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Abstract Novel Cu(Il) ion-imprinted polymers (Cu-1IP)
nanoparticles were prepared by using Cu(Il) ion-
thiosemicarbazide complex as the template molecule and
methacrylic acid, ethylene glycol dimethacrylate
(EGDMA), and 2,2'azobisisobutyronitrile (AIBN) as the
functional monomer, cross-linker, and the radical initiator,
respectively. The synthesized polymer nanoparticles were
characterized by using infrared spectroscopy (IR), thermo
gravimetric analysis (TGA), X-ray diffraction (XRD), and
scanning electron microscopic (SEM) techniques. Some
parameters such as pH, weight of the polymer, adsorption
time, elution time, eluent type, and eluent volume which
affect the extraction efficiency of the polymer were stud-
ied. In the proposed method, the maximum sorbent capac-
ity of the ion-imprinted polymer was calculated to be
38.8 mg g . The preconcentration factor, relative standard
deviation, and limit of detection of the method were found
to be 80, 1.7 %, and 0.003 pg mL ™", respectively. The
prepared ion-imprinted polymer nanoparticles have an
increased selectivity toward Cu (I) ions over a range of
competing metal ions with the same charge and similar
ionic radius. The method was applied to the determination
of ultra trace levels of Cu®" in environmental water sam-
ples with satisfactory results.
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Introduction

Copper is the third essential heavy metal (after Fe*>* and
Zn*") in the human body and plays an important role in
various physiologic processes. Its deficiency is a symp-
tom of anemia, but at higher concentration levels, it is
toxic and may cause various diseases. Genetically de-
termined disorders of copper homeostasis have been
associated with neurodegenerative diseases, such as
Menkes disease, Wilson disease, and hereditary
aceruloplasminemia (Sun et al. 2012). Copper is also
an important element that is present in animals, plants,
and microorganisms. It is both vital and toxic to many
biological systems, depending on the level of concen-
tration (Abbasi et al. 2010). The maximum tolerable
daily intake for copper is 0.5 mg kg ' (WHO,
Technical Report Series, No. 683, 1982) body weight
(Shams et al. 2004). The concentration of copper in
various samples is low, so sensitive, and requires selec-
tive methods for determination of copper in food, envi-
ronmental water, and biological samples.

In recent years, ion-imprinted polymers (IIPs), as
selective sorbents for a particular chemical form of the
given element, have received much attention. The high
selectivity of IIPs can be explained by the polymer
memory effect toward the metal ion interaction with a
specific ligand, coordination geometry, metal ion coor-
dination number, charge, and size (Dakova et al. 2009).

In this study, a novel nano structure Cu (II) ion-
imprinted polymer has been synthesized for faster extrac-
tion of Cu (II) ions from various matrixes using
methacrylic acid (MAA) as a monomer,
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ethyleneglycoldimethacrylate (EGDMA) as a cross-
linking agent, and thiosemicarbazide (TSC) as a specific
ligand for Cu (I). The extraction characteristics of the non-
imprinted (blank P (B)), treated with thiosemicarbazide
alone (control P (thiosemicarbazide)), and imprinted with
Cu (I) - thiosemicarbazide complex (P (thiosemicarbazide
-Cu)) polymer nanobeads have been compared. The ad-
sorption and desorption characteristics have been investi-
gated using batch procedures. Also the Cu (II) selectivity
versus other interfering metal ions has been studied.

Experimental
Materials

MAA, EGDMA, and 2,2'-azobisisobutyronitrile
(AIBN) were obtained from Aldrich (Milwaukee, WI,
USA). Ethanol was of reagent grade from Merck
Chemical Company and was used as received.
Thiosemicarbazide, reagent grade Cu (NOs),. 3H,O
and nitrate or chloride salts of other cations (all from
Merck) were used without any further purification. A
stock standard solution of Cu®" (1,000 ug mL™") was
prepared by dissolving 0.4589 g of copper nitrate Cu
(NOs),-3H,0 in distilled-deionized water containing a
few drops of concentrated nitric acid. The solution was
made up to the mark in a 100-mL volumetric flask. This
stock solution was diluted further, when necessary.

Apparatus

The determination of copper and other metal ions was
performed using a Chem Tech flame atomic absorption
spectrometer (CTA, 2000, UK) equipped with a CTA
2000 single-element hollow cathode lamp, and a deute-
rium background corrector at respective wavelengths
(resonance line) using an air-acetylene flame, while the
instrumental parameters were those recommended by
the manufacturer. A 780 pH Meter (Metrohm), equipped
with a combined Ag/AgCl glass electrode, was used for
pH measurement. Scanning electron micrographs were
recorded using a Philips XL30 series instrument using a
gold film for loading the dried nanoparticles on the
instrument. Gold films were prepared by a Sputter
Coater model SCD005 made by BAL-TEC
(Switzerland). A Varian model 300 Bio equipped with
10 mm quartz cell was used for recording the UV-Vis
spectra at 25.0£0.1 °C. The FTIR spectra (4,000—
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400 cm ') were recorded on a Bruker (Germany)
FTIR Vertex 70 spectrometer. Thermogravimetery anal-
ysis (TGA) and differential thermal analysis (DTA)
were carried out using a Stanton Redcroft, STA—780
series with an aluminum crucible, applying heating rate
of 10 °C/min in a temperature range of 50-600 °C,
under air atmosphere with the flow rate of
50 mL min~'. The sample mass used was about
3.0 mg. Eppendorf Varied-Pipettes (10—100, 100-
1,000 pl) were used to deliver accurate volumes. All
glassware and storage bottles were soaked in 10 %
HNOj; overnight and thoroughly rinsed with deionized
water prior to use.

Preparation of Cu*"-ion-imprinted polymeric
nanoparticles

The copper ion-imprinted nanobeads were prepared by
precipitation polymerization technique (Shamsipur and
Besharati-Seidani 2011). For this purpose, 2.0 mmol of
thiosemicarbazide was added into 25.0 mL of ethanol as
porogen solvent, and then treated with 1.0 mmol of Cu
(NO3),-3H,0 as imprint metal ion, at room temperature
with continuous stirring for 30 min. In the polymeriza-
tion procedure, MAA (4.0 mmol), EGDMA
(30.0 mmol), and 0.4 mmol of AIBN were added as
functional monomer, cross-linker, and free radical initi-
ator, respectively, to the first step solution and stirred at
room temperature. The polymerization mixture was
purged with N, gas for 10 min to remove the molecular
oxygen, since it traps the radicals and retards the poly-
merization. Then, the reaction vial was sealed and heat-
ed in an oil bath at 60 °C for 24 h under magnetic stirring
at 400 rpm to complete the thermal polymerization.
After polymerization, the excess amount of solvent
was removed by centrifugation of the resulting suspen-
sion solution. The imprint ion, i.e., Cu*" ion was leached
from the above polymer material by stirring 2x50 mL
with HCl1 (50 %; v/v) for about 18 h (Shamsipur and
Rajabi 2012) and, after centrifugation, the copper con-
tents of the supernatant solutions were determined by
atomic absorption spectrometer. This step was carried
out several times until the supernatant solution was free
from Cu®" ions. The nanoparticles were then washed
with ethanol and the sorbent repeatedly washed with
doubly distilled-deionized water until neutral pH. The
resulting nanoparticles were dried under a vacuum oven
at 50 °C to obtain IIP nanoparticles for possible
preconcentrative separation of Cu>* ion from aqueous
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solutions. In the same way, the control non-imprinted
polymeric (NIP) nanomaterials were similarly prepared
using an identical procedure but without the addition of
the imprint ion (i.e., Cu®" ion). Powder nanoparticles of
100—200 nm in diameter were achieved and then applied
for future adsorption and desorption studies. Scheme 1
shows the synthesis of ion-imprinted polymer.

Extraction procedure

Batch experiments were used for investigation of
factors in adsorption and desorption steps.
Extraction of Cu (II) ions from modeling solu-
tions and real samples is followed by two steps:
adsorption and desorption. In adsorption step, the
pH of sample solution was adjusted to 10.0 by
addition of 0.1 M sodium hydroxide or hydro-
chloric acid solutions. Then, 25 mg of dried
polymer was suspended in aqueous solution con-
taining 1.00 pg mL™' concentration of Cu (II)
and stirred for 20 min with a magnetic stirrer
and then centrifuged (5 min, 6,000 rpm) and the
supernatant solution removed. The Cu (II) ions

MAA EGDMA

Leaching

preconcentrated onto IIP nanoparticles were elut-
ed using 5.0 mL of HCI (1.0 M), while stirring
for 10 min. The suspensions were then centri-
fuged and eluent solutions containing Cu (II) ions
were removed from the nanoparticles. The
resulting solutions were centrifuged and the cop-
per contents of the solutions were determined by
flame atomic absorption spectrometry (FAAS).
Extraction percent of copper was calculated by
the following equation:

Extraction (%) = <(C]C7Cf)> x 100 (1)
C; and Cyare the concentrations of copper ion before
and after extraction in the solution.
The distribution ratio (mL g ') of Cu®" ions between
the IIP nanoparticles and aqueous solution was also
determined by the following equation:

Ko— ((Ci‘C”) v )

Cf m

Where Vis the volume of initial solution and m is the
mass of IIP materials. Selectivity coefficients and

Cu(TSO),

Pricipitation
polymerization

Scheme 1 Schematic representation for synthesis procedures for unleached and leached ion-imprinted polymeric nanoparticles
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relative selectivity coefficients (k) for Cu®" ions relative
to foreign ions in the solution are defined as:

k kCuer (3)
('u2+/n+: d
M M

d

kim rinte
! — Limprinted (4)

k control

Where kg”“ and k)" are the distribution ratios of
copper and foreign ion, respectively. In order to obtain
the reusability of the prepared ion-imprinted polymeric
nanobeads, the adsorption experiments (adsorption-
elution cycle) were repeatedly performed using the same
nanoparticles.

Determination of copper in water samples

The water samples, such as Ilam city, river, and mineral
water, were centrifuged, filtered, and subjected to UV
digestion for 2 h. After adjusting the pH samples to 10.0,
they were stored in a cool place and analyzed, following
the procedure given in “Extraction procedure.”

Results and discussion
Preliminary complexation studies

Evidence for the formation of ternary complex Cu (II)-
TSC was followed by the UV-Visible absorption spec-
tra. The absorption spectrum of TSC (5.0x107> M) in
ethanol solvent is illustrated in Fig. 1 (a), which showed
a maximum at 270 nm. When Cu®" was added with
different concentrations (0.5 x 1073, 2.0x107>, 3.0x
107°,5.0x10°>,7.5%x10 >, and 1.0x10~* M), an absor-
bance peak was produced at 205 nm and absorbance
increased with the increase in the concentration of cop-
per (Fig. 1 (b)), while the absorbance of TSC at 270 nm
decreased. These results clearly indicate that the ternary
complex Cu (II)-TSC was readily formed in ethanol
solvent. Furthermore, the stoichiometry of the complex
was determined from the absorbance—mole ratio plot at
maximum wavelength of the complex (205 nm). A
distinct inflection point at mole ratio about 0.5 strongly
supports the formation of a complex of mole ratio Cu
(TSC), (Tada et al. 2011).
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Fig. 1 UV-Vis spectra of 5.0x 10> M thiosemicarbazide (a) and
addition of different concentrations of Cu (II) (0.5x107>, 2.0%
107°,3.0x107°,5.0x107°, 7.5%107> and 1.0x10"* M) (b)

Characterization of Cu (II) ion-imprinted polymer
Colorimetry

After synthesis of unleached, leached IIP, and NIP,
colorimetric studies were carried out to compare the
changes in the color of prepared powders (Scheme 2).
An obvious change in the color from dark yellow of
unleached IIPs to white after leaching process clearly
indicate the successful removal of copper ions from the
polymeric matrix. Meanwhile, adsorption process
caused an instant color change in the leached IIPs from
white to the dark yellow due to fast extraction of copper
ions into the imprinted polymeric matrix at desired pH.

FTIR spectra
The resulting imprinted nanoparticles were characterized

by FTIR spectroscopy. The FTIR spectra of unleached
and leached ion-imprinted polymer (IIP) were recorded

Scheme 2 Photographical images of prepared ion-imprinted
polymeric nanoparticles
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using KBr pellet method. Figure 2 shows the FTIR
spectra of the un-leached and leached IIP nanoparticles.
By comparing the infrared spectroscopy (IR) spectra of
the polymers, it was observed that both the polymeric
materials have a similar polymer backbone. Moreover,
similarities between the IR spectra of these materials
suggested that the leaching process does not affect the
polymeric network (Daniel et al. 2005). In the IR spectra,

the absorptions due to N-H (3,624.6 em '), C-N
(1,150.5 cm™ ") and C-S (1,260.7 cm ") were observed
(Bindu and Kurup 1997). The N-H bands at
3,624.6 cm 'and C-S band at 1,260.7 cm ! in unleached
IIP were shifted to 3,622.0 and 1,258.1 cm ' in leached
IIP. This amount of reduction in band frequencies indi-
cates that the copper ions have been coordinated with
non-bonding electron pairs of nitrogen in N-H and C-S
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Fig. 2 FTIR spectra of unleached (a) and leached (b) copper-1I1P
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groups in TSC, and consequently the presence of Cu ions
in unleached IIP structure is demonstrated. Moreover, the
presence of C-S, C-N, and N-H bands in the IR spectra of
these materials indicated that thiosemicarbazide had been
sufficiently immobilized in the polymer matrix.

X-ray diffraction

The X-ray diffraction (XRD) patterns of the unleached (a),
leached (b), and NIP (c) nanosized ion-imprinted polymer
are shown in Fig. 3. In un-leached IIP, the corresponding
peak to the 20 values of 18.7402, 28.2112, 31.6208, and
33.1892 (which attributed to copper ions) disappeared after
leaching, leaving vacant sites in the matrix while the rest of
the polymer backbone remained unaffected. This behavior
confirms complete removal of the copper from the material
during leaching process. In all of the above cases, the XRD
of leached IIPs was similar to the corresponding XRD
patterns of control polymers.

Scanning electron microscopy

The surface morphology of the leached and unleached
polymers was observed by scanning electron microscopic
(SEM). The SEM image was obtained in order to account
for the effect of Cu (II) removal from the polymer as
depicted in Fig. 4a (unleached) and 4b (leached).
Moreover, an enhanced surface area was also observed
from the SEM image of the leached rather than unleached
polymer. Thus, the ordered nano-pattern observed in the
SEM image of leached polymer is probably due to the
metal ion imprinting of Cu (II) on the polymer. Also, it is
clear that the pore size in the imprinted polymer is in the
nano-range, corresponding to the size of the Cu ion.

Results of thermal analysis for the polymer samples

Thermal behaviors of the prepared NIP and Cu-IIP
nanoparticles before and after leaching were studied
under identical conditions using TGA and DTA tech-
niques. Figure 5 represents TGA/DTA curves for the
NIP nanoparticles. As seen in Fig. 5a, an endothermic
event was observed in the DTA curve of the NIP sample.
This peak is observed due to the starting thermal de-
composition of the ligand around 304 °C. This peak is
followed by three continuous exothermic peaks which
are responsible for the main decomposition of complex.
On the other hand, TGA thermogram of this sample
showed a main mass loss step for the decomposition
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of nanoparticles. This step was started at about 250 °C
and continued until 420 °C. The TGA curve indicates
about 95 % total mass loss for the thermal decomposi-
tion of this sample in this temperature range.
Furthermore, DTA curve reveal another exothermic
peak at higher temperature which is compatible with
5 % mass loss in the TGA curve of sample.

Thermal behavior of the Cu-IIP sample is studied and
the results are shown in Fig. 5b. As seen in TGA/DTA
curves, thermal stability of this sample is significantly
different from NIP nanoparticles. A mild exothermic
event was observed on the DTA curve of the sample
which is followed by a sharp exothermic peak. This
sharp peak is along with another small exothermic phe-
nomenon. TGA thermogram of this sample shows a
main decomposition step with about 82 % loss in the
mass of sample. This mass loss step is started at about
220 °C and continued until temperature of 400 °C.

Thermal behavior of the polymer sample after leaching
was also investigated and the results are presented in
Fig. 5c. TGA/DTA curves for this sample are relatively
comparable with the NIP nanoparticles. A small exother-
mic event was observed in the DTA curve of this sample
which was followed by three continuous exothermic phe-
nomena. TGA thermogram for this sample shows that main
decomposition of the compound is started at about 250 °C
and continuous until about 550 °C. On the other hand, the
TGA curve indicates about 98 % mass loss for thermal
decomposition of the sample in this temperature range.

These results suggest that the thermal decomposition
of the leached polymer (in the absence of metallic copper
ions) is approximately complete and during its decompo-
sition in the temperature range of 250-550 °C, the whole
of hydrocarbon compositions of the nanoparticles
changed to the gaseous products. A comparison between
thermal behaviors of the leached and un-leached samples
shows that nanoparticles in both samples decompose
exothermally during a single step; however, the mass loss
for both samples is considerably different. This observed
difference in mass loss of the samples is due to the
presence and absence of the copper ion, respectively, in
the Cu-IIP nanoparticles and leached samples.

Adsorption/desorption experiments
Effect of pH

For metal, ionic complexation with ligands is highly
dependent on the equilibrium pH of the medium, and



Environ Monit Assess (2015) 187: 219 Page 7 of 13 219

[ T 1

RSA-11.8D
200 -
a
100 -
o T T
20 30 40 50 60 70 80 Qo0
Poxition [*2Z Theta]
Count
RS 8D
200 -
100
B T T T T T T T T
z 0 a0 S0 &0 70 20 a0
Po=ition [*2 Theta]
Count
RSA-12.5D
150

100

S50

LS MU bl s s

0 30 40 50 60 70 30 [0
Position [*2Theta]

Fig. 3 XRD patterns of unleached (a) and leached (b) copper-IIP and NIP (c)
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Fig. 4 SEM photographs of unleached (a) and leached IIP (b)

the pH value of the solution is an important parameter
for adsorbing metal ions. To evaluate the effect of pH on
the extraction efficiency, the pH of 20 mL of sample
solutions containing 1.00 pg mL™" of copper ion was
adjusted in the range of 1.0-13.0. The results obtained
for the influence of pH on the Cu (II) extraction effi-
ciency are presented in Fig. 6. The Cu (II) adsorption of
Cu (IT)-imprinted polymer increased from pH 1.0 to
10.0 but decreased from pH 10.0 to 13.0. Therefore,
the maximum binding capacity was obtained at pH 10.0.
As expected, due to the presence of nitrogen and sulfur
donor atoms in TSC and functional monomers (MAA),
the complex formation with metal ion is highly depen-
dent on the pH of solution. At low pH, the donor
nitrogen and sulfur atoms in the TSC-MAA network
may be protonated and therefore, negligible amounts of
copper ions can be adsorbed to the polymeric network.
When the pH is increased, the protonation of ligand is
suppressed and the condition becomes more favorable
for complex formation and adsorption of Cu (II) ions to
the imprinted sorbent. Also, the adsorption amount of
copper ions on the IIP nanobeads is decreased at pH>10
possibly due to formation of hydroxide species of Cu
(II). So, pH 10.0 was chosen as the optimum pH for the
next experiments.

Effect of type and concentration of eluent
As the ions are not removed from the sorbent complete-
ly with an inappropriate eluent, the eluent solution is an

important factor for elution efficiency and recovery. To
elute the copper ions from these synthesized IIP
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nanoparticles, a variety of selected eluent solutions,
including HCl, H,SO,4, and HNO; were used. After
leaching of bounded copper using 5.0 mL of 1.0 M of
each acid on the IIPs nanoparticles, the amount effluent
copper was determined by atomic absorption spectrom-
eter. It was found that 5.0 mL of hydrochloric acid 1.0 M
can accomplish the quantitative elution of the copper ion
from the IIP nanobeads. High efficiency of HCI for
leaching of copper is probably due to the strong ex-
change of the specific binding Cu®" ion with the nitro-
gen and sulfur atoms in the TSC structure. Thus, 1.0 M
HCIl was selected as eluent for future studies.

After selection of the proper eluent, several
5.0 mL portions of hydrochloric acid solutions
with different concentrations (i.e., 0. 1, 0.5, 1.0,
and 2.0 M) were used for leaching of copper ions
from the imprinted sites in the polymer network in
order to study the optimum eluent concentration. It
was found that desorption of adsorbed Cu (II) ions
increased with increasing hydrochloric acid con-
centration. This is most probably due to increased
protonation of the nitrogen and sulfur atoms as the
donor atoms in the TSC structure of imprinted
polymer. Thus, 5.0 mL of 1.0 M hydrochloric acid
was selected as optimal eluent solution.

Effect of IIP weights

The percentage of preconcentration of copper ions with
different weights of IIP was also investigated. Twenty
milliliters of aqueous solution containing 1.0 pug mL™"
copper ion at pH 10.0 was used and other conditions
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were the same as above. The results indicate no differ- copper ions onto active sites in the IIP. Consequently,
ence between 25.0 and 50.0 mg of IIP nanoparticles in 25.0 mg of IIP nanoparticles were used for further
enrichment of copper ions and specific binding of studies.
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Fig. 6 Effect of sample pH on the extraction of copper ion

Effect of adsorption and desorption times

The effect of adsorption and desorption times on the bind-
ing quantity of Cu (II) ion was investigated in a batch
system. In a typical uptake kinetics test, 25.0 mg of the
sorbent was added to 20.0 mL of a 1.0 ug mL ™" solution of
Cu (I) at pH 10.0. The resulting suspension was stirred for
different periods of time (i.e., from 5 to 30 min) under
magnetic stirring. After centrifugation, the supernatant so-
lution was removed and the Cu (II) ions were determined
by atomic absorption spectrometer. Time dependence of
the adsorption of Cu (II) onto the imprinted polymeric
nanoparticles is plotted in Fig. 7 (a). The results indicated
that quantitative adsorption of Cu (II) can be achieved over
a period of 20 min. Therefore, the optimum adsorption time
of 20 min was selected and used in all subsequent studies.
In ion-imprinted polymer technique, after the adsorp-
tion of analyte on IIP, a time interval is necessary to
break the bonding between ligand and metal ions. In
order to investigate the optimum desorption time, vari-
ous times were examined in the range of 3—15 min,
while other parameters were kept in optimum condition.
As shown in Fig. 7b, extraction recovery was increased
up to 10 min and it remained constant at in longer times.
Therefore, 10 min is the best quantitative time for the
elution of metal ions from the imprinted polymer.

Fig. 7 Effect of adsorption time a 10
(a) and elution time (b) on the 100
extraction percentage of copper

60 -

40
20

Recovery (%)

0 -
0
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Effect of sample volume

In the analysis of real samples, the sample volume is one of
the important parameters influencing the preconcentration
factor. Therefore, the effect of sample volume on quantita-
tive adsorption of Cu (II) ion was investigated. For this
purpose, 25.0 mg of IIP was suspended in different sample
volumes (25.0, 50.0, 100.0, 200.0, 300.0, 400.0, 500.0,
600.0, 700.0, and 800.0 mL), and the total amount of
loaded Cu (II) was kept constant in 1.00 pg. All solutions
were extracted under the optimum condition by the pro-
posed method. The results demonstrated that the dilution
effect was not significant for sample volumes of copper
ions up to 400.0 mL. However, at higher sample volumes,
the recovery decreased significantly. Thus, a high
preconcentration factor of 80 was obtained in which the
quantitative extraction of copper by the prepared IIP is
possible.

The adsorption capacity

The adsorption capacity (maximum amount of copper ion
adsorbed for 1.00 g of IIP nanoparticles) is an important
factor to evaluate the IIPs (Rajabi et al. 2013). To measure
the adsorption capacity, imprinted or non-imprinted poly-
mers (50.0 mg) were equilibrated with Cu®" solutions
(20.0 mL) within the concentration range of 1.00—
100.00 pg mL ™" at pH 10.0. The adsorption value in-
creased with the increase of concentration of Cu* (1.00—
50.00 pg mL ™), and a saturation value was achieved in
the concentration range of 50.00-100.00 ug mL™". The
adsorption capacity of the imprinted and non-imprinted
polymers was calculated to be 37.36 and 15.11 mg g ',
respectively. The resulting plot of Q vs. initial concentra-
tion of copper ion is shown in Fig. 8. The capacity of
imprinted nanoparticles is larger than that of non-
imprinted ones. This difference indicates that the imprint-
ing plays an important role in the adsorbent behavior.
During the preparation of the imprinted adsorbent, the
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Recovery (%)
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presence of Cu®" encouraged an orderly ligand arrange-
ment. After removal of Cu?*, the imprinted cavities and
specific binding sites of functional groups in a
predetermined orientation are formed; however, no such
specificity is found in non-imprinted polymers (He et al.
2008). Thereby the memory effect owned by imprinted
materials to the template metal ion allows them to possess
a shorter response time and higher adsorption capacity to
metal ions than NIP.

Regeneration and reusability

The stability and reusability of Cu (II)-IIP were investi-
gated. The regenerated Cu (II)-IIP was reused for up to
14 adsorption-desorption cycles. The results showed
that Cu (I) imprinted nanoparticles could be repeatedly
used without any significant loss in the initial binding
affinity. The operating capacity was calculated from the
loading and elution tests. Cu (II)-ion-imprinted polymer
has a superior reusability, which can be repeated for use
in 10 cycles with not less than 95 % recovery. These
studies clearly indicate the availability of reversible
nature of binding sites for picking Cu (II) ions using
copper-1IP nanoparticles. This stability of the sorbent
without any evidence for polymer destruction is most
likely due to the strong hydrogen bonding attachment of
polymer chains to the monomers in the polymer net-
work (Rajabi et al. 2013). It can be concluded that the
IIP nanobeads can be used many times without decreas-
ing their adsorption capacities significantly.

Selectivity study

The imprinted polymers are also characterized by a
uniform distribution of chelating sites (Molochnikov
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Fig. 8 Effect of initial concentration of copper ion on the adsorption
capacity of ion-imprinted and non-imprinted polymeric nanobeads

Table 1 Distribution ratio (Ky), selectivity coefficient (k) and
relative selectively coefficient (k') values of IIP and NIP material
for different cations

Cation Kq (IIP)
(mlg™h)

Kg(NIP) (ml g') &k (IIP) k(NIP) X

Cu*™ 97,2000 25,600.3 - - -

NiZ* 69004  22,400.5 141 1.1 12.8
Fe*  2300.1  14,400.5 423 18 235
Pb*  3,000.1 19,4003 324 13 249
APY 1,0003  7,600.4 972 34 285
Ccd* 24007  18,100.8 405 14 289
Zn®t 3,000.7  12,400.6 324 21 154
Cca¥ 355004  17,000.1 278 15 18.5
Mg>  5,100.7 20,3004 1901 13 14.7
Co* 58005 254002 168 1.0 16.8

et al. 2003). In IIPs, the cavities created after removal of
the template are complementary to the imprint ion in
size and coordination geometries. Furthermore, the
unique shape of the copper ion may be expected to lead
to much greater selectivity for the copper ion by ion
imprinting. In comparison with other metal ions, in the
case of non-ion-imprinted sorbent, the random distribu-
tion of ligand functionalities in the polymeric network
results in no specificity in rebinding affinities. Ni*",
Fe**, Pb*", A", Cd*, zn**, Ca*", Mg*', and Co*"
are chosen as the competitor ions as they have the same
charge and similar size Both the imprinted and
non-imprinted polymers were used to obtain 2 sets
of experimental data. Polymer material (25.0 mg)
was added to 20 mL aqueous solutions containing
1.00 pg mL™" Cu*/M "*. The pH was then ad-
justed accordingly to pH 10.0. After the adsorp-
tion-equilibrium, the mixtures were filtered and the

Table 2 analytical figures of merit of the preconcentration
procedure

Parameters Optimum value
Precision (RSD) 1.7 %

Detection limit (g / ml) 0.0003 pg mL™
Linear range (ng / ml) 0.001-0.100 pg mL™"
Preconcentration factor 80

pH 10.0

Amount of IIP 25.0 mg

Adsorption Time 20.0 min

Desorption Time 10.0 min
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Table 3 Some critical points in present work compared with some previous works performed by ion-imprinted polymeric materials applied

for determination of copper.

Linear dynamic range (ug mL ™) Detection limit (ug mL™") Kq(mL g Preconcentration factor Reference
0.001-0.100 0.0001 36,746.8 56.5 14

Not reported 0.0009 500.5 100.0 15
0.001-0.100 0.0003 99,000.0 18.4 5
0.001-0.170 0.0001 Not reported 183.0 16
0.010-0.526 0.003 Not reported Not reported 17
0.001-0.150 0.0003 Not reported 100.0 18
0.001-0.100 0.0002 97,200.0 80 This work

concentration of each ion in the remaining solution
was measured by atomic absorption spectroscopy.
The measured values gave the concentrations of
the unextracted ions, from which extraction effi-
ciency was evaluated. Table | summarizes the
distribution ratios (Ky), selectivity coefficients (k)
and relative selectively coefficients (k) calculated
using Egs. (2, 3 and 4), respectively. From the
data in Table 1, the following can be observed:
(1) the selectivity coefficients of NIP for Cu (II)
with respect to foreign ions are very low; (2) the
selectivity coefficients of Cu (II)-IIP for Cu (II)
with respect to foreign ions are very high; (3) the
relative selectivity coefficients indicate adsorption
affinity and selectivity of imprinting material for
the template with respect to non-imprinting mate-
rial. The above results imply that the imprinted
cavities and specific binding sites in a
predetermined orientation were formed in the Cu
(I)-ITIP, and the size of foreign ions does not
match well with the cavity imprinted by Cu (II),

resulting in high recognition ability and high se-
lectivity of Cu (II)-IIP for Cu (II) ions.

Analytical figures of merit

The analytical performance data for the batch
preconcentration procedure are given in Table 2. Under
the optimized conditions described above, the calibration
curve for Cu>* was linear over the concentration range of
0.001 to 0.100 pg mL™" with the correlation coefficient
(R?) of 0.999. According to the IUPAC definition, for a
sample volume of 200 mL the detection limit (3 s of the
blank signal intensity divided by slope of the calibration
curve) of this method was 0.0002 pg mL ™' with the
preconcentration step. The relative standard deviation
(RSD) was 1.7 % for 1.00 ug mL™" copper level (n=8),
indicating favorable precision of the proposed method. A
comparison of the proposed method with other literature
(Shamsipour et al. 2013; Shamsipur et al. 2010; Yilmaz
et al. 2013; Ebrahimzadeh et al. 2013; Lopes Pinheiro
et al. 2012; Luo et al. 2012) is given in Table 3.

Table 4 Determination of Cu®"

in real samples Sample Amount added Amount found RSD (%) Recovery (%)

(g mL ) (ngmL )

Mineral water 0.000 0.020+0.0008 3.33 -
0.050 0.072+0.0006 2.96 104.0
1.500 1.517+0.0006 1.59 99.8

Ilam city water 0.000 0.012+0.0013 2.98 -
0.050 0.063+0.0009 2.69 102.1
1.500 1.512+0.0010 231 100.0

River water 0.000 0.028+0.0009 3.54 -
0.050 0.076+0.0012 3.01 96.5
1.500 1.531+0.0010 2.48 100.2
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Real sample analysis

The applicability of the ion-imprinted polymer for
preconcentration of trace levels of Cu (II) was tested
using Ilam city, river and mineral water, samples. The
mentioned samples were prepared according to the real
samples preparation Section. For the preconcentration
procedure, pH of real samples was adjusted to 10 spiked
with copper ions and used in the extraction procedure.
The concentration of sorbed Cu (IT) ions was determined
based on standard addition method and recovery tests
(Table 4). It was found that the quantitative extraction of
copper ions was performed successfully by the Cu (II)-
IIP even in the presence of various diverse ions.

Conclusion

The ion-imprinted polymer method is a useful technique
for the preparation of sorbent for preconcentration of
metal ions, such as copper from aqueous solutions. In
this study, a Cu (II) ion-imprinted polymer with exceed-
ingly large performance, as marked by the fast
equilibration-adsorption kinetics, the very large relative
selectivity coefficients, high extraction efficiency per-
centages of the targeted ion (Cu®"), even in the presence
of other closely related ions, was successfully prepared.
The polymer was simple and relatively easy to prepare.
The Cu (II)-imprinted nanoparticles can be used repeat-
edly with no significant decrease in binding affinities.
Due to relatively high preconcentration factor, trace cop-
per ions at ng mL ™" levels in high volume samples can be
determined and separated by ion-imprinted polymers.
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