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In recent years, both the increasing frequency of oil spill accidents and the urgency to deal seriously with industrial oil-
polluted water, encouraged material scientists to design highly efficient, cost effective oil-water separation technologies.
We report on electrospun nanofibrous membranes which are composed of core-sheath structured cellulose-acetate (CA)-
polyimide (PI) nanofibers. On the surface of the CA-PI fibers a fluorinated polybenzoxazine (F-PBZ) functional layer, in
which silica nanoparticles (SNPs) were incorporated, has been applied. Compared with F-PBZ/SNP modified CA fibers
reported before for the separation of oil from water, the Pl-core of the core-shell F-PBZ/SNP/CA-PI fibers makes the
membranes much stronger, being a significant asset in their use. Nanofibrous membranes with a tensile strength higher
than 200 MPa, a high water contact angle of 160° and an extremely low oil contact angle of 0° were obtained. F-
PBZ/SNP/CA-PI membranes seemed very suitable for gravity-driven oil-water separation as fast and efficient separation (>
99%) of oil from water was achieved for various oil-water mixtures. The designed core-sheath structured electrospun

nanofibrous membranes may become interesting materials for the treatment of industrial oil-polluted water

1. Introduction industries '*¢, has become one of the most common pollutant all over

the world, explaining why more and more material scientists focus on

Oil spill accidents, which often occur upon exploitation, oil-water separation technologies. Some rather conventional

. o . a1 .
transportation, utilization and storage of oil", do not only result in
. . 2-9
waste of resources but also seriously threat the environment™".

Besides oil spill accidents, oily wastewater, as produced by many
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techniques, such as adsorptionU, gravity separationls, biological
treatment’®, sedimentation under centrifugal field® and electro-
coagulation21 are commonly used for oil-water separation. However,
disadvantages such as low efficiency, high operation costs and
generation of additional pollutants have greatly limited their wide
applications. Membrane separation has been proved to be an effective
technique to separate oil-water mixtures and has become widely
adopted in food processing, pharmaceutical, desalination and fuel cell
industries””%,

Electrospinning is a versatile technique that allows creating nonwoven
mats made of continuous fibers with diameters ranging from

. 29-31
nanometers to a few micrometers

Electrospun nanofibrous
membranes show great potential in membrane filtration technology as

they are mostly highly porous with an interconnected pore structure,
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which explains their large surface/volume ratio®>>S. Electrospun
nanofibrous membranes made from both polymers (like
polystyrene (PS)37, polycaprolactone (PCL)38,

poly(methylethacrylate)ag, polyurethane (PU)* and inorganic silica®™
have been designed for oil-water separation. Lin et al. developed
PS-PU composite fibers with a high specific surface via co-axial
electrospinning; such fibers showed oil sorption capacities of 64 and
48 g g'1 for motor oil and sunflower seed oil, respectively, being 2 to
3 times higher than the oil sorption capacity of conventional
polypropylene (PP) fibers2. In another study by Shang et al. a
super-hydrophobic and super-oleophilic nanofibrous membrane
was made from cellulose-acetate (CA) nanofibers modified with a
fluorinated polybenzoxazine (F-PBZ) layer in which silica
nanoparticles (SNPs) were incorporated; thus obtained nanofibrous
membranes allowed fast and efficient separation of
dichloromethane/water mixtures®. Che et al.* fabricated smart

nanostructured electrospun
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Scheme 1 (a) F-PBZ/SNP modified CA-PI nanofibrous
membranes prepared through co-axial electrospinning: cellulose-
acetate (CA), polyamide acid (PAA), polyimide (PI); (b) Shows the

imidization of PAA.
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poly(methylmethacrylate)-co-poly (N,N-dimethylaminoethyl
methacrylate) membranes which can switch oil/water wettability by
reacting with CO,/N,. In another study, polysulfone membranes
containing silica nanoparticles were reported for oil-water
separation“; the presence of the silica nanoparticles improved the

flux through the membranes.

While most of the reported electrospun nanofibrous membranes
show excellent oil-water separation properties, they often suffer
from a poor mechanical stability which significantly hinders their
potential in industrial applications. In this work we aimed to design
sufficiently strong super-hydrophobic/super-oleophilic membranes
based on high-strength core-sheath cellulose-acetate-polyamide
(CA-PI) nanofibers modified with fluorinated poly-benzoxazine and
silica nanoparticles (F-PBZ/SNP). As outlined in Scheme 1, co-axial
electrospinning of CA with polyamide acid was performed to
fabricate high strength core-sheath structured CA-PAA nanofibers
which were subsequently imidizated resulting in CA-PI fibers, being
CA fibers with a polyimide (PI) core. Fluorinated benzoxazine,
namely 2,2-bis (3-m-trifluoromethylphenyl-/-3,4-dihydro-2H-1, 3-
benzoxazinyl) propane (BAF-tfa) was then in-situ polymerized in the
presence of silica nanoparticles forming a hydrophobic polymeric
layer on the surface of the CA-PI fibers. The combination of the
core-sheath structure of the fibers and the modification of their
surface with F-PBZ/SNP resulted in strong nanofibrous membranes
excellent super-hydrophobic/super-oleophlic surface

with an

showing promising features for gravity driven oil-water separation.

2. Experimental

2.1. Materials

Bisphenol AF, paraformaldehyde (POM), 3-(trifluoromethyl) aniline,
hydrophobic silica (SiO,) nanoparticles (7-40 nm) and hexadecyl
trimethyl ammonium bromide were provided by Shanghai Aladdin
Industrial Corporation. N,N-Dimethylacetamide (DMAC),
dichloromethane (DCM), acetone, trichloromethane, anhydrous
calcium chloride, n-butyl acetate and sodium hydroxide were
purchased from Nanjing Chemical Reagents. Cellulose-acetate (Mw
= 40, 000) was purchased from Sinopharm Chemical Reagent. 3, 3/,

4, 4-Biphenyl tetracarboxylic diandhydride (BPDA, from Changzhou

This journal is © The Royal Society of Chemistry 20xx
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Sunlight Pharmaceutical) and p-phenylenediamine (PDA, from
Shanghai Aladdin Industrial Corporation) were sublimated under
vacuum before use. All chemicals and solvents were used as

received, unless otherwise stated.

2.2. Synthesis of 2,2-bis 3-m-trifluoromethylphenyl-/-3,4-dihydro-
2H-1,3-benzoxazinyl) propane (BAF-tfa)

BAF-tfa was synthesized using p-phenylenediamine,
paraformaldehyde (POM) and 3-(trifluoromethyl) aniline through
Mannich reaction, as shown in Fig. S1. 14.7 g bisphenol AF (BAF),
5.3 g paraformaldehyde and 14.1 g 3-(trifluoromethyl) aniline were
stirred in a four necked round bottom flask equipped with a
condenser with electric mixer under N, environment for 30 min.
The reaction temperature was gradually increased to 105 °C. After 2
h of reaction the viscosity of the mixture began to increase. The
reaction mixtures were dissolved in 200 ml trichloromethane after
cooling down to room temperature. The resulting solution was
washed successively using 2.0% aqueous sodium hydroxide and
deionized water followed by drying with anhydrous calcium
chloride and filtration. Subsequently the solvent was evaporated
under vacuum and the product was dried at 50 °C for 24 h to obtain
BAF-tfa powder. 'HNMR spectrum (500 MHz) in CDCl; and DMSO-
d6 and *FNMR spectrum (500 MHz) in CDCl; were collected and
shown in Fig. S2. Fig. S3 shows the FT-IR spectrum of the thus

obtained BAF-tfa.

2.3. Synthesis of polyamide acid (PAA)

Polyamide acid (PAA) was synthesized from BPDA and PDA through
low temperature polycondensation, as shown in Fig. S4. BPDA
(2.9421 g) and 1.0814 g (PDA) were dissolved in 40 ml DMAc in a
four-necked round bottom flask equipped with a mechanical stirrer
under nitrogen environment at -5 °C. The reaction was stopped

after 4 hours and the molecular weight was measured by GPC.

2.4, Electrospun polyimide (PI) nanofibrous membranes

This journal is © The Royal Society of Chemistry 20xx
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PAA nanofibrous membranes were prepared using 3 wt% PAA

solutions in DMAc containing 1 wt% hexadecyl trimethyl
ammonium bromide to enhance the conductivity. Fig. S5 shows the
electrospinning setup: electrospinning occurred at a voltage of 25
kV (+15, -10 kV), the PAA solution was fed from a syringe into a
needle at a flow rate of 1 ml/h. PAA nanofibrous membranes were
collected on an earthed rotating flywheel (fiber collector), 30 cm in
diameter. The flywheel rotated at 1500 rpm /min which allowed to
generate membranes with aligned fibers. The FT-IR spectrum of the
resulting PAA membrane is shown in Fig. S6, ESI. Pl nanofibrous
membranes were obtained by imidization of the PAA membranes
through heat treatment® (150 °C/1 h, 200°C/1 h, 250°C/1 h, 300

°C/1 h, 350°C/30min).

2.5. Preparation of cellulose-acetate (CA) nanofibrous membranes

CA nanofibrous membranes were prepared using a 7.5% (w/v) CA
solution (in DCM/acetone (2:1, v/v)) which was loaded in the
needle (1 ml/h).

syringe and injected through the metal

Electrospinning occurred using the setup described in section 2.4.

2.6. Co-axial electrospinning of CA-PI nanofibrous membranes

The co-axial electrospinning process was performed using a 3 wt%
PAA solution (in DMAc) to make the core and a 7.5% (w/v) CA
solution (in DCM/acetone; (2:1, v/v)) to form the sheath. An
electrospinning setup similar as described above for CA and PI
spinning was used, except the use of two syringe pumps and a
spinneret consisting of two chambers. The nozzle included two
circular channels, the configuration is shown in Fig. S7. The applied
voltage equalled 25 kV (+15, -10 kV), while the distance between
the spinneret and the collector was 13 ¢cm. The needle of the co-
axial electrospinning with an inner diameter of 0.51 mm and an
outer diameter of 1.25 mm was used. The flow rate of both the core
and sheath solution was 1 ml/h. The electrospun CA-PAA nanofibers
were collected as nonwoven sheets on the rotating roller (1500
rom/min). The obtained CA-PAA nanofibers were subsequently
imidizated through heat treatment (150 °C/2 h, 200 °C/3 h, 250°C/1
h and 260 °C/1 h).

J. Name., 2013, 00, 1-3 | 3



HEH-RSCIAdvances: el

ARTICLE

2.7. Fabrication of F-PBZ/SNP modified CA, Pl and CA-PI

nanofibrous membranes

The F-PBZ/SNP modified CA, PI, and CA-PI nanofibrous membranes
were fabricated by first dipping the electrospun CA, Pl or CA-PI
membranes in n-butyl acetate solutions with various concentrations
of BAF-tfa and SNPs. The membranes were oven dried for 2 h at 60
°C, followed by in situ polymerization of the BAF-tfa monomers at
190 °C in vacuum for 3 h. The thus obtained membranes modified
using x wt% BAF-tfa/butyl acetate solutions were denoted as F-PBZ-
x. Similarly, the F-PBZ/SNP modified CA, Pl and CA-PI samples were
denoted as F-PBZ-x/SNP-y/CA, F-PBZ-x/SNP-y/PI and F-PBZ-x/SNP-
y/CA-PI, indicate the used

respectively, where x and vy

concentrations of BAF-tfa (x wt%) and SNPs (y wt%), respectively.

2.8. Instrumentation

The nanofibrous membranes were fabricated using commercially
available electrospinning equipment (FM1206, Beijing Future
Material Sci-tech, China). '"HNMR spectra were recorded by a Bruker
Avance 400. Fourier Transform Infrared (FT-IR) spectra were
recorded with a Nicolet 8700 FT-IR spectrometer. The morphology
of the fiber composites was characterized using a JEM-2010
transmission electron microscope with accelerating voltage of 120
kV. Samples were stained with 0.2% phosphotungstic acid. The
morphology of the membranes was further examined using field
emission scanning electron microscopy (FE-SEM, S-4800, Hitachi
Ltd., Japan). Water contact angle (WCA) and oil contact angle (OCA)
measurements were performed using a contact angle instrument
(JC2000D1, Shanghai Zhong Chen digital technic apparatus). The
mechanical properties of the membranes were evaluated on an
electronic universal testing machine (UTM6502, Shenzhen Sans
Technology Stock, China). Thermogravimetric analysis was
performed using thermal Gravimetric Analyzer (TGA Q5000-IR, TA
Instruments). Gel Permeation Chromatography (GPC)
(Agilent Technologies, Germany) was conducted to investigate the
molecular weight of PAA. The roughness parameters (Ra) of the
membranes were measured using white light interferometer
(ContourGT-K, Bruker, USA). N, adsorption-desorption isotherms,

pore size distributions (PSD) and pore volume were investigated

4| J. Name., 2012, 00, 1-3

Journal Name

using an Autosorb-iQ2 physisorption analyzer (Quantachrome,

USA).
2.9. Oil-water separation performance of the membranes

To assess the oil-water separation performance of the membranes,
20 ml of an oil/water mixture (1/1; v/v) was poured into a
commercially available separation device (mobile phase filter,
Synthware, China; see Figure 8a). The oil-water mixtures were
obtained by mixing 10 mL oil and 10 mL water in a beaker and
simply shaking by ultrasound. The flux (F) of the oil through the

membrane was calculated as follows:

F= 2 (1)

V (L) being the volume of oil which passes through the membrane,
A (mz) the (surface) area of the membrane (i.e. 56.25 x 10° mz) and
At (h) the filtration time. The ‘separation efficiency’ was calculated

from:

n=§x1oo (2)
0

V, being the volume of water used to prepare the oil/water
mixture, V; being the volume of water recovered after the

separation process.

2.10. Porosity of the membranes

The porosity (P) of the electrospun nanofibrous membranes was

calculated following the work of Liu et al.¥:

masSmembrane (3)
areamembrane x thicknessmembrane

Pmembrane =

This journal is © The Royal Society of Chemistry 20xx
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Pritm = areagim x thicknessgim @
p= (1 - M) X 100% (5)
Pfitm

where prmemprane and prym are the density of respectively the

electrospun nanofibrous membrane and the corresponding
‘polymer film’ obtained upon evaporating the solvent of a 1.5 mL
polymer solution spread on a microscopy glass. Note that the
thickness of the nanofibrous membranes and the polymer films

were measured using digital micrometre (Master proof, Germany).

3. Results and discussions

3.1. Electrospinning and characterization of core-sheath

structured CA-PI nanofibers

Fig. 1 shows the stress—strain curves of CA, Pl and CA-PI nanofibrous
membranes stretched in the oriented direction (0.5x4 cm and
thickness of 40 um). A typical linear stress-strain behavior appeared
before the breaking of the membranes. This deformation behavior
could be explained as follows. Under the action of an external load,
the non-aligned nanofibers in the membranes were first compelled
to be aligned along the stress direction, which explains the initial
non-linear behavior. The linear stress-strain behavior upon further
increasing the tensile stress is due to the intrinsic (elastic)

properties of the nanofibers.

500 m
: :

= 4007 g
% 3001 )
7
p CA-PI
;‘; - 00 5 10 15 20 25 30 35 40
5 200

1007

0 T T T T

0 10 20 30 40 50 60 70

Tensile strain (%)

Fig. 1 Stress-strain behavior of CA, Pl, CA-PI membranes. The insert
shows the stress-strain behavior of CA.

This journal is © The Royal Society of Chemistry 20xx
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Breaking of the aligned CA-nanofibers/CA-membranes seemed to
occur already at 10 Mpa membranes occurred at a much higher
tensile stress (400 MPa); the high mechanical properties of the PI-
membranes can be ascribed to (insert) which may be partially
explained by the low molecular weight of CA (Mw = 40, 000). In
clear contrast, breaking of PI-the aromatic structure of polyimide
and the high molecular weight (Mw = 1.0 x 108) resulting from the
low-temperature polymerization process“s’ * In addition, polymer
chain orientation and/or crystallization may happen during the high
temperature imidization process, which may also contribute to the
high strength of the membranes. Fig. 1 shows that CA-PI
membranes have a tensile strength of 230 MPa, which is about 20
times higher than the tensile strength of the CA-membranes. The
tensile strength was smaller when the membrane stretched in the

vertical direction (Fig. S8).

Transmission electron microscope (TEM) was applied to
characterize the structure and morphology of the electrospun
nanofibers (Fig. 2a). The fibers obtained by co-axial electrospinning
and subsequent imidization of PAA were very thin and showed a
clear core-sheath structure; it looks like a Pl wire (core) is present in
a CA fiber (sheath). It is this core-sheath structure of the nanofibers
which explains why CA-PI nanofibers perform mechanically so much

better than CA-fibers ***".

Subsequently, the thermal stability of the CA, Pl and CA-PI
nanofibrous membranes was studied by thermogravimetric analysis
(TGA). As shown in Fig. 2b, Pl-membranes were very stable upon
heating and no decomposition took place until 560 °C (under
nitrogen atmosphere). In contrast, CA-membranes started to

decompose at about 300 °C and lost about 85% of their mass at 350

560°C
-\

70°C, 68%
i

/ 300C

@100

80 300C

[a]

S
R
2. / ATl
670°C, 43%
20
a0’

500 nm

0 100 200 300 400 500 600 700 800 900

Temperature ('C)
Fig. 2 (a) TEM image of a CA-PI nanofiber; (b) TGA on CA, PI, and

CA-PI membranes.
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°C. Unlike CA- and Pl-membranes, the degradation of CA-PI
nanofibrous membranes was found to display a two-stage
decomposition with a 37% mass loss between 300 and 370 °C
followed by another 20% mass loss between 560 and 670 °C. The
two steps in loosing mass could be ascribed to the decomposition of
CA and PI fibers, respectively, which supports the above proposed
core-sheath structure of the CA-PI nanofibers. Moreover, the
stability of CA and CA-Pl nanofibrous membranes at temperatures
lower than 300 °C also confirms that the imidization step (Scheme
1) which occurred at 260 °C (during 30 min) did not damage the

fibers.

3.2, In situ polymerization modification of

electrospun nanofibrous membranes

To achieve electrospun nanofibrous membranes with a super-

hydrophobic/super-oleophilic surface suitable for oil-water

separation, the fibers were coated with fluorinated

polybenzoxazine (F-PBZ) via in situ polymerization. The resulting F-
PBZ modified electrospun nanofibrous membranes were
characterized by FE-SEM, as shown in Fig. 3d-f; images for pristine
CA, PI, and CA-PI nanofibers were also shown for comparison (Fig.
3a-c). The figures show that the surface of uncovered CA
nanofibrous membranes (Fig. 3a) is relatively rough, while Pl and
CA-PI nanofibers exhibit a relatively smooth surface, especially in

case of PI. Comparing with Fig. 3a-c, the morphology of the

Journal Name

Fig. 3 FE-SEM images of electrospun fibrous mats.

nanofiber’s surface did not change significantly upon F-PBZ

modification. However, cross-linked polymer thin layer was

evidenced after BAF-tfa modification confirming the successful in
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Fig. 4 FT-IR spectrograph of (a) CA, (b) Pl and (c) CA-PI membranes.
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membranes, membranes modified with 1 wt% BAF-tfa and

membranes modified with 1 wt% BAF-tfa and 4 wt% SNPs.

situ polymerization of BAF-tfa on the surface of CA, PI, and CA-PI

nanofibers.

The presence of an F-PBZ modified surface of CA, Pl and CA-PI
nanofibers could be confirmed by FT-IR spectroscopy (Fig. 4). As
shown in Fig. 4a, the absorption peaks of CA around 1750, 1640 and
1050 cm™ could be assigned to C=0, the stretching vibration of C-O-
C and the wagging of C-O, respectively. In comparison with Fig. 4a.
(1), the spectrum of modified CA shown in Fig. 4a (Il) displays peaks
at 874, 945 and 1380 cm'l, which correspond to the absorption of
the oxazine ring, C-O-C and the triple substituted phenyl ring,
indicating the presence of benzoxazine on the surface of CA. In Fig.
4b (1), the absorption peaks at 1716, 1771 and 1356 cm™ were
assigned to the stretching vibration of -COOH, -CONH and C-N,
respectively, indicating successful electrospinning of Pl. The
absorption peaks of the oxazine ring, C-O-C and the triple
substituted phenyl ring at 830, 945 and 1380 em®in Fig. 4b (ll)
confirmed the modification of benzoxazine on the surface of PI.

Similarly, the F-PBZ modification of CA-PI fibers could also be

confirmed by the FT-IR spectra shown in Fig. 4c*,

After the surface modification of CA, Pl and CA-PI electrospun
nanofibrous membranes, the hydrophobicity and oleophilicity of
the surface of the thus obtained membranes were characterized by
contact angle measurements. As shown in Fig. 5a. for modified CA
fibers, the water contact angles (WCAs) increased upon increasing
the BAF-tfa concentration. Adding 0.01 wt% of BAF-tfa monomer
seemed already sufficient to increase the WCA from 0° to 128°.
Such significant increase in hydrophobicity can be ascribed to
the filling of BAF-tfa monomer between the CA nanofibers during
mechanical stirring due to a typical polydisperse porous structure
and a primary PSD in the range of 30-150 nm (Fig. S9). Subsequent
in situ polymerization of the monomers at 190 °C resulted in the
formation of F-PBZ on the surface of the CA fibers, which provided
the composite with a high hydrophobic surface due to the lower
surface energy of -CF; on the polymer side chains®. Increasing the
BAF-tfa (monomer) concentration resulted in a higher deposition of
F-PBZ leading to a slight increase of the WCAs. However, at BAF-tfa
concentrations higher than 1 wt%, the WCAs seemed to be lower.

This may be explained by the fact that the surface wettability of

This journal is © The Royal Society of Chemistry 20xx
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nanofibrous membranes is influenced by both the surface free
energy and the surface roughness. A (very) high amount of BAF-tfa
may cause the filling of space among the nanofibers, thereby
reducing the roughness of the membranes, with the increasing of
the concentration of BAF-tfa, an decrease of Ra values of 1.689,
1.644, 1.625, 1.604, 1.447, 1.275 and 1.176 um for the F-PBZ-
0.01/CA-PI, F-PBZ-0.02/CA-PI, F-PBZ-0.05/CA-PI, F-PBZ-0.1/CA-PI, F-
PBZ-0.5/CA-PI, F-PBZ-1/CA-PI and F-PBZ-4/CA-PI, respectively (Fig.
$10). The surface of modified Pl nanofibrous membranes (Fig. 5¢)
was found to be much less hydrophobic than that of modified CA-
membranes (Fig. 5a), which can be ascribed to the smooth surface
of the PI fibers. The WCAs of modified core-sheath structured CA-PI
nanofibrous membranes (Fig. 5e) seemed similar to the WCAs of
modified CA-membranes; they seemed to be slightly less
hydrophobic may be ascribed to the fact that the surface of CA-PI

fibers seems less rough (compared to the surface of CA fibers; see

Fig. 3i versus Fig. 3g).

Subsequently the oleophilicity of CA, Pl and CA-PI nanofibrous
membranes was characterized by OCA. As shown in Fig. 5b-d-f, CA,
Pl and CA-PI nanofibrous membranes were already oleophilic

before BAF-tfa modification. Upon modification, the OCAs of the
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Fig. 5 WCAs (a, ¢, e) and OCAs (b, d, f) of CA (a, b), PI (c, d) and CA-PI

(e, f) modified with different concentrations of BAF-tfa.

nanofibrous membranes gradually decreased. The lowest OCA
values for CA, Pl and CA-PI nanofibrous membranes, found at 1 wt%
of BAF-tfa, were 2°, 12° and 5°, respectively, indicating that the
membranes are superoleophilic; this is clearly attributed to the
lipophilic benzene containing BAF-tfa that improves the wettability
of the membranes by oil. Increasing BAF-tfa concentrations higher
than 1 wt% reduced the surface roughness of the fibrous

membranes, explaining the lowered oleophilicity.

Next, the stability and persistence of the surface modified Pl and
CA-PI nanofibrous membranes were evaluated. As shown in Fig. 6,
the change in WCA of Pl and CA-PI nanofibrous membranes turned
out to be less than 4% in 300 days (stored in box at room
temperature). The results indicate that the modified nanofibrous
membrane composites seem stable, which is promising for the

practical application of such membranes.

3.3. In situ polymerization modification of electrospun

nanofibrous membranes in the presence of silica nanoparticles

Nanoparticles have been widely used to fabricate fibers with

54-57
Lt

‘functional’ surfaces or to change the wettability of the fibers
has been reported as well that modification of the surface of the
fibers with nanoparticles (e.g. SiO,) can significantly improve the

hydrophobicity of the surface™® *°,

To further optimize the
properties of the BAF-tfa modified surfaces of the fibers for oil-
water separation, silica nanoparticles were dispersed in the BAF-
tfa/n-butyl acetate solution used to modify the CA, PI and CA-PI
nanofibrous membrane surfaces. As shown in Fig. 3g-i, with SNPs in

the F-PBZ layer, the morphology of the membranes remarkably

changed, i.e. nano-scaled rough hierarchical 3D structures were
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Fig. 6 WCAs of (a) Pl and (b) CA-PI membranes (modified with 1 wt%
BAF-tfa) stored for about one year (at room temperature)

clearly visible on the surface of the nanofibers. The SNPs were well-
positioned on the surface of the nanofibers with negligible amount
of SNPs present between the nanofibers. The successful
incorporation of SNPs was confirmed by FT-IR spectroscopy. As
shown in Fig. 4a (lll), b (lll) and c (lll), the appearance of the
characteristic vibration of Si-OH at 958 cm™ and of Si-O-Si at 1120
cm™? indicated the incorporation of SNPs in the nanofibrous

membranes.

To find BAF-tfa and SNPs modified nanoporous membranes with
optimal surface properties for oil-water separation, orthogonal
experiments were performed with different concentrations of BAF-
tfa monomer and SNPs (Fig. 7 and Tab. S1, ESI). The results revealed

that, at a given content of SNPs, the surface hydrophobicity of the

Water contact angles (WCAs) Oil contact angles (OCAs)

2
2
=]
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|
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Y
3
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Fig. 7 WCAs (left) and OCAs (right) of CA (a, b), PI (c, d) and CA-PI (e,
f) membranes modified with different concentrations of BAF-tfa

monomer and SNPs.

modified membranes exhibit the same trend as seen for
nanoparticle-free membranes, i.e. the surfaces became more
hydrophobic at higher BAF-tfa loading (till a BAF-tfa concentration
of 1 wt%,; Fig. 7a-c-e). At a defined concentration of BAF-tfa, both
The hydrophobicity (WCAs, Fig. 7a-c-e) and oleophilicity (OCAs, Fig.
7b-d-f) of the membranes could be improved by SNPs, as their
surface became rougher. For CA membranes the highest WCA
(166°) could be obtained by F-PBZ-1/SNP-4 modification. The core-
sheath structured CA-PI nanofibrous membranes could be made
super-hydrophobic (WCA of 160° and extremely low OCA) by the
use of SNPs.

3.4. Gravity driven oil-water separation

To test the oil-water separation potential of F-PBZ-1/SNP-4/CA-PI
membranes, a gravity driven oil-water separation experiment was
performed, as schemed in Fig. 8. The separation device consisted of
a F-PBZ-1/SNP-4/CA-PI membrane between two glass tubes. Upon
pouring a 20 ml mixture of oil dichloromethane (DCM) and water
(50% v/v) the oil quickly passed through the membrane and
reached the beaker, while all the water was retained by the
membrane. It is worth noting that such a fast separation process
(within 5 min) was only driven by the weight of the oil, thus without
the use of extra energy that the oil phase need to be heavier
(higher density) than water, then the oil can be well contacted with
the membranes. Subsequently, optical microscopic images of the
original oil-water mixture and the corresponding filtrate (Fig. S12)

as well as photograph of oil and water phase after separation

Gravity driven oil-water separation

l P

This journal is © The Royal Society of Chemistry 20xx

- RSC Advances

Fig. 8 Oil-water separation using F-PBZ-1/SNP-4/CA-P| nanofibrous
membranes, the water and oil were dyed with respectively

methylene blue and oil red.

centrifuge with 4000r/min were collected (Fig. S13). A very clear
filtrate was observed indicating that the F-PBZ-1/SNP-4/CA-PI
membranes were highly efficient in separating oil from water for its
type IV N, adsorption-desorption isotherms. In addition, typical
mesopores were found in the membranes with a pore size of
about5-60 nm with a central size of ~36 nm. Significantly, the F-PBZ-
1/SNP-4/CA-PI membranes possessed the pore volume of 0.2091
cm3g'1 (Fig. S14), which provided a large number of porous channels
that could enhance the liquid transport under the action of the
capillary force that was conducive to improve the oil-water

separation performance.

Subsequently we evaluated the flux of oil through the electrospun
nanofibrous membranes in more detail. As shown in Fig. 9a-b, the
flux of dichloromethane through CA-PI membranes is significantly
higher than the one through (corresponding) CA- and PI-
membranes, revealing attractive properties of the core-sheath
structured CA-PI nanofibrous membranes. Note that increasing the
BAF-tfa and SNPs content clearly improved the flux through the CA-
PI nanofibrous membranes, which could be (highly likely) ascribed
to higher WCAs and lower OCAs, as also proposed by others®. For
F-PBZ-1/SNP-4/CA-PI membranes the (dichloromethane) water flux
even equalled 1136 + 50 L'mZh™ which is significantly higher than
the (typical) flux through commercial filtration membranes (20-200

L-m_z-h'l 61

) and the oil permeability through the membrane was
87.5% calculated according to comparing the volume of oil before
and after separation. Note that upon repetitive use of the CA-PI
membranes the flux of dichloromethane nearly changed (Fig. 9c),
which indicates and excellent re-usability of the nanofibrous
membranes we designed. Also, besides for DCM-water mixtures, as
Fig. 9d shows, a high flux through CA-PI nanofibrous membranes
trichloromethane-water,

was easily achieved as well for

carbontetrachloride-water and bromobenzene-water mixtures,

indicating the versatility of the designed nanofibrous membranes.

Significantly, different oil-water mixture compositions were carried
out the oil-water separation (Fig. S15), revealing all of these
samples were well of the different

separated regardless

J. Name., 2013, 00, 1-3 | 9
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compositions of oil-water and the mixture with more water led to a

higher separation speed (flux) due to the higher hydraulic pressure.

Fig. 9e-f shows the separation efficiency of the membranes (as
defined by equation 2 in section 2.9) for dichloromethane-water
mixtures. Clearly, the separation efficiency of the core-sheath
structured CA-PlI nanofibrous

membranes is nearly 100%,

independent on the concentration of SNPs and BAF-tfa, and
outperforms the separation efficiency of (corresponding) PI-
membranes. Fig. 9g indicates that, even after ten separation cycles,

the separation efficiency of the CA-PI nanofibrous membranes
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Fig. 9 (a-c) Flux of dichloromethane (DCM) through electrospun CA-
(o), PI- (o) and core-sheath structured CA-PI (o) nanofibrous
membranes. (d) Flux of various oil-water mixtures through F-PBZ-
1/SNP-4/CA-PI

membranes. (e-g) Separation efficiency of the

membranes for dichloromethane-water mixtures. (h) Separation
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efficiency of F-PBZ-1/SNP-4/CA-PI membranes for various oil-water

mixtures.

remains over 98%; Also, the CA-PI nanofibrous membranes show an
excellent separation efficiency for the various oil-water mixtures

(Fig. 9h).

For F-PBZ-1/SNP-4/CA-PI membranes we also tested the DCM-flux
and separation efficiency of as a function of the membrane
thickness (Fig. 10a-b). Thinner membranes were found to have a
higher porosity (Fig. 10c) which may explain the higher flux through
thin membranes (Fig. 10a). Note that the efficiency separation
efficiency was not significantly affected by the membrane thickness

(Fig. 10b).

To evaluate the potential of F-PBZ-1/SNP-4/CA-PI membranes for
oil-water separation, WCAs were measured as a function of the pH

of water (pH ranging from 1 to 13). Fig. 11a shows that,
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Fig. 10 (a) Flux of DCM through F-PBZ-1/SNP-4/CA-PI nanofibrous
membranes with different thickness. (b) Separation efficiency of
these membranes for dichloromethane-water mixtures and their

porosity (c).
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independent of the pH, the WCAs remain high (about 160°)
indicating that the membranes are stable both under acid and alkali
conditions. As Fig. 11b shows, the WCAs did not change after
annealing the membranes at 250 °C for 10 min, suggesting that
remain

even under harsh conditions such membranes will

functional. As Fig. 11b indicates, increasing the annealing
temperature to 300 °C lowers the WCA to 142°, which may be due

to the decomposition of nanofibers.
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Fig. 11 WCAs of F-PBZ-1/SNP-4/CA-PI membranes. (a) in function of
the pH of the water in the oil-water mixtures and (b) after
calcination at different temperatures in air (for 10 min).

4. Conclusions

In summary, we have designed high strength super-hydrophobic
and super-oleophilic nanofibrous membranes which seem very
suitable for gravity driven oil-water separation. The membranes
consist of electrospun core-sheath structured CA-Pl nanofibers,
having a F-PBZ functional layer incorporating SNPs at their surface.
The core-sheath structured CA-PI nanofibers combine high
mechanical properties from the PI fiber core and a rough surface
from the CA sheath. Further modification of the surface of the CA-PI
membranes by F-PBZ/SNP made the pristine CA-PI membranes
super-hydrophobic and super-oleophilic. The optimized F-PBZ-
1/SNP-4/CA-Pl membranes show a fine hierarchical roughness, have
a tensile strength of higher than 200 MPa, a high WCA of 160° and
an extremely low OCA. Importantly, the nanofibrous membrane
seemed very stable under various harsh conditions, like low and
F-PBZ-1/SNP-4/CA-PI

high pH, and high temperature. Finally,

membranes seemed very suitable for gravity-driven oil-water

This journal is © The Royal Society of Chemistry 20xx

- RSC Advances

separation as a fast (i.e. fluxes up to 1136 * 50 L-m'z-h'l) and
efficient separation (i.e. > 99%) of water from oil was achieved for
certain oil-water mixtures, even after re-use of the membranes. The
newly designed core-sheath structured electrospun nanofibrous
membranes may become interesting materials for the treatment of

oil-polluted water and oil spill clean-up processes.
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