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Abstract

In situ electrospun 3D polyacrylonitrile (PAN) nanofiber-reinforced (EPNR) silica aerogel monoliths were prepared through
methyltriethoxysilane—trimethylchlorosilane modification followed by ambient pressure drying (APD). The 3D PAN
nanofiber network was built into silica sol by liquid-assisted collection. Homodispersed and intertwined PAN nanofibers
were well incorporated into the silica aerogel matrix. The APD-EPNR silica aerogel had a porosity of 90.9% and a BJH
pore volume of 2.15 cm® g~!. Furthermore, the APD-EPNR silica aerogel monolith showed excellent flexibility and revealed
a highly hydrophobic surface with a water contact angle of 145°. The APD-EPNR aerogel was suitable for removal of oil
from water. The static mass of the APD-EPNR silica aerogel achieved 700%—1500% to various solvents and the aerogel can
be recovered without obvious performance decline. The APD-EPNR silica aerogel mat also achieved oil/water separation

with a separation efficiency of more than 99%. Hence, the prepared APD-EPNR silica aerogel has promising application

for treatment of oil pollution.
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1 Introduction

Many industries generate a large amount of oily wastewa-
ter, which may cause serious and long-term harm to the
surrounding environment and ecological system [1-3].
Hence, research on effective treatment of oily wastewa-
ter has become a hotspot in the field of water purification.
Traditional treatment of oily wastewater mainly involves
centrifugation [4], bioremediation [5, 6], chemical cata-
lytic decomposition [7, 8], air flotation [9], adsorption [10].
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However, some of these methods have limitations like low
efficiency, high cost and being time-consuming, which
impede their practical application. Absorptive removal of oil
using porous materials is a simple and effective technique.
Therefore, much attention has been paid to the development
of porous materials for potential application to clean up of
oily pollutants.

Various porous materials have been utilized for absorp-
tive separation or removal of oil from water, such as metal
foam [11], polymer and carbon sponges [12, 13], fiber [14],
zeolite [15] and aerogel [16]. Aerogel is a promising porous
absorbent due to its three-dimensional (3D) porous structure,
extremely low density, high porosity and large pore volume.
These characteristics can lead to a high absorption capacity
and quick absorption/desorption rates during the absorption
process. Hydrophobic or superhydrophobic aerogels have
been prepared as oil absorbent materials, such as graphene
aerogel [17], nanofiber aerogel [18], cellulose aerogel [19],
polymer aerogel [20] and silica aerogel. Carbon aerogel fab-
ricated with carbon nanotubes and graphene possessed a low
bulk density of 1.4 mg/cm?® and exhibited excellent elasticity,
the mass absorption capacity could reach 320 g/g for pump
oil, which is higher than those of commercial materials.
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However, the use of aerogel as an absorbent in practical oil
pollution treatment faces some challenges that need to be
addressed. Firstly, commonly used oleophilic aerogel absor-
bents are complex to prepare, involving methods like super-
critical drying or freeze-drying, which limits their practical
and commercial application. Secondly, most prepared aero-
gel monoliths are used as static oil absorbents, but effective
oil pollution treatment requires absorbents capable of sepa-
rating oil from water [17]. Silica aerogel is a novel nano-
porous material with low density and high porosity; it has
attracted much attention due to its superhydrophobic prop-
erty and could be fabricated through cost-effective ambient
pressure drying (APD) [21]. However, the low integrity and
poor mechanical properties of the silica aerogel prepared
through APD have greatly limited its practical applications.
Hence, the reinforcement of silica aerogel is important and
has gained much attention in recent years.

The flexibility and elasticity of silica aerogels could be
reinforced through polymer crosslinking [22], utilizing new
silica precursors [23] and adding fibers [24]. However, rein-
forced silica aerogels have some drawbacks compared with
pure silica aerogels, such as lower porosity and higher bulk
density. Various studies have developed different reinforced
silica aerogel monoliths using new silica precursors, such
as methyltrimethoxysilane (MTMS)-based aerogel [25],
co-precursor-based aerogel [26] and bridged robust silica
aerogel [27, 28]. MTMS-based aerogel can absorb organic
liquids and oils over 10 times its own mass [25]. Co-precur-
sor-based silica aerogel with mesoporous structure exhib-
its good flexibility, elasticity and superhydrophobicity and
can absorb trichloromethane by nearly eight times its dry
weight [26]. However, the application of these aerogels is
generally limited by tedious and complicated preparation
and/or drying. Furthermore, most studies focused on the use
of aerogels for batch absorption of oils from water, but few
reports are available on the application of aerogels for oil/
water separation.

Fiber reinforcement is another method used to obtain
robust silica aerogel monolith. One conventional approach
is dispersing micrometre-sized fibers in the silica aerogel
matrix, and followed by supercritical drying (SCD) [29, 30].
However, the high brittleness and low compression strain
(<30%) can lead to cracking or fracturing. Harmful silica
aerogel dusts could be released during force applications.
Compared with micrometre-sized fibers, nanofibers possess
a higher surface to volume ratio, which helps to increase the
interaction between the nanofibers and composite matrix.
The nanofibers can be homogeneously incorporated into the
composite nanoporous silica aerogel matrix. Thus, nanofib-
ers could be a promising material for the reinforcement of
silica aerogels.

Nanofibers, including cellulose fiber, polypropylene
fiber, polyaniline fiber, silica fiber and carbon fiber, have
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been studied and used to reinforce the silica aerogel matrix.
Nanofibers can be fabricated using various methods, such
as precipitation, hydrothermal, template synthesis, sol-gel
and electrospinning. Cellulose nanofibers treated by aque-
ous alkali—urea solution have been used to reinforce silica
aerogels, and the composite aerogels fabricated by SCD
exhibited excellent flexibility, elasticity and deformation
restorability. The result showed that the crosslinked cellulose
nanofiber network could improve the brittleness of the SCD
silica aerogel, which has a stretch modulus and a strength
of 48.2 and 10.8 MPa, respectively, with a silica content of
39 wt%. However, the main drawbacks of this aerogel are
low silica content (< 60 wt%), high density and high thermal
conductivity [31].

Electrospinning is an effective and simple method used
to prepare nanofibers with various polymers, such as poly-
vinylalcohol (PVA) [32], polyacrylonitrile (PAN) [33] and
polyvinylidene fluoride (PVDF) [34]. A polyurethane (PU)
nanofiber reinforced silica aerogel was fabricated by SCD
after immersing the electrospun PU nanofiber film into
silica sol. This aerogel could be bended without fracture
and had a bending modulus and a yield strain of 5-10 and
150-200 MPa, respectively [35]. Flexible electrospun silica
nanofiber-reinforced silica aerogel membranes were pre-
pared by a similar process and applied as thermal insulating
materials with tensile stress of 2-6.5 MPa [36]. However,
electrospun nanofibers are usually collected on metal plate
or rolling cylinder. The stacking of nanofibers in layers leads
to a relatively dense non-woven film-like structures. As a
result, electrospun nanofiber-reinforced silica aerogels are
normally formed as films or sheets, which restricts the oil/
water separation efficiency due to the limited amount of
loaded silica aerogels and low porosity.

In our previous work, we reported a facile approach
to fabricate high porosity (>99%) 3D nanofibrous aero-
gel monolith principally through supporting agent liquid
assisted collection-electrospinning technology and freeze-
drying process. The nanofibrous aerogel had a combination
of ultra-low density (2-3 mg-cm™), high mechanical prop-
erties and good hydrophobicity. The unique porous charac-
teristics of nanofibrous aerogel made it an excellent rein-
forcement for silica aerogel. To the best of our knowledge,
the use of silica aerogel monoliths prepared and reinforced
using electrospun nanofiber through APD for oil/water sepa-
ration has not been reported yet. This makes our work an
innovative effort [37].

In this work, we present a novel and simple strategy for
the preparation of flexible electrospun PAN nanofiber-rein-
forced (EPNR) silica aerogel monolith through APD. The
PAN nanofiber network was introduced into the hydrolysed
silica sol by in situ electrospinning and liquid-assisted col-
lection. Then the APD-EPNR silica aerogel was obtained
after a two-step modification. The APD-EPNR silica aerogel
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showed excellent flexibility, elasticity and surface hydropho-
bicity, which can be used for effective oil absorption and oil/
water separation. The APD-EPNR silica aerogel appear to be
a promising porous material for oil/water separation.

2 Experimental
2.1 Materials and chemicals

Tetraethoxysilane (TEOS) (>98.0%), trimethylchlorosilane
(TMCS) (>98.0%), ethanol (>99.7%), dimethylformamide
(DMF) (>98.0%), ammonia (25.0-28.0%), and n-hexane
(=97.0%) were purchased from Sinpharm Chemical Rea-
gent Company, China, while methyltriethoxysilane (MTES)
(>98.0%) was from Shanghai Silicon Mountain Chemical
Macromolecular Materials Company, China. The polyacry-
lonitrile (PAN) was obtained from Kunshan Hongyu Plastics
Co., LTD., China.

2.2 Preparations of reinforced aerogels

The precursor solution for electrospinning was pre-
pared by mixing PAN and DMF with the weight ratio of
PAN:DMF = 1:9. The mixed solution was placed in a 10 mL
plastic syringe equipped with a 21-gauge stainless steel nee-
dle. The prepared silica sol was poured into the collector
container. The distance and voltage between the needle tips
and the collector were set at 15 cm and 10 kV, respectively.
The silica sol, which is composed of the molar ratios of
TEOS: MTES: EtOH: H,O as 1: 0.2: 10: 6, was continu-
ously agitated for 12 h. After electrospinning was completed,
ammonia was added to the silica sol to form wetgel. The
composite silica wetgel was immersed into ethanol at 55 °C
for 12 h to allow the strengthening of the gel network. The
surface modification of the composite silica wetgel was car-
ried out by immersion in the TMCS/ethanol/n-hexane solu-
tion at 35 °C for 48 h. The volume ratio of TMCS/ethanol/
hexane was 2: 1: 8. Finally, the surface modified wetgel was
washed by n-hexane to remove the remaining TMCS and
then dried at atmospheric pressure in an oven at 80 °C. For
comparison, supercritical dried PAN nanofiber-reinforced
silica aerogel was prepared using a similar method but with-
out adding MTES into the silica sol.

2.3 Organic solvents absorption capacity
and water/oil separation of reinforced silica
aerogel

The amounts of the APD-EPNR silica aerogel were weighed
before and after oil absorption tests with various organic
solvents. The mass-based oil absorption capacity (4,,) of the
APD-EPNR silica aerogel was calculated by

Mp—-M

M, M,
where M and M, are the weights of the APD-EPNR silica
aerogel after and before the absorption, respectively. The
volume-based oil absorption capacity (A;) of the APD-
EPNR silica aerogel was defined as

Py
Ay =Ay ) 2)
where p, and p, are the bulk densities of the APD-EPNR
silica aerogel and organic solvent, respectively.

Eleven organic solvents including benzene, toluene, liquid
paraffin, chloroform, n-hexane, cyclohexane, phenol, simethi-
cone, ethanol, n-heptane and tetrachloromethane were used.

The prepared APD-EPNR silica aerogel was used to sepa-
rate oil/water mixture. Oil/water separation efficiency (K) was
calculated by the formula

M
K, = ﬁl x 100% 3)

where M; and M are the oil weights of the original oil/water
mixture and the collected water after one cycle of separation,
respectively. The volume ratio of the oil/water mixture was
1:1. Separation efficiency was measured three times, and the
average value was used. In the recycled separation tests, after
separation, the APD-EPNR silica aerogel used was washed
with ethanol and dried at 80 °C.

2.4 Characterization of reinforced aerogels

Specific surface area, pore volume and pore size were esti-
mated by nitrogen adsorption—desorption isotherm at 77 K
(ASAP 2020, Micromeritics). Microscopic surface and cross-
sectional morphologies were examined by scanning electron
microscope (S-4800, Hitachi, Japan). Water contact angle was
measured by contact angle meter (DSA100, Kruss, Germany).
Chemical species and microstructure were investigated by
Fourier transform infrared spectroscopy (Nicolet IS10, Ther-
moFisher Scientific). The thermal stability of the aerogel was
studied by thermogravimetry (TG209F3, Netzsch, Germany).
Compressive strain—stress test was performed on the aerogel
specimen with a dimension of 10 mm X 10 mm X 15 mm by
using a universal testing machine (KD-II 100N, KaiQiangLi,
China).

3 Results and discussion
The preparation of in situ electrospun PAN nanofiber-rein-

forced silica aerogels is schematically illustrated in Fig. 1.
The PAN nanofiber was electrospun into the hydrolysed
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silica sol, according to liquid—solid interface theory. Dur-
ing electrospinning, the silica sol moved into the interspace
of the nanofibrous network; thus, the PAN nanofibers were
immersed homogeneously and formed a 3D network in the
silica sol. After electrospinning, the silica precursor reacted
with the basic catalyst added to obtain a composite gel. The
composite wetgel was formed upon condensation and then
immersed in ethanol to strengthen the silica network. The
3D PAN nanofiber network was incorporated by the silica
aerogel. The aged composite silica wetgel was directly dried
by SCD through Route I or modified by TMCS and followed
by APD through Route II.

The photographs of the composite silica aerogels pre-
pared through different drying routes are shown in Fig. 1 for
comparison. Both aerogels showed excellent integrated mon-
oliths without apparent cracks. The water contact angle of
the APD-EPNR silica aerogel was 145°, indicating a highly
hydrophobic surface; the surface of the SCD-EPNR silica
aerogel was hydrophilic as expected. The incorporation of
Si—C due to the MTES modification of the silica network

and the TMCS modification of silica surface contributed to
the hydrophobic property of the APD-EPNR silica aerogel.

The FT-IR spectra of PAN nanofiber and reinforced silica
aerogels by different drying methods are shown in Fig. S1.
The IR peaks in curves (a) at 2244 cm™! and 1453 cm™!,
correspond to C=N bending vibrations and -CH, flexural
vibration, at 1621 cm™! correspond to C=N and C=C, for
PAN nanofiber [38]. Typical IR peaks in curves (b) and (c)
correspond to Si—O-Si asymmetric, symmetric and rocking
bending vibrations at 1080, 800 and 450 cm™!, respectively,
for silica materials. The peak at 1276 cm™" and the shoulder
at 847 cm™! in curve (c) are related to Si—C bonding due to
MTES modification of the silica network. Three additional
peaks (1258, 867 and 758 cm™!) were contributed by Si—C
bonding, indicating that the silica network was further modi-
fied by TMCS. The co-precursor MTES modifies the silica
cluster of the aerogel network as shown in Reaction (4). In
the followed step, the modifying reagent TMCS reacts with
the Si—-OH group of the silica network to form Si-(CH;);
through Reaction (5) [39].

|
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Fig. 1 Schematic representa-
tion for preparations of in situ
electrospan PAN nanofiber
reinforced silica aerogels via
supercritical drying (Route I)
and ambient pressure drying
(Route II)

Fig.2 Nitrogen adsorption—des-
orption isotherms (a) and pore
size distribution curves (b) of
EPNR silica aerogels by SCD
and APD
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Fig.3 SEM images (a—b), diameter distribution (¢) of PAN nanofibers, APD-EPNR silica aerogel (d—e) and silica aerogel matrix by APD (f)
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The nitrogen adsorption—desorption isotherms and pore
distribution curves of the SCD-EPNR and APD-EPNR sil-
ica aerogel are compared in Fig. 2. The isotherm curves in
Fig. 2a reveal a typical IV with a type H3 hysteresis loop,
indicating a characteristic distribution of slit-shaped pores.
The corresponding pore distribution curves in Fig. 2b dif-
fered from each other. The APD-EPNR silica aerogel had
a pore distribution mainly in the range of 4-5 nm, with an
average pore size of 6.3 nm. The pore distribution of SCD-
EPNR silica aerogel is mainly in the range of 25-30 nm,
and the average pore size was 10.5 nm. However, the BJH
pore volume of the APD-EPNR silica aerogel was 2.15
cm?® g~!, which is lower than that of the SCD-EPNR (3.00
cm® g1, resulting in a slightly higher bulk density of
0.20 g cm™* compared with the SCD-EPNR silica aerogel
(0.11 g cm™3). The BET specific surface area and poros-
ity of the APD-EPNR silica aerogel silica aerogel were
890 m? g~! and 90.9%, respectively, which are competi-
tive to those of the SCD sample (807 m* g~! and 95.0%,
respectively). The nitrogen adsorption—desorption iso-
therms implied that the excellent physical properties of
the APD-EPNR silica aerogel are protected by hydropho-
bic surface modification and APD. For SCD-EPNR silica
aerogel, due to the lack of gas—solid interface during the

Fig.4 Photographs showing
good flexibility and elastic-

ity (a), 10 cycles stress—strain
curves of the of the APD-EPNR
silica aerogels (b)

(a)

supercritical drying process, the effect of capillary force
on the skeletal aerogel network was avoided. Therefore,
the higher pore volume (3.00 cm® g=!) and pore size
(10.5 nm), and the lower bulk density (0.11 g cm™3) were
maintained. By contrast, the hydrophobic modification
of APD-EPNR silica aerogel by MTES and TMCS can
reduce the surface tension of the liquid in the pores during
ambient pressure drying. The APD-EPNR silica aerogel
with good surface modification would exhibit minor vol-
ume shrinkage during drying, so the APD-EPNR silica
aerogel showed good physical properties with bulk density
(0.20 ¢ cm™), BJH pore volume (2.15 cm? g_l) and pore
size (6.3 nm).

The surface morphologies of the PAN nanofibers and the
APD-EPNR silica aerogel are shown in Fig. 3. The in situ
electrospinning PAN nanofibers were randomly distributed
with a 3D self-assembled loosened network structure and
intertwined each other to form a continuous network (Fig. 3
and Fig S3a-b). The diameter distribution of PAN nanofib-
ers conformed to the Gaussian distribution, mainly ranging
from 300 to 500 nm (Fig. 3c), which benefits the uniform
pore structure of the nanoporous silica aerogel. In addition,
the presence of PAN nanofibers prevented the brittleness
and fragment, making it an ideal matrix for silica aerogel

(b)

Stress (MPa)
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Fig.5 Demonstration of the hydrophobicity and oleophilicity of the
APD-EPNR silica aerogel: water droplets repelled away from the
aerogel surface (a) and oil migrated from water surface to the aero-
gel (b), mass and volume absorption capacities of APD-EPNR silica

(Fig. 3d, e). These fibers significantly reinforced the silica
network structure compared with the unreinforced silica
aerogel. Figure 3f and Fig. S3c¢ showed the homodispersed
and loosened network structure composed of nano-sized
particles in the pure silica aerogel (without reinforcement).
The comparison of SEM images revealed that there was
no significant difference in the microscopic morphology
between SCD-EPNR silica aerogel and APD-EPNR silica
aerogel. The result proved that the APD-EPNR silica aerogel
successfully overcomes the effect of capillary force and the
nanopore structure was preserved. When force is applied, the
interconnections between silica nanoparticles break continu-
ously, resulting in obvious cracks until the pure silica aerogel
fractures. However, in the PAN nanofiber-reinforced silica
aerogel, the cracks were confined to the nanofiber gaps, and
the silica aerogel fragments were held together by the PAN
nanofibers. Even if the silica aerogel nanoskeleton cracked
under pressure, the nanofibers enable it to withstand the
external force while providing macroscopic flexibility. The
TG curves in Fig. S3 showed a total weight loss of about
38.5% up to 800 °C for the APD-EPNR silica aerogel. This
weight loss was due to the oxidation of PAN nanofiber and
the modified methyl groups between 300 and 800 °C.
Figure 4a and Movies S1 and S2 demonstrate the excel-
lent flexibility and elasticity of the APD-EPNR silica aero-
gel. The APD-EPNR silica aerogel retained its integrity and
recovered without cracking or flaking even bending to 180°.
The aerogel showed high compressibility, which can with-
stand multiple compressions and recover without apparent

T T T T T T T T T
1 2 3 4 5 6 7 8 9% 10

12 3 4 56 7 8 9 10
Cyele Cycle

aerogel for various organic solvents (c), mass absorption capacities
for a range of organic solvents in terms of their densities (d), the
cyclic absorption—desorption tests using n-hexane (e) and ethanol (f)
as examples

cracks. Figure 4b shows the accumulated stress—strain curves
with the maximal strain of 30% for 10 continuous cycles.
The APD-EPNR silica aerogel did not fully recover to its
original shape and was slightly compressed after 10 cycles
compression. The energy consumed (E; ) was evaluated by
calculating the hysteresis loop area. The shrinkage in the
stress—strain curves after 10 cycles indicates the accumu-
lated energy losses. However, the APD-EPNR silica aerogel
kept its monolithic shape without obvious cracks after each
compression. The accumulated energy loss decreased rap-
idly from 754 to 585 kJ m~ in the first two cycles and then
decreased gradually with an increase in the cycle number
(Fig. S4). The total energy loss was reduced to 462 kJ m™>
after 10 cycles (corresponding to a decrease of 38.7%).

The surface of the aerogel network was modified by
MTES-TMCS, leading to a low surface energy. The resultant
APD-EPNR silica aerogel exhibited hydrophobicity owing
to the combination of the rough microstructure and the low
surface energy. It showed high hydrophobicity and ultrafast
absorption rate for organic solvents. As shown in Fig. 5a,
the water droplets (coloured by methylene blue) slide off the
APD-EPNR silica aerogel surface, while the liquid paraffin
(coloured by Sudan red III) was absorbed completely by the
aerogel monolith (Fig. 5b) due to the abundant mesopores
and macropores in the aerogel network. The phenomenon
indicates that the APD-EPNR silica aerogel could be used
as oil absorption materials.

The capillary pressure (P) is the key driving force to
absorb oil into hydrophobic aerogel. Assuming that the pores
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shape of aerogel is cylindrical, the capillary pressure at oil-
air interfaces in APD-EPNR silica aerogel can be expressed
as:

2 0
p = 2reos

- ©)

where y is the surface tension at oil-air interfaces in aerogel
pore, 6 is the contact angle at oil-air interfaces, and r,,, is the
pore size of aerogel.

The capillary pressure is inversely proportional to
the pore size of aerogel, the APD-EPNR silica aerogel
exhibited excellent nanoporous property of high BET
specific surface area (890 m? g~!) and average pore size
(10.5 nm). Therefore, it showed ultrafast absorption rate
for organic solvents. The static mass and volume absorp-
tion capacities of the APD-EPNR silica aerogel for vari-
ous solvents are shown in Fig. 5c. The APD-EPNR silica
aerogel showed low bulk density (0.20 g cm™>) and high
porosity (90.9%), which indicated that the aerogel can
provide abundant pores to storage oil. The mass absorp-
tion capacities of the APD-EPNR silica aerogel reached
700%-1500%, while a clear linearity was drawn between
the mass absorption capacity and the density of the organic
solvents (Fig. 5d). Hence, volume absorption capacity was
used to evaluate the oil absorption performance (Fig. 5c).
The volume absorption capacities of the APD-EPNR silica
aerogel reached 100%-130% depending on the solvent, as
the volume of the aerogel expanded during oil absorp-
tion. APD-EPNR silica aerogel also showed excellent

cyclic absorption—desorption performance when n-hex-
ane (Fig. 5e) and ethanol (Fig. 5f) were used for test. The
aerogel absorbed > 800% n-hexane (by mass) in the first
cycle, and the absorbed n-hexane was completely desorbed
at 80 °C (Fig. 5e). During the 10 absorption—desorption
cycles, the aerogel showed stable performance. Similar
results were obtained for ethanol (Fig. 5f). Although etha-
nol has a greater potential to destroy the pore structure
of the aerogel due to its higher surface tension coeffi-
cient compared with n-hexane. The aerogel network still
showed stable performance, and no obvious absorption
capacity was lost during the absorption—desorption test
cycles. The cyclic performance results indicated that the
absorbed oil APD-EPNR silica aerogel recovered oil by
solvent exchange followed by evaporation. In summary,
while the mass absorption capacities may not match some
carbon aerogels, the APD-EPNR silica aerogel remains
competitive due to the good volume absorption capacities,
stable cyclic performance and cost-effective preparation.
The oil absorption study suggested that the hydropho-
bic APD-EPNR silica aerogel is a good candidate for oil
clean-up. For comparison, the physical properties and oil
absorption performance of APD-EPNR silica aerogel and
other reported silica aerogel were summarized in Table S1.
The APD-EPNR silica aerogel possessed excellent physi-
cal properties, high mechanical performance and high oil
absorption capacity.

For practical application in oil pollution treatment, oil
absorbents should not only exhibit good static absorp-
tion performance, but also good oil/water separation

Fig.6 The Dynamic water contact angle and photographs of oil wet-
tability (a) and hydrophobicity (b) of the APD-EPNR silica aerogel
mat, the schematic illustration (c, d) and separation processes (e, f) of
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selective oil/water separation devices. Aqueous phase was colored by
methylene blue and the oil phase (paraffin oil) was colored by Sudan
red III
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Fig.7 The separation efficiency of prepared APD-EPNR silica aerogel for recyclability (a) and various organic solvents (b)

performance. The oil wettability of the APD-EPNR silica
aerogel surface was investigated using the apparent contact
angle. As shown in Fig. 6a, the paraffin oil was absorbed into
the pore of the aerogel once the paraffin oil contacted to the
surface, and the apparent contact angle quickly became zero.
On the other hand, the APD-EPNR silica aerogel showed
excellent hydrophobicity, and the water contact angle was
145° (Fig. 6b). The surface properties of the aerogel were
confirmed by visual observation. The blue droplets (water)
stayed on the aerogel surface, while paraffin oil droplets
were immediately absorbed into the aerogel pores (Fig. 6a,
b).

The APD-EPNR silica aerogel could be employed in oil/
water separation due to its hydrophobicity and excellent
mechanical properties. Figure 6¢, d show the schematic of
the oil/water separation device. Figure 6e, f show the visual
photographs of the separation processes. The round aerogel
monolith was placed in between two glass vessels. Similar to
previous experiments, the oil phase was coloured by Sudan
red III and the aqueous phase was coloured by methylene
blue. Tetrachloromethane, which represent organic solvents
that are denser than water, was selected to investigate the oil/
water separation efficiency (Fig. 6d, f). The oil/water mix-
ture was poured into the top flask, resulting in two immisci-
ble phases (water on top and tetrachloromethane at the bot-
tom. Driven by gravity only, the tetrachloromethane quickly
passed through the aerogel and settling in the bottom flask,
while the water was blocked by the hydrophobic APD-EPNR
silica aerogel. A different setup was deployed to evaluate the
separation efficiency of the aerogel when the density of the
organic solvents was lower than water (Fig. 6¢). The n-hex-
ane/water mixture was used as a representative in this case
(Fig. 6e). The red n-hexane penetrated the APD-EPNR silica

aerogel and dropped to the second vessel without external
force, while water was retained in the original vessel. The
APD-EPNR silica aerogel had higher oil/water separation
efficiency than the original brittle aerogel.

Reusability is an important criterion used to evaluate oil/
water separation performance. The separation efficiency of
the prepared APD-EPNR silica aerogel was tested over 20
cycles of separation and the results are shown in Fig. 7a.
The tetrachloromethane/water mixture was used to evaluate
recyclability. In general, the separation efficiency reached
99% and no obvious decline was observed throughout the 20
cycles of separation. The high separation efficiency, excel-
lent stability and reusability of the prepared APD-EPNR
silica aerogel make it promising for oil/water separation.
The versatility of the prepared APD-EPNR silica aerogel
was assessed by evaluating the separation efficiencies for
the mixture of water and nine different organic solvents.
High separation efficiencies, ranging from 95 to 99%, were
obtained (Fig. 7b), indicating that the APD-EPNR silica
aerogel could be a viable option for the separation of vari-
ous organic solvents and oils from water.

4 Conclusions

The continuous PAN nanofiber with a three-dimensional
network was prepared by electrospinning and liquid-
assisted collection. The PAN nanofiber was used to in situ
strengthen the network of the silica aerogel. The electro-
spun PAN nanofiber-reinforced silica aerogel monolith,
which was synthesised by drying at atmospheric pressure,
was flexible and highly hydrophobic. The BET specific
surface area of 890 m? g~! and the BJH pore volume of

@ Springer
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2.15 cm® g~! were achieved. The obtained aerogel could be
used to remove oil from water. Furthermore, the oil/water
separation device was designed and could be effectively
used for the separation of oil/water mixture. The method
in this study is suitable for large-scale fabrication and has
potential applications in oil/water separation.
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