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Abstract We describe a silver(I)-selective carbon paste elec-
trode modified with multi-walled carbon nanotubes and a
silver-chelating Schiff base, and its electrochemical response
to Ag(l). Effects of reduction potential and time, accumulation
time, pH of the solution and the stripping medium were studied
by differential pulse anodic stripping voltammetry and opti-
mized. The findings resulted in a method for the determination
of silver over a linear response range (from 0.5 to 235 ngmL ™)
and with a detection limit as low as 0.08 ngmL . The sensor
displays good repeatability (with the RSD of +2.75 % for 7
replicates) and was applied to the determination of Ag(I) in
water samples and X-ray photographic films.

Keywords Carbon nanotube - Anodic stripping
voltammetry - Modified carbon paste electrode - Silver(I)

Introduction

Trace metal pollution in environmental sources like water,
air and soil has affected the life on earth [1, 2]. The con-
tamination of the environment with toxic heavy metals is a
major environmental problem. Their removal is a great
challenge [3, 4].

The information about the interaction of silver with es-
sential nutrients, especially selenium, copper and vitamins E
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and B12, has focused attention on its potential toxicity [5].
The toxicity of silver ranges through several orders of mag-
nitude depends on the silver forms. While the ionic form of
silver has been shown to be toxic to a variety of aquatic
organisms, forms of silver other than ionic silver are signifi-
cantly less toxic [6].

Silver is one of the industrially important elements. The
widespread use of silver compounds and silver-containing
procedures in industry, medicine, jewelry, cloud seeding and
in the disinfection of drinking water has resulted in an increas-
ing silver content of environmental samples. It is used for the
preparation of corrosion-resistance alloys and its compounds
are extensively used in the processing of foods, drugs, bev-
erages and in filters and other equipments to purify water.
Consequently, determination of trace amounts of silver is
important for many areas of chemical analysis and simple
and highly sensitive methods are needed to monitor the Ag
levels in samples at ever decreasing concentrations. Trace and
ultra-trace amount of silver ions in environmental samples is a
stimulant for applying preconcentration techniques prior to its
determination [7]. The most widely used techniques for sep-
aration and preconcentration of trace amount of silver ions are
coprecipitation [8], solid-phase extraction (SPE) [9], liquid—
liquid extraction (LLE) [10] and cloud point extraction (CPE)
[11]. However, most of these procedures are time-consuming
and may cause sample contamination. Several atomic spec-
trometric techniques such as atomic absorption spectrometry
[12], inductively coupled plasma atomic emission spectrome-
try (ICP-AES) [13] and inductively coupled plasma mass
spectrometry (ICP-MS) [14] have been used for the determi-
nation of silver in different environmental samples. Two lim-
itations in these techniques are lower levels of analyte ions than
the quantitation limits of the technique and the interferic effects
of the main components of the samples [15].

Stripping voltammetric analysis has been known as one
of the most sensitive techniques and is widely used for the
trace heavy metal analysis in various samples, because of its
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ability to preconcentrate the analytes on the electrode sur-
face [16] and to allow automatic in situ speciation measure-
ments, with no or minimum sample change. Basically,
anodic stripping voltammetry (ASV) method consisted of
two steps, including preconcentration or deposition of the
analyte at the electrode surface by reduction method, and
stripping the preconcentrated analyte at the electrode surface
by oxidation method. Modified carbon paste electrodes
(MCPEs) have several advantages such as non-toxic, low
background current, wide range of used potential, rapid
renewal and easy fabrication [17]. Nowadays, carbon nano-
tubes (CNTs) have also been used in carbon paste electrodes
[18-20]. CNTs have very interesting properties, such as
ordered structure with high aspect ratio, ultra-light weight,
high mechanical strength, high electrical conductivity, high
thermal conductivity and high surface area [21-23]. Apply-
ing the CNT in carbon paste electrodes, increases the surface
area, conductivity, current and finally improves the method
sensitivity. A number of articles discuss about the determi-
nation of silver by stripping analysis at modified carbon
paste electrodes. There are carbon paste electrodes modified
by p-isopropylcalix[6]arene [24], NABHE [6], 4-(2-pyridy-
lazo)-resorcinol [25], polythiophene [26], dl-dithiothreitol
[27], 3-amino-2-mercapto quinazolin-4(3H)-one [28] and
N,N’-diphenyl oxamide [29].

We describe here a simple and effective carbon paste
electrode modified with CNT and (E)-4-(2-hydroxyethyli-
mino)pentan-2-one (EHPO) (Fig. 1) was developed and the
sensor was applied to the determination of Ag(I) by using
differential pulse anodic stripping voltammetry (DPASV).
The modifier, (E)-4-(2-hydroxyethylimino)pentan-2-one,
can preconcentrate Ag(I) from aqueous solution to the sur-
face of the modified electrode and greatly increase the
sensitivity of determination. In addition, the EHPO-
MCPE exhibited several advantages such as simple prepa-
ration, reproducibility of surface renewal by simple polishing,
good stability and excellent ability to determine ultra-trace
amounts of silver in X-ray photographic films and water
samples.

Experimental
Materials and reagents

Highly pure graphite powder and multi-walled carbon nano-
tubes (MWCNTs) with 3-20 nm diameters, core diameter:

(0]
HO\/\N)\/U\

Fig. 1 (E)-4-(2-hydroxyethylimino)pentan-2-one (EHPO) structure
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1-10 nm, SBET: 350 m?g " and 95 % purity were pur-
chased from Merck (Darmstadt, Germany). Silver nitrate
solutions were prepared in deionized water and their con-
centrations were checked by an atomic absorption spectrom-
eter (PerkinElmer model 2380). The silver solutions were
placed in the dark and protected against light in amber
bottles. The stripping solution for silver(I) was a HCI solu-
tion (0.1 molL™"). Phosphate buffer solution was prepared
by dissolving 1.2 g of NaH,PO, in 90 mL of distilled water,
titration to pH 7 with NaOH solution and make up volume
to 100 mL with distilled water. Highly pure nitrogen was
used for deaeration. The chelating agent, (E)-4-(2-hydrox-
yethylimino)pentan-2-one was synthesized and purified as
described elsewhere [30].

Apparatus

Voltammetric experiments were performed using a Metrohm
electroanalyzer (Model 757 VA Computrace, Switzerland,
www.metrohm.com). The measurements were recorded using
VA computrace version 2.0 (Metrohm, Herisau, Switzerland)
run under Windows 98 operating system. All voltammograms
were recorded with a three electrode system consisting of an
Ag/AgCl electrode as the reference electrode, a platinum wire
as the auxiliary electrode and the CPEs (modified or unmod-
ified) as the working electrode. A Metrohm 827 pH meter
(Switzerland, www.metrohm.com) was used for pH adjust-
ments. All the electrochemical experiments were carried out
under pure nitrogen atmosphere at room temperature. A RH
B-KT/C (IKA, Staufen, Germany, www.ika.com) magnetic
stirrer was employed to stir the sample solution.

Sample preparation

Three water samples, including; tap water (Kerman drinking
water, Kerman, Iran), well water (Shahid Bahonar Univer-
sity of Kerman, Kerman, Iran) and waste water (Copper
factory, Sarcheshmeh, Kerman, Iran) were selected. Then
these samples were filtered to remove suspended particulate
matter, their pH was adjusted to pH=2.0 with nitric acid so
as to prevent adsorption of the metallic ions onto the flask
walls, stored at 4 °C in a refrigerator and the suggested
method was applied to determination. For preconcentration,
the pH of the samples was adjusted to 7.0 before analyzing
by the described procedure.

X-ray photographic film

For X-ray photographic films analysis, the used films were
washed with distilled water and were cut into small pieces
after drying in an oven at 40 °C for 20 min. 20 mL of
aqueous nitric acid (5 molL™") was added to 2.0 g of the
film. The mixture was filtered and the solution was diluted
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to 500 mL and pH was adjusted to 7 by NaOH solution
(2 molL™"). One hundred microlitre of the solution was
added to 10 mL of the buffer solution (pH 7.0) and the
general procedure was applied to the resultant solution [6].
Samples were also analyzed using an independent tech-
nique, atomic absorption spectrometry (AAS).

Preparation of CPE and EHPO-MCPE

Unmodified carbon paste was prepared by hand mixing
of 70 mg of reagent-grade graphite powder and 30 uL
of Silicon oil with a mortar and pestle. A liquid for use
as pasting agent in a carbon paste electrode should
fulfill certain conditions. They should be sufficiently
chemically inert, insulating, non-volatile, water immisci-
ble and forming paste mixtures of fine consistency.
However, there also are some less favorable character-
istics of pastes made from paraffin oils or Nujol; for
instance, their vulnerability in media with organic sol-
vents. In this respect, better experience has been gained
with silicon oil-based carbon pastes that also represent
quite common type of pasting liquid [31]. Modified
carbon paste was prepared by mixing 30 pL of silicon
oil with 60 mg of high purity graphite powder, 5 mg
chelating agent and 5 mg nanotube (for increasing the
current and sensitivity) and following hand mixing in a
mortar and pestle. A fresh electrode surface was
obtained by squeezing out a small amount of paste into
the end of a glass tube (ca. 3.0 mm i.d. and 10 cm
long), scrapping off the excess against a conventional
paper and polishing the electrode on a smooth paper to
obtain a shiny appearance. The electrical connection was
made with a copper wire.

General procedure

The electrochemical method is based on open circuit
accumulation of silver ions onto a surface of modified
carbon paste electrode. The analysis of Ag(I) using DPASV
was carried out using the following steps: (a) EHPO-
MCPE was immersed in a 20 mL of sample solution (pH 7)
containing a known amount of Ag(I) and the solution
was stirred for 12 min. (b) The EHPO-MCPE, the
reference and counter electrodes were immersed into elec-
trochemical cell and medium was replaced with 0.1 mol
L' HCI solution as electrolyte, where the accumulated
Ag(I) was reduced for 20 s in —0.7 V. (c) the differen-
tial pulse waveform, was recorded from —0.2 to +0.2 V
to electrochemically strip the Ag’ back into Ag® (with
20 mVs ' scan rate, 100 mV pulse amplitude and 5 ms
pulse period). The resulting oxidation peak constitutes
the analytical signal. All the measurements were carried out
at room temperature (~25 °C).

Results and discussion
Voltammetric behavior of silver(I) at EHPO-MCPE

The ability of the EHPO-MCPE to preconcentrate Ag(l) was
investigated. Figure 2 shows the differential pulse stripping
voltammetry of unmodified CPE (a), MCPE (with nanotube
and without EHPO) (b), EHPO-CPE (without nanotube and
with EHPO) (c), EHPO-MCPE (with nanotube and EHPO)
(d) and EHPO-MCPE (with nanotube and EHPO, no Ag(I)
in accumulation medium) (e) in 0.1 molL™" HCI after pre-
concentration in accumulation medium (100.0 ngmL ™' Ag
(I)). In CPE case, a small anodic peak at about +0.095 V
indicates that some adsorption of Ag(I) occurred at the CPE
surface. However, this miniscale peak provided an evidence
for the absence of a significant preconcentration of Ag(l) at
the unmodified electrode. In contrast, when EHPO-CPE
(without nanotube) was applied, a well-defined anodic strip-
ping peak at +0.095 V appeared after accumulation in the
medium containing 100.0 ngmL ™" Ag(I). This peak was due
to the reoxidation of elemental silver, produced by the
reduction of accumulated Ag(l) at the negative potentials.
As can be seen, the anodic peak current of silver at EHPO-
CPE is several times larger than that of the unmodified
electrode and when EHPO-MCPE (with nanotube and
EHPO) was applied, peak current showed a well increase
after accumulation in the medium containing 100.0 ngmL "
Ag(I). Only residual current was observed (Fig. 2e) when
EHPO-MCPE was applied in absence of Ag(I).

350

I(pA)

0.05 0.075 0.1 0.125 0.15
E(Vyvs Ag/AgCl

Fig. 2 DP anodic stripping voltammograms in 0.1 molL™" HCI after
open circuit accumulation in buffer solution (pH 7): a unmodified CPE
with 100.0 ngmL™" Ag(I), b modified CPE with multi-walled carbon
nanotubes (MCPE) with 100.0 ngmL ™" Ag(I), ¢ modified CPE with
EHPO (EHPO-CPE) with 100.0 ngmL ™" Ag(I), d modified CPE with
multi-walled carbon nanotubes and EHPO (EHPO-MCPE) with
100.0 ngmL71 Ag(l), e EHPO-MCPE, no Ag(I) in accumulation me-
dium. Other conditions: 12 min accumulation time, scan rate 20 mV
57!, 20 s reduction time and —0.7 V reduction potential
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Principle of the method

The performance of the newly developed EHPO-MCPE is
based on the preconcentration of Ag(l) from aqueous solu-
tion onto the surface of the modified electrode by forming
complexes with the modifier. The modifier acts as the ligand
and the metal ions are the central atom. In the other hand,
the surface concentrations of Ag(I) are much larger than
those of the unmodified electrode and the sensitivity is
greatly increased. Regarding the above-discussed observa-
tions and under the experimental conditions, the possible
pathways for analysis cycle, from accumulation step to
voltammetric scan, can be presented as follows:
Accumulation step via complex formation:

Ag",, +EHPOy, — [Ag — EHPO]" (1)
Reduction step in negative potentials:

[Ag — EHPO]"_ +e+H" — Ag’  +EHPOy, —H (2)

sur
Stripping step via positive scan:

A, — Agh, te (3)

Optimization of analytical conditions

To optimize the performance of the EHPO-MCPE, for the
electrochemical determination of silver(I) in aqueous solu-
tion, the parameters influencing the response of the elec-
trode including supporting electrolyte, pH of solution,
amount of modifier, accumulation time, reduction potential
and time were investigated.

pH of accumulation medium

The influence of pH on the stripping peak current and
potential was studied in buffer solutions (pH range 2-9).
Current-pH plot (Fig. S1, Electronic Supplementary Mate-
rial, ESM) reveal that, within the pH range 4-9, the current
did not vary significantly. Therefore the electrode response
is independent of pH in this range (4-9) and all subsequent
measurements were made in neutral pH (pH 7.0).

Stripping medium

The metals have different electrochemical behaviors in dif-
ferent electrolytes. The effects of some electrolytes, such as
HCIL, HNO;, CH;COOH and H;PO, on stripping peak cur-
rents of silver were investigated. The results show that Ag(I)
have the best electrochemical responses in HCl. When the
measurements were performed in this electrolyte, the largest
stripping peak current, the lowest background current and
the best shape of peak were obtained. The effect of HCI
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concentration on the shape of voltammograms was exam-
ined over the range from 0.001 to 0.5 molL ™', a small
current was observed in 0.001 molL™" HCI, which gradually
increased up to 0.1 molL™" HCI and then decreased at
higher concentrations. Anodic peak also shifts to negative
potentials due to the effect of H" concentration which shown
in Eq. (2). Therefore the concentration of 0.1 molL™" HCI
was used in all the measurements.

Accumulation time

When the accumulation time shifts from 0 to 12 min, the
stripping peak currents increase greatly (Fig. S2, ESM).
However, further increase of accumulation time does not
cause the obvious enhancing of the stripping peak currents,
which is probably due to the saturation loading of the
electrode surface, so the prolonged accumulation time does
not cause more metal ions to be reduced on the electrode
surface. Thus, the accumulation time of 12 min was chosen
for all subsequent analysis.

Influence of the reduction potential

The influence of reduction potential on the anodic peak
current of silver(I) was studied by varying the reduction
potential from 0 to —1.4 V. When the potential was increased
to —0.7 V, a well-defined peak with the highest peak current
was obtained. Further increase in the reduction potential
from —0.8 to —1.4 V led to decreased peak currents. This
is mainly due to the cohydrogen evolution at such high
potentials. Therefore, —0.7 V was employed as an optimum
reduction potential for further studies.

Influence of the reduction time

The effect of the reduction time was studied for Ag
concentration of 100 ngmL ™" at standard measuring condi-
tions. The time of reduction was changed from 5 to 100 s. It
was found that the silver peak current increases linearly with
the reduction time up to 20 s. For further study a reduction
time of 20 s was chosen.

Amount of modifier

The effect of amount of (E)-4-(2-hydroxyethylimino)pen-
tan-2-one within the carbon paste electrode was evaluated
(Fig. S3, ESM). The use of (E)-4-(2-hydroxyethylimino)
pentan-2-one as modifier can greatly improve the sensitivity
of determination. The peak intensity increases with the
increasing of amount of modifier because the concentration
of EHPO on the surface of the modified electrode increases
correspondingly. At 5 % of EHPO, relative to the mass of
electrode, the largest peak current was obtained. However,
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the continuous increase of amount of modifier causes a
decrease of peak current, because excessive EHPO may
result in the decrease of conductivity of the modified elec-
trode. So the best ratio of the modifier in carbon paste
composition is 5 % (w/w).

Performance characteristics

In order to obtain an analytical curve for our developed
method, The differential pulse stripping voltammetric deter-
mination of a series of standard solutions of Ag(I) was
performed after the optimization of the experimental param-
eters (Fig. 3). The best results were obtained under the fol-
lowing optimized conditions: 20 s reduction time, —0.7 V
reduction potential, 12 min accumulation time and
20 mVs ' scan rate in 0.1 molL ™' HCI. Standard solutions
containing different amounts of Ag(I) were prepared in pH 7
and the general procedure was applied to these solutions.
Voltammograms at these concentrations are shown in Fig. 3.
Under optimized conditions, the suggested method showed a
typical linear response ranging from 0.5 to 235 ngmL ™", The
equation of calibration graph was pA=3.2159C(ngmL ")+
1.9028 with R?=0.9985. A detection limit of 0.08 ngmL ™
was determined using a 3sy/slope ratio where sy, is the standard
deviation of the mean value for current of the blank. The
precision expressed as the relative standard deviation
(R.S.D.) was £2.75 % for seven successive measurements of
the same samples containing 100 ngmL " Ag(I). This result
indicates a good repeatability in the modified electrode con-
struction possibly due to the strong adsorption of the Ag(l) in
the electrode surface.

700 4
600 4
500 4

400 4

I(nA)

300

200

100

0 0,05 0.1 0.15
E(V)vs Ag/Agd

Fig. 3 DP anodic stripping voltammograms of EHPO-MCPE, con-
centrations of a-h: 0.5, 10.0, 20.0, 50.0, 100.0, 150.0, 200.0 and
235.0 ngmL™" of Ag(l)

Table 1 The effect of
potentially interfering
ions

Co-existing ion Recovery (%)

Na* 9942.1
Mn?* 96+2.9
AP 98+3.0
Ca* 96+2.4
NiZ* 87+3.8
crt 98+3.4
Mg** 96+2.8
K" 99+3.2
Zn>" 97+3.1
Fe** 98+2.7
Pb*" 83+3.3
Hg*" 91+4.0
Av*" 97+2.6
Ba** 98+2.9
Co™* 97+3.5
cu** 99+2.8

Interference study and reproducibility

Some metal ions were tested to evaluate the possible inter-
ference with the detection of trace amount of silver. The
tolerance level was defined as the maximum amount of
potentially interfering ions producing an error of +5 % on
the silver current. The tolerance level of each species was
tested and if interference occurred, the ratio was reduced
until it ceased. EHPO-MCPE was immersed in Ag solution.
The experimental results indicate that 500 times of Na',
Mn**, Au™t, AP, Ca®', Zn®*, Ba®", Fe’', Co*', Cr'’,
Cu?', Mg*" and K" have no significant influences on the

Table 2 Determination of silver in water samples

Sample Spiked Found Recovery
(ng mL ™) (ng mL™)" (%)

Tap water” 0.0 N.D. -
25.0 24.2+1.4 96.8+3.5
50.0 49.3+3.1 98.6+2.8

Well water® 0.0 N.D. -
25.0 24.8+1.2 99.2+4.1
50.0 49.1£2.7 98.2+2.9

Waste water? 0.0 15.1+1.1 -
25.0 39.6+2.5 98.0+£3.3
50.0 63.843.3 97.4+3.0

ND not detected

#Mean, +standard deviation (n=3)

b Kerman drinking water, Kerman, Iran

¢ Shahid Bahonar University of Kerman, Kerman, Iran

d Copper factory, Sarcheshmeh, Kerman, Iran
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Table 3 Determination of Ag(I) in X-ray photographic films (n=5)

Sample Found by this method Found by AAS
(mgg ) (mgg)
X-ray film 4.2+0.3 4.3+0.2

#Mean, +standard deviation (n=3)

signal of 100 ngmL ™" of Ag(I). However, 300 times of Ni*"
and 250 times of Hg”" and Pb>" was found to reduce the
responses to Ag(l). These depressions can be due to compete
these ions with Ag(I) to complex with EHPO in the electrode
surface. The results of this study are summarized in Table 1.

Analytical application

The EHPO-MCPE c¢lectrode was applied to the preconcen-
tration and determination of Ag in several water samples
and X-ray photographic films.

As shown in Tables 2 and 3, the measured values are in
agreement with those obtained by atomic absorption spec-
trometry and recovery of spiked sample at 95 % confidence
level is good.

Comparison of EHPO-MCPE with some previously
reported

A number of analytical characteristics of the EHPO-MCPE
were compared with those of the previously reported Ag(I)

voltammetric sensors [6, 24-28, 32—-34]. The results are
summarized in Table 4 and show that several modified
electrodes such as modified carbon paste electrode [6,
24, 28, 32, 34], carbon ceramic electrode [25], platinum
electrode [26], gold electrode [27] and glassy carbon
electrode [33] were used for the determination of sil-
ver(I). Also various techniques such as differential pulse
anodic stripping voltammetry [6, 24-26, 28, 32, 33] and
square wave voltammetry [27, 34] were applied for the
determination of Ag(I). As can be seen in this table, the
EHPO-MCPE clectrode shows better analytical charac-
teristics such as the lowest detection limit except the
results reported in the following literature [34] and
wider linear range except the following reported [25,
26, 28, 33, 34].

Conclusion

The anodic stripping voltammetric procedure for the
silver determination was investigated. We describe here
that carbon paste electrode modified with EHPO and
nanotube is a suitable alternative for the analytical de-
termination of Ag(I). This developed sensor have a
good characteristics such as; wide concentration range
(0.5-235 ngmL™"), very good detection limit (0.08 ng
ml™") and good selectivity coefficient for many cations.
In addition, the potentiometric response of this electrode
is independent of the pH of the test solution in the pH

Table 4 Comparison of some properties of the present work with other studies

Modifier Electrode Procedure LR* (nmolL™") DL’ (ngmL™") Ref.
N,N’-bis(2-hydroxybenzylidene)-2,2'(aminophenylthio) ethane MCPE® DPASV!? 4.63-1854.2 0.092 [6]
p-isopropylcalix[6]arene MCPE DPASV 50-2000 5.18 [24]
4-(2-Pyridylazo)-resorcinol MCCE® DPASV 4.64-2781.38 0.123 [25]
Polythiophene MPEf DPASV 649-9271.28 60 [26]
dl-dithiothreitol MGE® SWAS" 600-2400 - [27]
3-Amino-2-mercapto quinazolin-4(3H)-one MCPE DPASV 8.34-2781.38 0.4 [28]
N-(2-aminoethyl)-4,4'-bipyridine MCPE DPV 50-1000 2.7 [32]
4-tert-butyl-1(ethoxycarbonyl methoxy) thiacalix[4]arene MGCE! DPASV 50-3000 1.08 [33]
metallothionein MCPE SWV 10-500000 0.05 [34]
(E)-4-(2-hydroxyethylimino) penten-2-one MCPE DPASV 4.63-2178.75 0.08 This Work

# Linear range

® Detection limit

¢ Modified carbon paste electrode

9 Differential pulse anodic stripping voltammetric
®Modified carbon ceramic electrode

"Modified platinum electrode

£ Modified gold electrode

" Square-wave anodic stripping

Modified glassy carbon electrode
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range 4.0-9.0. This modified electrode, the EHPO-
MCPE, coupled with differential pulse anodic stripping
voltammetry was successfully applied in tap, well and
waste water samples and X-ray photographic films and
the results are satisfactory. In comparison with other
reported modified electrodes for Ag(I) determination,
the EHPO-MCPE electrode shows better analytical char-
acteristics such as the lowest detection limit except the
results reported in the following literature [34] and
wider linear range except the following reported [25,
26, 28, 33, 34]. In addition, the inherent advantages of
the developed electrochemical sensor are its rapid re-
sponse, simple operation, precise results, low cost and
direct application to the determination of silver.
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