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The introduction of selective recognition sites toward certain heavy metal ions (HMIs) is a great challenge, which

has a major role when the separation of species with similar physicochemical features is considered. In this

context, ion-imprinted polymers (IIPs) developed based on the principle of molecular imprinting methodology, have

emerged as an innovative solution. Advances in IIPs have shown that they exhibit higher selectivity coefficients

than non-imprinted ones, which could support a large range of environmental applications starting from extraction

and monitoring of HMIs to their detection and quantification. 

adsorption  ion-imprinted polymers  heavy metal ions  selectivity

1. Introduction

The removal and monitoring of heavy metal ions (HMIs) from/in aqueous environments are continuously in demand

because of their high persistence in ecosystems, ability to accumulate in living organisms, and high toxicity . In

the past few years, numerous attempts have been reported to minimize the harmful impact of HMIs . In

this regard, various water treatment technologies, including liquid–liquid extraction, solid–liquid extraction (or solid-

phase extraction, SPE) , coagulation/flocculation , chemical precipitation , oxidation ,

bioremediation , electrochemical treatment , and membrane filtration technologies  have

received increasing attention.

Sorbents bearing various chelating ligands were prepared by two main strategies: (i) post-functionalization of

commercially available  or homemade  cross-linked copolymers; (ii) “bottom-up” design

of specialized materials by the free radical polymerization of monomers endowed with adequate pre-existing

heteroatomic moieties, such as –COOH, –OH, –SH, –NH , =NH, –N=, –SO H, and –PO H, in the presence of a

cross-linker , or by the condensation of monomers containing a high density of reactive functional groups

. Even so, all the sorbents described above have weak selectivity.

Although selective recognition is a challenging issue for both wastewater treatment and HMIs monitoring, it is

laborious to accomplish with the above-mentioned sorbents. The development of highly selective sorbents for the

purification of wastewater and recovery of HMIs requires a multitude of recognition sites and tailored morphologies

. To achieve these goals, molecular imprinting was developed as an emerging technology to create selective

recognition sites in a polymeric matrix . Molecularly imprinted polymers (MIPs) are well-known as the

synthetic mimics of biological recognition systems, such as antibody–antigen, enzyme–inhibitor, and receptor–

[1][2]

[3][4][5][6][7][8]

[3][4][5][6][8] [3][4][5][9] [3][4][5] [3][4][5]

[3][4][5][10] [3][4][5] [3][4][5][11]

[12][13][14][15][16] [12][17][18][19][20]

2 3 3

[18][20][21]

[12][22]

[23]

[24][25][26][27]



Ion-Imprinted Polymeric Materials | Encyclopedia.pub

https://encyclopedia.pub/entry/42576 2/13

effector . The operation principle of MIPs is based on a “lock and key” mechanism similar to that of an

antibody that is capable of recognizing a specific antigen in the biological system. Compared with natural

receptors, MIPs have the advantages of long-term stability, low cost (cheap starting materials), and better control of

the response (stimuli-responsive MIPs) . Consequently, MIPs have found a fast-growing trend in analytical

chemistry (chromatography, SPE, and chiral separations) as well as in medicine, sensing, and catalysis 

.

The concept of MIPs has also been considered to design ion-imprinted polymers (IIPs). The first study on IIPs was

published by Nishide et al., in 1976 , who synthesized IIPs by cross-linking poly(4-vinylpiridine) [P(4-VP)] with

1,4-dibromobutane in the presence of a metal ion as a template (such as Co(II), Cu(II), Fe(III), Hg(II), Ni(II), or

Zn(II)). Nevertheless, a considerable interest in the development of this field is more recently visible as the number

of publications has steadily increased year-by-year (Figure 1). In addition, since 2013, the preparation of

composite IIPs for the selective separation of HMIs has also received growing attention from the scientific

community (Figure 1).

Figure 1. A timeline showing the number of publications on IIPs and composite IIPs in the last 16 years indexed by

the Web of Science™ database.

IIPs exhibit similar features as MIPs, the main difference being related to the specific recognition sites that are

inorganic ions after the imprinting process in the case of former ones . The strategies
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applied to prepare MIPs have been also adapted to the synthesis of IIPs and they will be briefly described in the

next section. However, all of the approaches follow a similar outline, as can be seen in Figure 2, where the

imprinting process using functional monomers as a ligand is depicted.

Figure 2. A schematic representation of the steps employed within the IIPs synthesis. The imprinting process is

presented using functional monomers as ligand.

As Figure 2 shows, the IIP synthesis is based on three steps: (i) in the first step, a complex between metal ion

(template) and ligand functional groups of the host (monomers) is generated by non-covalent interactions

(chelation, electrostatic interactions, and hydrophobic interactions); (ii) in the second step, the polymerization of

this complex and the stabilization of the binding cavities are achieved using a bi-functional monomer (cross-linker);

(iii) in the third step, the template ion is leached from the copolymer host using adequate compounds, and thus

specific cavities available for selective rebinding are created . To prove the existence of

pre-organized recognition sites, in the fourth step (Figure 2), the IIPs are exposed to the template ion, and the

imprinted cavities are thus selectively filled by the target metal ion . Lately, driven by the intrinsic features of

polysaccharides, the cross-linking of natural polymers, including chitosan (CS), cellulose (CEL), and alginate

(ALG), carrying metal-binding groups has been the main approach used to engineer IIPs .

2. Important Features on IIPs’ Synthesis and Evaluation of
Selective Binding Properties

2.1. Main Components of IIPs
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The main components of IIPs, besides the target ion that is the template, are generally the functional monomers,

cross-linkers, solvents (porogens), and initiators. The selection of these compounds is crucial for the preparation of

IIPs with high selectivity and specificity .

2.1.1. Templates

As presented above for the preparation of IIPs, metal ions are usually the templates. The selectivity of IIPs is

diminished when a target metal ion exhibits similar physicochemical characteristics to the competing ones. Thus,

during the preparation process, the template ion and its ligand are adequately chosen to improve IIP selectivity .

2.1.2. Functional Monomers and Polymers

In the selection of functional monomers, the following aspects should be considered: (i) the monomer should

contain functional moieties that can bind the template ion; (ii) the monomer should be stable during the

polymerization process; and (iii) the monomer should not contain ligand groups that inhibit polymerization.

Commercial monomers that contain a vinyl group such as methacrylic acid (MAA), 4-vinylpyridine (4-VP), 1-

vinylimidazole (1-VI), acrylamide (AAm), and acrylic acid (AA) were mainly employed as ligands to obtain IIPs 

. However, these monomers have low efficiency in terms of selectivity. When the ligands did

not contain vinyl groups, they were modified to include polymerizable moieties, as in the case of N-methacryloyl-L-

histidine (MAH) and crown ethers . Furthermore, the introduction of the trapping approach

by Rao et al.  has allowed the physical entrapment of various non-vinylated ligands (such as diphenylcarbazide

(DPC), dithizone (DZ), and 8-hydroxyquinoline (8-HQ)) within polymer networks generated by copolymerization of

vinylated ligands with a cross-linker .

The polymers used to prepare IIPs should contain metal-binding groups. Besides the first work, in which P4-VP

was used to prepare IIPs , the use of other polymers has also been reported. For instance, Kabanov et al.,

prepared a copolymer of diethyl vinyl phosphonate and AA by cross-linking with methylenebisacrylamide (MBAAm)

in the presence of HMIs , and Ohga et al., prepared reusable sorbents by cross-linking metal-complexed CS

with chloromethyloxirane for the separation of Cd(II) from Cu(II) and Hg(II) . In the last decade, CS as a

functional linear polymer has mainly been used due to its great abundance in nature, non-toxicity, biocompatibility,

and biodegradability . Besides CS, the use of ALG and CEL derivatives has also been reported .

2.1.3. Cross-Linkers

Cross-linking agents are used to stabilize the entire network. The amount and the nature of the cross-linking agent

have a significant impact on the sorption performance of IIPs. Cross-linking agents can be classified into two

categories, namely, those comprising vinyl groups that can react with functional monomers (e.g., MBAAm, ethylene

glycol dimethacrylate (EGDMA), trimethylolpropane trimethacrylate (TMPTMA), poly(ethylene glycol)diacrylate

(PEGDA), and divinylbenzene (DVB)) and those that are only used to cross-link linear or hyper-branched polymers

(e.g., glutaraldehyde (GA) and epichlorohydrin (ECH)) . Insufficient cross-linking agents could lead to IIP

with reduced mechanical stability and with randomly distributed recognition sites that can affect the selectivity
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toward the template ion . On the other hand, the introduction of a high amount of cross-linking agent could

generate IIPs with rigid networks, which could reduce the mass transfer performance, chains flexibility, and the

number of recognition sites per unit of mass .

2.1.4. Initiators

Peroxides and azo compounds are commonly used initiators. The compound azobisisobutyronitrile (AIBN) is widely

used as an initiator due to its mild fragmentation conditions. The removal of dissolved oxygen from the

polymerization system is a key step because oxygen inhibits free radical polymerization. This can be generally

achieved using vacuum extraction, ultrasound, nitrogen, or argon purging .

2.1.5. Porogens to Generate Porous 3D Structure within IIPs

In IIP synthesis, the solvent provides the reaction environment for the polymerization reaction. The solvent is

responsible for both the dissolution of the reagents required for polymerization (e.g., template ions, functional

monomers, cross-linking agents, and initiators) and porosity. The polarity and the dielectric constant are important

characteristics of the solvent that directly influence the thermodynamic features of IIPs. These thermodynamic

properties do not only affect the porous polymer structures but also play key roles in the preparation of

organized/precise imprinting sites. Therefore, the choice of solvent is directly connected to the physicochemical

parameters of the template ions, functional monomers, and cross-linking agents. Toluene, methanol, DMF, DMSO,

acetonitrile, CHCl , CH COOH, and dichloroethane are solvents commonly used .

2.1.6. Reagents to Leach out the Template Ion

To leach out the template ion, the most common practice is to wash the IIPs with a strong acid such as HCl,

H SO , or HNO  . However, they can exhibit a higher affinity for the ligand than for the target ion. Thus, when

some components of the IIP (such as functional monomers) are unstable in acidic conditions, the use of

ethylenediaminetetraacetic acid (EDTA) and thiourea as chelating agents is recommended .

2.2. Strategies to Prepare IIPs Materials

IIPs can be obtained using multiple preparation methods (Figure 3). The most commonly used approach is free

radical polymerization, which includes bulk, precipitation, suspension, and emulsion polymerization methods. The

imprinting by polymerization techniques has been deeply described in the publications of Branger et al.  and

Zhou et al. , and thus they will be just briefly presented. To overcome the disadvantages of conventional IIPs, a

plethora of technologies have been further promoted such as surface imprinting, stimuli-responsive imprinting, and

dual or multiple-component imprinting strategies .
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Figure 3. Strategies applied to prepare IIPs materials (IIT is the abbreviation for ion imprinting technology).

2.2.1. Bulk Polymerization

Bulk polymerization is the earliest and simplest approach to prepare IIPs that do not need special equipment .

The template ions, functional monomers, cross-linking agents, and initiators are usually dissolved in good solvents

according to an optimum ratio. To obtain IIP particles with a certain dimension, the bulk materials are crushed,

ground, and sieved. This procedure can have a major disadvantage since the grinding, crushing, and sieving

operations can destroy some binding sites, thus leading to a significant decrease in the yield of the process . In

addition, the irregular shape and size of the IIP particles after grounding are an inconvenience for many

chromatographic and separation applications. Due to these limitations, many studies have been focused to prepare

IIPs directly as beads using homogeneous or heterogeneous polymerization.

2.2.2. Precipitation Polymerization

The reaction mixture consists of a single phase, composed of monomers, ion templates, and initiators, all dissolved

in various pore-forming agents. The polymerization is initiated in a homogeneous solution. This technique requires

that the obtained polymer be insoluble in the reaction mixture. Once polymerization starts, the first oligomers and

insoluble polymer cores start to form . The former remains dissolved in the solvent (porogens), while the

nuclei precipitate and continuously grow by adding other monomers and oligomers from the continuous phase 

. The precipitation polymerization approach is the second most used process after bulk polymerization to

prepare IIP in form of particles. This technique allows for good control of the particle dimensions, whereby IIPs in

the micrometric or nanometric range can be synthesized by optimizing the monomers to solvent ratio and the

stirring of the polymerization mixture. However, one limitation of this method is the use of an excess of porogen,
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which results in multiple purification steps for its removal. Moreover, the template ion can be easily leached out and

some binding sites can be wiped out since fewer cross-linked polymer networks are generated by this technique.

2.2.3. Suspension Polymerization

In suspension polymerization, the synthesis of IIPs occurs in the dispersed phase, which contains template ions,

functional monomers, porogens, and initiators that can be regarded as a set of many micro-reactors for carrying

out local bulk polymerization . The process requires constant mechanical stirring to keep particles suspended

in the continuous phase containing the stabilizers. The suspension polymerization technique typically allows the

preparation of IIPs with sizes in the micrometric range (250–550 μm). The porosity of IIPs prepared by suspension

polymerization can be adjusted by porogenic solvents. To avoid the passage of the template ion from the dispersed

organic phase to the aqueous dispersing phase, the use of inverse suspension polymerization was proposed. In

this process, the dispersion phase is a mineral oil .

2.2.4. Emulsion Polymerization

For emulsion polymerization, the continuous phase is usually water. In this case, the hydrophobic monomer was

dispersed in water using an oil-in-water emulsifier. The continuous phase contains the initiators that produce free

radicals . As the reaction proceeds, a growing oil–water interface is generated due to the formation of new

polymer cores and their growth. To impede the agglomeration of the growing nuclei, a stabilizing agent is added.

Nevertheless, this also represents a drawback since additional purification steps to remove the surfactant from IIP

particles are necessary. For this technology, the reverse phase emulsion (water-in-oil) can also be used. With this

method the size of the IIPs can be well controlled, allowing for the preparation of uniform microspheres and

nanospheres .

2.2.5. Sol–Gel Method

Sol–gel method can generate stable and uniform IIPs under mild synthesis conditions. The template ions are

introduced into the inorganic network through gel interaction. Organic–inorganic hybrid materials with different

shapes, sizes, specific functional moieties, and affinity can be prepared by the sol–gel technique . The IIPs

prepared by sol–gel approach exhibit greater thermal and chemical stability than those obtained with conventional

imprinting methods .

2.2.6. Surface-Imprinting

Conventional imprinting methods for IIPs may result in multiple shortcomings including excessive template ions

entrapping depth, difficult leaching, and low regeneration level, poor affinity of the imprinting sites for the target

species, reduced mass transfer effect. These drawbacks can be solved by surface-imprinting polymerization

technology. The main advantage of the surface-imprinting approach consists in the enhancement of the adsorption

efficiency and selectivity through the generation of the recognition sites on the large specific surface area of the

carrier . For surface-imprinting polymerization, identifying carrier materials with stable properties, large
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specific surface areas, and low price is crucial. In recent years, various IIPs have been fabricated by means of

surface-imprinting technology, with supports including activated carbon, silicon materials, magnetic materials, and

clay minerals . Moreover, this technique has been widely investigated to design surface-

imprinted materials consisting of various natural polymers with improved selectivity and specificity . However,

it should be pointed out that there are some shortcomings in using natural polymers such as the impossibility to

include all appropriate functional moieties on natural polymers and their lack of structural stability under harsh

conditions .

2.2.7. Other Imprinting Technologies

With the development of IIT, strategies based on dual or multiple functional monomers and dual or multiple

template ions have attracted increasing attention . As IIT has been developed, many scholars have investigated

its combination with other technologies, such as magnetic separation technology, membrane technology, and

electrochemical detection technology . 

2.3. Evaluation of the Binding Performances of IIPs

Important parameters that influence the sorption performance of IIPs are the chemical nature of ligand groups, the

cross-linking density, but also the characteristics of wastewaters, such as the pH and the coexistence of cross-

contaminants . The main challenge when IIPs synthesis is involved is to reach selectivity and enhance the

sorption capacity, as well as to obtain an imprinting effect, which is the main proof that the imprinting process was

successful. To assess the imprinting effect, a reference polymer must be also prepared and its features should be

compared with those of the IIP. The reference material is called non-imprinted polymer (NIP) 

. Both the IIP and the corresponding NIP should be studied in the presence of metal ion solutions: either the

template ion or a mixture of the template ion and interfering species. This can be performed in batch or flow mode

conditions. From the determination of the ion residual concentration in solution after contact with the IIP or NIP, the

removal efficiency (RE, %) (Equation (1)) and the adsorption/binding capacity at equilibrium (q , mg/g) (Equation

(2)) are calculated .

(1)

(2)

where C  is the initial concentration of metal ions (mg/L), C  is the concentration of metal ions in the aqueous

solution at equilibrium (mg/L), V is the volume of the aqueous solution (L), and m is the mass of IIPs used for

extraction (g).
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The binding capacity of IIPs materials toward the template ion was also evaluated by applying different

mathematical models to the experimental equilibrium and kinetic sorption data (Table 1). Thermodynamic

parameters presented in Table 1 have also been calculated by conducting the binding experiments at various

temperatures.

Table 1. Equations of the models commonly used for the theoretical analysis of the sorption data.

q  and q—amount of metal ion sorbed at equilibrium and at time t, min, respectively; k —rate constant of the PFO

kinetic model, min ; k —rate constant of the PSO kinetic model, g/mg × min; k —intraparticle diffusion rate

constant, mg/g × min ; C—constant describing the effect of boundary layer thickness, mg/g; q —maximum

theoretical sorption capacity, mg/g; K —Langmuir constant, L/mg; K —Freundlich constant, mg/g × mg  × L ; N—

measure of both the nature and strength of adsorption process, and of active sites distribution, related to the

surface heterogeneity; the larger is its value, the more heterogeneous the sorbent system is; q —maximum

sorption capacity of the metal ion, mg/g; K —D–R isotherm constant, mol /kJ ; ε—Polanyi potential; a —Sips

constant; ΔS°—entropy, kJ/mol × K; ΔH°—enthalpy, kJ/mol; R—the gas constant, J/mol × K; T—the temperature in

Kelvin; M —is the abbreviation of atomic mass of each metal ion.

The ability of the template ion to be recognized by the IIP in the presence of some interfering species, typically

other cations, is evaluated by conducting competitive experiments. These can be binary mixtures  or

multicomponent ones . The selectivity coefficient (k) Equation (13) and the relative selectivity coefficient (k’)

Equation (14) have been defined for IIPs by Dai et al. , according to the definition given by Kuchen et al., for

metal-ion exchange resins .

(3)

Equation Number Equation Definition

Kinetic models

(3) Pseudo-first order (PFO) model

(4) Pseudo-second order (PSO) model

(5) Intraparticle diffusion (IPD) model

Isotherm models

(6) Langmuir model

(7) Freundlich model

(8) Dubinin–Radushkevich (D–R) model

(9) Sips model

(10) Van’t Hoff equation

(11) Standard equilibrium constant

(12) Standard Gibbs free energy of sorption, kJ mol

1

qt = qe(1 − exp−k1t)

qt =
q2
ek2t

1+qek2t

qt = kidt
0.5 + C

qe = qmKLCe

1+KLCe

qe = KFC
N
e

qe = qDRe
−KDRε

2

qe =
qmaSC

N
e

1+aSCN
e

lnK o = ΔS o

R − ΔH o

RT

K o = KD × Madsorbate × 55.5

ΔGo = −RTlnK o −1

1
e t 1

−1
2 id

1/2
m

L F
N N

DR

DR
2 2

S

adsorbate
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(4)

where K  represents the distribution coefficient and is calculated by Equation (15); k  and k  are the selectivity

coefficients of IIP and NIP, respectively.

(5)

where q  is the sorption capacity at equilibrium, mg/g; C  represents the equilibrium concentration, mg/L.

The higher the values of k and k’, the better the imprinting effect.
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