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a combination of stiffness of SEP and effective bonding of PVA-co-PE nanofibers.
More importantly, the presence of SEP can substantially improve flame resistance
of aerogels. After a simple thermal chemical vapor deposition treatment with
methyltrichlorosilane, the surface of composite NFAs become rougher and
siloxane nanoparticles became visible. With this deposition, hydrophilic NFAs
became hydrophobic as a significant surface property modification. Furthermore,
the maximum stress at 60% strain went up from 15.57 to 19.17 kPa and the resi-
lience of composite aerogels improved. Thermal properties results confirmed
silane coating can improve the thermal stability and insulation characteristics of
polymeric aerogel. The manufactured NFAs are demonstrated as good thermal
insulators (0.0274 W m~! K1), excellent refractories, efficient water/oil separa-
tors (45-108 g/g, 78.58-91.76%) and reusable absorbers. Consequently, the mul-
tifunctional silane-coated PVA-co-PE/SEP composite NFAs could be envisaged
for several demanding applications.
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Introduction

Nanofibrous aerogels (NFAs) are known to be the
lightest solid material in the world with high poros-
ity, which are fabricated through the assembly of
various nanofibers, including PAN nanofibers [1],
cellulose nanofibers [2, 3] and boehmite nanofibers
[4]. Hence, they have received significant attention
for various applications related to absorption [5],
thermal insulation [6], flame retardance [7] and
catalysis [8]. There are three main types of NFAs:
inorganic NFAs, organic NFAs and composite NFAs.
However, owing to the fragility of the inorganic
nanofibers, the inorganic aerogels could generally
suffer from high brittleness and low flexibility [9]. In
comparison with inorganic nanofibers, organic
nanofibers exhibit better flexibility, better damage
resistance maintaining a and continuous organic
fibrous structure that could effectively enhance the
mechanical properties and stability of the resultant
aerogels [10, 11]. However, the organic nanofibers
normally are flammable and have low thermal sta-
bility, thus limiting their applications at high
temperature.

In order to overcome these limitations, preparation
of composite NFAs was thought to be an efficient
method, by designing them to combine the beneficial
properties of its components. Numerous investiga-
tions have shown that the incorporation of nanoma-
terials such as clay and inorganic nanofillers into
organic NFAs with continuous fibrous structure
could provide the aerogels with excellent mechanical
properties, superior thermal properties and good
flame resistance [12, 13]. The rigid nanofillers can
support the structure of NFA and obviously improve
the mechanical properties of it [1, 14]. Meanwhile, the
introduction of nanofillers could effectively restrict
the movement of organic polymer molecular chains
to enhancing the thermal stability of aerogels [15] and
reducing the radiative contribution to the thermal
insulation retaining their mechanical properties at
high temperatures [12]. Moreover, inclusions of clay
and other nanofillers act as barriers which can sub-
stantially reduce the transfer of heat and prevent the
flammable volatiles from getting into the organic
fibrous structure during the process of combustion
[16, 17].

Sepiolite nanorod (SEP) is one kind of fibrous
natural nontoxic clay with high specific surface area,
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high porosity, remarkable chemical and mechanical
stability and excellent flame resistance [18, 19], which
has widely been used in various applications related
to absorption [20], flame retardance [12], catalysis [21]
and bioengineering [22, 23]. Furthermore, abundant
hydroxyl groups on the surface of SEP could generate
strong interactions between the SEP and matrix,
which efficiently improved the adhesion between the
matrix and SEP nanofillers [24, 25]. This behavior of
SEP substantially enhanced the mechanical proper-
ties of the resulting composites and makes the fibrous
SEP to be dispersed uniformly into a polymer matrix.
The incorporation of SEP can significantly reduce the
degradation rate of composites in high temperature
applications, which might be associated with a pre-
ventative effect of SEP on the mobility of polymer
molecular chains [26]. During combustion of the
composite matrix, SEP can quickly form a dense sil-
icate-rich layer on the surface of matrix, which
effectively reduce heat or fire from damaging these
composites [12]. SEP was usually chosen as a rein-
forced nanofiller to prepare two-dimensional com-
posite materials based on PVA polymer [27-29]. In
this paper, we introduce SEP into three-dimensional
thermoplastic polymeric materials to fabricated PVA-
co-PE/SEP composite NFAs and the effect of SEP on
the properties of thermoplastic polymeric NFAs was
investigated.

Herein, the thermoplastic polymeric nanofibers—
PVA-co-PE nanofibers which forms the matrix of the
composite fabricated using the routine mass pro-
duction method of Melt-Extrusion-Phase-Separation,
were chosen for the continuous fibrous structure. As
in another earlier study, this polymer system is cho-
sen as a suitable material for the preparation of NFAs
[5] and fibrous SEP was introduced into aerogels to
form composite NFAs. The cross-linking method is
highly effective, which forms strong chemical cova-
lent bonding between matrix nanofibers improving
the mechanical properties of the composite NFAs
[14, 30, 31]. Glutaraldehyde (GA) with two func-
tionalities was selected as the cross-linker to bond the
nanofibers tightly together [32, 33]. The amphiphilic
PVA-co-PE/SEP composite NFAs transited to super-
hydrophobic and oleophilic after silanization via a
simple thermal chemical vapor deposition (TCVD)
method with methyltrichlorosilane. The siloxane
nanoparticles were deposited onto both surface and
inside of NFAs. The resulting silane-coated PVA-co-
PE/SEP composite NFA could achieve excellent
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resilience and elastic durability, good thermal sta-
bility, low thermal conductivity (0.0274 W m~' K1),

flame resistance, remarkable sorption ability
(45-108 g/g, 78.58-91.76%) and sorption
recyclability.

Materials and methods
Materials

PVA-co-PE resin (62 mol% vinyl alcohol) with a
molecular weight of 7000 and cellulose acetate buty-
rate ester (CAB, Model 381-20) was supplied from
Nippon Gohsei (Japan) and Eastman Chemical
Company (United States), respectively. Acetone (AR),
glutaraldehyde aqueous solution (AR, GA), tert-bu-
tanol (AR, t-BuOH) and acetic acid (AR, 99.5%) were
obtained from Sinopharm Chemical Reagent Co., Ltd.
Sepiolite nanorods (SEP, ~ 25 nm thick and ~ 1 pm
long, Fig. S1), methyltrichlorosilane (AR) and most
organic solvents were supplied by Sigma-Aldrich
Co., Ltd (United States), including chloroform (AR),
ethanol (AR), hexane (AR) and toluene (AR). Deion-
ized water was used for all experiments. All chemical
reagents were used as received.

Fabrication of PVA-co-PE nanofibers

The PVA-co-PE nanofibers were obtained through a
mass production method called Melt-Extrusion-
Phase-Separation, which has been elaborated in a
previous procedure [34]. In brief, the PV A-co-PE resin
and CAB powder were dried at 80 °C for 24 h in a
vacuum drying oven, and then, the two polymers
were mixed in a blend ratio of CAB/PVA-co-PE =
80/20. The blend was gravimetrically fed into twin-
screw extruder (D = 16 mm, L/D = 40; Eurolablsé,
Thermo-Haake Co.). The feed rate was 6 g min~’,
and the screw speed was 50 rpm. Barrel temperature
profiles were 200, 205, 210, 215, 220 and 225 °C. The
extrudates were hot-drawn at the die exit by a take-
up device and water-cooled to room temperature.
The CAB matrix was removed from extrudates via
Soxhlet extraction of acetone to obtain PVA-co-PE
nanofibers.
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Preparation of composite suspensions

To synthesize composite suspensions, 0.7 g PVA-co-
PE nanofibers was dispersed into 70 mL of mixture
solvent (acetic acid solution (1 vol%) and t-BuOH at a
mass ratio of 4:1) through homogenizing at speed of
12000 rpm for 20 min to obtain uniform PVA-co-PE
nanofiber suspensions. 0.3 g of SEP was blended with
30 mL of acetic acid aqueous solution (1 vol%) at
12000 rpm to create SEP suspensions. Then, the pre-
pared PVA-co-PE and SEP suspensions were mixed
together to form 0.7 wt% PV A-co-PE and 0.3 wt% SEP
composite suspensions. 1 mL of cross-linker (GA)
was added to 0.7 wt% PVA-co-PE and 0.3 wt% SEP
composite suspensions with mechanical mixing and
forming the resultant composite nanofibrous sus-
pensions. All these steps were conducted at room
temperature.

Fabrication of composite NFAs

The newly prepared composite suspensions were
frozen in a cryogenic refrigerator (— 65 °C) and
subsequently freeze-dried in a lyophilizer for 48 h
under vacuum (5-10 Pa) to gain the un-cross-linked
composite nanofibrous aerogels (NFAs). Finally, the
un-cross-linked composite NFAs were heated at
75 °C for 4 h in air to achieve cross-linked samples.

Fabrication of silane-coated composite NFAs

The superhydrophobic composite NFAs were
obtained by employing a simple thermal chemical
vapor deposition (TCVD) method. The PVA-co-PE/
SEP composite samples and 5 mL of methyl-
trichlorosilane were placed in a sealed desiccator at
80 kPa below atmospheric pressure and heated to
50 °C for 12 h to make silanization of composite
NFAs. The treated PVA-co-PE/SEP composite NFAs
samples were continuously kept in a vacuum desic-
cator to remove the remaining methyltrichlorosilane
and the by-product (HCD [31].

Characterization and measurements

The densities of NFAs were determined by dividing
their mass by their volume. The porous morphology
and microstructure of NFAs were observed by a field
emission scanning electron microscopy (FE-SEM,
JSM-5800, JEOL, Japan). Attenuated total reflection-
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Fourier transform infrared spectrometry (ATR-FTIR,
EQUINOXS55, Bruker, Germany) was used to char-
acterize any alterations of the NFAs before and after
treatments. X-ray diffractometer (Dmax-1200, Rigaku,
Japan) was carried out to analyze the phase compo-
sition of NFAs. The surface wettability of NFAs was
measured by a contact angle meter (DSA100, Kruss,
Germany) with water or oil volume of 3 pL at room
temperature. The compression behaviors of NFAs
were measured by an Instron 5969 (Instron, the USA)
equipped with a 100 N load. Cylindrical NFA with a
diameter of ~ 30 mm was used, and the strain rate
was set at 30 mm/min for the tests with 40, 60 and
80% compressive strain. The cycle loading-unloading
cyclic test was performed at a compressive strain of
60% with a strain rate of 300 mm/min. The thermal
stability of NFAs was characterized by a thermo-
gravimetric analyzer (TG209F1, Netzsch, Germany).
About 5 mg of samples was placed into quartz cru-
cible and heated from ambient temperature to 700 °C
at a heating rate of 10 °C/min under nitrogen envi-
ronment (20 ml/min). The thermal conductivity of
NFAs was measured by the transient hot-wire
method (TC3000, Xiatech Electronics, China). Two
NFAs with a thickness of 10 mm clamped the hot
wire and tested with the voltage of 0.8 V at ambient
temperature.

The porosity of NFAs

The porosity of NFAs was calculated by the following
equation:

n(%) = (Vo —m/p)/Vo x 100% (1)

where 7 is the porosity, Vj is the volume of the NFAs,
m is the mass of the solid constituents, and p is the
density of solid constituents (include PVA-co-PE
nanofibers, SEP and deposition).

The absorption capacity of oil and organic solvent

The silane-coated PVA-co-PE/SEP composite NFA
(about 20 mg) was immersed into various types of
pure oils and organic solvents. After the aerogel
absorbed saturation, the sample was taken out from
the pure liquid and excess liquid on the surface of it
was removed by using a filter paper. The saturated
silane-coated composite NFA was weighed immedi-
ately to avoid any evaporation. The absorption
capacity was calculated by the following equation:
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Quwyw) = (W — Wp)/Wo x 100% (2)

where Wy and W are the weight of the silane-coated
composite NFA Dbefore and after absorption,
respectively.

When the absorption volume is taken into account,
the absorption capacity was then calculated as:

Quyv) = Quwyw) X po/p x 100% (3)

where p, is the density of the original silane-coated
composite NFAs, p is the density of the liquid.

Result and discussion

Silane-coated PVA-co-PE/SEP composite
NFAs

The fabrication process of silane-coated PVA-co-PE/
SEP composite nanofibrous aerogels (NFAs) is
demonstrated graphically in Fig. 1. The process was
designed by a simple, environment-friendly and
gelation-free freeze-drying method. The PVA-co-PE
nanofibers obtained through Melt-Extrusion-Phase-
Separation were selected as the skeletal materials to
construct the aerogels, and glutaraldehyde (GA) was
chosen as cross-linker to add into the aerogels to
make their pores stiffer. The introduction of rigid
nanofiller-SEP could enhance the structural stability
of aerogels. The PVA-co-PE nanofibers and SEP were
first homogenized in the solvent mixture to form
uniform composite suspensions; the cross-linker was
subsequently added into the composite suspensions.
Then, the as-prepared composite suspensions were
frozen and dried into un-cross-linked composite
aerogels with good formability. The cross-linked
PVA-co-PE/SEP composite NFAs with elastic resi-
lience were obtained by heat treatment on un-cross-
linked composite aerogels. After the heat treatment
process, the binding between PVA-co-PE nanofibers
from the weak physical bonds to strong chemical
covalent bonds increases its strength and stability of
the composite system. The stable SEP could prevent
volume shrinkage of aerogels during cross-linking,
and the density of samples obviously decreased from
12.31 to 11.42 mg cm°. The silanization of composite
NFAs occurred at 50 °C, and the color of composite
NFAs changed from white to brown (Fig. S2).
Moreover, the silane-coated PVA-co-PE/SEP exhib-
ited superhydrophobicity and oleophilicity.
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Figure 1 Schematic diagram
of the fabrication process of

silane-coated PVA-co-PE/SEP
composite NFAs

(p=12.57 mg cm ).

PVA-co-PE
nanofibers

GA

Silane-coated
composite NFAs

Morphology and structure of NFAs

As shown in Fig. 2a, d, all NFAs showed a continu-
ous fibrous network structure, and their pores are
highly interconnected. The PVA-co-PE nanofibers
were deformed in both composite NFAs and silane-
coated samples, which might be associated with the
cross-linking between PVA-co-PE nanofibers. The
nano-sized rods wound around the skeleton of
aerogels tightly and guaranteed stable fibrous net-
works. The suspensions were frozen by cryogenic
refrigerator (— 65 °C), and the freezing rate of com-
posite suspensions was quite low, leading larger
crystals. After sublimation under vacuum conditions,
large breaks and poor integrity would potentially
exist in the generated NFAs [35, 36]. Therefore, the
introduction of t-BuOH with low surface tension
(236 x 107> N 'm™') could efficiently decrease the
surface tension of composite suspensions and pre-
vents large breaks during the freezing process [37].
Meanwhile, excessive content of t-BuOH leads to a
decrease in center height of frozen samples [1]. 20%

Homogenizing
_—
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Un-cross-linked
composite NFAs

Composite
suspensions

Bunjuij-sso1)

Cross-linked
composite NFAs

(v/v) was the optimal t-BuOH content, and the
formed NFAs could achieve good formability [38].

It is observed from Fig. 2b and e that the nano-
sized SEP distributed uniformly in the pores of PVA-
co-PE NFAs, which could tune the pore size and
structure of aerogels. The SEP with a diameter of
about 25 nm agglomerated slightly after the subli-
mation was observed, which was often found in
compounds containing SEP (Fig. 2¢c, ). After silane
coating, aerogels’ surfaces became rougher and
nanoparticles became visible (Fig. 2f), which might
be proposed to be the dehydrochlorination reaction
between the active silicon-chlorine bonds on the
methyltrichlorosilane and the residual hydroxyl
groups on the PVA-co-PE nanofiber and SEP (Fig. S3).
These siloxane nanoparticles could equip the com-
posite samples with superhydrophobicity and
oleophilicity.

Figure 3a shows the ATR-FTIR spectra of SEP,
cross-linked PVA-co-PE NFAs, PVA-co-PE/SEP and
silane-coated PVA-co-PE/SEP composite NFAs. After
heat cross-linking treatment at 75 °C, the ether
groups were formed by the reaction of hydroxyl and
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500nm

Figure 2 FE-SEM of aerogels (p = 12.57 mg cm>): a, b, ¢ PVA-co-PE/SEP composite NFAs, d, e, f silane-coated PVA-co-PE/SEP

composite NFAs.

aldehyde groups. The absorption peak at 1137 cm ™"

was corroborated the presence of ether groups, which
was slightly overlapped with the absorption peak of
C-C. The presence of ether groups confirmed suc-
cessful cross-linking. As shown in the spectra of SEP,
the characteristic peaks at 3562 and 3690 cm™' were
associated with stretching vibrations of hydroxyl
groups in the external surface and octahedral Mg
sheet, respectively, and the coordination bands at
1016 cm™ ! assigned to stretching vibrations of Si-O in
the Si-O-5i groups of the tetrahedral sheet [21, 39].
All of the characteristic peaks mentioned above were
found at the spectra of composite NFAs, which
demonstrated the successful introduction of SEP in
composite aerogels. With increasing SEP contents in
composite samples, the intensity of characteristic

peaks of SEP increased. The well-disperse SEP in
aerogels was certified by this phenomenon (Fig. 3b).
However, once the SEP contents exceeded 30 wt%,
with further increase in SEP content, the intensity of
characteristic peaks remained nearly constant
(Fig. 3c). This might be the result of agglomeration
and inhomogeneous distribution of SEP in NFAs
with high concentration. Therefore, the optimum
content of SEP was found to be 30 wt%. The new
characteristic absorption peaks at 781 and 1273 cm ™"
corresponded to the asymmetric stretching vibrations
of 5i-O-5i and C-Si in C-5i-O units, respectively, at
the spectra of silane-coated PVA-co-PE/SEP com-
posite NFAs [31]. This might be proposed to be
related to silanization of composite aerogels.
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Figure 3 a ATR-FTIR spectra of SEP, cross-linked PVA-co-PE NFAs, PVA-co-PE/SEP composite NFAs and silane-coated PVA-co-PE/
SEP composite NFAs, b, ¢ ATR-FTIR spectra of composite NFAs with various SEP contents: b 5-30% SEP, ¢ 30-50% SEP.
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The XRD patterns are illustrated in Fig. 4a, the
primary peaks at 20 = 7.18, 20.48, 26.54 and 34.94°
corresponded to the characteristic diffraction peaks
of SEP [21]. And the diffraction peaks were found at
the XRD patterns of PVA-co-PE/SEP and silane-
coated PVA-co-PE/SEP composite NFAs. With the
increasing SEP concentrations in composite samples,
the intensity of diffraction peaks of SEP increased
significantly (Fig. 4b). The well-distributed SEP in
aerogel was also demonstrated by XRD spectra.
However, as shown in Fig. 4c, the variation of
diffraction peaks intensity of SEP in composite NFAs
is irregular, which could be ascribed to a massive
aggregation of SEP with high content.

Surface wettability of NFAs

Superhydrophobicity of the surface of composite
NFAs is a crucial factor, which is beneficial to
improve oil-water selectivity and separation effi-
ciency of aerogels. With both hydrophilic hydroxyls
and hydrophobic long alkyl chains, PVA-co-PE
nanofibers exhibit amphiphilic, which allows PVA-
co-PE nanofibers to take in both polar and nonpolar
liquids. The PVA-co-PE nanofibers were assembled
into aerogels through cross-linking method, and the
water contact angle (WCA) of pure PVA-co-PE NFA
surface is 144.4°, indicating the high hydrophobicity
of pure cross-linked PVA-co-PE NFAs [5]. However,
when the nanofillers (SEP) were introduced into
aerogels, the WCA of the samples decreased sub-
stantially. As shown in Fig. 5b, the uncoated com-
posite NFAs absorbed the water droplet of 3 pL
immediately, and the WCA reduced to 0° in less than
1s. This is proposed to be related to the
hydrophilicity of SEP and well-distributed SEP in
aerogel samples, as shown in Fig. 5a. With increasing

SEP concentrations in aerogels, the WCA of com-
posite aerogels decreased (shown in Fig. S4). Fur-
thermore, the o0il contact angle (OCA) of composite
aerogels reduced to 0° within 1 s, which is proposed
to the hydrophobic long alkyl chains in composite
aerogels, allows uptake of oils (Fig. 5c). Therefore, the
oil-water selectivity of composite NFAs was poor.
After thermal chemical vapor deposition (TCVD), the
samples allow modification to tune the amphiphilic-
ity to greater hydrophobicity. It is obvious that the
siloxane nanoparticles were bonded uniformly on the
surface of nanofibers and SEP (Fig. 5d), and they
could act as hydrophobic coating. As shown in
Fig. 5e, the WCA of silane-coated composite NFAs
was as high as 153.3° at 0 s, and a water droplet could
maintain its original shape on the surface of silane-
coated composite NFAs after 180 s. This could be
explained by the consumption of surface hydroxyls
through reacting with methyltrichlorosilane at 50 °C,
and the formation of hydrophobic siloxane coating on
the surface of NFAs. Moreover, the OCA of silane-
coated composite NFAs demonstrated the
oleophilicity of them (Fig. 5f). After the silane coat-
ing, the oil-water selectivity of composite aerogels
improved substantially. Therefore, high efficiency of
oil-water separation ensures their superior oil and
organic solvent absorbance from water.

The resulting composite samples prepared by
employing TCVD method show superhydrophobic
and oleophilic for the whole aerogels and not only for
the outmost surface. The gaseous methyltrichlorosi-
lane could penetrate inside cellular fibrous structure
of aerogels and deposit on the surface of exposed
nanofibers. As shown in Fig. S5a, b, dyed water
droplets bead up not only on the surface but also in
the internal cross section of silane-coated composite
NFAs, demonstrating that the siloxane coating make

7.18°
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@) ! ‘...4-'/\“« 5% SEI(’ ) k JW 30%__5_3)_
20.48°26.54° 34.94°
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Jw composite NFAs J o \.\,.-.,._ 30% SEP Moo s 50% SEP
14 28 42 56 14 28 42 56 14 28 42 56
20 (°) 20 (°) 20 (°)

Figure 4 a XRD patterns of SEP, cross-linked PVA-co-PE NFAs, PVA-co-PE/SEP composite NFAs and silane-coated PVA-co-PE/SEP
composite NFAs, b, ¢ XRD patterns of composite NFAs with various SEP contents: b 5-30% SEP, ¢ 30-50% SEP.

@ Springer



8162

Figure 5 Surface wettability
of the aerogels

(p = 12.57 mg ecm): FE-
SEM of a PVA-co-PE/SEP
composite NFAs, d silane-
coated PVA-co-PE/SEP
composite NFAs, b, ¢ WCA
and OCA measurement of
PVA-co-PE/SEP composite
NFAs, respectively, e, f WCA
and OCA measurement of
silane-coated PVA-co-PE/SEP
composite NFAs, respectively.

both the exterior and interior of PVA-co-PE/SEP
composite NFAs hydrophobic. The superhydropho-
bic inner part of composite aerogels prevented water
absorption of nanofibers, and the oleophilicity char-
acteristic inside the composite NFAs could absorb
more oil.

Mechanical properties of NFAs

The aerogels synthesized from flexible nanofibers
showed poor resilience and durability after large
strain cyclic compression [31, 40]. This was due to the
low-stiffness nanofibers being unable to support the
three-dimensional porous structure of aerogels under
large compressive strains (> 60%) [41]. Therefore, by
introducing stiffer SEP could make the compress-
ibility of composite aerogels tunable while enhancing
its properties. As shown in Fig. 6a, with increasing
SEP concentrations, the stress of aerogels increased
gradually. The rigid SEP not only acted as a support
to prevent a collapse of aerogels but also obviously
improved the strength of samples. However, when
the SEP content exceeded 30 wt%, the strength of
composite aerogels decreased (Fig. 6b). This might be
proposed that the PVA-co-PE nanofibers content
decreased with increasing SEP concentrations (almost
the same density), and the effective bonding between
PVA-co-PE nanofibers was reduced in composite
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NFAs. Therefore, the compression strength of com-
posite NFAs decreased. As shown in Fig. 6¢, 30 wt%
was the optimal SEP content, and the mechanical
stress of composite NFAs is 15.57 kPa. We also found
that, after the silane coating, the compressive stress
improved from 15.57 to 19.17 kPa. This is ascribed to
that methyltrichlorosilane reacted with hydroxyls in
PV A-co-PE nanofibers and SEP during the process of
TCVD, where leads to higher strength of pore wall.
The stress was 49.66 kPa at a strain of 80%, and the
value was higher than most polymeric aerogel
[30, 42].

The silane-coated composite aerogels could sustain
large deformations (more than 90%) without collapse,
because of their high porosity (> 98%) and the strong
combination between nanofibers, and they com-
pletely recover to their initial shape after release of
the loading (Fig. 6d, Movie S1). Figure 6d displays a
typical behavior of viscoelastic, energy-dissipative
and highly deformable material [43]. Two distinct
regions were observed in these curves, a linear elastic
region at ¢ < 40%, which corresponded to blending of
nanofibers and pores; and a densification region at
& > 40%, corresponding to the densification of pores
[1]. The silane-coated samples could recover to their
initial shape without fractures after being subjected
to large deformation (¢ > 80%). In contrast to pure
cross-linked PVA-co-PE NFAs, the silane-coated
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Figure 6 Mechanical properties of silane-coated PVA-co-PE/SEP
composite NFAs (p = 12.57 mg cm°): a, b compressive cures of
composite NFAs with various SEP contents: a 5-30% SEP,
b 30-50% SEP, ¢ compressive stress of samples with various SEP
contents at 60% strain, d compressive stress—strain curves of

composite NFAs showed higher compression mod-
ulus and better elastic resilience. The stress of com-
posite NFAs was 19.17 kPa at a strain of 60%, much
higher than that of pure PVA-co-PE NFAs (9.89 kPa
at 60% strain) [5]. This significant improvement is the
result of a well-distributed rigid SEP in the three-
dimensional (3D) network nanofiber structure.

The silane-coated composite NFAs also displayed
superior cycle performance under the large strain of
60%. The cyclic compression stress—strain curves of
silane-coated composite NFAs at a strain of 60% are
shown in Fig. 6e. The silane-coated composite NFAs
almost could keep their original structure after the
cyclic compression test. It is obvious to obverse the
hysteresis loops and plastic deformation (ca. 12.30%)
in the cures after 500 repeated compression, which is
attributed to the energy-dissipation of aerogels dur-
ing the cyclic compression [1]. Meanwhile, it could
maintain over 86% of maximum stress after 500
cycles, as shown in Fig. 6f. The resilience and dura-
bility of silane-coated composite NFAs were greater
than other hybrid polymeric aerogels [31].

Strain (%)

Cycles

silane-coated PVA-co-PE/SEP composite NFAs at different strains
(e = 40%, 60% and 80%), e cyclic stress—strain curves of silane-
coated PVA-co-PE/SEP composite NFAs with ¢ of 60%, f the
corresponding Young’s modulus and maximum stress as a function
of the compressive test cycles.

Thermal properties of NFAs

The thermal stability of NFAs was investigated by
thermogravimetric analysis (TGA). The TGA results
of NFAs are shown in Fig. 7. Three main stages of
degradation were observed in these TGA curves. For
the cross-linked PVA-co-PE NFAs, the first weight
loss stage, ranges from 286 to 332 °C, was caused by
the degradation of vinyl alcohol. The second weight
loss stage, from 332 to 407 °C, was attributed to

100 F —— Cross-linked PVA-co-PE NFAs
Composite NFAs
— Silane-coated composite NFAs
80
~
L 60}
~
=
§> 40t
20+
0F

100 200 300 400 500 700

Temperature (°C)

600

Figure 7 TGA cures of cross-linked PVA-co-PE NFAs, PVA-co-
PE/SEP composite NFAs and silane-coated PVA-co-PE/SEP
composite NFAs.
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degradation of ethylene component [44, 45]. The
third weight loss stage occurred above about 417 °C,
which was attributed to the degradation of ether
groups. Almost no residue (1.67 wt%) was left after
TGA test. The introduction of thermal stable SEP
could improve significantly the thermal stability of
composite NFAs. The initial decomposition temper-
ature of composite NFA was high than that of cross-
linked NFA, and about 25 wt% residue was found at
the end of the cycle (as shown in Fig. 7). The rigid
SEP acts as a barrier, which impedes the mobility of
the flexible PVA-co-PE nanofibers in the process of
heating and leading to more residues [15, 46].The
zeolite water and the crystal water were decomposed
at low temperatures, resulting in less than 30 wt%
residue. For silane-coated samples, the thermal
decomposition of the aerogel sample was retarded,
and the decomposition temperature increased [31].
Aerogel is an effective thermal insulator with low
thermal conductivity due to its high porosity (> 98%)
[47]. The thermal conductivity of aerogel samples
with different compositions at room temperature is
listed in Table 1. The cross-linked PVA-co-PE NFAs
exhibited thermal conductivity of 0.0296 W m~' K/,
which is lower than the previously reported aerogel
insulators [12]. We attributed this result to the higher
porosity of cross-linked PVA-co-PE NFA. When the
SEP was added into NFAs, the thermal conductivity
of them decreased to 0.0280 W m ™' K™'. This was
associated with a number of factors: (1) the pores of
PVA-co-PE NFA were filled with SEP and separated
to smaller, the size of some pores in NFA was even
smaller than the mean free path of air; [48] (2) SEP
could act as phonon barriers and substantially reduce
solid thermal conductivity [17]. (3) SEP with small
diameters and large specific surface area could
enhance the shielding ability and reduce the heat
radiation of NFA [9]. As illustrated in Fig. S6, with
increasing SEP concentrations in composite NFAs,
the thermal conductivity of samples decreased
gradually. After TCVD treatment, the aerogel

Table 1 Density, porosity and thermal conductivity of aerogels

J Mater Sci (2020) 55:8155-8169

exhibited the lowest thermal conductivity of
0.0274 W m~' K™, resulting from an insulation layer
formed on the surface of NFAs, and thermal propa-
gation was obstructed by the insulation coating. The
thermal insulation of PVA-co-PE/SEP composite
NFA was much better than those of commercially
available insulators, such as polystyrene foam
(0.04-0.06 W m~! K1) [49], even better than those of
previously published aerogels
(0.03-0.05 W m~! K™!) [40, 50]. The silane-coated
composite NFA could act as an excellent thermal
insulator.

Flame resistance of NFAs

The PVA-co-PE nanofiber is a thermoplastic poly-
meric nanofiber with high flammability at normal
circumstances. Therefore, the pure PVA-co-PE NFA
inherits its flammability nature, which could be
ignited easily once exposed to flame and continued to
burn completely. This nature of PVA-co-PE NFA
increases the risk of fire during the removal of
flammable solvents. Motivated by this background in
order to give flame-resistant to aerogels, the ther-
mally stable and flame-retardant SEP was selected to
improve the flame resistance of aerogel [12]. The
combustion tests were performed, and the cylindrical
NFAs with diameters of ~ 30 mm were directly
subjected to fire. The pure PVA-co-PE NFA was
burned up, and molten droplets could be found
during the process of combustion (Fig. 8a, Movie S2),
confirming the inflammability of pure PVA-co-PE
aerogel. After incorporation of SEP in the aerogels,
only the surface of aerogel was ignited. This could be
proposed that the PVA-co-PE nanofibers on the sur-
face of composite aerogel are flammable and the air
filled in the pores of composite NFA acted as a
combustion-supporter. However, the weak fire was
extinguished in less than 10 s, and the black residue
on the surface of composite NFA was observed
(Fig. 57). This might be attributed to that SEP would
form a protective silicate-rich surface layer and

Aerogels composition Density (mg cm™>)

Porosity (%) Thermal conductivity (W m 'K

PVA-co-PE 12.31
PVA-co-PE/SEP 11.42
Silane-coated PVA-co-PE/SEP 12.57

98.94 0.0296
99.17 0.0280
99.08 0.0274

@ Springer



J Mater Sci (2020) 55:8155-8169 )

Figure 8 Combustion test of aerogels: a cross-linked PVA-co-PE NFA, b PVA-co-PE/SEP composite NFA.

increase the rate of transformation of the carbon
sources (PVA-co-PE) into char [12, 51]. Both of them
could protect the interior of composite NFAs and
prevent the flame and heat from entering composite
NFA. Therefore, the internal structure of composite
NFA was not destroyed, as shown in Fig. S8f, indi-
cating that the existence of SEP could improve the
flame-resistant properties of NFAs. The silane-coated
PVA-co-PE/SEP composite NFAs also exhibited good
flame resistance (Fig. 8b, Movie S3).

With the increasing SEP concentrations in aerogels,
the flame resistance of composite NFAs increased. As
illustrated in Fig. S8, the composite NFA with low
SEP concentrations completely shrank and almost
transformed into ashes after burning. The optimum
content of SEP was 30%, and the internal structure
and geometric volume of composite NFA remained
nearly constant. If the content of SEP continued to
increase, the PVA-co-PE/SEP composite NFA would
suffer from high fragility with poor resilience [9].
Besides, excessive SEP content formed a massive
agglomeration of SEP in the composite aerogel,
resulting in inhomogeneous composite NFA.

Oil and organic solvent absorbency of NFAs

These silane-coated composite NFAs also showed
excellent sorption selectivity for oil and organic sol-
vents in mixed solvents. Furthermore, the low den-
sity and high porosity of silane-coated aerogels can
make them an ideal absorbent for removing pollu-
tants from water. A small piece of silane-coated
composite NFAs was exposed to liquid—water mix-
tures, the dyed liquid was immediately absorbed by
composite NFA (Fig. 9a, b, Movie 54 and 5), and the
liquids-filler composite aerogel could hold the

absorbed liquids without any liquids release. It is
proposed that the silane-coated PVA-co-PE/SEP
composite NFAs possess stiff pore walls, which could
retain the absorbed liquids after absorption [52].
Furthermore, the pure oil could be collected from oil
to water emulsions through a convenient pump
method (Fig. S9 and Movie S6), demonstrating the
potential applications of silane-coated PVA-co-PE/
SEP composite NFAs in the field of oil-water
separation.

Various types of liquids with different viscosity,
density and polarity were used to investigate the oil/
organic solvent absorbance of treated PVA-co-PE/
SEP composite NFAs, and these liquids are common
pollutants in both industrial and domestic areas. As
shown in Fig. 9¢, the silane-coated composite NFAs
exhibited remarkable sorption performance for vari-
ous types of liquids, the absorption capacities for
liquids ranged from 45 to 108 times the weight of the
dried silane-coated sample. This could be associated
with low density, high porosity, superhydrophobicity
and oleophilicity of the aerogels. The absorbency of
silane-coated composite NFA was much better than
that of previously reported absorbing materials
[53-55].

The difference in viscosity between liquids has
almost no effect on the absorption of the liquid [56].
However, it is obvious that the saturation absorption
time of high viscosity liquids (diesel oil and soybean
oil) is much longer than that of low viscosity liquids
(chloroform and toluene) (Fig. S10). Low viscosity
liquids could penetrate the 3D network structure of
silane-coated composite NFAs more easily, in con-
trast to high viscosity liquids. In addition, it is clear
that the absorbency of silane-coated composite NFAs
depends strongly on the density of the liquid. For
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instance, the absorption capacity for phenoxin with a
high density of 1.60 g cm™> could reach 108 g/g, but
the absorption capacity for hexane with a low density
of 0.66 gcm™> was just 45g/g. Therefore, the
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silane-coated PVA-co-PE/SEP NFAs: e cyclic
evaporation test was applied to silane-coated PVA-co-PE/SEP

composite

composite NFAs for sorption of hexane, f cyclic squeezing test
was used for silane-coated PVA-co-PE/SEP composite NFAs for
sorption of phenoxin.

absorption capacity might be related to the densities
of various liquids, and the volume gain is shown in
Fig. 9d. It was observed that values were approxi-
mately constant and large, ranged from 78.58 to
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91.76%. And the values of silane-coated PVA-co-PE/
SEP composite NFAs were obviously higher than that
of pure PVA-co-PE NFAs (70.03-88.73%) [5].

The cyclic absorption capacity of the silane-coated
PVA-co-PE/SEP composite NFAs is also investigated
through evaporating and squeezing test, both of them
could convert the liquid into available resources. The
cyclic sorption—evaporation experiment was con-
ducted by choosing hexane with a low boiling point
(69 °C) as the adsorbate. After silane-coated com-
posite, NFA was saturated with hexane, and the
absorbed NFA was heated to a high temperature to
release the steam of hexane. The steam of hexane was
gathered by a condenser at the same time, and the
composite NFA was recovered. As shown in Fig. e,
the sorption-evaporation process was repeated for 10
times, and the silane-coated composite NFA showed
a constant cyclic sorption capacity after 10 repetition
tests. The cyclic sorption-squeezing test was
demonstrated by selecting phenoxin as the absorbate.
The absorbed NFA was squeezed to collect phenoxin.
After the first cycle, the residual in NFA increased to
approximate 19 times the original weight (Fig. 9f),
which might be attributed to incomplete compression
of silane-coated composite NFA [57]. The absorption
capacity of silane-coated composite NFA also main-
tained stable after 10 repetition tests, because of their
excellent mechanical properties. Therefore, both two
methods could be adopted to recycle silane-coated
composite NFA, and the PVA-co-PE/SEP composite
NFA in this work denotes an ideal decontamination
material for environmental protection applications.

Conclusion

We have demonstrated that composite nanofibrous
aerogels (NFAs) could be fabricated through adding
sepiolite nanorods (SEP) into the PVA-co-PE NFAs
system. After introducing 30 wt% of SEP into aero-
gels, the density of composite NFAs decreased from
12.31 to 11.42 mg cm™>, and the porosity increased
from 98.94 to 99.17%. With increasing SEP content,
the surface hydrophilicity of composite NFAs
increased. The compression strength of composite
NFAs improved after introducing a small of SEP,
while with additional addition of SEP, the compres-
sion strength decreased. The mechanical properties
variation is shown to be controlled by a combination
of stiffness of SEP and effective bonding of PVA-co-
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PE nanofibers. The hydrophobicity of composite
NFAs improved after thermal chemical vapor depo-
sition (TCVD) treatment. The surface of composite
NFAs became more asperate, and siloxane nanopar-
ticles became visible. The silane coating on the sur-
face of composite NFAs could significantly improve
the oil-water selectivity and separation efficiency of
them. The deposition of siloxane nanoparticles also
significantly improved compressive strength, dura-
bility, thermal stability and insulation of composite
NFAs. The silane-coated PVA-co-PE/SEP composite
NFAs exhibit a remarkable absorbency (mass-based
absorption 45-108 g/g, volume-based absorption
78.58-91.76%) and sorption recyclability for various
oils and organic solvents. We expected that the
silane-coated composite NFAs prepared in this paper
could provide prospective applications in alleviating
some of the important energy and environmental
issues.
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