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Determination of 6-nitrobenzimidazole by differential pulse voltammetry at a hanging
mercury drop electrode, a polished silver solid amalgam electrode and a mercury meniscus
modified silver solid amalgam electrode was studied in the presence of the surfactants
Triton X-100, cetyltrimethyvlammonium bromide and sodium dodecyl sulfate. It was found
that only cetyltrimethylammonium bromide at polished silver solid amalgam electrode in-
creases the voltammetric signal. This fact was used for the determination of 6-nitrobenz-
imidazole in the concentration range from 1 x 10 710 1 x 10* mol I'! by differential pulse
voltammetry at polished silver solid amalgam electrode in the presence of cetvltrimethyl-
ammonium bromide (concentration 1 x 10 * mol | 1,

Keywords: 6-Nitrobenzimidazole; Triton X-100; Cetyltrimethylammonium bromide; Sodium
dodecyl sulfate; Differential pulse voltammetry; Hanging mercury drop electrode; Polished
silver solid amalgam electrode; Mercury meniscus modified silver solid amalgam electrode.

6-Nitrobenzimidazole (6-NBIA; Fig. 1) belongs to the group of genotoxic ni-
trated heterocyclic aromatic compounds. It can damage natural biological
functions of living organisms. 6-NBIA was determined as a part of photo-
graphic processing solutions using DC and AC polarography! and its ad-
sorptive and inhibitive properties have been studied in the area of metal
corrosion protection?. It is proven carcinogen and mutagen®. The occur-
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Structural formula of 6-nitrobenzimidazole
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rence of 6-NBIA in the environment is connected with fossil fuels combus-
tion*.

6-NBIA can be determined spectrophotometrically in the ultraviolet and
visible region®, by chromatographic techniques (high performance liquid
chromatography®, thin-layer chromatography’) and by potentiometric ti-
tration®.

The easy electrochemical reduction of nitro groups at the aromatic or
heteroaromatic ring, whose mechanism is discussed in ref.?, permits very
sensitive determinations of a number of genotoxic and ecotoxic nitro com-
pounds using modern voltammetric techniques such as differential pulse
voltammetry (DPV) at a hanging mercury drop electrode (HMDE)'? and ad-
sorptive stripping voltammetry (AdSV) at HMDE ''. Nevertheless, due to in-
creasing fears of liquid mercury toxicity during the last decades'?, which
has resulted in somewhat unreasonable “mercury phobia”!3, attention is
paid to the development of solid electrodes (e.g., solid amalgam elec-
trodes'*15, solid composite electrodes'®, carbon paste electrodes!” or boron-
doped diamond film electrodes'®), which can also be used for determina-
tion of various nitro compounds. From this point of view, working elec-
trodes based on silver solid amalgam (p-AgSAE)!” and modified by a
mercury meniscus (m-AgSAE) represent a suitable non-toxic alternative to
the traditional mercury electrodes. A good mechanical stability, simple
handling and regeneration including an electrochemical pretreatment of
the electrode surface are among the main advantages of these electrodes.
The wide field of analytical applications of these electrodes has been re-
viewed!'42 The purpose of this work was to investigate how the presence
of surfactants influences an electroanalytical response of 6-NBIA at HMDE,
p-AgSAE and m-AgSAE and, possibly, to utilize any signal enhancement to
increase the sensitivity of the determination.

According to the ionic character of the molecules dissolved in water,
ionic surfactants are classified as anionactive, cationactive and ampholytic.
Anionactive ions have a negative charge in aqueous solution, cationactive
ions have a positive charge and the charge of ampholitic ions depends on
the pH of the solution. Non-ionic surfactants do not have a charge in the
molecule and their solubility in water is given by the presence of a hydro-
philic group?!.

Good solubility, high conductivity, low toxicity and good chemical and
electroanalytical stability of ionic surfactants make these substances useful
for many electroanalytical applications. The presence of surfactants influ-
ences the parameters of measurement which often leads to the design of
new procedures and methods for the determination. Traditional applica-
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tion of the surfactants in electrochemistry is the suppression of maxima on
polarographic curves??2, They may change the shape of the polarographic
wave and the reversibility of the electrode reaction which is reflected in the
change of DPV peak height. The character of changes depends on the struc-
ture and concentration of the surfactant. By suitable choice, the limiting
diffusion current might be increased, although under some circumstances,
the decrease may also occur.

For this work, three surfactants were selected: Cationactive cetyltrimethyl-
ammonium bromide (CTMAB) (Fig. 2A), non-ionic Triton X-100 (Fig. 2B)
and anionactive sodium dodecyl sulfate (SDS) (Fig. 2C). These surfactants
might be used as modifiers for a variety of paste electrodes®® and electro-
analytical sensors®*. Therefore, we have investigated their influence on
voltammetric determination of genotoxic nitro compounds using 6-NBIA as
a model substance.
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Fic. 2
Structural formulae of cetyltrimethylammonium bromide (A) Triton X-100 (B) and sodium
dodecyl sulfate (C)

EXPERIMENTAL

Reagents

6-NBIA (98%, CAS Registry Number 94-52-0) was supplied by Sigma-Aldrich, Prague, Czech
Republic in the form of nitrate. 1 x 10~ mol 17! stock solution was prepared by dissolving
an exactly weighed amount of the substance in deionized water. A spectrophotometric study
demonstrated that the stock solution is stable for at least three months®. The stock solution

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 11, pp. 1317-1325

36



Appendix |

1320 Deylovd, Barek, Vyskodéil:

of surfactants — CI'MAB (98%, Sigma-Aldrich), Triton X-100 (laboratory grade, Sigma-Aldrich)
and SDS (98%, Sigma-Aldrich) — were prepared in deionized water at the concentration
1 x 102 mol I"L. The solutions were stored in refrigerator. Diluted solutions were prepared
freshly every day by exact dilution of the stock solution.

The Britton-Robinson buffer solutions (BR-buffer) were prepared in a usual way by mixing
a 0.04 mol 1'! solution of phosphoric acid, acetic acid and boric acid with an appropriate
volume of 0.2 mol I'! sodium hydroxide, using analytical-reagent grade chemicals obtained
from Merck, Prague, Czech Republic. Deionized water was produced by Milli-Q Plus system,
Millipore, Billerica, USA.

Apparatus

Voltammeltric measurements were carried out using Eco-Tribo Polarograph driven by Polar
Pro 2.0 software (all Polaro-Sensors, Prague, Czech Republic). The software worked under the
operational system Microsoft Windows 98 Plus (Microsoft Corporation, Redmond, USA). All
measuremments were carried out in a three-electrode system using platinum electrode PPE as
an auxiliary electrode and silver|silver chloride electrode RAE 113 (3 mol 1"t KCl) (both
Monokrystaly, Turnov, Czech Republic) as a reference electrode. The following working elec-
trodes were used: (i) Pen type hanging mercury drop electrode UMuE (Polaro-Sensors), the
valve opening time 100 ms, the mercury drop surface 1.37 mm? (ii) laboratory-made
pP-AgSAE (the disc diameter 2.64 mm) prepared according ref.'? and (iii) laboratory-made
m-AgSAE (the disc diameter 2.64 mm) prepared according the same ref.'. The scan rate, 20
mV s, the pulse amplitude, -50 mV, and the pulse width, 100 ms, with current sampling
for last 20 ms were used for DPV. The p-AgSAE consisted of a drawn-out glass tube, whose
tip was packed with a fine silver powder (2.0-3.5 um, 99.9%, Sigma-Aldrich), amalgamated
by liquid mercury (99.999%, Polarografie, Prague, Czech Republic) and connected to an elec-
tric contact. The m-AgSAE was prepared from p-AgSAE by immersing this electrode into a
small volume of liquid mercury and agitating for 15 s (ref.!*). The m-AgSAE could be used
for several weeks, only its covering by mercury was usually repeated every week.

The solution pH was measured by Conductivity & pH meter 4330 (Jenway, Chelmsford,
UK) with a combined glass electrode (type 924 005) of the same producer.

Procedures

Belore starting the work with p-AgSAE and m-AgSAE, as well as after electrodes passivation
or every break in the voltammetric measurements longer than 1 h, the electrochemical acti-
vation was carried out in 0.2 mol 1" KCI (Lachema, Brno, Czech Republic) at -2200 mV un-
der stirring for 300 s followed by rinsing with deionized water.

Regeneration of p-AgSAE and m-AgSAE lasting about 30 s preceded each measurement. It
was based on application of 300 polarizing cycles (switching the electrode potential from
El,reg to Ez,reg for 50 ms). For p-AgSAE, El,reg = 0 mV and Ez,reg = -1200 mV, and for
m-AgSAE, Hl,reg = -100 mV and ﬁz,reg = -900 mV. Under these conditions, eventual oxides of
mercury or silver are reduced and adsorbed molecules are desorbed?®. The appropriate values
of the potential and time of the regeneration were inset in the software of the computer-
controlled instrument used and the regeneration of electrodes was thus carried out automat-
ically.

The general voltammelric procedure was as follows: An appropriate volume of the stock
solutions of 6-NBIA and selected surfactant was diluted with BR-buffer of the appropriate pH
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in a 10.0 ml volumetric flask and transferred into the voltammeltric cell. Oxygen was re-
moved by bubbling with nitrogen (purity class 4.0, Linde, Prague, Czech Republic) for 5 min
and the voltammogram at HMDE, p-AgSAE or m-AgSAE was recorded.

All curves were measured 3 times and all the measurements were carried out at laboratory
temperature. DPV peaks were evaluated from the straight line connecting the minima before
and after the peak. The parameters of calibration curves (such as slope, intercept, correlation
coefficient (R) and limit of quantification (LQ)) were calculated with statistic software Adstat
2.0 (TriloByte, Pardubice, Czech chublic}%.

RESULTS AND DISCUSSION

As optimal pH for DPV measurement, pH 4.0 was selected for HMDE (on
the basis of the ref.?”) and pH 8.0 for p-AgSAE and m-AgSAE (on the basis of
the ref.?8).

The next step was to find out if surfactants have any influence on the
DPV peak of 6-NBIA (Figs 3, 4 and 5). The concentration of studied surfac-
tants varied from zero to 1.0 mmol 11, At all three electrodes, the decrease
of the signal (or non-significant change in voltammetric signal) of 6-NBIA
with addition of SDS and Triton X-100 was observed. Different behavior
was observed only with CTMAB at p-AgSAE and m-AgSAE (at lower concen-
trations of CTMAB), where the signal increased (it decreased at HMDE). The
maximum enhancement of DPV signal of 6-NBIA was higher using p-AgSAE
(increase by about 130%) in comparison with m-AgSAE (increase by about
50%). Therefore, the combination of p-AgSAE and CTMAB was selected for
further investigation.
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FiG. 3
The dependence of the DPV peak height of 6-NBIA (c = 1 x 10° mol I'") measured at
HMDE in BR-buffer pH 4.0 on the surfactant concentration (SDS (M), Triton X-100 (@) and
CTMAB (A))
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The addition of CTMAB can effectively enhance the signals of 6-NBIA at
p-AgSAE even for a trace amount of CTMAB. With the increase of CTMAB
concentration, the peak current initially increases and then remains con-
stant up to 0.8 mmol I of CTMAB. CTMAB might form a monolayer in
this concentration range and hence there is an increase in the signal?®®.
Above 0.8 mmol 17!, addition of CTMAB surfactant results in the shift of
peak potential of 6-NBIA towards more negative potential with decrease in
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The dependence of the DPV peak height of 6-NBIA (¢ = 1 x 107 mol 1"!) measured at
p-AgSAE in BR-buffer pH 8.0 on the surfactant concentration (SDS (M), Triton X-100 (®) and

CTMAB (A))
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The dependence of the DPV peak height of 6-NBIA (¢ = 1 x 10°° mol 1'!) measured at
m-AgSAE in BR-buffer pH 8.0 on the surfactant concentration (SDS (H), Triton X-100 (@)

and CTMAB (4))
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peak current. This may be attributed to the direct adsorption of the
surfactant at the p-AgSAE surface. Decrease in the availability of
electroactive sites due to solubilization of the substrate may also contribute
to this effect®®. The results showed that CTMAB exhibited different types of
adsorptive behavior at p-AgSAE at different CTMAB concentrations.

The concentration 1 x 10~ mol 1I-! of CTMAB was chosen as optimal for
the measurement of calibration curves at p-AgSAE. Calibration curves were
measured in the concentration range of 6-NBIA from 2 x 107 to 1 x 10~
mol I"! with and without addition of CTMAB (¢ = 1 x 10™* mol 1) (Fig. 6).
The peaks in the presence of the surfactant are up to four times higher than
peaks without the surfactant. This trend can be seen in the whole concen-
tration range. Parameters of calibration curves are summarized in Table I,
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FiG. 6
Calibration curves for DPV determination of 6-NBIA (¢, ypa = (2-10) x 10~ mol 1! (a),
(2-10) x 10® mol 1I'! (b) and (2-10) x 107 mol I'! (¢)) with CTMAB (copyap = 1 x 104
mol 1''; black lines) and without CTMAB (red lines) in BR-buffer pH 8.0 at p-AgSAE (green
and blue lines represent the supporting electrolytes with and without CTMAB, respectively)
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from which the linearity in the whole concentration range is obvious, as
well as a decrease of the L, of 6-NBIA and a higher slope of calibration
dependences in the presence of CTMAB.

TaBLE [

Parameters of the calibration dependences for DPV of 6-NBIA at p-AgSAE with and without
CTMAB in BR-buffer pH 8.0

C5.NEIA COTMAB Slope Intercept R Lg

mol 1! mol 1! nA mol 1 nA mol 1

(2-10) x 107> 0 —2.60 x 10/ 132.6 —-0.9971 —
1x 107 ~7.87 x 107 -280.5 -0.9992 =

(2-10) x 100 © ~2.90 x 107 3.1 —0.9981 -
1x10% -7.91 x 107 -22.6 ~0.9964 —

(2-10) x 107 0 —4.18 x 10° 5.9 ~0.9969 43 x 107
1x 104 -1.62 x 107 2.9 -0.9953 2.5 x 1077

CONCLUSIONS

It has been proven that the addition of SDS and Triton X-100 does not sig-
nificantly influence the DPV determination of 6-NBIA at HMDE, p-AgSAE
and m-AgSAE. However, the addition of CTMAB significantly increases the
height of DPV peak of 6-NBIA at p-AgSAE resulting in lower limit of quanti-
fication. The mechanism of this enhancement is not wholly clear at the
moment and it will require further investigation. Most probably, cetyltri-
methylammonium cation is adsorbed at the surface of negatively charged
p-AgSAE. Silver obviously plays a certain role in this process®! which can
explain that no or low enhancement is observable with HMDE or m-AgSAE.
Long cetyl chain then enables the adsorption of low polar 6-NBIA at the
electrode surface thus increasing the height of DPV peak. Under the opti-
mal conditions, the limit of quantification for DPV of 6-NBIA at p-AgSAE
decreased about twice by addition of CTMAB in comparison with measure-
ment in the absence of the surfactant with keeping good accuracy.

This research was supported by The Ministry of Education, Youth and Sports of the Czech Republic
(Projects LC 06035, MSM 0021620857, RP 14/63 and KONTAKT (AMVIS) Project ML 10004
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Voltammetric Determination of 4-Nitrophenol and
S-Nitrobenzimidazole Using Different Types of Silver Solid
Amalgam Electrodes — A Comparative Study
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Abstract

The voltammetric behavior of two genotoxic nitro compounds (4-nitrophenol and 5-nitrobenzimidazole) has been
investigated using direct current voltammetry (DCV) and differential pulse voltammetry (DPV) at a polished silver
solid amalgam electrode (p-AgSAE), a mercury meniscus modified silver solid amalgam electrode (m-AgSAE), and
a mercury film modified silver solid amalgam electrode (MF-AgSAE). The optimum conditions have been evaluat-
ed for their determination in Britton-Robinson buffer solutions. The limit of quantification (L) for S-nitrobenzimi-
dazole at p-AgSAE was 0.77 umol L ! (DCV) and 0.47 pmol L ~* (DPV), at m-AgSAE it was (.32 umol L' (DCV)
and 0.16 pmol L ™" (DPV), and at MF-AgSAE it was 0.97 pmol L "* (DCV) and 0.70 pmol L' (DPV). For 4-nitrophe-
nol at p-AgSAE, L, was 037 pmolL ™' (DCV) and 0.32 pmol L™* (DPV), at m-AgSAE it was 0.14 pmol L ™" (DCV)
and 0.1 pmol L' (DPV), and at MF-AgSAE, it was 0.87 ymol L' (DCV) and 0.37 pmol L.~ (DPV). Thorough com-
parative studies have shown that m-AgSAE is the best sensor for voltammetric determination of the two model
genotoxic compounds because it gives the lowest L, is easier to prepare, and its surface can be easily renewed both
chemically (by new amalgamation) and/or electrochemically (by imposition of cleaning pulses). The practical applic-
ability of the newly developed methods was verified on model samples of drinking water.

Keywords: Voltammetry, Polished silver solid amalgam electrode, Mercury meniscus modified silver solid amalgam

electrode, Mercury film modified silver solid amalgam electrode, 4-Nitrophenol, 5-Nitrobenzimidazole

DOI: 10.1002/elan.201100067

1 Introduction

The environment is increasingly polluted with various
genotoxic nitro compounds [1], one of them is 5-nitroben-
zimidazole (5-NBIA) (see Figure 1). It can damage natu-
ral biological functions of living organisms. The occur-
rence of 5-NBIA (which is a potential carcinogen and
mutagen [2]) in the environment is expected in connec-
tion with fossil fuels combustion [3]. 5-NBIA was polaro-
graphically determined as a part of photographic process-
ing solutions [4]. Its electrochemical behavior has been
studied in connection with metal corrosion protection [5].
Nitrophenols from pesticide degradation products, car ex-
hausts, and industrial wastes are listed as priority pollu-
tants by the United States Environmental Protection
Agency [6,7]. Pesticides based on simple nitrophenols are
generally not allowed today but some of them are still
used as growth stimulators in agriculture [8]. They are
potential carcinogens, teratogens, and mutagens [9]. Be-
cause of their toxicity and vast scale distribution in the
environment, their determination has become one of the
important goals of environmental analysis. Therefore,
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4-nitrophenol (4-NP) (see Figure 1) was selected as an-
other test substance.

The easy clectrochemical reduction of nitro groups at
the aromatic or heterocyclic ring, whose mechanism is
discussed in [10], permits very sensitive determinations of
a number of genotoxic and ecotoxic nitro compounds
using modern voltammetric techniques such as differen-
tial pulse voltammetry (DPV) at a hanging mercury drop
clectrode (HMDE) [11] and adsorptive stripping voltam-
metry (AdSV) at IIMDE [12]. Nevertheless, due to in-
creasing fears of liquid mercury toxicity during the last
decades [13], which has resulted in sometimes unreasona-
ble “mercury phobia™ [14], attention is paid to the devel-
opment of solid electrodes (e.g., solid amalgam electrodes
[15,16], amalgam paste electrodes [17,18], solid compo-
site electrodes [19], solid amalgam composite electrodes
[20,21], carbon paste electrodes [22], or boron-doped dia-
mond film electrodes [23]), which can also be used to de-
termine various nitro compounds. From this point of
view, working electrodes based on silver solid amalgam
(p-AgSAE) [24] and modified by a mercury meniscus (m-
AgSAE) [25] or mercury film (MF-AgSAE) [26] repre-
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Determination of 4-Nitrophenol and 5-Nitrobenzimidazole

ELECTROANALYSIS

OH O,N N
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Fig. 1. Structural formulae of investigated compounds (4-nitro-
phenol and S-nitrobenzimidazole).

sent a suitable nontoxic alternative to the traditional mer-
cury electrodes. Good mechanical stability, simple han-
dling and regeneration including an electrochemical pre-
treatment of the electrode surface are among the main
advantages of these electrodes. The wide field of analyti-
cal applications of these electrodes has been reviewed
[15].

This work aims at developing direct current voltammet-
ric (DCV) and DPV methods for the determination of
trace amounts of genotoxic 4-NP and 5-NBIA using p-
AgSAE, m-AgSAE, and MF-AgSAE and comparing the
results at these electrodes. Recently developed MF-
AgSAE was for the first time used for voltammetric de-
termination of electrochemically reducible nitro com-
pounds. Measurements with p-AgSAE and m-AgSAE
were performed for the sake of comparison, because each
of these electrodes is a limiting case of MF-AgSAE. The
p-AgSAE is a liquid mercury free nontoxic amalgam
electrode and a substrate for MF-AgSAE preparation
and m-AgSAE is well proven and reliable sensor for vol-
tammetric determination of reducible analytes. Further-
more, practical applicability of the newly developed
methods was verified through direct determination of the
studied compounds in drinking water.

2 Experimental

2.1 Chemicals and Reagents

Stock solutions of S-nitrobenzimidazole (c=1x10"°
molL™'; CAS Number: 94-52-0) and 4-nitrophenol (c=
1x107 molL™"; CAS Number: 100-02-7), both obtained
from Sigma-Aldrich, Prague, Czech Republic, were pre-
pared by dissolving the appropriate substances in
100.0 mL of deionized water. UV-vis spectrophotometric
studies have demonstrated that the stock solutions are
stable for at least one year [27,28]. The reagents (phos-
phoric acid, acetic acid, boric acid, sodium hydroxide,
mercuric chloride, and potassium iodide, all of p.a. purity
grade) were supplied by Lachema (Brno, Czech Repub-
lic). Britton-Robinson (BR) buffers were prepared in a
usual way [29]. Deionized water was produced by Milli-
Qs system (Millipore, Billerica, USA). All chemicals
were used without further purification and all solutions
were maintained in glass vessels in the dark at laboratory
temperature.
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2.2 Apparatus

Voltammetric measurements were performed uvsing an
Eco-Tribo Polarograph driven by PolarPro 2.0 software
(both Polaro-Sensors, Prague, Czech Republic). The soft-
ware worked under the operational system Microsoft
Windows 98 plus (Microsoft Corporation, Redmond,
USA). The voltammetric measurements were carried out
in a three-electrode system — a platinum auxiliary elec-
trode PPE, a Ag|AgCl reference electrode RAE 113
(1 molL™" KCl) (both Monokrystaly, Turnov, Czech Re-
public} and laboratory-made p-AgSAE, m-AgSAE, MF-
AgSAE (disc diameter, 2.64 mm) as working electrodes.

A scan rate of 20mVs™' was used for both DCV and
DPV, a pulse amplitude of —50 mV and a pulse width of
100 ms with current sampling for the last 20 ms were used
in DPV. The p-AgSAE consisted of a drawn-out glass
tube, whose tip was packed with a fine silver powder (2-
3.5 pm, 99.9%, Sigma-Aldrich, Prague, Czech Republic),
amalgamated by liquid mercury (99.999 %, Polarografie,
Prague, Czech Republic) and connected to an electric
contact [24]. It was mechanically polished every day
always before starting the work. The m-AgSAE was pre-
pared as described in our previous papers [24,30,31] from
p-AgSAE by immersing this electrode into a small
volume of liquid mercury and agitating for 15 s. The m-
AgSAE could be used for several weeks, only its covering
by mercury was usually repeated every week. The MF-
AgSAE was prepared as described in our paper [26]
using a special device for the preparation of mercury film
of exactly defined thickness at a solid electrode, which
consists of a plastic tube filled with 0.2 mL of 0.01 molL !
HgCl, and 1 molL ™" KI, containing liquid mercury at the
bottom with carbon contact. The MF-AgSAE must be
prepared every day because the lifetime of 1-2 pm mer-
cury film is about 2 hours [26].

The solution pH was measured by pH Meter 3510
(Jenway, Chelmsford, UK) with a combined glass elec-
trode (type 924 003) of the same producer.

2.3 Procedures

Before starting the work, as well as after electrode passi-
vation or after every break in the voltammetric measure-
ments longer than 1 hour, the electrochemical activation
of all three types of electrodes used was carried out in
0.2 mol L' KCI at —2200 mV under stirring for 300 s fol-
lowed by rinsing with deionized water. The general vol-
tammetric procedure was as follows: An appropriate
volume of the stock solution was diluted by BR. buffer of
the appropriate pIl in a 10.0 mL volumetric flask and
transferred into the voltammetric cell. Oxygen was re-
moved by bubbling with nitrogen (purity class 4.0; Linde,
Prague, Czech Republic) for 5min and the voltammo-
gram at p-AgSAE, m-AgSAE, or MF-AgSAE was re-
corded.

Regeneration of the electrodes lasting about 30's pre-
ceded each measurement. It was based on application of
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300 polarizing cycles (switching the electrode potential
from E., to E,., for 50ms). E,,, was about 50 to
100 mV more negative than the potential of the anodic
dissolution of the electrode, E, ., was about 50 to 100 mV
more positive than the potential of the hydrogen evolu-
tion in the given supporting electrolyte. Under these con-
ditions, eventual oxides of mercury or silver are reduced
and adsorbed molecules are desorbed [25]. The appropri-
ate values of the potential and the regeneration time
were insel in the software of the computer-controlled in-
strument used and the regeneration of electrodes was
thus carried out automatically.

All curves were measured 3 times and all the measure-
ments were carried out at laboratory temperature. The
DCV peak height (1) was evaluated from the extrapolat-
ed linear portion of the voltammogram before the onset
of the peak. DPV peaks were evaluated from the straight
line connecting the minima before and after the peak.
The parameters of calibration curves (such as slope, inter-
cept, correlation coefficient (R), and limit of gquantifica-
tion (L)) were calculated with statistic software Adstat
(TriloByte, Pardubice, Czech Republic) [32].

1{pA)

s

-300 ; : : . .
-
mof « 4 e x izl
- v Al v v A4 v v v v
200k ¢ T T e e e 4 .
< 150} ]
<
-ﬂ.
-100 b J
50} i
0 1 L L 1 1
0 2 4 6 8 10

serial number of measurement

Fig.2. Repeatability of DPV determination of 4-NP (c=
110 molL.7") at MF-AgSAE in BR buffer pH6.0 (Eieg=
=100 mV, E,. . =-600mV) with deposition times of films of
3600 s (m), 1800 s (@), 900 s (&), and 3005 (¥).

1{uA)

-1200

E (mV)
Fig. 3. DP voltammograms of 5-NBIA (c=1x10""molL."") at p-AgSAE (A), m-AgSAE (B), and MF-AgSAE (C) in BR buffer of

pH: 2.0 (1), 4.0 (2), 6.0 (3), 8.0 (4), 10.0 (5), and 12.0 (6).
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Table 1. Optimum conditions for DCV and DPV determination
MF-AgSAE.

of 4-NP and 5-NBIA in BR buffer at p-AgSAE, m-AgSAE, and

Substance pH p-AgSAE m-AgSAE MF-AgSAE

E. ey (mV) E, ey (mV) Eye (mV) E; ey (mV) E; ey (mV) Ej e (MmV)
4-NP 6.0 [a] 0 [a] —1200 [a] —100 [a] —900 [a] —100 —600
5-NBIA 80 —100 —600 —100 —600 —100 —600

[a] Experimental conditions taken from [28].

2.4 Model Samples

Drinking water from the public water pipeline in the
building of Faculty of Science of the Charles University
in Prague spiked with appropriate amounts of stock solu-
tions of test compounds was used as a model sample. The
procedure for the DPV determination of 4-NP and 5-
NBIA in the model samples was as follows: 9.0 mL of a
model water sample were diluted to 10.0 mL with
0.01 mol L ™! sodium hydroxide and, after deaeration with
nitrogen, DP voltammograms were recorded. Based on
our previous results [27], BR buffer was substituted by
0.01 molL™" sodium hydroxide for the direct determina-
tion of 4-NP and 5-NBIA in drinking water.

3 Results and Discussion

3.1 Optimization of the Preparation of MF-AgSAE

At first, an optimum mercury film deposition time was in-
vestigated. Repeatability of determination of test substan-
ces at MF-AgSAE was very good at a film deposited for
300 s to 3600 s (Figure 2). Shorter times of film deposition
were not tested because then the deposited film was not
compact over the whole electrode surface [26]. The rela-
tive standard deviation (RSD) of DPV determination of
4-NP (¢=1x10"molL™") in BR buffer pH 6.0 at MF-
AgSAE was 0.3%, 2.5%, 1.4%, and 2.0% for film depo-
sition times of 300 s, 900 s, 1800 s, and 3600 s, respectively

400 400
-400 - A _ 300 _ -a00- o
E 200 E 200 - ay
= = -
-300 + -100: / ]
5 % 2 4 & 8 10 6 & 10/
< ¢ umol L) /
£ -200 -
-
-100
1] L L L L ol L : i
-400 -600 -BOO -1000 -1200 -400 -600 -800 -1000 -1200
E(mV) E(mV)
=
0 1 1
-400 -600 -800 -1000 -1200 -1400
E (mV)
Fig. 4. DP voltammograms of 4-NP at p-AgSAE (A), m-AgSAE (B), and MF-AgSAE (C) in BR buffer of pH 6.0 ¢ =0 (0), 2

(1), 4 (2), 6 (3), 8 (4), and 10 (5) pmol L. ", Insets: Corresponding calibration straight lines.
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(with E;,=—100mV and F,,,=—600mV). It follows
from Figure 2 that results with film deposited for different
times are comparable. However, films deposited for
shorter times are not as stable as films deposited for
longer times. The thickness of the freshly prepared film
deposited for 3600 s was (11.4=4.2) um. After two hours
of work with the prepared electrode, the thickness de-
creased to (1.620.6) um. (The film thickness was calcu-
lated from the charge passed during its dissolution [26]).
Deterioration of the deposited film was obvious from the
shift of the peak potential of the tested substance close to
peak potential at plain p-AgSAE (not covered with mer-
cury meniscus or film). Therefore, a mercury film deposi-
tion time of 3600 s was used for all following measure-
ments.

3.2 Voltammetric Behavior of the Test Substances

The influence of pIl on DCV and DPV curves (see
Figure 3) of 1x10*molL™" 5-NBIA at p-AgSAE, m-
AgSAE, and MF-AgSAE was investigated in BR buffer
with pIl values from 2.0 to 12.0. 5-NBIA yielded one
cathodic peak over the whole pH range and, with the
growing pH, a second peak appeared at a more negative
potential at pH from 7.0 to 12.0. The first peak corre-
sponds to four-clectron reduction of the nitro group to a
hydroxylamino group and the second peak corresponds to
two-electron reduction of the hydroxylamino group to an
amino group [27.33]. 4-NP gave rise only to one irreversi-
ble voltammetric peak in acidic, neutral, and alkaline
media, corresponding to the four-clectron reduction of
the nitro group to the hydroxylamino group [28]. The
peak potential (E,) values of all the observed peaks shift-
ed towards more negative potentials with increasing pIl.

Table 2. Parameters of the calibration straight lines for the determination of 4-NP and 5-NBIA using DCV and DPV at p-AgSAE,

m-AgSAE, and MF-AgSAE.

Electrode Substance Method Concentration Slope Intercept R [a] Lo [b]
(molL.™%) (nAmol L) (nA) (molL. ")
p-AgSAE 4-NP DCev (2-10) = 10 —9.45x10° —~103.2 [c] —0.9873 -
(2-10)x 10°° —8.03%10° -174 —0.9898 -
(2-10)x 107 —117=107 1.1 —0.9987 37<107
DPV (2-10)x 10°* —8.63x10° —69.4 [¢] —0.9913 -
(2-10)x 10°° —1.62x 107 -3.0 [¢] —(0.9996 -
(2-10) = 1077 =2.19% 107 1.7 ~0.9990 32x1077
S-NBIA DCV (2-10) % 107°° — 160 107 —-253.4 [¢] -0.9733 -
(2-10) = 107° =277 107 89 ~0.9997 -
(2-10) = 1077 =1.95x 107 0.5 [¢] —0.9904 77107
DPV (2-10) = 10~ -1.93x 107 115.4 [¢c] ~0,9978 -
(2-10) % 10°° —1.695 107 -84 [¢] -0.9757 -
(2-10) = 1077 2.9 107 1.2 [c] —0.9969 47x1077
m-AgSAE 4-NP DCV (2-10) = 10°° —131 =107 —122.0 [c] —0.9955 -
(2-10) = 107° —2.06% 107 —10.2 [¢] -0.9722 -
(2-10) = 107 —1.25x 107 —13[¢] —0.9636 14x10°7
DPV (2-10) = 10°° —1.20% 107 —120.7 [¢] —0.9893 -
(2-10)x10°* —2.58x 10: 38][c] —0.9931 - ,
2-10) % 1077 —2.68x%10 -1.3 —0.9997 1.0%10
5-NBIA Dev (2-10) = 10°° —2.56% 10 121.4 —0.9999 -
(2-10) = 107° —3.08%107 —~19.6 —0.9996 -
(2-10) <107 -4.94x 107 5.6 ~(1.9993 32x107
DPV (2-10)x 1073 =388 107 —-67.5 [¢] ~().9987 -
(2-10) = 107° —4.41 < 107 12.4 [¢] —(0.9993 -
(2-10) = 1077 —4.91 =< 107 -0.8 [¢] ~0.9930 Léx107
MF-AgSAE [d] 4-NP DCV (2-10) % 10 2,39 107 —~108.3 [¢] —0.9989 =
(2-10) = 10°° —2.92x 107 11,7 [<] —0,9988 -
(2-10) %1077 —3.02x107 3.6 c] —0.9899 87x1077
DPV (2-10) % 10°° —2.58x 107 —204.7 [¢] —0.9932 -
(2-10) = 10°* —335x107 53 ¢ —0.9978 -
(2-10) %107 —347 %107 31 —0.9986 37x107
5-NBIA DCV (2-10) % 10°° —4.52: 107 397.0 [¢] —0.9826 -
(2-10) % 10°* —1.94 107 4413 —0.9902 -
(2-10) 107 —4.48: 107 9.3 —0.9897 9.7x1077
DPV (2-10) % 107~° —1.80 107 —269.3 —0.9933 -
(2-10)x10°¢ =610 107 54.2 ~0.9992 -
(2-10) = 107" —4.71 107 9.3 —0.9954 701077

[a] Correlation coefficient. [b] Limit of quantification (10¢; «=0.03). [¢] The intercept is not statistically significantly different from
zero at a significance level a=0.05. [d] Deposition time of mercury film was 3600 s.
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This shift can be explained by a preliminary protonation
of the test substances leading to a decrease in the elec-
tron density at nitro groups and resulting in easier elec-
tron acceptance at low pH values.

The best developed and highest voltammetric peaks
were obtained under conditions summarized in Table 1.
Repeated measurements can cause pronounced passiva-
tion of the electrodes, probably by the electrode reaction
products, resulting in decreasing peak heights and their
shift towards more negative potentials. The optimum re-
generation potentials (Ey,, and F,.,) thus had to be
found for each analyte (sce Table 1). The regeneration
was carried out in the same supporting electrolyte as that
used for the analyte determination. The procedure was
based on potential switching (300 polarizing cycles) be-
tween two limiting potentials. For example for 5-NBIA at
MF-AgSAE in BR buffer pH 8.0, the regeneration step
applied prior to each voltammetric measurement led not
only to improvement of the determination repeatability
(RSD of DPV determinations of 5-NBIA at a concentra-
tion of 1x10*molL™" decreased from 7.5% to 0.3%),
but also to the stabilization and enhancement of DPV re-
sponses of the studied analyte.

3.3 Voltammetric Determination of the Test Substances

Under the optimum conditions given in Table 1, DCV
and DPV calibration curves were measured over concen-
tration ranges (2-10)x1077, (2-10)x10°°% and (2-10)x
10" molL™" for 4-NP and 5-NBIA at all three tested
electrodes (see Figure 4).

It can be seen that MF-AgSAE gives the highest peaks
with the highest sensitivity of determinations (slopes of
calibration curves). However, the repeatability of meas-
urements (mainly at lower concentrations) is worse than
for p-AgSAE or m-AgSAE, which results in higher Lgs
obtained for MF-AgSAE. Parameters of the calibration
straight lines for the determination of 4-NP and 5-NBIA
are summarized in Table 2. The sensitivity slightly differs
between individual concentration orders. This behavior,
typical for voltammetry at solid electrodes [21,30], is usu-
ally caused by the passivation of the electrode surface by
the electrode reaction products or by analyte adsorption.
Nevertheless, within the individual concentration orders,
the concentration dependences obtained are linear. It
can be seen that lowest Lgs can be achieved using m-
AgSAE.
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Fig. 5. DP voltammograms of 5-NBIA at p-AgSAE (A), m-AgSAE (B), and MF-AgSAE (C) in spiked drinking water —0.01 mol ™"
NaOH (9:1); conpa =0 (0), 2 (1), 4 (2), 6 (3), 8 (4), and 10 (5) pmolL"", Insets: Corresponding calibration straight lines.
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3.4 Voltammetric Determination of the Test Substances
in Drinking Water

In order to verify practical applicability of the developed
DCV and DPV methods, the determination of 4-NP and
5-NBIA was carried out in model samples ol drinking
water in a submicromolar concentration range under opti-
mum conditions. Calibration curves were measured in a
mixture of 9.0 mL of a spiked model water sample and
1.0mL of a 0.01 molL"' sodium hydroxide. DP voltam-
mograms 5-NBIA in spiked drinking water in the concen-
tration range of 2-10 pymolL™" are depicted in Figure 5
for p-AgSAE, m-AgSAE, and MI-AgSAL. The parame-
ters of the calibration curves obtained are summarized in
Table 3. These results confirm the possible application of
all tested electrodes for the determination of micromolar
concentrations of substances under investigation in drink-
ing water.

4 Conclusions

It has been demonstrated that a polished silver solid
amalgam electrode (p-AgSAE) and this electrode cov-
ered by a mercury meniscus (m-AgSAE) or by a mercury
film (MF-AgSAE) represent suitable nontoxic alterna-
tives to the traditional mercury electrodes. These clectro-
des, combined with direct current voltammetry or differ-
ential pulse voltammetry, are suitable sensors for the de-
termination of submicromolar concentrations of 4-nitro-
phenol and S-nitrobenzimidazole. They provide stable
and reproducible responses during long-time measure-
ments. The applicability of all tested electrodes for differ-
ential pulse voltammetric determination of 4-nitrophenol
and S-nitrobenzimidazole in model samples of drinking
water has also been verified. The lowest limits of quantifi-
cation can be achieved with m-AgSAE. Therefore, this
electrode should be preferred for practical applications.
The possible utilization of these electrodes for determina-
tions of the above analytes in flowing systems (flow injec-
tion analysis and high performance liquid chromatogra-
phy with amperometric detection) is under investigation.

Table 3. Parameters of the calibration straight lines for the determination of 4-NP and 5-NBIA in model samples of drinking water

using DCV and DPV at p-AgSAE, m-AgSAE, and MF-AgSAE.

Electrode Substance Method Concentration Slope Intercept R [a] Lo [b]
(mol L") (nAmol L) (nA) (mol L")
p-AgSAE 4-NP DCV (2-10)x 10°° —9.35x 10° 313 [¢] —0.9924 -
(2-10) < 10°* -9.68x10° -1.0 [¢] ~0.9932 41x10°°
DPV (2-10) = 107~° —9.54% 10° 924 [c] —0.9861 -
(2-10) < 10°* ~9.76 10° 6.3 [c] ~0.9975 38x10°°
5-NBIA DCv (2-10) =10~ 22710 -156.1 [¢] ~0.9970 -
(2-10) = 10°° ~2.86 107 233 [¢] ~0.9955 -
(2-10) <1077 —6.145 107 0.2 [¢] —0.9833 9.7x10°77
DPV (2-10) <107 =201 =107 —222.0[c] —0.9940 -
(2-10) < 10°° —2.94x 107 120 [¢] —0.9982 -
(2-10) < 1077 —3.97= 107 13 [c] -0.9972 43x107
m-AgSAE 4-NP DCV (2-10) % 10°° —2.32x107 94.6 [c] -0.9637 -
(2-10) = 107° —1.88x 10 17.7 [¢] —0.9884 -
(2-10) = 107 —3.64% 10 —1.3 ¢ —0.9842 92x107
DPV 2-10) % 10°° 2.4 10 52.5[¢] —0.9667 -
(2-10) = 107° —2.33%107 4.2 [c] —0.9826 -
(2-10) = 1077 —3.43x107 4.0 [c] —0.9882 84107
5-NBIA DCV (2-10)x10°° —2.86 107 —42.9 [¢] —0.9991 -
(2-10)x10°* =271 =10 —48.4 ~0.9967 .
(2-10) = 1077 -3.75x 107 -1.0 [c] —0.9984 27%107
DPV (2-10)x10°° —-2.37x10 —-191.8 [¢] ~0.9935 -
(2-10) = 10°¢ —2.56 =107 -29.2 [¢] —(.9805 -
(2-10) = 1077 —3.14)(10: 1.1 [¢] —0.9963 25x1077
MF-AgSAE [d] 4-NP DCV (2-10) % 10°° —1.94 %107 —242.6 [c] —0.9801 -
(2-10) % 10°° —1.87x107 10.4 [c] —0.9877 47x10°"
DPV (2-10) = 10°° —1.80x 107 —250.4 [c] —0.9496 -
(2-10) = 10°* —1.61 %107 6.4 —0.9998 14x10°°
5-NBIA DCV (2-10) % 10°° —2.54x10° —204.6 [c] —0.9971 -
(2-10)x10°* =271 %107 —48.4 —0.9967 -
(2-10) 107 —4.77 107 —1.2 ¢ —0.9879 9.3x10°7
DPV (2-10)x10°° —237x107 —191.8 [¢] —0.9995 -
(2-10)<10°* =511 107 -385 -0.9731 -
(2-10) <1077 —4.41 > 107 2.6 [c] —0.9961 7.6x107

[a] Correlation coefficient. [b] Limit of quantification (10¢; «=0.03). [¢] The intercept is not statistically significantly different from
zero at a significance level of a=0.03. [d] Deposition time of mercury film was 3600 s.
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Voltammetric behavior of genotoxic 2-amino-6-nitrobenzothiazole (ANBT) has been investigated using
direct current voltammetry (DCV) and differential pulse voltammetry (DPV) at a polished silver solid
amalgam electrode (p-AgSAE) and at a mercury meniscus modified silver solid amalgam electrode
(m-AgSAE). The optimum conditions have been found for its determination in the concentration range
of 0.2-100 pmeol 1! in a 9:1 {v/v) mixture of aqueous Britton-Robinson buffer solution (pH 10.0) and
methanol, with the limits of quantification (Lys) 0.10 wmol 1" (DCV at p-AgSAE), 0.19 pmol 1! (DPV at
P-AgSAE),0.17 pmol 11 (DCV at m-AgSAE) and 0.12 wmol 1" (DPV at m-AgSAE). An attempt at increasing
the sensitivity using adsorptive stripping DCV or DPV at both p-AgSAE and m-AgSAE was not successful.
Practical applicability of the newly developed methods was verified on direct determination of ANBT in
spiked samples of drinking and river water, with Lys ~ 10~ mol1-".
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1. Introduction

2-Amino-6-nitrobenzothiazole (ANBT, see Fig. 1) is most often
used as a base in dyes production by diazotation [1]. Colors of
thus prepared dyes are mainly red and violet [2]. This substance
is a chromophore for the photoconductive measurements [3] and
is also used as a high glass transition chromophore in nonlinear
optical applications [4]. Although this substance is useful from the
industrial point of view, ANBT has also been shown to exhibit both
genotoxic and mutagenic properties [5]. Therefore, a monitoring of
detrimental substances like ANBT in the environment is one of the
most importanttasks of modern analytical chemistry. Electrochem-
ical methods are especially suitable for large scale environmental
monitoring of electrochemically active pollutants (ANBT contains
two electrochemically active functional groups suitable for this
purpose - cathodically reducible nitro-group and anodically oxidiz-
able amino-group) because they are inexpensive, highly sensitive

* Corresponding author, Tel.: +420 22195 1594 fax: +420 22491 31538,
E-muil addresses: d.deylova@centrum.cz (D, Deylovi), vyskoci l@natur.cunice
(V. VyskoTil), bareki@natur.cunicz (|, Barek),
T ISE member.

0013-4686/5 - see front matter © 2011 Elsevier Lud, All rights reserveed.
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51

and they present an independent alternative to so far prevalent
spectrometric and separation techniques [6). Moreover, this topic
becomes important in the light of the fact that although there
are several analytical techniques reviewed for the identification of
ANBT [7,8], the sensitive method for its determination, to the best
of our knowledge, has not yet been reported.

In the past, the electrochemical behavior of ANBT has been
investigated using direct current polarography, oscillopolarogra-
phy [9], cyclic voltammetry and coulometric techniques [10] at
mercury electrodes. The first wave/peak of its electrochemical
reduction has been shown to be corresponding to a four-electron
reduction of the nitro-group to the hydroxyamino-group and the
second wavefpeak to the reduction of the previously formed
hydroxyamino-group to the amino-group involving two-electron
electrode reaction [10]. 1t is more than obvious that mercury-based
working electrodes are suitable for possible polarographic and/or
voltammetric determination of ANBT.

Nevertheless, due to increasing fears of liquid mercury toxicity
during the last decades [11], which has resulted in the “mer-
curophaobia” [12], a certain attention is paid to the development
of working electrodes containing no (e.g., solid bismuth elec-
trodes [13] or bismuth film-based electrodes [14]) or minimum
amount of liquid mercury, usually transformed into non-toxic solid
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(Microsoft Corporation, Redmond, WA, USA). All measurements
were carried out in a three-electrode system using a platinum
electrode (type PPE, Monokrystaly, Turnov, Czech Republic) as an
auxiliary electrode and silverfsilver chloride electrode (type RAE
113, 3moll~! KCI, Monokrystaly, Turnov, Czech Republic) as a
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Fig. 1. Structural formula of 2-amino-6-nitrobenzothiazole (ANET L

or paste amalgam during the preparation of the electrode (e.g.,
silver amalgam-based electrodes [ 15-17] such as silver solid amal-
gam electrodes [18,19], silver solid amalgam composite electrodes
[20-22], silver solid amalgam paste electrodes with an organic
pasting liquid [23], silver amalgam paste electrodes [24] or single
crystal silver amalgam microelectrodes [25,26]); these electrodes
can also be used to determine various organic nitro-compounds
[27]. From this peint of view, working electrodes based on silver
solid amalgam (p-AgSAE) [28] and modified by a mercury meniscus
(m-AgSAE) represent a suitable less-toxic alternative to the tradi-
tional mercury electrodes [29]. A good mechanical stability, simple
handling and regeneration including an electrochemical pretreat-
ment of the electrode surface are among the main advantages of
these electrodes [30,31]. The wide field of analytical applications
of these electrodes has been reviewed [15-17].

This work aims (i) at developing direct current voltammetric
(DCV) and differential pulse voltammetric (DPV) methods (making
the use of cathodic voltammetric responses provided by the nitro-
group in ANBT) for the determination of trace amounts of genotoxic
ANBT using p-AgSAE and m-AgSAE and (ii) at testing the possible
utilization of the adsorptive stripping technique enabling the accu-
mulation of the analyte at the electrode surface [32]. Furthermore,
practical applicability of the newly developed methods was veri-
fied on the direct determinations of the studied substance in spiked
samples of drinking and river water, Drinking and river water were
used for the preparation of spiked samples because of the possi-
ble hazard of surface and ground waters contamination by ANBT
during the industrial production of dyes and pigments [33].

2. Experimental

2.1. Reagents

2-Amino-6-nitrobenzothiazole (ANBT, =97%, CAS Registry
Number: 6285-57-0) was supplied by Sigma-Aldrich, Prague,
Czech Republic, A 1 10-? moll! stock solution was prepared by
dissolving an exactly weighed amount of the substance in methanol
(99.9%, Merck, Darmstadt, Germany). The stock solution was stored
in refrigerator at 4 °C and the dilute solutions were prepared freshly
before use.

The Britton-Robinson (BR) buffer solutions were prepared in a
usual way, by mixing a solution containing 0.04moll! solution
of phosphoric acid, acetic acid and boric acid with an appropriate
amount of 0.2mol 1! sodium hydroxide (all p.a,, Lachema, Brno,
Czech Republic). Deionized water was produced by Milli-Q Plus
system (Millipore, Billerica, MA, USA). All the chemicals were used
without further purification and all the solutions (except the stock
solution of ANBT) were maintained in glass vessels in dark at labo-
ratory temperature.

2.2, Instrumentation

2.2.1. Apparatus

Voltammetric measurements were carried out using an Eco-
Tribo Polarograph driven by Polar Pro 2.0 software (both
Polaro-Sensors, Prague, Czech Republic). The software worked
under the operational system Microsoft Windows 98 Plus

reference electrode, The polished silver solid amalgam electrode
(p-AgSAE) and the mercury meniscus modified silver solid amal-
gam electrode (m-AgSAE) were used as working electrodes (the
disc diameter 0.50 mm) [28]. A scan rate 20mVs~! was used for
both DCV and DPV, a pulse amplitude ~50mV and a pulse width
100 ms, with current sampling for last 20 ms, were used in DPV.

The solution pH was measured by a Jenway digital pH meter
(type 3510, Jenway, Chelmsford, UK) with a combined glass elec-
trode (of the same producer) calibrated with standard aqueous
buffers at laboratory temperature.

2.2.2. Working electrodes

The p-AgSAE consisted of a drawn-out glass tube, whose tip
was packed with a fine silver powder (2-3.5 um, 99.9+%, Aldrich,
Munich, Germany), amalgamated by liquid mercury (triply dis-
tilled polarographic mercury, 99.999%, Polarografie, Prague, Czech
Republic) and connected to an electric contact. The m-AgSAE was
prepared from p-AgSAE by immersing this electrode into a small
volume of liquid mercury and agitating for 15s [15]. The m-AgSAE
could be used for several weeks, only its covering by mercury was
usually repeated every week.

2.3. Procedures

For voltammetric measurements, an appropriate amount of
ANBT stock solution in methanol was measured into a voltammet-
ric vessel, methanol was added, if necessarry, to a total volume
of 1.0ml and filled up to 10,0ml with a BR buffer of appropriate
pH. Oxygen was removed from the measured solutions by bubbling
with nitrogen (purity class 4.0, Linde, Prague, Czech Republic) for
5 min. All curves were measured 3 times and all the measurements
were carried out at laboratory temperature.

At the beginning, p-AgSAE was polished on the alumina with
particle size 1.1 wm (Monokrystaly, Turnov, Czech Republic). The
m-AgSAE was prepared by the modification of p-AgSAE by dipping
on 15s to the mercury. Before starting the work on p-AgSAE and
m-AgSAE, as well as after electrodes passivation, or every a break
in the voltammetric measurements longer than 1h, the electro-
chemical activation of the electrodes was carried out in 0.2 mol !
KCI at —=2200 mV, under stirring for 300 s, followed by rinsing with
deionized water.

Regeneration of p-AgSAE and m-AgSAE lasting about 305 pre-
ceded each measurement. It was based on application of 300
polarizing cycles (switching the electrode potential from Ej gy to
E; rey for 50 ms). The optimum value of Ey 1., was about 50-100 mV
more negative than the potential of the anodic dissolution of
the electrode and of Ez ey was about 50-100 mV more positive
than the potential of the hydrogen evolution in the given sup-
porting electrolyte. Under the optimum conditions, Ey g, was
selected ~200 mV for p-AgSAE and 400 mV for m-AgSAE, E; (.,
was selected —600mV for p-AgSAE and —900mV for m-AgSAE.
Under these conditions, eventual oxides of mercury or silver are
reduced and adsorbed molecules are desorbed [34]. The appropri-
ate values of the potential and the time of regeneration were inset
in the software of the computer-controlled instrument used and
the regeneration of electrodes was thus carried out automatically.

The DCV peak height () was evaluated from the extrapolated
linear portion of the voltammogram before the onset of the peak.
DPV peaks were evaluated from the straight line connecting the
minima before and after the peak. The parameters of calibration
curves (such as slope, intercept, correlation coefficient, limit of
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Fig. 2. DP voltammograms of ANBT (c= 1« 10-* mol1-") at p-AgSAE (A) in the BR buffer-methanol (9:1) medium; the BR buffer pH: 2,0 (1), 3.0 (2), 5.0 (3), 6.0 (4), 8.0 (5),
10.0{6)and 11.0(7); and at m-AgSAE (B} in the BR buffer-methanol (9:1) medium; the BR buffer pH: 2.0 (1}, 3.0(2)},4.0(3), 5.0 (4}, 9.0(5), 10.0 (6} and 12.0 (7); polarization
rate 20mVs-'. The corresponding dependences of the Ey, values on pH” are given in the insets, depicted for the pH’ ranges 2.0-7.3 (1) and 83-11.9(2).

quantification) were calculated with statistic software Adstat 2.0
(TriloByte, Pardubice, Czech Republic) [35].

2.4. Spiked water samples

Drinking water from the public water pipeline in the building
of Faculty of Science of the Charles University in Prague, Czech
Republic and river water obtained from Vitava river (sampled at
the locality Vitoi, Prague, Czech Republic), spiked with appropri-
ate amount of ANBT stock solution, were used as samples. Both
drinking and river water were used without further pretreatment
or purification. The procedure for DCV or DPV determination of
ANBT in the spiked samples was as follows: 9.0ml of the spiked
water sample were diluted to 10,0 ml with the BR buffer pH 10.0
and, after deaeration with nitrogen, DC or DP voltammograms at
p-AgSAE or m-AgSAE were recorded.

3. Results and discussion

3.1. Voltammetric behavior of 2-amino-6-nitrobenzothiazole at
silver amalgam electrodes

The influence of pH on DC and DP voltammetric behav-
jor of 110" moll~! ANBT at p-AgSAE (see Fig. 2A for DPV)

and m-AgSAE (see Fig. 2B for DPV) was investigated in the BR
buffer-methanol (9:1) media in the range of pH 2.0-12.0. It can be
seen from Fig. 2 that ANBT gives one well-developed cathodic DPV
peak, corresponding to the four-electron reduction of the nitro-
group to the hydroxyamino-group (Scheme 1), over the whole pH™
(pH of the BR buffer-methanol (9:1) medium) region, the second
peak can be observed at more negative potentials in the pH™ range
from 8.3 to 11.9 (for both p-AgSAE and m-AgSAE).

The peak potential (E;) values of the first peak are shifted
towards more negative potentials with increasing pH, which can
be explained by a preceding protonation of the nitro-group in
ANBT (Scheme 1A) leading to a decrease in the electron density
at the nitro-group and resulting in easier electron acceptance at
low pH values. The presence of the second peak at more negative
potentials gives evidence about a change in the reduction mech-
anism. This change is also evident from the dependences of the
E, on pH". Biphasic covering of the whole investigated pH range
is notable, the intersection of the straight lines lies at about pH’
7.3-8.3 (Scheme 1B). Upon the DPV of ANBT at p-AgSAE, the Ej, of
this first peak varied with pH according to the relationships (see
the inset in Fig. 2A): Ey vs. Ag/AgCl [mV] = —67.1 pH™ — 86.4 (corre-
lation coefficient (R)=—0.9982) in the pH’ range 2.0-7.3 and Ej, vs.
Ag/AgCl [mV]==15.1 pH™ - 526.9 (R=-0.9897) in the pH’ range

A) Proposed electrochemical reduction of ANBT in acidic medium

N, N
+ 2H* +de, +4H"
| — s \ fin, — N i,
-2H -H;0
o.N HOf HOH,
B) Proposed electrochemical reduction of ANBT in neutral medium
N, N
4o, +4H"
5\>_NH2 shueaH >_NH,
-H,0
O,N HOHN
C) Proposed electrochemical reduction of ANBT in alkaline medium
N, N, N
4o, + 4H" +2e, + 2H"
\>_NH2 tde e \>_NH2 120 02H \>—~H,
-H,0 -H,0
N s HOHN S HaN S

Scheme 1. Proposed mechanism of electroche mical reduction of ANBT.
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Fig. 3. DP voltammagrams of ANBT (Capgrr =0 (00, 2 (1), 4 (2), 6. (3}, 8 (4) and 10(5) wmol 11} at p-AgSAE in the BR buffer pH 3,0-methanol (9:1) medium (A) and in the BR
buffer pH 10.0-methanol (9:1) medium (B): regeneration potentials £y g = —200 mV, Fz g = —600mV: polarization rate 20mVs-'. The corresponding calibration straight

lines are given in the insets; the confidence bands are constructed for o =005 (n=3).

8.3-11.9. Upon the DPV of ANBT at m-AgSAE, the E; of the first
peak varied with pH according to the relationships (see the inset in
Fig. 2B): Ep vs. Ag/AgCl [mV]=—73.7 pH™ - 110.2 (R=-0.9985) in
the pH” range 2.0-7.3 and E;, vs. Ag/AgCl [mV] = -14,9 pH - 538.5
(R=-0.9924) in the pH’ range 8.3-11.9. From these relationships,
we can conclude that the reduction of the nitro-group in ANBT is
easier at p-AgSAE in the pH range 2.0-7.3 (because of lower abso-
lute value of the intercept at approximately the same values of the
slope), whereas in the pH” range 8.3-11.9, the dependence of the
E, on pH’ is almost identical at both p-AgSAE and m-AgSAE. The
second voltammetric peak can probably be ascribed to the two-
electron reduction of the previously formed hydroxyamino-group
to the amino-group (Scheme 1C) [10], but this presumption will
need further investigation to be confirmed.

The difference in voltammetric behavior of ANBT in acidic, neu-
tral and alkaline media is also evident on the peak height (I}
values, but less at p-AgSAE than at m-AgSAE (Fig. 2). Whereas the
both DC and DP voltammetric I, values of ANET are comparable at
m-AgSAE and p-AgSAE in the pH™ range 2.0-7.3, the I, values
obtained in the pH™ range 8.3-11.9 are about two times higher at m-
AgSAE than those at p-AgSAE. This fact predicts a higher sensitivity
for the determination of the analyte at m-AgSAE in alkaline media.

3.2, Voltammetric determination of
2-amino-G-nitrobenzothiazole

The highest and best developed DCV and DPV peaks were
obtained in the BR buffer pH 10.0-methanol (9:1) medium, This
medium was further used for measuring the calibration curves
at both electrodes. Moreover, the media representing the acidic
region were also tested for the determination of ANBT because of
its voltammetric behavior different from that observed in the alka-
line media. These media were BR buffer pH 3.0-methanol (9:1) and
BR buffer pH 4.0-methanol (9:1) for DPV and DCV, respectively,
at both electrodes. For the sake of an illustration, DP voltammo-
grams of ANBT recorded at p-AgSAE in the concentration range
2-10wmol 1! in acidic (Fig. 3A) and alkaline (Fig. 3B) media are
depicted in Fig. 3 for comparison; there is a well observable differ-
ence insensitivities of the determination documented in this figure.
The difference can also be seen in Table 1, where all the parame-
ters of the calibration straight lines obtained are summarized. In
acidic media, the concentration range 2-100 pmol 1! of ANBT was
only measurable, whereas in the BR buffer pH 10.0-methanol (9:1)
medium, the concentration range measured was 0.2-100 pmol !
of ANBT. The limits of quantification (Lys) reached were also lower

for the alkaline medium used. Upon the comparison of p-AgSAE
and m-AgSAE, the Ly values attained are comparable for both
electrodes and both voltammetric techniques used. Nevertheless,
the higher sensitivity of the ANBT determination was observed at
m-AgSAE, as we supposed at the end of Section 3.1. Therefore, from
this point of view, the m-AgSAE seems to be more suitable for the
determination of submicromolar concentrations of ANBT.

Generally, the sensitivity slightly differs between individual
concentration orders (see Table 1). This behavior, typical for
voltammetry at solid electrodes, is usually caused by the passi-
vation of the electrode surface by the electrode reaction products
or by analyte adsorption [6]. Nevertheless, within the individual
concentration orders, the concentration dependences obtained are
linear.

A further increase in the sensitivity of the determination could
be achieved by adsorptive accumulation of the test substance on the
p-AgSAE or m-AgSAE surface [32]. Optimum conditions, found for
the DC and DP voltammetric determination of ANBT (BR buffer pH
10.0), have been used for investigating the possible accumulations.
Moreover, media representing acidic (BR buffer pH 3.0) and neutral
(BR buffer pH 7.0) pH values were also tested to cover the whole
pH range. Suitable potentials of accumulation (Escc) were tested
with time of accumulation (t;c) varied from 0 to 5min. Because
methanol is also usually adsorbed on the electrode surface [32],
it was not contained in the supporting electrolyte. However, it has
been proved that ANBT did not significantly increase its voltammet-
ric response in dependence on the tacc under any conditions tested.
This fact is probably caused by the chemical structure of ANBT.
Adsorptive stripping methods, enabling successful accumulation
of the analyte at the m-AgSAE surface, were previously published
[31,36]. Nevertheless, these were cases of very specific molecules -
low polar mononitro-derivatives of polycyclic aromatic hydrocar-
bons (2-nitrofluorene [31] and 3-nitrofluoranthene [36]).

3.3. Spiked samples of drinking and river water

In order to verify practical applicability of the developed DCV
and DPV methods, the determination of ANBT was carried out in
spiked samples of drinking and river water in a submicromolar
concentration range under optimum conditions. Calibration curves
were measured using a mixture of 9.0 ml of a spiked water sample
and 1.0ml of the BR buffer pH 10.0. DP voltammograms of ANBT
at the p-AgSAE representing its direct determination in spiked
drinking (Fig. 4A) and river (Fig. 4B) water, in the concentration
range from 0.2 to 1.0pmoll™!, are depicted in Fig. 4 and DP
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Table 1
Parameters of the calibration straight lines (including standard errors) for the determination of ANBT obtained using DCV and DPV at p-AgSAE and m-AgSAE,
Electrode Method Optimum medium Concentration (umol I-') Slope (nAlpmol~") Intercept (nA) R Lo® (pmol1-')
p-AgSAE Doy BR buffer pH 4.0-methanol (9:1) 20-100 ~19.35 + 0.95
2-10 1312 £ 024 3.2
Dpy BR buffer pH 3.0- methanol (%:1) 20-100 -256 + 5.2 -
2-10 —1.249 + 0.064 ~L51 + 0147 26
ncy ER buffer pH 10.0-methanol (9:1) 20100 —1.238 + 0.041 —-140 & 2.7
2-10 -1.612 + 0.021 -4.42 + 0.14
0.2-1 4922 + 0.049 0036 + 0.032° 010
Dpv BR buffer pH 10,0-methanol (9:1) 20-100 -1.646 + 0.021 -4.1 + 1.4¢
2-10 4 2223 + 0.099 -
0.2-1 0,752 + 0,014 0.19
m-AgSAE Doy BR buffer pH 4.0-methanol (9:1) 202100 -10,2 £ 5.2¢
2-10 1.53 + 0.58° -
021 —1.421 + 0,055 0,950 + 0.043° 068
Drv BR bulfer pH 3.0-methanol (9:1) 20-100 0946 + 0.053 -42.2 + 3.6 ~0.9952
2-10 —1.05 + 016 -1.8 £ 1.0¢ — 09687
0.2-1 ~1.58 £ 0.11 0,324 + 0.071° 045
ncy BR buffer pH 10.0-methanol (9:1)  20-100 3.807 £ 0.030 165+ 1.9 -
2-10 ~4,611 & 0.091 -4.7 £ 1.7 -
6,253 & 0.099 o1y
Dpy BR buffer pH 10,0-methanol {9:1) ~2.884 £ 0,028 -
—2801 + 0.076
~2.51 £ 0L15 ~0.41 £ 0,10¢ 012
* Correlation coefficient.
b Limit of quantification {1003 & = 0,05),
© Intercepts are nol statistically significantly different from zero at a significance level o = 0,05,
-10 T T T T ) -10 T T T T
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Fig. 4. DP voltammograms of ANBT at p-AgSAE in drinking (A) and river (B) water samples; measured in 9 ml of spiked drinking or river water diluted by BR bufler pH 10,0
to 10 ml (dilution factor 0.9); capr in waters: 0 (0),0.2 (1),0.4 (2). 0.6 (3), 0,8 (4) and 1.0 (5) pmol 1=, regeneration potentials Fy jp = — 200 mV, F 4., = —600mV; polarization
rate 20mV s -1, The corres ponding calibration straight lines are given in the insets; the confidence bands are constructed for o = 0,05 (n-3),
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Fig. 5. DP voltammograms of ANBT at m-AgSAE in drinking (A) and river (B) water samples; measured in 9 ml of spiked drinking or river water diluted by BR buffer pH 10,0
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rate 20mV s, The corresponding calibration straight lines are given in the insets; the confidence bands are constructed for o= 0,05 (n=3).
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Table 2

Parameters of the calibration straight lines (including standard errors) for the determination of ANBET obtained using DOV and DPV at p-AgSAE and m-AgSAE in spiked samples

of water, Le., in the mixture of spiked water sample-BR bufTer pH 10,0 {9:1).

Electrode Method Matrix Concentration (mol1-1) Slope (nAlpmol-') Intercept (nA) ol Lo® {moll-1)
p-ARSAE eV Drinking water 2-10 1000 & 0,057 1.20 £ 0.38° 09951 =
0,2-1 —2.769 + 0,086 ~1.037 + 0,057 — 094986 012
nev Drinking water 2-10 —1L.790 + 0,047 0.37 + 0.31° ~0.9990
0.2-1 237 £ 011 0,283 + 0,072 L ] 0173
v River water 2-10 ~278 £ 022 31 +£15° ~0.9907
0.2-1 4441 £ 0086 0876 + 0.058 0949549 041
Dev River water 2-10 —2.85 + 033 44 +2.3° —0.9809
0.2-1 5.208 + 0085 0451 + 0056 099496 011
m-AgSAE v Drinking water 2-10 -2.32 4013 1.52 £ 0.84° 059961 =
021 —4.56 + 0,17 0,16 + 0,127 —0.9978 0.39
D Drinking water 2-10 226 £ 015 1.52 £ 0.84° 0.9953 -
021 —3.877 + 0,062 0,045 + 0.041° — 0,995 013
DoV River water 2-10 - 1944 + 0.099 -1.62 + D.66° ~0.9969
0.2-1 —4.85 + 026 -0,17 + 0.17° —0.9994 020
Dev River water 2-10 2006 + 0.052 ~0.20 + 0.34° -0.9990
0.2-1 426 £ 010 0,446 + 0069 0,951 012

4 Correlation coeflicient,
B Limit of quantification {10 & - 0.05),

© Intercepts are not statistically significantly different from zero at a significance level o = 0,05,

voltammograms of ANBT at the m-AgSAE in spiked drinking
(Fig. 5A) and river (Fig. 5B) water, in the same concentration range,
are depicted in Fig. 5. The parameters of the calibration curves
obtained are summarized in Table 2. These results confirm the
possible application of both tested electrodes for the determina-
tion of even submicromolar concentrations of substance under
investigation in drinking and river waters.

4. Conclusions

It has been shown that modern voltammetric methods at
two different silver amalgam working electrodes can be used for
the determination of submicromolar concentrations of genotoxic
2-amino-6-nitrobenzothiazole (ANBT). In the optimum medium
found (BR buffer pH 10.0-methanol (9:1}), the measurable con-
centration range was 0.2-100 pmoll~! of ANBT for both direct
current voltammetric (DCV) and differential pulse voltammetric
(DPV) determination at the polished silver solid amalgam elec-
trode ( p-AgSAE) and at the mercury meniscus modified silver solid
amalgam electrode (m-AgSAE). The attempt at increasing the sen-
sitivity using adsorptive stripping DCV or DFV at both p-AgSAE and
m-AgSAE was not successful. The applicability of both tested elec-
trodes for DCV and DPV determination of ANBT in spiked samples
of drinking and river water (in the concentration range from 0.2
to 10umol1-! of ANBT) has also been verified, with the limits of
quantification (Lgs) in the concentration order of 10-7 mol1~'. The
parameters of the calibration straight lines obtained at p-AgSAE are
well comparable with those obtained at m-AgSAE. Therefore, it can
be concluded that both p-AgSAE and m-AgSAE can be successfully
used for the determination of trace amounts of ANBT as suitable
non-toxic and environmentally friendly alternatives to mercury
electrodes.
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New type of bismuth film electrode prepared by electrodeposition of bismuth film on a silver solid
amalgam substrate (BiF-AgSAE) was tested as a sensor for voltammetric determination of electro-
chemically reducible organic substances using 2-amino-6-nitrobenzothiazole (ANBT) as a model
analyte, Using the optimized conditions (a 9:1 (v/v) mixture of aqueous Britton-Robinson buffer
solution (pH 10.0) and methanol), the limits of quantification are 0.16 pmol L~' for direct current
voltammetry (DCV) and 0.22 pmol L= for differential pulse voltammetry (DPV). The obtained
calibration dependences are linear in the concentration range from 0.2 to 100 pmol L' and the
practical applicability of the newly developed electrode for the direct determination of ANET in tap and
mineral water model samples was confirmed in the concentration range from 0.2 to 10 pmol L 1.

@ 2012 Elsevier BV, All rights reserved.

1. Introduction

Mercury is obviously the best available electrode material for
voltammetric determination of electrochemically reducible organic
compounds because of easily renewable and atomically smooth
surface and large cathodic potential window [1]. However, due to
increasing fears of liquid mercury toxicity resulting in somewhat
unsubstantiated “mercurophobia” 2], considerable attention is paid
to the search for new electrode materials applicable for cathodic
voltammetry. Boron-doped diamond film electrodes [3.4), various
types of non-toxic solid [5-8), paste [9-11] or composite [12,13]
silver amalgam electrodes and, quite recently, solid bismuth electro-
des [14] or bismuth film electrodes [15] are typical examples of this
approach. In the case of silver solid amalgam, our recent results
showed that the mercury vapor pressure of such amalgam containing
no liquid mercury is far lower than the mercury vapor pressure of
liquid mercury (about two orders of signal magnitude) and compar-
able with mercury vapor pressure of dental amalgams [16]. A number
of papers deal with the bismuth film deposited on a glassy carbon
(BiF-GCE) or carbon paste (BiF-CPE) substrate [17-23]. However,
silver solid amalgam, which was found useful for deposition of a
uniform mercury film [24,25], was not tested as a substrate for
bismuth film so far. Therefore, we have investigated the possibility of
electrochemical preparation of uniform bismuth film at this substrate
and practical application of thus-prepared bismuth film electrode at

* Corresponding author, Tel.: +420 22195 1599; fax: +420 22491 3538,
E-mail address: viastimilvyskocil@natur.cuni.cz (V. Vyskogil),

0039-9140/5 - see front matter © 2012 Elsevier BV, All rights reserved.
http:/fdx.doi.org/10.1016/j.talanta 2012,07.044

the silver solid amalgam substrate (BiF-AgSAE) for voltammetric
determination of electrochemically reducible organic compounds.
We have used 2-amino-6-nitrobenzothiazole (ANBT, see Fig, 1) as
a model substance, This compound (used, e.g., in the dye industry) is
known for its genotoxic and mutagenic properties [26] and, thus, it is
desirable to develop inexpensive and sensitive electroanalytical
methods for its determination in the environment. It contains
cathodically reducible nitro-group and its investigation using direct
current polarography [27.28], oscillopolarography [27], cyclic voltam-
metry [28] and coulometry [28] at mercury electrodes and DC
voltammetry (DCV) and differential pulse voltammetry (DPV) at a
polished silver solid amalgam electrode (p-AgSAE) and a mercury
meniscus modified silver solid amalgam electrode (m-AgSAE) [29]
confirmed a four-electron reduction of the nitro-group to the
hydroxyamino-group followed by its two-electron reduction to the
amino-group. In addition, to testing the possibility to prepare and use
the BiF-AgSAE, we have verified its application for the direct
determination of the target compound in model samples of tap and
mineral water. We have used these model matrices because of the
potential hazard of surface and ground waters contamination by
ANBT during the industrial production of dyes and pigments [30].

2. Experimental
2.1. Reagents

A 1x10 *molL " stock solution of 2-amino-6-nitrobenzo-
thiazole (ANBT) was prepared by dissolving an exactly weighed
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\>—NH:
ON 3

Fig. 1. Structural formula of 2-amino-6-nitrobenzothiazole (ANET).

amount of the substance supplied by Sigma-Aldrich, Prague, Czech
Republic, in methanol (99.9%, Merck, Darmstadt, Germany). The
stock solution was stored in refrigerator at 4 °C and the dilute
solutions were prepared freshly before use.

The Britton-Robinson (BR) buffer solutions were prepared in a
usual way, by mixing a solution containing 0.04 mol L' solution
of phosphoric acid (p.a. purity, Merck), acetic acid (p.a. purity,
Panreac, Barcelona, Spain) and boric acid (p.a. purity, Lach-Ner,
Neratovice, Czech Republic) with an appropriate amount of
0.2 mol L' sodium hydroxide (p.a. purity, Merck). Sodium acet-
ate trihydrate (p.a. purity, Lach-Ner) and ethylenediaminetetra-
acetic acid (EDTA, p.a. purity, Panreac) were also used. Deionized
water was produced by Milli-Q Plus system (Millipore, Billerica,
MA, USA).

2.2, Instrumentation
2.2.1. Apparatus

Voltammetric measurements were carried out using a Palm-
Sens electrochemical analyzer driven by PSTrace 2.1 software
(both Palm Instruments, Houten, The Netherlands), The software
worked under the operational system Microsoft Windows XP
(Microsoft Corporation, Redmond, WA, USA). All measurements
were carried out in a three-electrode system using platinum
electrode (type PPE, Monokrystaly, Turnov, Czech Republic) as
an auxiliary electrode and silver|silver chloride electrode (type
RAE 113, 3 mol L~ ! KCI, Monokrystaly) as a reference electrode.
The BiF-AgSAE (the disc diameter 0.50 mm) was used as a
working electrode. The scan rate 20 mVs ! was used for both
DCV and DPV, the pulse amplitude —50 mV and the pulse width
100 ms, with current sampling for the last 20 ms, were used
in DPV.

The solution pH was measured by a Jenway digital pH meter
(type 3510, Jenway, Chelmsford, UK) with a combined glass elec-
trode (of the same producer) calibrated with standard aqueous
buffers at laboratory temperature.

2.2.2. Preparation of bismuth film electrode on silver solid amalgam
substrate (BiF-AgSAE)

The BiF-AgSAE was prepared ex situ by deposition of the bismuth
film on the AgSAE at constant potential of — 1.2 V (vs. Ag|AgCl) for
selected time (fqep) under stirring in 10 mL of plating solution (after
deaeration of the solution for 5 min with pure nitrogen) containing
0.5 mL of bismuth standard solution (1000 mgL~" Bi(lll), Darm-
stadt, Merck, Germany) and 9.5 mL of 1.0 mol L~ acetate buffer pH
4.75. The BiF-AgSAE was plated every day with new bismuth film
because the lifetime of the electrode surface was relatively short,
namely just a few hours. No mechanical, electrochemical or chemi-
cal cleaning or activation was performed, since such procedures
damaged the bismuth film coating leading to less reproducible
results.

The AgSAE used as a substrate consisted of a drawn-out glass
tube, whose tip was packed with a fine silver powder (2-3.5 pm,
99.9%, Sigma-Aldrich, Prague, Czech Republic), amalgamated by
liquid mercury (triply distilled polarographic mercury, 99.999%,
Polarografie, Prague, Czech Republic), polished on the alumina
with particle size 1.1 pm (Monokrystaly, Turnov, Czech Republic)
and connected to an electric contact [5].

58

2.3. Procedures

An appropriate amount of ANBT stock solution in methanol was
measured into a voltammetric cell, methanol was added, if
necessary, to a total volume of 1.0 mL and filled up to 10.0 mL
with a BR buffer of appropriate pH. Oxygen was removed from the
measured solutions by bubbling with pure nitrogen for 5 min.
Unless stated otherwise, all curves were measured three times, and
all the measurements were carried out at laboratory temperature,

The DCV peak height (I,) was evaluated from the extrapolated
linear portion of the voltammogram before the onset of the peak.
DPV peaks were evaluated from the straight line connecting the
minima before and after the peak. The parameters of calibration
curves (such as slope, intercept, correlation coefficient, limit of
quantification) were calculated with statistic software Adstat 2.0
(TriloByte, Pardubice, Czech Republic) [31].

2.4. Model samples

The tap water from the public water pipeline in the building of
National and Kapodistrian University, Athens, Greece, and natural
mineral water (Spring Olympos, Katerini, Greece), spiked with
appropriate amounts of ANBT stock solution, were used as model
samples, Both tap and mineral water were either used without
further pretreatmentfpurification or solid EDTA was added (1g
per 50 mL of water) for masking of cations present in solution,
The procedure for DCV or DPV determination of ANBT in model
samples was as follows: 9.0 mL of the model water sample
were diluted to 10.0 mL with the BR buffer pH 10.0 and, after
deaeration with nitrogen, DC or DP voltammograms at the
BiF-AgSAE were recorded.

3. Results and discussion

3.1. Bismuth film deposition

At first, parameters for the deposition of the bismuth film on
the AgSAE surface were optimized. The times of deposition (fge,)
60, 120, 180, 240, 300 and 600 s were tested. The 4., =3005s was
selected as the optimum one because shorter times of deposition
resulted in unstable bismuth films, leading to low repeatability of
twenty consecutive DPV measurements of ANBT. At fy.,=600s,
the results were very similar to those obtained at 300 s.

The reproducibility of the bismuth film deposition was also
investigated because the new film had to be prepared every day.
The relative standard deviation (RSD) of DPV determination of
ANBT (c=1x10"*molL™ ") in the BR buffer pH 10.0-methanol
(9:1) medium (this medium was selected on the basis of initial
experiments conducted at different pH values; see below) at ten
different BiF-AgSAEs was 16% (Fig. 2A); this value was assumed to
be satisfactory. Moreover, the repeatability of twenty consecutive
DPV measurements of ANBT (also expressed as RSD), performed
under the conditions mentioned above at a single freshly prepared
bismuth film, was 4.5% (Fig. 2B), which also represents a satisfac-
tory value for this type of electrode [19]. It can be seen in Fig. 2B
that the I, value decreased with the serial number of DPV scan
performed. Nevertheless, such decrease usually stopped after
about thirty to fifty DPV scans, resulting in RSD about 2% for
another following twenty consecutive measurements,

3.2. Voltammetric behavior of 2-amino-6-nitrobenzothiazole
at the BiF-AgSAE

The influence of pH on the DC and DP voltammetric behavior
of 1x10"*mol L~" ANBT at the BiF-AgSAE was investigated in
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of the DPV peak height of ANBT (c=1x« 10~ mol L™'), recorded at ten different BiF-AgSAEs (taep=300 5} in the BR buffer pH 10.0-methanel (9:1) medium: the error bars
are constructed for & =0.05 (n=3). (B) Repeatability of twenty consecutive DPV determinations of ANBT (c=1x 107% mol L") at a single BiF-AgSAE (taep=3005) in the BR
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Fig. 3. DC (A) and DP (B) voltammograms of ANBT (c=1 = 10" % mol L") at the BiF-AgSAE (taep=3005) in BR buffer-methanol (9:1) media; polarization rate 20 mv s L
The BR buffer pH values for A: 2.0 (1), 4.0 (2), 5.0 (3), 7.0 (4), 9.0 (5), 10,0 (6), 11.0 (7); and for B: 2.0 (1), 3.0 (2), 4.0 (3), 5.0 (4), 8.0 (5), 10.0 (6), 11.0 (7), 12.0 (8).
The voltammograms recorded under optimum conditions for the determination of ANBT are in bald.

the BR buffer-methanol (9:1) media in the pH range of 2.0-12.0.
Fig. 3 illustrates that ANBT gives one well-developed cathodic
DCV or DPV peak, corresponding to the four-electron reduction of
the nitro-group to the hydroxyamino-group, over the whole pH
range explored. The second peak, which can be observed at more
negative potentials at mercury [28] and silver solid amalgam [29]
working electrodes and which corresponds to a two-electron
reduction of the hydroxyamino-group to the amino-group, is
not observable at the BiF-AgSAE.

The difference in voltammetric behavior of ANBT in acidic,
neutral and alkaline media is evident from the peak shapes and
peak height values (Fig. 3). The peak potential shifted towards
more negative potentials with increasing pH, which can be
explained by a preceding protonation of the nitro-group in ANBT,
leading to a decrease in the electron density at the nitro-group
and resulting in easier electron acceptance at low pH values [32].

3.3. Voltammetric determination of 2-amino-6-nitrobenzothiazole

The highest and best developed DCV and DPV peaks were
obtained in the BR buffer pH 10.0-methanol (9:1) medium. This
medium was then used for measuring the calibration curves in a
concentration range from 0.2 to 100 pmol L' of ANBT; DP voltam-
mograms of ANBT at the BiF-AgSAE in the concentration range
2-10umol L~ and 0.2-1.0 umol L' are depicted in Fig. 4A and B,

respectively. The parameters of all the calibration straight lines are
summarized in Table 1.

Generally, the measurement sensitivity slightly varies between
the individual concentration orders (see Table 1). This behavior,
typical for voltammetry at solid electrodes, is usually caused by the
passivation of the working electrode surface by electrode reaction
products or by adsorption of the analyte |33]. However, within the
individual concentration orders, the concentration dependences
obtained are linear. For the concentration range from 2 to
100 pmol L~ ' of ANBT, the sensitivity of both DCV and DPV
determinations achieved at the BiF-AgSAE is approximately two
times higher, on average, than that at the bare p-AgSAE [29],
whereas, for the concentration range from 0.2 to 1.0 pmol L' of
ANET, the determination sensitivity is approximately 1.6-1.7 times
higher at the p-AgSAE [29]. These differences can probably be
related to the different morphology of working electrode surfaces
(p-AgSAE vs, BiF-AgSAE), which is under our current investigation.
Mevertheless, the limits of quantification (Lgs) reached at the BiF-
AgSAE and p-AgSAE are comparable (see Table 1 and Ref. [29],
respectively).

A further increase in the sensitivity of the determination could be
achieved by adsorptive accumulation of the analyte on the surface of
the working electrode [34]. The aqueous component of the optimum
medium found for DCV and DPV determination of ANBT (BR buffer
pH 10.0) has been used for investigating the possible accumulation.
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Fig. 4. (A and B) DP voltammograms of ANET at the BiF-AZSAE (tgep=300 s) in the BR buffer pH 10.0-methanol (9:1) medium; concentrations of ANBT (umol L") for A: 0
(13,2(2),4(3),6(4).8 (5), 10 (6): and for B: 0(1), 0.2(2),0.4(3),0.6 (4), 0.8 (5), 1.0(6). (C-F) DP voltammograms of ANBT at the BiF-AgSAE (L4 =300 5} in model samples
of tap (C and D) and mineral (E and F) water; measured in @ mL of spiked waters diluted by BR buffer pH 10.0 to 10 mL (dilution factor 0.9) without (€ and E) and with the
addition of EDTA (D and F) to tap or mineral water; concentrations of ANBT (pmol L'} in waters: 0 (1), 2 (2). 4 (3), 6 (4), 8 (5), 10 (6). Polarization rate 20mV's~'; the
corresponding calibration straight lines are given in the insets; the error bars are constructed for =005 (n=3).

Moreover, media representing acidic (BR buffer pH 3.0) and neutral
(BR buffer pH 7.0) pH values have also been tested to cover the whole
pH range. Because methanol is also usually adsorbed on the electrode
surface |34], it was avoided from the supporting electrolyte. Suitable
accumulation potentials were tested with the accumulation time

60

varying from 0 to 5 min. Unfortunately, it has been found that the
voltammetric peak of ANBT did not significantly increase with
prolonging accumulation time under any conditions tested. Similar
negative results have also been obtained for adsorptive accumulation
of ANBT at the p-AgSAE and m-AgSAE [29].
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Table 1
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Parameters of the calibration straight lines (including standard deviations) for DCV and DPV determination of ANET at the Bif-

AgSAE in the BR buffer pH 10.0-methanal (9:1) medium.

Method Concentration Slope Intercept (nA) R Lg

(pmol L) (nA L pmol ') (umol L-1)
DoV 20-100 281+ 011 146+ 7.1" 0.9978 -

2-10 -2.74+ 010 —1.25 + 0.68° —0.9979 -

0.2-1 3.029 + 0.034 0.186 + 0.022 0.9998 0.16
DPv 20-100 321001 6.0+ 7.5 0.9981 -

2-10 3544013 2.43 + 084" 09974 -

0.2-1 1.739 + 0.048 0.058 + 0.032° 0.9954 0.22

R, correlation coefficient; Lo, limit of quantification {10a; & =0.05].
* Intercepts are not statistically significantly different from zero at the significance level 2=0.05,

Table 2

Parameters of the calibration straight lines (including standard deviations) for DCV and DPV determination of ANET at the BiF-
AgSAE in model samples of water, i.e., in the mixture of spiked water sample-BR buffer pH 10.0 (9:1).

Water Method Concentration Slope Intercept {nA) R Ly
(pmal L-1) (nA Lpmol = 1) (pmol L-1)
Tap DoV 2-10 =1.545 + 0.049 1.46 + 033 -0.9986 -
02-1 -2.055 + 0.086 0130 + 0.057* -0.9974 0.45
DPV 2-10 =-2.440 + 0.062 1.26 + 0.41* -0.9987 -
0.2-1 -2.002 + 0.063 0.236 + 0.042 -(1.9985 0.40
Tap with EDTA DV 2-10 -0.713 + 0.081 0.447 + 0.053 -0.9998 -
0.2-1 -0.920 + 0.017 0.166 + 0.011 ~0.9995 0.35
DFV 2-10 -0.690 + 0.012 0.321 + 0.077 -0.9994 -
0.2-1 =0.291 + 0.016 0058 + 0.011 ~0.9938 0.31
Mineral with DV 2-10 =0.528 + 0.046 0.25 + 031" ~0.9934 -
EDTA 0.2-1 -0.612 + 0.077 032 +0.12° -0.9964 0.40
DPV 2-10 =1.130 + 0.042 1.12 + 0.28% ~0.9972 -
0.2-1 -0.638 + 0.080 0.171 + 0.053* -0.9696 0.44

R, correlation coefficient; Ly, limit of quantification {10a; a=0.05).
* Intercepts are not statistically significantly different from zero at the significance level ==0.05.

3.4. Model samples of tap and mineral water

In order to verify practical applicability of the developed DCV
and DPV methods, the determination of ANBT was carried out in
model samples of tap and mineral water in a submicromolar
concentration range under optimum conditions. Calibration
curves were measured using a mixture of 9.0 mL of spiked model
water sample and 1.0 mL of the BR buffer pH 10.0. DP voltammo-
grams of ANBT at the BiF-AgSAE representing its direct determi-
nation in spiked tap (Fig. 4C and D) and mineral (Fig. 4E and F)
water, in the concentration range 2-10 pmol L, are depicted in
Fig. 4.

During the preparation of model samples of waters, both tap and
mineral water were either used without further pretreatment/
purification or solid EDTA was added (1 g per 50 mL of water) for
masking of cations (eg., Ca®*, Mg*, Fe**, Zn®") present in
solution to eliminate their negative effect. The effect of the addition
of EDTA on voltammetric determination of ANBT is demonstrated in
Fig. 4D and F and Table 2. Upon the addition of EDTA to tap water,
the sensitivity of determination decreased, however, the Lgs
attained are rather lower. Therefore, the addition of EDTA to samples
containing the tap water contaminated with ANBT could be con-
sidered for individual cases. On the other hand, in the case of the
addition of EDTA to mineral water, the better results were obtained.
Although the sensitivity of the determination after the addition of
EDTA also decreased, calibration dependences with better linearity
were obtained and the repeatability of the determination was better
as well. Thus, it is advisable to add EDTA always upon the
determination of ANBT in water samples with higher content of
mineral cations. DPV voltammograms corresponding to the lowest

attainable concentration range are illustrated in Fig. 5 for both tap
and mineral water model samples with the addition of EDTA. The
obtained parameters of the calibration curves are summarized in
Table 2. These results confirm the possible application of tested
electrode for the determination of submicromolar concentrations of
ANBT in both tap and mineral waters.

3.5. Possibilities of the newly introduced BiF-AgSAE

The area, in which bismuth film electrodes (BiFEs) find most
applications, is trace analysis of metals by electrochemical stripping
techniques [18]. However, determinations of low-molecular-weight
organic compounds by adsorptive stripping analysis at the BiFEs have
not been reported so far [19). There are only sporadic reports on
voltammetric or amperometric determinations of some genotoxic
nitro-compounds (e.g, nitrobenzene [35), 2-nitrophenol [15,36],
4-nitrophenol [15] and 24-dinitrophenol [15]) and some pesticides
(e.g., paraquat 37|, thiamethoxam, acetamiprid, nitenpyram [38],
imidacloprid |38,39] and clothianidin |39]). Therefore, the BiF-AgSAE
presented in this paper represents valuable alternative to previously
reported BiFEs, moreover, with one of the lowest Lys achieved in
organic electroanalysis (this is probably thanks to the property of
bismuth to form “fused alloys" with heavy metals, which is analogous
to the amalgams that mercury forms [19,40]).

We suppose that the p-AgSAE substrate also plays important
role in the observed benefits of BiF-AgSAE. In our recent com-
parative studies |[41,42], the BiF-AgSAE has been confronted with
BiFEs based on glassy carbon (BiF-GCE) and gold (BiF-Auk)
substrates upon the voltammetric determination of 5-nitrobenzi-
midazole (a compound structurally very similar to ANET). The L;
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Fig. 5. DP voltammograms of ANBT at the BiF-AgSAE (14, =300 s) in model samples of tap (A) and mineral (B) water; measured in 9 mL of spiked waters diluted by BR
buffer pH 10.0 to 10 mL (dilution factor 0.9) with the addition of EDTA to tap or mineral water; polarization rate 20 mV s~ '; concentrations of ANET (umol L™ ') in waters:
0(1),0.2(2),0.4(3), 0.6 (4), 0.8 (5), 1.0 (6); the cormresponding calibration straight lines are given in the insets; the error bars are constructed for =005 (n=3).

in the concentration order of 10 *molL ' was achieved for
5-nitrobenzimidazole at the BiF-AgSAE [41], whereas, at both
BiF-GCE and BiF-Auk, the Lys were about two orders of magnitude
higher [42]. In addition, the repeatabilities of twenty consecutive
DPV measurements of 5-nitrobenzimidazole (c=1:=10"*mol L")
were 3% >5% and 1% at the BiF-AgSAE, BiF-GCE and BiF-AuE,
respectively.

Simple mechanical renewal of the BiF-AgSAE surface, good
reproducibility of measurements and elimination of problems
connected with “electrode history” confirm practical usefulness
of this electrode. Its major drawback is collective for all the BiFEs,
i.e., its limited anodic range that prevents the use of this electrode
for the determination or accumulation of species at more positive
potentials [19].

4. Conclusions

It has been proved that newly developed bismuth film elec-
trode on a silver solid amalgam support can be used as a working
electrode for cathodic voltammetry. Both DC voltammetry (DCV)
and differential pulse voltammetry (DPV) at the bismuth film
modified silver solid amalgam electrode (BiF-AgSAE) can be used
for the determination of submicromolar concentrations of geno-
toxic 2-amino-6-nitrobenzothiazole (ANBT). The sensitivity of
this determination is ca. two times higher than that in the
determination at the substrate electrode. The optimum time of
the bismuth film deposition on the silver solid amalgam substrate
(disc diameter 0.50 mm) was found to be 300s. In the optimum
medium found (BR buffer pH 10.0-methanol (9:1)), the measurable
concentration range was 02-100pmolL ' of ANBT for both
DCV (the limit of quantification, Lg=0.16pumolL™") and DPV
(Ly~022 pmol L™ ') determination at the BiF-AgSAE. The attempt
to increase the sensitivity using adsorptive stripping DCV or DPV at
the BiF-AgSAE was not successful.

The applicability of the tested electrode for DCV and DPV
determination of ANBT in model samples of tap and mineral
water (in the concentration range from 0.2 to 10pumolL~" of
ANBT) has also been verified, with the Lgs in the concentration
order of 1077 mol L', Therefore, it can be concluded that the
BiF-AgSAE can be successfully used for the determination of trace
amounts of ANBT as suitable non-toxic and environmentally
friendly alternative to electrodes containing metallic mercury.
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A novel type of large-surface bismuth film electrode prepared by electrochemical deposition of
bismuth on a silver solid amalgam electrode (LSBiF-AgSAE) was developed. A silver solid amalgam
substrate with a diameter of 2.64 mm was used to achieve larger surface of this electrode resulting in
higher sensitivity in the voltammetric analysis. The larger electrode surface required longer time (i.e.
1800 s) for the electrochemical deposition of the bismuth film. The electrode surface of thus prepared
electrode was characterized by atomic force microscopy (AFM) which confirmed that bismuth film
was not grown uniformly over the supporting surface, but created three-dimensional higher formations
which cover only a fraction of the surface. To verify practical application of the new LSBiF-AgSAE,
voltammetric behavior of the genotoxic 5-nitrobenzimidazole (5-NBIA) has been investigated using

direct current voltammetry (DCV) and differential pulse voltammetry (DPV) and optimum conditions
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have been found for its determination in the concentration range from 0.2 to 1000 pmol L™ in
Britton—Robinson buffer solution (pH 7.0), with the limits of quantification (Los) 0.37 pmol L™
(DCV) and 0.07 pmol L™* (DPV). An attempt to increase the sensitivity using adsorptive stripping
DCV or DPV at the BiF-AgSAE was not successful. Practical applicability of the newly developed
electrode was verified on direct determination of 5-NBIA in tap and mineral water model samples,
with Lgs = 1x10" mol L™,

Keywords: Large-surface bismuth film electrode; Solid amalgam substrate; Atomic force microscopy;
5-Nitrobenzimidazole; Direct current voltammetry; Differential pulse voltammetry; Tap and mineral

water.

1. INTRODUCTION

There is an ever increasing demand for sensitive, simple, fast and inexpensive methods for
determination of biologically active organic compounds in various environmental matrices. For
electrochemically reducible organic compounds, modern voltammetric methods at mercury electrodes
can be successfully applied [1]. Although recent European Regulations (REACH, and Directive
2007/51/CE of 25™ September 2007) do not prevent the use of mercury as electrode material,
development of “greener” electrode materials is extremely relevant. Due to increasing fears of liquid
mercury toxicity during the last decades [2, 3], which has resulted in not quite reasonable
“mercurophobia” [4], great attention is paid to the development of working electrodes free of
mercury, e.g., solid bismuth electrodes [5] or bismuth film-based electrodes [6]). Another possibility is
to use electrodes containing minimum amount of liquid mercury, usually transformed into non-toxic
solid or paste amalgam during the preparation of the electrode (e.g., silver amalgam-based electrodes
[7-9] such as silver solid amalgam electrodes [10, 11], silver solid amalgam composite electrodes [12-
14], silver solid amalgam paste electrodes with an organic pasting liquid [15, 16], silver amalgam
paste electrodes [17] or single crystal silver amalgam microelectrodes [16, 18]). These electrodes were
successfully used to determine various organic nitro-compounds [19].

Recently developed working electrodes based on silver solid amalgam substrate [20] modified
by a deposited bismuth film (BiF-AgSAE) represent a suitable non-toxic alternative to traditional
mercury electrodes [1]. Although many previously published papers deal with the bismuth film
deposited on glassy carbon (BiF-GCE) or carbon paste (BiF-CPE) substrate [21-27], only our previous
communication [28] described the application of bismuth film electrode on silver solid amalgam
substrate for voltammetric determination of an organic nitro compound. However, the low surface area
of this electrode with small diameter of electroactive part (0.5 mm) resulted in relatively low current
signals. Therefore, in this paper a large-surface bismuth film electrode was fabricated on silver solid

amalgam substrate resulting in enhanced sensitivity. Moreover, we have studied the morphology of the
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bismuth film deposited on this substrate by AFM and we have found that it is different than the
morphology on carbon substrates investigated earlier [29].

The environment is increasingly polluted with various genotoxic nitro compounds [30].
Therefore, we have selected 5-nitrobenzimidazole (NBIA, see Figure1l) as a typical model
representative of electrochemically reducible nitrated heterocyclic compounds and a proven
carcinogen and mutagen [31] for testing analytical performance of the new LSBiF-AgSAE. The
occurrence of 5-NBIA in environment is connected with fossil fuels combustion [32]; it was
polarographically determined as a part of photographic processing solutions [33] and its properties
have been extensively studied in connection with its application in the area of metal corrosion
protection [34]. Furthermore, the practical applicability of newly prepared LSBiF-AgSAE was verified
on direct determinations of 5-NBIA in model samples of tap and mineral water because of the possible
hazard of surface and ground waters contamination by this genotoxic compound after its application as

anti-corrosive agent [34].
O,N N
>
N
H

Figure 1. Structural formula of 5-nitrobenzimidazole
2. EXPERIMENTAL

2.1 Reagents

The stock solution of 5-NBIA (c = 1.0x10° mol L™; CAS Number: 94-52-0; Sigma-Aldrich,
Prague, Czech Republic) was prepared by dissolving the appropriate weight of the substance in
100.0 mL of deionized water. UV-VIS spectrophotometric study has demonstrated that the stock
solution is stable for at least one year [35] .

The Britton—-Robinson (BR) buffer solutions were prepared in a usual way by mixing a solution
containing 0.04 mol L™ solution of phosphoric acid (p.a. purity, Merck), acetic acid (p.a. purity,
Panreac, Barcelona, Spain) and boric acid (p.a. purity, Lach-Ner, Neratovice, Czech Republic) with
the appropriate amount of 0.2 mol L™ sodium hydroxide (p.a. purity, Merck) to achieve the desired
pH. Sodium acetate trihydrate (p.a. purity, Lach-Ner) and ethylenediaminetetraacetic acid (EDTA, p.a.
purity, Panreac) were further used. Deionized water was produced by Milli-Q Plus system (Millipore,
Billerica, MA, USA).

All the chemicals were used without further purification and all the solutions were maintained

in glass vessels in dark at laboratory temperature.

2.2. Instrumentation
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2.2.1. Apparatus

Voltammetric measurements were carried out using a PalmSens electrochemical analyzer driven
by PSTrace 2.1 software (both Palm Instruments, Houten, The Netherlands). The software worked
under the operational system Microsoft Windows XP (Microsoft Corporation Redmond, WA, USA).
All measurements were carried out in a three-electrode system using platinum electrode (type PPE,
Monokrystaly, Turnov, Czech Republic) auxiliary electrode and silver|silver chloride reference
electrode (type RAE 113, 3mol L' KCI, Monokrystaly, Turnov, Czech Republic). The LSBiF-
AgSAE (disc diameter, 2.64 mm) was used as a working electrode. Scan rate of 20 mV s was used
for both DCV and DPV, pulse amplitude —50 mV and pulse width 100 ms with current sampling for
the last 20 ms, were used in DPV.

The solution pH was measured by a Jenway digital pH meter (type 3510, Jenway, Chelmsford,
UK) with a combined glass electrode (of the same producer) calibrated with standard aqueous buffers

at laboratory temperature.

2.2.2. Preparation of large surface bismuth film electrode on silver solid amalgam substrate)

The novel type of working electrode was prepared ex situ in a plating solution (after deaeration
of the solution for 5 min with pure nitrogen) containing 0.5 mL bismuth standard solution (1000 mg L™
' Bi(lll), Darmstadt, Merck, Germany) and 9.5 mL of 1.0 mol L™ acetate buffer pH 4.75 by the
deposition of the bismuth film on the AgSAE substrate at a constant potential of —1.2 V (vs Ag|AgCl)
for selected time (tgp) under stirred conditions. The disc diameter of AGSAE was 2.64 mm, i.e. five
times larger than in our previous paper [28] and that is why we use the term large-surface bismuth film
electrode at silver solid amalgam substrate (LSBiF-AgSAE).

The LSBiF-AgSAE had to be prepared every day because of the relatively short lifetime of the
electrode (similar as in the case of mercury film [2]). No mechanical, electrochemical or chemical
cleaning or activation can be performed, since such procedures damage the bismuth film formed. The
substrate AgSAE consisted of a glass tube, whose tip was packed with a fine silver powder (2 —
3.5 um, 99,9%, Sigma-Aldrich, Prague, Czech Republic), amalgamated by liquid mercury (triply
distilled polarographic mercury, 99.999%, Polarografie, Prague, Czech Republic), polished on alumina
with particle size 1.1 um (Monokrystaly, Turnov, Czech Republic) and connected to an electric
contact [20].

2.3. Morphology observation

Surface topography of the electrochemically deposited bismuth film of LSBiF-AgSAE was
characterized by AFM (Multimode Nanoscope Illa, Veeco, USA) in tapping mode. The Si cantilevers
OTESPA (Veeco, USA) oscilating at ca. 300 kHz were used to minimize the tip interaction with

examined surface. The surface imaging was performed with the rate 0.5 and 1.0 Hz, respectively.
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Image noise was filtered off using the “low-pass” filtering software feature. The topographic image of
electrode surface was evaluated by commercial Nanoscope 111 Particle and Bearing Analysis Software
(Nanoscope Reference Manual, version 5.12r5).

2.4 Procedures

For voltammetric measurements during optimization procedure, an appropriate amount of 5-
NBIA stock solution was filled up to 10.0 mL with BR buffer of appropriate pH. Oxygen was
removed from the measured solutions by bubbling with nitrogen for 5 min. All curves were measured
three times and all the measurements were carried out at laboratory temperature. The procedure for
DCV or DPV determination of 5-NBIA in model samples was as follows: 9.0 mL of the model water
sample were diluted to 10.0 mL with the BR buffer pH 7.0 and, after deaeration with nitrogen, DC or
DP voltammograms at the LSBiF-AgSAE were recorded. The DCV peak height (I,) was evaluated
from the extrapolated linear portion of the voltammogram before the onset of the peak. DPV peaks
were evaluated from the straight line connecting the minima before and after the peak. The
parameters of calibration curves (such as slope, intercept, correlation coefficient, limit of
quantification) were calculated with statistic software Adstat 2.0 (TriloByte, Pardubice, Czech
Republic) [36].

2.5 Model samples

The tap water from the public water pipeline in the building of National and Kapodistrian
University, Athens, Greece and natural mineral water (Spring Olympos, Katerini, Greece), spiked
with appropriate amounts of 5-NBIA stock solution, were used as model samples. Both tap and
mineral water were either used without further pretreatment/purification or solid EDTA was added

(1 g per 50 mL of water) for masking of inerfering cations.

3. RESULTS AND DISCUSSION

3.1 Bismuth film deposition

Initially, the deposition time of the bismuth film was studied. Deposition times (tgp) 300, 900,
1800 and 3600 s were tested. The tg, = 1800 s was selected as the optimum one because at shorter
times of deposition, lower repeatability of consecutive DPV determinations of 5-NBIA was observed.
At tg, = 3600 s, the results were very similar to those obtained at 1800 s. Compared with small-
surface AgSAE substrate [28], where optimum deposition time was found to be 300 s, much longer
time is recommended in the case of LSBiF-AgSAE.

Then, the reproducibility of the bismuth film deposition was investigated because it was
necessary to prepare a new film every day. The % relative standard deviation (%RSD) of DPV
determination of 5-NBIA (c = 1.0x10~* mol L™) in BR buffer pH 7.0 (this medium was selected on the
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base of established pH dependence) at ten different LSBiF-AgSAEs was 11.9% (Fig. 2A). The
repeatability of twenty consecutive DPV measurements of 5-NBIA (also expressed as % RSD),
performed under the conditions mentioned above at one freshly prepared LSBiF-AgSAE, was 2.8%
(Fig. 2B). These % RSD values are satusfactory for this type of working electrode [23]. Nevertheless,
it should be stressed that each calibration curve must be constructed using the same bismuth film as in
proper determination and that the observed small decrease of signal at one film (Fig. 2B) can be

connected with weak passivation of the working electrode.

6 ® * 6| 4
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— ~ | o e
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— ° —
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serial number of deposited film number of DPV scan

Figure 2. (A) Repeatability of DPV determination of 5-NBIA (c = 1x10* mol L) at consecutively
prepared LSBiF-AgSAEs in BR buffer pH 7.0 with deposition time 1800 s. (B) Repeatability (n=20)
of DPV peaks of 5-NBIA (c = 1,0x10* mol L™) at one LSSBF-AgSAE in BR buffer pH 7.0 with
deposition time 1800 s.

3.2 Investigation of the electrode morphology

The use of AFM allows us to observe the surface morphology of the modified surface. The surface of
the electrode was prepared as described above (cleaning silver solid amalgam substrate with alumina
and depositing bismuth film for 1800 s). The scanned area was 1000 x 1000 nm and several spots
were investigated simultaneously. Fig. 3A and 3B clearly show that the bismuth film was not grown
uniformly over the supporting surface, but created three-dimensional higher formations which covered
only a fraction of the surface. Line analysis is shown in Figure 3C and 3D. The observed grains range
in size from 30 to 130 nm and it is very likely that they nucleate at defects of the surface. The AFM
picture of the substrate surface before the deposition shows formations with vertical dimension up to
20 nm. It is not possible to decide whether the growth of the three—dimensional grains starts from the

amalgam substrate or from a bismuth oxide base underneath higher formations.
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Figure 3. AFM images of tested electrode surface: (A) Topographic image of silver solid amalgam
support (1x1 pm?®) without modification. (B) topographic image of the support (1x1 pm?) modified
by bismuth film. (C) line analysis of image A. (D) line analysis of image B.

3.2 Voltammetric behavior of 5-nitrobenzimidazole at the LSBiF-AgSAE

The influence of pH on DC and DP voltammograms of 1.0x10* mol L™ 5-NBIA at LSBiF-
AgSAE is depicted in Fig. 4. The differences in peak shapes, positions and peak heights in acidic,
neutral and alkaline media are evident. It can be seen that the analyte gives one well-developed
cathodic DCV or DPV peak, corresponding to the four-electron reduction of the nitro-group to the
hydroxyamino-group, over the whole pH region. The second peak probably corresponding to a
two-electron reduction of the hydroxyamino-group to the amino-group can be observed at more
negative potentials at higher pHs (see dashed line 8 on Fig.4B). Different responses at pH 11.0 and
12.0 are probably connected with the formation of bismuth hydroxo-complexes at such high pH
values. The observed peak potential shift towards more negative potentials with increasing pH can be
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explained by a preceding protonation of the nitro-group leading to a decrease in the electron density at

the nitro-group and thus to easier electron acceptance at lower pHs [19].
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Figure 4. DC (A) and DP (B) voltammograms of 5-NBIA (c = 1.0x10* mol L") at LSBiF-AgSAE
(tsep = 1800 s) in BR buffer. (A) pH 2.0 (1), 3.0 (2), 5.0 (3), 7.0 (4), 8.0 (5), 10.0 (6), 11.0 (7); (B) pH
2.0(1),4.0(2),6.0(3), 7.0 (4), 9.0 (5), 9.0 (6), 10.0 (7), 12.0 (8). The voltammograms recorded under
optimum conditions for the determination of 5-NBIA are in bold.

3.3 Voltammetric determination of 5-NBIA at LSBiF-AgSAE

The highest and best developed DCV and DPV peaks were obtained in the BR buffer pH 7.0
medium which was further used for plotting of calibration curves in the concentration range from 0.2
to 1000 wmol L™ of 5-NBIA. For the sake of illustration, DP voltammograms of 5-NBIA at
LSBiF-AgSAE in the concentration range 0.2-1.0 umol L™ are depicted in Fig 5. The parameters of
all the calibration straight lines are summarized in Table 1. Sensitivity slightly differs between
individual concentration orders (see Table 1), which is typical for voltammetry at solid electrodes [37].
Nevertheless, within the individual concentration orders, the obtained concentration dependences are
linear. In accordance with our presumption, both the sensitivity and limit of quantification obtained
with LSBiF-AgSAE are more favorable than those values obtained on bismuth film electrode with
smaller surface [28]. Therefore, LSBiF-AgSAE should be preferred for trace environmental analysis.
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Figure 5. DP voltammograms of S5NBIA (Cs.neia = 0 (0), 0.2 (1), 0.4 (2), 0.6 (3), 0.8 (4) and 1 (5)
umol L) at LSBiF-AgSAE in BR-buffer of pH 7.0; the corresponding calibration straight line is in

inset.

Unfortunately, an attempt to increase the sensitivity of the determination by adsorptive

accumulation of the analyte [38] was not successful. The signal of 5-NBIA did not significantly

increase at accumulation times up to 5 min neither at optimum conditions for DCV and DPV
determination of 5-NBIA (BR buffer pH 7.0) nor at more acidic (BR buffer pH 3.0) or more alkaline

(BR buffer pH 10.0) solutions and at different accumulation potentials.

Table 1. Parameters of the calibration straight lines (+ standard errors) for DCV and DPV
determination of 5-NBIA at the LSBiF-AgSAE in the BR buffer pH 7.0 medium.

i Slope L

Method Concentrailflon P ) Intercept nA R © L
mol L nAmol™? L mol L

(2-10)x10"° ~3.70x10"+ 0.89 102 + 59° -0.9991 —

DCV  (2-10)x10°  —3.13x10"+1.05 —35+7 -0.9983 -
(2-10)x10”’ ~5.00x10"+ 1.23 -9.4+0.8 -0.9991 3.7x10”7

(2-10)x10°  —3.48x10"+0.59 -83 +39° —0.9996 =

Py (2-10)x10°  —2.55x10"+0.49 6.2+3.2° —0.9995 -

(2-10)x10”’ ~3.84x10"+ 1.34 —-4.6+0.9 -0.9982 -
(2-10)x10°  —1.20x10°+6.72 —20+£05 -0.9953 6.8x10°°

R, correlation coefficient; Lq, limit of quantification (100; a = 0.05).

% Intercepts are not statistically significantly different from zero at the significance level « = 0.05.
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3.4 Model samples of tap and mineral water

A practical application of the proposed new LSBiF-AgSAE was the determination of 5-NBIA in
model samples of tap and mineral water at submicromolar concentration range under the optimum
conditions using 9.0 mL of spiked model water sample and 1.0 mL of the BR buffer pH 7.0 (see
Fig 6). Both tap and mineral water was used either directly or after addition of solid EDTA (1 g per
50 mL of water) to mask cations (e.g., Ca®*, Mg*", Fe**, Zn*") and to eliminate their negative effect.
Addition of EDTA resulted in higher and better shaped peaks in the case of tap water while in the case
of mineral water the determination without EDTA addition was impossible. The effect of the addition
of EDTA on voltammetric determination of 5-NBIA is demonstrated in Table 2.

Without addition of EDTA, both DCV and DPV determination is possible only when using a
lower ratio of water sample to BR buffer, namely 1:1. DP voltammograms of 5-NBIA at
LSBiF-AgSAE measured using a mixture of 5.0 mL of model water sample and 5.0 mL of the BR
buffer pH 7.0 are depicted in Fig 6B for spiked tap water and Fig 6D for spiked mineral water. From
Table 2 it could be concluded that measurement with a 9:1 ratio of model mineral water sample with
EDTA to BR buffer pH 7.0 is preferable due to lower Lq and higher sensitivity.

The obtained parameters of the calibration curves for all measurements are summarized in
Table 2. These results confirm the applicability of LSBiF-AgSAE electrode for the determination of
submicromolar concentrations of 5-NBIA (and possibly of many other electrochemically reducible

organic pollutants) in both tap and mineral waters.
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Figure 6. DP voltammograms of 5-NBIA at LSBiF-AgSAE. (A) Spiked tap water with addition of 1g
of EDTA to 50 ml of water (full line) and without EDTA (dotted line). BR-buffer pH 7.0 — tap water
(1:9). (B) Spiked tap water without addition of EDTA. BR-buffer of pH 7.0 : tap water (5:5). (C)
Spiked mineral water with addition of EDTA (1g to 50 ml water); BR-buffer pH 7.0 : water (1:9). (D)
Spiked mineral water with addition of 1g of EDTA to 50 ml of water), BR-buffer pH 7.0 : water (5:5).
(A-D) Csngia in tap or mineral water: 0 (0), 2.0 (1), 4.0 (2), 6.0 (3), 8.0 (4) and 10.0 (5) pmol L, for
(A) without EDTA (dotted line with stars) csygia in spiked tap water: 0 (0), 1.1 (1), 2.2 (2), 3.3 (3), 4.4

(4) and 5.5 (5) umol L™; The corresponding calibration straight lines are always given inset.

Table 2. Parameters of the calibration straight lines (+ standard errors) for DCV and DPV

determination of 5-NBIA at the BiF-AgSAE in model samples of tap and mineral water (measurement

in the of spiked water samples:BR buffer pH 7.0 (9:1 and 5:5).

i Slope i L
Sample  Method Concentrfjl}lon P Intercept nA Corre_la_tlon N
mol L nAmol? L coefficient mol Lt

(1.1-5.5)x10°  —3.40x10"+0.87 6.70 +5.8° —0.9990 —

Tap DCV  (1.1-5.5)x10°  —1.58x10"+ 0.84 ~37.0+5.6 -0.9957 -
water” (1.1-5.5)x10"  —6.41x10"+ 1.90 45+13 -0.9987  6.82x10°'

(1.1-5.5)x10°  —3.10x10"+2.24 —193 + 149° -0.9922 —

DPV  (1.1-5.5)x10°  —1.60x107+0.98 14.9 + 6.5° -0.9944 -
(1.1-5.5)x107"  —5.13x10"+2.04 6.3+1.4 -0.9976  9.76x10”’

(2-10)x10°° -2.37x107+ 0.31 61.5 + 20.4% ~0.9997 —

DCV (2-10)x10°  —2.73x10"+0.81 275+5.4 -0.9987 -
ngfrc @-10)x107  —2.81x107= 1.25 5108 09970 2.25x107

(2-10)x10°  —2.12x10"+ 1.01 133 + 67° —0.9966 —

DPV (2-10)x10°  —2.43x10"+0.21 354+14 -0.9999 -
(2-10)x107"  —1.72x10"+0.84 3.62+0.55 -0.9965  6.58x10°"

(1.1-5.5)x10°  —2.92x10"+0.56 6+37° -0.9995 —

DCV  (1.1-5.5)x10°  —3.21x10"+ 0.64 —27+4 -0.9994 -
'\\f'v';‘t‘;rr%' (1.1-5.5)x107  —8.43x107=3.92 30+£2.6° ~0.9968  7.82x107

(1.1-5.5)x10°  —2.62x10"+0.26 6+17 —0.9999 —

DPV  (1.1-5.5)x10°  —2.35x107+0.07 116+ 05 ~1.0000 -
(1.1-5.5)x10"  —4.80x10"+ 0.80 28+0.5 -0.9996  4.20x10”’

Mineral (2-10)x10°  —2.72x10"+0.80 123 +£53° -0.9987 ~

water’  pCV  (2-10)x10°  —2.94x10"+0.32 16.4+2.1 -0.9998 -
(2-10)x107"  —7.92x10"+ 4.79 -0.8+3.2° -0.9945  5.45x10°
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(2-10)x10°  —2.76x10"= 1.01 14 + 66° —0.9980 —
DPV (2-10)x10°  —1.85x10"+0.43 20.5+2.9 —0.9992 -
(2-10)x107"  —2.70x10"+ 0.49 3.8+03 -0.9993 3.6x1077

R, correlation coefficient; Lq, limit of quantification (10c; o= 0.05).

# Intercepts are not statistically significantly different from zero at the significance level a = 0.05;
v5:5 water:buffer ratio in measured solution;

¢ 9:1 water:buffer ratio in measured solution with adition of EDTA;

4 5:5 water:buffer ratio in measured solution with adition of EDTA;

¢ 9:1 water:buffer ratio in measured solution with adition of EDTA.

4. CONCLUSIONS

It has been shown that the newly developed LSBiF-AgSAE (disc diameter 2.64 mm, deposition
time 1800 s) is a suitable sensor DCV and DPV determination of submicromolar concentrations of
genotoxic 5-NBIA. We believe that this conclusion can be justifiably extrapolated to many other
electrochemically reducible organic pollutants. The morphological study found non-uniform growth of
bismuth film on the substrate surface.

In the optimum medium found (BR buffer pH 7.0), the measurable concentration range was
0.2-1000 pmol L™" of 5-NBIA for both DCV (the limit of quantification, Ly~ 0.37 pmol L) and
DPV (Lo~0.07 pumol L") at LSBiF-AgSAE. The attempt at increasing the sensitivity using
adsorptive stripping DCV or DPV at the LSBiF-AgSAE was not successful.

The applicability of the tested electrode for DCV and DPV determination of 5-NBIA in model
samples of tap and mineral water (in the concentration range from 0.2 to 1000 pmol L™' of 5-NBIA)
has also been verified, with the Lgs in the concentration range 10" mol L. Therefore, it can be
concluded that LSBiF-AgSAE can be successfully used for the determination of trace amounts of 5-
NBIA and possibly of other electrochemically reducible pollutants as a suitable non-toxic and

environmentally friendly alternative to mercury electrodes.
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Voltammetric behavior of two genoloxic nitro compounds (2-amino-6-nitrobenzothiazole, ANBT, and 5-
nitrobenzimidazole, 5-NBIA) has been investigated using direct current voltammetry (DCV) and dilferen-
tial pulse voltammetry (DPV) at a polished silver solid
natural graphite-polystyrene composite transducer (shortly denoted as carbon film electrode - CFE). The
optimum conditions have been found for their determination in the Britton-Robinson buffer solutions.
The practical applicability of the newly developed methods was verified on model samples of drinking

electrode modified by microcrystalline

@ 2014 Published by Elsevier BV,

1. Introduction

The environment is increasingly polluted with various
genotoxic nitro compounds [1]. The easy electrochemical
reduction of nitro groups at the aromatic or heterocyclic ring,
whose mechanism is discussed in [ 2], permits very sensitive deter-
minations of a number of genotoxic and ecotoxic nitro compounds
by means of differential pulse voltammetry (DPV) at a hanging
mercury drop electrode (HMDE) | 3] and adsorptive stripping vol-
tammetry (AdSV) at HMDE [4]. However, due to increasing even
thou not quite justified fears of liquid mercury toxicity |5] and
somewhat unreasonable “mercury phobia” [G], new working elec-
trodes are tested for these purposes, namely solid amalgam elec-
trodes |[7,8], solid composite electrodes [9], boron-doped
diamond film electrodes | 10], bismuth film electrodes [11], carbon
paste electrodes [ 12|, carbon film electrodes | 13|, etc. Cathodic vol-
tammetry of nitro compounds on carbon paste electrode does not

* Corresponding author. Tel.: +420 221951224,
E-mail address: barek@natur.cunicz (. Barek).

1572-6657(8 - see front matter © 2014 Published by Elsevier BV,
http:{/dx.doi.org/10.1016(j jelechem 2014.01.017

give sufficiently low limit of quantitation (Ly) and required repro-
ducibility because of strong signal of oxygen contained in the paste
| 14]. Therefore, in this paper we have focused on the use of work-
ing electrode based on silver amalgam covered by a film of natural
graphite-polystyrene composite transducer which eliminates
unfavorable influence of oxygen. This working electrode, shortly
denoted as carbon film electrode (CFE) represent a possible, non-
toxic alternative to the traditional mercury electrodes for measure-
ment both oxidation and reduction processes |15]. CFEs are useful
and promising alternative to disposable electrodes. They can be
easily prepared (the surface of any solid working electrode is cov-
ered by carbon ink suspension and left to evaporate to dryness),
simple mechanically renewed {by wiping off an old film with filter
paper and forming a new one), and simply chemically modified.
Possible electrochemical cleaning together with even more effi-
cient total renewal of carbon film eliminate most problems con-
nected with “electrode history”, namely its passivation with
products of electrochemical reactions and/or with adsorbable com-
pounds in the sample,

The aim of this work was to develop direct current voltammet-
ric (DCV) and differential pulse voltammetric (DPV) methods based

Please cite this article in press as: D. Deylova et al., ). Electroanal. Chem. (2014), hitp:|{dx.doiorg/10.1016/j jelechem.2014.01.017
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on cathodic voltammetric responses provided by the nitro-group in
selected genotoxic heterocyclic nitro compounds and to verify
practical applicability of the newly developed methods on the di-
rect determination of studied substances in model samples of
drinking and river water.

The following two representatives of nitrated heterocyclic
compounds were selected for this study: 5-nitrobenzimidazole
(5-NBIA) and 2-amino-6-nitrobenzothiazole (ANBT) {see Fig. 1).
5-NBIA, which is proven carcinogen and mutagen |16], is formed
during fossil fuels combustion [ 17]. It is used in photographic pro-
cessing solutions [ 18] and as an anti-corrosion agent [19]. ANBT
exhibits both genotoxic and mutagenic properties |20]. It is used
in dyes production [21,22], in photoconductive measurements
|23] and in nonlinear optical applications |24].

Because of ecotoxic and genotoxic properties of both
compounds, their monitoring in the environment is of increasing
importance. There are several methods for determination of ANBT
| 25,26|. However, to our best knowledge, only voltammetric meth-
ods recently developed in our UNESCO Laboratory of Environmental
Electrochemistry [11,27] are sensitive enough for environmental
applications. Electrochemical methods are especially suitable for
large scale environmental monitoring of electrochemically active
pollutants because they are inexpensive, extremely sensitive and
they present an independent alternative to so far prevalent
spectrometric and separation techniques [28]. ANBT contains two
electrochemically active functional groups (cathodically reducible
nitro-group and anodically oxidizable amino-group) and 5-NBIA
contains electrochemically reducible nitro-group. Therefore, they
are amenable to a voltammetric determination on a suitable work-
ing electrode. The drinking and river water were used as model sam-
ples because of the possible hazard of surface and ground waters
contamination by ANBT during the industrial production of dyes
and pigments [29] or by 5-NBIA in connection with its anticorrosive
applications [19].

2. Experimental
2.1. Chemicals and Teagents

Alx10 * mol L " stock solution of 5-NBIA (CAS Number: 94-
52-0, Sigma-Aldrich, Prague, Czech Republic) was prepared by dis-
solving appropriate amount of the substance in 100.0 mL of deion-
ized water. A 1 =107 molL " stock solution of ANBT (CAS
Registry Number: 6285-57-0; 97%; Sigma-Aldrich, Prague, Czech
Republic) was prepared by dissolving an exactly weighed amount
of the substance in methanol (99.9%, Merck, Darmstadt, Germany).
The stock solutions were stored in refrigerator at 4 °C and more di-
lute solutions were prepared freshly before use.

The Britton-Robinson (BR) buffers were prepared in a usual
way, i.e, by mixing a solution of 0.04 mol L ' in phosphoric acid,
of 0.04mol L ' acetic acid, of 0.04mol L ™ boric acid with the
appropriate amount of 0.2 mol L ' sadiumkhydmxide solution (all
p.a. purity; Lachema, Brno, Czech Republic)

The carbon film was prepared from carbon powder (crystalline
graphite 2 pm, CR 2, Maziva Tyn, Czech Republic), 1,2-dichlore-
thane (Merck, Darmstadt, Germany) and polystyrene. Deionized

N OzN. N

o )
S N

04N D

Fig. 1. Structural formulae of 2-amino-G-nitrobenzthianazole (ANBT) and 5-nitro-
benz-imidazole (5-NBIA).

water was produced by Milli-Q Plus system (Millipore, Billerica,
MA, USA).

2.2, Apparatus

Voltammetric measurements were carried out using an
Eco-Tribo Polarograph driven by Polar Pro 5.1 software (all Polaro-
Sensors, Prague, Czech Republic). The software worked under the
operational system Microsoft Windows XP (Microsoft Corporation).
All measurements were carried out in a three-electrode system
using a platinum auxiliary electrode PPE (Monokrystaly, Turnov,
Czech Republic) and a silver/silver chloride reference electrode
RAE 113 (3 mol 1-;' KCI, Monokrystaly, Turnov, Czech Republic).
As a working electrode, CFE prepared by deposition of carbon film
at a polished silver solid amalgam electrode was used. Its prepara-
tion is described in Section 2.3.1. For both DCV and DPV, a scan rate
of 20mV s ' was used and for DPV a pulse amplitude 50 mV (for
reduction) or 50 mV (for oxidation of ANBT) and a pulse width
100 ms were used with current sampling for the last 20 ms.pH
was measured by Conductivity & pH meter 4330 with a combined
glass electrode type 924 005 (both Jenway, Chelmsford, UK).

2.3. Procedures

2.3.1. Preparation of carbon film electrode

The silver solid amalgam electrode (Eco-Trend Plus, Prague, CZ,
disc diameter, 0.5 mm) was polished on the alumina with particle
size 1.1 pm. The film was formed by immersing the electrode sur-
face into conductive carbon ink (the active part of the electrode just
touched the surface of the ink). Conductive carbon ink carbon was
prepared by mixing 0.01 g of polystyrene, 0.09 g of carbon powder
(crystalline graphite 2 pm, CR 2, Maziva Tyn, Czech Republic) and
05ml of 12-dichloroethane. Two minutes after immersing,
1,2-dichloroethane evaporates and the film, resp. the electrode is
ready touse. When it is necessary to renew the old film (for example
because of the passivation), it can be easily removed by wiping it off
with a filter paper.

2.3.2. Voltammetric measurements

In the case of ANBT, an appropriate amount of stock solution in
methanol was measured into a voltammetric vessel; methanol was
added, if necessary, to a total volume of 1.0 mL and filled up to
10.0 mL with a BR buffer of appropriate pH. In the case of 5-NBIA,
an appropriate volume of the stock solution was measured into
voltammetric vessel and filled up to 10.0 mL with a BR buffer of
appropriate pH. In the case of cathodic measurements, oxygen
was removed by bubbling with nitrogen (purity class 4.0; Linde,
Prague, Czech Republic) for 5 min. In the case of anodic measure-
ments, removal of oxygen was not necessary.

Regeneration of electrodes was necessary in the case of reduc-
tion measurements because of the observed electrode passivation.
The optimum regeneration potentials (E; ., and E; ;) were found
to be for both ANBT and 5-NBIA E'T_,es- 400 mV and Ejpeg=

900 mV. The regeneration was carried out in supporting electro-
lyte used for proper determination. The procedure was based on
potential switching (300 polarizing cycles) between the two
limiting potentials, For oxidation process the regeneration was
not necessary. The appropriate values of potential and time of
regeneration were inset in the software of the computer-controlled
instrument used and the regeneration of electrodes was thus
carried out automatically. For the oxidation measurements the
regeneration was not necessary.

All curves were measured three times and all the measure-
ments were carried out at laboratory temperature, The DCV peak
height (I,) was evaluated from the extrapolated linear portion of
the voltammogram before the onset of the peak. DPV peaks were
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evaluated from the straight line connecting the minima before and
after the peak. The parameters of calibration curves (such as slope,
intercept, correlation coefficient, limit of quantification) were cal-
culated with statistic software Adstat 2.0 (TriloByte, Pardubice,
Czech Republic) [30].

The procedure for DCV or DPV determination of ANBT and
5-NBIA in model samples of drinking and river water was as fol-
lows: 9.0 ml of the model water sample were diluted to 10.0 ml
with the BR buffer pH 4.0 for oxidation and reduction of ANBT
and pH 7.0 for reduction of 5-NBIA, and after deaeration with nitro-
gen (used only for reductions), DC or DP voltammograms at CFE
were recorded. Drinking water from the public water pipeline in
the building of Faculty of Science of the Charles University in Pra-
gue, Czech Republic and river water obtained from Vltava river
(sampled at the locality Vyton, Prague, Czech Republic), spiked
with appropriate amount of ANBT and 5-NBIA stock solution, were
used as the model samples. Both drinking and river water were
used without further pretreatment or purification.

3. Results and discussion
3.1. Voltammetric behavior of the tested substances

The influence of pH on DC and DP voltammetric behavior of
1 10 % mol L' ANBT and 5-NBIA at CFE (Fig. 2) was investigated
in the BR buffer-methanol (9:1) media for ANBT (oxidation and
reduction) and in BR buffer only for 5-NBIA (reduction) in the
range of pH 2.0-12.0. It can be seen from Fig. 2 that ANBT and

5-NBIA gives one well-developed cathodic DCV or DPV peak,
corresponding to four-electron reduction of nitro-group to the
hydroxyamino-group, over the whole pH region. ANBT gives one
well-developed anodic DCV or DPV peak, corresponding to the oxi-
dation of aromatic amino-group, over the whole pH region. The
best developed and reproducible peaks were obtained at pH 4.0,
Peaks were well developed at higher pH as well but strong passiv-
ation above pH 7 was observed especially for oxidation. Therefore
pH 4.0 was selected because both the oxidation and reduction
gives one well developed peak with optimal shape and height.
For 5-NBIA pH 7 was selected as optimal.

The potential of the peaks of both ANBT and 5-NBIA shifted to-
wards more negative potentials with increasing pH, which can be
explained by a preceding protonation of the nitro-group, leading
to a decrease in the electron density at the nitro-group and result-
ing in easier electron acceptance at low pH values.

3.2, Voltammetric determination of the tested substances

Repeated measurements can cause pronounced passivation of
the electrode, probably by the electrodes reaction products, result-
ing in the decrease of peak heights and their shift toward more
negative potentials. The optimum regeneration potentials (Eq ey
and Ejrey) thus had to be found for ANBT and 5-NBIA Ey e = ;

400 mV and Ej ey = 900 mV. The regeneration was carried out
in supporting electrolyte used for proper determination. The proce-
dure was based on potential switching (300 polarizing cycles) be-
tween two limiting potentials. For oxidation process the
rcgeneratiun was not necessary.

1{nA)

.
0 -200 -400 600 -800
E (mV) vs AglAgCl

-1000

1200 1000 BOD 600 400 200 O
E (mV) vs. Ag Ag/Cl

E (mV} vs. Ag Ag/AgCl

Fig. 2. DP voltammograms of ANBT (c=1 = 10" mol L") and 5-NBIA {c=1 = 10"* mol L'} at CFE at polarization rate 20 mV 5. (A) ANBT; cathodic region; methanol-BR
buffer-{9:1); BR buffer pH: 2.0 (1), 3.0(2), 40(3), 5.0 (4), 6.0 (5), 7.0(6), 8.0(7), 9.0 (8), 10.0{9), 11.0(10), 12.0 (11). (B) ANBT; anodic region; methanol-BR buffer {9:1); BR
buffer pH: 3.0 (1),4.0 (2), 5.0 (3), 7.0 (4), 100 (5). (C) 5-NBIA: BR buffer pH 2.0 (1), 40(2), 5.0 (3), 6.0 (4), 7.0 (5), 9.0 (6}, 10 (7), 12 (8). The voltammograms recorded under

optimum conditions for the determination of ANBT and 5-NBIA are in bold.
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Fig. 3. DP voltammograms of ANBT(c=0 (0), 2 (1), 4 (2), 6 (3). 8 (4) and 10 (5) pmol L") and 5-NBIA {c=0 (0} 2 (1), 4 (2), 6 (3), 8 {4) and 10 (5) pmol L™") at CFE at
polarization rate 20 mV s~ (A) ABNT; cathodic region: methanol-BR buffer pH 4 (9:1); Ey reg = ~400 MV, E2 e = ~900 mV. {B) ANBT; anodic region; methanol-BR buffer pH 4
(9:1): (C) 5-NBIA; BR buffer pH 7.0 Ej oy = —400 mV, E; oy = —900 mV. The corresponding calibration straight lines are given the insets. The error bars are constructed for

=005 (n=3).

The highest and the best developed DCV and DPV peaks were
obtained in the BR buffer pH 4.0-methanol (9:1) medium for ANBT
and in BR buffer pH 7.0 for 5-NBIA. These media were further used
for measuring of calibration curves in the concentration range from
0.2 to 100 umol L ' of ANBT and from 0.2 to 1000 pmol L ' for
5-NBIA. For the sake of illustration, DP voltammograms of ANBT
and 5-NBIA at CFE in the concentration range 2-10 pmolL ' are
depicted in Fiz. 3A-C respectively, The parameters of all the cali-
bration straight lines are summarized in Table 1,

Generally, the sensitivity slightly differs between individual
concentration orders (see Table 1), This behavior, typical for vol-
tammetry at solid electrodes, is usually caused by the passivation

of the electrode surface by the electrode reaction products or by
the analyte adsorption |28]. Mevertheless, within the individual
concentration orders, the concentration dependences obtained
are linear.

3.3. Differential pulse voltammetric determination of the tested
e ol e " oy
substances in drinking and river water
e

In order to verify practical applicability of the developed DCV
and DPV methods, the determination of ANBT and 5-NBIA was car-
ried out in model samples of drinking and river water in a submi-
cromolar concentration range under optimum conditions.

Table 1
Parameters of the calibration straight lines for the determination of ANBT and 5-NBIA using DCV and DPV at CFE in a Britton-Robinson buffer.
Substance Process pH BR buffer Method Concentration (malL™") Slope (nA mol L") Intercept (nA) R Lg (mol L
ANBT Reduction 4 pev (2-10) < 10 (109 £ 0.50) « 107 -32+33 —0.9968 -
(2-10) < 1077 (1.83£0.14) < 107 334094 0.9832 89 <107
DRV (2-10) =« 10°° (2.514020) « 107 313 0.9908 o
(2-10) < 107 (4.1840.25) < 107 9.0+17 0.9990 7.7 <107
Oxidation 4 DoV (2-10) x 107" (4.09 £ 0.40) = 10° 03126 09954 51 x107%
DRV (2-10) < 10°° (2.51£0.16) ~ 10° 91411 0.9989 40 < 10°°
5-NBIA Reduction 7 DV {2-10) < 10°% —{46%1.3) < 107 367 2 88 —0.9987 -
(2-10) < 10°° (192 £0.18) « 107 3212 ~0.9874 -
(2-10) < 107 (4.54 £ 0.49) ~ 10" 8632 0.9832 62 <107
DFV (2-10) < 10°* —(450+0.79) = 10’ 531252 —0.9995 -
(2-10) = 10°% (1.47 £ 0.64) < 107 32443 0.9971 -
(2-10) < 1077 (157 £0.16) = 107 09201 0.9990 A1 x107

R, correlation coefficient; Ly, limit of quantification (104} x = 0.05).
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Fig. 4. DP voltammograms of ANBT (c=0(0), 2(1),4(2). 6(3), 8 (4) and 10 (5) pmol L") and 5-NBIA (c = 0{0), 2 (1), 4 (2), 6 (3), 8 (4) and 10 (5) pmol L'} in madel samples
of drinking water at CFE measured in 9 mL of spiked waters diluted by BR bufler pH 4.0 (for ANBT) and pH 7 (for 5-NBIA) to 10 mL; polarization rate 20 mV 5™, (A) ABNT;
cathodic region; Ey reg = 400 mV, Ez e = 900 mV. (B) ANBT: anodic region; (C) 5-NBIA; Ey seg = —400 mV, Ezreg = ~900 mV, The corresponding calibration straight lines are
given the insets. The error bars are constructed for & =005 (n=3).

Table 2
Parameters of the calibration straight lines for the determination of ANBT and 5-NBIA using DCV and DPV at CFE in model samples of drinking and river waters.
Substance Process BR buffer pH Water Method Concentration (molL™')  Slope (nAmol L") Intercept (nA) R Lg {mol L~ ]
ANEBT Reduction 4 Drinking  DCV (2-10) < 107 (162 2044) < 107 592249 —09989 -
(2-10) < 1077 (3.50+0.15) < 107 416+099 09973 51 <1077
PV (2-10) < 10°° —{1.1520.24) « 107 48216 —09993 -
(2=10) = 1077 ~{2360.74) « 107 ~2.77+049 09985 17«10
River eV (2-10) = 10°° ~{1.60%0.33) x 10 41222 ~09994 -
(2-10) < 107 —(2.61£040) < 107 1524026  —09997 20<107
DRV (2-10) < 10-° (9.72 £0.38) « 10° 158425 09978 -
(2-10) < 1077 ~(8.03+022) « 10° -1.622015 —09989 50107
Oxidation 4 Drinking DV (2-10) < 10°° (103 £0.26) « 107 107218 09990 34 <10°°
DRV (2-10) < 107" (441 £0.12) = 10 3152077 —0.9990 1.7 x10°%
River ooV (2-10) = 10°° {610+ 0.18) = 10° 20212 09987 34x10°
DRV (2-10) < 10°° (524 £0.23) « 10° 32:15 09972 24 <10°°
5-NBIA Reduction 7 Drinking  DCV (2-10) < 1075 ~{1.32 £0.58) = 107 113238 09971 -
(2-10) < 10 (221 £0.15) « 10° 102110 09930 -
(2-10) < 1077 (129 £0.73) « 107 3404048 09953 25107
DRV (2-10) < 10-3 (2.2540.12) « 10° 858 09957 -
(2-10) < 10°° (1.00 £ 0.54) « 107 213 09957 -
(2-10) = 1077 —(28920.67) « 107 —2352045 —0.9992 13x107
River Doy (2-10) < 10°* (1.80+024) = 107 75+15 09997 -
(2-10) < 10°° ~(1.16 £0.30) ~ 107 ~9.4+20 —09990 -
(2-10) < 107 (3.06 £0.38) « 107 2361026 09998 1.9 <107
Drv (2-10) < 1072 {145 £026) = 107 -253%18 -0.9995 -
(2-10) < 10°° {109+ 015) < 107 ~1542 2098 —09997 -
(2-10) < 107 (1.56£0.42) « 107 038028 0.9992 13107

R, correlation coefficient; Lg, limit of quantification (10a; a = 0.05).

268 Calibration curves were measured using a mixture of 9.0 mL of a
269 spiked model waters samples and 1.0 mL of the BR buffer of appro-
270 priate pH. DP voltammograms at CFE representing direct determi-

nation in spiked drinking (Figz. 4A and B for ANBT and C for 5-NBIA)
water, in the concentration range 2-10 pmol L ', are depicted in

Fig. 4.
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The obtained parameters of the calibration curves are summa-
rized in Table 2. These results confirm the possible application of
tested electrode for the determination of proposed method for
measurement of ANBT and 5-NBIA in both drinking and river
waters.

4. Conclusions

It has been shown that DC voltammetry (DCV) and differential
pulse voltammetry (DPV) at carbon film electrode (CFE) on silver
solid amalgam electrode (disc diameter 0.50 mm) as a substrate
can be wused for the determination of submicromolar
concentrations of genotoxic 2-amino-6-nitrobenzothiazole (ANET)
and 5-nitrobenzimidazole (5-NBIA). In the optimum medium
found (BR buffer pH 4.0-methanol (9:1) for ANBT and BR buffer
pH 7.0 for 5-NBIA), the measurable concentration range was
0.2-100 pmol L' of ANBT for DCV reduction (the limit of quantifi-
cation, Ly = 0.89 pmol L_') and DPV reduction (the limit of quanti-
fication, Ly = 0.77 pmol '11}- concentration range 2-100 pmol L'
of ANBT for DCV oxidation (the limit of quantification, Lg-
=512 pmol L "} and DPV oxidation (the limit of quantification,
Ly=3.96 p.mol LT ). For determination of 5-NBIA at the CFE in con-
centration range '0.2-1000 pmol L'1 using DCV the limit of quanti-
fication was Lg=~=0.62 pmolL_ "y and using DPV the limit of
quantification was Ly = 0.31 umcl B

The applicability of the tested elec[mde for DCV and DPV deter-
mination of ANBT (in the concentration range from 0.2 to
100 pimol L~" of ANBT for reduction and 2.0-100 pmol L~' of ANBT
for oxidation) and of 5-NBIA (in the concentration range from 0.2
to 1000 pmol L") in model samples of drinking and river water
has also been verified, with the Lgs in the concentration range
10, "mol L ' for reduction and 10 “ mol L ' for oxidation. There-
fore, it can be concluded that CFE can be successfully used for
the determination of trace amounts of ANBT and 5-NBIA as suitable
non-toxic and environmentally friendly alternative to mercury
electrodes. CFE prepared on p-AgSAE is very stable and it can be
used for several days without any problem. If its performance dete-
riorates because of passivation, preparation of a new film take just
a few minutes.
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