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A novel magnetic nanocomposite(CoFe,04/rGO) consisting of reduced graphene oxide (rGO) and CoFe,0,4 nanoparticles was fabricated.
Scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and vibrating sample
magnetometer (VSM) were used to characterize the CoFe,0,/rGO. The as-obtained results indicate that CoFe,O4 nanoparticles have been

=

successfully installed on the surface of rGO. Uranium adsorption (from synthetic solutions) has been investigated in batch systems.
Moreover, the effects of different experimental parameters, such as initial solution pH (controlled with nitric acid), equilibration time,
initial uranium concentration and temperature on sorption performance have been investigated. The results show that the kinetic data can
be efficiently modelled using the pseudo-second-order equation. Furthermore, the Langmuir equation fits well sorption isotherms. In
addition, the values of thermodynamic parameters (AG° and 4H°) show that the process is spontaneous and exothermic. Those
experimental results exhibited a potential application of CoFe,0,/rGO in radionuclides cleanup.

o

Over the years, magnetic adsorbents have emerged as a new
Introduction generation of materials for environmental decontamination since

. . . . . . magnetic separation simply involves applying an external
Hexavalent actinides constitute a significant ratio of radioactive & . P it %’_3{ & .
s . . magnetic field to extract the adsorbents. Compared with
species distribute nuclear wastes, which are generated in the post- . . . .

. . . so traditional methods, such as filtration, centrifugation or
processing process of spent fuels every year. Uranium isotopes . . . . .
gravitational separation, magnetic separation requires less energy

20 are typical hazardous actinides with high radio toxicity as well as

S

. . . and can achieve better separation especially for adsorbents with
long half-lives. Due to the health and biological hazards that . . P .p Y .
. small particle size. Recently, ferrites have been employed in

these elements represent, it is necessary that these hosts are . . .
. . ) . water purification. Glove et al. have reported adsorption of SO,
resistant to radiation and environmental degradation over long . . . .
. ) . ) ss by CoFe,O, spinel ferrite nanoparticles and discussed
time periods. Although various techniques for the removal of : . 15 . .
corresponding magnetic changes.” The majority of magnetic

»s toxic and radiation metal ions have been developed, adsorption

o

. . adsorbent materials do not change in their magnetic properties
has been proved to be a more powerful technique for removing . . .. . .
o . upon adsorption; in addition, the unique response of magnetic
heavy metals pollutants as it is inexpensive, easy to perform and . s
. .. . L2 rpe . nanoparticles to adsorbates allows them to serve as self-indicating
insensitive to toxic substances.” “ Highly efficient adsorbents
. . 0 adsorbents. Consequently, some researchers have managed to
would enable the collection of trace-level metal ions from . . .
. . . fabricate magnetic graphene nanocomposites. The CoFe,0,/rGO
30 aqueous systems, thus improving the present technological level . . . .
. 3 nanocomposites possess attractive properties which could see

of radiation pollutant removal. . . R .. e .
.. . . potential use in catalysis, biomedicine and lithium-ion batteries.

Recently, the application of carbon-based nanomaterials in .
.. . However, there have been no reports on using CoFe,04/rGO

water treatment plants has attracted significant attentions for the . . .
. 6s nanocomposite as a sorbent for uranium (U) or other actinides.

advantages of large surface areas and more activated . .
Herein, we demonstrate a facile hydrothermal method to

3 functionalized sites.* 3 Graphene is receiving intense attention,

by

fabricate a CoFe,0,/rGO nanocomposite. The prepared samples
were characterized by XRD, SEM, TEM and magnetic
measurements. To investigate the adsorption of CoFe,0,/rGO, the

driven by its unique physical and chemical properties. As a result,
graphene has been widely explored in a variety of applications

including field-effect transistors, fuel cells, ultrasensitive sensors, .
g uranium (VI) was selected as the model compound. Furthermore,

-
S

electromechanical resonators, and supercapacitors, to name a .
pereap we demonstrated that CoFe,O,/rGO nanocomposites have great
4

=3

few.® Graphene and graphene oxide have been reported as . . . . .
. P 7 grap . P . potential as an effective absorbent for removing uranium (VI) in
efficient adsorbents.” Yang et al. indicated that graphene oxide . . . . .
. . water, due to its convenient magnetic separation and high
was proven to be a promising adsorbent for the decoloration of . .
3 . . . adsorption capacity.
methylene blue (MB).” Deng et al. fabricated a functionalized

graphene, which presents a high adsorption capacity for the

Experimental
45 removal of Pb (II) and Cd (II) from water.’ = LXpe ¢
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Synthesis of the CoFe,0,/rGOnanocomposite

The graphene oxide (GO) was obtained according to the previous
report.'® Using an ultrasonication method exfoliated GO, 10 mg
mL! GO aqueous suspension was prepared by dispersing the
graphene oxide in deionized water. Firstly, 2 mmol of
FeSO,-7H,0 and 1 mmol of CoCl,"4H,O were dissolved in a
mixture of 30 mL of ethylene glycol and 20 mL of distilled water.
Then, appropriate amount of GO aqueous and 2 mL of ammonia
solution were added to the mixture with stirring for 1 h. The
resulting solution was then poured into a 100 mL Teflon-lined
autoclave and heated t0o180 °C, and kept at that temperature for
24 h. After cooling to room temperature, the precipitate was
collected by magnet and washed repeatedly with distilled water
and ethanol; it was then dried for12h at 60 °C.

Adsorption experiments

In a typical experiment, 0.02 g of CoFe,0,/rGO nanocomposite
was mixed with 50mL of UO, (NO3),'6H,0O solution. After the
adsorption processes, the samples were isolated from the
supernatant by use of a magnet, and the supernatant solutions
were analyzed with WGJ-III Trace Uranium Analyzer to obtain
the concentrations of uranium (VI) in solution. The solution pH
was adjusted by addition of 0.5 M HNO; and NaOH. The amount
of uranium (VI) adsorbed per unit mass of the adsorbent was
calculated according to Eq. (1):

0.=(C,-C)V/m (6]
where Q, is the adsorption capacity of adsorbent, Cj and C, (mg
L) are concentration of uranium (VI) at the initial and
equilibrium states, respectively, V' (L)is the volume of the solution
and m is the weight of sorbent (g).

Characterization

Crystallite structures were determined by X-ray diffraction (XRD)
using a Rigaku D/max-IIIB diffractometer with Cu Ka irradiation
(A=1.54178 A) Raman spectra were acquired on a LabRAM HR
Evolution in Via Reflex Raman Microprobe. The X-ray source
was operated at 40 kV and 150 mA. The morphology was
characterized using transmission electron microscopy (TEM, FEI
Tecnai G* 20 S-TWIN) and a scanning electron microscope
(SEM, JSM-6480A, The magnetic
measurement was carried out with a vibrating sample
magnetometer (VSM, Lanzhou University Lake Shore 7304).
Effluent was analyzed using WGJ-III Trace Uranium Analyzer
from the Company of Hangzhou Daji Photoelectric Instrument.

Japan  Electronics).

Results and discussions

Characterization of samples

Fig. 1 shows the XRD patterns of as-synthesized GO, rGO,
CoFe,04 and CoFe,0,4/rGO, respectively. In the XRD pattern of
GO (Fig. 1a), we can see a sharp diffraction peak at 10.8°, which
is assigned to GO. The (001) interlayer spacing of the as-obtained
exfoliated GO is calculated to be 0.82 nm, showing an complete
oxidation of graphite to the graphite oxide due to the introduction
of oxygen-containing functional groups on the graphite sheets.'”
After hydrothermal treatment, the peak at 10.8° completely

disappears and a broad peak corresponding to rGO at about 24.5°
with an interlayer spacing of 0.363 nm is observed (Fig. 1b),
ss which is a little larger than the spacing for natural graphite (0.34
nm). For pure CoFe,O4 (Fig. 1c), all diffraction peaks from the
XRD pattern of the pure CoFe,0, can be indexed to the CoFe,Oy
spinel with Fd3 m space group (JCPDS No. 22-1086). For the
CoFe,04/rGO nanocomposite (Fig. 1d), there is a large hump at
25° the XRD pattern of the CoFe,04/rGO
nanocomposite, which can be attributed to the grapheme (002)

60 about for
peak. The five main characteristic diffraction peaks at 30.1°, 35.4°,
43.1°,57.0° and 62.6° can be assigned to (220), (311), (400), (511)
and (440) planes of CoFe,O,, which is in good conformity with

s standard power diffraction patterns of CoFe,O4 with the lattice
constants. It indicates that hybrid materials synchronously

possess the characteristic diffraction peaks of CoFe,O, aggregates.
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Figurel. XRD patterns of as-synthesized GO, rGO, CoFe,O, and
CoFe,04/rGO.
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Figure2. Raman spectra of GO, CoFe,0,/rGO and pure
95 COFCQO4.

Raman spectroscopy is also one of the most sensitive and
informative techniques to characterize disorder in sp® carbon
materials. As shown in Fig. 2, for CoFe,0,/rGO, Raman peaks of
G- and D- bands shift to lower frequency in comparison with that

100 of GO: the G-band shifted from 1602 to 1589 cm™!, whereas the
D-band shifted from 1362 to 1346 cmfl, indicating that GO has
been reduced to graphene.lg’ 19 Additionally, the 2D band at 2696
cm ! is also observed, which is further indicative of the reduction
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of GO and the formation of graphene. The peak position of the
2D band is similar to that of monolayer graphene.”” ' The two
Raman spectra of CoFe,04/rGO and pure CoFe,O, show similar
features in the frequency range between 100 and 1000 cm™' as

sreported in literatures for spinel CoFe,O4, indicating the
formation of spinel CoFe,O, phase during the hydrothermal
treatment. 2

Figure3. Representative SEM images of CoFe,0,/rGO (a) and
25 (b); TEM images of CoFe,0,/rGO (c) and (d).

The typical morphology of the CoFe,0,/rGO nanocomposite
was characterized by SEM and TEM. Fig. 3A, B show the SEM
images of the CoFe,0,/rGO nanocomposite. It can be seen that
CoFe,0, nanoparticles uniformly disperse on the surface of

30 graphene sheets and between the layers of graphene sheets. The
details of CoFe,04/rGO have been further examined by TEM. Fig.
3C and D shows that the size of CoFe,0, particles ranges 5-40
nm, and the CoFe,0, particles uniformly disperse on graphene
sheets.
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50 Figured. Magnetic hysteresis curve for CoFe,0,/rGO.
The magnetization curves of CoFe,0,/rGO tested at 300 K are
depicted in Fig. 4. The negligible coercivity or remanence

-20000

indicates that CoFe,0,/rGO exhibits super paramagnetic behavior.

The specific saturation magnetization is 37.56 emu g
ss Importantly, saturation magnetization makes this
adsorbent easy to separate from solution by applying an external

a large

magnetic field.

Adsorption Experiments
Effect of solution pH

o The effect of initial pH of the uranium solution on the adsorption
was systematically investigated over a pH range from 2.0 to 12.0.
The variation of the uranium adsorption capacity with initial pH
is shown in Fig. 5. From Fig. 5, we found the fact that the
uranium (VI) ions adsorption strongly depends on the pH of

os solution. The adsorption capacity sharply increases when the pH
increases from 2.0 to 6.0. The maximum adsorption capacity is
observed at pH 6.0. In acidic conditions, uranium (VI) is present
in solution predominantly in the form of UO,*" and the sorption is
low because of the competition of H' ions for the binding sites of

70 the adsorbents. The adsorption capacity diminished as pH
continued to rise from 6.0 to 12.0. As the pH increased, hydroxyl,
dissolved carbonate and bicarbonate anions also increased.
Therefore, the uranyl ion forms stable complexes with hydroxyl
and carbonate, which lead to a sharp decrease in adsorption

75 capacity.” As a consequence, pH 6.0 is considered as the
optimum pH for further experiments.

——rGO
—8— CoFe,0,

80 —A— CoFe,0,/rGO

85

: 8 10 12
pH

o0 Figure5. Effect of pH value on adsorption property of pure
CoFe,0y4, rGO and CoFe,04/rGO. pH 2.0-12.0; temperature 25°C;
amount of CoFe,04/rGO 0.02 g.

The adsorption of uranium (VI) onto rGO, CoFe,O, and

CoFe,0,/rGO was carried out by varying pH in the range of

95 2.0-12.0 (Fig. 5). rGO shows low adsorption capacity for
uranium, indicating that rGO has a rare contribution for uranium
removal in the composite. In CoFe,O4 and
CoFe,0,/rGO have high adsorption capacity for uranium,
meaning that CoFe,O, mostly contribute to uranium removal in

100 the composite. CoFe,04/rGO shows high adsorption capacity for
uranium, indicating this uniquely structured composite are
favorable for achieving high adsorption performance.

S

T
2

contrast,

Effect of contact time and adsorption dynamics

Sorption kinetics is one of the most important characteristics for
105 solid-phase  extraction, the sorption
efficiency of adsorbents. The effect of the contact time on
uranium (VI) sorption on CoFe,0,/rGO is depicted in Fig. 6. As
can be seen, the amount of uranium (VI) sorption increased

which demonstrates

rapidly in the first 120 min of contact time and thereafter it
1o proceeded at a slow rate and finally reached equilibrium at 180
min. Therefore, the contact time was set to 240 min in future

This journal is © The Royal Society of Chemistry [year]
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experiments to ensure each adsorption equilibrium is achieved.
As a result, a maximum equilibrium capacity of 126.5 mg g’ is
obtained with an initial uranium (VI) solution of 50 mg L™
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Figure6. Effect of contact time on uranium (VI) adsorption. pH

6.0; temperature 25 °C; amount of CoFe,04/rGO 0.02 g

Table 1 Pseudo-first-order and pseudo-second-order constants
and values of R? for CoFe,0,/rGO.

Kinetic T Co Oecerp Oecal ky(min"Y/k, RZ
model (C) (mgl) (mg/e) (myg) (¢/mgmin)
Pseudofist s 50 1265 5677 00151 0979
order
Pseudo-
25 50 126.5 1252 0.0073 0.9999
secondorder

2

o

3

S

3

&

40

45

Utilization of appropriate kinetic models can offer useful
understanding  the sorption
mechanisms. From this aspect, the experimental sorption data

information  for underlying
have been fitted using pseudo-first-order and pseudo-second-
order kinetic models. The pseudo-first-order kinetic model
describes the sorption process based on sorbent capacity and can

. 24.-
be written as: 242¢

In(q,-q,)=In(q,)-kt @

The pseudo-second-order model considers the whole sorption
process including external film diffusion, sorption, and internal
particle diffusion, and can be written as:

Lo et )
q, k-4’ q.
where g, and g, are the sorption amounts of uranium (VI) (mg L)

at equilibrium time (h) and time ¢ (h), respectively; k; (min™') and
k, (g mg' min™") represent the kinetic rate constants of the
pseudo-first-order and pseudo-second-order models, respectively.
From the linear plot of In (g.-g;) vs ¢ (Figure 7A), the k; and
theoretical g, values (¢,..) of the pseudo-first-order model are
obtained. And from the linear plot of #/q; vs ¢t (Figure 7B), the

qe.car and k; values of the pseudo-second-order model are obtained.

The calculated kinetic parameters from both model fittings are
shown in Table 1. Since the correlation coefficient for pseudo-
second-order kinetics model is found to closer to unity than that
for pseudo-first-order kinetic model, it can be inferred that the

60

65

70

75

sorption kinetics of uranium (VI) could be explained well in
terms of pseudo-second-order kinetic model for the CoFe,04/rGO
adsorbents.
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Figure7. Pseudo-first-order (A), pseudo-second-order (B) plot for

the removal of uranium (VI) by CoFe,0,/rGO. pH 6.0,

temperature 25 °C; amount of CoFe,0,/rGO 0.02 g.

T
50

Effect of temperature and adsorption thermodynamics

The adsorption experiments at different temperatures were also
performed to evaluate the influence of temperature (25-55 °C) as
shown in Figure8. The results show that the adsorption of
uranium (V) is favored with an increase of temperature.

The temperature dependence of adsorption process
associated with changes in several thermodynamic parameters
such as standard free energy (AG°), enthalpy (AH®) and entropy
(AS°) of adsorption, which are calculated by equations (4) and
(5).7
InK,=-AH" / RT+AS" /R “4)
where K, is the equilibrium constant (mL g"), AH® is the standard
enthalpy (KJ mol™), AS® is the standard entropy (J mol™ K", T is
the absolute temperature (K), and R is the gas constant (8.314 J
mol! K. The values of AH® and AS° are evaluated from the
intercept and slope of the linear plot of In K, vs. 1/T (Fig. 9).

The thermodynamic parameter, AG®, is calculated from the
following Gibbs-Helmholtz equation:

AG’ =AH’ —T-AS° (5)
where AG? is the standard free energy (KJ mol™).The calculated
values of AG°, AH° and AS° under different temperatures are

is

4|Journal Name, [year], [vol], 00—00
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presented in Table 2. The positive values of AH® confirm the
endothermic nature adsorption. The positive standard entropy
(AS°) indicates the increased randomness at the solid/liquid
interface during the adsorption of uranium (VI) on CoFe,0,/rGO.
s The negative values of AG® indicate that the adsorption follows a
feasible and spontaneous trend. Notably, the values of AG°
become more negative with the increase in temperature,
indicating that the higher temperature may facilitate adsorption
uranium (VI) on CoFe,04/rGO due to a greater driving force of
10 adsorption.

200
180
160
® o Dhao]
<]
£ 1201
& 100- ——25 C
——35 C
20 80+ —a—45 C
60- —v—55 C
40
0 2 4 6 8 10
Ce (mg/L)

2s Figure8. Adsorption isotherm of CoFe,04/rGO for uranium (VI)
at different temperatures. pH 6.0; temperature 25-55 °C; amount
of CoFe,04/rGO 0.02 g.
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Figure9. Relationship curve between InK, and 1/T.

40 Table 2 Thermodynamics parameters for uranium adsorption on
CoFe,0,/rGO.

AHP AS° AG®
(kI mol™)  (Jmol-K™ (kJ mol™"

208K 308K 318K 328K
17.68 88.21

-8.69 -9.57  -1045 -11.33

Adsorption isotherms of uranium

To understand the effect of initial UO,>" concentration on sorption

capacity of the adsorbent, the sorption isotherms of UO,* on the
ss investigated composite at different UO,*" concentration are

shown in Fig. 8. Obviously, increasing the UO,>" concentrations

involves an increase in the uptake of UO,*". The sorption

isotherm is the most important information, which indicates how

the sorbent molecules distribute between the solid and the liquid
so phase when the sorption process reaches an equilibrium state.

0.055

A .

0.0504

0.0454

55 30.040-
= ]
020.035

° ]
0.0304

% 0.025
025

(&) ]

60 0.0204
0.0154

0.0104

0.005

65

5.2+

5.0

Qs

4.4-

25
e 35
A 45
v bb

4.2

7 4.0

agadaad

3.8

0: 1:0 1:5 20 25
inCe

s0 Figurel0. Comparison of the model fits of Langmuir (A) and
Freundlich (B) for the removal of uranium (VI) by CoFe,0,/rGO.
pH 6.0; temperature 25-55 °C; amount of CoFe,0,/rGO 0.02 g.

To understand the sorption behavior, the adsorption
equilibrium data have been analyzed using various isotherm
ss models,” such as the Langmuir, the Freundlich equations. The

linearized form of the Langmuir equation is given by Eq. 6:

C,/lq,=1/b-q,+C,/q, (6)

where C, (mg L) is the solute equilibrium concentration, ¢, (mg
g") is the amount of solution adsorbed per unit mass of the

%0 adsorbent, g,, is the maximum adsorption capacity (mg g), b is
Langmuir constant. According to Eq. (6), a straight line is
obtained and presented in Fig. 10A. The values of ¢,, and b are
calculated from the slope and the intercept and the results are
given in Table3.

os  Freundlich isotherm model is based on the assumption of an
exponentially decaying adsorption site energy distribution.”® ** It
is applied to describe heterogeneous system and this is
characterized by the heterogeneity factor, n. The linearized form

This journal is © The Royal Society of Chemistry [year]
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of the Freundlich equation is given by Eq. 7:

N

where k& and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively. They
are determined from the intercept and slope of the linear plot of
Ing, versus InC, (Fig. 10B).

Ing, = Ink + ilnCe
n

Table 3 reports that the Langmuir isotherm model fits well with
the experimental results over the experimental range, with high
correlation coefficients (> 0.94). According to the Langmuir
isotherm, monolayer saturation capacity of 227.2 mg g for
uranium (VI) for CoFe,0,/rGO can be obtained at 25 °C.

Table 3 Isotherm constants and values of R? for CoFe,0,/rGO.

Langmuir isotherm Freundlich isotherm

2

2

3

3

0

G

S

&

T(K) Qum b K
1 1 R? 1 n R?
(mgg”) (Lmg") (LgH)
208 227.2 0.454 09669 70.59 2.004 0.8279
308 227.2 0.543 09457 7881 2.086 0.7427
318 2222 0.682 09467 85.88 2.107 0.6831
328 217.4 0.852 09617 92.57 2.168 0.6788
Conclusions

In conclusion, a novel magnetic CoFe,0O4/rGO composite has
been fabricated, with its structure well-characterized by XRD,
SEM, TEM and VSM. The CoFe,0,/rGO exhibited higher
adsorption efficiency in removing uranium (VI) from aqueous
solution and the adsorption process was pH dependence.
Moreover, the adsorption process is accomplished within 240 min
and the adsorption kinetic process can be well described by the
pseudo-second-order model. Thermodynamic studies indicate an
endothermic and spontaneous adsorption process. In addition,
uranium (VI)-loaded CoFe,0,/rGO is easily separated from
aqueous solutions by a magnet. The easy operation and fast and
efficient sorption performance indicate that CoFe,0,/rGO can be
used as a highly effective material for the removal and recovery
of uranium (VI) from water.
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