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ABSTRACT

CugsNigsFe;O, — reduced graphene oxide composites (CNF-rGO) as an efficient
adsorbent for the adsorption of uranium (VI) have been synthesized by a two-steps methods. The
structures and the physicochemical properties of adsorbents are characterized by Scanning
electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy (RAMAN) and
Vibrating sample magnetometer (VSM) measurement. It was found that rGO were exfoliated
and decorated homogeneously with CNF nanoparticles having diameters of 20 nm. The saturated
magnetization (Ms) value was estimated to be 60 emu/g, remanences (Mr) and coercive forces
(Hc) near to zero, indicating that obtained material is superparamagnetic. The pH effect, contact
time and adsorption isotherms were examined in batch experiments. The adsorption isotherm
agreed well with the Langmuir model, having a maximum adsorption capacity of 256 mg/g, at
pH=6,T=298 K.
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1. INTRODUCTION

Hexavalent actinides constitute a significant proportion of the radioactive species
distributed in nuclear waste, and are generated in the post-processing of spent fuels every year.
Uranium is a toxic heavy metal arising from the nuclear industry as well as from anthropogenic
activities. The hexavalent uranyl ion (UO,*") is found to be the most stable form in vivo, and its
compounds can cause irreversible renal injury and potential carcinogens [1]. Removal of U(VI)
from aqueous solutions is very important. There are various methods to treat U(VI) from
aqueous solutions, such as chemical precipitation, membrane dialysis, solvent extraction,
flotation and adsorption [2]. Among all those processes, adsorption is probably the most
common method in practical use. Highly-efficient adsorbents would enable the collection of
trace-level metal ions from aqueous systems, thus improving the present technological levels of
radioactive pollutant removal. Development of novel adsorbents with high adsorption capacity,
fast adsorption kinetics, and easy separation and regeneration is in great demand.

Recently, the application of carbon-based nanomaterials in water treatment plants has
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attracted significant attention due to the advantages of large surface areas and more activated
functionalized sites [3, 4]. Graphene is receiving intense attention, driven by its unique physical
and chemical properties. Graphene and graphene oxide have been reported as efficient
adsorbents [5].

Over the years, magnetic adsorbents have emerged as a new generation of materials for
environmental decontamination, since magnetic separation simply involves applying an external
magnetic field to extract the adsorbents [6, 7, 8, 9]. Compared with traditional methods, such as
filtration, centrifugation or gravitational separation, magnetic separation requires less energy and
can achieve better separation especially for adsorbents with small particle sizes. Recently,
ferrites have been employed in water purification [10].

Few years recently, some researchers have managed to fabricate magnetic graphene
nanocomposites [11, 12]. The ferrite — rGO nanocomposite possesses attractive properties that
could see potential use in catalysis, biomedicine, lithiumion batteries and sorbent for uranium or
other actinides.

In this study, copper - nickel ferrite (CugsNigsFe,O4) - reduced graphene oxide
nanocomposites were synthesized for removal of U(VI) from aqueous solution. The adsorption
properties of the adsorbent toward U(VI) in aqueous solution were investigated for adsorption
capacity, contact time and effect of pH.

2. EXPERIMENTAL
2.1. Synthesis of reduced Graphene Oxide (rGO)

Graphite oxide was synthesized from graphite powder by a modified Hummers method
[13]. The detailed processing is described as below: 1 g of graphite (99%) and 0.5 g of NaNO;
were mixed with 50 mL of H,SO,4 (98%) in a threenecked flask at 0°C. The mixture was stirred
for 1 h. Then 3g of KMnO,4 was added to the suspension and the mixture was stirred at 10 °C for
2 h. The suspension was stirred at room temperature for 25 min followed by 5 min sonication in
an ultrasonic bath. After repeating the stirring-sonication process for 12 times, the reaction was
quenched by the addition of 200 mL distilled water. An extra 2 h ultrasonic treatment was
carried out. After adjusting the pH at ~ 6 by the addition of 1 mol/L sodium hydroxide solution,
the suspension was further sonicated for 1 h. 20 g L-ascorbic acid was dissolved in 200 mL
distilled water and then was slowly added to the exfoliated graphite oxide suspension at room
temperature. The reduction was performed at 95 °C for 1 h. The resultant black precipitates were
simply filtered by filter paper and further were washed with a 1 mol/L hydrochloric acid solution
and distilled water to neutral pH. Finally, the filtrate was freeze-dried to obtain rGO powder.

2.2. Synthesis of CuysNijsFe,0,4 - reduced Graphene Oxide composites (CNF - rGO)

Firstly, 4 mmol of FeCl;. 6H,O, 1 mmol of NiCl,. 6H,O and 1 mmol of Cu(NO;),. 3H,0
were dissolved in a mixture of 60 mL of ethylene glycol and 40 mL of distilled water. Then, an
appropriate amount of aqueous rGO (100 mg rGO/10 mL distilled water) and 4 mL of ammonia
solution (25 %) were added to the mixture with stirring for 4 h. The resulting solution was then
poured into a 150 mL Teflon-lined autoclave and heated to 190 °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 for 12 h at 60 °C.
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2.3. Characterization and adsorption experiments

The morphologies and crystal structures of the CNF - rGO composites were characterised
using Scanning electron microscopy (SEM - S4800, at Institute of Materials Science, Vietnam
Academy of Science and Technology), X-ray diffraction (XRD, Bruker D5 with Cu K
radiation A = 1.54056 A, at Hanoi University of Science) and Raman spectroscopy (LabRAM
HR 800, excited by a 610 nm laser, at Hanoi University of Science). Magnetic measurements
were performed with a vibrating sample magnetometer (VSM, DMS 880 in magnetic fields up to
13.5 kOe, at Hanoi University of Science).

A batch technique was applied to study the adsorption of U(VI) from aqueous solutions by
CNF - rGO. A stock solution of uranium was prepared by dissolving UO»(NO;),.6H,O in
deionized water. All batch experiments were conducted using CNF - rGO powders in a 100 mL
conical flask with 50 mL of U(VI) aqueous solutions on a rotary shaker at 200 rpm at 298 K. At
the end of the adsorption period, the suspension was isolated by using an external magnetic field.
Then, the samples were filtered and the U(VI) concentration in the effluent was determined by
an Inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500, at Institute for
Technology of Radioactive and Rare Elements). The effect of pH on adsorption was studied in
adsorption experiments using 20 mg of adsorbent in 50 mL of U(VI) solution (50 mg/L) and
equilibrium time of 240 min. Different pH values ranging from 4 to 10 were adjusted by adding
0.1 mol/L NaOH or 0.1 mol/L HNO; solutions. We studied the effect of contact time on
adsorption capacity, under the conditions: 20 mg of adsorbent, 50 mL of U(VI) solution (50
mg/L), pH = 6 and temperature 298 K. Different contact time was varied from 15 min to 360
min. In adsorption equilibrium isotherm studies, the initial concentrations of U(VI) were varied
and the other parameters were kept constant (20 mg of adsorbent, contact time = 240 min and
pH=06).

The adsorption capacity of U(VI) was calculated according to the following equation:

_ G -G,

0, = v (1

m

where O, (mg/g) is adsorption capacity, Cy and C,, (mg/L) are the initial and equilibrium
concentrations of uranium(VI) solution, m is the weight of sorbent (g), V' is the volume of the
uranium(VI) solution (L).

3. RESULTS AND DISCUSSION
3.1. Characterization of samples

Fig. 1 shows the SEM image of rGO. Well-exfoliated but crumpled and aggregated rGO
sheets are observable in the SEM image. Fig. 2 shows the SEM images of the CNF — rGO
nanocomposites. It can be seen that the CugsNigsFe,O4 nanoparticles are uniformly dispersed on
the surface of the graphene sheets and between the layers of the graphene sheets. It exhibited
uniform, almost spherical shaped and loosely agglomerated particles of CugsNiysFe O, ferrite,
and the particle size is quite homogenous about of 20 nm.

In the XRD pattern of rGO (Fig. 3), we can see a broad peak corresponding to rGO at about
24.44°, with an interlayer spacing of 3.6 nm. Fig. 4 shows the XRD patterns of the CNF — rGO
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composites. The broad and well defined diffraction peaks were observed at 26 = 18.49, 30.37,
35.62, 37.27, 43.3, 53.65, 57.31, 62.86 degrees, corresponding to (111), (220), (311), (222),
(400), (422), (511) and (440) planes, respectively. X-ray diffraction data identified that the
CuygsNigsFe,O4 particles have face-centered cubic trevorite structure. The estimated value of
lattice constants was found to be @ = 8.34 A. The estimated value of particle size of the particles
is found to be about 20 nm.
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Figure 1. SEM image of rGO. Figure 2. SEM image of CNF - rGO composites.
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Figure 3. XRD patterns of rGO. Figure 4. XRD patterns of CNF—rGO composites.

Raman spectroscopy is also one of the most sensitive and informative techniques to
characterize disorder in sp” carbon materials. As shown in Fig. 5a, for rGO, the Raman peaks of
the G-band (1582 cm™) and D-band (1325 cm™) have found. The G band arose from the first-
order scattering of the E,, mode of carbon sp” atoms, while the D band was due to the K-point
phonons of the A;, mode and was associated with the vibration of sp> carbon domains typical of
disordered graphite [14]. Comparing with the Raman spectrum of the rGO, it is obvious to see
that the Raman peaks of G- and D-bands in the Raman spectra of the CNF-rGO nanocomposites
shift to lower frequencies. The D-band shifted from 1325 cm™ to 1315 cm ™' while the G-band
shifted from 1582 cm™ to 1569 cm ™', indicating that GO had been reduced to graphene.
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Figure 5. Raman spectra of (a) rGO and (b) Figure 6. Room temperature magnetic hysteresis
CNF-rGO excited by a 610 nm laser. loops of the CNF — rGO composites.

Room temperature magnetization for CNF - rGO composites was investigated and is shown
in Fig. 6. The magnetization of samples increases with external magnetic field strength. The
VSM measurement had shown that obtained material was typically superparamagnetic with
remanences (Mr) and coercive forces (Hc) being near to zero. The saturated magnetization (Ms)
value was estimated to be 60 emu/g. A large saturation magnetization makes this adsorbent easy
to separate from solution by applying an external magnetic field.

3.2. Effect of initial pH

The effect of solution pH on the adsorption capacity of CNF - rGO composites for U(VI)
was illustrated in Fig. 7. The removal of uranium sharply increases from 100.5 mg/g to 117.5
mg/g when the pH increases from 4 to 6. If the pH value was continually enhanced from 6 to 10,
the adsorption ability starts decreasing. This result indicates that the adsorption ability of CNF -
rGO for U(VI) is strong in near neutral circumstance. The maximum adsorption yield was
observed at pH = 6.

At low pH of solution, the uranium (VI) is present mainly in the form of free [UO,]*" ions
and the binding sites of CNF - rGO may become positively charged due to the protonation
reaction. The adsorption process is not favored. Moreover, excess H' occupies many adsorption
sites. At pH > 6, the surface charge of sorbents became more negative and uranium is present as
anionic species such as [UO,(OH)s], [UO,(OH),]*... The repulsion between uranium anions
and sorbents with surface negative charges resulted in the drop of U(VI) adsorption. Similar
results were also reported for U(VI) adsorption [11]. Consequently, pH = 6 is considered as the
optimum pH for further experiments.
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Figure 7. Effect of pH on adsorption of uranium. Figure 8. Effect of contact time on adsorption of
uranium.

3.3. Effect of contact time on uranium adsorption

Figure 8 presents the amount of uranium adsorption on CNF - rGO nanocomposites as a
function of contact time. The equilibrium is established after 240 min, and that further increase
of the contact time does not influence the adsorption process. It can be seen that the adsorption
process has two distinctive stages, initial process completing in approximately 240 min followed
by a slow and marginal uptake extending to several hours. The results of the adsorption
experiments indicate that nanocomposites are effective in decreasing the uranium concentration
in the effluent. A maximum of 94 % decrease from the initial concentration of 50 mg/L is
observed during 240 min of contact time. The initial process is attributed to the adsorption of
U(V]) ions on the surface and the second process is due to the slow reduction of uranium from
solution [15]. To ensure that equilibrium was established in each case, a contact time of 240 min
was selected for all batch adsorption experiments.

The adsorption data were treated according to pseudo first order or pseudo second order
kinetic equation [16, 17] to investigate the controlling mechanism of the adsorption process.

The pseudo first order kinetic equation is given as:
ln(Qeq - Qt) = ln Qeq - klt (2)
where Q,, and O, (mg/g) are the amount of U(VI) ions adsorbed at equilibrium and at time (),
k;(L/min) is the rate constant of pseudo-first-order kinetic equation.
The pseudo second order equation, Ho and Mckay model is expressed as follows:
t 1 t
- = > +—
Qt kZQeq Qeq

where k; is the rate constant of pseudo second order kinetic adsorption.

)

The constants corresponding to the pseudo first/ pseudo second order equations were
calculated from the intercept and slope values of the plot (Fig. 9). As seen from Fig. 9B, the
pseudo second order equation fits well with the experimental data, and the correlation coefficient
obtained for pseudo second order equation is 0.9972. Furthermore, the adsorption capacities
calculated by the pseudo second order model are very close to the experimental value. These
results suggest that a pseudo second order adsorption is the predominant mechanism.
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Figure 9. Pseudo-first-order (A), pseudo-second-order (B) plot for the adsorption of uranium.
3.4. Adsorption isotherms

Equilibrium isotherm studies were carried out to evaluate the maximum adsorption capacity
of CNF — rGO materials for U(VI). The adsorption capacity of CNF - rGO nanocomposites
versus the equilibrium concentration of U(VI) in the aqueous solution is plotted in Fig. 10. The
results revealed that the precipitation of uranium species is insignificant even at the highest
uranium concentration employed in our studies. The removal of uranium in presence of
materials can be assigned to the interaction between materials surface and uranium species
present in solution. Under our experimental condition, uranium loading onto the nanocomposites
was found to be saturated at approximately 159.5 mg/g.

The data were simulated by the widely used the Langmuir, Freundlich isotherm and
Dubinin—Radushkevich models [18, 19, 20] to understand the adsorption mechanism.

The Langmuir equation is:

Ce 1 1
-, = (4)
Qeq Qm 7 LQm

where 0,, (mg/g) is the Langmuir monolayer adsorption capacity; C,, (mg/L) is the equilibrium
concentration; Q., (mg/g) is the adsorbed amount at equilibrium time; K; is the Langmuir
equilibrium constant.

The formula of Freundlich isotherm is :
1
In Qeq =InK, +;ln C, )

Kr and n are the Freundlich constants related to the adsorption capacity and adsorption intensity,
respectively.

The Dubinin—Radushkevich equation is:
2
In Qeqzanm—KD_R £ (6)
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where O, is the amount of U(VI) adsorbed at the equilibrium, Kj. is a constant related to the
adsorption energy, Q,, is the theoretical saturation capacity, and € is the Polanyi potential which
is equal to:

1
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Figure 10. Effect of equilibrium uranium on the Figure 11. The model fits of Langmuir isotherms
adsorption of uranium. for the adsorption of uranium.
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Figure 12. The model fits of Freundlich Figure 13. The model fits of Dubinin —
isotherms for the adsorption of uranium. Radushkevich isotherms for the adsorption of

uranium.

The linear plots of Langmuir, Freundlich and Dubinin — Radushkevich equations
representing uranium (VI) adsorption were illustrated in Fig. 11 - 13. Based on high correlation
coefficient values, the Langmuir isotherm is most suitable to characterize the uranium adsorption
behavior of CNF - rGO materials. The Langmuir model indicates that U(VI) is adsorbed by
specific sites of CNF - rGO and forms a monolayer. This also indicates the homogeneity of
active sites on the surface of CNF - rGO. The maximum adsorption capacity of CNF - rGO is
about 256 mg/g for uranium(VI) at 298K. This value is found to be in general better than those
reported in the literature for uranium adsorption [9, 11].
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4. CONCLUSION

CNF - rGO nanocomposites have been successfully prepared by the two-steps methods.

The CNF - rGO materials could be recovered readily from aqueous solution by magnetic
separation. The equilibrium data were well fitted by the Langmuir adsorption isotherm model,
and CNF - rGO exhibited high absorbability for U(VI). The maximum adsorption capacity of
U(VI) with CNF - rGO nanocomposites was 256 mg/g at pH = 6 and T = 298 K. Findings of the
present work to highlight the potential for magnetic graphene nanocomposites as an effective
and recyclable adsorbent for the radioactive wastewater treatment.
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TOM TAT

HAP PHU URANI TRONG DUNG DICH BANG NANOCOMPOSIT CuysNip sFe,0, —

REDUCED GRAGHENE OXIDE
Tran Quang Dat*, Nguyén Vin Toan, Pham Vian Thin, D Quéc Hung
Dai hoc Ky thuat Lé Quy Don, 236 Hoang Qu(fc Viet, Ha Noi
"Email: dattgmta@gmail.com

Composit gitta CugsNigsFe,O4 — khir graphene oxit (CNF-rGO) - mot vat li€u hép phu

hiéu nang uranium (VI) di duoc ché tao thanh cong qua hai budc cong nghé. Cau trac va tinh
chit hoa ly cta vét liéu duoc xac dinh bang hién vi dién tir quét (SEM), gian d6 nhiéu xa tia X
(XRD), phé RAMAN va phép do tir ké miu rung (VSM). Két qua cho thy, rGO dugc boc tach
va duoge két hop v6i cac hat nano CNF c6 kich thudce ¢& 20 nm. Tur d bao hoa cua mau dat 60
emu/g, con tir du va luc khang tir xap xi khong cho thdy vat liéu 13 siéu thuén tir. Cac anh hudng
ctia pH, thoi gian hap phy, hdp phu ding nhiét da duoc khao sat. Duong hap phu dang nhiét phu
hop voi mé hinh Langmuir, voi dung lugng hap phu ¢& 256 mg/g & pH 6, nhiét d6 298 K.

T khoa: rGO, CugsNijsFe,0,4, nanocomposites, uranium, hép phu.
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