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ABSTRACT

A highly sensitive and selective new procedure for the determination of silver in aqueous media was
developed using a modified carbon paste electrode (MCPE) by differential pulse anodic stripping vol-
tammetry (DPASV). The modified electrode was based on the incorporation of 2-hydroxybenzaldehyde
benzoylhydrazone (2-HBBH) in the carbon paste electrode. Silver ions were preconcentrated on the
modified electrode at open-circuit by complexation with the ligand and reduced to zero valent at a
potential of 0V, and followed by the reoxidation of adsorbed ions onto the electrode by scanning the
potential in a positive direction. The oxidation peak of Ag(I) was observed at 0.2 V (versus Ag/AgCl). The
analysis of Ag(I) was carried out in a cell containing the sample solution (20 mL) buffered by 0.1 mol L~!
K>;HPO4/NaOH at pH 5.5 in aqueous solution and nitric acid (pH 1) in real water samples. The optimum
conditions for the analysis of silver include a reduction potential of 0 V and a pulse amplitude of 100 mV,
among others. The optimum carbon paste composition was found to be 14.1% (w/w) 2-HBBH, 56.2% (w/
w) graphite powder and 29.7% (w/w) paraffin oil. Differential pulse anodic stripping voltammetric
response was used as the analytical signal. Under the selected conditions, the voltammetric signal was
proportional to the Ag(I) concentration in the range of 0.001-100 pg L~ with favorable limits of de-
tection and quantification of 1.1 ng L~ and 3.7 ng L' after 3 min of accumulation time, respectively. By
increasing the accumulation time to 10 min, detection and quantification limits can be further improved
up to 01 ngL~! and 0.34 ng L, respectively. In addition, the results showed a highly reproducible
procedure showing a relative standard deviation of 1.5% for 12 replicate measurements. Many coexisting
metal ions were investigated and very few interferences were found on the determination of Ag(I). The
proposed method was validated using certified reference estuarine waters (SLEW-3) with a relative error
of —1.3% and applied to the determination of silver ions in three river water samples collected from
Guadalquivir river (relative errors of +3.4%, +1.5% and —0.7%). Moreover, the method was successfully
applied to the speciation analysis of total silver, free silver ions and silver nanoparticles in aqueous so-
lutions. The results were in good agreement with those obtained by inductively coupled plasma mass
spectrometry (ICP-MS).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

by mercury [3,4]. The metal occurs naturally in ores such as ar-
gentite (Ag,S) and horn silver (AgCl) [5]. Nevertheless, the main

Silver is a contaminant of environmental concern in marine
and estuarine waters, but little has been published exclusively
about this element [1,2]. The easy bioaccumulation and high
toxicity to aquatic organisms of its ionic form are only exceeded
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sources of silver for the marine environment derive from an-
thropogenic inputs such as medicine, pharmacy, photography,
electronic equipments, and the production of jewelry, coins,
batteries, dental fillings, among others [1,6,7]. In a relatively
short time, the increasing development of nanotechnology has
evidently led to the emission of many different nanomaterials
into the aquatic environment. Thus, silver nanoparticles (AgNPs)
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can be encountered in numerous consumer products due to their
excellent anti-microbial properties such as textiles, personal care
products, paints, food storage containers, laundry additives,
medical devices, electronic and water purification systems. On
account of these uses and their possibly toxic effects in human
and aquatic organisms, the determination of silver nanoparticles
in water samples can be also considered of great interest in the
aquatic field [8-12]. Due to their bactericidal properties, silver
salts and silver nanoparticles are used in disinfection of drinking
water [13-15]. Therefore, silver can be used as a tracer for
monitoring domestic and industrial inputs [16] being of great
interest the analysis of this ion in water samples. Regarding the
maximum contaminant level for total silver in drinking water, the
US Environmental Protection Agency (EPA) fixed it as 0.1 mg L'
[17]. However, it is also reported that the concentration of silver
in water higher than 0.17 pgL~! is toxic to fish and micro-
organisms [18]. Thus, the low concentrations of silver in waters as
well as the complexity of the sample matrix, make the determi-
nation of silver extremely challenging. Stripping voltammetric
techniques have been employed in the literature for the analysis
of metals in water. Anodic stripping voltammetry has shown the
advantages of speed of analysis, good selectivity and sensitivity,
excellent accuracy and precision, among others. However, several
problems occur for silver determination using mercury electrode
due to the highly positive reduction potential of this ion. This
difficulty can be overcome using chemically modified electrodes
apart from the obvious necessity of reducing the use of mercury.
Among all the modified electrodes, the application of modified
carbon paste electrodes (MCPE) has reached considerable atten-
tion for stripping voltammetry in recent years as a green alter-
native due to its simplicity, versatility, low cost and ease of
construction without the requirement of rigorous chemical
methods for the modification of the paste [19-21]. Besides, the
low residual currents, the wide potential range and easy re-
newability of the surface make these mercury-free electrodes an
excellent alternative for metal analysis being one of the most
popular electrode materials [20,22-24]. MCPE are widely used in
potentiometry [18,25-28] for the determination of Ag(l). Never-
theless, these types of electrodes have been rarely developed for
the determination of Ag(l) in the field of stripping voltammetry.
The classical carbon paste electrode without modification was
proposed for the determination of Ag(I) and Cu(l) ions in 1997
[29]. However, the lack of specificity vs. the chemically modified
carbon paste electrodes was evident. A few complexing agents,
such as Alizarin violet [30], 3-amino-2-mercapto quinazolin-4
(3H)-one [31], Tu-SBA-15 [32], have been proposed in the last
decade for the modification of the carbon paste to determine
such ions. In the present work, 2-hydroxybenzaldehyde ben-
zoylhydrazone (2-HBBH) was chosen as the complexing ligand to
modify the carbon paste electrode and determine Ag(I) in water
samples. This aroylhydrazone is considered an important che-
lating agent because of its donor properties in coordinating a
large variety of metals [33,34] and the ability to behave as
polydentate ligand but until now it has not been used as modifier
of carbon paste electrode for the determination of silver in water
samples. On the other hand, speciation of silver in natural waters
is also necessary due to the different toxicity of each of its forms.
In this paper, a highly sensitive and selective new non-mercury
electrode for the determination of silver ions and silver nano-
particles in aqueous media is presented using a MCPE by the
incorporation of the Schiff base 2-HBBH in the carbon paste
mixture.

2. Experimental
2.1. Instrumentation and apparatus

Voltammograms were recorded with a Metrohm Computrace
Voltammetric Analyzer (model 746 VA Trace Analyzer with 747 VA
Stand) instrument (Metrohm, Switzerland). A one-compartment
electrochemical cell with a three-electrode system consisting of a
Ag/AgCl reference electrode (3 mol L~! KCI), a platinum wire as
auxiliary electrode, and a MCPE as working electrode. The stand
was controlled by PC software VA Computrace 2.0 installed in a
personal computer using a 5326 VA Computrace Interface (Me-
trohm, Switzerland). A V-650 spectrophotometer (JASCO, USA) was
used for recording UV-vis spectroscopic measurements with 1 cm
quartz glass cells (1cmx1cmx4.5cm), for determining the
stoichiometry of the Ag-2-HBBH complex formed. Organic matter
was removed for real water samples by UV irradiation with a
Metrohm model 705 UV Digester (Metrohm, Switzerland) in
quartz tubes. A model 2001 pH-meter equipped with 52-02
combined glass-Ag/AgCl electrode (Crison, Spain) was used for
adjusting pH values. Water was purified by reverse osmosis with
an Elix 3 (Milli-RO) system followed by ion exchange with an
18 MQ cm deionised Milli-Q° system (Millipore, USA). For vali-
dation studies, a Thermo X7 Series Inductively Coupled Plasma
Mass Spectrometer (ICP-MS) was employed (Thermo Elemental,
UK).

2.2. Reagents

All reagents were of analytical reagent grade and all solutions
were prepared using Milli-Q deionised water. Graphite powder
(Natural, High Purity, —200 mesh, 99.9999% (metals basis), Alfa
Aesar) and paraffin oil ((USP, BP, Ph, Eur.) PRS-CODEX, Panreac)
were used directly without further purification. Working standard
solution of 10 mg L~! Ag(l) was prepared by dilution of Ag stan-
dard solution of 1000 mgL~! (Merck, Darmstadt, Germany) in
0.03 mol L~" HNOs.

Different buffer solutions were prepared: 1 mol L~! HEPES (pH
7 to 8) from N-2-hydroxyethylpiperazine-N’-2-ethane sulfonic
acid (Sigma-Aldrich, Steinheim, Germany) and suprapur ammonia
(Merck, Darmstadt, Germany); 1.5 mol L~! Britton-Robinson buf-
fer solutions (pH 2 to 10), prepared according to previously re-
ported method [35], using o-boric acid, o-phosphoric acid, acetic
acid and sodium hydroxide (Merck, Darmstadt, Germany), with a
constant ionic strength obtained by adding KCI (Merck, Darmstadt,
Germany); 1 mol L~! ammonium chloride/fammonia (pH 8 and 9)
(Merck, Darmstadt, Germany); 4molL~! acetic acid/sodium
acetate (pH 4 to 5.5) (Merck, Darmstadt, Germany); Hydrion
Phosphate Buffer Chemvelopes purchased from Sigma-Aldrich at
different pH values (pH 2 to 10) by adding to 500 mL of distilled
deionised water. For the optimum conditions, phosphate buffer
was prepared using 1mol L~! potassium dihydrogen orthopho-
sphate (KH,PO4) (Sigma-Aldrich, Steinheim, Germany) and
1 mol L~ ! NaOH (Merck, Darmstadt, Germany). HNO5 of Suprapur
grade (Merck) was also employed to adjust pH for optimum
conditions.

High quality nitrogen was used for deaeration of solution prior
to any electrochemical measurements. The 2-hydro-
xybenzaldehyde benzoylhydrazone (2-HBBH) was synthesized as
previously reported by Espada et al. [36] and then recrystallized
three times in 1:1 ethanol/water. The structure is shown in Fig. 1.

The total dissolved silver was ascertained in the estuarine
water reference material (SLEW-3) from the National Research
Council of Canada. The proposed method was also applied to real
water samples from Guadalquivir river (southwest of Spain).
Samples were filtered through 0.45 pm pore size filters, acidified
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Fig. 1. 2-hydroxybenzaldehyde benzoylhydrazone (2-HBBH).

with HNO; of Suprapur grade (Merck) up to pH <2 and stored
under 4 °C until application of the method. Before analysis, organic
matter of samples was destroyed by adding of 0.02 mol L~! hy-
drogen peroxide of Suprapur grade (Merck) and UV digestion
during 2 h.

For the analysis of silver nanoparticles, two aqueous solutions
were studied: a dispersion of silver nanoparticles containing so-
dium citrate as stabilizer (Sigma-Aldrich, Steinheim, Germany) and
silver nanoparticles prepared in the laboratory by dissolving a
specific amount of silver powder (Sigma-Aldrich, Steinheim, Ger-
many). Both aqueous solutions consisted on colloidal silver na-
noparticles of 20 nm particle size. For speciation studies, samples
were filtered through Nucleopore Track-Etch Membrane of 15 nm
pore size filters.

2.3. Preparation of the modified carbon paste electrode

Teflon cylindrical tube (5 cm length) with a hole at one end
(2.9 mm inner diameter and 1.25 mm of deep cavity) for the car-
bon paste filling served as the electrode body. Unmodified elec-
trode was prepared by thoroughly hand-mixing 0.1 g of high
purity graphite powder with 0.042 g of paraffin oil in a mortar and
pestle until a homogeneous carbon paste was obtained. The MCPE
was prepared in a similar way except that the graphite powder
(0.08 g) was first mixed with the desired weight of 2-HBBH
(0.02 g) in a mortar followed by the addition of 0.042 g of paraffin
oil to the carbon paste mixture and mixed until obtaining a uni-
form paste. Subsequently, the paste was packed firmly into the
electrode cavity and smooth surfaces were obtained by applying
manual pressure to the tip while polishing on a sandpaper. After
each measurement, the electrode surface was renewed by pushing
approximately 0.5 mm of carbon paste out of the tube with a
spatula, and smoothing it again mechanically to get a fresh surface.

2.4. Electrochemical reaction mechanism

The proposed mechanism for the determination of silver using
the 2-HBBH modified carbon paste electrode is attributed to the
following three steps after a purging time with nitrogen: accu-
mulation, reduction and stripping step. During the accumulation
step, under stirring conditions and at open-circuit, Ag* is ad-
sorbed on the electrode surface and is complexed by 2-HBBH.
Subsequently, Ag*-2-HBBH complex is broken due to the reduc-
tion of Ag™ to Ag® at 0 V during the reduction step. Immediately, a
potential scan in the anodic direction is carried out to measure the
amount of reduced Ag® from its oxidation current to Ag* stripped
off producing a peak at 0.2 V. Differential pulse voltammetry (DPV)
was employed for the quantitative determination of Ag(l) due to
the high sensitivity and good shape achieved [37,38].

2.5. General procedure to determine silver
Cyclic voltammetry was employed to check for normal elec-

trochemical behavior of the novel working electrode. The MCPE
was immersed in a stirred cell containing the appropriate

concentration of Ag(I) in 20 mL of 0.1 mol L~ ! Britton-Robinson
buffer solution (pH 6) after purging with nitrogen for 5 min. Cyclic
voltammograms (CVs) were run in anodic direction from —1.5 to
1.5V vs. Ag/AgCl with a scan rate of 100 mV s~ ! after an acumu-
lation time of 5 min at open-circuit and back at the same scan rate.
For differential pulse anodic stripping voltammetric measure-
ments, the analysis of Ag(I) was carried out in a cell containing the
sample solution (20 mL) and 0.1 mol L~ ! K,HPO4/NaOH buffer at
slightly acid pH (pH 5.5) for aqueous solutions and nitric acid (pH
1) for real water samples, respectively. The buffered condition is
employed without the presence of chloride ions in the solution,
whilst acid pH (pH 1) is used in the presence of chloride ions
because of the possible precipitation of Ag(I) at slightly acid pH.
The solution was deoxygenated by N,-purging (3 min) previously
the following steps. (1) Accumulation step of Ag(I) was done at
open-circuit for 3 min in a stirred solution. After that, the stirring
was stopped and the solution was left settle for an equilibration
period of 5s. (2) Reduction step was developed at a reduction
potential of 0 V (versus Ag/AgCl reference electrode) for 3 min in a
stirred solution. (3) Then, stripping step was carried out with a
scan of the potential in a differential pulse mode of operation to-
ward a positive direction from —0.4 to 0.7V at a scan rate of
100 mV s~ ! to obtain the corresponding voltammogram. Table 1
summarises the operating conditions optimized for the differential
pulse voltammetric measurements. All electrochemical experi-
ments were conducted at room temperature at about 298 K. A
renewed carbon paste surface was used for each measurement.

3. Results and discussions

Preliminary measurements by cyclic voltammetry (CV) showed
the Ag(I)-2-HBBH complex formation at pH 6. Fig. 2a shows cyclic
voltammograms for the following conditions: (1) CPE without
2-HBBH and 2 mg L~ ! Ag(I); (2) MCPE with 2-HBBH without Ag(I);
and (3) MCPE with 2-HBBH and 2 mgL~! Ag(l). The oxidation
peak of Ag(I) was observed at 0.1 V (versus Ag/AgCl). Both (1) and
(2) conditions did not show peak current at this potential. On the
other hand, preliminary studies by differential pulse anodic
stripping voltammetry (DPASV) of 100 pg L~ Ag(I) using a MCPE
with 2-HBBH were carried out. The oxidation peak of Ag(I) was
observed at 0.2V (versus Ag/AgCl) with a higher sensitivity
(Fig. 2b).

2-HBBH was optically characterized by ultraviolet-visible (UV-
vis) absorption spectroscopy showing two important transitions at
288 nm and 324 nm. When silver solution was added, a new high

Table 1
Operating conditions optimized for the differential pulse voltammetric measure-
ments of Ag(I) using a MCPE.

Parameter Value

pH and buffer Aqueous solution: 0.1 mol L~ ! K;HPO4/NaOH (pH 5.5)

composition Real water samples: HNOs (pH 1)
Purge time 180s
Accumulation time 180 s (600 s maximum)
Reduction potential oV
Reduction time 180 s (420 s maximum)
Equilibration time 5s
Pulse amplitude 100 mV
Potential step 10 mV
Time interval for po- 0.1s
tential step
Pulse time 40 ms
Stirring speed 2000 rpm

Stirring during reduc-  Yes
tion step

Potential scan —-041t00.7V
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Fig. 2. (a) Cyclic voltammograms in 0.1 mol L~ BR. at pH 6 between —1.5 and
1.5V, scan rate 100 mV/s: (1) CPE without 2-HBBH and 2 mg L~! Ag(I); (2) MCPE
with 2-HBBH without Ag(l); and (3) MCPE with 2-HBBH and 2mgL~! Ag(l).
(b) Differential pulse voltammogram of 100 pgL~"' Ag(l) using a MCPE with
2-HBBH. Experimental conditions: 0.1 molL~! B.R. (pH 6); accumulation time
120 s; reduction time 120 s; reduction potential —0.4 V; pulse amplitude 50 mV;
pulse time 40 ms; potential step 4 mV and time interval for potential step 0.1 s.

peak appeared at approximately 252 nm, which increased with
the increase of Ag™ ion concentration.

The continuous variation (Job's method) and the molar ratio
method were applied to establish the stoichiometry of the com-
plex formed during DPASV process. Visible spectrophotometry
measurements of aqueous-ethanolic solutions of Ag(I) chelate
buffered at pH 5.5 using 0.1 mol L~! K,HPO,4/NaOH were made at
252 nm. The plots of absorbance suggested a complex formation
with a 1:2 metal-ligand stoichiometry. The formation constant for
the complex was evaluated to be around 108 mol~2 L? showing a
very stable complex.

To optimize the performance of the 2-HBBH chemically modi-
fied carbon paste electrode for the electrochemical determination
of silver in aqueous solution, the influence of parameters of DPASV
on the response of Ag(I) were studied, including pH, supporting
electrolyte, accumulation and reduction time, reduction potential
and carbon paste composition among other parameters.

3.1. Effect of parameters

3.1.1. pH and supporting electrolyte

The effect of pH on both the peak current and oxidation peak
potential was evaluated. Due to the possible formation of sparingly
soluble compounds on the electrode or of many soluble metallic
compounds in the solution could deteriorate the stripping vol-
tammetric signal because of the presence of high concentrations of
inorganic or organic anions, the influence of the supporting

700
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200

100

0 T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Reduction potential (-V)

Fig. 3. Influence of reduction potential on the peak current. Experimental condi-
tions: 100 pg L~! of Ag(I); 0.1 mol L~! KH,P0O,4/NaOH (pH 5.5); accumulation time
60 s; reduction time 60 s; purge time 60 s; pulse amplitude 50 mV; pulse time
40 ms; potential step 8 mV and time interval for potential step 0.1 s.

electrolyte was also tested. The pH was changed in the range from
2 to 10 and various buffer solutions (Britton-Robinson, Hydrion,
Hepes, NH4CI/NH3, K;HPO4/NaOH and AcH/NaAc) were evaluated.
The sample solution (20 mL) containing 0.37 M Britton-Robinson
buffer, 0.25 M HEPES, 0.25 M NH4CI/NH3, 0.25 M K;HPO4/NaOH or
0.36 M AcH/NaAc, were pipetted into the voltammetric cell. The
best response for both studies was obtained with K;HPO4/NaOH
electrolyte solution at slightly acid pH values. Thus, a pH value of
5.5 was selected for further optimization studies. To complete the
results, the influence of phosphate buffer concentration was also
evaluated being 0.1 mol L' the optimum value chosen for the
following experiments.

3.1.2. Reduction potential

The effect of the reduction potential on the stripping peak
current of 100 pg L~! Ag(I) was studied by varying the reduction
potential from 0 to —0.7 V. As it can be seen in Fig. 3, peak current
shows a slight decrease from 0 V to —0.5 V. Further increase in the
reduction potential led to a sharply drop reaching its lowest point
at —0.7 V. Hence, a reduction potential of 0V was used in all
subsequent experiments. Several studies were also developed to
achieve the optimum reduction potential for speciation studies
with colloidal silver. As far as these samples were concerned,
—0.4V was used as the optimum reduction potential.

3.1.3. Scan rate and pulse amplitude

The influence of scan rate was studied with 100 pg L' of Ag(1).
This variable can be evaluated by both electrochemical parameters
potential step or time interval for potential step. Potential step was
selected in our studies varying from 2 to 12 mV (20 to 120 mV s !
scan rate, respectively) using a fixed time interval for potential
step of 0.1 s. The oxidation peak was found to vary linearly with
the scan rate ranging from 20 to 120 mV s~ ! (Fig. 4a). However,
the shape of stripping peak became apparently asymmetry when
scan rate was larger than 100 mV s~ ! (potential step: 10 mV). For
that reason, 100 mV s~ ! was chosen as the scan rate for the fol-
lowing experiments.

The influence of pulse amplitude on the electrochemical re-
sponse of 100 pg L~' Ag(l) was also investigated. Fig. 4b showed
that the stripping peak current increased gradually with increas-
ing differential pulse amplitude from 10 to 100 mV, which was the
maximum equipment value. Thus, 100 mV was selected as the
differential pulse amplitude of the proposed method.

3.14. Equilibration time and stirring speed
Equilibration time and stirring speed were also evaluated.
Equilibration time was ranged from 5 to 30 s, and stirring speed
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accumulation time 60 s; reduction time 60 s; purge time 60 s; reduction potential

0V; pulse time 40 ms and time interval for potential step 0.1 s. (a) Pulse amplitude
50 mV and (b) Potential step 10 mV.

was varied from 1000 to 3000 rpm. Anodic stripping peak current
of silver remained almost constant with the variation of both
parameters without showing significant effects. In order to avoid
long analysis times and achieve good reproducibilities of the
measurements, 5s and 2000 rpm were selected as equilibration
time and stirring speed, respectively (Fig. 5).

3.1.5. Accumulation time, reduction time and purge time

The sensitivity of the stripping voltammetric measurements
can be affected to longer accumulation times. The more metal
accumulated on the electrode surface, the higher peak current is
obtained. Therefore, accumulation time is a decisive factor for a
stripping voltammetric method. The effect of the accumulation
time on the peak current of 20 pg L~ ! Ag(I) was tested in the range
from 30 to 900 s. The results indicated that the quantity of Ag
(I) accumulated at the surface of the electrode increased with in-
creasing accumulation time in the range of 30-600 s. However, the
peak current decreased beyond 600 s, indicating the saturation of
the electrode surface after this time interval [39]. Taking into ac-
count the results, an accumulation time of 180 s could be selected
giving enough sensitivity to measure silver and avoiding long
analysis times. For quantification of silver at low concentration
ranges, 600 s was chosen as accumulation time to achieve better
sensitivity. The effect of reduction time was also examined. The
stripping peak for 20 ug L~ of Ag(I) was investigated in the range
from 30 to 600 s. The stripping signal for Ag(I) increased almost
linearly up to 420 s falling sharply after this value. Therefore, a
reduction time of 180 s was chosen again as a compromise be-
tween sensitivity and not very long analysis times. As aforemen-
tioned, for quantification of silver at low concentration ranges and
to achieve lower detection limits, 420 s was chosen as reduction
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Fig. 5. Influence of (a) equilibration time and (b) stirring speed on the peak current

for 100 pg L~ of Ag(l). Experimental conditions: 0.1 mol L~! KH,PO4/NaOH (pH

5.5); accumulation time 60 s; reduction time 60 s; purge time 60 s; reduction po-

tential O V; pulse amplitude 100 mV; pulse time 40 ms, potential step 10 mV and
time interval for potential step 0.1 s.

time. To complete the optimization of the parameters related to
time, purge time was also evaluated. Purge time was changed from
0 to 300s. Anodic stripping peak current of silver slightly in-
creased up to 180s and remained almost constant without
showing significant effects after this value. Thus, 180 s was se-
lected as purge time. Therefore, 180 s was selected for the three
parameters evaluated.

In addition, the effect of stirring during reduction step was also
investigated. A remarkable difference was obtained with and
without agitation. Depending on the conditions, an increase of the
stripping signal between 8.5 and 20 times was achieved (Table 2).
Thus, the solution was stirred during reduction step for sub-
sequent experiments.

3.1.6. Effect of carbon paste composition

Due to the accumulation of Ag(I) at the modified electrode was
based on the complex formation between the metal ion and the
modifier, the amount of 2-HBBH in the carbon paste composition
could significantly affect the voltammetric response. Therefore,

Table 2

Effect of stirring during the reduction step on the peak current for 20 pg L~! of Ag
(I). Experimental conditions: 0.1 mol L~! KH,PO4/NaOH (pH 5.5); purge time 60 s;
reduction potential 0 V; pulse amplitude 100 mV; pulse time 40 ms; potential step
10 mV and time interval for potential step 0.1 s.

Accumulation time (s) Reduction time (s) I (nA)

Without stirring ~ With stirring

60 60 1213 1947
120 60 379.2 3237
60 120 281.2 5637
120 120 667.1 7195
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electrodes with different percentages of modifier (from 3.5% to
35%) and a fixed amount of paraffin at 29.7% were prepared. The
experiments were performed with a 100 pug L~' Ag(I) solution for
3 min of accumulation time and 3 min of reduction time. Fig. 6
shows the effect of the ratio of 2-HBBH to the mixture of carbon
paste on the peak current. It can be seen that the anodic peak
current increased with increasing amount of modifier in the paste
composition up to 14.1%. The reason can be obviously attributed to
the increase of accumulation sites. Higher modifier quantities in
the paste composition showed a decrease in the peak current,
probably related to a decrease of conductive area at the electrode
surface [30-32,40]. According to these results a carbon paste
composition of 14.1% (w/w) 2-HBBH, 56.2% (w/w) graphite powder
and 29.7% (w/w) paraffin oil was used in further experiments.

3.1.7. Effect of acid pH values and nature of the acid

Due to a high concentration of chloride ions can be en-
countered in real water samples and the possibility of the for-
mation of precipitates with the silver ions at slightly acid and basic
pH, several studies were carried out at lower pH values to avoid
such interference. Different acids were studied (Table 3). The effect
of the acid pH on the peak current of 100 pg L' Ag(I) was tested
in the range from 1 to 3. Nitric acid was proposed as an alternative
to the buffer solution to adjust the pH of the real water sample at
pH 1.

3.2. Stability of the modified carbon paste

Once optimum conditions were evaluated, practical usability of
the developed MCPE was investigated by measuring the electro-
chemical signal of Ag(I) of several modified electrodes prepared

Table 3

Effect of acid pH values and nature of the acid on the peak current for 100 pg L~ ! of
Ag(1). Experimental conditions: accumulation time 180 s; reduction time 180s;
purge time 180 s; reduction potential 0V; pulse amplitude 100 mV; pulse time
40 ms; potential step 10 mV and time interval for potential step 0.1s. Stirring
during reduction step.

PH I (uA)
HNO; H,S04 HCl K;HPO4/NaOH
1 49.9 47.7 0.002 -
2 419 41.1 54 -
3 13.3 15.9 15.7 -
5.5 - - - 12

with the same composition (14.1% of 2-HBBH, 56.2% of graphite
and 29.7% of paraffin oil) and each electrode was stored for dif-
ferent days. The experiments were performed with a 100 pg L~!
Ag(I) solution using a pH 1 adjusted with HNO3, 3 min of accu-
mulation time and applying a reduction potential of O V for 3 min.
The stability of the modified carbon paste electrode was evaluated
over a period of 2 months. During this period, 14 measurements
were done (one measurement per day the first week and one per
week after that). The peak current after this period of time was
reproducible and no significant drift was observed
(50.6 pPA 4+ 0.7 pA). The results obtained indicated the high stabi-
lity of 2-HBBH in time. Therefore, the MCPE could be stored and be
used after 2 months without any electrochemical signal loss.

3.3. Analytical performance characteristics of the method

To test the reproducibility of the method, 12 different electro-
des were prepared in the same manner and they were evaluated
by performing the determination of 100 pg L=" of Ag(I) solution.
The RSD obtained was 1.5% and the precision of the method was
0.95% at a significant level of 95% (n=12). These results indicated a
very good reproducibility for Ag(I) detection with the developed
electrode.

Under the optimum conditions, the peak current was found to
increase linearly with the silver concentration over a wide range
from 0.001 to 100 ug L~ for 180 s accumulation time and 180 s
reduction time. The correlation coefficient and equation of the
linear regression were R*=0.999 and I, (pA)=(—0.21+ 0.19)+
(0.529 + 0.004)C (ug L~ ') respectively, being the standard devia-
tion of the regression of 0.49. At higher silver concentrations than
100 pg L1, the peak current decreased implying that the activity
of the electrode can decrease due to the full coverage of the
electrode. The detection limit, defined as DL=3Sy,/m [41], where S,
is the standard deviation of the blank (n=5) and m the slope of the
calibration graph, was found to be 1.1 ng L~ ! of Ag(l), which is far
lower than the maximum contaminant level for total silver in
drinking water fixed by the EPA guidelines. The quantification
limit, defined as QL=10S,/m [41], was found to be 3.7 ng L~ ! of Ag
(I). To complete the methodology and its application to lower
silver concentrations in natural water samples, the voltammetric
signal was also studied in the range of 0.1-40 ng L™ !, by increasing
the accumulation time to 600s and reduction time to 420s,
showing a linear tendency in the whole range evaluated. The
correlation coefficient and equation of the linear regression were
R?=0.997 and I, (pA)=(0.03 + 0.07)+(0.105 + 0.003)C (ng L~ 1),
respectively and the standard deviation of the regression was 0.11.
Using these conditions, detection and quantification limits were
further improved up to 0.1 ng L~" and 0.34 ng L~ !, respectively.

These results have been compared with the analytical figures of
merit of previous voltammetric procedures using other ligands as
modifiers for the determination of silver (Table 4). It can be seen
that this novel method using 2-HBBH as a complexing ligand
provides one of the lowest detection limits in comparison to the
other techniques, and a wide linear range of application. The ac-
cumulation time is also favorable in this new methodology, re-
quiring short values of this parameter to reach very low detection
limits. To highlight a few, Dong and Wang [42] and Javanbakht
et al. [32] reported methods for silver determination using
DC18C6/Nafion and Tu-SBA-15, as the modifiers of the electrode,
respectively, with favorable detection limits. However, the former
was time-consuming and the latter had a linear calibration curve
over a short range of Ag(I). Mohadesi et al. [31] prepared a MCPE
modified with 3-amino-2-mercapto quinazolin-4(3H)-one. A de-
tection limit of 0.4 ug L~ ! and a long linear tendency from 0.9 to
300 pg L= of Ag(l) were obtained. However, 12 min of accumu-
lation time was necessary to achieve such analytical
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Table 4

Comparison of analytical figures of merit of different voltammetric techniques for the determination of Ag(I).

Electrode® Ligand” Detection limit (ug L™!) and accu- Linear dynamic range (ug L~!) Application Ref.
mulation time

MGCE DC18C6/Nafion 2-10~* (30 min) 2-1073-11 Reagent-grade ammonium nitrate [42]

MCPE Chelating resin 0.03 (5 min) 0.05-10.8 Waste water [43]

MCPE Tricresyl phosphate and 2.7-10~* (15 min) 0.03-0.14 Tap water [44]
heptylsulfonate

MGE DTT 64.7 (5 min) 64.7-259 Lake water and pond water [45]

MCPE Alizarin violet 0.01 (3 min) 0.03-13 Waste water and zinc alloy samples  [30]

MCPE 3-amino-2-mercapto quinazolin-4 0.4 (12 min) 0.9-300 River water, tap water and X-ray [31]
(3H)-one photographic films

MPE PTH 60 (2 min) 70-1000 Waste water [46]

MCPE Tu-SBA-15 54-10~* (5 min) 86-1074-86-10"3 Seawater, tap water [32]

MCCE PAR 0.12 (12 min) 0.5-300 X-ray photographic films and super- [47]

alloy samples
MCPE 2-HBBH 1-10~3 (3 min) 1-10~3-100 (3 min) River water This work

1-10~* (10 min)

1.10"-0.04 (10 min)

2 MGCE: Modified glassy carbon electrode; MCPE: Modified carbon paste electrode;

carbon ceramic electrode.

MGE: Modified gold electrode; MPE: Modified platinum electrode; MCCE: Modified

b DC18C6/Nafion: dicyclohexyl-18-crown-6 in Nafion-117.; DTT: DL-dithiothreitol; PTH: Polythiophene; Tu-SBA-15: Phenylthiourea-nanoporous silica gel; PAR: 4-(2-

pyridylazo)-resorcinol; 2-HBBH: 2-Hydroxybenzaldehyde benzoylhydrazone.

characteristics. More recently, Rohani et al. [47] developed a car-
bon ceramic electrode modified with 4-(2-pyridylazo)-resorcinol
for silver ions analysis. The voltammetric response was linear from
0.5 to 300 pg L~' and the detection limit was found to be 0.12 p
g L~ of Ag(I). Nevertheless, the modified electrode developed by
Rohani et al. was not applied to real water samples.

3.4. Interference studies

The influence of various possible interferents on the determi-
nation of Ag(I) was examined at a 100:1 interferent:analyte mass
ratio using the optimized conditions. The results are presented in
Table 5. An error of + 5% was considered tolerable. It was observed
that Zn(II), Cu(II), Pb(II), V(V), TI(I), Mn(II), Ni(II), Cr(VI), Fe(IlI), Al
(1) and Bi(Ill) did not interfere even when present 100 times the
concentration of Ag(I), showing recoveries between 96.5% and
104.5% and relative errors below 5%. Slight interference was ob-
served in the presence of Co(Il), Cd(Il) and As(V). The peak current
was found to increase by 22.6, 24.1 and 21.0% when Co(II), Cd(II)
and As(V) were present 100 times the concentration of Ag(I),
respectively. The positive effect of these metals should be attrib-
uted to a catalytic effect or a possible formation of films in the
electrode surface facilitating the accumulation of Ag(I) [48].

However, Hg(Il) was found to reduce the peak current by 19.4%

Table 5

Study of interferences by trace metals for the silver determination in solutions
containing 0.1 mgL~' Ag(l) ion and 10 mgL~! of interferent ions (100:1 inter-
ferent:analyte mass ratio).

Interference Recovery (%) Relative error (%)
T+ 994 -0.7
Mn2+ 98.4 -16
Ni2+ 96.5 —-36
Cr+6 103.1 +3.0
Co%+ 1293 +22.6
Fe3+ 104.0 +3.8
Zn%+ 100.6 +0.6
Ccd?+ 131.7 +24.1
Vo 103.6 +3.5
AP+ 100.1 +0.1
Bi3* 100.8 +0.8
Hg? ™" 83.7 ~194
As>+ 126.6 +21.0
Cu?* 104.5 +43
Pb%* 100.3 +0.3

at a 100-fold mass concentration excess over Ag(l). In this case, the
negative effect should be attributed to the complex formation of
Hg(Il) with the modifier preventing the accumulation of Ag(I) on
the electrode. Peak potential for Hg(Il) signal appears at 0.7 V.
Nevertheless, the interferences found can not be considered of
significant importance because the metals have been studied at
higher concentrations than usually found in water samples.
Chloride ions were also evaluated due to the possible pre-
cipitation of AgCl. The effect was studied by addition of different
NaCl concentrations to a solution containing 10ngL~! of Ag
(I) using the proposed method. It was observed a decrease of peak
current when NaCl concentration was higher than 5 gL~ of NaCl
because of the lowering of free silver ions in solution. This must be
taken into consideration when real water samples are analysed.

3.5. Validation of the proposed method and real river water sample
analysis

Under the optimum conditions, the accuracy of the method
was evaluated by the determination of Ag(I) in SLEW-3 estuarine
water certified reference material (CRM). It is noteworthy to
mention that dissolved Ag is not a certified concentration but ra-
ther an informational value in the reference material (3 ngL™ ).
Ndungu et al. [4] measured silver for SLEW-3 by ICP-MS, which
compares well with the suggested informational value. Yang et al.
also determined a close value for analysis of the same CRM using a
similar flow injection method [49]. The results are described in
Table 6. Due to the salinity of the SLEW-3 estuarine water was
around 15g L™, a dilution of four times of the sample was re-
quired, giving a final salinity of 3.75 g L~ . As it can be observed, a
very good agreement between the experimental and certified va-
lues for reference water with a relative error of —1.3% was shown.

The method was also applied to the analysis of Ag(l) in three
real river water samples collected from Guadalquivir river
(southwest of Spain). Before use, the samples were filtered
through a membrane of 0.45 pm of diameter and digested with UV
radiation. The salinity of the river samples was below 5 g L~ !, then
no dilution was required.

The results obtained by the proposed method (Table 6) were
compared which those obtained by ICP-MS. The relative errors
were +3.4%, +1.5% and —0.7%, respectively, indicating the suit-
ability of the proposed method for its use in natural water
samples.
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Table 6

Determination of Ag(I) in estuarine water certified reference material (SLEW-3) and
real river water samples (from Guadalquivir river, Spain) by the new proposed
DPASV method (n=2).

Sample® Salinity Ag(1) concentration (ng L~')  Relative error
(gl (%)
Expected Found"”

SLEW-3 15¢ 3d 2.96 +0.10 -13
River water 0.6 16.40° 16.96 + 1.19 +34

1
River water 1.2 16.80° 17.05 + 0.95 +1.5

2
River water 0.4 47.50° 4716 + 0.41 -0.7

3

2600 s of accumulation time and 420 s of reduction time in diluted solution of
HNOs (pH 1).

bn=2.

€ The sample was 4 times diluted previous the analysis.

4 Ascertained value.

¢ Determination by ICP-MS.

Table 7
Validation of the analysis of total silver, free silver ions and silver nanoparticles by
the new proposed DPASV method.

Sample® Determination by  Determination by the Relative error
ICP-MS proposed method (%)
M1 Agr 17.01 +0.02° 1719 + 0.02¢ +11
(mgL~")
Agi (p 3.85 +0.06 3.94+0.02¢ +23
-1
gL™)
Agnp 17.00 + 0.06 1719 £ 0.03 +1.1
(mgl™")
M2 Agr 18.64 + 0.07° 18.13 +0.05¢ -2.7
(mgl™")
Ag i (p 66.64 + 1.20 67.88 + 0.93° +19
-1
gLl™)
Agnp 18.57 £ 1.20 18.06 +0.93 -2.7
(mgl™")

Ag 1: Total silver; Ag : Free silver ions; Ag np: Colloidal silver nanoparticles.
M1: dispersion of silver nanoparticles containing sodium citrate as stabilizer; M2:
silver nanoparticles prepared in the laboratory by dissolving a specific amount of
silver powder without stabilizer. Both aqueous solutions consisted on colloidal
silver nanoparticles of 20 nm particle size. For speciation studies, samples were
filtered through Nucleopore Track-Etch Membrane of 15 nm pore size filters.

2180 s of accumulation time and 180 s of reduction time in diluted solution of
HNOs (pH 1).

b The sample was 10 times diluted previous the analysis.

¢ The sample was 200 times diluted previous the analysis.

4 The sample was 10 times diluted previous the analysis.

€ The sample was 20 times diluted previous the analysis.

3.6. Validation of the proposed method to silver speciation

As aforementioned, the increasing development of nano-
technology has evidently led to the emission of many different
nanomaterials into the aquatic environment. On account of this,
and their possibly toxic effects, the determination of silver nano-
particles in water samples can be considered of great interest in
the aquatic field as well as the analysis of free silver ions. Under
the optimum conditions, several studies were carried out to find
the applicability of the developed MCPE in the determination of
the different forms of silver. It was observed that both ionic silver
and silver nanoparticles were accumulated on the electrode being
determined by stripping voltammetry. Two aqueous solutions
consisted on colloidal silver nanoparticles of 20 nm particle size
were studied (Table 7). A small fraction of dissolved ionic silver can
be found in the samples. In order to resolve the simultaneous
presence of such forms of silver in the water samples, the

proposed method was applied under the optimum conditions by
using two steps. Firstly, total silver was directly determined by the
proposed voltammetric method and then, the samples were fil-
tered through 15 nm pore size filters to separate the colloidal sil-
ver nanoparticles and measuring the concentration of free silver
ions in the solution. Silver nanoparticles were determined by
subtracting the free silver ions measured after filtration from the
total silver concentration calculated in the first step. For silver
speciation, —0.4 V was employed as reduction potential, increas-
ing the peak current five times if compared with 0V value when
colloidal silver solution is measured. Different dilutions of the
samples were required, giving final concentrations inside the
linear calibration range. The data obtained by the proposed
method were compared with those obtained by ICP-MS, showing
good recoveries of free silver ions and silver nanoparticles with
relative errors below 3%, indicating the successful applicability of
the proposed method to colloidal silver.

4. Conclusion

A selective and easy new procedure for the determination of
silver in aqueous media using a modified carbon paste electrode
(MCPE) by differential pulse anodic stripping voltammetry
(DPASV) and 2-HBBH as the modifier ligand has been described. A
Schiff base has been incorporated to the carbon paste electrode for
the determination of silver in water samples in the field of vol-
tammetry for the first time in this paper with excellent results.
This method provides a low detection limit and a wide linear
range of application. The highly sensitive response of Ag(l), sim-
plicity, rapid response and its successful application in real water
samples demonstrate that it is an adequate mercury-free alter-
native for the determination of this analyte in water. Moreover,
ssatisfactory results were obtained for the speciation analysis of
total silver, silver ions and silver nanoparticles.
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