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Abstract Hollow Fe;04@mesoporous carbon (h-Fes.
0,@mC) microspheres have been synthesized using silica
nanospheres as the sacrificial matrix. Physiochemical
properties, surface morphology, and internal structures of
the as-prepared products have been carefully characterized.
The synthesized h-Fe;O,@mC microspheres have been
applied to adsorb radionuclides from aqueous solutions and
can be easily separated by an external magnetic field.
Effects of contact time, pH, and initial concentrations on
the interaction of h-Fe;O,@mC with U(VI), Eu(Ill),
Co(Il), and Sr(II) have been studied. The sorption is
strongly dependent on pH and can reach equilibrium within
2 h. Dependence of sorption on pH is relevant to both the
surface properties of sorbents and the relative distribution
of radionuclides species in solutions. Due to the meso-
porous structure, carboxyl-functionalized surface, and low
density, h-Fe;0,@mC shows efficient sorption for
radionuclides even in acidic solutions. The maximum
sorption capacities of U(VI), Eu(Ill), Co(Il), and Sr(II) on
h-Fe;0,@mC at pH 3.0 and 7 = 298 K calculated from
the Langmuir model are 0.566, 1.013, 0.860, and
0.733 mmol g~ !, respectively. Findings of the present
work suggest that h-Fe;0,@mC can serve as a promising
candidate for recovery and removal of radionuclides from
aqueous solutions in the environmental pollution
management.
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Introduction

As a mature technology capable of meeting the growing
energy demands arising from fossil fuel depletion and
increasing global population, nuclear power has also
brought about a side effect: the nuclear waste. Radionu-
clides can pose a significant threat to human health and
ecological systems because of their high toxicity, even at
low concentrations. Therefore, safe treatment of aqueous
waste effluents and contaminated groundwater containing
human-made radionuclides has been an environmental
concern to the public [1-4]. Several methods have been
applied to remove radionuclides from contaminated water,
such as precipitation [5], ion exchange [6], nanofiltration
[7], electrosorption [8], biosorption [9], and sorption on
solid substrates [10—12], among which sorption has been
proven to be an effective and convenient technique for the
separation and isolation of toxic species. Sorption of
radionuclides by natural minerals such as sepiolite and
attapulgite has been extensively investigated but the lim-
ited sorption capacity hinders their practical applications.
Thus, novel sorbents which are inexpensive, effective, and
environmentally friendly need to be developed for the
remediation of radionuclides from aqueous solutions.
During the last decade, interest in the use of new carbon
materials for environmental applications has increased
significantly [13—15]. As a new member of the carbona-
ceous material family, ordered mesoporous carbon has
attracted considerable attention because of its high surface
area, regular mesopore, large pore volume, as well as
excellent chemical and physical stability. Its high sorption
capacity and fast sorption rate make it a promising new
material for the removal of a large variety of pollutants
such as dyes and heavy metals [16—19]. Most surfaces of
mesoporous carbon are hydrophobic which makes its
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sorption of positively charged metal ions in aqueous
solutions inefficient. Functionalization of the carbon sur-
face is achieved mainly via multistep post-synthesis oxi-
dation methods which are time and resource consuming.
Recent researches have demonstrated that carboxyl and
negative charge-functionalized mesoporous carbon can be
synthesized conveniently using ferrocene as a single reac-
tant [20, 21]. However, systematic study on the application
of mesoporous carbon in sorption of radionuclides has not
been widely reported. Therefore, it would be interesting to
explore the possibility of preparing a noval sorbent based
on the carboxyl-functionalized mesoporous carbon for
recovery of radionuclides from aqueous solutions.

Convenient separation of sorbents from aqueous phase is
of special importance considering the recyclability of sor-
bents and the recoverability of sorbates that are either toxic
or precious. Compared to traditional separation methods
such as centrifugation and filtration which are labor-con-
sumptive and uneconomical, magnetic separation is a prac-
tical and effective means for large-scale water treatment
[22-25]. There are many efforts to combine in a single solid
the convenience of magnetic separation with the high sorp-
tion capacity of mesoporous carbon, most of which focus on
the magnetite/mesoporous carbon core—shell composite.
The carbon shell can protect the magnetite core in oxidative
and acidic environments and improve the dispersibility of
the colloidal suspensions in aqueous solutions. However, the
solid cores without any recognition sites possess most mass
of the core—shell composite (about 80 %), which corre-
spondingly decrease the sorption capacity per unit mass [26,
27]. Hollow particles with a single hole in the core show
advantages over the same-sized solid particles due to lower
density and higher specific surface area.

In this context, monodispersed hollow Fe;O4@meso-
porous carbon (h-Fe;0,@mC) microspheres were synthe-
sized using silica nanospheres as the sacrificial matrix. The
synthesized materials were carefully characterized and
used to adsorb radionuclides [U(VI), Eu(Il), Sr(II), and
Co(Il)] from aqueous solutions. These radionuclides are
chosen in order to investigate the influence of chemical
valence, ionic valence, and ionic size on the sorption pro-
cess. The kinetics of sorption, pH sorption edges, and
sorption capacity were studied in the batch sorption mode
to illustrate the performance of h-Fe;0,@mC in recovering
radionuclides from aqueous solutions.

Experimental section

Materials

Absolute ethyl alcohol, ammonia water (25 %), tetracthyl
silicate (TEOS, 98 %), ferrocene (98 %), acetone (99 %),

and hydrogen peroxide (30 %) were purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were
of analytical purity and used without further purification.

Preparation of SiO,@Fe;0,@mesoporous carbon

First, monodispersed SiO, nanospheres with the diameter
of about 100 nm were synthesized according to the Stober
method [28]. Briefly, 20 ml of ethanol, 10 ml of distilled
water, and 4.0 ml of ammonia water were mixed to obtain
a homogeneous solution with the help of ultrasonication.
Then 1.0 ml of TEOS was added to the mixture dropwise.
After 4 h of reaction under stirring, the nanoparticles of
SiO, were obtained and washed with ethanol and distilled
water several times.

Afterwards, 25 mg of SiO, synthesized above and
100 mg of ferrocene were dispersed in 30 ml of acetone.
After 10 min of intense sonication and 5 min of stirring,
1.0 ml of hydrogen peroxide was added into the mixture
dropwise. The mixture was then stirred vigorously for 3 h
and transferred to the Teflon-lined stainless-steel autoclave
(50 ml capacity). The autoclave was heated to and main-
tained at 200 °C for 48 h, and then allowed to cool to room
temperature. The obtained product was collected by using a
magnet, washed with ethanol and distilled water alterna-
tively, and denoted as SiO, @Fe;0,@mC.

Preparation of hollow Fe;O,@mesoporous carbon

The as-prepared SiO, @Fe;0,@mC nanoparticles were re-
dispersed in 30 ml of distilled water. Then 3.0 ml of
ammonia water was added to the mixture under stirring.
After several minutes of intense ultrasonication, the mix-
ture was transferred to a Teflon-lined stainless-steel auto-
clave with volume of 50 ml and heated to and maintained
at 150 °C for 12 h. After been cooled to room temperature,
the product was washed with ethanol and distilled water
several times and denoted as h-Fe;0,@mC.

Characterization

X-ray diffraction (XRD) patterns of materials were
obtained on a Philips X’Pert Pro Super X-ray diffrac-
tometer using Cu-K, radiation. The nitrogen adsorption
and desorption isotherms at —196 °C were measured using
a TriStar 3000 volumetric adsorption analyzer (Mi-
cromeritics Instrument Corp., Norcross, GA). The samples
were pretreated at 200 °C overnight under vacuum. Fourier
transformed infrared (FTIR) spectra were obtained on a
Nicolet Magna-IR 750 spectrometer with KBr pellets at
room temperature. Scanning electron microscopic (SEM)
images were recorded by using a JEOL JSM-6330F
microscope. Transmission electron microscopic (TEM)
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images were obtained on a JEOL-2010 microscope. Mag-
netic measurements were carried out in a MPMS-XL
SQUID magnetometer. Surface charge was measured using
Particles Analyzer (Delsa Nano C, Beckman Coulter).

Sorption experiments

The sorption performance was investigated by the batch
method. Stock solutions of sorbents and NaClO,4 solutions
were pre-equilibrated for 24 h followed by the addition of
radionuclides stock solution to achieve specific concen-
trations of different compositions. Negligible amounts of
HCIO, and/or NaOH solutions were added to adjust the pH
to desired values. After being shaken for 12 h to achieve
sorption equilibration, the solid phase was separated from
the suspension using a permanent magnet, and the con-
centrations of radionuclides in the supernatants were
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Thermo Elemental, USA). The
sorption percentage and amounts of radionuclides adsorbed
on the solid phase (g.) were calculated as follows:

Cy - C

Sorption (% ) = ° x 100 % (1)

0

Ge = W7 (2)

where Cy and C, correspond to the initial and equilibrium
concentrations of radionuclides, V is the volume of the
suspension, and m is the mass of the dry sorbent.

Results and discussion
Characterization

Figure 1 is the XRD pattern of h-Fe;0,@mC. The six main
diffraction peaks indexed to (220), (311), (400), (422),
(511), and (440) indicate the existence of Fe;O, with a
face-centered cubic structure. No peaks from carbon are
observed due to the strong signals of iron oxides which can
overwhelm the weak carbon peaks. The magnetization
curve of h-Fe;0,@mC measured at room temperature is
shown in Fig. 2. The saturation magnetization is
65.5 emu g ', which guarantees the high efficiency of
magnetic separation.

In order to identify the composition and functional
groups of the as-prepared nanoparticles, FTIR spectra of
Si0, @Fe;0,@mC and h-Fe;0,@mC are shown in Fig. 3.
The peak at 587 cm™' is attributed to the stretching
vibration of the Fe—O bond. The absorption bands around
1600 and 3400 cm™' indicate the existence of carboxyl
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Fig. 2 Magnetization curve of h-Fe;0,@mC

functional groups. The broad band around 1100 cm™' is

attributed to Si—O-Si and Si—O-H stretching vibrations,
and the peak at 466 cm™' corresponds to the bending
vibration of O-Si—O [29]. After etching by ammonia water,
the characteristic absorption bands of silica for h-Fes
0,@mC disappear in Fig. 3, indicating that silica has been
successfully removed.

Surface morphology and internal features can be
observed by SEM and TEM. Figure 4a is the SEM image
of the as-prepared SiO,. It shows that the product consists
of a large quantity of monodispersed spheres with an
average diameter of about 100 nm. Figure 4b, c are the
SEM images of SiO,@Fe;0,@mC and h-Fe;0,@mC,
respectively. Both SiO,@Fe;0,@mC and h-Fe;O,@mC
feature a clear spherical shape and have a uniform size of
about 130 nm, which is about 30 nm bigger than that of
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Fig. 3 FTIR spectra of SiO,@Fe;0,@mC and h-Fe;0,@mC

pure silica due to the coating of double shells (Fe;O,4 and
mesoporous carbon). Figure 4b, ¢ also indicates that the
surface of h-Fe;0,@mC is much rougher than that of
Si0,@Fe;0,@mC, which can be attributed to etching of
the carbon layer by ammonia water under hydrothermal

Fig. 4 SEM images of SiO, (a), SiO,@Fe;0,@mC (b), and
h-Fe;0,@mC (c); TEM images of SiO,@Fe;0,@mC (d) and
h-Fe;0,@mC (e), and HRTEM image of h-Fe;0,@mC (f)

conditions. This etching process is also expected to
increase the surface area of the nanoparticles and thus
enhance the loading capacities of radionuclides. The TEM
image of SiO, @Fe;0,@mC (Fig. 4d) clearly demonstrates
the double-shelled structure with the inner silica core, the
middle magnetite layer, and the outer mesoporous carbon
layer. After etching by ammonia water, a cavity with a
diameter of about 100 nm in the center of the nanoparticles
can be observed in the TEM images of h-Fe;0,@mC
(Fig. 4e, f), which is in accordance with the size of the
silica template.

The porous properties of nanoparticles can be investi-
gated by using N, adsorption—desorption isotherms. As
shown in Fig. 5, the adsorption—desorption isotherms of
h-Fe;0,@mC exhibit type-IV curves according to the
IUPAC classification, which is typical for mesoporous
materials. The pore size distribution curve (the inset of
Fig. 5) calculated using the Barrett—Joyner—Halenda (BJH)
model from the adsorption branch demonstrates a sharp
peak centered at 5.2 nm, indicating the uniform meso-
porous structure. The surface area is calculated to be
83.1 m* g~ through the Brunauer—-Emmett-Teller (BET)
method, and the total pore volume is calculated to be
0.27 cm® g7 from the adsorption amount at a relative
pressure of 0.998. The uniform porous structure, large
surface area, and total pore volume could be responsible
for their high sorption capacities.

Time-dependent sorption

The sorption rate is an important factor while evaluating
the overall performance of sorbents. The dependence of
radionuclide removal on contact time is presented in Fig. 6.
For all radionuclides investigated, the sorption rates
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Fig. 5 Nitrogen adsorption—desorption isotherms for h-Fe;0,@mC.
The inset shows the pore size distribution
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increase quickly in the first hour of contact time and then
slow down with increasing contact time. The initial rapid
sorption can be attributed to the existence of plentiful
binding sites. As contact time increases, there are less free
binding sites available on the sorbents, approaching to
steady states at the later stages [30, 31]. The short time
needed to reach sorption equilibrium indicates that h-Fe;
0,@mC may have good application potentials in remedi-
ation of radionuclides from large volumes of aqueous
solutions. Based on the kinetic data, 12 h was selected to
guarantee fully sorption equilibrium in the following
experiments.

Effects of pH on sorption

Solution pH has a great impact on radionuclide sorption
[32-34]. Figure 7 shows pH sorption edges for U(VI),
Eu(III), Co(Il), and Sr(Il). For Sr(Il), sorption increases
gradually in the whole pH range involved in this study. For
Eu(IIl) and Co(Il), sorption increases as pH increases at
low pH and then remain steady at high pH. The sorption
amount of U(VI) increases gradually when pH increases
from 2.0 to 6.0 and then falls off at pH values higher than
8.0.

The different trends of pH-dependent sorption can be
attributed to the influence of pH on both the surface
properties of sorbents and the relative distribution of
radionuclide species in solutions. The zeta potentials of the
as-obtained products at different pH are shown in Fig. 8,
which indicates that the surface of the particles is positively
charged at pH <2.3 and is negatively charged at pH >2.3.
Figure 9 shows the distribution of radionuclide species in
aqueous solutions. For Sr(II), in the whole pH range, the
main species are positively charged cations Sr*™ and no
precipitation forms. Therefore, the sorption of Sr(II) on the
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Fig. 6 Sorption of radionuclides on h-Fe;0,@mC as a function of
contact time. pH 3.0, 7=298 K, I = 0.01 mol L! NaClOy,
Cinitir = 0.2 mmol L™', and m/V = 02 g L™!
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Fig. 7 Effect of pH on radionuclide sorption on h-Fe;0,@mC.
T =298 K, I = 0.01 mol L™" NaClO,, Ciigar = 0.2 mmol L™, and
m/V=02gL™!

composites increases gradually due to the electrostatic
attraction between the positive charge of cations and the
increasing negative charge of sorbents. For Eu(Ill) and
Co(Il), precipitation can be witnessed at high pH, and thus,
the sorption amount maintains a high level. The negative
effect of increasing pH on U(VI) sorption at pH >7.0 could
be attributed to the electrostatic repulsion of uranium
anions such as UO,(OH)3 and UO5(OH); with the nega-
tively charged surfaces of h-Fe;0,@mC, and possible
formation of soluble carbonate complexes.

Sorption isotherms
Sorption isotherms depict the dependence of sorption

amounts on the initial radionuclide concentrations and are
shown in Fig. 10. Considering the generally low solution

Zeta potential (mV)

Fig. 8 Zeta potentials of h-Fe;0,@mC in solutions with different pH
values
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pH of nuclear wastewater and possible formation of pre-
cipitation of radionuclides at high pH, all the sorption
isotherms were obtained at pH of 3.0.

The differences in sorption capacities of sorbents for
different radionuclides can be attributed to differences in
ionic valence and ionic size. The surface of h-Fe;0,@mC
is negatively charged at pH of 3.0; therefore, more posi-
tively charged species are expected to bind with sorbents
more easily. However, the sorption capacity is not directly
relevant to the chemical valence of radionuclides. For
example, U(VI) is hexavalent and Eu(Ill) is trivalent, but
sorption of Eu(Ill) is higher than that of U(VI). The main
reason can be found from the species distribution curves in
Fig. 9. Although U(VI) is hexavalent, the main species of
U(VD) at pH 3.0 is the divalent U022+ cation. On the
contrary, the main species of Eu(Ill) in this case is the
trivalent Eu®" cation. Tons with higher positive valence are
expected to exhibit stronger electrostatic affinity to the
negatively charged surfaces of sorbents and thus have
higher sorption capacities. For equivalent ions, binding
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Fig. 10 Sorption isotherms of radionuclide sorption on h-Fe;0,@
mC. pH 3.0, T=298 K, I = 0.01 mol L~! NaClO,, and m/V =
02¢g L~". The scattered points represent experiment data, the solid
lines represent the Langmuir model, and the dashed lines represent
the Freundlich model
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Table 1 Parameters for the

Langmuir and Freundlich Sorbates Langmuir Freundlich

models of radionuclide sorption Gimax (mmol g7 1) b (L mmol™") R? kg (mmol' ™" L" g1 n R

on h-Fe;0,@mC
Eu(IlI) 1.013 6.530 0.996 1.502 1.681 0.987
Co(II) 0.860 5.246 0.997 1.145 1.653 0.986
Sr(I) 0.733 4.204 0.996 0.881 1.616 0.986
[8[Q %8} 0.566 2.874 0.994 0.575 1.524 0.990

performance is mainly affected by ionic size. According to
previous studies, the ionic radius of Co* is smaller than
that of Sr**, and the linear shaped UO,>" has the biggest
length [35]. Smaller ions adsorbed occupy smaller surface
area of sorbents, thus leading to higher sorption amounts.
Therefore, sorption amounts of these radionuclides is in the
order Eu(Ill) > Co(II) > Sr(Il) > U(VI).

The sorption isotherms are fitted by Langmuir and
Freundlich models, respectively:

bq,.x Ce
— max 3
4= 1T+ bC, (3)
ge =keCl/", (4)

where ¢g. and C. are concentrations of radionuclides in
equilibrium solid phase (mmol g~') and liquid phase
(mmol L), respectively; b (L mmol ') is the Langmuir
sorption coefficient; ¢, (mmol g_l) is the maximum
sorption capacity; kg (mmol' ™ L” g™') is the Freundlich
sorption coefficient; and n is an indicator of isotherm
nonlinearity. Values of parameters for the Langmuir and
Freundlich models are presented in Table 1. Based on the
correlation coefficients (R?) and the fitting curves in
Fig. 10, the experimental data are fitted better by the
Langmuir model than by the Freundlich model, indicating
the monolayer sorption process and the binding interac-
tions between radionuclides and h-Fe;O,@mC.

Conclusions

Radionuclides can pose a significant threat to human health
and ecological systems, and safe treatment of aqueous
waste effluents and contaminated groundwater containing
human-made radionuclides has been an environmental
concern to the public. Herein, hollow Fe;04@mesoporous
carbon (h-Fe;0,@mC) microspheres have been success-
fully synthesized, carefully characterized, used to adsorb
radionuclides from aqueous solutions, and can be easily
collected by an external magnetic field. The influence of
pH on sorption is strongly dependent on both the surface
properties of sorbents and the relative distribution of
radionuclide species in solutions. The hollow cavity

@ Springer

decreases the density, the mesopore affords huge active
sites, and the carboxyl functionalization enhances affinity
toward positively charged ions of radionuclides, all of
which are beneficial to the sorption performance. Sorption
processes of U(VI), Eu(IIl), Co(Il), and Sr(Il) on h-Fe;
04@mC reach equilibrium in 2 h of contact time and the
maximum sorption capacities are 0.566, 1.013, 0.860, and
0.733 mmol g~ ', respectively. High sorption capacity and
fast sorption rate make h-Fe;0,@mC a promising material
for radionuclide containment and removal.
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