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Introduction

ABSTRACT

Low-density aerogels have shown great potential as excellent oil-water sepa-
ration materials in dealing with the growing problem of marine pollution, but
they typically suffer from low oil adsorption capacity, complex process flow,
expensive raw materials, and poor recyclability. In this paper, inexpensive
industrial raw material melamine was introduced into the framework of gra-
phene aerogels, which can be formed into gels (NGAs) in just one step. High-
temperature carbonized nitrogen-doped graphene aerogels (NysCGAs-2) have
the advantages of ultralow density, high porosity, repeatable compressibility,
hydrophobicity, and excellent adsorption capacity. In addition, depending on
the characteristics of the contaminants, Ny sCGAs-2 can be selected for different
recycling methods and exhibits excellent reusability in cycling. It has a high
application value for solving water pollution problems caused by oil spill
accidents and chemical spills.

pollutants. Due to its lower cost and operational
simplicity, physical adsorption is considered the

Oil spills from oil carriers during transportation have
caused severe economic losses and significant dam-
age to local marine ecosystems. Industrial water
pollution with dissolved oil or toxic organic reagents
also seriously affects the living environment of
humans and their health [1, 2]. At present, adsorp-
tion, combustion, biodegradation, photolysis, mem-
brane separation [3-7], and other technologies have
been applied to oil and water separation of
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most appropriate technology for oil pollution treat-
ment. However, achieving high efficiency and low-
energy consumption for oil spill cleanup is still a
significant challenge. Therefore, it is significant to
synthesize a high-performance adsorbent material to
adsorb oil and organic solvents. Currently, the com-
monly used oil-adsorbing adsorbents include three
types: natural plant fibres such as cotton, straw, and
wood fibres, which are mainly agricultural products
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that are widely sourced and degradable and have the
advantages of economy and environmental protec-
tion but have poor adsorption capacity and low effi-
ciency [8-10]. Porous materials such as zeolites, clay,
and activated carbon, mainly inorganic materials, are
loose, porous, and inexpensive and have good
adsorption capacity, but they have poor oil-water
selectivity and are difficult to reuse [11, 12]. These
traditional adsorbents generally have the disadvan-
tages of relatively low efficiency, insufficient separa-
tion capacity, and secondary contamination.
Therefore, preparing ideal adsorbents with oil-water
selectivity, low cost, simple process, high adsorption
capacity, and proper recycling is essential in
wastewater treatment [13, 14].

Graphene has a unique single-atomic layer, two-di-
mensional structure, and large specific surface area, so
it is widely used in advanced materials and is consid-
ered an ideal precursor for chemical modification and
composite assembly [15]. By compounding other
materials and controlling the graphene aerogel mor-
phology, low-density, multifunctional, and porous
aerogels can be synthesized [16, 17]. For example,
graphene/carbon nanotube aerogels have been used
as adsorbents for oil-water separation [18], and gra-
phene/COFs (covalent organic frameworks) aerogels
have been used as oil adsorbents or supercapacitor-
based energy storage devices [15]. Heteroatom doping
is a common means of graphene modification. Inter-
estingly, many of the previously reported work, the
preparation of nitrogen-doped aerogels was intended
to enhance electrochemical performance, but obtained
aerogels with excellent physical adsorption properties.
Zhao et al. [19] prepared ultralight nitrogen-doped
aerogels using small molecules of pyrrole for applica-
tions such as oil adsorption, supercapacitors, and cat-
alysts, with up to 600 times the adsorption
performance of organic solvents. Wang et al. [20] used
polyvinylpyrrolidone to prepare nitrogen-doped
aerogels for supercapacitors and oil-water separation.
Li et al. prepared [21] that graphene/dopamine aero-
gels have been used in oil adsorption or high-perfor-
mance sensors. Nitrogen atom doping of graphene can
affect the lattice structure of graphene lamellae, creat-
ing better conditions for their adsorption as well as
catalytic properties [22-24]. These composite aerogels
typically have a low density and porous nature and
thus offer significant advantages in oil-water separa-
tion. Additives acting as a support framework can
effectively prevent excessive stacking of graphene
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sheets, reducing the aerogel density and enhancing the
original aerogel performance. However, the additive
materials used in these methods are more expensive or
have longer experimental cycles, which is not con-
ducive to practical production applications. Therefore,
it is crucial to control the morphology of graphene
aerogels through a simple process, short experimental
cycle, and low-cost method to achieve enhanced
aerogel properties for practical applications.

Here, this paper creatively introduces the inex-
pensive industrial raw material melamine directly
into the graphene aerogel framework, and melamine
played the role of a supporting skeleton in the self-
assembly process of graphene sheets to form the gel,
preventing the three-dimensional graphene network
from overstacking and forming an interconnected
network with multilevel porosity. In addition, the
high-temperature pyrolysis of melamine further
reduced the density of the aerogel and doped the
nitrogen atoms into the graphene lattice. The previ-
ous work gave a rough report on the hydrophobicity
of nitrogen-doped aerogels [25], and this paper dis-
cusses in detail how melamine affects graphene at
various stages and forms aerogels with excellent
properties such as ultralow density (approximately
3.5 mg/cm?), large specific surface area (133.94 m?/
g), superhydrophobic (158.2°), and excellent adsorp-
tion capacity for organic solvents (440 g/g for chlo-
roform). More impressively, the aerogel can be
selected for different recycling methods and exhibits
excellent reusability in cycling. Therefore, it had great
application value in dealing with marine oil spills.

Experimental
Materials

Natural flake graphite (99.95%, 325 mesh) and sodium
ascorbate (CqH;OgNa, 99%) were purchased from
Aladdin. Melamine (C3HgNg, 99.5%) was purchased
from the Tianjin Institute of Fine Chemicals. Sodium
ascorbate (C¢H;OgNa, 99%) was purchased from
Aladdin. Hydrogen peroxide (H,O,, 30%) was pur-
chased from Tianjin Zhengcheng Chemical Products
Co., Ltd. Deionized water was homemade through a
laboratory purified water system. All chemicals used
in the experiments were of analytical grade and used as
received without further purification.
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Preparation of the graphene oxide
suspension

According to a modified Hummers’ method [26],
graphene oxide (GO) was prepared from natural
graphite powder. The GO suspension was prepared
by centrifugation, sonication, and dispersion of GO in
deionized water.

Preparation of reduced graphene oxide
aerogels (NGAs)

GO prepared by Hummers’ method was formulated
into a 2-mg/ml graphene solution, stirred, and soni-
cated. Sodium ascorbate, melamine, and 30% hydro-
gen peroxide were sequentially added to the GO
solution, where the ratios of melamine to GO were
1:0, 1:0.25, 1:0.33, 1:0.5, and 1:1. The mixed solution
was stirred and sonicated until the components were
homogeneous. The mixture was sealed in a certain
number of ampoules and heated in an oil bath pot at
100 °C for 2 h, 4 h, 8 h, and 12 h. After the ampoules
were cooled to room temperature, the ampoule was
destroyed, and the obtained hydrogel was immersed
in deionized water for 1 h. The washed aerogel was
then freeze-dried at -80 °C for 24 h to produce mel-
amine-modified nitrogen-doped graphene aerogel.
The corresponding aerogels were denoted N,GAs-y,
where x is the mass ratio of melamine to GO, and y is
the reaction time. When x equals 0, the aerogels were
denoted GAs-y.

Preparation of nitrogen-doped carbon
graphene aerogels (NCGAs)

Under 99.9% purity nitrogen protection, the freeze-
drying aerogels were transferred to a quartz tube
furnace for carbonization treatment. Heat the quartz
tube furnace to 800 °C at a heating rate of 5 °C/min
and hold it at 800 °C for 120 min, waiting for natural
cooling to room temperature to obtain nitrogen-
doped carbon graphene aerogels. The samples of
NGAs after pyrolysis were designated NCGAs.

Characterization

The morphology and microstructure of the NCGAs
were characterized with scanning electron micro-
scopy (SEM, Hitachi S-4700). High-resolution X-ray
photoelectron spectroscopy (XPS, ESCALAB 250) was
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performed to analyse the surface chemical composi-
tion and the atomic ratio of elements in CGAs-2 and
NCGAs-2. An X-ray diffraction (XRD, Ultima 1V)
system was applied to measure the XRD patterns
with Cu Ko radiation and a scanning rate of 10°/min.
Raman spectra were recorded at an excitation
wavelength of 633 nm using a Reflex inVia Raman
microscope. The nanoscale pore size distribution and
specific surface area of the NCGAs were measured
via adsorption and desorption of N, (BET, ASAP-
2460-4N) based on Brunauer-Emmett-Teller (BET)
theory and the Barrett-Joyner-Halenda (BJH)
method. The contact angles of CGAs and NCGAs
were measured with 3-pL droplets of water using the
contact angle measuring system (Dataphysics TBU
90E) at room temperature.

Density and porosity

The volume of CGAs and NCGAs was calculated by
measuring the length and bottom diameter using a
digital Vernier calliper, and their masses were mea-
sured using a balance with 0.1 mg accuracy. The tests
were performed at room temperature and atmo-
spheric pressure, so the density of air stored in the
pores inside the aerogel was unavoidable. The den-
sity (p) of the graphene aerogels was calculated by

Eq. (1):
m
p 0 (1)

Adsorption capacity and reusability

CGAs-2 or NpsCGAs-2 was weighed at room tem-
perature and atmospheric pressure and then
immersed in a container pre-filled with or oil organic
reagents. After equilibrium of aerogel adsorption,
saturated CGAs-2 or N sCGAs-2 was separated from
the beaker containing the organic solution and
weighed. Use Eq. (2) to calculate the adsorption
capacity (Q) of the aerogel.

Q(g/g) = (m —mg)/mqo ()

where Q is the adsorption capacity of CGAs-2 or
NosCGAs-2, and mg and m are the weights of CGAs-2
and NysCGAs-2 before and after adsorption,
respectively.

The adsorption capacity evaluated the reusability
of NosCGAs-2 after 20 adsorption—desorption cycles.
Anhydrous ethanol was selected as the standard
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organic solvents to test adsorption—combustion, the
adsorption—desiccation of NysCGAs-2 for 20 cycles,
and the adsorption—combustion of Ny sCGAs-2 for 10
cycles. Chloroform was selected as the model oil to
test the adsorption—distillation of NysCGAs-2 for 20
cycles.

Results and discussion

GO, as the precursor, is of great importance to the
final structure and property of graphene aerogels and
can be easily dispersed in pure water because of its
abundant carboxyl and hydroxyl groups. The fabri-
cation process of CGAs and Ny5CGAs-2 is shown in
Fig. 1. In the fabrication process, sodium ascorbate,
melamine, and hydrogen peroxide were added to the
GO suspension to synthesize the hydrogel in one
step, removal of water by freeze-drying without
destroying the porous structure of aerogels, and the
N-doped aerogels were obtained. In order to sys-
tematically study the effect of heteroatom doping on
aerogel density and to better understand the mecha-
nism of aerogel growth, samples with different ratios
of N doping were prepared. More specific details are
presented in the Experimental Section. GO is reduced
to rGO by sodium ascorbate and rapidly forms a
porous three-dimensional network by n-m stacking.
Meanwhile, melamine was physically cross-linked
into the graphene network through noncovalent
interactions and prevented excessive stacking of
sheets. The addition of hydrogen peroxide increased
the porosity of the aerogel.

Figure 2a shows a photograph of a piece of Nys.
CGAs-2 placed on cotton. Only a few outstretched
cotton fibres could bear the weight of NysCGAs-2,
which was sufficient to show that NjsCGAs-2 was
ultralight in mass and extremely low in density. SEM
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was used to characterize the surface morphology of
CGAs-2 and Nyps5CGAs-2, and many pores were
clearly observed in the SEM images of both CGAs-2
and NpsCGAs-2. The porous structure provided a
large specific surface area for the aerogels and pro-
vided more adsorption sites for the aerogels, making
it easier for the solvent to be transported to the sur-
face of the aerogels, thus enhancing the adsorption
capacity of the aerogels [27]. Figure 2b shows that
NosCGAs-2 stacked to form a more regular lamellar
structure, providing a vertical channel for the entry of
organic solvents. Furthermore, Fig. 2c and d shows
the presence of interconnected nanosheets of Nys.
CGAs-2, forming a honeycomb-like pore structure
and open pores with a width of 20-40 um (Fig. 2e),
which facilitate the uptake of organic solvents.

In contrast, CGAs-2 exhibited a more disordered
microstructure, as shown in Fig. 2f, g, and a smaller
number of pores relative to NosCGAs-2. The pres-
ence of lamellar and honeycomb structures and open
pores of NosCGAs-2 enhanced the capillary flow of
oil and organic solvents [28]. The main reason for the
excellent dispersion of graphene lamellae in the
NpsCGAs-2 network was that melamine effectively
prevented severe aggregation and restacking
between graphene lamellae during the gel generation
process, increasing the specific surface area. In
addition, the specific surface area of NysCGAs-2
(Fig. Sla, 133.94 m?/g) is much larger than the
specific surface area of CGAs-2 (Fig. S1b, 67.68 m*/g).
The layered channel and honeycomb structure enable
NosCGAs-2 to compress and restore its original
shape quickly after removing the external force. First,
in gelation, the cross-linking effect of melamine made
the graphene sheets stack effectively to form a more
regular and ordered structure. Second, after
pyrolyzing melamine at high temperature, new voids

Figure 1 Scheme of the synthetic procedure for the preparation of the rGO/melamine porous aerogel.
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Figure 2 Structural characterization of aerogels. a Photograph of
No.sCGAs-2 placed on the cotton. B, ¢, d and e SEM photos of
Ny sCGAs-2 at different scales. f and g SEM photos of CGAs-2 at
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different scales. h Snapshots demonstrate the super compressibility
of the Ny sCGAs-2.
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Figure 3 a Density changes of GAs and NGAs under different doping ratios and times. b Density changes of CGAs and NCGAs under

different doping ratios and times.

were formed in the original position, leading to
NpsCGAs-2 having an elastic frame. As shown in
Fig. 2h, during the extrusion of NpsCGAs-2, the
height of Ny sCGAs-2 was compressed by nearly 50%.
After removing the external force, NosCGAs-2 fully
recovered to its original height and shape, and no
obvious macroscopic deformation was observed.
The volume changes before and after carbonization
were almost negligible, indicating that the presence

of graphene provided a carbon skeleton with good
dimensional stability for the aerogel, and melamine
would not destroy the stable three-dimensional
structure of the aerogel during the pyrolysis process.
Melamine played a role in supporting the skeleton
during the graphene stacking process, effectively
preventing excessive stacking of the lamellae and
enabling the formation of a network with high-
porosity interconnections.
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Figure 3a and b shows the change in aerogel den-
sity with different doping ratios and different reac-
tion times and further analyses the role of melamine
in the system. GA-2 had a density of 7.5 mg/cm®,
CGA-2 had a density of 3.38 mg/cm’, GA-12 had a
density of 19.84 mg/cm?®, and GA-12 had a density of
12.4 mg/cm’. The density changes of GAs and CGAs
were much more significant than those of NGAs and
NCGAs with increasing the time spent stacking gra-
phene into a gel. We believe that as the gelation time
increases, the aerogel stacks become tighter, and the
gap between the lamellae becomes smaller. Melamine
acts as a cross-linking agent, effectively preventing
any further reduction in the gap between graphene
sheets and forming an ordered stacking structure. In
addition, Fig. 3b shows that the NCGAs lost signifi-
cantly more weight than the CGAs during car-
bonization due to the decomposition of melamine
during carbonization, which further reduced the
density of the aerogels while doping nitrogen atoms
into the graphene lamellae. The apparent density of
N sCGAs and N;CGAs did not change much in the
reaction time range of 2-12 h, indicating that the
graphene sheet stacking process was relatively per-
fect after 2 h, and it was difficult to further reduce the

J Mater Sci (2023) 58:11697-11710

Compared with that of Ny sCGAs, the overall density
of N;CGAs increased, which should be due to the
incomplete decomposition of melamine during the
carbonization process, resulting in improved aerogel
quality. Among the different doping ratios, NosCGAs
had less apparent density variation in the reaction
time range of 2-12 h and the lightest average density
of approximately 4 mg/cm’, making its more theo-
retically applicable.

Chemical properties and water contact angle

The elemental compositions and nitrogen bond con-
figurations in CGAs-2 and NCGAs-2 were analysed
by x-ray photoelectron spectroscopy (XPS). As shown
in Fig. 4a, the XPS spectrum of CGAs-2 only indi-
cated the presence of carbon and oxygen atoms,
while the XPS spectrum of the NCGAs-2 sample
clearly showed the intercalation of nitrogen atoms
into the graphene network. XPS elemental analysis
(Table 1) showed the atomic proportions of CGAs-2
and NCGAs-2. The nitrogen content of NCGAs-2
increased with the proportion of melamine in the
system. Therefore, the ratio of graphene and mela-
mine in the system could be controlled during the

interlayer gap with increasing reaction time. gelation stage, thereby realizing NCGAs-2 with
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Table 1 Detailed XPS data of CGAs-2 and NCGAs-2

Sample C (at%) O (at%) N (at%)
CGAs-2 90.94 9.06 0
No.25CGAs-2 88.84 8.81 2.35
No33CGAs-2 90.96 5.84 32
No.sCGAs-2 89.87 6.6 3.53
N;CGAs-2 90.49 5.17 434

different nitrogen doping ratios. In addition, the O
content continued to decrease as the N content
increased, which indicated that the removal of oxy-
gen-containing groups on the graphene surface pro-
vided active sites for nitrogen doping into the
graphene lattice. In the graphene lattice, carbon
atoms that connect to oxygen-containing groups were
more easily replaced by nitrides generated by the
pyrolysis of melamine at high temperatures, which is
consistent with the conclusions obtained by the pre-
vious researchers [29].

The structures of CGAs-2 and NCGAs-2 were fur-
ther analysed using Raman spectroscopy (Raman)
and X-ray diffraction (XRD). Figure 4b shows the
Raman spectra of CGAs-2 and NCGAs-2, with two
remarkable bands at approximately 1337 cm™' and
1593 cm™!, which can be assigned to the D- and
G-bands of carbon, respectively. Specifically, the D
peak was generally considered the disordered
vibrational peak of graphene, which was caused by
lattice vibrations far from the Brillouin centre and
was used to characterize structural defects or disor-
dered structures in graphene. The G peak was the
prominent characteristic peak of graphene caused by
the in-plane vibration of carbon atoms and was used
to characterize the degree of graphitization of gra-
phene. The intensity ratio (Ip/Ig) of the D- and
G-bands is usually used to measure the defect level of
graphite materials [22, 30]. The addition of H,O, in
the preparation process to generate more holes
increased the number of defects and disordered
structures of CGAs-2, which resulted in an Ip/Ig ratio
of CGAs-2 of 1.462. The Ip/I; of NCGAs-2 was lower
than that of CGAs-2, indicating that the regularity of
NCGAs-2 was higher than that of CGAs-2, which
indicated that the nitride introduced by melamine
cleavage could repair the lattice structure of graphene
to some extent. However, with the increase in nitro-
gen content, the Ip/Ig ratio of NCGAs-2 gradually
increased. The degree of disorder of NCGAs slightly
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increased with the doping ratio, which was caused by
the augmentation of the disorder degree caused by
the incomplete decomposition of more melamine at
high temperatures with the increase in doping ratio.

X-ray diffraction (XRD) is an effective method used
to study the microstructure of crystalline substances
and certain amorphous substances. Figure 4c shows
the XRD patterns of CGAs-2 and NCGAs-2. CGAs-2
showed a broad peak at 20 =23.8° (d-spac-
ing = 0.38 nm), corresponding to the diffraction of
the graphitic carbon (002) plane, which means that
reduced graphene oxide formed [31]. Relative to that
of CGAs-2, the peak position of NCGAs-2 shifted to
the right, and the broad peak of NgsCGAs-2
appeared at 26.5° (d-spacing = 0.34 nm). However,
with increasing nitrogen content, the broad peak of
NCGAs-2 gradually shifted, and the broad peak
positions of N;CGAs-2 (20 =24.2°, d-spac-
ing = 0.38 nm) and CGAs-2 almost coincided. The
reduction in interlayer space reflected the elimination
of oxygen-containing functional groups to a certain
extent [5], which also indicated that high-temperature
melamine cleavage products had specific reducing
properties, which could reduce the oxygen content of
graphene and shorten the gap between graphene
sheets. However, melamine played a supportive role
in the gelation stage by preventing excessive stacking
of graphene lamellae and increasing the layer spac-
ing. As the proportion of melamine in the system
increased, the spacing between graphene sheets in
NCGAs-2 gradually expanded. The XPS, Raman, and
XRD results of CGAs-2 and NCGAs-2 indicate that
the nitrides produced by melamine had a reducing
effect, which attacked the oxygen-containing group
active sites at high temperature and partially restored
the graphite lattice structure.

The high-resolution C1s XPS spectra (Fig. 4d and e)
of CGAs-2 and NCGAs-2 showed one main peak at
284.4-285.0 eV, corresponding to sp2-hybridized
graphitic carbon atoms and small signals at higher
binding energies, indicating that some C-N or C-O
species remained in CGAs-2 and NCGAs-2 [32]. In
the Cls spectra of CGAs-2 and NCGAs-2, the sharp
peak at 284.8 eV corresponding to sp2 carbon atoms
indicated that most of the carbon atoms were in the
form of a conjugated honeycomb lattice. The
286.2 eV, 287.8 eV, and 289.2 eV peaks correspond to
oxygen-containing groups such as C-O/C =N,
C=0/C-N, and O-C = O, respectively [29]. Simi-
larly, the high-resolution Nl1s spectra (Fig. 4f) of
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Figure 5 a Water contact angle of CGAs-2 and CGAs-2. b Water
droplets (dyed blue by blue ink) remain on the NjysCGAs-2
surface. ¢ Oil droplets (dyed red by Sudan III) are quickly

NpsCGAs-2 could be fitted to four peaks at 398.2,
399.5, 401.1, and 402.6 eV, corresponding to pyri-
dinic-N, pyrrolic-N, graphitic-N, and oxidized nitro-
gen peak (as illustrated in Fig. 4g), respectively
[24, 29, 33]. In the previous work, Sheng et al. sug-
gested that pyridinic-N determines the electrocat-
alytic ORR activity of nitrogen-doped graphene [29].
NpsCGAs-2 exhibits a high nitrogen doping content
and thus has potential applications for electrocataly-
sis in the ORR.

As depicted in Fig. 5(a), the water contact angle
gradually increased with the increase in melamine
content in the system. The water contact angle of
CGAs-2 was 122.5° while that of NysCGAs-2 was
158.2°, which corresponds to the previous character-
ization results. The pyrolysis of melamine under
high-temperature conditions replaces the oxygen
atoms on the graphene oxide surface, leading to a
reduction in hydrophilic groups on the graphene
lamellae. As a result, the water contact angle of the
aerogel increases on a macroscopic scale. The abrupt
change from Nj33CGAs-2 to N0.5CGAs-2 in the
water contact angle may be attributed to the forma-
tion of a more regular lamellae structure, which
enhances the hydrophobicity of the aerogel by
increasing its roughness and forming an air barrier
between water droplets and the aerogel surface (as
described in [34, 35]). The sequence of events is
clearly illustrated in Fig. 5b, where water droplets fall
on the N sCGAs-2 aerogel but cannot be adsorbed,
whereas oil droplets are instantaneously adsorbed by
NosCGAs-2 (Fig. 5¢). Figure 5d shows the aerogel
surface after the test. The superhydrophobic proper-
ties make NpsCGAs-2 a promising candidate for
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adsorbed on the Ny sCGAs-2 surface. d Ny sCGAs-2 surface after
adding water and oil droplets.

marine oil spill treatment and provide a theoretical
basis for the oil-water selectivity described below.

Adsorption properties and reusability

Due to its porous structure, large surface area, low
density, and excellent mechanical stability, the Ny s.
CGAs-2 aerogel should be a promising adsorber for oil
and other organic pollutants. The adsorption selectiv-
ity of the aerogels was analysed by contacting Ny 5.
CGAs-2 with underwater chloroform (dyed red by
Sudan III). The rapid adsorption of dyed chloroform
was observed within one second, and the adsorption of
chloroform was complete in three seconds (Movie S1).
The adsorption of oil slicks on water was then tested,
and hexane was also adsorbed within seconds (Movie
52). In this process, the aerogel adsorbs organic sol-
vents selectively and leaves behind pure water (Fig. 6).

Due to its ultra-lightweight, low density, oil-water
selectivity, and compressibility recoverability, Ngs.
CGAs-2 has significant advantages in removing pollu-
tants such as oil and organic solvents and is an ideal
candidate as an adsorbent, which was fully confirmed by
various solvent adsorption experiments. Therefore, we
have tested the adsorption capacity of NosCGAs-2 and
CGAs-2 using various oils or organic reagents. These oils
or organic solvents are common organic pollutants in
daily life and industrial production and include chloro-
form, tetrachloromethane, peanut oil, hexane, silicone
oil, N-IN-dimethylformamide, ethanol, glycol, tetraethyl
orthosilicate, ethylenediamine, and tetrahydrofuran.

In tests on different oils and solvents, Ny 5CGAs-2
exhibits excellent adsorption capacity ranging from
188 to 440 time, even peanut oil with high viscosity
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Figure 6 a—e Selectively remove chloroform (dyed red by Sudan III) from the water using Ny sCGAs-2. f~m Removal of light oil (n-
Hexane, dyed red by Sudan III) from the water (dyed blue by blue ink) surface using Ny sCGAs-2.

(Fig. 7a). As Fig. 7b shows, the adsorption capacity of
NosCGAs-2 was significantly higher than that of
CGAs-2 (adsorption capacity ranging from 141 to 342
times). Aerogels adsorption of oil or organic solvents
is mainly a physical process rather than a chemical
combination, and the density and viscosity of the
adsorbent solvent directly affect the magnitude of the
adsorption capacity [36]. The adsorption capacities of
NosCGAs-2 and CGAs-2 were consistent with the
microscopic characterization results of aerogels. The
capillary effect was considered to be the driving force
for the adsorption and transfer of oil and organic
solvents into the aerogel, and the oil and organic
solutions entering the aerogel could spontaneously
enter the aerogel through capillary action [37, 38].
The rich laminar porous structure, honeycomb-like
structure, and larger specific surface area of Nys.
CGAs-2 provided more adsorption sites, richer cap-
illary channels, and broader oil storage space for the
adsorption of oil and organic solvents. Therefore, the
adsorption capacity of Ny sCGAs-2 is higher than that
of CGAs-2.

More importantly, compared with the oil-ad-
sorbing capacity of the reported oil-adsorbing mate-
rials, as listed in Table 2, the oil-adsorbing capacity of
NpsCGAs-2 showed a clear advantage. Due to the

simple synthesis method, short cycle time, and low
drug cost, the prepared NysCGAs-2 has broad and
essential application prospects for oil cleanup and
industrial wastewater treatment. Most pollutants are
toxic or valuable raw materials, and porous adsor-
bent materials [48] can be recycled post-treatment
after the adsorption of pollutants to achieve energy
cost savings. Therefore, recyclability and reusability
are critical indicators for assessing the application of
adsorbent materials. Different methods can be used
for different types of contaminants. Toxic or nonre-
coverable organic contaminants can be removed by
drying or combustion, and expensive reagents can be
recovered by distillation [46, 49]. To demonstrate the
cyclic uptake ability of NosCGAs-2, we first per-
formed adsorption—drying—adsorption, adsorption—
combustion-adsorption, and adsorption—-squeezing—
adsorption experiments using ethanol as a model oil.
After NpsCGAs-2 adsorbed ethanol, it was dried
directly in a drying oven at 60 °C for one hour. The
cycle was repeated 20 times, and the minimum
adsorption amount was 89.2% of the first adsorption
amount (Fig. 8a), which indicated that the Ny sCGAs-
2 aerogel had excellent thermal stability. The satu-
rated adsorbed NysCGAs-2 was ignited, and the
adsorbed solvent was removed directly by
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Figure 7 a The adsorption capacity of Ny sCGAs-2 toward different kinds of oil and organic solvents. b The adsorption capacity of

CGAs-2 and N sCGAs-2 for various oils and solvents.

Table 2 Comparison of various graphene aerogels

Adsorbent material Maximum adsorption capacity (g/g) Lowest density (mg/cm®) Refs
Graphene/ethylenediamine aerogel 250 4.4 [39]
Graphene/cysteamine aerogel 310 4.2 [11]
Graphene/cellulose aerogel 197 5.9 [40]
Spongy Graphene 86 12 [41]
Anisotropic graphene aerogels 200 4 [42]
Graphene/polyvinyl alcohol/cellulose nanofiber aerogel 287 6.17 [43]
Carbon aerogels derived from sisal fibers 188 [44]
Graphene/nanofibrillated cellulose aerogel 265 5.6 [45]
Carbon nanotubes/graphene hybrid aerogel 83 6.2 [46]
Graphene Aerogel Millispheres 195 5.0 [47]
This work 440 35

combustion (Fig. 8b, Movie S3). After 10 combustion
cycles, the adsorption decreased to 70.2% of the initial
capacity. Due to its high initial adsorption capacity,
even if the final adsorption efficiency dropped to
50.6%, its adsorption capacity was still as high as
105 g/g. Subsequently, to further test the refractori-
ness, NosCGAs-2 without adsorbed organic solvents
was placed on the flame of the alcohol lamp for 1 min
(Fig. 9, Movie 54). Its macrostructure showed slight
carbonization marks on the surface, and overall
structure is not damaged. And under the same con-
ditions, the fire resistance of CGAs-2 is significantly
inferior to that of NosCGAs-2 (Fig. 52, Movie S5).
These results show that the N sCGAs-2 aerogel had
good fire resistance and excellent structural stability,
the adsorbed organic solvent could be easily removed
using drying and in situ combustion, and the aerogel
still maintained its basic framework without col-
lapsing or burning in the air. The direct extrusion
method was more attractive than easy heat treatment

@ Springer

because it was highly effective in terms of energy
consumption and ease of operation. The pressure was
applied in the axial direction, with NsCGAs-2
adsorbed with saturated ethanol, for approximately
50% deformation. After 10 cycles of the adsorption—
extrusion operation, the minimum adsorption
amount was 89% of the first adsorption amount,
which indicates that NosCGAs-2 has good flexibility
and structural stability (Fig. 8c). Distillation was
suitable for removing expensive contaminants or
those with low boiling points. Distillation was more
economical and environmentally friendly than direct
drying or combustion; distillation did not require
secondary treatment, unlike direct extrusion. We
performed adsorption—distillation—adsorption exper-
iments using chloroform as the model oil. Distillation
was performed for one hour at a temperature slightly
above the boiling point and repeated 20 times, and
the minimum adsorption amount was approximately
83% of the first adsorption amount (Fig. 8d).
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Figure 9 Process of Ny sCGAs-2 under the combustion of alcohol lamp lasting for different time.
Conclusions organic solvent pollutants. Compared with most of
the current ultralight materials, the preparation
method is simple and inexpensive and is expected to
be applied in industrial production. Melamine cross-
links three-dimensional graphene networks during
gel formation and prevents excessive stacking of
lamellae. High-temperature pyrolysis of melamine

In summary, this study utilizes the inexpensive
industrial raw material melamine in combination
with graphene to prepare ultralight, structurally
stable, and repressively compressible aerogels with
applications for the efficient adsorption of oil and

@ Springer
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further reduces the aerogel density and expands the
pore size. The capillary channels and honeycomb-like
pore structure formed by the stacked NosCGAs-2
lamellae facilitate the uptake and transfer of oil and
organic solvents, providing the basis for their ultra-
high adsorption capacity. NpsCGAs-2 has an
adsorption capacity of up to 440 times its mass for
organic contamination, higher than that of most
reported adsorption materials. The recovery method
of NysCGAs-2 can be selected according to the type
of contaminant, maintaining nearly 90% adsorption
capacity after 20 adsorption—desorption cycles. The
prepared Ny sCGAs-2 has the advantages of ultralow
density, high adsorption capacity, excellent recovery
capacity, good selectivity, low cost, simple process
flow, environmental protection, etc. It is ideal for oil
spill cleanup and has a high application value in
addressing the increasing oil spill accidents and
severe water pollution caused by chemical spills.
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