conducted on the fabricated membranes with different SiO,
loading. As seen in Figure 4c, the Young’s modulus is decreased
with increasing SiO, concentration. At 15.8 wt % SiO,
concentration, the Young’s modulus of the membrane is
dropped from 317.6 to 56.3 MPa or by 82.3 %. However, the
membrane toughness is increased followed by a steep drop,
which occurs after a threshold concentration (2.7 wt %) is
reached. The drop in membrane toughness suggests that the
strengthening effect of silica is only effective when its
concentration is maintained below 2.7 or 0.5 wt % TEOS
loading. Since there is weak interactions between the carbon
matrix and the silica as evidenced from FTIR analysis, silica, in
this case, acts as a nonreactive and nonreinforcing filler. When
an external stress is applied to the composite nanofiber, it is
transferred from the carbon matrix to the embedded SiO,
which deflects the crack propagation on the carbon matrix and
consequently the stress concentration at the crack tips is
reduced, thus preventing the structural failure.>' However, as
the SiO, content increased to a concentration above 2.7 wt %,
the membrane toughness decreased substantially. This can be
attributed to the agglomeration of SiO,, which becomes a flaw
to the composite nanofibers rather than a crack deflector.

The membrane flexibility was further examined under harsh
condition. To do so, the membrane was immersed in liquid
nitrogen (—196°C) for seconds before it was taken out and
folded. For comparison, a similar test was conducted to
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commercial cellulose acetate (CA) membrane. It is found that
the CA membrane was very brittle and could be easily break
apart a few seconds after it was taken out from the liquid
nitrogen. On the contrary, the SiO,—carbon composite
nanofibrous membrane remained highly flexible even after
several time of immersion and folding, thus implying its high
durability at super low temperature. (see Supporting
Information video S2) This excellent flexibility under harsh
conditions helps to maintain the structural integrity of the
composite membrane during the oil-water separation process as
will be discussed in the later section. Moreover, the approach to
preparing flexible carbon-based membrane through silica
addition provides a solution to the carbon brittleness which
is normally alleviated through optimizing the precursors and
preparation method.

To examine the wetting behavior, water contact angle
(WCA) and oil contact angle (OCA) were measured by
dropping 3 uL water (72.1 mN m™") and oil (dichloromethane,
354 mN m™') onto the fabricated composite membrane. As
shown in Figure S, the membrane displays a WCA of 138.6 +

Before coating
138.6 £ 1.6°C

After coating
144.2 £ 1.2°C

WCA

-

0eC

OCA
0eC

Figure S. Hydrophobicity and oleophilicity property of the composite
membrane before and after silicone oil coating.

1.6° and OCA close to 0°, indicating its ultrahigh hydrophobic
and superoleophilic character. This is under expectation
because carbonaceous materials are intrinsically hydrophobic.
However, it was observed at some locations of the membrane
that the water droplet was shape-unstable and rapidly absorbed
by the membrane within several seconds. The absorption
process is illustrated in Supporting Information Figure S4. In
other words, at these particular locations, the surfaces are
superamphiphilic. This nonhomogeneity in surface wettability
is probably a consequence of the competition between the
natural hydrophobic effect and the porosity-driven hydro-
philicity. It has been reported that porous materials such as
silica thin film and methyltriethoxysilane sol—gel foam is more
likely to display hydrophobic to hydrophilic switching.>>**
Therefore, it is speculated that the observed wetting transition
is engendered by the high porosity of the composite membrane
that drives water infiltrate into the 3D fibrous network. To
improve its hydrophobicity property and ensure homogeneous
hydrophobic—oleophilic surface pattern, the membrane was
coated with silicone oil at 125 °C for 0.5 h by mean of vapor
deposition. Upon heat treatment, silicone oil is thermally
degraded and the vaporized molecules deposit homogeneously
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on the nanofiber surface. After coating, the membrane exhibits
WCA of 1442 + 12° which is slightly higher than the
untreated one while the membrane superoleophilicity is
sustained at an OCA close to 0°.

Chemical stability test was performed to evaluate the effect of
pH to the membrane’s wettability. As seen in Figure 6a, the
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Figure 6. Study of stability of the SiO,—carbon composite membrane.
(a) WCAs when exposed to aqueous solutions with different pHs.
Inset shows the ultrahigh hydrophobicity at different pHs and
superoleophilicity of the membrane. (b) Variation of WCAs after
calcination at various temperatures for 2 h. Inset figures show water
shape at different temperatures.

membrane could maintain ultrahigh hydrophobicity towards a
broad range of pH (2—14), suggesting its excellent stability
against extreme pH condition. This implies that the membrane
is superior over those polymeric membranes. The membrane’s
hydrophobicity after calcination for 2 h at various temperatures
(100—400 °C, ramping rate of S °C/min) was also studied. As
shown in Figure 6b, the hydrophobicity is maintained after

annealing treatment up to 350 °C. At 400 °C, the membrane
was reduced to its initial state and lost its constancy of
hydrophobicity which can be manifested by the substantial
drop in WCA close to 0°. Several implications can be drawn
from the chemical and thermal stability test. Firstly, the
membrane wettability is switchable between hydrophobic and
hydrophilic states by coating the surface with hydrophobic/
hydrophilic materials that can be removed at elevated
calcination temperature. Secondly, with stable hydrophobicity
at high temperature (300 °C), the membrane should be able to
serve effectively as a separation medium under high temper-
ature condition such as oil spill incidents accompanied by a
great fire due to burning of oil spill Thirdly, the oil-fouled
membrane can be easily regenerated and reused by means of
calcination and chemical cleaning.

The characteristic of high porosity coupled with selective
wettability makes the SiO,—carbon composite membrane a
promising material for oil—water separation. As a proof of
concept, the gravity-driven oil-water separation experiment was
conducted and the separation performance was evaluated
qualitatively. A mixture of petroleum spirit (colorless) and 0.2
M HCI aqueous solution (yellowish) was prepared and poured
slowly onto the coated membrane which is flexible enough to
be fitted into the opening of a vial as shown in Figure 7a and c.
The vial was pre-filled with 0.2 M AgNO; aqueous solution
(violet) which was used to detect the HCI that penetrated
through the membrane. Owing to the fact that Ag" is highly
sensitive to Cl™ ions, even a tiny amount of HCI will react with
AgNO; to form whitish precipitate. As seen in Figure 7b,
whitish precipitate was immediately formed after a S uL droplet
of HCl was added into AgNOj; solution. However, when
petroleum spirit was added onto the membrane immediately
followed by HCI solution, the solution in the vial remained as
clear as before after the oil-water separation, as seen in Figure
7¢. Only HCI aqueous solution was retained on the membrane.
The separation performance was remained unaltered even
when HCI solution was first poured followed by petroleum
spirit. (see Supporting Information Video S3) These indicate
that the coated membrane can separate oil from water
efficiently regardless the pouring conditions.

Apart from the excellent separation performance, the
membrane also allows ultrafast oil—water separation by solely
gravity. The fluxes of various oils permeating through a
membrane are measured and the flux test was repeated 3 times
to obtain average values. The average permeate flux for
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Figure 7. Ultrafast gravity-driven oil—water separation. (a) Mixture of petroleum spirit and HCl aqueous solution as feed. (b) Whitish AgCl
precipitate formed after HCI reacts with AgNO; solution (violet). (c) Demonstration of gravity-driven oil—water separation. Enlarged pictures show
that water is completely retained on the membrane surface and no AgCl precipitate is formed during the separation. (d) Permeate flux for different
types of oils. The inset shows the cross-sectional view of the membrane thickness.
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petroleum spirit, iso-octane, and hexane was found to be 3032.4
+234.6,1719.1 + 36.2, and 2648.8 + 89.7 L/m*h, respectively
when a 213.3 + 21.8 um thick membrane (effective membrane
area is 0.000962 m*) was used (Figure 7d). These values are
comparable to or even higher than other advanced filtration
membranes such as mineral-coated polypropylene micro-
filtration membrane (>2000 L/m*h),>* superhydrophobic
polyvinylidene fluoride membrane (700—3500 L/m*h)** and
crosslinked poly(ethylene glycol) diacrylate-coated membrane
(<100 L/m*h).>” The variations in flux for different oils are
due to the viscosity difference. According to the Haigen-
Poiseuille equation, flux is inversely proportional to liquid
viscosity. The viscosity for petroleum spirit, iso-octane and
hexane is 0.3, 0.5, and 0.3 mPa.s, respectively. Such fast mass
transport could be attributed to both the superoleophilic
surface as well as the open, interconnected pore structure of the
membrane which substantially decrease the mass transfer
resistance. When compared to the conventional pressure-driven
filtration membranes such as polymeric flat-sheet,”” hollow
fiber membrane?” and ceramic membrane,”® the use of
electrospun carbon—silica membrane for oil—water separation
is advantageous because (1) it is energy efficient (separation by
gravity), (2) significantly high permeate fluxes of 1500—3000
L/m*h can be achieved (i.e. high throughput production), and
(3) it is able to work effectively under harsh conditions such as
oil spill in a polar zone and leakage of high temperature oils
because of its high thermal and chemical resistance.

B CONCLUSIONS

In summary, a free-standing and flexible SiO,—carbon
composite nanofibrous membrane was fabricated by using
electrospinning technique followed by thermal treatment. The
bulk mechanical properties, that is, Young’s modulus and
toughness of the as-prepared membrane can be easily tuned by
manipulating the SiO, loading. It is found that the composite
membrane is tougher than the pristine CNF membrane when
the embedded SiO, concentration is kept at 2.7 wt %, beyond
which the membrane toughness is reduced. After coated with
silicone oil, the composite membrane becomes ultra-hydro-
phobic and superoleophilic. The chemical and thermal stability
test suggest that the wettability of the coated composite
membrane is resistant to elevated temperature (up to 350 °C)
and stable towards a wide range of pH values (2—14). Such
wetting behavior allows the membrane to be applied as an
substrate for separation of free water and oil. The quality test of
oil-water separation shows that the membrane is highly effective
in separating free oil and water. More importantly, the
separation process is ultrafast and driven solely by gravity.
We anticipate that this study will open up a new avenue for
fabrication of free-standing carbonaceous composite membrane
with tunable flexibility for energy-efficient, high-throughput

production of purified water.

B ASSOCIATED CONTENT

© Supporting Information

Design of home-made solvent vapor jacket, images of
electrospun pure SiO, nanofibers, images showing sequential
process of water absorption by composite membrane, and
videos. This material is available free of charge via the Internet

at http://pubs.acs.org/.
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