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Abstract 

The dissolution kinetics of silver nanoparticles (Ag NPs) to Ag+ ions is a critical factor 

determining the toxicity of silver nanoparticles. In this work, a solid-contact Ag+-

selective electrode (Ag+-ISE) is fabricated and used to monitor the dissolution of Ag 

NPs. Ordered mesoporous carbon is compared with disordered mesoporous carbon as 

the solid-contact material for the Ag+-ISE. The ordered mesoporous carbon based solid-

contact Ag+-ISE shows a linear potential response in the range of 1.0×10-6-1.0×10-3 M 

AgNO3 with the slope of 55.6 ± 0.8 mV/dec (n = 7) and the detection limit of 10-6.8 M. 

The solid-contact Ag+-ISE is used to monitor the concentration changes of Ag+ during 

spontaneous dissolution of Ag NPs in deionized water, and the dissolution kinetics of 

Ag NPs is consistent with that obtained by inductively coupled plasma-mass 

spectrometry (ICP-MS). Stimulated dissolution of Ag NPs induced by addition of H2O2 

to the Ag NP solution is also investigated by the proposed solid-contact Ag+-ISE. This 

work provides a fast tool for charactering the dissolution of Ag NPs to Ag+ in real time, 

which is important for studying the toxicology of nanoparticles. 

Keywords: Solid-contact Ag+-selective electrode; Mesoporous carbon; Spontaneous 

dissolution; Stimulated dissolution; Ag+
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1. Introduction 

Nanotoxicology research is gaining more and more attention due to the increased risk 

of exposure and release of nanomaterials in the environment as a result of mass 

production and extensive use of various nanoparticles [1]. Silver nanoparticles (Ag 

NPs), being one of the most popular nanomaterials, are widely used in commercial 

products, due to their unique antibacterial, antiviral and antifungal properties [2]. In 

fact, the toxicity of Ag NPs is hard to be ignored, because Ag NPs are easily released 

into the environment during the application, handling and disposal of these commercial 

products. In recent years, extensive research about the toxicity of Ag NPs has been 

carried out [3-5], and the free Ag+ ions released from Ag NPs are found to determine 

part of the toxicity [6, 7]. Therefore, dynamic monitoring of the dissolution of Ag NPs 

to Ag+ is essential in order to understand how the toxicity of nanoparticles affect on 

organisms and ecosystems. 

Atomic absorption spectrometry (AAS) and inductive coupled plasma mass 

spectrometry (ICP-MS) are two commonly used techniques for detection of the amount 

of Ag+ released from Ag NPs [8-10]. These atomic spectroscopic methods show high 

selectivity and sensitivity. However, these methods not only need expensive 

instruments and complex operation, but also cannot provide real-time assessment of the 

kinetics of Ag NPs dissolution. Moreover, these methods are not selective to Ag+ ions 

in the presence of AgNPs. 

Ion-selective electrodes (ISEs) is a promising tool for studying the kinetics of Ag 

NPs dissolution and differentiating free Ag+ and complexed Ag+ [11-14]. ISEs also 
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show other unique characteristics, such as small size, ease of operation, portability and 

low cost. Among these ISEs, the commercial solid-state Ag2S-based ISEs are frequently 

used to monitoring the dissolution of Ag NPs. However, the analytical performance of 

such electrodes is easily influenced by interferents, which would strongly adsorb on the 

surface of the solid-state Ag2S electrodes [15]. In addition, most of the reported Ag+-

ISEs contain an inner filling solution [15-17], which may need frequent maintenance 

that prevents long-term monitoring of the dissolution of Ag NPs. 

Solid-contact ISEs are recognized as the next generation of ISEs [18, 19], due to the 

straightforward fabrication, and convenient usability and storage. Solid-contact ISEs 

have been constructed using various solid-contact materials, including conducting 

polymers [19] and several kinds of porous materials such as  three-dimensional 

ordered macroporous carbon [20, 21], colloid-imprinted mesoporous carbon [22], 

three-dimensional porous graphene-mesoporous platinum nanoparticle composite [23] 

and nanoporous gold [24]. However, as far as we know, there are few reports about 

monitoring the dissolution of Ag NPs by using solid-contact Ag+-ISEs. 

In this work, solid-contact Ag+-selective electrodes based on ordered and disordered 

mesoporous carbon materials as solid contact are developed. The influence of the 

morphology of mesoporous carbon materials on the electrochemical properties and the 

potentiometric performance of the proposed Ag+-ISEs is investigated. The ordered 

mesoporous carbon-based solid contact is used to fabricate stable and robust solid-

contact Ag+-ISE to monitor the spontaneous and stimulated dissolution of Ag NPs in 

water. 
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2. Experimental  

2.1 Reagents and materials 

Ag+ ionophore (o-xylylenebis(N, N-diisobutyldithiocarbamate)), potassium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB), bis(2-ethylhexyl) sebacate 

(DOS), high molecular weight poly(vinyl chloride) (PVC), and tetrahydrofuran (THF) 

were purchased from Sigma-Aldrich. Ordered mesoporous carbon (OMC) with BET 

surface area ≥ 900 m2/g and average pore diameter of 3.8-4 nm, and disordered 

mesoporous carbon (DOMC) with Brunauer-Emmett-Teller (BET) surface area of 

about 600 m2/g and average pore diameter of 50 nm were obtained from Nanjing 

XFNANO Materials Tech Co.,Ltd. All other chemicals were of analytical reagent grade. 

Deionized water (18.2 MΩ cm specific resistance) obtained with a Pall Cascada 

laboratory water system was used throughout. 

2.2 Synthesis of Ag nanoparticles 

Ag NPs stabilized with citrate were synthesized with some modifications according 

to the literature [25]. Briefly, 0.86 ml of 58.8 mM AgNO3 and 4.4 ml of 34 mM sodium 

citrate were added to 200 ml of boiling deionized water under stirring, and then 1 ml of 

freshly prepared 0.1 M NaBH4 was drop-wise added to the above solution. The final 

solution was kept boiling for 30 min, and finally allowed to cool down to room 

temperature. The obtained Ag NPs were purified with regenerated cellulose (MWCO 

50kD) centrifuge filter units at 5000 r/min for 5 min to remove the excess reagents, and 

then collected after washing three times with deionized water. 
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2.3 Preparation of the solid-contact Ag+-ISEs 

The GC disk electrodes (3 mm in diameter) were successively polished with abrasive 

papers of different coarseness, diamond pastes with particle diameters of 15, 9, 3 and 1 

μm, and finally with 0.3 and 0.05 μm Al2O3 paste. After being ultrasonically cleaned 

and rinsed with deionized water, the polished electrodes were used to prepare the 

mesoporous carbon nanomaterials-based solid contact. The solid-contact suspensions 

were prepared by ultrasonicating 6 mg of the ordered and disordered mesoporous 

carbon materials in 2 ml of freshly distilled THF for 30 min. An amount of 60 μl of the 

prepared solid-contact suspensions were drop cast on the GC electrodes in order to 

homogeneously coat the surface of the GC electrodes, and then left to dry at room 

temperature for further use.  

The Ag+-selective membrane contains 0.77 wt% Ag+ ionophore, 0.44% KTFPB, 

32.93 wt% PVC and 65.86 wt% DOS. The membrane cocktail was prepared by 

dissolving 360 mg of membrane components in 4 ml of THF and stirred for at least 2 h 

to obtain a homogeneous solution. Then, 90 μl of the membrane cocktail was separately 

drop cast on the above ordered and disordered mesoporous carbon modified GC 

electrodes to prepare the proposed solid-contact Ag+-ISEs. After being dried at room 

temperature, the electrodes, which were denoted as GC/OMC/Ag+-ISE and 

GC/DOMC/Ag+-ISE, were conditioned in 1.0×10-4 M AgNO3 for 2 days. For 

comparison, the coated-disk Ag+-ISE (GC/Ag+-ISE) was also prepared by directly 

dropping the Ag+-selective membrane cocktail on the bare GC electrode. 
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2.4 Apparatus and measurements 

Ag NPs were characterized by transmission electron microscopy (TEM, JEM-1400, 

JEOL, Japan), UV-visible spectroscopy (Nanodrop 2000C, Thermo Scientific, DE) and 

particle size distribution measurements (Zetasizer Nano ZS90, Malvern, UK). For 

investigating the dissolution of Ag NPs, the released Ag+ in the supernatants was 

collected at 1, 2, 4, 6 and 8 h by using centrifugal filter units at 7000 r/min for 8 min, 

and characterized by inductively coupled plasma-mass spectrometry (ICP-MS), 

respectively. 

Potentiometric measurements were carried out by using a 16-channel potentiometer 

(EMF 16, Lawson Labs, USA) at room temperature with a double junction Ag/AgCl (3 

M KCl)/1.0 M LiOAc electrode as a reference electrode in the galvanic cell: Ag|AgCl(3 

M KCl)|1.0 M LiOAc|sample solution|Ag+-selective membrane| mesoporous 

carbon|GC electrode. The ion activities and liquid junction potentials were calculated 

by the Debye-Hückel and Henderson equations, respectively. To monitor the 

spontaneous dissolution of Ag NPs, the ordered mesoporous carbon-based solid-contact 

Ag+-ISE was immersed in deionized water. Then a certain volume of the prepared Ag 

NP solution was added under continuous recording of the potential of the solid-contact 

Ag+-ISE. To monitor the stimulated dissolution of Ag NPs, 0.1 M H2O2 was added in a 

solution containing Ag NPs to release Ag+. 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

performed by using the Autolab potentiostat/Galvanostat equipped with a frequency 

response analyzer (AUT20. FRA2-AUTOLAB, Eco Chemie, B.V., The Netherlands) 
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with a three-electrode system in 0.1 M KNO3, where the mesoporous carbon modified 

GC electrode was used as a working electrode, an Ag/AgCl (3 M KCl) as reference 

electrode and a GC rod as auxiliary electrode. Multi-chronopotentiometry was carried 

out on the mesoporous carbon-based solid-contact Ag+-ISEs in 0.1 M KNO3 by 

applying constant currents of ±1 nA for 60 s, respectively. 

 

3. Results and discussion 

3.1 Electrochemical behavior of the ordered and disordered mesoporous carbon based 

solid contacts  

The morphologies of the mesoporous carbon materials, which is directly related to 

the pore size distribution, shapes and volume of void spaces in porous materials [26], 

may affect the electrochemical behavior of the mesoporous carbon-based solid contacts. 

In this work, both ordered and disordered mesoporous carbon materials are chosen as 

candidates to be as solid contacts for preparing solid-contact Ag+-ISEs. The 

electrochemical behavior of the mesoporous carbon materials with different 

morphologies (GC/OMC and GC/DOMC) are compared with CV and EIS. As shown 

in Fig. 1, the bare GC electrode shows a very small capacitive current, while the 

GC/OMC and GC/DOMC electrodes display large capacitive currents. Moreover, the 

capacitive current for the GC/OMC electrode is found to be higher than that of the 

GC/DOMC electrode, which may be due to the fact that the ordered mesoporous carbon 

shows a larger BET surface area and a smaller pore diameter than those for the 

disordered mesoporous carbon. Additionally, according to the equation [27], C = 
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Qm/△V, where Qm is the specific voltammetric charge integrated from the cyclic 

voltammetric curve, and △V is the potential scanning range, the specific capacitance of 

the bare GC, GC/DOMC and GC/OMC electrodes are estimated to be 0.005, 4.0 and 

6.6 mF, respectively. These results demonstrate that the GC/OMC electrode shows a 

significantly higher double layer capacitance than those for the bare and GC/DOMC 

electrodes, i.e. the electrochemical behavior of the solid contacts in 0.1 M KNO3 is 

influenced by the different morphology characteristics of mesoporous carbon materials.  

EIS is also performed to compare the interfacial characteristics for the ordered and 

disordered mesoporous carbon modified GC electrodes. As shown in Fig. 2, the 

impedance spectra for the GC/OMC and GC/DOMC electrodes show absence of 

semicircles in the high-frequency region, indicating that both electrodes exhibit high 

electronic conductivity and fast ion transfer. Moreover, the GC/OMC electrode displays 

a closer to 90º capacitive line than that for the GC/DOMC electrode in the low-

frequency region, indicating that the ordered mesoporous carbon modified GC 

electrode shows a more ideal capacitive characteristic than the disordered mesoporous 

carbon modified electrode. Additionally, the double layer capacitance for the GC/OMC 

electrode (10.7 mF) is found to be larger than that for the GC/DOMC electrode (8.5 

mF), according to the equation, C = -1/(2πfZˊˊ)，where f is the frequency and Zˊˊ is the 

imaginary part of the impedance. This phenomenon is consistent with that for the cyclic 

voltammograms, although the values are slightly different between the two methods, as 

demonstrated by Bühlmann’s group [22]. These results indicate that the ordered 

mesoporous carbon is more suitable as solid contact than disordered mesoporous 
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carbon, since a sufficiently high bulk capacitance for the solid contact is a prerequisite 

for constructing a stable and robust solid-contact ISE [28].  

3.2 Characterization of the mesoporous carbon-based solid-contact Ag+-ISEs 

In order to further study the influence of the morphologies of the mesoporous carbon 

materials on the potentiometric performance, the solid-contact Ag+-ISEs were prepared 

by using the ordered and disordered mesoporous carbon materials as solid contacts, 

respectively. Multi-chronopotentiometry was used to investigate the potential stability 

of the proposed electrodes, instead of single chronopotentiometry [28]. As shown in 

Fig. 3, the chronopotentiograms of the ordered and disordered mesoporous carbon-

based solid-contact Ag+-ISEs show the same shape characteristics as that for the coated-

disk Ag+-ISE. That is, two main features, including a potential jump when changing the 

direction of the current and a slow potential drift as the time increases, are observed. 

However, the numerical values of the potential drift are significantly different for the 

GC/Ag+-ISE (190 ± 5 μV/s, n = 5), GC/OMC/Ag+-ISE (28 ± 4 μV/s, n = 5) and 

GC/DOMC/Ag+-ISE (29 ± 2 μV/s, n = 5), according to the ratio △E/△t obtained by the 

potential changes during the time intervals = 30-60 and 90-120 s. As expected, the 

presence of the mesoporous carbon materials between the GC electrode and Ag+-

selective membrane can effectively improve the potential stability of the solid-contact 

Ag+-ISEs by facilitating interfacial ion- and electron-transfer processes at the GC/solid 

contact and solid contact/ion-selective membrane interfaces, respectively. However, 

contrary to predictions from CV (Fig. 1) and EIS (Fig. 2), the potential drift for the 

ordered mesoporous carbon-based solid-contact Ag+-ISE is found to be only slightly 
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smaller than that for the disordered mesoporous carbon-based electrode. This result 

indicates that the capacitance of OMC and DOMC are only partly accessible after 

coverage with the ion-selective membrane. Similar features have been reported for solid 

contacts based on poly(3,4-ethylenedioxythiophene) (PEDOT) [28]. Here, the ordered 

mesoporous carbon-based solid-contact Ag+-ISE was selected to monitor the 

dissolution of Ag NPs. 

In this work, the compound, o-xylylenebis(N, N-diisobutyldithiocarbamate), was 

chosen as Ag+ ionophore, since it shows very high selectivity toward Ag+ [29-31], as 

compared with other Ag+ ionophores [32, 33]. This means that the proposed ionophore-

based solid-contact Ag+-ISE may be useful for monitoring the dissolution of Ag NPs in 

complex background solutions. The potentiometric performance of the ordered 

mesoporous carbon-based solid-contact Ag+-ISE was investigated by successively 

increasing Ag+ activities. As shown in Fig. 4, the proposed electrode shows a stable 

linear potentiometric response in the range of 1.0×10-6 - 1.0×10-3 M with a slope of 55.6 

± 0.8 mV/dec (n = 7), and the detection limit calculated as the intersection of the two 

slope lines is 10-6.8 M. Additionally, in order to monitor the dissolution of Ag NPs in 

real time, the long-term potential stability of the proposed Ag+-ISE needs to be 

investigated. As shown in Fig. 5, the potential responses of the GC/OMC/Ag+-ISE are 

continuously measured under zero current condition for 16 h in 1.0×10-4 and 1.0×10-5 

M AgNO3, and the potential drifts are estimated to be 0.16 ± 0.09 and 0.21 ± 0.08 mV/h 

(n = 3) in 1.0×10-4 and 1.0×10-5 M AgNO3, respectively. These drift values are 

sufficiently small when compared to the potential change caused by the released Ag+ 
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from Ag NPs to allow real-time monitoring of Ag+. 

 

3.3 Characterization of silver nanoparticles 

Home-made citrate-capped Ag NPs were chosen as a model for studying the 

dissolution of Ag NPs, since citrate is commonly used as Ag NPs capping agents. As 

shown in Fig. 6, the prepared Ag NPs show good spherical distribution, and the average 

diameter is estimated to be about 8.9 ± 1.8 nm. Additionally, the prepared Ag NP 

solution was also characterized by UV-visible spectroscopy. As shown in Fig. 6c, the 

typical absorbance peak is observed at about 392.5 nm. According to the literature [34], 

the concentration of the prepared Ag NP solution can be estimated by using the 

extinction coefficient of 5.56 M-1 cm-1. The unit of the concentration of Ag NPs is 

expressed as μg/ml, which is obtained by calculating the number of atoms per 

nanoparticle and converting atoms to mass using the atomic weight of Ag [7]. The 

numbers of atoms per nanoparticle (U) are calculated by the following equation: U = 

(2/3)π(D/a)3 [35]. Where, D is the average nanoparticle diameter (8.9 nm), and a is the 

edge length of a Ag unit cell (4.0857 Å). In this work, 0.3 μg/ml Ag NP solution was 

selected for investigating the dissolution of Ag NPs, which is within the concentration 

range of 0.01-18 μg/ml Ag NPs that is released into the environment through 

wastewater [36, 37].  

3.4 Investigation of the dissolution of Ag NPs 

Both the spontaneous dissolution and the stimulated dissolution of Ag NPs were 
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monitored by using the proposed mesoporous carbon-based solid-contact Ag+-ISE in 

deionized water. Before the dissolution measurements, the potentiometric performance 

of the proposed Ag+-ISE was measured and calibrated. For the spontaneous dissolution, 

Ag NPs were added to the deionized water with slow-speed stirring, and the proposed 

solid-contact Ag+-ISE was used to monitoring the changes of the concentrations of Ag+ 

released from Ag NPs in real time for 8 h. Meanwhile, the spontaneous dissolution of 

Ag NPs was also measured with ICP-MS by collecting the supernatants of the Ag NP 

solution at discrete time points, including 1, 2, 4, 6 and 8 h. As shown in Fig. 7a, the 

potential response of the electrode shows three main features: a potential equilibration 

of the electrode in deionized water, a fast positive potential change due to the residual 

Ag+ in the Ag NP solution, and a slowly increasing potential response due to the release 

of Ag+ from Ag NPs. According to the calibration curve (Fig. 4), the real-time 

concentration changes of Ag+ after the addition of Ag NPs in deionized water are 

calculated and shown in Fig. 7b. It can be seen that the concentration of the released 

Ag+ at discrete points obtained by the proposed Ag+-ISE and ICP-MS show no 

significant differences for the spontaneous dissolution of Ag NPs, while the proposed 

Ag+-ISE provides real-time kinetics assessment for the dissolution of Ag NPs as 

compared with ICP-MS. 

Ag NPs may undergo different chemical and morphological transformations, once 

they are released into the environment. In this work, H2O2 is selected as a model to 

monitor the stimulated dissolution of Ag NPs. As shown in Fig. 8a, there is a significant 

positive potential change caused by the residual Ag+ upon the addition of Ag NPs, 
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compared to the case of spontaneous dissolution of Ag NPs in Fig. 7a. This is 

presumably due to the faster stirring rate used in Fig. 8 than in Fig. 7. Moreover, another 

positive potential change is also observed upon the addition of H2O2, due to the fact 

that H2O2 oxidizes Ag NPs to free Ag+. Additionally, it can be seen that the stimulated 

dissolution rate of Ag NPs, which is related to the concentrations of H2O2, is observed 

to be faster than the spontaneous dissolution rate. In order to confirm the stimulated 

dissolution process of Ag NPs to Ag+, 0.1 M NaCl was added in the Ag NP solution. As 

shown in Fig. 8, the potential of the proposed solid-contact Ag+-ISEs is found to drop 

instantaneously upon the addition of 0.1 M NaCl, indicating that the concentration of 

the released Ag+ decreases due to the formation and precipitation of AgCl. These 

phenomena indicate that the proposed solid-contact Ag+-ISE shows a fast and reversible 

response to the concentration changes of free Ag+ released from Ag NPs. 

4. Conclusions 

This work develops a solid-contact Ag+-ISE based on mesoporous carbon as solid 

contact and applies it to characterize the dissolution of Ag NPs in water. The influence 

of the morphologies of the solid contact on the electrochemical behavior and the 

potentiometric stability of the solid-contact Ag+-ISEs are investigated. The ordered 

mesoporous carbon based solid-contact Ag+-ISE shows a linear potential response in 

the range of 1.0×10-6-1.0×10-3 M AgNO3 with the slope of 55.6 ± 0.8 mV/dec (n=7) 

and the detection limit of 10-6.8 M. Additionally, the proposed solid-contact Ag+-ISE is 

used to investigate the spontaneous dissolution of Ag NPs in deionized water and the 

stimulated dissolution of Ag NPs upon the addition of H2O2, separately. The obtained 
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results were validated by ICP-MS. This work shows that solid-contact Ag+-ISEs 

provide a fast tool for real-time monitoring of the dissolution of Ag NPs released into 

the environment e.g. through wastewater. 
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Figure captions 

Fig. 1 Cyclic voltammograms recorded in 0.1 M KNO3 for the bare GC electrode, and 

ordered mesoporous carbon and disordered mesoporous carbon modified GC electrodes. 

Scan rate = 100 mV/s. Inset: SEM images of the ordered mesoporous carbon and 

disordered mesoporous carbon materials. 

Fig. 2 Impedance spectra for the ordered mesoporous carbon and the disordered 

mesoporous carbon modified GC electrodes in 0.1 M KNO3. Frequency range = 0.01 

Hz to 100 kHz; Edc = open circuit potential; △Eac = 10 mV. Inset: magnification of the 

impedance spectra in the frequency range from 0.1 Hz to 100 kHz. 

Fig. 3 Multi-chronopotentiograms for the bare GC electrode (dash-dot line), and 

ordered mesoporous carbon (solid line) and disordered mesoporous carbon (dash line) 

modified GC electrodes in 0.1 M KNO3. Applied current = +1 nA for 60 s and -1 nA 

for 60 s (5 cycles). 

Fig. 4 Calibration curve for the ordered mesoporous carbon-based solid-contact Ag+-

selective electrode. Error bars represent the standard deviation for seven identical 

electrodes. Inset: time-dependent potential response trace for the proposed electrode. 

Fig. 5 Potential stability of the ordered mesoporous carbon-based solid-contact Ag+-

selective electrode recorded in 1.0×10-5 and 1.0×10-4 M AgNO3 for 16 h. Solid line: the 

raw potential response of the electrode; dotted line: the linear fit of the raw data used 

for calculating the potential drifts. 

Fig. 6 Characterization of the citrate-capped silver nanoparticles, including TEM 

images (a), histogram of Ag NPs sizes (b), typical UV-visible spectrum of the prepared 



22 
 

Ag NP solution. 

Fig. 7 Characterization of the spontaneous dissolution of Ag NPs in deionized water， 

including the real-time potential response of the ordered mesoporous carbon-based 

solid-contact Ag+-selective electrode upon the addition of silver nanoparticle solution 

in deionized water (a), and the real-time concentration changes of Ag+ as calculated 

from the calibration curve in Fig. 4 (b). The discrete points are obtained by ICP-MS 

through collecting the supernatants of Ag NP solution at 1, 2, 4, 6 and 8 h. Error bars 

represent the standard deviations obtained from three measurements for ICP-MS and 

six measurements for the proposed Ag+-selective electrode, respectively. 

Fig. 8 Real-time potentiometric monitoring of the stimulated dissolution of Ag NPs in 

deionized water by using the ordered mesoporous carbon-based solid-contact Ag+-

selective electrode upon the addition of 1.0×10-5 and 2.0×10-5 M H2O2 in the Ag NP 

solution (a), and the real-time concentration changes of Ag+ as calculated from the 

calibration curve in Fig. 4 (b). 
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Highlights 

1. A mesoporous carbon-based solid-contact Ag+-selective electrode is constructed. 

2. The solid-contact Ag+-selective electrode shows a good potential stability. 

3. The solid-contact Ag+ selective electrode shows a detection limit of 10-6.8 M. 

4. Spontaneous and stimulated dissolution of Ag NPs to Ag+ is monitored in real time. 

5. Results validated by ICP-MS. 


