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Abstract

:

The synthesis of an organofunctionalized mesoporous silica was accomplished by a two-step process involving (1) the co-condensation of a silylant agent at the surface of silica, followed by (2) the immobilization of Purpald (ligand) at the organic termination of the silytant agent. The characterization of the organofunctionalized material indicated the presence of NH2 groups, and the immobilization of the ligand was confirmed by 29Si- and 13C-nuclear magnetic resonance. The material’s surface area was determined as 370 m2 g−1. Batch adsorption experiments enabled the determination of optimum pH conditions for the adsorption of Cu(II) and Cd(II). Under optimal pH, the pseudo-second-order kinetic model and Langmuir model provided the best correlations to describe the materials adsorption behavior, suggesting a chemisorption mechanism. When tested in continuous-flow preconcentration experiments, the flow rate and eluent concentration demonstrated to affect the removal of Cu(II) and Cd(II), while the buffer concentration had an effect only over the adsorption of Cu(II). Under optimized preconcentration conditions, it was possible both to determine the concentrations of Cu(II) and Cd(II) in samples such as mineral water, ground water, tap water and river water. Ions commonly found in drinking and natural waters (Na+, K+, Ca2+, Mg2+, Fe3+, Ba2+, Cl−, SO42−, HCO3−, and H2PO4−) did not affect the preconcentration of any of the studied analytes. Reutilization experiments indicated that the adsorbent material can withstand at least 40 adsorption/desorption preconcentration cycles with no efficiency loss.
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1. Introduction


Some metals play an important role in physiological processes. For instance, cobalt, trivalent chrome, cooper, iron, manganese and selenium are essential micronutrients within a given concentration range; however, these species may be toxic if their concentrations exceed an optimal range (potentially toxic metals). However, other metal species have no known biological function for any organism, such as cadmium, lead, mercury, and arsenic (toxic metals) [1]. In contrast to the case of harmful organic pollutants, toxic and potentially toxic metal species cannot be degraded to non-toxic products. Furthermore, once they are emitted to the environment, these species begin to participate in global eco-biological processes in which waters are the main distribution vectors, causing accumulation in microorganisms, plants and animals throughout their life [1]. In this sense, the development of simple, effective and sensitive methods to monitor metal concentrations in waters and wastewaters is of particular importance for public health and environmental pollution control.



Several instrumental techniques, such as atomic absorption spectrometry (FAAS), graphite furnace electrothermal absorption spectrometry (GFAAS), atomic fluorescence spectrometry (AFS), inductively-coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS), have been widely used in the determination of metals in water and environmental samples. However, such techniques are very often associated with high installation and operation costs, and require experience and high qualification of the analyst to collect data and interpret the results. Thus, the use of low-cost analytical techniques, preceded by a preconcentration procedures can be an economically viable alternative to overcome the low intrinsic sensitivity of equipment with low detection power. In this context, FAAS appears as a relatively low-cost, simple and fairly widely distributed analytical technique to be used in the determination of metal contents at low concentrations, provided that preconcentration procedures are applied to the samples prior to analysis. By following this approach, one can compensate for the lower detection and quantification limits of FAAS technique (compared to those of ICP-MS, ICP-OES and GFAAS techniques) and determine trace levels of toxic and potentially toxic metals in aqueous media.



In the literature, we can find several methods to extract and preconcentrate metal ions from aqueous samples, such as: Cloud-point extraction [2], precipitation/coprecipitation [3], liquid-liquid extraction (LLE) [4] and solid-phase extraction (SPE) [5]. The SPE technique has become more popular than the LLE technique due to several of its advantages, e.g., lower waste production, lower matrix effect, possibility of solid-phase reuse, higher enrichment factors, lower consumption of organic solvents, possibility of coupling SPE with different analytical techniques and minimized environmental impacts [5]. However, it has as the main disadvantage a lack of selectivity, since coexisting metal species in the sample may interfere in the determination of the analyte. Thus, the development of more selective adsorbent materials for the determination of metal contents has received special attention from the scientific community [6,7,8,9,10,11,12,13]. In this regard, silica has been widely used as an adsorbent for the extraction of metals by SPE because of its hydrophilicity, the possibility of obtaining highly porous types of silica through mild synthesis routes (such as sol-gel) and the ease of chemically modifying its surface to obtain greater selectivity towards different analytes. Due to these reasons, many studies using chemically-modified silica as solid phase have already been reported [14,15,16,17].



The present work describes the synthesis of a SBA-15-type mesoporous silica, its surface functionalization with the ligand 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald) and its application as an adsorbentin SPE, aiming at the development of a preconcentration method for Cu(II) and Cd(II) extraction from aqueous medium. It is also worth pointing out that the application of our material in SPE allowed using FAAS for the determination of trace levels of Cu(II) and Cd(II), thus evidencing the high enrichment factor of the proposed method. Moreover, our method presented high analytical frequency and low cost.




2. Materials and Methods


2.1. Solvents, Solutions, and Reactants


All reagents were of high purity or at least of analytical grade. Aqueous solutions were prepared with high-purity deionized water exhibiting a resistivity of 18.2 MΩ cm−1, as collected from a Direct-Q system (Millipore, France). The stock solutions (1000 mg L−1) were prepared by dissolving appropriate amounts of high-purity salts (Cu(NO3)2 and Cd(NO3)2; (VETEC, Brazil)) in deionized water.



Silica synthesis and organofunctionalization were carried out with tetraethylorthosilicate (TEOS; marca; 99%), 3-chloropropyltriethoxysilane (CPTS; Aldrich; 95%), NH4OH (VETEC, 28%), 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald®; Aldrich; 99%), N,N-dimethylformamide (DMF; Sigma-Aldrich 99.8%) and triethylamine (Sigma-Aldrich; 99%). Pluronic P123 (Basf) was employed as a template for the mesoporous structure of the silica particles. Ethyl alcohol (Synth; 99.8%) was used to wash the synthesized material. The calibration curves of the metal ions under study were prepared by diluting 1000 mg L−1 atomic absorption spectroscopy standard solutions (Specsol) within linear concentration ranges. The eluent solutions were prepared by diluting appropriate amounts of concentrated HCl (Carlo Erba, 37%) or HNO3 (Carlo Erba, 56%), or a mixture of HCl and Thiourea (Carlo Erba). The pH of the solutions was adjusted by adding diluted HNO3 or NaOH (Sigma-Aldrich) solutions. All vessels were washed with HNO3 (10%; v/v) for at least 24 h, rinsed with deionized water, and dried at room temperature before use.




2.2. Synthesis of the Silica by Co-Condensation


80 mL of ultrapure water, 40 mL of NH4OH (28%) and 4.0 g of Pluronic were mixed in an Erlenmeyer flask, and then the mixture was heated up to 40 °C under stirring until the complete dissolution of Pluronic. Then, 5.0 mL of TEOS and 2.05 mL of CPTS were added to the reaction flask, keeping the agitation for 24 h. Afterwards, this mixture was transferred to a sealed vessel and aged in an oven at 100 °C for 24 h. The precipitated mesoporous silica was then filtered, dried in oven, milled, washed in a Sohxlet system with an ethanol-water solution (1:1, v:v) for 24 h and stored in a desiccator before use. The material produced in this step was called Si-Cl. The steps of this reaction are depicted in Figure 1.




2.3. Characterization of the Material


The modified silica was characterized by infrared spectroscopy using a FTIR spectrometer (Nicolet Nexus 670; Thermo, Waltham, MA, USA). The materials were scanned 200 times at a resolution of 4 cm−1 through transmittance mode using KBr pellets (200 mg) containing 1 mass % of the sample. Specific surface area measurements were carried out in a Micromeritics ASAP2010 apparatus (Micromeritics Instrument Corp.) using 0.5 g of material. Elemental analysis was performed in a Thermo Finnigan Flash 1112 Series EA CHN elemental analyzer with 2.0 mg of the materials. The quantification of Cu(II) and Cd(II) was performed using a flame atomic absorption spectrophotometer (240FS; Agilent, Santa Clara, CA, USA). Scanning electron microscopy (SEM) images were collected in a Quanta 200 SEM (FEI Co.). High-resolution nuclear magnetic resonance (NMR) spectra of the solid materials were obtained in an Agilent DD2 by applying a magnetic field of 5.9 T. The samples were packed in zirconium rotators of 4 mm in diameter. For the 13C-NMR analyses, rotation of magical angle spinning was applied with a frequency of 5 kHz and cross-polarization 1H → 13C. The Hartmann-Hahn contact time was 1 ms, and π/2 pulse of 1H had a duration of 6 µs. During the acquisition of the 13C signal, 1H heteronuclear decoupling was applied with a nutation of 100 kHz. For each spectrum, 20,000 signals were collected for a duration of 5 s. The chemical deviation of 13C was obtained in comparison with tetramethylsilane (TMS), using a solid sample of adamantane as a secondary standard, whose CH2 resonance was observed in 38.6 ppm/TMS. In the 29Si-NMR analyses, a Hahn echo series of π/2-Tr-π with a pulse of π/2 of 7.5 µs, Tr = 200 µs (one period of rotation), and 14,800 acquisitions for a duration of 30 s were applied.




2.4. Functionalization of the Material


The modification of the material’s surface was performed in a double-necked reaction flask. The mixture consisted of 20 mL of DMF, 0.34 g of Purpald, and 0.5 mL of triethylamine, which was stirred and heated to 150 °C. After the dissolution of Purpald, 0.6 g of the activated Si-Cl material was added to the reaction flask and the mixture was stirred for 72 h. Afterwards, the material was filtered under vacuum and washed in DMF at 100 °C for 30 min to remove the excess of ligand molecules. This procedure was repeated twice. Residual DMF was then removed by washing the modified silica in a Soxhlet system for 24 h with an ethanol–water mixture (1:1, v:v), being finally dried at 50 °C for 24 h. The material obtained from this synthesis was named Si-Pu. The synthesis steps are schematically shown in Figure 2.




2.5. Point of Zero Charge (PZC) Experiment


A PZC experiment was accomplished to uncover at which pH the surface of the Si-Pu material exhibited a neutral global charge. In such experiment, 20.0 mg of this material were agitated with 10.0 mL of solutions whose pH varied from 1 to 12. The solutions had their pH adjusted by the addition of HCl or NaOH solutions, and the material samples were agitated for 24 h before measuring the final pH [18].




2.6. Adsorption and Reutilization Experiments


Conventional batch experiments consisted of agitating 20.0 mg of the material with 1.80 mL of metal solution in 2 mL Eppendorf flasks, which were later centrifuged and had the supernatant collected to have its metal content analyzed via FAAS. Parameters such as contact time, pH and metal concentration were varied independently in each experiment. Contact times from 1 to 240 min were studied, and the pH of the solutions was varied from 1 to 6. The effect of the metal concentration was investigated within the range from 1 to approximately 400 mg L−1.




2.7. Off-Line Flow Pre-Concentration System


The experiments in continuous flow were carried out using a peristaltic pump (Minipulse 3, Gilson, France). The material Si-Pu was packed between two Frit disks in commercial SPE cartridges with 9.5 mm of internal diameter to obtain the pre-concentration columns.



The continuous-flow pre-concentration process was carried out in three steps: First, a metal solution aliquot was percolated through the column at a constant flow rate with the aid of the peristaltic pump to have its metal content adsorbed by the packed material. Subsequently, the eluent was also percolated through the column to release the adsorbed metal species from the solid phase. In the next step, the column was washed by percolating abundant deionized water, then to remove residues of the eluent impregnated in the packed material. Once these processes were finished, a new adsorption-desorption cycle was initiated. The typical conditions employed in the experiments were: sample volume = 25.0 mL; analyte concentration = 0.10 mg L−1; mass of material = 50.0 mg for Cu(II) and 100 mg for Cd(II); and eluent volume = 1.0 mL. Preliminary experiments indicated that the most effective eluent for Cu(II) was a 1.0 mol L−1 HCl and 0.2 mol L−1 thiourea solution, whereas, for Cd(II), it was 1.0 mol L−1 nitric acid. In the study about the effect of the concentration of the eluent, the concentration of thiourea remained constant (0.2 mol L−1), whereas only the concentration of HCl varied.



A cyclic adsorption-desorption experiment was also carried out to determine the physical and chemical stability of the synthesized material. This experiment consisted of carrying out cycles of percolation and elution through a packed column containing 40 mg of Si-Pu. Thus, 100 mL aliquots of the Cu(II) (0.10 mg L−1) reference solutions were percolated through the column at a flow rate of 2.5 mL min−1, and the metal elution was performed with 1.0 mL of eluent (a binary solution of 1.0 mol L−1 HCl and 0.2 mol L−1 thiourea) at a flow rate of 1.0 mL min−1. The eluate was collected and had its metal content determined via FAAS. All experiments were accomplished at room temperature (approximately 25 °C).





3. Results and Discussion


3.1. Characterization of the Materials


3.1.1. C and N Elemental Analysis


Carbon and nitrogen elemental analysis were accomplished to quantify the amount of both, the silylant agent and the ligand attached to silica surface. The carbon composition of the material Si-Cl was 13.16 wt.%, and this value allowed determining the amount of attached silylant agent as 3.2 mmol g−1. In turn, the nitrogen composition provided 0.19 mmol g−1 as the amount of ligand anchored on the surface of the silica.




3.1.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


FTIR was employed to identify the organic groups present in the materials obtained after each step of the synthesis. Their spectra can be seen in Figure 3.



In the spectra of the non-modified silica and the modified materials (Si-Cl and Si-Pu), the intense band centered at 3400 cm−1 corresponds to the stretching vibration of O-H bonds from silanol groups (Si-OH) and from water adsorbed onto silica [19]. It is also possible to observe other characteristic silica vibration bands at 1100 cm−1 for these very spectra, which are related to the stretching vibration of νSi-O-Si, and those at 805 and 457 cm−1, corresponding to the bending vibration of δSi-O-Si [19]. As we compare the spectrum of the non-modified silica and that of Si-Cl [Figure 3], it is possible to notice the appearance of threebands at 2950 cm−1, related to the stretching vibration of C-H bonds; at 645 cm−1, assigned to the vibration of Si-CH2 groups; and at 698 cm−1, associated to the vibration of C-Cl bonds [19]. These results support the occurrence of the organofunctionalization of silica with the silylant agent.



By comparing the spectra of Si-Cl and that of Si-Pu (Figure 3), we may observe a significant alteration of the spectrum for the material Si-Pu in the spectral region of 1635–1643 cm−1, which was associated to the symmetrical angular deformation of N-H bonds [19] from the ligand. Another noteworthy difference is the disappearance of the band attributed to the vibration of C-Cl bonds at 645 cm−1 for Si-Pu, indicating that the chlorine atoms on the surface of the material Si-Cl were substituted by the ligand molecules. Additionally, the strong stretching band of N-H groups, usually located in the spectral region of 3300–3500 cm−1, could not be detected. This probably occurred because the broad O-H stretching band of silica overlapped with those of the N-H bands at such a region.




3.1.3. Determination of the Specific Surface Area by the BET Method


The analysis of gas adsorption is an important technique to characterize the textural properties of the samples, since it provides information on the material’s surface area, pore volume and pore size distribution. This analysis indicated that the nitrogen adsorption onto the material Si-Pu have a type-IV isotherm, accompanied by a type-HI hysteresis. According to IUPAC, such features are characteristic of cylindrically-shaped mesopores [20].



To evaluate the contribution of the organic content to the surface features of the Si-Pu material, it was calcined and had its surface area measured for comparison. The values for the surface area obtained by the BET method, the average pore size determined by the BJH method and average pore volume of the modified (Si-Pu) and calcined (Si-Pucalcined) materials can be seen in Table 1.



The results expressed in Table 1 demonstrate that the surface area of the calcined material is significantly greater than that of the organofunctionalized silica. This observation was expected since the calcination process removed the organic coverage from this material, resulting in an increase in surface area and in average pore volume for the calcined material. Finally, we may also notice from Table 1 that the organofunctionalization process did not considerably affect the average pore diameter for Si-Pu, thus not restraining the access of metal ions to the internal adsorption sites residing inside the material’s pores.




3.1.4. Scanning Electron Microscopy (SEM)


In Figure 4, we can find a micrograph of the Si-Pu material collected by SEM. This image demonstrates that the particles of the material present neither regular particle sizes nor prevalent morphology. As can be noted from this figure, the particle sizes vary from few micrometers up to tens of micrometers.




3.1.5. 29Si- and 13C-NMR Analysis


The 29Si-NMR was employed to verify the effective formation of the intermediate material Si-Cl, and the collected spectrum is shown in Figure 5.



In the 29Si-NMR spectrum of Figure 5, it is possible to observe Q4-type resonances corresponding to SiO4 species (53%), Q3-type resonances of (SiO)3SiOH groups (21%) and T3-type resonances associated to (SiO)3SiR groups [21], which may also include not-well resolved T2-type resonances of (SiO)2SiR(OH) groups [21].



Both materials Si-Cl and Si-Pu underwent a 13C-NMR analysis to verify coupling of the ligand (Purpald) onto the surface of the intermediate hybrid material (Si-Cl). The collected spectra can be found in Figure 6.



Based on the collected spectra, it was possible to confirm the formation of the material organofunctionalized with the silylant agent, since the chemical shift at 9.8 ppm is characteristic for Si-C bonds. Additionally, chemical shifts associated to Si-Cl bonds were also observed at 45.7 and 53.6 ppm.



As we analyze the spectrum of the Si-Pu, resonances compatible with N=C–S bonds are observed. Despite the decrease of the C–Cl peak intensity, it cannot be neglected, since we can find peaks in the spectral region from 44 to 50 ppm. The broadening of the peaks in the spectrum is large and can correspond to CH2 groups. The signals between 1.0 and 10 ppm may correspond to Si–C. The peaks between 20 and 30 ppm could be assigned to CH2, and those between 30 and 40 ppm, to SCH2. Furthermore, whereas N=C–S could be found around 150 ppm, N2C=C was found around 170 ppm. These peaks demonstrated a good correspondence with those reported for Purpald [22].





3.2. Adsorption Experiments


3.2.1. pH Effect


The adsorption capacity of the material Si-Pu was determined through Equation (1), where Nf is the adsorption capacity of the material in mmol g−1 for a given condition, ni is the initial quantity of metal in the solution (mmol), nf is the final quantity of metal in the solution (mmol) and m is the mass of material (g).


   N f  =    n i  −  n f   m   



(1)







The material Si-Pu was tested for the adsorption of Cu(II) and Cd(II) under different pH conditions and the results are shown in Figure 7.



The adsorption of both metal species increased as the pH varied from 2 to 6. While Cu(II) ions reached a maximum adsorption at pH 5, Cd(II) ions reached maximum adsorption at pH 3, then retaining a nearly constant adsorption capacity up to pH 6. This behavior is commonly described for the adsorption of metal ions and it is explained in terms of the protonation of the material’s surface. At low pH, H+ species compete for the adsorption sites at the surface of the material, leading to the protonation of the material’s surface groups, which attribute them positive charges. This repels metal cations in the medium, hindering their adsorption at the surface of the adsorbent. Accordingly, this effect was further corroborated by the PZC experiment, which indicated that the surface of the material is neutrally charged at pH 6.17, and positively charged at pH < 6.17. Thus, as the pH approaches the PZC condition, the surface protonation becomes less pronounced, and metal cations can adsorb more effectively to the material’s adsorption sites, as noticed by the observed increase in adsorption (Figure 7).




3.2.2. Adsorption Kinetics


The study of the adsorption kinetics allows determining the minimum dynamic contact time for the metal adsorption to reach equilibrium as well as to infer the interfacial phenomena intrinsic to different kinetic models. To investigate the material’s kinetic adsorption behavior towards the different metal ions, the metal solutions had their pH adjusted to their respective optimum conditions, as presented in Section 3.2.1.



The isotherms collected in these experiments are shown in Figure 8. They indicated a slow adsorption kinetics, reaching equilibrium at ~120 min for both metal species.



To determine the mass transfer mechanisms and the nature of the adsorption reaction, the collected data was inserted in the linearized pseudo-first- and pseudo-second-order kinetic models [23], as expressed by Equations (2) and (3):


  log  (   N e  −  N f   )  = log  N e  −    k 1  t   2.303    



(2)






   t   N f    =    1   k 2   N e 2    +  1   N e    t  



(3)




where Ne and Nf t are the concentrations of metal ions adsorbed (mmol g−1) in equilibrium and at time t (min), respectively. k1 (min−1) corresponds to the pseudo-first-order kinetic model, while k2 is the pseudo-second-order-kinetic constant (mmol g−1 min−1). t is the contact time (min).



Whereas the pseudo-first-order kinetic model implies that the rate for the occupation of the adsorption sites is proportional to the number of unoccupied sites [24], the pseudo-second-order kinetic model indicates that the surface-adsorbate interaction occurs by means of chemisorption (covalent bonds are formed) [25]. By fitting the experimental data to each model, it was possible to calculate their respective correlation coefficients, kinetic constants and adsorption capacity at equilibrium, as shown in Table 2.



According to Table 2, the pseudo-second-order kinetic model provided very high correlation coefficients towards the adsorption of Cu(II) and Cd(II) metal ions, and the calculated adsorption capacity at equilibrium for this model [Ne (cal.)] demonstrated good agreement with the experimental adsorption capacities obtained at the greatest times for both metal ions. In contrast, the pseudo-first-order kinetic model provided neither high correlation coefficients, nor good agreement between calculated and experimental data. Therefore, the pseudo-second-order kinetic model best describes the kinetic adsorption behavior of the material Si-Pu. In addition, as mentioned previously, this model indicates that the metal-surface interaction occurs by means of chemisorption [26].




3.2.3. Determination of the Maximum Adsorption Capacity


Batch experiments were performed under optimized pH and contact time conditions to determine the maximum adsorption capacity of the material Si-Pu. The results are plotted in Figure 9.



We can notice a typical adsorptive behavior for the different isotherms of Figure 9, in which the adsorption capacity increases gradually until high metal concentrations saturate the material’s surface. Similarities apart, the adsorption capacities obtained for each metal ion was quite discrepant. While the Cu(II) reached a maximum adsorption capacity of nearly 0.06 mmol g−1, that obtained for Cd(II) provided less than 0.02 mmol g−1. This observation may be explained by the greater ionic radius of Cd(II), in comparison to that of Cu(II), therefore posing a greater steric hindrance to free Cd(II) cations to adsorb once a monolayer is nearly formed.



The linearized Langmuir and Freundlich equations were evaluated to find the most suitable adsorption model to describe the adsorptive performance of the material Si-Pu towards the different analytes. Whereas the Langmuir model considers that all the adsorption sites have identical energies, and that each site may accommodate only one adsorbate, thus giving rise to a monolayer at saturation condition, the Freundlich model involves a reversible adsorption process on a heterogeneous surface, associated to a non-uniform surface energy distribution and to the formation of multilayers [27]. For the linearized Langmuir and Freundlich equations (Equations (4) and (5), respectively), Nf is the amount of metal adsorbed at equilibrium (mmol g−1); Cs is the concentration of the metal at equilibrium (mmol L−1); Ns is the maximum adsorption capacity considering the formation of a monolayer (mmol g−1); b is an adsorption constant (L mmol−1) related to the surface’s affinity for a given adsorbate (higher values imply the formation of stronger bonds); and Kf and n are Freundlich constants associated to the adsorption capacity and adsorption intensity, respectively.


     C s     N f    =    C s     N s    +  1  b  N s       



(4)






  log  N f  = log  K f  +  1 n  log  C s   



(5)







The results from fitting the experimental data into both models are expressed in Table 3. As can be noted from this table, both models exhibited high correlation coefficients for the adsorption of Cu(II), with the Langmuir model tending to present a slightly higher value. Furthermore, as we compare the maximum adsorption capacity for the adsorption of Cu(II) calculated by this model (Ns), with its respective experimental maximum adsorption capacity [Nf (max)], we can notice that the Langmuir model led to a good prediction. In the case of the adsorption of Cd(II), the Freundlich model provided a far greater correlation coefficient than that obtained from the Langmuir model. We propose an explanation for the diverging models obtained for each metal cation based on the interactions between hard and soft acids (cations) and hard and soft bases (N- or S-based adsorption sites from the ligand molecules), as proposed by Pearson [28]. According to Pearson, soft bases (such as sulfhydryl groups) would preferentially interact with soft acids [such as Cd(II)], whereas hard bases would interact preferentially with hard acids. This concept is also applied to intermediate bases (such as N-based groups) and intermediate acids [such as Cu(II)]. Thus, while the Cu(II) cations would be preferentially adsorbed by the nitrogenated groups of the ligand (intermediate acid-base pairs), Cd(II) would be preferentially adsorbed by its sulfhydryl group (soft acid-base pairs). As indicated in Figure 2, we believe that the anchoring of the ligand molecule is more likely to have occurred through the sulfhydryl group, nonetheless, this reaction may also have partially occurred via the nitrogenated groups of the ligand molecules. Considering that the ligand molecule possesses a greater amount of nitrogenated groups than sulfhydryl groups, it is reasonable to imagine that the sulfhydryl groups from distinct immobilized ligand molecules would be located at variable steric positions, depending on which nitrogenated group the anchoring of the ligand occurred. On the other hand, for the ligands anchored through the sulfhydryl group, a much more uniform orientation of these molecules is expected, since only one anchoring position is possible. Consequently, whereas Cd(II) ions find HS– adsorption sites heterogeneously distributed in the surface of the Si-Pu material, which exhibit distinct steric hindrances from site-to-site, Cu(II) ions find a more homogeneous and equivalent distribution of N based adsorption sites. Therefore, the adsorption of Cu(II) was best described by the Langmuir model, while Cd(II) adsorption exhibited a better correlation for the Freundlich model. We further believe that the different availability of soft and intermediate adsorption sites may also partly explain the greater adsorption capacity for Cu(II) ions, in comparison to that for Cd(II), besides the aforementioned discussion on the ionic radii.



The determination of the material’s maximum adsorption capacity for the metal ions enabled the comparison of its adsorptive performance with those of other silica-based adsorbents, as summarized in Table 4. According to this table, the Si-Pu material is not among the most efficient materials of the kind for the removal of Cu(II) and Cd(II), but it presents an adsorption capacity comparable to those of other silica-based materials.





3.3. Preconcentration Experiments


3.3.1. Optimization of the Parameters of the Preconcentration System for Cu(II) and Cd(II)


The parameters that may play important roles in off-line preconcentration systems for Cu(II) and Cd(II), individually, as well as their levels and analytical responses (absorbance average (duplicate) divided by the preconcentration time) yielded the complete 24 factorial planning, therefore encompassing 16 experiments, as summarized in Table 5.



On the basis on the analytical responses, the contributions from the different variables were evaluated in terms of the Analysis of Variance (ANOVA) and the level of significance observed from the p-values. The results expressed as a Pareto chart can be found in the Supporting Information (Figures S1 and S2), and indicated that the flow rate (SF) consists of significant parameters for both analytes, with positive effects for Cu(II) (20.17) and for Cd(II) (4.73). Such a result was expected, since the preconcentration time is inversely proportional to the flow, therefore an increase in the flow rate implies in an increase of the analytical throughput. Regarding the preconcentration of Cu(II), the parameter buffer concentration (BC) demonstrated to have a negative effect (−4.92), which indicated that the analytical response tend to increase as the buffer concentration decreases to the lower concentration used in this study. Contrastingly, this parameter was not significant in the case of Cd(II). The parameter of the eluent concentration (EC) also affected both analytes. It had a negative effect towards Cu(II) ions (−4.17) and positive towards Cd(II) ions (3.02). The positive result implies that the analytical response for Cd(II) tends to be greater as more concentrated is the eluent concentration, and the negative result indicated the opposite effect for the extraction of Cu(II) ions. Whereas the pH did not significantly affect the extraction of Cu(II), this parameter had a considerable effect in the case of Cd(II) (11.13). This happened because, at a pH greater than 7.0, the ligand is found deprotonated, thus favoring the interaction between Cd(II) and the adsorption sites at the material’s surface.



The aforementioned results enabled the optimization of the conditions (summarized in Table 6) to perform the preconcetration of Cu(II) and Cd(II) using the material Si-Pu in SPE.



During the experimental planning, an individual SPE column was used for each ion. The Si-Pu column demonstrated to be highly resistant to the sequential preconcentration-elution processes, since no significant loss of the analytical response was noticed for at least 40 cycles. The possibility of reusing the adsorbent material multiple times is also an interesting aspect, since it contributes for the reduction of costs and prevents the generation of residues.




3.3.2. Effect of Potentially-Interfering Ions for the Preconcentration of Cu(II) and Cd(II)


Considering that the proposed method aims its application for different sources of water, and that distinct matrices may contain a diversity of other ions at varied concentrations, a study to evaluate the effect of potentially-interfering metal ions coexisting in the medium was carried out, and the collected data may be found in Table 7. An interference is defined as a deviation of approximately ± 10% in the analytical response, when potentially-interfering ions coexist in the same medium as the analyte ions, in comparison to the response of the sole analyte. From the collected data, it is possible to observe that all the evaluated common ions found in water/natural waters do not affect the determination of any of the studied analyte species at any tested concentration.




3.3.3. Figure of Merit for the Cu(II) and Cd(II) Preconcentration System


The analytical performance of the proposed preconcentration method was evaluated under the optimized conditions expressed in Table 6. The equations of the analytical curves (established with and without the preconcentration procedure), the preconcentration factors (PF) and the detection (DL) and quantification limits (QL) are shown in Table 8.



The preconcentration factors were calculated from the ratio between the slopes of the analytical curves with (b′) and without preconcentration (b), as shown in Equation (6) [35]. They demonstrated a remarkable enhancement in the sensitivity of the method due to the implementation of the preconcentration step for both analytes.


  P F =    b ′   b   



(6)







Table 9 presents the analytical performances of different SPE methods applied in the preconcentration of Cu(II) and Cd(II), as well as the variables involved in the processes. As can be seen, the PFs obtained in this study were not among the highest values found in the literature, however high PFs are very frequently associated with the processing of high sample volumes, which significantly reduce the analytical throughput. Thus, taking into account the relatively small sample volumes used in our experiments and the high analytical throughput (10 adsorption-desorption cycles/h), it was possible to obtain excellent quantification and detection limits by the proposed method.




3.3.4. Determination of Metal Ions in Real Samples


The proposed method was applied to different water samples, which included river water, tap water, mineral water and well water. The exactitude of the method was evaluated by means of the addition and recovery of the analytes from the samples, and the results can be found in Table 10. As can be noted from this table, for most of the analyzed water samples, the quantification of Cu(II) and Cd(II) yielded results in good agreement between the two methods (with and without metal addition), indicating that the proposed preconcentration method is effective for a reliable determination of Cu(II) and Cd(II) in diverse sorts of water samples.






4. Conclusions


The production of a novel mesoporous-silica-based material by means of the co-condensation technique utilizing a silylant agent and the compound Purpald as ligant was accomplished. The produced material presents interesting characteristics for its application in SPE, such as high surface area, large average pore diameter and good organofunctionalization ratio. 29Si- and 13C-NMR analyses confirmed both the silanization and the organofunctionalization of the material’s surface with Purpald. The adsorption data demonstrated good agreement with the pseudo-second-order kinetic model, thus indicating that the analyzed metal species are chemisorbed onto the material. The modified material could be successfully applied for the quantification of Cu(II) and Cd(II) from different water samples through SPE. In addition, it was verified that a diversity of water contaminants does not affect the adsorption of Cu(II) and Cd(II). The adsorbent material also presented a remarkable reutilization resistance, enduring at least 40 preconcentration cycles with no evident loss in its metal extraction capacity. Therefore, the mesoporous silica modified with Purpald can find practical applications for the determination of metal species through SPE using less-expensive techniques, such as FAAS.
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Figure 1. Co-condensation reaction between TEOS and CPTS to produce the material Si-Cl. 
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Figure 2. Modification reaction of the Si-Cl material in the presence of the ligand molecule (Purpald) to obtain the material Si-Pu. 
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Figure 3. Infrared spectra of the non-modified silica, the material Si-Cl, the ligand (Purpald) and the functionalized material (Si-Pu). 
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Figure 4. SEM image of the material Si-Pu. 
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Figure 5. 29Si-NMR spectrum of the modified material Si-Cl. 
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Figure 6. 13C-NMR spectra of the materials Si-Cl and Si-Pu. 
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Figure 7. Effect of pH on the adsorption of Cu(II) and Cd(II). Mass of adsorbent = 20.0 mg; solution volume = 1.80 mL. 
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Figure 8. Adsorption isotherms for Cu(II) (a) and Cd(II) (b). Mass of adsorbent = 20.0 mg; solution volume = 1.80 mL. 
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Figure 9. Isotherms for the adsorption of Cu(II) and Cd(II) in function of the metal concentration. 
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Table 1. Results of the nitrogen adsorption for the organofunctionalized material before and after calcination.
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	Sample
	a SBET (m2 g−1)
	b DBJH (nm)
	c V (cm3 g−1)





	Si-Pucalcined
	489.24 ± 1.12
	7.1
	0.89



	Si-Pu
	369.84 ± 1.15
	7.1
	0.85







a SBET = Specific surface area as calculated by the BET method; b DBJH = Average pore size diameter as calculated by the BJH method; c V = Average pore volume.
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Table 2. Parameters for the pseudo-first- and pseudo-second-order kinetic models and their respective correlation coefficients for each metal ion. The experimental adsorption capacity of Si-Pu for the greatest contact time is also found for comparison.
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Metal

	
Nf (exp) (mmol g−1)

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
k1 (min −1)

	
Ne (cal.) (mmol g−1)

	
R2

	
k2 (mmol g−1 min−1)

	
Ne (cal.) (mmol g−1)

	
R2






	
Cu(II)

	
0.032

	
−2.6 × 10−4

	
0.0304

	
0.708

	
10.1

	
0.0326

	
0.999




	
Cd(II)

	
0.0031

	
−1.3 × 10−5

	
0.029

	
0.519

	
60.5

	
0.00305

	
0.992
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Table 3. Parameters and correlation coefficients for Langmuir and Freundlich models. The obtained experimental maximum adsorption capacities for each metal can also be found for comparison.
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Metal

	
Nf (max) (exp.) (mmol g−1)

	
Langmuir

	
Freundlich




	
Ns (mmol g−1)

	
b

(L mmol−1)

	
R2

	
Kf (mg g−1)

	
1/n

	
R2






	
Cu(II)

	
0.057

	
0.064

	
3.334

	
0.993

	
0.382

	
0.549

	
0.946




	
Cd(II)

	
0.018

	
0.022

	
45.70

	
0.601

	
0.039

	
0.825

	
0.985
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Table 4. Adsorption capacity of silica-based adsorbents for the extraction of Cu(II) and Cd(II).






Table 4. Adsorption capacity of silica-based adsorbents for the extraction of Cu(II) and Cd(II).





	
Adsorbent

	
Maximum Adsorption Capacity

(mmol g−1)

	
Reference




	
Cu(II)

	
Cd(II)






	
Silica modified with 4-amino-2-mercaptopyrimidine

	
0.0123

	
0.0006

	
[29]




	
Silica modified with calix[4]arene

	
0.026

	
--------

	
[30]




	
Silica gel modified with diethylenetriamine and calcium alginate

	
0.123

	
--------

	
[17]




	
Multi-carboxyl-functionalized silica gel

	
0.740

	
0.369

	
[31]




	
Diamine modified mesoporous silica on multi-walled carbon nanotubes

	
1.047

	
--------

	
[32]




	
Silica modified with polyhexamethylene guanidine and Arsenazo I

	
0.06

	
--------

	
[15]




	
Amino-functionalized hollow core–mesoporous shell silica spheres

	
--------

	
1.69

	
[33]




	
Silica-polypyrrole nanocomposite

	
0.02

	
0.01

	
[34]




	
Mesoporous silica modified with Purpald

	
0.057

	
0.018

	
This work
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Table 5. Levels of variables for the 24 factorial planning, matrix and the results of the planning towards the determination of Cu(II) and Cd(II) through the preconcentration system.
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Variable

	
Abbreviation

	
Cu(II)

	
Cd(II)




	
Low (−)

	
High (+)

	
Low (−)

	
High (+)






	
pH

	
pH

	
4.0

	
8.0

	
5.1

	
8.0




	
Buffer concentration (mol L−1)

	
BC

	
0.01

	
0.1

	
0.01

	
0.1




	
Eluent concentration (mol L−1)

	
EC

	
0.5

	
2.0

	
0.5

	
2.0




	
Sample flow (mL min−1)

	
SF

	
2.0

	
5.0

	
2.0

	
5.0




	

	
Abs./Time




	
Experiment

	
pH

	
BC

	
EC

	
SF

	
Cu(II)

	
Cd(II)




	
01

	
−

	
−

	
−

	
−

	
0.01

	
0.002096/0.002632




	
02

	
+

	
−

	
−

	
−

	
0.0097

	
0.0056/0.004224




	
03

	
−

	
+

	
−

	
−

	
0.0089

	
0.002088/0.003248




	
04

	
+

	
+

	
−

	
−

	
0.0087

	
0.003128/0.003144




	
05

	
−

	
−

	
+

	
−

	
0.0091

	
0.003232/0.003024




	
06

	
+

	
−

	
+

	
−

	
0.0094

	
0.005264/0.0056




	
07

	
−

	
+

	
+

	
−

	
0.0083

	
0.003824/0.004856




	
08

	
+

	
+

	
+

	
−

	
0.0088

	
0.004488/0.004848




	
09

	
−

	
−

	
−

	
+

	
0.0199

	
0.00712/0.00594




	
10

	
+

	
−

	
−

	
+

	
0.0231

	
0.0168/0.01526




	
11

	
−

	
+

	
−

	
+

	
0.0189

	
0.00642/0.00938




	
12

	
+

	
+

	
−

	
+

	
0.0177

	
0.01904/0.1486




	
13

	
−

	
−

	
+

	
+

	
0.0169

	
0.0053/0.0057




	
14

	
+

	
−

	
+

	
+

	
0.0202

	
0.01586/0.01604




	
15

	
−

	
+

	
+

	
+

	
0.0142

	
0.01152/0.01318




	
16

	
+

	
+

	
+

	
+

	
0.015

	
0.01574/0.01384
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Table 6. Optimized conditions for the preconcentration of Cu(II) and Cd(II) using Si-Pu in SPE.
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Parameter

	
Magnitude of the Parameter




	
Cu(II)

	
Cd(II)






	
Sample volume (mL)

	
25

	
25




	
Adsorbent mass (mg)

	
50

	
100




	
Sample flow (mL min−1)

	
5.0

	
5.0




	
Eluent type

	
HCl + thiourea

	
HNO3




	
Eluent concentration (mol L−1)

	
0.5 HCl + 0.2 thiourea

	
2.0




	
Buffer concentration (mol L−1)

	
0.01

	
0.01




	
pH

	
8.0

	
8.0
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Table 7. Influence of coexisting ions in the preconcentration of Cu(II) and Cd(II).
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Analyte

	
Interfering Ion

	
Recovery (%) for Distinct Analyte:Interfering Ion Ratios




	
1:5

	
1:10

	
1:25

	
1:50

	
1:100

	
1:500

	
1:1000

	
1:1500






	
Cu(II)

	
Na+

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------

	
100.5

	
-------




	
K+

	
-------

	
-------

	
-------

	
-------

	
-------

	
102.4

	
-------

	
-------




	
Ca2+

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------

	
105.5

	
-------




	
Mg2+

	
-------

	
-------

	
-------

	
-------

	
-------

	
98.0

	
-------

	
-------




	
Fe3+

	
-------

	
101.7

	
-------

	
92.3

	
-------

	
-------

	
-------

	
-------




	
Ba2+

	
-------

	
-------

	
-------

	
-------

	
-------

	
96.1

	
-------

	
-------




	
SO42−

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------

	
99.4

	
-------




	
H2PO4−

	
-------

	
-------

	
-------

	
-------

	
-------

	
100.4

	
-------

	
-------




	
Cl−

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------

	
100.5




	
Cd(II)

	
Na+

	
104.1

	
101.5

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------




	
K+

	
-------

	
-------

	
-------

	
-------

	
-------

	
101.8

	
-------

	
-------




	
Ca2+

	
109.8

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------




	
Mg2+

	
-------

	
-------

	
94.0

	
-------

	
-------

	
-------

	
-------

	
-------




	
Fe3+

	
103.6

	
97.6

	
-------

	
-------

	
-------

	
-------

	
-------

	
-------




	
Ba2+

	
-------

	
-------

	
102.9

	
-------

	
-------

	
-------

	
-------

	
-------




	
SO42−

	
-------

	
-------

	
-------

	
-------

	
94.5

	
-------

	
-------

	
-------




	
H2PO4−

	
-------

	
-------

	
102.0

	
-------

	
-------

	
-------

	
-------

	
-------
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Table 8. Analytical performance of the proposed preconcentration method.
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	Analyte
	Curve without Preconcentration + (Correlation Coefficient)
	Curve with Preconcentration + (Correlation Coefficient)
	PF
	DL

(µg L−1)
	QL

(µg L−1)





	Cu(II)
	Abs = 0.150 × [Cu2+] + 0.0033 (R2 = 0.999)
	Abs = 2.722 × [Cu2+] + 0.0157 (R2 = 0.999)
	18.1
	1.45
	4.8



	Cd(II)
	Abs = 0.335 × [Cd2+] + 0.0031 (R2 = 0.999)
	Abs = 5.268 × [Cd2+] + 0.0032 (R2 = 0.999)
	15.8
	0.38
	1.27
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Table 9. Major analytical features of distinct SPE methods for the determination of Cu(II) and Cd(II).
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Material

	
Ion

	
DL

(µg L−1)

	
PF

	
Sample Volume (mL)

	
Reference






	
Fe3O4@C nanoparticles modified with 1-(2-thiazolylazo)-2-naphtol

	
Cu(II)

	
1.5

	
50

	
100

	
[36]




	
Silica gel funcionalized with N-(2-aminoethyl)-2,3-dihydroxybenzaldimine

	
0.098

	
100

	
500

	
[37]




	
Amberlite XAD-4 modified with N-para-anisidine-3,5-di-tert-butylsalicylaldimine

	
0.56

	
125

	
50

	
[38]




	
Nano-TiO2 modified with 2-mercaptobenzothiazole

	
0.15

	
83.3

	
250

	
[39]




	
Nitroso-R salt impregnated magnetic Ambersorb 563

	
5.8

	
15

	
30

	
[40]




	
Modified graphene

	
0.06

	
280

	
1400

	
[41]




	
Mesoporous silica organofunctionalized with Purpald

	
1.45

	
18.1

	
25

	
This work




	
Melon peel biochar modified with CoFe2O4

	
Cd(II)

	
1.82

	
50

	
250

	
[42]




	
Nitroso-R salt impregnated magnetic Ambersorb 563

	
1.4

	
15

	
30

	
[40]




	
zeolite modified with l-cysteine

	
0.04

	
400

	
800

	
[43]




	
Magnetic nanoparticles modified with surfactant

	
3.71

	
100

	
100

	
[44]




	
Juglans regia L. shells modified with hydrazine hydrate

	
0.18

	
30

	
150

	
[45]




	
Ion-imprinted nanoparticles

	
0.3

	
14

	
10

	
[35]




	
Mesoporous silica organofunctionalized with Purpald

	
0.38

	
15.8

	
25

	
This work
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Table 10. Determination of Cu(II) and Cd(II) in water samples, with and without the addition of a standard metal solution.
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Sample

	
Ion

	
Added

	
Found *

	
Recovery (%)






	
River water 1

	
Cu(II)

	
0.0

	
19.79 ± 3.03

	
----------




	
50.0

	
67.86 ± 1.62

	
97.3




	
Cd(II)

	
0.0

	
5.42 ± 0.69

	
----------




	
10

	
16.05 ± 0.91

	
104.1




	
River water 2

	
Cu(II)

	
0.0

	
69.76 ± 1.77

	
----------




	
50.0

	
115.70 ± 1.94

	
96.6




	
Cd(II)

	
0.0

	
0.64 ± 0.21

	
----------




	
10

	
11.24 ± 0.63

	
105.6




	
Tap water

	
Cu(II)

	
0.0

	
<LD

	
----------




	
100.0

	
105.37 ± 2.13

	
105.4




	
Cd(II)

	
0.0

	
1.91 ± 0.22

	
----------




	
10

	
12.29 ± 0.57

	
103.2




	
Mineral water

	
Cu(II)

	
0.0

	
<LD

	
----------




	
100.0

	
105.83 ± 3.71

	
105.8




	
Cd(II)

	
0.0

	
0.55 ± 0.22

	
----------




	
10

	
11.29 ± 0.61

	
103.2




	
Underground water

	
Cd(II)

	
0.0

	
3.18 ± 1.58

	
----------




	
10

	
13.24 ± 2.27

	
100.5








* Results expressed as the average value ± standard deviation, as calculated from a triplicate of measurements.
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