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ABSTRACT Many applications proposed for functional nanofibers require their assembly
into a monolithic cellular structure. The ability to maintain structural integrity upon large
deformation is essential to ensure a macroscopic cellular material that functions reliably.
However, it remains a great challenge to achieve high elasticity in three-dimensional (3D)
nanofibrous networks. Here, we report a strategy to create fibrous, isotropically bonded

elastic reconstructed (FIBER) aerogels with a hierarchical cellular structure and super-

elasticity by combining electrospun nanofibers and the freeze-shaping technique. Our

FIBER

approach allows the intrinsically lamellar deposited electrospun nanofibers to assemble into

elastic bulk aerogels with tunable porous structure and wettability on a large scale. The

aerogels 1

L

Recycled oil

resulting FIBER aerogels exhibit the integrated properties of ultralow density (<30 mg cm™), rapid recovery from 80% compression strain,

superhydrophobic-superoleophilic wettability, and high pore tortuosity. More interestingly, the FIBER aerogels can effectively separate surfactant-

stabilized water-in-oil emulsions, solely using gravity, with high flux (maximum of 8140 4= 220 Lm 2 h™") and high separation efficiency, which match

well with the requirements for treating the real emulsions. The synthesis of FIBER aerogels also provides a versatile platform for exploring the applications

of nanofibers in a self-supporting, structurally adaptive, and 3D macroscopic form.
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il/water separation is a worldwide

challenge due to the ever-increas-

ing industrial oily wastewater and
polluted oceanic waters, as well as frequent
oil spill accidents such as the Deepwater
Horizon oil spill in the Gulf of Mexico.! 3
Conventional methods such as oil skim-
mers, centrifuges, depth filters, sedimenta-
tion, and flotation are useful for separation
of immiscible oil/water mixtures, but are not
effective for emulsified oil/water mixtures,
especially not for microemulsions (droplet
sizes <20 um) with the presence of sur-
factants.*> Membrane-based technologies,
such as ultrafiltration (UF), which selectively
allows materials of certain sizes to pass
through the membrane pores on the basis
of the size-sieving effect, have been suc-
cessfully applied to separate various in-
dustrial emulsions.®”® However, these
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pressure-driven separation membranes gen-
erally suffer from low flux and energy con-
sumption due to small pore size (<0.3 um).
The two-dimensional membrane struc-
ture with low porosity and short perme-
ation channels usually causes serious foul-
ing and degradation because of surfactant
adsorption and pore plugging, which
lead to a quick decline of the separa-
tion performance.?~'° Alternatively, three-
dimensional (3D) bulk aerogels are known
to possess versatile porosity, low density,
and high internal surface area properties, as
well as easily be used to make monolithic
solids of desired shapes.'"'? Therefore,
creating functional aerogels with special
wettability and tortuously porous structure
could be another strategy for realizing
promising separation performance as de-
mulsification is achieved. Several functional
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aerogels such as silica colloid aerogels, carbon nano-
tube aerogels, graphene monoliths, porous boron
nitride, and polymer sponges have recently been
applied to oil—water separation.”*~'” However, pre-
vious efforts mainly used these aerogels as oil absor-
bents and focused excessively on the oil absorption
capacity, ignoring the time-consuming and cost oil
recovery procedures by squeezing or distillation. The
challenge, therefore, is to construct a porous, special
wetted, and mechanically robust aerogel capable of
efficient, cost-effective separation of oil/water emul-
sions, especially in a direct, continuous, and self-driving
way.

The systematic design of aerogels for oil/water
emulsion separation requires the optimization of two
important characteristics: surface wettability, which
affects the interception and demulsification of the
emulsified liquid droplets, and the cellular structure,
which dictates the permeation rate of one phase (for
example, oil) pass through the aerogels.’® 2" Electro-
spun nanofibers, as the forefront of advanced fibrous
materials, combine the tunable wettability, good con-
nectivity, robust mechanical strength, fine flexibility,
large surface area, and ease of scalable synthesis from
various materials (polymer, ceramic, carbon, etc.), hold
great promise as exceptional nanoscale building
blocks for constructing functional aerogels.??~?* De-
spite their outstanding potential, no effort has been
made to use electrospun nanofibers for the prepara-
tion of aerogels for emulsion separation. The major
problem associated with electrospun nanofibers is
their anisotropic lamellar deposition character, with
the resultant nanofibers usually assembling into close-
packed membranes (with thicknesses <100 um) rather
than into bulk aerogels.?>2° This issue has never been
systematically addressed before.

In this work, we present a robust methodology for
creating superelastic and superhydrophobic aerogels
with a hierarchical cellular structure that consists of
bonded nanofibers, which we call “fibrous, isotropi-
cally-bonded elastic reconstructed” (FIBER) aerogels.
The premise for our design is that the intrinsically
lamellar deposited electrospun nanofibers are recon-
structed into 3D fibrous bulk aerogels with tunable
porous structure and wettability on a large scale.
Our FIBER aerogels exhibit the integrated properties
of ultralow density, super recyclable compressibility,
superhydrophobic-superoleophilic  wettability, and
high pore tortuosity, which can effectively separate
surfactant-stabilized water-in-oil emulsions, solely
using gravity, with a high flux that is several times
higher than that of commercial filtration membranes
driven by external pressure. We also demonstrate an oil
recycling apparatus based on a simple combination of
FIBER aerogels and a peristaltic pump to realize con-
tinuous collection of oil in situ from the oil/water
emulsions with high speed and efficiency.
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RESULTS AND DISCUSSION

We designed the FIBER aerogels based on three
criteria: (1) the nanofibers must assemble into a 3D
aerogel with an open-cell cellular architecture rather
than into a membrane, (2) the aerogels must be
mechanically robust and resistant to fatigue upon
compressive deformation, and (3) the water-in-oil
emulsions must be completely demulsified and sepa-
rated as they move through the aerogels. The first
requirement was satisfied by a versatile, readily acces-
sible, and gelation-free fibrous freeze-shaping method,
which involved the homogenization of nanofibers,
the freeze-drying assembly, and the final in situ cross-
linking. Figure 1a describes the synthesis pathway.
Polyacrylonitrile (PAN) and SiO, nanofibers were se-
lected as the major building blocks to construct the
hybrid fibrous networks (Figure S1, Supporting Infor
mation), and the SiO, nanoparticles (SiO, NPs) were
introduced into aerogels to enhance the porous
structure. A low surface energy fluoric bifunctional
benzoxazine (BAF-a) was used as a novel in situ cross-
linking agent (Figure S2a). The as-prepared PAN and
SiO, electrospun nanofiber membranes were first
homogenized in camphene at 70 °C to form a well-
dispersed nanofiber dispersion, then the SiO, NPs (var-
ious concentrations of 0, 0.01, 0.1, 0.5, 1, and 2 wt %)
and BAF-a (0.5 wt %) were added to the dispersion with
further stirring. Following, the dispersion was freeze-
dried into unbonded aerogels (see details in Figure S3
and S4).

The initial freeze-dried unbonded aerogels were
fragile toward external stress. To satisfy the second
criterion—the formation of mechanically robust
fibrous networks—the obtained unbonded aerogels
were heated at 240 °C for 1 h to form bonded 3D
fibrous networks, endowing the resultant FIBER aero-
gels with elastic resilience (Figure S5). The principle of
bonding process was based on the in situ polymeriza-
tion of the BAF-a monomers on the fiber surface, which
led to the formation of Mannich-bridged PBZ, and
cemented the adjacent nanofibers.?”?® Simulta-
neously, the thermoplastic PAN fibers were also con-
verted into stable and elastic ladder-structured PAN via
cyclization reaction.? Fourier transform infrared (FT-IR)
spectra and differential scanning calorimetry (DSC)
analyses have proven the formation of cyclized
PAN and PBZ. (see Figure S6 and Supporting Informa-
tion Discussions). In addition, the PAN nanofibers
tended to generate dramatic heat shrinkage along
their long axes due to the relaxation of oriented
molecular chains,*® whereas the thermally stable
SiO, nanofibers in aerogels acted as a rigid support
to prevent the fibrous networks from collapsing. We
found that the FIBER aerogels with stable shape and
structure can be achieved by adding 20 wt % SiO,
nanofibers (Figure S7).
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Figure 1. Design, processing, and cellular architectures of FIBER aerogels. (a) Schematic showing the synthetic steps.
1, Homogenized nanofiber dispersions are fabricated via high-speed homogenization. 2, Frozen dispersions are prepared by
freezing in ice—water bath. 3, Unbonded aerogels are prepared by freeze-drying nanofiber dispersions. 4, The resultant
bonded FIBER aerogels are prepared by the cross-linking treatment. (b) An optical image of a FIBER aerogel on a large scale of
2.5 L. (c—e) Microscopic architecture of FIBER aerogels at various magnifications, showing the hierarchical cellular fibrous
structure. (f) Schematic representation of the scales of relevant structures. The FIBER aerogels were prepared in the case of a

SiO, NPs concentration of 0.5 wt %.

Compared with the traditional sol—gel method for
preparing aerogels,'"'> our synthesis methodology
combined the simplicity of the gelation-free assembly
process and the large-scale availability of electrospun
nanofibers. The synthesis can be completed within a
day, even on a multiliter scale (Figure 1b and Figure S8);
the resulting FIBER aerogels can be formed in any
shape desired, such as cylinder, triangular prism, pen-
tagonal prism, cuboid, and cone (Figure S9). The
density of the as-prepared FIBER aerogels (SiO, NPs
concentration of 0.5 wt %, see the data of other con-
centrations in Table S1) was 17.80 & 0.29 mg cm >,
which corresponded to a porosity of 98.63 + 0.20%,
and almost belongs to the lowest reported values of
emulsion separation materials.2'” Of particular interest
is that the fibrous freeze-shaping also simultaneously
induces the nanofibers to be organized in a unique
cellular architecture. Figure 1c—e presents typical
scanning electron microscope (SEM) images of
the FIBER aerogels with a SiO, NPs concentration of
0.5 wt %. The FIBER aerogels exhibited an obvious
open-cell geometry with a major cellular pore size of
10—50 um (Figure 1c), and these cells were highly
interconnected by numerous minor cellular pores with
sizes of 1—5 um (Figure 1d). The significant difference
between FIBER aerogels and other cellular aerogels
was their unique fibrous cell networks that consisted
of bonded nanofibers, despite the diameter of nano-
fibers being ~50 times thinner than that of traditional
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polymeric foams (10—30 m).3" Moreover, zooming in
on the single fibers revealed that the SiO, NPs were
well-positioned on the surface of fibers, indicating the
effective construction of nanoscale roughness in aero-
gels (Figure 1e). Figure 1f also contains scale bars
showing all the relevant sizes within these hierarchical
cellular structures. The formation principle of the hier-
archical cellular structure could be attributed to the
phase separation induced by the crystallization
of camphene3?*3 When a nanofiber dispersion was
frozen, the nanofibers were rejected from the moving
solidification front and accumulated between the
growing cellular solvent crystals, which was governed
by complex and dynamic liquid—fiber and fiber—fiber
interactions. A simple model of formation mechanism
is schematically presented in Figure S10.

In dramatic contrast to the brittle nature of tradi-
tional colloidal aerogels, the FIBER aerogels (taken the
sample with the SiO, NPs concentration of 0.5 wt % as
an example) exhibited outstanding mechanical prop-
erties for large deformations without fractures (insets
in Figure 2a and Movie S1). Stress—strain (0—¢) behav-
ior observed from Figure 2a showed a highly non-
linear and closed hysteresis, which are typical of
viscoelastic, energy-dissipative, and highly deformable
materials, for example, rubber.3* Two distinct stages
were observed during the loading process:*>*° a linear
elastic regime at € < 60%, corresponding to the bend-
ing and elastic buckling of cell walls; and an abrupt
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Figure 2. Multicycle compression test results of FIBER aerogels. (a) Compressive stress versus strain curves for FIBER aerogels
along the loading direction. Insets: Photographs of the FIBER aerogels under a compressing and releasing cycle (¢ = 80%).
(b) 0—¢ curves of several selected cycles on a FIBER aerogel during repeated compressions (the first, 10th, 100th, and 1000th
cycle). (c) History of Young's modulus and maximum stress as a function of the test cycles. (d) Dynamic rheological behavior
of FIBER aerogels (oscillatory strain of +-3%). The FIBER aerogels were prepared in the case of a SiO, NPs concentration

of 0.5 wt %.

stress increasing regime, corresponding to densifica-
tion of cells. The maximum stress was 24.1 kPa for the
first elastic regime and 90.2 kPa at 80% strain; these
values were significantly higher than those of other
aerogels with similar densities.>®>’

The highly elastic FIBER aerogels also exhibited
excellent cycling performance. Hysteresis curves for
1000 loading—unloading fatigue cycles at a large ¢ of
60% (Figure 2b) showed slight plastic deformations
(2.4% at 100th, 8.3% at 1000th) for FIBER aerogels; they
still retained over 65% of the original Young's modulus
and maximum stress (Figure 2c), highlighting the
structural robustness. In comparison, a plastic defor-
mation of larger than 20% is typical for polymeric
foams.>® Moreover, the frequency dependence of the
storage modulus (£') and loss modulus (E”) presented
in Figure 2d revealed that the £’ and E” were nearly
stable and were independent of the angular frequency
(w) ranging from 1.8 to 628 rad s~ '. A small damping
ratio of 0.1—0.25 indicated that the elastic response
was predominant and that the FIBER aerogels con-
tained strong, viscoelastic fibrous networks3>*7 In
addition, the dynamic test also revealed that the FIBER
aerogels recovered their original shape at extremely
high speed of 1440 mm min~" (w =628 rad s '), which
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was 114% higher than those of conventional polymeric
and carbon foams (~672 mm min~").>**¢

The micro- and nanoscale composite structure is
crucial for obtaining superwetting behavior according
to the Cassie model.>'” On the basis of this principle,
the hierarchical porous structure of FIBER aerogels was
controlled by changing the concentration of SiO, NPs
in precursor dispersions from 0.01 to 2 wt %. As shown
in Figure 3a and Figure S11, by inclusion of SiO, NPs,
the morphologies of the resultant aerogels were re-
markably changed by creating nanoscaled rough
structures on the surface of nanofibers. With increasing
SiO, NPs concentrations, the average pore size of
aerogels quickly decreased from 18.9 to 4.2 um, mean-
while, the specific surface area (SSA) of aerogels in-
creased dramatically from 2.66 to 76.54 m? g~
(Figure 3b, Figure S12, and Table S1). This hierarchical
rough structure significantly reduced the water—solid
contact area, finally enhanced the wettability of aero-
gels. As shown in Figure 3c, the aerogels prepared from
pure fiber dispersions exhibited a comparable hydro-
phobicity with a water contact angle (WCA) of 138°,
which was attributed to the low surface energy of PBZ
coating layer on fiber surface. With the addition of
SiO, NPs to 2 wt %, a noteworthy increase of WCA
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Figure 3. Characterization of microstructure and wettability of FIBER aerogels. (a) SEM images of FIBER aerogels with the SiO,
NPs concentrations of 0, 0.5, 1, and 2 wt %. (b) Variation of the average pore size and SSA of the FIBER aerogels with increasing
SiO, NPs concentrations. (c) Variation of the WCA of the FIBER aerogels with increasing SiO, NPs concentrations. (d) Droplets
of dyed water and oil on the top of a FIBER aerogel. (e) The WCAH and retention force as a function of SiO, NPs concentrations,
insets show a water droplet (10 uL) sliding at a low angle of 5.1° on the surface of the FIBER aerogel (2 wt % SiO, NPs).
(f) Photographs of dynamic measurements of water adhesion (top) and oil permeation (bottom) on the surface of the FIBER

aerogel (2 wt % SiO, NPs).

to 162° could be observed, confirming the superhy-
drophobicity of FIBER aerogels. This is because more air
is trapped underneath the water droplet as a cushion
on the surface of the FIBER aerogels.? Significantly, all
the FIBER aerogels exhibited prominent superoleophi-
licity with the extremely low oil contact angle (OCA)
of 0° (Figure 3d) because of the oleophilicity of PBZ
that contains numerous benzene groups.>>~>2

Other very significant wetting properties to study
contact behavior are water contact angle hysteresis
(WCAH) and sliding angle (SA), which directly charac-
terize the resistance to water mobility. As demon-
strated in Figure 3e, the WCAH decreased with in-
creasing SiO, NPs concentrations, achieving the lowest
value of 2.2° for the aerogels with 2 wt % SiO, NPs. This
low value of hysteresis indicated that the water could
not penetrate into the aerogels at large extent and sat
on the asperities of the surface with the minimum
liquid solid adhesion; thus the water droplets could roll
off the surface easily with a minute SA of 5.1°, as shown
in the insets of Figure 3e. On the basis of the relevant
measured WCAH values and droplet volume (10 uL),
the estimated liquid retention forces of the FIBER
aerogels ranged from 6.29 to 1.63 uN,* which were
better than those of the state-of-the-art lotus-leaf-
inspired hydrophobic surfaces, whose liquid retention
forces are of the order of 10 uN at similar liquid
volume.'” To examine the dynamic wetting behavior
of water on the FIBER aerogels, a high-speed camera
system was used to record the adhesion and permeat-
ing process of a liquid droplet. Figure 3f (top) showed
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the photographs of a water droplet (3 uL) touching and
leaving the aerogel surface. The droplet was forced to
sufficiently contact the aerogel surface with an obvious
deformation, and it was then lifted up. The correspond-
ing photographs of the water droplet showed almost
no deformation when leaving the aerogel surface, thus
confirming the extremely low water adhesion for
aerogels. Simultaneously, the aerogels behaved as a
superior oil-adhesion property. As demonstrated in
Figure 3f (bottom), when a 3 uL oil droplet (petro-
leum ether) contacted the aerogel surface, it spread
out quickly and a nearly zero contact angle was
achieved. The whole process was complete within
6 ms, suggesting the prominent property of aerogels
for oil wetting. In addition, the FIBER aerogels still
exhibited the robust superhydrophobicity after being
immersed in oil with an underoil WCA of >150° (see
Figure S13 and Supporting Information Discussions),
which could be explained that the trapped air in the
pores of aerogels was equally substituted by immis-
cible oil.3 This promising superhydrophobic and super-
oleophilic wettability ensures fast oil permeation and
moving through the aerogels and avoids direct contact
between water and aerogels during oil/water separa-
tion, which could greatly enhance the separation
performance of the aerogels and keep separation
efficiency stable with time.?’

To test the separation capability of the FIBER aerogels,
a surfactant-stabilized water-in-oil (petroleum ether)
emulsion was prepared using span 80 (0.1 wt %) with a
1 wt % water concentration (see details in Figure S14—16
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Figure 4. Separation of water-in-oil emulsions using FIBER aerogels. (a) Separation apparatus with the facile gravity-driven
separation of water-in-oil emulsions using the FIBER aerogels and the microscopic images of emulsions before and after
separation. (b) Separation flux and saturated extent of separation of FIBER aerogels with increasing SiO, NPs concentrations.
(c) Change of the flux and flux recovery over 10 cycles (the sample with 0.5 wt % SiO, NPs was taken as an example). (d) The
relative separation flux and driven-pressure of selected separation materials. () The separation flux as a function of srpz refer
to the Hagen—Poiseuille law. (f) Photograph of the oil collection apparatus continuously collecting pure oil from water-in-oil

emulsions.

and Supporting Information Discussions). The water
droplet size distribution (Figure S16) indicated that
the greatest number fraction of droplet diameters
was in the range of 2—10 um. As shown in Figure 4a,
the cylindrical FIBER aerogels (taken the sample with
0.5 wt % SiO, NPs as an example) with diameter of
40 mm and thickness of 5 mm were sandwiched
between two vertical glass tubes, and the as-prepared
emulsions were then poured onto FIBER aerogels to
carry out filtration separation driven solely by gravity.
Oil immediately permeated through the aerogels and
meanwhile, emulsion droplets demulsified once
touching the FIBER aerogels and water was retained
above (see Movie S2). The optical microscopic images
of collected filtrate showed that no droplet was ob-
served in the whole image. Moreover, the oil purity was
further determined by measuring the water weight
percentage in the filtrate using a Karl Fischer analyzer.
The collected filtrate exhibited an extremely low water
content of less than 50 ppm, corresponding to a
prominent purity over 99.995%, indicating an extre-
mely high separation efficiency. This high qualified
collected oil can satisfy the requirement of purity in
the majority of industrial applications.*® It is worth
noting that all the micrometer-sized water droplets can
be effectively separated even the sizes of droplets are
smaller than the pore size of FIBER aerogels. This
phenomenon can be explained that the separation
process for the FIBER aerogels is on the basis of the
coalescence separation rather than the size-sieving
surface filtration, which intercepts the emulsified
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droplets by the coalescence of droplets in the numer-
ous tortuous microchannels;**~*? thus, the FIBER aero-
gels are expected to achieve higher separation fluxes
under low driven-pressure.

The gravity-driven separation fluxes of emulsions
permeating through the FIBER aerogels were obtained
by calculating the flow volume in 1 min from the valid
area of the aerogels (the volume of the feed solution
was kept constantly at 200 mL), as demonstrated
in Figure 4b. The FIBER aerogels without SiO, NPs
exhibited a surprisingly high flux of 8140 + 220
L m~2 h™'. However, in that case the flux quickly
decreased upon the running time, with a small satu-
rated extent of 1132 + 140 kg m 2. As discussed above,
the coalesced water droplets accumulated over time
and would eventually reverse the surface wettability of
channels from hydrophobic to hydrophilic, finally
blocking the oil transportation paths.>*® With increas-
ing SiO, NPs contents in FIBER aerogels, the separation
flux gradually decreased, whereas the flux became
more stable upon running time. The FIBER aerogels
with 2 wt % SiO, NPs contents exhibited a comparable
flux of 350 £ 45 L m~2 h~' but a promising saturated
extent of 7612 + 480 kg m 2 In consideration the
ultralight feature of the FIBER aerogels (<30 mg cm 3),
the saturated extent per gram of FIBER aerogels in-
creased from 16.4 to 50.7 kg g~ ' with the increase of
SiO, NPs contents (Figure S17), indicating that the
FIBER aerogels can separate over 15000 times of their
weight of emulsions, which has rarely been found in
other porous separation materials.'> Moreover, these
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separation fluxes are comparable to those of reported
membranes used with an external applied pres-
sure,>%1%% as shown in Figure 4d. Considering that
the separation was driven solely by gravity, such
separation performance is very promising from the
viewpoint of energy conservation, in contrast to the
traditional filtration membranes such as UF mem-
branes where a driven-pressure of more than 10° Pa
is usually applied to accomplish emulsion separation.
In addition, the antifouling performance of FIBER aero-
gels (taken the sample with 0.5 wt % SiO, NPs as an
example) was performed as displayed in Figure 4c. For
each cycle, the FIBER aerogels continuously separated
a certain amount of oil (1000 kg m™2) and then the
aerogels were simply rinsed with ethanol to recover
the flux. It can be seen that the flux exhibited a slight
decrease within one cycle, then it recovered comple-
tely to the starting flux after ethanol washing, which
could be attributed to the good stability of the well-
bonded nanofibrous structure during cycle separation
(see details in Figure S18 and Supporting Information
Discussion). These results indicate an excellent anti-
fouling property of the FIBER aerogels for long-term
use.

To provide an insight into the mechanism of oil
permeation, the Hagen—Poiseuille equation (J =
er,”AP/8ult) was used to analyze the flux of oil
through the FIBER aerogels.**~*° In this equation, the
flux J is described as a function of the porosity ¢, the
pore radius r,, the pressure drop AP, the liquid viscosity u,
the thickness L, and the tortuosity 7 (that is, the ratio
of the total distance traveled by the oil to L). In our
experimental condition, the AP (fixed gravity pressure
of 625 Pa), u of petroleum ether (0.3 x 10> Pas), and
the L (5 mm) can be considered as unchanged para-
meters. Flux is thus only correlated to ¢, r,, and 7. As
observed from Figure 4e, the flux (J) increased linearly
with the relevant porous parameters (srpz), revealing
that the tortuosity of FIBER aerogels was nearly stable
and was independent of the SiO, NPs concentrations.
The calculated tortuosities for various FIBER aerogels
were in the range of 21—-28 (Table S1), which were
about 1 order of magnitude higher than that of con-
ventional UF membranes (<1.5).5** These high tortu-
osities indicated that the real permeation path of
emulsions was significantly longer than the thickness
of the aerogels; thus, the emulsified water droplets
were easy to be coalesced in these long tortuous
channels, resulting in the high separation efficiency.

EXPERIMENTAL METHODS

Preparation of PAN and Si0, Nanofibers. For PAN nanofibers, the
precursor solution was prepared by dissolving PAN (M,, = 90000,
Spectrum) in dimethylformamide at a concentration of 6 wt %.
The electrospinning was performed using a DXES-3 spinning
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To further predict the separation flux of FIBER aerogels
under different driven-pressure, we proposed the J =
kAP scaling law for the separation of oil/water emul-
sion by using FIBER aerogels. The coefficient k (k= erpz/
8ult) were calculated to be 13.03, 11.44, 6.92, 2.52,
2.07, and 0.56 for FIBER aerogels with SiO, NPs con-
centrations of 0,0.01, 0.1, 0.5, 1, and 2 wt %, indicating
that the fluxes of FIBER aerogels with low SiO, NPs
concentrations were more sensitive to the driven-
pressure. On the basis of these theoretical analysis,
more parameters have been checked to evaluate the
separation performance of FIBER aerogels, including
the types of oil phase (gasoline and diesel) and separa-
tion-driven pressure. The relevant measured separa-
tion fluxes matched well with the theoretical values
(Figure S19, Figure S20, and Supporting Information
Discussion), conforming the good usability of the FIBER
aerogels toward various conditions. Furthermore, the
mechanically robust FIBER aerogels achieved the col-
lection of pure oil from the oil/water emulsions via a
novel, continuous, and convenient pumping method.
As demonstrated in Figure 4f, only the pure oil was
absorbed by the FIBER aerogels and flows along
the pipes to the collecting cup, leaving the FIBER
aerogels consistently able to collect the oil (see detail
in Movie S3 and Supporting Information Discussion).
This novel pumping technique makes the separation of
oil/water emulsions easier and faster, which can bring
FIBER aerogels a step closer to practical applications.

CONCLUSIONS

In conclusion, we have demonstrated a gelation-
free, synergistic assembly strategy for the fabrication of
hierarchical cellular structured FIBER aerogels through
the combination of electrospun nanofibers and the
fibrous freeze-shaping method. With superelasticity,
superhydrophobic-superoleophilic wettability, and
high pore tortuosity, the FIBER aerogels can effectively
separate water-in-oil emulsions driven solely by grav-
ity, with high separation efficiency and higher fluxes
than traditional filtration membranes with pressure-
driven. More importantly, the FIBER aerogels exhibit a
superior antifouling property, ease to cycle, and good
usability, which match well with the requirements for
treating the real emulsions on a massive scale. We
anticipate that our FIBER aerogels will have numerous
applications, including the cleanup of oil spills, waste-
water treatment, fuel purification, and the separation
of commercially relevant emulsions.

machine (Shanghai Oriental Flying Nanotechnology Co., Ltd.,
China). The solution was loaded into a syringe capped with a 6-G
metal needle with a controllable feed rate of 2 mL h™". A high
voltage of 20 kV was applied to the needle tip, resulting in
the generation of a continuous jetting stream. The resultant
PAN nanofiber membranes were deposited on the aluminum
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foil-covered grounded metallic rotating roller (rotating rate was
50 rpm) at a 15 cm tip-to-collector distance. In the case of SiO,
nanofibers, the precursor solution was prepared by dissolving
poly(vinyl alcohol) (PVA, M, = 86 000, Wako) in pure water at
80 °C with vigorous stirring. A silica precursor solution with a
molar composition of tetraethyl orthosilicate (TEOS):HsPO4:H,0 =
1:0.01:11 was prepared via hydrolysis and polycondensation by
dropwise addition of H3PO, for 12 h. The resultant silica
precursor solution was added to the PVA solution (weight
ratio of 1:1) and stirred for another 4 h. Following, the electro-
spinning was performed under an applied voltage of 18 kV and
at a controllable feed rate of 1 mL h™". The resultant hybrid
nanofibers were deposited onto the aluminum foil-covered
grounded metallic rotating roller with a rotation rate of
50 rpm at a 20 c¢m tip-to-collector distance. To obtain pure
SiO, nanofibers, the as-spun nanofibers were calcined at 800 °C
in air by gradually increasing the temperature at a heating rate
of 5 °C min™' to remove the PVA. The relevant temperature
and humidity during electrospinning were 25 °C and 50%. The
FE-SEM images and diameter analysis of these two types of
nanofibers were demonstrated in Figure S1.

Fabrication of FIBER Aerogels. BAF-a monomers were synthe-
sized using bisphenol AF, amine, and paraformaldehyde via the
Mannich reaction, as described previously with minor modifica-
tions (see details in Figure S2a and Supporting Information
Methods). In a typical experiment for the synthesis of FIBER
aerogels with SiO, NPs concentrations of 0.5 wt % (see details in
Figure S3, Figure S4, and Supporting Information Methods),
0.8 g of PAN and 0.2 g of SiO, nanofiber membranes were
cut into 1 x 1 cm? pieces, and were dispersed in 100 mL of
camphene at 70 °C by homogenizing the mixture for 30 min at
13000 rpm using a high-speed homogenizer (SDF400, Qile Tech
Co., Ltd., China), yielding uniform nanofiber dispersions with an
average fiber length of 50 um. Subsequently, the 0.5 g of SiO,
NPs (diameters of 7—40 nm) and 0.5 g of BAF-a were added to
the dispersion with further stirring for 20 min. The obtained
dispersions were poured into the desired mold, frozen in ice—
water bath, and then freeze-dried (Labconco FreeZone freeze-
drying system) for 24 h to obtain the unbonded aerogels.
Finally, they were heated at 240 °C for 1 h in air, giving rise to
the bonded FIBER aerogels. Other FIBER aerogels with different
SiO, contents were fabricated by adjusting the concentrations
of SiO, NPs in dispersions.

Mechanical Properties Measurements. The compression tests
were performed using Instron 3365 testing system (Instron
Co., Ltd,, USA) equipped with two flat-surface compression
stages and 1000-N load cells. Cylindrical FIBER NFA samples
with diameters of ~30 mm were used. The o—¢ curves with ¢ =
40, 60 and 80% were measured at a strain rate of 30 mm min ",
and a 3% prestrain was applied to make a uniform flat contact
between the compression heads and the sample and to prevent
slipping of the sample. A 1000-cycle loading—unloading fatigue
cyclic test was performed by measuring o versus ¢ = 60% at a
strain rate of 300 mm min~' with a 3% prestrain. Dynamic
compressive viscoelastic measurements of the FIBER aerogels
were performed using a TA-Q800 DMA instrument with a
parallel-plate compression clamp; the gap distance between
the two plates was fixed at 4 mm. E' and E” as a function of
o from 1.8 to 628 rad s~' were measured with an oscillatory
strain of £3% and a prestrain of 5%.

Emulsion Separation Experiments. To preparing the water-in-oil
emulsions, the surfactant (0.1 wt %) was first dissolved in oil, and
a certain amount of water (1 wt %) was added into the oil.
Following, the mixture was emulsified by a high-speed homo-
genizer (5000 rpm for 5 min) and was further homogenized by
an ultrasonic treatment (5 min), as shown in Figure S14. The
thermodynamic stability of as-prepared emulsions was demon-
strated in Figure S15 and Supporting Information Discussions.
The cylindrical FIBER aerogels (taken the sample with 0.5 wt %
SiO, NPs as an example) with diameter of 40 mm and thickness
of 5 mm were sandwiched between two vertical glass tubes.
The freshly prepared emulsion was poured onto the samples
and the oil spontaneously permeated. The flux was determined
by calculating the volume of oil permeated within 1 min.
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The regulation of separation-driven pressure was achieved by
changing the height of emulsions, as shown in Figure S19.

Characterization. The weights of the FIBER aerogels were
determined using a Mettler Toledo Micro balance (AT-20) with
a readability of 2 ug. The density (apparent density) of the FIBER
aerogels was measured on the basis of the I1SO 845:2006
standard, which was calculated by the weight of solid contents
without including the weight of air entrapped in pores. As the
samples were weighted in air, the weight of air was automati-
cally eliminated. The porosity and compression work of FIBER
aerogels was determined based on the standard practice for
cellular materials, as demonstrated in the Supporting Informa-
tion Methods. The SEM images were examined using a Hitachi
S4800 field-emission SEM system. FT-IR spectra were collected
with a Nicolet 8700 spectrometer in the range 4000—400 cm™".
DSC measurements were performed with a TA-Q200 differential
scanning calorimeter. The pore size and distribution were
measured using an air poremeter (VMN-1200A, Porous Materi-
als Co., Ltd., USA) based on capillary flow analysis method (see
details in Supporting Information Methods). N, adsorption—
desorption isotherms and BET SSA were examined at 77 K by
an ASAP 2020 physisorption analyzer (Micromeritics Co., USA).
WCA (3 uL), OCA (3 uL), and SA (10 uL) measurements were
performed by a contact angle goniometer Kino SL200B
equipped with tilting base. The water contact angle hysteresis
was measured using increment decrement method.
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