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This doctoral project addressed the challenging separation of Co(II) and Ni(II) ions in 
hydrometallurgical processes. The experimental work focused on the synthesis of new 
chelating monomers, the study of their complexes with the target ions and their 
application to prepare ion imprinted polymers (IIPs). Three new chelating monomers, 
named PIM-MMA, bis-AMP-MMA, and AMP-MMA, were synthesized using pyridine 
ligands as precursors. PIM-MMA monomer was excluded from the complex formation 
study due to its high tendency to homopolymerization. Nevertheless, it was used to 
prepare Ni(II)-imprinted polymers at varying Ni(II)/PIM-MMA ratios. These materials 
showed enhanced Ni(II) adsorption capacity when compared to the corresponding non-
imprinted polymer (NIP), and a light selectivity for Ni(II) ions, which was however 
limited. The formation of complexes with Co(II) and Ni(II) ions was studied with both 
bis-AMP-MMA and AMP-MMA monomers. Both monomers formed 1:2 complexes 
with Co(II) and Ni(II) ions. In the case of bis-AMP-MMA, these complexes had similar 
stability constants, while AMP-MMA complex with Ni(II) ions was more stable than the 
one formed with Co(II) ions. IIPs were prepared with both monomers optimizing the pre-
polymerization mixture according to complex formation study results. Bis-AMP-MMA-
based adsorbents were characterized by poor selectivity in the separation of Co(II) ions 
in presence of Ni(II) ions. Conversely, the Ni(II)-IIP based on AMP-MMA (AMP-Ni-
IIP) exhibited high selectivity for Ni(II) ions in presence of  Co(II) ions. These selectivity 
study results aligned with those of the complex formation study for both monomers and 
highlighted the importance of optimizing metal/chelator complexes to prepare highly 
selective IIPs. Additionally, the adsorption capacity of AMP-Ni-IIP in both neutral and 
acidic media (169.5 mg/g at pH 7 and 138.9 mg/g at pH 2), combined with its selectivity 
for Ni(II) ions, provided a valuable alternative for the selective separation of Ni(II) ions 
in hydrometallurgical processes. 
 
 
Keywords: adsorption, selectivity, ion imprinted polymers, nickel, cobalt, 
hydrometallurgy 
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Nomenclature 

Latin alphabet 
A Area m2 
C Concentration g/L 
F Molar fraction into a copolymer 
K Constant - 
Kd Distribution coefficient - 
k Selectivity coefficient - 
k’ Relative selectivity coefficient - 
m Mass g 
q Adsorption capacity mg/g 
R2 Correlation coefficient - 
V Volume L 
x Molar fraction in solution - 

Greek alphabet 
β stability constant - 
δ chemical shift ppm 

Subscripts 
0 initial 
e equilibrium 
F Freundlich 
L Langmuir 
n number 1…n 
m maximum 
t time 0…t 

Abbreviations 
4-VP 4-vinylpyridine 
5-VHQ 5-vinyl-8-hydroxyquinoline 
8-HQ 8-hydroxyquinoline 
AA Acrylic acid 
AAPTS 3-(2-aminoethylamino) propyltrimethoxysilane 
AC Activated carbon 
ACN Acetonitrile  
AIBN Azobisisobutyronitrile 
AM Acrylamide 
AMP 2-(aminomethylpyridine) 
AQ 8-aminoquinoline 
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ATR Attenuated total reflectance 
BET Brunauer-Emmett-Teller 
BJH Barrett-Joyner-Halenda 
BPO Benzoyl peroxide 
Bis-AMP  Bis-2-(pyridylmethyl)amine 
C4H5ClO Methacryloyl chloride 
CDCl3 Deuterated chloroform 
CH2Cl2 Dichloromethane 
CMPS Chloromethylated polystyrene 
CN- Cyanide 
Cd(NO3)2·4H2O  Cadmium nitrate tetrahydrate 
Co(ClO4)2·6H2O  Cobalt perchlorate hexahydrate 
Co(NO3)2·6H2O  Cobalt nitrate hexahydrate 
Cu(ClO4)2·6H2O  Copper perchlorate hexahydrate 
Cu(NO3)2·2.5H2O  Copper nitrate hemihydrate 
Cyanex® Bis-2,4,4-trimethylpentyl phosphinic acid 
D2EHPA Di-2-ethylhexylphosphoric acid 
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DEM 2-(diethylamino) ethyl methacrylate 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
DMSO-d6 Deuterated dimethyl sulfoxide 
DPA Dipicolinic acid 
DPC Diphenylcarbazide 
DVB Divinylbenzene 
ECH Epichlorohydrin 
EGDMA Ethylene glycol dimethylacrylate 
FTIR Fourier transform infrared 
H2SO4 Sulfuric acid 
HAQ 1-hydroxy-2-(prop-2′-enyl)-9,10-anthraquinone 
HCl Hydrochloric acid 
HEMA 2-hydroxyethylmethacrylate 
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ICP-MS Inductively coupled plasma-mass spectroscopy 
IIPs Ion-imprinted polymers 
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LSM Least-squares minimization 
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N(CH2CH3)3   Triethylamine 
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Ni(ClO4)2·6H2O  Nickel perchlorate hexahydrate 
Ni-MH Ni-metal-hydride 
Ni(NO3)2·6H2O  Nickel nitrate hexahydrate  
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NMR Nuclear magnetic resonance 
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PETRA Pentaerythritol triacrylate 
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REEs rare earths elements 
ROS Reactive oxygen species 
RSD Relative standard deviation 
S2O32- Thiosulfate 
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SEM Scanning electron microscopy 
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1 Introduction 

1.1 Research background 

The separation of metal ions from complex mixtures is a highly relevant topic in both 
academic and industrial research. Due to their chemical and physical similarities and 
frequent co-occurrence in natural resources, the separation of nickel and cobalt is a major 
challenge in the metallurgical industry. Nickel is predominantly sourced from sulfide and 
laterite ores found primarily in Australia, Indonesia, South Africa, Russia, and Canada 
[1]. In contrast, ore deposits for the exclusive supply of cobalt are rare, with Morocco and 
Canada being the sole locations where they can be found. This leads to approximately 
98% of industrially available cobalt being produced as a by-product of nickel or copper 
mining [2]. Hydrometallurgy has been established in recent decades as a more eco-
sustainable alternative to the energy-demanding pyrometallurgical processes [3]. 
Hydrometallurgical processes are conducted in water-based solutions, reducing energy 
consumption, and minimizing the release of hazardous by-products into the environment 
[4]. Hydrometallurgical separation processes begin with the dissolution of the metal-
containing feed to release the target metal in solution [5]. This first step, known as 
leaching, is a non-selective process and impurities such as metal ions, organic matter, and 
inorganic compounds are dissolved together with the target metal. To purify and 
concentrate the target metal in the solution, common metal separation techniques like 
solvent extraction [6], precipitation [7], cementation [8], ion exchange [9], or adsorption 
[10] are implemented. These techniques often lack selectivity, especially when dealing 
with metal species with similar chemical properties, as is the case of the separation of 
Co(II) and Ni(II) ions. To enhance selectivity, researchers frequently seek the 
development of new selective materials capable of interacting specifically with the target 
species. This was achieved, for example, by testing new extractants for solvent extraction 
[11] or new precipitating agents for chemical precipitation [12], and with the design of 
new resins for ion exchange or adsorption [13]. A convenient alternative to increasing the 
selectivity of adsorbent materials is represented by the ion imprinting technique [14].  Ion-
imprinted polymers (IIPs) are porous adsorbents whose polymeric network is formed in 
the presence of a specific target ion, namely template ion [15]. The preparation of IIPs 
begins with the complexation of the template ion with a functional chelating monomer. 
The complex is then copolymerized and finally the template ions are released, forming 
ion-imprinted cavities. The shape and size of these binding cavities are complementary 
to those of the template ion, enhancing the selectivity of IIPs toward it. The selectivity of 
IIPs is affected by the stability and stoichiometry of the complex between the template 
ion and the chelating molecules [16]. The preparation of IIPs for the selective separation 
of Co(II) and Ni(II) is the core topic of this doctoral project. The literature about the 
properties of cobalt and nickel, their industrial recovery, and the methodologies for their 
selective separation, and about the preparation of IIPs and the optimization of the pre-
polymerization conditions introduced in this section, are deeply explored in Chapter 2 of 
this manuscript. 
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1.2 Purpose of the study and research limits 

This PhD project aims to prepare highly selective IIPs as a solution to the complex 
hydrometallurgical separation of Co(II) and Ni(II) ions. The stability sequence for first-
row transition metals complexes generally follows the Irving-Williams series represented 
as Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II) [17]. Typically, Cu(II) complexes 
exhibit the highest stability but there are specific cases, such as with 1,10-phenanthroline 
ligand, where Ni(II) complexes are more stable [18]. In previous studies conducted by 
the project supervisors' team, it was demonstrated that, by adjusting the metal/chelator 
stoichiometry with an in situ complex formation study, it was possible to change the 
selectivity order of IIPs for transition metals [16]. The complex formation between 
ligands and metal ions can be studied ex situ, by physically isolating the complexes 
through their crystallization or precipitation, or in situ, with spectroscopic methods. The 
ex situ complex isolation methods show limitations such as time-demanding crystal 
growth and the presence of impurities trapped within the complex crystals [19,20]. To 
optimize the complex formation, and consequently the IIPs pre-polymerization 
conditions, a new in situ spectroscopic method was proposed as an alternative to the time-
demanding ex situ complex isolation [21]. The primary objective of this doctoral work is 
to produce highly selective adsorbents through the synthesis of original monomers, the 
study of their complexes with Cu(II), Co(II), and Ni(II) ions, and their application in IIPs 
preparation. Given this, the main intermediate targets for the experimental work are listed 
below: 

• Synthesis of original functional monomers based on 2,2'-(pyridyl)imidazole 
(PIM), bis-2-(pyridylmethyl)amine (bis-AMP) and 2-(aminomethylpyridine) 
(AMP) ligands. 

• Investigation of the interactions between the functional monomers and metal ions 
including Co(II), Ni(II), and Cu(II) through an in-situ complex formation study. 
As result of this study, the optimum pre-polymerization conditions to enhance the 
selectivity of IIPs are determined. 

• Preparation of IIPs for Co(II) and Ni(II) ions and full characterization of their 
structures. 

• Extensive binding and selectivity study of the IIPs to investigate the effect of the 
new functional monomers and pre-polymerization conditions on metal adsorption 
and selectivity. 

The investigation into complex formation concerning the new functional monomers was 
focused on their interactions with Cu(II), Co(II), and Ni(II) ions. The ions Co(II) and 
Ni(II) were chosen because their selective separation is a major challenge in the 
metallurgical industry and their recovery is a major concern, due to limited occurrence in 
nature and significant impact on human health. The investigation of the interactions with 
Cu(II) ion was grounded by the high stability of its complexes with various ligands, a 
factor which could significantly influence the selectivity of the novel adsorbents. 
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However, although the complex formation study was initially limited to these three metal 
ions, the investigation on IIPs selectivity was extended to other metal ions commonly 
encountered in hydrometallurgical separation processes, including Cd(II), Mg(II), and 
Mn(II) ions. The materials studied in this thesis were prepared on a laboratory scale with 
a bottom-up approach, with the synthesis of new monomers and the preparation of IIPs. 
Consequently, the adsorption experiments were carried out in batch systems, where a 
small quantity of adsorbent was sufficient to conduct an extensive series of adsorption 
experiments. 

1.3 Structure of the manuscript 

This doctoral manuscript is divided into seven chapters. Chapter 1 defines the research 
background, the purpose of the thesis and the research limits. Chapter 2 provides a 
literature review concerning the major properties of cobalt and nickel, their industrial 
recovery, and the methodologies for their selective separation. This chapter also focuses 
on the components and polymerization techniques applied to prepare IIPs, the 
optimization of the pre-polymerization conditions, and the description of the Co(II)-IIPs 
and Ni(II)-IIPs reported in literature. The experimental work and the results obtained 
during this doctoral project are described and discussed in Chapters 3, 4, 5, 6, and 7. 
Chapter 3 describes in detail the reagents, equipment, methods, and experimental 
procedures used to carry out the laboratory work. In chapters 4, 5, and 6 the results 
concerning each of the three novel monomers are described and discussed. This includes 
the synthesis and characterization of the new monomers, the preparation and 
characterization of IIPs, and their application in metal adsorption experiments. Finally, 
chapter 7 summarizes the conclusions related to the whole experimental work and 
outlines the future perspectives. 
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2.1 Cobalt and nickel 

2.1.1 General properties of cobalt and nickel 

Properties of cobalt 

Cobalt is a transition metal with atomic number 27 that can exist in several oxidation 
states including -1, 0, +1, +2, +3, +4, and +5 [22,23]. Metallic cobalt is a gray, ductile, 
brittle, and magnetic element which displays a low reactivity, remaining unoxidized in 
both dry and moist air under typical environmental temperatures [24]. The magnetic 
properties and thermal resistance allow the use of cobalt to produce ferromagnetic and 
high-temperature strength alloys [25,26]. Cobalt's variety of oxidation states make it a 
diffused coordination center. Organometallic complexes are in fact available for each of 
the oxidation states of cobalt, among which Co(II) and Co(III) are the most common [27]. 
Co(II) complexes typically have coordination number 6 or 4 and distorted octahedral or 
tetrahedral geometries, while Co(III) complexes almost exclusively have coordination 
number 6 and distorted or regular octahedral geometries [27]. 

Properties of nickel 

Nickel is also a transition metal, very close to cobalt in the periodic table since its atomic 
number is 28. Nickel is a hard, malleable, and ductile silver-white metal which shows 
magnetic properties below 360 °C [28]. It is a metal characterized by high resistance to 
corrosion and to high temperatures. These two properties, combined with its capability to 
dissolve a large amount of alloying elements, lead to its widespread use in the production 
of metal alloys [29]. In addition to its metallic form, nickel can exist in several oxidation 
states, including -1, +1, +2, +3, and +4, which make this element an important 
coordination center in chemistry and biochemistry [30]. Pharmaceuticals, organic 
compounds, and polymers can be synthesized using homogeneous nickel catalysis, 
wherein the reactions primarily involve nickel intermediates in oxidation states of Ni(0), 
Ni(I), Ni(II), and/or Ni(III) [31]. Hartman et al. studied the complexation of a large series 
of aminopyridine ligands with Ni(II) (the oxidation state considered in this manuscript), 
which resulted in octahedral complexes with coordination number 6 in condensed phase, 
and lower coordination number, equal to either 4 or 5, in gaseous phase [32]. 

2.1.2 Applications 

Application of cobalt 

Historically, cobalt was used as a blue dye and its oldest application is estimated to be in 
the late bronze age, around the 16th century BC [33]. The application of cobalt minerals 
as pigments is still ongoing and there are several examples in the literature of cobalt-
based pigments used to color blue or violet porcelain and ceramics [34–37]. The chemical 
properties of cobalt allowed it to be widely used in various other sectors of modern 
industry. Cobalt is a suitable element in the production of superalloys since it imparts 
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strength, heat resistance, and corrosion resistance to these high-performance alloys, 
which find application in jet engines and industrial gas turbines where reliability and 
performance under harsh conditions are essential [38]. Cobalt superalloys were also 
implemented for permanent surgical implants that required high yield strength and fatigue 
resistance, high elastic modulus, and that the implant could be safely imaged with 
magnetic resonance [39,40]. Cobalt was used as a catalyst for chemical reactions such as 
the hydrogenation of CO2 [41,42] and the Fischer-Tropsch synthesis [43], which consists 
in the catalytic conversion of syngas into products like hydrocarbons, oxygenates, and 
water [44]. Cobalt was used in combination with samarium to produce samarium-cobalt 
rare earth (Sm-Co-RE) permanent magnetic materials [45]. These materials are 
considered a valid alternative to the more common neodymium-iron-boron (NdFeB) 
magnets thanks to their high resistance to corrosion, oxidation, and high temperature, 
which allows their use in extreme conditions [46]. Sm-Co-RE magnets find various 
applications including aerospace, microwave communications, magnetic machinery, and 
production of electric vehicle components [46,47]. Cobalt was also widely applied in the 
form of lithium cobalt oxide (LiCoO2) in the production of cathodes for rechargeable 
lithium batteries, providing high stability and charge density to the batteries [48–51]. 

Application of nickel 

The main industrial applications of nickel are the production of stainless steel (46% of Ni 
supply), followed by the production of nonferrous alloys and superalloys (34% of Ni 
supply), electroplating (14% of Ni supply) and other uses such as chemical catalysis and 
the production of battery cathodes (6% of Ni supply) [52]. Different types of stainless 
steels are available including austenitic steel, ferritic steel, martensitic steel, and duplex 
steel, and the average percentage of nickel within them range between 0.5-8% [52]. The 
presence of nickel in stainless steel positively affects both the corrosion resistance of the 
materials [53] and their toughness and ductility [54]. In addition to the production of 
stainless steel, nickel is used in combination with other metals to produce nonferrous 
alloys and superalloys. Examples of nonferrous alloys of nickel include the Ni-Cr alloy 
used for dental cast [55], the Ni-Ti alloy to produce shape-memory materials [56], and 
the Ni-Cu alloy applied as a corrosion-resistance catalyst [57]. Approximately 50% by 
weight of the materials utilized in aerospace engines, particularly in gas turbines, consist 
of nickel-based superalloys [58]. The wide application of nickel superalloy in such 
extreme conditions comes from their high heat resistance resulting in high melting 
temperature, retaining of mechanical and chemical properties at high temperatures, and 
resistance to thermal fatigue and thermal shock [58,59]. In addition to the formation of 
metal alloys, it is possible to transfer some properties of nickel onto another material 
through the electroplating technique [60]. Electroplating consists in electrochemical 
deposition of a thin layer of nickel on a substrate, giving it resistance to corrosion, higher 
durability, and a pleasant external appearance [61,62]. Nickel is used in the production of 
cathodes for Ni-Cd and Ni-metal-hydride (Ni-MH) batteries. Ni-Cd batteries, which 
contain nickel oxyhydroxide as cathode and metallic cadmium as anode, gained 
importance as a compact, reliable, life-long electrochemical system which can be reused 
for a high number of cycles and which have a large temperature operation range [63]. Ni-
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MH batteries’ electrodes are represented by a hydrogen storage alloy (MH) as anode and 
nickel hydroxide (Ni(OH)2) as cathode [64]. The mechanism for a Ni–MH battery, 
described as the movement of hydroxide ions between the metal hydride MH electrode 
and the Ni(OH)2 electrode, produces a long battery cycle life of more than 1000 cycles, 
higher power capability, and a dense electrode structure [65]. Nickel is also used as a 
coordination center for producing several organo-nickel catalysts which are involved in 
the polymerization of olefines such as ethylene [66–68], propylene [69,70], and 1-hexene 
[71–73]. 

2.1.3 Impact on human health 

Impact of cobalt 

Cobalt compounds mainly exist in two valence states, Co(II) (cobaltous) and Co(III) 
(cobaltic), with the former being more commercially and environmentally prevalent 
[24,74]. The sole recognized biological role of cobalt is as a component of vitamin B12, 
while excessive exposure to other cobalt compounds has been associated with toxicity to 
the environment and the human body [75].  Humans are regularly exposed to various 
cobalt compounds in their daily lives, primarily encountering it through inhalation of 
ambient air and the ingestion of food and water containing cobalt compounds [75]. Toxic 
reactions resulting from cobalt exposure depend on its chemical form, with occupational 
and environmental exposures mainly involving metallic cobalt particles, and medical 
exposure, such as in surgical implants, involving cobalt nanoparticles and ions [76,77]. 
Responses to cobalt particle cause adverse tissue reactions [77] and can be categorized 
into metal reactivity and metal allergy. Metal reactivity is a normal immunity response to 
a large amount of metal debris, like adverse respiratory effects, while metal allergy, is an 
adaptive immunity response to a small amount of metal debris, such as contact dermatitis 
[75]. Systemic toxic reactions can occur when Co(II) ions enter the bloodstream and 
spread to different organs [76]. An increased presence of free Co(II) ions compared to 
bound cobalt increases the risk of toxic effects [78]. Molecular mechanisms of free Co(II) 
toxicity include the generation of reactive oxygen species, the interruption of 
mitochondrial function, disturbances in calcium and iron homeostasis, interference with 
thyroid iodine uptake, induction of genotoxic effects, and possible interference with DNA 
repair processes [74]. Finley et al. found that reversible hematological and endocrine 
symptoms are typically linked to lower blood cobalt concentrations (around 300 μg/L), 
while more severe effects such as neurologic and cardiac symptoms are observed at higher 
cobalt levels (>700 μg/L) [79]. 

Impact of nickel 

Nickel serves biological functions in plants, bacteria, archaea, and unicellular eukaryotes, 
where it catalyzes biochemical reaction in several enzymes including urease [80], 
hydrogenase [81], CO dehydrogenase [82], acetyl-CoA synthase [82], methyl-coenzyme 
M reductase [83], superoxide dismutase [84], acireductone dioxygenase [80], glyoxalase 
I [80], and lactate racemase [85]. Even though evolved species do not possess nickel-
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containing enzymes, nickel is considered a potentially essential element for animal and 
human life [86]. The exact role of nickel, making it an essential element, is not completely 
clarified, and is possibly linked to its use by mammal microbiota [87]. Acting as an 
immunotoxic and carcinogenic agent, the exposure to nickel at varying doses and 
durations can cause harmful health effects including contact dermatitis, cardiovascular 
disease, asthma, lung fibrosis, and respiratory tract cancer [88]. Human exposure to nickel 
primarily occurs through oral ingestion via water and food, where nickel can be present 
as a contaminant [89]. Inhalation exposure and handling of nickel-containing items also 
represent significant pathways for nickel-induced toxicity, impacting the respiratory tract, 
lungs, and immune system, and causing allergic contact dermatitis, respectively [89]. The 
exact molecular mechanisms of nickel-induced toxicity are still not fully understood, but 
mitochondrial dysfunctions and oxidative stress are considered central factors in the toxic 
effects of this metal [89]. Mitochondria serve as the primary sites for the generation of 
reactive oxygen species (ROS), which, when present in excess, can cause oxidative stress 
and damage to unsaturated fatty acids, proteins, and mitochondrial DNA [90]. 
Mitochondrial dysfunction can interfere with the electron transfer chain, amplifying the 
ROS generation, which in turn increases oxidative stress, forming a detrimental cycle 
[91]. 

2.2 Cobalt and nickel recovery methods 

As described in Section 2.1, cobalt and nickel have both a high industrial value, due to 
their wide range of applications, and an important impact on human health.  For this 
reason, their recovery from ores and industrial concentrates is of fundamental importance. 
The recovery of cobalt and nickel from ores or concentrates can be carried out with 
different metal separation processes. This section describes the advantages and 
limitations of the main cobalt and nickel separation processes, including 
pyrometallurgical separation, electrolytic separation, biometallurgical separation, and 
hydrometallurgical separation processes. 

2.2.1 Pyrometallurgical separation process 

Pyrometallurgy allows the separation of metals from their ores through high temperature 
processes [92]. The pyrometallurgical separation processes can be divided into raw 
material preparation, roasting, smelting, and refining steps [93]. Raw material preparation 
involves the transformation of the starting material, such as concentrate or ore, into a 
feedstock that possesses specific chemical composition and physical properties required 
for the subsequent operations [93]. This first step can involve physical operations like 
batching, mixing, drying, granulating, and pellet-making, and chemical transformations 
like incineration, calcination, and pyrolysis [93,94]. The raw material preparation is 
generally followed by the roasting process. In oxidative roasting, the ores are heated in 
the presence of a controlled amount of oxygen to a temperature lower than the melting 
point of the target metal, turning the sulfide minerals into metal oxides [95].  The 
following operation, smelting, consists of the reduction of metal oxides to metal at a 
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temperature of up to 1400 °C with a carbon-containing reducing agent such as coal, coke, 
shell charcoal, or anthracite [96]. The obtained products include the target metal and a 
waste material consisting of slag and the residual of reducing agent utilized for oxide 
reduction. The target metal, at this stage, retains impurities like sulfur and carbon 
residues, necessitating an additional purification step [93]. The last purification step, 
called refining, varies according to the type of impurity and the metal to be treated, and it 
can take place with physical, chemical, or electrochemical processes.  In vacuum 
distillation, an example of physical refining, the metal is brought to high temperatures 
under reduced pressure so that the metal remains in the reactor in a condensed form and 
the impurities evaporate [97]. Chemical refining methods involve chemical reaction such 
as oxidation, sulfidation, chlorination, or alkalization to eliminate impurities based on 
their different chemical properties [93]. Electrowinning is a commonly applied 
electrochemical process for metal recovery [98].  In this process, the target metal ion 
solution is subjected to an electric current which causes the solid metal deposition on the 
cathode, while by-products are collected at the anode [98].  

Pyrometallurgy is a highly efficient and rapid method for treating large volumes of raw 
material, showing good flexibility to accept heterogeneous and complex feeds [3]. The 
major limitations of this technique are related to its strong environmental impact. In fact, 
pyrometallurgical separations are highly energy demanding and produce polluting by-
products such as sulfur and carbon dioxides and particulates [3]. 

2.2.2 Electrolytic separation process 

Electrolytic separation processes use electric current to recover metals directly from ores 
and concentrates [99–101]. Conventional electrolytic techniques can be summarized as 
two-step processes. Firstly, the metal-containing raw materials are dissociated into anions 
(typically sulfide S2-) and cations (metal ions) using a supporting electrolyte as a solvent. 
This is followed by the application of an electric potential difference between the 
electrodes, with the metal being deposited at the cathode and usually a gas being 
generated at the anode [101]. The selection of an appropriate electrolyte is crucial, as 
properties such as high ionic conductivity, rapid mass transport rates, chemical and 
thermal stability, and a high solubility for the feedstock are required [101,102].  

The electrolytic separation process has advantages including adaptability to ores of 
different grades and lower energy cost and environmental impact when compared with 
conventional pyrometallurgical methods [100,103]. The main limitations of this method 
are related to the choice and application of the electrolyte. As reported by Allanore in his 
review on electrolytes for metal separation processes [102], there is a general lack of 
understanding and study of the physical chemistry, thermodynamic and electrochemical 
properties of electrolytes. Furthermore, in the case of separation of metals from molten 
sulfide salts, major challenges such as limited solubility of sulfur ions within the 
electrolyte, limited selectivity of sulfide reduction approaches, and the production of solid 
powders are encountered [99]. 
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2.2.3 Biometallurgical separation process 

Biometallurgy refers to the application of biotechnological processes involving 
interactions between microorganisms and metals or metal-bearing minerals [104]. The 
two main branches of biometallurgy are bioleaching and bioremediation [105]. 
Bioleaching, also referred to as biomining, involves the extraction and recovery of metals 
from ores and waste materials [106]. Bioremediation deals with the elimination or 
immobilization of harmful contaminants, including radionuclides and heavy metals, from 
polluted sites [107]. The role of microorganisms in the bioleaching of primary ores aim 
of oxidize the metal sulfides in the raw material to allow their separation in subsequent 
steps  [106]. The type of microorganism used is directly linked to the metal to be oxidized. 
In the case of cobalt and nickel, acidophilic bacteria such as Acidithiobacillus 
ferrooxidans [108] and Acidithiobacillus thiooxidans [109] are commonly used. Once the 
metal is oxidized, it is then separated from the solution with common separation 
techniques such as solvent extraction [110], precipitation [111], ion exchange [112], or 
adsorption [113].  

Bioleaching offers several benefits including high specificity, low energy requirements, 
the absence of toxic chemicals, and reduced secondary waste production [105,114,115]. 
The industrial application of bioleaching is limited by the challenging scalability of the 
process due to the availability and cost of microorganisms, the request for strictly 
controlled conditions, and a longer duration of the process when compared with 
traditional chemical leaching [5,104]. Synthetic biology is an emerging field that 
combines biology, engineering, and computer science to develop new biological systems 
and organisms with enhanced functionalities [116], and it can provide a toolbox for 
tailoring organisms for new applications including metal mining, where metal-selective 
and robust microorganism are required [117]. 

2.2.4 Hydrometallurgical separation process 

Hydrometallurgy is a process of recovering metals from ores, concentrates, or industrial 
sludges which involves the use of aqueous solutions [118]. Guranathne et al. schematized 
the hydrometallurgical separation processes into three phases: metal dissolution (leaching 
step) to obtain the leach solution, purification, and concentration of the leach solution to 
produce the leach liquor and, finally, the solid metal recovery from the leach liquor 
(Figure 2.1) [5]. 
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Figure 2.1. Schematization of hydrometallurgical separation processes. Adapted from reference [5]. 

After sorting and preparing the waste materials, the initial stage in hydrometallurgy is the 
dissolution of metals, which may occur with chemical leaching or bioleaching methods 
[119]. The bioleaching process has been described in sub-section 2.2.3. Chemical 
leaching involves the dissolution or complexation of metals by utilizing leaching agents 
such as acids, alkali, thiosulfate (S2O32-), thiourea (SC(NH2)2), cyanide (CN-), and halides 
[5].  

Acidic leaching facilitates the simultaneous dissolution of targeted metals as they are 
transformed into ionic states by the introduction of hydronium ions from the acidic 
solvent [120]. Inorganic acids including sulfuric [121], hydrochloric [122], nitric [123], 
and phosphoric [124] acids are commonly chosen for acidic leaching. Investigations into 
metal dissolution from waste materials have explored organic acids like citric [125], malic 
[126], succinic [127], and acetic [128] acids. However, when compared with inorganic 
acids, the organic acids yield lower metal dissolution rates [129,130]. For alkaline 
leaching, caustic soda (NaOH) and its derivatives [131–133] or ammoniacal compounds 
derivatives [134,135] are commonly used. Although it is industrially applied to a lesser 
extent than acid leaching, basic leaching can be more selective in the extraction of specific 
heavy metals [5,132]. The choice between acid or alkaline leaching must take into 
consideration various process parameters, such as the type of raw material, the 
environmental impact, and the corrosion resistance of the process equipment [136,137].  

The use of the other leaching agents, including cyanide, thiosulfate, thiourea, and halides 
involves problems of environmental or economic sustainability. Due to their high gold 
recovery yield and cost-effectiveness, cyanide leaching agents have been used in gold 
mining for over a century [138]. However, the recognized toxicity of cyanide ions for 
both humans and the environment, combined with the high number of accidents that have 
occurred in recent decades relating to gold ore where cyanide leaching agents were used, 
has led to the development of alternatives with a lower environmental impact [139]. A 
thiosulfate leaching agent was studied as an alternative to cyanides for gold recovery 
[140]. Even though the metal recovery could be successfully performed with thiosulfate 
compounds, it resulted in slow gold dissolution and high consumption of expensive 
reactants, making the process economically unsustainable at an industrial level [141,142]. 
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Thiourea was tested as another alternative to cyanides. Despite a lower environmental 
impact, thiourea has a higher cost, requires a high amount of reactants, and its application 
as a leaching agent causes sulfur precipitation and oxidation of solution into disulfide 
formamidine, resulting in surface passivation [143,144]. Halides, including chloride, 
bromide, and iodine were efficiently applied as metal leaching agents [145]. Among them, 
iodine is considered the most suitable leaching solvent due to its lower hazard level and 
lower volatility [146]. However, the widespread use of iodine on an industrial scale is 
limited by its high market cost [5]. 

The leach solution obtained after metal dissolution is then purified and concentrated with 
common metal separation techniques like solvent extraction, precipitation, cementation, 
ion exchange, or adsorption to produce the leach liquor. Finally, the solid metal is 
recovered from the leach liquor through precipitation or electrowinning [5].  

Pyrometallurgical and hydrometallurgical techniques are the main approaches used to 
recover metals from ores and industrial wastes. As previously discussed, even though 
pyrometallurgy is a highly efficient and rapid method for treating large volumes of raw 
material, it shows major limitations such as high energy demand and production of 
polluting by-products [3]. These problems are partially overcome by hydrometallurgical 
processes, where there is a net decrease in energy consumption and the production of by-
products is limited to the reagents used to dissolve and purify the raw materials [4]. 
Furthermore, the hydrometallurgical processes have the major advantage of being able to 
regulates the levels of impurities at different stages, providing a balance between metal 
purity and process cost [4,5].  

2.3 Separation techniques for metal purification and concentration 

As discussed in sub-section 2.2.4, the three main stages of the hydrometallurgical process 
are the leaching step, the purification and concentration of leach solution, and the metal 
recovery from the leach liquor. Techniques commonly used to purify and concentrate the 
leach solution are solvent extraction, precipitation, cementation, adsorption, and ion 
exchange. The precipitation method can also be used in the metal recovery step as an 
alternative to electrowinning. This section describes each of these separation techniques 
from the point of view of hydrometallurgical separations. 

2.3.1 Solvent extraction 

Solvent extraction is a chemical process used to separate a substance from a solution by 
transferring it into a second immiscible liquid phase containing an extractant [147]. 
Guimarães and Mansur separated calcium and magnesium from a concentrated nickel 
sulfate solution using, in two different steps, two extractants [148]. The first solvent 
extraction was performed with di-2-ethylhexylphosphoric acid (D2EHPA, Figure 2.2) at 
pH 3 and led to the removal of 98.6% of calcium. The second extraction was performed 
using bis-2,4,4-trimethylpentyl phosphinic acid (Cyanex® 272, Figure 2.2) at pH 5.7 as 
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extractant and 99% of magnesium was separated. In this step, less than 10% of the initial 
nickel was co-extracted with magnesium. The nickel-enriched leach liquor obtained after 
the solvent extraction of calcium and magnesium was finally suitable to recover nickel 
with electrowinning. 

 

Figure 2.2. Structures of D2EHPA and Cyanex® 272 extractants. 

Granata et al. developed a multi-step solvent extraction process to separate manganese 
and cobalt from nickel contained in a mixed battery waste solution [149]. The authors 
first tried to carry out the whole separation process with Cyanex® 272 as the sole 
extractant. However, a selective separation of cobalt and manganese was not possible as 
these two metals were co-extracted by Cyanex® 272. For this reason, manganese was first 
completely separated from nickel and cobalt with a multi-step solvent extraction with 
D2EHPA at pH 4. The separation of cobalt from nickel was then carried out with a 
separate solvent extraction process using Cyanex® 272 as the extractant at pH 5.5 and 
nickel-enriched leach liquor was obtained.  

Solvent extraction is a versatile, convenient, and efficient method for the separation of 
metallic species from mixed metal aqueous media [150]. However, limitations relating to 
its environmental and health impact are an issue. The extractant is commonly diluted in 
toxic and volatile organic solvents such as kerosene [151,152], hexane [153], and heptane 
[154], and the processes are carried out at temperatures around 40–70 °C, resulting in fast 
loss of solvent, air pollution, and operator safety concerns [155]. 

2.3.2 Precipitation 

Precipitation is a historically important metal separation method that is currently widely 
applied in hydrometallurgy [156]. Separation and recovery of metals with the 
precipitation method involves chemical reagents capable of forming insoluble 
compounds with either impurities or with the target ions present in solution [157]. 
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Precipitation methods can be used both in the leach solution purification and 
concentration step and in the metal recovery step [158,159].  

Metal ions dissolved in solution are typically precipitated as hydroxides, carbonates, or 
sulfides. For example, Chen et al. proposed a hydrometallurgical process to recover iron, 
nickel, and chromium from a stainless-steel industry sludge [160]. After acidic leaching, 
99% of iron could be efficiently recovered by a two-stage solvent extraction with 
D2EHPA at pH 1.5. At the end of the separation process, the recovery of 99.5% of nickel 
and 75% of chromium was achieved by chemical precipitation with NaOH. Laokhen et 
al. applied precipitation as the first step in their hydrometallurgical separation process 
[161]. Nickel was precipitated by adjusting the solution pH to 13 with a solution of 2 M 
NaOH. The nickel precipitate was then separated and dissolved in 2 M sulfuric acid. 
Finally, 61% of nickel was recovered with the electrowinning method. Takano et al. 
separated nickel, cobalt, and rare earths elements (REEs) from spent nickel–metal-
hydride batteries [162]. The precipitation method was applied as a final step to recover 
87% of nickel and 90% cobalt as a nickel–cobalt mixed sulfide agent with less than 0.05% 
of REEs as impurity, using Na2S as precipitating agent. Meshram et al. studied the 
recovery of lithium, cobalt, nickel, and manganese from the cathodic active material of 
spent lithium batteries [163]. The metals were leached with 1 M H2SO4 and 0.075 M 
NaHSO3 as reducing agent. Cobalt with a purity of 95.91% (with 3.81% of nickel and 
0.28% of manganese as impurities) was recovered from the leach liquor using oxalic acid 
as precipitating agent at pH 1.5. NaOH was then added to leach liquor enriched in 
manganese, nickel, and lithium, to reach a pH value of 7.5 and 92% of manganese was 
precipitated as carbonate with Na2CO3. The remaining solution was led to pH 9 through 
further addition of NaOH and saturated with Na2CO3 to precipitate 89% of nickel as 
carbonate. Lithium with a purity of 98% was finally recovered as carbonate salt at pH 14.  

The precipitation method was applied as a multi-step process for the separation and 
recovery of different metals. However, this method requires detailed planning of the 
separation process, which in any case does not guarantee the absence of partial co-
precipitation of two or more metals [163].  

2.3.3 Cementation 

Cementation, a special precipitation technique, is an important and widely used method 
for the hydrometallurgical separation processes of metal ions [164]. The cementation 
process involves a spontaneous reaction where a relatively inexpensive solid metal is used 
to recover a more valuable dissolved metal. It is a redox process in which the target metal 
ions are precipitated in their elemental metallic state on the surface of the sacrificial metal 
through spontaneous electrochemical reduction, while the sacrificial metal is solubilized 
in its oxidized state [165]. The cementation efficiency is closely related to the difference 
in redox potential (𝐸) between the target metal (𝐸!!" !⁄ ) and the sacrificial metal 
(𝐸#!" #⁄ ). A sacrificial metal is suitable for target metal reduction when 𝐸#!" #⁄   is lower 
than 𝐸!!" !⁄ 	[166]. Makhloufi et al. studied the cementation of Ni(II) ions from acidic 
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sulfate solutions using a zinc electrode [167]. The variation of Ni(II) concentration during 
the cementation process was monitored with cyclic voltammetry. The process resulted in 
a diffusion-controlled first-order reaction whose rate was influenced by the variation of 
zinc electrode surface area over time. The cementation reaction caused a progressive 
corrosion of the zinc electrode. This corrosion initially resulted in an expanded surface 
area, contributing to an enhanced efficiency of the cementation process. However, a 
prolonged cementation and increased corrosion of the zinc electrode negatively affected 
the process efficiency, highlighting the need for precise control and optimization of the 
process. The efficiency of the cementation process can be improved by using one or more 
cementation activators. Cementation activators are substances which are introduced in 
the treated solution to enhance the kinetic of the metal deposition process [168]. Boyanov 
et al. studied the cementation of cobalt and nickel from a ZnSO4 industrial solution using 
zinc dust as sacrificial metal and CuSO4·5H2O and KSbC4H2O6·1.5H2O as activators [8]. 
In the first step, the cementation after addition of CuSO4·5H2O was studied, resulting in 
nickel reduction to a greater extent than the one of cobalt, producing metallic nickel with 
a purity of 67-69%. The following addition of KSbC4H2O6·1.5H2O as second activator 
resulted in the recovery of 98% of metallic cobalt within an optimum time of 60-75 
minutes, after which back-dissolution occurred. Choi et al. studied the cementation of 
cadmium, cobalt, nickel, and zinc ions in sulfate solution with aluminum as sacrificial 
metal and activated carbon (AC) as cementation activator [169]. The cementation of the 
target metals was first tested without the activator, which resulted in around 0% of metal 
recovery. After the addition of AC, the metal recovery values increased to 96%, 61%, 
57%, and 45% for zinc, nickel, cobalt, and cadmium, respectively. The authors explained 
this result by identifying the role of AC as an electron bridge from aluminum (electron 
donor) to metal ions (electron acceptors). The major limitation of this process appeared 
to be the passivation of the solid metal surface by the Al(OH)3 developed during the 
process, which prevented further metal ion removal from the sulfate solutions. 

2.3.4 Adsorption 

IUPAC defines adsorption as an increase in the concentration of a dissolved substance at 
the interface of a condensed and a liquid phase due to the operation of surface forces 
[170]. Adsorption can be a physical or chemical phenomenon and the difference lies in 
the type of interaction between adsorbate and adsorbent. Physical adsorption is based on 
weak interactions such as van der Waals forces, while chemical adsorption involves the 
formation of stronger chemical interactions such as covalent or ionic bonds [171,172]. In 
hydrometallurgy, adsorbates are metal ions while adsorbents are commonly natural or 
synthetic solid materials. 

The most widely applied natural adsorbents are activated carbon [173–175], clay minerals 
[176,177], zeolites [178,179], and biomass [180–182]. The use of natural adsorbents 
brings significant advantages in terms of both environmental and economic sustainability 
as they are typically available in large quantities, are of low cost, and their disposal is 
facilitated by their biodegradability [183,184]. However, these materials have various 
applicative limitations including low reusability in harsh conditions, lack of selectivity, 
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low thermal stability, and slow adsorption kinetic [185,186]. To overcome these 
disadvantages, several synthetic adsorbents such as silica-based materials or polymeric 
resins were designed. 

Although silica is a naturally occurring mineral, silica-based adsorbents are synthetic 
materials. They are mainly produced by the sol-gel process through hydrolyzation and 
condensation of an organoalkoxysilane precursor [187]. Silica-based materials for the 
adsorption of Ni(II) or Co(II) were applied in several forms and compositions, including 
silica gel [188–190], mesoporous and nanoporous silica [191,192], and silica-based 
nanotubes [193]. Salmani et al. synthesized a mesoporous silica adsorbent for Co(II) 
adsorption [192]. The material was characterized by SEM, showing a high porosity 
honeycomb-like structure and was able to separate up to 89% of Co(II) from a starting 
concentration of 5 mg/L in 8 h. Faghihian et al. modified a silica aerogel with amino 
propyltriethoxysilane and tested the new material for Cu(II) and Ni(II) adsorption [190]. 
The material proved to be a good adsorbent for both Ni(II) and Cu(II) with maximum 
adsorption capacities at pH 6 equal to 27.7 mg/g and 47.6 mg/g, respectively. Silica-based 
adsorbents commonly have a high surface area, which results in a high adsorption 
capacity. Moreover, these materials have high thermal and corrosion resistance, cost-
effective synthesis, and functional groups which can be easily modified [194,195]. 
Despite these good features, their industrial application is limited by the polluting by-
product released and the difficult scale-up and control of the sol-gel synthesis methods 
[194]. 

Polymeric resins for metal adsorption were prepared by direct copolymerization of 
commercial monomers, such as the poly(styrene-co-divinylbenzene) AmberliteTM XAD 
4 [196] and AmberliteTM XAD 16 [197] resins. Due to their hydrophobicity, these resins 
suffered a limited binding capacity for polar analytes and needed a conditioning step with 
a wetting solvent before their application as adsorbents [198]. The impregnation of 
commercial resins with ligands allowed to overcome this problem and to increase the 
selectivity of the sorbents [199]. However, a significant limitation of the impregnated 
resins was the partial leaching of the ligands during the adsorption process [198]. This 
issue, which caused a limited reusability of the resins, was addressed by the 
immobilization of ligands onto the resin structures through the formation of chemical 
bonds [200,201]. Classes of ligands commonly used for the preparation of polymeric 
resins applied for the adsorption of Co(II) and Ni(II) ions include amines [202,203], 
carboxylic acids [204], thiolates [205], and imidazole derivatives [206,207]. Examples of 
functionalized resins, such as AmberliteTM XAD 2 modified by o-aminophenol, [208]  
poly(vinylpyridine) modified by dithizone [205], and chloromethylated polystyrene 
(CMPS) modified by 1-vinylimidazole [207]  are illustrated in Figure 2.3. 
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Figure 2.3. Structures of polymeric resins used for metal adsorption. The black circles represent the 
poly(styrene-co-divinylbenzene) backbone in AmberliteTM XAD 2 modified by o-aminophenol [208],  the 

poly(vinylpyridine) backbone in poly(vinylpyridine) modified by dithizone [205], and the polystyrene 
backbone in chloromethylated polystyrene (CMPS) modified by 1-vinylimidazole [207]. 

Li et al. synthesized a polyamine chelating resin for Ni(II) and Co(II) adsorption [203]. 
The maximum adsorption capacities in single component systems were equal to 0.98 
mmol/g for Ni(II) and 0.74 mmol/g for Co(II). In binary systems, containing both Ni(II) 
and Co(II) ions, the resin showed a slightly higher selectivity for Ni(II). However, the co-
adsorption of both Ni(II) and Co(II) ions occurred. This led to the reduction of the 
adsorption capacity for both ions when compared to single component solutions. Chen et 
al. introduced 1-vinylimidazole onto the surface of chlorinated polystyrene to prepare a 
novel chelating adsorbent [207]. The polymeric resin was tested in Cd(II), Pb(II), Cu(II) 
and Ni(II) ions adsorption experiments. The adsorption capacity at pH 5 was equal to 
2.82, 1.77, 1.22, and 0.83 mmol/g for Cd(II), Ni(II), Pb(II), and Cu(II), respectively. In 
addition to a high adsorption capacity, the material showed good reusability up to 10 
adsorption/desorption cycles and a fast desorption rate. When selectivity was tested in 
multi-component solutions, the resin showed higher affinity for Cd(II) over Ni(II), Cu(II) 
and Pb(II) ions. However, the co-adsorption of the other competitive ions occurred.  

The separation of heavy metals by adsorption offers several benefits, including fast 
kinetics, simple equipment requirement, low energy consumption, and the possibility to 
address a wide range of contaminants [209,210]. However, these materials show 
limitations such as high production and regeneration costs, loss of material during the 
regeneration cycles, and limited selectivity [209,211]. 
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2.3.5 Ion exchange 

Ion exchange is a reversible chemical process involving the replacement of specific ions 
contained in a solution with those present in a solid phase material, named ion exchanger. 
The replacement of ions occurs via direct contact between the treated solution and the ion 
exchanger. The ion exchanger can be regenerated by eluting the exchanged ions with an 
appropriate solvent, thereby restoring it to its initial condition. Commercially available 
cation exchange resins are usually formed by a porous crosslinked poly(styrene-co-
divinylbenzene) network to which functional groups, acting as ion exchange sites, are 
anchored [212]. The functional groups of cation exchange resins are commonly sulfonic, 
carboxylic, or phosphonic acids [212]. Examples of cation exchange resins containing 
each of these functional groups, including the sulfonic acid resin AmberliteTM IRC 120 
[213], the iminodiacetic acid resin Lewatit® TP 207 [214], and the aminophosphonic acid 
resin Lewatit® TP 260 [215] are illustrated in Figure 2.4. 

 

Figure 2.4. Structures of the cation exchange resins AmberliteTM IRC 120 [213], Lewatit® TP 207 [214], 
and Lewatit® TP 260 [215]. The black circle represents the poly(styrene-co-divinylbenzene) backbone of 

the resins. 

The nature of the resin strongly affects the selectivity toward a specific ion. Jurrius et al. 
separated copper and zinc with concentrations of 20 mg/L and 30 mg/L from a 20 g/L 
cobalt solution using two different ion-exchange resins [216]. The separation of copper 
was carried out with the iminodiacetic acid-based resin Lewatit® TP 207. This first step 
was followed by the separation of zinc with the aminophosphonic acid-based resin 
Lewatit® TP 260. The concentration of both copper and zinc in the cobalt solution was 
reduced to a value below 1 mg/L. Taute et al. developed an ion exchange process to 
remove zinc in concentration of 30 mg/L from a 70 g/L nickel metal refinery solution 
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[217]. Two different ion exchangers were tested, the resin Lewatit® VP OC 1026 
(functional group D2EHPA, Figure 2.2) and the resin Purolite S950 (functional group 
aminophosphonic acid). The best separation was obtained with the ion exchanger 
Lewatit® VP OC 1026, which allowed the separation of zinc up to 40% of its initial 
concentration. According to the results, D2EHPA used as a functional group (Lewatit VP 
OC 1026) was more selective to zinc over nickel than aminophosphonic acid (Purolite 
S950). 

The main advantages of ion exchange resins include their ability to remove metals at parts 
per billion (ppb) levels, the possibility to manage large volumes of effluent [218], and the 
versatility for both continuous and batch flow [219]. The major limitations of this 
technique are the instability to acids or ionizing radiations [220], the sensitiveness to pH 
variations [219], and its ineffectiveness when dealing with metal solutions containing 
impurities such as organic matter or particulate, because the exchange matrix is prone to 
get fouled by impurities [221]. 

2.4 Selective separation of cobalt and nickel 

As described in the previous section, when dealing with the separation of metal species 
with similar chemical properties, as in the case of Co(II) and Ni(II) ions, common 
separation techniques often lack selectivity. Different approaches to enhancing selectivity 
were proposed in literature. This section provides a description of the methodologies used 
to increase the selectivity in the separation of Co(II) ions from Ni(II) ions and vice versa. 

2.4.1 Selective solvent extraction 

To discuss the selectivity of solvent extractants it is fundamental to introduce two 
parameters, the pH50 and the Δ(pH50) [222]. The value of pH50 corresponds to the pH 
value to reach 50% of target metal extraction. The value of Δ(pH50) is defined as the 
difference in pH50 values for two metals extracted in the same conditions [222]. The 
higher the Δ(pH50), the more selective is the separation of two metals by solvent 
extraction. The industrial separation of cobalt and nickel by solvent extraction began in 
the 1970s at Matthey Rustenburg Refiners in South Africa, using D2EHPA as selective 
extractant [223]. The selectivity of this process was strongly influenced by the extraction 
temperature. When the solvent extraction was carried out at 20 °C, the Δ(pH50) value for 
cobalt and nickel extraction was limited to ~1  pH unit (Figure 2.5), resulting in the co-
extraction of the two metals. The selective separation of cobalt and nickel was achieved 
by increasing the temperature to 50 °C. At this temperature the Δ(pH50) for cobalt and 
nickel extraction was equal to ~2  pH unit (Figure 2.5), allowing their selective 
extraction. 
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Figure 2.5. Extraction of cobalt and nickel by 0.45 M D2EHPA in xylene at 20 °C (empty symbols) and 
50 °C (full symbols). Reprinted without modification from reference [223]. 

The selectivity of D2EHPA as extractant for cobalt and nickel separation derived from 
the different hydrophobicity of its complexes with the two metals [224]. The complex 
between cobalt and D2EHPA is hydrophobic and thus has higher affinity for the organic 
phase. Conversely, the complex between nickel and D2EHPA can contain up to two water 
molecules, which make it more hydrophilic and increase its affinity for the aqueous phase 
[224]. The selectivity of cobalt and nickel solvent extraction was significantly enhanced 
with the introduction of the dialkyl phosphinic acid reagent Cyanex® 272 [11]. This 
innovative reagent enabled the selective extraction of cobalt from solutions with a Ni/Co 
ratio exceeding 100 [11]. Following its introduction to the market, Cyanex® 272 was 
applied in several hydrometallurgical processes involving cobalt and nickel separation 
[225–230]. Beyond its remarkable selectivity in cobalt extraction, the success of Cyanex® 
272, which is estimated to be involved in around 40% of Western hemisphere cobalt 
recovery, can also be attributed to its chemical stability and high resistance to oxidative 
degradation [231]. 

2.4.2 Selective precipitation 

As described in sub-section 2.3.2, precipitation methods through the addition of a 
precipitating agent were used for the separation and/or recovery of cobalt and nickel, 
mainly as metal hydroxides or sulfides. Cobalt and nickel hydroxides have very close 
solubility products, equal to 1·10-15 and 2·10-15, respectively, which result in their co-
precipitation [232]. Oustadakis et al. studied the precipitation of cobalt and nickel as 
hydroxides from a sulfate leach liquor containing 0.16 g/L of Co(II), 3.77 g/L of Ni(II), 
0.76 g/L of Mn(II) and 21 g/L of Mg(II) at pH 4.5 [233]. The optimum precipitation 
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conditions were obtained at pH 9 with the addition of 0.2 g of MgO as nucleation agent. 
In this conditions, poor selectivity was obtained as 99.93% of the initial nickel, 99.04% 
of the initial cobalt and 92.21% of the initial manganese were precipitated. The resulting 
mixed precipitate material contained 25% of nickel, 1.5% of cobalt, 3% of manganese, 
and 26% of magnesium (deriving from unreacted MgO). The difference in cobalt and 
nickel sulfides solubility products, equal to 3·10-26 and 1.4·10-24, respectively, is slightly 
higher than one of the corresponding hydroxides, but still too low to ensure the selective 
separation of the two metals [232]. Xie et al. studied the recovery of nickel, copper and 
cobalt from sulfide tailings containing these three metals and iron [234]. The metals 
contained in the sulfide tailings were leached by a mixed nitric-sulfuric acids solution. 
This step was followed by the recovery of 95% of the leached iron  by precipitation at 90-
95 °C and pH 1.9 with Na-jarosite, a family of iron-hydroxysulfate minerals. The 
remaining solution, enriched in nickel, copper, and cobalt, was treated with a 10% 
solution of Na2S at pH 7.5. This operation resulted in the recovery of 95% of the leached 
nickel, 99% of the leached copper, and 98% of the leached cobalt as a mixture of their 
sulfide precipitates [221]. A sharp improvement in selectivity was achieved by Chen et 
al., who proposed a selective-precipitation method with organic precipitating agents to 
recover nickel, cobalt, manganese, and lithium from waste cathodes solution [12]. As a 
first step, 98% of the initial nickel was recovered using dimethylglyoxime as precipitating 
agent at pH 6. Dimethylglyoxime selectively reacted with nickel to form Ni-
dimethylglyoxime precipitate, resulting in the almost quantitative precipitation of nickel, 
which contained only a minor amount of other metals as impurities. A second 
precipitation was then carried out introducing ammonium oxalate at pH 6, which resulted 
in the precipitation of 97% of the initial cobalt and a minor extent of manganese. 
Manganese was then separated by solvent extraction with D2EHPA at pH 5 which led to 
the recovery of 97% of the initial amount. Finally, 89% of the initial lithium was 
recovered through precipitation with 0.5 M Na3PO4. The selectivity in precipitation 
method was thus improved by using a nickel-selective precipitating agent [12]. 

2.4.3 Selective adsorbents and ion exchangers 

Adsorbents and ion exchangers have great potential to eliminate trace amounts of metal 
cations, below 1 mg/L, which is crucial to meet the high-purity electrolytes requirement 
in cobalt and nickel electrowinning [235,236]. 

In sub-sections 2.3.4 and 2.3.5, a clear distinction was made between adsorbents and ion 
exchangers with the aim of providing a clearer picture of their operating principle. 
However, the retention mechanism of a material, either adsorption or ion exchange, can 
vary depending on the experimental conditions and target metal ion [237,238]. For 
example, the bis-2-(pyridylmethyl)amine (bis-AMP) containing DowexTM M4195 
chelating resin was studied for the retention of several ions, among which UO2(IV), 
Co(II), and Ni(II) [238]. The retention of UO2(IV) was found to occur via the ion 
exchange mechanism, while the retention of the other ions studied occurred via metal-
chelating adsorption. DowexTM M4195 was used at the Chambishi Metals refinery 
(Zambia) for the treatment of sulfide concentrates leach liquor to obtain copper and cobalt 
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cathode products [235]. The resin was applied to reduce the nickel concentration below 
160 mg/L in a starting solution containing ~900 mg/L of nickel and 40 g/L of cobalt. The 
separation reduced the percentage of nickel as impurity within the cobalt cathode product 
to a level below 0.1%. However, a major limitation of DowexTM M4195 resin was the 
strong copper retention, which required highly concentrated H2SO4 or ammonia for its 
elution. This problem was solved by the modification of bis-AMP with hydroxypropyl 
functionality to produce the hydroxypropylpicolylamine (HPPA) DowexTM XUS 43605 
resin, which allowed the elution of copper in milder conditions [13]. DowexTM M4195 
and DowexTM XUS 43605 resin structures are shown in Figure 2.6. 

 

Figure 2.6. DowexTM M4195 and DowexTM XUS 43605 structures. The black circle represents the 
poly(styrene-co-divinylbenzene) backbone of the resins. 

As discussed, the selective separation of cobalt and nickel with adsorbents and ion 
exchangers was mainly obtained through the design and synthesis of materials with new 
functionalities. However, when dealing with hydrometallurgical solutions, the 
competitive adsorption of other metal species during cobalt and nickel separation 
typically occurred. This issue required sequential separation processes and accurate 
stepwise leaching procedures, and highlighted the lack of selectivity of these materials. 

2.5 Ion-imprinted polymers 

The ion imprinting technique is an efficient and convenient tool for enhancing the 
selectivity of adsorbent materials. This technique was first introduced by Nishide et al. 
who synthetized poly(vinylpyridine) resins with different metal ions as a template [239]. 
The ion-imprinted resins showed an increased selectivity toward the template ion when 
compared to the same resin synthetized without a metal template. In the following 
decades the ion-imprinting technique was widely applied for the separation of several 
valuable and/or hazardous ions, including rare earth elements [240], radionuclides [241], 
heavy metals [242], and noble metals [243]. The synthesis of metal selective IIPs is the 
core topic of this doctoral manuscript, and a more in-depth description of this class of 
materials is provided in this section. 



 43 

2.5.1 Preparation of ion-imprinted polymers 

Prasada Rao et al. defined ion-imprinted polymers (IIPs) as nano-porous polymeric 
materials which, after leaching of the template ion introduced during their preparation, 
can selectively rebind, sense or transport the target analyte in the presence of closely 
related inorganic ions [15]. The peculiar selectivity of IIPs derives from their method of 
preparation, which can be schematized in three steps (Figure 2.7) [14].  

 

Figure 2.7. Synthesis of ion-imprinted polymers. Adapted from reference [14]. 

First a complex is formed between a chelator (either a ligand or a chelating monomer) 
and a template ion. The complex is then immobilized using a crosslinker, forming a stable 
polymeric network. Finally, the ion used as a template is removed by a leaching agent, 
generating three-dimensional binding sites. The binding sites obtained with this 
procedure are complementary to the ion used as a template and are expected to be 
selective toward it. 

2.5.2 Components in IIPs synthesis 

The components necessary for the synthesis of IIPs are a chelator, a template ion, a 
crosslinker, a solvent, and an initiator. The choice of each of these components strongly 
affects the performance and morphology of the final product. It is therefore essential to 
understand the impact of each of them. 

Chelator and template ion 

The chelator possesses one or more donor atoms (e.g., oxygen, nitrogen, sulfur, or 
phosphorus) owning lone electron pairs which interact with the target ion through 
coordinate covalent bonds (Figure 2.8). The stoichiometry and stability of the complex 
determine how specific the IIP cavities will be toward the target ion, thereby strongly 
influencing its selectivity [16]. The study of complex formation between chelator and 
template ions is discussed in detail in sub-section 2.5.3. 

The chelators used in the literature to synthetize IIPs can be divided into three categories: 
commercial monomers, ligands physically trapped in the IIPs, and ligands modified by 
the introduction of a polymerizable group (chelating monomers). Commercial monomers 
for IIPs production include acrylic acid (AA) [244], methacrylic acid (MAA) [245], 1-
vinylimidazole [246,247], 4-vinylpyridine (4-VP) [248], and acrylamide [249]. The 
presence of a polymerizable group within their structure combined with their relatively 
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low cost make their application a fast and convenient way to prepare IIPs. The 
introduction of the trapping technique [250] and the search for highly selective chelators 
led to an extensive application of ligands in IIPs preparation. The trapping technique 
allows the incorporation of a ligand that does not have a polymerizable group within the 
IIP structure. The ligand-template ion complex is mixed with a monomer which is then 
copolymerized with a crosslinker. In this way, once the polymerization is complete, the 
ligand is physically trapped within the polymeric network. Many examples of ligands 
trapped within IIPs are available in the literature, including the widely applied 
diphenylcarbazide (DPC) [251–254], 5,7-dichloroquinolin-8-ol [250,255,256], 
phenobarbital [257], 8-hydroxyquinoline (8-HQ) [258], dimethylglyoxime [259], and 
dithizone [260]. Although trapping has significantly increased the number of chelators 
that can be used in the preparation of IIPs, it shows the major disadvantage that the IIPs 
produced with this technique can release the ligand during diverse application steps. This 
was demonstrated and described by Moussa et al. in their work by preparing an IIP with 
a ternary complex of neodymium, 4-VP and 5,7-dichloroquinoline-8-ol as template ion, 
monomer, and ligand, respectively [255]. A release of the 5,7-dichloroquinoline-8-ol 
ligand up to 51% during the IIP leaching, sedimentation, and washing steps was 
evidenced via HPLC-UV analysis. The modification of the ligands through the 
introduction of a polymerizable group in their structure allows us to overcome this 
problem. Several commercial ligands have been modified and used for IIPs preparation, 
such as 8-HQ [261], iminodiacetic acid [19,262], and crown ethers [263–265]. The 
modification of the ligand structure with polymerizable groups (such as vinyl, acrylate, 
methacrylate, or acrylamide groups) allows its stable introduction within the IIPs due to 
the formation of covalent bonds with the crosslinker. Although the modification of the 
commercial ligands is advantageous for the stability of the IIPs during their application, 
this process requires a further synthesis compared to the normal preparation of IIPs and 
therefore involves an additional demand of time and money. Some examples of chelators 
for each of these three categories are shown in Figure 2.8. 
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Figure 2.8. Some examples of commercial monomers, unmodified ligands and modified ligands (8-HQ 
[261], iminodiacetic acid [262], and crown ether [263]) used for IIPs preparation. 

Initiator and crosslinker 

The synthesis of IIPs commonly occurs via free radical polymerization. The initiator has 
the task of producing the first radicals to start the propagation of the polymeric chain. The 
initiator used in almost all the synthesis of IIPs is azobisisobutyronitrile (AIBN) [242]. 
Benzoyl peroxide (BPO) [248,266] and N,N,N’,N’-tetramethylene diamine (TEMED) 
[267,268] represent two alternative initiators applied for IIPs preparation. 

In the synthesis of IIPs, crosslinkers are used as co-monomers and their main role is to 
stabilize the binding cavities within the three-dimensional polymeric network [14]. The 
ratio between monomer and crosslinker also significantly influences the porosity of the 
final product [269]. The most applied crosslinker in the synthesis of IIPs via radical 
polymerization is the ethylene glycol dimethylacrylate (EGDMA) [16,270–275], 
followed by divinylbenzene (DVB) [276–279] as a widely diffused alternative. Other 
crosslinkers used to a lesser extent in the radical polymerization of IIPs include 
trimethylpropane triacrylate (TMPTA) [254,280], 3-(acryloyloxy)-2-hydroxypropyl 
methacrylate [281], pentaerythritol triacrylate (PETRA) [282], and trimethylolpropane 
trimethacrylate (TRIM) [280,283]. When IIPs are synthetized via sol-gel process or 
polycondensation, the most used crosslinkers are tetraethoxysilane (TEOS) [284–287] 
and epichlorohydrin (ECH) [288–291], respectively. Figure 2.9 illustrates the structures 
of the most common crosslinkers used for IIPs preparation. 
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Figure 2.9. Commonly used crosslinkers for IIPs preparation. 

Solvent 

In the preparation of IIPs, the two main roles of the solvent are to solubilize all the 
components of the pre-polymerization mixture and to generate pores in the polymer 
structure. To underline the importance of the solvent in the generation of pores, in the 
field of IIPs it is often referred to as porogen [292]. Even though there are some examples 
of IIPs synthesis in water [268,293,294], the porogen is commonly an organic solvent and 
its polarity plays a crucial role for its choice. Polar protic solvents such as ethanol and 
methanol (relative polarity respect to water equal to 0.654 and 0.762, respectively) 
strongly interact with the metal-ligand complex, reducing its stability. It is therefore 
convenient to apply aprotic solvents such as acetone [295–297], dimethylformamide 
(DMF) [298,299], dimethylsulfoxide (DMSO) [271,300,301], and acetonitrile (ACN) 
[302–304] (relative polarity respect to water equal to 0.355, 0.386, 0.444, and 0.460, 
respectively). Non-polar solvents such as toluene [305] and chloroform [254] (relative 
polarity respect to water equal to 0.099 and 0.259, respectively) have weak interaction 
with the metal-ligand complex, favoring its stability. Despite this, being unable to 
solubilize all the components of the pre-polymerization mixture they are often used in 
mixtures with polar solvents [254,306]. 

2.5.3 Chelator-template ion: complex formation study 

The selectivity of IIPs derives from the complementarity of the binding sites in terms of 
size, shape, dimension, and charge with those of the target ion [14]. The level of 
complementarity between the chelating binding site and the target ion depends on 
specificity and strength of the complex they form in the pre-polymerization mixture. 
Based on the ratio between the chelator and template ion [16] and on the solvent in which 
the reactants are solubilized [307], complexes with different stoichiometries can be 
formed. As illustrated at the beginning of this section (sub-section 2.5.1), in the 
preparation of IIPs, the complex is immobilized with a crosslinker and, once the metal 
has been removed by a leaching agent, a cavity complementary to the metal is generated. 
The complex structure adjusted in the pre-polymerization media determines the complex 
structure within the IIP, with relevant effects on adsorption capacity and selectivity [16]. 
In 1:1 metal-chelator stoichiometry complexes, the metal interacts with only one chelator 
molecule and the resulting cavity within the IIP structure is likely to present low 
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selectivity toward the target metal. Conversely, if the complex immobilized by the 
crosslinker has a 1:2 or 1:3 metal-chelator stoichiometry, the resulting cavity will have a 
more specific geometry, being more complementary to the target metal, and the resulting 
IIP might be more selective. For this reason, the study of the formation of complexes 
between chelator and metal ion and the optimization of the stoichiometry in the pre-
polymerization mixture are of crucial importance to producing highly selective IIPs. The 
formation of the complexes can be realized ex situ, by physically isolating the complex, 
or in situ, in pre-polymerization conditions. 

Ex situ complex formation study 

The production of IIPs with ex situ complex formation involves the separate synthesis of 
the complex between chelator and metal ion. Once synthesized, the complex is isolated 
and then added as a second step to the pre-polymerization mixture. Similarly, the ex situ 
complex formation study requires that, before the complex is analyzed with the technique 
that best suits its chemical properties, it is physically isolated. Complexes for IIPs 
synthesis are commonly isolated through their crystallization or precipitation [19,20,308]. 
Birlik et al. synthetized a Cr(III)-IIP using methacryloylhistidine (MAH) as chelator and 
Cr(NO3)3·9H2O as Cr(III) source [20]. The Cr(III)-MAH complex was prepared ex situ 
and isolated by precipitation. For this purpose, MAH was first dissolved in ethanol, then 
Cr(III) was added and slowly dissolved through stirring at room temperature, and finally 
the solvent evaporated. The Cr(III)-MAH complex crystals were then purified through 
recrystallization in ethanol/acetonitrile mixture. The complex crystal were used in the 
synthesis of a Cr(III)-IIP which showed a higher selectivity toward Cr(III) with Co(II), 
Ni(II), Cr(IV) as competitive ions. Saraji et al. produced a Ni(II)-IIP using 4-VP as 
monomer, EGDMA as crosslinker, AIBN as initiator, and dithizone as Ni(II) chelator 
[308]. Ni(II)-dithizone complex was isolated ex situ by precipitation following the 
dissolution of dithizone in NH4OH and addition of a Ni(NO3)2·6H2O solution under 
vigorous stirring. The precipitate was then washed with water and dried before being used 
for the preparation of the Ni(II)-IIP. The Ni(II)-IIP obtained was selective toward Ni(II) 
ions in solutions containing Co(II), Cu(II), and Cd(II) as competitive ions. Bhaskarapillai 
et al. synthetized a Co(II)-IIP for the treatment of radioactive waste containing cobaltous 
ions using [N-(4-vinylbenzyl)imino]diacetic acid (VbIDA) as functional monomer [19]. 
To prepare the Co(II)-VbIDA complex, Vbida was dissolved in a NaOH solution at pH 9 
and a water solution of Co(NO3)2·6H2O was added dropwise under constant stirring until 
the formation of a precipitate. The precipitate was filtered, freeze-dried to remove the 
water, and recrystallized with dry methanol twice. Elemental analysis of the complex 
crystals showed the presence of a significant amount of sodium impurities that were 
impossible to remove, thus the authors applied the Co(II)-VbIDA complex as such to 
produce the Co(II)-IIP. The Co(II)-IIP was tested for the recovery of radioactive ions 
within a solution containing an excess of iron, reducing the cobalt activity by up to 55%. 
As described, the ex situ complex isolation method was successfully applied in the 
synthesis of IIPs, but showed limitations such as time-demanding crystal growth and the 
presence of impurities which are physically trapped within the complex crystals and are 
therefore hard to remove [19,20]. 
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In situ complex formation study 

In situ complex formation is the most commonly used method to prepare IIPs. In this 
approach, the chelator and template ion are directly introduced with a previously defined 
ratio within the pre-polymerization mixture. UV-Vis spectroscopy is commonly used to 
check the formation of complexes between metal and chelator [16,271,309–311]. If only 
one complex is formed, the molar ratio method and Job’s plot of data can be applied to 
determine its stoichiometry. Fasihi et al. successfully applied the molar ratio method to 
optimize the pre-polymerization mixture of an IIP containing a 1:1 complex formed by 
1-hydroxy-2-(prop-2′-enyl)-9,10-anthraquinone (HAQ) with UO2(II) ions [311]. The 
method consisted of collecting the UV-Vis spectra of different solutions where the 
concentration of HAQ was kept constant and the one of UO2(II) was varied. The complex 
they formed resulted in the appearance of a single inflection point in the absorbance-
molar ratio plot, and the stoichiometric ratio between HAQ and UO2(II) equal to 1:1 was 
the one used to optimize the pre-polymerization mixture. On the other hand, when a metal 
and a chelator form multiple complexes with different stoichiometry, these will result in 
the overlapping of more absorption bands, which must be deconvoluted and analyzed 
with more advanced methodologies. Various alternatives for the elaboration of the 
multiple-complexes UV-Vis absorption spectra have been applied in IIPs synthesis, 
including the non-linear fitting of spectroscopic data [309,312], the Job’s continuous 
variation method [313–316], and the least-squares minimization (LSM) method [307].  

A ligand titration coupled to a non-linear fitting of the spectroscopic data was used by 
Shamsipur et al. to determine the stoichiometry and stability of two complexes formed 
by the chelator 5,6,14,15-dibenzo-1,4-dioxa-8,12-diazacyclopentadecane-5,14-diene 
(DBDA15C4) with Cu(II) [312]. In the same way as for the molar ratio method, a series 
of solutions containing Cu(II) at constant concentration and an increasing concentration 
of DBDA15C4 were analyzed by UV-Vis spectroscopy. The absorbance-molar ratio plot 
relating these spectra showed the presence of two inflection points at the stoichiometric 
metal-chelator ratios equal to 1:1 and 1:2. This first analysis confirmed the formation and 
the stoichiometry of the two complexes. The UV-Vis spectra were then processed with a 
non-linear fit, which allowed the authors to estimate the stability constant of the two 
complexes.  

Job's continuous variation method was applied to elucidate the distribution of binary and 
ternary complexes used in IIPs synthesis [313–316]. This method provides that the signal 
deriving from a 𝑀𝐿$ complex through the equilibrium (Eq. 2.1): 

𝑀 + 𝑛𝐿 ⇌ 𝑀𝐿$       (2.1) 

Where 𝑀, 𝐿, and 𝑛 are the metal ion, ligand, and their stoichiometric ratio, respectively, 
when the sum of 𝑀 and 𝐿 concentrations ([𝑀] + [𝐿]) is kept constant, will reach a 
maximum at (Eq. 2.2) [316]: 

[!]
[!]'[(]
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         (2.2) 
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Daniel et al. applied the continuous variation method to elucidate the formation of a 
ternary complex between Pd(II), 8-aminoquinoline (AQ) and 4-VP [314]. To fit the 
method, the ternary complex was converted into a pseudo-binary complex by keeping the 
concentrations of 4-VP or AQ in large excess with respect to the one of Pd(II). The signal 
deriving from the complex reached its maximum when the ratios [*+(--)]

[*+(--)]'[/0]
 and 

[*+(--)]
[*+(--)]'[123*]

 were equal to 0.36 and 0.37, proving the presence of a 1:2:2 Pd(II):AQ:4-
VP ternary complex. 

The LSM is a mathematical technique used to optimize the parameters to fit a set of data 
points in a model, and was applied for processing UV-Vis spectral data through a 
commercial program such as HypSpec [317]. Laatikainen et al. applied the LSM method 
to investigate the effect of the complex stoichiometry on IIPs selectivity by adjusting the 
metal-chelator ratio before polymerization [16]. The vinylbenzyl derivative of 2-
(aminomethyl)pyridine (Vbamp) was chosen as functional monomer for the chelation of 
Ni(II) ions. The in situ complex formation study was carried out by collecting the UV-vis 
spectra of solutions at a different Ni(II)/Vbamp ratio under the polymerization conditions. 
The distribution of species in solution at equilibrium was obtained from spectral data by 
applying a LSM scheme through the commercial program HypSpec. This study allowed 
the authors to choose which complex (1:1, 1:2, or 1:3) to introduce into the pre-
polymerization mixture simply by choosing the correct ratio between Ni(II) and Vbamp. 
The adjustment of the pre-polymerization mixture, as a result, allowed us to obtain an IIP 
which was highly selective for Ni(II) in the presence of high amounts of Zn(II) as 
competitive ion, even in acidic conditions. 

Ex situ versus in situ complex formation study 

Laatikainen et al. performed a comparative study between ex situ and in situ complex 
formation for the preparation of Ni(II)-IIPs [21]. In the first case, the complex was 
isolated ex situ by precipitation and was introduced in the pre-polymerization mixture. In 
the second case, the optimal ratio for the formation of the metal-ligand complex was 
determined in situ using the LSM method, and the complex was then directly prepared in 
the pre-polymerization mixture. Vbamp was used as chelator, while Ni(NO3)2·6H2O and 
Ni(ClO4)2·6H2O were used as Ni(II) sources for the in situ and ex situ complex formation, 
respectively. The ex situ complex isolation was performed by mixing Ni(ClO4)2·6H2O 
and Vbamp in a 1:1 water-ethanol mixture which resulted, after one day, in the 
precipitation of the Ni(II):Vbamp 1:3 complex. For the in situ complex formation study, 
the spectra of 14 solutions containing Ni(II) and Vbamp with a constant total 
concentration (as sum of the two components) but with different Ni(II)/Vbamp ratios 
were collected in the same conditions (solvent and temperature) as that of the Ni(II)-IIP 
synthesis. The LSM was applied by processing the UV-Vis spectra with HypSpec 
program to extrapolate the complexes’ distribution at equilibrium and, consequently, to 
determine the stoichiometric ratios to isolate the Ni(II)-Vbamp complexes. Furthermore, 
the stability constants, extinction coefficients, and concentrations for the absorbing 
species at equilibrium were estimated. The Ni(II)-IIPs prepared with the two different 
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methods showed similar surface areas, Ni(II) binding capacity and selectivity for Ni(II) 
ions. This study demonstrated that the more complicated and time-demanding ex situ 
complex isolation could be effectively substituted by a quicker and easier in situ complex 
study [322]. 

2.5.4 IIPs polymerization techniques  

The majority of the IIPs reported in the literature were synthesized by free radical 
polymerization [242]. The most applied polymerization techniques for IIPs synthesis 
include bulk, precipitation, and suspension polymerizations. As an alternative to classical 
radical polymerizations, several research groups have produced IIPs by implementing the 
sol-gel process. This sub-section describes the main properties associated with each of 
these polymerization techniques. 

Bulk polymerization 

The bulk polymerization method, extensively applied in IIPs preparation [318–322], is a 
straightforward and convenient approach for their synthesis [322]. Bulk polymerization 
of IIPs requires the presence of a small volume of solvent, enough to solubilize the 
initiator, the monomers, and the template in a single phase and to favor pore formation. 
Polymers obtained with this method results in a monolithic block which needs to be 
crushed, ground, and sieved to obtain particles of the right size for the metal separation 
application [323]. The process of grinding and sieving is time-consuming and results in 
irregular particles, offering only limited control over their size and shape [314]. 
Moreover, the crushing, grounding, and sieving operations can destroy part of the 
imprinted sites, reducing the efficiency of the IIP [324]. A further limitation is represented 
by the small amount of solvent involved in the process, which causes poor heat dissipation 
during the propagation phase of the polymerization and may result in the creation of 
hotspots and thermal degradation in the final product [325]. These problems can be 
overcome by the preparation of IIPs with polymerization methods that produce 
microspheres or bead-shaped materials in solution, such as precipitation polymerization 
or suspension polymerization[314]. 

Precipitation polymerization 

Several recent examples of IIPs produced by precipitation polymerization are available 
in the literature [247,270,326–329]. Precipitation polymerization begins as a 
homogeneous radical polymerization, as all the components of the pre-polymerization 
mixture are solubilised in a single phase [330]. The selected solvent must be such as to 
solubilize the monomers but not the polymer’s particles, which are formed during the 
process. Once the reaction begins and the first polymer nuclei are formed, they 
precipitate, and their growth takes place by further absorption and polymerization of 
monomer [331]. The main advantage of this technique is the control of the size of the 
obtained polymer beads, which can be micrometric or nanometric [332], while important 



 51 

limitations are a complicated selection of the proper solvent, a long reaction time, and the 
use of a high amount of solvent [333]. 

Suspension polymerization 

In a typical suspension polymerization set-up, an organic solvent containing water-
insoluble monomers and an oil-soluble initiator are dispersed within a continuous 
aqueous phase by applying intense stirring and small quantities of suspending agents as 
stabilizer [334]. The dispersed monomer droplets undergo a gradual transformation from 
a highly mobile liquid state to a sticky syrup-like dispersion and, finally, to solid polymer 
particles [334]. This technique allows the production of polydispersed IIP beads, the 
average size of which can be controlled by varying the stirring rate, with dimensions 
ranging from units to hundreds of micrometers [274,335,336]. The stabilizer represents a 
major concern for this method, as it can be trapped in the final product and result as a 
contaminant [337]. As an alternative to the ordinary suspension (organic phase suspended 
in water), Branger et al. prepared IIPs using an inverse suspension, dispersing a polar 
organic phase containing all the reactants for the polymerization in mineral oil used as a 
continuous phase [16,262]. The use of the inverse suspension allowed the avoidance of 
both the use of stabilizers and the risk of transfer to the aqueous phase of the metal ions 
used as template [262]. 

Sol-gel process 

The name of the sol-gel process derives from the gradual transformation of a colloidal 
solution, named sol, into a gelatinous biphasic system referred to as gel [187]. A typical 
sol-gel process can be described with the following steps [338]. The sol-mixture is formed 
via the hydrolyzation of an organo-alkoxysilane precursor. This initial phase is followed 
by the polycondensation of the colloidal particles with the formation of a crosslinked 
polymer network. The water released as a by-product of the polycondensation remains 
trapped within the polymer network, leading to the formation of a hydro-gel system. 
Finally, the remaining solvent is evaporated to obtain a solid porous material. To produce 
IIPs with the sol-gel process it is sufficient to introduce the ion template into the sol-
mixture during the gelation process [339–341]. The major advantages of sol-gel processes 
are that the synthesis is carried out at low temperature, and the shape of the end-product 
can be configured in different forms like powder, thin films, fibers, and monoliths [342]. 
An important limitation, on the other hand, is represented by the shrinkage and cracking 
of the end-product during the gel drying process [343,344]. 

2.5.5 IIPs adsorption performance evaluation 

The adsorption capacity and the selectivity of an IIP are two crucial parameters to outline 
its performance. This sub-section provides the tools for the estimation of the adsorption 
capacity and selectivity properties of IIPs. 

Adsorption capacity 



 52 

The adsorption capacity at equilibrium qe in batch experiments, expressed by the Eq. 2.3, 
represents the amount of target ion adsorbed per unit mass of adsorbent. 

qe = (C0-Ce)
m

×V        (2.3) 

where C0 and Ce are the initial metal ion concentration in solution before adsorption and 
the concentration at equilibrium, respectively, m is the mass of the adsorbent, and V is 
the volume of the solution. 

The maximum adsorption capacity of a material can be determined by carrying out 
adsorption experiments at constant temperature (isotherm), pH and ionic strength at a 
different initial concentration of target ion. The experimental isotherm data obtained in 
this way can be fitted by several isotherm models, including Langmuir [345], Freundlich 
[346], Langmuir-Freundlich [347], Temkin [348], and Scatchard [349]. Langmuir and 
Freundlich models are the most applied to describe the IIPs metals’ adsorption in 
literature [242]. 

In the case of a single adsorbate, Langmuir’s model [345] assumes that the surface 
containing the binding sites is homogenous, all the binding sites have equivalent 
adsorption energy, and there is no interaction between adsorbate molecules on adjacent 
sites. Langmuir’s model is expressed by Eq. 2.4. 

qe = 
qmKLCe
1+KLCe

                                                                                                                   (2.4) 

where qm is the maximum adsorption capacity and KL is the Langmuir constant. 

Freundlich's model [346] is an empirical model that effectively describes adsorption on 
heterogeneous surfaces. Freundlich’s model is expressed by Eq. 2.5. 

qe = KFCe1/n                                                                                                                        (2.5) 

where KF is the Freundlich constant related to the adsorption capacity and n is related to 
the adsorption strength. 

Selectivity 

The selectivity of an IIP can be evaluated through the selectivity coefficient 𝑘, (Eq. 2.6), 
which is an indicator of the preference of the IIP toward the target ion when present in 
solution together with a competitive ion. 

𝑘 = 5$,&'()*&	,-.
5$,/-01*&,&,2*	,-.

                                                                          (2.6) 
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Where 𝐾+,789:;7	=>$ and 𝐾+,?>@A;7=7=B;	=>$ are the distribution coefficients of the target ion 
and competitive ion, respectively. The 𝐾+ values can be calculated with Eq. 2.7. 

𝐾+ =
C*
?*

                                                                                                                 (2.7) 

Values of 𝑘 > 1 indicate that the IIP selectively adsorbs the target ion over the 
competitive ion. 

The relative selectivity coefficient (Eq. 2.8), calculated as the ratio between the 𝑘 values 
of IIP and NIP, measures the effect of ion imprinting on the adsorbent selectivity. 

𝑘D = E334
E534

                                                                                                                         (2.8) 

Values of 𝑘′ > 1 imply that the selectivity for the target ion of the IIP is higher than that 
of the corresponding non-imprinted material under the same conditions.  

A more in-depth description of the values of the selectivity coefficients and adsorption 
capacities of Co(II)-IIPs and Ni(II)-IIPs present in the literature is provided in sub-section 
2.5.6. 

2.5.6 IIPs for Co(II) and Ni(II) separation 

The application of IIPs for the separation of Co(II) and Ni(II) from other competitive ions 
was deeply studied in the literature. As discussed in sub-section 2.5.1, the typical 
procedure for IIPs preparation involves the formation of a metal-chelator complex 
followed by the copolymerization with a crosslinking agent. The metal-chelator affinity 
and the preparation method strongly influence the IIPs’ performance in terms of 
adsorption capacity and selectivity toward the target ion. This sub-section provides a 
literature overview of the separation of Co(II) and Ni(II) ions with IIPs, with focus on the 
methodologies and reagents involved in their preparation. 

IIPs for the separation of Co(II) ions 

The effect of two commercial functional monomers, MAA and 4-VP, on IIPs adsorption 
performance was studied by Yusof et al., who prepared two Co(II)-IIPs via bulk 
polymerization procedure [350]. Dipicolinic acid (DPA) was used in both cases as a 
complexing agent for Co(II) ions and the ternary complex between Co(II), DPA, and 
either MAA or 4-VP was crosslinked by EGDMA. The Co(II)-IIP prepared with MAA 
as functional monomer showed higher adsorption capacity and selectivity toward Co(II) 
ions when compared with the one prepared with 4-VP. The best performance, obtained 
with the MAA-containing Co(II)-IIP, resulted in a maximum Co(II) adsorption capacity 
equal to 15.4 mg/g, and selectivity coefficients with Ni(II), Fe(III) and Mg(II) as 
competitive ions equal to 18.5, 13.8, and 30.1, respectively. The monomer 4-VP was also 
used by Jagirani together with 2-hydroxyethylmethacrylate (HEMA) as Co(II) 
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complexing agents to prepare a Co(II)-IIP via precipitation polymerization [351]. This 
material showed a high Co(II) adsorption capacity, which reached the value of 243.9 mg/g 
at pH 6. However, the selectivity coefficients with Co(II) as target ion and Pb(II), Cu(II), 
Cr(II), Zn(II), Cd(II), and Ni(II) as competitive ions, were limited to the values range of 
2.1-2.8. 

A higher selectivity toward Co(II) ions was achieved by Beyki et al. [329] and Khoddami 
et al. [285] who prepared different types of magnetic-IIPs. Beyki et al. prepared a core-
shell bio-based magnetic Co(II)-IIP combining γ-Fe2O3 with 8-HQ grafted chitosan in the 
presence of EPH as a crosslinker [329]. The 8-HQ grafting onto chitosan structure was 
confirmed by FTIR spectroscopy, while the core-shell structure of the final 
nanocomposite material was elucidated by TEM. The imprinted material maximum 
adsorption capacity for Co(II) ions at pH 8 was equal to 100 mg/g.  The selectivity was 
studied with Ni(II), Cd(II) and Pb(II) as competitive ions and selectivity coefficients 
values were equal to 42, 11, and 2, respectively. The adsorption mechanism was partially 
clarified by FTIR spectroscopy. The addition of Co(II) ions caused the shift of Fe-O, 
C=C, and C-O peaks to lower wavenumbers, suggesting that both 8-HQ and the 
functional groups of magnetic chitosan were involved in Co(II) adsorption. A magnetic 
Co(II)-IIP was also prepared by Khoddami et al. combining the surface imprinting 
method with the sol-gel process [285]. The Co(II)-IIP was prepared including titana-
coated magnetite nanoparticles (Fe3O4/TiO2) in a solution containing Co(II),  3-(2-
aminoethylamino) propyltrimethoxysilane (AAPTS), and TEOS used as template, ligand, 
and crosslinker, respectively. The particles were recovered by applying an external 
magnetic force to the solution. The Co(II)-IIP was tested for Co(II) adsorption, resulting 
in maximum adsorption capacity at pH 8 equal to 35.21 mg/g. The material showed 
remarkable selectivity for Co(II) when coupled with Ni(II), Pb(II), and Cd(II) as 
competitive ion, with selectivity coefficient values equal to 79.7, 41.2, and 56.5, 
respectively. These values are among the highest for Co(II)-IIPs reported in literature 
(Table 2.1). 

Table 2.1. Maximum adsorption capacity qmax and selectivity coefficient values k of several Co(II)-IIPs 
reported in the literature. 

Chelator pH qmax 
(mg/g) 

k (divalent ions M(II)) 
Ref. 

Ni Cd Cu Mn Mg Pb Zn 

4-VP and HEMA 6.0 243.9 2.8 2.2 2.1 / / 2.3 2.1 [351] 

Triglycine 5.0 181.7 3.8 / 10.8 / / / 8.4 [352] 

Glycylglycine 8.4 175.0 4.2 / / / 54.3 / / [353] 

2-pyridinecarboxaldehyde 7.5 132.8 1.2 / / / / / / [354] 

8-HQ grafted onto chitosan 8.0 100.0 42.0 11.0 / / / 2.0 / [329] 
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3-(2-aminoethylamino) 
propyltrimethoxysilane 8.0 35.2 79.7 56.5 / / / 41.2 / [285] 

bis(2-methacryloxyethyl) 
phosphate and 
glycylglycine 

8.0 33.4 3.6 / 5.2 / 7.4 / 10.4 [355] 

1-vinylimidazole 7.0 23.1 / 50.3 20.0 / / 7.6 11.0 [247] 

DPA / 15.4 18.5 / / / 30.1 / / [350] 

 

IIPs for the separation of Ni(II) ions 

The commercial monomer 4-VP was selected as a complexing agent by Kumar et al. to 
prepare Ni(II)-IIPs via the precipitation polymerization method [277]. Several Ni(II)-IIPs 
were prepared using in each of them 4-VP as ligand and testing the effect of different 
functional monomers and crosslinkers. Acrylamide (AM), HEMA, and MAA were tested 
as functional monomers while DVB, pentaerythrityl triacrylate (PETA), TMPTA, and 
EGDMA were used as a crosslinkers. The Ni(II)-IIP synthetized with MAA and EGDMA 
as functional monomer and crosslinker, respectively, showed higher adsorption capacity, 
thus the experimental work was continued on the Ni(II)-IIP synthetized with these two 
reactants. The maximum adsorption capacity of Ni(II)-IIP was obtained  at pH 6 and 
reached the value of 125 mg/g. This value was among the highest reported in the literature 
for Ni(II) adsorption by IIPs (Table 2.2). The selectivity was studied against several ions, 
among which Co(II), Cu(II), Pb(II), and, Zn(II), with selectivity coefficient values up to 
4.2, 4.4, 5.0, and 6.1, respectively. The authors explained the selectivity of the Ni(II)-IIP 
by comparing the radius for Ni(II) with those of the competitive ions. The radius of each 
competitive ion was larger than the one of Ni(II) and, therefore, they could not easily fit 
into the Ni(II)-complementary binding cavities of the imprinted material. Ashouri et al.  
prepared a Ni(II)-IIP via bulk polymerization using 2-vinylpyridine, diphenylcarbazone, 
EGDMA and ACN as functional monomer, ligand, crosslinker, and solvent, respectively 
[356]. The optimal pH value for Ni(II) adsorption was 6.0 and the maximum adsorption 
capacity was equal to 3.26 mg/g. The selectivity coefficient values for the Ni(II)-IIP were 
equal to 3.3, 102.3, 95.9. 85.1, 175.9, and 53.4 with Co(II), Cu(II), Mn(II), Pb(II), and 
Zn(II). The complete separation of Ni(II) and Co(II) ions was therefore not possible, while 
the selectivity against the other competitive ions studied was found to be very high. The 
Ni(II)–IIP was also applied to the determination of trace amount of Ni(II) in synthetic and 
tap water samples. The analytical method had a good Ni(II) limit of detection, equal to 
0.38 μg/L. 

Otero-Romaní et al. prepared several Ni(II)-IIP via precipitation polymerization using 
either 4-VP or 2-(diethylamino) ethyl methacrylate (DEM) as functional monomer, DVB 
as crosslinker, AIBN as initiator, and acetonitrile/toluene (3:1) mixture as porogen [357]. 
The Ni(II)-IIPs were prepared either with or without the ligand 8-HQ as Ni(II) 
complexing agent. The polymer particles of each material were packed into empty SPE 
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cartridges and applied for Ni(II) adsorption from seawater samples. The best Ni(II) 
recovery performance were obtained for the Ni(II)-IIP synthetized with DEM as 
monomer and in presence of 8-HQ as complexing agent with an adsorption capacity equal 
to 1.35 mg/g. The ligand 8-HQ was physically trapped into the DEM-DVB polymer 
matrix providing the imprinting cavities for Ni(II) ions. The optimum pH for Ni(II) 
adsorption with the 8-HQ containing IIPs was equal to 8.5 ± 0.5. The authors attributed 
this result to the amphoteric nature of 8-HQ. This ligand, which forms oximium (8-
hydroxyquinolinium) ion by protonation of nitrogen in acid solutions and oxinate ion in 
basic solutions, can interact with Ni(II) ions only in basic solutions, where the hydroxyl 
group is not protonated. The same research group prepared, in a separate work, a Ni(II)-
IIP using the vinylated version of 8-HQ, 5-vinyl-8-hydroxyquinoline (5-VHQ), to allow 
its immobilization into the polymeric network [358]. The monomers DEM and DVB were 
selected as functional monomer and crosslinker, respectively, as well as in the previous 
work. The Ni(II) adsorption performance of the 5-VHQ containing Ni(II)-IIP were 
compared with those of the Ni(II)-IIP containing 8-HQ, the non-vinylated form of the 
ligand. The use of 5-VHQ as Ni(II) complexing agent resulted in an increased Ni(II) 
adsorption capacity, which was equal to 1.98 mg/g at pH 9. The use of 8-HQ in its 
vinylated form 5-VHQ was also beneficial for the Ni(II)-IIP selectivity, which was tested 
with the ions of several elements including Al, As, Cd, Co, Cr, Cu, Fe, Mn, Pb, Sn, Ti, 
V, and Zn. The selectivity coefficient with Al(III) as competitive ions was extremely high, 
with a value equal to 500.4. The selectivity for Ni(II) in the presence of all the other 
competitive ions was still remarkable, but with selectivity coefficient values the range 
reduced to 11.8-39.2. The authors attributed the improved performance of the Ni(II)-IIP 
containing 5-VHQ to the more rigid imprinting cavities which could be obtained linking 
the chelator to the polymer chain, when compared with the physical trapping of 8-HQ 
into the polymer matrix. 

A modified Ni(II) chelator was synthetized by Laatikainen et al., who prepared a highly 
selective Ni(II)-IIP using as functional monomer 2-(aminomethyl)pyridine (AMP) ligand 
functionalized with a vinylbenzyl group [16]. The maximum adsorption capacity was 
obtained at pH 7 and was up to 11.74 mg/g, while the highest selectivity coefficient value 
with Zn(II) as competitive ion was obtained at pH 4 and was equal to 262. The importance 
of correct selection of the stoichiometry between template ions and functional monomers 
to obtain high selectivity was highlighted in this work. The selectivity coefficient value 
of the Ni(II)-IIP was also influenced by the pH of the solution. When the solution pH was 
reduced from pH 7 to pH 4, the adsorption of Ni(II) ions by the Ni(II)-IIP was halved, 
while the adsorption of Zn(II) ions decreased tenfold. Consequently, the selectivity 
coefficient for Ni(II) adsorption at pH 4 sharply increased when compared to pH 7. 

Table 2.2. Maximum adsorption capacity qmax and selectivity coefficient k values of several Ni(II)-IIPs 
reported in the literature. 

Chelator pH qmax 
(mg/g) 

k (divalent ions M(II)) 
Ref. 

Co Cd Cu Mn Mg Pb Zn 
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4-VP 6.0 125.0 4.2 / 4.4 / / 5.0 6.1 [277] 

4-vinyl benzoic acid 6.5 88.6 91.6 / 111.1 / / / 78.6 [359] 

DPC 7.0 86.3 / / / / 5.3 / / [254] 

DPC 9.0 40.2 14.1 18.8 5.3 / 22.3 26.8 31.9 [360] 

2-(Allylmercapto) nicotinic 
acid 6.0 38.8 4.2 16.9 32.7 / 219.6 / 33.6 [361] 

2-acrylamido-2-methyl-1-
propanesulfonic acid 7.0 20.3 4.1 / 3.6 / / 5.9 5.8 [362] 

3-
aminopropyltrimethoxysilane 8.0 12.6 32.8 / 46.0 / / / 43.8 [363] 

Vbamp 7.0 11.7 / / / / / / 42.0 [16] 

N-methacryloyl-histidine 
methyl ester 6.5 5.5 / / 4.2 / / / 3.6 [268] 

Diphenylcarbazone 6.0 3.3 102.3  95.9 85.1  175.9 53.4 [356] 

5-VHQ 9.0 2.0 39.2 16.3 22.0 28.7 / 20.5 27.1 [358] 

 

2.6 Design of new chelating monomers  

As discussed in the previous section, several commercial ligands and monomers were 
used as chelators to prepare Co(II)-IIPs and Ni(II)-IIPs, and a further step toward a higher 
efficiency can be made by producing new chelators which can more specifically interact 
with the target ion. One effective method of producing new chelators is to modify 
commercial ligands by introducing a polymerizable function into their structure. In this 
way, the chelator can be stably introduced into the polymer network, avoiding its 
undesired release from the adsorbent. The commercial ligands 2-(2-pyridyl)imidazole 
(PIM), bis-AMP, and AMP (Figure 2.10) were selected as starting material to produce 
three new chelating monomers and a justification for their choice is provided in this 
section. 
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Figure 2.10. Structures of the ligands PIM, bis-AMP, and AMP. 

2.6.1 PIM as a precursor for a new monomer 

The PIM ligand was selected by Okewole et al. as precursor for the synthesis of three 
novel Ni(II) extractants [364]. The authors motivated the choice of PIM due to the 
presence of both the imidazole and pyridyl groups within its structure. These groups 
enable PIM to form stable complexes with metal ions and to maintain low protonation 
levels in acidic conditions, respectively. Moreover, the 1-position of the imidazole group 
in PIM allowed for the functionalization of this ligand with large alkyl groups. The 
authors functionalized PIM with heptyl, octyl, and decyl groups and the best results for 
Ni(II) extraction were obtained with the octyl derivative extractant (OPIM). The 
extractant showed good selectivity for Ni(II) in sulfate and sulfate/chloride media in the 
pH range 0.5-3.5. In particular, the extraction of metal ions such as Fe(III), Mn(II), 
Mg(II), and Ca(II) did not occur, while in the case of Co(II) as competitive ion, a Δ(pH50) 
of 1.6 was observed, making the separation of these two ions selective. The same research 
group extended this study to a solid phase system, where a chloromethylated resin was 
functionalized with PIM and applied for the separation of Ni(II) ions in synthetic sulfate 
solutions [365]. The selectivity for Ni(II) over Cu(II), Co(II), and Fe(III) was obtained 
via selective decomplexation since the Ni(II)-PIM complex was found to be more stable 
than the complexes with the other competitive ions. The selectivity toward Ni(II) was 
thus achieved first using less concentrated sulfuric acid solutions, which were leaching 
the competitive ions but not Ni(II). A similar result was obtained by Ndayambaje et al. 
who modified polyacrylonitrile nanofibers with PIM ligand and applied the new material 
in Ni(II) adsorption experiments [206]. The PIM nanofibers showed a Ni(II) adsorption 
capacity up to 47 mg/g and the equilibrium was attained in just 1 min. The selectivity for 
Ni(II) in the presence of Co(II) as competitive ion was obtained via elution with EDTA 
in a column system. The strong complexation of Ni(II) ion in the presence of competitive 
ions such as Cu(II), Co(II) and Fe(II) [365], combined with the possibility to functionalize 
the imidazolyl group and the low protonation of the pyridyl group in acidic media, made 
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PIM an optimal candidate for producing a new extractant for the separation of Ni(II) ions 
in acidic solutions [364]. These results motivated the choice of PIM as precursor for a 
novel chelating monomer in this project. It is in fact reasonable to expect that a new PIM-
based monomer can form highly stable complexes with the Ni(II) ion to prepare selective 
IIPs for nickel(II). 

2.6.2 bis-AMP as a precursor for a new monomer 

The bis-AMP ligand is known to form complexes with several metal ions. Romary et al. 
studied the complexation of bis-AMP with Cu(II), Ni(II), Co(II), Zn(II), Cd(II), Mn(II), 
and Ag(I) ions in a 0.1 M KNO3 solution [366]. With each of the analyzed metal ions, 
bis-AMP could form complexes with stoichiometry 1:1 and 1:2 with the stability order 
Cu(II)>Ni(II)>Co(II)>Zn(II)>Cd(II)>Mn(II)>Ag(I). The stability constants of these 
complexes were relatively low, and the authors attributed this result to the high steric 
limitations of bis-AMP ligand deriving from the mutually fixed position of the pyridine 
groups. The bis-AMP ligand is also known to be an effective metal adsorbent in acidic 
media due to the low pKa values for its three nitrogen donors, which are equal to 0.5–1.6 
for pKa1, 2.1–2.7 pKa2, and 3.4–4.1 for pKa3 [367]. As described in sub-section 2.4.3, the 
ligand bis-AMP was used in the preparation of commercial chelating resins (Figure 2.6) 
currently applied in the industrial separations of Co(II) and Ni(II) ions. The resin 
DowexTM M4195, which contains the ligand bis-AMP within its structure, was applied 
for the treatment of sulfide concentrates to produce copper and cobalt cathode products 
[235]. This resin was able to reduce the concentration of nickel within the final product 
below 0.1%. However, it suffered as a major limitation a strong retention of Cu(II) ions, 
which could only be eluted with highly concentrated sulfuric acid or ammonia. This result 
was in good agreement with the work of Romary et al., where the complexes of bis-AMP 
with Cu(II) ions resulted in being more stable than those with Co(II) and Ni(II) [366].The 
low basicity of bis-AMP ligand combined with its well-known Co(II) and Ni(II) ions 
complexation properties and the current industrial application of this molecule make it a 
promising and industrially interesting candidate as precursor for the synthesis of a novel 
chelating monomer for the separation of Co(II) and Ni(II) ions in acidic media. The 
application of this monomer to prepare Co(II)-IIPs and/or Ni(II)-IIPs can provide a 
further increase in selectivity with the formation of selective binding cavities. 

2.6.3 AMP as a precursor for a new monomer 

Laatikainen et al. studied the AMP ligand as a Ni(II) chelator in two distinct experimental 
conditions [307]. The first study was carried out in aqueous solutions containing high zinc 
concentration, to reproduce the experimental condition commonly found in 
hydrometallurgy. The second study was conducted in a methanol/2-methoxyethanol 
mixture, to replicate a condition which could be relevant for IIPs preparation. In both 
cases, the AMP ligand formed octahedral complexes with stoichiometry 1:1, 1:2, and 1:3 
with Ni(II) ions, as observed in a previous complexation study conducted in aqueous 
solutions [368]. The difference with the complexation in pure water lay in a shifting of 
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complexation equilibrium toward higher stoichiometry complexes, and in a reduction of 
the stability constant values in the organic solvent mixture. The effect of AMP within a 
chelating resin structure was studied comparing the commercial resins WP-1 and 
CuWRAM [369]. WP-1 is a mesoporous silica-based resin functionalized with a 
poly(ethyleneimine) layer [370], while CuWRAM is its analog, which was further 
functionalized with AMP (Figure 2.11) [371].  

 

Figure 2.11. Structures of WP-1 and CuWRAM [370,371]. The black circles represent the silica-based 
backbone of the resins. 

The proton titration of the sorbents showed that the addition of AMP in CuWRAM 
reduced the global basicity of the resin. This allowed CuWRAM resin to be more efficient 
in metal adsorption at lower pH values due to a reduced protonation in acidic conditions. 
The stability of complexes with Ni(II) and the efficiency in acidic environments of AMP-
containing resins motivated the choice of this ligand as precursor for the synthesis of a 
new chelating monomer [16]. This monomer, named Vbamp, was synthetized by 
introducing a vinylbenzyl group into AMP structure, and was applied for Ni(II)-IIPs 
preparation. The aim of this study was to clarify the effect of the complex stoichiometry 
on IIPs performance. The authors found that the relative amounts of complexes with 
different stoichiometry was influenced by several factors, including the Ni/Vbamp ratio, 
the anion in the Ni(II) salt, and temperature. The polymer showed remarkable Ni(II) 
selectivity when coupled with Zn(II) as competitive ion, and the best results were 
obtained when the complex at Ni(II)/Vbamp stoichiometry 1:2 was the major Ni(II)-
containing species in the pre-polymerization mixture. The new monomer synthesized in 
this doctoral thesis differs from Vbamp as it involves the functionalization of AMP with 
a methacrylic group rather than a vinylbenzyl group. The methacrylic group, in addition 
to a polymerizable vinyl function introduced in Vbamp, also provides a carbonyl group 
whose oxygen could act as additional electron donor atom. This modification turned AMP 
from a bidentate ligand into a potential tridentate monomer. This structural difference is 
expected to enhance the performance of the new Ni(II)-IIP produced with the novel AMP 
monomer when compared with those of the Vbamp-based Ni(II)-IIPs. 
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2.7 Conclusion 

The literature study provided in this chapter highlighted how common metal separation 
techniques often suffer from a lack of selectivity when dealing with the separation of 
Co(II) and Ni(II) ions. To overcome this problem, different methodologies were applied 
to improve the selectivity of common separation techniques such as precipitation, solvent 
extraction, or adsorption. Among these methodologies, the ion imprinting technique 
allows the preparation of adsorbent materials with complementary cavities to a target ion, 
increasing the selectivity toward it. The efficiency of IIPs in metal ions separation, mainly 
outlined in terms of adsorption capacity and selectivity, is strongly affected by the 
strength and stability of the complex formed between the chelator and the target ion. For 
this reason, the synthesis of new chelating monomers and the study of their complexes 
with the target ions is a crucial step for their highly selective separation. In this doctoral 
project, three new chelating monomers were synthetized by modifying PIM, bis-AMP, 
and AMP ligands, and were applied for the preparation of IIPs. The experimental work 
and results obtained for each of the new monomers are described and discussed in the 
following chapter of this manuscript. Chapter 3 presents a comprehensive description of 
the reagents, equipment, methods, and experimental procedures used to perform the 
laboratory work. The general workflow for each material includes the synthesis of a new 
functional monomer, its chemical characterization, and its application to prepare IIPs and 
the study of the metal binding properties of the new materials. The results concerning the 
new monomer and adsorbents prepared with PIM ligand as precursor are described and 
discussed in Chapter 4. Similarly, those related to bis-AMP and AMP ligands are 
illustrated and discussed in Chapters 5 and 6, respectively. In conclusion, Chapter 7, the 
final chapter of this manuscript, offers an overview about the main results obtained in this 
doctoral thesis and outlines the future perspective concerning the preparation and 
application of IIPs. 
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3.1 Chemical products 

3.1.1 Solvents 

The solvents dichloromethane (99.8%, anhydrous, CH2Cl2), deuterated dimethyl 
sulfoxide (deuteration degree ³ 98.8%, DMSO-d6) and  deuterated chloroform 
(deuteration degree ³ 98.8%, CDCl3) were purchased from Sigma-Aldrich (Steinheim, 
Germany). The solvent dimethyl sulfoxide (99.9%, DMSO) was purchased from Merck 
(Darmstadt, Germany). Each solvent was used without further purification. Ultrapure 
water was obtained with a Milli-Q purification system (Millipore). 

3.1.2 Reactants 

The reagents listed below were used without further purification. The chemicals 2-(2-
pyridyl)imidazole (97%, PIM), bis(2-pyridylmethyl)amine (97%, bis-AMP), 2-
(aminomethyl)pyridine (99%, AMP), triethylamine (99%, N(CH2CH3)3), nickel nitrate 
hexahydrate (99.9%, Ni(NO3)2·6H2O), nickel perchlorate hexahydrate (98%, 
Ni(ClO4)2·6H2O), cobalt perchlorate hexahydrate (quality level 100, Co(ClO4)2·6H2O), 
copper perchlorate hexahydrate (98%, Cu(ClO4)2·6H2O),   cadmium nitrate tetrahydrate 
(98%, Cd(NO3)2·4H2O), magnesium nitrate hexahydrate (99%, Mg(NO3)2·6H2O), 2,2-
azobis(2-methylpropionitrile) (98%, AIBN), mineral oil (heavy), sodium hydroxide (≥ 
98%, NaOH), sulfuric acid (≥ 98%, H2SO4)  and magnesium sulfate (99.5%, anhydrous, 
MgSO4) were purchased from Sigma-Aldrich (Steinheim, Germany). Manganese nitrate 
tetrahydrate (≥ 98.5%, Mn(NO3)2·4H2O), cobalt nitrate hexahydrate (≥ 98%, 
Co(NO3)2·6H2O) and copper nitrate hemihydrate (98%, Cu(NO3)2·2.5H2O) were 
purchased from Merck (Darmstadt, Germany), VWR (Fontenay-Sous-Bois, France) and 
Alfa Aesar (Kandel, Germany), respectively. N-(2-hydroxyethyl)piperazine-N-2-
ethanesulfonic acid (≥ 99%, HEPES) and hydrochloric acid (37%, HCl) were purchased 
from Fisher Scientific (Loughborough, U.K.). Nitric acid (67-69%, HNO3) and 
hydrochloric acid (34-37%, HCl) used for ICP-MS analysis were purchased from Romil 
(Espoo, Finland). 

The monomer methacryloyl chloride (97%, C4H5ClO), purchased from Alfa Aesar, was 
distilled under reduced pressure at 40°C to remove the polymerization inhibitor. The 
monomers ethylene glycol dimethacrylate (98%, EGDMA) and methyl methacrylate 
(99%, MMA), purchased from Acros Organics (Geel, Belgium) and Sigma-Aldrich, 
respectively, were washed three times with a 10% NaOH, twice with ultrapure water and 
dried with MgSO4 to remove the polymerisation inhibitors. 
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3.2 Equipment 

3.2.1 Nuclear magnetic resonance (NMR) spectroscopy 

Liquid-state 1H and 13C NMR spectra were collected with a Bruker Advance 400-MHz 
spectrometer operating at 400 MHz. Solid-state 13C CPMAS NMR spectra were collected 
with a Bruker Advance III spectrometer operating at 500 MHz using a double resonance 
CPMAS probehead. Chemical shifts (δ) are given in ppm. The multiplicity of signals in 
the 1H NMR spectra are named as follows: singlet (s), doublet (d), triplet (t), and multiplet 
(m). 

3.2.2 UV-visible (UV-Vis) spectroscopy 

The UV-Vis absorption spectra were collected with an Agilent 8453 UV-Vis 
spectrophotometer equipped with a thermostatic cuvette holder. The spectra were 
collected at 80°C in the wavelength range 300-900 nm, with a resolution of 1 nm. The 
samples were placed in a glass cuvette with a length path of 1 cm.  

3.2.3 Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectra were collected with a PerkinElmer FTIR Frontier spectrometer 
equipped with the attenuated total reflectance (ATR) sampling accessory. The spectra 
were collected in the range of 4000-400 cm-1 as result of an average of 8 scans with a 
resolution of 4 cm-1. 

3.2.4 Inductively coupled plasma-mass spectroscopy (ICP-MS) 

The metal ions concentration in the adsorption experiments was measured using an 
Agilent 7900 ICP-MS. The samples were diluted with ultrapure water containing 1% of 
HCl and 1% of HNO3 in 10 mL metal-free tubes (Sarstedt). Each metal concentration was 
obtained as the average of three measurements of the same sample. The metal 
concentration measurements with a relative standard deviation (RSD) ≤ 5% were 
considered as reliable data for the adsorption experiments. 

3.2.5 Optical microscope 

The average particles diameter of polymers was measured with an Olympus SZX9 optical 
microscope as the average of 20 or 40 polymer particles. 
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3.2.6 Scanning electron microscopy (SEM) 

The surface morphology figures of polymers were captured using either a Hitachi SU3500 
scanning electron microscope or a Gemini® Supra 40 VP scanning electron microscope. 
When the polymers conductivity was low, the materials were metallized with gold. 

3.2.7 Nitrogen adsorption-desorption measurements 

The nitrogen adsorption-desorption measurements were carried out at -196.15 °C on a 
Micromeritics Gemini V analyser.  The samples were pre-conditioned at 80°C under 
vacuum to eliminate the adsorbed gases and humidity. The specific surface area and pore 
size distribution of polymers were determined with Brunauer-Emmett-Teller (BET) and 
Barrett-Joyner-Halenda (BJH) methods. 

3.3 Synthesis of functional monomers 

The synthesis of each of the three new monomers described in this doctoral manuscript 
was performed in a three-neck round-bottom flask immersed in an ice bath. The flask 
contained a magnetic stirrer and its necks were connected to a condenser, an argon purge 
system, and a dropping funnel (Figure 3.1). 

 

Figure 3.1. Schematization of the monomers synthesis set-up. 
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3.3.1 Synthesis of PIM-MMA 

The synthesis of the PIM-based functional monomer, PIM-MMA, was carried out as 
follows. Two different solutions, named solution A and solution B, were prepared under 
argon atmosphere. To prepare the solution A, 30 mL of anhydrous dichloromethane were 
saturated in an ultrasound bath with NaNO2. The solid phase was separated, and the 
remaining saturated solution was introduced in a three-neck round-bottom flask, mixed 
with 1.34 g (9.24 mmol) of PIM and 1.30 mL (9.24 mmol) of trimethylamine and cooled 
in an ice bath with NaCl. Solution B was prepared by dissolving 0.89 mL (9.24 mmol) of 
methacryloyl chloride in 10 mL of anhydrous dichloromethane. Solution B was then 
poured dropwise into the three-neck round-bottom flask containing solution A and stirred 
for 24 hours under argon atmosphere. The reaction product was washed three times with 
ultrapure water and then dried with MgSO4. Finally, dichloromethane was removed with 
a rotary evaporator and PIM-MMA was obtained with a yield of 47%. The reaction 
product was finally analyzed with 1H-NMR spectroscopy. 

3.3.2 Synthesis of bis-AMP-MMA and AMP-MMA 

The synthesis of the bis-AMP-based and AMP-based functional monomers, bis-AMP-
MMA and AMP-MMA followed the same procedure. Two different solutions, named 
solution A and solution B, were prepared under argon atmosphere. Solution A was 
prepared by dissolving 0.89 mL (9.24 mmol) of methacryloyl chloride in 30 mL of 
anhydrous dichloromethane contained in a three-neck round-bottom flask cooled in an 
ice bath with NaCl. Solution B was prepared by dissolving 9.24 mmol of ligand (either 
1.84 g of bis-AMP or 1.00 g of AMP) and 1.30 mL (9.24 mmol) of trimethylamine in 10 
mL of anhydrous dichloromethane. Solution B was then poured dropwise in three-neck 
round-bottom flask containing solution A and stirred for 24 hours. The reaction product 
was washed three times with water and dried with MgSO4. Finally, the dichloromethane 
was removed with a rotary evaporator to obtain the functional monomer. The monomers 
bis-AMP-MMA and AMP-MMA were obtained with a yield of 51% and 49%, 
respectively. The reaction products were analyzed with 1H-NMR and 13C-NMR 
spectroscopies. 

3.4 Functional monomers polymerization test 

Polymerization tests were carried out using the monomers bis-AMP-MMA and AMP-
MMA through their inverse suspension copolymerization with MMA. The reactor for the 
polymerization tests consisted of a three-neck round-bottom flask equipped with a head 
mixer set at 700 rpm for the whole experiment. 

3.4.1 bis-AMP-MMA polymerization test 

The polymerization test on bis-AMP-MMA was carried out as follows. As a first step, 30 
mL of mineral oil was introduced in the reactor and heated at 80 °C under argon 
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atmosphere. In a separate flask, 186 mg (0.695 mmol) of bis-AMP-MMA, 626 mg (6.26 
mmol) of MMA and 4 mg (0.024 mmol) of AIBN were dissolved in 0.7 mL of DMSO-
d6 to form the pre-polymerization mixture. The monomers solution was stirred for 1 h 
under argon atmosphere and then quickly added to the pre-heated reactor to start the 
polymerization. The whole reaction lasted 48 h and two intermediate samplings were 
performed after 6 and 24 h. Both the intermediate sampling and the final reaction product 
were finally analyzed with 1H-NMR spectroscopy. 

3.4.2 AMP-MMA polymerization test 

The polymerization test on AMP-MMA slightly differed from what is described for bis-
AMP-MMA (sub-section 3.5.1).  As a first step, 30 mL of mineral oil was introduced in 
the reactor and heated at 80 °C under argon atmosphere. In a separate flask, 122 mg (0.695 
mmol) of AMP-MMA,  626 mg (6.255 mmol) of MMA and 4 mg (0.024 mmol) of AIBN 
were dissolved in 3 mL of DMSO-d6 to form the pre-polymerization mixture. The mixture 
was then quickly added to the pre-heated reactor to start the polymerization. The whole 
reaction lasted 24 h and two intermediate samplings were performed after 4 and 6 h. Each 
of the two intermediate samplings and the final reaction product were finally analyzed 
with 1H-NMR spectroscopy. 

3.5 Complex formation study 

The complex formation study was carried out on bis-AMP-MMA and AMP-MMA 
monomers coupled, in separated experiments, with Cu(II), Co(II), and Ni(II) ions. The 
effect of counter ion was tested by introducing in solution each metal as either its nitrate 
or perchlorate salt. The samples were prepared as DMSO solutions in 3 mL glass cuvettes 
and were analyzed within the wavelength range of 300-900 nm. The complex formation 
study on monomer/metal pair encompassed a total of 15 UV-Vis spectra, acquired at 80 
°C. Each set of spectra contained 13 spectra generated at distinct monomer/template 
ratios, while maintaining their combined concentrations at 0.1 M. Additionally, each 
dataset was supplemented with the spectra for the monomer and the metal ion, both at a 
concentration of 0.1 M. The spectra related to bis-AMP-MMA and AMP-MMA complex 
formation study are shown in Figures 3.1 and 3.2, respectively. 
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Figure 3.1. UV-Vis spectra of solutions containing bis-AMP-MMA coupled with Cu(II), Co(II) or Ni(II) 
nitrate or perchlorate salts at different monomer/metal ratios collected in DMSO at 80 °C. 
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Figure 3.2. UV-Vis spectra of solutions containing AMP-MMA coupled with Cu(II), Co(II) or Ni(II) 
nitrate or perchlorate salts at different monomer/metal ratios collected in DMSO at 80 °C. 

The UV-Vis spectra were finally processed with HypSpec, a program based on the LS 
minimization scheme, to extrapolate the complexes distribution and to determine their 
stability constants at equilibrium [317]. Stability constant estimation using HypSpec 
involves an iterative trial-and-error process. The program begins with an initial guess for 
stability constants, progressively refining the values through continuous data elaboration 
until the system converges to the final estimates. Stability constant values with various 
transition metals were already available in the literature for ligands used as precursors in 
the synthesis of bis-AMP-MMA and AMP-MMA [307,366]. These values were thus set 
as initial guesses for the program. This facilitated HypSpec to converge to the final 
stability constant values with a reduced number of iterations, making the entire trial-and-
error process faster and more efficient. A more detailed description of the calculations 
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concerning the extrapolation of the complexes distribution and the estimation of stability 
constants values with HypSpec was previously provided in the literature [21,307]. 

3.6 Preparation and characterization of polymeric adsorbents 

Each functional monomer was copolymerized with EGDMA via inverse suspension 
polymerization to obtain the related IIPs and NIPs. Additionally, Poly(EGDMA) was 
synthesized and served as a reference material for the chemical characterization of both 
IIPs and NIPs. The polymerization reactor consisted of a 250 mL three-neck flask, 
partially immersed in a heating system, equipped with a condenser, a head mixer, and an 
argon purging system. 

3.6.1 Preparation of PIM-MMA Ni(II)-IIPs and NIP 

Two distinct PIM-MMA-Ni(II)-IIPs were prepared by varying the Ni(II)/PIM-MMA 
ratio in the pre-polymerization mixture. These two IIPs are denoted as PIM-Ni-IIP-1:2 
and PIM-Ni-IIP-1:3, with Ni(II)/PIM-MMA ratios of 1:2 and 1:3, respectively. As the 
first step, 120 mL of mineral oil (continuous phase) was introduced into the reactor and 
heated to 80 °C under an argon atmosphere. In a separate flask, the Ni(II)/PIM-MMA 
complex was prepared by dissolving either 404 mg (1.39 mmol, in the case of PIM-Ni-
IIP-1:2) or 269 mg (0.93 mmol, in the case of PIM-Ni-IIP-1:3) of Ni(NO3)2·6H2O and 
593 mg (2.78 mmol) of PIM-MMA in 12 mL of DMSO. This solution was stirred for 1 
hour under argon, and then 9 mL of EGDMA (50.1 mmol) and 150 mg (0.90 mmol) of 
AIBN were added to form the pre-polymerization mixture (dispersed phase). The 
dispersed phase was quickly introduced into the reactor, and the polymerization was 
carried out for 7 hours at 80 °C with a stirring rate of 700 rpm. The reaction product, 
consisting of polymer particles, was vacuum-filtered, washed with chloroform, and 
purified with a 1:1 acetone-chloroform mixture in a Soxhlet extractor for 24 hours. The 
polymer beads were washed 5 times with 40 mL of 1 M H2SO4 and MilliQ water over a 
24-hour period. Finally, the polymer particles were dried under vacuum at 50 °C, resulting 
in 6.0 g of dry PIM-Ni-IIP-1:2 and 6.2 g of dry PIM-Ni-IIP-1:3. The corresponding NIP, 
PIM-NIP, was obtained and purified following each step described for the preparation of 
the Ni(II)-IIPs, including the leaching step. The only difference was the absence of 
Ni(NO3)2·6H2O in the pre-polymerization mixture. The obtained product consisted of 5.8 
g of dry polymer particles. 

3.6.2 Preparation of bis-AMP-MMA IIPs and NIP 

A Co(II)-IIP (bis-AMP-Co-IIP) and a Ni(II)-IIP (bis-AMP-Ni-IIP) were prepared using 
bis-AMP-MMA as the functional monomer. The preparation of both IIPs followed the 
same procedure, with the sole exception of the template ion used: Co(NO3)2·6H2O for 
bis-AMP-Co-IIP and Ni(NO3)2·6H2O for bis-AMP-Ni-IIP. The procedure began by 
introducing 127 mL of mineral oil (continuous phase) into the reactor and heating it to 80 
°C under an argon atmosphere. In a separate flask, the template/bis-AMP-MMA complex 
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was prepared by dissolving 404 mg (1.39 mmol) of the template ion salt (Co(NO3)2·6H2O 
for bis-AMP-Co-IIP and Ni(NO3)2·6H2O for bis-AMP-Ni-IIP) and 743 mg (2.78 mmol) 
of bis-AMP-MMA in 3 mL of DMSO. This solution was stirred for 1 hour under argon, 
and then 4.5 mL of EGDMA (25.05 mmol) and 15 mg (0.09 mmol) of AIBN were added 
to form the pre-polymerization mixture (dispersed phase). The dispersed phase was 
quickly introduced into the reactor, and the polymerization was carried out for 6 hours at 
80 °C with a stirring rate of 400 rpm. The resulting reaction product, resulting in polymer 
particles, was vacuum-filtered, washed with chloroform, and purified with a 1:1 acetone-
chloroform mixture in a Soxhlet extractor for 24 hours. The polymer particles were 
washed 5 times with 40 mL of 3 M NH4OH and MilliQ water over a 24-hours period. 
Finally, the polymer particles were dried under vacuum at 50 °C, resulting in 2.8 g of dry 
bis-AMP-Co-IIP and 2.7 g of dry bis-AMP-Ni-IIP. The corresponding NIP (bis-AMP-
NIP) was obtained and purified following each step described for the synthesis of the two 
IIPs, including the leaching step. The only exception was the absence of the template ion 
salt in the pre-polymerization mixture. The obtained product consisted of 2.6 g of dry 
polymer particles. 

3.6.3 Preparation of AMP-MMA Ni(II)-IIP and NIP and poly(EGDMA) 

The Ni(II)-IIP of AMP-MMA monomer (AMP-Ni-IIP) was synthetized as follows. First, 
120 mL of mineral oil (continuous phase) were introduced in the reactor and heated at 80 
°C under argon atmosphere. In a separate flask, the Ni(II)/AMP-MMA complex was 
prepared by dissolving 404 mg (1.39 mmol) of Ni(NO3)2·6H2O and 490 mg (2.78 mmol) 
of AMP-MMA in 12 mL of DMSO. This solution was first stirred for 1 h under argon 
atmosphere and then 4.5 mL of EGDMA (25.05 mmol) and 15 mg (0.09 mmol) of AIBN 
were added to form the pre-polymerization mixture (dispersed phase). The dispersed 
phase was quickly introduced in the reactor and the polymerization was carried out for 4 
h at 80 °C with a stirring rate of 700 rpm. The reaction product, consisting of polymer 
particles, was vacuum filtered, washed with chloroform and purified with a 1:1 acetone-
chloroform mixture in a Soxhlet extractor for 24 h. The polymer particles were washed 5 
times with 40 mL of 0.1 M HCl and MilliQ water over a 24-hour period. Finally, the 
polymer particles were dried under vacuum at 25 °C resulting in 3.2 g of dry polymer. 

The corresponding NIP (AMP-NIP) was obtained and purified following each step 
described for the preparation of AMP-Ni-IIP, including the leaching step. The only 
difference was the absence of Ni(NO3)2·6H2O in the pre-polymerization mixture. The 
obtained product consisted of 3.3 g of dry polymer particles.  

Poly(EGDMA) was prepared following the same procedure applied for AMP-NIP, apart 
from the absence of AMP-MMA in the pre-polymerization mixture, obtaining 2.8 g of 
dry polymer. 
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3.6.4 Polymer characterization 

The chemical composition of IIPs, NIPs and poly(EGDMA) was assessed with FTIR and 
solid state 13C CPMAS NMR spectroscopies. The morphology of IIPs and NIPs was 
studied with optical microscope, SEM, and nitrogen adsorption-desorption experiments. 

3.7 Adsorption experiments 

The metal ion adsorption experiments were performed as follows. A fixed amount of 
adsorbent and 10 mL of target ion solution were introduced in a 15 mL Corning© tube. 
The amount of adsorbent was equal to 20 mg for the adsorption experiments with PIM-
MMA IIPs and NIP and 10 mg for those with bis-AMP-MMA and AMP-MMA IIPs and 
NIPs. Each metal ion was introduced in solution as nitrate salt. The 15 mL Corning© tube 
was shaken at 120 rpm for 20 h at room temperature. After this, the obtained dispersion 
was centrifuged at 5000 rpm for 5 min and filtered with a 0.45 µm surfactant-free 
cellulose acetate filter. The filtered solution was finally diluted with ultrapure water 
containing 1% of HCl and 1% of HNO3 in 10 ml metal-free tubes and analyzed with ICP-
MS. The adsorption capacity values were calculated using Eq. 2.3. 

3.7.1 Effect of pH 

The effect of pH on the adsorption capacity for each polymer was determined performing 
adsorption experiments on the target ion solutions prepared with different pH values. The 
target ion solution pH was adjusted with concentrated NaOH or HCl solutions. 

3.7.2 Effect of contact time on adsorption 

The effect of contact time on adsorption was investigated by performing adsorption 
experiments at different contact time, ranging from 5 min to 24 h. The metal solutions pH 
value was equal to 6.0 for the experiments carried out with PIM-MMA polymers and 6.5 
for those with bis-AMP-MMA polymers. The pH value was adjusted with concentrated 
NaOH. 

3.7.3 Adsorption isotherms 

The adsorption isotherms were obtained by performing adsorption experiments at 
different target ion concentrations, ranging from 0.02 to 1 g/L. The pH value was adjusted 
with HCl (for pH 2) and NaOH (for pH 6 and 6.5) or controlled with HEPES buffer (for 
pH 7). The data related to the adsorption isotherms were fitted using both the Langmuir 
(Eq. 2.4) and Freundlich (Eq. 2.5) models. 
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3.7.4 Selectivity 

The selectivity of each adsorbent was studied by performing adsorption experiments on 
binary solutions containing the target ion (either Ni(II) or Co(II)) and a competitive ion 
including either Ni(II) or Co(II), Cu(II), Cd(II), Mn(II), and Mg(II). The target ion 
concentration was equal to 0.01 g/L in each selectivity experiment. Different target 
ion/competitive ion ratios were investigated, including the values 1:1, 1:10 and 1:100. 
The pH values were adjusted with HCl (for pH 2) and NaOH (for pH 6 and 6.5) or 
controlled with HEPES buffer (for pH 7). The selectivity coefficient values 𝑘 and the 
relative selectivity coefficient values 𝑘′ were calculated with Eq. 2.6 and Eq. 2.8, 
respectively. 

3.7.5 Polymer reusability 

The reusability of the IIPs was studied for up to 5 adsorption-desorption cycles using 
HNO3 (1 or 3 M), HCl (1 or 3 M) or NH4OH (1 or 3 M) as leaching agents. Each 
regeneration cycle consisted of an adsorption experiment followed by a 30 min wash with 
10 mL of leaching agent in 15 mL Corning© tubes at 120 rpm. The polymer particles were 
then rinsed with MilliQ water and dried in a vacuum oven at 60 °C for 24 h before being 
applied in the following adsorption-desorption cycle. 

The adsorption efficiency (𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦$%)  was calculated after each 
adsorption-desorption cycle with Eq. 3.1: 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦$% = C*,.
C*,6

                                                                            

(3.1) 

where 𝑞;,$ is the adsorption capacity of the cycle n (with n equal to 1, 2, 3, 4 or 5) and 
𝑞;,) is the adsorption capacity of the first cycle. 
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4.1 Introduction 

As presented in Chapter 2, due to its Ni(II) binding properties, 2,2'-(pyridyl)imidazole 
(PIM) found diverse applications in the separation of Ni(II) from other metal ions 
including Fe(III), Mn(II), Mg(II), Ca(II), and Co(II). The reactivity of the nitrogen in the 
1-position of the imidazole group in PIM (Figure 4.1) offers possibilities for its 
modification to synthetize new chelating agents or to functionalize resin beads. In the first 
case, PIM was modified with an octyl group to create OPIM, a chelating agent applied in 
the solvent extraction of Ni(II) ions [364]. In the second case, PIM ligand was anchored 
to Merrifield resin beads, which are composed of chloromethylated poly(styrene-co-
DVB) [365]. In this chapter, a different modification of the 1-position of the imidazole 
group of the PIM ligand is proposed, with the aim of turning PIM ligand into a chelating 
monomer, PIM-MMA. For this purpose, a methacrylic group was introduced into the 
structure of PIM ligand to provide a polymerizable vinyl function.  

 

Figure 4.1. Structures of PIM, OPIM [364], Merrifield resin modified by PIM [365] and PIM-MMA. The 
nitrogen in the 1-position of the imidazole group of PIM is highlighted in red. The black circle in 

Merrifield resin modified by PIM represents the poly(styrene-co-DVB) backbone of the resin. 

The preparation of a new PIM-based monomer aims to facilitate its stable incorporation 
into new polymeric adsorbents and effectively utilize the Ni(II) binding properties of PIM 
ligand. This chapter describes the synthesis of PIM-MMA and its application in the 
preparation of Ni(II)-IIPs. The application of the ion imprinting technique is expected to 
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enhance the selectivity of the new adsorbent materials toward Ni(II) ions, facilitating their 
selective separation. 

4.2 Synthesis of PIM-MMA 

The synthesis of the PIM-derivative monomer, PIM-MMA, was carried out by reacting 
the PIM ligand with methacryloyl chloride to introduce a methacrylic group within its 
structure (Figure 4.2). 

 

Figure 4.2. Synthesis of PIM-MMA chelating monomer. 

The synthesis of PIM-MMA was first carried out without any special caution. This first 
attempt resulted in the presence of a high rate of the homopolymer of PIM-MMA in the 
final product. This was confirmed by the 1H-NMR spectrum of the reaction product 
(Figure 4.3). In this spectrum, the peaks of the PIM-MMA homopolymer backbone could 
be observed at 3.7-3.8 ppm, 1.9-2.0 ppm and 1.2-1.4 ppm, commonly associated with the 
polymerization of the methacrylic group [372]. Additionally, a slight broadening of the 
peaks of PIM protons and a default of vinyl protons of the MMA moiety was observed. 
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Figure 4.3. 1H-NMR spectrum in CDCl3 of PIM-MMA synthetized without inhibitor of polymerization. 

The formation of PIM-MMA homopolymer could be significantly reduced by the 
introduction of sodium nitrite (NaNO2) as an inhibitor of polymerization. This enabled 
the reduction of PIM-MMA homopolymer in the reaction product to a molar amount of 
less than 5%. This reaction product containing a small amount of homopolymer was used 
without other purifications in the following experiments. The 1H-NMR spectrum of PIM-
MMA synthetized in the presence of NaNO2 is shown in Figure 4.4. The vinyl protons 
peaks at 5.43 and 5.12 ppm (Table A.1) confirmed the modification of PIM-MMA 
structure through the addition of the methacrylic group. 
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Figure 4.4. 1H-NMR spectrum of PIM-MMA in CDCl3 synthetized in presence of NaNO2 as 
polymerization inhibitor. 

Conducting an in-situ complex formation study between a chelating monomer and a metal 
ion under the same conditions applied for the preparation of IIPs is a quick and convenient 
method to control the complex structure in the pre-polymerization mixture (sub-section 
2.5.3). Even though the introduction of NaNO2 as polymerization inhibitor effectively 
slowed down the homopolymerization of PIM-MMA, this reaction was not completely 
avoided. Consequently, to prevent any polymerization of PIM-MMA within the UV-Vis 
cuvette, the complex formation study was not conducted on PIM-MMA. 

4.3 Preparation of PIM-MMA polymers 

All the polymers described in this thesis were prepared by inverse suspension 
polymerization, with mineral oil as the non-polar continuous phase. This polymerization 
method was applied as an alternative to the normal suspension polymerization (where 
water is the continuous phase) to prepare bead-shaped materials [262]. The choice of an 
inverse suspension was made to prevent the transfer of metal ions to the aqueous phase 
[274,335,336].  The crosslinker and porogen selected to prepare the IIPs were EGDMA 
and DMSO, respectively. A comparative study of IIPs prepared with different 
crosslinkers including EGDMA, DVB, PETA, and TMPTA revealed that involving 
EGDMA as crosslinker resulted in IIPs with more stable imprinting cavities and higher 
adsorption capacity [277]. DMSO was selected as a non-toxic, polar aprotic solvent, 
capable of solubilizing all the selected components for IIPs preparation with a boiling 
point (equal to 189 °C) higher than the polymerization temperature (80 °C).  
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Since it was not possible to study the formation of complexes between PIM-MMA and 
Ni(II), the synthesis of PIM-MMA IIPs was carried out by introducing the metal ion and 
the functional monomer according to the desired stoichiometries of the complexes. Thus,  
Ni(II) and PIM-MMA were introduced, in two separate experiments, with ratios of 1:2 
and 1:3 into the pre-polymerization mixture. The IIPs prepared with a Ni(II)/PIM-MMA 
ratio of 1:2 and 1:3 were named PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3, respectively. 
EGDMA, used as crosslinker, was introduced in the polymerization mixture with a PIM-
MMA/EGDMA ratio equal to 1:18. The synthesis route for the preparation of PIM-Ni-
IIP-1:2 and PIM-Ni-IIP-1:3 is shown in Figure 4.5. The corresponding NIP, PIM-NIP, 
was prepared to be used as a reference material in adsorption experiments. 

The preparation of PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 included a leaching step, which 
involved 5 washes with 1 M H2SO4 to release the Ni(II) ions and generate ion-imprinted 
cavities. In order to compare the NIP with preparation conditions as close as possible to 
that of the IIPs, it was also submitted to this acidic treatment. As a matter of fact, in a 
recent work, Cao et al. studied the effect of acidic leaching on NIP particles prepared with 
EGDMA as crosslinker [373]. They proved that it was essential to apply the same post-
treatment to the NIP after its synthesis in order to have a similar impact on the porous 
structure of the polymer.  

 

Figure 4.5. Synthesis route for the preparation of PIM-MMA IIPs. 

The polymer particles of PIM-NIP, PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3 are shown in 
Figure 4.6. The polymer particles of each material were characterized by different shades 
of yellow-orange. This is likely to derive from the presence of PIM-MMA monomer 
within their structures, as the color of pure poly(EGDMA) is white.  The chemical 
composition and morphology of these polymer particles is described in the following 
sections (Section 4.4 and Section 4.5). 
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Figure 4.6. PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 polymer particles prepared via inverse 
suspension polymerization. The photographs were taken after the particles were subjected to the leaching 

step. 

The homopolymer of the crosslinker EGDMA, poly(EGDMA), was synthetized in a 
similar way, to be used as a reference material for the chemical characterization of the 
IIPs and NIPs prepared in this doctoral thesis. By comparing the chemical composition 
of poly(EGDMA) with those of the IIPs and NIPs, it was possible to confirm the 
incorporation of the functional monomers within these materials. 

4.4 Characterization of the chemical structure of PIM-MMA 
polymers 

The chemical structure of the three PIM-MMA polymers was studied by FTIR (Figure 
4.7) and 13C CP-MAS NMR (Figure 4.8) spectroscopies. The presence of PIM-MMA 
within PIM-NIP, PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3 polymer particles was verified by 
comparing their spectra with that of poly(EGDMA). 

From the FTIR spectra (Figure 4.7), it was possible to detect in each material the presence 
of typical poly(EGDMA) absorption bands, including the stretching of C=O and C-O at 
1725 and 1144 cm-1, respectively, and the -OCH2 deformation vibration band at 1460 cm-

1 [292]. The incorporation of PIM-MMA into PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-
IIP-1:3 was confirmed by the presence of C-N aromatic amine stretching bands at 1298 
and 1320 cm-1. FTIR spectra were collected for both materials before and after the 
leaching process, and no changes in their chemical composition were observed. 
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Figure. 4.7. FTIR spectra of PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 before leaching (b. l.) and 
after leaching (a. l.) and poly(EGDMA). 

The presence of PIM-MMA within PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 was 
also confirmed by the 13C CPMAS NMR spectra of these polymers (Figure 4.8). The 
presence of poly(EGDMA) in each material resulted in the carbonyl carbon (C=O) peak 
at 177.1 ppm, the pendant vinyl carbon (C=CH2) peak at 137.1 ppm, the ester carbon (-
COO-) peak at 62.9 ppm, the quaternary carbon (>C<) peak at 45.8 ppm, the methylene 
carbon (-CH2-) peak at 24.5 ppm, and the methyl carbon (-CH3) peak at 18.4 ppm 
[374,375]. With a PIM-MMA/EGDMA ratio of 1:18 in PIM-NIP, PIM-Ni-IIP-1:2, and 
PIM-Ni-IIP-1:3, the bands related to PIM-MMA were relatively weak and only a single 
aromatic carbon peak at 124.5 ppm was distinctly detectable in these polymers. However, 
this result was consistent with those obtained with FTIR spectroscopy and provided an 
additional validation about the correct integration of PIM-MMA within PIM-NIP, PIM-
Ni-IIP-1:2, and PIM-Ni-IIP-1:3 polymer particles. 
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Figure 4.8. 13C CPMAS NMR spectra of PIM-NIP, PIM-Ni-IIP-1:2, PIM-Ni-IIP-1:3, and poly(EGDMA). 

4.5 Morphology of PIM-MMA polymers 

The chemical characterization of PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 was 
followed by the study of their morphology through the determination of the average 
particle diameter with an optical microscope, the surface and internal morphologies with 
SEM, and the specific surface area, pore size and pore volume with nitrogen 
adsorption/desorption experiments. 

4.5.1 Optical microscope analysis 

The average particle diameter of PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 was 
determined by analyzing the optical microscope images of each material (Figure 4.9).  
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Figure 4.9. PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 images taken with a numerical optical 
microscope after Ni(II) ions leaching procedure. 

The average particle diameter was determined by averaging the measurements of 40 
polymer particles from each sample. Since the particles had an elongated shape rather 
than being a perfect sphere, as evidenced in Figure 4.9, each diameter was calculated as 
the average distance between their vertical and horizontal ends. The polymer particles in 
the IIPs had similar dimensions, with average diameters of 2.16 ± 0.49 mm for PIM-Ni-
IIP-1:2 and 2.12 ± 0.56 mm for PIM-Ni-IIP-1:3. In contrast, PIM-NIP particles were 
smaller, with an average diameter of 1.54 ± 0.39 mm. 
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4.5.2 SEM pictures of whole and crushed polymer particles 

The surface morphology and internal structure of PIM-NIP, PIM-Ni-IIP-1:2, and PIM-
Ni-IIP-1:3 were studied with SEM pictures of their whole and crushed particles (Figure 
4.10). 

 

Figure 4.10. SEM pictures of outer surface of (a) whole polymer particles, and (b) internal section of 
crushed polymer particles of PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 captured after the leaching 

step. 
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The SEM images of whole polymer particles (Figure 4.10a) revealed a distinct contrast 
between the outer surfaces of PIM-NIP and PIM-IIPs particles. The surface of PIM-NIP 
exhibited cracks among blocks of smooth material. In contrast, the surfaces of both IIPs 
appeared more homogeneous and superficial cracks were not observed. When comparing 
the surface characteristics of the two IIPs, PIM-Ni-IIP-1:3 exhibits a slightly greater 
roughness than PIM-Ni-IIP-1:2. The internal morphology was investigated through SEM 
images of the internal section of crushed polymer particles (Figure 4.10b). The internal 
structures of PIM-NIP and the two PIM-IIPs differed significantly. While the internal 
structure of PIM-NIP particles was compact, those of the two IIPs exhibited a greater 
roughness. 

4.5.3 Nitrogen adsorption-desorption experiments 

Nitrogen adsorption-desorption experiments were conducted for the three PIM-MMA 
polymers, and the corresponding isotherms are depicted in Figure 4.11. 

 

Figure 4.11. Nitrogen adsorption-desorption isotherms of PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3. 
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The nitrogen adsorption-desorption isotherm for PIM-NIP exhibited, according to IUPAC 
classification (Figures A.1 and A.2), a Type IV isotherm with hysteresis loop H2, 
indicating a not well-defined distribution of pore size and shape. In contrast, both IIPs 
displayed Type II isotherms (Figure A.1) with hysteresis loop H3 (Figure A.2), 
suggesting the presence of slit-shaped pores. The presence of a discontinuity within the 
relative pressure range of 0.4-0.5 in the desorption curves for each material indicates the 
possible occurrence of cavitation. 

The BJH [376] and BET [377] methods were used to determine the average pore 
diameters, total pore volumes, and specific surface areas for each material (Table 4.1). 

Table 4.1. Average pore diameters, total pore volumes, and specific surfaces of PIM-NIP, PIM-Ni-IIP-
1:2, and PIM-Ni-IIP-1:3 determined with BJH and BET methods. 

Material Average pore 
diameter (nm) 

Total pore volumes 
(cm3/g) 

Specific surface area 
(m2/g) 

PIM-NIP 3.3 0.006 7.8 

PIM-Ni-IIP-1:2 5.9 0.511 344.2 

PIM-Ni-IIP-1:3 6.2 0.554 357.1 

 

The average pore diameters, measuring 3.3 nm for PIM-NIP, 5.9 nm for PIM-Ni-IIP-1:2, 
and 6.2 nm for PIM-Ni-IIP-1:3, allowed for the classification of these materials as 
mesoporous polymers. The total pore volumes and specific surface areas of the IIPs were 
notably higher in comparison to PIM-NIP. A lower total pore volume and specific surface 
area for PIM-NIP when compared to both IIPs could be expected from the observations 
made with SEM (Figure 4.10). SEM images revealed that both IIPs displayed porous 
surfaces and highly porous internal structures, while PIM-NIP polymer particles 
exhibited smooth surfaces and compact internal structures.  

4.6 Ni(II) adsorption experiments 

After completing the characterization of PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3, these 
materials, along with PIM-NIP as a reference, were tested in Ni(II) adsorption 
experiments. These experiments encompassed the effect of pH, the time dependence of 
Ni(II) adsorption, the determination of Ni(II) adsorption isotherms, and the assessments 
of polymer selectivity and reusability. 

4.6.1 Effect of pH 

Assessing how the pH impacts the adsorption capacity of an adsorbent is critical when 
determining the optimal pH range for its application. In the case of Ni(II) adsorbents, 
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literature commonly reports that pH values below 4 result in a significant or complete 
reduction in Ni(II) adsorption capacity [277,359,363,378]. This occurs due to the 
protonation of the adsorbent in acidic environments, resulting in electrostatic repulsion 
with the positively charged metal ion. Simultaneously, the hydronium ions, present in a 
high concentration in acidic media, competes with Ni(II) ions for the binding sites of the 
adsorbent, reducing its adsorption. 

The effect of pH on Ni(II) adsorption capacity of PIM-Ni-IIP-1:2, PIM-Ni-IIP-1:3, and 
PIM-NIP was examined within the pH range 3-7 (Figure 4.12). 

 

Figure 4.12. Effect of pH on Ni(II) adsorption capacity of PIM-Ni-IIP-1:2, PIM-Ni-IIP-1:3, and PIM-
NIP. The initial Ni(II) ions concentration was equal to 500 mg/L. The pH value was adjusted with 

concentrated HCl and NaOH. 

For all three polymers, the most favorable adsorption performances were observed within 
the pH range of 5-7, with the highest capacity achieved at pH 6. As the pH decreased 
below this range, PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3 showed a slight reduction in 
adsorption capacity, while PIM-NIP exhibited a sharp decline. In detail, shifting from pH 
6 to pH 4 resulted in a Ni(II) adsorption capacity decrease of only 6% and 7% for PIM-
Ni-IIP-1:2 and PIM-Ni-IIP-1:3, respectively, while PIM-NIP suffered a substantial 77% 
reduction. At pH 3, the adsorption capacity of PIM-NIP approached zero and was 
considered negligible due to falling below the margin of experimental error. The lower 
reduction in the adsorption capacity of the PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3  compared 
to PIM-NIP could be attributed to the positive effect of the ion-imprinting technique. 
When comparing the performances of the two IIPs, PIM-Ni-IIP-1:2, which was prepared 
with a Ni(II)-PIM-MMA ratio of 1:2, exhibited higher adsorption capacity compared to 
PIM-Ni-IIP-1:3, prepared with a Ni(II)-PIM-MMA ratio of 1:3. As the most favorable 
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adsorption results were achieved at pH 6, this pH value was selected to perform the 
following adsorption experiments. 

4.6.2 Time dependence of Ni(II) adsorption 

The relationship between adsorption capacity and the contact time between adsorbent 
materials and the Ni(II) solution was investigated through adsorption experiments of 
varying durations. Figure 4.13 presents the outcomes of these experiments for PIM-NIP, 
PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3. 
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Figure 4.13. Impact of contact time on the Ni(II) adsorption capacity of PIM-NIP, PIM-Ni-IIP-1:2, and 
PIM-Ni-IIP-1:3. The initial concentration of Ni(II) ions was 500 mg/L, and the solutions pH was adjusted 

to 6 with NaOH. 

The Ni(II) adsorption capacity of PIM-NIP increased during the first hour, after which it 
remained relatively constant. In the case of the two IIPs, the adsorption capacity of PIM-
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Ni-IIP-1:3 reached a plateau within two hours, while a constant adsorption capacity value 
was observed for PIM-Ni-IIP-1:2 in the time interval ranging from 2 to 8 hours. To ensure 
efficient Ni(II) adsorption, a contact time of at least 20 hours was selected for the 
subsequent experiments. 

4.6.3 Ni(II) adsorption isotherms 

Ni(II) adsorption experiments were conducted for each adsorbent to determine their 
respective maximum adsorption capacities. These experiments were carried out at pH 6 
at room temperature, using Ni(II) solutions with increasing concentrations. The resulting 
adsorption data for each adsorbent is shown in Figure 4.14. 

 

Figure 4.14. Ni(II) adsorption by PIM-NIP, PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3. The adsorption data 
was interpolated with Langmuir (dashed lines) and Freundlich (continuous lines) models. The range of 

initial Ni(II) ions concentration was 20-750 mg/L and the pH was adjusted to 6 with NaOH. 

The adsorption capacity of each material exhibited a significant increase in the Ni(II) 
concentration range of 20-200 mg/L. As the Ni(II) concentration approached 500 mg/L, 
the Ni(II) adsorption capacity of PIM-NIP and PIM-Ni-IIP-1:3 slightly increased, while 
a substantial variation was observed for PIN-Ni-IIP-1:2. Finally, when the Ni(II) 
concentration was around 800 mg/L, a minor variation in the adsorption capacity of each 
material was observed. The maximum adsorption capacity for each set of experiments 
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was determined by fitting the adsorption data with the Langmuir (Eq. 2.4) and Freundlich 
(Eq. 2.5) models (Table 4.2). 

Table 4.2. Langmuir and Freundlich model parameters for Ni(II) adsorption with PIM-NIP, PIM-Ni-IIP-
1:2, and PIM-Ni-IIP-1:3 at pH 6. 

Model Parameter 
Adsorbent 

PIM-NIP PIM-Ni-IIP-1:2 PIM-Ni-IIP-1:3 

Langmuir 

𝑞!,#$% (mg/g) 7.03 27.91 10.73 

KL 0.005 0.002 0.005 

R2 0.930 0.968 0.985 

Freundlich 

1/n 0.488 0.680 0.511 

KF 0.236 0.174 0.295 

R2 0.929 0.944 0.918 

 

The effective interpolation of adsorption data by the Langmuir model suggests a material 
with homogenous binding sites with equivalent adsorption energy and no interaction 
between adsorbate molecules on adjacent sites [345]. Conversely, isotherm data 
effectively interpolated by the Freundlich model is indicative of a material where the 
adsorption occurs on heterogeneous surfaces [346]. In the case of the isotherm data of 
PIM-NIP, both models yielded similar correlation coefficients R2, making it challenging 
to precisely distinguish whether the binding sites are homogeneous or heterogeneous. The 
isotherm adsorption data for both IIPs were most accurately interpolated by the Langmuir 
model, indicating a higher homogeneity of the adsorption sites.  

PIM-Ni-IIP-1:2 exhibited the highest maximum adsorption capacity, followed by PIM-
Ni-IIP-1:3 and PIM-NIP, with values of 27.91, 10.73, and 7.03 mg/g, respectively. This 
result was consistent with the observations previously made during the investigation of 
the effects of pH on Ni(II) adsorption capacity. The enhanced Ni(II) adsorption capacity 
of both IIPs in comparison to PIM-NIP is likely to derive from the presence of Ni(II)-
imprinted cavities within these materials. When comparing the maximum adsorption 
capacity of PIM-Ni-IIP-1:2 to existing literature data for other Ni(II)-imprinted materials 
(Table 2.2), it falls within the middle range of values. For this reason, to consider this 
adsorbent as a viable alternative to the materials described in the literature, it is 
fundamental for it to exhibit a high selectivity for Ni(II) ions. 
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4.6.4 Selectivity 

The ion imprinting technique was initially developed to enhance the selectivity of 
adsorbents for a specific target ion [239]. Selectivity is therefore a key property in ion-
imprinted materials, and its value can be expressed using the selectivity coefficient k (Eq. 
2.6). The adsorbent selectivity toward Ni(II) ions was investigated at pH 6 using bi-
components solutions containing Ni(II) paired with one divalent metal ion M(II) among 
Co(II), Cd(II), Mn(II), and Mg(II). These metals were chosen as they are commonly 
encountered as competitive ions in the hydrometallurgical separation processes. The 
selectivity coefficient 𝑘 and relative selectivity coefficient 𝑘′ (Eq. 2.8) values for each 
M(II)/Ni(II) pair at different M(II)/Ni(II) ratios are reported in Table 4.3. 

Table 4.3. Selectivity coefficient and relative selectivity coefficient values for PIM-NIP, 
PIM-Ni-IIP-1:2, and PIM-Ni-IIP-1:3 at pH 6 with Co(II), Cd(II), Mn(II) or Mg(II), as 
competitive ions. 

M(II) 
𝐌(𝐈𝐈)
𝐍𝐢(𝐈𝐈) 

PIM-NIP PIM-Ni-IIP-1:2 PIM-Ni-IIP-1:3 

𝒌 𝒌 𝒌′ 𝒌 𝒌′ 

Co(II) 
1 1.35 1.34 1.00 0.62 0.46 

9 0.84 1.23 1.50 0.85 1.01 

Cd(II) 
1 1.15 1.70 1.50 0.45 0.39 

9 2.68 2.84 1.10 0.70 0.26 

Mn(II) 
1 1.41 11.28 8.00 1.30 0.92 

9 0.81 1.37 1.70 1.19 1.50 

Mg(II) 
1 0.44 1.31 3.00 0.70 1.59 

9 1.19 1.44 1.20 0.75 0.63 

 

The k values associated with PIM-NIP provided insights into the adsorbent selectivity 
before the imprinting technique was applied. Among the studied competitive ions, when 
the M(II)/Ni(II) ratio was set to 1, only the adsorption of Mg(II) yielded a k value below 
1 (specifically, 0.44), whereas Co(II), Cd(II), and Mn(II) as competitive ions resulted in 
k values above 1. This suggests that, among the examined ions, only the adsorption of 
Mg(II) was favored over that of Ni(II) by PIM-NIP. For PIM-Ni-IIP-1:2, the k values for 
each M(II)-Ni(II) pair consistently exceeded 1. Additionally, the relative selectivity 
coefficient k’ indicated an improved selectivity compared to PIM-NIP. These two results 
showed the  beneficial impact of the imprinting technique on selectivity for this material. 
The same trend was not observed for PIM-Ni-IIP-1:3, where the selectivity for Ni(II) ions 
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was poor. This could derive from the presence of uncomplexed PIM-MMA, which in the 
synthesis of this polymer was introduced in excess respect to the synthesis of PIM-Ni-
IIP-1:2, resulting in non-specific binding sites. However, since it was not possible to 
conduct a study on complex formation with this monomer, this conclusion remains a 
hypothesis.  

Among the three materials discussed in this chapter, PIM-Ni-IIP-1:2 exhibited the highest 
selectivity for Ni(II) ions. Its k values with Co(II), Cd(II), Mn(II), and Mg(II) as 
competitive ions was as high as 1.34, 2.84, 11.28, and 1.44, respectively. When the 
M(II)/Ni(II) molar ratio was set to 9, there was only a slight variation in the k values of 
PIM-Ni-IIP-1:2 when Co(II), Cd(II), or Mg(II) were introduced as competitive ions. 
Conversely, a significant decrease in selectivity was observed with Mn(II) as a 
competitive ion. To determine if a k value is high enough to ensure the selective 
separation of a target ion from a competitive ion, it is required to define the initial 
concentrations of both ions and the desired level of purity for the target ion. As an 
example, in a binary solution where both ions have the same concentration, an adsorbent 
with a k value equal to 9 ensures the recovery of the target ion with a purity of 90%, where 
the 10% of impurity is ideally constituted by the competitive ion. This separation can be 
considered sufficiently selective or not according to the purity required by the application 
where the target metal will be involved. Consequently, it is not possible to establish an 
absolute threshold for what constitutes a sufficiently high selectivity coefficient. In the 
case of PIM-Ni-IIP-1:2, despite the selectivity study suggesting a slight preference of this 
material for Ni(II) ions, the k values, apart from the case of Mn(II) as a competitive ion, 
were limited to values below or slightly higher than 2. Even though a target of purity was 
not strictly defined, these values cannot be considered high enough to conduct the 
selective separation of Ni(II) ions. 

4.6.5 Reusability of PIM-Ni-IIP-1:2 

In both this chapter and the following ones, the material with the best absorption capacity 
and selectivity for the target ion was subjected to a reusability study. In this chapter, the 
reusability study was conducted on PIM-Ni-IIP-1:2 through 5 adsorption-desorption 
cycles (Figure 4.15). After each adsorption experiment, the desorption of Ni(II) ions was 
performed using NH4OH 3 M as the Ni(II) leaching agent. The material reusability was 
assessed by calculating the residual adsorption capacity after each adsorption cycle in 
relation to the first cycle (Eq. 3.1). 
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Figure 4.15. PIM-Ni-IIP-1:2 adsorption efficiency in 5 adsorption-desorption cycles with NH4OH 3M as 
leaching agent. The initial Ni(II) ions concentration was equal to 500 mg/L and the solution pH was 6. 

This test demonstrated that PIM-Ni-IIP-1:2 could be effectively reused in Ni(II) 
adsorption experiments, with an approximately 5% reduction in adsorption efficiency 
after the first adsorption-desorption cycle, increasing to around 23% in the fifth cycle. 

4.7 Conclusion 

In this chapter, the synthesis of a novel chelating monomer, PIM-MMA, based on 2-(2-
pyridyl)imidazole (PIM) and its application in the preparation of Ni(II)-IIPs, were 
described. The synthesis of PIM-MMA, confirmed via 1H-NMR spectroscopy, required 
the presence of a polymerization inhibitor to avoid its homopolymerization. The tendency 
of PIM-MMA to undergo homopolymerization prevented the possibility of conducting 
an in-situ complex formation study as it would polymerize within the UV-Vis cuvette. 

Two different IIPs, named PIM-Ni-IIP-1:2 and PIM-Ni-IIP-1:3, were prepared 
introducing in the pre-polymerization media Ni(II) and PIM-MMA with 1:2 and 1:3 
ratios,  respectively. However, since the complex formation study on PIM-MMA could 
not be conducted, there was no conclusive evidence regarding the presence of 1:2 or 1:3 
complexes within the polymerization media of these materials. The related non-imprinted 
polymer, PIM-NIP, was synthesized under the same experimental conditions, omitting 
the presence of Ni(II) in the pre-polymerization medium. The presence of PIM-MMA 
within each of the three materials was verified by FTIR and 13C CP-MAS NMR 
spectroscopies. The morphology of the polymer particles was studied by SEM and 
nitrogen adsorption-desorption experiments. PIM-NIP polymer particles exhibited low 
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porosity and specific surface area. In contrast, both IIPs displayed considerably higher 
porosity and specific surface area.  

The materials were finally applied in Ni(II) adsorption experiments, encompassing 
investigations into the impact of pH, contact time dependency, adsorption isotherms, 
selectivity, and reusability. PIM-Ni-IIP-1:2 consistently exhibited a higher adsorption 
capacity in comparison to PIM-Ni-IIP-1:3 and PIM-NIP with a maximum adsorption 
capacity at pH 6 equal to 27.91 mg/g. Moreover, PIM-Ni-IIP-1:2 demonstrated a higher 
selectivity for Ni(II) ions with k values as high as 1.34, 2.84, 11.28, and 1.44 with Co(II), 
Cd(II), Mn(II), and Mg(II) as competitive ions, respectively. However, the selectivity for 
Ni(II) was not sufficiently high to enable its selective separation, and the synthesis of 
more selective chelators was still required. 
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5.1 Introduction 

Bis-AMP ligand forms complexes with 1:1 and 1:2 stoichiometries with various metal 
ions, among which the most stable are those with Cu(II), Ni(II) and Co(II) ions [366]. 
The metal binding properties of bis-AMP in acidic media made it a versatile precursor to 
prepare chelating resins, such as the commercial resin DowexTM M4195 [367]. In this 
resin, the bis-AMP ligand was anchored to poly(styrene-co-DVB) through its secondary 
amine group (Figure 5.1). Despite its effective application in the industrial separation of 
Ni(II) ions from Co(II) ions, this resin was limited by the strong retention of Cu(II) ions 
when present in solution [235]. To enhance the selectivity of bis-AMP ligand, in this 
chapter its modification with a methacrylic group to turn it into a chelating monomer, 
named bis-AMP-MMA (Figure 5.1), was proposed. 

 

Figure 5.1. Structures of bis-AMP, DowexTM M4195, and bis-AMP-MMA. The secondary amine group 
of bis-AMP is highlighted in red. The black circle in DowexTM M4195 represents the poly(styrene-co-

DVB) backbone of the resin. 

The aim of the modification of bis-AMP by introducing a polymerizable function was to 
synthetize a novel chelating monomer which could be used to prepare selective 
adsorbents with the ion imprinting technique. The formation of complexes between bis-
AMP-MMA and Cu(II), Co(II) and Ni(II) ions was studied to optimize the pre-
polymerization conditions for the preparation of Co(II)-IIPs and Ni(II)-IIPs. The 
application of the ion imprinting technique was expected to enhance the selectivity of the 
bis-AMP-based materials through the formation of selective binding cavities. 

5.2 Synthesis of bis-AMP-MMA 

The monomer bis-AMP-MMA was synthetized by reacting the bis-AMP ligand with 
methacryloyl chloride. Through this process, a methacrylic group was introduced into 
bis-AMP structure, as illustrated in Figure 5.2. 
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Figure 5.2. Synthesis of bis-AMP-MMA monomer. 

The introduction of the methacrylic group within the bis-AMP structure was confirmed 
by the vinyl protons peak at 5.18 ppm (Table A.2) in the 1H NMR spectrum (Figure 5.3.a), 
and by the vinyl carbons peaks at 140.4 ppm and 115.5 ppm (Table A.3) in the 13C NMR 
spectrum (Figure 5.3.b). 
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Figure 5.3. 1H NMR spectrum (a) and 13C NMR spectrum (b) of bis-AMP-MMA in CDCl3. 
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The study on the bis-AMP-MMA monomer was completed by evaluating its reactivity in 
a copolymerization reaction with MMA and with the study of the formation of complexes 
with Cu(II), Co(II), and Ni(II) ions. 

5.3 Polymerization test 

The synthesis of bis-AMP-MMA was followed by its copolymerization with MMA to 
evaluate its applicability in polymer preparation. MMA was chosen as the comonomer 
for this polymerization test due to the similarity in its structure to EGDMA [379], the 
crosslinker used for IIPs preparation. The selection of MMA was driven by the need to 
prepare a linear and soluble copolymer whose composition can be characterized by liquid 
1H-NMR. The bis-AMP-MMA/MMA ratio was equal to 1:9, both monomers were 
dissolved in DMSO-d6, and the polymerization mixture, put under argon atmosphere, was 
suspended in mineral oil pre-heated to 80 °C. These polymerization conditions were 
selected to closely resemble those applied for IIPs preparation. The whole test lasted 48 
h, with intermediate sampling after 6 h and 24 h. The intermediate sampling and the final 
reaction product were analyzed with 1H-NMR spectroscopy (Figure A.3) to determine the 
conversion percentage of each monomer into polymer and the fraction of bis-AMP-MMA 
within the copolymer (𝐹F=G2/!*2!!/) at different reaction times (Table 5.1). A detailed 
description of the calculations to determine the conversion percentage of both monomers 
and 𝐹F=G2/!*2!!/ is provided in Annex.A.3. 

Table 5.1. Monomers conversion percentage and 𝐹789:;<=:<<;,> at different reaction times. 

Reaction time bis-AMP-MMA conversion MMA conversion 𝑭𝒃𝒊𝒔:𝑨𝑴𝑷:𝑴𝑴𝑨,𝒕 

6 h 14.0% 90.4% 1.7% 

24 h 16.0% 92.7% 1.9% 

48 h 16.0% 92.9% 1.9% 

 

From the initial 1:9 bis-AMP-MMA/MMA ratio, a 𝐹F=G2/!*2!!/ into the final 
copolymer of around 10% could be expected. However, after 6 h of reaction, only 14% 
of the initial bis-AMP-MMA was converted into monomer, together with 90.4% of the 
initial MMA, resulting in a 𝐹F=G2/!*2!!/ of 1.7% (Table 5.1). This value was very low, 
and a plausible reason for the limited reactivity of bis-AMP-MMA could arise from its 
high steric hindrance. When the reaction time was increased to 24 h and 48 h, only minor 
variations in the monomers conversion values and 𝐹F=G2/!*2!!/	were observed (Table 
5.1). Consequently, a reaction time of 6 hours was chosen for the preparation of bis-AMP-
MMA IIPs and NIP. 
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5.4 Complex formation study 

As discussed in sub-section 2.5.3, the selectivity of IIPs is influenced by the 
complementarity of their binding sites in terms of size, shape, and charge with those of 
the target ion. The correspondence of binding sites with the target ion depends on the 
specificity and stability of the template/chelator complex in the pre-polymerization 
mixture. The ratio between the chelator and template ion can result in the formation of 
complexes with varying stoichiometries and stability. The binding cavities of IIPs 
prepared by polymerizing complexes with a 1:1 metal/chelator stoichiometry are more 
likely to present a lower selectivity than those prepared with 1:2 or 1:3 complexes. This 
is because the cavity formed around higher stoichiometry complexes is supposed to have 
a more specific geometry, with a higher complementarity to the template ion. Therefore, 
investigating the metal/chelator complex formation and optimizing the stoichiometry in 
the pre-polymerization mixture are critical steps in the preparation of highly selective 
IIPs. 

The structure and species distribution of bis-AMP-MMA complexes with Cu(II), Co(II) 
and Ni(II) ions (generally indicated as M(II)) were investigated to control the 
stoichiometry of the complexes introduced in the IIPs. The distribution of the complex 
species was determined by analyzing the UV-Vis absorption spectra recorded in DMSO 
at 80 °C (Figure 3.1), which were the solvent and temperature selected for the 
polymerization. The M(II)/bis-AMP-MMA ratio was varied from 0.1 to 5.3 using both 
nitrates and perchlorates salts as metal sources. The UV-Vis spectra for each M(II)/bis-
AMP-MMA couple were processed with the HypSpec program to determine the complex 
distribution curves (Figure 5.4) and stability constants of complexes at equilibrium, as 
previously described in the literature [21,307,317]. 
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Figure 5.4. Species distribution curves for bis-AMP-MMA coupled with Cu(II), Co(II) or Ni(II) nitrate or 
perchlorate salts in DMSO at 80°C determined from UV-Vis spectra at different M(II)/bis-AMP-MMA 

ratios with HypSpec program. 

The molar fraction of each absorbing species in the solution, determined from the species 
distribution curves of Figure 5.4, are reported in Table 5.2 for the M(II)/bis-AMP-MMA 
ratios of 1.00, 0.50, and 0.33. The molar fractions of M(II)/bis-AMP-MMA complexes 
(𝑥):),  𝑥):I) and uncomplexed M(II) (𝑥!(--)) are related to the total concentration of M(II), 
while the molar fraction of uncomplexed bis-AMP-MMA (𝑥F=G2/!*2!!/)  is related to 
initial concentration. 

Table 5.2. Species distribution at 80 °C for DMSO solutions containing M(II) and bis-AMP-MMA with 
M(II)/bis-AMP-MMA ratios equal to 1.00, 0.50, and 0.33. 
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M(II) salt M(II)/bis-AMP-
MMA ratio 𝒙𝟏:𝟏 𝒙𝟏:𝟐 𝒙𝟏:𝟑 𝒙𝑴(𝑰𝑰) 𝒙𝒃𝒊𝒔:𝑨𝑴𝑷:𝑴𝑴𝑨 

Cu(NO3)2 

1.00 0.56 / / 0.44 0.44 

0.50 0.71 / / 0.29 0.64 

0.33 0.76 / / 0.24 0.75 

Cu(ClO4)2 

1.00 0.83 / / 0.17 0.17 

0.50 0.95 / / 0.05 0.52 

0.33 0.97 / / 0.03 0.68 

Co(NO3)2 

1.00 0.74 0.13 / 0.13 / 

0.50 0.01 0.99 / / < 0.01 

0.33 / 1.00 / / 0.35 

Co(ClO4)2 

1.00 0.68 0.16 / 0.16 / 

0.50 0.01 0.99 / / < 0.01 

0.33 / 1.00 / / 0.35 

Ni(NO3)2 

1.00 0.45 0.27 / 0.28 / 

0.50 0.01 0.99 / / < 0.01 

0.33 / 1.00 / / 0.32 

Ni(ClO4)2 

1.00 0.45 0.26 / 0.29 / 

0.50 0.06 0.93 / < 0.01 / 

0.33 / 1.00 / / 0.34 

 

The step-wise stability constants (β1:1 and β1:2) for M(II)/bis-AMP-MMA complexes, 
determined with the HypSpec program, are reported in Table 5.3. 

Table 5.3. Stability constants values of M(II)/bis-AMP-MMA complexes in DMSO at 80°C determined 
with the HypSpec program. 

M(II) 
M(II)/bis-AMP-MMA 1:1 complex M(II)/bis-AMP-MMA 1:2 complex 

log β1:1 log β1:2 

Cu(II) Cu(NO3)2 Cu(ClO4)2 Cu(NO3)2 Cu(ClO4)2 
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1.70 ± 0.11 2.70 ± 0.14 Not detected 

Co(II) 
Co(NO3)2 Co(ClO4)2 Co(NO3)2 Co(ClO4)2 

7.72 ± 0.08 7.50 ± 0.09 13.93 ± 0.17 13.76 ± 0.16 

Ni(II) 
Ni(NO3)2 Ni(ClO4)2 Ni(NO3)2 Ni(ClO4)2 

7.22 ± 0.04 7.11 ± 0.23 14.01 ± 0.07 13.80 ± 0.32 

 

From the results presented in Figure 5.4 and Tables 5.2 and 5.3, it was possible to draw 
several conclusions regarding the formation of complexes between bis-AMP-MMA and 
Cu(II), Co(II), and Ni(II) ions. 

When bis-AMP-MMA was combined with Cu(II), only the 1:1 complex was formed 
(Figures 5.4.a and 5.4.b). However, this complex could not be isolated in any of the 
solutions analyzed at different Cu(II)/bis-AMP-MMA ratios. In fact, the 1:1 complex 
consistently coexisted with uncomplexed Cu(II) ions and bis-AMP-MMA (Table 5.2 and 
Figures 5.4.a and 5.4.b). The stability constant of the 1:1 complex obtained with Cu(II) 
introduced as perchlorate salt was one logarithmic order higher than the corresponding 
nitrate.  The log β1:1 values were equal to 2.70 and 1.70 for perchlorate and nitrate salts, 
respectively (Table 5.3). The presence of a different counterion can affect the stability of 
complexes, as previously observed in the literature [307]. The reason for this phenomenon 
was not completely elucidated, but hypothetically it may derive from the formation of 
different outer-sphere complexes between the metal ion and the different counter anions.  

In the case of Co(II) ions, two distinct complexes with 1:1 and 1:2 stoichiometries were 
formed (Figures 5.4.c and 5.4.d). The influence of the counter ion had a negligible effect, 
with slightly higher stability constant values for both 1:1 and 1:2 complexes when Co(II) 
was introduced as nitrate (Table 5.3). The 1:1 complex could not be isolated in solution 
as it coexisted with uncomplexed Co(II) and 1:2 complex (Table 5.2 and Figures 5.4.c 
and 5.4.d). On the other hand, when the Co(II)/bis-AMP-MMA ratio was set at 0.50, it 
was possible to isolate the Co(II)/bis-AMP-MMA complex in solution with a 1:2 
stoichiometry (Table 5.2 and Figures 5.4.c and 5.4.d). At this specific ratio, 99% of the 
initial Co(II) existed in the solution as the 1:2 complex, along with 1% of the 1:1 complex 
and less than 1% of free monomer.  

The results obtained from the complex formation study between bis-AMP-MMA and 
Ni(II) ions were very similar to those obtained for Co(II) ions. Ni(II)/bis-AMP-MMA 
complexes with stoichiometry 1:1 and 1:2 were detected in solution (Figures 5.4.e and 
5.4.f) and only the 1:2 complex could be isolated (Table 5.2). The complexes formed with 
the nitrate salt of Ni(II) were slightly more stable than the corresponding perchlorates 
(Table 5.3). When the Ni(II)/bis-AMP-MMA ratio was set at 0.50, it was possible to 
isolate the Ni(II)/bis-AMP-MMA complex with a 1:2 stoichiometry in the solution (Table 
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5.2 and Figures 5.4.e and 5.4.f). At this ratio, 99% of the initial Ni(II) was involved in the 
formation of the 1:2 complex and 1% in the formation of the 1:1 complex. 

Through the complex formation study, it was evidenced that complexes between bis-
AMP-MMA and Co(II) or Ni(II) ions can be successfully isolated by controlling the 
composition of the polymerization mixture. In this context, a complex was considered to 
be “isolated” when it was the only species dissolved in solution or, alternatively, if the 
molar fraction of the other dissolved species was less than 1%. For both Co(II) and Ni(II) 
ions, 0.5 M(II)/bis-AMP-MMA ratio allowed the isolation of complexes with a 1:2 
stoichiometry in solution. Consequently, both Co(II)/bis-AMP-MMA and Ni(II)/bis-
AMP-MMA couples were chosen for the preparation of ion-imprinted polymers (IIPs), 
with pre-polymerization mixtures optimized with a M(II)/bis-AMP-MMA ratio of 0.5. 
Despite this, the analogous stability of bis-AMP-MMA complexes with Co(II) and Ni(II) 
ions may negatively impact the selectivity of bis-AMP-MMA-based adsorbents in the 
separation of these two metals. 

5.5 Preparation of bis-AMP-MMA polymers 

Both the Co(II)-IIP, bis-AMP-Co-IIP, and the Ni(II)-IIP, bis-AMP-Ni-IIP, were prepared 
via inverse suspension with a template/monomer ratio equal to 0.5, as determined with 
the complex formation study. EGDMA was used as a crosslinker and was introduced in 
the polymerization mixture with a bis-AMP-MMA/EGDMA ratio equal to 1:9.  The 
synthesis route to prepare both the IIPs of bis-AMP-MMA is illustrated in Figure 5.5. 
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Figure 5.5. Synthesis route for the preparation of bis-AMP-MMA IIPs. 

The synthesis of the corresponding NIP, bis-AMP-NIP, was conducted using the same 
experimental conditions as those described for bis-AMP-Co-IIP and bis-AMP-Ni-IIP, 
except for the absence of metal ions in the pre-polymerization mixture. 

The preparation of bis-AMP-MMA polymers was first carried out with the head mixer 
set at 700 rpm. This condition led to the formation of powder-like polymer particles 
(Figure 5.6.a). To increase particle size, the polymerization was repeated by reducing the 
head-mixer rate to 400 rpm. This adjustment resulted in a notably larger particle size for 
bis-AMP-NIP, while IIPs polymer particles were still obtained as powder (Figure 5.6.b). 
A more detailed description of the morphology of these polymer particles is provided in 
the following section (Section 5.6). 
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Figure 5.6. Polymer particles of bis-AMP-NIP, bis-AMP-Co-IIP, and bis-AMP-Ni-IIP obtained via 
inverse suspension polymerization with a mixing rate of 700 rpm (a) and 400 rpm (b). 

Despite the small particle size, the IIPs prepared with a mixing rate of 400 rpm, together 
with bis-AMP-NIP, were still characterized and applied in metal adsorption experiments. 

5.6 Characterization of the chemical structure of bis-AMP-MMA 
polymers 

The chemical structure of the three bis-AMP-MMA polymers was determined by FTIR 
(Figure 5.7) and 13C CP-MAS NMR (Figure 5.8) spectroscopies. The presence of bis-
AMP-MMA within bis-AMP-NIP, bis-AMP-Co-IIP, and bis-AMP-Ni-IIP polymer 
particles was verified by comparing their spectra with the one of poly(EGDMA). 
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The presence of poly(EGDMA) in the FTIR spectrum of each material was identified by 
its characteristic absorption bands (Figure 5.7). These included the C=O stretching band 
at 1725 cm-1, the C-O stretching band at 1144 cm-1, and the -OCH2 deformation vibration 
band at 1460 cm-1 [292]. In the bis-AMP-MMA polymers, distinct C=C and C=N pyridine 
stretching bands at 1571 cm-1 and 1591 cm-1, as well as C-N aromatic amine stretching 
bands at 1295 cm-1 and 1319 cm-1, were present. These bands were not visible in the 
spectrum of poly(EGDMA), used as a reference material. The preparation of bis-AMP-
Co-IIP and bis-AMP-Ni-IIP included a leaching step, which involved 5 washes with 3 M 
NH4OH to release the template ions and generate ion-imprinted cavities. This eluent was 
chosen as it was already successfully used for the elution of strongly retained metals from 
the bis-AMP containing resin DowexTM M4195 [235], as previously described in Chapter 
2 . FTIR spectra were collected for both materials before and after the leaching process, 
and no changes in their chemical composition were observed. This result showed a good 
chemical resistance of both materials. 

 

Figure. 5.7. FTIR spectra of bis-AMP-NIP, bis-AMP-MMA IIPs before leaching (b. l.) and after leaching 
(a. l.), and poly(EGDMA). 

The presence of bis-AMP-MMA within bis-AMP-NIP, bis-AMP-Co-IIP, and bis-AMP-
Ni-IIP was also confirmed by the 13C CPMAS NMR spectra (Figure 5.8) of these 
polymers. Poly(EGDMA) was the major component in each material, and its 
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characteristic signals were present in each spectrum. These signals included the carbonyl 
carbon (C=O) peak at 177.1 ppm, the pending vinyl carbon (C=CH2) peak at 137.1 ppm, 
the ester carbon (-COO-) peak at 62.9 ppm, the quaternary carbon (>C<) peak at 45.8 
ppm, the methylene carbon (-CH2-) peak at 24.5 ppm, and the methyl carbon (-CH3) peak 
at 18.4 ppm [374,375]. The presence of bis-AMP-MMA within bis-AMP-NIP, bis-AMP-
Co-IIP, and bis-AMP-Ni-IIP was confirmed by the pyridine peaks in the aromatic carbon 
zone, including two weak peaks at 157.9 ppm and 149.3 ppm, along with a more intense 
peak at 124.5 ppm, which were not observed in the poly(EGDMA) spectrum. This result 
was consistent with the observation conducted with FTIR spectroscopy and provided an 
additional validation about the correct integration of bis-AMP-MMA within bis-AMP-
NIP, bis-AMP-Co-IIP, and bis-AMP-Ni-IIP polymer particles. 

 

Figure 5.8. 13C CPMAS NMR spectra of bis-AMP-Co-IIP, bis-AMP-Ni-IIP, bis-AMP-NIP and 
Poly(EGDMA). 

5.7 Morphology of bis-AMP-MMA polymers 

The chemical characterization of bis-AMP-MMA polymer particles was followed by the 
study of their surface morphology with optical microscope and SEM. Additionally, the 
specific surface area, pore size, and pore volume were determined through nitrogen 
adsorption/desorption experiments. 
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5.7.1 Optical microscope and SEM analysis 

Due to the small size of bis-AMP-Co-IIP and bis-AMP-Ni-IIP particles, only the bis-
AMP-NIP particles could be studied using a numerical optical microscope (Figure 5.9). 
The bis-AMP-NIP particles appeared as irregular clusters of multiple spherical particles 
with varying sizes, approximately in the millimeter range. 

 

Figure 5.9. Polymer particles of bis-AMP-NIP taken with a numerical optical microscope. 

The higher resolution of SEM compared to that of the optical microscope facilitated the 
examination of polymer particles from both the IIPs. The SEM images of whole particles 
of bis-AMP-NIP, bis-AMP-Co-IIP, and bis-AMP-Ni-IIP are presented in Figure 5.10. 
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Figure 5.10. SEM pictures of whole polymer particles of bis-AMP-NIP, bis-AMP-Co-IIP, and bis-AMP-
Ni-IIP. 

Consistently with the optical microscope analysis, SEM images of bis-AMP-NIP 
displayed irregular particles formed through the random aggregation of multiple spheres. 
The surface of bis-AMP-NIP particles featured high roughness. Both bis-AMP-Co-IIP 
and bis-AMP-Ni-IIP appeared as clusters of numerous particles whose size did not exceed 
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a few tens of nanometers. The sharply different morphology of bis-AMP-NIP from those 
of the two IIPs might have a strong impact of the adsorption capacities of these materials. 

5.7.2 Nitrogen adsorption-desorption experiments 

Nitrogen adsorption-desorption experiments were conducted for the three bis-AMP-
MMA polymers, and the corresponding isotherms are illustrated in Figure 5.11. 

 

Figure 5.11. Nitrogen adsorption-desorption isotherms of bis-AMP-NIP, bis-AMP-Co-IIP, and bis-AMP-
Ni-IIP. 

The nitrogen adsorption-desorption isotherms for all three materials displayed, according 
to IUPAC classification (Figure A.1), a Type II isotherm shape. The isotherm of bis-
AMP-NIP  exhibited a hysteresis loop H4 (Figure A.2), suggesting the presence of narrow 
slit-like pores. In contrast, the isotherms for both the IIPs had a hysteresis loop H3 (Figure 
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A.2), which suggests the presence of aggregates of plate-like particles and the formation 
of slit-shaped pores. 

The BJH and BET methods were used to determine the average pore diameters, total pore 
volumes, and specific surface areas for each material (Table 5.4). 

Table 5.4. Average pore diameters, total pore volumes, and specific surfaces of bis-AMP-NIP, bis-AMP-
Co-IIP, and bis-AMP-Ni-IIP determined with BJH and BET methods. 

Material Average pore 
diameter (nm) 

Total pore volumes 
(cm3/g) 

Specific surface area 
(m2/g) 

bis-AMP-NIP 4.9 0.190 153.9 

bis-AMP-Co-IIP 16.3 0.152 37.4 

bis-AMP-Ni-IIP 0.3 0.055 7.7 

 

According to the average pore diameter values (Table 5.4), bis-AMP-NIP and bis-AMP-
Co-IIP could be classified as mesoporous materials, while bis-AMP-Ni-IIP was classified 
as microporous material. The total pore volumes and specific surfaces area were sharply 
different among the three materials. The polymer particles of bis-AMP-NIP showed the 
highest values with total pore volumes and specific surface area equal to 0.190 cm3/g and 
153.9 m2/g, respectively. Among the two IIPs, bis-AMP-Ni-IIP exhibited the lowest total 
pore volume and specific surface area, with values of 0.055 cm3/g and 7.7 m2/g, 
respectively. The relatively low total pore volume and specific surface area in both IIPs 
might have a negative impact on their adsorption capacity when compared to bis-AMP-
NIP. 

5.8 Co(II) adsorption experiments 

The characterization of bis-AMP-MMA polymers was followed by Co(II) adsorption 
experiments with bis-AMP-NIP and bis-AMP-Co-IIP. These experiments encompassed 
the effect of pH, the impact of the time dependence of Co(II) adsorption, the 
determination of Co(II) adsorption isotherms, and the assessments of polymer selectivity 
and reusability. 

5.8.1 Effect of pH 

The first adsorption experiments were conducted to assess the effect of pH on Co(II) 
adsorption to determine the optimal pH range for their application. The effect of pH on 
Co(II) adsorption capacity of bis-AMP-NIP and bis-AMP-Co-IIP was investigated within 
the pH range 3.5-8 (Figure 5.12). 
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Figure 5.12. Effect of pH on Co(II) adsorption capacity of bis-AMP-NIP and bis-AMP-Co-IIP. The initial 
Co(II) ions concentration was equal to 1 g/L. The pH value was adjusted with concentrated HCl and 

NaOH. 

The most favorable adsorption performance for both bis-AMP-NIP and bis-AMP-Co-IIP 
were observed within the pH range of 5-8. The trend in adsorption capacities with pH was 
consistent for both materials, with a decrease in performance  at pH 3.5. As illustrated in 
Figure 5.12 the adsorption capacity of bis-AMP-Co-IIP was consistently lower than that 
of bis-AMP-NIP across the entire pH range under investigation. This difference might be 
attributed to the substantial difference in specific surface area between the two materials, 
which measured 37.4 m²/g for bis-AMP-Co-IIP and 153.9 m²/g for bis-AMP-NIP (Table 
5.4). Given the stable performance in the pH range of 5-8, pH 6.5 was selected for 
conducting the following adsorption experiments. 

5.8.2 Time dependence of Co(II) adsorption 

Before proceeding with the selectivity study, the impact of time on Co(II) adsorption 
capacity was investigated through adsorption experiments of varying durations. Figure 
5.13 illustrates the results of these experiments for bis-AMP-NIP and bis-AMP-Co-IIP. 
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Figure 5.13. Impact of contact time on the Co(II) adsorption capacity of bis-AMP-NIP and bis-AMP-Co-
IIP. The initial concentration of Co(II) ions was 500 mg/L, and the solutions pH was adjusted to 6.5 with 

NaOH. 

The adsorption capacity of Co(II) ions by bis-AMP-NIP increased during the initial two 
hours and then reached a plateau. For bis-AMP-Co-IIP, the most significant increase in 
adsorption capacity occurred within the first hour, and the value remained quite steady 
afterward, within the margin of experimental error. The following adsorption experiments 
were carried out with a contact time exceeding two hours to ensure an efficient Co(II) 
adsorption with both materials. 
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5.8.3 Co(II) adsorption isotherms 

Co(II) adsorption experiments were conducted for bis-AMP-NIP and bis-AMP-Co-IIP to 
determine their respective maximum adsorption capacities. These experiments were 
carried out at room temperature, using Co(II) solutions with increasing concentrations at 
pH 6.5. The resulting adsorption data is shown in Figure 5.14. 

 

Figure 5.14. Co(II) adsorption by bis-AMP-NIP and bis-AMP-Co-IIP. The adsorption data was 
interpolated with Langmuir (dashed lines) and Freundlich (continuous lines) models. The range of initial 

Co(II) ions concentration was 20-1050 mg/L and the pH was adjusted to 6.5 with NaOH. 

The adsorption capacity of bis-AMP-NIP exhibited a sharp increase in the Co(II) 
concentration range of 20-450 mg/L, after which a minor variation was observed. In the 
case of bis-AMP-Co-IIP, the most significant increase in Co(II) adsorption capacity 
occurred within the Co(II) concentration range of 20-200 mg/L. At higher Co(II) 
concentrations the adsorption capacity was relatively steady. The maximum adsorption 
capacity for each material was determined by fitting the adsorption data with the 
Langmuir (Eq. 2.4) and Freundlich (Eq. 2.5) models (Table 5.5).  

Table 5.5. Langmuir and Freundlich models’ parameters for Co(II) adsorption with bis-AMP-NIP and 
bis-AMP-Co-IIP at pH 6.5. 
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bis-AMP-NIP bis-AMP-Co-IIP 

Langmuir 

𝑞!,#$% (mg/g) 54.0 13.3 

KL 0.008 0.004 

R2 0.926 0.781 

Freundlich 

1/n 0.783 0.471 

KF 0.114 0.430 

R2 0.893 0.721 

 

For both materials, Langmuir's model offered a better correlation of the adsorption data 
in comparison to Freundlich's model (Table 5.5). This suggested the presence of 
homogeneous binding sites with uniform adsorption energy and no interaction between 
adsorbate molecules on adjacent sites. However, the correlation coefficient (R2) value for 
Langmuir's model when bis-AMP-Co-IIP was used as the adsorbent was limited to 0.781, 
indicating that this model did not provide an efficient interpolation for the adsorption 
data. In accordance with the results obtained in the study of the effect of pH and impact 
of time, bis-AMP-NIP showed a higher maximum adsorption capacity than bis-AMP-Co-
IIP, with values equal to 54.0 mg/g and 13.3 mg/g, respectively. From these results, a 
positive effect of the imprinting technique on the adsorption capacity of bis-AMP-Co-IIP 
compared to bis-AMP-NIP was not evident. This might be attributed to the more 
challenging introduction of the 1:2 complex into bis-AMP-Co-IIP, in contrast to the 
incorporation of uncomplexed bis-AMP-MMA into bis-AMP-NIP. This could potentially 
lead to a higher number of binding sites into bis-AMP-NIP polymer particles. The Co(II) 
adsorption capacity of bis-AMP-NIP, when compared with one of other Co(II) adsorbents 
described in the literature (Table 2.1), falls within the middle range of values. To complete 
the evaluation of the adsorption performance of these two materials, the experiments 
continued with a study of their selectivity. 

5.8.4 Selectivity 

The selectivity of bis-AMP-NIP and bis-AMP-Co-IIP toward Co(II) ions was 
investigated at pH 6.5 using bi-component solutions containing Co(II) paired with one 
divalent metal ion M(II) among Ni(II), Cd(II), Mn(II), and Mg(II). The selectivity 
coefficient 𝑘 (Eq. 2.6) and relative selectivity coefficient 𝑘′ (Eq. 2.8) values for each 
M(II)/Co(II) pair at different M(II)/Co(II) ratios are reported in Table 5.6. 

Table 5.6. Selectivity coefficient and relative selectivity coefficient values for Co(II) adsorption with bis-
AMP-NIP and bis-AMP-Co-IIP at pH 6.5 with Ni(II), Cd(II), Mn(II), or Mg(II) as competitive ions. 

M(II) bis-AMP-NIP bis-AMP-Co-IIP 
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𝐌(𝐈𝐈)
𝐂𝐨(𝐈𝐈) 𝒌 𝒌 𝒌′ 

Ni(II) 
1 1.50 1.27 0.85 

9 2.09 0.93 0.45 

Cd(II) 
1 1.31 1.37 1.05 

9 1.25 1.62 1.29 

Mn(II) 
1 1.13 0.87 0.77 

9 1.37 2.78 2.03 

Mg(II) 
1 1.17 0.26 0.22 

9 0.34 0.73 2.17 

 

The k values for bis-AMP-NIP (Table 5.6) offered insights into the adsorbent selectivity 
before the application of the imprinting technique. When the M(II)/Co(II) ratio was set to 
1, the adsorption of Co(II) resulted in k values above 1 for all the examined competitive 
ions. This observation indicated that bis-AMP-NIP exhibited a preference for Co(II) 
adsorption over other metal ions when introduced at equal concentrations into the 
solution. At the same M(II)/Co(II) ratio, bis-AMP-Co-IIP showed selectivity for Co(II) 
when paired with Ni(II) and Cd(II) ions as competitive metals. Conversely, bis-AMP-Co-
IIP displayed a preference for adsorbing Mn(II) and Mg(II) over Co(II).  

When the M(II)/Co(II) molar ratio was set to 9, there was only a slight variation in the k 
values of bis-AMP-NIP with Ni(II), Cd(II), and Mn(II) as a competitive ion and the 
adsorption of Co(II) was still preferred over their adsorption. On the other hand, when an 
excess of Mg(II) was present in the solution, the selectivity of bis-AMP-NIP for Co(II) 
over this metal was lost. In the case of bis-AMP-Co-IIP, when the M(II)/Co(II) ratio was 
set to 9, this material lost its selectivity for Co(II) adsorption in the presence of Ni(II) 
ions, while the k values with Cd(II), Mn(II), and Mg(II) as competitive ions slightly 
increased. The k’ values were in most cases close to or lower than 1, indicating that the 
imprinting technique was not effective on bis-AMP-Co-IIP. This result might arise from 
the difficult incorporation of the 1:2 Co(II)/bis-AMP-MMA complex within this material. 
Despite the selectivity of bis-AMP-NIP being generally higher than the one of bis-AMP-
Co-IIP, its selectivity coefficients were still very low. Consequently, the selective 
separation of Co(II) ions with both materials was not possible. The lack of selectivity of 
bis-AMP-MMA-containing materials in separating Co(II) ions from Ni(II) ions could be 
expected from the results of the complex formation study (Section 5.4). This study 
revealed that bis-AMP-MMA forms 1:1 and 1:2 complexes with both Co(II) and Ni(II) 
ions with very similar stability constant values (Table 5.3). This similarity offered a 
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plausible explanation for the absence of selectivity in Co(II) and Ni(II) separation using 
bis-AMP-MMA materials. 

Due to the lack of selectivity in the complexation of Co(II) and Ni(II) ions with bis-AMP-
MMA (Section 5.4) and the extremely low specific surface area of bis-AMP-Ni-IIP 
(Table 5.4), the adsorption experiments with bis-AMP-Ni-IIP as Ni(II) adsorbent were 
not performed. However, the adsorption experiments on bis-AMP-MMA materials were 
concluded by examining the reusability of bis-AMP-NIP, which, despite its lack of 
selectivity, displayed good Co(II) adsorption capacity. 

5.8.5 Reusability of bis-AMP-NIP 

In this section, the reusability study was conducted on bis-AMP-NIP, who showed the 
best Co(II) adsorption performance among bis-AMP-MMA-based materials. The 
regeneration of this adsorbent was studied through 5 Co(II) adsorption-desorption cycles 
(Figure 5.15). The adsorption experiments were followed by the desorption of Co(II) ions 
with 3 M NH4OH as the Co(II) leaching agent. The material reusability was assessed by 
calculating the residual adsorption capacity after each adsorption cycle in relation to the 
first cycle (Eq. 3.1). 

 

Figure 5.15. Adsorption efficiency of bis-AMP-NIP in 5 adsorption-desorption cycles with 3 M NH4OH 
as leaching agent. The initial Co(II) ions concentration was equal to 1 g/L and the solution pH was 6.5. 

The adsorption capacity of bis-AMP-NIP decreased by 7% after the first adsorption-
desorption cycle, with a gradual decline in efficiency that led to a 33% drop in 
performance by the fourth cycle. The performance reduction was stabilized in the fifth 
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cycle, with a reduction of 35%. This study demonstrated that bis-AMP-NIP can be 
efficiently reused for three adsorption-desorption cycles before facing a significant 
performance drop in the fourth cycle. 

5.9 Conclusion 

This chapter described the synthesis of a novel chelating monomer, bis-AMP-MMA, 
based on bis(2-pyridylmethyl)amine (bis-AMP) and its application in the preparation of 
IIPs. The synthesis of bis-AMP-MMA, verified with 1H-NMR and 13C-NMR 
spectroscopies, was followed by the assessment of its reactivity in polymerization 
reaction and by a complex formation study. The complex formation study was conducted 
with Cu(II), Co(II) and Ni(II) ions, resulting in the formation of a 1:1 complex with Cu(II) 
and 1:1 and 1:2 complexes with both Co(II) and Ni(II) ions. The 1:1 complex formed 
with Cu(II) ions could not be isolated in solution. The complexes with a 1:2 stoichiometry 
formed with Co(II) or Ni(II) ions could be isolated in solution when the M(II)/bis-AMP-
MMA ratio was set to 0.5.  

Based on these results, a Co(II)-IIP, bis-AMP-Co-IIP, and a Ni(II)-IIP, bis-AMP-Ni-IIP, 
were prepared optimizing the pre-polymerization media with a 0.5 M(II)/bis-AMP-MMA 
ratio. The corresponding NIP, bis-AMP-NIP, was also prepared under the same 
conditions but without the metal template. The chemical composition of the three 
materials was determined by FTIR and 13C CP-MAS NMR spectroscopies. Morphology 
studies were carried out using optical microscopy, SEM, and nitrogen adsorption-
desorption experiments. The IIPs consisted of powder materials composed of 
agglomerates of nanoparticles, while bis-AMP-NIP particles were irregular aggregates of 
microspheres with high roughness. The specific surface areas differed significantly with 
values of 153.9 m2/g for bis-AMP-NIP, 37.4 m2/g for bis-AMP-Co-IIP, and 7.7 m2/g for 
bis-AMP-Ni-IIP.   

Co(II) adsorption experiments were  carried out with bis-AMP-NIP and bis-AMP-Co-IIP, 
including investigations into pH impact, time dependence of Co(II) adsorption, 
adsorption isotherms, selectivity, and reusability. Both materials exhibited optimal 
adsorption performance in the pH range of 5-8. At pH 6.5, the maximum Co(II) 
adsorption capacities were 54.0 mg/g for bis-AMP-NIP and 13.3 mg/g for bis-AMP-Co-
IIP. The higher adsorption capacity of bis-AMP-NIP might be attributed to its larger 
specific surface area. However, both materials showed limited selectivity for Co(II) ions 
when Ni(II), Cd(II), Mn(II), and Mg(II) ions were present in solution. The selectivity 
results concerning bis-AMP-NIP are in agreement with the complex formation study, 
where the complexes of bis-AMP-MMA with Co(II) and Ni(II) ions were characterized 
by similar values of stability constants. Additionally, the poor imprinting effect observed 
for bis-AMP-Co-IIP might arise from the difficult introduction of the 1:2 complex into 
this material. Considering the limited incorporation of bis-AMP-MMA into the 
copolymer with MMA, a similar behavior was also hypothesized also for its 
copolymerization with EGDMA during the preparation of IIPs and NIP. The 
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incorporation of uncomplexed bis-AMP-MMA into bis-AMP-NIP was thus expected to 
be very low.  In the case of Co(II)/bis-AMP-MMA, the situation could even be worse, as 
the monomer was involved in the formation of the Co(II)/bis-AMP-MMA 1:2 complex, 
where the bis-AMP-MMA molecules were locked around Co(II) ions. 

Taking into account the scarce selectivity in the complexation of Co(II) and Ni(II) ions 
with bis-AMP-MMA and the limited specific surface area of bis-AMP-Ni-IIP, the 
adsorption experiments were not carried out with this material. Due to the poor selectivity 
of bis-AMP-MMA-based adsorbents, the synthesis of a novel chelating monomer and the 
preparation of selective adsorbents was still required. 
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6 Synthesis and characterization of a novel Ni(II)-IIP 
based on modified 2-(aminomethylpyridine) 
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6.1 Introduction 

AMP ligand is known to form stable octahedral complexes with Ni(II) ions with 
stoichiometries 1:1, 1:2, and 1:3 [307]. Additionally, when AMP ligand was introduced 
within the structure of a chelating resin, as in the case of CuWRAM, its presence reduced 
the global basicity of the resin, enhancing the Ni(II) adsorption performance in acidic 
media [369]. These studies were followed by the modification of AMP ligand with a 
vinylbenzyl group through its primary amine group (Figure 6.1) to produce Vbamp, a 
chelating monomer applied for Ni(II)-IIPs preparation [16]. This material showed 
remarkable selectivity for Ni(II) ions in the presence of an excess of Zn(II) ions. The 
monomer introduced in this chapter, AMP-MMA, was also obtained from a modification 
of the primary amine group of AMP ligand, as for Vbamp. However, the structure of 
AMP-MMA differs from that of Vbamp due to the functionalization of AMP with a 
methacrylic group instead of a vinylbenzyl group (Figure 6.1). 

 

Figure 6.1. Structures of AMP, Vbamp [16], and AMP-MMA. The primary amine group of AMP is 
highlighted in red. 

The methacrylic group in AMP-MMA, along with the polymerizable vinyl function, adds 
a carbonyl group within the AMP structure. The carbonyl oxygen serves as an additional 
electron-donor atom, turning the bidentate AMP ligand into a potential tridentate 
chelating monomer. Based on the structural difference between AMP-MMA and Vbamp, 
enhanced Ni(II) adsorption performance of the new Ni(II)-IIP prepared with AMP-MMA 
could be expected. 

An additional motivation to prepare a novel monomer based on AMP ligand stemmed 
from the results concerning bis-AMP-MMA, detailed in Chapter 5. This monomer 
exhibited a low tendency to polymerize, and a plausible explanation could lie in its high 
steric hindrance (Section 5.3). The substitution of bis-AMP ligand by its mono-pyridine 
analog, AMP, could represent a solution to overcome this problem. From this structural 
difference (one single pyridine group instead of two), it was legitimate to expect that a 
monomer with lower steric hindrance could enhance the monomer-to-polymer conversion 
rate. The search for a higher conversion was crucial to increasing the incorporation of the 
monomer and of its complex within the IIP structure. For all these reasons, the AMP 
ligand was considered as an optimal candidate for synthesizing a novel chelating 
monomer to be applied for IIPs preparation. 
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6.2 Synthesis of AMP-MMA 

The AMP ligand was modified by reaction with methacryloyl chloride, introducing into 
its structure a methacrylic group (Figure 6.2). 

 

Figure 6.2: Synthesis of AMP-MMA monomer. 

The introduction of the methacrylic group within the AMP structure was confirmed by 
the vinyl proton peaks at 5.38 and 5.82 ppm (Table A.4) in the 1H NMR spectrum (Figure 
6.3.a) and by the vinyl carbons peaks at 139.7 and 120.0 ppm (Table A.5) in the 13C NMR 
spectrum (Figure 6.3.b). 
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Figure 6.3. 1H NMR spectrum (a) and 13C NMR spectrum (b) of AMP-MMA in CDCl3. 
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6.3 Polymerization test  

The reactivity of AMP-MMA was assessed in a polymerization reaction with MMA as 
comonomer. This test was carried out using a similar procedure to that described for bis-
AMP-MMA (Section 5.3). The AMP-MMA/MMA ratio was set to 1:9, the monomers 
were dissolved in DMSO-d6, put under argon atmosphere, and the polymerization mixture 
was suspended in mineral oil pre-heated to 80 °C. These conditions were chosen to 
resemble those applied for IIPs preparation. The whole test lasted 24 h, with intermediate 
sampling after 4 h and 6 h. The intermediate sampling and the final reaction product were 
analyzed with 1H-NMR spectroscopy (Figure A.5) to determine the conversion % of each 
monomer into polymer and the fraction of AMP-MMA within the copolymer (𝐹/!*2!!/) 
at different reaction times (Table 6.1). A detailed description of the calculations to 
determine the conversion % of both monomers and 𝐹/!*2!!/ is provided in Annex A.4. 

Table 6.1. Monomers conversion percentage and 𝐹;<=:<<;,> at different reaction times. 

Reaction time AMP-MMA conversion MMA conversion 𝑭𝑨𝑴𝑷:𝑴𝑴𝑨,𝒕 

4 h 84% 93.2% 9.1% 

6 h 90% 94.9% 9.5% 

24 h 92% 95.7% 9.6% 

 

The value of 𝐹/!*2!!/ into the copolymer with MMA after 6 h of reaction was equal to 
9.1%. This value was close to the approximately 10% expected from the initial 1:9 AMP-
MMA/MMA ratio. The incorporation of AMP-MMA within the copolymer with MMA 
was significantly higher than that observed for bis-AMP-MMA (Section 5.3), where the 
𝐹F=G2/!*2!!/ was lower than 2%. The higher reactivity of AMP-MMA compared to its 
bipyridine analogous is likely to derive from the lower steric hindrance of this monomer. 
From this difference, a higher number of binding sites with enhanced adsorption 
performance could be expected for AMP-MMA adsorbents. 

When the reaction time was increased to 6 h and 24 h, only minor variation in the 
𝐹/!*2!!/	was observed (Table 6.1). Consequently, a reaction time of 4 h was chosen for 
the preparation of AMP-MMA IIP and NIP. 

6.4 Complex formation study 

The complex formation study of AMP-MMA followed a similar procedure to what was 
described for bis-AMP-MMA in Section 5.4. The structure and species distribution of 
AMP-MMA complexes with Cu(II), Co(II) and Ni(II) ions (generally indicated as M(II)) 
were investigated to optimize the pre-polymerization mixture for IIPs preparation. The 
distribution of the complex species was determined by analyzing the UV-Vis absorption 
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spectra recorded in DMSO at 80 °C (Figure 3.2), which were the solvent and temperature 
selected for the polymerization. The M(II)/AMP-MMA ratio was varied from 0.1 to 5.3 
using both nitrates and perchlorates salts as metal sources. The UV-Vis spectra for each 
M(II)/AMP-MMA couple were processed with the HypSpec program to determine the 
complex distribution curves (Figure 6.4) and stability constants of complexes at 
equilibrium, as previously described in the literature [21,307,317]. 

 

Figure 6.4. Species distribution curves for AMP-MMA coupled with Cu(II), Co(II) or Ni(II) nitrate or 
perchlorate salts in DMSO at 80°C determined from UV-Vis spectra at different M(II)/bis-AMP-MMA 

ratios with the HypSpec program. 

The molar fraction of each absorbing species in the solution, determined from the species 
distribution curves in Figure 6.4, are reported in Table 6.2 for the M(II)/AMP-MMA 
ratios of 1.00, 0.50, and 0.33. The molar fractions of M(II)/AMP-MMA complexes (𝑥):),  
𝑥):I) and uncomplexed M(II) (𝑥!(--)) are related to the total concentration of M(II), while 
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the molar fraction of uncomplexed AMP-MMA (𝑥/!*2!!/)  is related to its initial 
concentration. 

Table 6.2. Species distribution at 80 °C for DMSO solutions containing M(II) and AMP-MMA with 
M(II)/AMP-MMA ratios equal to 1.00, 0.50, and 0.33. 

M(II) salt 
𝐌(𝐈𝐈)
𝐍𝐢(𝐈𝐈) 𝒙𝟏:𝟏 𝒙𝟏:𝟐 𝒙𝟏:𝟑 𝒙𝑴(𝑰𝑰) 𝒙𝑨𝑴𝑷:𝑴𝑴𝑨 

Cu(NO3)2 

1.00 0.86 / / 0.14 0.13 

0.50 0.97 / / 0.03 0.51 

0.33 0.98 / / 0.02 0.67 

Cu(ClO4)2 

1.00 0.84 / / 0.16 0.16 

0.50 0.96 / / 0.04 0.51 

0.33 0.97 / / 0.03 0.67 

Co(NO3)2 

1.00 1.00 / / / / 

0.50 0.36 0.64 / / 0.18 

0.33 0.18 0.82 / / 0.38 

Co(ClO4)2 

1.00 1.00 / / / / 

0.50 0.92 0.08 / / 0.46 

0.33 0.88 0.12 / / 0.62 

Ni(NO3)2 

1.00 0.84 0.08 / 0.08 / 

0.50 0.01 0.99 / / / 

0.33 / 1.00 / / 0.32 

Ni(ClO4)2 

1.00 0.96 0.02 / 0.02 0.01 

0.50 0.09 0.91 / / / 

0.33 / 1.00 / / 0.32 

 

The step-wise stability constants (β1:1 and β1:2) for M(II)/AMP-MMA complexes in 
DMSO at 80 °C determined with the HypSpec program are summarized in Table 6.3. 

Table 6.3. Stability constants of M(II)/AMP-MMA complexes in DMSO at 80 °C determined with 
HypSpec program. 
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M(II) 
M(II)/AMP-MMA 1 :1 complex M(II)/AMP-MMA 1 :2 complex 

log β1:1 log β1:2 

Cu(II) 
Cu(NO3)2 Cu(ClO4)2 Cu(NO3)2 Cu(ClO4)2 

2.80 ± 0.17 3.00 ± 0.12 Not detected 

Co(II) 
Co(NO3)2 Co(ClO4)2 Co(NO3)2 Co(ClO4)2 

10.67 ± 0.14 9.60 ± 0.62 12.79 ± 0.14 10.00 ± 0.61 

Ni(II) 
Ni(NO3)2 Ni(ClO4)2 Ni(NO3)2 Ni(ClO4)2 

8.49 ± 0.16 8.80 ± 0.96 14.92 ± 0.33 14.34 ± 1.56 

 

From the results presented in Figure 6.4 and Tables 6.2 and 6.3, it was possible to draw 
several conclusions regarding the formation of complexes between AMP-MMA and 
Cu(II), Co(II), and Ni(II) ions.  

When AMP-MMA was paired with Cu(II) ions, only the 1:1 complex was formed (Figure 
6.4.a and 6.4.b). The introduction of Cu(II) as nitrate or perchlorate salts had a minimal 
effect on the stability constants of the 1:1 complex, with log β1:1 value equal to 2.80 and 
3.00, respectively (Table 6.3). At each Cu(II)/AMP-MMA ratio, the 1:1 complex was 
present in solution together with a residue of uncomplexed Cu(II) and AMP-MMA 
(Figure 6.4), so this complex could not be isolated.  

The combination of AMP-MMA with Co(II) yielded to the formation of two different 
complexes in solutions with stoichiometry 1:1 and 1:2, as illustrated in Figures 6.4.c and 
6.4.d. The type of the counter ion, in this case, had a more significant effect. The stability 
constants related to the nitrate salts were in fact higher by a factor of 10 for the 1:1 
complex and a factor of more than 100 for the 1:2 complex (Table 6.3). The 1:1 complex 
could be isolated with a Co(II)/AMP-MMA ratio equal to 1.00 (Table 6.2). On the other 
hand, the 1:2 complex could not be isolated as it always coexisted in solution together 
with the 1:1 complex and uncomplexed AMP-MMA.  

Finally, by coupling AMP-MMA  with Ni(II) ions,  complexes with 1:1 and 1:2 
stoichiometries were formed (Figure 6.4.e and 6.4.f) and the one with 1:2 stoichiometry 
could be isolated in solution (Table 6.2).  The effect of the counter ion on the stability of 
Ni(II) complexes was not negligible. In the case of Ni(II) introduced as nitrate salt, the 
stability constant of the 1:1 complex was slightly lower than that of the corresponding 
perchlorate, with log β1:1 value equal to 8.49 and 8.80, respectively (Table 6.3). The 
opposite trend was observed for the 1:2 complexes, as the stability constant of the 
complex obtained with Ni(II) nitrate was slightly higher than the corresponding 
perchlorate, with log β1:2 value equal to 14.92 and 14.34, respectively (Table 6.3). The 
higher separation in stability constants of 1:1 and 1:2 complexes when Ni(II) was 
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introduced as nitrate salt, equal to 6.4 logarithmic units, allowed for the isolation of the 
1:2 complex at a Ni(II)/AMP-MMA ratio equal to 0.5 (Table 6.2). At this ratio, 99% of 
the initial Ni(II) was involved in the formation of the 1:2 complex, while only the 
remaining 1% existed as 1:1 complex. 

Through the complex formation study, two distinct complexes between AMP-MMA and 
either Co(II) or Ni(II) ions were successfully isolated in solution. In the case of Co(II), 
when the Co(II)/AMP-MMA ratio was 1, a 1:1 stoichiometry complex was isolated in 
solution. On the other hand, in the case of Ni(II), a 1:2 stoichiometry complex was 
isolated in solution when the Ni(II)/AMP-MMA ratio was 0.5. As detailed in Chapter 2, 
a more specific geometry of the binding cavities and thus a higher selectivity of the IIP 
can be expected when the complex formed in the pre-polymerization mixture has a 1:2 or 
1:3 stoichiometry. Consequently, Ni(II) was chosen as a template ion to prepare a Ni(II)-
IIP with AMP-MMA. 

6.5 Preparation of AMP-MMA polymers 

The complex formation study on AMP-MMA was followed by the preparation of a Ni(II)-
IIP, AMP-Ni-IIP, via inverse suspension polymerization. The pre-polymerization mixture 
was optimized by introducing the template ion Ni(II) and the monomer AMP-MMA with 
a ratio of 0.5, as determined with the complex formation study (Section 6.4). The 
crosslinker EGDMA was introduced in the polymerization mixture with an AMP-
MMA/EGDMA ratio equal to 1:9. The synthesis route for the preparation of AMP-Ni-
IIP is illustrated in Figure 6.5. 
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Figure 6.5. Synthesis route for the preparation of AMP-Ni-IIP. 

The corresponding non-imprinted polymer, AMP-NIP, was prepared under the same 
experimental conditions, apart from the absence of Ni(II) ions in the pre-polymerization 
mixture. The polymer particles of both materials (Figure 6.6) were studied to determine 
their chemical structure (Section 6.6) and morphology (Section 6.7) and applied in Ni(II) 
adsorption experiments (Section 6.8). 

 

Figure 6.6. Polymer particles of AMP-NIP and AMP-Ni-IIP after leaching step obtained via inverse 
suspension polymerization. 
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6.6 Characterization of the chemical structure of AMP-MMA 
polymers 

The chemical structure of both AMP-MMA polymers was studied by FTIR (Figure 6.7) 
and 13C CPMAS NMR (Figure 6.8) spectroscopies. To verify the incorporation of AMP-
MMA into their structures, the spectra of the two polymers were compared with the one 
of poly(EGDMA). 

The presence of poly(EGDMA) resulted in the appearance of its characteristic absorption 
bands in the FTIR spectrum of each material (Figure 6.7). These included the stretching 
C=O stretching band at 1725 cm-1, the C-O stretching band at 1144 cm-1, and the -OCH2 
deformation vibration band at 1460 cm-1 [292]. The correct incorporation of AMP-MMA 
into AMP-NIP and AMP-Ni-IIP was confirmed by the presence of typical pyridine and 
amine bands in their FTIR spectra. In detail, it was possible to detect C=C and C=N 
pyridine stretching bands at 1575 cm-1 and 1593 cm-1, and the C-N aromatic amine 
stretching bands at 1298 cm-1 and 1320 cm-1. These bands were not visible in the spectrum 
of poly(EGDMA), used as a reference material. The preparation of AMP-Ni-IIP included 
a leaching step, which involved 5 washes with 0.1 M HCl to release the Ni(II) ions and 
generate ion-imprinted cavities. FTIR spectra were collected for this material before and 
after the leaching process, and no changes in its chemical composition were observed. 
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Figure. 6.7. FTIR spectra of AMP-NIP, AMP-Ni-IIP before leaching (b. l.) and after leaching (a. l.) and 
poly(EGDMA). 

The results obtained with FTIR spectroscopy were confirmed by the 13C CPMAS NMR 
spectra (Figure 6.8) of AMP-MMA polymers. The characteristic signals of 
poly(EGDMA), the major component in each material, were the most intense in each 
spectrum. These signals included the carbonyl carbon (C=O) peak at 177.1 ppm, the 
pending vinyl carbon (C=CH2) peak at 137.1 ppm, the ester carbon (-COO-) peak at 62.9 
ppm, the quaternary carbon (>C<) peak at 45.8 ppm, the methylene carbon (-CH2-) peak 
at 24.5 ppm, and the methyl carbon (-CH3) peak at 18.4 ppm [374,375]. The presence of 
AMP-MMA within AMP-NIP and AMP-Ni-IIP was confirmed by the pyridine peaks in 
the aromatic carbon zone, including two weak bands at 157.9 ppm and 149.3 ppm, and a 
more intense band at 124.5 ppm. These bands were not observed in the spectrum of 
poly(EGDMA). This result was consistent with the observation conducted with FTIR 
spectroscopy and provided an additional validation about the correct integration of AMP-
MMA within AMP-NIP and AMP-Ni-IIP polymer particles. 

 

Figure 6.8. 13C CPMAS NMR spectra of poly(EGDMA), AMP-NIP, and AMP-Ni-IIP. 

6.7 Morphology of AMP-MMA polymers 

The chemical characterization of AMP-MMA polymers was followed by the 
determination of their particles size with optical microscopy and surface morphology with 
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SEM. Additionally, the specific surface area, pore size, and pore volume were determined 
through nitrogen adsorption/desorption experiments. 

6.7.1 Optical microscope and SEM analysis 

The average particles size of AMP-NIP and AMP-Ni-IIP polymers was determined with 
a numerical optical microscope by averaging the diameter of 20 particles per each 
material. The average particle diameters for AMP-NIP and AMP-Ni-IIP were equal to 
1.34 ± 0.60 mm and 0.92 ± 0.22 mm, respectively. 

The surface morphology was studied with SEM images of whole particles for both 
polymers (Figure 6.9). The surface of AMP-NIP particles was characterized by the 
alternation of continuous smooth zone and superficial cracks. On the other hand, the 
surface of AMP-Ni-IIP was quite regular all over the polymer bead and showed a high 
rugosity.  
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Figure 6.9. SEM pictures of whole polymer particles of AMP-NIP and AMP-Ni-IIP. 

6.7.2 Nitrogen adsorption-desorption experiments 

Nitrogen adsorption-desorption experiments were carried out for both the AMP-MMA 
polymers, and the corresponding isotherms are illustrated in Figure 6.10. 
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Figure 6.10. Nitrogen adsorption-desorption isotherms of AMP-NIP and AMP-Ni-IIP. 

The nitrogen adsorption-desorption isotherms for both materials (Figure 6.10) displayed, 
according to IUPAC classification (Figures A.1 and A.2), a Type IV isotherm shape with 
hysteresis loop H4, suggesting the presence of mesopores (pore diameter from 2 to 50 
nm). The average pore diameters, total pore volumes, and specific surface areas (Table 
6.4) for both materials were determined with the BJH and BET methods. 

Table 6.4. Average pore diameters, total pore volumes, and specific surfaces of AMP-NIP and AMP-Ni-
IIP determined with BJH and BET methods. 

Material Average pore 
diameter (nm) 

Total pore volumes 
(cm3/g) 

Specific surface area 
(m2/g) 

AMP-NIP 7.0 0.47 267.8 

AMP-Ni-IIP 9.0 0.59 261.5 

 

The prediction of mesoporous materials was confirmed by the average pore diameter 
values, which were equal to 7.0 nm and 9.0 nm for AMP-NIP and AMP-Ni-IIP, 
respectively. The two polymers had similar specific surface areas, with values equal to 
267.8 m2/g and 261.5 m2/g for AMP-NIP and AMP-Ni-IIP, respectively. Despite this, 
AMP-Ni-IIP exhibited a higher total pore volume value, equal to 0.59 cm3/g. 

6.8 Ni(II) adsorption experiments 

The characterization of AMP-MMA polymers was followed by their application in Ni(II) 
adsorption experiments, including the effect of pH, the determination of Ni(II) adsorption 
isotherms, and the assessments of polymer selectivity and reusability. 
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6.8.1 Effect of pH 

The first objective of the adsorption experiments was to assess the effect of pH on Ni(II) 
adsorption capacity of AMP-NIP and AMP-Ni-IIP to determine the optimal pH range for 
their application. Three sets of adsorption experiments at different initial concentrations 
of Ni(II) ions were carried out, and the effect of pH was investigated within the pH range 
1.4-7.6 (Figure 6.11). 

 

Figure 6.11. Effect of pH on Ni(II) adsorption capacity of AMP-NIP and AMP-Ni-IIP at three different 
initial Ni(II) concentrations (20 mg/L, 200 mg/L, and 1 g/L). The pH value was adjusted with 

concentrated HCl and NaOH. 

The adsorption capacity of AMP-NIP and AMP-Ni-IIP followed a similar trend with the 
pH variation in each set of adsorption data obtained at different initial concentrations of 
Ni(II) ions (Figure 6.11). The adsorption capacity of both materials showed minimal 
variation at pH values above 4. Conversely, below this pH, a more significant decrease 
in adsorption efficiency was observed. As discussed in the introduction of this chapter, 
the AMP ligand is known to be characterized by a low basicity, which led to a low 
protonation degree in acidic media for the resin containing it [369]. From a monomer 
based on this ligand, it was therefore reasonable to expect a similar behavior in an acidic 
environment. When comparing the two materials, the adsorption capacity of AMP-Ni-IIP 
was always higher than the one of AMP-NIP determined under the same experimental 
conditions. This result highlighted a positive effect of the imprinting technique. The 
average value of the imprinting factor, equal to 1.25 ± 0.07, was in a similar range to that 
described in literature for others Ni(II)-IIPs [294,359]. Considering the good adsorption 
performance in both neutral and strongly acidic solutions, the following adsorption 
experiments were carried out at both pH 7 and pH 2. 
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6.8.2 Ni(II) adsorption isotherms 

The maximum Ni(II) adsorption capacity of AMP-NIP and AMP-Ni-IIP were determined 
at both pH 7 and pH 2. The experiments were carried out at room temperature, using 
Ni(II) solutions with increasing initial concentrations. The adsorption results are shown 
in Figure 6.12.  

 

Figure 6.12. Ni(II) adsorption by AMP-NIP and AMP-Ni-IIP. The adsorption data was interpolated with 
Langmuir (continuous lines) and Freundlich (dashed lines) models. The range of initial Ni(II) ions 
concentration was 20-1000 mg/L. The pH was adjusted to 7 with HEPES buffer and 2 with NaOH. 

The adsorption capacities of both materials at different initial concentration of Ni(II) ions 
followed a similar trend (Figure 6.12). For both materials, at pH 7, the adsorption capacity 
steadily increased across the entire concentration range. In contrast, at pH 2, the 
adsorption capacity stabilized at a Ni(II) concentration of around 600-650 mg/L. The 
maximum adsorption capacity for each material at different pH values was determined 
by fitting the adsorption data with the Langmuir (Eq. 2.4) and Freundlich (Eq. 2.5) models 
(Table 6.5). 

Table 6.5. Langmuir and Freundlich parameters for Ni(II) adsorption with AMP-NIP and AMP-Ni-IIP at 
pH 7 and pH 2. 

Model Parameter Adsorbent - pH 
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AMP-NIP – 
pH 7 

AMP-Ni-IIP – 
pH 7 

AMP-NIP – 
pH 2 

AMP-Ni-IIP – 
pH 2 

Langmuir 

qe,max (mg/g) 125.0 169.5 112.4 138.9 

KL 2.13 x 10-3 2.07 x 10-3 2.09 x 10-3 2.29 x 10-3 

R2 0.954 0.948 0.954 0.945 

Freundlich 

1/n 0.5405 0.510 0.539 0.5076 

KF 1.964 3.105 1.758 2.745 

R2 0.932 0.902 0.919 0.901 

 

For both materials, at both pH values, Langmuir's model offered a better correlation of 
the adsorption data in comparison to Freundlich's model (Table 6.5). This suggested the 
presence of homogeneous binding sites with uniform adsorption energy and no 
interaction between adsorbate molecules on adjacent sites. In accordance with the results 
obtained in the study of the effect of pH, AMP-Ni-IIP showed a higher maximum 
adsorption capacity when compared to AMP-NIP. At pH 7, the maximum Ni(II) 
adsorption capacity was equal to 169.5 mg/g for AMP-Ni-IIP and 125.0 mg/g for AMP-
NIP. As expected, at pH 2 the maximum adsorption capacity of both materials decreased, 
but the reduction was quite limited and remarkable adsorption performances were still 
observed. In detail, at pH 2, the maximum Ni(II) adsorption capacity was equal to 138.9 
mg/g and 112.4 mg/g for AMP-Ni-IIP and AMP-NIP, respectively. These values were 
significantly higher than those observed for Vbamp-based Ni(II)-IIP (11.7 mg/g at pH 7) 
[16]. This result can be attributed to the presence of an extra carbonyl group in AMP-
MMA, whose oxygen can act as a third chelating atom.  

When compared with the adsorption capacity in neutral solutions of the other Ni(II)-
imprinted materials described in the literature (Table 2.2), one of the AMP-Ni-IIP stands 
among the highest values. Additionally, AMP-Ni-IIP showed remarkable performance 
also in strong acidic solutions where the other Ni(II) adsorbents commonly suffer a 
sharper decline [277,359,380]. Considering the significant performances of AMP-Ni-IIP 
in both neutral and acidic media, an extended selectivity study was carried out for this 
material in both these experimental conditions. 

6.8.3 Selectivity 

The selectivity of AMP-NIP and AMP-Ni-IIP for Ni(II) ions was studied in bi-component 
solutions where Ni(II) was paired with one divalent metal ion M(II) among Co(II), Cu(II), 
Cd(II), Mn(II), and Mg(II). The selectivity study was carried out at both pH 7 and pH 2 
to assess the effect of pH on selectivity. The selectivity coefficient 𝑘 (Eq. 2.6) and relative 
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selectivity coefficient 𝑘′ (Eq. 2.8) values for each M(II)/Co(II) pair at different 
M(II)/Co(II) ratios are reported in Table 6.6. 

Table 6.6. Selectivity coefficient and relative selectivity coefficient values for Ni(II) adsorption with 
AMP-NIP and AMP-Ni-IIP at pH 7 and pH 2 with Co(II), Cu(II), Cd(II), Mn(II), or Mg(II) as 

competitive ions. 

M(II) 
𝐌(𝐈𝐈)
𝐍𝐢(𝐈𝐈) 

pH 7 pH 2 

𝒌𝑰𝑰𝑷 𝒌𝑵𝑰𝑷 𝒌′ 𝒌𝑰𝑰𝑷 𝒌𝑵𝑰𝑷 𝒌′ 

Co(II) 

1 3.8 1.8 2.1 3.0 2.4 1.3 

10 5.7 4.7 1.2 4.1 4.1 1.0 

100 25.2 11.4 2.2 23.2 9.5 2.4 

Cu(II) 

1 1.9 1.4 1.3 1.3 1.2 1.0 

10 4.0 3.0 1.3 3.7 2.2 1.7 

100 15.0 10.5 1.4 14.8 8.8 1.7 

Cd(II) 

1 6.8 2.6 2.7 6.4 3.1 2.1 

10 9.3 5.2 1.8 8.9 4.4 2.0 

100 38.6 15.7 2.5 32.1 16.5 2.0 

Mn(II) 

1 5.9 3.1 1.9 5.0 2.2 2.3 

10 8.1 5.7 1.4 7.8 3.9 2.0 

100 32.9 17.2 1.9 27.3 15.3 1.8 

Mg(II) 

1 2.7 1.3 2.1 2.2 1.6 1.4 

10 5.4 1.9 2.8 5.2 4.0 1.3 

100 23.1 12.7 1.8 21.6 11.4 1.9 

 

The selectivity study results provided in Table 6.6 led to several conclusions regarding 
both AMP-NIP, as non-imprinted adsorbent, and AMP-Ni-IIP as material prepared with 
the imprinting technique. 

When the M(II)/Ni(II) ratio was set to 1, the selectivity coefficients, 𝑘, of AMP-NIP were 
always superior to 1. This implied that the AMP-MMA monomer incorporated within this 
adsorbent preferred the interactions with the Ni(II) ion over the other competitive ions. 
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This result was consistent with the complex formation study for this monomer (Section 
6.4),  where the most stable complexes were those formed with Ni(II) ions. 

The imprinting method had a positive effect on selectivity as the 𝑘 values of AMP-Ni-IIP 
were always higher than those related to AMP-NIP, thus the relative selectivity 
coefficients, 𝑘′, were always superior to 1. This result could be explained from the 
comparison of the ionic radii of Ni(II) with those of the competitive metals. The 
competitive ions Co(II), Cu(II), Cd(II ), Mn(II), and Mg(II) toward which selectivity was 
studied all had a wider ionic radius than that of Ni(II) [381]. From the formation of 
binding sites around a stable complex between AMP-MMA and Ni(II), it was therefore 
reasonable to expect that the geometry and size of these cavities hardly allowed the entry 
of ions with a larger diameter. 

When the M(II)/Ni(II) ratio was set to 10 and 100, the 𝑘 values of both materials 
increased, showing that the selective adsorption of Ni(II) ions was possible even at a high 
concentration of competitive ions. The highest 𝑘 values were obtained using AMP-Ni-
IIP with a M(II)/Ni(II) ratio equal to 100 at pH 7. At these conditions, the 𝑘 values were 
equal to 25.2, 15.0, 38.6, 32.9 and 23.1 with Co(II), Cu(II), Cd(II ), Mn(II), and Mg(II) 
as competitive ions, respectively. 

At pH 2, the 𝑘 values of both materials were slightly lower than those observed at pH 7. 
A possible explanation for this result could arise from the presence of a high concentration 
of hydronium ions in acidic media, which competed with the target metal to form a 
complex with AMP-MMA. 

When compared with the selectivity of other Ni(II)-imprinted materials reported in 
literature (Table 2.2), the 𝑘 values of AMP-Ni-IIP stand in the middle-high range. These 
results, combined with the good adsorption capacity of AMP-Ni-IIP, make this chelating 
resin a valuable alternative for the selective adsorption of Ni(II) ions in acidic and neutral 
solutions. 

6.8.4 Reusability of AMP-Ni-IIP 

The set of Ni(II) adsorption experiments was completed with the study of the reusability 
of AMP-Ni-IIP up to 5 adsorption/desorption cycles (Figure 6.13). The adsorption 
experiments were followed by the desorption of Ni(II) ions, in separated experiments, 
using HNO3, H2SO4 and NH4OH at concentrations of 1 M and 3 M as leaching agents. 
As discussed in Chapter 2, these three eluents are among the most efficiently applied in 
hydrometallurgical industry, and the aim of this comparison was to evaluate their effect 
on the adsorption performance of AMP-Ni-IIP. The material reusability was assessed by 
calculating the residual adsorption capacity after each adsorption cycle in relation to the 
first cycle (Eq. 3.1). 
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Figure 6.13. AMP-Ni-IIP adsorption efficiency up to 5 adsorption/desorption cycles with NH4OH, 
H2SO4, and HNO3 3 M and 1 M as leaching agents. 

For each of the three leaching agents, their use with a 3 M concentration resulted in a 
more efficient regeneration of AMP-Ni-IIP. The application of H2SO4 as Ni(II) eluent led 
to a more significant reduction in the adsorption efficiency of AMP-Ni-IIP compared to 
the other two leaching agents. The regeneration with H2SO4 caused an efficiency 
reduction up to 12% after the first adsorption/desorption cycle and 30% in the fifth cycle. 
The regeneration with 3M NH4OH or HNO3 resulted in an efficiency reduction of 1% 
and 19% after the first and fifth cycle for NH4OH and of 3% and 19% after the first and 
fifth cycle for HNO3. The similar performance and the different chemical nature of these 
two eluents provided two valid alternatives to be applied based on the preference of a 
basic (NH4OH) or acid (HNO3) leaching agent. 

6.9 Conclusion 

This chapter described the synthesis of a novel chelating monomer, AMP-MMA, based 
on 2-(aminomethyl)pyridine (AMP) and its application in the preparation of a Ni(II)-IIP. 
The synthesis of AMP-MMA, verified with 1H-NMR and 13C-NMR spectroscopies, was 
followed by the assessment of its reactivity in polymerization reaction and by a complex 
formation study. The complex formation study was conducted with Cu(II), Co(II), and 
Ni(II) ions, resulting in the formation of a 1:1 complex with Cu(II) and 1:1 and 1:2 
complexes with both Co(II) and Ni(II) ions. The 1:2 complex formed with Ni(II) ions was 
the most stable and could be isolated in solution when the Ni(II)/AMP-MMA ratio was 
equal to 0.5.  

This Ni(II)/AMP-MMA ratio was applied to optimize the pre-polymerization mixture to 
prepare a novel Ni(II)-IIP, named AMP-Ni-IIP. The corresponding NIP, AMP-NIP, was 
also prepared under the same conditions but without the metal template. The chemical 
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composition of both materials was determined by FTIR and 13C CP-MAS NMR 
spectroscopies. Morphology studies were carried out using optical microscopy, SEM, and 
nitrogen adsorption-desorption experiments. The materials consisted of polymer particles 
whose diameter was in the range of 1 mm. The specific surface areas were quite similar,  
with values of 267.8 m2/g for AMP-NIP and 261.5 m2/g for AMP-Ni-IIP, while AMP-
Ni-IIP exhibited a higher total volume of pores, equal to 0.59 cm3/g, which could 
positively impact its adsorption capacity.  

Ni(II) adsorption experiments were  carried out with both materials including 
investigations into the effect of pH, adsorption isotherms, selectivity, and reusability. 
Both materials exhibited optimal adsorption performance in the neutral solutions. 
However, only a slight reduction in adsorption capacity was observed when the pH was 
≥	2. For this reason, the maximum adsorption capacity and the selectivity were studied 
both at pH 7 and pH 2. Under each experimental condition, AMP-Ni-IIP showed better 
adsorption performance than AMP-NIP, highlighting a positive effect of the imprinting 
technique. The maximum Ni(II) adsorption capacity of AMP-Ni-IIP was equal to 169.5 
mg/g at pH 7 and 138.9 mg/g at pH 2. The enhanced Ni(II) adsorption capacity compared 
to Vbamp-based Ni(II)-IIP can be attributed to the presence of an extra carbonyl group 
whose oxygen can act as a third chelating atom. In addition to a high Ni(II) adsorption 
capacity, AMP-Ni-IIP demonstrated a good selectivity for Ni(II) ions, with selectivity 
coefficient values up to 25.2, 15.0, 38.6, 32.9, and 23.1 with Co(II), Cu(II), Cd(II ), 
Mn(II), and Mg(II) as competitive ions, respectively. This result was consistent with that 
observed in the complex formation study, where the stability of AMP-MMA complexes 
with Ni(II) was greater than those with Co(II) and Cu(II).  

Considering the remarkable maximum adsorption capacity at both pH 2 and pH 7, among 
the highest values reported in literature for Ni(II)-imprinted materials, and the high 
selectivity for Ni(II) ions, AMP-Ni-IIP can be considered as a valuable alternative for the 
selective adsorption of Ni(II) ions from both neutral and acidic media.
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7 General conclusions and perspectives 
The objective of this doctoral thesis was to prepare highly selective adsorbent materials 
for the separation of Co(II) and Ni(II) ions. As described in the bibliographic study of this 
manuscript, the separation of Co(II) and Ni(II) ions poses a significant challenge in the 
hydrometallurgical industry due to the similarity in the physicochemical properties of 
these two metals. Highly selective adsorbents can be prepared with the ion imprinting 
technique. Polymeric materials prepared with this technique are referred to as ion-
imprinted polymers (IIPs). The selectivity of IIPs is closely tied to the stability of the 
complex formed between a chelating agent incorporated into the polymer, whether a 
ligand or a chelating monomer, and the target ion. The target ion acts as a template during 
the polymerization process and, after its leaching, selective binding cavities are formed. 
The stability of the metal/chelator complexes is strongly dependent on the nature of the 
chelating agent. Therefore, the synthesis of new chelating monomers and the study of the 
complexes formed with the target ion are crucial steps in the preparation of highly 
selective IIPs. The experimental work carried out in this doctoral project involved the 
synthesis of three new chelating monomers and their application for the preparation of 
IIPs. The new monomers, named PIM-MMA, bis-AMP-MMA and AMP-MMA, were 
synthesized using 2,2'-(pyridyl)imidazole (PIM), bis-2-(pyridylmethyl)amine (bis-AMP) 
and 2-(aminomethylpyridine) (AMP)  ligands as precursors, respectively. These ligands 
were selected due to their known ability to form stable complexes with one or both the 
target ions of this project, as previously described in the literature. The most important 
results and conclusions concerning the preparation of IIPs with each of these monomers 
and a correlation between the formation of metal/chelator complexes and selectivity of 
IIPs are provided below. 

The monomer PIM-MMA showed a high tendency to homopolymerize during its 
synthesis. Although this phenomenon was slowed down by the introduction of 
polymerization inhibitor during its synthesis, it was not completely prevented. 
Consequently, the complex formation study could not be carried out on this monomer as 
it would polymerize within the UV-Vis cuvette. Nevertheless, PIM-MMA was used for 
the preparation of two Ni(II)-IIPs by combining Ni(II) and PIM-MMA at varying ratios 
in the pre-polymerization mixture. The IIP prepared with a Ni(II)/PIM-MMA ratio equal 
to 1:2 was named PIM-Ni-IIP-1:2, while the one prepared with a 1:3 ratio was named 
PIM-Ni-IIP-1:3. A non-imprinted polymer, PIM-NIP, was also prepared following a 
similar procedure as for the two IIPs, but without the inclusion of Ni(II) ions in the pre-
polymerization mixture. All three materials were applied in Ni(II) adsorption experiments 
and their best adsorption performance were observed at pH 6. Under each experimental 
condition, both IIPs exhibited a higher Ni(II) adsorption capacity compared to PIM-NIP, 
indicating a positive effect of the imprinting technique on these materials. The highest 
value of maximum Ni(II) adsorption capacity, obtained with PIM-Ni-IIP-1:2, was equal 
to 27.91 mg/g at pH 6. Additionally, PIM-Ni-IIP-1:2 exhibited a higher selectivity for 
Ni(II) ions when compared to PIM-Ni-IIP-1:3 and PIM-NIP. Despite this, its selectivity 
coefficients with Co(II), Cd(II), Mn(II), and Mg(II) as competitive ions were limited to 
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1.34, 2.84, 11.28, and 1.44, respectively. These selectivity coefficients could not be 
considered high enough for the selective separation of Ni(II) ions. Consequently, the 
quest for highly selective adsorbents continued with the synthesis of a new chelating 
monomer. 

In contrast to the high tendency for homopolymerization displayed by PIM-MMA, bis-
AMP-MMA displayed a low reactivity, which probably originated from the significant 
steric hindrance of this monomer. This led to limited molar fraction of bis-AMP-MMA 
(< 2%) within the copolymer formed with MMA, used as a model comonomer in the 
polymerization test. The characterization of bis-AMP-MMA progressed by studying its 
complexes with Cu(II), Co(II), and Ni(II) ions (generally indicated as M(II)). This study 
revealed the formation of a complex with a 1:1 stoichiometry with Cu(II), and two 
complexes with 1:1 and 1:2 stoichiometries with both Co(II) and Ni(II) ions. Among these 
complexes, only those with a 1:2 stoichiometry formed with Co(II) or Ni(II) ions could 
be successfully isolated in solution. The isolation of the 1:2 complex was attained by 
combining either Co(II) or Ni(II) and bis-AMP-MMA at an M(II)/bis-AMP-MMA ratio 
of 0.5. Based on these results, a Co(II)-IIP, bis-AMP-Co-IIP, and a Ni(II)-IIP, bis-AMP-
Ni-IIP were prepared by optimizing the pre-polymerization media with a 0.5 M(II)/bis-
AMP-MMA ratio. Co(II) adsorption experiments were carried out with bis-AMP-Co-IIP 
and bis-AMP-NIP. The optimal adsorption performance for both materials were observed 
in the pH range of 5-8. The maximum Co(II) adsorption capacity was measured at pH 6.5 
and was equal to 54.0 mg/g for bis-AMP-NIP and 13.3 mg/g for bis-AMP-Co-IIP. The 
higher adsorption capacity of bis-AMP-NIP likely arose from its specific surface area, 
which was four times larger than the one of bis-AMP-Co-IIP (153.9 m2/g for bis-AMP-
NIP and 37.4 m2/g for bis-AMP-Co-IIP). Both materials exhibited limited selectivity for 
Co(II) ions in the presence of Ni(II), Cd(II), Mn(II), and Mg(II) as competitive ions. The 
selectivity study results concerning the separation of Co(II) ions from Ni(II) ions were in 
good agreement with the complex formation study. The stability constants of bis-AMP-
MMA complexes with Co(II) and Ni(II) ions were similar. Consequently, a limited 
selectivity in the separation of these two metals with adsorbents based on this monomer 
could be expected. Concerning bis-AMP-Ni-IIP, due to the absence of selectivity in the 
complexation of Co(II) and Ni(II) ions with bis-AMP-MMA and to the very limited 
specific surface area of this IIP (7.7 m2/g), adsorption experiments were not carried out 
with this material. The experimental work continued with the synthesis and 
characterization of the last monomer prepared in this doctoral project. 

The structure of AMP-MMA closely resembled that of bis-AMP-MMA, except for the 
presence of a single pyridinic group instead of two. This structural difference, resulting 
in lower steric hindrance, led to increased reactivity in the polymerization reaction for 
AMP-MMA compared to bis-AMP-MMA. Consequently, the molar fraction of AMP-
MMA within the copolymer with MMA ranged from 9.1% to 9.6%, which is significantly 
higher than 1.7%-1.9% range of bis-AMP-MMA. This result suggested the presence of a 
higher number of binding sites in the copolymer prepared with AMP-MMA compared to 
the one with bis-AMP-MMA. The investigation into AMP-MMA complexes with Cu(II), 
Co(II) and Ni(II) ions revealed the formation of a 1:1 complex with Cu(II) ions and 1:1 
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and 1:2 complexes with both Co(II) and Ni(II) ions. The 1:2 complex formed with Ni(II) 
ions was the most stable and could be isolated in solution when the Ni(II)/AMP-MMA 
ratio was set to 0.5. This Ni(II)/AMP-MMA ratio was thus applied to optimize the pre-
polymerization mixture for the preparation of a Ni(II)-IIP, named AMP-Ni-IIP. Ni(II) 
adsorption experiments were conducted with both AMP-Ni-IIP and the corresponding 
NIP (AMP-NIP). The best Ni(II) adsorption performance was obtained in neutral 
solutions, with a minor decrease of the adsorption capacity at pH 4 and a more significant 
reduction only occurring below pH 2.  For this reason, the maximum adsorption capacity 
and selectivity of AMP-MMA adsorbents were studied at both pH 7 and pH 2. Under 
each experimental condition, AMP-Ni-IIP exhibited a higher adsorption capacity 
compared to AMP-NIP, indicating a positive effect of the imprinting technique. The 
maximum Ni(II) adsorption capacity of AMP-Ni-IIP was 169.5 mg/g at pH 7 and 138.9 
mg/g at pH 2, among the highest values for Ni(II)-imprinted materials reported in the 
literature. Additionally, AMP-Ni-IIP exhibited higher selectivity for Ni(II) ions compared 
to AMP-NIP. The selectivity coefficients of AMP-Ni-IIP with Co(II), Cu(II), Cd(II), 
Mn(II), and Mg(II) as competitive ions were up to 25.2, 15.0, 38.6, 32.9, and 23.1, 
respectively. The selectivity study results were consistent with  the findings in the 
complex formation study. The stability of AMP-MMA complexes with Ni(II) was higher 
than those with Co(II) and Cu(II) ions. Consequently, a higher selectivity of AMP-MMA 
adsorbents for Ni(II) ions could be expected. The selectivity of AMP-Ni-IIP for Ni(II) 
ions, combined with its high adsorption capacity in both neutral and acidic solutions, 
make this adsorbent a valuable alternative for the selective adsorption of Ni(II) ions. 

In conclusion, the strong correlation between the formation of metal/chelator complexes 
and the selectivity of IIPs was confirmed. Although the study of PIM-MMA complexes 
was not possible, the results related to bis-AMP-MMA and AMP-MMA monomers 
supported this thesis. In the case of bis-AMP-MMA, the investigation into its complexes 
with Co(II) and Ni(II) ions revealed the formation of complexes with similar stability 
constants. This finding was reflected in the selectivity study, where a scarce selectivity in 
the absorption of Co(II) in the presence of an equal concentration of Ni(II) was observed. 
Conversely, in the case of AMP-MMA, the complex formation study with Co(II) and 
Ni(II) ions indicated a higher stability in the complexes formed with the latter. This result 
was corroborated by the selectivity study on AMP-Ni-IIP, where the absorption of Ni(II) 
ions was significantly favored over that of Co(II) ions. 

Considering the results in terms of adsorption capacity and selectivity achieved in this 
doctoral project, the extensions of the experimental work can involve either the scale-up 
of the preparation of IIPs or, alternatively, their application to produce sensors. The 
efficiency of the IIPs prepared in this project was examined in batch systems, where a 
small quantity of adsorbent material was sufficient for an extensive series of adsorption 
experiments. The industrial application of adsorbent materials commonly involves 
dynamic systems and continuous-flow processes which require a larger-scale production 
of the adsorbents. For this reason, the scale-up of the production of the IIPs prepared in 
this project and their application in dynamic systems and continuous-flow processes can 
provide an interesting industrial point of view regarding their efficiency. As mentioned 
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above, the IIPs prepared in this doctoral project were specifically designed for their 
utilization in metal adsorption experiments. Their design was thus focused on preparing 
polymer particles with suitable size for the ion exchange or adsorption of metal ions 
dissolved in solution. However, it is noteworthy that  the application of IIPs as sensors in 
the field of analytical chemistry is gaining increasing interest. The development of 
sensors based on the original monomers and IIPs described in this project thus represents 
a significant path for future developments.
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Annex  
A.1 - Assignation of liquid-phase 1H-NMR and 13C-NMR spectra peaks 

The peak assignation of PIM-MMA 1H-NMR spectrum is reported in Table A.1. 

Table A.1. Peak assignation of PIM-MMA 1H NMR spectrum in CDCl3. 

Peak position (ppm) Assignation 

8.50 H1 2-pyridine (doublet) 

8.09 H4 2-pyridine (doublet) 

7.76 H3 pyridine (multiplet) 

7.35 H5’ imidazole (triplet) 

7.23 H2 2-pyridine (triplet) 

7.21 H5 imidazole (multiplet) 

5.43 H7 ethylene (singlet) 

5.12 H6 ethylene (singlet) 

2.13 H8 methyl (singlet) 

 

The peak assignation of bis-AMP-MMA 1H-NMR and 13C-NMR spectra is reported in 
Tables A.2. and A.3. 

Table A.2. Peak assignation of bis-AMP-MMA 1H NMR spectrum. 

Peak position (ppm) Assignation 

8.52 H1’,1 2-pyridine (doublet) 

7.66 H3’,3 2-pyridine (triplet) 

7.30 H4’,4 2-pyridine (doublet) 

7.19 H2’,2 2-pyridine (multiplet) 

5.18 H7 1-ethylene (multiplet) 

4.80 H5’,5 methylene (doublet) 

2.03 H6 methyl (triplet) 



 

 

Table A.3. Peaks assignation of bis-AMP-MMA 13C NMR spectrum. 

Peak position (ppm) Assignation 

173.3 C7 carbonyl 

156.7 C5’,5 2-pyridine 

149.6 C1’,1 2-pyridine 

140.4 C9 1-ethylene 

136.6 C3’,3 2-pyridine 

122.4 C4’,4 2-pyridine 

121.1 C2’,2 2-pyridine 

115.5 C10 2-ethylene 

54.3 C6’ methylene 

49.7 C6 methylene 

20.7 C8 methyl 

 

The peak assignation of AMP-MMA 1H-NMR and 13C-NMR spectra is reported in Tables 
A.4. and A.5. 

Table A.4. Peak assignation of AMP-MMA 1H NMR spectrum. 

Peak position (ppm) Assignation 

8.55 H1 pyridine (doublet) 

7.68 H3 pyridine (triplet) 

7.29 H4 pyridine (doublet) 

7.21 H2 pyridine (triplet) 

5.83 H6 ethylene (multiplet) 

5.38 H7 ethylene (multiplet) 

4.61 H5 methylene (doublet) 



 

2.03 H8 methyl (triplet) 

 

Table A.5. Peak assignation of AMP-MMA 13C NMR spectrum. 

Peak position (ppm) Assignation 

168.3 Cg carbonyl 

156.3 Ce pyridine 

148.8 Ca pyridine 

139.7 Ch ethylene 

137.1 Cc pyridine 

122.5 Cb,d pyridine 

120.0 Ci ethylene 

44.4 Cf methylene 

18.6 Cj methyl 

 

A.2 - IUPAC classification of nitrogen adsorption-desorption isotherms and hysteresis 
loops 

The study of polymer morphology was carried out with nitrogen adsorption-desorption 
experiments. These measurements allowed for drawing the adsorption-desorption 
isotherms, and to determine the specific surface area, the pore volume, and pore size of 
each material. The International Union of Pure and Applied Chemistry (IUPAC) 
published a classification system for characterizing the nature of a material's pores based 
on experimental nitrogen adsorption-desorption isotherm curves of six types (Figure A.1) 
[382].  



 

 

Figure A.1. Different types of nitrogen adsorption-desorption isotherms according to IUPAC 
classification. Point B indicates when the monolayer coverage is completed. Reprinted without 

modification from reference [382]. 

The type of isotherm provides indications regarding the porosity of the material. As an 
example, type I, II, and IV isotherms are indicative of microporous (pore diameter below 
2 nm), non-porous or macroporous (pore diameter from 50 nm), and mesoporous (pore 
diameter from 2 to 50 nm) materials, respectively. Further information could be obtained 
from these measurements observing the shape of the hysteresis loop in the adsorption-
desorption isotherms. The hysteresis loops are usually associated with capillary 
condensation in mesopore structures, and a classification based on their shape was 
proposed by IUPAC (Figure A.2) [382]. 



 

 

Figure A.2. Different types of hysteresis loop in nitrogen adsorption-desorption isotherms according to 
IUPAC classification. Reprinted without modification from reference [382]. 

According to IUPAC classification, the hysteresis loop H1 was associated with either 
agglomerates or compacts of uniform spheres with a narrow distribution of pores size,  
the hysteresis loop H2 with materials with not well-defined distribution of pores size and 
shape, the hysteresis loop H3 with aggregates of plate-like particles giving rise to slit-
shaped pores, and the hysteresis loop H4 with the presence of narrow slit-like pores [382]. 

Finally, the specific surface and the pore volumes and sizes in material subjected to 
nitrogen adsorption-desorption experiments can be determined using the Brunauer, 
Emmett and Teller (BET) [377]  and Barrett, Joyner and Halenda (BJH) [376] methods. 

A.3 - Polymerization test of bis-AMP-MMA 

The monomer bis-AMP-MMA was copolymerized with MMA and the composition of 
the reaction mixture was assessed after 6 h, 24 h, and 48 h of reaction time with 1H NMR 
spectroscopy (Figure A.3). The conversion of each monomer into polymer was monitored 
by determining the integral values of the vinyl proton peaks at 5.15 ppm for the two vinyl 



 

protons of bis-AMP-MMA and at 6.03 ppm for a single vinyl proton of MMA. Both 
integral values were compared to that of the pyridine proton peak of bis-AMP-MMA at 
8.53 ppm, which served as a reference. 

 

Figure A.3. 1H NMR spectrum in DMSO-d6 of the polymerization mixture after 6 h, 24 h, and 48 h of 
reaction conducted with a bis-AMP-MMA concentration equal to 0.99 M. 

The conversion percentage of bis-AMP-MMA and MMA monomers into polymers were 
calculated with Eq. A.1 and Eq. A.2, respectively. 

𝐶𝑜𝑛𝑣. (𝑏𝑖𝑠 − 𝐴𝑀𝑃 −𝑀𝑀𝐴)7 = 

1 −
J
=$7;:98K2,.NO,P,QRST4RTTS

=$7;:98K1N(,$,.*
L M

&U.

J
=$7;:98K2,.NO,P,QRST4RTTS

=$7;:98K1N(,$,.*
L M

&UV

× 100                                            Eq. A.1 

𝐶𝑜𝑛𝑣. (𝑀𝑀𝐴)7 = 1 −
J
=$7;:98K2,.NO,TTS

=$7;:98K1N(,$,.*
L M

&U.

J
=$7;:98K2,.NO,TTS

=$7;:98K1N(,$,.*
L M

&UV

× 100                           Eq. A.2 

Where 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙B=$NK,F=G2/!*2!!/	 is the integral of the peak at δ = 5.15 ppm, 
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙AN9=+=$; is the integral of the peak at δ = 8.53 ppm (normalized to 2 and used as 
a reference), and 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙B=$NK,!!/ is the integral of the peak at δ = 6.03 ppm (Figure 
A.3). The integral values are reported in Table A.6 The data with t = n is related to the 



 

sampling times 6 h, 24 h, or 48 h, while that with t = 0 represents the initial conditions 
before the reaction was initiated. 

Table A.6. Values of 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙WXY8Z8[\, 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙]8[X^,789:;<=:<<;, and 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙]8[X^,<<; for bis-amp-
MMA polymerization test. 

Reaction time 𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒍𝒑𝒚𝒓𝒊𝒅𝒊𝒏𝒆 𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒍𝒗𝒊𝒏𝒚𝒍,𝒃𝒊𝒔:𝑨𝑴𝑷:𝑴𝑴𝑨 𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒍𝒗𝒊𝒏𝒚𝒍,𝑴𝑴𝑨 

0 h 2.00 (ref) 2.00 9.00 

6 h 2.00 (ref) 1.72 0.86 

24 h 2.00 (ref) 1.68 0.66 

48 h 2.00 (ref) 1.68 0.64 

 

The molar fraction of bis-AMP-MMA into the final product 𝐹F=G2/!*2!!/,7 was 
calculated with Eq. A.3. 

𝐹F=G2/!*2!!/,7 = 

O>$B.(F=G2/!*2!!/)&	×	$P,QRST4RTTS,&UV
RO>$B.(F=G2/!*2!!/)&	×	$P,QRST4RTTS,&UV	'	O>$B.(!!/)&	×	$TTS,&UVS

                              Eq. A.3 

Where 	𝑛F=G2/!*2!!/,7TU and 	𝑛!!/,7TU are the initial molar amount of bis-AMP-MMA 
and MMA in the polymerization mixture, respectively. 

A.4 - Polymerization test of AMP-MMA 

The 1H NMR spectrum of AMP-MMA in DMSO-d6, the solvent used for the 
polymerization test, is shown in Figure A.4. 



 

 

Figure A.4. 1H NMR spectrum of AMP-MMA in DMSO-d6. 

The monomer AMP-MMA was copolymerized with MMA and the composition of the 
reaction mixture was assessed after 4, 6, and 24 hours of reaction by 1H NMR 
spectroscopy (Figure A.5). The conversion of each monomer into polymer was 
determined by monitoring the integral values of a single vinyl proton peak at 5.41 ppm 
for AMP-MMA and at 6.03 ppm for MMA. Both integral values were compared to that 
of the pyridine proton peak of AMP-MMA at 7.76 ppm, which served as a reference. 



 

 

Figure A.5. 1H NMR spectra in DMSO-d6 of the polymerization mixture after 4 h, 6 h, and 24 h of 
reaction. 

The conversion percentage of AMP-MMA and MMA monomers into polymers were 
calculated with the equations Eq. A.4 and Eq. A.5, respectively. 

𝐶𝑜𝑛𝑣. (𝐴𝑀𝑃 −𝑀𝑀𝐴)7 = 1 −
J
=$7;:98K2,.NO,'01RTTS

=$7;:98K1N(,$,.*
L M

&U.

J
=$7;:98K2,.NO,'01RTTS

=$7;:98K1N(,$,.*
L M

&UV

× 100      Eq. A.4 

𝐶𝑜𝑛𝑣. (𝑀𝑀𝐴)7 = 1 −
J
=$7;:98K2,.NO,TTS

=$7;:98K1N(,$,.*
L M

&U.

J
=$7;:98K2,.NO,TTS

=$7;:98K1N(,$,.*
L M

&UV

× 100                          Eq. A.5 

Where 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙B=$NK,/!*2!!/	 is the integral of the peak at δ = 5.41 ppm, 
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙AN9=+=$; is the integral of the peak at δ = 7.76 ppm (normalized to 1 and used as 
a reference), and 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙B=$NK,!!/ is the integral of the peak at δ = 6.03 ppm. The 
integral values are reported in Table A.7. The data with t = n is related to the sampling 
times 4 h, 6 h, or 24 h, while that with t = 0 represents the initial conditions before the 
reaction was initiated. 

Table A.7. Values of 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙WXY8Z8[\, 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙]8[X^,;<=:<<;, and 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙]8[X^,<<; for AMP-MMA 
polymerization test. 



 

Reaction time 𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒍𝒑𝒚𝒓𝒊𝒅𝒊𝒏𝒆 𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒍𝒗𝒊𝒏𝒚𝒍,𝑨𝑴𝑷:𝑴𝑴𝑨 𝒊𝒏𝒕𝒆𝒈𝒓𝒂𝒍𝒗𝒊𝒏𝒚𝒍,𝑴𝑴𝑨 

0 h 1.00 (ref) 1.00 9.00 

4 h 1.00 (ref) 0.61 0.16 

6 h 1.00 (ref) 0.46 0.10 

24 h 1.00 (ref) 0.39 0.08 

 

The molar fraction of AMP-MMA in the final product 𝑥/!*2!!/,7 was calculated with 
Eq. A.6. 

𝑥/!*2!!/,7 =
O>$B.(/!*2!!/)&	×	$ST4RTTS,&UV

RO>$B.(/!*2!!/)&	×	$ST4RTTS,&UV	'	O>$B.(!!/)&	×	$TTS,&UVS
                 Eq. A.6 

Where 	𝑛/!*2!!/,7TU and 	𝑛!!/,7TU are the initial molar amount of AMP-MMA and 
MMA in the polymerization mixture, respectively. 
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