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Abstract

:

Ion-imprinted polymers (IIPs) have been widely used in different fields of Analytical Sciences due to their intrinsic selective properties. However, the success of chemical imprinting in terms of selectivity, as well as the stability, specific surface area, and absence of swelling effect depends on fully understanding the preparation process. Therefore, the proposal of this review is to describe the influence of relevant parameters on the production processes of ion-imprinted polymers, including the nature (organic, inorganic, or hybrid materials), structure, properties of the salt (source of the metal ion), ligand, crosslinking agent, porogenic solvent, and initiator. Additionally, different polymerization methods are discussed, the classification of IIPs as well as the applications of these adsorbent materials in the last years (2017–2022).
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1. Introduction


Chemical imprinting is a technique employed for obtaining polymeric materials capable of binding selectively target molecules or metal ions, which is bio-inspired on biomolecular interactions such as substrate-enzyme, drug-receptor, and antigen-antibody [1,2]. This technique consists of the synthesis of a material polymeric with tailor-made binding sites complementary or memory to the template metal ions (IIP, Ion-Imprinted Polymers) or molecules (MIP, Molecular Imprinted Polymers) in the shape, size, and functional groups [3].



Over the past few decades, several ion-imprinted polymers have been synthesized to extract metal ions (Hg2+, Cd2+, Fe2+, Fe3+, Pb2+, Ag+, Cu2+, Cr3+, Au3+, Mn2+, Ti4+, Co2+, UO22+, As3+, Ni2+, and others) from biological, environmental, food, and pharmaceutical samples, where the metal ions quantification after pretreatment and extraction has been carried by different analytical techniques, including Flame Atomic Absorption Spectrometry (FAAS) [4,5,6,7,8], Flame Atomic Absorption Spectrometer with Fast Sequential module (FS-FAAS) [9], Graphite Furnace Atomic Absorption Spectrometry (GF AAS) [10,11], Inductively Coupled Plasma Optical Emission Spectrometry (ICP OES) [12,13,14,15], Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [16,17], Hydride Generation Atomic Absorption Spectrometry (HG-AAS) [18], Differential Pulse Voltammetry (DPV) [19,20,21,22], Differential pulse anodic stripping voltammetry (DPASV) [23], Cyclic Voltammetry (CV) [24], and Electrochemical Impedance Spectroscopy (EIS) [25].



Nevertheless, some properties of IIP such as the selectivity, the adsorption capacity, the preconcentration factor, and the chemical stability, as well as its regeneration and reuse after the elution step, strongly depend on the component nature used in the synthesis [26], the polymerization methods adopted in the synthesis and the chemical nature of these materials. The five main components of IIP include the counter-ions of a template (metal ion), ligand, porogenic solvent, crosslinking agent, and initiator. In the same way, the strategies of polymerization that can be used for the IIP synthesis can be classified as bulk polymerization, suspension polymerization, precipitation polymerization, polymerization by surface imprinting, graft polymerization, sol-gel polymerization, and emulsion polymerization. In addition, according to the chemical nature of the reagents used in the synthesis, the IIP can be classified as organic, inorganic, or hybrid (organic-inorganic) in nature.



According to the aforementioned, this review aims to describe in detail the importance of the synthesis components and the effects that each one produces on the properties of the IIP so that this review encourages us to previously evaluate the choice of these parameters in future research using IIP synthesis. Thereby, this article begins with the fundamentals of Ion-Imprinted Polymers, which includes the history, a brief description of each of the synthesis components, and the general features of the IIP. Next, it is complemented by exploring and describing the types of polymers that can be obtained by the polymerization methods commonly used. The characteristics of the imprinted polymers according to their chemical nature and their application over the past few years also are discussed.




2. Fundamentals of Ion-Imprinted Polymers


2.1. History


Despite this review focusing on Ion-Imprinted Polymers (IIP), it is important to know first all of the Molecularly Imprinted Polymers (MIP) history, since with the latter the concept of chemical imprinting is born.



The chemical imprinting technique emerged from the concept of several biomolecular interactions such as substrate-enzyme, drug-receptor, and antigen-antibody, in which the biomacromolecules (enzyme, receptor, and antibody) have receptor sites capable of selectively binding to a molecule (substrate, drug, and antigen) in the presence of other molecules with similar structure. However, among the systems mentioned, the selective antigen-antibody interaction has been the most cited to explain the concept of chemical imprinting, due to the process of how the artificial antibody is formed on the antigen [1,2].



According to Linus Pauling (1940) in his work “The theory of antibody formation,” the antigen (template molecule) is inhibited by an artificial antibody. The process of inhibition or neutralization occurs when the antibody’s polypeptide chain (glycoprotein) is shaped around the antigen, generating a highly selective complementary configuration for the antigen [2,27], in which each antibody can only inhibit the antigen for which it was created.



From the complementary configuration existing between the antigen-antibody, Frank Dickey (1949) synthesized silica gel in the presence of methyl orange and its homologs (ethyl, n-propyl, and n-butyl) to study the selectivity of the adsorbent material [28]. Dickey concluded that by removing the dye from the silica, there is a creation of complementary binding sites to the respective dye, so that, when this material is used in adsorption processes for the dyes mentioned above, the silica showed greater affinity for the compound in which it was synthesized. Thus, Dickey’s work was the first publication associating silica as a molecularly imprinted material. Hence, the adsorbent materials development with the ability to selectively retain the analyte has become of great interest to many researchers. In this context, Wulff and Sarhan (1972) [29] and Takagishi and Klotz (1972) [30] worked independently in the preparation of organic imprinted polymers, adding into the synthesis vinyl monomers that contained functional groups capable of selectively binding to a molecule. These polymers were named Molecularly Imprinted Polymers (MIP).



Wulff and Sarhan presented the organic polymer synthesis with selective sites for the enantiomeric separation of glyceric acid racemates using the 2,3-op-vinylphenyl boronic ester (MF) functional monomer, while Takagishi and Klotz synthesized a polymer with the monomer polyethylenimine (PEI) in the presence of methyl orange dye [29].



Both Wulff and Sarhan and Takagishi and Klotz confirmed that the prepared polymers showed a high selective capacity for template molecules (MM). However, due to the covalent bond between the template molecule (MM) and the functional monomer (MF), it was difficult to remove the MM from the binding site, requiring the use of hydrolysis (cleavage of bonds) in most situations to facilitate the elution process [1].



Arshady and Mosbach (1980) proposed a simple strategy, named “host-guest polymerization”, for the synthesis of an imprinted polymer based on non-covalent interactions, in which the host-guest relationship (Template monomer—Molecule functional) was materialized during polymerization [31]. The functional monomers were chosen for their non-covalent interaction (ionic, hydrogen bonding, hydrophobic, charge transfer) with MM, so that, through a simple wash, varying the pH value, ionic strength, solvent, among other parameters, the removal of the MM became easier, and the binding sites were preserved, obtaining three-dimensional cavities complementary to the MM.



In the 1990s, Whitcombe et al. (1995) [32] synthesized an imprinted polymer for cholesterol using 4-vinylphenol carbonate as a functional monomer. During synthesis, the interaction between cholesterol and the functional monomer is by covalent bonding. However, by removing the template molecule by employing hydrolytic cleavage with the release of CO2, other functional groups are available to re-link cholesterol with non-covalent bonds. Thus, it was possible to synthesize molecularly imprinted polymers employing strategies based on covalent and non-covalent bonds.



Regarding ion-Imprinted polymers, known as IIP, its history begins with the work of Nishide and collaborators published in 1976 [33], who prepared the first organic IIP by crosslinking the poly chelating resin (4-vinylpyridine), previously prepared, with 1,4-dibromobutane in the presence of metal ions (Cu2+, Fe3+, Co2+, Zn2+, Ni2+, and Hg2+). From the results, Nishide and coworkers showed that the resin showed greater selectivity for the Cu2+ ion due to the stability of the polymer complex formed and that the presence of the metal ion in the polymer synthesis gives the polymer material high selectivity.




2.2. Synthesis


The general process for the synthesis of IIP can be summarized in three steps according to Saatçılar and coworkers [34]. First, the metal ion (template or analyte) is complexed using a vinylated ligand (functional monomer). Then, the vinyl complex is polymerized in the presence of a crosslinking agent and the radical initiator, where the polymeric skeleton is formed on the template and, consequently, remains incorporated into the polymeric network. Finally, after obtaining the polymer, the metal ion is removed by using dilute mineral acids, leaving three-dimensional recognition spaces or cavities within the polymeric network, which have a high affinity for the metal ion [35].



A schematic representation of the general process of synthesis of an IIP is illustrated in Figure 1.




2.3. Components of the IIP


As described in the previous Section 2.2, five chemical substances are used for the synthesis of IIP. These are the metal ion, vinylated ligand (functional monomer), a crosslinking agent (crosslinker), radical initiator, and porogenic solvent, whose combination influences the selectivity of the polymer. Thus, the synthesis and the polymerization method depend on the chemical nature and bonding (electrostatic forces, covalent bonding, hydrogen bonding, dipole-dipole interaction, ionic or hydrophobic interaction) between the reactants, as well as the stoichiometric relationship with each other. Thus, the main characteristics of each component used in the synthesis of IIP and its influence on the adsorption process will be discussed.



2.3.1. Counter-Ions of Template


Organic or inorganic salts generally are used as the source of the metal ion. Among the most counter-ions used are sulfate (SO42−), nitrate (NO3−), chloride (Cl−), iodide (I−), acetate (CH3COO−), and perchlorate (ClO4−). Liu and coworkers [36] assessed the effect of four anions (SO42−, NO3−, Cl−, and CH3COO−) on the polymerization process and the adsorption capacity of ion-imprinted polymers for Cu2+ ions (CuSO4-IIP, Cu(NO3)2 IIP, CuCl2-IIP, Cu(CH3COO)2-IIP). The authors discerned that the template and solution anions have a strong influence on the polymerization process, specifically, in the formation of cavities, as well as the adsorption process, respectively. They observed that due to the smaller ionic radius of Cl−, compared to the other three anions (SO42−, NO3− and CH3COO−), the imprinted cavities formed in the polymer CuCl2-IIP do not fit with the size and shape of the SO42−, NO3− and CH3COO− anions. Thus, lower values of adsorption of Cu2+ ions (mg g−1) were obtained when the solutions of CuSO4, Cu(NO3)2, and Cu(CH3COO)2 and the polymer CuCl2-IIP were employed. However, as soon as the CuCl2 solution was used, higher values of adsorption of Cu2+ ions (mg g−1) were obtained with the four polymers CuSO4-IIP, Cu(NO3)2-IIP, CuCl2-IIP, Cu(CH3COO)2-IIP, which was associated with the smaller size of CuCl2.



The same authors expected to obtain a higher capacity for adsorption of Cu2+ ions by applying the polymer Cu(CH3COO)2–IIP because the ionic radius of CH3COO- is greater than that of SO42− and NO3−. However, as CH3COO− is an organic anion, it interferes in the complexation of Cu with the functional monomer, as well as the formation of the cavity.



Even though lower adsorption values were observed with Cu(CH3COO)2–IIP, this polymer showed greater selectivity than the polymers CuCl2–IIP > CuSO4–IIP > Cu(NO3)2–IIP, in the presence of Ni2+ and Co2+ ions. Regarding the CuSO4–IIP and Cu(NO3)2–IIP polymers, the higher adsorption capacity was observed using the first one, most likely due to the lower ionic strength and chemical stability of the anion NO3− during the synthesis of Cu(NO3)2–IIP.



A briefly survey of literature shows that the most of works on imprinted polymers synthesis for the Cu2+ [37,38,39,40,41,42], Ag+ [43], K+ [44], Li+ [45], Pb2+ [46,47], Zn2+ [48,49], Ni2+ [50,51,52,53], Hg2+ [54] Cd2+ [55,56,57], Co2+ [58], U5+ [59], and In3+ [60] used nitrate salt.




2.3.2. Ligand


The ligand used in the synthesis of IIP is characterized by containing in the structure the vinyl group (-CH=CH2), hence its name of vinylated ligand. This ligand is also named bifunctional monomer because it has the function of forming a complex with the metal ion, to later incorporate this into the polymeric network by participating in the polymerization process through the vinyl group [35].



The functional monomer choice depends on the chemical nature of the metal ion. Pearson (1963) in his work “Hard and Soft Acid and Bases”, known as the HSAB theory [61], argued that hard acids will preferentially react with hard or intermediate bases; and soft acids with soft or intermediate bases, in which the terms “hard” and “soft” are associated with the polarizability of the reactants.



Among the most functional monomers used in the IIP synthesis is the methacrylic acid (MAA) [44,48,49,50,51,59], first proposed by Arshady and Mosbach in 1980 [31], whose electron donor is the atom of oxygen. Basic monomers such as 1-vinylimidazole (1-VID) and 4-vinylpyridine (4-VP) are also frequently used in the synthesis of IIP. However, the complex formed with the metal ion is via a nitrogen atom. Figure 2, Figure 3 and Figure 4 show the structure of the most important functional monomers classified as acids, basic, and neutral, respectively [62].



Other functional monomers used in the synthesis of IIP [38,52,55,56,57] were found, which have in their structure the oxygen, nitrogen, or sulfur atom as electron donors (Figure 5).



To improve the efficiency of the metal ion complexation, the vinylated ligand can be added together with non-vinylated ligands, which contain functional groups with greater affinity for the metal ion. This process is known in the context of ion-imprinted polymers as “Trapping”. In the IIP synthesis using the Trapping process, the metal ion is initially mixed with the non-vinylated ligand to form the complex. Then, the functional monomer (vinylated ligand) is added to complete the complexation. Due to the absence of polymerizable groups (vinyl group) in the structure of the non-vinylated ligand, it is not chemically bonded to the polymeric network, however, it is incorporated into the polymer matrix when interacting with the functional monomer through intermolecular forces (Hydrogen bonding), as well as by the interaction with the metal ion.



Rabaji and coworkers synthesized an IIP for the K+ ion using the non-vinylated ligand dicyclohexyl 18C6 [44], whereas Behbahani and coworkers added 1,5-diphenylcarbazone to complex the Pb2+ ion [46]. In other papers, the non-vinylated ligand Morin (3,5,7,2′,4′-pentahydroxyflavone), Dz (Ditizone), and PAR (4-(2-pyridylazo)-resorcinol) were used to complex the Pb2+, Ni2+, and Cu2+ ions, respectively [48,50,63]. After the removal of the metal ion, the authors propose that the non-vinylated ligand remains in the polymeric network due to hydrogen bond interactions with the functional monomer [64]. Other non-vinylated ligands containing sulfur as a donor atom and used in the IIP synthesis are diphenylthiocarbazone (Dithizone), thiosemicarbazide, and acetaldehyde thiosemicarbazone [35].



On the other hand, it deserves to point out that in addition to the chemical nature of the functional monomer, the stoichiometric relationship between the metal ion and the functional monomer also interferes in the chemical imprinting process. In this context, Lulinski and coworkers synthesized ten polymers for the Cd2+ ion, nine with chemical imprinting (IP1γ, IP2γ, IP3γ, IP4γ, IP4α, IP4β, IP4δ, IP4ε, IP4ζ) and one (CP4) as a control polymer, using four functional monomers (M1: allylurea; M2: 1-vinylimidazole; M3: acrylamide; M4: allylthiourea) with different stoichiometric ratio metal ion: functional monomer (ζ = 1:1; δ = 1:2; γ = 1:4; β = 1:8; α = 1:16 e ε = 2:3) [56].



Among the synthesized polymers, polymers containing M4 (IP4) showed a higher adsorption capacity for Cd2+ ions when compared with the other three monomers, at two pH values (1.00 and 6.00). This behavior was attributed to the nature of the chemical bond, once the Cd2+ (soft acid) ions have greater interaction with the thiocarbonyl group (C=S) present in M4 (soft base) and less interaction with the oxygen present in M1, M2, and M3, according to the Pearson’s theory [61].



Regarding the stoichiometric ratio of the metal ion and the functional monomer, the authors observed that the surface area and adsorption capacity of the IP4 polymer increased when the stoichiometric ratio was 1:1 and 2:3, corresponding to the polymers IP4ζ and IP4ε, with an adsorption capacity of 3.79 and 2.44 µg g−1 and imprinting factor of 13.68 and 8.80 at pH 1.00, while 1.71 and 1.72 µg g−1 with effect imprinting of 2.55 and 2.56 at pH 6.00, respectively. Hence, if the concentration of Cd2+ ions during synthesis is higher, the chemical imprinting and the adsorptive capacity will be greater too. Those results agree with the study made by Laatikainen and coworkers [52], who synthesized imprinted polymers for Ni2+ ions and a control polymer (Non-Imprinted Polymers, NIP), using two salts (nitrate (NO3−) or perchlorate (ClO4−)) as the metal ion source and the functional monomer Vbamp (1-(2-pyridinyl)-N-(3-vinylbenzyl)methanamine) in the stoichiometric ratio 1:2, 1:4 and 2:1 (metal ion: functional monomer, respectively) for the polymer IIPNO3, and 1:2 for IIPClO4. In this study, the authors obtained higher adsorption capacity with the polymer IIPNO3 at pH 4.00 and 7.00 (7.24 and 11.73 mg g−1, respectively) when the metal ion was in greater proportion than the functional monomer (2:1). In addition, the authors observed that as soon as the concentration of the functional monomer is increasing in the synthesis, the imprinting factor decreases, once the adsorption capacity of the IIPNO3 in the 1:4 ratio is the same as the adsorption capacity of the control polymer (NIP) at pH 4.00 and 7.00.




2.3.3. Porogenic Solvent


The porogenic solvent choice plays a crucial role in the synthesis of IIP. The porogenic solvent must solubilize all the reagents used in the synthesis to form a homogeneous solution without interfering with the interaction between the metal ion and the functional monomer. It also has a higher influence on the morphological characteristics of the polymer, specifically, in the porosity [65]. In addition, the porogenic solvent might influence the selectivity of the polymer.



Gladis and Rao assessed the effect of the porogenic solvents 2-methoxyethanol, methanol (MeOH), tetrahydrofuran (THF), acetic acid (HAc), dichloroethane (DCE), N,N-dimethylformamide (DMF), and toluene on the adsorption capacity from IIP to UO22+ [66]. From the results, the imprinted polymer synthesized in 2-methoxyethanol showed a higher adsorption capacity (34.10 mg g−1) when compared to MeOH (11.28 mg g−1), THF (7.03 mg g−1), HAc (27.28 mg g−1), DCE (6.80 mg g−1), DMF (15.62 mg g−1), toluene (6.62 mg g−1), and in the respective control polymers (NIP). In general, solvents with a higher boiling point, as observed by 2-methoxyethanol are more indicated to provide IIP with micropores and with higher surface area.



Meouche and coworkers synthesized several IIP for the Ni2+ ions in the porogenic DMSO (Dimethylsulfoxide) and using mixtures of acetonitrile (ACN)–(ACN:DMSO, 1:1%, v/v) and 2-methoxyethanol:DMSO (1:1%, v/v), named as IIP-D, IIP-A/D, and IIP-M/D, respectively [67]. The authors compared the structure and adsorption properties of the polymers and observed that although polymers IIP-A/D (134 m2 g−1) and IIP-M/D (177 m2 g−1) had lower porosity than IIP-D (275 m2 g−1) and the respective non-imprinted polymers (NIP-D: 380 m2 g−1, NIP-A/D: 181 m2 g−1 and NIP-M/D: 457 m2 g−1), these have a higher adsorption capacity (23.9 and 22.4 mg g−1, respectively) and imprinting factor (2.77 and 2.52, respectively), even in the presence of Zn2+, Co2+, and Pb2+ ions. These results show clearly that the greater the boiling point of the solvent the higher presence of micropores and the higher the surface area. However, as noticed, the higher surface area of IIP obtained by using DMSO as a solvent, did not guarantee higher adsorption capacity. In this case, most likely DMSO strongly interacted with a metal ion (template) hindering the interaction with functional monomer and, thereby, decreasing the chemical imprinting formation.



Table 1 shows the porogenic solvents most used in the synthesis of IIP, which are organized by increasing polarity. These solvents are classified as apolar, polar aprotic, and polar protic. It is important to point out that in the synthesis of IIP it is also common to use a porogenic mixture of solvents, such as ACN:DMSO [44], MeOH:DMF [45,58], EtOH:ACN [48], MeOH:EtOH [49], and EtOH: 2-methoxyethanol [52]. Rahman and coworkers [68] evaluated the effect of the amount of solvents MeOH or ACN, as well as their mixture, on the adsorption and morphological properties of IIP for Hg2+ ions. Thus, the authors observed that the mixture of MeOH:ACN, as a porogenic solvent, provided the IIP with a greater adsorption capacity for Hg2+ ions compared to polymers synthesized merely in MeOH or ACN, which was attributed to the increase in the material’s porosity. Likewise, the authors observed that higher adsorption capacity for Hg2+ ions was obtained with polymers that were synthesized in larger amounts of the porogenic solvent. However, when comparing the results obtained by Gladis and Rao [66] with the results from Rahman and coworkers [68], it can be inferred once again that the adsorption capacity of an IIP cannot always be attributed to its porosity.



Polar protic solvents are characterized by containing hydrogen atoms bonded to electronegative elements (F-H, O-H, and N-H) in their structure and, therefore, they can form hydrogen bonds, once this hydrogen has an acidic character. This type of solvent stabilizes the metal ions through the unshared free electron pairs present in the electronegative element, while the anions are stabilized by hydrogen bonds.



On the other hand, aprotic polar solvents do not form hydrogen bonds because the C-H bond is not polarizable. However, these solvents have a dielectric constant (k) and dipole moment (D) relatively higher than the protic polar. Aprotic polar solvents can also stabilize the metal ions or the molecules through the free electron pairs present in the nitrogen or oxygen atom, and the anions through permanent–induced dipoles (Debye force). Thus, protic polar solvents stabilize metal ions better, while polar aprotic solvents stabilize anions better.



Regarding non-polar solvents, they have low dielectric constants (<15) and low dipole moments. The interactions of the metal ion or molecules with the non-polar solvent are through induced dipole-induced dipole interaction (London Dispersion Forces). Non-polar solvents are almost never used in the synthesis of IIP due to the low solubility of salts in this medium. In addition, polar solvents have a higher dielectric constant and dipolar moment than non-polar solvents, which allows them to easily solvate the metal ions or polar molecules. The dielectric constant value of the polar solvent ranges between 15 and 80, where 80 is the value of the dielectric constant of water.




2.3.4. Crosslinking Agent


According to Cormak and Elorza [62], the crosslinking agent performs three functions in the synthesis of polymers, which correspond to controlling the morphology of the polymer; stabilizing the binding sites with ionic recognition capability; and conferring mechanical stability to the polymer matrix.



Crosslinking agent also contains one or more vinyl groups in the structure such as the functional monomer. Mono-vinylated generally forms straight chains, while bi-, tri-, or tetra-(multifunctional) form branched chains with different molecular arrangements.



Kala and coworkers synthesized an IIP for Er3+ (Erbium) using different functional monomers (styrene, 2-hydroxyethyl methacrylate (HEMA), and methyl methacrylate (MMA)) and crosslinking agents (divinylbenzene (DVB) and ethylene glycol dimethacrylate (EGDMA)), which were named as Styrene-DVB, HEMA-EGDMA and MMA-EGDMA [69]. Among them, the IIP containing Styrene-DVB showed better results in terms of preconcentration factor, adsorption capacity, and selectivity towards Er3+ in the presence of other ions such as Y (Yttrium), Dy (Dysprosium), Ho (Holmium) and Tm (Ytterbium). This outcome can be attributed to the greater rigidity and denser polymeric chain of the Styrene-DVB polymer as a result of π-π stacking interactions from aromatic rings when compared to aliphatic chains present in HEMA-EGDMA and MMA-EGDMA. Figure 6 illustrates the crosslinking agents often used in the synthesis of IIP.



As seen in Table 2, an overview of the previously published works showed that EGDMA (bifunctional crosslinker) is the most used crosslinking agent in the synthesis of IIP, due to its ability to form thermally and mechanically stable polymers; in addition, the production of porous materials [1,62]. High proportions of crosslinking reagent must be used about the functional monomer, in general, 1:4 (mol/mol).



Recently, Isikver and Baylav synthesized IIP for Ni2+ and Co2+ using EGDMA or TRIM [2,2-bis(hydroxymethyl)butanol trimethacrylate] as crosslinking agents [70]. However, the authors did not show the influence of the chemical structure of crosslinking agents on the adsorptive properties of imprinted polymers. Nonetheless, TRIM is expected to give the polymer higher rigidity, because it is a trifunctional crosslinker, i.e., it has three interaction sites in its structure that allow it to bond strongly to the polymer matrix [71,72], when compared to the bifunctional EGDMA crosslinker. Thus, the more rigid the polymer matrix, the greater the stability of the binding sites, facilitating the interaction with the metal ion and mass transfer (adsorption capacity). It is important to point out that tri- or tetra-functional crosslinking agents such as 2,2-bis(hydroxymethyl)butanol trimethacrylate (TRIM), pentaerythritol triacrylate (PETRA), and pentaerythritol tetraacrylate (PETEA) [73] have been explored in the synthesis of imprinted polymers.



As mentioned, the higher stiffness of the polymeric chain, the greater the stability of binding sites and selectivity of IIP. However, it is important to point out that crosslinking agents should present the minimum interactions with template ions. This fact, explain why EGDMA has been widely used to the detriment of TRIM in the synthesis of IIP.




2.3.5. Initiator


The role of the initiator in imprinted polymer synthesis is the creation of monomeric radicals to propagate the polymerization reaction. These radicals can be generated under mild conditions, such as increasing temperature (thermochemical process, 50–60 °C) or UV radiation incidence (photochemical process, 4–15 °C) because the initiator usually has weak bonds which have a low bond dissociation energy. Therefore, these conditions are decisive for the choice of the initiator, as the other synthesis reagents can be thermo-photo sensitive [62].



It is important to recall that the synthesis of IIP must be carried out in an oxygen-free environment, purging with an inert gas (nitrogen or argon) or using an ultrasound bath, to avoid the formation of oxygen radicals that delay the free-radical polymerization reaction [2].



Figure 7 shows some initiators used in the synthesis of IIP and the representation of the production of 2-Cyano-2-propyl radical from 2,2′-azo-isobutyronitrile (AIBN), where the latter is the initiator commonly employed.





2.4. General Features of the IIP


Ion imprinted polymers are adsorbent materials capable of recognizing metal ions. These have several advantages over other adsorbents used in solid phase extraction (SPE) due to their high selectivity, relatively low cost of the synthesis reagents, thermal and mechanical stability, and capacity for easy regeneration after using dilute mineral acids in the pre-concentration step. Furthermore, they enable the preconcentration of metal ions over a wide pH range.



The high selectivity of IIP concerning other adsorbents is explained by the formed cavities (binding sites), which have a specific size, charge, coordination geometry, and coordination number; in addition, to the memory effect, due to the interaction between the template (metal ion) and the functional monomer through electrostatic forces or coordinate covalent bond [34]. However, the limitation of the selective recognition of the metal ion is also directly related to the polymerization methods adopted.



In Figure 8 can be seen that in the last three decades there has been a significant increase in the use of IIP as adsorbents in preconcentration studies by solid phase extraction (SPE).





3. Polymerization Methods for IIP Synthesis


Several polymerization methods have been developed for the synthesis of ion imprinted polymers. Table 3 shows these methods, noting the general features of each one, as well as SEM images to observe the possible morphology of the polymeric particles after synthesis.



Polymerization Reactions


Polymerization is a reaction in which simpler units, called monomers, chemically combine to form longer structures. There are two types of polymerization reactions: by condensation or by addition; the latter one is the most used in the synthesis of ion imprinted polymers.



For the monomers to bond by addition polymerization (polyaddition) or chain-growth polymerization, it is necessary for the unsaturation presence in the monomer structure, where the homolytic cleavage of the pi bond produces radical species.



The addition polymerization reaction has three steps with different kinetics: initiation, propagation, and termination. Initiation is the slowest step from a kinetic point of view and is characterized by the formation of free radicals from a radical, which must contain a chemical bond with low dissociation energy for a homolytic decomposition to occur (Figure 9a). This homolytic decomposition can be caused by physical agents such as heat, ultraviolet radiation, or microwaves. Then, the sp2 hybridized radical species react with the least substituted carbon that participates in the π bond in the monomer molecule, generating a free radical that initiates the polymerization reaction (Figure 9b) [85].



The propagation step occurs after the initiation and is considered the most important step in polymerization because in this step the chain grows. This step is very fast, with low activation energy. In the propagation, the active center formed at initiation is added to another monomer, generating a longer chain with the transfer of the active center from monomer to monomer, which is immediately added to another monomer at the end, and so on, until termination occurs [85], as illustrated in Figure 10.



Finally, the termination step occurs when there is interruption of chain growth due to the disappearance of the active center due to: (a) coupling or combination of two active centers, forming a simple bond between the propagating species; (b) disproportionation, which consists of the intermolecular transfer of a hydrogen atom from one chain to another in growth, saturating one end and creating a double bond at the end of the other chain; (c) snatching of a hydrogen atom from any point in the chain, where the active center is transferred to compensate for the loss of this hydrogen, forming branches; (d) interaction of the free radical with other formed radicals or molecules present in the reaction medium, such as a solvent, initiator, impurities or molecular oxygen. The mechanism of the termination step in free radical-initiated polyaddition is shown in Figure 11.



Due to the short lifetime of the growing chains and the several events that benefit the termination of polyaddition, the structure of polymers is difficult to control, with a higher polydispersity index, i.e., greater heterogeneity in particle size [86]. Thus, to control the structure of the polymer chain, reversible-deactivation radical polymerization (RDRP) emerged as an alternative for the control of propagating radical reactivity [86].



There are two types of radicals in RDRP polymerization. The first one can propagate the reaction and overcome the termination event, whereas the second one is bonded to agents that control the termination of polymerization. Thus, the higher the concentration of the two agent control, the lower the probability of interaction between the propagated radicals. Thereby, it is possible to obtain polymers with higher molar mass and high rates of reaction conversion, aside from low polydispersity indices.



Among the RDRP polymerization is the iniferter (Initiator-transfer agent-terminator), where the controlling agent of the propagating center participates in the initiation, transfer of radicals, and termination of the propagating centers [87,88]. The control agent is a substance that forms two types of radicals by the effect of temperature or ultraviolet radiation, such as dithiocarbamate. The first radical function is to add itself to the monomer, through the π bond, to start a propagating chain, while the second has the function of controlling the entry of other molecules of the monomer through rapid activation/deactivation of the C=S bond of the dithiocarbamate. Nonetheless, fragments of the dithiocarbamate radical can initiate new chains and their reversible deactivation balance is not fast or enough to control the entry of monomers into the growing chain, increasing the polydispersion of the formed polymer [89,90].



Huang and coworkers [74] reported the synthesis of an IIP for Cd2+ ions on the surface of a paper using graft polymerization and the RDRP procedure by Iniferter to develop a sensor. In the polymer synthesis, Cd(CH3COO)2 • 2H2O was used as a template, MAA as a functional monomer, DMSO as a porogenic solvent, EGDMA as a cross-linking agent, sodium diethyldithiocarbamate trihydrate as a control agent. The synthesis was carried out by photopolymerization using ultraviolet radiation with λ = 254 nm for 12 h, obtaining a membrane with superficial ion imprinted. From the morphological characterization, the authors observed that the polymer was formed only on the surface of the paper without altering its three-dimensional network structure. In addition, many irregular particles were observed on the IIP membrane. However, for the non-imprinted polymer (NIP) merely a uniform membrane was formed. The authors employed X-Ray Photoelectron Spectroscopy (XPS) to analyze the surface composition of IIP. The presence of two peaks at 163.1 and 165.5 eV were attributed to the sulfur (S) from the C-S and C=S groups due to the modification of the iniferter in the paper.



Regarding the adsorption study, IIP had a higher maximum adsorption capacity (155.2 mg g−1) when compared with the IIP reported for Cd2+ and/or other ions (Table 2) synthesized by conventional radical polymerization.





4. Classification of IIP


Ion imprinted polymers can be classified according to the chemical nature of the reagents used in the synthesis. They can be organic, inorganic, or hybrid (organic-inorganic). Table 4 shows some features and properties of IIP according to its chemical nature.




5. Recent Applications


Ion imprinted polymers have been employed for the extraction of metal ions in several kinds of samples with different preconcentration modalities and techniques of determination. Some of the recent applications of these materials during the last years are shown in Table 5.



Recently, the chemical imprinting technique with ions has been combined with Restricted Access Materials (RAM) to obtain absorbents with high selectivity and satisfactory ability to exclude macromolecules. Cui and coworkers [99] synthesized an IIP-RAM for the adsorption of Cu2+ ions in human urine and blood serum samples. The adsorbent had a maximum adsorption capacity of 15.9 mg g−1 with a pre-concentration factor of 30.0 and satisfactory exclusion of macromolecules. From the textural parameters, the IIP-RAM exhibited a surface area of 86.3 m2 g−1, with a total pore volume of 0.17 cm3 g−1 and an average pore diameter of e 6.29 nm. The authors report that IIP-RAM showed selective capacity for Cu2+ ions in the presence of different ions (Zn2+, Co2+, Ni2+, Pb2+ and Cd2+) at different concentrations (0.2, 0.5, 1.0, 2.0 and 5.0 mg L−1).



Suquila and Tarley [100] synthesized an IIP with RAM based on poly(allylthiourea) and modified it with 2-hydroxyethyl methacrylate (HEMA) and bovine serum (BSA) to preconcentrate Cu2+ ions and simultaneous exclude of protein from milk samples using FIA-FAAS. The proposed method was effectively applied to the copper determination in different milk samples, needful only pH adjustment followed by the preconcentration step as sample pretreatment. The content of copper in the sample of bovine milk was 0.635 ± 0.042 mg kg−1, whereas soybean milk samples were between 0.048 ± 0.008 and 0.094 ± 0.005 mg kg−1. The authors define the proposed extraction method can be considered as a simple, fast, and low-cost analytical strategy when compared to conventional microwave-assisted acid digestion.



In the same way, Oliveira and coworkers [101] developed an IIP with RAM for online preconcentration of Cd2+ and simultaneous clean-up of humic acid from natural water samples. An addition/recovery test was employed to attest to the proposed method’s accuracy at two-level of Cd2+ with the presence of humic acid in a real water sample. The recovery percentages obtained were between 93.8 and 108.7%. Likewise, the cadmium content was analyzed employing TORT-2 (lobster hepatopancreas) as certified reference material. The proposed method was applied to samples of water, food (linseed, 301.8 ± 15.3 μg kg−1), herbal medicine (Ginkgo biloba L., 221.2 ± 5.8 μg kg−1), and cigarette (77.9 ± 6.3 μg kg−1) after a spiking procedure with a known concentration of Cd2+. The authors consider that the proposed method was satisfactory when compared with other works reported in the literature for cadmium determination.




6. Conclusions


From the review of the literature on the ion imprinted polymer, it is possible to state that the synthesis of these absorbent materials has been increasing in recent years, whose analytical purpose is centered on the extraction of various metal ions in samples with complex matrices for later analysis through analytical techniques. This review also shows the IIP has higher potential when compared with other adsorbent materials due to their high selectivity and other parameters considered important in the adsorption processes. However, in the synthesis of these materials, it is necessary to analyze previously each of the components that will be used, since the studies report the strong influence that the synthesis reagents and the polymerization methods have on the properties of these materials, mainly in the selectivity and adsorption capacity.
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Figure 1. Schematic representation of the synthesis process of an Ion-imprinted polymer (IIP). 
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Figure 2. Main acid functional monomers. 
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Figure 3. Main basic functional monomers. 
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Figure 4. Main neutral functional monomers. 
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Figure 5. Other functional monomers were used in the IIP synthesis. 
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Figure 6. Chemical structure of the crosslinking agents used in the synthesis of IIP. 
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Figure 7. Chemical structure of the initiators commonly used in the synthesis of IIP, as well as the representation of the production of 2-Cyano-2-propyl radical from 2,2′-azo-isobutyronitrile (AIBN). 
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Figure 8. Number of published papers on IIP from 1991 to 2022. Web of Science: ion-imprinted polymer and ion imprinted polymer (Accessed in August 2022). 
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Figure 9. Mechanism of the initiation step in free-radical polyaddition: (a) homolytic decomposition; (b) free radical production that initiates the polymerization reaction. 
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Figure 10. Mechanism of the propagation step in free-radical polyaddition. 
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Figure 11. Mechanisms of the termination step in free-radical initiated polyaddition. 
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Table 1. Porogenic solvents most used in the synthesis of IIP.
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Type of Solvent

	
Solvent

	
Boiling Point (°C)

	
Dielectric Constant (k)

	
Dipole Moment (D)






	
Non-polar

	
Toluene [53]

	
111.6

	
2.38

	
0.36




	
Chloroform [38,50]

	
61.1

	
4.81

	
1.04




	
Aprotic polar

	
Dichloromethane (DCM)

	
40.0

	
9.1

	
1.60




	
Tetrahydrofuran (THF)

	
65.0

	
7.5

	
1.75




	
Dimethylformamide (DMF) [42]

	
153.0

	
38.0

	
3.82




	
Acetonitrile (ACN) [46,47]

	
81.6

	
37.5

	
3.92




	
Dimethylsulfoxide (DMSO)[60]

	
189.0

	
46.5

	
3.96




	
Protic Polar

	
Methanol (MeOH) [39,41]

	
64.6

	
33.0

	
1.70




	
Ethanol (EtOH) [34,40,43,51]

	
78.2

	
30.0

	
1.69




	
Acetic Acid (HAc)

	
118.0

	
6.2

	
1.74
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Table 2. Imprinted polymers, found in some previously published works, synthesized for the adsorption of metal ions in samples with a complex matrix.
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	Metal Ion Salt
	Functional Monomer/Non-Vinylated Ligand
	Crosslinking Agent
	Initiator
	Other Reagents Used
	Porogenic Solvent
	Polymerization Strategy
	Adsorption Capacity (mg g−1)
	Eluent
	Determination Technique
	Application in Samples
	Ref.





	1.0 mmol of Cu(NO3)2▪3H2O
	0.4 mmol of Acrylamide
	1.00 mmol of EGDMA
	0.03 mmol of AIBN
	Graphene oxide (GO)
	EtOH
	Surface imprinting
	109.38
	HCl
	GF AAS
	Milk and crayfish (head, claw, tail).
	[37]



	2.4 mmol of Cu(CH3COO)2
	2.0 mmol of Salen
	65.50 mmol of Styrene and 10.5 mmol of DVB
	3.04 mmol of Benzoyl peroxide (BPO)
	
	Chloroform
	Suspension
	7.22
	EDTA, HCl, HNO3
	F AAS
	Water.
	[38]



	2.5 mmol of CuCl2▪2H2O
	10.0 mmol of Acrylamide
	DVB
	AIBN
	
	MeOH
	Precipitation
	N.I
	HCl
	F AAS

Cronop.
	N.I
	[39]



	0.9 mmol of Cu(NO3)2▪3H2O
	9.9 mmol of Acrylamide
	EGDMA
	AIBN
	1.2 mmol of CTAB (Surfactant)
	EtOH
	Bulk
	0.84
	HNO3
	F AAS
	N.I
	[40]



	1.0 mmol of Cu2+
	2.0 mmol of Itaconic acid
	20.00 mmol of EGDMA
	0.30 mmol of AIBN
	
	MeOH
	Precipitation
	14.80
	HCl in EDTA
	WD-XRF
	N.I
	[41]



	CuSO4▪5H2O
	7.4 mmol of PCC and 0.2 mmol of DAMAS
	0.20 mol DVB and 0.05 mol EGDMA
	12.18 mmol of AIBN
	
	DMF
	Precipitation
	8.56
	H2SO4
	F AAS
	N.I
	[42]



	0.9 mmol of AgNO3
	1-VID or 4-VP
	EBAm
	AMP
	
	EtOH
	Precipitation
	1-VID: 72.22 and 4-VP: 72.97
	Thiourea in HCl, Na2S2O3, EDTA in NaOH
	ICP OES
	N.I
	[43]



	1.0 mmol of KNO3
	1.0 mmol of DC18C6/10.0 mmol of MAA
	100.0 mmol of EGDMA
	0.30 mmol of AIBN
	
	ACN:DMSO (3:1. v/v)
	Precipitation
	15.60
	HNO3, HCl, H2SO4.
	Flame Photometer
	Water (drinking, mineral, waste).
	[44]



	5.0 mmol of LiCl▪H2O
	1.9 mmol of 2M12C4
	25.00 mmol of EGDMA
	1.10 mmol of AIBN
	2.0 g MH-Fe3O4@SiO2
	MeOH:DMF (1:2 v/v)
	Surface imprinting
	4.08
	HCl
	F AAS
	Wastewater.
	[45]



	0.5 mmol of Pb(NO3)2
	1.0 mmol of 1.5-diphenylcarbazone/4.0 mmol of 2-VP
	20.00 mmol of EGDMA
	0.40 mmol of AIBN
	
	ACN
	Bulk
	75.40
	HCl
	F AAS
	Fish, vegetables (parsley, basil, and mint), and rice.
	[46]



	1.0 mmol of PbCO3
	2.0 mmol of MAA
	5.80 mmol of EGDMA
	0.30 mmol of AIBN
	1.0 g of Fe3O4 functionalized with TEVS
	ACN
	Surface imprinting
	51.80
	Thiourea in HCl
	F AAS
	Beverages (milk, coffee, tea, juice, lemonade, water).
	[47]



	1.0 mmol of Zn(NO3)2▪6H2O
	1.0 mmol of Morin/6.0 mmol of MAA
	20.00 mmol of EGDMA
	0.30 mmol of AIBN
	
	EtOH:ACN

(2:1 v/v)
	Bulk
	0.13
	HCl, HNO3, H2SO4, EDTA
	F AAS
	Orange juice and water (waste, river, tap).
	[48]



	1.0 mmol of Zn(NO3)2▪6H2O
	1.0 mmol of N,N’-Bis(salicylidene)ethylenediamine/4.7 mmol of MAA
	30.00 mmol of EGDMA
	0.40 mmol of AIBN
	
	MeOH: EtOH (3:1 v/v)
	Precipitation
	22.11
	H2SO4, HNO3, HCl
	F AAS
	Milk, potato, rice, tea, and mineral water.
	[49]



	2.1 mmol of

Ni(NO3)2▪6H2O
	4.0 mmol of Dz/2.4 mmol of MAA
	12.00 mmol of EGDMA
	0.73 mmol of AIBN
	Membrane of PVDF
	Chloroform
	Surface imprinting
	37.00
	HCl
	F AAS
	N.I
	[50]



	1.0 mmol of Ni (NO3)2▪6H2O
	2.0 mmol of 1.5-diphenylcarbazone/4.7 mmol of MAA
	30.00 mmol of EGDMA
	0.40 mmol of AIBN
	
	EtOH
	Precipitation
	40.25
	HCl, H2SO4, HNO3
	F AAS
	Water (drinking, river, minerals) and tomatoes.
	[51]



	1.2 mmol of Ni(NO3)2▪6H2O or 1.2 mmol of Ni(ClO4)2▪6H2O
	Vbamp
	23.50 mmol of EGDMA
	0.65 mmol of AIBN
	
	EtOH: 2-methoxyethanol (1:1. v/v)
	Reverse suspension
	IIPNO3: 7.04 (pH 4.00) and 11.73 (pH 7.00)

IIPClO4: 5.86 (pH 4.00) and 9.39 (pH 7.00)
	H2SO4
	ICP OES
	N.I
	[52]



	1.0 mmol of Ni(NO3)2▪6H2O
	4.0 mmol of AMPSA
	7.95 mmol of EGDMA
	0.61 mmol of AIBN
	SG-PMA (Support); SDS and n-pentanol (Emulsifiers)
	Toluene
	Surface imprinting
	20.30
	HNO3
	ICP OES
	Water
	[53]



	1.0 mmol of HgCl2
	1.0 mmol of 2. 2- dipyridylamine
	30.00 mmol of EGDMA
	0.40 mmol of AIBN
	
	MeOH
	Precipitation
	27.96
	HCl, H2SO4, HNO3.
	CV-AAS
	Water and fish.
	[54]



	0.5 mmol of CdI2
	2.0 mmol of N-pdc
	5.29 mmol of EGDMA
	0.61 mmol of AIBN
	CNT functionalized with VS
	EtOH
	Surface imprinting
	46.00
	Thiourea in HCl, HCl, HNO3, H2SO4
	F AAS
	Lettuce, coriander, onion, spinach, parsley, cabbage, and tea.
	[55]



	0.05–0.8

mmol of Cd(NO3)2▪4H2O
	0.8 mmol of ALU or 1-VID or Acrylamide or ATU
	4.00 mmol of EGDMA
	0.06 mmol of AIBN
	
	MeOH
	Bulk
	Between 2.1 × 10−4 and1.7 × 10−3
	HNO3
	GF AAS
	Water
	[56]



	1.0 mmol of CdCl2▪2.5H2O
	2.0 mmol of ATU
	7.94 mmol of EGDMA
	0.43 mmol of AIBN
	SG-PMA
	ACN
	Surface imprinting
	38.3
	HCl, HNO3
	ICP OES
	Water (synthetic, tap, lake, waste)
	[57]



	5.0 mmol of Co(NO3)2▪6H2O
	10.0 mmol of 1-VID
	50.00 mmol of EGDMA
	0.61 mmol of AIBN
	Fe3O4 functionalized with TEOS
	DMF: MeOH
	Surface imprinting
	21.00
	HNO3
	F AAS
	Wastewater.
	[58]



	UO2(NO3)2 ▪6H2O
	SALO/4-VP and 12.0 mmol of MAA
	36.00 mmol of EGDMA
	0.30 mmol of AIBN
	Fe3O4 functionalized with AO
	2-methoxyethanol
	Bulk
	1.04
	HCl, H2SO4, HNO3, NaHCO3, Na2CO3
	ICP OES
	Wastewater (mine treatment and acid drainage plants).
	[59]



	0.1 mmol In2(SO4)3
	0.15 mmol of AVF
	6.36 mmol of EGDMA
	0.61 mmol AIBN
	SG-PMA
	DMSO
	Graft
	45.07
	H2SO4
	ICP OES
	Wastewater (mines)
	[74]







Salen: N,N’-bis(salicylidene)ethylenediamine; PCC: Bis(2-hydroxyethyl)methyloleylammonium chloride of Cu (II); DAMAS: N,N-diallyl-N-(3-hydroxy-4-formyl)benzyl-N-methyl ammonium chloride; 1-VID: 1-vinylimidazole; 4-VP: 4-vinyl pyridine; DC18C6: dicyclohexyl 18C6; MAA: methacrylic acid; 2M12C4: 2-(allyloxy)methyl-12-crown-4; 2-VP: 2-vinylpyridine; Morin: 3,5,7,2′,4′-pentahydroxyflavone; Dz: Dithizone; AMP: 2-aminomethylpyridine; AMPSA: 2-Acrylamido-2-methyl-1-propanesulfonic acid; N-pdc: N-Allyl-2-benzoylhydrazinecarbothioamide; Vbamp: 1-(pyridin-2-yl)-N-(4- vinylbenzyl)methanamine; ALU: Allylurea; ATU: Allylthiourea; SALO: salicylaldoxime; AVF: Vinylphosphonic acid; EGDMA: Ethylene glycol dimethacrylate; AIBN: 2,2′-Azobis (isobutyronitrile); DVB: Divinylbenzene; EBAm: N,N’-methylene-bis-acrylamide: AMP: 2,2′-Azobis(2-methylpropionamidine) dihydrochloride; CTAB: Cetrimonium bromide; Fe3O4@SiO2: Silica-coated magnetite nanoparticles core- shell spheres; TEVS: Triethoxyvinylsilane, PVDF: Polyvinylidene fluoride; SG-PMA: N-propylmaleamic acid-functionalized silica gel; SDS: Sodium dodecyl sulfate; CNT: Carbon nanotube; VS: Vinyltriethoxysilane; TEOS: Tetramethoxysilane; AO: Oleic acid; MeOH: Methanol; EtOH: Ethanol; DMF: Dimethylformamide; ACN: Acetonitrile; DMSO: Dimethyl sulfoxide; EDTA: Ethylenediamine tetraacetic acid; Cronop: Chronopotentiometry; F AAS: Flame Atomic Absorption Spectroscopy; GF AAS: Graphite Furnace Atomic Absorption Spectrometry; WD-XRF: Wavelength Dispersive X-ray Fluorescence; ICP OES: Inductively Coupled Plasma Optical Emission Spectrometry; CV-AAS: Cold Vapor Atomic Absorption Spectroscopy; N.I: Not informed.
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Table 3. Polymerization methods of IIP and SEM images to observe the possible morphology of the polymeric particles after synthesis.
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	Polymerization Methods
	General Features
	Examples of Polymeric Particle Morphology Obtained by Other Researchers





	Bulk polymerization
	
	
Bulk polymerization is the strategy traditionally employed for the synthesis of IIP.



	
The polymerization reaction is carried out in a homogeneous system, in which the reactants (metal ion, functional monomer, cross-linking reagent, and initiator) are dissolved in an appropriate solvent inside a sealed vial in the absence of oxygen.



	
Polymerization is induced with increased temperature and/or UV radiation.



	
The polymer obtained has a rigid and heterogeneous consistency, and it is necessary to employ after synthesis, grinding, and sieving procedures before use, to standardize the size of the particles.



	
Convenient for solid phase extraction of metal ions.



	
The imprinting effect, adsorption capacity, and selectivity of these polymers are lower compared to those obtained by other strategies, due to the incomplete removal of the template during washing after synthesis and the difficult access of the metal ion to the selective cavity.



	
During polymer grinding, the binding sites can be destroyed.
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Ref. [40]

Ref. [56]

Relatively large particles with irregular size and shape.



	Suspension Polymerization
	
	
The synthesis reagents are dissolved in non-polar organic solvent and then added in an immiscible phase (usually polar) containing stabilizing agents (surfactant) to form a dispersive phase (with the non-polar phase inside the micelle), preventing coagulation of the emulsion drops.



	
The polymerization reaction takes place inside the emulsion droplets, after heating the medium under agitation, remaining in suspension with the dispersive phase, which causes the polymer to be produced in the shape of spheres.



	
Water is usually used as the immiscible phase and polyvinyl alcohol and inorganic salts as surfactants. The stabilizer affects the size and shape of particles, as well as their crystallinity and transparency [72]



	
It is noteworthy that water can solvate the metal ion interfering with the complexation, and it is necessary to use another dispersive phase, using a doughy appearance surfactant based on a perfluorocarbon polymer [75,76].
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Ref. [38]

Ref. [67]

Uniformly sized microspheres



	Precipitation Polymerization
	
	
Precipitation polymerization is similar to bulk polymerization, but the solvent volume is different. It is 5-fold to prevent the formation of a compact polymer.



	
The mixture of reagents and solvent is degassed and stored in a water bath at a temperature of 60 °C for 24 h or UV radiation.



	
Precipitation occurs when the microsphere acquires greater density than the solution during the reaction, becoming insoluble.



	
After synthesis, the microspheres are separated by centrifugation and washed with a solvent mixture to remove excess synthesis reagent.



	
There is no formation of emulsions.
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Ref. [77]

Ref. [78]

Highly homogeneous microspheres.



	Polymerization by surface imprinting
	
	
Initially, the surface of the solid support is activated or chemically modified to anchor molecules that have a vinyl group in the structure so that polymerization occurs.



	
The support material is usually inorganic (silica gel or magnetite nanoparticles), which are chemically and mechanically stable materials regarding organic solids, such as cellulose.



	
All reagents are dissolved in the solvent and mixed with the supporting solid. The polymerization reaction begins with an increase in temperature or incidence of UV radiation in a nitrogen atmosphere.



	
The template can be easily removed due to it is only on the surface of the material, making the cavities selective and more accessible to metal ion adsorption.
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Ref. [57]

Ref. [58]



	Graft Polymerization
	
	
In this strategy, polymeric support with spherical pores is used as the base of the IIP. The template, bifunctional monomer, crosslinking agent, and initiator are dissolved in the porogenic solvent and added to the polymeric support until it fills its pores.



	
The polymerization reaction begins with an increase in temperature or incidence of UV radiation in a nitrogen atmosphere.



	
After polymerization, the microspheres are suspended, separated, and washed.



	
Graft polymerization has advantages such as the possibility of producing materials with a two-dimensionally organized monolayer structure due to the immobilization of the monomer, as well as three-dimensionally through the imprinting step [71]



	
The distribution of binding sites is considerably better compared to bulk polymerization.
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Ref. [79]

Ref. [80]

The particles are homogeneous in size.



	Sol-gel polymerization
	
	
In the synthesis of IIP by the sol-gel process, initially, the reaction occurs between the metal ion and the selective group of the functional precursor. The precursor (organosilica) and the cross-linking agent (tetraethoxysilane-TEOS) are initially hydrolyzed to form a colloidal solution (sol) of very small particles (1–100 nm), which then interconnect (polycondensation) to form a rigid porous network (gel) [81].



	
The most common precursors for this procedure, which act as a cross-linking agent, are 3-aminopropyltriethoxysilane (APTES), phenyltrimethoxysilane (PTMS), tetramethoxysilane (TMOS), and tetraethoxysilane (TEOS), and are responsible for the polymeric network formation.



	
Acids and bases can be used as catalysts for the synthesis.



	
The presence of surfactants allows controlling the size of the selective cavity, promoting the access of the metal ion due to the fast mass transfer. This type of procedure allows obtaining polymers with double imprinting; therefore, the formation of the selective cavity depends on the metal ion-functional precursor interaction and the surfactant.
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Ref. [82]

Ref. [83]



	Emulsion polymerization
	
	
Emulsion polymerization is heterogeneous and allows obtaining particles with sizes in the order of micrometers.



	
In this polymerization, the organic phase (template, monomer, and cross-linking agent) is dispersed in water (polar phase). For this, a surfactant such as sodium dodecyl sulfate is used, which promotes the formation of micelles, where the radical initiator will cause polymerization.



	
The advantage of this polymerization strategy is that it does not require the use of organic solvents.



	
Similar to suspension polymerization, water can interfere with the imprinting process.
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Ref. [84]







SEM images reproduced with permission from [38,40,56,57,58,67,77,78,79,80,82,83,84], Copyright publisher, 2008, 2014, 2014, 2015, 2016, 2017, 2015, 2016, 2019, 2018, 2017, 2014, and 2017, respectively.
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Table 4. IIP classification according to the chemical nature of its components.
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	Chemical Nature of IIP
	Synthesis
	Features/Properties





	Organic
	
	
Can be synthesized by bulk polymerization, precipitation, and suspension.



	
Often AIBN (2,2′-azobisisobutyronitrile) is used as the initiator and DVB (divinylbenzene) and EGDMA (ethylene glycol dimethacrylate) as crosslinking agents.



	
Vinylated and non-vinylated ligands are used for the metal ion complexation.





	
	
The first IIP were organic in nature [35], using poly(ethyleneimine), poly(vinylpyridine), poly(vinyl alcohol) and poly(acrylate) for the recognition of Cu2+, Fe3+, Co2+, Zn2+, Ni2+ and Hg2+.



	
These materials have a rigid polymeric network that is highly crosslinked and chemically stable over a wide pH range.



	
There is a wide variety of commercially available monomers.



	
Can be used in solid-phase extraction (SPE), separation membranes, and sensors. However, in SPE, organic polymers can shrink or swell when exposed to different solvents, with resistance to the passage of liquids, generating column packing.



	
Usually have a retention capacity of around 70 to 100%.








	Inorganic
	
	
Synthesized employing sol-gel polymerization.



	
As a crosslinking agent, tetraethoxysilane (TEOS) is used.



	
Bifunctional precursors such as 3-(2-aminoethylamino)-propyltrimethoxysilane (AAPTS) are used to complex the metal ion and copolymerize with the TEOS.



	
The use of initiators is not decisive; therefore, the synthesis can take place in the presence of molecular oxygen with heating to 90 °C.



	
Acid catalysis has been more used in the synthesis of these polymers.





	
	
Polymers synthesized in the presence of acid catalysts lead to the formation of particles with smaller size and aggregation, and greater surface area and porosity.



	
They have reduced stability in an aqueous medium with a low or high pH value.



	
Excess acid catalysts can lead to the formation of microporous structures.



	
The adsorption/desorption kinetics becomes unfavorable due to the micropores that make up the material, resulting in the slow mass transfer of the analyte.








	Hybrids

(Organic-inorganic)
	
	
There are several possibilities for synthesis, based on two types of interaction: weak interactions between components, such as hydrogen bonds, van der Waals forces, π-π or electrostatic interactions; or by strong chemical bonds such as covalent or ionic-covalent bonds.



	
These materials are mainly prepared by sol-gel polymerization, using TEOS as a crosslinking agent and organic molecules capable of interacting with the metal ion for their incorporation into the polymeric network. In this case, the organic component is not polymerizable, as it is just covalently bound to the inorganic matrix.



	
Using other polymerization strategies, it is possible to associate the effect of vinylated organic monomers (coupling agents) with inorganic precursors to provide greater selectivity to the polymer.





	
	
These polymers are macroscopically homogeneous materials, presenting properties different from those that gave rise to them.



	
They have a large surface area and pore size between 2 and 15 nm.



	
They are thermally and chemically stable due to their inorganic composition, with the functionality and flexibility of organic polymers. Thus, they can be used over a wide pH range.



	
They have low density, compared to organic polymers, and long durability.



	
Can be used in solid-phase extraction for metal ions.















[image: Table] 





Table 5. Recent applications of ion-imprinted polymers (2017–2022).
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	Metal Ion
	Application in Samples
	Modality
	Determination Technique
	Limit of Detection— LD (µg L−1)
	Year
	Ref.





	Fe2+
	Wine.
	SPE
	F AAS
	30.00
	2017
	[4]



	Pb2+
	Agricultural products (Orange, mango, apple, kiwi, lettuce, broccoli, carrot, squash, eggplant, radish, mushroom, cucumber, and tomato).
	MSPE
	F AAS
	0.48
	2017
	[5]



	Ag+
	Well water, aqueduct water, and dam water
	-
	DPV
	0.015
	2017
	[19]



	Cd2+
	Tap water.
	-
	potentiometry with ion-selective electrodes (IES)
	11.20
	2017
	[25]



	Hg2+
	River and lake water.
	-
	UV-visible and fluorescence spectrophotometer
	4.00
	2017
	[91]



	Fe3+
	Springs, tube well, hand pumps, open streams, and rivers.
	SPE
	Ultraviolet-Visible spectrophotometer and F AAS.
	N.I
	2018
	[6]



	Cu2+
	Water samples such as well

water river

water,

tap water

and industrial effluent water.
	SPE
	F AAS
	N.I
	2018
	[7]



	Au3+
	Geological, environmental and biological.
	MSPE
	GF-AAS
	0.0079
	2018
	[10]



	Cr3+
	Industrial wastewater.
	-
	DPV
	2.65
	2018
	[20]



	Pb2+
	Tap water and well water.
	-
	DPASV
	0.021
	2018
	[23]



	Ti4+
	Tap water, well water, and wastewater.
	-
	F AAS
	10.00
	2019
	[8]



	Mn2+
	Lake, fertilizers, and mining effluents.
	-
	DPV
	0.75
	2019
	[21]



	Cu2+
	Water.
	-
	DPV
	0.0047
	2019
	[22]



	Hg2+
	Lagoon and river water.
	SPE
	DPASV
	0.322
	2019
	[92]



	Hg2+
	Serum

of gallstone patients.
	SPE
	UV-Vis spectrophotometer
	0.05
	2019
	[93]



	Cd2+ and Pb2+
	Soil, rice, and rice husk.
	MISPE
	GF-AAS
	0.102 (Cd2+)

0.011 (Pb2+)
	2020
	[11]



	Co2+
	Radioactive wastewater.
	MSPE
	ICP-OES
	N. I
	2020
	[12]



	Au3+
	Tap water, river water, soil, and coal.
	MSPE
	ICP-MS
	0.002
	2020
	[16]



	UO22+
	Highly saline

radioactive effluents.
	MSPE
	ICP-MS.
	N.I
	2020
	[17]



	As3+
	Well water, parsley, mint, and rice.
	MSPE
	HG-AAS
	0.0043
	2020
	[18]



	Cd2+ and Pb2+
	River water

and fish muscles
	SPE
	FS-FAAS
	0.20 (Cd2+)

0.43 (Pb2+)
	2021
	[9]



	Ca2+
	Human blood serum.
	SPE
	ICP-OES
	N. I
	2021
	[13]



	90Sr
	Soil, river sediments, wheat, grass, vegetables (Potatoes, salad, rhubarb, spinach, chard, parsnip, carrot, radish, leek, celery, Jer. artichoke, bear’s garlic), milk, milk teeth, human vertebrae, urine, and water.
	SPE
	ICP-OES
	8 mBq L−1
	2021
	[14]



	Ni2+
	Water
	MSPE
	ICP-OES
	0.58
	2021
	[15]



	Cd2+
	Tap water, river water, and rice.
	-
	CV, DPV, and EIS
	0.016
	2021
	[24]



	Cu2+
	Wastewater
	SPE
	F AAS
	N.I
	2022
	[94]



	Pb2+
	Tap water
	SPE
	ICP-OES
	N.I
	2022
	[95]



	Cr3+
	Real and artificial electroplating industrial effluent
	SPE
	ICP-OES
	N.I
	2022
	[96]



	Zn2+
	Honey
	SPE
	UV-Vis
	25.70
	2022
	[97]



	Al3+
	Rare earth solutions
	SPE
	ICP-AES
	N.I
	2022
	[98]







SPE: solid-phase extraction; MSPE: magnetic solid-phase extraction; MISPE: magnetic ion solid phase extraction, FAAS: flame atomic absorption spectrometry, FS-FAAS: flame atomic absorption spectrometer with fast sequential module, GF-AAS: graphite furnace atomic absorption spectroscopy, ICP-OES: inductively coupled plasma optical emission spectrometry, ICP-MS: inductively coupled plasma mass spectrometry, ICP-AES: inductively coupled plasma atomic emission spectroscopy, HG-AAS: hydride generation atomic absorption spectrometry, DPV: differential pulse voltammetry, DPASV: differential pulse anodic stripping voltammetry, CV: cyclic voltammetry, EIS: electrochemical impedance spectrum, N.I: not informed.
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