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Abstract

:

In this work, a method to determine Pb(II) ions in model water is presented; the method is based on the fluorescence emission of a silver nanoclusters (AgNCs) colloidal solution, which is sensitive to lead ions. The presence of Pb(II) ions causes a photoemission enhancement of the AgNCs solution dependent on the pollutant concentration. The functional dependence is logarithmic in the range from 2.5 to 40 µM, and through the linearization of the calibration points, a linear function is determined and exploited for the extrapolation of the test Pb(II) concentrations with a precision estimated by relative standard deviation (RSD) ranging from 21% to 10% from the highest to the lowest Pb(II) quantity, respectively. Finally, inductively coupled plasma–optical emission spectroscopy (ICP-OES) successfully validated the described method. The accuracy of the method is also studied for intentionally polluted mineral waters, revealing the same trend of the model water: the lower the concentration, the higher the precision of the method.
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1. Introduction


Heavy metal pollution is becoming a severe problem all over the world, since these toxic metals enter into the environment either by natural phenomena or due to extensive industrialization. The discharged effluents containing toxic heavy metals mix with soil/water and change their natural composition [1], reaching living beings through the food chain and causing damage to their health. One of the most common metal pollutants is the Pb(II) [2], which is able to cause many serious health issues such as anemia, kidney damage, reproductive/fertility problems and brain or nervous system damage [3,4].



The evaluation of lead contamination quickly and accurately represents a challenge. Analytical techniques with high selectivity and sensitivity are employed to detect water pollutants, such as atomic absorption spectroscopy [5,6], atomic emission spectroscopy [7,8], chromatography [9,10], or mass spectrometry [11,12], but these methods are expensive and time consuming, mainly due to the sample preparation [13].



Optical methods based on a change in UV/VIS absorption [14,15] and/or fluorescence [16,17] spectra induced by the presence of pollutants can be valid and complementary alternatives to the above-mentioned analytical methods. In particular, nanomaterials, presenting specific optical features, such as noble metal nanostructures [18,19,20,21,22] or quantum dots [23,24], have been recently investigated. The photonic approach shows many advantages with respect to the analytical ones, such as low costs in terms of instrumentations, no pre-treatments of samples (for instance, pre-concentration processes) and the ease of readout.



In this work, we report a complementary method based on the fluorescence spectroscopy to reveal the presence of Pb(II) in model waters. Silver nanoclusters (AgNCs) stabilized by poly(methacrylic acid) (PMAA) have been employed as fluorescent species responsive to the presence of Pb(II) ions, since the emission from AgNCs is enhanced if the colloidal solution is kept in contact with lead ions [25].



A calibration curve (monitoring the photoluminescence of the AgNCs solution) was accomplished, by changing the Pb(II) concentration in the colloidal system in the range 2.5–40 µM. A linear behavior is observed in the plot of the ratio (F/F0) between the fluorescence emission in presence (F) and in absence (F0) of Pb(II) ions as a function of the logarithm of lead concentrations, and a linear regression function has been calculated by a fitting procedure of the experimental points. By measuring the photoemission of AgNCs polluted with different Pb(II) concentrations as tests and exploiting the linear function, it was possible to extrapolate the lead quantities in water. Finally, inductively coupled plasma–optical emission spectroscopy (ICP-OES) was employed to validate this protocol. The test concentrations obtained by this technique were in good agreement with those extrapolated by the fluorescence spectroscopy, especially for the low lead quantities. The final scope of this paper is the evaluation of the precision of our protocol.




2. Materials and Methods


2.1. Chemicals


Silver nitrate (AgNO3), poly(methacrylic acid) sodium salt solution (MW = 9400, 30% wt. in water), ethanol (>99.8%) and nitric acid HNO3 (70%) were purchased from Merck. Table 1 shows the list of the metal ions investigated. All metal precursors were purchased from Merck. All reagents were used without any further purifications. All the water solutions were prepared with deionized water with resistivity equal to 18.2 MΩ/cm2 (Semplicity® UV, Merck, Germany).




2.2. Synthesis of Pb(II) Ions Sensor (AgNCs-PMAA)


Silver nanoclusters were synthesized according to the protocol presented in previous papers [25,26,27]: in brief, a fresh water solution of AgNO3 and PMAA solution were mixed and the pH was adjusted to 4.00 by adding HNO3, giving the right structural conformation to polymer chains and preventing the aggregation of the future AgNCs. The solution was exposed to the UV radiation for 6 min (300 W, Newport, Oriel Instruments, Irvine, CA, USA) to trigger the reduction of Ag+ to Ag0. During all the UV exposition, nitrogen gas was fluxed on the solution surface to hamper the oxidation of the growing AgNCs.



A centrifugation process (20 min at 10,000 rpm, Thermo Scientific, Heraeus Megafuge 8, Waltham, MA, USA) was applied to the solution and the supernatant was collected to improve the mono-dispersion of the AgNCs. The final solution was kept in the dark, at T = 4 °C. Subsequently, the colloidal solution was diluted 10-fold to avoid optical reabsorption processes during fluorescence measurements and to have an adequate sensitivity to the lead presence, and it was left at room temperature in the dark for 2–3 days to stabilize the fluorescence emission before use in the tests.




2.3. Optical Characterization


The photoemission of the AgNCs solution was investigated in order to evaluate the response stability as a function of time, temperature, and in presence of Pb(II) ions. The stability was evaluated under four different conditions. The signal intensity was monitored every 5 min for 60 min under continuous LED excitation (430 nm at 60 μW) and without any optical excitation. The temperature stability of the solution was also checked monitoring the signal before and after a warming up (from room temperature (RT) to Tfinal = 50 °C) and a cooling down process (from T = 50 °C to RT). The solution was checked for a cooling down (from RT to Tfinal = 8 °C), and a subsequent warming-up process to RT. The emission signals were also monitored in the following three days (except for the sample under continuous LED beam, for practical reasons). Finally, the initial AgNCs solution was polluted with 2.5 and 30 μM of Pb(II), and the fluorescence intensity was studied for three days, to evaluate the interaction rate between the lead ions and the silver nanoclusters. Due to the slow interaction rate of the lead ions and the AgNCs, a stabilization time of 24 h was necessary, and this time was set as the standard one for calibration and sample measurements (see Section 3).




2.4. Selectivity and Interferogram in Presence of Different Metal Ions


The selectivity of the AgNCs-PMAA was performed with different metal ions, listed in Table 1. One solution for each metal ion was synthesized in deionized water with a concentration of 2.5 µM as test quantity. The fluorescence of the polluted AgNCs solutions was recorded after 24 h of interaction. An AgNCs solution without any contamination was used as signal reference.



The interference of other metal ions versus Pb(II) was also investigated, by mixing Pb(II) water solution with another metal ion with the ratio 1:1. The concentration of each of ion was 2.5 µM. The emission spectra of the samples were measured after 24 h of interaction. Each test was repeated in triplicate.



The results are shown in the supporting information; the AgNCs-PMAA solution showed a good selectivity towards Pb(II) and Hg(II) ions, increasing and decreasing the emission of AgNCs-PMAA, respectively. The interference tests have shown that only in the presence of a possible contamination of the water by mercury could the method lead to an erroneous detection of the quantity of Pb(II).




2.5. System Calibration, Test Solutions, and Tests in Real Waters


A water solution of Pb(II) with a concentration of 6000 μM was prepared; this solution has been called Reference. To determine the calibration curve, different volumes of Reference solution were injected in different cuvettes containing 3 mL of AgNCs solution, with the aim to vary the concentration of Pb(II) inside the cuvettes in the range 2.5–40 μM and, at the same time, to reduce possible errors related to the preparation of different lead solutions, starting always from the lead nitrate powder. The calibration curve was obtained from six experimental points corresponding to the concentrations of 2.5, 5, 10, 20, 30, and 40 µM.



The validity of the calibration curve was checked using four solutions (Test solutions) with different initial concentrations (0.57, 3.72, 8.27 and 13.7 mM). These solutions were prepared by dissolving the desired amount of Pb(NO3)2 precursor salt in deionized water and adding it to the AgNCs solution and testing the relative fluorescence intensity.



Tests in real water were also performed, by using two different mineral waters (purchased in local market), which were intentionally polluted with different initial concentrations (from 0.57 to 13.7 mM). The same procedure of the Test solution was applied.




2.6. Instrumentation


A schematic drawing of the set-up for photoluminescence measurements is shown in Figure 1. A LED source with a maximum at 430 nm and 17 nm bandwidth (Thorlabs, M430L4) was used as excitation source. The light passes through an adjustable collimation adapter (Thorlabs, SM2F32-A), a mechanical chopper (frequency 224 Hz) and a lens (f = 80 mm), to focalize the beam on a small spot. The light strikes the quartz cuvette (optical path 10 mm) filled with the specimen, excites the colloidal solution and the emission was collected by a system of lenses that focalizes on the entrance slit of the monochromator (ARC, SpectraPro-300i). A long pass filter at 500 nm (Melles Groit, 03LWP003) was placed before the entrance slit to cut the excitation wavelength. All spectra were collected using a grating with 600 grids/mm. A photomultiplier tube (R2949, Hamamatsu Photonic Corp., Hamamatsu, Japan) was used for the detection. A lock-in amplifier analyzed the output signal, and a PC running a LabView application controlled the set-up.



The power of the LED was set at 60.4 ± 0.2 μW and monitored during all the measurements, and the power was stable throughout the experimental sessions. For all measurements, an integration time of 1 s was set; the value of each point is the average of three consecutive measurements recorded by instrumentation. Three consecutive spectra were collected and averaged for each sample. Finally, the AgNCs solution relative to the point at 30 μM was measured again to estimate the experimental error on the calibration curve (the full description is reported in the SI).



The inductively coupled plasma–optical emission spectroscopy (ICP-OES Perkin Elmer Avio 200) was employed to measure the actual concentrations of samples. The final values of Pb(II) concentrations correspond to an average of three independent measurements.





3. Results and Discussion


3.1. Evaluation of AgNCs Stability


Figure 2 reports the maximum value of the emission intensity (at about 660–665 nm) as a function of time, under different experimental conditions. The black curve refers to the AgNCs solution exposed to a continuous excitation for 60 min. The intensity decreases slowly, with a total loss of signal equal to 0.08 mV, indicating an absence of photo bleaching. The red line represents the fluorescence of AgNCs solution sample, when it is not continuously exposed to the LED beam. In this case, a loss of signal of the same amount of the previous case was registered, indicating that the colloidal solution remains stable within the time range. The warming up to 50 °C (blue curve) causes a rapid decrease in the signal (in the first 5 min); subsequently, the emission recovers the photoemission value of untreated sample in about 20 h; meanwhile, the cooling down process (green line) produces an increase in the emission intensity with a subsequent decrease, and the intensity recovers the values of the untreated AgNCs in about 50 h. In both cases, the effect of the temperature treatments carried out in the protocol are reversible. The thermal behavior can be easily understood in terms of radiative and non-radiative decay channels. When the LED excites the AgNCs solution, electrons are promoted to an excited state, and two competitive de-excitation processes can follow; the electrons can decay radiatively to the ground state or can transfer their energy to non-radiative intermediate states, returning to the fundamental state by a thermally induced relaxation. As the temperature increases, the probability of thermal relaxations will increase, and the non-radiative processes will be promoted to the detriment of the fluorescence. On the contrary, by decreasing the temperature, the probability of radiative decay will be much higher, and the fluorescence emission will be more intense.



For longer times, an overall slight degradation of AgNCs solution in terms of emission signal was noted; indeed, a loss of signal of about 0.2 mV was registered after 80 h. This aspect affects not only the error sources, but also the possibility to exploit a single AgNCs solution as standard to plot the calibration curve for different measurement sessions.



The time dependence of the photoemission peak value of the AgNCs solution in the presence of Pb(II) (2.5 and 30 μM) during the 3 days is shown in Figure 3. Here, the maximum of the emission for 2.5 μM reaches a plateau value after 24 h, while in the case of 30 μM, the signal continues to increase even after 70 h. The interaction rate is slow in both cases. A simple qualitative description of the process was reported in Figure 4, where the gray spheres are the AgNCs, which are stabilized by the carboxyl groups of PMAA (green points in Figure 4a). The –COOH groups play a double function: they stabilize the silver cores and interact with Pb(II) ions (if any) through a ion–dipole interaction [25] (Figure 4b). As reported in the literature [28,29,30], in acidic conditions, the PMAA chains acquire a supercoiled structure, exposing part of the active sites outside the coils and the rest of those inside them. The inner and outer –COOH groups will be differently accessible for lead ions, affecting the dynamic of the adsorption process. The Pb(II) ions are captured mainly and quickly by the active sites outside of the nano-structure, and a fast increase in fluorescence is registered. The inner sites can be reached by diffusion with a longer time within the supercoiled structure, and as a result, an additional increase in the fluorescence signal is recorded in subsequent times. The saturation of the AgNCs by ions occurs when the photoemission signal reaches the plateau. Figure 4c provides a rough sketch of the different active sites. The saturation time is dependent on the concentration of Pb(II), as found from the measurements in Figure 3. The higher the concentration, the higher the time to obtain the plateau value. For practical reasons, the interaction time for all the concentrations was set to 24 h.




3.2. Calibration Curve


The calibration curve was accomplished varying the concentration of Pb(II) ions inside the cuvettes with the AgNCs solution. The cuvettes were stored at room temperature and in the dark for 24 h before the test. Table 2 shows the concentrations of Pb(II) and the volumes employed in cuvettes, respectively (see SI Sections S5 and S6 for error analysis). The photoemission spectra of AgNCs solution in presence of lead ions are shown in Figure 5a: the increase in emission is proportional to the Pb(II) concentration. An example of the calibration curve is shown in Figure 5b, where the ratio F/F0 as a function of logarithm of Pb(II) concentration is plotted; F and F0 represent the maximum value of the AgNCs emission with and without Pb(II) ions, respectively. In Figure 5b, the best fit of experimental data is also reported, in red color. The values of the fitting coefficients and R2 are reported in Table S2.



The quantum yield (QY) of AgNCs-PMAA solution with and without lead pollution was also measured, by using an indirect method based on 430 nm as excitation wavelength and Rhodamine B as reference [31,32]. A QY of 0.2% was found for neat AgNCs solution and 0.4% for the case of 30 μM of Pb(II). The description of the results is reported in the supporting information (Section S7).




3.3. Test Solutions


Four different Test solutions have been prepared inside and outside the range of calibration curve to test the ability of the procedure to detect the sample concentration of Pb(II). By using the linear fit and the measured emission of the silver nanoclusters solution contaminated by the Test solutions, it was possible to determine the lead concentration inside the cuvette as follows:


   [  P b  ]  =  e   (   F   F 0    − a  )  / b   ,  



(1)




where a and b represent the intercept and the slope of the linear fit, respectively. The initial concentrations of Test solutions before the dilution in the cuvettes were calculated by the simple dilution formula:


Ci = Cf × Vf/Vi,



(2)




where Vi is the volume injected into the cuvette, Vf is the final volume in the cuvette, and Cf is [Pb(II)], calculated by applying formula (1). Ci is the concentration of the Test solution to be determined.



Table 3 shows the Test solutions with the nominal concentrations (second column) and the concentrations extrapolated by the fluorescence method and the effective ones measured by ICP-OES. The estimated values obtained from our procedure are in good agreement with the nominal initial concentrations and with the measured concentrations by ICP-OES method considering the experimental errors (see the SI Section S8 for the detailed analysis). For the highest concentrations of the Test (A and B samples), the fluorescence method underestimates the real values. We ascribed this behavior to the adsorption dynamics mentioned above in the text. At high concentrations, the two types of adsorption sites (inner and external sites, see Figure 4) play a role in the kinetics of interaction, each with its characteristic time and the 24 h of interaction time between the pollutant ions and the probing AgNCs could possibly not be long enough to reach an equilibrium. On the contrary, for the low concentrations (sample C and D), the faster adsorption rate for the external sites dominates the kinetics.



The precision (or relative standard deviation, RSD) is defined as the relative error of a measurement [33], whereby a low relative error means a good precision (and vice versa). In our method, the precision is concentration dependent; indeed, for the higher Test concentrations, it was calculated as 21% and 19% for samples A and B, respectively; meanwhile, for samples C and D, the values of 15% and 10% were found, respectively. A more precise evaluation for samples A and B can be obtained by interacting Pb(II) ions with AgNCs solution for a longer time. The discrepancy of a measurement also has to be considered, which is the difference between the measured values (fluorescence method) and the reference ones (ICP-OES) [33]; it is clear from Table 3 that the discrepancy again depends on the concentrations of Test samples, the overall behaviour underlines low discrepancy values for low concentrations, and conversely for samples with high concentrations. In all cases, the discrepancies are not significant; indeed, the values and the estimated errors by our fluorescent method overlap the ICP-OES values.




3.4. Real Water Tests


Two different mineral waters (W1 and W2) were purchased and contaminated with specific concentration of Pb(II). The same fluorescent method described for the Test solutions was applied. The main trend reflects the results found in model water, the underestimation of high contaminant concentrations (samples W1-A, W1-B, W2-A and W2-B) with a less precision, and for low Pb(II) quantities (sample W1-C, W1-D, W2-C and W2-D) a more precise estimation. The results are shown in Table 4. For sake of clarity, the adding of not Pb(II)-polluted mineral waters to the AgNCs solution does not produce any detectable changes in the emission of the nanoclusters.



In this framework, it is important to underline that the lower concentration range is more interesting in practical environmental applications, since for waters to be considered as drinkable, the World Health Organization suggests an upper limit of Pb(II) equal to 50 nM [34]. In general, the concentration of the emissive species can affect the sensitivity to pollutants; indeed, in this study, by diluting 10-fold the mother solution of AgNCs-PMAA, a LOD (limit of detection) of 800 nM was obtained, while in our previous work [25], a LOD = 60 nM was reached, when the dilution was set at 20-fold. This indicates that this method can be tuned in accordance to the desired range of study. Finally, the results show the overall protocol is more precise when the Pb(II) ions are present in low concentrations, and therefore, its applicability in real waters can be taken into account.



The precision of our protocol (especially at low concentrations) is inside the range (from 2% to 13%) of those found in the literature [35,36,37,38,39,40], that exploit fluorescence spectroscopy and photoactive materials. A comparative table with the literature is shown in the supporting information (Table S4).



A final point to be underlined is that the synthesis of AgNCs-PMAA is easy and cheap compared with sophisticated procedures, multi-step and expensive materials as reported in the literature [41,42,43,44,45,46]. This is a strength of our method since the ease of synthesis makes the process scalable on large quantities and even on an industrial scale.





4. Conclusions


In this paper, we reported an experimental protocol to determine the Pb(II) concentration in model waters. The method is based on the fluorescence spectroscopy using a colloidal solution of AgNCs as a standard sensible element to Pb(II) ions. Such a solution increases its emission in a well-defined way in the presence of a specific amount of the pollutant. Through a calibration curve of the fluorescence intensity of silver nanoclusters solution as a function of lead ions present in the solutions, it was possible to determine the concentrations of ad hoc-prepared Pb(II) solutions and in intentionally polluted mineral waters.



The interaction time is a limiting aspect especially for high concentrations, since it affects the overall precision of the method. Despite this limit, the obtained results were compared with an ICP-OES analysis, and the agreement between the results of the two analyses confirmed the validity of the proposed protocol. A precision of 10% was found for the lowest Pb(II) concentration, while for high concentrations, the precision was a bit smaller, but in line with the literature. We discussed this behavior in terms of partial stabilization among the AgNCs solution and Pb(II) ions depending on the interaction times.
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Figure 1. Schematic representation of fluorescence spectroscopy set-up. 
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Figure 2. Stability of the AgNCs solution under different conditions: continuous lighting (black line, only for the first hour), covering the light beam (red curve), warming up process (blue line), cooling down treatment (green curve). The lines are only guides for the eye connecting the experimental points. The errors are included in the points, but are small and not visible on this scale. 
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Figure 3. Time dependence of AgNCs solution polluted with Pb(II) at 2.5 μM (black points) and 30 μM (red points). 
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Figure 4. Schematic representation of AgNCs with active sites and hypothesis of Pb(II) adsorption process: (a) AgNCs (grey spheres) surrounded by PMAA chains (orange lines) before the interaction, the active sites are indicated with green spots; (b) the lead(II) ions (red spots) mainly interact with the external sites (green dots), and subsequently with the inner ones (blue and purple dots); (c) spatial differentiation of active sites. 
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Figure 5. (a) Photoemission spectra of AgNCs solution as a function of different concentrations of Pb(II) from 0 to 40 µM; (b) an example of linear fit of experimental points. 
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Table 1. Metal ions tested in the selectivity and interference experiments.
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	Metal Precursor
	Ion in Solution
	Metal Precursor
	Ion in Solution





	AsO2Na
	As(III)
	Hg(NO3)2
	Hg(II)



	HAsO4Na2
	As(V)
	KClO4
	K(I)



	Ca(ClO4)2*4H2O
	Ca(II)
	Mg(ClO4)2
	Mg(II)



	Cd(NO3)2*4H2O
	Cd(II)
	NaNO2
	Na(I)



	CoCl2*6H2O
	Co(II)
	NiCl2*6H2O
	Ni(II)



	CrCl3*6H2O
	Cr(III)
	Pb(NO3)2
	Pb(II)



	Cu(NO3)2*H2O
	Cu(II)
	Zn(NO3)2*6H2O
	Zn(II)



	FeCl3*6H2O
	Fe(III)
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Table 2. Calibration points: concentrations and respective volumes injected from Reference solution.
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	Concentration of Pb(II) in Cuvette (μM)
	Volume from Reference Solution (μL)





	2.5 ± 0.3
	1.25 ± 0.14



	5.0 ± 0.3
	2.50 ± 0.14



	10.0 ± 0.4
	5.00 ± 0.14



	20.0 ± 0.4
	10.00 ± 0.14



	30.0 ± 0.5
	15.00 ± 0.20



	40.0 ± 0.6
	20.00 ± 0.20
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Table 3. Test solutions with different initial concentration of ions.
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	Sample
	By Synthesis (mM)
	Fluorescence Method (mM)
	ICP-OES (mM)
	RSD





	A
	13.7 ± 0.1
	12.7 ± 2.7
	14.6 ± 0.3
	21%



	B
	8.27 ± 0.08
	7.4 ± 1.4
	8.670 ± 0.005
	19%



	C
	3.72 ± 0.06
	3.9 ± 0.6
	3.890 ± 0.005
	15%



	D
	0.57 ± 0.05
	0.50 ± 0.05
	0.535 ± 0.002
	10%
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Table 4. Real water contaminated by Pb(II).
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	Sample
	By Synthesis (mM)
	Fluorescence Method (mM)
	RSD





	W1-A
	13.7 ± 0.1
	11.2 ± 2.7
	24%



	W1-B
	8.27 ± 0.08
	7.0 ± 1.5
	21%



	W1-C
	3.72 ± 0.06
	3.0 ± 0.6
	20%



	W1-D
	0.57 ± 0.05
	0.52 ± 0.07
	13%



	W2-A
	13.7 ± 0.1
	13.0 ± 3.0
	23%



	W2-B
	8.27 ± 0.08
	8.0 ± 1.7
	21%



	W2-C
	3.72 ± 0.06
	3.0 ± 0.6
	20%



	W2-D
	0.57 ± 0.05
	0.50 ± 0.07
	14%
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