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Abstract
Three-dimensional (3D) porous network materials with large pore volume, high specific surface area, and controllable porosity
have potential application in wastewater treatment. This work aims to develop a novel hyperelastic and ultra-light magnetic
reduced graphene oxide (rGO-Fe3O4) 3D framework with a density of 4.52 mg cm−3 through a covalent bond of aminated
nanomagnetite (Fe3O4-NH2) onto graphene oxide (GO) and subsequent reduction. This 3D framework exhibited high adsorption
capacities to ethyl acetate (215.8 ± 11.8 g g−1), cyclohexane (239.7 ± 9.9 g g−1), acetone (149.1 ± 6.5 g g−1), dichloromethane
(308.0 ± 16.4 g g−1), and sesame oil (204.7 ± 10.2 g g−1), which were much higher than those of pure rGO aerogel (45.6 ±
2.3 g g−1 to ethyl acetate). Meanwhile, the 3D framework demonstrated superelastic mechanical properties with a 100%
recoverability during the cyclic compression loading tests under an optimal fabrication condition of 1 mgmL−1 GO concentration
and 3:1 mass ratio of GO to Fe3O4-NH2 nanoparticles. Most importantly, this rGO-Fe3O4 3D framework could achieve an
effective oil/water separation within only 25 s and maintained an outstanding adsorption capability to ethyl acetate after 10 cycles
of the adsorption/desorption process without any obvious change, depicting an excellent recyclability and reusability. This work
aims to provide a promising material for environmental control and oil/organic solvent adsorption.
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1 Introduction

The frequent occurrence of oil spills in the oil exploration and
transportation process [1], for example, Amoco Milford
Haven oil spill [2] and Gulf of Mexico oil spill [3], has result-
ed in the waste of energy sources and polluted the marine
ecological environment [4, 5]. Oil spill in water can seriously
harm human health as well [6]. In addition to oil spills, the
discharge of a large amount of industrial oily sewage and
organic solvent wastewater further threatens the public health

and terrestrial ecosystems [7]. Currently, the main methods to
handle oil spill and organic solvent wastes include chemical
treatment (such as surfactants), in situ combustion, and biore-
mediation [8–11]. These methods could alleviate the harm of
oil spill and organic solvent wastes to a certain extent, but the
high operation cost, secondary contamination, and relatively
low treatment efficiency restrict their large-scale deployment
[12].

Among these methods, adsorption has the advantages of
low cost and high efficiency for removing oil and organic
solvent wastes [13]. The materials used in the adsorption pro-
cess could be roughly divided into four types, i.e., zero-
dimensional (0D), one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) matrix materials.
Nevertheless, the recycling of 0D (for example, calcite [14],
silica nanoparticles, nickel oxide [15], ferric oxide [16], and
other metal oxide) and 1D (including carbon nanotubes [17],
cellulose nanofibers [18]) adsorbents is still a challenge. 2D
materials, such as electrospun nanofibrous mat [19], cotton
fabrics [20, 21], and membrane [22], have very poor oil and
organic solvent waste retention capability. Although 3D
graphene aerogel has shown good oil adsorption capacity
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[23], the lack of elasticity and the difficulty of recycling limit
its practical applications. To solve the recycling problem,
magnetic nanoparticles are usually loaded onto graphene
aerogel, which realize the rapid separation of graphene
aerogels after adsorption under the applied external magnetic
field [24, 25].

The attachment of magnetic nanoparticles onto graphene
could be achieved via two ways: covalent bond and physical
adsorption [26]. Usually, physical adsorption driven by the van
der Waals force has the problem of weak interactions and the
nanoparticles are easily detached upon the exposure to harsh
environments. As for the covalent bond method, organic com-
pounds or functional polymers (mostly organic molecular
chains) are commonly adopted as bonding media or bridge.
The surface of magnetic nanoparticles is functionalized by ap-
propriate organic compounds, and a hybrid assembly is possible
to be formed [27]. Because of the covalent bond, magnetic nano-
particles could be evenly distributed on the surface of graphene.
Meanwhile, the formation of aggregates is avoided and a quan-
titative loading is able to be attained through the control of
functional groups. To date, the graphene aerogels covalently
bonded with uniformly distributedmagnetic nanoparticles have
not been reported for oil and organic solvent adsorption yet.

In this study, stable magnetic graphene aerogels (rGO-
Fe3O4) have been constructed via covalently bonded aminated
nanomagentite (Fe3O4-NH2) onto graphene oxide and subse-
quent reduction process. The covalent bond between amine
group on nanomagentite and carboxyl group on graphene ox-
ide helps nanomagentite to be uniformly distributed on the
graphene sheets, and the subsequent reduction process (i.e.,
high-temperature annealing) makes the final rGO-Fe3O4

aerogels more hydrophobic which favors the adsorption of
oil and organic solvents. The fabrication conditions for the
rGO-Fe3O4 3D framework have been exploited to acquire
the optimal structure, excellent adsorption performance, and
recyclability by considering the concentrations of the GO so-
lution and weight ratio of GO to Fe3O4-NH2. The magnetic
rGO-Fe3O4 aerogels exhibit a strong mechanical property and
hyperelasticity. Compared with pure rGO aerogel, this
superelastic rGO-Fe3O4 3D framework displays an outstand-
ing adsorption capacity, high oil/water separation efficiency,
superb recyclability and reusability.

2 Experimental

2.1 Materials

Graphite sheets (325 meshes, 99.5%) were provided by Alpha
Essar Co., Ltd. (Shanghai, China). Triethylenetetramine (>
98%) was purchased from TCI-Tixi Ai (Shanghai) Chemical
Industry Development Co., Ltd. Potassium persulfate (99.0%)
was obtained from Beijing InnoChem Science & Technology

Co., Ltd. Acrylic acid (> 99.7%), phosphorus pentoxide
(98.0%), L-ascorbic acid (> 99.7%), hexane (> 99.5%), ace-
tone (> 99.5%), ethyl acetate (> 99.5%), concentrated sulfuric
acid (95.0–98.0 wt%), hydrogen peroxide (30 wt%), ammo-
nium persulfate (≥ 98.5%), and potassium permanganate
(99.5%) were supplied by Sinopharm Chemical Reagents
Co., Ltd. Fe3O4 nanoparticles were obtained from Nanjing
Emperor Nano Material Co., Ltd. Dichloromethane (>
99.5%) was offered by Aladdin Reagent (Shanghai) Co.,
Ltd. All chemicals were used as-received without any pre-
treatment.

2.2 Preparation of magnetic reduced graphene oxide
aerogels

Graphene oxide (GO) was prepared by a modified Hummers
method [28]. Briefly, graphite powder was pre-oxidized by
potassium persulfate and phosphorus pentoxide in concentrat-
ed sulfuric acid at 80 °C under magnetic stirring. After being
washed with deionized water to neutral, the products were
dissolved in concentrated sulfuric acid together with potassi-
um permanganate under mechanical stirring in ice-water bath.
Then, the reaction was continued with raising temperature to
35 °C for mechanical stirring of 2 h. Finally, the GO was
obtained with adding deionized water and 30 wt% of hydro-
gen peroxide. Aminated magnetite nanoparticles (Fe3O4-
NH2) were made by functionalizing Fe3O4 nanoparticles with
amino groups following the reported procedures [29]. In short,
the Fe3O4 nanoparticles and ammonium persulfate were put in
deionized water at 70 °C. Then, acrylic acid was dripped into
t h e s o l u t i o n f o r r e a c t i o n o f 4 h . Th e r e a f t e r ,
triethylenetetramine droplets were added into the above solu-
tion for amination reaction of 3–4 h to acquire Fe3O4-NH2.
The detailed preparation process of GO and Fe3O4-NH2 are
listed in supplementary materials. After that, Fe3O4-NH2 were
sonicated in 30mL deionized water and added into 3mgmL−1

of GO solution with a mass ratio of GO to Fe3O4-NH2 of 3: 1
under a mechanical stirring at 70 °C for 2 h, and then cooled
down to room temperature. This process ensured the forma-
tion of the covalent bond between Fe3O4-NH2 and GO, which
was also confirmed in the literature [30]. After that, L-ascorbic
acid with a mass ratio to GO of 2:1 was introduced into the
above solution and sonicated for 10 min. (L-Ascorbic acid,
known as Vitamin C, a common antioxidant in the cells, has
two active hydroxyl groups on the double bond of a five-
membered ring in its molecular structure. L-Ascorbic acid
can be easily dissociated with two protons to form the oxygen
anions, which are able to replace the hydroxyl and epoxide
groups in GO. Consequently, GO was reduced by the subse-
quent elimination reaction and dehydroascorbic acid was fur-
ther decomposed into other oxidation products [31].) Then,
the mixture was sealed and maintained in a regular oven at
70 °C for 4 h to attain the magnetic graphene oxide hydrogel.
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The hydrogel was dialyzed in 15 v/v% aqueous alcohol solu-
tion for about 6 h. After freezing in the refrigerator for 18 h,
the frozen hydrogel was put into the freeze-dryer for 48 h to
fabricate the magnetic rGO-Fe3O4 aerogel. Finally, this mag-
netic aerogel was placed in an infrared tube furnace (Beijing
Huace Testing Instrument Co., Ltd.) under a nitrogen atmo-
sphere and annealed at 450 °C for 1 h to acquire the
superelastic magnetic reduced graphene oxide (rGO-Fe3O4)
3D framework. The preparation process is shown in Fig. 1.
Different mass ratios of GO to Fe3O4-NH2 including 4:1, 2:1,
and 1:1 and different GO concentrations such as 0.5, 1, 2, 4,
and 5 mg mL−1 were also applied to synthesize the rGO-
Fe3O4 3D frameworks with the aforementioned procedures
for comparison, respectively.

2.3 Characterizations

The Fourier transform infrared spectroscopy (FTIR) of sam-
ples was carried out on a Thermo Nicolet NEXUS infrared
spectrometer (Thermo Scientific Company, USA). Raman
spectroscopy was analyzed by using an inVia micro-Raman
spectrometer manufactured by Renishaw Company, UK. The
X-ray diffraction (XRD) of samples was conducted on a D8
Advance X-ray powder diffractometer, Bruker Company,
Germany. The samples were performed by X-ray photoelec-
tron spectroscopy (XPS) using the AXIS Ultra DLD X-ray
photoelectron spectrometer (Kratos Company, Japan). The
morphology of samples was observed on an S-4800 scanning
electron microscope (SEM, Hitachi Company, Japan). The

transmission electron microscopy (TEM) images of samples
were collected on a Tecnai G20, FEI Company, USA. The
magnetic properties of samples at room temperature were
studied by means of a vibrating sample magnetometer
(VSM). The mechanical compression properties of samples
were tested by a CTM1100 universal tensile testing machine
(Shanghai Xieqiang Instruments and Equipment Co., Ltd.).
The water contact angle of samples was measured by a
JC2000 DS1 contact angle measuring instrument (Shanghai
Zhongchen Digital Equipment Co., Ltd.). The nitrogen
adsorption-desorption curves and pore size distributions
curves of samples were measured on a TriStar 3020 specific
surface area analyzer (Micromeritics Company).

2.4 Oil adsorption evaluation

The adsorption properties of samples were evaluated for oil
and organic solvents including sesame oil, cyclohexane, ethyl
acetate, acetone, and dichloromethane. The rGO-Fe3O4 3D
frameworks were placed into a weighing bottle that contained
the oil or organic solvent for adsorption. The adsorption pro-
cess was holding for 5 min to make sure it reached an equi-
librium. Actually, the adsorption process was very fast as the
full removal of oil could be done within only several seconds.
Therefore, the adsorption kinetics was not studied in this case.
Then, the samples were taken out quickly to avoid the evap-
oration of oil or organic solvent. Finally, the weight of
weighing bottles was recorded. The reduction of the weight

Fig. 1 Preparation procedures of rGO-Fe3O4 3D frameworks
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for the weighing bottle was the adsorption capacity of the
tested oil or organic solvent.

3 Results and discussion

3.1 Structure characterizations

Figure 2a shows the FT-IR spectra of Fe3O4-NH2, GO, GO-
Fe3O4 (before hydrothermal and annealing), and magnetic
reduced graphene oxide (rGO-Fe3O4) 3D frameworks. The
absorption peaks of GO at 1735, 1617, 1220, and 1047 cm−1

are the stretching vibration of C=O in the carboxyl group,
C=C, C–O, and C–O–C, respectively, illustrating the forma-
tion of GO [32]. The stretching vibrations of the N–H bond
and Fe–O bond at 1557 and 545 cm−1 in the FTIR spectrum of
Fe3O4-NH2 indicate the successful amination on the surface of
Fe3O4 nanoparticles. Compared with GO, the stretching vibra-
tion of the C–N bond in the amide group of GO-Fe3O4 at

1405 cm−1 demonstrates that Fe3O4-NH2 has been attached
to the GO through a covalent bond between GO and Fe3O4-
NH2. For the rGO-Fe3O4 3D framework, the obvious disap-
pearance of the C–O stretching vibrations at 1220 cm−1 and
C–O–C at 1047 cm−1 indicates the reduction of GO in the
rGO-Fe3O4 aerogel.

The Raman spectra of graphite, GO, reduced graphene ox-
ide (rGO) aerogel, and the rGO-Fe3O4 3D framework are
shown in Figure 2b. Compared with graphite, GO shows an
increased D peak intensity (ID) (D peak represents the struc-
tural defects) at 1350 cm−1 and a decreased G peak intensity
(IG) (G peak stands for the sp2 C=C bond stretching vibra-
tions) at 1580 cm−1 [33]. The ratio ID/IG increases from 0.13
for graphite to 1.36 for GO, suggesting the oxidation of graph-
ite in the GO sample. After the chemical reduction by L-ascor-
bic acid and high-temperature annealing, ID/IG is decreased
from 1.36 for GO to 1.33 for rGO aerogel and 1.27 for the
rGO-Fe3O4 3D framework, indicating the restoration of the
graphene defects [34].

Fig. 2 a FTIR spectra of Fe3O4-NH2, GO, GO-Fe3O4 (before annealing).
and rGO-Fe3O4 aerogel. b Raman spectra of graphite, GO, rGO aerogel,
and rGO-Fe3O4 aerogel. c XRD patterns of graphite, GO, rGO-Fe3O4

aerogel, and Fe3O4-NH2. d High-resolution C 1s XPS spectra of GO. e

High-resolution C 1s XPS spectra of rGO-Fe3O4 aerogel. f High-
resolution Fe 2p XPS spectra of rGO-Fe3O4 aerogel. g SEM images of
rGO-Fe3O4 aerogel. h TEM image and i high-resolution TEM image of
rGO-Fe3O4 aerogel; inset shows the corresponding lattice fringe
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Figure 2c depicts the XRD patterns of graphite, GO,
Fe3O4-NH2, and rGO-Fe3O4 3D framework. Graphite has a
characteristic diffraction peak at 2θ = 26.38°, while that of GO
is at 2θ = 10.13°. The change of the characteristic peak from
graphite to GO is due to the increase of the interlayer distance
coming from the intercalation of oxygen-containing function-
al groups into graphite sheets during the chemical oxidation
process [35]. For the Fe3O4-NH2 sample, the diffraction peaks
at 2θ = 18.02, 29.87, 35.30, 36.81, 42.95, 53.38, 56.93, and
62.55° appear (Figure 2c), corresponding to the (1 1 1), (2 0
0), (3 1 1), (2 2 0), (4 0 0), (4 2 2), (5 1 1), and (4 4 0)
crystallographic planes of Fe3O4 (PDF#65-3107) [36]. These
characteristic diffraction peaks are also observed in the XRD
pattern of the rGO-Fe3O4 3D framework. Moreover, the char-
acteristic diffraction peak at 2θ = 26.38° which is attributed to
graphite appears in the XRD pattern of the rGO-Fe3O4 3D
framework, illustrating the reduction of GO in the rGO-
Fe3O4 3D framework.

The deconvoluted high-resolution C1s XPS spectra of GO
(Figure 2d) shows four peaks at 284.6, 286.4, 287.5, and
289.1 eV, which are correlated with C=C, C-O, C=O, and
O–C=O in the GO, respectively [37]. In comparison with
GO, the characteristic peak of C–N at 285.4 eV in Figure 2e
confirms the formation of the covalent bond between GO and
Fe3O4-NH2 in the rGO-Fe3O4 3D framework. The four peaks
at 710.3 and 724.0, 712.9, and 727.0 eV (Figure 2f) in the
rGO-Fe3O4 3D framework correspond to the 2p3/2, 2p1/2 sig-
nals of Fe2+ and the 2p3/2, 2p1/2 signals of Fe3+ in Fe3O4

nanoparticles [38].
Figure 2g gives the SEM image of the rGO-Fe3O4 3D

framework, which exhibits a diverse micropore and 3D net-
workmicrostructure. Figure 2h and i show the TEM images of
the rGO-Fe3O4 3D framework at different magnifications. In
Figure 2h, the Fe3O4 nanoparticles are uniformly distributed
on the lamellar structure of graphene sheets, verifying the
anchoring role of the covalent bond between Fe3O4-NH2

and GO. The obvious lattice fringe in the high-resolution
TEM (HRTEM) image of Figure 2i showing a lattice spacing
of about 1.49 Å is assigned to the (4 4 0) crystallographic
plane of Fe3O4, further implying the existence of Fe3O4 nano-
particles in the rGO-Fe3O4 3D framework.

3.2 Preparation conditions for optimum structure and
adsorption performance of the rGO-Fe3O4 3D
framework

In order to achieve the optimum structure and adsorption per-
formance of rGO-Fe3O4, the preparation conditions include
mass ratios of GO to Fe3O4-NH2 and GO concentrations were
discussed and a series of samples were synthesized for char-
acterization. Firstly, the effect of preparation conditions on the
microstructures of rGO-Fe3O4 3D framework was analyzed
by SEM. Figure 3 depicts the SEM images of pure rGO

aerogel and the rGO-Fe3O4 3D framework with different mass
ratios of GO to Fe3O4-NH2 including 4:1, 3:1, and 2:1. All
these 3D frameworks have abundant pore structures with
many wrinkles on the surface of graphene sheets. However,
for the pure rGO aerogel (Figure 3a), the pore size is relatively
smaller than that of rGO-Fe3O4 3D frameworks, Figure 3b-d.
With the decrease in mass ratio of GO to Fe3O4-NH2 (i.e., the
increase of Fe3O4-NH2 loading) from 4:1 to 2:1, the wrinkle
of graphene lamellae gradually rises, and the pores in these 3D
frameworks are obviously increased (Fig. 3b–d). Figure S1
depicts the SEM images of rGO-Fe3O4 3D frameworks pre-
pared in different GO concentrations of 1, 2, 3, and
4 mg mL−1. All these 3D frameworks have similarly big
pores, which suggest that the large pore in the rGO-Fe3O4

3D framework is related not only to the GO concentrations
but also to the mass ratio of GO to Fe3O4-NH2, i.e., Fe3O4-
NH2 loadings. From the above results, it could be concluded
that the Fe3O4-NH2 nanoparticles are able to promote the
linkage among different graphene lamellae to form the bigger
pore structures. Abundant amino groups on the surface of
Fe3O4-NH2 could bond with the oxygen-containing groups
on GO sheets through covalent bond, electrostatic force, and
hydrogen bonding, which make the different GO sheets to be
connected with each other. According to the above theory, a
lower mass ratio of GO to Fe3O4-NH2 would represent more
interactions between Fe3O4-NH2 and GO lamellae, resulting
in the larger graphene lamellae and larger voids, as seen in the
SEM results of Figure 3d. The possible formation mechanism
of this rGO-Fe3O4 3D framework is present in Fig. 4.

Adsorption capacity is also a significant parameter to eval-
uate an absorbent like the rGO-Fe3O4 3D framework.
Figure 5A and Figure S2 show the nitrogen adsorption-
desorption curves and pore size distribution curves of rGO
aerogel and rGO-Fe3O4 3D frameworks with different mass
ratios of GO to Fe3O4-NH2 and different GO concentrations,
respectively. The nitrogen adsorption-desorption curves of all
these aerogels display typical IV adsorption-desorption
curves, signifying mesoporous characteristics [39]. The com-
puted BET-specific surface area from nitrogen adsorption-
desorption curves is 413.00, 88.04, 94.06, and 66.85 m2 g−1

for rGO (Figure 5A (a)) and rGO-Fe3O4 3D frameworks with
a GO to Fe3O4-NH2 mass ratios of 4:1, 3:1, and 2:1
(Figure 5A (b–d)), respectively, illustrating that the addition
of Fe3O4-NH2 decreases the BET-specific surface area of rGO
aerogel. Among rGO-Fe3O4 3D frameworks, the sample pre-
pared with the GO to Fe3O4-NH2 mass ratio of 3:1 possesses
the highest BET-specific surface area. In addition, the BET-
specific surface area of rGO-Fe3O4 3D frameworks with GO
concentrations of 1, 2, 3, and 4 mg mL−1 is estimated to be
58.42, 87.32, 94.06, and 55.39 m2 g−1, respectively
(Figure S2-a, b, c, and d). The rGO-Fe3O4 3D framework
prepared with a GO concentration of 3 mg mL−1 shows the
highest BET-specific surface area. To further confirm the
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adsorption capacities of rGO-Fe3O4 3D frameworks, ethyl
acetate adsorption tests were carried out for the samples fab-
ricated with different mass ratios of GO to Fe3O4-NH2 in
different GO concentrations, shown in Figure 5B and
Table S1. The ethyl acetate adsorption capacity is 215.8 ±
11.8, 108.1 ± 5.2, 86.0 ± 5.1, 86.6 ± 4.7, and 74.4 ± 3.4 g g−1

for the rGO-Fe3O4 aerogels produced under the GO concen-
trations of 1, 2, 3, 4, and 5mgmL−1, respectively, and 112.4 ±
6.1, 86.0 ± 5.1, and 50.3 ± 2.8 g g−1 for those produced in
mass ratios of GO to Fe3O4-NH2 of 2:1, 3:1, and 4:1, respec-
tively. In contrast, the adsorption of ethyl acetate by rGO

aerogel is only 45.6 ± 2.3 g g−1. It is noted that the introduc-
tion of Fe3O4-NH2 could significantly improve the adsorption
capacity of ethyl acetate for rGO aerogel. In summary, al-
though the BET-specific surface area of rGO-Fe3O4 3D
frameworks is relatively lower than that of rGO aerogel, the
organic solvent adsorption capacity of rGO-Fe3O4 3D frame-
works is much higher than that of rGO aerogel.

By considering the BET results, SEM results, and the
ethyl acetate adsorption results, the relationship between
microstructures and adsorption capacities of rGO-Fe3O4

3D frameworks could also be figured out. The higher

Fig. 4 Proposed principle of the formation mechanism of rGO-Fe3O4 aerogel, in which graphene lamellar connection is induced by Fe3O4-NH2

Fig. 3 SEM images of (a) rGO;
rGO-Fe3O4 aerogel with GO to
Fe3O4-NH2 mass ratios of (b) 4:1;
(c) 3:1; d 2:1
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organic solvent adsorption capability of rGO-Fe3O4 3D
frameworks might be from their larger pore structures.
On the one hand, this larger macroscopic porous structure
in rGO-Fe3O4 3D frameworks provides the capillarity [40],
and the capillary effect of pores plays an important role
during the oil adsorption process. On the other hand, the
larger pore structure is also capable of promoting the oil
and organic solvent transportation within the networks,
leading to a higher adsorption performance. As a conse-
quence, the adsorption capacity of rGO-Fe3O4 3D frame-
works is remarkably enhanced.

To determine the optimal preparation conditions of
rGO-Fe3O4 3D frameworks, their mechanical properties
must also be considered. For example, although the ad-
sorption capacity of ethyl acetate by the rGO-Fe3O4 3D
frameworks fabricated with a GO to Fe3O4-NH2 mass ratio
of 2:1 (112.4 g g−1) is higher than that of 3:1 (86.0 g g−1),
the mechanical strength of the rGO-Fe3O4 3D framework
fabricated with a GO to Fe3O4-NH2 mass ratio of 2:1 is not
that good as that of 3:1, i.e., the rGO-Fe3O4 3D framework
fabricated with a GO to Fe3O4-NH2 mass ratio of 2:1 is
relatively easier to be broken. Similarly, the rGO-Fe3O4

3D framework synthesized with high GO concentrations
(like 5 mg L−1) is very fragile (i.e., easy to de destroyed,
supplementary video S1 and its elasticity is very poor,
unlike the rGO-Fe3O4 3D framework fabricated with a
GO concentration of 1 mg mL−1 that exhibits excellent
elasticity (supplementary video S2). The poor mechanical
property is not beneficial to the reusability of the rGO-
Fe3O4 3D framework. Hence, taking into account the mi-
crostructures, adsorption ability, mechanical property, and
reusability, the optimal preparation conditions of rGO-
Fe3O4 aerogels are recognized as the mass ratio of GO to
Fe3O4-NH2 of 3:1 in the 1 mg mL−1 of the GO
concentration.

3.3 Mechanical properties and adsorption
performance of the rGO-Fe3O4 3D framework

The left side of Figure 6A provides a close-up photograph
of the rGO-Fe3O4 3D framework that is able to be main-
tained on the stamen of a flower. Its density is evaluated to
be 4.52 mg cm−3 through measuring its height and diame-
ter as displayed on the right side of Figure 6A, suggesting
that our rGO-Fe3O4 3D framework is ultra-light (which
means that the dens i ty of mater ia l i s less than
10 mg cm−3). The water contact angle of the rGO-Fe3O4

3D framework as demonstrated in the left inset of
Figure 6A is 134.99°, representing a superhydrophobic
characteristic of the rGO-Fe3O4 3D framework. With the
superhydrophobic and lipophilic properties, the rGO-
Fe3O4 3D framework would have great application pros-
pects in offshore oil spill and organic solvent waste treat-
ment [41], since the superhydrophobic property facilitates
the material to adsorb the grease [42].

The mechanical property of the rGO-Fe3O4 3D framework
is studied via the compression test. As revealed in the inset of
Figure 6B, the compression strain-stress curve under the con-
dition of 80% compression strain, the rGO-Fe3O4 3D frame-
work discloses an excellent stability and resilience with a
100% recovery, the photographs in the insert of Figure 6B.
The compression stress-strain curves of the rGO-Fe3O4 3D
framework during the 10 cycles of the compression process
under the 40% deformation of the strain is displayed in Fig.
6B (For the purpose of 100% recovery and reusability of the
rGO-Fe3O4 3D framework within the cyclic test, 40% defor-
mation of stain was chosen.) After 10 cycles of deformation,
the rGO-Fe3O4 3D framework could completely revert to its
original state and maintain almost the same compression per-
formance, showing an excellent structural strength and a re-
peatable compression cycle capability. This stable superelastic

Fig. 5 A Nitrogen adsorption-desorption curves and pore size distribu-
tion curves of a rGO aerogel and rGO-Fe3O4 3D framework with GO to
Fe3O4-NH2 mass ratios of (b) 2:1, (c) 3:1, and (d) 4:1. B Adsorption

capacity of rGO-Fe3O4 3D framework with different GO concentrations
and GO to Fe3O4-NH2 mass ratios on ethyl acetate
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structure provides a great possibility and operability for the
reuse of our rGO-Fe3O4 3D framework after the adsorption of
oil and organic solvents.

Figure 6C gives the magnetization curves of Fe3O4 and the
rGO-Fe3O4 3D framework prepared with a GO to Fe3O4-NH2

mass ratio of 2:1 and 3:1 at room temperature. Compared with
pure Fe3O4 nanoparticles, the saturation magnetization of the
rGO-Fe3O4 3D framework with a GO to Fe3O4-NH2 mass
ratio of 2:1 and 3:1 is decreased from 55.9 (for pure Fe3O4

nanoparticles) to 10.8 and 1.8 emu g−1, respectively. The
rGO-Fe3O4 3D framework could still be adsorbed by a per-
manent magnet after adsorbing ethyl acetate, whose weight is
215.8 times higher than the 3D framework itself (photographs
in Figure 6C), expressing a good magnetic property of the
rGO-Fe3O4 3D framework. This supplies the convenience
for recycling the rGO-Fe3O4 3D framework after adsorption
during the practical application.

After dying cyclohexane with Sudan Red B, the oil/water
separation experiments by the rGO-Fe3O4 3D framework

have been carried out, as shown in Figure 7a. It is observed
that the hyperelastic rGO-Fe3O4 3D framework is capable of
efficiently adsorbing cyclohexane from the water surface and
achieving an extraction of cyclohexane from water within
only 25 s. This rapid oil/water separation ability offers the
possibility and convenience for large-scale oil spill and organ-
ic solvent waste removal from water.

The adsorption capacities of the superelastic rGO-Fe3O4

3D framework are evaluated by selecting ethyl acetate, cyclo-
hexane, dichloromethane, sesame oil, and acetone as represen-
tative oil and organic solvents, and the results are revealed in
Figure 7b. The rGO-Fe3O4 3D framework displays an out-
standing adsorption capacity for all kinds of oil and organic
solvents, for example, ethyl acetate (215.8 ± 11.8 g g−1), cy-
clohexane (239.7 ± 9.9 g g−1), acetone (149.1 ± 6.5 g g−1), di-
chloromethane (308.0 ± 16.4 g g−1), and sesame oil (204.7 ±
10.2 g g−1). Table 1 shows the comparison chart of the ad-
sorption capacity for different graphene aerogel materials re-
ported in literature for oil and organic solvent treatment, as

Fig. 6 ADigital photographs of the rGO-Fe3O4 3D framework placed on
a flower, diameter, and height measurements; inset of left photographs
indicates the water contact angle of the rGO-Fe3O4 3D framework. B
Eighty percent strain compression test and compression cycle tests

under 40% strain of the rGO-Fe3O4 3D framework. C Magnetization
curves of (a) Fe3O4 and (b) rGO-Fe3O4 3D framework with GO to
Fe3O4-NH2 mass ratios of 2:1 and 3:1 at room temperature
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Fig. 7 aDigital photos depict the oil-water separation tests of the rGO-Fe3O4 3D framework. bAdsorption capacity of the rGO-Fe3O4 3D framework for
different oil and organic solvents. c Cyclic adsorption experiments of ethyl acetate adsorption by the rGO-Fe3O4 3D framework

Table 1 Comparison of properties for different graphene aerogels in literature

Materials Density (mg cm−3) Compressibility Magnetic property Adsorption capacity (g g−1)

Graphene/carbon nanotube aerogel [43] 3.0 Compressible Non-magnetic n-Hexane 180
Chloroform 140
Vegetable oil 170

Modified cellulose/graphene aerogel [44] 5.9 Compressible Non-magnetic Hexane 80
Chloroform 190

3D graphene/iron oxide aerogel [45] 5.8 Compressible Strong magnetic Gasoline 150

Nitrogen-doped graphene framework [46] 2.1 Incompressible Non-magnetic Acetone 340
Cyclohexane 330

Graphene/MWCNT-PDA composite aerogel [47] 2.1 Compressible Non-magnetic n-Hexane 250
Acetone 200

Graphene aerogel [48] 6.0 Compressible Non-magnetic n-Hexane 125
Dichloromethane 200

Anisotropic graphene aerogel [49] 4.2 Compressible Non-magnetic n-Hexane 135
Acetone 160

Magnetic graphene/CNT foam [24] 2.1 Incompressible Magnetic Hexane 15
Chloroform 20

Reduced graphene oxide foam [50] 8.0 Compressible Non-magnetic Chloroform: 100

Magnetic reduced graphene oxide 3D frameworka 4.52 Compressible Magnetic Ethyl estate 215.8
Cyclohexane 239.7
Dichloromethane 308.0
Acetone 149.1
Sesame oil 204.7

aResults obtained in this work.
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well as their density, elasticity, and magnetic properties. It is
figured out that our rGO-Fe3O4 3D framework owns a low-
density (4.52 mg cm−3), high-resilience, and excellent mag-
netic property that boosts the recovery, regeneration, and re-
use of materials, as well as high adsorption capacity for vari-
ous organic pollutants and oil products.

The reusability of the rGO-Fe3O4 3D framework is also
taken into account. In this work, 10-cycle adsorption-de-
sorption experiments of ethyl acetate were carried out by
using this superelastic rGO-Fe3O4 3D framework
(Figure 7c). Owing to the high elasticity of the rGO-
Fe3O4 3D framework, we have removed part of ethyl ace-
tate by compressing the 3D framework after adsorption and
then used the volatilization characteristics of ethyl acetate
to quickly eliminate the residual ethyl acetate in the 3D
framework. The weight and structure as well as adsorption
properties of rGO-Fe3O4 3D framework after removing
ethyl acetate have no obvious change. After 10 cycles of
adsorption-desorption processes, the adsorption capacity
of the rGO-Fe3O4 3D framework is almost the same as that
at the beginning (Figure 7c). As a result, our rGO-Fe3O4

3D framework has very superb reusability for practical
applications. Unfortunately, our rGO-Fe3O4 3D framework
has no obvious flammability, so we could not use the burn-
ing method to remove the oil from the 3D framework since
the oil could not be volatilized. Therefore, we have only
done the volatile ethyl acetate for the reusability tests.

4 Conclusions

To sum up, an efficient recyclable and reusable
superelastic magnetic rGO-Fe3O4 3D framework has been
developed by the covalent bond of Fe3O4-NH2 on GO with
a further reduction process. The covalent bond between
Fe3O4-NH2 and GO could help Fe3O4 nanoparticles to be
uniformly distributed within graphene sheets as verified in
HRTEM images, and the reduction process could increase
the hydrophobic property of the 3D framework that is ben-
eficial for its oil and organic solvent adsorption. The opti-
mal condition for preparing a high-performance rGO-
Fe3O4 3D framework is the 1 mg mL−1 concentration of
GO, and a 3:1 mass ratio of GO to Fe3O4-NH2. The ad-
sorption capacity of this superelastic rGO-Fe3O4 aerogel
for ethyl acetate, cyclohexane, acetone, dichloromethane,
and sesame oil is 215.8 ± 11.8, 239.7 ± 9.9, 149.1 ± 6.5,
308.0 ± 16.4, and 204.7 ± 10.2 g g−1, evincing a superior
adsorption capacity and oil/water separation ability com-
pared with the reported results in the literature. In addition,
our rGO-Fe3O4 3D framework holds a very low density
(4.52 mg cm−3), prominent elasticity, and good magnetic
properties, ensuring its recoverability and reusability in
practical applications. Hence, this magnetic rGO-Fe3O4

3D framework is expected to be used as a prospective ad-
sorption material for oil and organic solvent pollution con-
trol and treatment.
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