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Abstract In this paper, we describe ultrasonic assisted-
dispersive solid phase extraction based on ion-imprinted poly-
mer (UA-DSPE-IIP) nanoparticles for the selective extraction
of lead ions. Ultrasound is a good and robust method to facil-
itate the extraction of the target ions in the sorption step and
elution of the target ions in the desorption step. The ion-
imprinted polymer nanoparticles used in the UA-DSPE-IIP
were prepared by precipitation polymerization technique.
The ion-imprinted polymer nanoparticles was synthesized
using 2-vinylpyridine as a functional monomer, ethylene gly-
c o l d ime t h a c r y l a t e a s t h e c r o s s - l i n k e r , 2 , 2 ′ -
azobisisobutyronitrile as the initiator, 1,3,4-thiadiazole-2,5-
dithiol as the ligand, methanol/dimethyl sulfoxide as the sol-
vent, and lead as the template ion, through precipitation poly-
merization technique. The IIP nanoparticles were character-
ized by Fourier transformed infra-red spectroscopy (FTIR),
thermogravimetric and differential thermal analysis (TGA/
DTA), and scanning electron microscopy (SEM). Box-
Behnken design (BBD) was used for optimization of sorption

and desorption steps in UA-DSPE-IIP. In the sorption step: pH
of solution, IIP amount (mg), sonication time (min) for sorp-
tion and in the desorption step: concentration of eluent
(mol L−1), volume of eluent (mL), and sonication time (s)
for desorption was investigated and optimized by the Box-
Behnken design. The optimum conditions for the method
were pH of solution: 7.5, sonication time for sorption
7.5 min, IIP amount 24 mg, type and concentration of eluent
HCl 1.4 mol L−1, volume of eluent 2.1 mL, and sonication
time for desorption 135 s. Under the optimized conditions, the
limit of detection and relative standard deviation for the de-
tection of lead ions by UA-DSPE-IIP was found to be
0.7 μg L−1 and <4%, respectively.
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Introduction

Heavy metal contamination is an important topic due to its
various effects on human health and the environment, and
furthermore, exposure to certain heavy metals at trace
amounts can entail irrecoverable and severe effects (Jamali
et al. 2010, Khan et al. 2008). In addition, the presence of
heavy metals in water has been a major concern for many
years due to their toxicity which endangers the aquatic life,
and yet, the worldwide tendency to decrease the permitted
level of contamination in drinking water is a big challenge
for the environmental researchers (Jia et al. 2009). The sources
of heavy metal pollution are mainly the industries such as
metal cleaning, mining activities, metal finishing, and etc.
(Divrikli et al. 2007, Elci et al. 2003).

* Mohammad Behbahani
mohammadbehbahani89@yahoo.com

1 School of Public Health, Kermanshah University of Medical
Sciences, Kermanshah, Iran

2 Research Center for Environmental Determinants of Health
(RCEDH), Kermanshah University of Medical Sciences,
Kermanshah, Iran

3 Department of Occupational Health Engineering, School of Public
Health, Tehran University of Medical Sciences, Tehran, Iran

4 Department of Occupational Health Engineering, School of Public
Health, Shahroud University of Medical Sciences, Shahroud, Iran

Food Anal. Methods (2017) 10:2454–2466
DOI 10.1007/s12161-016-0788-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s12161-016-0788-8&domain=pdf


The toxicity of lead which widely exists in the environment
is worth mentioning. This metal can accumulate in the vital
organs of human and animals, and its cumulative poisoning
effects can cause serious hematological damages such as brain
damage, anemia, and kidney malfunctioning. Lead concentra-
tion in natural waters is typically between 2 to 10 ng mL−1 for
which the upper limit recommended by World Health
Organization (WHO) is less than 10 ng mL−1 (Mayer and
Wilson 1998). As it was previously stated, lead is one of the
most ubiquitous elements in the environment and has become
recognized as a major health risk to the environment. Lead can
release into the biosphere particularly as a fuel additive in
large quantities as a result of widespread industrial applica-
tions (Hu et al. 2002). The primary sources of lead in humans
and other animals include food, beverages, water, soil, and
paint (Kuban et al. 2005). Therefore, the development of an-
alytical methods that are rapid with low detection limits is
necessary.

Analysis of trace heavy metals is difficult because of their
very low concentrations in samples and high complexity of
sample matrices; therefore, preliminary preconcentration and
matrix removal steps are highly needed to ensure the accuracy
and precision of the analytical results (Yang et al. 2009).
Various preconcentration techniques such as solvent extrac-
tion, coprecipitation, cloud point extraction, ion-exchange,
solid phase extraction, solvent-assisted dispersive solid phase
extraction, and electroanalytical techniques (Behbahani et al.
2013a, 2015b, Aladaghlo et al. 2016, Divrikli et al. 2007, Elci
et al. 2003, Giokas et al. 2001, Hu et al. 2002, Kuban et al.
2005) have been developed for different environmental sam-
ples. Among these techniques, SPE procedures in the offline
or online mode are superior to other procedures for their high
preconcentration factor, simplicity, consumption of small vol-
umes of organic solvent, and low-cost sample preparation
(Yilmaz and Soylak 2016, Ghaedi et al. 2016, Omidi et al.
2015, Behbahani et al. 2015a).

Although SPE has superior position over other sample
preparation methods, it suffers from the selectivity of conven-
tional sorbents for extraction and preconcentration of target
analytes. In order to improve the selectivity in SPE methods,
the use of ion-imprinted polymers (IIPs) has been proposed
especially for the clean-up of potentially interfering com-
pounds. IIPs are highly selective sorbent because the ion im-
printing process is based on the preparation of a highly cross-
linked polymer around a complex (target ionswith appropriate
ligand) in the presence of a suitable monomer. Therefore,
imprinted polymer shows a tendency for selective
preconcentration of the template ion over other components
in a sample (Behbahani et al. 2015c, Ghorbani-kalhor et al.
2015, Behbahani et al. 2015d).

During recent years, new polymerization techniques have
been presented dealing with the obtainment of imprinted sor-
bents in order to improve the analytical characteristic of IIPs.

Among the methods for synthesis of ion-imprinted polymers,
precipitation polymerization is a suitable method to obtain
spherical particles with the desired performances. In the pre-
cipitation polymerization method, polymerization begins in
the presence of a larger amount of porogen than that typically
used in the bulk polymerization method. In the more diluted
reaction system, the growing polymer chains are unable to
engross the entire volume of the vessel leading to a dispersion
of microgel particles in the solvent. In addition, it has been
presented that the selectivity, sorption capacity, and homoge-
neity of binding sites related to polymers prepared by precip-
itation polymerization are clearly progressed compared to
those present in imprinted polymers obtained by bulk poly-
merization [Tamayo et al. 2003, Cacho et al. 2004].

Recently, ultrasound wave is widely used in solid phase
extraction. Ultrasonic-assisted solid phase extraction is ap-
plied for rapid extraction of analytes at lower time according
to the high available surface area and empty site of sorbent by
dispersion of sorbents into solution via ultrasonic power
(Asfaram et al. 2017a, b, Dashamiri et al. 2017, Bagheri
et al. 2017, Asfaram et al. 2017c, Ansari et al. 2016).

Optimization of the factors by experimental design meth-
odology leads to cost-effective and acceptable results with
least number of experimental runs. With experimental design
methodology, the interaction and relationship between vari-
ables can be evaluated (Ebrahimzadeh et al. 2013). Box–
Behnken design (BBD) is an efficient option (three-level
factor quadratic design) at which the experimental points are
located on the midpoints of the edges of a cube and at the
center (central points). The special arrangement of the BBD
levels allows the number of design points to increase at the
same rate as the number of polynomial coefficients. The
spherical nature of the BBD combined with the fact that the
design is rotatable or nearly rotatable suggests that ample cen-
ter runs should be used (Stalikas et al. 2009). An advantage of
BBD is that it does not contain combinations for which all
factors are simultaneously at their highest or lowest levels.
Therefore, these designs are useful in avoiding experiments
that would be performed under extreme conditions, for which
unsatisfactory results might occur (Ebrahimzadeh et al. 2013).

In the present study, ultrasonic assisted-dispersive solid
phase extraction based on ion-imprinted polymer nanoparti-
cles (UA-DSPE-IIP) was used as a new sample preparation
method for selective extraction and fast preconcentration of
lead ions. The proposed method followed by flame atomic
absorption spectroscopy (FAAS) was applied for trace moni-
toring of lead ions in several water samples. The ion-imprinted
polymer nanoparticles were synthesized by precipitation po-
lymerization of 2-vinilpyridine (4-VP), ethylene glycol
dimethacrylate (EGDMA), 2,2′-azobisisobutyronitrile
(AIBN), lead (II) as the template ion, and 1,3,4-thiadiazole-
2,5-dithiol as the lead-binding ligand. 1,3,4-Thiadiazole-2,5-
dithiol is sulfur containing organic compound. It is a good
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ligand and forms complexes with lead ions. To evaluate and
optimize the influence of factors on sorption and desorption
steps, the Box–Behnken design (BBD) was used. To examine
the applicability of the method, UA-DSPE-IIP was applied for
preconcentration and trace monitoring of lead ions in different
food and water samples.

Experimental

Reagents and Materials

High pure 1,3,4-thiadiazole-2,5-dithiol and 2-vinyl pyridine
were purchased from Sigma Aldrich. Ethylene glycol
dimethacrylate (EGDMA) was obtained from Fluka (Buchs,
Switzerland). 2, 2′-azobisisobutyronitrile (AIBN) was pur-
chased from Acros Organics (New Jersey, USA). NaOH,
HCl, HNO3, acetic acid, dimethyl sulfoxide, and methanol
were purchased fromMerck (Darmstadt, Germany). The other
applied reagents for the method were of analytical grade and
obtained from Merck (Darmstadt, Germany). Ultrapure water
was prepared using aMilli-Q system fromMillipore (Bedford,
MA, USA). Ore polymetallic gold Zidarovo-PMZrZ as a cer-
tified reference material obtained from Bulgaria was used to
validate the proposed sample preparation method.

Preparation of Standard Solutions

The nitrate salts of Pb(II), Cd(II), Cu (II), Ni(II), Zn(II), and
Co(II) were used to prepare stock solutions (1000 mg L−1) of
these ions in 2% (v/v) HNO3. The used standard solutions in
the experiments were prepared by appropriate dilution of the
stock solution with double distilled water. All of these solu-
tions were stored in ambient temperature. The pH of sample
solution was adjusted by drop wise addition of 2 M sodium
hydroxide or nitric acid solutions.

Sample Treatment

The real samples that were used to evaluate the applicability of
the proposed method for trace detection of lead ions were
distilled, tap (Tehran, Iran), sea (Caspian Sea), and river water
samples. Ore polymetallic gold Zidarovo-PMZrZ obtained
from Bulgaria was applied as the certified reference material
for validation of the proposed sample preparationmethod. The
water samples were stored in cleaned polyethylene bottles and
were filtered through nylon filters (Millipore) before the anal-
ysis. Certified reference material was digested in 6 mL of HCl
(37% (v/v)) and 2 mL of HNO3 (65% (v/v)) as the extraction
solvent. Digestion was carried out for 5 min at 250W, 4 min at
400 W, 5 min at 550 W, and then venting for 6 min. The
residue from digestion was then diluted with deionized water
(Behbahani et al. 2013). Finally, for separation and

preconcentration of lead ions in the real samples, the pH of
solutions was adjusted at optimum condition (pH of 7.5).

To evaluate the applicability of the method for food analy-
sis, eight selected samples was chosen. These tested food
samples in the experiments for lead detection were celery,
cucumber, pepper, cabbage, persimmon, kiwi, carrot, and
pear. The named samples were collected from the local super-
market (Tehran, Iran). Dried and grounded samples (1.0 g)
with 15 mL of pure NHO3 were put into burning cup. The
samples were digested in a MARS 5 microwave oven at
200 °C. After the digestion step, the resulted solution was
filtrated through Whatman No. 42. After filtration, the obtain-
ed clear solution was diluted to 210.0 mL (pH of 7.5) for lead
analysis (Behbahani et al. 2015b).

Apparatus

Flame atomic absorption spectrometer (Analyst 200
PerkinElmer, USA) with a deuterium background corrector
was applied for monitoring of lead ions. A lead hollow cath-
ode lamp (HCL) was used as the emission light source oper-
ated at 10 mA. The wavelength was set at 283-nm resonance
line and the spectral band width at 0.5 nm. All measurements
were carried out in an air/acetylene flame. A digital pH meter,
Metrohm 827 Ion analyzer (Herisau, Switzerland), equipped
with a combined glass calomel electrode was used for the pH
adjustments at 25 ± 1 °C temperature. Heidolph heater stirrer
model MR 3001 (Germany) was used for heating and stirring
of the solutions. IR spectra were recorded on a Bruker IFS-66
FT-IR spectrophotometer. Scanning electron microscopy
(SEM) was performed by gently distributing the powder sam-
ple on the stainless steel stubs, using SEM (KYKY, EM3200)
instrument. The thermal properties of samples were deter-
mined, using a BAHR-Thermoanalyse GmbH (Germany)
with employing, heating, and cooling rates of 10 °C min−1.
The samples were weighed as a thin film and carefully packed
into a clean aluminum pan (11.5–12.5 mg) and sealed by
crimping an aluminum lid on the pan (Shimadzu universal
crimper). An Al2O3 empty pan sealed with a cover pan was
used as a reference sample. A scanning range of 10 to 800 °C
was used for samples at 10 °C min−1 in nitrogen gas.

Synthesis of Lead Imprinted Polymer Nanoparticles

The ion-imprinted polymer nanoparticles used in the UA-
DSPE-IIP was prepared by precipitation polymerization tech-
nique. To synthesize the ion-imprinted polymer nanoparticles,
4 mmol of 2-VP (functional monomer) and 1 mmol of 1,3,4-
thiadiazole-2,5-dithiol (ligand) were dissolved in 40 mL of
progen (10 mL methanol and 30 mL DMSO) in a 100-mL
glass flask. Afterward, as the second step, 0.5 mmol of
Pb(NO3)2 as a template ion was added slowly to a glass flask
and the resulted mixture was stirred for 4 h at room
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temperature. In the third step, 25 mmol of EGDMA and
0.1 mmol of AIBN were added as cross-linker and initiator.
The oxygen of the sample solution was removed by bubbling
nitrogen through the sample for 10.0 min. Polymerization was
performed in an oil bath at 65 °C for 24 h in the presence of
nitrogen under magnetic stirring at 400 rpm. The prepared
polymer was washed several times with 1:4 (v/v) acetone/
water to remove the unreacted materials and then with HCl
(1.4 mol L−1) for leaching the imprinted metal ions until the
washing solution was free from lead ions (Fig. 1 presents a
schematic to present the synthesis process of ion-imprinted
polymer nanoparticles). Finally, it was washed with double-
distilled water until it reached a neutral pH. The resulting fine
powder was dried under vacuum in desiccators before the
sorption and desorption studies. In the same way, the non-
imprinted polymer (NIP) was also prepared without ions.

The Ultrasonic-Assisted Solid Phase Extraction Procedure

The ultrasonic-assisted solid phase extraction based on ion-
imprinted polymer nanoparticles was applied in the batch
mode. Ultrasound power was used to immerse the ion-
imprinted polymer (24 mg) nanoparticles in a solution con-
taining 2 mg L−1 concentration (pH of 7.5) of lead ions.
Ultrasound waves can increase the mass transfer and interac-
tion of target ions with recognition sites on ion-imprinted
polymer nanoparticles. After sonication for 7.5 min, the solu-
tion was centrifuged and ultrapure water was used for remove
of interfering compounds. The ion-imprinted polymer nano-
particles was suspended in 2.1 mL of HCl (1.4 mol L−1) as the
eluent and sonicated for 135 s. The lead ions in the elution
solvent were measured by FAAS. Figure 2 provides a scheme
to illustrate the proposed sample preparation method.

Optimization Strategy

To optimize the optimum conditions for sorption and desorp-
tion steps, two Box–Behnken designs were applied separately.
The experimental design matrix and data analysis were per-
formed by Statgraphics-Centurion-16.1.11.

Results and Discussion

Characteristics of the Synthesized IIP Nanoparticles

The synthesized ion-imprinted polymer nanoparticles were
characterized by IR spectroscopy, scanning electron micros-
copy, and thermogravimetric and differential thermal analysis.
The IR spectra of unleached and leached ion-imprinted poly-
mer (IIP) nanoparticles were recorded by using KBr pellet
method. In the IR spectra, the absorptions due to C=O
(1731 cm−1) and C–O (1152 cm−1) from EGDMA, SH
(1433 cm−1) from 1,3,4-thiadiazole-2,5-dithiol, and C–H
bands (2955 cm−1) were observed. The obvious absorption
peak of 1,3,4-thiadiazole-2,5-dithiol (SH) on leached and
unleached IIP nanoparticles can prove the presence of ligand
in the structure of synthesized ion-imprinted polymer nano-
particles. Thermal stability of the leached and unleached poly-
mer nanoparticles was examined by thermogravimetric anal-
ysis. Figure 3 shows that thermogravimetric (TG) and differ-
ential thermal analysis (DTA) plots for leached and unleached
ion-imprinted polymer nanoparticles. As can be seen in the
DTA plots, the maximum peak in lead-IIP was observed at
higher temperature of 344 and 497 °C, while this event for the
leached IIP happened in the lower temperature of 336 and
491 °C. The observation proves the higher thermal stability
of the unleached relative to leached polymer, which is due to
the presence of lead ions in the unleached polymer and also its
strong complexation with 1,3,4-thiadiazole-2,5-dithiol in the
polymeric matrix. As it is shown in TG plot for unleached IIP
nanoparticles, weight loss for lead IIP was about 84.4%, and
this amount of reduction in weight is due to the presence of
lead ions in polymer network. The weight decrease up to
100% for leached imprinted polymer is due to the absence
of lead ions in polymer. These obtained data from TGA indi-
cate that the formation of IIP nanoparticles and elution of lead
ions from the polymer was carried out successfully.

The morphology of the synthesized IIP nanoparticles was
evaluated by scanning electron microscopy. As can be seen in
the SEM image (Fig. 4), the size of synthesized IIP nanopar-
ticles was in the range of 29–45 nm.

Elemental analysis (EA) was used for further characteriza-
tion of leached IIPs and the percentage of elements by EAwas

Fig. 1 A schematic to present the synthesis process of the ion-imprinted polymer nanoparticles
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found to be carbon (59.87%), hydrogen (7.42%) and nitrogen
(1.542%), sulfur (0.91%).

Optimization of Sorption Step

Three factors such as solution pH, sorbent amount, and soni-
cation time on the retention efficiency of lead ions by UA-
DSPE-IIP was evaluated and optimized by Box–Behnken de-
sign. According to the few numbers of parameters in UA-
DSPE-IIP, the Box–Behnken design was directly applied for
the optimization of the factors without screening. The Box–
Behnken design is an independent quadratic design in that it
does not contain an embedded factorial or fractional factorial
design. In this design, the treatment combinations are at the
midpoints of edges of the process space and at the center.

These designs are rotatable (or near rotatable) and require three
levelsofeachfactor.Thelevelsoffactorsselectedaccordingto the
primaryexperimentsbasedononevariableat the timearepresent-
ed in Table 1. This design is appropriate for exploration of qua-
dratic response surface and construction of a second-order poly-
nomialmodel which can be expressed as the following equation:

Y ¼ bo þ ∑biX i þ ∑biiX 2
i þ ∑bijX iX j

where Y is the response variable (area); bo is an intercept; bi,
bii, and bij are constant regression coefficients of the model;
and Xi, Xj ( i = 1,4; j = 1,4; and i ≠ j) represent the coded level
of an independent variable. The number of runs (N) for the
experiment was N = 2 k (k − 1) + C0, where k is the number of
factors and C0 is the number of center points. In this study, k

Fig. 2 A scheme to illustrate the proposed sample preparation method

Fig. 3 TGA and DTA of leached and unleached ion-imprinted polymer

2458 Food Anal. Methods (2017) 10:2454–2466



and Co were set at 3 and 3, respectively, which meant 15
experiments had to be done. The experimental data showed
a good accordance with the second-order polynomial equa-
tions. The data for R-square and adjusted R-square was 99.5
and 98.8%, respectively. These data illustrate a good correla-
tion between experimental and theoretical results.

The effects of factors on the retention of target ions by the
proposed method are shown as the Pareto chart in Fig. 5. The
bars, extending beyond the line, correspond to effects that are
statistically significant at the 95% confidence level. Increase
or decrease of retention by the UA-DSPE-IIP is shown with
the positive or negative mark (corresponding to a gray or blue
color), respectively. According to the obtained data by Box–
Behnken design, three selected factors were the most signifi-
cant and positive variables on the retention of lead ions by ion-
imprinted polymer nanoparticles under ultrasonic condition.

In this section, retention of the target ions by the sorbent was
selected as the response. The retention of Pb(II) on the IIP
nanoparticles increases as the pH increases (the pH of the
sample solution was adjusted by drop-wise addition of 2 M
sodium hydroxide or nitric acid solutions). The lower reten-
tion of target ions in the acidic conditions is due to the pro-
tonation of active sites of the polymer. With increases of the
solution’s pH, the protonation of ligand decreases and the
condition for complex formation and retention of lead ions
by ion-imprinted polymer nanoparticles becomes more favor-
able. Therefore, the pH of 7.5 was chosen as the best pH in the
next experiments. The effect of sonication time and sorbent
amount on the retention of target ions by the proposed sample
preparation method was significant and positive factor.
According to the obtained data, the sonication time of
7.5 min and IIP amount of 24 mg were selected as the opti-
mum sonication time and IIP amount. The effect of interaction
between independent factors on UA-DSPE-IIP retention was
demonstrated as three-dimensional surface and contour plots.
These plots were represented as a function of two factors
while other factors were kept at center level (Fig. 6).

The maximum retention of lead ions by the IIP nanoparti-
cles was achieved in short contact time. These observations
strongly prove the high contribution of ultrasound power in
mass transfer of target ions. High available surface area and
vacant sites of the IIP nanoparticles which can be assisted by
ultrasonic power via the enhancement in diffusion coefficient
can accelerate the extraction of lead ions by IIP nanoparticles.

Based on the obtained results from the optimization exper-
iments, the following data were chosen as the optimum con-
ditions: solution’s pH, 7.5; IIP amount, 24 mg; and sonication
time, 7.5 min.

Fig. 4 The SEM image of lead-
imprinted polymer nanoparticles

Table 1 Variables and their levels for Box–Behnken design (BBD)

Variable Key Level

Lower Central Upper

1. Sorption step

IIP amount (mg) A 2 16 30

pH B 2 6.0 10

Sonication time (min) C 1 5.5 10

2. Desorption step

Concentration of
eluent (mol L−1)

A 0.01 1 2

Volume of eluent (mL) B 0.5 1.75 3.0

Sonication time (sec) C 30 105 180
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Selection of Desorption Solvent

Complete desorption of lead ions from recognition sites of
ion-imprinted polymer is an important step to guarantee the
absence of memory effect. To evaluate the effect of the

eluent’s type, the dried IIP nanoparticles (24 mg) that extract
the target ions under the optimized condition for the sorption
step was immersed in 3 mL of several solvents such as HCl,
HNO3, and CH3COOH for 3 min under ultrasonic condition.
Based on the results in Table 2, the efficient desorption of lead

Fig. 5 Pareto charts of the main
effects in the Box–Behnken
design for retention step. AA, BB,
and CC are the quadratic effects
of the pH, sonication time, and IIP
amount, respectively. AB, AC,
and BC are the interaction effects
between pH and sonication time,
pH and IIP amount, and
sonication time and IIP amount,
respectively

Fig. 6 Response surface plots for retention of lead ions using the Box–Behnken design
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ions from IIP nanoparticles was achieved in HCl as the best
elution solvent.

Optimization of Desorption Step

To optimize the desorption parameters, the Box–Behnken
design was used while other factors were kept constant in
the previous optimized conditions (sorption step). In this
section, the efficiency of desorption was obtained based
on the recovery of lead ions. For desorption of the lead
ions from IIP nanoparticles, three factors including soni-
cation time, concentration, and volume of selected eluent
(HCl) were examined. The number of the runs for the
experiment was 15. R-square and adjusted R-square (with
values 99.8 and 99.4%, respectively), illustrating a good
correlation between experimental and theoretical results.
In the ion-imprinted techniques, the complete desorption
of target ions from IIP nanoparticles is a very important
step to guarantee the absence of memory effect. After
choosing a suitable elution solvent for the desorption of
lead ions from the recognition sites of the IIP nanoparti-
cles, the removal efficiency of target ions was evaluated
by the Box–Behnken design in the three main factors
(volume of eluent, concentration of eluent, and sonication
time). The effects of factors on the desorption of target
ions by the used elution solvent are shown as the Pareto

chart in Fig. 7. According to the obtained data by the
Box–Behnken design, three selected factors were the most
significant and positive variables on the removal of lead
ions from interaction sites of ion-imprinted polymer nano-
particles under ultrasonic condition. Figure 8 demon-
strates the effect of interaction between independent var-
iables on ultrasonic-assisted dispersive solid phase extrac-
tion based on ion-imprinted polymer nanoparticles as
three-dimensional surface and contour plots. The obtained
plots were represented as a function of two factors while
the other factors were kept at center level. According to
the obtained data, the efficient removal of lead ions from
IIP nanoparticles in the acidic condition was achieved in a
short contact time and these observations strongly support
the high contribution of ultrasound power in facilitating
desorption of target ions from the interaction sites of the
IIP nanoparticle. The optimum condition after investiga-
tion of overall results was obtained: eluent volume,
2.1 mL; eluent concentration, 1.4 mol L−1; and sonication
time, 135 s.

Effect of Sample Volume

In the real samples analysis, the volume of the samples
can have an effect on the preconcentration factor by the
applied sample preparation method. Therefore, to examine
the possible preconcentration factors by the method, the
effect of sample volume on lead ion extraction was inves-
tigated. For this purpose, 24 mg of the polymer was
suspended in different sample volumes (25, 50, 100,
150, 200, 250, 300, and 400 mL) containing 0.01 mg of
lead ions. All solutions were extracted under the optimum
conditions assisted by ultrasonic power. The results dem-
onstrated that the dilution effect was not significant for
the sample volumes up to 250 mL for lead ions (Fig. 9).

Table 2 The effect of elution solvent type on the recovery of lead ions
from ion-imprinted polymer under ultrasonic condition

Eluent Volume (mL) Recovery % ± Sa

HCl (2 mol L−1) 3 90.1 ± 0.9

HNO3 (2 mol L−1) 3 81.5 ± 0.5

CH3COOH (2 mol L−1) 3 40.3 ± 0.7

a Standard deviation (n = 3)

Fig. 7 Pareto charts of the main effects in the Box–Behnken design for
desorption step. AA, BB, and CC are the quadratic effects of the
concentration of eluent, volume of eluent, and sonication time,
respectively. AB, AC, and BC are the interaction effects between the

concentration of eluent and volume of eluent, the concentration of
eluent and sonication time, and volume of eluent and sonication time,
respectively
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Sorption Capacity

The sorption capacity defined as the maximum amount of
target ions can be sorbed per gram of the sorbent, and this
parameter is used as a factor to evaluate the successful

synthesization of the sorbent. To evaluate this factor,
100 ml of a solution containing 1 mg of lead ions was
used for the extraction procedure under the optimized
conditions and the sorption capacity was calculated (the
amount of sorbent for the experiment was 10 mg). In
order to evaluate the maximum adsorption capacity, the
difference between concentration of the solution before
extraction and the concentration of the solution after ex-
traction was calculated. Based on three replicate measure-
ments, the sorption capacities of the ion-imprinted poly-
mer and non-imprinted polymer were calculated to be
81.0 ± 0.5 and 21.5 ± 0.6 mg g−1, respectively.

Selectivity Study

The distribution ratio (mL g−1) of target ions between the IIP
particles and aqueous solution was also calculated by the fol-
lowing equation:

Fig. 8 Response surface plots for recovery of lead ions using the Box–Behnken design
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Fig. 9 The effect of sample volume on the recovery of target ions by the
ion-imprinted polymer nanoparticles under ultrasonic condition
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Kd ¼ Ci−Cfð Þ=Cfð ÞV=m ð1Þ

where, Ci (mg L−1) and Cf (mg L−1) are concentrations before
and after extraction, respectively; V is the volume of initial
solution and m is mass of IIP nanoparticles. Selectivity coef-
ficients (K) and relative selectivity coefficients (K′) for lead
ions relative to potentially interfering ions in the solution are
defined as

KPb2þ=Mnþ ¼ Kd Pb2þ
� �

=Kd Mnþð Þ ð2Þ

K0 ¼ K IIP=KNIP ð3Þ

where Kd (Pb
2+) and Kd (M

n+) are the distribution ratios of
lead and potentially interfering ions, respectively.

In order to evaluate the selectivity of the synthesized
lead IIP nanoparticles, during several batch experiments,
pairs of lead and potentially interfering ions were extract-
ed by 24.0 mg of IIP nanoparticles at a pH of 7.5. The
competitive adsorption of lead ions over the selected in-
organic ions such as Cu2+, Ni2+, Cd2+, Zn2+, and Co2+ for
IIP and NIP nanoparticles from their binary mixture was
investigated under optimum conditions and then the dis-
tribution ratios (Kd), selectivity coefficients (K), and rel-
ative selectivity coefficients (K′) for lead ion relative to
foreign ions were calculated using Eqs.(1)–(3), respective-
ly. The results are summarized in Table 3. As seen in
Table 3, the competitive adsorption capacity of lead IIP
nanoparticles for lead ions is higher than NIP.

By considering the high selectivity coefficients obtain-
ed by IIP nanoparticles and a significant difference

between the binding of lead ion and competitor ions to
the imprinted sorbent versus non-imprinted polymer,
clearly, it could be suggested that the prepared IIP can
be applied as a selective sorbent for separation of lead
ion in the presence of other metal cations in various real
samples with different complex matrices.

Statistical and Calibration Parameters

Under the optimized conditions, UA-DSPE-IIP showed a lin-
ear calibration curve within the concentration ranging from 3
to 900 μg L−1. The least square equation at above dynamic
linear range was as follows:

A ¼ 2:45 �0:05ð ÞCpb mg L−1� �

þ 0:002 �0:02ð Þ; R2 ¼ 0:99
� �

The limits of detection (LODs), which is defined as
CLOD = 3Sb/m, where Sb is the standard deviation of sev-
en replicate blank signals and m is the slope of the linear
section of calibration curve after preconcentration; for a
sample volume of 210 mL, it was found to be 0.7 μg L−1

for lead ions. The relative standard deviation for five sep-
arate batch experiments with 24 mg of sorbent under ul-
trasound power for determination of 3 μg L−1 of water
was 3.1%.

To validate the obtained data by the proposed method
(SA-DSPE-IIP-FAAS), certified reference material (ore
polymetallic gold Zidarovo-PMZrZ and NIST SRM
1515 apple leaves) was used. As Table 4 shows, a good
correlation was obtained between the certified value and
the amounts found by the present method. Therefore, the

Table 3 The evaluation of
selectivity of the synthesized ion-
imprinted polymer nanoparticles
toward lead ions

Interfering ion Kd (IIP)
(mL g−1)

Kd (NIP)
(mL g−1)

K Pb2+/Mn+

(IIP)
K Pb2+/Mn+

(NIP)
K′

Pb2+ 7916.5 416.66 − − −
Cu2+ 224.3 340.9 35.3 1.22 28.9

Cd2+ 399.9 340.9 19.8 1.22 16.2

Zn2+ 178.5 416.66 44.3 1.00 44.3

Ni2+ 224.3 399.9 35.3 1.04 34.1

Co2+ 178.5 340.9 44.3 1.22 36.3

Table 4 Determination of lead
ions in certified reference material
(validation of the proposed
method)

Sample Element Concentration Relative error (%)

Certified Founded

Ore polymetallic gold Zidarovo-PMZrZ
(206 BG 326)

Lead 5.47 (mg g−1) 5.22 (mg g−1) −4.5

NIST SRM 1515 apple leaves Lead 0.47 (μg g−1) 0.46 (μg g−1) −2.1
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applied sample preparation method can be used as a val-
idate solid-phase for extraction and trace detection of lead
in environmental samples.

The figure of merits of the used sample preparation
method for extraction and determination of lead ions were
compared (Table 5) with other reported methods (Narin
et al. 2007, Zhu et al . 2009, Ebrahimzadeh and
Behbahani 2013, Liu et al. 2011, Esen et al. 2009). The
UA-DSPE-IIP is a fast and selective extraction technique
for trace detection of lead ions in complex matrices.

Real Sample Analysis

To evaluate the applicability of the sample preparation
method for trace analysis of lead ions in real samples with
different matrices containing various amounts of
coexisting ions, the method was applied for trace deter-
mination of lead ions from different food and water sam-
ples (the used samples for the aim was 210 mL). As
shown in Table 6, a good correlation was obtained be-
tween the added and measured amounts of the analyte.

Table 5 A comparison between the proposed method and previously published articles

Sorbent LOD
(μg L−1)

RSD
(%)

ETa

(min)
Reference

Chelating resin 16.0 <10% – Narin et al. (2007)

Surface grafted ion imprinted polymer 0.2 2 30 min Zhu et al. (2009)

Ion-imprinted polymer 0.75 2.7 90 min Ebrahimzadeh and Behbahani (2013)

Ion-imprinted polymer 15 1.5 50 min Liu et al. (2011)

Ion-imprinted polymer 50.2 3.8 60 min Esen et al. (2009)

UA-DSPE-IIP 0.7 3.1 7.5 min This work

a Extraction time

Table 6 Application of UA-
DSPE-IIP for trace detection of
lead ions in water (A) and food
(B) samples

A

Sample Cadded (μg L−1) Cfound (μg L−1) RSD (%) (n = 3) Relative recovery (%)

Distilled water – N.D.a – –

5.0 4.9 3.7 98.0

50.0 49.5 3.1 99.0

Tap water – N.D.a – –

5.0 4.9 2.7 98.0

50.0 49.2 2.3 98.4

Sea water – 20.2 3.2 –

5.0 25.0 3.9 96.0

50.0 69.8 3.4 99.2

River water – 16.6 3.0 –

5.0 21.8 3.8 104.0

50.0 66.1 3.2 99.0

B

Food sample Element Real sample
(μg kg−1)

Added
(μg kg−1)

Found
(μg kg−1)

Relative recovery (%)

Celery Pb 7.5 ± 0.1 10.0 17.6 ± 0.1 101.3

Cucumber Pb 6.9 ± 0.1 10.0 16.7 ± 0.2 97.1

Pepper Pb 6.1 ± 0.1 10.0 15.9 ± 0.1 96.7

Cabbage Pb 6.5 ± 0.1 10.0 16.6 ± 0.2 101.5

Persimmon Pb 5.1 ± 0.1 10.0 15.0 ± 0.1 98.0

Kiwi Pb 5.2 ± 0.1 10.0 15.3 ± 0.1 101.9

Carrot Pb 6.1 ± 0.1 10.0 16.1 ± 0.2 100.0

Pear Pb 5.9 ± 0.1 10.0 15.8 ± 0.1 98.3

a Not detected
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Conclusion

In this study, the ultrasonic-assisted dispersive solid phase
extraction based on ion-imprinted polymer nanoparticles
followed by FAAS was used for preconcentration and trace
detection of lead ions in environmental water and food sam-
ples. Two Box–Behnken designs were separately used to ob-
tain the optimum conditions for retention and desorption of
lead ions. The obtained optimum conditions for the proposed
method by experimental design methodology were pH of so-
lution 7.5, sonication time for sorption 7.5 min, IIP amount
24 mg, type and concentration of eluent HCl 1.4 mol L−1,
volume of eluent 2.1 mL, and sonication time for desorption
135 s. The method has several advantages such as low detec-
tion limit, good precision, and high selectivity. Furthermore,
the applied ultrasound power in the present method was used
to decrease the retention and desorption time of solid phase
extraction. As a conclusion, the performance of the method for
highly selective extraction of trace amounts of lead ions in
different food and water samples was excellent.
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