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ABSTRACT: Effective removal of crude oils, petroleum products,
organic solvents, and dyes from water is of significance in
oceanography, environmental protection, and industrial production.
Various techniques including physical and chemical absorption have
been developed, but they suffer from problems such as low
separation selectivity, a complicated and lengthy process, as well as
high costs for reagents and devices. We present here a new material,
termed nitrogen-rich carbon aerogels (NRC aerogels,) with highly
porous structure and nitrogen-rich surfaces, exhibiting highly
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efficient separation of specific substances such as oils and organic

pollutants. More importantly, we demonstrate that the fabricated NRC aerogels can also collect micrometer-sized oil droplets
from an oil-water mixture with high efficiency that is well beyond what can be achieved by most existing separation methods, but
is extremely important in practical marine oil-spill recovery because a certain amount of oils often shears into many micrometer-
sized oil droplets by the sea wave, resulting in enormous potential destruction to marine ecosystem if not properly collected.
Furthermore, our fabricated material can be used like a recyclable container for oils and chemicals cleanup because the oil/
chemical-absorbed NRC aerogels can be readily cleaned for reuse by direct combustion in air because of their excellent
hydrophobicity and fire-resistant property. We demonstrate that they keep 61.2% absorption capacity even after 100 absorption/
combustion cycles, which thus has the highest recyclability of the reported carbon aerogels. All these features make these
fabricated NRC aerogels suitable for a wide range of applications in water purification and treatment.
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1. INTRODUCTION

Effective removal of oil from water is of significant in
oceanography and environmental protection. With the develop-
ment of international trade and marine petroleum exploitation,
oil spill accidents are of common occurrence, doing
catastrophic damage to the ocean and coast near the oil
leakage area.'”'! Materials that can eliminate these oily
contaminants are urgently needed. Hydrophobic porous
aerogels have been introduced as physical adsorbents for oil-
spill cleanup, because of of their low density, hydrophobility,
high gorosity, chemical inertness, and large specific surface
">~18 Until now, various hydrophobic porous aerogels have
been successfully synthesized in different methods and exhibit
highly efficient absorption of spilled oils, such as carbon
nanotube sponges fabricated by chemical vapordeposition-
(cvD),” spongy graphenes synthesized by reducing graphene
oxide platelets,”*" hydrophobic porous polymethylsilsesquiox-
ane aerogels created by controlling phase separationin the sol—
gel process,” carbonaceous nanofiber aerogels based on
hydrothermal carbonization process,”® and polyurethane
sponges fabricated by solution-immersion processes.”* Other
materials based on carbonizable polymer (such as polyur-
ethane® and resorcinol—formaldehyde26) or biomass (such as
bacterial cellulose by Yu's group®” and raw cotton by Zhang's

area.

-4 ACS Publications  © 2014 American Chemical Society

6351

group”®), through the pyrolysis treatment at high temperature,
to enhance their hydrophobility are also widely reported.
Moreover, these pyrolysized carbon aerogels may have excellent
fire-resistant properties due to their graphite skeletons, which
are generated during the pyrolysis process. When adsorbed by
oily ingredients that have a very high boiling point, they cannot
be simply regenerated by conventional absorption/distillation
cycles. But these fire-resistant aerogels can make a more
appropriate choice of absorption/combustion cycles for reuse,
vastly broadening their applications. Despite their outstanding
potential, several challenges in aerogel synthesis still must be
addressed prior to their extensive practical applications, such as
complicated and lengthy process, high costs for reagents and
devices, poor mechanical stability, and especially their
unsatisfactory regeneration and cycling. Furthermore, in
practical marine oil-spill recovery, there is a certain amount
of oil that is sheared into many micrometer-sized oil droplets by
the sea wave and that cannot be effectively absorbed by
traditional adsorbents, leading to enormous potential destruc-
tion to marine ecosystem."” Therefore, considerable efforts
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should be devoted to exploring a simple and low-cost approach
to fabricate robust hydrophobic porous aerogels with excellent
recyclability and oil droplet adsorbability.

Recently, a soft-templating approach starting from a high
internal phase emulsion (HIPE, a type of emulsion with a
volume fraction of the disperse phase higher than 74%) was
applied to produce highly porous materials with the simply
polymerization of the monomers in the continuous phase,””~>*
and these HIPE-templated porous aerogels composed of
hierarchically porous honeycomb-like framework exhibit
excellent mechanical strength.**™3° But the stabilizationof
conventional surfactant-stabilized HIPEs presents a challenge
in the formation process of porous polymer materials.
Fortunately, Pickering HIPEs, which are solid particle-stabilized
HIPE:s in the absence of any molecular surfactants, exhibit the
excellent stabilization compared with the molecular surfactant-
stabilized HIPEs, because of the inrreversible adsorption of
solid particles with their high attachment energy at the oil/
water interface.”*® Therefore, the Pickering HIPE templates
can commendably maintain the defined porous structure during
the polymerization process as their remarkable stability against
droplet coalescence, being ideal templates to prepare porous
aerogels with the designed structure. Moreover, specific
properties can be easily endowed to the Pickering HIPE-
templated aerogels by using functional particles as solid
surfactants (such as Fe;O, nanoparticles for magnetic perform-
ance,” graphene oxide nanosheets for electrochemical
property’® and TiO, nanoparticles for catalysis*') or using
some specific monomers in the continuous phase for
polymerization (such as poly(N-isopropylacrylamide) for
thermosensitivity>> and polycyclic polymers for carbonizable
property”®). Very recently, we have successfully prepared
melamine formaldehyde polymer (PMF) aerogels based on
lignin particle-stabilized Pickering oil-in-water HIPEs.>> These
as-prepared PMF aerogels consist of a well-organized
interconnected porous structure, exhibiting excellent adsorp-
tion capacity of heavy metal ions from aqueous solutions due to
their rich in nitrogen and hydrophilic surfaces. Meanwhile, the
inexpensive PMF is a kind of carbonizable polymer with
triazine rings in its chains. Inspired by that, herein we promote
the synthesis process to further fabricate a nitrogen-rich carbon
aerogel (NRC aerogel) by pyrolysis the PMF porous aerogel at
a high temperature. The new robust NRC aerogels possess
highly porous structure and excellent fire-resistant property as
expected, and exhibit as an ideal candidate for highly efficient
separation of oils and organic pollutants for their highly
hydrophobicity. More importantly, the fabricated NRC aerogels
can also collect micrometer-sized oil droplets from an oil-water
mixture with high efficiency. Furthermore, they can be used like
a recyclable container for oil and chemical clean-up, as the oil/
chemical-absorbed NRC aerogels can be readily cleaned for
reuse by direct combustion in the air because of their excellent
hydrophobicity and fire-resistant property, exhibiting multi-
functional characteristics and potential applications in oil-spill
clean-up and industrial oily wastewater treatment.

2. EXPERIMENTAL SECTION

2.1. Materials. Alkaline lignin was produced based on the Kraft
pulping process.*® Melamine (Sinopharm Chemical Reagent Co. Ltd,,
China) was directly used. Toluene and 37.0 wt % formaldehyde
aqueous solution were obtained from Guangdong Guangzhou
Chemical Factory Co. Ltd., China. Acetic acid (Jiangsu Qiangsheng
Chemical Reagent Co. Ltd, China) and triethanolamine (TEA,
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Tianjin Fuyu Chemical Reagent Co. Ltd., China)were used to adjust
the pH value of solutions. Water used in all experiments was purified
by filtration and deionization with a Millipore (MA, USA) purification
device with a resistivity larger than 18.0 MQ cm.

2.2. Preparation of Lignin Particles and MF Prepolymer
Monomers (pre-MF). Lignin particles were successfully synthesized
as follows: 1 wt % lignin aqueous dispersion was prepared by adding
certain amounts of lignin powder to deionized water. Then,
concentrated ammonia solution (37 wt %) was added to adjust the
pH value of the lignin dispersion, until lignin was totally dissolved. The
pH was about 11, and lignin solution was obtained. Finally, the pH
value of the lignin solution was adjusted to about 3 by adding HCI (1
M). Lignin particles were produced and dispersed in the solution.

The pre-MF monomer was prepared as follows: formaldehyde
aqueous solution (3.5 mL) and melamine (1.75 g) were mixed in a S0
mL two-necked round bottom flask which was connected to a reflux
condenser and equipped with stirring rod. The pH value of the
solution was then adjusted to about 9.5 by 2.5 mL of triethanolamine
under mechanical stirring. The mixture was heated to 60 °C. After 30
min, the MF pre-polymer solution was obtained. The continuous
aqueous phase was prepared by mixing certain volume ratio of
prepolymer solution and lignin particles dispersion, and the pH was
adjusted around 3 by adding HCI (1 M). The concentration of lignin
particles was fixed at 1 wt %, and the concentration of the pre-MF in
outer aqueous phase was kept at 75% in this work.

2.3. Fabrication of NRC Aerogels. Fifteen milligrams of lignin
was added into 1.5 mL of aqueous solution consisting of 0.375 mL of
water and 1.125 mL of pre-MF. After the lignin completely dissolved,
the pH of the solution was adjusted to 3 by adding HCI (1 M). Lignin
particles were formed and dispersed in the solution. Lignin particle-
stabilized oil-in-water HIPEs with 85 vol % internal phase fraction are
normally prepared by stirring the continuous phase vigorously under
continued stirring at 400 rpm while slowly adding 8.5 mL of the
toluene droplet phase. Once all of the toluene phase had been added,
the mixture was stirred at 1000 rpm for 2 min to allow better
homogenization of the HIPE. Subsequently, these lignin particle-
stabilized high internal Pickering emulsions were transferred into an
oven and polymerized at 70 °C for 4 h. The products were purified
with ethanol to remove the internal toluene, and air-dried at room
temperature for 24 h to constant weight. The porous PMF aerogels
were obtained. The obtained PMF aerogels were transferred into a
tubular furnace for pyrolysis under a nitrogen flow. The PMF aerogel
precursors were heated to 400, 500, 600, and 700 °C at 5 °C/min and
held at these temperatures for 2 h to allow complete pyrolysis, and
cooled to 100 °C at 5 °C/min, finally, cooled to room temperature
naturally to yield black and ultralight NRC aerogels. The NRC
aerogels always referred to the products generated from PMF aerogel
pyrolyzed at 700 °C, if there is no special declaration.

2.4. Oil and Micrometer-Sized Oil Droplet Removal Test.
First, we measured the absorption capacity of the NRC aerogels for
various organic solvents and oils. The oil or organic solvent was
poured on the surface of water contained in a beaker. NRC aerogels
were forced into the organic liquids for fully absorbed and then picked
out for measurements. The NRC aerogels weights before and after
absorption were recorded for calculating the values of weight gain.

Numerous micrometer-sized oil droplets were generated by
ultrasonically treating the mixture of toluene and deionized water
(1:10, toluene:water, by volume). The oil droplets remove test was
carried out by forcing the NRC aerogels into the toluene-in-water
emulsions. With oscillation at 300 rpm by oscillator for a certain time,
the milky emulsions turned to be colorless and transparent.

2.5. Regeneration of NRC Aerogels. The regeneration of oil-
adsorbed NRC aerogels includes absorption/distillation and absorp-
tion/combustion ways. First, in absorption/distillation cycles, the oil-
adsorbed NRC aerogels was regenerated by heat treatment at a certain
temperature around boiling point of the oil, and then the dried NRC
aerogels were used in the further cycle. For absorption/combustion
cycles, the oil-adsorbed NRC aerogels were applied for direct
combustion in air, and then the no-oil NRC aerogels were used in
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Figure 1. ( a) Formation of NRC aerogels by lignin particle-stabilized toluene-in-water Pickering HIPEs polymerization technique. (b) Optical
microscope image of lignin particle-stabilized HIPE droplets, with an internal phase fraction of 85%, and the inset is the picture of emulsions. (c)
SEM image of PMF aerogel prepared by HIPE of b, and the inset is the picture of the obtained PMF aerogel. (d) SEM image of NRC aerogel based
on the PMF aerogel of ¢, and the inset is the picture of the obtained NRC aerogel. All scale bars present 100 ym.

the next cycle. The weights of NRC aerogels were recorded before and
after each cycle to determine the absorption capacity.

2.6. Characterization. Pickering emulsions were observed with a
microscope (Carl Zeiss, German). The sample structure was observed
by Scanning electron microscopy (SEM) images which were taken
with a Zeiss EVO 18 scanning electron microscope equipped with a
field emission electron gun, and the amounts of C, N and O were
determined by energy-dispersive spectrometer (EDS) at an accel-
eration voltage of 5 kV. X-ray diffraction (XRD) pattern of the samples
was collected by PANalytical X'Pert PRO X-ray diffractometer
(Almelo, Netherlands). The Raman spectra were recorded on a
spectrometer (JYH800UV) equipped with an optical microscope at
room temperature. Fourier transform infrared spectroscopy (FT-IR)
was carried out by German Vector-33 IR instrument. TGA was
performed using a NETZSCH TG 209 instrument under an air
atmosphere and a heating rate of 10 °C min™" from 30 to 800 °C. The
wetting properties of different samples were evaluated through contact
angle tests, which were performed by the CAST2.0 contact angle
analysis system at room temperature (OCA20LHT-TEC700-
HTFC1500, Dataphysics, Germany).

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of NRC Aero-
gels. A simple and effective method was applied for the
fabrication of NRC aerogels with highly porous structure via
O/W Pickering HIPE templates. Particularly, as shown in
Figure 1, certain amount of toluene was gradually added into an
aqueous mixture which composed of lignin particle and MF
prepolymer monomers to form a lignin particle-stabilized
Pickering HIPE. The optical microscope images of the
formulated Pickering HIPEs (Figure 1b) show that the oil
droplets are highly packed and deformed, a typical feature of
the HIPEs. Therefore, the thickness of the contact domains
between the neighboring droplets is thin enough to form pore
throats during the polymerization, and it is advantageous to the
formation of open-cell porous structure. The average droplet
size ranges from 50 to 120 ym and the size distribution of the
droplet is quite polydisperse. The small droplets fill in the
trigonal region among the big droplets, and template with this
honeycomb-like structure is benefit to prepare robust aerogels.
Moreover, the lignin-stabilized Pickering HIPEs were remark-
able stable against coalescence even after standing for 3 months
at room temperature, owing to the nearly irreversible
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Figure 2. SEM images of the original PMF aerogel and the NRC
aerogels prepared by pyrolysis at different temperatures: 400, 500, 600,
and 700 °C.

absorption of colloidal lignin particles at the oil/water interface.
Then, the as-prepared Pickering HIPEs were transferred into an
oven at 70 °C for 4 h to polymerizing the pre-MF monomers.
PMEF aerogels were obtained by removing the inner oil phase
by ethanol extraction and drying at room temperature. SEM
image of the PMF aerogels (Figure 1c) shows that the materials
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Figure 3. (a) XRD spectra, (b) Raman spectra, (c) element contents, and (d) water contact angle measurements of the original PMF aerogel and the
NRC aerogels prepared by pyrolysis at different temperatures. (e) TGA curve of the NRC aerogel that was pyrolyzed at 700 °C. TGA was performed
under an air atmosphere and a heating rate of 10 °C min™" from 30 to 800 °C. The inset in (e) is a photograph of NRC aerogel in a hot flame of an
alcohol burner. (f) Typical compression measurements of the fabricated NRC aerogels. The inset in f is a picture of a 200 g weight supported from a
0.13 g NRC aerogel. The weight is more than 1500 times heavier than the monolith.

consist of a well-organized interconnected porous structure of
large pore of ca. 100 ym and pore throat of ca. 10 ym. Traced
to the Pickering HIPE templates, it can be concluded that the
large pores are formed as monomers polymerized only around
emulsion droplets and pore throats are formed at the ultrathin
contact area between two neighboring droplets. Furthermore, it
is interesting to find that the PMF aerogels kept the same
volume and shape after the polymerization (see inset pictures in
panels b and ¢ in Figure 1), which can be attributed to the
excellent stability of the Pickering HIPE templates against any
droplet coalescence during the polymerization process. Finally,
the NRC aerogels were generated by pyrolyzing the as-
prepared PMF aerogels at a high temperature (400—700 °C)
under nitrogen atmosphere for 2 h, and thus a high cross-linked
carbon structure was obtained. It shows that the NRC aerogels
compose of a three-dimensionally interconnected porous
structure with macropore of ca. 80 um and interconnected
throat of ca. S um (Figure 1d).
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The inner structure is similar to the PMF aerogels even after
the pyrolysis process, induced only by a proportional
contraction, and it coincided with their macroscale performance
(the inset pictures of Figure 1c, d). As the macropore and the
interconnecting throat were derived from the initial emulsion
droplets, the pore size in principle could be easily tuned by
adjusting the internal phase fraction and the pre-MF monomers
concentration (see Figure S1 in the Supporting Information).>®
The porosity and the surface area of the NRC aerogel
fabricated at 700 °C turn out to be 87.7% and 12.51 m*/g
respectively, and the average pore size is 3.6 um (see Figure S2
in the Supporting Information). It is indicated that the lignin
particle-stabilized Pickering HIPEs are suitable templates to
fabricate interconnected porous aerogels.

To create highly cross-linked structure of NRC aerogels, we
pyrolyzed PMF aerogels separately at different temperatures.
The carbonization treatment and carbonization temperature
have a great influence on the final structure of the NRC

dx.doi.org/10.1021/am5016342 | ACS Appl. Mater. Interfaces 2014, 6, 6351—-6360
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Figure 4. (a) Absorption process of n-hexane (stained with Sudan I) floating on water by the NRC aerogel within S s. (b) Absorption process of
chloroform (stained with Sudan I) at the bottom of water by the NRC aerogel within 3 s. (c) Mass-based and (d) volume-based absorption
capacities of the NRC aerogels (with a density of 95 mg cm™) for oils and nonpolar solvents.

aerogels. From SEM images of Figure 2, one can see that all of
the aerogel frameworks maintain an interconnected porous
structure, being not clearly affected by the pyrolysis treatment.
But the small pores, which exist in the triangular area of
neighbouring large pores, disappear gradually with increasing
the pyrolysis temperature. And the thickness of the skeleton
film became gradual thin with the increasing temperature
treatment. Moreover, the increased volume contraction of
aerogels as a function of temperature leads to an increase of the
aerogel density from 24 to 95 mg cm™ (see Figure S3 in the
Supporting Information). X-ray diffraction (XRD) pattern
(Figure 3a) shows that the original PMF aerogel is amorphous.
While after pyrolysis treatment, a broadened peak centered at
22.5 corresponding to the (002) plane of graphite was
observed. There are also two characteristic peaks related to
the D and G bands located around 1375 and 1570 cm™ in
Raman spectra of Figure 3b, and it is generally accepted that the
relative intensity ratio of the D to G bands (Ip/Ig) is the
indication of disorder or defects in the carbon structure.** The
effect of pyrolysis temperature was also revealed by Fourier
transformed infrared (FT-IR) spectra (see Figure S4 in the
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Supporting Information), in which the main absorption peaks
of functional groups, such as triazine ring, C—O, C—H, and O—
H, gradually became weaker and finally disappeared, thereby
indicating the improvement of carbonization degree with the
elevation of pyrolysis temperature. Moreover, the mass amount
of carbon increased from 42.3% to 81.9%, and the oxygen
decreased from 25.9% to 5.7% (Figure 3c and Figure SS in the
Supporting Information). The amount of nitrogen, however,
fluctuated accordingly and still kept at a high level (12.8% after
pyrolysis at 700 °C). Nitrogen-rich materials, especially
melamine-based materials exhibit excellent fire-resistance. The
high content of nitrogen is beneficial to enhance the fire-
resistance of the obtained aerogels.**** The above results reveal
that the original PMF molecular structure was destroyed after
pyrolysis treatment and carbon-based nitrogen-rich aerogels
were generated. At the same time, significant changes happen
to the aerogel surface wettability. The original PMF aerogel
exhibits surface superhydrophilicity with a contact angle of
48.9°. After pyrolysis treatment, the NRC aerogels became
hydrophobic and the contact angle of the NRC aerogels
changed from 97.4 to 127.2° with increase in the pyrolysis

dx.doi.org/10.1021/am5016342 | ACS Appl. Mater. Interfaces 2014, 6, 6351—-6360
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Figure S. (a) Photographs of toluene-in-water surfactant-free emulsion
before and after absorption with NRC aerogel. The emulsion was
prepared based on toluene/water volume ratio fixed at 1/10 without
any surfactant by ultrasonic. (b) Droplet absorption kinetics of NRC
aerogel at S, 25, and 50 °C. The optical microscopic images of the
emulsion (c) before and (d) after absorption with NRC aerogel.

temperatures (Figure 3d). It can be explained that the number
of hydrophilic functional groups, such as C=0, C-0O, and
—OH, gradually decreased with increasing pyrolysis temper-
ature; finally, these groups disappeared, and the nature of the
remaining carbon is hydrophobic. By the way, when the
pyrolysis temperature is higher than 700 °C, increasing the
pyrolysis temperature has no obvious effect on the NRC
aerogels wettability (see Figure S6 in the Supporting
Information). Therefore, we chose the NRC aerogels pyrolyzed
at 700 °C for further study, as they had the highest
hydrophobicity and carbonization degree.

The resulted aerogels also exhibit excellent performances in
fire-resistant and mechanical behavior. Figure 3e shows the
TGA curve of the NRC aerogels performed at air atmosphere.
The NRC aerogels reveal to consist of outstanding thermo-
stability as they lost little weight even under 500 °C at air
atmosphere, and they exhibit excellent fire-resistant property
when exposed to the flame of the alcohol burner without any
burning. It is much more enough to suffer the oil combustion in
practical oil recovery by an absorption/combustion cycle.
Amorphous carbon cannot bear such high temperature at air
condiction, only graphited carbon can endure harsh terms. For
example, when produced single-walled carbon nanotubes in an
electric arc discharge, the main by-products are amorphous
carbon and graphitic nanoparticles and the purification was
conducted by g phase oxidation of the amorphous carbon in
air at 355 °C.*® In this work, the pyrolysis temperature is 700
°C, which is far away from the graphitization temperature.”’
However, the obtained NRC aerogel can suffer 500 °C in air.
This can be ascribed to the abundant nitrogen of the NRC
aerogel. Furthermore, the NRC aerogels show excellent
mechanical strength. Figure 3f shows plots of compressive
stress-strain for the NRC aerogels. Two distinct stages were
observed during loading the stress, including an approximate
linear elastic region at & < 20%, followed by a densification
region. In the approximate linear elastic region, the compressive
stress gradually increased with the strain, composing a
compress stress of 282 KPa. In the densification region at ¢
> 20 %, the stress rises slightly with compression, because the
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inner honeycomb-like skeleton was gradually destroyed under
the compression. Although the NRC aerogels do not have a
flexible property as the usual carbon-based aerogels as its
special porous structure, but it is because of this that it consists
of a much more outstanding mechanical strength for its
practical oil clean-up applications.

3.2. Oil and Micrometer-Sized Oil Droplet Absorption
Properties. Because of their highly hydrophobic surface, high
porosity, and interconnected porous structure, the fabricated
NRC aerogels exhibit excellent absorbencies for oils and
organic pollutants. Figure 4a shows that when a small piece of
NRC aerogel was forced to the n-hexane layer (dyed with
Sudan I) on a water surface, the oil had been taken up
completely in several seconds. Because of its low density and
hydrophobicity, the NRC aerogel floated on the water surface
after sorption of the n-hexane, indicating its potential use for
the facile removal of oil spillage and chemical leakage and the
ease for recycling. In addition, the NRC aerogels were forced
into the water for quick absorption of chloroform (dyed with
Sudan I and sink at the bottom of water), and also exhibit
quickly oil recovery ability (Figure 4b). The absorption capacity
of various kinds of organic solvents and oils was investigated. As
the density of the NRC aerogel is 0.095 g cm ™, the mass-based
absorption capacity is quite low compared with other aerogels
with just 6—14 times its own weight (Figure 4c).

As we know, the mass-based absorption capacity is strongly
affected by the density of oils and absorbing materials, and in
practical use the volume-based absorption capacity (V.y/
Vaemgel) is also a very important parameter to characterize the
absorptive capability of the absorbents.

V.
—_ % 100%
absorber
Moil/ Kl
M

V% =

X 100%
absorber/'%bsorber

NOilpabsorber
P

X 100%
(1)

So, we also use volume-based absorption capacity investigate
the NRC aerogels oil absorption. As shown in Figure 4d, the
volume absorption capacities of the NRC aerogels for oils range
from 75.5 to 95.6%, indicating that almost the whole volume of
the aerogels is used for oil storage. Compared with other oil
absorbents, the NRC aerogel has showed much higher volume-
based absorption capacity than many previously reported
sorbents, such as ultra-flyweight carbon aerogels (38.1%),'
Fe,0,/C foams (26.7%),>> carbonaceous nanofiber aerogels
(22.8%),* superhydrophobic and superoleophilic polyurethane
sponges (11.5%),** graphene oxide foams (58.9%),%° and
nitrogen-doped graphene frameworks (48.5%).'¢ Although the
volume-based sorption capacity of NRC aerogel is still lower
than that of hydrophobic porous polymethylsilsesquioxane
aerogels,”” magnetic carbon nanotube sponges,'® graphene-
CNT hybrid foams,'! carbon nanotube foams, carbon nano-
fiber/carbon foam composite*® and nanotube-based 3D
framworks,*’ the production method for NRC aerogel is
simple and its precursor materials are conventional industrial
resources. The reason for the high oil-absorption capacity is
that oils are mainly stored in the pores which were formed on
the templates of the HIPE droplets. In this work, the internal
phase fraction of the HIPE templates was 85 vol %, and the
resulted volume-based sorption capacity of NRC aerogel is also
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Figure 6. (a, b) Recyclability of NRC aerogels for absorption of n-hexane when using the distillation method. (c, d) Recyclability of NRC aerogels
for absorption of n-hexadecane (with a boiling point of 287 °C) when using the direct combustion method. The inset shows the photograph of
burning aerogel saturated with n-hexadecane. (e, f) SEM images of the NRC aerogel after 100 absorption/combustion cycles.

around 85%, as the HIPE templates are remarkably stable
without any droplet coalescence maintaining the defined pore
space for oil storage. Even though the porosity of NRC aerogel
is 87.7%, volume-based absorption capacity of some kinds of
absorbed oils exhibits larger than the porosity. As shown in
Figure 4d, only viscous oils like n-hexadecane, oleic acid,
pumping oil possess this result. It can be ascribed to the excess
viscous oils adhering on the absorbent surface resulting in the
volume-based absorption capacity larger than absorbent
porosity. It is safe to say that the volume-based volume
capacity of the HIPE-templated aerogels is controllable by
adjusting the internal phase fraction. Generally, although the
present NRC aerogels exhibit a lower mass-based capacity than
their ultralight carbonaceous absorbents, they still show one of
the most efficient space utilizations for oil absorption.
Furthermore, many micrometer-sized oil droplets were
generated in practical marine oil-spill accidents and cannot be
effectively absorbed by traditional sorbents, resulting in
enormous potential destruction to marine ecosystem. For-
tunately, our fabricated NRC aerogels, consisting of double
pore structure, namely, large pores (ca. 80 ym) and large pore
throats (ca. Sum), can capture and absorb the micrometer-sized
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oil droplets effectively. To test the oil droplets separation
efficiency of the NRC aerogels, a surfactant-free toluene-in-
water emulsion was prepared. A piece of NRC aerogels was
forced into the emulsion, and the emulsion turned transparent
gradually in 15 min at 25 °C (Figure S). To clearly see an
effective separation, optical microscopy was used to observe the
difference of original emulsions and their corresponding
aerogel-absorbed solution. Figure Sd shows that no droplet
exists in the aerogel-absorbed solution in the whole image,
indicating the effectiveness of the NRC aerogels for separating
oil-in-water emulsions. The absorption kinetics was to establish
the time course of oil droplets uptakes on the NRC aerogels
(Figure Sb). It took 10 min to achieve absorption equilibrium
at 50 °C, which was much faster than 25 °C of 16 min and § °C
for 26 min. It indicated that with the increasing of the
temperature the NRC aerogels have a faster absorption rate of
oil droplets. The micrometer-sized oil absorption capacity of
the NRC aerogels may mainly because of the hydrophobic
skeleton of the materials. Unlike other carbon aerogels, which
mostly consisted of nanofibers (nanometer level size) or
submicrometer-sheets,'>™'” these NRC aerogels comprise
micrometer-sheets (tens of micrometers). These large hydro-
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phobic sheets provide large enough contact area with the oil
droplets, resulting in much more time for the oil droplet
contacting with the hydrophobic sheet surfaces. In this way, the
oil droplets break out and wet the hydrophobic sheet (see
Figure S7 in the Supporting Information) and our materials can
absorb the micrometer-sized oils. Therefore, the NRC aerogel
is an ideal absorbent for the separation of oil and water,
especially the absorption of micrometer-sized oil droplets from
aqueous phases, which is well beyond what can be achieved by
most existing aerogels.

3.3. Absorption Recyclability of NRC Aerogels. The
recyclability of the NRC aerogels and the recoverability of
pollutants are key criteria for oil/chemical cleanup applica-
tions.*®~>> The regeneration of NRC aerogels is illustrated in
Figure 6. Firstly, distillation was employed for recycling (Figure
6a). After absorption, the sample was heated to the boiling
point to release the absorbed liquid. Then, we collected the
vapour of the liquid for recycling. It is desirable to note that no
obvious change in absorption capacity was found after 100
absorption/distillation cycles (Figure 6b). This can be likely
attributed to the size and the porous structure, which stayed the
same during the whole process. However, in the practical
situation, the circulatory way of absorption/distillation can only
be applied to repeatedly absorb oils with low boiling point.
Other ways should be introduced to circularly recovery the high
boiling point oils, which cannot be distilled conveniently.
Therefore, direct combustion in air was used as an alternative
method for recycling (Figure Sc, and Figures S8 and S9 in the
Supporting Information). The NRC aerogels were employed
for absorbing hexadecane which have a boiling point of 287 °C
by an absorption/combustion cycle. It is surprising to find that
these NRC aerogels maintain their absorption capacities as high
as 61.2% for its original even after 100 absorption/combustion
cycles (Figure Sd). The weight gain of every cycle of oil-
absorbed NRC aerogels remained unchanged (Figure Sc).
Moreover, from the SEM images of the NRC aerogels that were
used for 100 absorption/combustion cycles in panels e and f in
Figure S, the porous structure still remained perfectly, only with
the skeleton film becoming thinner and resulting in more pore
throats, thus making it recyclable for many times. In this way,
the spill oils can be transferred to a suitable place avoiding
further pollution of the ocean, and can be reused in a energy-
recover step. We contribute this excellent fire-resistant property
to strucutre of the resulting materials: Our aerogels are
nitrogen-rich, exhibiting a much more outstanding fire-resistant
property; in addition, by templating from HIPEs, our aerogels
consist of carbon film of micro-level, which may be beneficial
for fire-resistant and greatly increase the absorption rate and
capacity.The results clearly show the excellent recyclability of
the NRC aerogel when used as an absorbent.**”>

4. CONCLUSIONS

In summary, we report a facile approach to successfully
fabricate the nitrogen-rich carbon aerogel (NRC) with highly
hydrophobic surfaces and excellent fire-resistant property. The
NRC aerogels were used as oil-sorbent materials to absorb oils
or organic solvents in oil-spilled accidents by an absorption/
distillation or absorption/combustion ways effectively. It
maintained 100% for itsinitial absorption capacities after 100
absorption/distillation cycles and 61.2% after 100 absorption/
combustion cycles. Besides, the NRC aerogels can absorb the
micrometer-sized oil droplets which would do inestimable
damage to the marine ecosystem. Other potential applications
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of the NRC aerogel including 3D electrode materials for
lithium-ion batteries, catalyst supports and supercapacitors are
expected to be explored in our future works.
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