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Abstract We have synthesized ferromagnetic nanoparticles
with an imprinted polymer coating that is capable of adsorb-
ing and extracting uranyl ions. The adsorbent was charac-
terized using infrared spectroscopy, elemental analysis, X-
ray powder diffraction analysis, and scanning electron mi-
croscopy. The effects of sample pH, sample volume, weight
of the adsorbent, contact time and of other ions have been
investigated in the batch extraction mode. The performance
of the material was compared to that of particles coated with
a non-imprinted polymer. The adsorbent containing the
imprinted coating displays higher sorption capacity and
better selectivity to uranyl ions. The method was success-
fully applied to the determination of uranyl ions in water
samples.
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Introduction

Solid-phase extraction (SPE) method is being widely uti-
lized for preconcentration and separation of various organic
and inorganic analytes prior to analysis for its simplicity,
consumption of small volumes of organic solvents and
ability to achieve higher enrichment factor[1, 2]. The selec-
tivity of the SPE method has depended on the used

adsorbent, so development of new adsorbents with high
selectivity, specific recognition and high stability is of great
importance [3]. To date, many adsorbents have been
employed in SPE of metal ions. An efficient adsorbing
material should possess a stable solid support with suitable
functional groups for selective interaction with the metal
ion. The chelation capability of the functional groups with
metal ions is responsible for effectiveness of the adsorbent
[4–7]. An approach to improve the selective separation of
ions from complex matrix, is utilizing of ion imprinted
polymer (IIP) materials as adsorbent [8–12]. The IIPs are
generally prepared by polymerization of functional mono-
mers and a cross-linker around a target ion. The subsequent
removal of the imprinted ion left behind recognition sites in
the polymer which led to the formation of cavities within the
polymeric structure. Such cavities are complementary in
shape, size and chemical functionality of the imprinted ion
that makes it possible to selective rebind to this ion in the
presence of other ions [13]. The selectivity of these materi-
als is predominant advantage in separating and analyzing of
the imprinted ion from complicated samples and depends on
the coordination geometry, coordination number, the charge
and size of the imprinted ion [14, 15]. Besides, imprinted
polymers are characterized by high chemical and thermal
stability as well as good mechanical properties. Comprehen-
sive reviews on imprinted polymers for cations and anions
recognition in aqueous media have been published [16–19].
However, due to deeply embedding of the imprinted ion into
the IIPs prepared with the conventional imprinting methods,
mass transfer of the target ion to the binding sites is low and
the obtained recoveries in the SPE processes are poor.
Hence, it would be of interest to develop new imprinting
methods to overcome these drawbacks. One of the important
types of the imprinting methods is surface imprinting; it is
based on the surface modification of the matrix materials.
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This method is simple and convenient producing imprinted
polymers with high selective binding sites and fast binding
kinetics [20–29]. To separating the imprinted polymeric
adsorbents from the aqueous solution, it is necessary post
processing such as filtration and centrifugation that are time
consuming. Therefore, the improvement of imprinted poly-
meric adsorbents for efficient removing of ions and easy
collecting the adsorbent from aqueous solutions is of partic-
ularly significant.

In recent decade, magnetic nanoparticles, especially
Fe3O4, have attracted because of its outstanding properties
including superparamagnetism and low toxicity. It has po-
tential to apply in various fields including separation and
purification [30–32]. In the past few years, new composite
materials based on magnetite nanoparticles in which these
particles are encapsulated with organic polymers through
monomer polymerization or coated with inorganic materials
such as silica and titanium dioxides through a sol–gel ap-
proach have been widely utilized for extraction and separa-
tion of transition metal ions [23, 33–36]. These adsorbents
not only have the advantage of magnetism property that
provides easily and quickly collecting the adsorbent, but
also combination with the properties of imprinted polymers
make them as potential materials for selective extraction of
the target ions.

Uranium is usually present in natural waters at nanogram
per milliliter levels [37, 38] and this extreme dilution in the
presence of high concentration of other ions makes it diffi-
cult for extraction and direct determination. In this paper, the
synthesis of uranyl-imprinted amino functionalized silica
coated Fe3O4 magnetic nanoparticles as a new adsorbent
for uranyl ions extraction is reported. The adsorbent was
synthesized by surface imprinting method combined with a
sol–gel process without partitioning chelating agent. Char-
acterizations of the new adsorbent were performed by means
of scanning electron microscopy (SEM), powder X-ray dif-
fraction (XRD) and Fourier transform infrared (FT-IR) spec-
troscopy and described in details. Besides to optimize
various parameters affecting the adsorption of uranyl ions
on the adsorbent, the selectivity of the adsorbent to some
inorganic ions was also investigated. The applicability of the
developed adsorbent for recovery of uranyl ions in spiked
ground water and mineral water samples has been also
explored.

Experimental

Equipments

The UV–Vis spectra were recorded on a PC spectropho-
tometer from Shimadzu model 2501 (Kyoto, Japan, www.
shimadzu.com). The FTIR spectra (400–4,000 cm−1 were

recorded using KBr pellets by VERTEX 70 FT-IR spec-
trophotometer (Bruker, www.brukeroptics.com). A Shi-
madzu flame atomic absorption spectrophotometer model
AA-6300 was used for determination of transition metals.
The X-ray diffraction (XRD) patterns of the Fe3O4 nano-
particles and the functionalized Fe3O4 nanoparticles were
obtained using the Bruker, D8 ADVANCE X-ray diffrac-
tometer (Bruker, Germany, www.bruker-axs.com) with Cu
Kα source. The 2θ angles were probed from 10° to 80°. A
JEOL JSM 6700F scanning electron microscope (Tokyo,
Japan, www.jeol.com) was used to study the morphology
and shape of the particles of the synthesized ion-imprinted
polymer materials. The pH measurements were conducted by
a corning 125 pH meter. Deionized water was obtained from
an AquaMax system (Anyang, Korea, www.Younglin.com).

Reagents

Reagent grade of uranyl nitrate, UO2(NO3)2, 6H2O, were
obtained from Fluka (Seelze, Germany, www.Fluka.com).
Trisodium citrate (99 %) was obtained from Sigma-Aldrich
Chemie GmBH (Steinheim, Germany, www.sigmaaldrich.
com). FeCl2·4H2O,FeCl3·6H2O, ammonium hydroxide
(25 %), 3-aminopropyl triethoxysilane (APS) and tetraethyl
orthosilicate (TEOS) were purchased from Merck (Darm-
stadt, Germany, www.merck.es). All other reagents and
solvents used were of the analytical reagent grade and
provided from Merck.

Preparation of uranyl-imprinted silica coated magnetic
nanoparticles (IIP-SMNP)

Silica coated magnetic nanoparticles were prepared
according to the described methods in electronic supple-
mentary material (ESM). To prepare the uranyl-imprinted
amino-functionalized silica coated Fe3O4 nanoparticles
(IIP-SMNP), 0.57 mmol of uranyl nitrate was dissolved
in ethanol under stirring and then 0.5 mL of APS was
added into the mixture. The solution was stirred for 1 h, to
which 0.5 g silica coated Fe3O4 nanoparticles in ethanol
was added and sonicated for 10 min. After 12 h of stirring
at 40 °C, the product was recovered by an external mag-
netic field, washed with ethyl acetate and ethanol, respec-
tively, to remove the remnant APS. Finally it was washed
with 0.1 M EDTA solution for complete removal of ura-
nyl ions from the imprinted polymer. The resulting prod-
uct was washed with doubly distilled water and ethanol
and dried under vacuum at 50 °C for 12 h. For compar-
ative purpose, the non-imprinted functionalized silica
coated Fe3O4 nanoparticles (NIP-SMNP) was also pre-
pared using an identical procedure in the absence of
uranyl ions. The synthesis of the IIP-SMNP via a multi-
step procedure is illustrated in Fig. 1.
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General procedure for extraction of uranyl ion in batch
mode

20 mL solution containing appropriate concentration of
uranyl ions was taken and the pH was adjusted to the desired
value with 0.01 mol L−1 acetate buffer. The solution was
transferred to the polyethylene bottles and the adsorbent was
added. The mixture was shaken vigorously for appropriate
time. Afterwards, the adsorbent was isolated from the solu-
tion by an external magnetic field and the equilibrium con-
centration of uranyl ions in the supernatant (Ce) was
determined spectrophotometrically using ArsenazoIII
reagent [39]. The percentage of extraction, %E, was calcu-
lated by using the following equation:

%E ¼ Ci � Ce

Ci
� 100 ð1Þ

where Ci and Ce represent the initial and equilibrium con-
centrations of uranyl ions in μ mol L−1.

Results and discussion

Preparation of the adsorbent

Fe3O4 magnetic nanoparticles were prepared based on the
co-precipitation of FeCl2 and FeCl3 upon addition of aque-
ous NaOH solution. Then, the product was treated with an
excess of trisodium citrate solution to obtain the stable
magnetite nanoparticles. The modified Fe3O4 nanoparticles
were easily coated by silica via the well-known Stöber
process [40] in which silica was formed in situ through the
hydrolysis and condensation of tetraethyl orthosilicate
(TEOS). The amino end group of APS can interact with
the uranyl ions and then it was grafted onto the surface of
silica coated Fe3O4 nanoparticles. Thus, uranyl imprinted
sol–gel material was obtained by incorporation of uranyl

ions into the inorganic silica gel host. The final step was
releasing of uranyl ions from the produced polymeric mate-
rial by using EDTA solution.

Characterization

The structural property of the synthesized polymeric adsor-
bent based on magnetic nanoparticles was analyzed by X-
ray powder diffraction (XRD). XRD patterns of the synthe-
sized Fe3O4 nanoparticles in the 2θ region of 10–80° (Fig.
S1, ESM) displayed diffraction lines at 2θ: 30.28, 35.41,
43.25, 57.26 and 62.84. These lines are characteristics for
spinel structure of Fe3O4. From the Scherer equation [41],
sizes of the prepared Fe3O4 nanoparticles were estimated in
the range of 10–17 nm. The XRD patterns of silica coated
Fe3O4 nanoparticles and uranyl imprinted polymer silica
coated Fe3O4 particles displayed the same diffraction lines,
especially the most intense one at 2θ 035.41°, confirming
the presence of the crystalline structure of the magnetite.
But, the intensity of the peaks decreased and became wide
indicating that coating of nonmagnetic silica shell and
imprinted polymer on the surface of Fe3O4 nanoparticles
have been occurred (Fig. S1).

To know whether imprinted polymer successfully coated
on the surface of Fe3O4, FT-IR was employed (Fig. S2,
ESM). The FT-IR spectrum of Fe3O4 nanoparticles showed
two absorption peaks at 576.76 and 3400.38 cm−1 which are
attributed to the Fe-O and OH stretching vibration frequen-
cies. Compared with the untreated magnetite nanoparticles,
two new absorption peaks at 1,590 and 1,394 cm−1 appeared
in the FT-IR spectrum of citrate-treated magnetite nanopar-
ticles, which are assigned to vibration frequencies of car-
boxyl group. It verified the interaction between the citrate
groups and iron ions on the Fe3O4 nanoparticles surfaces.
The silica coated magnetic nanoparticles also showed a
broad band at 1,000–1,260 cm−1 and a weak band at
965 cm−1 that are relevant to the stretching vibrations of
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Fig. 1 Schematic of the synthesis steps of uranyl-imprinted functionalized silica coated Fe3O4 magnetic nanoparticles (IIP-SMNP)

Magnetic nanoparticles with an imprinted polymer coating 91



SiO–Si and Si–OH, respectively. Amino functionalized sil-
ica coated magnetic nanoparticles showed the stretching
vibrations of OH groups at 3,200 cm−1 that overlapped with
the stretching vibration of the N–H band, so the infrared
spectrum was not conclusive but it could be supported by
elemental chemical analysis. According to the microanalysis
results (Table S1, ESM), the increase in carbon content and
the presence of nitrogen after treatment of silica coated
Fe3O4 nanoparticles with APS indicated that the attachment
of amino groups on the surface of the silica coated magnetic
nanoparticles have been occurred.

The surface characterization of the silica coated magnetic
nanoparticles and IIP-SMNP were carried out using scan-
ning electron microscopy (SEM) (Fig. 2). Comparison of
the SEM image of silica coated magnetic nanoparticles
(Fig. 2a) with the IIP-SMNP particles image (Fig. 2b), in-
dicated that in the silica coated magnetic nanoparticles no
inter-particle aggregation observed whereas image of the

IIP-SMNP showed an aggregation of nanoparticles due to
coating of polymer onto the silica coated magnetic nano-
particles surfaces. It revealed that the surface morphology of
silica coated magnetic nanoparticles is affected by the poly-
mer grafting process.

Uranyl extraction studies in batch mode

To find the optimum pH value of sample, 20 mL of solu-
tions containing 10 μmol L−1 of uranyl ion in the pH range
of 2.0–6.0 were subjected to 10 mg of the IIP-SMNP for
30 min. The results showed that the most extraction of
uranyl ions was occurred at pH 4 (Fig. 3). At higher pH
values, the extraction efficiency decreased owing to forma-
tion of UO2OH

+ and (UO2)2(OH) 2 as a results of the
hydrolysis of uranyl ions. At strong acidic medium, the
extraction efficiency of uranyl ions decreased which may
be ascribed to the protonation of amine in the IIP-SMNP
adsorbent and decreasing its binding capability. The NIP-
SMNP has capability to extract the uranyl ions resulting
from the interaction of uranyl ions with amine moiety that
randomly distributed all over the matrix of the polymer
without any structural arrangement. This can led to non-
specific binding sites in the NIP-SMNP for uranyl ions with
low affinity. At pH 4, the difference between the extraction
efficiency of uranyl ions on IIP-SMNP and NIP-SMNP
adsorbents is indicating to more specific interactions of
IIP-SMNP with uranyl ions at this pH.

The time effect is an important factor that needs to be
considered for optimization. In order to find a right contact
time on the extraction efficiency, various experiments were
carried out using 20 mL solutions containing 10 μmol L−1

uranyl ions at pH 4 subjected to 20 mg adsorbent over a
series of shaking time (5–120 min). Figure S3 (ESM) indi-
cates that the time required to achieve the adsorption equi-
librium is only 30 min, and there is no obvious change from
30 min to 120 min. The results suggest the IIP-SMNP has
small mass-transfer resistance, so that the IIP-SMNP can

Fig. 2 Scanning electron micrographs of the a) silica coated Fe3O4

magnetic nanoparticles and b) IIP-SMNP
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Fig. 3 Influence of pH on the extraction of uranyl ions (experimental
conditions; 20 mL of 10 μmol L−1 uranyl ions; 10 mg adsorbent;
30 min contact time)
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achieve adsorptive equilibrium in a relative short time for
uranyl ions.

Effects of the amount of adsorbent (5–50 mg) and the
sample volume (10–100 mL) on the extraction of
10 μmol L−1 uranyl ions were investigated. The results were
expressed in terms of ratio of the weight of the adsorbent to
the sample volume (Fig. S4, ESM). It is obvious the extrac-
tion efficiency increased as the amount of the adsorbent was
increased but the non specific interactions also increased.
Thus, 20 mg of the IIP-SMNP was used for quantitative
adsorption of uranyl ions in 40 mL solution.

Capacity of the adsorbent

To find the sorption capacity of the adsorbent, aliquots of
20 mL of uranyl ion solutions at various concentrations (5–
250 μmol L−1) at pH 4 were equilibrated with 20 mg of the
IIP-SMNP and NIP-SMNP for 30 min. The sorption capac-
ity (qe, mmol g−1) was calculated by Eq. (2) as:

qe ¼ Ci � Ceð Þ
w

v ð2Þ

where Ci and Ce are the initial and equilibrium concentra-
tions of uranyl ions (μmol L−1), w is the amount of the
adsorbent (g) and v is the volume of the uranyl solution (L).
From the plot of qe versus Ce, the maximum adsorption
capacities of the IIP-SMNP and NIP-SMNP adsorbents for
uranyl ions were calculated as 25.8 and 9.7 μmol g−1, re-
spectively (Fig. 4). The capacity of the imprinted polymer is
higher than that of the non-imprinted polymer. This obser-
vation supports that ion imprinting creating specific binding
sites within the polymeric matrix that increased affinity of
the IIP-SMNP toward the uranyl ions.

The adsorption isotherm was used to evaluate the adsorp-
tion properties of the adsorbent in the batch extraction mode
at room temperature, which is important for understanding
the mechanism of the adsorption. The Langmuir and the

Freundlich models were often employed to study the ad-
sorption isotherm of the adsorbent [42, 43].

Langmuir isotherm describes monolayer adsorption
based on the assumption that all the adsorption sites have
equal adsorbate affinity and also indicates that adsorption at
one site does not affect at an adjacent site. The linear form of
the Langmuir isotherm is given as Eq. (3):

1

qe
¼ 1

qmaxbCe
þ 1

qmax
ð3Þ

where qe describes the amount of uranyl ions adsorbed on
the unit amount of the adsorbent at equilibrium (μmol g−1),
qmax is the maximum adsorption capacity (μmol g−1), Ce is
the equilibrium concentration of uranyl ions in the solution
(μmol L−1), and b is the Langmuir constant (L μmol−1).
qmax and b are the Langmuir constants, which can be calcu-
lated from the intercept and slope of the linear plot based on
1/qe versus 1/Ce. In compare to the Langmuir isotherm,
Freundlich isotherm model considers the heterogeneous sur-
face adsorption which is based on the energy of the adsorp-
tion sites. The linear form of Freundlich isotherm can be
written as Eq. (4):

logqe ¼ logKF þ 1

n
logCe ð4Þ

where KF is the Freundlich constant and 1/n is the hetero-
geneity factor. Both KF and n constants can be calculated
from the slope and intercept of the linear plot of log qe vs.
log Ce. The obtained experimental equilibrium data were
fitted with Langmuir and Freundlich isotherm models (Fig.
S5, ESM) and the results are summarized in Table 1.

The values of the correlation coefficient (R2) of the linear
plots of Langmuir and Freundlich isotherms showed that the
Langmuir adsorption model was fitted better to the experi-
mental results. Moreover, the calculated value of qmax

(30.03 μmol g−1) from Langmuir equation was very close
to the experimental value of 25.8 μmol g−1. This implies
that the surface imprinted particles possess almost homoge-
neous adsorption sites and good mass transfer facilitating
diffusion of uranyl ions to the active binding sites. The
possible reason for lower the experimental qmax value than
that of the theoretical might be embedment a small fraction
of binding sites in the polymeric matrix in the imprinting

Fig. 4 Adsorption isotherm of uranyl ions on IIP-SMNP (experimen-
tal conditions; 20 mg adsorbent; 30 min, 20 mL uranyl ion solutions at
various U(VI) concentrations at pH04)

Table 1 The Langmuir and Freundlich isotherm parameters for sorp-
tion of uranyl ions by IIP-SMNP adsorbent

Langmuir model Freundlich model

qmax

(μmol g−1)
b
(L μmol−1)

R2 KF

(μmol g−1)
n R2

30.03 0.7655 0.9950 8.0556 2.7956 0.9209

Magnetic nanoparticles with an imprinted polymer coating 93



process which were not accessible by the uranyl ions. The
high value of b (0.7655) is relevant to strong attraction of
uranyl ions on the adsorbent surface.

Adsorption kinetics

The kinetics of adsorption of uranyl ions on the IIP-SMNP
adsorbent was investigated to find the controlling mecha-
nism of adsorption process. Three kinetic models i.e.
Lagergren pseudo first order, pseudo second order and
Weber-Morris intra-particle diffusion models were chosen.
The kinetics of adsorption normally include two stages; a
rapid removal stage followed by a slower stage before the
equilibrium approaches.

The pseudo first order kinetic model expressed as Eq. (5):

log qe � qtð Þ ¼ log qe � 0:434Kf ð5Þ
Where qt and qe are the amounts of ion adsorbed at time t

and at equilibrium (μmol g−1), respectively, and kf is the rate
constant of pseudo first order adsorption process (min−1).
From the slope and intercept of the plot of log (qe–qt) versus
t, the first order rate constant and equilibrium adsorption
capacity pseudo can be determined.

Pseudo second order kinetic model describes the revers-
ibility of equilibrium between liquid and solid phase and is
expressed as the following Eq (6):

t=qt ¼ 1= Ksqe
2

� �þ t=qe ð6Þ
where Ks is the second order rate constant (g μmol−1 min−1).
The plot of t/qt versus t gives a linear relationship and Ks

and qe can be determined from the slope and intercept of the
line, respectively.

In a rapidly stirred batch sorption, the intra-particle dif-
fusion may be the controlling factor in determining the
kinetics of the process. This kinetic model is presented by
Eq. (7):

qt ¼ Kidt
0:5 þ C ð7Þ

where Kid is the intra-particle diffusion rate constant
(μmol g−1 min−0.5) and C is a constant (μmol g−1). If the
plot of qt versus t

0.5 gives a straight line, then the sorption
process is only controlled by intra-particle diffusion, other-
wise two or more steps influence on the sorption process.
The plot showed that the data points related by two
straight lines. Such deviation of straight line from the
origin indicates that the pore diffusion is not the only
rate-controlling step. The kinetic rate constants, qe and
correlation coefficients (R2) of the linear plots of the
kinetic models are summarized in Table S2 (ESM).
According to these results, the kinetic data are well de-
scribed on pseudo second order that provided the best
correlation coefficient and agreement between the

calculated and experimental values of qe. The Ks rate
constant calculated from the slope of the linear plot via
Eq. (6) was 0.048 gμmol−1 min−1 and suggests that chem-
isorption may be the rate-determining step in the adsorp-
tion process. However, the rate controlling mechanism
may interchangeably vary in multiple possible manners
during the course of the adsorption process.

Effect of interfering ions

The effect of potentially interfering ions on the sorption of
uranyl ions was also studied. To investigate the interference
effect of these ions (Table 2), binary solutions containing
10 μmol L−1 of the uranyl ions and the various interference-
to- uranyl molar ratios were subjected to the batch extraction
mode. The reported tolerance limit is defined as the ion
concentration causing a relative error <±5 % in the extrac-
tion percentage of uranyl ions. The results are summarized
in Table 2. As can be seen, the presence of major ions has no
significant influence on the determination of uranyl ions
under the selected conditions. This indicates that the binding
sites have higher affinity toward uranyl ions over the possi-
ble interfering ions.

The effect of ionic strength on the extraction efficiency of
uranyl ions using NaCl and KCl salts at 0.02 mol L−1 and
MgCl2 and CaCl2 at 0.01 mol L−1 concentrations have also
been investigated. The results showed that in the presence of
1,000 fold or more of potassium, sodium, magnesium and
calcium ions, the extraction efficiency of uranyl ions had no
significant change and suggested that this adsorbent would
be suitable for extraction of uranyl ions from relatively high
saline solutions.

Selectivity of the imprinted adsorbent

To find an estimation of selectivity of IIP-SMNP and NIP-
SMNP to uranyl ions, the selectivity coefficients of these
adsorbents toward uranyl ions with respect to the competing
cations i.e. Fe3+, La3+, Ce3+, Zr4+ and Th4+ were evaluated.
These competitive ions were probed because of similar

Table 2 Tolerance limits of some cations on the adsorption of uranyl
ionsa onto the IIP-SMNP at optimum conditions

Foreign ion Tolerance limit (mole ratio)

Na+, K+ 2000

Mg2+, Ca2+ 1000

Mn2+, Zn2+, Co2+, Ni2+, Cd2+, Pb2+ 200

Cu2+ 80

a 20 mL of 10 μmol L−1 uranyl ion solution under optimal experimen-
tal conditions
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chemical behaviors with UO2
2+ ions and often coexisting in

their minerals. Effects of competitive ions on the extraction
of uranyl ions were evaluated by the distribution ratio (kd)
and selectivity coefficient values of IIP-SMNP and NIP-
SMNP. Distribution ratio of the adsorbent, kd, towards the
metal ions was calculated by Eq. (8):

Kd ¼ ðCi � CeÞ
Ce

� v

w
ð8Þ

Selectivity coefficient for uranyl ion relative to interfere
ions (K) is defined as Eq. (9):

K ¼ Kd
UO2

2þ

Kd
M

nþ ð9Þ

where Kd
UO2

2þ
and Kd

Mnþ
are distribution ratios of uranyl

and interfere ions, respectively. The Kd and K values of
Fe3+, La3+, Ce3+, Zr4+ and Th4+ with respect to UO2

2+

ions are summarized in Table 3. As it is expected, except
for Th4+, the ability binding of IIP-SMNP to uranyl ions is
stronger than that for Fe3+, La3+, Ce3+, Zr4+ ions. The high
binding ability of Th4+ to the IIP-SMNP might be due to
the nearly identical size but higher charge of thorium than
uranyl ion.

Analytical performance

The limit of detection of the method, as the concentration
equivalent to three times of standard deviation of the blank
divided into the slope of the calibration curve, was
0.027 μmol L−1 (7.32 μg L−1) uranyl ions. The relative
standard deviation (RSD) for five replicate extractions of
10 μmol L−1 uranyl ions was 2.1 % indicating that the method
exhibited good precision for the analysis of uranyl ions in
aqueous solutions. The sorption capacity of the synthesized
adsorbent stored at ambient conditions did not change during
3 months.

Application

The applicability of the IIP-SMNP for extraction of
trace level concentration of uranyl ions in real matrices,
two water samples ground water (Shokat Abad Ganat,
Birjand, Iran) and mineral water samples (Damavand
spring, Damavand, Iran) were analyzed. Before the anal-
ysis, the samples were filtered through a 45 μm mem-
brane filter. For the extraction procedure, pH of 40 mL
of the water samples was adjusted to 4.0 and spiked
with 0.074 μmol L−1 uranyl ions and was subjected to
the adsorbent. The adsorbed uranyl ions were estimated
based on triplicate analysis (Table 4). The results clearly
indicate that the adsorbent was successfully applied to
the quantitative extraction of the trace uranyl ions even
in the presence of various diverse ions in real water
samples.

Conclusions

In this study, a new uranyl-imprintedmaterial was prepared by
surface modification of silica coated Fe3O4 magnetic nano-
particles for selective extraction of uranyl ions. The prepared
adsorbent showed high affinity and fast kinetics process for
uranyl ions. The kinetics and mechanism for adsorption of
uranyl ions on the imprinted polymer followed the second
order rate kinetics and Langmuir adsorption isotherm, respec-
tively. The IIP-SMNP had higher adsorption capacity for
uranyl ions than NIP-SMNP, and the method was successfully
applied to the analysis of trace uranyl ions in aqueous solution.
The precision and accuracy of the method was satisfactory.
This work provides a platform to prepare ion imprinted poly-
mer functionalized magnetic nanoparticles with high affinity,
selectivity and capacity to nearly any target ions.

Table 4 Recoveries of uranyl ions spiked in water samplesa by IIP-
SMNP adsorbent

Sample Amount of added(μg L−1) % Recoveryb

Underground water 0 –

20 89.90±2.1

Mineral waterc 0 –

20 93.02 ±3.5

a 0.074 μmol L-1 (20 μg L-1 ) U(VI) ions spiked in 40 mL water
samples
b Average of three replicates±S.D
c The composition of mineral water sample (mg/L): Ca2+ 56.4, Mg2+

15.4, Na+ 4.6, K+ 0.6, HCO3
- 212, F- 0.2, Cl- 6, SO4

2- 10.6, NO3
-

7.5, NH4
+ 0.1

Table 3 Distribution ratio (Kd) and selectivity coefficient (K) values
of IIP-SMNP

Cation aHydrated ionic radius (Å) Kd K ¼ Kd
UO2

2þ

Kd
Mnþ

UO2þ
2 0.89 31924 –

Th4+ 0.94 12638 2.5

Zr4+ 0.74 2968 10.8

La3+ 1.03 134 238.5

Ce3+ 1.01 283 112.8

Fe3+ 0.65 1731 18.5

a Shannon R D (1976) Acta Crystallographica. A32: 751–767
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