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Synthesis of RGO/CF/PANI Magnetic Composites
for Effective Adsorption of Uranium

Tran Quang Dat , Nguyen Tran Ha , Pham Van Thin, Nguyen Vu Tung, and Do Quoc Hung

Le Quy Don Technical University, Hanoi 122121, Vietnam

In this paper, adsorbents composed of reduced graphene oxide–CoFe2O4 ferrite–polyaniline (RGO/CF/PANI) nanocomposites have
been synthesized by different techniques, namely, hydrothermal, graphite exfoliation, reduction, and polymerization. The adsorbents
were characterized by scanning electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and vibrating
sample magnetometer. The adsorption of uranium (VI) could be well described by the Langmuir and the pseudosecond-order
models. The highest adsorption capacity of the composites for uranium (VI) was evaluated to be 2430 mg/g at pH = 5 and
25 ◦C. The uranium loaded RGO/CF/PANI could be readily separated from aqueous solutions by an external magnetic field. This
paper demonstrates an efficient and convenient approach for the adsorption of uranium (VI) from aqueous solutions.

Index Terms— Adsorption, CoFe2O4, polyaniline (PANI), reduced graphene oxide (RGO), uranium.

I. INTRODUCTION

URANIUM is a standout amongst the most hazardous
contaminants as a consequence of its long half-life time,

high radiological, and organ-system toxicity [1]. Accordingly,
it is vital to develop a suitable and efficient technique to isolate
uranium from an aqueous medium. Along with other methods
to remove uranium from aqueous solutions, adsorption has
pulled in most intrigue in light of its cost-viability, adaptability,
and straightforwardness of operation to separate uranium [2].

At present, significant attention has been paid to conducting
polymers. They possess interesting, excellent chemical, opto-
electronic, and electrical properties, thanks to the existence
of special broaden π-conjugated electron frameworks [3].
Generally, conductive polymer is a hot topic in material
science. However, conducting polymers involving polypyrrole,
polyphenylene, polythiophene, polyaniline (PANI), polyacety-
lene, etc., have been broadly studied for the applications
in other interdisciplinary research [4]. Among the conductive
polymers, PANI has been most attractive due to its simple
synthetization techniques, improved stability, outstanding elec-
trochemical properties, lower cost, high thermic substantiality,
and substantial quantities of utilizations [5]. Notwithstanding,
PANI experiences numerous downsides, for example, bring-
ing down dissolvability in ordinary solvents, poor cycling
dependability, poor effectual surface territory, and degrading
mechanical performance [6].

Incorporation of PANI with graphene-based material can
improve the properties of PANI, since graphene is a liberal
carbon-based material which is chemically and mechanically
steady and has substantial operative surface area [7]. Excep-
tionally strong sorption of uranium onto graphene oxide (GO)
can be referred with different functional groups (epoxide,
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phenol, hydroxyl, and carboxyl groups) on the surface of
GO and expansive π-stacking that gives suitable interaction
through hydrogen bonding, π–π , and electrostatic interac-
tions [8]. However, the GO–PANI composites are hard to
isolate from the aqueous solution after the adsorption process,
and hence, segregation of uranium directly by using GO–PANI
in industry might not be cost-effective.

Furthermore, as of the latest advances in the field, adsor-
bents pulled in more consideration from scientists as a type of
material to remediate the encompassing water contamination
due to the prospect of their partition from a fluidic medium
by the utilization of external magnetic fields [9]. Separation
of magnetic adsorbents by magnetic fields is quicker and
more favorable than regular separation methods, for example,
filtration, centrifugation, or sedimentation. Therefore, the com-
posite materials, which consist of magnetic nanoparticles, GO,
and PANI, will hold a promising perspective as effective
adsorbents [10].

In this paper, we report the effortless synthesis method of
ternary nanocomposite composed of RGO/CF/PANI. The syn-
thesized nanocomposite was used as an adsorbent for effective
adsorption of uranium ions [U(VI)] from the aqueous solution.

II. EXPERIMENTAL SETUP

A. Reagents and Chemicals

Analytical grade chemicals were used. Cobalt(II) nitrate
hexahydrate [Co(NO3)2 · 6H2O, 99%], iron(III) chlo-
ride hexahydrate (FeCl3 · 6H2O, 99%), sodium hydroxide
(NaOH, 99%), ammonia (NH3, 25%), ammonium persulfate
[(NH4)2S2O8, 98%], nitric acid (HNO3, 65%), hydrochloric
acid (HCl, 37%), and uranyl nitrate hexahydrate [UO2(NO3)2 ·
6H2O, 99%] were supplied by Sigma-Aldrich company. All
solutions were prepared with deionized water (DI).

B. Synthesis of RGO/CF/PANI Materials

Reduced GO (RGO) was received following the previous
report [11]. To synthesize RGO/CF composite, first, 4 mmol of
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FeCl3 ·6H2O and 2 mmol of Co(NO3)2 ·6H2O were dissolved
in a mixture of 60 mL of ethylene glycol and 40 mL of DI
water. A solution which contained RGO (100 mg RGO/10 mL
water) was slowly added to the mixture and stirred for 1 h.
After that, 4 mL of ammonia solution was slowly added to the
mixture. The mixture was stirred for 4 h for achieving good
uniformity. The obtained mixture was poured into a 150-mL
Teflon-lined autoclave reactor and heated to 190 °C. The reac-
tor was kept at that temperature for 24 h. In the wake
of cooling to room temperature, the precipitate was washed
repeatedly using water and ethanol. Then, RGO/CF sample
was dried at 60 °C for 12 h.

The RGO/CF/PANI composite was synthesized by poly-
merization of aniline monomers on the surface of RGO/CF.
Beforehand, a mixture containing aniline and RGO/CF was
prepared by dissolving 2 mmol of alinine in 70 ml of 28.5%
HCl solution and kept cold at 0 °C. This precooled solu-
tion was added appropriately to RGO/CF powder. Then,
30 mL of aqueous solution containing 2 mmol of ammonium
persulfate was added dropwise into the prepared mixture.
The polymerization reaction was sustained for 16 h at 0 °C
with energetic mechanical stirring at about 400–500 rpm.
After that, the RGO/CF/PANI composite was taken out from
the reaction mixture and repeatedly washed with water and
ethanol. At the end of the washing cycle, RGO/CF/PANI
composite was isolated from the solution by using an external
magnet. Washing cycle was repeated until the filtrate became
colorless. The obtained product (RGO/CF/PANI powder) was
dried in vacuum at 60 °C for 24 h in a vacuum oven.

C. Characterization of Materials

The morphologies and crystal structures of the compos-
ites were characterized using scanning electron microscopy
(SEM–S4800), X-ray diffraction (XRD, Bruker D5 with Cu
Kα1 radiation λ = 1.54056 Å), and Fourier transform infrared
spectroscopy (FTIR, Perkin Spectrum Two). Magnetic mea-
surements were performed with a vibrating sample mag-
netometer (VSM, DMS 880 in magnetic fields of up to
13.5 kOe).

D. Adsorption Experiments

A batch technique was carried out to study the adsorption
of U(VI) from aqueous solutions by RGO/CF/PANI. Uranium
solutions used in all adsorption experiments were prepared by
dissolving UO2(NO3)2 · 6H2O in DI water. All the adsorption
experiments were performed at 25 °C and 20 mg of adsorbent
was used in each experiment. After the adsorption reached the
equilibrium, the adsorbent was separated from the solution by
a magnet. It took a few minutes to conduct this experimental
step. Then, the samples were filtered and the uranium concen-
tration of the effluent was measured by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7500). The effect
of pH on adsorption was studied using a 400-mL solution
(50 mg/L uranium), a contact time of 240 min. The pH values
ranging from 2 to 10 were adjusted by adding 0.1 mol/L
NaOH or 0.1 mol/L HNO3 solution. The effect of contact time
on adsorption capacity was studied using 400-mL solution

Fig. 1. SEM image of (a) RGO, (b) RGO/CF, (c) RGO/CF/PANI, and
(d) particle size distribution of CF.

(50 mg/L uranium) and pH = 5. The contact time varied from
15 to 360 min. In the adsorption equilibrium isotherm studies,
the initial concentrations of uranium were varied and the other
parameters were kept constant (Vsolution = 400 mL, contact
time = 240 min, and pH = 5).

The amount of uranium adsorbed per unit mass of the
adsorbent was calculated according to the following equation:

Qe = Co − Ce

m
V (1)

where Qe (mg/g) is the adsorption capacity, Co and Ce (mg/L)
are the concentrations of the uranium at initial and equilibrium
states, respectively, m is the weight of sorbent (g) and V is
the volume of the solution (L).

The regeneration–reuse studies were carried out in eight
cycles. 20 mg of adsorbent was mixed in a 400-mL uranyl
solution (50 mg/L) in each cycle. Adsorption of U(VI)
was performed at pH = 5, contact time = 240 min, and
25 °C. After the adsorption experiment, derived sample of
U(VI) laden with RGO/CF/PANI composites was mixed with
0.1 mol/L of HCl for 2 h at 25 °C. The composites were
separated by a magnet. The recovered composite materials
were washed carefully few times with distilled water and
dried at 50 °C. The adsorption efficiency in each cycle was
calculated from the amount of uranium adsorbed on the
adsorbents and the initial amount of uranium.

III. DISCUSSION

A. Morphology, Structure Characterization, and Magnetic
Properties of Composites

According to Fig. 1(a), the thin RGO leaves were separated
from graphite, but they were strongly deformed and wrinkled.
Fig. 1(b) shows the SEM image of the RGO/CF composite.
In accordance with it, the CF particles disperse well and cover
almost totally the whole surface of the RGO, so that the RGO
leaves cannot be seen except only at the boundaries between
the RGO/CF blocks.

Fig. 1(c) shows the surface morphology of the composite
RGO/CF/PANI. After the aniline monomers are polymerized,
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Fig. 2. FTIR spectra of RGO/CF/PANI.

the polymer should cover roughly the thorough surface of the
RGO/CF. And in the SEM image, we could not distinguish
RGO/CF blocks, but RGO/CF/PANI layers could be seen quite
evidently. In the SEM image of RGO/CF, only the most clear-
cut particles were used to calculate the particle size. The CF
particle size distribution is shown in Fig. 1(d). In the figure,
it can be seen that the particle sizes range from 16 to 25 nm
in diameter. The distribution curve has a typical bell-shape
with the maximum in the range of 19–21 nm.

The surface functional groups of the synthesized materials
were investigated with FTIR spectroscopy. Fig. 2 shows the
FTIR spectrum of the RGO/CF/PANI material. The peak
at 1561 cm−1 could be assigned corresponding to the
(N = Q = N) vibrations of quinonoid-rings. The peak at
1467 cm−1 corresponds to the (C = C) in the vibrations of
benzenoid rings [12]. The presence of quinoid and benzenoid
units indicates the conductive emeraldine form of PANI.
A peak at 1285 cm−1 can be accredited to the C–N stretching
vibration. The peaks at 1235 and 1035 cm−1 correspond to
the vibrations of C–O bonds [13]. The peak at 785 cm−1

corresponds to vibrations of C–H bonds. Also, the appearance
of characteristic peak at 545 cm−1 corresponds to Fe–O bond
stretching [14]. These peaks show the interactions that appear
in the material.

In the XRD pattern of the RGO/CF [Fig. 3(a)], we can see
peaks corresponding to the (220), (311), (400), (422), (511),
and (440) crystal planes, respectively. XRD data identified that
the CF particles have a face-centered cubic trevorite structure.
The crystallite size of the CF nanoparticles was evaluated
using the Scherrer formula: d = kλ/β · cos γ , where k is
equal to 0.94, λ is the X-ray wavelength, β is the peak full
width half maximum, and γ is the diffraction peak position.
Results obtained by calculation with the (311) peak display
that the crystallite size of CF in RGO/CF composite is 20 nm.
This data is in great correspondence with the previous analysis
of the SEM image. In the XRD pattern of RGO/CF/PANI,
it is difficult to realize peaks of CF particles because of the
covering PANI layer. Otherwise, a broad peak at about 25.5°,
which corresponds to interlayer spacing of RGO, can be seen.

Room temperature magnetization of the RGO/CF/PANI
composite was studied and the result is presented in Fig. 4.

Fig. 3. XRD patterns of (a) RGO/CF and (b) RGO/CF/PANI.

Fig. 4. Room temperature magnetic hysteresis loops of RGO/CF/PANI.

The VSM measurement demonstrated that achieved materials
were generally superparamagnetic-like with remanences and
coercive forces near zero. The maximum magnetization value
of the RGO/CF/PANI is about 20 emu/g. In our experiments,
the RGO/CF/PANI sample have 50 wt% of CoFe2O4. The sat-
urated magnetization of our CoFe2O4 is 40 emu/g. The present
results are in good agreement with previous experiments.

B. Effect of pH

The pH of the sample solution is an important factor to
control the sorption efficiency uranium. The effect of pH
on the amount of uranium adsorbed on the RGO/CF/PANI
composite for U(VI) is carried out in Fig. 5. The amount of
uranium is augmented when the pH increases from 2 to 5. As
the pH value is reliably extended from 5 to 10, the amount of
adsorbed U(VI) diminishes. This result demonstrates that the
sorption capacity of RGO/CF/PANI for U(VI) reaches its best
value when pH = 5.

In acidic mediums, U(VI) is in the form of UO2+
2 and

the sorption is small as the result of the competition of
UO2+

2 with H+ ions for the coupling sites of the adsorbents.
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Fig. 5. Effect of pH on uranium adsorption.

Fig. 6. Effect of contact time on uranium adsorption.

The concentrations of hydroxyl, carbonate, and bicarbonate
anions expand alongside pH level. Therefore, the uranyl
ions form stable complexes with hydroxyl and carbonate
anions, bringing about a dramatic diminishing in adsorption
capacity [15]. At pH > 5, the surface charge of sorbents
become more negative and uranium appears as anionic species
such as [UO2(OH)3]− and [UO2(OH)4]2−. The electrosta-
tic repulsion between uranium anions and sorbents with
surface negative charges that tends to decrease the U(VI)
adsorption [16].

C. Effect of Contact Time

Influence of contact time on adsorption is shown in Fig. 6.
According to Fig. 6, two specific stages are appeared
in this adsorption. The first process was completed in around
240 min. The last process was slow and extended to 360 min.
Moreover, the uranium adsorption onto RGO/CF/PANI
reached up to 93.7% within 240 min and was almost constant
thereafter. Hence, the contact time of 240 min was chosen

Fig. 7. (a) Pseudofirst- and (b) second-order plot for the uranium adsorption.

for all adsorption experiments to confirm that equilibrium
was set up in each adsorption process. This contact time is
similar to some other studies, but has a lower adsorption capac-
ity [16]–[19]. The adsorption kinetics curves were studied to
determine the kinetic parameters and models which well fit
these experimental data. To this purpose, the adsorption of ura-
nium on RGO/CF/PANI nanocomposite with respect to time
was treated in terms of the pseudofirst-order or pseudosecond-
order kinetic models [20]. The best model was selected by
evaluating the correlation coefficient values (R2), experimental
capacity at equilibrium time (Qe,exp), and calculated capacity
(Qe,cal).

As shown in Fig. 7, the pseudosecond-order kinetic model is
found to have higher correlation coefficient and its R2 value
is closer to unity than that of the pseudofirst-order kinetic
model. Moreover, the amount of uranium calculated by the
pseudosecond-order kinetic equation is in good agreement
with the experimental values. It can be inferred that the sorp-
tion kinetics of uranium (VI) by the RGO/CF/PANI adsorbent
can be well explained in terms of the pseudosecond-order
kinetic model.
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Fig. 8. Effect of equilibrium uranium on the adsorption.

D. Adsorption Isotherms of Uranium

The adsorption experiments at different initial concentra-
tions of U(VI) were carried out to estimate the influence of
equilibrium concentration as presented in Fig. 8. Obviously,
increasing the uranium concentrations involves an increase
in the uptake of uranium. The sorption isotherm gives the
most important information, as it indicates how the sorbent
molecules are distributed between the solid and the liquid
phases when the sorption process reaches its equilibrium state.
The removal of uranium in the presence of materials can be
allocated to the interaction between material surface and ura-
nium species presented in the solution. A maximum sorption
amount of U(VI) on ternary nanocomposite (RGO/CF/PANI)
was found to be 1770 mg/g in our experimental conditions.
It is considered that RGO/CF/PANI has high capacity of U(VI)
sorption exhibited a potential of utilization in removal and
recovery of uranium from aqueous solutions.

Langmuir and Freundlich isotherms were applied for the
experimental determination of adsorption correlation parame-
ters which are used to determine the adsorption pattern and
capacity [9]. Plots of Langmuir and Freundlich models repre-
senting uranium adsorption are delineated in Fig. 9. In light of
the high correlation coefficient value, the Langmuir isotherm
can be more suitable to characterize the uranium adsorp-
tion behavior of the RGO/CF/PANI materials. The Langmuir
model shows that uranium is adsorbed by particular locales
of RGO/CF/PANI and forms a homogeneous monolayer.
According to the Langmuir isotherm, maximum adsorption
capacity of RGO/CF/PANI is around 2430 mg/g for uranium
at 25 °C. The adsorption capacity of the RGO/CF/PANI
composite is higher than that of some other adsorbents
(Table 1).

The RGO/CF/PANI materials have some kind of sorption
centers and sites (due to nano sizes of ferrite particles, high
specific surface area, and RGO–ferrite interactions). In addi-
tion, on surface of the material there are many complex
groups such as S-NH2, S = NH, and S-COOH (where S is
the surface). Uranium ions in solution could be interacted
with these complex groups through electrostatic or hydrogen

Fig. 9. Sorption isotherms for the uranium adsorption. (a) Langmuir.
(b) Freundlich.

TABLE I

ADSORPTION CAPACITY OF DIFFERENT ADSORBENTS

FOR URANIUM (VI)

bond [8]. So, the adsorption capacity of this adsorbent could
be improved.

E. Regeneration–Reuse Studies

The reusability of the adsorbent is an important feature
for applied application and must be scientifically studied.
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Fig. 10. Adsorption–desorption cycles for uranium of RGO/CF/PANI.

Fig. 10 demonstrates that the reusability of RGO/CF/PANI
for the adsorption of U(VI) in eight cycles. There is minor
reduction in the adsorption percentage of the adsorbent after
each repeated cycle because of the unperfected desorption
of U(VI) from the surface of the adsorbent. The adsorption
percentage decreased just slightly from 93.7% to 90.6% after
eight cycles. These results point out the way to increase the
cost-effectiveness of the adsorption process. Similar results
were also reported for reusability of other U(VI) adsor-
bents [8], [9], [18], [19]. With that in mind, RGO/CF/PANI
composite materials stand out as a suitable adsorbent for
wastewater treatment application.

IV. CONCLUSION

The RGO/CF/PANI nanocomposite was successfully syn-
thesized and used as an adsorbent for adsorption of uranium
from polluted water. The nanocomposites were characterized
by SEM, FTIR, XRD, and VSM. The isotherm and kinetic
studies showed that the Langmuir isotherm and pseudosecond-
order models well described the experimental data. The max-
imum uranium adsorption capacity of the RGO/CF/PANI
composite was estimated to be 2430 mg/g at pH = 5 and 25 °C
within the Langmuir model. The RGO/CF/PANI composite
appears as an effective uranium-adsorbent holding promising
application in U(VI) segregation from aqueous solution in the
view of their simplicity of magnetic separation and high
adsorption capacity.
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