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Abstract The attapulgite/iron oxide magnetic nano-
composites were prepared by coprecipitation method and
characterized by scanning electron microscopy, X-ray
diffraction, vibrating sample magnetometer and Fourier
transform infrared sorption spectroscopy. The results of
characterization showed that iron oxides were successfully
deposited on the surfaces of attapulgite. The prepared
magnetic nanocomposites were applied to remove radio-
nuclide U(VI) ions from aqueous solutions by using batch
technique and magnetic separation method. The results
showed that the sorption of U(VI) on attapulgite/iron oxide
magnetic composites was strongly dependent on ionic
strength and pH at low pH values, and was independent of
ionic strength at high pH values. The interaction of U(VI)
with the magnetic nanocomposites was mainly dominated
by outer-sphere surface complexation or ion exchange at
low pH values, and was controlled by inner-sphere surface
complexation or multinuclear surface complexation at high
pH values. With increasing temperature, the sorption of
U(VD) on attapulgite/iron oxide magnetic composites
increased and the thermodynamic parameters calculated
from the temperature dependent sorption isotherms sug-
gested that the sorption of U(VI) on the magnetic
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nanocomposites was a spontaneous and endothermic pro-
cess. The high sorption capacity and easy magnetic sepa-
ration of the attapulgite/iron oxide magnetic composites
make the material as suitable sorbent in nuclear waste
management.
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Introduction

Uranium(VI), one chemical homolog of long-lived lantha-
nides and actinides in subsurface environments, has
attracted intense interest in multidisciplinary study [1-4].
With the development of nuclear power plants, more and
more spent fuels and nuclear waste were generated. In
nuclear fuel cycle processes, such as extraction, conversion,
enrichment, fabrication and reprocessing, it is inevitable
that radioactive U(VI) ions are dispersed into the natural
environment. Generally, UO,>" sorption to clay was
strongly dependent on pH values and ionic strength, which
suggested that the main sorption mechanism was ion-
exchange and/or outer-sphere surface complexation at low
pH values, and inner-sphere surface complexation and/or
multinuclear surface complexation at high pH values [5-
12]. The free radioactive U(VI) ions can directly damage
biological organization or produce reactive species (free
radicals) that can subsequently react with bio-molecular
when human inhales them into body [13]. For example,
cancers, including lung cancer, bone cancer, female breast
cancer, skin cancer and thyroid cancer, are observed in
humans after exposure to radioactive contamination or
ionizing radiation. Thereby, in many countries, such as

@ Springer



98

J Radioanal Nucl Chem (2013) 297:97-105

China, Sweden, Finland, Norway, USA, Canada, India, Iran
and Brazil, the problems of groundwater polluted by
radionuclides have attracted great attention. WHO recom-
mends the limit of uranium concentration in drinking water
below 15 pg/L [14, 15]. Total indicative dose (TID,
<0.1 mSv/y) is also used as an additional guidance level for
radionuclides in drinking water in many European Union
countries [16, 17]. For the sake of public health and envi-
ronmental pollution, it is necessary to eliminate U(VI) ions
from contaminated groundwater as much as possible to the
permissible limitation. The sorption of U(VI) on different
minerals and oxides have been studied extensively, and the
results showed that the interaction mechanism of U(VI)
with different materials are quite different, which was
dependent on the nature of the sorbent, the species of U(VI)
ions and solution chemistry properties etc. [18-26].

Attapulgite, a hydrated magnesium aluminum silicate
mineral, consists of two bands of silica tetrahedra linked by
magnesium ions in octahedral coordination, and there exist
H,O and exchangeable cations, such as Na* and K™ ions in
the repeated units, which can exchange heavy metal ions
easily through ion exchange in heavy metal pollution
cleanup [27-29]. Attapulgite also has dented surfaces and a
relatively high surface area, a moderate cation exchange
capacity (CEC), and high acidity. It is important that there
are some isomorphic substitutions in the tetrahedral layer,
such as AI’" and Si*", which provide negatively charged
adsorption sites to electrostatically adsorb cation ions.
From the properties of attapulgite, one can see that atta-
pulgite is a very suitable material for the pre-concentration
of heavy metal ions and radionuclides from large volumes
of aqueous solutions because of its special structure and
surface properties. Fan et al. [27-29] have studied the
sorption of radionuclides on attapulgite and found that
radionuclides formed strong surface complexes on atta-
pulgite and the attapulgite was a suitable mineral in nuclear
waste management. However, the separation of attapulgite
from aqueous solution is difficult because of their nano-
scale sizes. Although traditional methods such as centri-
fugation and filtration can be applied to recover the
attapulgite particles from aqueous solutions, these methods
cannot be applied in large scale in real work. For example,
the centrifugation method requires very high centrifugal
speed and filtration method is prone to filter blockages. It is
necessary to find new method for the separation of atta-
pulgite particles easily and in large scale. Recently, the
magnetic separation methods have been widely used and
received consideration attention because of their excellent
segregative features [30-33]. Although there are a large
number of studies on the adsorption of heavy metal ions
and radionuclides to magnetic composites, the reports on
the adsorption of radionuclides to attapulgite/iron oxide
magnetic composites are still not available.
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In this paper, we synthesized the attapulgite/iron oxide
magnetic nanocomposites by coprecipitation method, and
applied the magnetic nanocomposites to remove U(VI)
ions from aqueous solutions. The interaction mechanism of
U(VI) on the magnetic nanocomposites was discussed from
the experimental results.

Experimental
Materials

The attapulgite sample was achieved from Kaidi Co.
(Gansu, China). The chemical components analyzed by
X-ray fluorescence diffraction are mainly CaO (4.5 %),
MgO (6.2 %), Al,O5 (15.7 %), SiO, (47.0 %), and K,0O
(4.0 %) [29]. Prior to the experiments, the attapulgite
sample was treated as follows: first dispersion in 5 %
hydrochloric acid for 24 h, then the sample was rinsed with
Milli-Q water until no chloride was detected in supernatant
with 0.01 mol/L. AgNOs. Thus achieved sample was dried
at 105 °C to eliminate the free water, milled and passed
through a 300-mesh screen and used in the experiments.
For the preparation of attapulgite/iron oxide magnetic
nanocomposites, positive ferrous and ferric ions are co-
precipitated on the surfaces of attapulgite due to the
coordination reactions between ferrous and ferric ions and
silanol groups (=Si—OH) and aluminol groups (=Al-OH)
on attapulgite surfaces. The attapulgite/iron oxide magnetic
nanocomposites were prepared from a suspension of 2.0 g
attapulgite in 400 mL solution of 11.92 g FeCl;-6H,0 and
6.12 g FeSO4-7H,0 at 70 °C under N, atmosphere condi-
tions. NaOH solution (20 mL, 8 mol/L) was added drop-
wise to precipitate the iron oxides. After the addition of
NaOH solution, the mixture was adjusted to pH 11 and
stirred for 1 h. The mixture was aged at 70 °C for 4 h and
was rinsed with Milli-Q water until the supernatant was
neutral. The obtained materials were dried in an oven at
100 °C for 3 h and the derived sample was named as
attapulgite/iron oxide magnetic nanocomposites [30]. The
relevant chemical reactions can be expressed as follows:

Fe’™ + 2Fe*" + 8OH™ + attapulgite
— attapulgite/Fe;04 + 4H,0 (1)

2Fe*™ 4+ 50H™ + attapulgite
— attapulgite /Fe,O3 + 2H,O0 + H' (2)

Uranyl stock solution was prepared by dissolving uranyl
nitrate hexahydrate (UO,(NO3), - 6H,0) in Milli-Q water.
The stock solution (8.0 x 10~* mol/L) was kept at pH 3
and used in the sorption experiments. All chemicals used in
the experiments were purchased in analytic purity and used
without any purification.
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Batch sorption experiments

All sorption experiments were carried out under N, con-
ditions by using batch technique. The stock suspension of
attapulgite/iron oxide magnetic nanocomposites, NaClOy,
and U(VI) stock solution were added in the polyethylene
tubes to achieve the desired concentrations of different
components. The attapulgite/iron oxide magnetic nano-
composites and NaClO, were firstly pre-equilibrated for
24 h to achieve the sorption equilibrium of Na™ with the
magnetic nanocomposites, and then the U(VI) stock solu-
tion was added into the suspension. The pH of the sus-
pension was adjusted by adding small quantities of 0.1 or
0.01 M HCIO,4 or NaOH. After the suspensions were sha-
ken for 24 h, the solid and liquid phases were separated by
magnetic separation method using a permanent magnet.
The concentration of U(VI) was determined by using U
Arsenazo-III to form complexes, which can be analyzed by
spectrophotometry at the wavelength of 650 nm [10]. The
amount of U(VI) adsorbed on attapulgite/iron oxide mag-
netic nanocomposites was calculated from the difference
between the initial concentration and the equilibrium one.
The sorption percentage (%) of U(VI) was calculated by
the following equation:

sorption (%) = G~ Co x 100 % (3)

Co

where C, (mol/L) is the initial concentration of U(VI) in
suspension, and C.q (mol/L) is the equilibration concen-
tration of U(VI) in supernatant after centrifugation.

The distribution coefficient (K, mL/g) of U(VI) sorp-
tion on attapulgite/iron oxide magnetic nanocomposites
was calculated using the following equation:

g, Co=Ca ¥ "
Ceq m

where V (mL) is the volume of the solution and m (g) is the

mass of attapulgite/iron oxide magnetic nanocomposites.

All experimental data were the average of duplicate or
triplicate determinations. The relative errors of the data
were about 5 %.

Characterization

The surface morphology of attapulgite/iron oxide magnetic
nanocomposites was characterized by scanning electron
microscopy (SEM). The surface functional groups were
characterized by Fourier transforms infrared spectra (FTIR)
spectroscopy and the structures were characterized by
X-ray diffraction (XRD). The SEM images were obtained
at 5.0 kV on a field emission scanning electron microscope
(Hitachi S-4800). The FTIR spectrum measurement was
performed on a Bruker EQUINOXS5S5 spectrometer (Nexus)

in a KBr pellet at room temperature. XRD pattern of the
sample was obtained from a D/Max-rB equipped with a
rotation anode using Cu Ko radiation (4 = 0.15406 nm).
The XRD device was operated at 40 kV and 80 mA.
The measurements were carried out in the range of
5° <20 < 70°. The magnetic property was analyzed by
the vibrating sample magnetometer analysis. Magnetic
curves were obtained using a model 155VSM at room
temperature, and its measurement range was 0 to
+12.0 KOe.

Results and discussion
Characterization

Figure 1 shows the SEM images of Na-attapulgite and at-
tapulgite/iron oxide magnetic nanocomposites. One can see
that the attapulgite exhibits a fibrous structure and some
fibers form straight parallel aggregates. The surface mor-
phology of attapulgite/iron oxide magnetic nanocomposites
(Fig. 1b) is obvious difference with that of attapulgite. The
magnetic composites show a tighter and rougher surface,
which may be attributed to the introduced iron oxides on
the surfaces of attapulgite. The SEM images show that the
attapulgite/iron oxide magnetic nanocomposites are suc-
cessfully synthesized.

Figure 2 shows the XRD patterns of attapulgite and
attapulgite/iron oxide magnetic nanocomposites. The
characteristic peaks at 26 values of 20.7, 26.6 and 42.5 are
observed in the XRD pattern of attapulgite. The peaks at 20
values of 30.0, 35.4, 36.6, 43.1, 53.4, 57.0 and 62.8 are
close to the JCPD standards of Fe;O, or Fe,O5; [34, 35].
The quartz and o-FeO(OH) (goethite) are also determined
in the XRD patterns, which are also marked in Fig. 2.

Figure 3 shows the FTIR spectra of attapulgite and
attapulgite/iron oxide magnetic nanocomposites. The peaks
at 3,620 and 3,560 cm ™! in attapulgite sample correspond
to the stretching vibrations of AIOH and FeOH unites,
respectively. The peaks at 1,018 and 474 cm™" are attrib-
uted to the Si—O-Si bonds, and the peak at 800 cm”! s
attributed to the stretching vibration of AI-O-Si bonds.
The peaks at 3,420 and 1,660 cm ™! correspond to the bend
vibration of zeolite water [36—39]. In the FTIR spectrum of
attapulgite/iron oxide magnetic nanocomposites, the peaks
at 880 and 790 cm ™' correspond to the vibration of Fe—O—
Fe bond, which is attributed to the presence of iron oxide in
the magnetic composites.

Figure 4 shows the plots of magnetization versus mag-
netic field for attapulgite and attapulgite/iron oxide
magnetic nanocomposites, respectively. The saturation
magnetization (Ms) of the magnetic composites is calcu-
lated to be 33 emu/g. The bare attapulgite sample has no
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Fig. 1 SEM images of a Na-attapulgite and b attapulgite/iron oxide magnetic nanocomposites
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Fig. 2 XRD patterns of attapulgite and attapulgite/iron oxide mag-
netic nanocomposites. A attapulgite, Q Quartz, Mh maghemite, Mn
magnetite, G = o-FeO(OH)

magnetic property. The magnetic property of the magnetic
nanocomposites can make them to be separated from
aqueous solutions easily from large volumes of aqueous
solutions.

Effect of contact time

Sorption of U(VI) on attapulgite/iron oxide magnetic
nanocomposites as a function of contact time is shown in
Fig. 5. As can be seen from Fig. 5, the sorption of U(VI) on
attapulgite/iron oxide magnetic nanocomposites is rapid
over the first contact time of 2 h, then slowly and after about
5 h of contact time, the sorption maintains a high level with
increasing contact time. The quick sorption of U(VI) on
attapulgite/iron oxide magnetic nanocomposites suggests
that chemical sorption and/or surface complexation rather
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Fig. 4 Magnetization versus magnetic field for attapulgite and
attapulgite/iron oxide magnetic nanocomposites
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than physical sorption contributes U(VI) sorption on atta-
pulgite/iron oxide magnetic nanocomposites [40—42]. In the
following experiments, the shaking time was fixed to 24 h
to assure that the sorption of U(VI) on attapulgite/iron oxide
magnetic nanocomposites achieves equilibrium.

To analyze the sorption kinetics of U(VI) on attapulgite/
iron oxide magnetic nanocomposites, a pseudo-second-
order rate equation was applied to simulate the kinetic
sorption data [43]:

t 1 t

o K g 2
where g, (mol/g) is the amount of U(VI) adsorbed on the
magnetic nanocomposites at time ¢ (h), and g. (mol/g) is
the equilibrium sorption capacity. K (g/(mol h)) is the
pseudo-second-order rate constant of sorption. A linear
plot feature of #/q, versus t is shown in the inset of
Fig. 5. The equilibrium sorption capacity of U(VI) on the
magnetic nanocomposites calculated from the slope is
2.81 x 107 mol/g. The correlation coefficient of the
pseudo-second-order equation for the linear plots is very
close to 1, indicating that kinetic sorption is well described
by the pseudo-second-order rate model [44].

Effect of ionic strength

Figure 6 shows the effect of NaClO, concentration on the
sorption of U(VI) onto attapulgite/iron oxide magnetic
nanocomposites. One can see that the sorption of U(VI) on
the magnetic nanocomposites increases with a rise in ionic
strength at pH <6, and is independent of ionic strength at
pH >6. From the triple-layer model, a possible equilibrium
sorption reaction of U(VI) ions with the magnetic
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Fig. 5 Effect of contacted time on U(VI) sorption onto attapulgite/
iron oxide magnetic nanocomposites. / = 0.01 mol/LL. NaClQOy,
pH 45+01, T=20°C, m/V=3g/L, CIUVDlia =
8.0 x 10 mol/L

nanocomposites can be expressed as follows: (1) If U(VI)
ions react similarly to a background electrolyte with the
magnetic nanocomposites, then ion-pairs are formed at the
B-plane, on which the sorption process is nonspecific and
the reaction product is an outer-sphere surface complex; (2)
If the sorption of U(VI) ions is visualized as a specific
reaction, then the reaction can be considered as an inner-
sphere surface coordination process; (3) If hydrate U(VI)
ions react with the magnetic nanocomposites and inner-
sphere and/or outer-sphere surface complexes can be
formed, respectively [45-48].

The concentration of background electrolyte NaClO4
influences the thickness and interface potential of the
double layer, affecting the binding of the adsorbed U(VI)
species. The background electrolyte ions are placed in the
same plane as the outer-sphere surface complexes. Thus
outer-sphere surface complexation is expected to be more
susceptible to ionic-strength variations than inner-sphere
surface complexation [49-51]. Thereby, at pH <6, the
sorption of U(VI) on the magnetic nanocomposites are
dominated by outer-sphere surface complexation or ion
exchange, whereas the sorption of U(VI) is mainly domi-
nated by inner-sphere surface complexation at pH 6. Hayes
and Leckie [52] proposed that the influence of the back-
ground electrolyte on the sorption reaction can be used to
predict the sorption reaction. [B-plane sorption can be
assumed to proceed when the background electrolyte easily
influences the sorption reaction; otherwise, o-plane sorp-
tion may occur. From the results, one can conclude that
U(VI) sorption is attributed to B-plane complexation at low
pH values, affected strongly by ionic strength, which is
indicative of the formation of outer-sphere surface
complexation [53, 54]. However, U(VI) participates in a
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on
(]
80 ///‘ .
& 60
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Fig. 6 Effect of pH on U(VI) sorption onto attapulgite/iron oxide
magnetic nanocomposites in different NaClO4 concentrations.
T=20°C, m/V=3g/L, shaking time: 24 h, C[U(VDlinita =
8.0 x 10~mol/L
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o-plane complex reaction at high pH values, without being
affected by the background electrolyte (NaClO,), which is
in good agreement with the formation of inner-sphere
surface complexes.

At pH >7.5, one can see that the sorption of U(VI)
decreases with increasing pH values. This may be attrib-
uted to the surface property of the magnetic nanocompos-
ites and the species of U(VI) ions in aqueous solutions at
different pH values. In order to properly explain U(VI)
sorption behavior, the relative aqueous species of U(VI) as
a function of pH was calculated according to the thermo-
dynamic data listed in Table 1 [55, 56]. The distribution of
aqueous U(VI) relative species in water solution at U(VI)
concentration of 2.0 x 10> mol/L is shown in Fig. 7. One
can see that the relative distribution of U(VI) species shows
a dependency on pH values. Free uranyl ion (UO,*") is the
dominant species at pH <5, whereas U(VI) hydrolysis
complexes and multinuclear hydroxide complexes are the
dominant species in U(VI) aqueous solutions. At pH <7.5,
U(VI) species are mainly positively charged, and nega-
tively charged at pH >7.5. Thereby, at pH >7.5, the neg-
atively charged U(VI) species are difficult to be adsorbed
on the negatively charged surface of magnetic nanocom-
posites, and thereby results in the decrease of U(VI)
sorption on the solid particles.

Sorption isotherms and thermodynamic parameters

Figure 8 shows the sorption isotherms of U(VI) on Fe;0y,
attapulgite and attapulgite/iron oxide magnetic nanocom-
posites, respectively. One can see that the sorption iso-
therm of U(VI) on attapulgite is the highest, and that of
U(VD) on Fe;0, is the lowest, suggesting that the pure
attapulgite has the highest adsorption capacity in the
removal of U(VI) from aqueous solutions. Although the
sorption capacity of attapulgite/iron oxide magnetic nano-
composites is a little lower than that of pure attapulgite, the
easy magnetic separation of the composites from aqueous
solution makes the composites suitable materials from

Table 1 Aqueous complexation reactions of U(VI)

Reactions log K (I =0)
UO,*" 4+ H,0 = UO,(OH)* + H* —5.25
UO,>" + 2H,0 = UO,(OH),® + 2H* —12.15
UO,>* + 3H,0 = UO,(OH);~ + 3H* —20.25
UO,2* + 4H,0 = UO,(OH),>~ + 4H" —324
200, + H,0 = (UO,),(OH)** + H* —2.70
200, 4 2H,0 = (UO,),(OH),*" + 2H —5.62
3U0,%" + 5H,0 = (UO,)5(OH)s* + 5HT —15.55
3U0,%" + TH,0 = (UO,)5(OH),” + 7THT —32.20
4U0,%* + TH,0 = (UO,),(OH);* + 7H* —21.90
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Fig. 7 The relative distribution of aqueous U(VI) species as a
function of pH values

large volumes of aqueous solutions in large scale in real
application.

In order to simulate the sorption data and to explain the
interaction mechanism between U(VI) ions with the solid
particles, the experimental data are modeled with the
Langmuir and Freundlich model, respectively. The Lang-
muir model is commonly used to describe the monolayer
sorption process. It can be expressed by the following
equation [57, 58]:

meaxCe
— _dmaxe 6
% 1+ bC. (6)

Equation (6) can be expressed in linear form:

4.0x10°

m  attapulgite/iron oxide P
A FeO, T
< attapulgite

2.0x10 54

qe (mol/g)

0.0

T T T
0.0 6.0x107° 1.2x10*

Cgq (mol/L)

Fig. 8 Sorption isotherms of U(VI) on attapulgite/iron oxide
magnetic nanocomposites, attapulgite and Fe;O04. m/V =3 g/L,
I = 0.01 mol/L NaClO,, pH 4.50 + 0.01. T =20 %+ 1 °C, shaking
time: 24 h. Solid lines Langmuir model; Dash lines Freundlich model
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C. 1 C.

e B b@max

Qmax (7)
where C. is the equilibrium concentration of U(VI)
remained in aqueous solution (mol/L); ¢, is the amount of
U(VI) adsorbed on per weight unit of solid component after
sorption equilibration (mol/g); gmax. the maximum sorption
capacity, is the amount of U(VI) adsorbed at complete
monolayer coverage (mol/g), and b (L/mol) is a constant
that relates to the heat of sorption.

The Freundlich model represents properly the sorption
data at low and intermediate concentrations on heteroge-
neous surfaces [59]:

qge = krC; (8)
Equation (8) can be expressed in linear form:
log g = logkg + nlog C 9)

where kp (mol' ™" L"/g) represents the sorption capacity
when U(VI) equilibrium concentration equals to 1, and
n represents the degree of dependence of sorption with
equilibrium concentration.

The sorption isotherms of U(VI) on Fe;0,, attapulgite
and attapulgite/iron oxide magnetic nanocomposites, are
simulated by the Langmuir and Freundlich sorption mod-
els, respectively, and the results are also shown in Fig. 8.
The relative parameters calculated from the two models are
listed in Table 2. From the parameters in Table 2, one can
see that the sorption isotherms of U(VI) are better descri-
bed by the Langmuir model than by the Freundlich model,
suggesting that the interaction of U(VI) on the magnetic
nanocomposites or on pure attapulgite is a monolayer
sorption process [60].

The sorption isotherms of U(VI) on the magnetic
nanocomposites at three different temperatures are shown
in Fig. 9. The sorption isotherm of U(VI) at T = 333 K is
the highest and that of U(VI) at 7' = 293 K is the lowest,
indicating that the sorption of U(VI) on the attapulgite/iron
oxide magnetic nanocomposites is enhanced at high tem-
peratures, and the sorption is an endothermic process. The
sorption isotherms are also simulated by Langmuir and
Freundlich models, respectively, and the simulation results

are also shown in Fig. 9. The relative parameters calculated
from the two models are listed in Table 2.

The thermodynamic parameters (AG®°, AS°® and AH®) for
U(VI) sorption on attapulgite/iron oxide magnetic nano-
composites can be calculated from the temperature
dependent sorption isotherms. The standard free energy
change (AG®°) can be calculated from the following equa-
tion [61]:

AG® = —RTInK® (10)

where R is the universal gas constant (8.314 J/(mol K)),
T is the temperature in Kelvin. The sorption equilibrium
constant, K°, can be calculated by plotting InKy versus Ceq
and extrapolating C.q to zero.

The standard enthalpy change (AH®) and the standard
entropy change (AS°) can be calculated according to the
following equation [62]:
_AS° AH°
" R RT

InK° (11)

The slope and intercept of the plot of LnK® versus 1/T
are —AH°/R and AS°/R, respectively (Fig. 10). The thermo-
dynamic data calculated from the sorption isotherms at pH
4.50 and three different temperatures from Egs. (10) and (11)
are tabulated in Table 3. The positive value of AH® (9.06 kJ/
mol) indicates that the sorption of U(VI) on attapulgite/iron
oxide magnetic nanocomposites is an endothermic process.
The interpretation to the endothermicity of AH® value is that
U(VI]) ions are well solvated in aqueous solutions. In order to
be adsorbed on attapulgite/iron oxide magnetic
nanocomposite surfaces, the aqueous U(VI) ions have to be
denuded their hydration sheath to some extent, and this
dehydration process needs energy [63, 64]. The energy of
dehydration exceeds the exothermicity of the U(VI) ions
attaching to the surface of the magnetic nanocomposites, and
this removal of water molecules from U(VI) ions is an
endothermic process, which suggests that the endothermicity
of the desolvation process exceeds the enthalpy of U(VI)
sorption on the magnetic nanocomposites [65-67]. The
positive AS° value (87.30 J/(mol K)) also suggests that the
sorption is a spontaneous process, which is in good agreement
with the negative AG® values. It is interesting to notice that the

Table 2 The parameters for Langmuir and Freundlich isotherms for different sorbents and at different temperatures

T (K) Langmuir Freundlich

Gmax (Mol/g) b (L/mol) cC kg (mol'™" L"/g) n cC
293 K, Fe;0,4 121 x 107° 9.98 x 10* 0.990 4.07 x 1074 0.381 0.940
293 K, attapulgite 337 x 107° 7.23 x 10* 0.992 3.09 x 1073 0.481 0.944
293 K, attapulgite/iron oxide 2.85 x 1077 6.15 x 10* 0.989 1.95 x 1073 0.459 0.938
313 K, attapulgite/iron oxide 457 x 1073 3.50 x 10* 0.997 3.56 x 1073 0.495 0.939
333 K, attapulgite/iron oxide 481 x 1073 4.87 x 10* 0.986 452 x 1073 0.498 0.968
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g, (mol/g)

T T T T T
6.0x10°  9.0x10°  1.2x10™

Cq (mollL)

T T
0.0 3.0x107°

Fig. 9 Sorption isotherms of U(VI) on attapulgite/iron oxide mag-
netic nanocomposites at different temperatures. m/V =3 g/L,
I =0.01 mol/L NaClO,, pH 4.50 & 0.01. Solid lines Langmuir
model; Dash lines Freundlich model

AG?® values decrease with increasing temperature, indicating
that the sorption is much higher at higher temperatures. At
higher temperature, the U(VI) ions are readily dehydrated,
and therefore the sorption of U(VI) to the magnetic
nanocomposites becomes more favorable [68]. The
thermodynamic data indicates the affinity of the attapulgite/
iron oxide magnetic nanocomposites toward U(VI) ions in
aqueous solutions and also suggests that some structural
changes happen on the magnetic nanocomposites [65, 69].

Conclusion

In this paper, the attapulgite/iron oxide magnetic nano-
composites were synthesized and the characterization

7.4

7.2+

7.0

LnK® (mL/g)

6.8

6.6

T T T
0.0032 0.0033 0.0034

UT (K

T T
0.0030 0.0031

Fig. 10 Linear plots of LnK° versus 1/T for U(VI) sorption on
attapulgite/iron oxide magnetic nanocomposites at 293, 313, 333 K.
pH 4.50 £ 0.01, C[NaClO4] = 0.01 mol/L, m/V = 3 g/L

@ Springer

Table 3 The thermodynamic parameters of U(VI) sorption on atta-
pulgite/iron oxide magnetic nanocomposites

Temperature (K) AG° (kJ/mol) AH° (kJ/mol) AS° (J/(mol K))

293 —16.59 9.06 87.30
313 —18.03
333 —20.07

indicated that the magnetic iron oxide nanoparticles were
successfully precipitated on the surface of attapulgite.
The synthesized magnetic nanocomposites were applied as
adsorbent for the pre-concentration of U(VI) ions from
large volumes of aqueous solutions and the materials could
be separated from solution by magnetic separation method
easily in large scale. The interaction of U(VI) on the
magnetic nanocomposites was dominated by outer-sphere
surface complexation or ion exchange at low pH values,
and by inner-sphere surface complexation or multinuclear
surface complexation at high pH values. The thermody-
namic parameters calculated form the temperature
dependent sorption isotherms suggested that the sorption
of U(VI) on the magnetic nanocomposites was an endo-
thermic and spontaneous process. Although the sorption
capacity of the magnetic nanocomposites was a little lower
than that of pure attapulgite, the easy separation of the
magnetic nanocomposites made this material as suitable
candidate in the removal of radionuclides from large
volumes of aqueous solutions in large scale in real
applications.
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