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Abstract
Developing high-performance, low-cost and large-scale absorbent materials is crucial for the treatment of water pollution 
caused by pollutants leakage and emission. Herein, superelastic and superhydrophobic thermoplastic polymeric nanofibrous 
aerogels (NFAs) were created for removal pollutants from water by using a facile and effective method. Poly(vinyl alcohol-
co-ethylene) (EVOH) nanofibers fabricated by mass-production techniques were used to construct three-dimensional NFAs 
through combing freeze-drying process and cross-linking treatment. The optimal parameters for creating EVOH NFAs with 
good formability and resilience, including composition and ratio of dispersion, dosage of cross-linking agent were obtained 
through experiments. EVOH nanofibers bonded with each other by glutaraldehyde under acidic conditions to from fibrous 
network structure in EVOH NFAs. The silane-coated EVOH NFAs were prepared through further modification with vapor-
phase methyltrichlorosilane. The deposition of siloxane improved mechanical strength and decreased plastic deformation 
after 500 cyclic compressions. An asperate fibrous and granular siloxane coating was deposited on the surface of EVOH 
NFAs. The surface water contact angle increased from 104.4° ± 4.0° to 152.7° ± 1.9°, wettability of NFAs transitioned to 
being superhydrophobic. Silane-coated EVOH NFAs exhibited superior absorption capacity (40–92 g/g) for a variety of 
organic pollutants. The organic pollutants would be collected and the sorbents could be reused after distillation or squeezing. 
A successful scale-up of such materials open up a new insight into design polymeric aerogels in low-cost and large-scale 
with substantial industrial water purification applications.
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1  Introduction

One of the greatest challenges afflicting people is insufficient 
access to clean water [1–3]. Aquatic pollution caused by 
oil and organic solvents from chemicals spills pose a huge 
threat to human health and global environment [4, 5]. With 
increasing human population, there is increasing demand 
for developing simple, efficient and economical strategies 
to extract water by decontaminating water from wastewater. 
Various traditional techniques, that v combustion [6], chemi-
cal treatment [7], absorption [8] and bioremediation [9] 
have been widely investigated for water purification. Usu-
ally, the use of combustion and chemical treatments would 
be accompanied by “side effects” and face the problems of 
secondary pollution [10], bioremediation has the problems 
of time-consuming and uncontrollable processes [11], lim-
iting their practical applications. The absorption method is 
regarded as one of the most effective method for removing 
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pollutants from water [12, 13]. Various sorbent materials 
were developed for absorbing oils and organic chemicals 
[14–16]. However, slow separation, poor efficiency and high 
prices of sorbent materials still limit their general usage in 
the separation process.

Nanofibrous aerogel (NFA) is one kind of three-dimen-
sional (3D) materials constructed by assembly of nanofib-
ers, which possess favorable features such as low density, 
high porosity, large specific surface area, good pore inter-
connectivity and controllable shape [17–19], which have 
been attracting significant interests in the filed of oil–water 
separation. Notably, as far as we know, most of the studies 
on NFAs were based on cellulose nanofibers as the build-
ing blocks. However, the vast majority of nanofiber types 
are incapable of forming a stable sol–gel system, which 
could be often associated with the preparation of cellulose 
NFAs. Therefore, several methods for preparing cellulose 
NFAs are not applicable to other nanofibers [2, 20]. Moreo-
ver, nanofibers currently used in fabrication of NFAs were 
mostly obtained through high-cost and low-output strate-
gies, which severely hindered aerogels’ industrial absorption 
applications [21, 22]. Therefore, the design and creation of 
low-cost easily moldable NFAs as high-performance absor-
bent materials through an easily accessible and gelation-free 
method is of significant interest.

In recent years, with the continuous exploration of fab-
rication strategies for aerogels, a versatile and gelation-free 
process was developed for generating NFAs. Si et al. [23] 
designed a method to create ultralight and elastic aerogel sor-
bents by combining the freeze-drying process and the chemical 
cross-linking technique. The skeleton of resultant NFAs was 
constructed by the assembly of electro-spun polyacrylonitrile 
nanofibers and silicon dioxide (SiO2) nanofibers, and a bifunc-
tional benzoxazine was used to bond the fibrous networks. 
Fu et al. [24] dispersed Poly(ethylene-co-polyvinyl alcohol) 
(EVOH) particles, polyphosphoric acid (PPA) and SiO2 
nanofibers into water/tert-butanol mixture to form compos-
ite nanofibrous suspensions, and obtained composited NFAs 
through freeze-drying and in situ phosphorylation modifica-
tion. The SiO2 nanofibers were selected as the building blocks, 
EVOH was chosen as the binder and PPA was taken as the 
modifier to construct the phosphorylated 3D composite NFAs. 
The resultant NFAs could rapidly absorb lysozyme from water. 
Qian et al. [25] took electro-spun polyimide (PI) nanofibers as 
skeleton materials for NFAs, and provided PI NFAs superelas-
ticity by thermally induced intermolecular condensation. The 
PI NFAs exhibited recoverable ultimate strain of 99%. In gen-
eral, NFAs could be obtained by the dispersion the nanofibers, 
followed by the freeze-drying and cross-linking treatments. 
Nevertheless, the difficulties in developing a low-cost, high-
efficiency process still remained with the current fabrication 
process of NFAs. The thermoplastic polymeric nanofibers 
have been demonstrated to be mass-produced through effective 

processes, which is based on the phase separation of immisci-
ble thermoplastic polymeric blends with cellulose ester [26]. 
This mass-production method, called the Melt-Extrusion-
Phase-Separation have already been used in the fabrication 
of a variety of thermoplastic polymeric nanofibers (including 
polyester [27], polyamide [28] and polyolefin [29]) at low-cost. 
These thermoplastic polymeric nanofibers could be dispersed 
into a solution to form suspensions, and NFAs with good 
integrity were formed by subsequent freeze-drying [30]. The 
cross-linking modification effectively made NFAs reusable.

The NFAs can possess a variety of functional properties 
through various modification treatments, which is highly 
beneficial to expand their applications [31, 32]. Lu et al. [32] 
immersed magnetic carbonaceous aerogel into an ethanol 
solution of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane, then 
washed and dried to fabricate superhydrophobic aerogels. The 
resulting NFAs showed robust superhydrophobicity, supero-
leophilicity, and excellent absorption capacity (61–113 g/g) 
for various liquids. Sai et al. [33] modified bacterial cellulose 
NFAs through reacting with trimethylchlorosilane in liquid 
phase to form a hydrophobic coating, which could find appli-
cations in the field of oil/water separation. The NFAs can also 
be modified with vapor phase treatments, with the advan-
tages that no liquid chemistry is needed and no liquid waste 
is produced [34]. Korhonen et al. [35] deposited a nano-scale 
titanium dioxide (TiO2) coating on the surface of cellulose 
NFAs by using atomic layer deposition to form reusable and 
recyclable oil absorbents. Besides, the TiO2-coated NFAs also 
exhibited good photocatalytic activities, being able to decom-
pose methylene blue.

Herein, we reported a versatile, gelation-free and readily 
accessible method to create absorbent materials based on ther-
moplastic polymeric nanofibers-EVOH nanofibers by combin-
ing freeze-shaping and chemical modifications. The optimum 
parameters for preparing EVOH NFAs were obtained through 
experimental screening, and the bonding mechanism between 
EVOH nanofibers was analyzed. The chemical vapor deposi-
tion resulted in a fibrous and granular siloxane coating on the 
surface of NFAs, and could alter the surface wettability to 
superhydrophobicity. The silane-coated EVOH NFAs exhib-
ited good oil/water selectivity, remarkable absorption capacity 
for various liquids and outstanding reusability. The NFAs pre-
sented in this work offer a straightforward strategy to construct 
absorbent materials with good potential for pollutant removal 
from water and environmental protection.

2 � Experimental Part

2.1 � Materials

Poly(ethylene-co-polyvinyl alcohol) (EVOH) resin (38 mol% 
ethylene) with a density of 1.17 g/cm3 and cellulose acetate 
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butyrate ester (CAB, Model: 381-20) were obtained from 
Nippon Gohsei (Japan) and Eastman Chemical Company 
(United States), respectively. Acetone, acetic acid (99.5%), 
glutaraldehyde aqueous solution (GA, 25 wt%) and tert-
butanol (t-BuOH, > 98%) were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (China). Methyltrichlorosilane 
(MTS) and most organic solvents were acquired from Sigma-
Aldrich Co., Ltd (United States), including phenoxin, hex-
ane, and tetrahydrofuran. Deionized water was used for all 
experiments. All chemical reagents were used as received.

2.2 � Preparation of EVOH NFAs

To synthesize EVOH NFAs, EVOH nanofibers prepared 
through Melt-Extrusion-Phase-Separation [26, 36] were 
used as building blocks. Typically, 1 g EVOH nanofiber bun-
dles were uniformly dispersed in 100 mL dispersion (water 
and t-BuOH mixture with different weight ratio) through 
homogenizing at 12,000 rpm for 30 min to form a stable 
EVOH nanofibrous suspension. The cross-linking agent GA 
was added to obtained nanofibrous suspension under con-
stant stirring to form resultant suspensions. The GA contents 
were controlled to be around 0, 0.25, 0.50, 0.75, 1.00, 1.25, 
1.50 vol% relative to the dispersion. Then the pH value of 
composite suspensions was adjusted to around 4 through 
adding acetic acid solution. The nanofibrous suspensions 
with different GA contents underwent a freeze-drying pro-
cess to gain un-cross-linked EVOH NFAs. These prepared 
samples were heated at 75 °C for 4 h to obtain EVOH NFAs.

2.3 � Fabrication of Silane‑Coated EVOH NFAs

The silane-coated EVOH NFAs were obtained through 
chemical vapor deposition (CVD) in a furnace. The EVOH 
NFA samples and a beaker of 5 mL MTS were placed in a 
sealed glass desiccator and heated to 50 °C for 12 h to make 
EVOH NFAs reacting with MTS. Finally, the silane-coated 
samples were put in a vacuum desiccator remove the remain-
ing MTS and by-product (HCl).

2.4 � Characterization

The apparent densities of NFAs were calculated by dividing 
mass by volume. The microstructure and elemental distri-
bution of NFAs were observed by employing a scanning 
electron microscope (SEM, Hitachi U8230) and energy-
dispersive X-ray spectroscopy (EDS, Bruker Quantax 400). 
The surface chemical composition of NFAs was character-
ized by using a X-ray photoelectron spectroscopy (XPS, 
ThermoFisher K-alpha), attenuated total reflection-Fourier 
transform infrared (ATR-FTIR, Bruker EQUINOX55) and 
X-ray diffractometer (XRD, RigakuD max-1200). The sur-
face wettability of NFAs was assessed using a contact angle 

meter (Kruss DSA100) with a water or oil volume of 3 μL at 
room temperature. The compression performances of NFAs 
were characterized using an Instron (model 5969) fitted with 
a 100 N load. Cylindrical NFAs with diameter and height 
of about 30 and 20 mm was used. Compressive σ-ε curves 
with strain of 40, 60, and 80% were recorded at a 30 mm/
min strain rate. The cyclic compression performances were 
measured at a 300 mm/min strain rate. The Young’s modulus 
of NFAs was calculated from the linear stage (ε < 20%) of 
σ-ε curves. 

2.5 � Density of NFAs

The density of NFAs was calculated by using the following 
equation:

where �0 is the density of NFAs, W0 is the mass of NFAs, V0 
is the volume of NFAs.

2.6 � Porosity of NFAs

The porosity of NFAs was calculated by using the following 
equation:

where � is the porosity of NFAs, W1 and W2 are the mass 
of EVOH nanofibers and siloxane deposition, respectively, 
�1 and �2 are the density of EVOH nanofibers and siloxane 
deposition, respectively.

2.7 � Measurements of Absorption Capacity

The NFAs (~ 20 mg) were immersed into pure oil/organic 
solvents. After the NFAs reached saturation, they were then 
taken out and weighted. The absorption weight capacity of 
aerogels was calculated by using the following equation:

where Q is the absorption capacity of NFAs, W is the weight 
of NFAs after liquid absorption.

When the adsorption volume is taken into account, the 
absorption volume capacity was calculated by using the fol-
lowing equation:

(1)�0 = W0∕V0

(2)�(%) = 1 −

(

W1

�1 × V0

+
W2

�2 × V0

)

× 100%

(3)Q(m∕m,%) =
W −W0

W0

× 100%

(4)V∕V0(v∕v,%) =
Q × �0

�
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where V  is the volume of the absorbate, � is the density of 
absorbrate, respectively.

3 � Results and Discussion

3.1 � Formation of Silane‑Coated EVOH NFAs

The silane-coated EVOH NFAs were designed based on fol-
lowing three criteria: (1) EVOH nanofibers must uniformly 
assemble into three-dimensional NFAs, (2) the inherent 
porous structure of NFAs must not be destroyed during 
chemical modification processing, (3) the resultant NFAs 
should exhibit reasonable mechanical properties. To satisfy 
the first requirement, the mixture of water and tert-butanol 
(t-BuOH) with different weight ratio was selected as disper-
sion medium to form stable suspensions and frozen samples. 
Low temperature vapor deposition was taken to satisfy the 
second requirement. The formation of cross-linking bonds 
between EVOH nanofibers endow EVOH NFAs with elas-
ticity [5], and deposition of flexible Si–O–Si bonds improve 
NFAs’ resilience [30], which can satisfy the third criterion.

The preparation pathway of silane-coated EVOH NFAs is 
shown in Fig. 1a. EVOH nanofibers fabricated through Melt-
Extrusion-Phase-Separation were used to form continuous 
fibrous network. EVOH nanofibers were first homogenized 
in water/t-BuOH mixture to obtain suspensions. The contact 
angles of EVOH nanofibrous membranes and water/t-BuOH 
mixtures with various t-BuOH contents were shown in Fig. 
S1. The water contact angle (WCA) of EVOH nanofibrous 
membranes is 108.3° ± 2.1°, indicating EVOH nanofibers 

could not be wetted well by pure water. A frequently used 
dispersing agent-t-BuOH was introduced into water. The 
contact angle of EVOH nanofibrous membranes decreased 
steeply, with increasing t-BuOH contents. When the con-
tents of t-BuOH ≥ 20 wt%, contact angles of membranes 
were 0°, representing good wetting of EVOH nanofibers. 
EVOH nanofibrous membranes were dispersed into water/t-
BuOH mixture. The nanofibrous suspensions with various 
t-BuOH contents were demonstrated in Fig. S2. It is clearly 
to observe that the stability of nanofibrous suspensions 
increased, with increasing t-BuOH contents. The disper-
sion with t-BuOH contents ≥ 15 wt% resulted in nanofibrous 
suspensions with good stability, after standing for 10 min. 
The as-prepared nanofibrous suspensions were subsequently 
frozen in cryogenic refrigerator. As presented in Fig. S3, 
the introduction of t-BuOH effectively decreased volume 
expansion of frozen suspensions, but exceeded t-BuOH 
would result in undesired volume shrinkage. When t-BuOH 
contents is 20 wt%, the frozen suspensions achieved good 
formability almost without any volume change. Therefore, 
the optimum content of t-BuOH was 20 wt%, and the stable 
EVOH nanofibrous suspensions would obtain after 30 min 
(Fig. 1b).

Bifunctional glutaraldehyde (GA) was introduced into 
EVOH nanofibrous suspensions as a cross-linker, and acetic 
acid was blended to provide acidic condition for subsequent 
cross-linking. After freeze-drying process, un-cross-linked 
EVOH NFAs would be heated to form cross-linking net-
work. The EVOH NFAs with different GA contents was 
shown in Fig. S4. With increasing GA contents, the volume 
of NFAs decreased. Moreover, exceeded GA would give rise 
to deformation of EVOH NFAs. This was because EVOH 

Fig. 1   a Schematic illustration of the preparation pathway of silane-coated EVOH NFAs, b EVOH nanofibrous suspensions after various 
homogenization times, c the bonding among EVOH nanofibers, d morphology of siloxane coatings on the surface of EVOH nanofibers
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nanofibers are flexible, and tend to generate cross-linking 
shrinkage. The bonding was obviously observed among 
EVOH nanofibers (Fig. 1c), endowing EVOH NFAs with 
elastic resilience. The proposed mechanism of cross-linking 
EVOH nanofibers and glutaraldehyde is presented in Fig. 
S5a [37], and the successful cross-linking was confirmed 
by FTIR spectra (Fig. S5b). As demonstrated in Table S1, 
the volume of EVOH NFAs decreased from 17.72–18.53 
to 12.36–15.60 cm3, with increasing GA contents from 0 
to 0.50 vol%. The mass of NFA samples were almost con-
stant, which would result in higher density. However, with 
continued GA contents increasing, EVOH NFAs turned into 
irregular in shape, and the volume and density of EVOH 
NFAs could not be acquired through calculating. It is obvi-
ously that adding 0, 0.25, 0.50 vol% GA to EVOH NFAs 
could achieve good formability. The compressive perfor-
mances of EVOH NFAs were estimated through applying 
an external pressure (200 g). As shown in Fig. S6, the EVOH 
NFAs with 0 and 0.25 vol% GA contents could not recover 
to their original shape after releasing loading. In turn, the 
EVOH NFAs with 0.5 vol% GA contents almost exhibited 
complete shape recovery. Adding GA to EVOH NFAs could 
introduce chemical covalent bonds, and improve their resil-
ience [5]. Combined with aerogels’ shape and compression 
performance, the optimum content of GA was 0.50 vol%.

The EVOH NFAs with 0.50 vol% GA contents reacted 
with vapor-phase MTS to obtain silane-coated EVOH NFAs. 
The silanization of EVOH NFAs occurred at 50 °C, MTS 
precursors deposited on the surface of exposed EVOH 
nanofibers, and the fibrous and granular siloxane could be 
clearly observed in Fig. 1d. As shown in Fig. S7, the geomet-
ric volume of these NFAs remained nearly constant, NFAs 
just changed color from white to brown after modification.

3.2 � Morphology and Structure of Silane‑Coated 
EVOH NFAs

As shown in Fig. 2a and b, at low magnification, NFAs 
exhibited porous network of fibrous structure before and 
after chemical modification, indicating that chemical vapor 
deposition (CVD) has almost no influence on the pristine 
network structure. This was because the chemical modifica-
tion is accomplished in the vapor phase at a relatively low 
temperature which would not destroy the aerogel. Zooming 
in on the EVOH nanofibers revealed the nanofibers in EVOH 
NFAs had a relatively smooth surface (Fig. 2c). In contrast, 
after CVD, the surface of EVOH nanofibers became asperate 
and the siloxane coatings became visible (Fig. 2d). Accord-
ing to previous investigations, different coatings could be 
formed, which depended on the silane reaction types (hori-
zontal polymerization, covalent attachment and vertical 
polymerization) [38–40]. The proposed reactions between 
EVOH nanofibers and MTS were summarized in Fig. S8, all 
these types could form hydrophobic coatings on the surface 
of EVOH nanofibers.

As seen in Fig. 2e, the Si element was relatively uni-
formly dispersed in NFAs consisting of C and O elements. 
Figure 2f displayed the XPS survey scans for silane-coated 
EVOH NFAs, Si 2p peaks were detected. The Si 2p spectrum 
can be deconvoluted into two peaks, which located at 102.68 
and 103.07 eV were assigned to Si–C and Si–O, respectively 
(Fig. S9). However, no Si signal was detected in EVOH 
NFAs’ XPS survey scan (Fig. S10). Two new characteristic 
absorption peaks at 782 and 1273 cm−1 would be found in 
ATR-FTIR spectra of silane-coated EVOH NFAs (Fig. 2g), 
corresponding to the asymmetric stretching vibrations of 
Si–O–Si and C–Si, respectively [36]. Taken together, all 
the results indicated the successful deposition of siloxane 

Fig. 2   FE-SEM micrographs of a, c EVOH NFAs and b, d silane-
coated EVOH NFAs, e the SEM–EDS elemental mapping images of 
silane-coated EVOH NFAs exhibiting the distribution of C, O and Si 

in the same area, f XPS survey of silane-coated EVOH NFAs, g ATR-
FTIR spectra and h XRD patterns of EVOH NFAs and silane-coated 
EVOH NFAs
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on the surface of NFAs. Almost no changes were observed 
in the XRD pattern of EVOH NFAs before and after CVD 
(Fig. 2h). The crystallinities of EVOH NFAs before and after 
silanization were 31.48 and 29.54%, respectively, indicating 
that CVD treatment would not alter crystallization of NFAs. 
This was because that the deposition of siloxane would not 
destroy NFAs’ crystalline region.

3.3 � Mechanical Properties of NFAs

NFAs can exhibit good compressibility and resilience 
through cross-linking, which are very important for their 
practical applications [41–43], However, NFAs assembled 
by flexible nanofibers in general showed obvious hysteresis 
loops and large plastic deformations after large strain cyclic 
compressions [39]. However, EVOH NFAs could withstand 
high compression strain and show a resilience of about 
100%, although after 500 compression cycles under strain of 
60%, an obvious plastic deformation (24.43%) was observed 
(Fig. S11b). This was due to the fact that some of the chemi-
cal covalent forces were broken during cyclic operations, 
leading to decreases in strength [44]. Figure 3a shows the 
compressive σ-ε curves of silane-coated EVOH NFAs at dif-
ferent strain of 40, 60 and 80%. These curves are indicative 
of typical viscoelastic, energy-dissipative behavior com-
monly observed in soft and highly deformable materials 
[45]. Similar to EVOH NFAs, silane-coated EVOH NFAs 
could sustain large deformation, and completely recover to 
their original shape after unloading (Fig. 3a inset images). 
The strain is 40, 60 and 80%, corresponding to the stress of 

7.05, 14.48 and 39.71 kPa, respectively. These values were 
higher than those of EVOH NFAs (4.48, 9.89, 23.83 kPa) 
(Fig. S11a). This was ascribed to the deposition of siloxane 
could improve the strength of NFAs’ pores.

Figure 3b presented the cyclic compressive σ-ε curves 
of silane-coated EVOH NFAs under strain of 60%. After 
500 compression cycles, a plastic deformation (9.88%) was 
observed, which is much lower than that of EVOH NFAs 
(24.43%), clarifying silane-coated EVOH NFAs displayed 
better flexibility in their structure. This was attributed to the 
deposition of highly flexible Si–O–Si bonds on the surface 
of EVOH NFAs, which could substantially improve the resil-
ience of aerogels [30]. The maximum stress and Young’s 
modulus of silane-coated EVOH NFAs decreased from 
14.48 and 10.20 kPa to 12.41 and 6.69 kPa, respectively, 
after 500 cycles (Fig. 3c), indicating good durability and 
stability of silane-coated samples. Figure 3d showed energy 
dissipation and energy loss coefficient of silane-coated 
EVOH NFAs as a function of compressive test cycles. In 
the first compression cycle, the energy dissipation was 
2.19 mJ/cm3 and energy loss coefficient (△U/U) was 0.72. 
Large energy dissipation was related to the viscoelasticity 
of the nanofibrous structure [23]. Besides a decline in first 
few compression cycles, no significant decreases in energy 
dissipation, indicating excellent compression fatigue resist-
ance of silane-coated EVOH NFAs [24]. The resilience and 
durability silane-coated EVOH NFAs are comparable or 
superior to that of pure/hybrid polymeric aerogels [8, 46].

Fig. 3   Mechanical properties 
of aerogels: a compressive σ-ε 
curves of silane-coated EVOH 
NFAs at different strains (ε = 40, 
60, 80%), b cyclic σ-ε curves of 
silane-coated EVOH NFAs with 
ε of 60%, c the corresponding 
Young’s modulus and maximum 
stress, d energy dissipation 
and energy loss coefficient as 
a function of compressive test 
cycles
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3.4 � Surface Wettability of NFAs

The surface wettability of NFAs is characterized by contact 
angle. As shown in Fig. 4a, the original WCA of EVOH 
NFAs was 140.4° ± 4.0°, but it still not measured up to the 
standard of superhydrophobicity (θ > 150°). Moreover, the 
WCA of EVOH NFAs decreased from 140.0° ± 4.0° to 0° 
in 27 s, clarifying poor waterproof performance of them. 
According to the Cassie Model [47], formation of asperate 
micro- and nano-scale structure could achieve superhydro-
phobic behavior. The deposition of siloxane coatings cre-
ated nano-sized asperate structures on the surface of EVOH 
NFAs in fibrous and granular through CVD (Fig. 1d). The 
WCA of silane-coated NFAs increased from 140.0° ± 4.0° 
to 152.7° ± 1.9°, and the initial WCA could remain almost 
constant at least 900 s (Fig. 4a), demonstrating that NFAs 
transitioned to being superhydrophobic. The rough hydro-
phobic siloxane coatings could reduce the water–solid 
contact area, prevented more water from contacting NFAs. 
Moreover, the siloxane deposition with low surface energy 
on EVOH nanofibers surface also improved the hydropho-
bicity of NFAs.

The whole NFAs was immersed into water to meas-
ure the hydroscopicity of them. As shown in Fig. 4b, 
the calculated water absorption capacity and saturation 
absorption time of EVOH NFAs was 40.61 g/g and 8 min, 
respectively. After siloxane coating, the water absorption 

capacity dropped down to 33.33 g/g, while the satura-
tion absorption time increased to 400 min, indicating the 
improvement in waterproof performance. The chemical 
stability of silane-coated EVOH NFAs was characterized 
through immersing them into corrosive medium liquids, 
salt solution and organic solvent. As shown in Fig. 4c, 
the WCA of silane-coated EVOH NFAs higher than 148°, 
demonstrating their excellent corrosion resistance. The 
stained water droplets could bead up both on the surface 
and in the internal of silane-coated EVOH NFAs (Fig. 4d 
and f), indicating that CVD could endow exterior and inte-
rior of the NFAs with hydrophobicity. This was caused 
by vapor-phase MTS that could penetrate inside fibrous 
structure and deposit on the surface of nanofibers. The 
siloxane coatings could be observed both inside and out-
side the NFAs from the Fig. S12. Silane-coated EVOH 
NFAs absorbed oil droplets quickly (Fig. 4f), clarifying 
good oil/water selectivity of silane-coated NFAs. There-
fore, the superhydrophobicity and oleophilicity of silane-
coated NFAs ensures their superior oil and organic solvent 
absorbance from water.

3.5 � Absorption Efficiency of NFAs

Silane-coated EVOH NFAs possessed good sorption selec-
tivity, which could quickly absorb oil and organic sol-
vents from water. As shown in Fig. 5a, a small piece of 

Fig. 4   Surface wettability of NFAs: a the variation of WCA b water 
absorption of EVOH NFAs and silane-coated EVOH NFAs with 
increasing time, c WCA of silane-coated EVOH NFAs after immers-
ing in corrosive medium liquids, salt solution and organic solvent, 

d stained water beading up d on the surface and e in the interior of 
silane-coated EVOH NFAs, c, f OCA measurement of silane-coated 
EVOH NFAs
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silane-coated EVOH NFAs was placed in diesel oil and 
water mixtures, in which the stained diesel oil floated on the 
surface of water. Silane-coated samples completely absorbed 
stained diesel oil in 19 s, and the water in the beaker became 
clean. After removing oil-filled aerogels, no oil releasing 
was observed, indicating fibrous structure could hold the 
absorbed oil [48]. Moreover, silane-coated EVOH NFAs also 
absorbed organic solvents immediately from bottom of water 
(Fig. 5b), and absorbed aerogels could be left floating on 
water to separate organic solvents from water.

Silane-coated EVOH NFAs with low density and high 
porosity could be an efficient absorbent for removing pollut-
ants from water. In order to investigate the absorption perfor-
mance of silane-coated EVOH NFAs, various liquids com-
monly used in both industrial and domestic area were used 
as absorbates. Figure 5c displayed the absorption capacity 
was assessed by weight gain. The silane-coated EVOH NFAs 
showed high absorption efficiency for various liquids, which 
in range from 4008 to 9185%. The high absorption efficiency 

might be related to NFAs’ low density and high porosity 
[49]. Table S2 summarized the absorption capacities of a 
variety of other sorbents. The absorption capacity of silane-
coated NFAs were much higher than that of some reported 
sorbents with higher density and lower density, such as cel-
lulose nanofibril aerogels (2300–4600%) [50], Ni/carbon 
aerogels (1318–4877%) [49], polymers (600–2300%) [51]. 
Their absorption efficiency was still lower than that of sorb-
ents, which absorption efficiency up to 34,800% [52]. How-
ever, the aerogels preparation method is relatively easy, and 
the building blocks-EVOH nanofibers is relatively cheap, 
which make the silane-coated EVOH NFAs fabricated in 
this work is one of most promising adsorbents. It is clearly 
observed that silane-coated EVOH NFAs had high absorp-
tion capacity for the liquids with high density, indicating 
that the absorption efficiency for various oils and organic 
solvents were related to the densities of these liquids. In 
order to eliminate the effect of liquids’ density, the volume 
absorption efficiency was calculated in Fig. 5d. The volume 

Fig. 5   Absorption efficiency 
of NFAs: snapshot of removal 
process of a stained diesel oil 
from the surface of water and 
b stained chloroform from the 
bottom of water, c summary of 
absorption capacities of silane-
coated EVOH NFAs for various 
oils and organic solvents in 
terms of weight gain and d vol-
ume gain, e, f recyclability test 
of silane-coated EVOH NFAs: 
e distillation test was applied to 
NFAs for sorption of hexane; 
f squeezing test was used for 
NFAs for sorption of toluene
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absorption efficiency for various liquids ranged from 73.14 
to 87.83%, which means at least 12% of total space was 
inaccessible to these liquids. This might be because some 
air was trapped in aerogels [48]. The air bubbles were seen 
during absorption process, and some of them still stayed in 
the pores of aerogels. Therefore, silane-coated EVOH NFAs 
could not achieve 100% volume absorption efficiency, except 
volume expansion.

The excellent mechanical properties could provide silane-
coated EVOH NFAs with stable recyclability. Distillation 
and squeezing were used to investigate cyclic absorption 
properties of aerogels. Distillation is a great selection for 
gathering liquids with low boiling points, and squeezing is 
preferred for collecting high boiling point, valuable pollut-
ants. Hexane with low boiling point (69 °C) was selected 
as a model for distillation experiments. Hexane filled NFAs 
were heated to the boiling point, then the vapor of hexane 
was released and collected. As shown in Fig. 5e, the net 
absorption capacity almost did not change over the 10 rep-
etitions, demonstrating stable recyclability of silane-coated 
EVOH NFAs. Chloroform was chosen as a model for 
squeezing experiments. After the first cycle, the residual in 
NFAs increased from 0 to approximate 14 times the original 
weight (Fig. 5f), which might be caused by incomplete com-
pression of NFAs [53]. The absorption efficiency maintained 
stable during 10 repetitions. Both methods could transform 
the pollutants into available resources.

4 � Conclusion

We have demonstrated that a universal and gelation-free 
method for design and construction of EVOH NFAs with 
good formability and resilience through combining freeze-
drying and cross-linking treatment. In the fabrication pro-
cess, the dispersion consisted of water and tert-butanol with 
a weight ratio of 4:1; glutaraldehyde aqueous solution was 
selected as cross-linking agent and the content was 0.5 vol% 
relative to the dispersion; acetic acid solution was added 
to provide acidic conditions for cross-linking. The silane-
coated EVOH NFAs were obtained by further modifica-
tion with vapor-phase methyltrichlorosilane. After siloxane 
coating, the density of NFAs increased from 12.31–15.53 to 
13.96–15.88 mg/cm3, and almost no changes in porosity. In 
comparison with EVOH NFAs, silane-coated EVOH NFAs 
exhibited better mechanical strength, cyclic compressibil-
ity, heat resistance and thermal insulation. The fibrous and 
granular siloxane coatings were deposited on the surface of 
NFAs, and water contact angle increased from 104.4° ± 4.0° 
to 152.7° ± 1.9°. The silane-coated EVOH NFAs with good 
oil/water selectivity could be used for removing organic 
pollutants from water, the mass-based and volume-based 
absorption capacity ranged from 4008 and 73.14% to 9185 

and 87.83%, respectively. The sorbents showed outstand-
ing reusability and reproducibility. We expected that the 
NFAs with simple modification created through versatile 
and gelation-free method will open up designs for low-cost, 
large-scale production of subsequent absorbent materials 
with water purification.
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