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Abstract

FeS @Fe;0, magnetic nanoparticles were prepared by ultrasonic-assisted method and characterized by TEM, FTIR, XRD,
SEM, EDS, BET and VSM. The factors affecting the adsorption properties of uranyl ions by FeS @Fe;0, were studied.
Results show that the FeS @Fe;0, nanoparticles have core—shell structure and superparamagnetism. Under the optimized
conditions, the maximum adsorption capacity can reach 229.03 mg/g. The optimum adsorption conditions were as follows:
pH =6, temperature 80 °C, C;,=35 mg/L, contact time 2.5 h, adsorbent dosage 10 mg. Adsorption kinetics and thermody-
namic studies show that the adsorption process accords with the Freundlich isotherm adsorption model and the pseudo-

second-order kinetic model.
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Introduction

The rapid growth of energy is partly due to the development
of nuclear technology. Uranium is an important nuclear fuel
which is inevitably released into the environment in the pro-
cess of exploitation and utilization [1]. Uranyl ions in aque-
ous solution have high radioactivity, high mobility and bio-
toxicity, which bring immeasurable harm to human beings
and the environment [2]. Therefore, it is of great significance
to find an economical and friendly method for the treatment
of uranium-containing wastewater. Currently, these meth-
ods to treat uranium-containing wastewater include chemi-
cal precipitation [3-5], electrochemical treatment [6], sol-
vent extraction [7-10], membrane separation [11, 12] and
adsorption [13, 14] and so on. Among the above methods,
the adsorption method is one of the most economical, reus-
able and easy-to-use methods, and has attracted more and
more attention [15].
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In recent years, studies have shown that nano-metal
sulfides, as adsorbents, have the advantages of fast adsorp-
tion speed, strong adsorption capacity, and good adsorp-
tion properties to heavy metal ions, radioactive elements
and organic compounds in water and soil substrates, and
have potential research and application value [16-20]. Fang
et al. [21] used zinc sulfide nanocrystals to remove and sep-
arate heavy metal ions in wastewater. The results showed
that the adsorption capacities of zinc sulfide nanocrystals to
Hg?*, Cu®*, Pb** and Cd** in wastewater were 475 mg/g,
384 mg/g, 52 mg/g and 82 mg/g, respectively. Sun et al. [22]
used iron sulphide (FeS) nanoparticles to treat Hg(II)-con-
taining wastewater, and the maximum adsorption capacity
reached 1989 mg/g. However, nano-metal sulfides also have
some disadvantages, for example, it is easy to aggregate in
aqueous solution, and it is difficult to separate from wastewa-
ter after adsorption of heavy metal ions. These shortcomings
restrict its engineering application to a certain extent. There-
fore, it is necessary to modify the existing materials [23-28].

In this paper, FeS @Fe;0, magnetic nanoparticles with
core—shell structure and superparamagnetism were prepared
by ultrasonic assisted method. The physicochemical proper-
ties of FeS @Fe;0, magnetic nanoparticles were detected
by TEM, FTIR, XRD, EDS, SEM, BET and VSM. And the
adsorption properties of FeS @Fe;O, magnetic nanoparti-
cles for uranyl ions were investigated. The adsorption types
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were analyzed from the aspects of kinetic, isotherms, and
thermodynamic.

Experimental
Materials

UO, (NOy),-6H,0 was from Chushengwei Chemical Tech-
nology Co., Ltd. Anhydrous ferric chloride (FeCl;, >99%)
was from Sinopharm Chemical Reagent Co., Ltd (China).
Iron(I) chloride tetrahydrate (FeCl,-4H,O, >99%) came
from Tianjin Fengchuan Chemical Reagent Technologies
Co., Ltd. Sodium sulfide nonahydrate (Na,S-9H,0, > 98%),
Ethyl alcohol absolute (CH,CH;OH, >99%) and Ammonia
solution (NH;-H,O, 25-28%) was purchased from Tianjin
Hongyan Chemical Reagent Factory (China), Hunan Hui-
hong and Guandong Guanghua, respectively. The other
chemicals were purchased from other Chinese reagent com-
panies. Deionized water was homemade. All chemical pur-
chased were analytical grade and used as received without
any pretreatment.

Analytical methods

Bruker D8 powder X-ray diffractometer (XRD) was used to
identify the phases of samples. Nicolet-460 Fourier Infra-
red Spectrometer (FT-IR) was used to detect the structure
of samples and chemical bonds in it. The morphologies of
samples were observed by Tecnai G20 transmission elec-
tron microscopy (TEM) and JSM-7500F scanning electron
microscopy (SEM). The components and elements of sam-
ples were determined by Oxford X-Max EDS meter (EDS).
The magnetic intensity of absorbent was detected by Squid-
Vibrating sample magnetometer (VSM). T6 Xinrui visible
spectrophotometer was carried out measure uranium con-
centration in solution.

Preparation of magnetic Fe;0, nanoparticles

1.3 g FeCl; was dissolved in 140 mL deionized water in a
250 mL beaker. The above mixture was treated by ultrasonic
treatment for 15 min and deoxidized with N, for 30 min.
Then 1.1 g FeCl,-4H,0 was added in the above solution
and the mixture were stirred quickly until completely dis-
solved. 0.4 g sodium dodecyl benzene sulfonate (SDBS)
was dissolved in 5 mL deionized water then the SDBS
solution was added into the above mixture solution to
prevent Fe;O, nanoparticles from agglomerating. After-
wards, 30 mL 2 M ammonia solution was dropped into
the obtained solution in the three-necked flask until the
pH value was between 9 and 10. Meanwhile, under the
protection of N,, the mixture solution was being stirred
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vigorously at a speed of 1000 rpm and kept for 30 min.
After stirring, the final black solution aged for 30 min in
the 60 °C water. Then the resulting product was separated
from solution in an external magnetic field and washed for
three times with deionized water and ethanol, respectively,
until the pH of filtered solution reached 7. Finally, the
black precipitate was dried in a vacuum drying chamber
at 60 °C for 6 h.

Preparation of Fe;0,@FeS

0.2 g Fe;0, was dispersed in 10 mL deionized water and
transferred to 50 mL beaker. In order to improve the dis-
persibility of the synthesized nanocomposites, 0.9 mL
7.4% carboxyl methyl cellulose (CMC) solution was also
added into the above solution and the mixture solution was
ultrasonic treated for 30 min. After ultrasonic treatment,
1.4 g Na,S-9H,0 was dissolved in above solution and fur-
ther ultrasonic treatment was carried out for 10 min. Then
0.6 g FeCl,-4H,0 was dissolved in the 10 mL deoxidized
deionized water, and added dropwise to the above solution
under N, protection. At the same time, the mixture solu-
tion was stirred, and then the obtained mixture solution
was ultrasonic treated for 30 min. Finally, the product was
washed several times with deionized water. The product
was then dried in a vacuum drying chamber at 60 °C for
6 h.

Adsorption experiments

The effects of pH, temperature, contact time, absorbent dose
and initial concentration of uranyl ions on the absorption
efficiency were investigate by batch experiments. 10 mg
absorbents were added into a series of 80 mL 35 mg/L
uranyl ions solutions in the conical flasks then the above
conical flasks all were put in a thermostatic oscillator set at
80 °C then shaken for 2.5 h at constant temperature until the
achievement of adsorption equilibrium. The solid phase was
separated from the solution by an external magnet, and the
concentration of uranyl ion in the supernatant was detected
by visible light spectrophotometer, respectively. The adsorp-
tion capacity (g.) and the removal rate (A) were calculated
according to the following formula [29].

qde = (CO - Ce)V/M (1)

A(%) = (Cy — C.)/C,y x 100 2)
where C; (mg/L) is the initial concentration of uranyl ions.
C, (mg/L) is the remnant concentration of uranyl ions in the
supernatant after absorption. V (L) is the volume of aqueous
solution. M (g) is the adsorbent dose.
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Desorption experiments

In order to explore reusability of the absorbent, desorption
experiments were carried out. 10 mg absorbent was desorbed
with 10 mL 1.5 mol/L Na,COj; solution at a temperature of
80 °C, and the mixture was placed in a thermostatic oscilla-
tor and shaken for 2.5 h. After desorption, the absorbent was
separated from the solution by magnetic separation and the
concentration of uranyl ions in supernatant was measured
by visible light spectrophotometer. Finally, the adsorbent
was washed with distilled water until it reached a neutral
state and left for the next round of adsorption—desorption
experiments.

Interference experiment

The effect of competitive ions including Ni**, Mg>*, Zn*,
AI’* and Cu®* on the absorption efficiency of uranyl ions
were investigated. A series of different concentrations of
Ni%t, Mg?*, Zn**, AI**, Cu®* were mixed with 10 mL
35 mg/L uranyl ions solution, respectively, and desorbed at
80 °C for 2.5 h.

Results and discussion
Characterization

The XRD patterns (10° <260 <90°) of Fe;0,4, FeS@Fe;0,
and U-laden FeS @Fe;0, were shown in Fig. 1. The six char-
acteristic peaks of Fe;O, at 20 values of 30.32°, 35.40°,
43.26°, 53.80°, 57.36° and 62.96° correspond to crystal
planes (220), (311), (400), (422), (511) and (440) according
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Fig. 1 XRD analysis of of Fe;0,, FeS@Fe;O, and U-laden FeS@
Fe;0,

to JCPDS card No.19-0629. In the XRD pattern of the FeS@
Fe;0,, the above six characteristic peaks did not change
significantly, which means that the coating of FeS did not
change the structure of Fe;O,. However, the XRD pattern of
FeS @Fe;0, exhibits two new XRD characteristic peaks at
20 values of 18.4° and 33.3°, which correspond to the XRD
characteristic peaks of FeS [30]. A broad peak of about 18.4°
can be observed, which indicates that the crystal of FeS is
not well crystallized and the crystal may be nano-sized [31,
32]. In the XRD pattern of U-laden FeS @Fe;04, accord-
ing to JCPDS card No.24-0749, the new characteristic XRD
peak at 20 values of 36.2°, 52.2° and 65.8° is attributed to
the adsorption of uranyl ions. And in this diffraction, all
peaks of Fe;O, and FeS are weakened, which means that
a large amount of uranyl ions are successfully adsorbed on
the adsorbents.

The FT-IR spectra of Fe;0,, FeS @Fe;0, and U-laden
FeS@Fe;0, are shown in Fig. 2. As shown in the figure,
there are two peaks at 3400 cm™! and 570 cm™! in the spec-
trum of the three samples, which belong to the O-H stretch-
ing bond and the Fe—O bond, respectively [33]. In addition,
a broad peak in the Fe;O, spectrum at 1072 cm™! splits into
two peaks at 1094 cm™! and 1019 cm™! in the FeS@Fe;0,
spectrum, which may be due to the local deformation of the
lattice caused by the coating of FeS [34]. In U-laden FeS @
Fe;0, spectrum, these two peaks are moved to 1094 cm™"
and 1019 cm™!, which is mainly due to the adsorption of
uranyl ions by FeS @Fe;0, [35, 36].

The magnetic properties of FeS @Fe;0, nanoparticles
were measured at room temperature by using an external
magnetic field of —20 k Oe <H <20 k Oe. The results
are shown in Fig. 3. The saturation magnetization of
FeS@Fe;0, can be clearly observed in the curve, about
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Fig.2 FT-IR spectrum of Fe;O,, FeS@Fe;0, and U-laden FeS@
Fe;0,
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Fig.3 Magnetic hysteresis loop of FeS@Fe;0, and the photographs
of magnetic separation of FeS @Fe;0, (inset)

57.18 emu/g, which is lower than the saturation mag-
netization of Fe;0, reported in many literatures which is
90 emu/g [37]. This may be attributed to the encapsulation
of FeS and quantum size effects. There is no coercivity and
no residual magnetism nearly in the magnetic hysteresis
loop and the superparamagnetism of FeS @Fe;0, could be

Fig.4 EDS analysis of FeS@
Fe;0, (a) and U-adsorbed
FeS@Fe;0, (b)

proved [38]. The incidental pattern in the lower right cor-
ner indicates that FeS @Fe;0, has an excellent magnetic
response to the external magnet and can be separated by
an external magnet within 10 s.

EDS analysis was used to determine the main elements
in the FeS@Fe;0, and U-laden FeS@Fe;0,. As clearly
exhibited in Fig. 4, the distributions of main elements of
the FeS @Fe;0, and U-laden FeS @Fe;0, can be observed
obviously. The presence of sulfur elements in FeS @Fe;0,
(Fig. 4a) attests to the successful loading of FeS on the
Fe;0, surface. In the Fig. 4b, the presence of uranium
element could be obviously observed and the wt % of U
reached 3.68%. It is proved that FeS @Fe;0, has good
adsorption ability for uranyl ion.

The morphology of Fe;O, and FeS @Fe;0, were char-
acterized by transmission electron microscope (TEM).
The morphology of U-laden FeS @Fe;0, was character-
ized by scanning electron microscope (SEM). As shown
in Fig. 5, the morphology of Fe;0, is sphere-like and its
size is about 10-20 nm. In Fig. 5b, the Fe;0, nanoparticles
are coated with FeS, and the core—shell structure of FeS @
Fe;O, can be proved. As shown in Fig. 5c, the white mate-
rials on the surface of U-laden FeS @Fe;0, is the crystal
of uranyl ion adsorbed on it, which proves that uranyl ion
is successfully adsorbed by the FeS @Fe;0, nanoparticles.

Element Wt% At %
O k 24.57 52.51
S k 2.96 3.15
Fe k

Element
O k 33.73

51.63

S k 6.62 5.06
Fe k 45.56 19.98
U M 3.68 1.41
C K 10.18 21.78

Ca K
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Fig.5 TEM images of Fe;0,
(a), FeS@Fe;0, (b), and SEM
image of U-laden FeS@Fe;0,
(©)

A comparison of adsorption capacity for uranyl ions
between Fe;0,, FeS and Fe;0,@FeS

80 mL 35 mg/g uranyl ion solution was added to each
of the three conical flasks, the pH of the solution was
adjusted to 6, and then 10 mg Fe;O,, FeS and FeS@
Fe;O, were added, respectively, and these solutions were
shaken for 2.5 h at 80 °C in a thermostatic oscillator. The
supernatants of the three solutions were taken out at dif-
ferent adsorption time, and the uranyl ion concentration
was measured to calculate the adsorption capacity and the
adsorption rate. The adsorption properties of Fe;0,, FeS
and FeS @Fe;0, for uranyl ions are shown in Fig. 6. It can
be seen from the figure that the adsorption capacities of
Fe;0, and FeS are 154.0 mg/g and 211.0 mg/g, respec-
tively. The adsorption capacity of FeS @Fe;O, nanocom-
posites is 229.03 mg/g, which is 48.7% higher than that
of Fe;0, nanoparticles and 8.6% higher than that of FeS
nanoparticles. This is because FeS is easy to aggregate
when it is present alone, which greatly reduces its adsorp-
tion capacity. When the FeS is encapsulated on the Fe;0,
nanoparticles, the composite adsorbent becomes dispersed
and more stable, and therefore, the adsorbent can provide
a larger surface area and facilitate adsorption. According
to the specific surface area test results, the specific surface
area of FeS was 29.0264 m?/g, and the specific surface
area of FeS@Fe;0, was 82.4732 m%/g. It is proved that
FeS @Fe;0, has better adsorption performance for uranyl
ions than Fe;0, and FeS.
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Fig.6 Comparison of adsorption capacity for uranyl ions between
Fe;0,, FeS and Fe;0,@FeS (pH=6, m=10 mg, T=80 °C,
Cy=35mg/L, V=80 mL)

Effect of the contact time

In order to study the effect of contact time on the adsorption
of uranyl ions by FeS @Fe;0,, the contact time was from 15
to 210 min, the adsorption dosage was 10 mg, the initial ura-
nyl ion concentration was 35 mg/L, the volume of the solu-
tion was 80 mL, the pH of solution was 6 and the tempera-
ture was 80 °C, under these conditions, a series of adsorption
experiments were carried out. The results are shown in
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Fig. 7 Effect of adsorption time on the adsorption of uranyl ions by
FeS@Fe;0, (pH=6, m=10 mg, T=80 °C, C;=35 mg/L, V=80 mL)

Fig. 7. As can be seen from the figure, with the increase
of the contact time, the adsorption rate and the adsorption
capacity increase rapidly. When the adsorption process
reaches 150 min, the adsorption process reaches the adsorp-
tion equilibrium, and the adsorption rate reaches 81.8%, and
remains basically unchanged in the subsequent time. This
is because the adsorption of uranyl ions by FeS @Fe;0,
is firstly caused by diffusion of uranyl ions into the outer
surface of the material, followed by transfer from the outer
surface to the inner surface [39]. The adsorption process
takes a longer time. Therefore, the adsorption rate and the
adsorption capacity of uranyl ions by FeS @Fe;0, increases
with time until the adsorption equilibrium is reached. And
the maximum adsorption capacity is 229.03 mg/g.

Effect of the adsorbent dosage

To investigate the effect of adsorbent dosage on the adsorp-
tion of uranyl ions by FeS@Fe;0,, the dosage of FeS@
Fe;0, was from 5 to 25 mg, the contact time was 150 min,
the initial uranyl ion concentration was 35 mg/L, the volume
of the solution was 80 mL, the pH of solution was 6 and
the temperature was 80 °C, under these conditions, a series
of adsorption experiments were carried out. The results are
shown in Fig. 8. As can be seen from the figure that with
the increase of initial uranyl ion concentration, the adsorp-
tion capacity of FeS @Fe;0, to uranyl ion increases and the
adsorption rate decreases. When the dosage of adsorbent is
10 mg, the adsorption rate reaches 81.8% and the adsorption
capacity is 229.03 mg/L. When the dosage of adsorbent is
20 mg, the adsorption rate reaches 82.4% and the adsorption
capacity is 115.29 mg/L. The main reason is that the content
of uranyl ion in uranyl solution is constant. With the increase
of adsorbent dosage, the number of effective adsorption
active sites increases, and the removal rate of uranyl ion
increases, but the amount of uranyl ion adsorbed by unit
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Fig.8 Effect of adsorbent dose on the adsorption of uranyl ions
by FeS@Fe;0, (pH=6, t=150 min, 7=80 °C, C,=35 mg/L,
V=80 mL)

mass FeS @Fe;0, decreases [40]. The adsorption capacity
of adsorbents per unit mass was decreased. When the dosage
of the adsorbent is more than 10 mg, the removal rate with
the addition of the adsorbent is increased, but the adsorp-
tion capacity of the unit mass of the adsorbent is decreased
rapidly. From the optimal point of view, the optimal dosage
of the adsorbent is 10 mg.

Effect of pH

The pH value of uranyl ion solution was adjusted with nitric
acid and sodium hydroxide solutions. In order to study the
effect of pH on the adsorption of uranyl ions by FeS@
Fe;0,, the pH of solution was from 2 to 8, the contact time
was 150 min, the adsorption dosage was 10 mg, the initial
uranyl ion concentration was 35 mg/L, the volume of the
solution was 80 mL and the temperature was 80 °C, under
these conditions, a series of adsorption experiments were
carried out. The results are shown in Fig. 9. It is obvious
that when the pH value changes from 2 to 5, the adsorption
efficiency of FeS @Fe;0, for uranyl ions increases with the
increase of pH value. When the pH value is 6, the adsorption
efficiency reaches the maximum value. After that, with the
increase of pH (pH > 6), the adsorption efficiency begins
to decrease slightly. The main reason for the above phe-
nomenon is that the degree of protonation is different in
different pH solutions [41, 42]. In the solution with lower
pH, the degree of protonation is greater, and H in the solu-
tion is competitive with UO,>* for adsorption, which affects
the adsorption performance of uranyl ion by FeS @Fe;0,,
which results in the low adsorption capacity and removal
rate of uranyl ion by FeS @Fe;0,. On the other hand, there
are different forms of uranium in different pH. In the case
of pH =6, the uranium in solution mainly exists in the form
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Fig.9 Effect of pH on the adsorption of uranyl ions by FeS@Fe;0,
(m=10 mg, =150 min, T=80 °C, C,;=35 mg/L, V=80 mL)

of U022+. In this case, the adsorption ability of FeS@
Fe;0, is the strongest. With the increase of pH, OH™ and
UO,>* form ions with lower adsorption affinity, including
[UO,0H]*, [(UO,)3(OH),J**, [(UO,),OHI**, [(UO,),0HT™*,
[(UO,),0H]"", [UO,(OH),]*~, [(UO,);(OH),]~ [43], which
reduce the adsorption amount of uranyl ion, resulting in the
decrease of adsorption capacity and removal rate of uranyl
ion by FeS @Fe;0,. Therefore, the solution pH==6 is chosen
as the optimal reaction condition.

Effect of temperature

Temperature was also an important parameter. A series of
experiments were performed in 80 35 mg/L of the uranyl
ions solutions (adjusted pH=6) under different temperature
ranging from 30 to 90 °C. 10 mg adsorbent was added into
the above solution and shaken for 2.5 h at 80 °C. Figure 10
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Fig. 10 Effect of temperature on the adsorption of uranyl ions
by FeS@Fe;O, (m=10 mg, =150 min, pH=6, Cy=35 mg/L,
V=80 mL)

shows that when the temperature is less than 80 °C, the
adsorption capacity and removal rate of uranyl ion by FeS @
Fe;0, increase with temperature increasing, and when the
temperature is higher than 80 °C, The adsorption capacity
and removal rate of uranyl ion by FeS @Fe;0, decreased
slightly with temperature increasing. As the temperature
increases, it is advantageous for the adsorbed molecules to
diffuse from the outer surface to the inner surface of the
adsorbent, so that the surface of the absorbent can provide
more active sites, thereby increasing the amount of adsorp-
tion. The adsorption of uranyl ions by FeS @Fe;0, contains
chemical adsorption and physical adsorption. As the temper-
ature gradually increases, the physical adsorption efficiency
decreases and the chemisorption reaches equilibrium. There-
fore, when the temperature exceeds 80 °C, the adsorption
capacity of FeS @Fe;0, for uranyl ions is slightly decreased.
Therefore, the optimum adsorption temperature is 80 °C.

Effect of the initial concentration of uranyl ions

In order to study the effect of initial uranyl ion concentra-
tion on the adsorption of uranyl ions by FeS@Fe;0,, the
initial uranyl ion concentration was from 10 to 60 mg/L,
the pH of solution was 6, the contact time was 150 min, the
adsorption dosage was 10 mg, the volume of the solution
was 80 mL and the temperature was 80 °C, under these con-
ditions, a series of adsorption experiments were carried out.
The results are shown in Fig. 11. It can be seen from Fig. 11
that as the initial uranyl ion concentration increases, the
adsorption capacity of FeS @Fe;O, on uranyl ions increases,
and the adsorption rate decreases. This is because when the
initial concentration of uranyl ions is low, the adsorption
of uranyl ions by the adsorbent is far from saturation, so
the removal rate is high and the adsorption amount is low.
As the initial uranyl ion concentration increases, and the

845r —m— Adsorption percentage -4 400
— —a—q
X sa0f \ e / 1350
(9] A
& 85 1300
< —_
8 ssof {250 ©
g £
L A 4200 =,
5 82.5 / g o
2 g0} \ 11
3
2 a5l / g 4100
< . A \.
450
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10 20 30 40 50 60
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Fig. 11 Effect of the initial concentration of uranyl ions on the
adsorption of uranyl ions by FeS@Fe;0, (m=10 mg, t=150 min,
pH=6, T=80 °C, V=80 mL)
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adsorbent gradually reaches the adsorption equilibrium, a
part of the uranyl ion exists in the free state in the solution,
resulting in a decrease in the removal rate but an increase
in the adsorption capacity. Since the level of uranium in
wastewater is around 35 mg/L, therefore, the concentration
of initial uranium (VI) in the subsequent study was selected
to be 35 mg/L.

Adsorption kinetic
Pseudo-first-order and pseudo-second-order kinetic mod-

els were used to simulate the adsorption of uranyl ions on
FeS@Fe;0, and the fitting curves are shown in Fig. 12. The
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Fig. 12 Linear matches of pseudo-first-order kinetics (a) and pseudo-
second-order kinetics (b)

Table 1 Adsorption kinetic parameter

pseudo-first-order kinetic equation and the pseudo-second
kinetic equation are formulas (3) and (4) respectively [44]:

In(g. — q,) =Ing. — Kt 3
a9 Kq: q. @)

where ¢, and g, are the mass of solute adsorbed by the unit
adsorbent in the equilibrium time and 7 time respectively.
K, and K, are the rate constants of the pseudo-first-order
kinetic equation and the pseudo-second-order kinetic equa-
tion, respectively.

The fitting parameters are shown in Table 1. It can be seen
that the correlation coefficient of the pseudo-second-order
kinetic model is 0.9994, the correlation coefficient of the
pseudo-first-order kinetic model is 0.9773, and the correla-
tion coefficient of the pseudo-second-order kinetic model is
larger than correlation coefficient of the first-order kinetic
model. Therefore, this adsorption behavior is more suitable
to be described by pseudo-second-order kinetic model, which
indicates that the adsorption behavior is dominated by chemi-
cal adsorption.

Adsorption isotherm

In order to understand the adsorption behavior of the adsor-
bent, the adsorption data were analyzed using the Langmuir
model (formula 5) and the Freundlich model (formula 6). The
two equations are as follows:

C_G, 1 (5)
9e Qm KLQm

1
Ing. =InKp+ ;lnCe 6)

where g, (mg/g) and C, (mg/L) are equilibrium adsorption
capacity and equilibrium concentration. Q,, is the maximum
adsorption capacity, and K; is the equilibrium adsorption
constant. K (mL™ ug'=") and n are the Freundlich con-
stants. The maximum adsorption capacity (Q,,) can be cal-
culated from the slope of the linear plot of C/g, versus C..
The values of n and K can be obtained from slope of linear
plot of In g, versus In C, [45].

The Langmuir and Freundlich isotherm parameters are
shown in Table 2 and the fitting curves are shown in Fig. 13.
It is clear that the correlation coefficient of the Freundlich

Temperature (°C) Geexp (Mg &™)

Pseudo-second-order kinetic model

Pseudo-first-order kinetic model

ecar (Mg g™

K, (g mg~! min~) R?

Gecu (mgg™ K (min™) R

80 229.03 240.38 0.117

0.9994 132.45 0.033 0.9773
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Table 2 Adsorption isotherm U (VI) (mg LY Langmuir isotherm Freundlich isotherm
model parameter
0, (mgg™) K, (L mg™) R? Ky (mL!" pg!=1m) n R?
35 1824.82 0.02 0.9641 46.23 1.116 0.9991

a 0.029

y=0.000548x+0.02233

0.028F | R*=0.9641

0.027

0.026

Celge

0.025

0.024 -

0.023

0 2 4 6 8 10 12

y=0.89595x+3.83363
R?=0.99909

56

52F

Inge

48

44t

40 1 1 1 1 1
0.5 1.0 1.5 2.0 25

InCe

Fig. 13 Langmuir isotherm of adsorption (a) and Freundlich isotherm
of adsorption (b)

model is 0.9991, which is higher than the correlation coef-
ficient of the Langmuir model (R*>=0.9641). The adsorption
data agree well with the Freundlich model, indicating that the
adsorption of uranyl ions by FeS @Fe;O, is closer to that of
multi-molecular layer adsorption [46].

Adsorption thermodynamics

Gibbs free energy (AG), enthalpy change (AH) and
entropy change (AS) were calculated by the following three
Egs. (7)—(9), the results are shown in Table 3. Plotting In
K against 1/T gives a straight line with slope and intercept
equal —H/R and S/R, respectively [47]. The fitting curve of
In K° vs 1/T is shown in Fig. 14. The results show that:

Table 3 Adsorption thermodynamic parameters

Tem- AG (kI mol™") AH (kI mol™)) AS [J/(mol K)] R?
perature
O
60 —9.34 10.42 59.34 0.9965
70 -9.95
80 —-10.52
3.60
y=-1253.89295x+7.13723
R?=0.9965
3.55 |
3.50 |
A
=
345 |
3.40
335 1 1 1 1
0.00285 0.00290 0.00295 0.00300
1T

Fig. 14 Plot of In K° versus 1/T

AH>0, AS>0, and AG <0. The positive enthalpy (AH)
indicates that the adsorption process is endothermic and the
increase of temperature is beneficial to the adsorption. The
entropy change (AS) is positive, which reflects the increase
of the degree of system confusion. During the adsorption
process, the exchanged hydrogen ions diffuse into the solu-
tion to form a disordered motion. The decrease in entropy
caused by adsorption is less than the increase in entropy
caused by disordered motion, resulting in an increase in
entropy of the entire system. [48]. The Gibbs free energy
(AG) is negative, which reflects the adsorption process is
a spontaneous.

AG = —RTInK° (7
InK° = AS/R — AH/RT (8)
K’ =q,/C, ©)
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where AG is the Gibbs free energy (kJ/mol). AH is enthalpy
change and AS is entropy change. R and T are the ideal gas
constant [8.314 J/(mol K)] and absolute temperature, respec-
tively. K° is adsorption distribution coefficient.

Effect of interfering ions

In order to further study the selective adsorption of ura-
nyl ions on the adsorbent, the effects of the interfering ions
were investigated. Industrial wastewater contains a variety
of metal ions, including Na*, K*, Ni**, Mg**, Zn>*, AI’T,
Fe**, Ca**,Cu** and so on. So we choosed randomly the five
metal ions (Ni>*, Mg?*, Zn?*, AI** and Cu?*) in these above
metal ions as interfering ions and applied in the experiment.
As shown in Fig. 15, Ni**, Mg?*, Zn>* and Cu®* had certain
effect on the adsorption when the concentration of these cati-
ons reached to 20 mg/L, however, when the concentration
of Ni**, Mg?* and Zn?* increased, the adsorption capac-
ity remained about 227 mg/g. When the concentration of
Cu?* increased to 45 mg/L, the adsorption capacity of FeS@
Fe;O, on uranyl ions decreased from 227 to 226.6 mg/L.
When the concentration of AI** was lower than 20 mg/L, it
had no influence on the adsorption. When the concentration
of AI’* increased, the adsorption capacity of FeS @Fe;0,
on uranyl ions only decreased from 229.0 to 226.6 mg/g.

Reusability of FeS@Fe;0,

To test the reusability of FeS@Fe;0,, five successive
adsorption and desorption cycles were performed. The
results are shown in Fig. 16. It is obvious that the adsorp-
tion rate of FeS @Fe;0, only decreased from 83.2 to 80.6%
after 5 adsorption—desorption operations, so the reusability
of FeS @Fe;0, can be convincingly proved.

—8—7n
229 + —e— Ni
—— Mg
—v—Cu
Al
228 |
o
g
= 227} \’—.:x
c- <
226 |
225 1 1 1 1 1 1 1
0 10 20 30 40 50 60

The concentration of interfering ions(mg/L)

Fig. 15 Effect of coexisting interfering ions on the adsorption of ura-
nyl ions by FeS@Fe;0, (pH=6, m=10 mg, T=80 °C, C;=35 mg/L,
t=150 min, V=80 mL)
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Fig. 16 Reusability of the FeS @Fe;0, for uranyl ions adsorption

Conclusion

In this paper, core—shell magnetic nanoparticles of FeS @
Fe;0, were successfully prepared by the ultrasonic-
assisted method. The average diameter of the nanoparticles
is about 30 nm, and the saturation magnetic field intensity
is 57.18 emu/g, and it has better superparamagnetism. The
prepared adsorbents have good adsorption performance for
uranyl ions. The optimum adsorption conditions were as
follows: pH =6, temperature 80 °C, initial uranium con-
centration 35 mg/L, contact time 2.5 h, adsorbent dosage
10 mg. Under optimal conditions, the adsorption capacity
can reach 229.03 mg/g. The experimental results show that
the adsorption kinetics accords with the pseudo second
order kinetic model, the fitting degree of R* is 0.9994. The
adsorption isotherm is in accordance with the Freundlich
isothermal adsorption model, and the fitting degree of R? is
0.9991. The research of adsorption thermodynamics shows
that the adsorption process is endothermic and spontane-
ous. Interference experiments and adsorption desorption
cycle experiments proved that the prepared FeS @Fe;0,
had good selective adsorption and reuse performance for
uranyl ions.
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