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Abstract

In this work, the nanoparticles possessing a macro-initiator (MNPs@SCSOEt) were firstly obtained by surface-initiated
RAFT polymerization. The structure of the nanocomposite was characterized by FT-IR, SEM, TEM, TGA, XPS and VSM.
The effects of pH, contact time, initial uranium concentrations, coexisting ions and temperature on the U(VI) adsorption by
MNPs@PAO were investigated in detail. The adsorption process was found to be in good agreement with pseudo-second
order kinetic model and Langmuir adsorption isotherm model. The maximum adsorption capacity was estimated to be
216.45 mg/g by fitting Langmuir model with the equilibrium data. The adsorption process was endothermic and sponta-
neous. In addition, the adsorption capacity of MNPs@PAO for U(VI) decreased slightly after five successive adsorption/

desorption cycles.
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Introduction

Uranium, as one commonly used nuclear fuel for nuclear
power, has played an important role in alleviating shortage
of fossil fuels and slowing global warming. Simultane-
ously, uranium mining and processing have generated large
amount of uranium-containing wastewaters [1-3]. These
wastewaters have posed a serious threat to the environment
and organism since the uranium in them is radioactive and
toxic. Thus, it has been a research focus to develop
effective techniques for removal of uranium(VI) from
radioactive wastewaters so as to ensure the sustainable
development of nuclear power.

In the past decades, many techniques including ion
exchange, liquid-liquid extraction, co-precipitation and
adsorption have been proposed for removal of uranium(VI)
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from wastewater [4—12]. Since adsorption has been found
to be low in cost and high in adsorption capacity and
generate no secondary contamination, it has been exten-
sively utilized for the removal of uranium(VI) from
radioactive wastewater. Until now, a variety of adsorbents
such as magnetic materials, activated carbon, graphene
oxide, polymers and other materials have been developed
for adsorption of uranium(VI), and some of them have been
found to have good performance [13-33]. Nevertheless, it
is still a challenge to develop new adsorbents with high
adsorption capacity and selectivity for uranium(VI).
Magnetic nanoparticles (MNPs) have attracted consid-
erable attention due to their magnetic properties, nanoscale
features, and the potential applications in areas such as
drug delivery, magnetic resonance imaging, cell separation,
and removal of heavy metal ions [34-36]. Many studies
have shown that MNPs with a layer of a coating material
can prevent agglomeration of the cores, improve stability,
and facilitate further functionalization [37]. Therefore,
developing a feasible method for surface engineering of
MNPs is of crucial importance for improving adsorption
capability effectively. In fact, many surface-functionalized
MNPs have been reported to show good performance for
adsorption of uranium(VI) from wastewater. For example,
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Sun et al. [38] reported a magnetic nanocomposite Experimental

Fe;0,@ZIF-8 which could fast adsorb and separate UOZ2+

ions from aqueous solutions; Chen et al. [27] prepared a Materials

core—shell structured Fe;O,@PDA@PAO MNPs which
showed remarkable adsorption capacity toward uranyl ions
at pH 5.0.

Considering simple operation, environmental benign and
low cost, polymers have become the popular adsorbents for
adsorption of uranium(VI) from wastewater. Nowadays,
several studies have focused on the modified polymeric
fiber adsorbent, especially poly (acrylamidoxime)-func-
tionalized fiber, which has been considered to be one of the
most effective polymeric fibers for adsorbing uranium(VI)
[39—43]. In order to take full advantage of the polymer for
highly effective adsorption of uranium(VI), growing poly-
mer brushes on the surface of nanomaterials using con-
trolled/living polymerization techniques is an attractive
approach that provides a new strategy for the surface
modification or functionalization for nanomaterials. This
allows the polymerization to be directly started from ini-
tiator-anchored surfaces with accurate control over com-
position and architecture [44]. Among the major controlled/
living radical polymerization techniques, reversible addi-
tion-fragmentation chain transfer (RAFT) is one of the most
promising of forming polymers with controlled architec-
tures around nanoparticles. Overall, based on the above
mentioned advantages of both MNPs and polymers, it is
possible to get an efficient adsorbent for adsorbing ura-
nium(VI) from solution by modifying the surface of MNPs
using the method of surface-initiated RAFT polymerization.

Herein, we report a novel core—shell magnetic
nanocomposite via surface-initiated RAFT polymerization
for uranium(VI) adsorption. The synthesis strategy for this
material was planned. The nanoparticles possessing a macro-
initiator (MNPs@SCSOE?t) were firstly obtained by modif-
ing the surface of Fe;O4 core with tetraethyl orthosilicate
(TEOS), aminopropyltriethoxysilane (APTES), 2-bromo-
propionyl bromide and ethyl potassium dithiocarbonate,
respectively, the chains of polyacrylonitrile (PAN) were then
grafted onto MNPs@SCSOEt by surface-initiated RAFT
polymerization using AIBN as initiator, and the derived
intermediate (MNPs@PAN) was finally functionalized with
amidoxime (AO) and a novel core—shell magnetic
nanocomposite (MNPs@PAO) was obtained. In this way,
high density well-defined polyacrylonitrile chains were
covalently grafted on the surface of aminosilica-coated iron
oxide nanoparticles, and they were subsequently converted
to AO-functionalized polymer. The adsorption behavior of
uranium(VI) by MNPs@PAO was also investigated in detail.
The objective of this research was to offer a novel strategy for
synthesizing new high-performance materials with high
adsorption capacity and selectivity for uranium(VI) in
solution.
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Acrylonitrile (AN) was purchased from Acros and passed
through an activated alumina column prior to use. 2-bro-
mopropionyl bromide and ethyl potassium dithiocarbonate
(KSCSOE?t) were purchased from TCI (Shanghai) Devel-
opment Co., Ltd. Azobis-(isobutyronitrile) (AIBN),
Ethylsilicate (TEOS) and (3-aminopropyl) triethoxysilane
(APTES) were purchased from Kermel Chemical Reagents
Development Center (Tianjin, China).

The stock solutions of uranium(VI) (1.0 g/L) were
prepared in the following procedure: 1.1792 g U;Og
powder was first dissolved in hydrochloric acid (10 mL),
hydrogen peroxide (3 mL) and two drops of nitric acid by
heating in the sand bath; and the mixture was then cooled
to room temperature and diluted with ultrapure water to
1000 mL, which was the standard solution of uranium. The
solutions with different uranium(VI) concentrations for
experiments were prepared by diluting the stock solution
using ultrapure water.

Characterizations

Fourier-transform infrared (FT-IR) spectra of the samples
were measured by IR Prestige-21 using standard KBr pel-
lets. The morphology of the synthetic products was char-
acterized using scanning electron microscope (SEM, Zeiss
Merlin microscope) and transmission electron microscopy
(TEM, JEM-2010) with an accelerating voltage of 200 kV.
Thermogravimetric analysis (TGA) of samples was carried
out using a TA-60Ws with a heating rate of 10 °C/min from
25 to 800 °C in nitrogen atmosphere. The MPMS SQUID
VSM (vibrating sample magnetometer) was applied to test
magnetic properties through measuring the function
between magnetization and applied-field from — 10 to 10
kOe at 300 K. X-ray photoelectron spectroscopy (XPS) of
samples was measured by ESCALAB 250Xi.

Synthesis of MNPs@PAN

The mixture of MNPs@SCSOEt (200 mg), acrylonitrile
(0.59 mL), toluene (1 mL), and AIBN (10 mg) was soni-
cated in a 50 mL flask under nitrogen gas protection until a
homogeneous solution suspension was formed. Subse-
quently, the flask was immersed into an oil bath at 80 °C
with magnetic stirring for 1 h. After cooling to room
temperature, the solid was easily isolated by applying
external magnetic field and washed with ethanol and
deionized water for several times. The product was kept
being dried in vacuum at 50 °C for 24 h.
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Synthesis of MNPs@PAO

200 mg MNPs@PAN and 1 mL NH,OH (50% in water)
were dispersed into 40 mL methanol-water (V,/V,, = 1/1)
solution. The mixed suspension was kept being stirred at
80 °C for 12 h. After cooling to room temperature, the
solid was isolated by applying external magnetic field and
washed with ethanol and deionized water for several times.
The product was kept being dried in vacuum at 50 °C for
24 h.

Adsorption behavior toward U(VI)

The effects of pH, contact time, initial uranium concen-
trations, coexisting ions and temperature on the U(VI)
adsorption by MNPs@PAO were investigated in detail.
Typically, 10 mg adsorbent was added to a U(VI) solution
(20 mL) with appropriate concentration and appropriate pH
value in a 50 mL plastic tube shaken in air bath oscillator
at 150 rpm and appropriate temperature. The pH was
adjusted by a negligible volume of dilute HNO3; or NaOH.
After the tube was shaken for predetermined time, the
solid-liquid separation was conducted using a magnet. The
concentration of U(VI) in the solution was analyzed by the
Br-PADAP method with a Visible Spectrophotometer at
578 nm (National Standard of the People’s Republic of
China, EJ 267.4-1984). All the experiments were per-
formed in duplicates and a blank sample was set at the
same time to minimize experimental error.

The amount of U(VI) adsorbed on the adsorbent (g.) and
distribution coefficient Ky (mL/g) were calculated using the
following formulas:

g = (Co=CIV )

m
_ G~ Ce 1000V

K
d Ce m

2)
where ¢, is the equilibrium adsorption capacity (mg/g), C,
and C. are the concentrations of U (VI) before and after
adsorption (mg/L), respectively, V is the liquid phase vol-
ume (L), and m is the amount of adsorbent (g).

Desorption and regeneration studies

To evaluate the stability and reusability of MNPs@PAO
material, the experiments were performed in five consec-
utive adsorption—desorption cycles. In each cycle, 10 mg
adsorbent was added to a 20 mL uranium(VI) solution
(100 mg/L) in a 50 mL plastic tube, and the tube was
shaken on air bath oscillator at pH 6.0 and temperature
298.15 K for 8 h. After that, the sorbent was separated with
a permanent magnet. Adsorbent loaded with uranium(VI)

was eluted using 0.1 M HCI solution (20 mL) as elutant,
and washed with large amount of ultrapure water. Then, it
was reused for uranium adsorption as before until the fifth
cycle was completed.

Results and discussion
Synthesis and characterization

The synthesis of core—shell magnetic nanoparticles
(MNPs@PAO) by surface-initiated RAFT polymerization is
illustrated in Scheme 1. MNPs@SCSOEt was synthesized
according to a reported procedure [44, 45]. Figure 1 shows
the FT-IR spectra of MNPs@SCSOEt, MNPs@PAN and
MNPs@PAO. The characteristic peak of C = N stretching
vibration at 2243 cm™' can be observed in the spectrum of
MNPs@PAN, which indicates that polyacrylonitrile was
introduced onto the MNPs@SCSOEt by surface-initiated
RAFT polymerization [46]. After hydroxylamine treatment,
the peak at 2243 cm™" related to C=N disappears and the
new characteristic peaks for -NH, (or -OH), C=N and N-O
appear at 3115, 1659 and 916 cm™', respectively, which
indicates that the nitrile groups in MNPs@PAN were
completely converted into the amidoxime group [47, 48].

The SEM and TEM images of Fe;04, MNPs@SCSOEt,
MNPs@PAN and MNPs@PAO are shown in Fig. 2. It is
clear that the average diameter of MNPs was about 200 nm.
The surface of MNPs@SCSOEt particles became smoother
after they were modified with macro-initiator (Fig. 2b), and
the macro-initiator layers grew around the Fe;O4 cores
(Fig. 2f). While the surface initiated RAFT polymerization
was taking place, the PAN polymer brushes were growing
on the MNPs @SCSOEt nanopatrticles, and the obvious PAN
layers were growing around the MNPs@SCSOEt (Fig. 2c,
g). Finally, the core—shell structure of MNPs@PAO from
AO-functionalization was still maintained, as shown in
Fig. 2h.

The TGA curves of Fe;0,, MNPs@SCSOEt and
MNPs@PAOQO are shown in Fig. 3. The weight loss of
Fe;04 was 11.85%, which was probably due to the evap-
oration of moisture and solvents. As a comparison, the
weight losses of MNPs@SCSOEt and MNPs@PAO were
27.99 and 65.14%, respectively, which indicates that the
shell layer of organic on the surface of Fe;0, decomposed.
In particular, the MNPs@PAO sample had a remarkable
weight loss at about 200 and 650 °C, which was probably
attributed to the decomposition of the amidoxime group
and the total decomposition of the polymerized amidoxime
group, respectively [49, 50]. These results further proved
that the MNPs@PAO adsorbent was successfully prepared.

Magnetic properties are important for the magnetic
separation process. Therefore, the magnetic behavior of the
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Scheme 1 Procedure for synthesizing the poly-amidoxime functionalized core—shell magnetic nanoparticles
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Fig. 1 FT-IR spectra of MNPs@SCSOEt, MNPs@PAN and
MNPs@PAO

Fe;04, MNPs@SCSOEt and MNPs@PAO was character-
ized by vibrational sample magnetometer (VSM). As
shown in Fig. 4, the saturation magnetization values of
Fe;0,4 (64.93 emu/g), MNPs@SCSOEt (36.57 emu/g) and

@ Springer

MNPs@PAO (27.04 emu/g) were decreased in turn, which
was due to the silica coating and the organic functional
shell modifications. Nevertheless, no hysteresis loops were
observed at VSM curve of MNPs@PAO and the rema-
nence was negligible, which indicates that MNPs@PAO
was still superparamagnetic at room temperature [51, 52].
In fact, the magnetic separation of MNPs@PAOQO particles
was accomplished within 12s in the adsorption
experiment.

The chemical binding states on the surface of the sam-
ples were further investigated by XPS. As shown in Fig. 5,
a new strong double U4f peak in the XPS spectrum of
MNPs@PAO-U (uranium-loaded MNPs@PAQO after
adsorption), and the corresponding high-resolution U4fs,,
and U4f;,, peaks at 392.28 and 381.48 eV, respectively, in
its XPS spectrum appeared, which indicates that uranium
existed in the MNPs@PAO-U sample after adsorption
[53, 54]. The N1ls spectra of the MNPs@PAO samples are
shown in Fig. 6a, which shows that the Nls of
MNPs@PAO consisted of the H,N-C=N-OH and H,N-
C=N-OH at 399.28 and 399.98 eV, respectively. By con-
trast, the Nls fitted with H,N-C=N-OH and H,N-C=N-
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Fig. 2 SEM images of a Fe;0,, b MNPs@SCSOEt, ¢ MNPs@PAN, and d MNPs@PAO and TEM images of e Fe;0,4, f MNPs@SCSOEt,

g MNPs@PAN, and h MNPs@PAO
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Fig. 3 TGA curves of Fe;04, MNPs@SCSOEt and MNPs@PAO

OH peaks at 399.38 and 401.08 eV, respectively, after
MNPs@PAO was loaded with uranium (Fig. 6b). Mean-
while, the C1s of MNPs@PAO fitted with C—C/C-H, H,N—
C=N-OH, and C=0 peaks at 284.78, 286.18, and
288.18 eV, respectively (Fig. 6¢). After adsorption, the
peaks consisting of C—C/C-H, H,N-C=N-OH and C=0 at
284.78, 286.48 and 288.48, respectively fitted well with the
Cls curve of MNPs@PAO-U (Fig. 6d). In addition, the
Ols of MNPs@PAO fitted with C=N-OH and adsorbed
water peaks at 531.08 and 529.83 eV, respectively
(Fig. 6e). After adsorption, the C=N-OH and adsorbed
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Fig. 4 Magnetization curves of Fe;O,, MNPs@SCSOEt and

MNPs@PAO

water peaks at 531.99 and 529.92, respectively (Fig. 6f). It
is observed that the peaks for MNPs@PAO became wider
and moved to higher binding energy after it was loaded
with uranium, which is consistent with the result reported
in literature [55, 56]. According to the XPS analysis, after
the adsorption of uranium(VI), the binding energy of C=N—
OH was shifted 0.91 eV to higher binding energy, indi-
cating the coordination of uranium(VI) with oxime oxygen.
In addition, the binding energy of C=N—OH also moved to
higher binding energy after it was loaded with ura-
nium(VI). Therefore, we believe that the MNPs@PAO

@ Springer
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Fig. 5 XPS spectra of MNPs@PAO-U and MNPs@PAO

bind uranium(VI) through the #2 mode [57, 58] which is
the possible 72 chelating mechanism, as shown in Fig. 7.
The results of XPS analysis also provided evidences for the
structure of MNPs@PAOQO and further demonstrated the
successful preparation of MNPs@PAO.

Effect of solution pH

The pH of the solutions is an important factor for adsorp-
tion of metal ions. First, the effect of pH on uranium
adsorption by MNPs@PAO from solutions with pH from 3
to 8 was investigated. As shown in Fig. 8, the U(VI)
adsorption on MNPs@PAO depends strongly upon pH, and
the maximum adsorption capacity could be reached at pH
6.0 (ge = 165.8 mg/g). The results could illustrate the
surface protonation reaction [27, 59]. In acidic conditions
(pH < 6), the amino groups will be protonated, which
prevents the chelating reaction between the amidoxime
ligands and uranyl ions. Nevertheless, the uranyl ion could
form non-complexible species such as UO,(CO3)5,
(U0,),CO3(0OH)3 and UO,(OH)3 etc. in basis conditions
(pH > 6), which leaded to the decrease of adsorption
capability. Therefore, the maximum adsorption capacity of
the material could be reached at pH 6.0.

Effect of contact time and adsorption kinetics

The effect of contact time on the adsorption capacity of
uranium(VI) by MNPs@PAO at pH 6.0 and 298.15 K was
tested. As shown in Fig. 9, the amount of uranium(VI)
adsorbed on MNPs@PAO increased quickly in the first
4 h, increased slowly after that and reached equilibrium
after 8 h. In order to study the kinetic mechanism of the
adsorption process, the adsorption experimental data were
simulated with the pseudo-first-order and pseudo-second-
order models.The pseudo-first-order equation is as follows:

@ Springer
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The pseudo-second-order equation is as follows:

t 1 1

— =4+ —t 4
a kg qe @

where the ¢, and ¢, are the adsorption capacities of U(VI)
(mg/g) at equilibrium time and time ¢ (h), respectively. The
ky (hfl) and k; (g mg7l hfl) are the rate constants of the
pseudo-first-order and pseudo-second-order models,
respectively.

Results of the linear regressions of the two models are
shown in Fig. 10, and the calculated kinetic parameters are
listed in Table 1. The correlation coefficient (Rz) value was
0.999 for the pseudo-second-order model, and the corre-
lation coefficient value was 0.978 for the pseudo-first-order
models. In addition, it is also found that the equilibrium
adsorption capacity (g.) calculated from the pseudo-sec-
ond-order model (g, (cal) = 176.37 mg/g) was in better
agreement  with  the  experimental data  (g.
(exp) = 165.8 mg/g) in comparison with the pseudo-first-
order model (g. (cal) = 114.05 mg/g). These results sug-
gest that the U(VI) adsorption process could be described
well with the pseudo-second-order model, that the rate
limiting step was the chemical adsorption, and that the
adsorption process was dependent on the number of surface
functional groups on the MNPs@PAO and the amount of
the U(VI) ions existing in solutions [60, 61].

Effect of initial uranium concentrations
and adsorption isotherm

Figure 11 shows the effect of initial uranium concentra-
tions on the adsorption of uranium(VI) by MNPs@PAO.
The equilibrium adsorption capacity of MNPs@PAQO was
increased with initial uranium concentration from 40 to
200 mg/L. The reason for this was probably that the
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interaction between the uranyl ions and the adsorbent could
be enhanced with the increasing initial uranium concen-
tration. The similar phenomenon was also reported in the
previous literatures [62].

The experimental data were simulated by Langmuir and
Freundlich models to obtain the maximum adsorption
amounts (g,), and these two models were given below:

Langmuir model:
C. 1 1
g 4+ — Ce
e  qmbL  gnm

Freundlich model:

1
Ing. =InKg+—InC,
ng

(5)

(6)
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Fig. 9 Effect of contact time on the U(VI) adsorption by
MNPs@PAO (m = 10 mg, V=20 mL, C, = 100 mg/L, pH 6.0,
T = 298.15 K)

where C, is the equilibrium concentration of U(VI) (mg/L).
q. is the amount of U(VI) adsorbed at equilibrium (mg/g).
gm and by are Langmuir constants related to maximum
adsorption capacity and adsorption energy, respectively. Kg
and np are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.
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Results of the linear regressions of the two models are
shown in Fig. 12, and the calculated parameters of the
Langmuir and Freundlich isotherms are listed in Table 2.
Obviously, the Langmuir model (R* = 0.999) was found to
fit the experimental results better than the Freundlich
model (R* = 0.904) in terms of the correlation coefficient
(R?), and the maximum uranium (VI) adsorption capacity
(gm) of MNPs@PAO was calculated to be 216.45 mg/g.
The results show that U(VI) adsorption onto MNPs@PAO
is primarily a monolayer process rather than a multilayer
one. In addition, the essential characteristics of the Lang-
muir isotherm can be explained in terms of separation
factor Ry, [63], which is defined by the following equation:

1 )

R ———
L1 b,

where by is Langmuir constant, and Cy is the initial ura-
nium concentration.

The values of Ry (Table 3) indicate that the adsorption
of U(VI) by MNPs@PAO was favourable (0 < R < 1),
and the adsorption was promoted at lower U(VI) concen-
tration since the value of R; was increased with the
decrease of the U(VI) concentration [25, 63].

Effect of temperature and adsorption
thermodynamics

In order to understand the mechanism of adsorption pro-
cess, the effect of temperature on the adsorption of ura-
nium(VI) was investigated. The results are shown in
Fig. 13. The value of adsorption capacity of uranium(VI)
was increased with the increasing temperature, which
indicates that high temperature was more beneficial for the
U(VI) adsorption than low temperature. It can be observed
that the velocity of molecular movement was increased
with the increasing temperature.

The thermodynamic parameters for adsorption of U(VI)
onto MNPs@PAO were calculated using the Van’t Hoff
equation which is as follows:

AS®  AHO
In Kd = T - ﬁ (8)
where Kj is the distribution coefficient (mL/g), AS® is the
standard entropy (J mol™' K™'), AH® is the standard
enthalpy (kJ molfl), T is the reaction temperature (K), and
R is the gas constant (8.314 J mol ™! Kil).

The calculated thermodynamic parameters are listed in
Tables 4 and 5. The results of the linear regressions of the
equation were shown in Fig. 13b. The value of AH is
35.06 kJ mol™!, which indicates that the adsorption was
endothermic, and the positive value of AS® (AS® = 136.11 -
J/mol K) reveals that the adsorption was favorable and the
randomness increased during the adsorption process.
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Table 1 Kinetic parameters of

U(VI) adsorption on Q. (exp) (mg/g)
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Pseudo-second-order kinetics

ge (cal) (mg/g) R’

Ky (gmg 'h™") Q. (cal) (mglg) R’

114.05

0.978  0.0058 176.37 0.999

MNPs@PAO K, (h™ )
165.8 0.459
220
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Fig. 11 Effect of initial uranium concentrations on the U(VI)
adsorption by MNPs@PAO (m = 10 mg, V=20 mL, pH 6.0,
T =1298.15 K, t =20 h)

The standard Gibbs free energy (AG®) values were
calculated using the following equation:

AG® = AH" — TAS® 9)

The calculated values of AG® are listed in Table 5. As
shown in the table, the values of AG® was declined with
increasing temperature of solution from 298.15 K to
323.15 K, which indicates the adsorption process of ura-
nium(VI) by MNPs@PAO was spontaneous and high
temperature improved its adsorption property.

Effect of coexisting ions

Selectivity is an important index for performance evalu-
ation of an adsorbent. The effect of coexisting metal ions,
including Ca(Il), Mn(II), Mg(I), Cd(I), Zn(Il) and
Co(II), on the adsorption of uranium by MNPs@PAO was
investigated to evaluate the adsorption selectivity for
uranium by MNPs@PAOQ. The selectivity coefficient (Sy,
m) for U(VI) was determined using following formula
[64]:

U
Sumt = I’jM (10)
where KY and K)' were distribution coefficients of
MNPs@PAO for uranium(VI) and other coexisting ions,
respectively.

The results are shown in Fig. 14 and listed in Table 6. It
can be seen that g, and Ky of MNPsS@PAO for uranium(VI)
were remarkably larger than those for the coexisting ions,
which indicates that the adsorbent possessed a desirable
selectivity for U(VI) over a range of coexisting metal ions.
The reason for this was probably that the amidoxime-based
ligands were grafted on the surface of nanoparticles
through surface-initiated RAFT polymerization. Ami-
doxime, as an excellent amphoteric functional group con-
taining both acidic (-OH) and basic (-NH,) sites, has
shown a strong tendency to form a stable chelate which can
complex with the uranyl ion (UO,>"). The lone pairs of
electrons in the amino nitrogen and oxime oxygen can be
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Fig. 12 Langmuir (a) and Freundlich (b) for the adsorption of uranium (VI) by MNPs@PAO

Table 2 Parameters of the Langmuir and Freundlich isotherms for the
adsorption of uranium (VI)

Table 4 Thermodynamic parameters for adsorption of U(VI) onto
MNPs@PAO

Langmuir isotherm Freundlich isotherm AH® (kJ/mol) AS° (J/mol-K) R?
By Onm (mg/g) R K N R 35.06 136.11 0.991
0.1886 216.45 0.999 13.21 2.03 0.904

donated to the U022+ center to form a stable chelate
[15, 65, 66]. Therefore, the amidoxime-based ligands
grafted on the surface of nanoparticles can significantly

improve the adsorption selectivity of adsorbent for the
uranyl ions in aqueous solution.

Table 3 The Langmuir

. U(V]) initial concentration (mg/L) 40 60 80 100 120 140 160 200
separation factor Ry
Ry 0.117 0.081 0.062 0.050 0.042 0.036 0.027 0.026
190
A 3.4 E.
] \\
185 3.2 \.\\
l\\

180 304 AN
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Fig. 13 Effect of temperature on the U(VI) adsorption by MNPs@PAO (a) and the relationship curve between InK, and 1/T (b) (m = 10 mg,

V =20mL, pH 6.0, t = 8 h)
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Table 5 AG® for adsorption of
U (VI) onto MNPs@PAO at T (K) 298.15 303.15 308.15 313.15 318.15 323.15
different temperatures AG® (kJ/mol) 552 ~6.20 ~ 6.88 ~7.56 — 824 — 892
40 Table 6 Distribution coeffi-
cients (Ky) and selectivity coef- fons Kq (mL/g) Su
354 ool ficients (Sy) of MNPs@PAO U(vI) 4362.86 _
30 Ca(II) 226.05 19.30
v T Mn(I)  298.15 14.63
G < 200 Mgd)  102.78 42.45
2 20 Cdan 36.78 118.62
2 s Zn(IT) 27.19 160.46
U(VD  Ca(ll) Mn(Il) Mg(I) Cd(l) Zn(II) Co(Il) CO(H) 4085 10680
104 Metal ions
5_
] 180
UV Cal) Mn(I) Mgl) Cd(l) Zn(l) Co(Il) 160
Metal ions 140
Fig. 14 Selective adsorption of wuranium by MNPs@PAO 120
(m=10mg, V=20 mL, C, ~ 0.1 mmol/L for all metal ions, pH 0 ]
6.0, T=298.15K, t =8 h) ED 1001
N 80 -
2L ]
Desorption and regeneration studies 60
40
Regeneration of an adsorbent is important for evaluating its 1
. . . .. . . 20
economic efficiency in application potential. In this work, ]
the MNPs@PAO loaded with uranium(VI) was eluted with 0 . . . .
0.1 M HCI solution after the adsorption. The adsorption ! 2 ° ¢ ®
Cycle Number

and desorption experiments were cycled five times. Fig-
ure 15 shows that the adsorption capacity of MNPs@PAO
for U(VI) only decreased 15.25% after five successive
adsorption/desorption cycles, indicating that the adsorbent
had good reversibility.

Comparison of uranium(VI) adsorption capacity
with other adsorbents

Table 7 presents the comparison of uranium(VI) adsorption
capacity with other adsorbents. As shown in the table, the
maximum adsorption capacity of uranium on MNPs@PAO
reaches equal to 165.8 mg/g, which is higher than that on
other adsorbents. Thus, the MNPs@PAQO adsorbent is
suitable for the adsorption of uranium (VI).

Conclusions

In conclusion, a novel core—shell magnetic nanocomposite
MNPs@PAO was successfully synthesized by surface-
initiated RAFT polymerization. The adsorption experiment
results showed that it had high adsorption capacity and

Fig. 15 Recycling of MNPs@PAO in the uranium adsorption

good selectivity for uranium(VI) under optimized condi-
tions due to its large surface area and its strong chelation
with amidoxime ligands. The studies on the adsorption
kinetic and isotherm revealed that the adsorption process
fitted well with pseudo-second order kinetic model and
Langmuir adsorption isotherm model, indicating that the
chemical adsorption was the controlling step and the ura-
nium ions were adsorbed on the homogeneous surface in
monolayer. The thermodynamic parameters implied that
the adsorption process of uranium(VI) by MNPs@PAO
was endothermic and spontaneous. Moreover, the adsor-
bent could be regenerated efficiently after five cycles and
still had high adsorption capacity. Therefore, this work
provides a useful method for preparing core—shell magnetic
nanocomposite by surface-initiated RAFT polymerization
for the separation of uranium or other heavy metal ions
from aqueous solutions.
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Table 7 Comparison of

adsorption capacities for Adsorbent Experimental conditions O, (mg/g) References
uranium(V1) of various SII-PNF 298.15 K, 15 h, pH 8.0 133.3 (39]
adsorbents
Fe;0,@PDA@PAO 298 K, 5 h pH 5.0 162.5 [23]
P-Fe-CMK-3 298.15 K, 5 min, pH 4.0 150 [34]
POMN 298.15 K, 5 min, pH 8.0 141.4 [67]
TMP-g-AO 298 K, 72 h, pH 8.2 354 [28]
CPP 298 K, 3 h, pH 8 146.6 [21]
MNPs@PAO 298.15 K, 8 h, pH 6.0 165.8 This work
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