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Introduction

Nowadays, in view of extensive applications of oils
and organic solvents in fuel, industry, energy source
as well as chemical research, the rapid increase in
industrial oily effluent in daily life and the frequent
oil spill accidents have created a serious threat to the
aquatic ecosystems and even human living environ-
ment [1-5]. Exxon Valdez oil spill (EVOS) happened
in 1989 has brought fatal damage to nearly thousands
of living species in the habitat and had disastrous
consequences up to now [6]. Thus, it is a challenging
task to effectively clean up oily wastewater. Con-
ventional treatments including in situ burning [7],
degradation [8, 9], sedimentation [10], skimming [11],
and electrochemical technology [12, 13] can resolve
the tickler of oil spill but are inefficient, time con-
suming, sophisticated, and apt to cause secondary
pollution. As attractive alternatives, physical
absorption and separation methods have been fueled
and attracted widespread interest because of their
convenience and relatively low cost [14, 15]. How-
ever, traditional absorbents such as inorganic zeolites

[16] and natural materials [17] reported in the litera-
ture faced serious drawbacks of low absorption
capacity and relatively poor recyclability. Therefore,
the exploration of readily accessible oil-absorbing
materials with high efficiency and environment
friendly continues to be an urgent ecological issue.
Over the past few decades, as one of the most
promising candidates for the oil absorption, aerogels
are an intriguing class of porous materials owing to
their low densities, high porosities, high surface
areas, excellent thermal and chemical stabilities, as
well as their tunable surface chemistry [18-21]. To
deal with the problem of oil-water mixture separa-
tion in recent years, a wide range of aerogel adsor-
bents have been designed and fabricated for oil
collection and filtration [22-28]. Among the examples
reported, the aerogel as an efficient oil sorbent usu-
ally needed a proper three-dimensional (3D) inter-
connected structure substrate and a special
wettability surface. For instance, leamviteevanich
et al. functionalized bacterial cellulose by coprecipi-
tation of Fe;O, nanoparticles before pyrolysis to
produce a magnetic carbon nanofiber aerogel and
found it had hydrophobic/oleophilic properties [25].
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Jiang and coworkers presented a gelatin/TiO,/
polyethyleneimine composite aerogel, which had the
3D structure with the hierarchical porous structure
and a superamphiphilic surface, endowing it with
excellent oil-water separation properties [26]. Despite
considerable effort, the availability of such aerogels
with selective wettability surface was limited to a
certain extent for some reasons, including the com-
plicated synthetic route, the pyrolysis of aerogel or
the demand of additional reagents for hydrophobic
modification [22], and more cost and energy con-
suming. Accordingly, the development of facile
aerogels without any post-surface treatment to high
effectively absorb and separate oil from water is
significant and necessary.

Emerging as a new type of functional and smart
dynamic covalent materials, hemiaminal organogels
can possess reversible behavior triggered by stimuli
such as pH, redox conditions or temperature [29].
Although hemiaminal organogels materials have
been extensively investigated and utilized in self-
healing, printable materials, and adhesives [29], the
design of hemiaminal aerogel as oil sorbents for high-
efficiency oil-water separation especially emulsion
separation has not been thoroughly explored [30].
Recently, we described a new crosslinking polyhex-
ahydrotriazines with unprecedented toughening and
recyclable properties based on the cation-n interac-
tions of indole ring and the sensitivity to pH of the
hemiaminal moiety [31]. In particular, we reported a
novel aminoindole-based smart aerogel could visu-
ally detect and efficiently remove of 2,4,6-trinitro-
toluene in water with good reusability via the cation-
7 interactions [32]. Enlightened by these studies and
considering the hydrophobic of the disulfide bonds
[33, 34], we hypothesized that introduction of the
cystamine to the hemiaminal aerogel would facilitate
the superhydrophobic property and enhance the oil
selective absorption process.

In this work, we postulated a facile, mild and easily
controllable condensation technique for the synthesis
of a novel indole-based hemiaminal aerogel (PCINA)
via sol-gel technology followed by freeze-drying
(Fig. 1). Series of characterizations and tests, includ-
ing the aerogel structure, wettability, oil absorption
and desorption, as well as oil-water separation effi-
ciency, have been studied in detail. As anticipated,
the indole-based hemiaminal aerogel PCINA
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possessed a 3D porous structure, good superhy-
drophobic property without any post-surface treat-
ment, selective oil uptake capacity, and high effective
oil-water mixture separation. More interestingly, the
indole-based hemiaminal aerogel after use could be
rapidly degradable and the raw material was able to
recover for recycling through the simple approaches,
ensuring material sustainability and avoiding the
secondary pollution to environment. These results
suggested that the indole-based hemiaminal aerogel
as oil absorbent was an attractive candidate for oil-
water separation owing to its green, readily available
and renewable property. Furthermore, these studies
will help us to gain a deeper insight into the
absorption and desorption mechanism in oil-water
separating process and enrich works in treating oil
contaminants or removing pollutants from aqueous
environments by the aerogels.

Experimental
Materials and measurements

5-Nitroindole, bis(4-fluorophenyl) sulfone, cystamine
dihydrochloride, formaldehyde aqueous (HCHO,
37%), and Pd/C (5 wt%) were purchased from
Aladdin Reagent (Shanghai) Co., Ltd. and without
further purification. The rest of the materials and
reagents were obtained from different commercial
sources and used without further purification.
Fourier-transform infrared spectroscopy (FT-IR)
was recorded on Nicolet-6700 FT-IR spectrometer. 'H
NMR and *C NMR spectra were performed on a
Bruker 400 MHz NMR spectrometer with CDCl; as
the internal standard. Solid-state cross-polarization
magic-angle-spinning (CP/MAS) NMR spectrum
was performed on a Bruker Avance III 400 NMR
spectrometer. The scanning electron microscopy
(SEM) image was conducted on an 54800 (Hitachi
Ltd.) field emission scanning electron microscope
system. Digital photographs were taken using a
Cannon 600D camera. The pH values were accurately
determined by using a pH meter (pHS-3E). Water
contact angles (WCAs) were made on a Sindin SDC-
350 machine. The static water CA images were cap-
tured after placing a 5 pL droplet onto the surface.
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Figure 1 Fabrication of the aerogel PCINA and a schematic illustration of PCINA for oil-water separation.

Preparation of indole-based hemiaminal
polymer aerogel

Synthesis of cystamine

In an Erlenmeyer flask, cystamine dihydrochloride
(8.00 g, 35.5 mmol) was dissolved in 100 mL distilled
water. Potassium hydroxide (6.00 g, 107 mmol, 1.5 eq
to HCl) was added and the mixture was stirred for
10 min. The resulting mixture was extracted with
4 x 150 mL CH)Cl,, the combined organics were
dried over MgSQOy, filtered, and solvent was removed
to yield a colorless to slightly yellow oil (4.3 g, 80%).
'H NMR (400 MHz, CDCl;) & = 1.46 (s, 2H), 2.77 (t,
2H), 3.02 (t, 2H) ppm; 13C NMR (100 MHz, CDCls)
0 =40.5, 42.4 ppm.

Synthesis of 4,4 -bis(5-nitroindolyl)-diphenyl sulfone
(INN)

A two-necked flask (25 mL) was equipped with a
magnetic stirrer, a rubber septum, and a water-cooled
condenser. The reaction vessel was evacuated and
back-filled with nitrogen and this sequence was
repeated three times. Bis(4-fluorophenyl) sulfone
(0.509 g, 2.00 mmol), 5-nitroindole (0.811 g,
5.00 mmol), K,CO; (0.691 g, 5.00 mmol), and NMP
(8.0 mL) were added successively under a stream of
nitrogen at room temperature. The reaction mixture
was heated to 180 °C under stirring for 4 h. The
resulting solution was allowed to slowly cool to room
temperature, and subsequently poured into cold
water, filtered, washed with water. The crude pro-
duct was purified by silica gel column

chromatography using dichloromethane as an eluent
to afford INN as a yellow crystal (yield 96%). FT-IR
spectrum (KBr pellet, cm™Y): 3452, 3104, 1590, 1515,
1328, 1150, 764, 741, 613; 'H NMR (400 MHz, CDCly):
6=6.93(d, ] =34 Hz 1H), 749 (d, ] = 6.5 Hz, 2H),
759 (d, ] =92Hz 1H), 772 (d, ] = 5.4 Hz, 1H), 8.16
(d, ] =9.1Hz, 1H), 8.23 (d, ] = 8.6 Hz, 1H), 8.65 (d,
] =22 Hz, 1H) ppm; *C NMR (100 MHz, CDCly):
6 = 106.5, 109.6, 117.7, 117.8 123.9, 128.3, 129.1, 129.6,
137.3, 139.0, 141.9, 142.1 ppm.

Synthesis of 4,4’-bis(5-aminoindolyl)-diphenyl sulfone
(INA)

To a two-necked flask (25 mL) equipped with a
magnetic stirrer, a nitrogen outlet, inlet, and a water-
cooled condenser, INN (538 mg, 1.00 mmol) and Pd/
C (54.0 mg, 10 wt% of INN) were dissolved in 1,4-
dioxane (2 mL), and then hydrazine hydrate (50 pL)
was slowly added into the solution. The reaction
mixture was heated to 100 °C, with stirring until all
of INN was reduced to INA (determine the degree of
reaction based on the thin layer chromatography).
The resulting solution was allowed to slowly cool to
room temperature, and subsequently poured into
cold water, filtered to remove the unreacted hydra-
zine hydrate. The residue was dissolved in ethyl
acetate and removed the Pd/C by filtering. After the
solvent was evaporated, the solid was purified by
column chromatography (ethyl acetate: petroleum
ether = 2:1) which afforded a light yellow solid (yield
80%). FI-IR spectrum (KBr pellet, cm™Y): 3440, 3360,
2940, 1730, 1660, 1510, 1460, 1300, 1180, 760, 620; 'H
NMR (400 MHz, CDCl,): 6 = 3.60 (s, 2H), 6.55 (d,
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J=33Hz, 1H), 670 (d, ] =88 Hz, 1H), 6.96 (d,
J]=27Hz, 1H), 744 (d, ] =87 Hz, 1H), 7.64 (d,
J =89 Hz, 1H), 8.10 (d, ] = 8.9 Hz, 1H) ppm; °C
NMR (100 MHz, CDCly): § = 105.0, 106.1, 110.1,
1112, 1135, 1188, 1233, 127.5, 1295, 141.0,
144.3 ppm.

Preparation of hemiaminal aerogel PCINA

INA (246 mg, 0.500 mmol) and cystamine (76.4 mg,
0.500 mmol) was dissolved in N-methylpyrrolidone
(NMP) (2 mL). The total solid content in the pre-gel
solution was kept at 20 wt%. Subsequently, HCHO
aqueous (168 pL) were added to the mixture and
stirred for 3 h. The obtained solution aged at room
temperature for 2 h, freezed in the refrigerator for
5 h. The PCINA wet gel was washed with acetone
and deionized water for 3 days to ensure that any
residue raw materials were removed. The final dried
aerogel PCINA was obtained by freeze-drying. It had
the ability to withstand more than 100 times and 500
times its own weight and recovered completely
without significant permanent deformation (Fig. S1).

Absorption of various oils and organic
solvents

Series of testing liquids including dimethyl silicone
oil, rapeseed oil, gasoline, sesame oil, chili oil, vac-
uum pump oil, chloroform, dichloromethane, petro-
leum ether, hexane, toluene and ethyl acetate were
used to evaluate the absorption capacity of PCINA. In
a typical test, PCINA was soaked into the liquids.
Then, it was taken out until it was saturated
absorption. The oil uptake capacity K (g/g) of PCINA
was determined as:

K(g/8) = (M—Mo)/Mo (1)

where M and M, are the weights of PCINA before
and after oil absorption, respectively. Each absorp-
tion test was repeated three times.

Oil-water separation performance

The separation performance was tested using a mix-
ture of oil and water (1:1, w/w). After absorption, the
separation efficiency (R) was evaluated as:

R(%) = (M,/My) x 100% 2)

where M, and M, are the weights of the retained oil
and the original oil in the mixture, respectively.
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Results and discussion
Characterizations of PCINA

FT-IR and ">C CP/MAS NMR spectra were used to
confirm the successfully prepared PCINA, and the
results were in good agreement with the proposed
structure (Fig. 2a and b). In the FT-IR spectrum of
PCINA (Fig. 2a), the broad absorption peak at
3444 cm ™' was attributed to the stretching vibration
of N-H. The peaks at 2932 cm ™' and 2853 cm™' were
due to the stretching vibration of -CH,— in the
hemiaminal polymer network and the peaks at
1675 cm™' and 1453 cm™' were assigned to the
vibrations of the aromatic ring skeleton. The stretch-
ing vibration peak of the tertiary amine C-N
appeared at 1160 cm™'. Moreover, the broad peaks in
the NMR spectrum at 150-100 ppm were ascribed to
all of the aromatic ring carbons, and the small reso-
nance peaks located at 85-45 ppm was belonged to
the methylene carbons of the hemiaminal ring. The
peak at 30 ppm corresponded to the methylene car-
bons (Fig. 2b).

The obtained aerogel PCINA had a 3D network
framework (Fig. 2c). The oval nanoparticles aggre-
gated, interconnected, and further fused unprece-
dentedly to evolve into the extended multilevel
mountain-like superstructures. The cystamine could
enhance the hydrophobicity for the aerogel and these
mountain-like nanostructures of PCINA successfully
formed the very rough structures (Fig. 2d). It can be
clearly seen that PCINA had a well-connected 3D
porous structure and oil could easily flow though the
aerogel with these abundant micropores on PCINA.
Therefore, PCINA became hydrophobic with a WCA
of 150.3°, which could not be made to wet and infil-
trated by a water droplet.

In addition, XRD and XPS were used to confirm the
successfully prepared PCINA, and the results were
similar with the reported literature [35] (Fig. 3a—c). In
the XRD of PCINA (Fig. 3a), the broad diffraction
between 10° and 30° is observed originating from the
scattering of hemiaminal structure, indicating its
amorphous structure. Moreover, the X-ray photo-
electron spectroscopy (XPS) was performed to study
the detailed structural characteristics of PCIAN. N
and O are detected in survey spectra of PCINA.
Figure 3b shows the N 1s XPS spectrum of PCINA,
two peaks can be observed at 399.2 eV and 400.1 eV,
corresponding to sp” hybridized C-NH and sp?
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Figure 3 a XRD spectra of the PCINA. b N 1s XPS spectrum of PCINA. ¢ O 1s XPS spectrum of PCINA.

hybridized aromatic N in the indole (C-N-O),
respectively. The spectrum of PCINA (Fig. 3c) exhi-
bits two O 1s peaks at 531.9 and 532.6 eV, which are
related to the O=5=0 and the C-OH, respectively.

Wetting properties of PCINA

Figure 4a exhibits that a water droplet formed a
sphere on the surface of PCINA with a contact angle
of 150.3°, after keeping in ambient air for 30 min,
negligible changes in the WCA of the aerogel was
observed. As mentioned above, PCINA showed
superhydrophobic. The phenomenon of water dro-
plets and silicone oil droplets on the aerogel PCINA
was looked into to further prove the unique wetting
properties. As depicted in Fig. 4b, when a methylene

blue-dyed water droplet was placed on the surface,
PCINA repelled the water to make it take on an
almost perfect sphere on the surface because of its
low surface energy [36]. It was worth noting that the
water droplets could slide off along with the sloping
PCINA (Fig. 4c). Whereas, as soon as a Sudan III-
dyed oil droplet contacted the PCINA surface, it
immediately spread out and permeated through
making the aerogel wet (Fig. 4d). Furthermore,
PCINA also demonstrated stable and superhy-
drophobicity toward many corrosive solutions. It can
be seen from Fig. 4e that PCINA also showed excel-
lent hydrophobicity at pH 1-14. The WCAs of PCINA
were all exceeded 148°. More importantly, the aerogel
PCINA displayed good chemical resistance. In the
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Figure 4 a Variation in WCAs of PCINA upon exposure to air.
b Still water droplets (dyed with methylene blue) on PCINA. ¢ A
stream of water sliding off along with the aerogel PCINA. d A
stream of oil droplets (dyed with Sudan IllI-dyed) spreading out

inset of Fig. 4e, three different kinds of droplets
(acidic, basic, and salt liquids) all maintained their
spherical shapes. The sliding angle of PCINA is 9.6°
as shown in Fig. 4f.

Absorption of various oils and organic
solvents

Owing to the 3D porous structure and superhy-
drophobicity of the hemiaminal aerogel, PCINA
became an excellent oil absorbent candidate for oil-
water separation. The adsorption capacities of
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and seeping into the PCINA. e WCAs of PCINA at different pH
values (inset displays the droplet of 1 M HCl, 1 M NaCl, and 1 M
NaOH on the aerogel surface, respectively). £ Sliding angle of
PCINA.

PCINA were estimated by a variety of oils and
organics, such as dimethyl silicone oil, rapeseed oil,
gasoline, sesame oil, chili oil, vacuum pump oil,
chloroform, dichloromethane, petroleum ether, hex-
ane, toluene and ethyl acetate. Here, we chose a sili-
cone oil/water mixture and a chloroform/water
mixture as the typical light and heavy oil absorption
models, respectively, to present our results. As
shown in Fig. 5, when PCINA was soaked into the
silicone oil/water mixture, the light Sudan IlI-dyed
oil layer was gradually absorbed by the aerogel
within a few minutes (Fig. 5a). As a contrast, PCINA
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Figure 5 Photographs of the absorption process of (a) light oil (silicone oil) floating on water and (b) heavy oil (chloroform) under water
by PCINA. ¢ Absorption capacities of PCINA toward different oils and organic solvents.

needed to capture the heavy oil chloroform (dyed
with Sudan III) underwater (Fig. 5b). Interestingly,
we found that the uptake of all chloroform on PCINA
was much quicker than that of silicone oil. It was
assumed that the chloroform was less viscosity due to
the smaller molecules and more likely to enter the
pores of the aerogel [37]. These results suggested that
PCINA had special absorption selectivity toward oil
and water and it could be a potential material for the
removal of oil spills.

Subsequently, the loading capacity of PCINA for
other kinds of oils and organics with different vis-
cosity was evaluated. As indicated in Fig. 5c, PCINA
had saturation absorption capacity with 31.81, 30.63,
28.42, 23.48, 25.42, 25.81, 19.90, 19.69, 14.73, 13.04,
5.60, and 10.85gg ' for chloroform, dichlor-
omethane, hexane, petroleum ether, toluene, ethyl
acetate, dimethyl silicone oil, rapeseed oil, gasoline,
sesame oil, chili oil, and vacuum pump oil, respec-
tively. We inferred that the difference in absorption
capacities of various oils and organic solvents was

ascribed to their different densities [37]. It was noted
that the oil uptake ability of PCINA was comparable
to other reported absorbents [22, 37-42], for which
the absorption capacities of various adsorbents are
displayed in Table 1. The great adsorption capacity is
attributable to the multi-aperture structure and low
surface energy of PCINA [43]. As expect, these
characteristics made PCINA a promising and com-
petitive candidate for the treatment of oil pollution.

Desorption and recyclability

For the desorption study, the oil loaded on PCINA
could be removed in the sodium hydroxide aqueous
solution with the pH value of 13.0. Despite the
hydrophobicity of PCINA in basic solution, the oils
dyed with Sudan III were still desorbed from the
floating PCINA (Fig. S1). The reversibility of the
extraction process was conducted ten times. It was
found that the samples that were subjected to mul-
tiple recycling treatments also showed almost the

Table 1 Comparison of absorption capacity (g/g_]) of various absorbent materials

Absorbents materials Adsorbates Adsorption capacity (g gil) References
SA/GO/Si0,-M aerogel Hexane, chloroform, CCly, etc. 17.92-43.92 [20]
Cellulose sponge Chloroform 7.0 [32]
Polypyrrole nanotubes Hexane 8.0 [33]
Amphiphobic polyHIPEs Hexadecane 20.9 [34]
Silane functionalized PVA formaldehyde sponges DCM, CCly, coleseed oil, etc. 4.0-14.0 [35]
Modified polylactic acid nonwoven fabrics Hexane, CCly ~ 4.0, ~ 6.0 [36]
CNFs based PDMS foam Silicone oil, chloroform, etc. 1.4-8.6 [37]
Indoled-based hemiaminal aerogel PCINA Silicone oil, chloroform, etc. 19.90-31.81 This work
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Figure 6 a Absorption recyclability of PCINA for silicone oil.
b Water contact angle of PCINA over ten successive recycling
processes. ¢ A schematic representation of the desorption
mechanism by which the aerogel PCINA uptake of oil can

same absorption behavior as the original material
and the capacity was maintained to 18.4 g g™
(Fig. 6a), revealing the indole-based hemiaminal
aerogel could be reused. At the same time, the water
contact angle of PCINA was measured after each
recycling process. Even after 10 recycling processes,
the WCA remained larger than 149.5° (Fig. 6b),
indicating that the aerogel was superhydrophobic
yet. To gain a more comprehensive understanding on
the oil desorption mechanism of the PCINA in NaOH
solution, an illustration of the desorption process is
exhibited in Fig. 6c. We speculated that the reasons
for desorption were the competition interactions
between water and oil molecules with PCINA. The
indole ring of PCINA was available for Na™ binding
via the well-known cation-n interactions [44], besides,
the hydroxide ions in the basic solution would
interact with the hemiaminal structure of PCINA
through hydrogen bonding. Consequently, these
synergistic effects were stronger than the van der
Waals force between the oils and PCINA, giving rise
to the oils were resisted from the pores and released
into the solution (Fig. 6¢).
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Degradation and regeneration

To our best knowledge, avoiding secondary pollution
during oil-water separation and developing the
renewable process of the absorbent material are very
significant for energy conservation and environmen-
tal protection. More gratifyingly, herein, the rever-
sible formation and degradation of the hemiaminal
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Figure 7 Diagram of a recycling process from waste to a new
aerogel: a An optical image of PCINA; b The PCINA adsorbing
oil from water (oil dyed with Sudan III); ¢ The PCINA was
hydrolyzed in sulfuric acid solution (pH =2.0); d After
neutralizing, the monomers powder of PCINA was recovered.
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cyclic structure through the adjustment of pH
enabled PCINA to be regenerated feasibly and easily
(Fig. 7). For example, by adding a certain amount of
sulfuric acid solution and keeping the pH at 2.0,
PCINA quickly collapsed and was split into little
pieces even after absorbing silicone oil from the oil-
water mixture. Next, the little pieces further hydro-
lyzed and totally became the monomers dissolved
into acid solution within ten minutes (Fig. 7¢).
Moreover, the monomers were successfully recov-
ered by upon addition of saturated Na,CO; solution
to neutralize the acid solution (Fig. 7d). Then, the
recyclable monomers can be transformed into the
aerogel after undergoing the freeze-drying process
again (Fig. 7a). These results demonstrated that the
tremendous potential of PCINA for infinite recycling
and there were no secondary pollution problems to
the environments. Compared with the superhy-
drophobic functional membrane separated from oil
and water [45, 46], its degradation ability and
regeneration ability were not inferior.

Oil-water separation

To evaluate the practical application of the aerogel
PCINA, oil-water separation experiments under
gravity were performed using a mixture of Sudan-III-
dyed oil and water (1:1, V/V) as model wastewater.
Polypropylene syringe filters (0.45 mm) equipped
with a piece of PCINA aerogel and syringe (5 mL)
were used as the filtering apparatus (Fig. 8). A mix-
ture of hexane (dyed by Sudan-III) and water was
poured into the syringe. It was clearly found that the
red silicone oil quickly permeated the hydrophobic
aerogel under gravitational force, while the water
was retained above the aerogel (Fig. 8a). In addition,
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PCINA could also separate the gasoline/water mix-
ture (Fig. 8b). The results proved that the 3D porous
structures of PCINA might have advantageous
effects on the filtration and the special wettability
might enhance the interception and coalescence of
water droplets [22]. As displayed in Fig. 8d, the
separation efficiency (R) for two types of oils
decreases still remained around 98.0% after several
cycles despite some slight fluctuations in the process,
showing a good separation effect.

In real life, oil-water mixtures, which need to be
treated, are somehow without obvious interfaces,
such as emulsions. As we know, efficient emulsion
separation in an eco-friendly, effective, and econom-
ical manner is still a great challenge. In this work, we
also investigated the oil-water separation perfor-
mance on emulsions. Span-80 (50 puL) was added into
a 0.5 g mixed solution of gasoline and water to form
an emulsion. The separation efficiencies of the
emulsion of gasoline-water with mass ratios of 99:1,
9:1, 82, and 7:3 were 98.2, 98.1, 78.8 and 68.9%,
respectively (Fig. 8e). Compared with other materials
on the emulsion separation efficiency, the separation
efficiency of PCINA (Vgas:Viater = 9:1, 98.1%) was no
less than that of other materials, such as the PASP/
PAA/PVA PFOTES filter cloth (Vou:Vyater = 9:1,
79.9%) [47], and a wood slice covered by copper
hydroxide (Voi:Vivater = 50:1, > 98%) [48]. All testing
results showed that the separation ability was grad-
ually decreased as the amount of the emulsion
increased, which was ascribed to that the surface of
the aerogel might be polluted by surfactants [22]. We
expect the PCINA aerogel was qualified for practical
application in the efficient treatment of oil spill.
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Conclusions

In summary, we have proposed a facile and mild
method to successfully prepare a superhydrophobic
indole-based hemiaminal aerogel PCINA without
any post-surface treatment, endowing it with selec-
tivity for oil adsorption from water. Taking advan-
tage of the 3D porous structure, an excellent oil
absorption capacity and high efficiency of oil-water
mixture separation especial emulsion separation
could be obtained as expected. Moreover, the PCINA
aerogel displayed good repeatability through des-
orption of oil in basic solution via the competition
hydrogen bonding and cation-n interactions. More
importantly, the indole-based hemiaminal aerogel
after use could be rapidly degradable and the raw
material was able to recover for regeneration, which
meant that the aerogel is green and environmentally
friendly. Therefore, we believed that the obtained
“oil-removing” type aerogel had great prospects in
practical oil pollution treatments such as oil spill
cleanup, fuel purification, and emulsion separation.
This work may also greatly aid the design and con-
struction of new advanced materials for the resolving
the oily wastewater problems.
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