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Abstract 

Silica-based mesoporous materials have received growing attention in the metal recovery from 

industrial processes although, in general, the adsorption of metal ions by silanols is rather poor. 

Nevertheless, a great improvement of metal ions removal from aqueous solutions can be achieved by 

grafting metal-chelators on the particles’ surface. Combining metal-chelating properties of organic 

ligands, with high surface area of mesoporous silica particles make these hybrid nanostructured 

materials a new horizon in metal recovery, sensing and controlled storage of metal ions in industrial 

and mining processes. Here, the 2,8-dithia-5-aza-2,6-pyridinophane (L) macrocycle was grafted on 

SBA-15 mesoporous silica to obtain SBA-L mesoporous adsorbent for the removal and controlled 

recovery of Cd2+ and Cu2+ ions from aqueous solution in a broad pH range (4−11). By grafting about 

0.3 mmol/g of L on SBA-15 a maximum loading capacity of 20.9 mg/g and 31.8 mg/g was obtained 

for Cu2+ and Cd2+, respectively. The adsorption kinetics can be described with the pseudo-second 

order model while the adsorption isotherm (298 K) followed the Langmuir model. The latter, together 

with potentiometric studies suggests that the adsorption mechanism is based on metal chelation by 

the grafted macrocycle. In summary, SBA-L is an effective copper (II) and cadmium (II) chelator for 

possible applications where metal removal, storage and recovery are of basic importance. 
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Introduction 

Heavy metals and their ionic forms can be toxic for the environment and living organisms even 

at very low concentrations.1 For this reason, their uncontrolled release in the soil or surface waters 

should be avoided. Industry and mining are the main sources of metal contamination, particularly of 

water-soluble metal ions. Once in water, metal ions can be easily assumed by living organisms, thus 

interfering with their biological processes. Moreover, the accumulation in the human organism of 

heavy metal ions has been recognized as the source of several diseases.2 The expansion of new metal-

based technologies, for instance electronics for Information Technology (IT), mining and processing 

of metal ions worldwide,3 is increasing the risks deriving from heavy metal pollution. In addition, the 

rapid development of industrial processes gives rise to the obtainment of new types of contaminating 

wastes for which conventional purification treatments (such as coagulation, precipitation, filtration, 

and others) are not always effective. To limit and possibly solve these issues fast, effective, and 

economic methods for metal ions removal from the environment are needed. Moreover, once 

recovered, metal ions should be reused according to the principles of the circular economy.4-6 Over 

the years, several materials have been considered for metal ions recovery.7-9 In particular, ordered 

mesoporous silicas (OMS) have high surface areas, tuneable pore sizes, low toxicity and can be easily 

functionalized. Among several applications in the field of heterogeneous catalysis10 and 

biocatalysis,11 functionalized OMS have been used as adsorbents for the effective removal of 

numerous organic pollutants12 as well as metal ions.13-15  

Grafting metal-chelating ligands on OMS surface is a promising way for obtaining effective metal 

ion adsorbents,16-18 with the possibility of metal recovery by changing experimental conditions (e.g. 

pH). Moreover, functionalized OMS are a new frontier in selective metal sensing, and some examples 

of effective silica-modified electrodes for electrochemical detection of organic pollutants and metal 

ions have been recently reported.19-21 

Among hundreds of known metal-chelating molecules, macrocyclic ligands are particularly 

interesting due to their ability to bind alkaline earth, transition (particularly heavy) metals both in 

water and organic solvents by changing their molecular structure and the nature of donor atoms.22-24 

The ligand-metal binding property is mainly provided by the presence of electron-donor atoms with 

appropriate soft-hard properties, while metal selectivity can be modulated by the macrocycle ring size 

and conformational properties.22 Aromatic rings, often introduced into the macrocyclic structure to 

provide a structurally rigid moiety, are also important moieties for the coordination of metal ions 

especially within small-sized macrocyclic polyamine systems.25 For instance, Blake et al.26 studied 

extensively the coordination properties towards “borderline” and “soft” metal ions (e.g. Cu2+, Zn2+, 
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Cd2+, Hg2+, and Pb2+) of the pyridine based, N2S2-donating 12-membered macrocycle 2,8-dithia-5-

aza-2,6-pyridinophane (hereafter referred also as L). Their results showed that L forms very stable 

1:1 complexes with Cu2+ and Hg2+, and displays a higher binding ability for Cd2+ and Pb2+ with 

respect to Zn2+, due to the presence of the soft S-donors.  

 

Scheme 1. Schematic representation of 2,8-dithia-5-aza-2,6-pyridinophane (L) ligand grafting on 

SBA-15 mesoporous material. CPTMS = (3-chloropropyl)trimethoxysilane, 

 

Here the macrocycle L, which is an effective metal chelator but with low water solubility, was 

grafted on SBA-15 to give SBA-L adsorbent according to Scheme 1. The aim of this work was to 

join the metal chelating ability of a macrocycle ligand with the vehicle properties of mesoporous 

silica, which has large surface area and wide pores to allow macrocycle molecules grafting in the 

inner surface. The copper (II) and cadmium (II) chelating ability of SBA-L toward Cu2+ and Cd2+ was 

determined by means of potentiometric studies, as well as by determining the adsorption kinetics and 

isotherms. The SBA-L adsorbent could be reused, and the chelated metal ions were efficiently 

recovered.  

 

Experimental Section 

Chemicals. Pluronic copolymer P123 (EO20PO70EO20) tetraethylorthosilicate, TEOS (≥99%); (3-

chloropropyl)trimethoxysilane, CPTMS (≥97%); copper(II) chloride dihydrate, CuCl2∙2H2O 

(≥99.0%), cadmium(II) chloride CdCl2 (≥99.0%), toluene (≥99.7%), dimethylformamide (DMF, 

≥99.9%), anhydrous acetaldehyde (>99%), diethyl ether (99.8%), acetone (≥99%), HCl (37%), NaCl, 

NaOH pellets, ammonium hydroxide, citric acid, oxalyldihydrazide (>98%), 

Ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (Milano, Italy). 

Ethanol (99.8%) was purchased from Honeywell. Acetonitrile (MeCN) was distilled over CaH2. 
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Copper(II) and Cadmium(II) stock Normex solutions (1000 ppm in HNO3 2% m/m) were Carlo Erba 

products.  

A previously described method was used in the preparation of 0.1 M carbonate free KOH solution.27 

L and SBA-L solutions were acidified with stoichiometric equivalents of HCl. Metal solutions were 

prepared by dissolving the required amount of metal salt in pure double distilled water, to which a 

stoichiometric amount of HCl was previously added to prevent hydrolysis. These solutions were 

standardized by the complexometric method with EDTA and proper indicators. 

 

Synthesis of L, SBA-15 and SBA-L. 2,8-dithia-5-aza-2,6-pyridinophane (L) was prepared according 

to the previously described procedure and the qualitative analysis confirmed the purity of the ligand.26 

The synthesis of SBA-15 mesoporous silica and its functionalization with (3-

chloropropyl)trimethoxysilane (CPTMS)  were performed according to our previous work.28 Then, a 

mass of 100 mg of SBA-Cl was dispersed in 25 mL of anhydrous acetonitrile, with 93 mg of K2CO3 

and 40 mg of L. The resulting suspension was kept under stirring at 90°C for 48h under nitrogen 

atmosphere. SBA-L was collected by filtration, washed with acetonitrile, dichloromethane, and water, 

and dried under vacuum overnight. The liquid phase was treated to recover the unreacted L. 

   

Physico–Chemical Characterizations. The structural characterization of SBA-15 was performed by 

small-angle X-rays scattering (SAXS) and Transmission Electron Microscopy (TEM) analysis. 

SAXS patterns were recorded with a S3-MICRO SWAX camera system (Hecus X-ray System, Graz, 

Austria). CuKα radiation of wavelength 1.542Å was provided by a Genix X-ray generator, operating 

at 30 kV and 0.4 mA. TEM analysis was performed with a Jeol JEM 1400 Plus, operating at 120 kV. 

The textural parameters of the materials such as the surface area (Brunauer-Emmett-Teller, B.E.T.) 

and pore size distribution (Barrett-Joyner-Halenda, B.J.H.) were determined by N2 

adsorption/desorption isotherms at 77 K carried out on an ASAP 2020 instrument. FTIR spectroscopy 

was carried out through a Bruker Tensor 27 spectrophotometer equipped with a diamond-ATR 

accessory and a DTGS detector. A number of 128 scans with a resolution of 2 cm−1 were averaged in 

the spectral range 4000–400cm−1. Thermogravimetric Analysis (TGA) was performed using a 

STA6000 - Perkin Elmer in the 25–850°C range, under oxygen flow (heating rate = 10°C/min; flow 

rate = 40 mL min−1).  
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Quantitative analysis of Cd2+ and Cu2+ concentrations in water. Cd2+ and Cu2+ concentrations in 

aqueous solutions were analysed by inductively coupled plasma optical emission spectroscopy (ICP-

OES). The operational parameters were as follows: RF Power: 1.2 kW, Plasma gas: 12 L min−1, Aux 

gas: 1.0 L min−1, Nebulizer flow: 0.7 L min−1, Emission lines (nm): Cd (214.439, 226.502 and 

228.802); Cu (213.598, 324.754 and 327.395); Ar (419.832 and 737.212) was used as internal 

standard. No spectral interference was observed. The standard solutions ranging from 0.01 to 300 

mg/L in 1% nitric acid were prepared by the analytical dilution of Normex standard cadmium(II) 

solutions. The limit of detection (LOD) was determined at 0.05 mg/L. Moreover, the Cu2+ 

concentrations in aqueous solutions during the kinetic and adsorption studies were analysed through 

a colorimetric method.29 Briefly, the coloured adduct of Cu2+ with oxalyldihydrazide was formed at 

pH = 9 upon mixing Cu2+ solution with citric acid, ammonium hydroxide, acetaldehyde and 

oxalyldihydrazide. The absorbance of the solutions was measured at 540 nm after 30 min incubation 

in the dark.  

Determination of adsorption kinetics and isotherms- The adsorption kinetics of Cu2+ or Cd2+ on 

SBA-L were carried out by suspending 15 mg of mesoporous adsorbent in 10 mL of 5 mg L−1 (for 

copper(II)) and 3.5 mg L−1 (for cadmium(II)) of metal solution for time intervals ranging from 2 min 

to 24 h at pH = 5 (for copper(II) solutions) and pH = 7 (for cadmium(II) solutions). All samples were 

kept under rotation (22 rpm) at 298 K. The process was then stopped, and the solution was filtered 

through Ø 0.2 μm syringe cellulose filter (Minisart Syringe Filter). For the isotherm studies, 

mesoporous materials were treated with metal ion solutions of variable concentration, ranging from 

0.5 to 300 mg L−1; the reactions were stopped after 5h. The residual copper(II) and cadmium(II) 

concentrations in the water solution after adsorption on SBA-L were quantified by Vis-spectrometry 

(upon colorimetric method) and ICP-OES, respectively. Each experiment was carried out at least in 

triplicate. 

The adsorption kinetics was quantified by measuring the decrease of metal ion (either copper(II) or 

cadmium(II)) concentration in the adsorbing solution, at given times. The adsorption isotherms were 

determined by plotting the adsorbed amount (qt) of Cu2+ and Cd2+ (mg g−1) versus the equilibrium 

concentration (Ceq) of Cu2+ and Cd2+ (mg L−1) in the adsorbing solution. The kinetic and isotherm 

experimental data were fitted through three different isotherm and kinetic models described 

previously.28 

 

Potentiometric and spectrophotometric measurements. Protonation and complex-formation 

equilibrium studies were carried out in 0.1 M NaCl at 298.1±0.1 K using an automatic Metrohm 
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titrator under the same conditions previously described.16 The OMS (SBA-15 and SBA-L) samples 

were stored at 50 °C and cooled in a desiccator to room temperature before being weighed (analytical 

weight scale, precision ± 0.01 mg). The combined Metrohm electrode was calibrated as a hydrogen-

ion activity probe by titrating previously standardized amounts of HCl with CO2-free NaOH solutions 

and determining the equivalence point by Gran’s method,24 which gave the standard potential, E°, 

and the ionic product of water (pKw = 13.74(1) in 0.1 m NaCl at 298.1 K). The computer program 

HYPERQUAD2013.25 and Hyss software30 were used to calculate ligand content (in mmol) in MMs 

material, MMs-ligand protonation, and complex stability constants from potentiometric data.  

The potentiometric titrations were prepared from acidic to alkaline conditions (the studied pH range 

2.5–11.0). Solutions at 0.1 M ionic strength in NaCl were titrated at 25.0 °C with 0.1 M NaOH. An 

mV signal drift module was used to reach equilibrium after each base addition (base volume for each 

addition 10 μL) and obtain optimal accuracy of measurements. The working OMS content was 3.0–

3.1 mg in 20 mL of water. The operating ligand concentration was 3.7 × 10−4 (free L) and 4.5 × 10−5 

(for L grafted on SBA-15; SBA-L). The studies of complex formation were carried using constant 

ligand concentration, and 1:1, 1:2, and 1:5 metal/ligand molar ratios. Each measurement, both for 

ligand protonation and metal-complex formation experiments, was carried out at least three times to 

verify the repeatability. The different titration curves were calculated as separated curves without 

significant variations in the values of the calculated stability constants. Finally, the sets of data were 

merged and treated simultaneously to give the final stability constants. Different equilibrium models 

for the complex systems were generated by eliminating and introducing different species. Only those 

models for which the HYPERQUAD program furnished a variance of the residuals σ2 ≤ 9 were 

considered acceptable. Such a condition was unambiguously met by a single model for each system. 

The UV-Vis measurements were carried with Varian Cary 60 spectrophotometer. The pH combined 

glass electrode was daily calibrated with buffer solutions (pH = 4.00, pH = 7.00, pH = 9.00 Mettler 

Toledo). 

 

SBA-L reuse and metal ions recovery. In order to study the reuse of the adsorbent material and the 

recovery of chelated metal ions , 7 mg of SBA-L were suspended in a solution containing 10 ppm of 

copper(II) and 10 ppm of cadmium(II) ions (pH = 5; the pH value of the solution was directly adjusted 

using concentrated HCl/NaOH at each experimental point) and kept under stirring for 6 h. 

Successively, the samples were centrifuged (12,000 rpm; 30 min) to separate SBA-L from metal ions 

solution, which was analysed through ICP-OES for the quantitative determination of metal ion 

concentrations. Instead, the SBA-L-metal ion sample was used for the desorption experiment by 
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suspending in 1 mL of EDTA-2Na solution (0.02 mol L−1; pH = 7) under stirring for 24 h. Then, the 

samples were centrifuged (12,000 rpm; 30 min) to separate SBA-L solid from EDTA solution. The 

latter was analysed through ICP-OES for the quantitative determination of metal ion concentrations.  

The adsorption/desorption cycle was repeated 4 times with three independent samples. 

 

Results and Discussion 

Physico–Chemical Characterizations of SBA-15 and SBA-L. The structural characterization of 

SBA-15 was carried out by using a transmission electron microscopy (TEM) and a small angle X-

rays scattering (SAXS) analyses. TEM images in Figure 1 clearly show the occurrence of parallel 

channels forming a hexagonal array of mesopores. The SAXS plot in Figure 2A has the typical pattern 

of 2D hexagonal phases. It consists of an intense peak relative to the reflections of the planes 10, and 

two less intense peaks due to planes 11 and 20, with a resulting lattice parameter of 116.8 Å (Table 

1).  

 

Figure 1. TEM micrographs of SBA-15. Bar = 50 nm, 100 nm and 200 nm. 

The textural characterization of the samples was carried out through N2 adsorption/desorption 

isotherms at 77 K (Figure 2B) resulting in a surface area of 692 m2g−1 (Table 1). A hysteresis cycle 

due to the capillary condensation confirms the mesoporosity of the SBA-15 sample. The pore size 

distribution, obtained by applying the BJH method31 to the desorption branch of the isotherm, has a 

maximum at 66 Å (Table 1). SBA-15 functionalization results in a decrease of surface area and pore 
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size being, SBET = 372 m2g−1, dp = 58 Å and SBET = 255 m2g−1, dp = 47 Å for SBA-Cl and SBA-L, 

respectively (Table 1). The decrease of surface area and pore size confirms the successful grafting of 

L in the internal pores’ surface. However, it is very likely that L is also grafted on the external surface 

of SBA-15 particles. 

       

Figure 2. Characterization of SBA-15, SBA-Cl and SBA-L mesoporous silica. A) SAXS 

patterns. B) N2-adsorption/desorption isotherms. C) Thermal analysis. 

 

Thermogravimetric analysis (TGA) was used to characterize the functionalized SBA-15 (Figure 2C) 

and evaluate organic functionalization inside the pores. The mass loss (%) as a function of the 

temperature (°C) of SBA-15, SBA-Cl (19 %) and SBA-L (26%) samples confirms the successful 

functionalization of SBA-15 with both CPTMS and L macrocycle (Figure 2C). TGA also allowed 

estimating the amount of L ligand grafted on SBA-15 which was 70 mg/g (Table 1).  

Table 1. Characterization of original and functionalized SBA-15 samples. 

Sample 

aSBET 

(m2 g-1) 

bdp 

(Å) 

ca 

(Å) 

Mass loss 

(%) 

Loading  

(mg/g) 

Loading  

(mol/g) 

SBA-15 692 66 116.8 6 -  

SBA-Cl 372 58 115.8 19 130 1.68×10-3 

SBA-L 255 47 114.1 26 70 0.291×10-3 

aSurface area calculated by the BET method; bPore diameter calculated by applying the BJH 

method to the isotherm desorption branch; cLattice parameter obtained by SAXS a = 

2·d/(3)0.5·(h2+k2+hk)0.5 

 



10 
 

Adsorption kinetics and isotherms. The adsorption of Cu2+ and Cd2+ ions on SBA-L from aqueous 

solution was then studied. The pH for the adsorption kinetics and isotherms experiments was chosen 

on the basis of metal hydrolysis speciation plots32 and metal-complex formation stability constants 

on the SBA-L surface (see above). It was essential to work at a pH where the metal-complex 

formation is at 100% and, at the same time, there is neither metal hydrolysis nor precipitation. For 

these reasons, Cu2+ adsorption was carried out at pH = 5 where the species [Cu(SBA(SiO)(L))]+ is 

prevalent, while pH = 7 was chosen for Cd2+ where the [Cd(SBA(SiO)(L))]+ species is predominant 

(see above).  Figure 3A shows the adsorption kinetics of Cu2+ and Cd2+ on SBA-L. The adsorbed 

amount (qt) increases when the contact time (t) increases, until a constant value (qe), corresponding 

to the adsorption equilibrium, is reached. Both cations reach the adsorption equilibrium after about 

30 min. Under these conditions, the qe of Cd2+ on SBA-L was 24 mg/g (0.2 mmol/g), while that of 

Cu2+ was qe = 3.5 mg/g (0.055 mmol/g). Three different kinetic models - namely, pseudo-first order, 

pseudo-second order, and intraparticle diffusion model - were tested as shown in Figure 3B-D. The 

fitting of the experimental data using the pseudo-first order gave low correlation coefficients (Table 

2), thus, suggesting the inadequacy of this model to describe both Cu2+ and Cd2+ adsorption on SBA-

L. On the contrary, the pseudo-second order model resulted in a very good fitting, as demonstrated 

by the high correlation coefficients (R2 > 0.99). The values of qe calculated from pseudo-second order 

model are 3.57 mg/g for Cu2+ and 23.8 mg/g for Cd2+. The good fitting of the adsorption data obtained 

by the pseudo-second order model suggests that the adsorption of the metal ions on the adsorbent 

sites is the rate determining step.33 The fit of the intraparticle diffusion model (Figure 3D) is of lower 

quality than that of the pseudo-second order model, thus supporting the goodness of the latter which 

gives the best description of the kinetic data. 

 

Figure 3. Adsorption kinetics of Cu2+ (black) and Cd2+ (red) on SBA-L. A) Adsorbed amount qt 

versus time. B) Pseudo-first order model; C) Pseudo-second order model; D) Intraparticle diffusion 

model. For Cu2+ kinetics studies: Initial metal ion concentration = 5 ppm; pH = 5; stirring speed = 22 

rpm; T = 298 K. For Cd2+ kinetics studies: Initial metal ion concentration = 3.5 ppm; pH = 7; stirring 

speed = 22 rpm; T = 298 K.  
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Table 2. Comparison among kinetic models for Cu2+ and Cd2+ adsorption on SBA-L. 

 aPseudo First Order bPseudo Second Order cIntraparticle Diffusion 

Ion 
k' 

(1/min) 

qe cal  

(mg/g) 
R2 

k'' 

(g/mg·min) 

qe cal 

(mg/g) 
R2 

ki  

(g·mg-1min-0,5 

xi  

(mg/g) 
R2 

Cu2+ 5 × 10−4 22.28 0.2874 0.06 3.57 0.9927 0.81 −0.362 0.8297 

       0.38 1.52 0.9688 

       −0.03 3.82 0.9441 

Cd2+ 1 × 10−2 3.61 0.3464 0.16 23.81 0.9996 6.39 0.71 0.9591 

       2.22 12.62 0.8888 

       −0.11 25.36 0.9322 

aPseudo-First Order linearized equation34: ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘′𝑡; where k' is the pseudo-first 

order constant; bPseudo-Second Order linearized equation34    
𝑡

𝑞𝑡
=

1

𝑘′′∙𝑞𝑒
2 +

𝑡

𝑞𝑒
; where k'' is the 

pseudo-second order constant; cIntraparticle diffusion model linearized equation34   𝑞𝑡 = 𝑘𝑖 ∙ 𝑡0.5 +

𝑥𝑖; where ki is the intraparticle diffusion constant. 

 

The adsorption isotherms (Figure 4) show that the maximum adsorbed amount of metal ions, 

corresponding to the plateaus, are 20.9 mg/g (0.329 mmol/g) for Cu2+ and 31.8 mg/g (0.284 mmol/g) 

for Cd2+ (Table 4). The shape of the isotherms is consistent with Langmuir model which considers 

the formation of a monolayer of adsorbate on the adsorbent’s surface. This is consistent with the 

formation of a metal/L complex at 1:1 molar ratio since, as reported in Table 1, L loading in SBA-L 

is 0.291 mmol/g as determined through TG analysis.  

The Gibbs free Energy (ΔG0) for the adsorption process (Table 3) was calculated according to the 

equitation: ∆𝐺0 = −𝑅𝑇𝑙𝑛𝐾𝑒
0, where R is the universal gas constant (8.314 J·K−1·mol−1), T is the 

absolute temperature (298 K) and Ke
0 is the thermodynamic equilibrium constant, calculated by 

means of the equation:35  

𝐾𝑒
0 =

𝐾𝐿 ∙ 1000 ∙ 𝑀𝑀𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 ∙ [𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]0

𝛾
 

where KL is the Langumir constant (L/mg), MMAdsorbate is the molar mass of the adsorbate (g/mol), 

[Adsorbate]0 is the standard concentration of the adsorbate (1 mol/L) and γ is the activity coefficient 

(dimensionless).35 As reported in Table 3, the ΔG0 was negative for both adsorption processes, more 
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precisely  −25.5 kJ/mol and  −33.7 kJ/mol for Cu2+ and Cd2+, respectively. These data confirm the 

spontaneous nature of the adsorption process. 

 

 

Figure 4. Adsorption isotherm of Cu2+ and Cd2+ on SBA-L A). Adsorption data were fitted using 

linearized Langmuir isotherms B). Adsorption experiments were carried out for 24 h at pH = 5 (for 

copper(II)) and pH = 7 (for cadmium(II)) and T = 298 K. 

 

Table 3. Langmuir adsorption isotherm parameters for Cu2+ and Cd2+ on SBA-L. 

Ion pH 

Langmuir 

aKL (L/mg) bqM (mg/g) 
qM 

(mmol/g) 
R2 Ke° ΔG° (kJ/mol) 

Cu2+ 5.0 0.468 20.9    0.329 0.999 2.97 × 104 −25.5 

Cd2+ 7.0 7.16 31.8 0.284 1 8.05 × 105 −33.7 

aLangmuir constant and bmaximum monolayer coverage capacity obtained by the linearized form of 

the Langmuir isotherm model equation 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿∙𝑞𝑀
+

1

𝑞𝑀
𝐶𝑒.36 

 

Protonation and metal-complex equilibria. The stability in aqueous solutions, the equilibrium 

formation constant, the solubility, and other properties of macrocycle-metal ion complexes depend 

on different factors, namely the nature of the metal ion, the structure of the ligand and the composition 

of the complex. The most important metal ion-related factors are the oxidation state, the ion size, and 

the electron shell structure. Factors related to the ligand are the flexibility, the charge, the nature and 

number of donor sites, and the molecular structure.22 The combination of all these factors makes 
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difficult the exact prediction of the ligand/metal complex-stability. However, experimental data from 

previous works can provide some hints.37 Generally, aliphatic azamacrocycles form stable and inert 

complexes (i.e., complexes that decompose slowly under the action of external factors or competing 

ligands) with metal ions even in very acidic solutions. Nevertheless, the practical application of the 

complexes is limited by slow complexation kinetics.22 The stability of metal/aliphatic ligands 

complexes is strongly influenced by entropy. Free aliphatic macrocyclic ligands occur in solution as 

a mixture of several conformers in dynamic equilibrium. The formation of metal-complexes brings 

to the loss of some of their degrees of freedom, thus the entropy decreases (even if the total entropy 

- system and environment - increases due to the release of water molecules from the metal ion-

hydration shell). Conversely, structurally rigid macrocyclic ligands do not appreciably change the 

conformation after the formation of the metal complex therefore, the entropy of the system increases 

less than in the case of aliphatic macrocyclic ligands, which are thermodynamically more 

favourable.37 In addition, a rigid macrocyclic structure can force a particular coordination geometry 

to the metal centre, while open-chain chelators are more easily adaptable to the coordination 

characteristics of the metal centre.38 For this reason, an increase in the ligand rigidity could increase 

the binding selectivity toward specific cations.39 Blake et al.26 investigated L ligand coordination 

mode and complex stability with Cu2+, Zn2+, Cd2+, Hg2+, and Pb2+ ions by the means of potentiometry 

(water solution, I = 0.1 M NMe4NO3, [L] = 1.0 × 10−3 M) and single crystal X-ray diffraction analysis. 

Metal complexation of L in aqueous solution generally occurs at acidic pH values to give [ML]2+ 

species while hydroxo- complexes [ML(OH)]+ form at alkaline pHs. The hydroxo-complexes of Zn2+, 

Cd2+, Hg2+ and Pb2+ precipitate at slightly alkaline pH thus preventing to carry out potentiometric 

studies. The stability of the formed complexes increases in the order Zn2+ < Pb2+ < Cd2+ < Cu2+ < 

Hg2+. Noteworthily, Cu2+ and Hg2+ complexes are more stable than complexes with other known 

polyamine ligands. The lowest stability of the Zn2+ complexes, which is usually similar to that of 

Cd2+ and Pb2+ complexes with polyamine, could be explained by the presence of the soft S-donors, 

within the macrocyclic structure. In agreement with a general N > S donor affinity trend for the 

studied metal ions, and with a better binding ability of a pyridine nitrogen toward transition and post-

transition divalent cations, the L ligand forms less stable complexes than its structural analogue 

containing only N-donors in the aliphatic portion of the ring,40and more stable complexes than 

[12]aneNS2O (1-aza-4,10-dithia-7-oxacyclododecane).41  

The aim of our studies was the determination of metal/ligand complex stoichiometry, metal binding 

sites and complex formation constants for the ligand grafted on the surface of SBA-L mesoporous 

material. To compare the metal/free ligand complex formation with the metal complexes formed on 

the surface of L-grafted mesoporous material, we performed potentiometric titrations of free and 
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grafted L ligand with metal ions under the same experimental conditions. Respect to Blake et al.,26 

we used lower ligand and metal concentrations in order to avoid precipitation of hydroxo-complexes. 

Moreover, we used UV-Vis spectroscopy to determine metal binding sites in water solution on 

changing pH conditions. Finally, FTIR spectroscopy was used to support the metal-binding mode of 

SBA-L in solid state. 

Free ligand protonation and metal-complex equilibria. Potentiometric titrations (Figure 5) 

allowed to calculate one protonation constant of free L occurring at basic pH (Table 4) that can be 

assigned to the aliphatic nitrogen atom, rather than to the pyridine nitrogen, which is usually 

protonated at acidic pH.42  

Table 4. Protonation constants (log K) of L, L grafted on SBA-15 and cumulative formation constants 

(log β) of Cu2+and Cd2+ complexes with free L and L grafted on SBA-15 at 25 °C, 0.1 M NaCl ionic 

strength, calculated using the Hyperquad program20 for potentiometric measurements. The constants 

for the Cu2+ and Cd2+ hydroxides at 25 °C and 0.1 M ionic strength, are taken from the literature.32 

((*) Cumulative constant ([ML]2+ + 2OH− = [ML(OH)2]). 

Formed Species 

Literature 

data (log K)26 

Experimental data 

 (log K) 

Free L Free L Formed Species for functionalized OMS 

[LH]+ 8.32(1) 8.73(2) [SBA(SiOH)(L)]  9.48(5) 

[LH2]
2+ 1.5 (1) -  [SBA(SiOH)(LH)]+ 8.8(2) 

 
Literature 

data (log K)26 

Experimental data 

 (log β) 

[CuL]2+ 10.05(7) 9.54(6)   

[CuL(OH)]+ 6.09(4) 0.71(6)   

[CuL(OH)2] 2.3(1) -   

   [Cu(SBA(SiO)(L))]+ 21.4(7) 

   [Cu(SBA(SiO)(L))(OH)] 14.6(5) 

[CdL]2+ 9.12(2) 6.25(4)   

[CdL(OH)2] - -11.0(5)*   

   [Cd(SBA(SiO)(L))]+ 19.0(1) 

   
[Cd(SBA(SiO)(L))(OH)4]

-

3 
-13.5(5) 
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The [CuL]2+ complexes start forming already at very low pH values (Figure 5B). The formation of 

[CuL(OH)]+ complex occurs above pH = 8 (Figure 5B) likely due to deprotonation of water molecule 

in the metal coordination sphere. The formation of the [CdL]2+ 1:1 complex takes place from pH = 5, 

in our experimental conditions. 

    

 

Figure 5. Speciation plot of free L (A) and grafted on SBA-15 (D)*. Distribution curves of (B) and 

(E) Cu2+; (C) and (F) Cd2+ complexes with free L and grafted on SBA-15, respectively. Plots 

calculated on the base of stability constants (Table 5) with Hyss program.30 (*) Dashed lines 

represents species deriving from a partial deprotonation of [SBA(SiOH)(LH)]+ either of the silanol 

groups or the grafted [LH]+ groups according to proper log K (Table 5) values. 

 

The coordination mode in [CuL](NO3)2 complex was previously determined by X-ray 

crystallography using single crystals obtained from EtOH/MeCN (50:50 v/v) solution.26 The central 

metal ion was coordinated by six donor atoms in the octahedral geometry, namely two N- and two S-

donor atoms of the ligand, and two O- atoms from nitrate anions (Figure 6A). Here we analysed the 

complex structure in aqueous solution by the means of UV-Vis and FTIR spectroscopies. It can be 

observed in Figures 6B and 6C that at acidic pH the [CuL]2+ complex is formed (green colour solution) 

and the characteristic d–d band with maximum at 730 nm can be assigned to the presence of nitrogen 
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atom(s) in the Cu2+ coordination core, while the band below 400 nm can be assign to S(σ)→Cu2+ 

charge transfer (LMCT).43 The bands at high energy correspond to intramolecular π→π* and n→π* 

transitions44. When pH increases, the hypso- and hypochromic shift of the bands at 380 and 730 nm 

can be observed. Such changes could be due to a changing of the donor atom set in the metal 

coordination core. Remarkably, potentiometric studies showed a proton dissociation above pH = 8 

(Figure 5B), which could be assigned to the dissociation of a water molecule. The Figure S1 presents 

the FTIR spectra of free L and the Cu2+/L complex in the solid state. Upon the metal-complex 

formation, the slight shift of the bands in the 400−2000 cm−1 region, and the slight enlargement of 

the bands in the 1600−1700 cm−1 region can be observed. Significant changes can be observed in the 

region 2000−4000 cm−1, where new bands in the region 3200−3600 cm−1 appear which could be 

associated to the presence of water molecules in the complex and relative intramolecular hydrogen 

bonds. 

 

 

Figure 6. Characterization of the Cu2+/L complex in solution and in the solid state. A) Crystal 

structure of [CuL](NO3)2 complex (CCDC n. 238263). Data available on 

https://www.ccdc.cam.ac.uk/structures/. UV-Vis spectrum of the Cu2+/L (1:1 molar ratio) complex in 

MeCN/H2O (50:50 v/v) solution B) 200−500 nm spectral range: CL = CCu
2+ = 1 mM, l =1 cm, C) 

500−800 nm spectral range: CL = CCu
2+ = 10 mM, l = 1 cm.  
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As previously shown by Blake et al.26, L forms complexes with Cd2+ ions. In our experimental 

conditions, the [CdL]2+ complex forms above pH = 4 (Figure 5C) and remains stable even at basic 

pH, where the hydroxo complexes [CdL(OH)]+, and [CdL(OH)2] are formed (only the cumulative 

formation constant for the latter was determined in the experimental conditions used), most likely due 

to the dissociation of a water molecule in the metal coordination core. The FTIR spectrum (Figure 

S2) of the Cd2+/L complex is similar to that of the Cu2+ complex, suggesting the same coordination 

mode of the ligand, with only slight changes in the 3200 cm−1 region and higher intensity of the bands 

in the 3400−3600 cm−1 region. 

 

SBA-L protonation and metal-complex equilibrium. In the next step, we investigated the metal 

coordination pattern on the L functionalized mesoporous material by the means of potentiometry and 

FTIR measurements. The potentiometric studies showed their great utility in the studies of 

functionalized OMS and their metal-complexes16 and were used to establish the stoichiometry and 

stability of the formed complex on the SBA-L internal and external surface , and to some extent, can 

indicate the donor atoms in the metal coordination core. FTIR spectra (Figure S3) showed the changes 

in the spectroscopic bands, which can be assigned to the complex formation and indicate the donor 

atoms in the metal complex. 

The potentiometric titration of functionalized OMS allowed to obtain the protonation constants and 

the precise ligand and dissociating silanol groups concentration on the OMS surface. The amount of 

L grafted on SBA-15 measured through potentiometric titrations was 0.3 mmol/g in agreement with 

the values obtained through TGA (Table 1). In addition, potentiometric data allowed us calculating 

the cumulative stability constants (Table 4) of the formed Cu2+ and Cd2+ complexes with L grafted 

on mesoporous silica.   

In order to assign the protonation constants of L grafted on SBA-15 and dissociating silanol groups 

(SiOH), we introduce [SBA(SiOH)(LH)]+ nomenclature to indicate the fully protonated 

functionalised OMS material. Previous studies under similar experimental conditions showed that 

silanol groups of SBA-15 had one protonation constant (log K = 10.0),16 due to the dissociation of 

silanols (SiOH) into SiO−. Grafting L on SBA-15 leads to two distinct protonation constants (Table 

4), log K1 = 8.8(2) for the aliphatic nitrogen of L and log K2 = 9.48(5) for silanols (SiOH). Importantly, 

in our experimental conditions the molar ratio between silanols and nitrogens is equal to 3.2. 

Moreover, the slight differences in the pK values of free ligand, SBA-15 and the final 
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[SBA(SiOH)(LH)]+ complex suggest the formation of intramolecular hydrogen bonds between 

nitrogen and oxygen atoms of silanols at different pHs.   

As shown in our previous studies,16 silanols of SBA-15 do not form stable complexes with metal ions, 

but can participate to the coordination shell of the metal ion in the presence of other ligands grafted 

on the OMS surface. In some cases, such co-participation can enhance the overall stability of the 

formed metal complex. Indeed, the cumulative formation constants of the Cu2+ and Cd2+ complexes 

with L grafted on SBA-15 are higher with respect to the complexes formed with the free L (Table 4). 

Furthermore, the Cu2+ and Cd2+ complexes with L grafted on SBA-15 start to form at lower pHs 

(Figures 5E and 5F) than those observed with free L. This enhancement in the complex formation 

constants could also be due to the higher local concentration of metal binding sites on the SBA 

surface, which is a characteristic feature of ligands grafted on mesoporous materials with high surface 

areas.  

Figure S3 shows the FTIR spectra of the free SBA-15 and the Cu2+ and Cd2+ complexes with SBA-

L. The new bands in the regions 1200−2000 and 3000−4000 cm−1 relative to the complex formation, 

are clearly visible in the spectrum of the Cd2+/SBA-L complex to suggest that the nitrogen atoms are 

present in the coordination sphere of the metal. The bands between 3000−4000 cm−1 can be associated 

to the presence of water molecules in the metal complex, which form intramolecular bonds. These 

data agree with potentiometric studies (Figure 5F), which showed that water molecules in the complex 

dissociate above pH = 8. 

 

SBA-L reuse and metal ions recovery. The adsorption process (4 cycles) of SBA-L towards Cu2+ 

and Cd2+ is shown in the Figure 7A, while desorption data (4 cycles) are presented in Figure 7B. To 

reuse the SBA-L material for the adsorption cycle and recover Cu2+ and Cd2+ metal ions in the 

desorption cycle, the solid SBA-L-metal ion obtained from the initial adsorption process were initially 

suspended in a concentrated EDTA solution.  The free SBA-L material was then reused for another 

adsorption cycle. Figure 7 shows that the copper(II) adsorption capacity of SBA-L exceeded ~ 80% 

± 10% (SD) of the original value after four adsorption–desorption processes (Figure 7b), while 

cadmium(II) adsorption capacity is lowered between second and third cycle from ~ 100% ± 20% 

(SD) to ~ 60% ± 20% (SD). Of note, after the first adsorption cycle the copper(II) concentration was 

lowered to 1 ppm (mean value of three independent experiments), while cadmium(II) concentration 

was decreased to 120 ppb (mean value of three independent experiments). The permissible limit of 

copper(II) ions in industrial effluents reported by the United State Environmental Protection Agency 
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(USEPA) is 1.3 mg/L,45 while according to World Health Organization (WHO) the copper(II) ions 

content in drinking water should not exceed 2 mg/l.46-48 The allowable limit for Cd2+ in drinking water 

is  3.0 ppb (WHO).49 Thus, even low SBA-L quantities (7 mg/L, see Figure 7) could be used for 

effective copper(II) removal from water, while higher quantities of SBA-L should be used for 

cadmium(II) removal from drinking water.  

Moreover, the ~ 100% ± 4% (SD) recovery of both metals can be obtained with the EDTA treatment 

and SBA-L can be recycled. 

 

Figure 7. Metal ion recovery study (mean and standard deviation of three independent experiments) 

with four adsorption (A) – desorption (B) cycles. SBA-L (7 mg mL−1); pH = 7, [Cu2+] = [Cd2+] 10 

mg L−1, [EDTA-2Na] = 0.02 mol L−1. Statistical comparison of the samples was performed by one-

way ANOVA. P value <0.05 was considered significant. 

 

Conclusions 

The fast development of metal-based industries demands new metal-recovery materials, which 

enables lower metal release into the environment. Grafting efficient-metal chelators on the surface of 

mesoporous materials is an effective technology that satisfies this requirement. In the present work 

2,8-dithia-5-aza-2,6-pyridinophane (L) ligand was grafted on the SBA-15 mesoporous material 

(internal and external) surface to obtain the highly efficient adsorbent SBA-L. The kinetic studies 

showed fast Cu2+ and Cd2+ adsorption (~ 30 min), while adsorption isotherms and potentiometric 

studies revealed the metal chelation as a unique adsorption mechanism. The adsorption isotherms 

show an almost complete saturation of adsorbing sites of SBA-L according to a 1:1 stoichiometry 

between the ligand and the cations in our experimental conditions. This suggests that the adsorbing 

performance of SBA-L could be modulated by changing the loading of L macrocycle grafted on SBA-

15 surface. Moreover, potentiometric studies showed that the formation constants of the metal/ligand 

complexes (metal = Cu2+ and Cd2+) on the mesoporous material surface are higher than those obtained 

for the complexes formed by free ligand in solution, probably due to the participation of silanols in 

file:///C:/Users/drand/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/J9DODO9K/Guidelines%23_ENREF_49
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the metal coordination core. The chelated metal ions can be efficiently and repeatably removed from 

the material surface, thus assuring multiple material re-use and metal recovery. The overall results 

obtained here are promising for the potential use of this type of nanostructured functional material 

for the adsorption and/or storage, recycle of Cu2+ and Cd2+ ions from aqueous solutions. 
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