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A B S T R A C T

Efficient and sustainable remediation technologies for uranium have recently been gaining more and more in-
terest. Adsorption techniques are facile, effective and universal for kinds of heavy metal ions. In this paper,
sandwich-like Mn3O4@reduced graphene oxide (Mn3O4@G) nano-composites were prepared facilely and greenly
by adding NaOH solution into crude graphite oxide suspension prepared via the Hummers' method to modify the
pH. The Mn3O4@G nanocomposites possess a reasonable maximum equilibrium adsorption quantity 195.6 mg
[U] g�1. Moreover, the magnetism of Mn3O4@G makes it easy to remove Mn3O4@G from water by strong magnet
field.
1. Introduction

Uranium is the most abundant radioactive component in the nuclear
wastes generated in nuclear industry, including uranium mining, pro-
duction of uranium fuel, spent nuclear fuel reprocessing, etc [1, 2, 3, 4].
Given its strong toxicity and radioactivity, which are potential threatens
of human health and eco-environment, the public concerns over nuclear
accidents are arising with rapid development of nuclear industry, espe-
cially after Fukushima nuclear accident [5, 6]. Therefore, efficient and
sustainable remediation technologies attract more and more interest.
Sorption is a kind of facile, effective and universal removal technique for
heavy metal ions. In natural environment, hexavalent uranium, namely
uranyl (UO2

2þ) is the most common specie, and uranyl usually shows a
strong tendency to be adsorbed onto some oxides like Fe2O3, SiO2, etc [7,
8, 9, 10, 11, 12, 13]. Thus, developing highly efficient oxide absorbents is
of crucial importance. Manganese oxides recently draw much attention,
due to their low potential of zero charge, large specific surface area, rich
negative charge, high surficial activity, etc [14, 15, 16, 17]. Remarkably,
Mn3O4 nanoparticles, belonging to the spinel class of minerals with
molecular formula of Mn2þ(Mn3þ)2(O2-)4, shows special advantages for
its unique magnetic properties among the manganese oxides family,
iming@caep.cn (Y. Ren).
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allowing the facile and fast removal of the sorbents in a strong magnetic
field after sorption procedure.

Typically, nano-filtration or high-speed centrifuge are involved to
separate nanoparticles sorbents from the aqueous circumstance due to
the strong Brown motion of the nanoparticles, which are not facile or
economic. Chemical converted graphene (CCG) is a good carrier for
nanoparticles for its one-atom-thick two-dimensional structure, high
mechanical strength, large specific surface area and well chemical sta-
bility [18, 19]. However, the commercial applications of CCG have been
limited by economic issues. CCG was usually synthesized via Hummers'
or modified Hummers' method [20]. In these cases, graphene oxide (GO)
aqueous dispersions contains a large quantity of impurities including
Mn2þ, SO4

2-, Cl� ions, which need be purified. However, purification of
GO dispersion is usually expensive and time-consuming, and requires a
huge amount water (typically via dialysis, 1 kg GO needs about 10 ton of
water in lab [20]). What is more, Mn2þ, considered as soluble impurity in
Hummers' method and a kind of heavy metal pollution, is actually the
precursor of kinds of functional manganese oxide materials mentioned
above. The removal of Mn2þ is not only uneconomical or a threaten to the
eco-environment, but also a waste of valuable Mn resource. Thus, it is of
important scientific meaning and potential industrial value to simplify
une 2019
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Fig. 1. Illustration of the preparation of Mn3O4@G.
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the purification procedure of GO and develop novel methods to utilize
these Mn resources.

In this work, via changing the traditional after treatments in Hum-
mers' method, we have developed a novel method to synthesize a new-
type composite of Mn3O4 and reduced graphene oxide named as
Mn3O4@G. The Mn3O4@G possesses a unique sandwich-like structure:
Mn3O4 nanoparticles intercalate between the graphene sheets. More
importantly, the Mn3O4@G could be utilized as adsorbents for uranyl
ions with reasonable adsorption capacity (195.6 mg [U]/g). Moreover,
the magnetism of Mn3O4 could help to separate the sorbent, Mn3O4@G,
from the bulk solution efficiently in magnetic field.

2. Experimental

2.1. Materials and solution

Natural graphite powders were purchased from Alfa Aesar (325
mesh). KMnO4, H2SO4, H2O2, HCl, NaOH and NaCl were bought from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Uranyl nitrate
was provided by Dingtian Chem. Corp (Xi'an, China). The uranyl nitrate
solution was prepared via dissolving uranyl nitrate in de-ionic water. The
uranium concentration of the parent solution was controlled around 200
mg L�1 and the testing solution was prepared by diluting it. The pH of the
uranyl nitrate solution was adjusted by NaOH and HCl, and the ionic
strength was adjusted by NaCl.
2.2. Synthesis of sandwich-like Mn3O4@G nanocomposites

The synthesis procedures of the sandwich-like Mn3O4@G nano-
composites are illustrated in Fig. 1. Firstly, crude graphite oxide was
synthesized by oxidizing natural graphite powders via a modified
Hummers method. The detailed procedures are described as below:
Graphite powders (3 g) were added to concentrated sulfuric acid (70 mL,
1.26 mol) under stirring with ice-water bath; under vigorous agitation,
potassium permanganate (12.0 g) was added slowly to ensure that the
temperature of the mixture is below 5 �C; after the mixture is homoge-
neous, the reaction system was transferred to a 40 � 5 �C water bath and
stirred for 2 h, resulting in a thick dark brown paste; then, 200 mL de-
ionic water was added and followed by a slow addition of 50 mL H2O2
(30%), and the color of the solution turned from dark brown to bright
yellow, implying that residual MnO4

- had transferred into Mn2þ; thus, the
crude graphite oxide suspension containing a large amount of Mn2þ was
finally obtained.

Secondly, after the suspension cooling down to room temperature,
NaOH solution (500 mL 6 M, meaning the amount of NaOH is 3 mol) was
added to the suspension slowly and carefully with cool water bath, to
2

avoid the boiling of the suspension. At last, the color of the suspension
changed from bright yellow to black. Then, the black suspension was
transferred in to an oven under 120 �C to evaporate the water. Succes-
sively, the temperature of the oven was raised to 170 �C for 4 h to thermal
reduce the GO sheets.

Finally, the black solid consisting of the nanocomposites together
with alkali and salt impurities was re-dispersed in de-ionic water. After
filtration andwashing by de-ionic water to remove the residual alkali and
salt impurities, dark brown powders which were the sandwich-like
Mn3O4@G nanocomposites final products were obtained.
2.3. Synthesis of contrast materials

In order to fully investigate the structure of Mn3O4@G, Mn3O4

nanoparticles, GO and directly thermal reduced graphene oxide (dtRGO)
were also synthesized. In the meanwhile, a sample of Mn3O4@G was
treated by concentrated HCl solution to remove the Mn3O4, and the final
product without Mn3O4 is named as G. The Mn3O4 nanoparticles were
synthesized from MnCl2 and NaOH referring to [21], The detail of pre-
paring the abovementioned materials are listed below.

Synthesis of GO solid: the crude graphite oxide suspension obtained
in Section 2.2 was filtered and washed with 1:4 HCl aqueous solution
(400 mL) to remove Mn2þ ions followed by washing with 400 mL water
to remove the acid. The resulting solid was then diluted in deionic water.
Then, the suspension was purified by dialysis for one week using a
dialysis membrane with a molecular weight cut off of 8,000 to 14,000 Da
to remove the residual metal species and other impurities. The obtained
dark brown suspension was subjected to 30 min of centrifugation at 4000
rpm to remove any aggregates and then 30 min of centrifugation at
10,000 rpm to remove liquid containing small pieces of grapheme.
Finally, the purified GO suspension was freezing dried, and yellow foam-
like solid was obtained.

Synthesis of dtRGO: the dtRGO was prepared via thermal treatment
of GO sample at 700 �C for 4 h with a heating rate of 10 �C under Ar
atmosphere in a tube furnace (GSL 1700X, Hefei Kejing, China).

Synthesis of G: the Mn3O4@G powders (1 g) were dispersed in
concentrated HCl solution (20 mL) overnight, and successively filtered
and washed by deionic water. The filtering flake was then dried under 80
�C in an oven, and black powders were obtained finally.
2.4. Characterizations

Scanning electron microscope (SEM) images were obtained by a JSM-
6480A microscope (Japan Electronics). Transmission electron micro-
scope (TEM) images were taken on a JEM-2010 microscope (JEM-2010,
Japan) with an accelerating voltage of 120 kV. The X-ray diffractograms
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(XRD) from a Bruker D8 Advance diffractometer (Bruker, USA). The
samples were also analyzed with a Raman microscope with 512 nm laser
excitation (Horba JobinYvon, France), FT-IR spectrometer (Bruker Ver-
tex 70) and X-ray photoelectron spectroscopy (XPS) (Thermo Fisher
Scientific, USA) operating with Al-Kα radiation. The N2 absorption-
desorption isotherms of the samples were tested with liquid nitrogen
(78 K) adsorption by the Brunauer-Emmet-Teller method (Autosorb iQ
Station 2, Quantachrome Instruments, U.S.A.). The thermogravimetry
analyses were performed on a simultaneous thermal analyzer (Netzsch
STA 449F3, Germany).
Fig. 2. a) Photograph of Mn3O4@G; b, c) SEM images of Mn3O4@G with
different magnifications; d, e, f) TEM images of Mn3O4@G with different
magnifications.
2.5. Adsorption tests

(1) Isotherm

In a batch experiment, 1 mg of the Mn3O4@G was added into 5 mL
uranyl nitrate solution in a plastic centrifuge tube. The adsorption was
undertaken in a water-bath shaker under constant temperature of 25 �C
for 8 h to achieve adsorption equilibrium. After the adsorption, the tubes
were centrifuged to precipitate the Mn3O4@G powders and the super-
natant solution was analyzed using a UV-Vis spectrometer (Shimazu, UV-
Vis 1800) at 651.5 nm in the presence of Arsenazo III (a complexing
agent) to obtain the concentration of uranyl ion. The amount of uranium
being adsorbed was calculated according to Eq. (1):

Qe ¼ ðC0 � CeÞV
m

Eq. (1)

where Qe refers to the equilibrium adsorption capacity, C0 and Ce
represent the initial and equilibrium uranium concentrations, respec-
tively, V is the total volume (i. e. 5 mL), andm is the absorbent mass (i. e.
1 mg).

(2) Adsorption rate

200 mg of the Mn3O4@G was added into 1 L uranyl nitrate solution
([U] ¼ 31.2 mg mL�1, pH ¼ 5, I ¼ 0.01 M) in a plastic bottle. The
adsorption was undertaken in a water-bath shaker under constant tem-
perature of 25 �C. A series of samples (2 mL) were taken at a series of time
by injectors with filter heads. And then the concentrations were
measured by UV-Vis spectra to calculated the adsorption quantity.

(3) Regeneration

200 mg of the Mn3O4@G was added into 1 L uranyl nitrate solution
([U] ¼ 31.2 mg L�1, pH ¼ 5, I ¼ 0.01 M) in a plastic bottle. The
adsorption was undertaken in a water-bath shaker under constant tem-
perature of 25 �C for 8 h to ensure adsorption equilibrium. After
adsorption, the suspension was filtered to separate the Mn3O4@G pow-
ders. The uranyl concentration filtrate was then measured by UV-Vis
spectra to calculated the adsorption quantity. The filter cake of
Mn3O4@G was then washed by diluted HNO3 solution (pH ¼ 3)
repeatedly. The regenerated Mn3O4@G was added into another one litre
of uranyl nitrate solution ([U] ¼ 31.2 mg L�1, pH ¼ 5, I ¼ 0.01 M), and
repeat the adsorption experiment.

3. Results & discussion

3.1. Synthesis advantages

The procedures of preparing Mn3O4@G nanocomposites are sche-
matically illustrated in Fig. 1. In this method, the oxidization procedure
shows no differences with the tradition Hummers' method, except for the
detailed ratio of rawmaterial. The key change is the sufficient addition of
NaOH into the crude GO suspension after oxidization. A large quantity of
Mn2þ ions are absorbed or intercalated between the graphene sheets. As
3

the pH value changes, the Mn2þ ions in the crude graphite oxide sus-
pension, usually regarded as waste or impurity and need be removed
before further application, are transferred into Mn3O4 nanoparticles on
the surface of graphene sheets according to the following chemical re-
actions (1), (2) [22]. As a consequence, we have fully utilized the raw
material to achieve higher atom economy.

4Mn2þ þ 8OH� þ O2 → 4MnOOHþ 2H2O (1)

12MnOOH!△ 4Mn3O4 þ 6H2Oþ O2 ↑ (2)

Moreover, the crude graphite oxide does not need the sonication,
centrifugation, or dialysis processes usually involved in Hummers
method for exfoliation and purification of GO before thermal reduction.
In the washing procedure, since the hydrophilic GO has turned into hy-
drophobic RGO, the gelation of GO is avoided, and the coordination to
impurity metal ions of the oxygen-containing groups on the GO sheets
disappears. Thus, the water dosage could be reduced. Typically, in
traditional synthesis route, to fabricate 1 g GO material will produce 10
kg acidic wastewater in lab. Meanwhile, to fabricate 1 g Mn3O4@G will
only produce less than 200 g slightly alkaline wastewater. Thus, our
method is more simple, cheaper, atom-economic and eco-friendly than
those reported previously.

3.2. Morphology and structure

In macroscopic view, the Mn3O4@G powders appears dark brown,



Fig. 3. Characterizations of Mn3O4@G: a) XRD patterns, b) Raman spectrum, c) C1s XPS curve, d) Mn2p XPS curve, e) N2 adsorption-desorption isotherm of
Mn3O4@G and G, f) pore width distribution Mn3O4@G and G based on (e).

Fig. 4. Raman spectra of a) Mn3O4 nanoparticles, b) GO, c) dtRGO, and d) G.
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which is the colour of Mn3O4 rather than graphene material (Fig. 2a). In
SEM images, the Mn3O4@G powders are irregular particles, possessing
typical laminar graphene layers with the size ranging from several
micrometres to tens of micrometres (Fig. 2b). High-resolution SEM image
shows that these graphene sheets are partially exfoliated, while no large
cracks or holes between graphene layers could be observed (Fig. 2c). This
mainly comes from the inhibition effect of NaOH on the gas release
during the thermal treatment: excessive NaOH could react with the
gaseous decomposition products of crude GO like CO2 and SOx, inhibit-
ing the dramatic expansion caused by releasing gas. In the TEM images
(Fig. 2d, e), Mn3O4 nanoparticles uniformly distributed on the surface of
RGO sheets with the size of 10–30 nm. By etching the nanoparticles using
4

concentrated HCl solution, the mass fraction of Mn3O4 nanoparticles is
measured to be about 68.2 %, and the mass fraction of the remaining
reduced graphene oxide is 31.8 %. In the high resolution TEM images, a
clear crystalline structure of Mn3O4 was observed (Fig. 2f), whose lattice
fringes with a lattice spacing of 4.92 Å agree well with the (101) crystal
planes of Mn3O4 [17].

3.3. Chemical structures

The XRD patterns of Mn3O4@G show sharp and intense peaks
assigned to the lattice plane of typical Mn3O4 crystal (PDF#24–0734),
and besides, no obvious peaks related to other manganese oxide are



Fig. 5. TGA and dTGA curves of a)GO, b) dtRGO, c) G, and d) Mn3O4@G.

Fig. 6. The FTIR spectra of GO, dtRGO and Mn3O4@G.
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observed, meaning that a highly crystalline Mn3O4 is successfully syn-
thesized (Fig. 3a).

In order to fully study the chemical structure of Mn3O4@G, the
Raman spectra of Mn3O4@G and the corresponding materials including
synthesized Mn3O4 particles, GO, dtRGO and G were studied. The Raman
spectrum of Mn3O4@G show two groups of characteristic peaks assigned
to RGO and Mn3O4 respectively (Fig. 3b). The band at about 645 cm�1 is
associated with the tetragonal spinel structure of Mn3O4, agreeing with
the Raman spectrum of the pure synthesized Mn3O4 particles very well
(Fig. 4a), which is the characteristic peak of all the spinel structures, like
Fe3O4. It is assigned to the A1g mode, relating to the Mn–O breathing
vibration of Mn2þ in tetrahedral coordination [17, 23]. Moreover, the
characteristic peak of Mn3O4 disappears in the Raman spectrum of G,
meaning that all Mn3O4 nanoparticles have been removed. Two
remarkable bands at about 1350 and 1600 cm�1 assigned to the D- and
G-bands of carbon occur in all graphene-containing materials
(Mn3O4@G, GO, dtRGO, and G; Fig. 3b, Fig. 4b,c,d). The G-band is
related to graphitic carbons, while D-band is associated with either
structural defects or partially disordered structures. The intensity ratio of
D-band and G-band (ID/IG) reflects the structural integrity. The ID/IG
value of GO is calculated to be about 0.90, and that of dtRGO is calculated
to be about 0.98. The increase of the ID/IG value implies the GO sheets
were reduced and the conjugated structures were partially restored
during the thermal treatment [20, 24]. Furthermore, theID/IG values of
dtRGO, Mn3O4@G and G are similar, although the temperature of the
thermal treatment during fabricating Mn3O4@G is 170 �C, much lower
than that of preparing dtRGO (700 �C). Thus, these results suggests that
the RGO sheets in Mn3O4@G and dtRGO should share similar reduction
degree.

Moreover, the thermogravimetry analysis (TGA) and differential
thermogravimetry analysis (dTGA) curves of GO, G (the etched sample),
dtRGO and Mn3O4@G not only confirm that the GO sheets have been
reduced partially, but also provide more information about the chemical
structures of these materials (Fig. 5). In TGA curves, the weight losses
around 100 �C should be contributed from the releasing of trapped water
and the weight loss of GO is significantly higher than the others, indi-
cating a higher content of water in GO because of its more hydrophilic
5

oxygenated groups. The sharp weight loss of GO between 130 and 220 �C
is attributed to the decomposition of less stable oxygen containing
functional groups on GO sheets, while the curves of dtRGO, G and
Mn3O4@G do not show this phenomenon [20]. The shoulder peak
observed around 240 �C in the dTGA curves of GO does not appear in
other materials either, which is associated with the sulfate or sulfuric
acid impurities. The TGA curves of dtRGO and G both exhibit steady and
nearly-linear decreases after 100 �C. Nevertheless, the slope for G is
larger than that for dtRGO, and the final mass losses of G and dtRGO are
22.55 % and 14.05 %, respectively, indicating a larger oxygen content in
G. Thus, it can be inferred that the thermal treatment at 170 �C for 4 h is
enough to remove most of the less stable oxygen containing functional
groups on GO sheets, however, some more stable oxygen containing
functional groups remains. In addition, the dTGA curve of Mn3O4@G



Fig. 7. The adsorption properties of Mn3O4@G towards uranyl ions: a) the
isotherm at 298 K, pH ¼ 5.0 and [I] ¼ 0.01 M; b, c) impact of pH and ionic
strength on the adsorption capacity, respectively (T ¼ 298 K [U] ¼ 37.6
mg L�1).

Fig. 8. The adsorption isotherm of synthesized Mn3O4 powders towards uranyl
ions at 298 K, pH ¼ 5.0 and [I] ¼ 0.01 M.
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shows a broad peak from 550 �C to 650 �C, which does not appear in
other simple graphene materials without manganese oxide. It might be
attributed to the degradation from Mn3O4 to MnO, and the released
oxygen would react with graphene sheets rapidly.

The FTIR analysis demonstrate the differences of the functional
groups on the graphene sheets of GO, dtRGO and Mn3O4@G (Fig. 6). The
most remarkable change of the FTIR curves from GO to either dtRGO or
Mn3O4@G is the weakening of the broad peak at the high-wavenumber
region, which is associated to stretching vibration of O–H. The broad
6

peak disappears in the FTIR curve of dtRGO, and still remains a rather
small peak for Mn3O4@G. Combining the results of TGA, it also confirms
that most hydrophilic oxygen containing groups on the graphene sheets
of Mn3O4@G have been removed, and only a small amount of thermal
stable groups still remains. The peaks at 1610 cm�1 associated to
stretching vibration of C¼C of the dtRGO and Mn3O4@G curves are both
strengthened in comparison with that of GO. Moreover, new peak at
about 2200 cm�1 appears in both the dtRGO and Mn3O4@G curves,
which should be contributed from the cumulative double bond and triple
bond of carbons. It should be noted here that the generation of the cu-
mulative double bond and triple bond of carbons will certainly result in
disorders in the graphene lattice, leading the strengthen of the D-band in
Raman spectra. These results agree very well with the above Raman and
TGA results, that the graphene sheets of Mn3O4@G are partially reduced.
And now it can be concluded that the properties of graphene sheets in
Mn3O4@G should be closer to dtRGO rather than GO.

The XPS analysis provides the information of elements’ valence state.
The C1s XPS demonstrate the presence of three types of carbon bonds:
C–C/C¼C (284.8 eV), C–O (286.2 eV), and C¼O (288.4 eV) (Fig. 3c). The
bands associated oxygen-containing groups are much weaker than that
associated with C–C/C¼C band, suggesting that most of the oxygen-
containing groups are removed and the conjugated domains are
partially restored, agreeing with the above analyses. The Mn2p XPS also
confirms the existence of Mn3O4 (Fig. 3d). The Mn2p3/2 peak is centered
at 641.5 eV and the Mn2p1/2 peak at 653.7 eV, with a splitting of 12.2 eV,
agreeing with the reported values for Mn3O4 earlier [17]. The Mn2p3/2
peak can be separated into three Gaussian functions and the simulative
peaks locate at 640.9, 642.8 and 645.1 eV. The peak at 640.9 eV drives
fromMn (II), while that at 642.8 eV fromMn (III), reflecting the chemical
structure of Mn3O4. The weak peak at 645.1 eV representing Mn (IV)
should originate from surficial oxidation state of the Mn3O4
nanoparticles.

To further identify the location of the Mn3O4 nanoparticles inside the
graphene sheets, the N2 adsorption experiments of Mn3O4@G and Gwere
performed. The adsorption isotherm of Mn3O4@G (Fig. 3e) exhibits a
Type-III isotherm with a tiny increase in the low relative pressure in-
tensity region, and its desorption isotherm does not possess an obvious
hysteresis loop, suggesting that Mn3O4@G nanoparticles do not have
obvious micropores or mesopores. The specific surface area (SSA) is
calculated to be 12.31 m2 g�1. However, the isotherm of G changed
dramatically as the Mn3O4 nanoparticles have been removed (Fig. 3e). A
larger increase appears at the initial stage of the adsorption isotherm,
indicating the formation of micropores. Moreover, the SSA of G is



Fig. 9. The adsorption isotherm of different samples of Mn3O4@G towards
uranyl ions at 298 K, pH ¼ 5.0 and [I] ¼ 0.01 M.

Fig. 10. Adsorption rate of Mn3O4@G ([U]initial ¼ 31.2 mg L�1, pH ¼ 5, I ¼
0.01 M).

Fig. 11. Regeneration ability of Mn3O4@G ([U] ¼ 31.2 mg L�1, pH ¼ 5, I ¼
0.01 M).

Fig. 12. The FTIR spectra of Mn3O4@G before and after 4 cycles of adsorption
experiments.
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calculated to be 46.42 m2 g�1, nearly four times of the SSA of Mn3O4@G.
A Type-B hysteresis loop is also observed, implying slit mesopores are
also generated. As can be seen, G possesses more pores with the sizes of
1–5 nm, which the Mn3O4@G hardly possesses (Fig. 3f). The results
above suggests that by removing the Mn3O4 nanoparticles from the
nanocomposites, micropores and mesopores are generated inside the
remaining RGO sheets. Thus, the Mn3O4 nanoparticles should occupy the
spaces between the graphene sheets, namely, the Mn3O4@G nano-
composites have a unique sandwich-like structure.
3.4. Uranyl adsorption investigation

In previous reports, the RGO exhibits a poor adsorption ability to-
wards uranyl ions, usually less than 50 mg g�1, as most of the oxygen-
containg groups have been removed. On the contrary, there are rich
hydroxyl groups on the surface of Mn3O4 nanoparticles [25]. Thus,
Mn3O4 nanoparticles play the role of absorbing uranyl ions, while the
RGO play the role of carrying Mn3O4 nanoparticles and preventing them
from aggregation.

Fig. 7a demonstrates the isotherm of Mn3O4@G adsorbing uranyl ions
at 25 �C (pH ¼ 5.0 � 0.2 [I] (ionic strength) ¼ 0.01 M). The adsorption
curve of uranyl ions on Mn3O4@G is well described by Langmuir
7

isotherm. By applying the Langmuir Eq. (2), the maximum adsorption
quantity, Qmax, is calculated to be 195.6 mg [U] g�1, showing that
Mn3O4@G is a reasonable adsorbent for the removal of uranyl ions. In the
meanwhile, Qmax of the synthesized Mn3O4 is 170.1 mg [U] g�1 (Fig. 8).
Given that the actual Mn3O4 content in Mn3O4@G is 68.2%, the Mn3O4
nanoparticles formed in the cracks between graphene sheets should
possess larger active adsorption surface than that those formed in the free
aqueous environment. Moreover, the adsorption ability is frepeatable
(Fig. 9).

Qe ¼
kQmaxCe

1þ kCe
Eq. (2)

Furthermore, to evaluate the adaptability and stability of the
Mn3O4@G as an adsorbent, the influences of pH and ionic strength were
investigated. Mn3O4@G shows the highest adsorption quantity in the
near-neutral condition of pH 6 (Fig. 4b). Like most other metallic oxides,
too low or too high pH values goes against the adsorption of uranyl ions
on Mn3O4@G. Meanwhile, the ionic strength seems to show indistinctive
effect on the adsorption ability of Mn3O4@G. There are almost no
changes of adsorption capacities when the ionic strength ranges from 0M



Fig. 13. Illustration of the magnetism of Mn3O4@G. a) suspension of Mn3O4@G, b)24 h later.
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to 0.1 M, while a small decrease is observed on the increase of the ionic
strength to 0.5 M. This is a typical phenomenon for the inner-sphere
adsorption, which shows higher binding strength compared to the
outer-sphere one.

To fully evaluate the adsorption ability of Mn3O4@G, the adsorption
rate and the regeneration ability were also studied. As can be seen in
Fig. 10, Mn3O4@G exhibits a rapid adsorption rate towards uranyl ions. It
takes no more than 10 min to reach the adsorption equilibrium, showing
the potential in urgent treatment of radioactive waste water pollution.
However, the regeneration ability is not perfect. After four cycles of
adsorption experiments, Mn3O4@G only remain 93.96 � 0.90% of the
initial equilibrium adsorption capacity (Fig. 11). The FTIR spectrum of
the Mn3O4@G after four cycles adsorption experiments and washed by
dilute HNO3 shows new characteristic peaks at 920 cm�1 and 1020 cm�1

in the fingerprint region associated with the vibration of O¼U¼O,
compared with the FTIR spectrum of the initial Mn3O4@G powders [26]
(Fig. 12). The results indicate that there still residual uranyl ions absor-
bed on the surface of Mn3O4 even after washing. However, if the pH of
the dilute HNO3 decrease further, the Mn3O4 might suffer dissolution,
which would also brought damages on the regeneration ability.

Besides, due to its magnetism, Mn3O4@G can be removed by mag-
netic field. As can be seen in Fig. 13, by locating a commercial magnet
beside a plastic tube full of the concentrated Mn3O4@G suspension, after
24 h, most of the Mn3O4@G nanocomposites are attracted to the side of
the magnet.

To sum up, Mn3O4@G is a kind of reasonable adsorbent for uranyl
ions with high adsorption rate and special magnetism which made it easy
to remove from the solution. Given the facility of preparation, Mn3O4@G
exhibits a promising application as uranyl absorbent.

4. Conclusions

By modifying the post-treatment of Hummers' method to prepare
chemical converted graphene, we synthesized a novel type of nano-
composites of reduced graphene oxide and Mn3O4 named as Mn3O4@G.
The Mn element of the raw material is fully utilized, and the method
achieves a better atom economy. Inside the Mn3O4@G nanocomposites, a
large quantity of Mn3O4 nanoparticles distributed between graphene
sheets, forming a unique sandwich-like structure. Importantly, the
Mn3O4@G nanocomposites exhibit a potential adsorption ability of
uranyl ions. The Mn3O4@G nanocomposites possess a reasonable
maximum equilibrium adsorption quantity 195.6 mg [U] g�1 (298 K, pH
¼ 5.0, and [I] ¼ 0.01 M). By combining the magnetic material, Mn3O4
nanoparticles, and electric conductive material, reduced graphene oxide,
Mn3O4@G would be potentially applied as electromagnetic shielding
8

material. Furthermore, by adding other metallic ions into the reaction
system of Hummers' method, other sandwich-like graphene/metal oxides
nanocomposite could also be fabricated, which would extend the appli-
cations of the novel sandwich-like graphene composites.
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