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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel chelating monomer based on 2- 
(aminomethyl)pyridine was synthesised. 

• The complex formation between the 
monomer and Ni(II) was studied in situ. 

• A new Ni(II)-IIP was produced by in-
verse suspension polymerization. 

• Ni(II)-IIP demonstrated high adsorption 
capacity and selectivity towards Ni(II). 

• Ni(II)-IIP showed good reusability up to 
five adsorption-desorption cycles.  
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A B S T R A C T   

In this work, an original ion-imprinted polymer (IIP) was synthetized for the highly selective removal of Ni(II) 
ions in neutral and acidic media. First a novel functional monomer (AMP-MMA) was synthetized through the 
amidation of 2-(aminomethyl)pyridine (AMP) with methacryloylchloride. Following Ni(II)/AMP-MMA complex 
formation study, the Ni(II)-IIP was produced via inverse suspension polymerization (DMSO in mineral oil) and 
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Solid-phase extraction 
Porous polymer 

characterized with solid state 13C CPMAS NMR, FT-IR, SEM and nitrogen adsorption/desorption experiments. 
The Ni(II)-IIP was then used in solid-phase extraction of Ni(II) exploring a wide range of pH (from neutral to 
strongly acidic solution), several initial concentrations of Ni(II) (from 0.02 to 1 g/L), and the presence of 
competitive ions (Co(II), Cu(II), Cd(II), Mn(II), and Mg(II)). The maximum Ni(II) adsorption capacity at pH 2 and 
pH 7 reached values of 138.9 mg/g and 169.5 mg/g, that are among the best reported in literature. The 
selectivity coefficients toward Cd(II), Mn(II), Co(II), Mg(II) and Cu(II) are also very high, with values up to 38.6, 
32.9, 25.2, 23.1 and 15.0, respectively. The Ni(II)-IIP showed good reusability of up to 5 cycles both with acidic 
and basic Ni(II) eluents.   

1. Introduction 

Nickel is a transition metal which can exist in 5 different oxidation 
states (− 1, 0, +2, +3, +4), of which the most widely diffused in nature is 
the oxidation state + 2 (Muñoz and Costa, 2012). The widespread use of 
nickel in various sectors of the metallurgical industry (for example, in 
alloy and nickel-cadmium battery production, electroplating and weld-
ing) is resulting in high anthropological emissions into the environment, 
mainly as water soluble oxides and sulfides (Genchi et al., 2020; Sini-
cropi et al., 2010). Although nickel is necessary in small quantities for 
vital biological processes (such as plant growth and seed germination), 
overexposure is highly toxic to the environment and harmful for human 
health. High levels of nickel induce oxidative stress in plants and inhibit 
enzymatic, photosynthetic and chlorophyll activities (Sreekanth et al., 
2013). Exposure to nickel compounds is associated with the develop-
ment of nasal and lung cancers (Kasprzak et al., 2003). Nickel has been 
classified as a confirmed carcinogen by “The International Agency for 
Research on Cancer” (IARC) since 1990. In addition to its carcinogenic 
effects, nickel can induce allergic contact dermatitis and diseases of the 
respiratory and reproductive systems (Buxton et al., 2019). 

The toxic effects of nickel are mainly associated with its presence in 
water solution in the oxidation state + 2 (Goodman et al., 2011). For this 
reason, the World Health Organization (WHO) has set increasingly 
stringent guidelines regarding the maximum permissible concentration 
of Ni(II) in water (70 μg/L) (World Health Organization, 2021). Metal-
lurgical industries that discharge wastewater containing Ni(II) into the 
environment must follow strict environmental protection legislation, 
and there is therefore considerable interest in the development of new 
technologies for the recovery of Ni(II) from aqueous solutions. 

Several alternatives for Ni(II) recovery from industrial wastewaters 
are available in literature, including chemical and electrochemical 
precipitation (Subbaiah et al., 2002; Blais et al., 2008), ion flotation 
(Doyle and Liu, 2003; Liu and Doyle, 2009), ion exchange (Revathi et al., 
2012; Priya et al., 2009), membrane filtration (ultrafiltration, reverse 
osmosis, and nanofiltration) (Landaburu-Aguirre et al., 2012; 
Mohsen-Nia et al., 2007; Murthy and Chaudhari, 2008) and adsorption 
(Islam et al., 2019; Raval et al., 2016; Tuzen et al., 2009). These tech-
nologies all suffer from major disadvantages such as secondary pollu-
tion, large space requirements, high energy consumption, low capacity 
and, above all, poor selectivity in the presence of other competitive ions, 
which leads to lower Ni(II) extraction efficiency and an increase in re-
covery costs. 

In the last two decades, many research groups have worked on the 
synthesis of ion-imprinted polymers (IIP) for use as highly selective 
adsorbents in the solid-phase extraction of heavy metals in solution (Rao 
et al., 2006; El Ouardi et al., 2021; Fu et al., 2015; Wu et al., 2022). The 
high selectivity of IIPs stems from the simultaneous presence of a 

chelating ligand within the polymer structure that can specifically 
interact with the target ion and of complementary shape-and-size se-
lective cavities formed around the target ion during the polymerization 
process (Branger et al., 2013). Generally, the first step in the synthesis of 
an IIP is the formation of a complex between a monomer containing one 
or more chelating groups and the target ion, which acts as a template. 
The complex is then copolymerized with an excess of crosslinker to form 
a three-dimensional network around the complex. Finally, the template 
ions are removed and cavities that are chemically and physically com-
plementary to the target ion are thus formed. 

In this study, a new Ni(II)-IIP was synthesized for the recovery of Ni 
(II) ions in acidic and neutral conditions. The novel chelating monomer, 
hereinafter referred to as AMP-MMA, used for the synthesis of the Ni(II)- 
IIP was obtained through the reaction of the commercial ligand 2- 
(aminomethyl)pyridine (AMP) with methacryloylchloride (Fig. 1). The 
AMP ligand can act as an electron donor through its two nitrogen atoms 
and can form 1:1, 1:2 and 1:3 complexes with Ni(II) ions (Laatikainen 
et al., 2014). Moreover, its low basicity should allow polymer containing 
the ligand to have a low protonation degree even in strongly acidic 
conditions, and it can thus maintain good efficiency even at low pH 
(Sirola et al., 2008). In a previous work by this research group, AMP was 
functionalized with 3-vinylbenzaldehyde to produce a new functional 
monomer called Vbamp (Vinylbenzyl-amp) (Fig. 1) (Laatikainen et al., 
2015). The Vbamp monomer was then used to produce IIPs at different 
Vbamp/Ni(II) stoichiometry to study the effect of different complexes on 
selectivity. Although the work provided valuable information for opti-
misation of pre-polymerization conditions in the synthesis of IIPs, the 
results obtained in terms of maximum adsorption capacity and perfor-
mance at pH 4 (the most acidic conditions tested) were not sufficient to 
make it an industrially competitive adsorbent. The AMP-MMA monomer 
presented in this work is based on AMP ligand as well, but its structure 
deriving from functionalization with methacryloylchloride is markedly 
different from that of Vbamp. The Vbamp monomer is in fact a bidentate 
chelator characterized by the presence of 2 aromatic functions with high 
steric hindrance, while in AMP-MMA the vinyl function is provided by 
an acrylic group which also introduces the carbonyl group into the 
molecule and makes AMP-MMA a tridentate chelator (Fig. 1). From this 
structural difference, we therefore expect an increase in the performance 
of the new Ni(II)-IIP compared to the IIPs produced with Vbamp in the 
extraction of Ni(II) ions in both strongly acidic and neutral solutions. 

2. Experimental 

2.1. Reagents 

The chemicals 2-(aminomethyl)pyridine (2-pycolylamine, 99%, 
AMP), dichloromethane (99.8%, anhydrous), triethylamine (99%), 
nickel nitrate hexahydrate (99.9%, Ni(NO3)2⋅6 H2O), cadmium nitrate 
tetrahydrate (98%, Cd(NO3)2⋅4 H2O), magnesium nitrate hexahydrate 
(99%, Mg(NO3)2⋅6 H2O), 2,2-azobis(2-methylpropionitrile) (98%, 
AIBN), mineral oil (heavy) and MgSO4 (99.5% anhydrous) were pur-
chased from Sigma-Aldrich (Steinheim, Germany) and used without 
further purification. Cobalt nitrate hexahydrate (≥98%, Co 
(NO3)2⋅6 H2O) and copper nitrate hemihydrate (98%, Cu 
(NO3)2⋅2.5 H2O) were purchased from VWR (Fontenay-Sous-Bois, 

Fig. 1. AMP, Vbamp and AMP-MMA structures.  
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France) and Alfa Aesar (Kandel, Germany), respectively, and used 
without further purification. N-(2-hydroxyethyl)piperazine-N-2-etha-
nesulfonic acid (≥99%, HEPES) and hydrochloric acid (37%, HCl) were 
purchased from Fisher Scientific (Loughborough, U.K.) and used 
without further purification. Manganese nitrate tetrahydrate (≥98.5%, 
Mn(NO3)2⋅6 H2O) and dimethyl sulfoxide (99.9%, DMSO) were pur-
chased from Merck (Darmstadt, Germany) and used without further 
purification. Methacryloylchloride (97%), ethylene glycol dimethacry-
late (98%, EGDMA) and methyl methacrylate (99%, MMA), purchased 
from Alfa Aesar, Acros Organics (Geel, Belgium) and Sigma-Aldrich, 
respectively, were washed with a 10% solution of NaOH and dried 
with MgSO4 to remove polymerisation inhibitors. All solutions were 
prepared with MilliQ water (Merck Millipore Q-POD). For all experi-
ments, vessels (Corning® tubes, syringes, filters, etc.) were pre-cleaned 
with HNO3 (10%, Analytical Grade) purchased from Fisher Scientific 
and then thoroughly rinsed with MilliQ water. 

2.2. Apparatus 

1H and 13C NMR spectra were obtained using a Bruker Advance 400- 
MHz spectrometer (Bruker France). 

Solid state 13C CPMAS NMR spectra were measured using a Bruker 
Avance III spectrometer operating at 500 MHz for protons using a 
double resonance CPMAS probehead. Samples were packed into 4 mm o. 
d. ZrO2 rotors plugged with KEL-F endcaps and spun at spinning fre-
quency of 10 kHz. The length of the contact time for cross-polarization 
was 2 ms and variable amplitude cross-polarization ramped from 70% to 
maximum amplitude during contact time was used. During the acqui-
sition period, the protons were decoupled using SPINAL-64 decoupling 
and the length of the acquisition was 27 ms. 24000 scans were collected 
with a 2 s relaxation delay and spectra externally referenced to 
adamantane. 

FTIR spectra were recorded on a PerkinElmer FT-IR Frontier spec-
trometer equipped with the ATR sampling accessory. Each spectrum was 
collected in the range of 4000–400 cm− 1 as result of an average of 8 
scans with a resolution of 4 cm− 1. 

UV-Vis absorption spectra for complex formation study were 
measured at 80 ◦C with an UV-Vis spectrophotometer (Agilent 8453, 
Jasco V670) equipped with a thermostated cuvette holder. 

The surface morphologies of the Ni(II)-IIP and NIP were analyzed 
using a Hitachi SU3500 scanning electron microscope (SEM). 

Particle diameter was measured with an Olympus SZX9 optical mi-
croscope by averaging the size of 20 particles for each polymer. 

Specific surface area and pore size distribution were determined with 
BET and BJH methods using nitrogen adsorption/desorption isotherms 
at 77 K on a Micrometrics Gemini V analyzer. 

Metal concentrations were determined using inductively coupled 
plasma mass spectroscopy (ICP-MS, Agilent 7900). 

2.3. Synthesis of functional monomer 

Methacryloylchloride (0.89 mL, 9.24 mmol) was dissolved in 30 mL 
of anhydrous dichloromethane and cooled in an ice bath with NaCl. 
Separately, AMP (1.00 g, 9.24 mmol) and trimethylamine (1.30 mL, 
9.24 mol) were dissolved in 10 mL of anhydrous dichloromethane. This 
second solution was then poured dropwise into a flask containing the 
methacryloylchloride solution and stirred for 24 h under argon. The 
reaction product was washed three times with water and then dried with 
MgSO4. The functional monomer AMP-MMA (0.80 g, 4.54 mmol, molar 
yield equal to 49%) was then obtained by removing the dichloro-
methane with a rotary evaporator and characterized by NMR analysis. 
1H NMR peaks (Fig. S1) (CDCl3, 400 MHz) δ (ppm): 8.54 (d, H1, 2-pyr-
idine), 7.68 (t, H3, 2-pyridine), 7.29 (d, H4, 2-pyridine), 7.21 (t, H2, 2- 
pyridine), 5.83 (m, H6, 1-ethylene), 5.38 (m, H7, 1-ethylene), 4.61 (d, 
H5, 2-methylene), 2.03 (t, H8, methyl). 

2.4. Complex formation study 

Study of complex formation between AMP-MMA and Ni(II) was 
carried out in DMSO. The Ni(II) was introduced into the solution using 
its nitrate salt Ni(NO3)2⋅6 H2O as a source. Samples were prepared in 
3 mL glass cuvettes with a path length of 1 cm and UV-Vis spectra were 
collected at 80 ◦C in the range of 300–900 nm. The whole dataset con-
sists of 13 UV-Vis spectra collected keeping the total concentration in the 
solution (AMP-MMA plus Ni(NO3)2⋅6 H2O) equal to 0.1 M but varying 
the ratio between the two components (0.01–0.09 M of AMP-MMA with 
0.09–0.01 of Ni(NO3)2⋅6 H2O). Spectra of 0.1 M solution of the two 
components in DMSO at 80 ◦C were also collected. The UV-Vis spectra 
from each experiment were processed with HypSpec (Laatikainen et al., 
2014, 2018; Gans et al., 1985) to extrapolate the distribution of the 
complexes at equilibrium and to estimate the stability constant values. 

2.5. AMP-MMA polymerization test and incorporation rate 

122 mg (0.695 mmol) of AMP-MMA were dissolved in 3 mL of 
DMSO-d6. After 1 h of stirring under argon, 626 mg (6.255 mmol) of 
methyl methacrylate and 4 mg (0.024 mmol) of AIBN were added. In a 
three-neck round-bottom flask equipped with a head mixer, 30 mL of 
mineral oil was mixed at 750 rpm under argon atmosphere and pre- 
heated to 80 ◦C. The reaction mixture was then added quickly to start 
the polymerization. The polymerization was carried out for 24 h at 
80 ◦C. Two intermediate samplings were done after 4 h and 6 h to follow 
the incorporation of AMP-MMA in the final product as a function of 
time. Intermediate reaction fractions and final reaction mixture 
remaining in the reactor after separation by decantation of mineral oil 
were analysed with 1H NMR spectroscopy to determine the percentage 
of reacted AMP-MMA. 

2.6. Synthesis of AMP-MMA NIP and Ni(II)-IIP 

Synthesis of the Ni(II)-IIP and the corresponding NIP was carried out 
by inverse suspension polymerization (DMSO as a dispersed phase in a 
continuous phase of mineral oil) following the procedure described in a 
previous work (Laatikainen et al., 2015, 2018). 

For the synthesis of the Ni(II)-IIP, the Ni(II)/AMP-MMA complex was 
prepared by dissolving 490 mg (2.78 mmol) of AMP-MMA and 404 mg 
(1.39 mmol) of Ni(NO3)2⋅6 H2O in 15 mL of DMSO. This solution was 
first stirred for 1 h 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 
solution to be dispersed during polymerization. In a three-neck round- 
bottom flask equipped with a head mixer, 120 mL of mineral oil was 
mixed at 750 rpm under argon atmosphere and pre-heated to 80 ◦C, 
after which the dispersed phase solution was added quickly to start the 
polymerization. Polymerization was carried out for 4 h at 80 ◦C. After 
polymerization, the formed IIP particles were vacuum filtered, washed 
with 50 mL of chloroform and extracted with a Soxhlet extractor for 
24 h in a 1:1 chloroform-acetone mixture. To leach the Ni(II) ions, the 
polymer particles were washed, at 200 rpm agitation, 5 times with 
40 mL 0.1 M HCl and then with ultrapure water for a total period of 
24 h. Finally, the particles were dried in a vacuum oven at 25 ◦C for 
24 h, which gave 3.2 g of dry polymer. 

NIP particles were synthetised following the same procedure 
described for Ni(II)-IIP but omitting Ni(NO3)2⋅6 H2O from the poly-
merization medium, obtaining 3.3 g of dry polymer. 

Poly-EGDMA (PEGDMA) was synthetised following the same pro-
cedure as for NIP but omitting the presence of AMP-MMA from the 
polymerization medium, obtaining 3.0 g of dry polymer. 

2.7. Ni(II) solid-phase extraction 

2.7.1. Ni(II) adsorption isotherm and effect of pH 
The Ni(II) adsorption experiments were carried out at room 
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temperature over a wide nickel ion concentration range, from 0.02 to 
1.00 g/L. 10 mg of either Ni(II)-IIP or NIP was introduced in 10 mL of a 
Ni(NO3)2⋅6 H2O solution. The mixtures were placed in 15 mL Corning© 
tubes and shaken with an orbital shaker at 120 rpm for 20 h. At the end 
of the adsorption experiments, the dispersions were centrifuged at 
5000 rpm for 5 min. The supernatant was then filtered by syringe 
filtration using a 0.45 µm surfactant-free cellulose acetate filter. Metal 
concentrations were determined using ICP-MS. Samples for the ICP-MS 
analyses were diluted with a 1:1 (% v/v) mixture of concentrated HNO3 
and HCl. The effect of pH was assessed by performing adsorption ex-
periments with two different Ni(II) ion concentrations (0.2 and 1 g/L) at 
different pH values. The pH was adjusted by introducing concentrated 
HCl or NaOH solutions. 

The binding capacity at equilibrium qe, which represents the amount 
of Ni(II) adsorbed per unit mass of the adsorbent, was calculated with 
Eq. 1: 

qe =
(C0 − Ce)

m
× V (1) 

where C0 is the initial metal ion concentration in the solution, Ce is 
the metal ion concentration at equilibrium in the dissolved phase, m is 
the mass of adsorbent, and V is the volume of the solution. 

The sorption data were analyzed using the models of Langmuir 
(Langmuir, 1918) and Freundlich (Freundlich, 1906). Langmuir’s model 
(Eq. 2) is based on a homogeneous surface with a finite number of 
identical sites and assuming no interaction between adjacent sites. It is 
expressed as: 

qe =
qmKLCe

1 + KLCe
(2)  

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

The Freundlich model (Eq. 3) assumes that the adsorption occurs 
onto a heterogeneous surface and is expressed as: 

qe = ΚFC1/n
e (3)  

where KF and n are Freundlich constants related to the adsorption ca-
pacity and adsorption strength, respectively. 

2.7.2. Selectivity 
To determine the selectivity toward Ni(II) of the Ni(II)-IIP and NIP, 

Ni(II) ion adsorption experiments were performed in the presence of 
other competitive ions in the solution, namely Co(II), Cu(II), Cd(II), Mn 
(II), and Mg(II). Each selectivity experiment was performed at pH 2 
(adjusted with HCl solution) and pH 7 (controlled with HEPES buffer). 
The experiments were carried out at room temperature for 20 h, 
coupling Ni(II) ions with concentration of 0.01 g/L with one of the other 
competitive ions with concentrations of 0.01, 0.1, and 1 g/L, forming 
each time a binary solution. 

The distribution coefficient (Kd) and selectivity coefficient (k) were 
calculated according to the Eqs. 4 and 5: 

Kd =
qe

Ce
(4)  

k =
Kd, Ni(II)

Kd, M(II)
(5)  

where Kd, Ni(II)is the distribution coefficient of Ni(II), while Kd, M(II)is the 
distribution coefficient of the competitive ion. 

The effect of the ion imprinting method on selectivity was deter-
mined through the relative selectivity coefficient, k´(Eq. 6), corre-
sponding to the ratio between the selectivity coefficients of the Ni(II)-IIP 
and NIP (Branger et al., 2013). 

k’ =
kIIP

kNIP
(6)  

2.7.3. Ni(II)-IIP regeneration 
Five regeneration cycles were carried out on Ni(II)-IIP adsorbent to 

investigate the reusability of the Ni(II)-IIP adsorbent. The effect of the 
leaching agent type and its concentration on the adsorption efficiency 
was evaluated for 5 regeneration cycles by performing the regeneration 
step with three different leaching agents, namely HNO3 (1 and 3 mol/L), 
H2SO4 (1 and 3 mol/L), and NH4OH (1 and 3 mol/L). In each regener-
ation cycle, the Ni(II)-IIP was leached with 10 mL of eluent for 30 min, 
rinsed three times with MilliQ water and finally dried at 60 ◦C for 24 h 
before the next adsorption/desorption cycle. 

The adsorption efficiency in each cycle was calculated with Eq. 7: 

Adsorption efficiency =
qe,n

qe,1
(7)  

where qe,n is the adsorption capacity of the n-cycle (with n = 1, 2, 3, 4 or 
5) and qe,1 is the adsorption capacity of the first cycle. 

3. Results and discussion 

3.1. Functional monomer synthesis and polymerization test 

AMP was reacted with methacryloylchloride (Scheme 1) to introduce 
a methacrylic group into its structure, thus turning it from a ligand to a 
functional monomer. The success of the synthesis of AMP-MMA was 
assessed with 1H NMR spectroscopy (Fig. S1), which confirmed the 
presence of the vinyl group protons (5.38 and 5.82 ppm) in the syn-
thesized structure. 

The reactivity of the AMP-MMA monomer was tested by co- 
polymerizing it with MMA at the same conditions (AMP-MMA, co- 
monomer and initiator concentrations, temperature, and DMSO/min-
eral oil ratio) as applied in the synthesis of Ni(II)-IIP and NIP. The aim of 
this test was to prove that the incorporation of AMP-MMA into the final 
products did not occur through physical trapping but through the cre-
ation of covalent bonds with the comonomer. The production of IIPs by 
trapping has been widely utilized in the last two decades as it permits 
direct use of commercially available ligands, thus avoiding the need for 
time-consuming synthesis of new functional monomers. The simplicity 
of the approach is however associated with a major disadvantage, 
namely the loss of the ligand during the ion template leaching step, 
reducing both the effectiveness of the IIP and its reliability over several 
adsorption cycles (Moussa et al., 2016). 

The choice of MMA as a co-monomer for this test arose from the 
necessity to produce a linear polymer that could be easily solubilised 
and, consequently, analysed with liquid 1H NMR spectroscopy (René 
et al., 2020). Moreover, the similarity of the chemical structure of MMA 
to that of EGDMA results in initial reactivity in the same order of 
magnitude (Ramelow and Pingili, 2010). Thus, the indications obtained 
copolymerizing AMP-MMA with MMA could be used with discrete 
confidence to design the copolymerization between AMP-MMA and 
EGDMA. Figs. S2 and S3 report the 1H NMR spectra of the AMP-MMA 
and polymerization mixture after 4, 6 and 24 h in DMSO-d6. The con-
version (from monomer to polymer) of AMP-MMA and MMA and the 
molar fraction of AMP-MMA XAMP− MMA in the final product at different 

Scheme 1. Synthesis of AMP-MMA monomer.  
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polymerization time were calculated with Eqs. S1, S2 and S3, respec-
tively, and is shown in Table 1. In copolymerization between AMP-MMA 
and MMA, reaction times longer than 4 h lead to minor variations in the 
XAMP− MMA values. Therefore, a reaction time of 4 h was also chosen for 
the copolymerization between AMP-MMA and EGDMA in production of 
the Ni(II)-IIP and NIP. 

3.2. Complex formation study 

The stoichiometry of the complex between the functional monomer 
and template ion greatly affects the selectivity of the IIP formed around 
it. Thus, it is preferable to optimize the pre-polymerization medium such 
that only the complex that leads to the highest adsorption efficiency is 
found in the solution. The stoichiometry in the pre-polymerization 
medium can be easily adjusted following in-situ study of complex for-
mation, avoiding time-consuming complex isolation by conventional 
methods (Laatikainen et al., 2015, 2018). 

To determine the optimum Ni/AMP-MMA ratio to be used in the Ni 
(II)-IIP pre-polymerization mixture, the formation of complexes be-
tween Ni(NO3)2⋅6 H2O and AMP-MMA was studied in DMSO at 80 ◦C 
(the temperature at which the polymerization was then carried out). 

Fig. S4 shows the complex distribution curves calculated with the 
HypSpec program at different Ni/AMP-MMA ratios including also the 
curves related to free Ni(II) ion and free AMP-MMA in solution. The 
estimated stability constant values of detected complexes are shown in  
Table 2. 

In this study, it was only possible to detect complexes with Ni/AMP- 
MMA stoichiometry equal to 1:1 and 1:2 but 1:3 complexes were not 
detected. The 1:2 complex [Ni(AMP-MMA)2]2+ could be fully isolated 
using a Ni2+/AMP-MMA ratio equal to 0.5. With this ratio, 99.6% of 
Ni2+ is included in the 1:2 complex, 0.3% forms the 1:1 complex, and no 
free nickel and just 0.1% free AMP-MMA are detected (Fig. S4). Since the 
1:1 stoichiometry complex is geometrically non-specific in the mono-
mer/metal ion interaction, and therefore precursor of IIPs with low 
selectivity, the 1:2 complex was selected for synthesis of the Ni(II)-IIP. 

3.3. Synthesis and chemical characterization of Ni(II)-IIP and NIP 

The Ni(II)-IIP and NIP were synthetised by inverse suspension co- 
polymerization of AMP-MMA and EGDMA with and without 
NiNO3⋅6 H2O, respectively. For that purpose, DMSO was used as a 
dispersed phase in mineral oil as a continuous phase. The aim was to 
prepare particles of suitable size for the extraction application. The 
synthesis route to produce the Ni(II)-IIP is shown in Scheme 2. 

Both products, Ni(II)-IIP and NIP, were characterized with FTIR 
(Fig. 2) and solid state 13C CPMAS NMR (Fig. 3) and compared to 
PEGDMA. This polymer was prepared in similar conditions as the Ni(II)- 
IIP and NIP to facilitate their characterization. 

In all the FTIR spectra of Fig. 2, the most intense PEGDMA bands can 
be easily identified, including the C––O and C-O stretching bands and 
the -OCH2 deformation vibration band at 1725 cm− 1, 1144 cm− 1 and 
1460 cm− 1, respectively (Meouche et al., 2017). The presence 
AMP-MMA in both the Ni(II)-IIP and NIP is confirmed by the detection of 
typical pyridine and amine bands, including the 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. As confirmed by 
the FTIR spectra of the Ni(II)-IIP before and after Ni(II) ion acidic 
leaching with HCl 0.1 M, the presence of Ni(II) does not affect the 

Table 1 
Time dependence of monomer conversion and XAMP− MMA.  

Reaction time AMP-MMA conversion MMA conversion XAMP− MMA 

4 h 84.0% 93.2% 9.1% 
6 h 90.0% 94.9% 9.5% 
24 h 92.0% 95.7% 9.6%  

Table 2 
Stability constant values for AMP-MMA/Ni(II) complexes in DMSO at 80 ◦C.  

Ni (NO3)2⋅6 H2O/AMP-MMA Stability constant value (log β) 

1:1 8.49 ± 0.16 
1:2 14.92 ± 0.33 
1:3 /  

Scheme 2. Synthesis route of Ni(II)-IIP (the crosslinked polymer backbone of the imprinted polymer is schematized by the solid lines).  
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vibrational modes of the final product, resulting in two identical FTIR 
spectra before and after the Ni(II) leaching. From this comparison, it also 
emerges that the 5 washes with HCl 0.1 M during a total period of 24 h 
did not modify the chemical composition of the Ni(II)-IIP, demon-
strating good chemical resistance at strongly acidic pH. 

In Fig. 3, all the spectra are characterized by the presence of typical 
PEGDMA bands, including the carbonyl carbon (C––O), the pending 
vinyl carbon (C––CH2), the ester carbon (-COO-), the quaternary (>C<), 
methylene (-CH2-) and methyl (-CH3) carbons of the PEGDMA polymer 
chain at 177.1 ppm, 137.1 ppm, 62.9 ppm, 45.8 ppm, 24.5 ppm and 
18.4 ppm, respectively (Chen et al., 2016). The presence of AMP-MMA 
in the Ni(II)-IIP and NIP was confirmed by the presence of peaks in 
the aromatic carbons zone that are not present in pure PEGDMA, 
including the pyridine carbon peaks at 157.9 ppm, 149.3 ppm and 
124.5 ppm. 

3.4. Morphological characterization of Ni(II)-IIP and NIP 

The Ni(II)-IIP and NIP produced via inverse suspension 

polymerization resulted in near-spherical particles with average particle 
diameter of 1340 ± 598.72 µm and 915.25 ± 215.77 µm, respectively 
(Fig. S5 shows the particle size distributions determined with an optical 
microscope for the Ni(II)-IIP and NIP). The external morphology of the 
Ni(II)-IIP and NIP was studied by SEM (Fig. 4). The Ni(II)-IIP is char-
acterized by an external surface that has high and regular porosity along 
the entire particles. The NIP, on the other hand, presents macroscopi-
cally continuous zones separated by superficial cracks. 

The porosity of the two polymers was analysed with nitrogen 
adsorption/desorption experiments (Fig. 5). Isotherms for both poly-
mers were of type IV with a hysteresis loop H4 in the IUPAC classifi-
cation (Sing, 1985). This is indicative for mesoporous materials (pore 
diameter between 2 and 50 nm). This result was confirmed by the 
average pore diameter for the Ni(II)-IIP and NIP determined with the 
BJH method, which was equal to 9.0 nm and 7.0 nm, respectively. The 
BET surface area was similar for both polymers with values of 261 m2/g 
for the Ni(II)-IIP and 268 m2/g for the NIP, while the presence of Ni(II) 
as a template in the synthesis of the Ni(II)-IIP resulted in a higher total 
volume of pores equal to 0.59 cm3/g compared with 0.47 cm3/g for the 
NIP. 

3.5. Ni(II) solid phase extraction 

3.5.1. Effect of pH on Ni(II) adsorption 
The effect of pH on Ni(II) adsorption was determined by studying the 

adsorption of Ni(II) by the Ni(II)-IIP and the NIP for Ni(II) solutions of 
0.2 and 1.0 g/L with pH values ranging from 1.4 to 7.6 (Fig. 6). When 
the solution becomes more acidic (pH < 4), the degree of protonation of 
the AMP function in the polymers increases, diminishing the strength of 
the complex it can form with the Ni(II) ions in the solution due to 
growing electrostatic repulsion. Furthermore, the proton released in the 
solution by the acid can compete with Ni(II), reducing its complexation 
by AMP function. Indeed, a sharp drop or even a complete drop in Ni(II) 
adsorbents performance in strongly acidic solutions is typically reported 
in literature (Zhou et al., 2018; He et al., 2018, 2017; Jiang et al., 2006; 
Kumar et al., 2019). Even though there is an expected decrease in the Ni 
(II) adsorption efficiency at low pH also for the IIP produced in this 
work, the performance drop from pH 6 to pH 2 is very small, equal to 
15%, widening the pH range of potential applications. 

For each investigated pH, the binding capacity of the Ni(II)-IIP was 
always higher than the corresponding value for the NIP. This highlights 

Fig. 2. FT-IR spectra of NIP, Ni(II)-IIP before and after leaching and PEGDMA.  

Fig. 3. 13C CPMAS NMR spectra of Ni(II)-IIP, NIP and PEGDMA.  
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an imprinting effect arising from the presence of the Ni(II) ion during 
polymerization of the Ni(II)-IIP. The imprinting factor, defined as the 
ratio between the binding capacity of the Ni(II)-IIP and NIP, showed 
minor variation along the whole pH range with an average value of 1.23 
± 0.07. 

3.5.2. Equilibrium isotherms at pH 2 and 7 
Before reaching saturation of all the adsorption sites, the binding 

capacity of porous materials depends on the concentration of the target 
ion in the solution and on the pH solution. For this reason, equilibrium 
isotherms related to Ni(II) adsorption were obtained by performing 
batch adsorption studies with the Ni(II)-IIP and NIP at pH 2 and pH 7 
(Fig. 7). From the fitting parameters reported in Table 3, it appears that 
the experimental points for each isotherm are better interpolated by the 
Langmuir model as the correlation coefficient R2 is always higher than 
that obtained after data interpolation with the Freundlich model. This 
means that the Ni(II) adsorption follows a monolayer adsorption 

pattern, with a maximum adsorption capacity for Ni(II)-IIP equal to 
169.5 mg/g and 138.9 mg/g at pH 7 and 2, respectively. 

Table 4 reports the maximum Ni(II) adsorption capacities of the Ni 
(II)-IIP produced in this work and those of other Ni(II) adsorbents 
described in literature. The reported values are those obtained in neutral 
conditions (pH 6–8) as the maximum adsorption capacity in strongly 
acidic solutions (pH 2 or similar) is not reported in these works. Com-
parison of the values in Table 4 shows that the Ni(II)-IIP proposed in this 
paper clearly has excellent Ni(II) adsorption capacity, with a qe value 
higher than those reported in literature. 

3.5.3. Selectivity experiments 
The selectivity of the Ni(II)-IIP toward Ni(II) was studied at pH 2 and 

pH 7 in presence of Co(II), Cu(II), Cd(II), Mn(II), and Mg(II) as 
competitive ions in binary component solutions and with M(II)/Ni(II) 
concentration ratios of 1, 10 and 100 (Table 5). The highest selectivity 
performances with the Ni(II)-IIP were obtained at pH 7 with a M(II)/Ni 
(II) ratio equal to 100, reaching values of selectivity coefficients, k, of 

Fig. 4. SEM images of Ni(II)-IIP (a, b, and c) and NIP (d, e, f).  

Fig. 5. Nitrogen adsorption/desorption isotherms of Ni(II)-IIP and NIP.  

Fig. 6. Effect of pH on Ni(II) adsorption with Ni(II)-IIP (circles) and NIP 
(squares) at 2 different Ni(II) concentrations (1.0 g/L and 0.2 g/L). 
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38.6, 32.9, 25.2, 23.1 and 15.0 for Cd(II), Mn(II), Co(II), Mg(II) and Cu 
(II), respectively. The Ni(II)-IIP k values at pH 2 and M(II)/Ni(II) ratio 
equal to 100, had a similar trend to those at pH 7 and were only slightly 
reduced, confirming the high efficiency of the Ni(II)-IIP even in strongly 
acidic conditions. 

From the results related to the adsorption of Ni(II) with the NIP with 
M(II)/Ni(II) ratio equal to 1 at both pH 2 and 7 (Table 5), it can be 
observed that k values are always higher than 1. This implies that, by its 
nature and even without the presence of the Ni(II)-complementary 
cavities generated with the imprinting technique, the AMP-MMA 
monomer prefers to interact with Ni(II) over the other competitive 
ions studied. Therefore, the monomer synthetised in this work is an 
optimal candidate to produce selective adsorbents for Ni(II). The in-
crease of selectivity in the Ni(II)-IIP can be partially explained by the 
ionic radii dimensions of Ni(II) and the competitive ions. The Ni(II) ion 
radius and competitive ions radii follow the order: Cd(II)>Mn(II)>Co 
(II)>Cu(II)>Mg(II)>Ni(II), with values of 0.095, 0.083, 0.075, 0.073, 
0.072, and 0.069 nm, respectively (Marcus, 1991). All the competitive 
ions have a bigger ionic radius than Ni(II), so they can hardly enter the 
shape-and-size selective cavities formed within the Ni(II)-IIP after Ni(II) 
leaching. Thus, the presence of Ni(II)-complementary cavities in the Ni 
(II)-IIP plays a fundamental role in selectivity. This results in average 
relative selectivity coefficients values in optimum conditions (ratio M 
(II)/Ni(II) equal to 100) of 2.0 ± 0.3 and 2.0 ± 0.4 at pH 2 and pH 7, 
respectively. 

3.6. Ni(II)-IIP regeneration 

Regeneration of the Ni(II)-IIP was evaluated over 5 adsorption/ 

desorption cycles with HNO3, H2SO4 and NH4OH solutions at concen-
trations of 1 M and 3 M. It can be seen from the regeneration results 
(Fig. 8) that the best elution conditions were obtained with NH4OH 3 M, 
with a decrease in adsorption efficiency of 1.3% in the second cycle and 
18.8% in the fifth cycle. Good regeneration was also obtained using 
HNO3 3 M, with an adsorption efficiency reduction of 3.1% in the sec-
ond cycle and 19.2% in the fifth cycle. This result provides two different 
but similarly efficient options for Ni(II) leaching, which can be per-
formed either in strongly acidic conditions, typically preferred when 
metal hydroxides precipitation needs to be avoided, or in strongly basic 
conditions. 

4. Conclusions 

A Ni(II)-IIP was produced via inverse suspension copolymerization of 
EGDMA with a novel functional monomer (AMP-MMA) based on 2- 
(aminomethyl)pyridine. The chemical composition of the Ni(II)-IIP was 
assessed with 13C CPMAS NMR and FT-IR, which confirmed the incor-
poration of AMP-MMA in the poly-EGDMA network. The morphology of 
the polymer was investigated with SEM and nitrogen adsorption/ 
desorption experiments, the results of which showed a different struc-
ture for the Ni(II)-IIP with respect to the non-imprinted polymer used as 
a reference. In particular, the Ni(II)-IIP had a higher total volume of 
pores as a result of the presence of Ni(II) ions during the polymerization 
procedure. The Ni(II)-IIP was then utilized for Ni(II) adsorption, which 
followed the Langmuir model with a maximum adsorption capacity 
equal to 169.5 mg/g and 138.9 mg/g at pH 7 and 2, respectively, among 
the highest values reported in literature. The selectivity of the Ni(II)-IIP 
was studied in the presence of Cd(II), Mn(II), Co(II), Mg(II) and Cu(II) as 
competitive ions, where selectivity coefficient values up to 38.6, 32.9, 
25.2, 23.1 and 15.0, respectively, at pH 7 and slightly lower values at pH 
2 were found. The binding and selectivity results demonstrated the high 
efficiency of the Ni(II)-IIP polymer synthetized in this work as a Ni(II) 
adsorbent in both neutral and acidic media. Finally, the reusability of 
the Ni(II)-IIP was tested over 5 Ni(II) adsorption/desorption cycles, 
which showed a regeneration efficiency of up to 98.7% after the first 
cycle and 81.2% in the fifth cycles, demonstrating the good chemical 
resistance of the polymer. 

Fig. 7. Equilibrium isotherms for Ni(II) adsorption with the IIP and NIP at pH 2 
and pH 7. Langmuir fitting is represented with continuous lines and Freundlich 
fitting with dashed lines. Experimental data are represented by the four 
different geometrical shapes. 

Table 3 
Langmuir and Freundlich parameters for Ni(II) sorption onto IIP and NIP at pH 2 and 7 at room temperature for 20 h.  

Model Parameter Adsorbent 

Langmuir  IIP pH7 NIP pH7 IIP pH2 NIP pH2 
qe,max (mg/g) 169.49 125 138.88 112.36 
KL 2.07 * 10− 3 2.13 * 10− 3 2.29 * 10− 3 2.09 * 10− 3 

R2 0.948 0.954 0.945 0.954 
Freundlich 1/n 0.510 0.5405 0.5076 0.539 

KF 3.105 1.964 2.745 1.758 
R2 0.902 0.932 0.901 0.919  

Table 4 
Maximum adsorption capacities of different imprinted adsorbents for Ni(II) 
described in literature compared with the adsorbent produced in this work.  

Chelating agent qe,max (mg/ 
g) 

Reference 

N-methacryloyl-histidine methyl ester 5.5 (Tamahkar et al., 
2017) 

3-aminopropyltrimethoxysilane 12.6 (Jiang et al., 2006) 
chitosan and acrylic acid 19.9 (He et al., 2018) 
2-acrylamido-2-methyl-1-propanesulfonic 

acid 
20.3 (He et al., 2017) 

acrylamide 81.7 (Liu et al., 2015) 
diphenylcarbazide 86.3 (Zhou et al., 2018) 
4- vinyl pyridine 125.0 (Kumar et al., 2019) 
2-(aminomethyl)pyridine 169.5 Present study  
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Environmental implication 

Overexposure to nickel is very dangerous for the environment as it 
induces oxidative stress in plants and inhibits enzymatic, photosynthetic 
and chlorophyll activities. No less important is the effect on human 
health since nickel is classified as confirmed carcinogen from “The In-
ternational Agency for Research on Cancer”. The toxic effects of nickel 
are mainly associated with its presence in the oxidation state + 2 and its 
recovery from acidic media results very complicated. The adsorbent 
proposed in this work demonstrated a high efficiency in Ni(II) recovery 
from acidic and neutral solutions and can therefore provide a valuable 
contribution to its remediation. 
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