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We report a facile method to control intra-fiber porosity via varying
the relative humidity and inter-fiber voids through the blending of
two different polymeric fibers via multi-nozzles spinning of electrospun fibers for selective adsorption of oil from water.
Over the past few decades, the clean-up of oil from environmental
water has been a challenge due to various oil spill accidents, as well as
discarded oil products, and water contaminated by oil can greatly
damage human health and the environment.1 Current methods of oil
spill clean-up can be categorized into three main types: physical
methods (i.e., sorbents, booms, and skimmers), chemical methods
(i.e., in situ burning and the use of solidifiers), and bioremediation.
The mechanical recovery of oil through the use of sorbents is a very
common and promising technique.2,3 In the recovery process, the
floating oil is concentrated and transformed from a liquid to a semisolid or to the solid phase, which can thus be removed using an oil
sorbent.4,5
The traditional oil sorbent materials include natural fibers, such as
cotton,6 cotton grass fibers,7 milkweed,4 kenaf,4 vegetable fibers,8
kapok,9 wool10 and silkworm cocoon waste,11 etc. Some synthetic
fibers, such as polypropylene (PP),6 have also been used as oil
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sorbents due to their good hydrophobic–oleophilic properties, high
buoyancy, and scalable fabrication. However, PP fibers, as a good
candidate for oil sorbents, suffered from a low oil sorption capacity
due to its large fiber diameter and nonporous structure.12 Although
most natural sorbents have larger oil sorption capacities than
synthetic ones, they often sorb water well, which is a disadvantage
when used to remove oil from environmental water. Sometimes their
hydrophobicity is enhanced by various post-treatments, but the
overall costs of the sorbents is subsequently increased.7 Therefore, an
ideal oil sorbent should have good hydrophobicity–oleophilicity
properties, a high uptake capacity, a high rate of uptake, and good
buoyancy.13
A hydrophobic–oleophilic surface is indispensable for a good oil
sorbent with oil–water selectivity. In general, surfaces can be wetted
by a liquid with a comparable surface tension and similar polarity;
therefore, sorbent surfaces should be nonpolar with a surface tension
comparable to oil.14 To increase the sorption capacity of sorbent
materials, porosity can be introduced into the materials, which can
provide a higher surface area for oil adsorption. With this aim in
mind, many synthetic oil sorbent materials have been synthesized via
porous materials with high surface areas and porosities, following
surface modification using low surface energy materials.3,15,16 For
instance, Liang et al.16 synthesized a new class of hydrogel–aerogels
consisting of highly uniform carbonaceous nanofibers coated with
polydimethysiloxane, which exhibited a good oil adsorption ability.
Undoubtedly, creating a porous structure using materials with low
surface energy in one-step is an efficient and economic way to obtain
oil sorbents. In recent years, electrospinning, as an efficient and
simple method for producing polymeric fibers with diameters both on
micro- and nano-scales, has gained increasing attention due to its
unique advantages, such as the variety of materials that can be
electrospun into fibers, the fine structures of both the fibers and their
assembles, which may be regulated, the multivariate techniques that
can be combined with electrospinning and the extendable processing
of fiber generation, compared to other processing techniques for
micro- and/or nano-fiber generation.17–21
Therefore, the fabrication of a porous fibrous mat, composed of
micro- and/or nano-fibers, possessing a porous structure within itself
via nonpolar polymers with a low surface energy is a promising way
to generate oil sorbents. It is believed that the oil sorption capacity
can be increased if the fibrous sorbent has the capability of driving oil
not only into the inter-fiber voids among the fibers, but also to the
interior of the fibers, which has a porous structure. In this
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communication, we report a facile and direct method to fabricate
microfibers with a controllable porous structure via electrospinning
polystyrene (PS), a nonpolar polymer with a low surface energy, in
solution for selective adsorption.
In electrospinning, the relative humidity (RH) plays an important
role in the formation of fiber structures due to its effect on the phase
separation and solidification of the fluid jet.17 Fig. 1a and b show
FE-SEM images of PS fibers formed at different RHs while the other
parameters were kept constant (further details are shown in the
ESI†). As can be seen, the fibers formed at a RH of 45% show very
smooth surfaces with an average diameter of 2.86 mm; whereas the
fibers formed at 20% RH exhibit relatively rough surfaces and a large
diameter deviation with an average diameter of 0.97 mm. Furthermore, the inset in Fig. 1a indicates the fiber has a highly porous
interior encapsulated by a very thin skin; however, the fiber crosssection shown in Fig. 1b presents a solid fiber interior instead of a
porous core. This demonstrates that the high RH enables a large
intra-fiber porosity to be obtained within the PS fiber via
electrospinning.
The intra-fiber porosity can be explained by the competition
between the phase separation and the solidification of the fluid jet
during electrospinning. Usually, the phase separation is induced by
solvent evaporation and vapor precipitation within the fluid jet,

Fig. 1 FE-SEM images of fibrous mats formed from a 20 wt% PS (Mw ¼
350 000 g mol1) solution at a RH of (a) 45% and (b) 20%. Nitrogen
adsorption–desorption isotherms and differential pore volume vs. pore
width of the as-prepared fibers formed at a RH of (c) 45% and (d) 20%. (e)
Small-angle X-ray scattering (SAXS) 2D scattering patterns and SAXS
curves of as-prepared fibers formed at different RHs. (Fit2D software
was used to analyze the 2D SAXS data.)
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which constitutes the thermally-induced phase separation and the
vapor-induced liquid–liquid phase separation.22–24 A high RH allows
much more vapor in the air to penetrate the fluid jet and induces
phase separation, which leads to the formation of intra-fiber porosity.
Therefore, under very low RH conditions, there is too little vapor in
the air to penetrate the fluid jet, triggering phase separation; thus, a
solid interior is formed within the fiber. Under such low RH conditions, jet solidification is delayed and the fibres become thinner,
eventually leading to capillary instability,24 which results in the
formation of thinner fibers with rough surfaces (Fig. 1b).
To characterize the intra-fiber porosity, the nitrogen physisorption
method was used. Fig. 1c and d show the nitrogen adsorption–
desorption isotherms of the PS fibers prepared at different RHs. As
can be seen, the former fibers (RH ¼ 45%) have a maximal nitrogen
adsorption capacity of 282.19 cm3 g1, which is approximately 58
times that of the fibers formed at 20% RH, indicating large intra-fiber
porosity existing within the fibers. The PS fibers formed at 45% RH
show a specific surface area (SSA) of 50.63 m2 g1; however, the
fibers formed at 20% RH only have a SSA of 4.09 m2 g1, which is an
increase of at least a factor of 12 as compared to the fibers formed at
45% RH. Furthermore, the total pore volume (TPV) of the
former fibers (0.427 cm3 g1) is 61 times that of the latter fibers
(0.007 cm3 g1) (Table S1†).
As shown in Fig. 1c and d, the nitrogen physisorption isotherms
show a type II isotherm with a hysteresis loop, indicating the existence of mesopores (2–50 nm) and macropores (>50 nm) within the
fibers.25 The inset in Fig. 1c presents the differential pore volume vs.
the pore width calculated by applied density functional theory (DFT)
to the adsorption isotherm, which shows that the pores range from 20
nm to 120 nm; however, the pores within the PS fibers formed at 20%
RH show two peaks centered at 13 nm and 37 nm (inset in Fig. 1d). It
should be noted that the ordinate value in the inset of Fig. 1d is two
orders of magnitude smaller compared with the inset in Fig. 1c,
demonstrating that there are very few pores within the fibers implying
a very small total pore volume, which is in good agreement with the
results shown in Table S1.†
To further investigate the nanoscale structure and structural fluctuations within the as-prepared fibers, small-angle X-ray scattering
(SAXS) was performed on beamline BL16B1 of the Shanghai
Synchrotron Radiation Facility (SSRF). Fig. 1e presents the SAXS
2D scattering patterns and SAXS curves of the as-prepared fibers at
different RHs. Obviously, the scattering pattern of the fibers formed
at 45% RH shows a circular shape, indicating the nanoscale structure
that is randomly oriented within the fibers. In addition, the shape is
larger than that of the fibers formed at 20% RH and, as a result, a
more complicated nanoscale structure is presented within the former
fibers, representing a larger intra-fiber porosity. The SAXS curves of
these fibers obtained from SAXS 2D scattering data through integrating in the range of 45 to +45 clearly illustrates the difference
in the intra-fiber porosity of these fibers. This concludes that the intrafiber porosity can be easily manipulated by changing the RH during
electrospinning. A further demonstration of this is also shown in
Fig. S1 and Table S1.†
The nonpolar and low surface energy of PS enabled the electrospun PS microfibers to have good hydrophobicity, or even superhydrophobicity, due to the addition of hierarchical structures.26
Furthermore, the inherent properties of PS also make it oleophilic.
To evaluate the effect of the intra-fiber porosity on oil adsorption, we
compared the oil sorption capacity of a single fiber formed at
Nanoscale, 2012, 4, 5316–5320 | 5317
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different RHs qualitatively. Fig. 2a and c show single PS fibers taken
from the samples shown in Fig. 1a and b, respectively, which were
placed on a copper wire mesh after oil sorption with a traceable
element (iron). The insets of Fig. 2a and c show the scanning transmission X-ray microscopy (STXM) images of oil sorbed fibers performed on a BL08U1A microscope at the SSRF. Fig. 2b and d show
the distribution of iron within the single fiber, which was calculated
using software from the Dual Energy Element Distribution,27 illustrating that there is much more iron distributed within the fiber with a
larger intra-fiber porosity. Fig. S2b† shows the iron distribution
within the fiber formed at 20% RH with a different magnification,
showing no obvious difference from Fig. 2d and indicating that only
a very little oil was sorbed by the nonporous PS fiber prepared under
these conditions.
The dotted yellow circles in Fig. 2a represent the different areas
that were scanned and the corresponding iron distributions are
shown in Fig. 2b and Fig. S2a,† respectively. If oil can not penetrate
through the thin skin layer of the fiber to reach the porous core
(Fig. S2a†), more iron will be evident on the surface of the fiber.
However, we note that the iron distribution of the two different
areas highlighted in Fig. 2a are similar. Therefore, the thin skin
surrounding the porous core does not appear to effect the oil
sorption. Fig. S2c and S2d† show the iron distributions of the single
fiber formed at different RHs after washing with deionized water
containing a detergent to remove the sorbed oil from the fiber
surface. As can be noted, iron was still present in the case of the
porous fiber, while it was almost completely removed from the solid
fiber. This result shows that the fiber formed at 20% RH only sorbs
the oil on its surface due to its nonporous structure, which agrees
very well with the results obtained from the nitrogen physisorption
study.

Fig. 2 (a) and (c) show single PS fibers taken from the samples shown in
Fig. 1a and b, respectively, which were placed on a copper wire mesh after
oil sorption. (b) and (d) Iron distribution within the single fibers shown in
(a) and (c), respectively. (The insets of (a) and (c) show the STXM images
of the corresponding fiber with different areas and the smallest pixel size
from top to bottom as follows: 8 mm  8 mm, 25 nm; 10 mm  10 mm,
40 nm; 8 mm  8 mm, 50 nm; 5 mm  5 mm, 25 nm. The yellow dotted
circle indicates the position of the scan.)
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It was found that the PS fibers (using the fiber assembly as a mat)
formed at 45% RH have oil sorption capacities of 113.87 g g1 and
96.89 g g1 for motor oil and sunflower seed oil, respectively, in
accordance with our previous report.28 However, the fibers formed at
20% RH show oil sorption capacities of 64.80 g g1 and 67.45 g g1
for these same two oils. Similar results were also obtained for the
fibers formed from a 30 wt% PS (Mw ¼ 208 000 g mol1) solution at
different RH as shown in Fig. S1.† For 45% RH, the fibers show oil
sorption capacities of 84.41 g g1 and 79.62 g g1 for motor oil and
sunflower seed oil, whereas, the fibers formed at 20% RH have oil
sorption capacities of 47.72 g g1 and 40.59 g g1. Therefore, it can be
concluded that the oil sorption capacities of the fibers is predominantly influenced by inter-fiber voids rather than intra-fiber porosity.
Although the PS fibrous mats, which were three-dimensional (3D)
networks composed of microfibers with high intra-fiber porosity,
showed a comparatively high oil sorption capacity in comparison
with oil sorption material reported in previous publications, they
suffered from a fatal problem: poor mechanical strength of the oil
adsorbed fibers, which prevented their reuse. The intra-fiber porosity
provided a much greater area for oil anchoring; however, the shape
could not be recovered after squeezing to recycle the adsorbed oil,
which is likely to be due to the poor elasticity of PS.
To improve the mechanical properties, in particular the elasticity
and recoverability of the as-prepared fibrous mats, we added some
electrospun polyurethane (PU) fibers, which have a good tensile
strength and elongation,29 to the fibrous mats to regulate the interfiber voids and enhance the mechanical properties via multi-nozzles
electrospinning of the different polymer solutions as shown in
Fig. S3.† Fig. 3a and b show the FE-SEM images of the fibrous mats
formed from a 20 wt% PS (Mw ¼ 350 000 g mol1) solution at a RH
of 45% with different PS/PU nozzle ratios. As shown in the insets of
Fig. 3a and b, the PS fibers have smooth surfaces with porous

Fig. 3 FE-SEM images of the fibrous mats formed from a 20 wt% PS
(Mw ¼ 350 000 g mol1) solution at a RH of 45% with different nozzle
ratios of PS/PU: (a) 4/1, (b) 3/1. (The insets show a cross-section of the asprepared fibers.) (c) Typical tensile stress–strain curves and (d) the oil
sorption capacities of the as-spun fibers formed with various nozzle ratios
of PS/PU. (4PS/1PU represents a nozzle ratio of PS to PU of 4/1; PU was
the initial resin.)
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interiors, while the PU fiber exhibits a smooth surface with a solid
interior. Additional FE-SEM images of the as-prepared fibrous mats
formed with various PS/PU nozzle ratios are shown in Fig. S4.† It
can be found that, as the density of PU fibers is increased in the
composite fibrous mats, the fibrous mats begin to pack closely,
suggesting a reduction in the inter-fiber voids among the fibers.
Fig. 3c shows the typical tensile stress–strain curves of the asprepared fibrous mats. The stress–strain curve of a pure PS fibrous
mat is approximately linear up to the yield point (inset in Fig. 3c),
which follows an initial period with a steep slope. In the initial period,
the fibers were subjected to an increasing load and they began to
endure the main load after the slip was completed. Because of intrafiber porosity, the PS fibers exhibited very poor extension and
strength and broke after the yield point. However, the stress–strain
curve of the pure PU fibrous mat showed an initial period with a
steep slope, with the strain then easing and increasing until breakage
occurred while the stress remained almost constant (Fig. 3c). This
deformation can be attributed to the good mechanical property of the
solid electrospun PU fibers, as well as the mutual adhesion of the PU
fibers due to the residual solvent and hydrogen bonds in the PU
molecule chains. As shown in Fig. 3c and Table S2,† the pure PS
fibrous mat showed very low tensile strength (0.26 MPa) and elongation at the breaking point (4.99%), whereas the pure PU fibrous
mat showed a breaking strength of 1.76 MPa and an elongation at
the breaking point of 108.65%. The composite fibrous mat formed
with a PS/PU nozzle ratio 4/1 showed a tensile strength of 0.84 MPa
and an elongation at the breaking point of 223.37%. This demonstrated that the mechanical properties of the as-prepared fibrous mats
can be efficiently improved via multi-nozzles electrospinning.
The electrospun PU fibers are solid with a very small SSA and are
hydrophilic due to the existence of amide groups in the PU molecular
chain. Therefore, the SSA and water contact angles (WCAs) of the
fibrous mats will decreased with an increase of the PU content in the
composite fibrous mats, as shown in Fig. S5 and S6.† This shows that
the water droplets can be stably placed on the fibrous mats and
exhibit a large WCA, while the oil droplets are adsorbed by the
fibrous mat after about ten seconds (Fig. S7†). Fig. 3d shows the oil
sorption capacities of the various fibrous mats with regards to motor
oil and sunflower seed oil and shows that the oil sorption capacities
for both the oils decreases as the PU content is increased in the
fibrous mats. It can also be found that the addition of electrospun PU
fibers to the PS fibers with intra-fiber porosity enabled the oil sorption
capacities to be dramatically reduced, which was mainly attributable
to the decreasing of the inter-fiber voids among the fibers through the
blending of the two different fibers.
To further decrease the PU fibers in composite fibrous mats, the
PS/PU nozzle ratio was kept constant at 4/1 and the initial PU resin
was diluted to 50 wt% in the spinning solution. Fig. 4a and b show the
FE-SEM images of the fibrous mats formed at a RH of 45% from
different PS solutions. As can be seen, the diameter of the PU fibers is
significantly reduced (less than 1 mm) due to a decrease in the solution
concentration and the cross-section of the PS fibers shows highly
porous interiors. Because of the reduction of the PU fibers in the
composite fibrous mats, their SSA and TPV increase as compared to
the corresponding fibrous mats formed with an initial PU resin
(Table S1†). Although the PU fiber content was decreased, both the
tensile strength and elongation at the breaking point improved
significantly in comparison to the pure PS fibers (Table S3†). In
addition, the fibrous mat formed from a 30 wt% PS solution showed
This journal is ª The Royal Society of Chemistry 2012

Fig. 4 FE-SEM images of fibrous mats formed at a RH of 45% with a
4/1 PS/PU nozzle ratio from different PS solutions: (a) 20 wt% PS (Mw ¼
350 000 g mol1), (b) 30 wt% PS (Mw ¼ 208 000 g mol1). (c) Oil sorption
capacities of the corresponding fibers shown in (a) and (b). (d) Reusability of the fibrous mat shown in (b). (A 50 wt% PU resin was used.)

a poor elongation compared with that formed from a 20 wt% PS
solution due to more fibers being generated from the 30 wt% solution
under the same conditions (Fig. S8†).
Fig. 4c shows the oil sorption capacities of these two fibrous mats
for motor oil and sunflower seed oil. As can be seen, the fibrous
mat shown in Fig. 4a has oil sorption capacities of 27.75 g g1 and
23.84 g g1 for these two oils, which are 6.41 g g1 and 4.21 g g1
higher than that of the fibrous mat formed from the same PS solution
using an initial PU resin. This result indicates that the oil sorption
capacities of as-prepared fibrous mats increases as the PU fibers
content decreases in the composite fibrous mats. The fibrous mat
shown in Fig. 4b shows oil sorption capacities of 30.81 g g1 and
24.36 g g1 for these two oils, which is much higher than that of the
fibrous mat shown in Fig. 4a, which can be ascribed to the presence of
more PS fibers in this composite fibrous mat.
As shown in Fig. 4d, the fibrous mat has a 29.98 g g1 oil sorption
capacity for motor oil. The fibrous mat with oil was squeezed by a
padding paper at the maximum pressure to remove the sorbed oil.
There was still 3.90 g g1 residual oil within the squeezed fibrous mat.
When the fibrous mat was used for a second time, its oil sorption
capacity and residual oil quantity were 18.36 g g1 and 2.82 g g1,
respectively. The oil sorption capacity decreased each time the mat was
reused. The drop in the oil sorption capacity following the first reuse
was larger than that of the second reuse, which was comparatively
small. This may be due to the irreversible deformation of the asprepared fibrous mat. It is worth noting that the fibrous mat still
maintained a comparable oil sorption capacity of surface modified
nanowire membranes (18.56 g g1)15 and wool-based nonwoven fibers
(17.24 g g1)30 after several cycles, which is approximately 30 times that
of flaxseed gum gel beads with regards to mineral oil (0.55 g g1).31
In summary, we have reported a facile method to control the intrafiber porosity and inter-fiber voids in electrospun fibers for oil–water
selective adsorption. The results demonstrate that intra-fiber porosity
can be easily controlled by varying the RH during electrospinning,
while the inter-fiber voids among the fibers can be manipulated by
Nanoscale, 2012, 4, 5316–5320 | 5319
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blending the two different polymer fibers via multi-nozzle electrospinning. Oil sorption tests indicated that the oil sorption of a single
fiber was overwhelmingly governed by the intra-fiber porosity and
the oil sorption capacity of the fiber assembly was predominantly
determined by the inter-fiber voids over the intra-fiber porosity. The
mechanical properties of the as-prepared fibrous mats have been
significantly improved by blending with elastic PU fibers, which
enabled the fibrous mats to be reused. We believe that electrospun
fibers with versatile structures, such as a core–shell, side-by-side, helix
or hollow structure, that possess high porosity and SSA will have
potential applications in selective adsorption and separation.
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