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Abstract: Aquatic and terrestrial environment and human health have been seriously threatened 

with the release of metal-containing wastewater by the rapid growth in the industry. There are 

various methods which have been used for removal of ions from the environment, such as 

membrane filtration, ion exchange, membrane assisted liquid extraction and adsorption. As a sort 

of special innovation, a polymerization technique, namely molecular imprinting is carried out by 

specific identification for the target by mixing it with a functional monomer. After the 

polymerization occurred, the target ion can be removed with suitable methods. At the end of this 

process, specific cavities, namely binding sites, are able to recognize target ions selectively. 

However, the selectivity of the molecularly imprinted polymer is variable not only because of the 

type of ligand but also charge, size coordination number, and geometry of the target ion. In this 

review, metal ion-imprinted polymeric materials that can be applied for metal ion removal from 

different sources are discussed and exemplified briefly with different metal ions. 
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1. Introduction 

Pollution of water is a significant worldwide threat. Various kinds of chemical pollutants have 

been discharged to the environmental water by different industries and agricultural applications [1]. 

Modern industries like battery manufacturing, mining, metal plating, and pesticides facilities release 

heavy metals in the environment. Heavy metals generally have a density higher than 5 g/cm3. 

Contamination of water with heavy metal ions affects the ecosystem seriously and this creates 

important problems [2]. The existence of hazardous metal ions in the aquatic environment has 

become a problem because of their detrimental effects on human health and other organisms [3]. The 

exposure of organisms to even very low concentrations of metals is extremely toxic and can greatly 

impair biological processes. This emerges from the ability that metal ions have to accumulate in 

nature and food chains [4]. 

There are different methods used for the removal of metal ions from water and wastewater such 

as membrane processes, chemical precipitation, extraction, ion exchange and adsorption [5]. 

Molecular imprinting is a novel polymerization technology to constitute selective recognition sites 

for a target in a polymeric matrix [6]. The template, functional monomers, cross-linkers and initiators 

are necessary for the polymerization. During the polymerization, the template molecule forms a 

complex with the functional monomer. The monomer–template complex is copolymerized in the 

presence of a cross-linker which constitutes a three-dimensional polymeric matrix around the 
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template molecule. After polymerization, the template is removed and a target specific recognition 

cavity is formed in the polymeric matrix. 

The form of the molecularly imprinted polymer can be a micro-/nanosized particle, hydrogel, 

cryogel, or monolith with template specific binding sites [7]. The binding affinity between the 

template and functional monomer is one of the main important parameters for specific template 

recognition. Thus, the complexation is the crucial step to have the optimum combination of the 

template and functional monomer [8]. The cross-linkers make the polymer chain bind to another. 

They act as critical functions to determine the features of polymers. The main function of the cross-

linker is to produce a stable polymeric matrix and also comprise recognition sites [9]. The initiators 

are chemicals that react with a monomer to produce a compound that is able to link with a large 

number of other monomers into a polymeric matrix. Initiators should be selected according to the 

polymerization type and template molecule [10]. The solvent type can cause collapse of polymer 

chains in solution to form a hard sphere or swelling in order to maximize the number of polymer–

fluid contacts. The solvent acts as a pore maker which has an impact on the morphology and porosity 

of the polymeric matrix [11].  

Molecularly imprinted polymers can be prepared for any molecule depending on the application 

area. More than 10,000 molecules and biological structures like metal ions, hormones, proteins and 

cells have been imprinted successfully [12–15]. Metal ion imprinting, based on molecular imprinting 

technology, is used for preparing materials that can recognize metal ions. These ion-imprinted 

materials can be used both for detection and removal of metals. The polymers are prepared in the 

presence of the ions. When the template is removed, specific cavities show high selectivity to the 

desired metal ion [16,17]. Studies on metal ion-imprinted polymers have been increasing over the 

years as shown in Figure 1. In this statistics, “imprint” and “metal” were selected as keywords to 

classify the number of publications in the Science Direct database [18]. According to the results, the 

total publication numbers are calculated as 16,674 since 1998. It can be seen that the number of 

publications for metal ion-imprinted polymers is increasing every year. 

Here, molecularly imprinted polymer applications for different metal ions are reviewed and 

various examples with metal ions discussed according to their contributions to the literature.  

 

Figure 1. The number of publications for metal ion-imprinted polymers. 
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2. Removal of Metal Ions with Imprinted Materials 

2.1. Mercury 

Mercury is a metal that occurs naturally and is released primarily through geothermal activity 

on Earth [19]. The toxicity of mercury in soil is based mainly on its chemical properties. 

Methylmercury, the most poisonous form of mercury, has a high affinity for the sulfhydryl ligands 

in amino acids, which reduces changes in protein structures and leads to a loss of function. Due to 

the persistent mercury accumulation in the aquatic environment, mercury contamination is among 

the most studied of all environmental pollutants [20]. There are several techniques for mercury 

removal from water such as precipitation/co-precipitation, ion exchange, membrane filtration, 

bioremediation and adsorption [4]. 

Zhang et al. [21] synthesized magnetic mercury (II)-imprinted polymeric nanoparticles using 

allylthiourea as a functional monomer. They measured magnetization of the magnetic mercury (II)-

imprinted polymeric nanoparticles as 15.94 emu/g. The adsorption capacity of the magnetic mercury 

(II)-imprinted polymeric nanoparticles towards mercury ions was obtained as 78.3 mg/g, twice of 

magnetic nonimprinted polymeric nanoparticles (39.5 mg/g). They also calculated relative selectivity 

coefficients of the magnetic mercury (II)-imprinted polymeric nanoparticles for other competitor 

ions, respectively. They applied the magnetic mercury(II)-imprinted polymeric nanoparticles in real 

samples and measured a removal rate of more than 99% of that below the United States 

Environmental Protection Agency mercury limits for wastewater.  

Mergola et al. [22] published a study on mercury (II)-imprinted polymeric sorbents by different 

approaches using diphenylcarbazone as a chelating agent for mercury ions removal from solutions. 

The first and second mercury (II)-imprinted polymeric sorbents were prepared in the absence and 

presence of diphenylcarbazone, respectively; and the third mercury (II)-imprinted polymeric sorbent 

was also prepared to estimate the contribution of characteristic properties on adsorption capacity. 

They demonstrated the pertinency of the mercury (II)-imprinted polymeric sorbents through batch 

experiments using mercury (II)-spiked drinking water and observed that the best removal efficiency 

was of almost 80% for the second mercury (II)-imprinted polymeric sorbent. 

In another study, Andaç et al. [23] prepared ion-imprinted polymeric beads for mercury (II) 

removal from human serum. They used an amino acid as the complexing monomer to obtain mercury 

(II)-imprinted polymeric beads. After that, they characterized these beads by several methods (Figure 

2). The surface area was measured as 59.04 m2/g with a size range of 63–140 µm. They also observed 

a maximum adsorption capacity of 0.45 mg/g. According to the results, they showed that the mercury 

(II)-imprinted polymeric beads could be used several times without reducing their adsorption 

capacities.  
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Figure 2. Scanning electron microscope images of (A) mercury (II)-imprinted polymeric beads and 

(B) nonimprinted polymeric beads. Republished with permission of Elsevier, from [23]; permission 

conveyed through Copyright Clearance Center, Inc. 

Xu et al. [24] synthesized a functional monomer, 3-isocyanatopropyl triethoxysilane bearing 

thymine bases, and then prepared solid-phase extraction sorbents for mercury (II) pre-concentration 

in water samples. According to the results, they obtained satisfactory recoveries ranging from 95.2 to 

116.3% and also pre-concentration factor and limit of detection values were achieved of 200 and 0.03 

µg/L. Furthermore, the reusability tests showed that the solid-phase extraction sorbents could be used 

even after five adsorption-desorption cycles without a noteworthy decrease in adsorption capacity. 

2.2. Copper 

Copper is also a common toxic ion and excessive amounts of copper are dangerous to the 

environment and organisms. Copper pollution affects the ecosystem of urban areas. In addition, 

copper commonly affects the chemoreception and chemosensory abilities of aquatic animals which 

underlie key interactions including finding prey, avoiding predators, and detecting conspecifics [25]. 

Therefore, it will give rise to vital troubles if copper ions leak into the aquatic system without 

treatment. Several techniques were reported for removal of copper ions for environmental analysis 

[26]. 

A multi-ion imprinting method was proposed for pre-concentration and removal of different 

ions (copper (II), mercury (II), cadmium (II) and nickel (II)) by Fu et al. [27]. The physical and chemical 

properties of multi-ion imprinted polymeric sorbents were characterized by various analyses. They 

showed that the multi-ion imprinted polymeric sorbents have high binding capacities and rapid 

dynamics and also high selectivity with selective coefficients of 6.8–16.9 toward the competitor ions. 

They employed solid-phase extraction sorbents for pre-concentration of ions showing high 

detectability of up to 6.0–22.5 ng/L in seawater samples. 

Ren et al. [26] prepared copper (II)-imprinted polymeric material by a sol–gel method for copper 

(II) ions removal from aqueous solution. After several characterization experiments, they showed 

that the three-dimensional network was formed and functional monomer was successfully cross-

linked into the copper (II)-imprinted polymeric material. They also reported that the maximum 

adsorption capacity (39.82 mg/g) of the copper (II)-imprinted polymeric material was higher than 

that of the nonimprinted polymeric material. In addition, they demonstrated that the copper (II)-
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imprinted polymeric material showed high selectivity toward other metal ions (lead (II), nickel (II), 

cadmium (II) and cobalt (II)) and could be reused many times without any adsorption capacity loss. 

Kong et al. [28] developed copper (II)-imprinted polymeric materials employing graphene oxide, 

acrylamide, and ethylene glycol dimethacrylate in the presence of copper (II) ions. After the 

characterization analysis, they investigated optimum condition to maximum copper (II) adsorption. 

They showed that copper (II)-imprinted polymeric materials had a high imprinting factor and the 

maximum adsorption capacity was 132.77 mg/g and also the copper (II)-imprinted polymeric 

materials showed an extensive application for recovery of copper (II) ions from aqueous solutions.  

2.3. Lead 

Lead arises commonly associated with zinc, copper and silver ores in the environment. It is 

generally employed for several industrial applications such as paint, cables, pesticides and pipelines 

and the main anthropogenic input is through the fossil fuel of combustion engines [29]. Among other 

metals, lead is one of the most dangerous pollutants of the environment and lead pollution in the 

water, air and agricultural soil is an ecological problem because of its negative impact on human 

health and the environment [30]. 

Mishra et al. [31] reported a study about lead (II)-imprinted and carbon nanofibers-grafted 

polymeric beads. They first synthesized allylthiourea based polymeric beads and then mixed with 

carbon nanofibers during the polymerization before the curing step. They obtained a high adsorption 

capacity (47 mg/g) of lead with lead (II)-imprinted and carbon nanofiber-grafted polymeric beads in 

aqueous solution and also high selectivity coefficients toward competitive ions. They regenerated 

lead (II)-imprinted and carbon nanofiber-grafted polymeric beads by acid treatment and used them 

in five adsorption/regeneration cycles. They claimed that the lead (II)-imprinted and carbon 

nanofiber-grafted polymeric beads can be applied for the development of similar polymeric materials 

for removal of other toxic metal ions present in industrial effluents.  

Denizli and his research group synthesized amino acid-based lead (II)-imprinted polymeric 

cryogels [5]. They calculated the maximum adsorption capacities to be around 42, 86, and 123 mg/g 

for lead (II)-imprinted polymeric cryogels. They observed that the adsorption was fast which was 

associated with supermacroporous and interconnected channels of cryogels (Figure 3). They also 

performed mathematical calculations and found that Langmuir and pseudo-second order kinetic 

models were fitted to experimental results. They finally compared the adsorption capacities with 

multi-ion synthetic wastewater to demonstrate that the lead (II)-imprinted polymeric cryogels can be 

applied to metal recycling.  
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Figure 3. Scanning electron microscope images of (A) cadmium (II)-imprinted, (B) nonimprinted, (C) 

lead (II)-imprinted and (D) nonimprinted polymeric cryogels. Republished with permission of John 

Wiley & Sons, Inc., from [5]; permission conveyed through Copyright Clearance Center, Inc. 

Esen et al. [32] prepared a lead (II)-imprinted polymeric particles using an amino acid-based 

monomer (Figure 4). The imprinted particles were used as a solid-phase extraction adsorbent. After 

the removal of lead (II) ion, high selective cavities occurred. According to the characterization results, 

the size of the lead (II)-imprinted polymeric particles was from 50 to 200 µm with a rough surface 

and macropores in bulk structure, and presented low adsorption capacity (2.01 mg/g). Selectivity 

studies were performed with different ions (cadmium (II), nickel (II) and copper (II)). Moreover, the 

reusability of the lead (II)-imprinted polymeric particles were tested for several times and no 

significant loss in adsorption capacity was observed. 
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Figure 4. (A) Chemical structure of the N-methacryloyl-(L)-cysteine monomer and (B) pre-complex of 

template and monomer. Republished with permission of Elsevier, from [32]; permission conveyed 

through Copyright Clearance Center, Inc. 

A highly selective lead (II)-imprinted polymer was prepared by Cai et al. [33] based on the 

synergy of two different functional monomers; methacrylic acid and vinylpyridine with the purpose 

of solid-phase extraction of lead (II) in water samples. The prepared polymer showed high selectivity 

to lead (II) with a high coefficient above 30. The results showed that a good linearity (R2 = 0.9998) was 

obtained in the range of 0.2−50 µg/L. The limit of detection and quantification values was calculated 

as 0.06 and 0.19 µg/L, respectively. Real sample studies were also performed with lake and tap water, 

and according to the results, recovery values varying from 95.5 to 104.6% were obtained. 

2.4. Cadmium 

Cadmium is a poisonous and cancer-causing metal that can happen as a food contaminant and 

worldwide pollutant. Long-term occupational exposure to high cadmium concentrations may cause 

lung cancer, kidney and bone damages and hematuria [34]. Variance exists on the maximum 

advisable concentration limit of several metal ions in water. The content for cadmium ions is less than 

1 µg/L in nonpolluted fresh water, while the World Health Organization limit for drinking water is 

10 µg/L [35].  

Cadmium (II)-imprinted polymeric beads were prepared for removal of cadmium ions from 

cadmium-overdosed human plasma by Andaç et al. [36]. They measured the swelling ratio as 78% 

and specific surface area of the cadmium (II)-imprinted polymeric beads as 19.4 m2/g with a size 

range of 63–140 µm in diameter (Figure 5). They also calculated the adsorption capacity as 32.5 

µmol/g. In addition, they obtained higher relative selectivity coefficients of imprinted beads than 

nonimprinted beads and showed that the cadmium (II)-imprinted polymeric beads could be used 

many times without decreasing their adsorption capacities significantly.  
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Figure 5. Scanning electron microscopy images of cadmium (II)-imprinted polymeric beads. (A) 

surface and (B) internal structure. Republished with permission of Elsevier, from [36]; permission 

conveyed through Copyright Clearance Center, Inc..  

Rahangdale et al. [16] reported a study about molecularly dual imprinted polymeric material for 

the removal of cadmium by suspension polymerization. Scanning electron microscopy, swelling 

study and Fourier transform infrared spectroscopy indicated successful polymerization of the dual-

ion imprinted polymeric material. Based on kinetic studies, they calculated an adsorption capacity of 

38.46 mg/g under the optimum condition and also observed the adsorption capacity of the 

molecularly dual-ion imprinted polymeric material increased with contact time and reached the 

equilibrium at 90 min. Adsorption isotherm results well fitted into the Langmuir model with a high 

correlation coefficient (0.994).  

Cadmium (II)-imprinted polymeric materials were also prepared by Li et al. [35]. They prepared 

a nonimprinted polymeric material and compared the adsorption capacities of the cadmium (II)-

imprinted and nonimprinted polymeric materials. Kinetics analyses showed that the equilibrium was 

completed in 8 min and the adsorption was fitted with pseudo-second order kinetic model. In 

addition, they observed that cadmium (II) adsorbed and removed easily from the sorbent and the 

cadmium (II)-imprinted polymeric material exhibited good stability and reusability. They verified 

the accuracy of the cadmium (II)-imprinted polymeric material preparation method by the standard 

reference material and applied for cadmium (II) determination in different types of water samples. 
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2.5. Chromium 

Chromium is also extensively used in different industries like leather tanning, photography and 

metal cleaning. Industrial wastewater containing heavy metal ions discharged to the environment 

and their accumulation is an important source of water pollution [37]. Chromium (III) is stable and 

less toxic and also considered an essential element for many organisms. Chromium (VI) is more toxic, 

mutagenic and carcinogenic. According to The United States Environmental Protection Agency the 

maximum contaminant level for chromium (VI) in surface water is 0.1 mg/L [38]. Over the maximum 

level the ion is hazardous and must be removed from the environment.  

A molecularly imprinted polymeric adsorbent for chromium (III) analysis was prepared by 

Birlik et al. [39]. First, the chromium (III)-methacryloyl histidine pre-complex was prepared; after 

that, chromium (III)-imprinted ethylene glycol dimethacrylate-N-methacryloyl-(L)-histidine was 

polymerized as seen in Figure 6. The maximum adsorption of chromium (III) was found to be 69.28 

mg/g. Sorption studies of cobalt (II), nickel (II), and chromium (VI) ions were also performed in order 

to determine the selectivity of the chromium (III)-imprinted polymeric adsorbent. The results showed 

that the adsorbed amount of chromium (III) on the polymeric adsorbent was higher than that of other 

metal ions.  

 

Figure 6. Preparation of chromium (III)-imprinted polymeric adsorbent. Republished with 

permission of Elsevier, from [39]; permission conveyed through Copyright Clearance Center, Inc. 

Another study about chromium (VI)-imprinted polymeric nanoparticles was conducted by 

Uygun et al. [40]. These researchers prepared chromium (VI)-imprinted polymeric nanoparticles to 

remove chromium (VI) from wastewater. Chromium (VI) ions were mixed with N-

methacryloylamido histidine in order to prepare a pre-complex and then chromium (VI)-imprinted 

polymeric nanoparticles were synthesized using the surfactant-free emulsion polymerization. The 

particle size was measured to be 155.3 nm. Selectivity studies were performed with chromium (III) 

ion and according to the results, chromium (VI)-imprinted polymeric nanoparticles showed high 

affinity to chromium (VI) ion. The chromium (VI)-imprinted polymeric nanoparticles were used 

several times without decreasing their chromium (VI) adsorption capacities.  
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2.6. Nickel 

Nickel is a silvery-white transition metal that takes on a high polish. The toxicity of nickel 

depends on the way of its exposure and the solubility of the compound like other metals [41]. 

Zhou et al. [42] prepared a nickel (II)-imprinted polymeric material using the bulk 

polymerization method. Different monomers, cross-linking agents, solvents, and molar ratios of 

templates were investigated to find out the highest adsorption capacity. After several 

characterization studies, the maximum adsorption capacity of the nickel (II)-imprinted polymeric 

material was found to be 86.3 mg/g at pH 7.0 and the initial nickel (II) concentration was 500 mg/L. 

The selectivity coefficients for all nickel-interfering ions was found higher than 1. 

Ersöz et al. [43] prepared a solid-phase extraction polymeric column in order to separate and 

pre-concentrate nickel (II) from aqueous solution. After the removal of nickel (II) ions from the 

polymeric matrix, it was used for extraction of nickel (II) from aqueous solution. As shown in Figure 

7, the amount of nickel (II) adsorbed per unit mass of the polymeric column increased with the initial 

concentration of the nickel (II). They reported that the pre-concentration procedure showed a linear 

calibration curve within the concentration range 0.3–25 ng/mL and the detection limit was 0.3 ng/mL 

for flame atomic absorption spectrometry. Seawater was used as a real sample in the study and 

according to the results, the nickel (II)-imprinted polymeric column showed excellent selectivity even 

in the presence of a complicated medium like seawater. 

 

 

Figure 7. Effect of nickel (II) concentration on the amount of adsorbed nickel (II). Republished with 

permission of Elsevier, from [43]; permission conveyed through Copyright Clearance Center, Inc. 

In a study conducted by Tamahkar et al. [44], nickel (II)-imprinted polymeric cryogels were 

prepared. Two different nickel (II)-imprinted polymeric cryogels were synthesized with different 

functional monomer/template complexing molar ratios. The maximum adsorption capacities of 

nickel (II)-imprinted polymeric cryogels were found to be 1.89 and 5.54 mg/g for the first and second 

nickel (II)-imprinted polymeric cryogels, respectively. Iron (III), copper (II) and zinc (II) were used as 

competitive metal ions and nickel (II)-imprinted polymeric cryogels showed high selectivity toward 

these ions. Moreover, nickel (II)-imprinted polymeric cryogels were utilized over and again without 

a decrease in the binding capacity. 
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2.7. Other Metals 

In addition to the metal ions mentioned above, there are also other metals like manganese, 

aluminum, and cobalt which cause environmental pollution as well. These metals are briefly 

mentioned in this section. Manganese is a metal ion which is used in electrochemical, chemical, food 

and pharmaceutical applications. It is also used in ferrous metallurgy generally. Despite the fact that 

it is fundamental for human life, at levels exceeding 0.1 mg/L, the existence of manganese (II) in 

drinking water over the limits may cause accumulation and impact the nervous system [45]. 

Khajeh-Sanchooli et al. [46] prepared manganese (II)-imprinted polymeric materials with the 

purpose of determining and removing manganese (II) in water samples. The effects of the 

independent variables and their interactions were examined statistically. According to the results, 

the amount of polymer, the pH of the solution, and adsorption time were found statistically 

significant. Box-Behnken design techniques were used with response surface methodology for 

optimization of manganese (II) removal by the imprinted polymeric material. The optimum pH was 

9.7, with an optimum amount of polymer of 44.4 mg and adsorption time of 19.1 min. The detection 

limit was observed at 0.6 µg/L under the optimized conditions.  

In a study conducted by Andaç et al. [47], aluminum (III)-imprinted polymeric beads were 

prepared by suspension polymerization for selective removal of ions from aqueous solutions. The 

specific surface area of the aluminum (III)- imprinted polymeric material was found to be 55.6 m2/g 

with a size range of 63–140 m. Elemental analysis was also conducted and the results showed that 

the aluminum (III)-imprinted polymeric beads contained 640 mol/g. The maximum adsorption 

capacity was 122.9 mol/g. The aluminum (III)-imprinted polymeric beads can be used numerous 

times and the results showed that there is no significant decrease in their adsorption capacities. 

A cobalt (II)-imprinted polymeric material was synthesized by Yuan et al. [48] in order to remove 

metal ion from the environment. The cobalt (II)-imprinted polymeric material showed an adsorption 

capacity on cobalt (II) as high as 175 mg/g with high selectivity over other metal ions. In addition, the 

selectivity coefficient of cobalt (II)-imprinted polymeric material toward nickel (k = 4.17) is higher 

than the nonimprinted polymer (k = 0.74). These finding suggest that this methodology will introduce 

new opportunities in the area of removing metal ions and radioactive nuclides. 

Tekin et al. [49] prepared ion-imprinted cryogels with imidazole functional groups by two 

different methods (Figure 8). All cryogels were used in order to remove lead (II), cadmium (II), zinc 

(II) and copper (II) ions from aqueous solution. The surface area of the first cryogel was 39.7 m2/g, 

while the second one was 78.6 m2/g. The decrease of adsorption capacities of the cryogels were 

calculated as 38.5% for copper (II), 39.1% for lead (II), 66.9% for zinc (II) and 69.9% for cadmium (II). 

The maximum adsorption capacities of the cryogel were found for lead (II), cadmium (II), zinc (II) 

and copper (II) to be 7620, 5800, 4340 and 2540 µg/g, respectively. According to the results, ion-

imprinted cryogels could be reused without a critical decrease in the adsorption capacity even after 

ten adsorption–desorption processes. All these studies have been summarized according to different 

parameters (monomers, cross-linkers, initiators and conditions of synthesis, etc.) in Table 1.  
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Figure 8. Scheme of the pre-complex formation between imidazole groups and metal ions. 

Republished with permission of Elsevier, from [49]; permission conveyed through Copyright 

Clearance Center, Inc. 
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Table 1. Comparison of different studies for meal ion treatments. 

Metal Ion  Monomer Cross-linker Initiator 
Synthesis 

Conditions 
Treatment Material 

Adsorption 

Capacity 
Reference 

Mercury (II) Allylthiourea 
Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
65 °C, 12 h            Magnetic polymer 78.3 mg/g  [21] 

Mercury (II) 4-Vinylpyridine 
Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
65 °C, 24 h Polymeric sorbent 70 mg/g [22] 

Mercury (II) N-Methacryloyl-(L)-cysteine  
Ethylene glycol 

dimethacrylate  
Benzoyl peroxide  - Polymeric bead 0.45 mg/g [23] 

Mercury (II) 
3-Isocyanatopropyl 

triethoxysilane 
Tetraethoxysilicane Ammonia 60 °C, 6 h            

Solid-phase extraction 

sorbent 
2.8 mg/g [24] 

Copper (II) Dithizone Tetraethoxysilicane Ammonia 25 °C, 12 h            
Ion-imprinted 

polymeric sorbent 
16.55 mg/g [27] 

Copper (II) 
N-[3-(2-aminoethylamino) 

propyl] trimethoxysilane 
Tetraethyl orthosilicate Ammonia 60 °C, 24 h Ion-imprinted polymer 39.82 mg/g [26] 

Copper (II)  Acrylamide  
Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
65 °C, 8 h 

Sandwich-like ion-

imprinted polymer 
132.77 mg/g [28] 

Lead (II) Allylthiourea 
Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
80 °C, 6 h 

Carbon nanofiber ion-

imprinted polymeric 

bead 

47 mg/g [31] 

Lead (II) N-Methacryloyl-(L)-cysteine  Methylenebisacrylamide  Ammonium persulfate  −12 °C, 24 h Ion-imprinted cryogel 122.7 mg/g [5] 

Lead (II) N-Methacryloyl-(L)-cysteine  
Ethylene glycol 

dimethacrylate  
Potassium persulfate  75 °C , 1 h Ion-imprinted particle 2.01 mg/g [32] 

Lead (II) 
Methacrylic acid, 4-vinyl 

pyridine 

Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
60 °C , 8 h Ion-imprinted polymer 8.35 mg/g [33] 

Cadmium 

(II) 
N-Methacryloyl-(L)-cysteine  

Ethylene glycol 

dimethacrylate  
Benzoyl peroxide   90 °C, 2 h 

Ion-imprinted polymer 

bead 
32.5 µmol/g [36] 

Cadmium 

(II) 
Chitosan Epichlorohydrin - 50 °C, 4 h 

Ion dual imprinted 

polymer 
38.46 mg/g [16] 

Cadmium 

(II) 
Allyl thiourea 

Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
333 K, 24 h Ion-imprinted polymer  38.30 mg/g [35] 
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Chromium 

(III) 

2-Methacryloylamido 

histidine 

Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
90 °C, 3 h  

Ion-imprinted 

polymeric bead 
69.28 mg/g. [39] 

Chromium 

(VI) 

2-Methacryloylamido 

histidine 

Ethylene glycol 

dimethacrylate  
Potassium persulfate  70 °C, 3 h 

Ion-imprinted 

nanoparticle 
3830.58 mg/g [40] 

Nickel (II) Methacrylic acid 
Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
60 °C, 24 h Ion-imprinted polymer  86.3 mg/g [42] 

Nickel (II)  
2-Methacryloylamido 

histidine 

Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
90 °C , 3 h 

Solid-phase extraction 

polymeric column  
160 µmol/g [43] 

Nickel (II) 
2-Methacryloylamido 

histidine 

Poly(ethylene glycol) 

diacrylate 
Ammonium persulfate  −12 °C, 24 h Ion-imprinted cryogel 5.54 mg/g  [44] 

Manganese 

(II) 
4-Vinylpyridine 

Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
60 °C, 5 h  Ion-imprinted polymer  44.4 mg/g [46] 

Aluminum 

(III) 

N-Methacryloyl-(L)-glutamic 

acid 

Ethylene glycol 

dimethacrylate  
Benzoyl peroxide - 

Ion-imprinted 

polymeric bead  
122.9 µmol/g [47] 

Cobalt (II) Glycylglycine Glutaraldehyde - 60 °C, 5 h  Ion-imprinted polymer  175 mg/g [48] 

Multi-ions  N-Vinylimidazole 
Ethylene glycol 

dimethacrylate  

N,N-

Azobisisobutyronitrile 
90 °C, 2 h Ion-imprinted cryogel 

7620–2540 

µg/g 
[49] 
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3. Conclusions and Perspectives 

Extraction and measurement of metal ions from the aqueous environment remains a serious 

problem because of their toxicity and cancer risk. Because of this reason, ion-imprinted polymeric 

materials have been developed further over the last two decades. Especially, they have gained great 

attention in many areas of science such as chemistry, physics, biology, biochemistry and 

biotechnology. The most important reason is owing to its selectivity and affinity to the target 

molecules [50]. Molecularly imprinted polymers are more robust, strong and resistant to physical 

factors (temperature, pH, organic solvents, etc.) than biological systems. They also offer a facile and 

cost-effective synthesis and can be stored for a long time [51]. All these advantages make molecularly 

imprinted polymers suitable to use in environmental pollution management. Molecularly imprinted 

polymers can be successfully prepared at the lab-scale. New methods have begun to be discovered 

with the scientific progress and some innovations should be done for using these materials in pilot-

scale and large-scale applications. Using metal ion imprinted polymers in order to remove metal ions 

from the aquatic environment has begun to be employed and their application will continue to 

expand in the future. 

 

Funding: This research received no external funding.  

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Huang, D.-L.; Wang, R.-Z.; Liu, Y.-G.; Zeng, G.-M.; Lai, C.; Xu, P.; Lu, B.-A.; Xu, J.-J.; Wang, C.; Huang, C. 

Application of molecularly imprinted polymers in wastewater treatment: A review. Environ. Sci. Pollut. Res. 

2015, 22, 963–977, doi:10.1007/s11356-014-3599-8. 

2. Ihsanullah; Abbas, A.; Al-Amer, A.M.; Laoui, T.; Al-Marri, M.J.; Nasser, M.S.; Khraisheh, M.; Atieh, M.A. 

Heavy metal removal from aqueous solution by advanced carbon nanotubes: Critical review of adsorption 

applications. Sep. Purif. Technol. 2016, 157, 141–161, doi:10.1016/j.seppur.2015.11.039. 

3. Hashemian, S.; Saffari, H.; Ragabion, S. Adsorption of cobalt(II) from aqueous solutions by Fe3O4/bentonite 

nanocomposite. Water. Air. Soil Pollut. 2015, 226, 2212, 1–10, doi:10.1007/s11270-014-2212-6. 

4. Morsi, R.E.; Al-Sabagh, A.M.; Moustafa, Y.M.; ElKholy, S.G.; Sayed, M.S. Polythiophene modified 

chitosan/magnetite nanocomposites for heavy metals and selective mercury removal. Egypt. J. Pet. 2018, 

doi:10.1016/j.ejpe.2018.03.004. 

5. Jalilzadeh, M.; Uzun, L.; Şenel, S.; Denizli, A. Specific heavy metal ion recovery with ion-imprinted 

cryogels. J. Appl. Polym. Sci. 2016, 133, 1–9, doi:10.1002/app.43095. 

6. Asliyüce, S.; Bereli, N.; Uzun, L.; Onur, M.A.; Say, R.; Denizli, A. Ion-imprinted supermacroporous cryogel, 

for in vitro removal of iron out of human plasma with beta thalassemia. Sep. Purif. Technol. 2010, 73, 243–

249, doi:10.1016/j.seppur.2010.04.007. 

7. Ye, L. Synthetic strategies in molecular imprinting. Adv. Biochem. Eng. Biotechnol. 2015, 150, 1–24, 

doi:10.1007/10_2015_313. 

8. Chen, L.; Xu, S.; Li, J. Recent advances in molecular imprinting technology: Current status, challenges and 

highlighted applications. Chem. Soc. Rev. 2011, 40, 2922–2942, doi:10.1039/c0cs00084a. 

9. Martín-Esteban, A. Molecularly-imprinted polymers as a versatile, highly selective tool in sample 

preparation. Trends Anal. Chem. 2013, 45, 169–170, doi:10.1016/j.trac.2012.09.023. 

10. Yan, H.; Ho Row, K. Characteristic and synthetic approach of molecularly imprinted polymer. Int. J. Mol. 

Sci. 2006, 7, 155–178, doi:10.3390/i7050155. 

11. Santora, B.P.; Gagne, M.R.; Moloy, K.G.; Radu, N.S. Porogen and cross-linking effects on the surface area, 

pore volume distribution, and morphology of macroporous polymers obtained by bulk polymerization. 

Macromolecul. 2001, 34, 658–661, doi:10.1021/ma0004817. 

12. Saylan, Y.; Tamahkar, E.; Denizli, A. Recognition of lysozyme using surface imprinted bacterial cellulose 

nanofibers. J. Biomater. Sci. Polym. Ed. 2017, 28, 1950–1965, doi:10.1080/09205063.2017.1364099. 

13. Cumbo, A.; Lorber, B.; Corvini, P.F.X.; Meier, W.; Shahgaldian, P. A synthetic nanomaterial for virus 

recognition produced by surface imprinting. Nat. Commun. 2013, 4, 1503–1507, doi:10.1038/ncomms2529. 



Biomimetics 2018, 3, x FOR PEER REVIEW  16 of 17 

 

14. Chen, Y.; Liu, Y.; Shen, X.; Chang, Z.; Tang, L.; Dong, W.F.; Li, M.; He, J.J. Ultrasensitive detection of 

testosterone using microring resonator with molecularly imprinted polymers. Sensor 2015, 15, 31558–31565, 

doi:10.3390/s151229877. 

15. Mujahid, A.; Mustafa, G.; Dickert, F. Label-free bioanalyte detection from nanometer to micrometer 

dimensions—Molecular imprinting and QCMs. Biosensor 2018, 8, 52, 1–21, doi:10.3390/bios8020052. 

16. Rahangdale, D.; Kumar, A.; Archana, G.; Dhodapkar, R.S. Ion cum molecularly dual imprinted polymer 

for simultaneous removal of cadmium and salicylic acid. J. Mol. Recognit. 2018, 31, e2630. 

doi:10.1002/jmr.2630. 

17. Fu, J.; Chen, L.; Li, J.; Zhang, Z. Current status and challenges of ion imprinting. J. Mater. Chem. A 2015, 3, 

13598–13627, doi:10.1039/c5ta02421h. 

18. Sciencedirect Search Results—Keywords (İmprint, Metal). Available online: 

https://www.sciencedirect.com/search/advanced?qs=imprint%2Cmetal&show=25&sortBy=relevance 

(accessed on 10 August 2018). 

19. Frossard, A.; Donhauser, J.; Mestrot, A.; Gygax, S.; Bååth, E.; Frey, B. Long- and short-term effects of 

mercury pollution on the soil microbiome. Soil Biol. Biochem. 2018, 120, 191–199, 

doi:10.1016/j.soilbio.2018.01.028. 

20. Marrugo-Negrete, J.; Enamorado-Montes, G.; Durango-Hernández, J.; Pinedo-Hernández, J.; Díez, S. 

Removal of mercury from gold mine effluents using Limnocharis flava in constructed wetlands. Chemosphere 

2017, 167, 188–192, doi:10.1016/j.chemosphere.2016.09.130. 

21. Zhang, Q.; Wu, J.; Luo, X. Facile preparation of a novel Hg(II)-ion-imprinted polymer based on magnetic 

hybrids for rapid and highly selective removal of Hg(II) from aqueous solutions. RSC Adv. 2016, 6, 14916–

14926, doi:10.1039/C5RA22008D. 

22. Mergola, L.; Scorrano, S.; Bloise, E.; Di Bello, M.P.; Catalano, M.; Vasapollo, G.; Del Sole, R. Novel polymeric 

sorbents based on imprinted Hg(II)-diphenylcarbazone complexes for mercury removal from drinking 

water. Polym. J. 2016, 48, 73–79, doi:10.1038/pj.2015.79. 

23. Andaç, M.; Mirel, S.; Şenel, S.; Say, R.; Ersöz, A.; Denizli, A. Ion-imprinted beads for molecular recognition 

based mercury removal from human serum. Int. J. Biol. Macromol. 2007, 40, 159–166, 

doi:10.1016/j.ijbiomac.2006.07.002. 

24. Xu, S.; Chen, L.; Li, J.; Guan, Y.; Lu, H. Novel Hg2+-imprinted polymers based on thymine–Hg2+–thymine 

interaction for highly selective preconcentration of Hg2+ in water samples. J. Hazard. Mater. 2012, 237, 347–

354, doi:10.1016/j.jhazmat.2012.08.058. 

25. Kwan, C.K.; Sanford, E.; Long, J. Copper pollution increases the relative importance of predation risk in an 

aquatic food web. PLoS ONE 2015, 10, 1–13, doi:10.1371/journal.pone.0133329. 

26. Ren, Z.; Zhu, X.; Du, J.; Kong, D.; Wang, N.; Wang, Z.; Wang, Q.; Liu, W.; Li, Q.; Zhou, Z. Facile and green 

preparation of novel adsorption materials by combining sol–gel with ion imprinting technology for 

selective removal of Cu(II) ions from aqueous solution. Appl. Surf. Sci. 2018, 435, 574–584, 

doi:10.1016/j.apsusc.2017.11.059. 

27. Fu, J.; Wang, X.; Li, J.; Ding, Y.; Chen, L. Synthesis of multi-ion imprinted polymers based on dithizone 

chelation for simultaneous removal of Hg2+, Cd2+, Ni2+ and Cu2+ from aqueous solutions. RSC Adv. 2016, 6, 

44087–44095, doi:10.1039/C6RA07785D. 

28. Kong, D.; Qiao, N.; Liu, H.; Du, J.; Wang, N.; Zhou, Z.; Ren, Z. Fast and efficient removal of copper using 

sandwich-like graphene oxide composite imprinted materials. Chem. Eng. J. 2017, 326, 141–150, 

doi:10.1016/j.cej.2017.05.140. 

29. Frontalini, F.; Curzi, D.; Giordano, F.M.; Bernhard, J.M.; Falcieri, E.; Coccioni, R. Effects of lead pollution 

on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches. Eur. J. Histochem. 

2015, 59, 1–8, doi:10.4081/ejh.2015.2460. 

30. Malar, S.; Shivendra Vikram, S.; JC Favas, P.; Perumal, V. Lead heavy metal toxicity induced changes on 

growth and antioxidative enzymes level in water hyacinths [Eichhornia crassipes (Mart.)]. Bot. Stud. 2016, 55, 

54, doi:10.1186/s40529-014-0054-6. 

31. Mishra, S.; Verma, N. Surface ion imprinting-mediated carbon nanofiber-grafted highly porous polymeric 

beads: Synthesis and application towards selective removal of aqueous Pb(II). Chem. Eng. J. 2017, 313, 1142–

1151, doi:10.1016/j.cej.2016.11.006. 

32. Esen, C.; Andac, M.; Bereli, N.; Say, R.; Henden, E.; Denizli, A. Highly selective ion-imprinted particles for 

solid-phase extraction of Pb2+ ions. Mater. Sci. Eng. C 2009, 29, 2464–2470, doi:10.1016/j.msec.2009.07.012. 



Biomimetics 2018, 3, x FOR PEER REVIEW  17 of 17 

 

33. Cai, X.; Li, J.; Zhang, Z.; Yang, F.; Dong, R.; Chen, L. Novel Pb2+ ion imprinted polymers based on ionic 

interaction via synergy of dual functional monomers for selective solid-phase extraction of Pb2+ in water 

samples. ACS Appl. Mater. Int. 2013, 6, 305–313, doi:10.1021/am4042405. 

34. Liu, Y.; Xiao, T.; Perkins, R.B.; Zhu, J.; Zhu, Z.; Xiong, Y.; Ning, Z. Geogenic cadmium pollution and 

potential health risks, with emphasis on black shale. J. Geochem. Explor. 2017, 176, 42–49, 

doi:10.1016/j.gexplo.2016.04.004. 

35. Li, M.; Feng, C.; Li, M.; Zeng, Q.; Gan, Q.; Yang, H. Synthesis and characterization of a surface-grafted 

Cd(II) ion-imprinted polymer for selective separation of Cd(II) ion from aqueous solution. Appl. Surf. Sci. 

2015, 332, 463–472, doi:10.1016/j.apsusc.2015.01.201. 

36. Andaç, M.; Say, R.; Denizli, A. Molecular recognition based cadmium removal from human plasma. J. 

Chromatogr. B Anal. Technol. Biomed. Life Sci. 2004, 811, 119–126, doi:10.1016/j.jchromb.2004.08.024. 

37. Agrafioti, E.; Kalderis, D.; Diamadopoulos, E. Arsenic and chromium removal from water using biochars 

derived from rice husk, organic solid wastes and sewage sludge. J. Environ. Manag. 2014, 133, 309–314, 

doi:10.1016/j.jenvman.2013.12.007. 

38. Dima, J.B.; Sequeiros, C.; Zaritzky, N.E. Hexavalent chromium removal in contaminated water using 

reticulated chitosan micro/nanoparticles from seafood processing wastes. Chemosphere 2015, 141, 100–111, 

doi:10.1016/j.chemosphere.2015.06.030. 

39. Birlik, E.; Ersöz, A.; Açikkalp, E.; Denizli, A.; Say, R. Cr(III)-imprinted polymeric beads: Sorption and 

preconcentration studies. J. Hazard. Mater. 2007, 140, 110–116, doi:10.1016/j.jhazmat.2006.06.141. 

40. Uygun, M.; Feyzioǧlu, E.; Özçalişkan, E.; Caka, M.; Ergen, A.; Akgöl, S.; Denizli, A. New generation ion-

imprinted nanocarrier for removal of Cr(VI) from wastewater. J. Nanoparticle Res. 2013, 15, 

doi:10.1007/s11051-013-1833-9. 

41. Dahmen-Ben Moussa, I.; Bellassoued, K.; Athmouni, K.; Naifar, M.; Chtourou, H.; Ayadi, H.; Makni-Ayadi, 

F.; Sayadi, S.; El Feki, A.; Dhouib, A. Protective effect of Dunaliella sp., lipid extract rich in polyunsaturated 

fatty acids, on hepatic and renal toxicity induced by nickel in rats. Toxicol. Mech. Method 2016, 26, 221–230, 

doi:10.3109/15376516.2016.1158340. 

42. Zhou, Z.; Kong, D.; Zhu, H.; Wang, N.; Wang, Z.; Wang, Q.; Liu, W.; Li, Q.; Zhang, W.; Ren, Z. Preparation 

and adsorption characteristics of an ion-imprinted polymer for fast removal of Ni(II) ions from aqueous 

solution. J. Hazard. Mater. 2018, 341, 355–364, doi:10.1016/j.jhazmat.2017.06.010. 

43. Ersöz, A.; Say, R.; Denizli, A. Ni(II) ion-imprinted solid-phase extraction and preconcentration in aqueous 

solutions by packed-bed columns. Anal. Chim. Acta 2004, 502, 91–97, doi:10.1016/j.aca.2003.09.059. 

44. Tamahkar, E.; Bakhshpour, M.; Andaç, M.; Denizli, A. Ion imprinted cryogels for selective removal of Ni(II) 

ions from aqueous solutions. Sep. Purif. Technol. 2017, 179, 36–44, doi:10.1016/j.seppur.2016.12.048. 

45. Patil, D.S.; Chavan, S.M.; Oubagaranadin, J.U.K. A review of technologies for manganese removal from 

wastewaters. J. Environ. Chem. Eng. 2016, 4, 468–487, doi:10.1016/j.jece.2015.11.028. 

46. Khajeh, M.; Sanchooli, E. Synthesis of ion-selective imprinted polymer for manganese removal from 

environmental water. Polym. Bull. 2011, 67, 413–425, doi:10.1007/s00289-010-0389-4. 

47. Andaç, M.; Özyapi, E.; Şenel, S.; Say, R.; Denizli, A. Ion-selective imprinted beads for aluminum removal 

from aqueous solutions. Ind. Eng. Chem. Res. 2006, 45, 1780–1786, doi:10.1021/ie0512338. 

48. Yuan, G.; Tu, H.; Liu, J.; Zhao, C.; Liao, J.; Yang, Y.; Yang, J.; Liu, N. A novel ion-imprinted polymer induced 

by the glycylglycine modified metal-organic framework for the selective removal of Co(II) from aqueous 

solutions. Chem. Eng. J. 2018, 333, 280–288, doi:10.1016/j.cej.2017.09.123. 

49. Tekin, K.; Uzun, L.; Şahin, Ç.A.; Bektaş, S.; Denizli, A. Preparation and characterization of composite 

cryogels containing imidazole group and use in heavy metal removal. React. Funct. Polym. 2011, 71, 985–

993, doi:10.1016/j.reactfunctpolym.2011.06.005. 

50. Khairi, N.A.S.; Yusof, N.A.; Abdullah, A.H.; Mohammad, F. Removal of toxic mercury from petroleum oil 

by newly synthesized molecularly-imprinted polymer. Int. J. Mol. Sci. 2015, 16, 10562–10577, 

doi:10.3390/ijms160510562. 

51. Vasapollo, G.; Sole, R. Del; Mergola, L.; Lazzoi, M.R.; Scardino, A.; Scorrano, S.; Mele, G. Molecularly 

imprinted polymers: Present and future prospective. Int. J. Mol. Sci. 2011, 12, 5908–5945, 

doi:10.3390/ijms12095908. 

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 

access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


