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a  b  s  t  r  a  c  t

In  this  study,  silica-coated  magnetic  nanoparticles  modified  with  quercetin  were  synthesized  by  a sol–gel
method. These  magnetic  nanoparticles  were  assessed  as  a new  solid  phase  sorbent  for  extraction  of  uranyl
ions from  aqueous  solutions.  The  crystal  and  chemical  structures  and  magnetic  property  of  the  new  sor-
bent were  characterized  by  X-ray  diffraction  (XRD),  transmission  electron  microscopy  (TEM),  Fourier
transform  infrared  spectrophotometer  (FT-IR),  and  vibration  sample  magnetometer  (VSM).  The  exper-
eywords:
agnetic nanoparticle
uercetin
olid phase extraction
esponse surface methodology

imental parameters  affecting  the extraction  efficiency  of  uranyl  ions  from  aqueous  solutions  using  the
synthesized  sorbent  were  optimized  by  means  of  the response  surface  methodology.  The  adsorption
equilibrium  of uranyl  ions  onto  the  sorbent  was  explained  by  Langmuir  isotherm  and  maximum  mono-
layer adsorption  capacity  was  found  12.33  mg/g.  The  synthesized  sorbent  was  applied  to  extraction  of
uranyl  ions  from  different  water  samples.
ranyl ion

. Introduction

Uranium is a radioactive metallic element which is chemically
ctive at its pure form. However, uranium and its compounds
re highly toxic and lead to kidney failure or even death. The
orld Health Organization (WHO) establishes that the maximum

ranium concentration in drinking waters should be less than
5 �g L−1, while this value in spring waters is recommended to be

ess than 20 �g L−1 [1,2]. But depending on location, the level of
ranium in waters is varied. It is difficult to determine directly the
xtremely low concentration of uranium in the presence of rela-
ively high concentration of other diverse ions. Therefore, a refined
nalytical method must be employed to detect such low concentra-
ions [3].  Preconcentration/extraction method is an approach that
an be used to improve the analytical detection limit and sensi-
ivity of the method. Solid phase extraction (SPE) is one of the

ost effective preconcentration methods because of its simplic-
ty, ability to achieve higher enrichment factor and accessibility
o selective sorbents [4].  So far, several selective solid phase sor-
ents for preconcentration of uranyl ions from aqueous solutions

ave been prepared either by physical loading or chemical bind-

ng of selected chelating reagents onto different supports [5–17].
evertheless, search for new sorbents with high surface area, low
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swelling behavior and stable at a wide pH range have been the
major objective of many researches.

Nano materials are new solid materials that have attracted to
SPE methods substantially due to their special properties [18].
Recently, magnetic nanoparticles as adsorption materials have
been employed for removal of trace metal analytes from water sam-
ples [19–21].  Magnetic nanoparticles are particularly attractive due
to their unique properties such as excellent magnetic responsiv-
ity, high dispersibility, relatively large surface area and easiness of
surface modification which enable them to have a wide range of
potential applications in biological, environmental and food anal-
ysis [22,23]. But, these nanometer size materials are not selective
to extraction of metal ions especially in complicated matrices. It
has been proven that the formation of an inert coating materials
such as silica on the surface of magnetic nanoparticles not only
can prevent aggregation of these particles in liquids and improves
their chemical stability, but also due to the presence of numer-
ous hydroxyl groups on the surface of silica, it can readily link to
organic functional groups of metal chelates [24]. This modifica-
tion of the surface of magnetic nanoparticles plays an important
role in the selective preconcentration and separation of analytes
[19].

Quercetin may  be considered as one of the most biologi-
cally active and common dietary flavonols. It has the ability

to form complexes with some metal ions and may sequester
these metal ions and prevent them from irretrievable damages
on human health and environment [25–27].  To our knowl-
edge, quercetin has not previously been immobilized on the

dx.doi.org/10.1016/j.jhazmat.2012.02.054
http://www.sciencedirect.com/science/journal/03043894
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urface of magnetic nanoparticles. So we used quercetin to mod-
fy surface of silica coated Fe3O4 magnetic nanoparticles and
xplored the metal sorption behavior of the new resulted chelat-
ng sorbent in batch extraction mode. Collecting the sorbent
rom aqueous solution was performed easily using a permanent

agnet.
The preliminary experiments showed the good tendency of

he sorbent to uranyl ions, so in the next step, the predomi-
ant experimental factors affecting the extraction efficiency of
ranyl ions onto the new sorbent were optimized. Although tradi-
ional methods of optimization with successive variations in factors
uch as a one factor at a time approach are still used and well
ccepted in optimization, but it requires a relatively large num-
er of experiments to be conducted which is time consuming
nd possible interactions between factors cannot be considered
28]. Statistical experimental designs, on the other hand, based
n the response surface methodology (RSM) are alternative meth-
ds to study the effects of various parameters simultaneously
ffecting extraction efficiency [29]. The objective of the present
tudy is to investigate the feasibility of using the new synthe-
ized sorbent for extraction of uranyl ions from aqueous solution,
nd to optimize the factors to impact maximum extraction effi-
iency using central composite design (CCD) based on RSM. The
ost important factors used are sample pH, the amount of weight

f sorbent to sample volume ratio (mg/mL) and contact time
min).

. Materials and methods

.1. Materials

All used chemicals had analytical grade and were provided from
erck (Darmstadt, Germany). Stock solution of uranyl ions was

repared by dissolving an appropriate amount of uranium nitrate
n deionized water and diluted with the buffer. Buffer solutions

ere prepared from 0.01 mmol  mL−1 sodium acetate–acetic acid.
he stock solutions of the metal ions (1000 mg/L) were prepared
y dissolving metal nitrates in deionized water. The 0.1% Arsenazo
II solution was  prepared by dissolving 0.1 g of the reagent in 100 mL
f deionized water.

.2. Apparatus

Ultrapure water was  generated using AquaMax water purifica-
ion system (Younglin, Anyang, Korea). The magnetite nanopar-
icles were characterized by transmission electron microscopy
TEM), Fourier transform infrared spectroscopy (FT-IR), X-ray pow-
er diffraction (XRD) and vibration sample magnetometer (VSM).
EM micrographs were obtained by a LEO system (model 912
B) operating at 120 kV. The FTIR spectra (400–4000 cm−1) were
ecorded using KBr pellets by VERTEX 70 FT-IR spectrophotometer
Bruker, Germany). XRD patterns of NPs were collected using Cu K�
adiation on a D8 Advanced Bruker X-ray diffractometer (Bruker,
ermany) at room temperature with a step size of 0.04◦ (2�/s).
agnetic properties of NPs were investigated by a Lake-shore VSM
odel 7400.

.3. Preparation of the sorbent

.3.1. Synthesis of modified magnetic nanoparticles
The Fe3O4 nanoparticles were synthesized via a chemical co-

recipitation method with FeCl2 and FeCl3 according to Ref. [30].

he Silica coated magnetic nanoparticles with a dense silica shell
n the surface of Fe3O4 nanoparticles were prepared by the Stöber
ethod through the sol–gel reaction of tetraethyl orthosilicate

TEOS) [31]. Subsequently, the amino silicate shell was formed onto
aterials 215– 216 (2012) 208– 216 209

the dense silica shell using 3-aminopropyl triethoxysiliane (APS)
in dry toluene. For this purpose, silica coated Fe3O4 nanoparticles
were dispersed into dry toluene (15 mL)  and 1 mL of APS in 5 mL
toluene was  added to the solution with stirring for 12 h. The result-
ing material was washed four times with dry toluene and ethanol,
respectively, and finally dried under vacuum.

2.3.2. Immobilization of quercetin onto modified magnetic
nanoparticles

To prepare the sorbent, 1 mmol  of quercetin in 20 mL of
dried ethanol was  added to a suspension of aminosilica coated
Fe3O4 nanoparticles and was refluxed for 24 h. The resulting
material (abbreviated QASM) was washed with ethanol until the
excess quercetin removed. Then, it was  dried under vacuum. The
schematic presentation of the synthesized material is shown in
Fig. 1.

2.4. General procedure

100 mg  of QASM as sorbent were put into a 250 mL  polyethy-
lene bottle. Then, 100 mL  of the buffered uranyl ion solution was
added into the bottle. Under continuous mechanical stirring of the
mixture for 30 min, the extraction of uranyl ions from aqueous solu-
tion onto the sorbent was  allowed to proceed at room temperature.
After standing for 1 min, the QASM adsorbed uranyl ions were com-
pletely gathered to one side of the solution under a strong external
magnetic field and the clear supernatant was  directly decanted. The
initial concentration (Ci) and equilibrium concentration of uranyl
ions in the supernatant (Ce) were determined by spectrophotomet-
ric method using Aresenazo III as chromogenic indicator [16]. The
amount of uranyl ions adsorbed on the sorbent was evaluated by
the extraction efficiency (E%) according to Eq. (1):

E(%) = Ci − Ce

Ci
× 100 (1)

2.5. Sample preparation

Two kinds of water samples were utilized in this study: min-
eral water (Nesteleh Mineral water Co.) and underground water.
The samples were collected from Ghaleh Doghtar spring (north-
west of Tehran, Iran) and Shokat Abad Ghanat (north of Birjand,
Iran), respectively. The water samples were stored in polyethylene
container in refrigerator for further usage after they were acidified
with concentrated HNO3. Before the analysis, the water samples
were also filtered through a 0.45 �m membrane filter.

2.6. Statistical design and data analysis

In response surface methodology (RSM), a number of exper-
iments are performed in which changes are made in the input
variables in order to identify the reasons for changes in the out-
put response. The most important variables are selected based on
the preliminary tests undertaken to assess the tendencies of the
factors and which have the greatest influence on the response. In
the present study, based on preliminary experiments, three main
factors that affect the extraction efficiency of uranyl ions onto
the sorbent (response) are sample pH (A; 3–4), contact time (B;
15–45 min) and the sorbent weight to sample volume ratio (C;
0.3–1.0 mg/mL). Two  other factors, i.e. temperature and stirring
rate were kept constant during the extraction at 25 ◦C and 300 rpm,
respectively. The central composite design (CCD) as a popular sec-

ond order polynomial design is most widely used to approach of
RSM [32] and was used to build a predictive model of the extraction
efficiency response. In CCD, three factors were considered in the
two  level factorial design (2K design; k = number of main factors).
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Fig. 1. Scheme illustratio

wo values, a minimum and a maximum, coded with −1 and +1,
ere tested for each factor. Moreover, the CCD combines this facto-

ial design with some additional points (star points or axial point;
 K) and at least one point at the center that allow estimation of
urvature [37]. If the distance from the center of the design space
o factorial point is ±1 unit for each factor, the coded distance from
he center of the design space to star points is ±  ̨ with |˛| > 1 (coded

 was 1.67 in this study). The corresponding factors and their levels
re summarized in Table 1. Only two-way interactions were con-
idered and quadratic model was fitted to the experimental data. To
xamine the combined effects of the three independent factors on
he response, the experimental design comprising 20 experiments
8 experiments of factorial design for three factors, 6 experiments
or the star points and 6 experiments for centre points) was  per-
ormed. The experiments were run in a random manner in order to

inimize the effect of uncontrolled variables [38]. The run time was
ot short enough to perform all 20 experiments during one working
ay, so they were divided into three blocks. On the other hand, we
locked the experiments to remove the expected variation caused
y some changes during the course of the experiment.

Analysis of variance (ANOVA) was performed to characterize
he coefficients of the quadratic equation. The quality of the fit
f quadratic model was determined from the correlation coef-
cient value. The significance and adequacy of the model was
ssessed from the F-value (Fisher variation ratio), probability value
Prob > F), and the value of adequate precision. The data analysis
as performed using Design-Expert Version 6.0.6 statistical soft-

are (Stat-Ease Inc., Minneapolis, MN,  USA). Regression analysis
as used to fit the equation developed and evaluate the statistical

ignificance of the equation.

able 1
actors, their symbols and levels for central composite design.

Factors Symbol Levels

−  ̨ −1 0 +1 +˛

pH A 2.7 3 3.5 4 4.3
Contact time (min) B 6 15 30 45 54
Weight (mg)/volume (mL) C 0.08 0.3 0.65 1.0 1.22
he preparation of QASM.

3. Results and discussion

The magnetic nanoparticles could be directly coated with amor-
phous silica via the hydrolysis of a sol–gel precursor TEOS. The iron
oxide surface has a strong affinity toward silica, so no primer is
required to promote its deposition and adhesion to silica. A sur-
face active agent of APS was  employed as a binder to immobilize
quercetin onto the silica coated Fe3O4 nanoparticles producing a
selective magnetic sorbent for extraction of uranyl ions from aque-
ous solutions.

To determine the suitability of the prepared magnetic sor-
bent in extraction of uranyl ions, the extraction efficiency of the
sorbent for Th4+, La3+ and Ce3+ ions was  evaluated. These ions
were chosen due to similar chemical behaviors with respect to
uranyl ions. Furthermore, extraction of some transition metal ions
using the prepared sorbent was investigated. Herein, aliquots of
100 mL  of solutions containing 10 �mol  mL−1 of metal ions were
equilibrated with 100 mg  of the QASM for 1 h. The extraction effi-
ciency of the sorbent for the respective metal ions was calculated.
The results are illustrated in Fig. 2. As can be seen, the sorbent
showed high affinity to extract uranyl ions. Then, using the new
developed sorbent; the optimization process was  performed on
extraction of uranyl ions from aqueous solution in batch extraction
mode.

3.1. Characterization of modified NPs

In order to fully characterize the inorganic core and the organic
shell of the synthesized magnetic nanoparticles for morphol-
ogy, structure and magnetic properties, different techniques such
as TEM, XRD, IR and VSM were used. Fig. 3 shows the typical
TEM images of the magnetic nanoparticles, silica coated magnetic
nanoparticles and QASM. Most of the produced Fe3O4 nanoparticles
have sizes less than 15 nm which are shown in Fig. 3a. The conden-
sation of silica on the surfaces of the magnetic cores resulted in

a fairly core–shell like structure (shown in Fig. 3b) with dark col-
ored magnetic nanoparticles core and a light colored shell having
an average thickness of about 3 nm.  Fig. 3c illustrates that the size
of QASM is ca. 20–25 nm.
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Fig. 3. TEM images of (a) Fe3O4 nanoparticles (b) silica coated Fe3O4 nanoparticles
and (c) QASM.
ig. 2. Extraction efficiencies of some metal ions using 100 mg of the sorbent (con-
itions: 100 mL  solution of 10 �mol  mL−1 of cations at pH 4.0, contact time: 1 h).

To affirm the structure of magnetic nanoparticles and silica
oated magnetic nanoparticles, X-ray diffraction patterns (XRD)
ere employed. As shown in Fig. 4, the powder XRD pattern of

he synthesized magnetic nanoparticles was close to the pattern
or crystalline magnetite Fe3O4 [33]. Using the most intense peak
n Fe3O4 nanoparticles XRD pattern, the particle sizes of approx-
mately 10–17 nm was estimated by the Debye–Scherer formula
34], which was consistent with the results obtained from the
EM image. The characteristic peaks of pure Fe3O4 nanoparticles
t 2� = 30.1◦, 35.4◦, 43.9◦, 53.4◦, 57.0◦ and 62.6◦ were also observed
or silica coated Fe3O4 nanoparticles confirming the presence of
he crystalline structure of the magnetite. Here, the intensity of the
eaks decreases and become slightly wide indicating the occur-
ence of coating of non-magnetic and amorphous silica shell onto
he surface of Fe3O4.

Fe3O4 nanoparticles, silica coated Fe3O4 nanoparticles and
ASM were identified using Fourier transform infrared (FTIR) spec-

rometry. The resulting spectra are shown in Fig. 5. The spectrum
f Fe3O4 nanoparticles (Fig. 5a) showed a strong absorption band
t 576 nm which was assigned to the Fe–O vibration frequency
f magnetite. The observed features around 1102 cm−1 for silica-
oated magnetic nanoparticles (Fig. 5b) indicated to Si–O–Si and
i–O–H stretching vibrations. The presence of additional peaks cen-
ered at 808 cm−1 resulted from Si–O vibration [35]. The spectrum
f the synthesized QASM (Fig. 5c) showed absorption bands at
628 and 1078 cm−1 (broad), which were assigned to the stretch-

ng vibrations of (OH) and (OH)/SiO2 overtone, respectively. The
ppearance of new bands at 1420, 1473 and 1512 cm−1 referred
o vibration frequencies of (C–OH) and (C–N–C) bonds while the
resence of absorption bands around 2865 cm−1 and 2940 cm−1

orresponded to symmetrical and asymmetrical of CH2 stretching
ibrations. A broad absorption band was found around 3299 cm−1

hat attributed to stretching vibration of hydroxyl groups in the
uercetin molecule. Consequently, these FT-IR spectra provided
upportive evidence that quercetin attached to Fe3O4 nanoparticles
ia the displacement of pyran oxygen with nitrogen of propy-
amine.

The magnetic properties of the synthesized nanoparticles were
lso studied by a VSM. Fig. 6 shows the hysteresis loops of the
e3O4, silica coated Fe3O4 and QASM at room temperature. The
aturation magnetization, Ms, of bulk magnetite (92 emu  g−1)[36]

−1
as reduced to 57 emu  g for magnetite nanoparticles. It is known
hat the magnetization of a magnetic particle in an external field is
roportional to its size value. Therefore, a smaller saturation mag-
etization value for the magnetite nanoparticles compared to the
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Fig. 4. XRD patterns of (a) Fe3O4 nanoparticles and (b) silica coated magnetite
nanoparticles.

Fig. 5. FTIR spectra of (a) Fe3O4 nanoparticles, (b) silica coated Fe3O4 nanoparticles
and (c) QASM.
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Fig. 6. VSM magnetization curves of (a) Fe3O4 nanoparticles (b) silica coated Fe3O4

nanoparticles and (c) QASM measured at 300 K.
aterials 215– 216 (2012) 208– 216

bulk material is reasonable. The saturation magnetic moments of
the silica coated Fe3O4 nanoparticles and quercetin immobilized
Fe3O4 nanoparticles reached to 47 emu  g−1 and 44 emu g−1, respec-
tively. In spite of these low magnetization values with respect to
magnetization of pure Fe3O4 nanoparticles, which was  owing to
decrease in the surface moments of the magnetic nanoparticles by
non-magnetic silica coating, but it is still sufficient for magnetic
separation by a conventional magnet.

3.2. Optimization of sorption

A quadratic model correlating extraction efficiency and inter-
active variables based on CCD design model is evolved by Design
Expert software. This model is consisted of three principle effects
for three input factors, three two–factor interaction effects and
three curvature effects. The relationship between the extraction
efficiency of uranyl ions onto the sorbent and input factors is given
in final coded equation as below:

E(%) = +84.79 + 23.52 A + 2.91 B + 22.21 C − 10.24 A2 − 1.59

× B2 − 10.38 C2 − 2.25 AB − 8.10 AC − 3.38 BC (2)

The magnitude of the coefficients in Eq. (2) indicates to the intensity
of the influence, while the sign denotes the nature of influence of
factors.

To evaluate the model and the significance of these effects, the
analysis of variance (ANOVA) was  conducted. The results of ANOVA
for quadratic model for the three variables through F and P values
are summarized in Table 2. The F value in this Table is the ratio of
mean square error due to the regression to the mean square of the
pure error (experimental error). The high value of F indicates that
most of the variation in the response can be explained by the regres-
sion equation. The associated P value is used to estimate whether
F is large enough to indicate statistical significance.

In this model, A and C had a highly significant effect (P < 0.0001)
at the maximum response. Moreover, the quadratic terms A2, C2,
and AC had also a significant effect (P < 0.05). Values greater than
0.05 indicate the model terms are not significant [39].

The values of Prob > F (P values) less than 0.050 indicate the
statistical significance of the model. According to the Table 2, the
model F value for response is 40.60 proving the significance of the
model. The lack-of-fit P value was found to be 0.3332 showing that
the lack of fit is not important with respect to the pure error.

To evaluate how the model satisfies the assumptions of ANOVA,
a normal probability plot of the residuals provided by the Design
Expert software and the result is illustrated in Fig. 7. The points
on this plot lie reasonably close to a straight line confirming that
the residuals follow a normal distribution with mean of zero, con-
cluding again that A, C, A2, C2 and AC are the significant factors.
Also, the plots of residuals versus different variables such as pre-
dicted values, run order, and factors were also depicted (not shown
here) giving a minimum residual for the prediction of each response
reaffirmed our findings.

The goodness of fit of the proposed second polynomial model is
characterized by the coefficient of determination (R2) and adjusted
R2. R2 is a measure of the variation of the experimental points
around the regression line, while the adjusted R2 is used to adjust
the number of experimental terms in the model to improve corre-
lation between the variables and the response. R2 and adjusted R2

for the selected model were found to be 0.9786 and 0.9545, respec-
tively. The lower value of the adjusted R2 in comparison with R2

value indicates the goodness of data fit.

For the graphically interpretation of the interactions, the three

dimensional response surface plot (3D) of the model is used to show
the relationship between the response and the level of each factor.
By considering the significant terms in the model, the response of
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Table  2
Analysis of variance (ANOVA) for response surface quadratic model for uranyl extraction by quercetin immobilized Fe3O4 nanoparticles (QASM).

Source Sum of squares dFa Mean square F-valueb P-valuec Prob > F

Block 192.40 2 96.20 2.06 0.3817 Not significant
Model 17159.28 9 1906.59 40.60 <0.0001 Significante

A 7256.80 1 7256.80 154.33 <0.0001
B  111.22 1 111.223 2.37 0.1626
C 6565.50  1 6565.50 139.63 <0.0001
A2 1303.51 1 1303.51 27.72 0.0008
B2 31.45 1 31.45 0.67 0.4371
C2 1415.57 1 1415.57 30.11 0.0006
AB 40.50  1 40.50 0.86 0.3805
AC  524.88 1 524.88 11.16 0.0101
BC 91.13  1 91.13 1.94 0.2014
Residual 376.17 8 47.02
Lack of fit 282.15 5 56.43 1.80 0.3332 Not significant
Pure  error 94.02 3 31.34
Cor.  totald 17727.85 19

a Degrees of freedom.
b Test for comparing model variance with residual (error) variance.

t
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c Probability of finding the observed F-value if the null hypothesis is true.
d Totals of all information corrected for the mean.
e Significant at P < 0.05

he model is depicted versus the two experimental factors while
he third one is constant at its central level. Fig. 8 shows the 3D plot
f the response versus sample pH and the ratio of weight of the
orbent to the sample volume at constant contact time of 30 min.
s shown in the Fig. 8, increase in both sample pH and sorbent
eight to sample volume ratio increase in the extraction effi-

iency of uranyl ions from aqueous solution till the equilibrium is
pproached. Maximum response occurred at pH > 3.7. The pH of the
ample solution had a pronounced influence on the response. The
H effect was studied in the range of 3.0–4.0 because the hydroxyl
roups of quercetin can be protonated at low pH. At higher pH val-
es than 4, the uranyl ions might hydrolyze to form species such
s UO2OH+ and (UO2)2(OH)2, and the response decreases. Adsorp-
ion with high sorbent weight to the sample volume ratio favored
aximal extraction efficiency of uranyl ions due to the greater
vailability of the sorbent surface at high amount of sorbent. The
ptimal extraction conditions were pH, 3.70; ratio of the sorbent
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Fig. 7. Normal plot of probability (%) versus studentized residuals.
weight to sample volume, 0.77 and contact time, 30 min. The max-
imum observed on the response surface would thus correspond to
a mean extraction efficiency response of 94.5%.

3.2.1. Adsorption capability
To determine the adsorption capacity, 100 mL  solutions of var-

ious concentrations of uranyl ions at pH 3.7 were equilibrated
with 77 mg  of QASM. The equilibrium binding amount of quercetin
immobilized magnetic nanoparticles towards uranyl ions were cal-
culated according to the following equation:

qe = (Ci − Ce)Vm−1 (3)

where qe is the adsorption capacity (mg/g) based on the dry weight
of QASM, Ci and Ce are the initial and equilibrium concentrations
(mg/L) of uranyl ions in solution, m is the weight of the sorbent
in g and V is the volume of the aqueous solution in L. The plot
of qe versus Ce showed a typical Langmuir isotherm (Fig. 9). An
adsorption isotherm describes the correlation between adsorbate
extraction by the sorbent and the adsorbate concentration remain-
ing in the solution in certain model. This isotherm [40] describes
monolayer adsorption and is based on the assumption that all the
adsorption sites have equal adsorbate affinity and that adsorption
at one site does not affect adsorption at an adjacent site, represent-
ing by the following Eq. (4):

qe = qmaxKLCe

1 + KLCe
(4)

where qmax is the maximum adsorption capacity (mg/g) and KL
is the Langmuir equilibrium constant (L/mg). The values of qmax

and KL were calculated from the slope and intercept of the linear
form of the Langmuir isotherm which were found to be 12.33 mg/g
and 0.088 L/mg, respectively. The theoretical qmax value calculated
from the Langmuir adsorption model was close to the experimen-
tal value (10.0 mg/g). As shown in the inset in Fig. 9, the plot of
Ce/q vs. Ce yielded a straight line (R2 = 0.9905) revealing that the
adsorption of uranyl ions obeys the Langmuir isotherm. In addi-
tion, the capacity of Fe3O4 and silica coated Fe3O4 nanoparticles as
sorbents for extraction of uranyl ions under the optimized condi-

tions were evaluated and found 2.73 and 4.33 mg/g, respectively.
These finding indicate that the modification of magnetic nanopar-
ticles with quercetin greatly increases the adsorption capacity of
Fe3O4 nanoparticles.
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Fig. 8. Response surface 3D graph for extraction of uranyl ions by QASM as sorb

Table  3
Effect of coexisting ions on extraction of 2.7 �g mL−1 uranyl ions from aqueous
solution under optimum condition.

Ion Tolerance limit (�g mL−1)

K+, Na+ 250
Ca2+, Mg2+ 250
Zn2+ 200
Pb2+ 310
Co2+, Ni2+ 120
Cd2+ 225
La3+, Ce3+, Th4+ 14

3

u
e
o
t
t

sorbent showed high capacity and short extraction time which can
be attributed to the large surface area and rapid dynamic extraction

T
C

N

.3. Interference effect

The optimal experimental conditions described above were
sed to study the interference effect of diverse ions during the
xtraction of uranyl ions. The tolerance limit was set as the amount
f ions that reduce the extraction efficiency of uranyl ions to less

han 95% and compete for adsorption on the sorbent. The obtained
olerance limits are summarized in Table 3. The results imply that

able 4
omparison of the present modified Fe3O4 nanoparticles sorbent (QASM) with the other 

Sorbent Technique RSD (%

Carboxy methylated
polyethyleneimine modified
nanoporous silica

Batch SPE/ICP-AES NM 

Amidoximated polyglycidyl
methacrylate microbeads

On line SPE/DPP NM 

Tetramethyl malonamide
chelating resin beads

Batch SPE/CCD - ICP-OES NM 

Hematite Batch SPE/Micro titration <10 

Silica  modified with xylenol
orange

Batch SPE/Fluorimetry 15 

Unsaturated sugar derivative
MOADDTCEXHEF

Batch
SPE/Spectrophotometry
with dibenzoyl
methane-trioctyl phospine

<5 

Quercetin modified Fe3O4

nanoparticles
Batch
SPE/Spectrophotometry
with Arsenazo III

3.2 

M,  not mentioned; DDP, differential pulse polarography.
ent versus pH and the sorbent weight to sample volume ratio at 30 min.

the developed sorbent is selective to uranyl ions with regard to
commonly found interferences.

3.4. Analytical performance

Under the optimal experimental conditions, the developed sor-
bent offered good linearity (r = 0.9995) with a calibration function
for the extraction of uranyl ions in the concentration range of
0.068–6.75 �g mL−1. The detection limit of the method based on
three times of standard deviation of the blank divided by the
slope of the calibration curve was found to be 4.6 ng mL−1. In
order to study the precision of the developed method, six repli-
cate extractions of solutions containing 2.7 �g mL−1 of uranyl ions
were performed and the relative standard deviation (RSD%) was
obtained 3.2%. The performance of the developed sorbent in com-
parison with other sorbents reported in the literatures [41–46] for
extraction of uranyl ions is given in Table 4. Accordingly, the present
of the quercetin immobilized Fe3O4 nanoparticles. In addition, the
methodology described here is simple in the viewpoint of collection

sorbents for extraction of uranyl ions in water samples.

) Capacity (mg/g) Equilibration time (h) Ref.

6.33–124 12 41

1.07 NM 42

135 1 43

3.36–3.54 6 h 44
10 0.5 45

40.2 0.5 46

12.3 <0.5 This work
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Fig. 9. Equilibrium isotherm for the extraction of uranyl ions on the QASM at pH 3.7
and  25 ◦C. The inset illustrates the linear dependence of Ce/qe on Ce (77 mg sorbent;
100 mL  sample).

Table 5
Recovery of the uranyl ions spiked in the two  water samples by applying the devel-
oped sorbent.

Sample Result

Ground watera

Not spiked –
Spiked (20 �g L−1) 20.2 ± 1.2
Recovery (%) 93.3 ± 2.9c

Mineral waterb

Not spiked –
Spiked (20 �g L−1) 20.2 ± 1.2
Recovery (%) 85.7 ± 2.7c

a This water contains Ca2+ 143.9 �g mL−1, Mg2+ 876.8 �g mL−1, Na+ 1 �g mL−1, K+

15.4 �g mL−1.
b This water contains Ca2+ 31.8 �g mL−1, Mg2+ 6.5 �g mL−1, Na+ 1 �g mL−1,

K+ −1 − −1 − −1 − −1 2−

4

o
p

3

c
i
i
a
w
i
e
w
c
w

4

s
t

[

[

[

[

[

[

[

[

[

[

[

0.4 �g mL , HCO3 142.8 �g mL , F 0.07 �g mL ,  Cl 1.5 �g mL , SO4

 �g mL−1, NO3
− 3.5 �g mL−1.

c Based on triplicate analysis.

f the sorbent from the solution and the sorbent is relatively inex-
ensive material compared with other adsorptive materials.

.5. Analytical application

In order to validate the suitably of the developed sorbent in pre-
oncentration of uranyl ions, it was applied to extraction of uranyl
ons in ground water and mineral water samples containing vary-
ng amounts of diverse ions. The characteristics of water samples
re presented in Table 5. No uranyl ions were found in the tested
aters, so 250 mL  of water samples spiked with 20 ng mL−1 uranyl

ons and were treated by the SPE procedure as described in the
xperimental section. The concentration found for uranyl ions in
ater samples have been summarized in Table 5. In spite of the

onstituent in water samples which might compete for interaction
ith the sorbent, the uranyl ion recoveries were acceptable.

. Conclusions
A new sorbent based on magnetite nanoparticles was  synthe-
ized and modified with quercetin. The potential application of
he modified nanoparticles as a sorbent in the extraction of uranyl

[

aterials 215– 216 (2012) 208– 216 215

ion from environmental waters was  investigated. The developed
method has the advantage of the sample introduction and extrac-
tion of uranyl ions in one step. Furthermore, the magnetic property
of the sorbent provides a rapid and easy separation of the sorbent
from aqueous solution just by using a permanent magnet without
filtration. The method is very suitable for rapid adsorption of uranyl
ions from large volume of sample solution.
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