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Abstract

This work describes the synthesis of new ion-imprinted polymers (IIPs) for selective solid phase extraction of Zn(II) ions
from aqueous samples. [IPs were synthesized by copolymerization of salicylic acrylate (SA) as a functional monomer
and ethylene glycol dimethacrylate (EGDMA) as a crosslinker in the presence of 2,2’-azobisisobutyronitrile (AIBN) as
an initiator. The template ions were removed from IIPs particles by leaching with 0.1 M Ethylenediaminetetraacetic acid
(EDTA) which leaves cavities in the particles with the capability of selective extraction of the Zn(II) ions. The monomer
and the polymer after synthesis have been characterized by 'H NMR, '*C NMR and FT-IR studies. The effect of the pH
on the extraction efficiency of Zn(II) ions was studied and optimized in pH around 6. The selectivity of the synthesized
I1IPs was studied in the presence of Co(II), Cd(II) and Ni(II) ions, and the IIPs showed higher affinity for Zn(II) in the

presence of other interfering ions.
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1. Introduction

Zinc is one of the most abundant elements in the Earth’s
crust. Zinc has many industrial applications includes;
galvanizing iron, production of brass, zinc carbonate, zinc
gluconate, zinc chloride, zinc pyrithionse and zinc sulfide.
Also itis used as a negative plate for some batteries, roofing
and gutters in building construction, as a coin material, die
casting in the automobile industry. Also zinc oxide used in
cosmetics and the production of white pigment!!.

Zinc is an essential mineral in human nutrition. Zinc
involves in many of human metabolism pathways and it plays
an important role in production of the genetic materials and
cell division. Zinc exists in many foodstuffs with animal or
plant sources. Deficiency of the zinc affects about two billion
people in the world and cause many diseases. Also excess
of zinc in the human body will lead to ataxia, lethargy and
copper deficiency®3!. Furthermore, drinking water contains
trace amounts of Zn(II) ions especially when stored in the
metal containers. Industrial activities (such as mining, coal,
waste combustion and steel processing) and toxic waste sites
can increase the zinc pollution of the local water recourses
to levels that may cause health problems. Thus extraction
of the Zn(Il) ions from complex matrix is very important
for environmental and biological science!**..

Analysis and extraction of samples with complex matrix
needs special attention in order to avoid matrix interferences
beside preconcentration of the analytes and converting them
into a more suitable form for the instrumental detection.
The best solution for the complex sample analysis is the
selective extraction of the interested analytes using sorbents
with tailor-made recognition sites. Molecularly imprinted
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polymers (MIPs) provide this opportunity to synthesize very
selective sorbents. MIPs are prepared in the presence of
template molecules in order to mold template complementary
binding sites™*’. MIPs can be synthesized by copolymerzation
of'a complex of a template and a functional monomer with
a cross-linking agent in the environment of a porogenic
solvent. After leaching the template molecules, a rigid three
dimensional network remains with cavity complemented
to the target compounds. MIPs showed many advantages
such as high selectivity, easy preparation and low cost that
makes them suitable candidate as a sorbent for the sample
preparation of very complex samples. If the metal ions
are used as templates for imprinting process, the resulting
imprinted products are known as ion imprinted polymers
(IIPs) that they can recognize metal ions with properties
similar to the MIPs!!*!4l, TIPs are selective and simple to
synthesize. IIPs have been used for other application than
solid phase extraction such as catalytic applications!'¥,
chromatographic stationary phases!'®, membrane separations!'”
and sensors!'*2%, TIPs mainly used for the selective SPE
of the trace metal pollutants from complex matrices!?!-33l.
This selective extraction and clean up cannot possible with
the conventional sorbent.

Previously, for ion imprinting of zinc ions, following
monomers have been used: styrene?®, methacrylic acid?®?,
8-acryloyloxyquinoline®, 4-vinylpyridine!*, 2-(diethylamino)
ethyl methacrylate®, 4-vinylpyridine®®’. While the following
chelating agents have been used for the selective interaction
with zinc ions: oxine®®), 3,5,7,20,40-pentahydroxyflavone!®’),
2.,2’-bipyridyl?*, 8-hydroxyquinoline®?, 2,2’-bipyridyl?".
Salicylic acid has been extensively used for the extraction

Polimeros, 26(3), 242-248, 2016



Preparation and characterization of Zn(ll) ion-imprinted polymer based on salicylic acrylate for recovery of Zn(ll) ions

of metal ions as a difunctional chelating reagent3+37!,
The chelating property of salicylate structure is due to the
existence of an OH group in ortho position relative to the
carboxyl or carbonyl group that can react with both hard
and intermediate cations. Also salicylate moiety has been
used as a chelating reagent in the structure of polymeric
resins and has been used for metal ion extraction®®+3!,
Furthermore, salicylic acid was used for functionalization
of nanoparticles as a novel adsorbent and used for SPE of
some heavy metal ions such as Cu(Il), Cd(II), Ni(I) and
Cr(IIT) ionst*. Ton imprinted polymers based on the salicylate
structure as chelating group has not been reported before.
Salicylic acid was used in the preparation of a Cu-IIPs but
in this work, only a carboxyl group of salicylic acid was
available for complexation, while the main chelating agent
was 4-(2-Pyridylazo) resorcinol*. Another similar work
was a preparation of copper salicylate based MIPs for drug
delivery purposes, that “copper salicylate” was the template
moleculet!,

In this work, a new Zn(II)-ion imprinted polymer based
on salicylic acrylate was synthesized and applied for the
selective extraction and preconcentration of Zn(Il) ions
from aqueous solution. Salicylic acrylate as a chelating
ligand was synthesized, characterized and its complexation
with Zn(Il) was studied. Zn(II)-salicylic acrylate complex
monomer was synthesized and then polymerized with
ethylene glycol dimethacrylate and AIBN as a crosslinking
agent and initiator, respectively. The resulted product,
(EGDMA-salicyl acrylate/Zn(Il)) was characterized
successfully. After removing the template Zn(II) ions from
polymeric networks, the Zn(II)-IIPs have been achieved.

2. Materials and Methods

2.1 Materials

All of the reagents were of the highest purity and they
used as received. Salicylaldehyde, ethylenediaminetetraacetic
acid (EDTA) and ethylene glycol dimethacrylate (EGDMA)
were purchased from Merck (Germany). Azobisisobutironitrile
(AIBN) was achieved from Aldrich (St. Louis, MO, USA).
Analytical grade zinc chloride dihydrate, cobalt acetate
tetra hydrate, nickel sulfate hepta hydrate and cadmium
nitrate tetra hydrate were obtained from Fluka (Buchs,
Switzerland). Standard solutions of metal ions were prepared
in the deionized water. All the other reagents and solvents
were achieved from Merck and used as received.

2.2 Apparatus

All atomic measurements were carried out using a model
Varian-200 flame atomic absorption spectrophotometer
(Palo Alto, CA, USA) that equipped with a deuterium
background correction system. Zinc absorbance was
measured at 213.9 nm using spectral bandwidth (SBW)
of 0.7 nm. For other element following condition was
used, cobalt (A: 240.0 nm, SBW: 0.2 nm), nickel (A: 232.0,
SBW: 0.2 nm) and cadmium (A: 228.8 nm, SWB: 0.7 nm).
Infrared spectra were recorded on a Perkin-Elmer-58B
(Billerica, Massachusetts, USA) FT-IR spectrometer using
KBr pellets in the range of 4000-200 cm™'. The 'H NMR
and C NMR spectra were recorded with a Bruker Advance
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DPX-250 MHZ. A model 713 Metrohm digital pH meter
was used for pH adjustment.

2.3 Synthesis of salicylic acrylate

A 100 mL two necked round bottom flask was charged
with salicylaldehyde (8 mmol), THF (12 mL), triethylamine
(9.6 mmol). The flask was purged continuously with nitrogen
gas and the reaction mixture was cooled in an ice-water
bath (-5 °C). Then an amount of 9.6 mmol of acryloyl
chloride (diluted in 1.5 mL THF) was added dropwise for
20 minutes with constant stirring in the ice-water bath.
Then, the reaction mixture allowed achieving to the room
temperature. After one hour the reaction was completed and
the byproduct, quaternary ammonium salt, was filtered off.
For purification purpose, the obtained product was dissolved
in 5 mL dichloromethane and 5 mL of diluted acetic acid
was added to the mixture. The organic phase was separated
and the process repeated for three times. The solvent was
evaporated in vacuum and the residue was dissolve in diethyl
ether and petroleum ether. The mixture was heated at 60 °C
to separate impurities, and after vacuum evaporation, a
yellow oily purified product was achieved.

2.4 Synthesis of Zn(ll) salicylic acrylate

The binary complex of Zn(II) salicylic acrylate was prepared
by addition of an equal amount of salicylic acrylate and
ZnCl1,.2H,0 (0.26 mmol) to the 5 mL of chloroform-methanol
mixture (3:2, v/v) under reflux condition with continuous
stirring at 60 °C for 4 h. Solvent was evaporated and the
residue was dissolved in diethyl ether and n-hexane, then
the temperature was reduced to —5 °C. The complex was
sedimented on the bottom of the flask.

2.5 Synthesis of Zn(ll)-imprinted polymers

The Zn(II)-1IP was prepared by bulk polymerization.
Salicylic acrylate (0.26 mmol) was added gently into the
5 mL of chloroform—methanol mixture (3:2, v/v) and then
treated with ZnCl,.2H,0 (0.26 mmol) under reflex condition
with continuous stirring at 60 °C for 4 hours. Afterward,
EGDMA (2.6 mmol) and AIBN (6.5 mg) were added slowly
to the mixture at room temperature. After 15 min stirring, the
polymerization mixture was cooled to 0 °C while purging
with N, and then heated at 60 °C for 18 hours. The resulting
polymer was thoroughly washed with an appropriate amount
of ethanol and dried at room temperature. The resultant
polymer was dried at 70 °C for 24 h.

2.6 Leaching of Zn(ll) ions from the Zn(ll)-1IPs

The synthesized IIPs particles (0.2 g) were treated with
20 mL of 0.1 mol L-1 EDTA for 7 h at 60 °C. Then the solution
was filtered and washed with 50 mL water. The washed
solution analyzed by FAAS. The removal process was
continued until no Zn(II) ion was detected.

2.7 Solid phase extraction of the metal ions

The ion imprinted polymer (40 mg) was equilibrated
with 25 mL of metal ion solution (80 mg L™"). The pH of
the solution was adjusted between 2-7 using either ammonia
or 1% acetic acid solution. Extraction was performed by
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stirring the mixture for 1 h at room temperature. Finally, the
solution was filtered and washed with 75 mL water and the
concentration of Zn(Il) ions in the resulting solution was
measured by FAAS.

3. Results and Discussions

Salicylic acrylate ligand has appropriate functional groups
(C=0 and O-C=0) for complexation and polymerization.
This oily mild yellowish ligand was synthesized successfully
and purified by liquid-liquid extraction using diethyl ether and
n-hexane as solvent with recovery percentages higher than
89%. The product structure was characterized and confirmed
by FT-IR, '"H NMR and *C NMR spectra. A scheme for the
synthesis procedure is shown in Figure 1.

3.1 FT-IR study of salicylic acrylate

The successful synthesis of salicylic acrylate is demonstrated
by the FT-IR spectrum in Figure 2. Two characteristic
absorption bands in 1740 cm™ and 1695 cm™!, are related
to the C=0 group of both ester and aldehyde. Furthermore,

other bands at 1603 cm™ and 2815 cm™ are corresponded
to the C=C group and stretching vibrations of C-H bond
of the aldehyde. Bands around 1410 cm™ and 1455 cm™!
are attributed to aromatic C-C stretching vibrations and
1135 cm™ and 1155 cm™ are related to C-O strong stretching.

3.2 'H NMR study of salicylic acrylate

The "H NMR spectrum of salicylic acrylate (Figure 3)
indicates eight signals. There are two doublets at chemical
shift of 6, 6.6 and a quartet at 6.4 ppm that pertain to the
methylene and methyne group, respectively. Signals in the
chemical shift of 7.1-7.9 ppm belong to the hydrogen’s of
the aromatic rings. A singlet signal in the chemical shift of
10.1 ppm refers to the aldehydic hydrogen. Lack of alcoholic
signal at 5.2 ppm demonstrated the evolution of the reaction.

3.3 3C NMR study of salicylic acrylate

The '*C NMR spectrum of the salicylic acrylate ligand in
the CDCI, is shown in Figure 4. There are ten different chemical
shift signals in the range of 123-188 ppm. The significant
signals at 127 and 133 ppm belong to the carbons of the
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Figure 1. Scheme for preparation of Zn(II) ion-imprinted polymer.
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Figure 2. The FT-IR spectra of salicylic acrylate.
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Figure 3. '"H NMR spectrum of salicylic acrylate in CDCI,.
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Figure 4. C NMR spectrum of salicylic acrylate in CDCI,.

olefin group, indicating alpha and beta carbon near to the
carbonyl group, respectively. The signals in the region of
128 and 151 ppm are related to the ipso carbon of the ring
connected to the aldehyde and ester groups, respectively.
Other carbons of the aromatic ring are located in the chemical
shifts of 123, 126, 130 and 135 ppm. The chemical shifts
at 164 and 188 ppm indicate the carbons of the ester and
aldehyde groups.

3.4 FT-IR study of Zn(ll) salicylic acrylate complex

The FT-IR spectra of the ligand, Zn(II) ions and complex
were superimposed in Figure 5 for comparison. There are
some partial difference between the ligand and the complex
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Figure 5. The comparison of the FT-IR spectra of the Zn, ligand
and complex.

spectra. Peak at 753 cm™! are attributed to ortho substituted
aromatic ring. The carbonyl peaks of aldehyde and ester group
for the complex are located at 1690 cm™ and 1731 cm™,
respectively. These peaks have around 10 cm™' shift toward
lower wavenumber relative to the ligand. That is due to the
rigid structure of the complex that reduces vibration of the
atoms in the complex structure and leads to lower peak
intensities. The weak stretching vibration of the aldehyde
at the region of 2726 cm™ in the complex spectra was
vanished due of the contribution of the carbonyl group in
the complexation with metal ions.

3.5 UV-Vis spectra of ligand and complex

The complexation of the salicylic acrylate with Zn(II) ions
can be observed in UV-Vis spectra (Figure 6). Strong peak at
200 cm ™! are related to the aromatic ring T—7" translation is
common for both ligand and complex. Peak at 250 cm™ are
carbonyl n—n" translation with 15 cm™ relocation. Peak at
280 cm! is a forbidden n—* translation of carbonyl group
that disappeared in the complex spectrum due to involving
nonbonding electron pair in complexion with a Zn(II) ion.
The electronic absorption spectra of the complex show a
weak shoulder peak in the region of 415-445 nm which are
assigned to the spin allowed metal-to-ligand charge transfer
(MLCT) d—n* transition.

3.6 Preparation and "H NMR study of polymer

Copolymer of imprinted poly (EGDMA/salicylic acrylate/
Zn(Il)) was performed by in situ polymerization in aqueous
solution. The prepared polymer has an Indian red color and
characterized by FT-IR and '"H NMR. The polymerization
occurs by free radical polymerization mechanism, in which
initiator molecule (AIBN) produces radical upon heating
at 60 °C. The reaction continues to produce stable type I1I
radical in EGDMA that processes to polymer synthesis. The 'H
NMR spectrum of poly (EGDMA/salicylic acrylate/Zn(II))
particles is shown in Figure 7. According to this spectrum
the peaks corresponding to the ligand and also EGDMA are
completely detectable. The signal in the chemical shift of
10.1 ppm is attributed to the aldehydic hydrogen of salicylic
acrylate. The hydrogens of aromatic ring are indicated in
chemical shift of 7-7.8 ppm. In a broad area of 1.2-2.2 ppm
the aliphatic hydrogens of ligand and crosslinker in polymer
network are observable. The signals in the regions of 4.3,
5.6 and 6.2 ppm are related to EGDMA.
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Figure 6. The comparison of the UV-Vis spectra of the Zn, ligand
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Figure 7. '"H NMR spectrum of poly (EGDMA/salicylic acrylate/
Zn(1I)) in DMSO.
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3.7 Solid phase extraction and pH optimization

The extraction efficiency of the IIP particles was
investigated by batch extraction of the Zn(II) ions from
aqueous solution. Before the extraction process, the polymer
particles completely leached using 0.1 M EDTA solution
and then applied for batch solid phase extractions. The most
important parameter effective in the extraction efficiency
of'the IIPs was studied at different pH value in the range of
2-7. The percent of the extraction is shown in the Figure 8.
By increasing the pH, the amount of the extraction increased
until pH 5.75 and reached to its maximum amount around
97.88% and then reduced slightly due to increased OH- and
consequent Zn(OH), precipitation.

3.8 Selectivity of the Zn(ll)-lIPs

Competitive adsorption of zinc ions in the presence of
disturbing ions such as Cd(II), Ni(II) and Co(II) was also
investigated and the results are shown in Table 1. Although
these ions possess a similar ionic radii (Zn(Il) = 74 pm,
Cd(I) = 71 pm, Ni(Il) = 69 pm and Co(II) = 72 pm)*",
the competitive adsorption of Zn(II) ions on the prepared
Zn(ID)-1IPs in the presence of other metal ions, showed a
higher amount of absorption selectivity. It is interesting to
compare the selectivity of the prepared Zn(II)-IIPs with a
resin prepared by salicylic acid, hexamethylene diamine
and formaldehyde in which the salicylate moiety act as a
chelating group. This resin for a series of ions showed
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Figure 8. Effect of pH on the extraction of Zn(II) ions using the
Zn(IT)-1IPs.

Table 1. Selectivity experiments in the presence of disturbing
ions. The concentration of all metal ions was equal to 80 mg L.

Extraction efficiency (%)

Cation/ pH

2 3 4 5 6 7
Zn(1l) 60.1 665 817 906 949  90.8
Co(Il) 57 102 177 282 355 293
Ni(II) 30 62 75 171 105 68
cd(n 46 64 20 122 199 276

following order of selectivity: Fe(IlI) > Cu(Il) > Ni(Il) >
Co(II) > Zn(IT) > Cd(II) > Pb(1I), while the same functional
group in the current work showed very high selectivity for
Zn(II) among Zn(II), Co(IT) and Ni(II). This superiority is
attributed to Zn(Il) ion recognition sites imprinted in the
polymer.

4. Conclusions

In this study an ion imprinted polymer selective for Zn(II)
ions was synthesized by copolymerization of salicylic acrylate
and cross linking agent EGDMA in the presence of AIBN
as initiator and its application for solid phase extraction of
the metal ions was investigated. The maximum amount of
adsorption of Zn(II) ion was obtained at pH 5.75 equal to
98 percent. The competitive adsorption experiments showed
superiority of prepared IIPs toward Zn(II) ion even in the
presence of Cd(II), Ni(II) and Co(II) ions which have the
similar ionic radius.

5. References

1. Lenntech. (2013). Zinc - Zn. Netherlands. Retrieved in 11
September 2013, from http://www.lenntech.com/periodic/
elements/zn.htm

2. Dong,Y.,Ogawa, T., Lin, D., Koh, H. J., Kamiunten, H., Matsuo,
M., & Cheng, S. (2006). Molecular mapping of quantitative
trait loci for zinc toxicity tolerance in rice seedling (Oryza
sativa L.). Field Crops Research, 95(2-3), 420-425. http://
dx.doi.org/10.1016/j.fcr.2005.03.005.

3. Krebs, N. F. (2000). Overview of zinc absorption and excretion
in the human gastrointestinal tract. The Journal of Nutrition,
130(5, Suppl), 1374S-1377S. PMid:10801946.

4. Pohl, P, Sergiel, 1., & Prusisz, B. (2011). Direct analysis of
honey for the total content of Zn and its fractionation forms
by means of flame atomic absorption spectrometry with

Polimeros, 26(3), 242-248, 2016


http://dx.doi.org/10.1016/j.fcr.2005.03.005
http://dx.doi.org/10.1016/j.fcr.2005.03.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10801946&dopt=Abstract

Preparation and characterization of Zn(ll) ion-imprinted polymer based on salicylic acrylate for recovery of Zn(ll) ions

10.

12.

13.

15.

16.

17.

18.

solid phase extraction and ultrafiltration approaches. Food
Chemistry, 125(4), 1504-1509. http://dx.doi.org/10.1016/j.
foodchem.2010.10.077.

Kaur, S., Walia, T. P. S., & Mahajan, R. K. (2008). Comparative
studies of zinc, cadmium, lead and copper on economically
viable adsorbents. Journal of Environmental Engineering and
Science, 7(1), 83-90. http://dx.doi.org/10.1139/S07-031.
Pohl, P., & Prusisz, B. (2007). Fractionation analysis of
manganese and zinc in tea infusions by two-column solid phase
extraction and flame atomic absorption spectrometry. Food
Chemistry, 102(4), 1415-1424. http://dx.doi.org/10.1016/j.
foodchem.2006.09.007.

Turiel, E., & Martin-Esteban, A. (2010). Molecularly imprinted
polymers for sample preparation: a review. Analytica Chimica
Acta, 668(2), 87-99. http://dx.doi.org/10.1016/j.aca.2010.04.019.
PMid:20493285.

Hu, Y., Pan, J., Zhang, K., Lian, H., & Li, G. (2013). Novel
applications of molecularly-imprinted polymers in sample
preparation. Trends in Analytical Chemistry, 43,37-52. http://
dx.doi.org/10.1016/j.trac.2012.08.014.

Martin-Esteban, A. (2013). Molecularly-imprinted polymers
as a versatile, highly selective tool in sample preparation.
Trends in Analytical Chemistry, 45, 169-181. http://dx.doi.
org/10.1016/j.trac.2012.09.023.

Nishide, H., Deguchi, J., & Tsuchida, E. (1976). Selective
adsorption of metal ions on crosslinked poly(vinylpyridine)
resin prepared with a metal ion as a template. Chemistry Letters,
5(2), 169-174. http://dx.doi.org/10.1246/c1.1976.169.

. Tsukagoshi, K., Yu, K. Y., Maeda, M., & Takagi, M. (1993).

Metal ion selective adsorbent prepared by surface imprinting
polymerization. Bulletin of the Chemical Society of Japan,
66(1), 114-120. http://dx.doi.org/10.1246/bcsj.66.114.

Bae, S. Y., Southard, G. L., & Murray, G. M. (1999). Molecularly
imprinted ion-exchange resin for purification, preconcentration
and determination of UOZZ‘ by spectrophotometry and plasma
spectrometry. Analytica Chimica Acta, 397(1-3), 173-181.
http://dx.doi.org/10.1016/S0003-2670(99)00402-X.
Branger, C., Meouche, W., & Margaillan, A. (2013). Recent
advances on ion-imprinted polymers. Reactive & Functional
Polymers, 73(6), 859-875. http://dx.doi.org/10.1016/].
reactfunctpolym.2013.03.021.

. Rao, T. P,, Kala, R., & Daniel, S. (2006). Metal ion-imprinted

polymers: novel materials for selective recognition of
inorganics. Analytica Chimica Acta, 578(2), 105-116. http://
dx.doi.org/10.1016/j.aca.2006.06.065. PMid:17723701.
Polbom, K., & Severin, K. (1999). Molecular imprinting
with an organometallic transition state analogue. Chemical
Communications, 24, 2481-2482. http://dx.doi.org/10.1039/
A908047C.

Remcho, V. T., & Tan, Z. J. (1999). MIPs as chromatographic
stationary phases for molecular recognition. Analytical
Chemistry, 71(7), 248A-255A. http://dx.doi.org/10.1021/
ac990292q. PMid:21649059.

Araki, K., Maruyama, T., Kamiya, N., & Goto, M. (2005).
Metal ion-selective membrane prepared by surface molecular
imprinting. Journal of Chromatography. B, Analytical Technologies
in the Biomedical and Life Sciences, 818(2), 141-145. http://
dx.doi.org/10.1016/j.jchromb.2004.12.030. PMid: 15734153.
Rosatzin, T., Andersson, L. 1., Simon, W., & Mosbach, K.
(1991). Preparation of Ca?* selective sorbents by molecular
imprinting using polymerisable ionophores. Journal of the
Chemical Society, Perkin Transactions 2: Physical Organic
Chemistry, 2002(8), 1261-1265. http://dx.doi.org/10.1039/
p29910001261.

. Murray, G. M., Jenkins, A. L., Bzhelyansky, A., & Uy, O.

M. (1997). Molecularly imprinted polymers for the selective

Polimeros, 26(3), 242-248, 2016

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

sequestering and sensing of ions. Johns Hopkins APL Technical
Digest, 18(4), 464-472.

Al-Kindy, S., Badia, R., Sudrez-Rodriguez, J. L., & Diaz-Garcia,
M. E. (2000). Molecularly imprinted polymers and optical
sensing applications. Critical Reviews in Analytical Chemistry,
30(4),291-309. http://dx.doi.org/10.1080/10408340008984162.
Khajeh, M., Yamini, Y., Ghasemi, E., Fasihi, J., & Shamsipur,
M. (2007). Imprinted polymer particles for selenium uptake:
synthesis, characterization and analytical applications. Analytica
Chimica Acta, 581(2), 208-213. http://dx.doi.org/10.1016/].
aca.2006.08.037. PMid:17386446.

Otero-Romanti, J., Moreda-Pineiro, A., Bermejo-Barrera, P., &
Martin-Esteban, A. (2009). Inductively coupled plasma-optical
emission spectrometry/mass spectrometry for the determination
of Cu, Ni, Pb and Zn in seawater after ionic imprinted polymer
based solid phase extraction. Talanta, 79(3), 723-729. http://
dx.doi.org/10.1016/j.talanta.2009.04.066. PMid:19576436.
Shamsipur, M., Rajabi, H. R., Pourmortazavi, S. M., &
Roushani, M. (2014). Ion imprinted polymeric nanoparticles
for selective separation and sensitive determination of zinc ions
in different matrices. Spectrochimica Acta. Part A: Molecular
and Biomolecular Spectroscopy, 117(3), 24-33. http://dx.doi.
org/10.1016/j.saa2.2013.07.094. PMid:23981411.

Zhai, Y., Liu, Y., Chang, X., Ruan, X., & Liu, J. (2008). Metal
ion-small molecule complex imprinted polymer membranes:
preparation and separation characteristics. Reactive & Functional
Polymers, 68(1), 284-291. http://dx.doi.org/10.1016/j.
reactfunctpolym.2007.08.013.

Ebrahimzadeh, H., Behbahani, M., Yamini, Y., Adlnasab, L.,
& Asgharinezhad, A. A. (2013). Optimization of Cu(Il)-ion
imprinted nanoparticles for trace monitoring of copper in water
and fish samples using a Box-Behnken design. Reactive &
Functional Polymers, 73(1),23-29. http://dx.doi.org/10.1016/].
reactfunctpolym.2012.10.006.

Shakerian, F., Dadfarnia, S., & Shabani, A. M. H. (2012).
Synthesis and application of nano-pore size ion imprinted
polymer for solid phase extraction and determination of zinc
in different matrices. Food Chemistry, 134(1), 488-493. http://
dx.doi.org/10.1016/j.foodchem.2012.02.105.

Behbahani, M., Bagheri, A., Taghizadeh, M., Salarian, M.,
Sadeghi, O., AdInasab, L., & Jalali, K. (2013). Synthesis and
characterisation of nano structure lead (II) ion-imprinted polymer
as anew sorbent for selective extraction and preconcentration
of ultra trace amounts of lead ions from vegetables, rice, and
fish samples. Food Chemistry, 138(2-3), 2050-2056. http://
dx.doi.org/10.1016/j.foodchem.2012.11.042. PMid:23411342.
Zhao, J., Han, B., Zhang, Y., & Wang, D. (2007). Synthesis of
Zn(1I) ion-imprinted solid-phase extraction material and its
analytical application. Analytica Chimica Acta, 603(1), 87-92.
http://dx.doi.org/10.1016/j.aca.2007.09.024. PMid:17950062.
Kim, M., Jiang, Y., & Kim, D. (2013). Zn**-imprinted porous
polymer beads: synthesis, structure, and selective adsorption
behavior for template ion. Reactive & Functional Polymers, 73(6),
821-827. http://dx.doi.org/10.1016/j.reactfunctpolym.2013.03.012.
Arbab-Zavar, M. H., Chamsaz, M., Zohuri, G., & Darroudi, A.
(2011). Synthesis and characterization of nano-pore thallium
(III) ion-imprinted polymer as a new sorbent for separation and
preconcentration of thallium. Journal of Hazardous Materials,
185(1), 38-43. http://dx.doi.org/10.1016/j.jhazmat.2010.08.093.
PMid:20971553.

Singh, D. K., & Mishra, S. (2010). Synthesis and characterization
of Fe(I1I)-ion imprinted polymer for recovery of Fe(III) from
water samples. Journal of Scientific and Industrial Research,
69, 767-772.

Baghel, A., Boopathi, M., Singh, B., Pandey, P., Mahato, T. H.,
Gutch, P. K., & Sekhar, K. (2007). Synthesis and characterization

247


http://dx.doi.org/10.1016/j.foodchem.2010.10.077
http://dx.doi.org/10.1016/j.foodchem.2010.10.077
http://dx.doi.org/10.1139/S07-031
http://dx.doi.org/10.1016/j.foodchem.2006.09.007
http://dx.doi.org/10.1016/j.foodchem.2006.09.007
http://dx.doi.org/10.1016/j.aca.2010.04.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20493285&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20493285&dopt=Abstract
http://dx.doi.org/10.1016/j.trac.2012.08.014
http://dx.doi.org/10.1016/j.trac.2012.08.014
http://dx.doi.org/10.1016/j.trac.2012.09.023
http://dx.doi.org/10.1016/j.trac.2012.09.023
http://dx.doi.org/10.1246/cl.1976.169
http://dx.doi.org/10.1246/bcsj.66.114
http://dx.doi.org/10.1016/S0003-2670(99)00402-X
http://dx.doi.org/10.1016/j.reactfunctpolym.2013.03.021
http://dx.doi.org/10.1016/j.reactfunctpolym.2013.03.021
http://dx.doi.org/10.1016/j.aca.2006.06.065
http://dx.doi.org/10.1016/j.aca.2006.06.065
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17723701&dopt=Abstract
http://dx.doi.org/10.1021/ac990292q
http://dx.doi.org/10.1021/ac990292q
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21649059&dopt=Abstract
http://dx.doi.org/10.1016/j.jchromb.2004.12.030
http://dx.doi.org/10.1016/j.jchromb.2004.12.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15734153&dopt=Abstract
http://dx.doi.org/10.1039/p29910001261
http://dx.doi.org/10.1039/p29910001261
http://dx.doi.org/10.1080/10408340008984162
http://dx.doi.org/10.1016/j.aca.2006.08.037
http://dx.doi.org/10.1016/j.aca.2006.08.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17386446&dopt=Abstract
http://dx.doi.org/10.1016/j.talanta.2009.04.066
http://dx.doi.org/10.1016/j.talanta.2009.04.066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19576436&dopt=Abstract
http://dx.doi.org/10.1016/j.saa.2013.07.094
http://dx.doi.org/10.1016/j.saa.2013.07.094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23981411&dopt=Abstract
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.08.013
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.08.013
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.10.006
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.10.006
http://dx.doi.org/10.1016/j.foodchem.2012.02.105
http://dx.doi.org/10.1016/j.foodchem.2012.02.105
http://dx.doi.org/10.1016/j.foodchem.2012.11.042
http://dx.doi.org/10.1016/j.foodchem.2012.11.042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411342&dopt=Abstract
http://dx.doi.org/10.1016/j.aca.2007.09.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17950062&dopt=Abstract
http://dx.doi.org/10.1016/j.reactfunctpolym.2013.03.012
http://dx.doi.org/10.1016/j.jhazmat.2010.08.093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20971553&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20971553&dopt=Abstract

Ahmadi, E., Gatabi, J., & Mohamadnia, Z.

33.

34.

35.

36.

37.

38.

39.

40.

41.

248

of metal ion imprinted nano-porous polymer for the selective
recognition of copper. Biosensors & Bioelectronics, 22(12),
3326-3334. http://dx.doi.org/10.1016/j.bios.2007.01.016.
PMid:17350247.

Singh, D. K., & Mishra, S. (2009). Synthesis, characterization
and removal of Cd(Il) using Cd(II)-ion imprinted polymer.
Journal of Hazardous Materials, 164(2-3), 1547-1551. http://
dx.doi.org/10.1016/j.jhazmat.2008.09.112. PMid:19027231.
Aydin, R., & Ozer, U. (2006). Formation of Yttrium(III)
complexes with salicylic acid derivatives in aqueous solution.
Turkish Journal of Chemistry, 30, 145-153.

Gordieyeff, V. A. (1950). Colorimetric determination of copper
with pyridine and salicylic acid. Journal of Analytical Chemistry,
22(9), 1166-1168. http://dx.doi.org/10.1021/ac60045a020.
Kundu, S., Ghosh, S. K., Nath, S., Panigrahi, S., Praharaj, S.,
Basu, S., & Pal, T. (2005). Ion-associate of arsenic(V)-salicylic
acid chelate with methylene blue in toluene: application for
arsenic quantification. Indian Journal of Chemistry Sect. A,
44A(10), 2030-2033.

Degeiso, R. C., Donaruma, L. G., & Tomic, E. A. (1962).
Polymeric ligands. I. Some salicylic acid derivatives. The
Journal of Organic Chemistry, 27(4), 1424-1426. http://dx.doi.
org/10.1021/j001051a073.

Shah, B. A., Shah, A. V., & Bhatt, R. R. (2007). Studies of
chelation ion-exchange properties of copolymer resin derived
from salicylic acid and its analytical applications. Iranian
Polymer Journal, 16(3), 173-184.

An, F., Gao, B., Dai, X., Wang, M., & Wang, X. (2011). Efficient
removal of heavy metal ions from aqueous solution using
salicylic acid type chelate adsorbent. Journal of Hazardous
Materials, 192(3), 956-962. http://dx.doi.org/10.1016/j.
jhazmat.2011.05.050. PMid:21741170.

Ahamed, M. A. R., Azarudeen, R. S., Karunakaran, M., &
Burkanudeen, A. R. (2010). Synthesis, characterization, metal
ion binding capacities and applications of a terpolymer resin of
anthranilic acid/salicylic acid/formaldehyde. [ranian Polymer
Journal, 19(8), 635-646.

Saxena, R., Singh, A. K., & Rathore, D. P. S. (1995).
Salicylic acid functionalized polystyrene sorbent amberlite
XAD-2. Synthesis and applications as a preconcentrator in
the determination of zinc(II) and lead(II) by using atomic

42.

43.

44,

45.

46.

47.

48.

absorption spectrometry. Analyst, 120(2), 403-405. http://
dx.doi.org/10.1039/an9952000403.

Xu, Q.,Yin, P., Zhao, G., Yin, G., & Qu, R. (2010). Synthesis
and characterization of silica gel microspheres encapsulated by
salicyclic acid functionalized polystyrene and its adsorption
of transition metal ions from aqueous solutions. Central
European Journal of Chemistry, 8(1), 214-222. http://dx.doi.
org/10.2478/s11532-009-0113-0.

Boussetta, S., Branger, C., Margaillan, A., Boudenne, J. L., &
Coulomb, B. (2008). Salicylic acid and derivatives anchored
on poly(styrene-co-divinylbenzene) resin and membrane via
a diazo bridge: synthesis, characterisation and application to
metal extraction. Reactive & Functional Polymers, 68(3), 775-
786. http://dx.doi.org/10.1016/j.reactfunctpolym.2007.11.017.
Shishehbore, M. R., Afkhami, A., & Bagheri, H. (2011). Salicylic
acid functionalized silica-coated magnetite nanoparticles for
solid phase extraction and preconcentration of some heavy
metal ions from various real samples. Chemistry Central
Journal, 5(41), 1-10. PMid:21762480.

Singh, D. K., & Mishra, S. (2009). Synthesis of a New
Cu(II)-Ton Imprinted Polymer for Solid Phase Extraction
and Preconcentration of Cu(Il). Chromatographia, 70(11-12),
1539-1545. http://dx.doi.org/10.1365/s10337-009-1379-2.
Sumi, V. S., Kala, R., Praveen, R. S., & Rao, T. P. (2008).
Imprinted polymers as drug delivery vehicles for metal-based
anti-inflammatory drug. International Journal of Pharmaceutics,
349(1-2), 30-37. http://dx.doi.org/10.1016/.ijpharm.2007.07.017.
PMid:17716841.

Shannon, R. D. (1976). Revised effective ionic radii and
systematic studies of interatomic distances in halides and
chalcogenides. Acta Crystallographica. Section A, Crystal
Physics, Diffraction, Theoretical and General Crystallography,
32(5),751-767. http://dx.doi.org/10.1107/S0567739476001551.
Masram, D. T., Kariya, K. P., & Bhave, N. S. (2007). Synthesis of
resin [: salicylic acid, hexamethylene diamine and formaldehyde
and its ion-exchange properties. E-Polymers, 7(1), 872-883.
http://dx.doi.org/10.1515/epoly.2007.7.1.872.

Received: Aug. 21, 2015
Revised: Dec. 15, 2015
Accepted: Feb. 15, 2016

Polimeros, 26(3), 242-248, 2016


http://dx.doi.org/10.1016/j.bios.2007.01.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17350247&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17350247&dopt=Abstract
http://dx.doi.org/10.1016/j.jhazmat.2008.09.112
http://dx.doi.org/10.1016/j.jhazmat.2008.09.112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19027231&dopt=Abstract
http://dx.doi.org/10.1021/ac60045a020
http://dx.doi.org/10.1021/jo01051a073
http://dx.doi.org/10.1021/jo01051a073
http://dx.doi.org/10.1016/j.jhazmat.2011.05.050
http://dx.doi.org/10.1016/j.jhazmat.2011.05.050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21741170&dopt=Abstract
http://dx.doi.org/10.1039/an9952000403
http://dx.doi.org/10.1039/an9952000403
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.11.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21762480&dopt=Abstract
http://dx.doi.org/10.1365/s10337-009-1379-2
http://dx.doi.org/10.1016/j.ijpharm.2007.07.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17716841&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17716841&dopt=Abstract
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1515/epoly.2007.7.1.872

