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a Silver Solid Electrode and Its Application to Model
Samples of Drinking and River Water
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Abstract: This work is focused on the application of
a silver solid eclectrode (AgE) for the development of
modern voltammetric methods for the determination of
submicromolar concentrations of biologically active com-
pounds present in the environment. 8-Nitroquinoline (8-
NQ), a well-known chemical carcinogen, was chosen as
a model substance. Differential pulse voltammetry (DPV)
was used to study electrochemical behavior of 8-NQ in
different aqueous matrices. The following optimal condi-

tions for determination of 8-NQ in the concentration
ranges from 2 to 100 umel L ! were used: Britton—Robin-
son (BR) buffer of pIll3.0, the regeneration potentials
cycles (F;,=—1000mV, FE;=-100mV) and constant
cleaning potential —2000 mV. Practical applicability of
AgE for the determination of micromolar concentrations
of 8-NQ was verified on model samples of drinking and
river water.
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1 Introduction

Monitoring of organic compounds in the environment is
onc of the most important tasks of modern analytical
chemistry. Electroanalytical methods are especially suita-
ble for large scale cnvironmental monitoring of clectro-
chemically active organic pollutants because they are in-
expensive, extremely sensitive and they present an inde-
pendent alternative to so far prevalent spectrometric and
separation techniques [1]. Development of sufficiently
sensitive and selective voltammetric and amperometric
methods for the determination of various environmental-
ly important biologically active substances is the main
task ol our UNESCQ Laboratory ol Environmental Elec-
trochemistry [2—4]. Quinolines and its nitroderivatives are
among substances suspected of carcinogenity and muta-
genity [5-7]. 8-Nitroquinoline (8-NQ, for structural for-
mula see Figure 1) belongs to the group of nitrated aro-
matic heterocyclic compounds and is known for its carci-
nogenic properties [8]. Clectrocatalytic hydrogenation of
8-NQ has been studied on a copper cathode using skele-
ton catalyst (Ni, Cu, Zn, Te) [9]. The clectrochemical re-
duction of quinolines is possible, but more complicated
than reduction of its nitroderivatives such as 5-NQ or 8-
NQ [10-15]. At first, there is reduction 1o dihydroguino-
line and in the next step to tetrahydroquinoline in two
two-electron waves., Quinolines and their derivatives are
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Fig. 1. Structural formula of 8-nitroquinoline.
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usually used as catalysts and as corrosion inhibitors
[16,17]. It has been proved that quinoline is inhibiting
the photosynthesis of seaweed and causes degenerating
changes in the retina [18] and in the eye lens [19,20]. The
electrochemical determination of nitroquinolines and
their clectrochemical behavior was described in [7].
Silver solid electrode (AgE) was studied for the sake of
comparison with silver solid amalgam electrodes [21] and
it has been already tested for voltammetric determination
of other nitro-compounds [22]. The advantages of AgE
arc primarily its wide potential window in cathodic
region, relatively high signals obtained and low noise of
measurements. Another advantage of Agh is also non-
toxicity compared to mercury electrodes. The usability of
AgE for electrochemical determinations of inorganic ions
(e.g. lead, cadmium), organic compounds (e.g. 6-mercap-
topurine, 2-mercaptopyrimidine) and drugs has been
proved recently [22-27]. AgE was also successfully used
for investigation of clectrochemical behavior of DNA
[28,29]. In our work with silver amalgam electrodes we

[a] T. Rumlova, J. Barek
Charles University in Prague, Faculty of Science, University
Research Centre “Supramolecular Chemistry”, Department
of Analytical Chemistry, UNESCO Laboratory of
Environmental Electrochemistry
Albertov 6, CZ-128 43 Prague 2, Czech Republic
tel.: 420221951224 fax: + 420224913538
*¢-mail: rumlova@natur.cuni.cz

barek@natur.cuni.cz

[b] F.-M. Matysik
University of Regensburg, Tnstitute of Analytical Chemistry,
Chemo- and Biosensors
Universititsstrae 31, 93053 Regensburg, Germany
*¢-mail: frank-michacl.matysik@chemic.uni-regensburg.de

Electroanalysis 2015, 27, 510-516 510

46



Priloha |

T. Rumlova, J. Barek, F.-M. Matysik, Electroanalysis 2015, 27, 510-516.

Full Paper

have got better results with DPV than SWV. Usually the
problems with passivation are lower for DPV because the
electrode is for relatively shorter fraction of total time at
potential at which electrode reaction producing possibly
passivating products proceeds. This is because time be-
tween pulses in the case of DPV is longer than the pulse
width while in SWV the time between pulses is equal to
pulse width. Therefore, we have used DPV at AgE as
well in this paper.

2 Experimental
2.1 Apparatus

All DPV measurements in deionized water were carried
out using potentiostat 797 VA Computrace for trace anal-
ysis (Metrohm AG, Switzerland). The software (VA Com-
putrace software, Metrohm AG, Switzerland) worked
under the operating system Microsoft Windows 7 (Micro-
soft Corp., USA). Measurements in model samples of
drinking and river water were carried out using pAutolab
type 111 potentiostat (Metrohm Autolab, Netherland) and
the software (NOVA 1.10, Metrohm Autolab, Nether-
land) under the operating system Microsoft Windows 8
(Mircrosoft Corp., USA). All measurements were carried
out in a three-electrode system with platinum wire (Elek-
trochemické detektory, s.r.o., Czech Republic) as an aux-
iliary electrode, silver/silver chloride reference electrode
Type 10-20+ polaro (1 molL * KCl, Elektrochemické de-
tektory, spol. sr.o., Czech Republic) and AgE (disk diam-
eter 2mm, Metrohm, Switzerland) as a working elec-
trode. Unless stated otherwise, the scan rate 20 mV's !,
the pulse amplitude —50 mV, pulse width 80 ms, and in-
terval between pulses 250 ms were used. The best repeat-
ability and reproducibility of voltammetric measurements
at AgE were obtained using electrochemical regeneration
of electrode surface by the application of 150 potential
cycles between —1000 mV and —100 mV, each for 50 ms
followed by the application of constant cleaning potential
—2000 mV on working electrode for 60 s.

2.2 Reagents

The stock solution of 8-NQ (1x10 *molL ') was prepared
by dissolving of 0.0174g of 8-NQ (98% Aldrich Chem.
Co., CAS reg. Number 607-35-2) in deionized water and
filling up to 100 mL. More dilute solutions were prepared
by serial dilution of this stock solution with deionized
water. All solutions were kept in dark and at laboratory
temperature. The other chemicals used, boric acid, phos-
phoric acid, acetic acid, sodium hydroxide and potassium
chloride, were of p.a. purity (Lachner, Czech Republic).
BR buffers were prepared in a usual way by mixing
02molL ' sodium hydroxide with the mixture of
0.04 molL ! of boric, phosphoric, and acetic acid. The pH
was measured by pH meter Jenway with combined glass
electrode (type 924005, Jenway, UK). Deionized water
(Millipore Q plus system, Millipore, USA) was used.

www.electroanalysis.wiley-vch.de
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2.3 Procedures

An appropriate volume of the stock solution of 8-NOQ (1x
10 *molL ') was filled up to 10.0 mL with BR buffer of
appropriate pH and then transfered into the voltammetric
cell. Oxygen was removed by purging with nitrogen
(purity class 4.0, Linde Gas, Czech Republic) for 5 mi-
nutes and then the DP voltammogram was recorded. The
DPV peaks were evaluated from the straight line con-
necting the minima before and after the peaks.

The limits of quantification (LOQ) were calculated as
the concentration of the analyte corresponding to the ten-
fold standard deviation of the analyte’s response from ten
consecutive determinations at the lowest attainable con-
centration range [30].

For the preparation of model samples of drinking
water, the water from water pipeline in the building of
Faculty of Science, Charles University in Prague, was
used. The river water from river Vltava, sampled in the
locality of Vyton, was used. The samples of drinking and
river water were spiked with standard solutions of 8-NQ.
9 mL of thus prepared model samples of 8-NQ inappro-
priate matrix were filled up to 10 mL by BR buffer of ap-
propriate pH and their voltammograms were recorded
after removal of oxygen.

3 Results and Discussion
3.1 Optimization

At first, the dependence of DPV behavior of 8-NQ (1x
10 *molL ') on pH of BR buffer from 2 to 12 was inves-
tigated (see Figure 2). Observed signal obviously corre-
sponds to four electron reduction of the nitro group to
the hydroxylamino group, analogously to reduction on
mercury electrodes [32]. The highest and the best devel-
oped peak was obtained in BR buffer pH 3.0.

Furthermore, the influence of electrochemical regener-
ation of the electrode surface before each curve was
tested to minimize the influence of electrode passivation
which resulted in the shift of peak potential to more neg-
ative values and in certain decrease of peak height. The
regeneration potentials (initial potential before and final
potential after the peak or both initial and final potential
before the peak) were applied to the electrode surface in
150 cycles with frequency 10 cycles per second. After im-
posing the regeneration potentials, the height of the
peaks became more stable and the decreasing tendency
was eliminated. The best repeatable and the best devel-
oped peaks were obtained using initial potential E, =
—1000 mV and final potential Ey,=—100 mV. The influ-
ence of various regeneration potentials on the height of
the peak is depicted in Figure 3.

In the framework of optimization, the cleaning of the
electrode surface using various constant cleaning poten-
tials for certain time was tested to solve the problem with
shifting of the peak potential to more negative values
caused by electrode passivation. The best reproducibility
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Fig. 3. Dependence of the DPV peak current [, of 8-NQ (1x10 * molL ' ) at AgE in BR buffer pH 3.0 on the serial number of mea-
surement (N) for chosen regeneration potentials (E;,, E4,): without regeneration (1), —400; +100 (2), +100; —400 (3), —100; —1000

(4), —1000; —100 (5) mV.

and repeatability of measurements was achieved using
a constant cleaning potential of FEp=—2000mV for
60 s. The influence of inserted constant cleaning potential
on the working electrode used for consecutive DPV
measurements is depicted in Figure 4.

3.2 Determination of 8-Nitroquinoline in Deionized
Water

The DPV calibration dependences of 8-NQ in BR buffer
pH3.0 in the concentration ranges of (2-10)x
10 "molL™,  (2-10)x10°molL?, and  (2-10)x
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10° molL ™! are linear and their parameters and limits of
quantification are summarized in Table 1. For the sake of
illustration corresponding DP voltammograms are depict-
ed in Figures 5-7.

3.3 Determination of 8-Nitroquinoline in Drinking and
River Water

The practical applicability of newly developed DPV was
tested on the determination of 8-NQ in model spiked
samples of drinking and river water. Because of relatively
simple matrix of drinking and river water, the possibility

Electroanalysis 2015, 27, 510-516 512
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Fig.4. DP voltammograms of consecutive measurements of 8-NQ (1x10 *molL ") at AgE in BR buffer pH 3.0 with regeneration
potentials [F,=—1000 mV, F; =—100mV and with various constant cleaning potentials: —900 mV (A), —2000 mV (B), for 60y
before each curve.

Table 1. Parameters of the calibration curves for DPV determination of 8-NQ at AgE.

Matrix Conceniration range {molL™) Slope (nAmoL™'L) Tntereepl (nA) R [a] LOQ@ [b] (molL™)
deionized water (2-10)x 1077 —3.91%1077 —868 0.9793 -
(2-10)=x 107" —533x1077 0.4 0.9958 -
(2-10)x 1077 —7.86x 1077 -4.7 0.9975 6.0x 107
drinking water 2-10)x10 * —716x10 ¢ —61.7 0.9989 -
(2-10)x 107" 1.57x 1077 29.6 0.9938 9.7x1077
river water (2-10)x 1077 —746%10°° -71.4 0.9985 e
(4-10)x 107" —1.00x 1077 =303 0.9950 2.2x107°

la] Correlation coefficient, [b] limit of quantification (100; & =0.05)
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Fig. 5. DP voltammograms of 8-NQ at AgE in the BR buffer of pH 3.0 corresponding to the concentrations: 0 (1); 20 (2); 40 (3); 60
(4); 80 (5); and 100 (6) pmol L™". Inset: Corresponding calibration curve.
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Fig. 6. DP voltammograms of 8-NQ at AgE in the BR buffer pH 3.0 corresponding to the concentrations: 0 (1); 2 (2); 4 (4); 6 (6); 8

(8); and 10 (10) pmol L', Tnset: Corresponding calibration curve.

of direct determination was tested and verified. The mea-
sured solutions were prepared by mixing 9.0 mL of tap or
river water sample containing given added concentration
of 8-NQ and 1.0 mL of the BR buffer pH 3.0. The con-
centration range from 2x10~*molL™ to 1x10~* molL!
was measured. DP voltammograms of 8-NQ in drinking
and river water are depicted in Figures 8 and 9. All pa-
rameters of quantification are summarized in Table 1.
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4 Conclusion

A new method for voltammetric determination of geno-
toxic 8-nitroquinoline (8-NQ) at a silver solid electrode
(AgE) based on cathodic reduction of present nitrogroup
was developed. The best results were obtained using dif-
ferential pulse voltammetry (DPV) in Britton-Robinson
buffer of pH 3.0 and the optimum regeneration potentials
(Fi,=—1000 mV, E;,=—100 mV). After regeneration po-
tentials the constant cleaning potential ., =—2000 mV
for 60 s was applied to the electrode to counteract shifting
of peak potential to more negative values. In the whole

Electroanalysis 2015, 27, 510-516 514
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Fig. 7. DP voltammograms of 8-NQ at AgE in the BR buffer pH 3.0 corresponding to the concentrations: 0 (1); 0.2 (2); 0.4 (4); 0.6
(6); 0.8 (8); and 1.0 (10) pmol L, Inset: Corresponding calibration curve.
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Fig. 8. DP voltammograms of 8-NQ at AgE in drinking water model samples (9 mL of spiked water was filled up to 10 mL by BR
buffer pH 3.0). The curves are corresponding to the concentrations of 8-NQ in 9 mL of drinking water model sample: 0 (1); 2 (2); 4
(3); 6 (4); 8 (5); and 10 (6) pmol L". Inset: Corresponding calibration curve.

tested range of pH 2-12 the substance provided only one
peak. The linear calibration dependences of 8-NQ in de-
ionized water with the limits of quantification LOQ=
6.0x10 "molL ! for DPV were obtained. The practical
applicability of DPV for direct determination of 8-NQ in
drinking and river water model samples has been verified.
Limit of quantification was LOQ=9.7x10" molL™" for
drinking water and LOQ=22x10"molL" for river
water. The applicability of silver solid electrode for DPV
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determination of micromolar concentration ol genoloxic
8-NQ in drinking and river water samples was confirmed.
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Fig. 9. DP voltammograms of 8-NQ at AgE in river water model samples (9 mL of spiked water was filled up to 10 mL with BR
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Abstract This study is focused on the application of a
carbon film electrode for the determination of micromolar
concentrations of pesticide 2-nitrophenol using modern
voltammetric methods. For the determination of 2-nitro-
phenol, direct current (DCV) and differential pulse (DPV)
voltammetry were chosen. The following optimal condi-
tions for the determination of 2-nitrophenol were found:
Britton—Robinson buffer of pH 5.0 for DCV and pH 6.0 for
DPV, and the regeneration potential cycles (£, = 0 mV,
Eg, = 0 mV). Under these conditions, limit of quantifica-
tion was found to be 1.2 x 107° mol dm > for DCV and
2.0 x 167° mol dm™> for DPV in deionized water. The
limit of quantification for model samples of drinking water
was 3.0 x 107" moldm™ for DCV and 1.0 x 107°
mol dm™> for DPV. The applicability of carbon film
electrode for the determination of micromolar concentra-
tions of Z-nitrophenol based on cathodic reduction of
present nitro group and in model samples of drinking water
was confirmed.
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Introduction

There is an ever increasing amount of various ecotoxic
organic compounds in environment resulting from
increasing industrial and agricultural activities [1]. There-
fore, the monitoring of those organic compounds in the
environment is necessary. Electroanalytical methods are
suitable for such purpose because of their low cost, rea-
sonable selectivity and sensitivity, portability, and easy
miniaturization of corresponding instrumentation [2].
Nitrophenols are plenteous environmental pollutants,
which come mainly from industrial processes, especially
from production of pesticides, pharmaceuticals, explosives,
and dyes [3]. Moreover, they are used as growth stimula-
tors in agriculture [4]. Nitrophenols are potentially
carcinogenic, mutagenic, and teratogenic [5], and 2-nitro-
phenol, 4-nitrophenol, and 2,4-dinitrophenol are listed in
EPA Priority Pollutants List [6]. They were already
determined using modern voltammetric methods at silver
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solid amalgam electrode [5, 7], silver amalgam paste
electrode [8], boron-doped diamond film electrode [9],
screen printed electrode [10], and hanging mercury drop
electrode [11] and also using different electroanalytical
methods [12-14]. Other analytical methods used for
determination of nitrophenols involve HPLC, UPLC, GC,
etc. [15-19].

Carbon film electrode (CFE) can be fabricated from any
solid electrode on which it is possible to prepare the carbon
film sufficiently adhering to its surface. In this case, polished
silver solid amalgam electrode (p-AgSAE) [20, 21] was used.
The solid electrode substrate serves only as a conductive part,
and electrochemical behavior is controlled by carbon film
prepared on its surface. Carbon film is prepared by dipping
the electrode into the carbon ink, which is made from carbon
powder dispersed in a solution of suitable polymer in a sol-
vent with high vapor tensions. When the solvent evaporates
from the surface, the CFE is ready to use. The advantages of
this electrode (CFE) are dictated by merits of the surface
material, wide potential windows in both cathodic and anodic
regions (cca from 4-1.5 to —1.5 V), high sensitivity, and low
background curtent. Moreover, CFE can be easily prepared,
its surface can be easily renewed, it is easy to fabricate its
micro version and it is inexpensive and compatible with
“green analytical chemistry” approach [22]. Voltammetric
determination of oxidisable organic compounds (impossible
at mercury electrodes because of their narrow anodic
potential window) can be carried out at CFE as demonstrated
by the determination of selected drugs (e.g., paracetamol)
[23], various nitro-substituted oxidizable compounds (e.g.,
2-amino-6-nitrobenzthiazole) [24], and guanine and adenine
[25].

This work is focused on voltammetric determination of
genotoxic priority pollutant 2-nitrophenol (2-NP) based on
cathodic reduction of its nitro group on CFE.

Results and discussion
Preliminary investigations

At first, the influence of pH on direct current (DC) and
differential pulse (DP) voltammograms of 2-NP
1 x 107* mol dm™>) was investigated (see Fig. 1). The
signal observed by both methods had decreasing tendency
from pH 6 (DCV) and pH 7 (DPV) to higher pH. We
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Fig. 1 DC (a) and DP (b} voltammograms of 2-NP (1 x 10 4.
mol dm ) at CFE in BR buffer pH 2.0 (); 3.0 (2) 4.0 (3); 5.0 (4);
6.0 (5); 7.0 (6); 8.0 (7); 8.0 (8); 10.0 (9. Polarization rate 20 mV s *

suppose that the observed decreasing tendency of 2-NP
signal can be connected with increased electrode passiva-
tion at higher pH. The highest and the best developed
waves/peaks were obtained in Britton-Robinson (BR)
buffer pH 5.0 for DCV and pH 6.0 for DPV method. The
difference between optimum pH for DCV and DPV is
connected with different potential program and current
sampling, and it is quite frequent in voltammetry of organic
compounds.

We assume that under these conditions, the electro-
chemical reduction of present nitro group corresponds to
the reduction of aromatic nitro compounds by the follow-
ing mechanism [26]:

" 4e, 4H* H* @ e, oH* @
5H5N02 T CsHsNHOH -_— CsHsNHOHz E— CGH5NH3 + H20
@ Springer
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Afterwards, insertion of cleaning -electrochemical
regeneration cycles on the electrode surface before each
carve was tested to minimize the undesirable influence of
electrode passivation, which contributes to the certain
decrease of peak height. The regeneration potential cycles
(initial potential before and final potential after the peak or
both initial and final potential before the peak) were put on
the electrode surface in 150 cycles with frequency 10 cy-
cles per second. After application of the regeneration
potentials, the height of the waves and peaks became more
stable and the decreasing tendency was eliminated. The
best results (the best repeatability and the best developed
peaks) were obtained using hypothetical cycling of initial
regeneration potential Ey, = O mV and final regeneration
potential Ey, = 0 mV, which is equal to keeping the
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Fig. 2 Dependence of the DPV peak current f; of 2-NP (1 x 10 ~
* mol dm 3) at CFE in BR buffer pH 6.0 on the serial number of
measurement (N) for chosen regeneration potentials (£, Es,): —400;
—500 (I); —800, —400 (2); —400, —800 (3); 0, 0 (4); —100, —1100
(5); —1100, —100 (6); —500, —400 (7); —400, —1000 (8); —1000,
—400 (9) mV

constant potential on the working electrode. The influence
of chosen regeneration potential cycles on the height of the
DPV peak is depicted in Fig. 2.

DC voltammetry of 2-nitrophenol in deionized water

The DCV calibration dependences of 2-NP determination in
deionized water as the simplest model matrix using BR
buffer of pH 5.0 as supporting electrolyte in the concentra-
tionranges of (2-10) x 10~%and (2-10) x 107> mol dm~>
are linear and their parameters and limits of quantification
are summarized in Table 1. For the sake of illustration,
corresponding DC voltammograms are depicted in Figs. 3
and 4.

DP voltammetry of 2-nitrophenol in deionized water

The DPV calibration dependences of 2-NP determination in
deionized water using BR buffer of pH 6.0 in the concentration
ranges of (2-10) x 1078 and (2-10) x 107 mol dm™> are
linear and their parameters and limits of quantification are
summarized in Table 1. For the sake of illustration, corre-
sponding DP voltammograms are depicted in Figs. 5 and 6.

DC voltammetry of 2-nitrophenol in drinking water

The practical applicability of the newly developed method
was tested on the determination of 2-NP in model samples
of drinking water. Because of relatively simple matrix, the
possibility of direct determination was first tested and
verified. The model samples of 2-NP were prepared by
mixing 9.0 cm® of tap water sample containing the exact
amount of 2-NP stock solution and 1.0 cm® of the BR
buffer of pH 5.0. The concentration range from 2 x 107°
to 1 x 107* mol dm™ was measured. The deviation of the
highest concentration from linearity is typical for higher
concentration (usuwally for concentration ranges from

Table 1 Parameters of the calibration curves for determination of 2-NP at CFE

Technique/matrix Concentration range/mol dm * Slope/nA mol © dm? Intercept/nA R LOQ%mol dm *
DCV/deionized water (2-10) x 10 3 —6.03 x 10° 559 0.9848 =

(2-10) x 10 ¢ —1.89 x 10° 0.01 0.8554 12x 10 ¢
DPV/deionized water (2-10) x 10 ° —~1.23 x 10° —3.68 0.9907 =

(2-10) x 10 ¢ —2.40 x 10% —0.01 0.9990 20x 10 §
DCV/drinking water (2-10) x 10 ° —5.30 x 10* —0.17 0.5825 -

(2-10) x 10 © —1.71 x 10° 0.16 0.9996 37x 107
DPV/drinking water (2-10y x 10 ° —6.08 x 10* 0.03 0.6906 —

210y x 10 © —1.23 x 10° —0.03 0.9980 1.0x 10 ¢
* Correlation coefficient
® Limit of quantification (10s; o = 0.05)
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Fig. 3 DC voltammograms of 2-NP at CFE in deionized water using
BR buffer of pH 5.0 as supporting electrolyte (9 em® of sample in
deionized water was filled up to 10 cm® by BR buffer of pH 5.0).
Concentrations of 2-NP in deionized water: 0 ({); 20 (2); 40 (3); 60
(4); 80 (5); and 100 (6) pmol dm ®. The corresponding calibration
curve is given in the inset
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Fig. 4 DC voltammograms of 2-NP at CFE in deionized water using
BR buffer of pH 5.0 as supporting electrolyte (9 em® of sample in
deionized water was filled up to 10 cm® by BR buffer of pH 5.0).
Concentrations of 2-NP in deionized water: 0 ({); 2(2): 4 (3): 6 (4); 8
(5); and 10 (6) pmol dm 3 The corresponding calibration curve is
given in the inset

107> mol dm > upwards). DC voltammograms of 2-NP in
drinking water are depicted in Figs. 7 and 8.

DP voltammetry of 2-nitrophenol in drinking water

The model samples of 2-NP were prepared in the same way as
for DOV determination, by mixing 9.0 em® of tap water
sample containing exact amount of 2-NP stock solution and
1.0 cm® of the BR buffer of pH 6.0. The concentration range
from 2 x 1070 1 x 107> mol dm ™ was measured. DP
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Fig. 5 DP voltammograms of 2-NP at CFE in deionized water using
BR buffer of pH 6.0 as supporting electrolyte (9 em® of sample in
deionized water was filled up to 10 em® by BR buffer of pH 6.0).
Concentrations of 2-NP in deionized water: 0 (Z); 20 (2); 40 (3); 60
(4); 80 (5); and 100 (6) umol dm 3 The corresponding calibration
curve is given in the inset
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Fig. 6 DP voltammograms of 2-NP at CFE in deionized water using
the BR buffer of pH 6.0 as supporting electrolyte (9 cm® of sample in
deionized water was filled up to 10 om’® by BR buffer of pH 6.0).
Concentrations of 2-NP in deionized water: 0 (1), 2(2):4(3): 6 (4): 8
(5); and 10 (6) pmol dm 3 The corresponding calibration curve is
given in the inset

voltammograms of 2-NP in drinking water are depicted in
Figs. 9 and 10.

All parameters of the above-obtained calibration curves
are summarized in Table 1. The rather unusual fact that in
this specific case the limit of quantification (LOQ) for DCV
is lower than for DPV can be connected with electrode
passivation which influence more DPV than DCV and with
resulting higher noise of DPV.
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Fig. 7 DC voltammograms of 2-NP at CFE in drinking water model
samples (9 em® of spiked drinking water was filled up to 10 cm® by
BR butfer of pH 5.0). The curves correspond to the concentrations of
2-NP in 9 cm? of drinking water model sample: 0 (1); 20 (2); 40 (3);
60 (4); 80 (5) and 100 (6) umol dm 3 The corresponding calibra-
tion curve is given in the inset
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Fig. 8 DC voltammograms of 2-NP at CFE in drinking water model
samples (9 cm® of spiked water was filled up to 10 em® with BR
buffer of pH 5.0). The curves correspond to the concentrations of
2-NP in 9 cm® of drinking water model sample: 0 (1); 2 (2); 4 (3); 6
4); 8 (5); and 10 (6) pmol dm 3 The corresponding calibration
curve is given in the inset

The possibility of measuring lower concentrations ran-
ges of 2-NP at CFE was tested; unfortunately, the results
were not satisfying because of increasing noise.

Conclusion
New modern voltammetric methods for the determination

of 2-nitrophenol using carbon film electrode (CFE) based
on cathodic reduction of the present nitro group were

58
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Fig. 9 DP voltammograms of 2-NP at CFE in drinking water model
samples (9 cm® of spiked water was filled up to 10 em® with BR
buffer of pH 6.0). The curves correspond to the concentrations of
2-NP in § cm® of drinking water model sample: 0 (1}; 20 (2); 40 (3);
60 (4); 80 (5); and 100 (6) umol dm 3. The corresponding calibra-
tion curve is given in the insef
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Fig. 10 DP voltammograms of 2-NP at CFE in drinking water model
samples (9 em® of spiked water was filled up to 10 em® with BR
buffer of pH 6.0). The curves comrespond to the concentrations of
2-NP in 9 ¢m® of drinking water model sample: 0 (1); 2 2); 4 (3); 6
(4); 8 (5); and 10 (6} umel dm 3 The corresponding calibration
curve is given in the inset

developed. The best results were obtained using direct
current voltammetry (DCV) in BR buffer of pH 5.0 with
optimum regeneration potentials (E;, = 0mV, Eg, =0
mV}) and differential pulse voltammetry (DPV) in BR
buffer of pH 6.0 with the same optimum regeneration
potentials (Ey,, = 0 mV, Eg, = 0 mV). The linear calibra-
tion dependences of 2-NP in deionized water with the
limits of quantification LOQ = 1.2 x 107° mol dm > for
DCV and LOQ = 2.0 x 107° mol dm—> for DPV were
obtained. Limit of quantification in model samples of

@ Springer
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drinking water was LOQ = 3.0 x 167 mol dm™> for
DCV and LOQ = 1.0 x 107% mol dm™> for DPV. The
practical applicability of both methods, DCV and DPV, for
direct determination of 2-NP at CFE in drinking water has
been verified.

Experimental
Apparatus

DCV and DPV measurements were carried out using
potenciostat Eco-Tribo Polarograph (EcoTrend Plus, Czech
Republic) with PolarPro 5.1 software (Polaro-Sensors,
Czech Republic). The software worked under the operating
system Microsoft Windows XP (Microsoft Corp., USA).
All measurements were cartied out in a three-electrode
system with platinum wire (Elektrochemické detektory, s .
0., Czech Republic) as an auxiliary electrode, silver/silver
chloride reference electrode (1 mol dm™> KCl, Elektro-
chemické detektory, spol. s 1. 0., Czech Republic), and
carbon film electrode (CFE on p-AgSAE substrate, disk
diameter 0.413 mm, EcoTrend Plus, Czech Republic) as an
working electrode. The scan rate 20 mV s}, the pulse
amplitude —50 mV, and pulse width 80 ms were used. The
best repeatability and reproducibility of voltammetric
measurerments at CFE were obtained using electrochemical
regeneration of the electrode surface by the application of
equal initial regeneration potential £, = 0 mV and final
regeneration potential Eg, = 0 mV, each for 50 ms.

Reagents

The stock solution of 2-NP (1 x 107> mol dm™>) was
prepared by dissolving 0.0139 g of the substance (Sigma-
Aldrich Chemie, Germany, CAS Reg. No. 88-75-5) in
deionized water and filling up to 100 cm®. More diluted
solutions were prepared by serial dilution of stock solution
with deionized water. All solutions were kept in dark and at
laboratory temperature. Boric acid, phosphoric acid, acetic
acid, sodium hydroxide, and potassium chloride were of
p.a. purity (Lachner, Czech Republic). BR buffers were
prepared in a usual way by mixing of 0.2 mol dm™*
sodium hydroxide with the mixture of 0.04 mol dm™* of
boric, phosphoric, and acetic acid. The pH was measured
by pH meter Jenway with combined glass electrode (type
924005, Jenway, UK), and deionized water (Millipore Q
plus system, Millipore, USA) was used.

Procedures

An appropriate volume of the stock solution of 2-NP
(1 x 1072 mol dm™>) was diluted in deionized water and
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filled up to 10.0 cm® with BR buffer solution of appropriate
pH and then transferred into the voltammetric cell. Oxygen
was eliminated by purging with nitrogen (purity class 4.0,
Linde Gas, Czech Republic) for 5 min and then the
voltammograms were recorded. DCV wave heights were
evaluated from the extrapolated linear portion of the
voltammogram before the onset of the wave. DPV peaks
were evaluated from the straight line connecting the min-
ima before and after the peaks.

The limits of quantification (LOQ) were calculated as
the concentration of the analyte corresponding to the ten-
fold standard deviation of the analyte response from ten
consecutive determinations at the lowest attainable con-
centration range [27].

For the preparation of model samples of drinking water,
the water from water pipeline in the chemistry building
(Faculty of Science, Charles University in Prague) after
5 min of outflowing was used. The samples of drinking
water were spiked with standard solutions of 2-NP. 9 cm?®
of thus prepared model samples of 2-NP in drinking water
were filled up to 10 em® by BR buffer of appropriate pH,
and voltammograms were recorded after bubbling with
nitrogen for 5 min.

Carbon film electrode

The conductive carbon ink was prepared by mixing 0.01 g
of polystyrene, 0.09 g of carbon powder (microcrystalline
graphite 2 pm, CR 2, Maziva Tyn, Czech Republic), and
0.5 cm? of 1,2-dichloroethane (MERCK, Germany). Then,
the mixture was thoroughly homogenized by intensive
agitation for 3 min at Vortex-Genie 2 (Scientific industries,
Inc., USA).

CFE was fabricated by covering p-AgSAE’s surface with
acarbon film. The film was formed by immersing electrode’s
surface into the conductive ink (the active part of the elec-
trode just touches the surface of the ink). One minute after
immersing, 1,2-dichloroethane evaporates and thus prepared
CFE is ready to use. According to our experiences, CFE
prepared using this way is keeping its properties and is usable
for at least 30 consecutive measurements. When it is nec-
essary to renew the old film (e.g., because of the passivation
of the electrode surface), it can be easily removed by wiping
it off with a filter paper and a new film is created by the same
procedure as described above.
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Abstract

A new method was developed for the determination of 2-nitrophenol (2-NP) by differential pulse
voltammetry (DPV) employing the anodic oxidation of the present hydroxyl group using a non-traditional
carbon film composite electrode (CFCE) based on a microcrystalline natural graphite-polystyrene composite
film. Britton-Robinson (BR) buffer of pH 6.0 was found to be an optimal supporting electrolyte. Cleaning
regeneration potentials E, = +1300 mV and Eg, = 0 mV had to be applied before each measurement to get
rid of problems connected with electrode passivation. Lincar calibration curves were obtained in the
concentration range from 0.2 to 10 umol L™ of 2-NP for both tested matrices (deionized and drinking water).
Limit of quantification (LOQ) for DPV at CFCE was found to be 0.2 umolL™" and 0.1 pmol L™ for

deionized and drinking water, respectively.

Keywords: Carbon film composite electrode, Electrode passivation, Electrode electrochemical cleaning,

Drinking water, 2-Nitrophenol, Anodic oxidation

1. Introduction

Nitrophenols are often used in industry, especially in manufacturing of pesticides, pigments,
explosives, dyes, etc. [1]. Many of them are also listed on the List of Authorized Plant Protection Products
and are often used as plant growth stimulators [2]. Nitrophenols are well known for their toxicity in general
and have significant detrimental effects on environment quality, and especially on water quality, because of
their toxicity to aquatics [3]. Moreover, they are suspected from carcinogenicity, mutagenicity and

teratogenicity [4] and 2-nitrophenol (2-NP) and many others are on EPA Priority Pollutants List [5]. The
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concentration of 2-NP in natural water has been restricted by US EPA to be lower than 10 pg L™, ie. 7
umol L™ [6]. 2-NP was detected in rainwater samples in California and Germany which was probably
caused by tropospheric transformation of corresponding alkyl benzene [7]. For the above given reasons, it is
necessary to develop new sensitive and environmentally friendly methods for 2-NP determination.

Nitrophenols are ecasily electrochemically oxidizable and reducible as proved by comparative
electrochemical study of 4-NP at a glassy carbon electrode (GCE) [8]. Modern voltammetric methods have
been already used for voltammetric determinations of several nitrophenols at a silver solid amalgam
electrode [4,9], a silver amalgam paste electrode [10], a boron-doped diamond film electrode [11], a bismuth
film modified screen-printed carbon electrode [12], a hanging mercury drop electrode [13], and a carbon film
electrode [14]. Differential pulse voltammetry (DPV) at a highly dispersed silver particles modified GCE
[15], square-wave voltammetry and amperometry at a bismuth film modified GCE [16], or single-walled
carbon nanotubes based sensor [17] were applied for monitoring of nitrophenols as well. Moreover, modern
separation methods (HPLC/MS [18], HPLC/UV [19, 20], GC/PND and GC/MS [21], etc.) and
spectrophotometric methods (e.g. fibre-optic spectrophotometry [22]) have been also described for the
determination of nitrophenols. For comparison of voltammetric determinations of 2-NP using different
working electrodes in deionized water, see Table 1.

The biggest problem connected with anodic veoltammetric determination of phenolic compounds is
frequent passivation of working electrode caused be deposition of electrode reaction products (namely
dimers and polymers formed from free radicals generated in the first step of the electrode reaction). One
possibility to minimize this problem is to use electrodes with casily renewable surface, ¢.g. carbon film
electrodes (CFEs). As a CFE, any solid electrode is denoted on which the carbon film is deposited [23]. In
this paper, the CFE developed in our laboratory and based on polished silver solid amalgam as a conductive
substrate covered by a microcrystalline natural graphite-polystyrene composite film [24], further denoted as
carbon film composite electrode (CFCE), was applied. The electrochemical behaviour of this CFCE is
governed solely by the carbon composite film deposited on the substrate which forms just conductive contact
with no influence on CFCE eclectrochemical properties. The main advantages of this CFCE are simple, fast,
and mexpensive fabrication, easy renewal of the carbon composite film (made simply by wiping the
clectrode surface off by a filter paper and creating a new film by immersing the electrode surface into the
carbon ink), wide potential window (ca. from —1.5 V to +1.5 V), and relatively high sensitivity and low noise
of measurements. Both oxidizable organic compounds (e.g. paracetamol [24], and guanine and adenine [25])
and reducible organic compounds (e.g. 4-nitrophenol [26], 5-nitrobenzimidazole [27], and 3-nitroquinoline
[28]) were so far determined at this CFCE.

The purpose of this work is to prove practical applicability of the CFCE on a polished silver solid
amalgam substrate (p-AgSAE) for the determination of anodically oxidizable phenolic organic compounds in
simple aquatic samples, taking 2-NP as a model compound, and to prove that this approach can eliminate or
at least minimize problems connected with working electrode passivation which frequently complicates
voltammetric determination of phenolic compounds. Moreover, the possibility to use more simple

electrochemical cleaning of the electrode to minimize problems with its passivation was tested and verified.
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2. Experimental

2.1. Reagents

2-Nitrophenol (2-NP, CAS Registry Number 88-75-5, Sigma-Aldrich, Germany); 1 mmol L™ stock
solution was prepared in deionized water; solutions with lower concentrations were prepared by its precise
dilution with deionized water. Britton-Robinson (BR) buffers of required pH were prepared in a usual way
by mixing of 0.2 molL™ sodium hydroxide (Lach-Ner, Czech Republic) with the mixture of boric,
phosphoric, and acetic acid (all 0.04 mol L™, Lach-Ner, Czech Republic). All solutions were stored in dark

and at room temperature. Deionized water from Millipore Milli-Q Plus system (Millipore, USA) was used.

2.2. Apparatus

A pAutolab type III potentiostat (Metrohm Autolab, The Netherlands) was used for all
measurements. The potentiostat worked under a Microsoft Windows 8 software (Microsoft Corporation,
USA), and all voltammograms were recorded and evaluated using a NOVA 1.10 software (Metrohm
Autolab, The Netherlands). All measurements were carried out using a threc-clectrode system with a
platinum wire (Elektrochemicke Detektory, Czech Republic) as an auxiliary electrode, a Ag|AgCl (3 mol L™
KCl) as a reference electrode, and the CFCE (a p-AgSAE surface covered by a carbon composite film
prepared as described further, disk diameter 0.413 mm, Eco-Trend Plus, Czech Republic) as a working
electrode. DPV with following parameters was used: scan rate of 20 mV s, pulse amplitude of +50 mV,
pulse width of 100 ms, and sampling time of 20 ms. pH was measured with pH meter Jenway with a
combined glass electrode (type 924 005, Jenway, UK) calibrated with standard aqueous buffers (Sigma-
Aldrich, Germany).

2.3. Procedures

2.3.1. Preparation of carbon film composite electrode

The previously described procedure was used [23]. Briefly: to 0.01 g of polystyrene dissolved in
0.5 mL of 1,2-dichloroethane (Merck, Germany), 0.09 g of carbon powder (microcrystalline graphite with a
grain size of 3.5-5.5 pm, CR 2 995, Graphite Tyn, Czech Republic) was added and homogenized by 3 min
stirring at Vortex-Genie 2 (Scientific Industries, USA). Thus prepared carbon ink was used to cover the
p-AgSAE surface with a carbon composite film by simple immersing the end of the electrode into the
conductive ink. When 1,2-dichloroethane evaporates (after ca. 1 min), the CFCE is ready to use. In the case
of the electrode surface passivation, the carbon composite film can be casily renewed by wiping the surface
off with a filter paper and by simple preparing a new carbon composite film by the above described

procedure.
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2.3.2. Sample and data treatment

9.0 mL of a 2-NP solution (of exactly known concentration) in deionized water were diluted up to
10.0 mL with a BR buffer solution of required pH. Model samples of drinking water were prepared in the
same way as samples in deionized water. Tap water from the Chemistry Building at the Faculty of Science,
Charles University, Prague, Czech Republic, used for preparation of model samples was at first outflowed
for 5 min. All thus prepared solutions were used immediately for DPV determination.

DPV peak height was evaluated from the straight line connecting minimum before and after the
peak. The lLimit of quantification (LOQ)/detection (LOD) was calculated as a 2-NP concentration
corresponding to the tenfold/threcfold of the standard deviation from ten consecutive measurements at the

lowest attainable concentration range divided by the slope of the calibration curve [29].

3. Results and discussion
3.1. Optimization of DPV

At first, the influence of pH in the range of 2.0-12.0 on DPV of 2-NP (0.1 mmol L") at the CFCE
has been investigated. In the whole tested range, 2-NP gave one well developed peak. The highest and the
best developed peak was obtained at pH 6.0 (sece Fig. 1). However, 10 consecutive voltammograms recorded
on the same electrode without film renewal and without any electrochemical cleaning have shown a
pronounce decrease of voltammetric peaks connected with their broadening and a shift to more positive
potentials as the result of obvious electrode passivation by electrode reaction products (see Fig. 2). This
negative effect can be climinated by using a new film for cach voltammogram registration. However, this
approach is more laborious, more time consuming, and results in larger standard deviation connected with
film renewal. Therefore, the possibility of inserting the regeneration potential cycles to eliminate the
negative influence of the proved clectrode passivation was investigated. Before recording cach
voltammogram, 150 regeneration potential cycles (10 cycles per second) were inserted on the CFCE to clean
the electrode surface and eliminate decreasing height of peaks resulting from electrode passivation. During
the search for the best conditions, various values of the initial potential (£i,) were inserted before and of the
final potential (Eg,) after the 2-NP peak potential, or both mitial and final potentials were inserted before the
2-NP peak potential. The optimal results were obtained using regencration potential cycles between
E,=1300mV and Eg,=0mV giving somewhat lower but better reproducible peaks. Under these
conditions, the 30 consecutive DP voltammograms were recorded (see Fig. 3). It can be scen that the
decrease of DPV peaks is rather small (by 15.5% after 30 recordings, RSD of the 30 recordings being
10.9%), confirming efficient minimization of electrode passivation. The same holds for the shape of
voltammograms with practically constant peak potential, again confirming negligible effective minimization

of the electrode passivation under these conditions.
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Fig.1. DP voltammograms of 2-NP (0.1 mmol L’l) at the CFCE in the BR buffer medium of pH 2.0 (2), 4.0 (4), 6.0 (6), 8.0
(8), and 10.0 (10). The best developed veltammogram is in bold.

1600

1200

800

400

L L
800 1000 1200
E vs. Ag|AgCI|3M KCI, mV

Fig.2. DP voltammograms of 10 consecutive determinations of 2-NP (0.1 mmol L™y at the CFCE. Supporting electrolyte:
BR buffer of pH 6.0, recorded without film renewal and without application of regeneration potentials.
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Fig. 3. DP voltammograms of 30 consecutive determinations of 2-NP (0.1 mmol L™ at the CFCE. Supporting electrolyte:
BER buffer of pH 6.0, measured with regeneration potentials F,, = 1300 mV and F, = 0 mV. The corresponding peak currents

evaluated from obtained signals are given in the inset, where &V is the consecutive number of the voltammogram.

3.2. DPV determination of 2-nitrophenol at carbon film composite electrode in deionized water

The DPV calibration dependences were constructed using the above obtained optimum conditions
(BR buffer of pH 6.0, £,=1300mV, E;,=0mV). The calibration dependences were lincar in the
concentration range from 0.2 to 10 umol L. Parameters of the calibration dependences are shown in Table

2. The respective DP voltammograms with corresponding calibration dependences are shown in Fig. 4.

1]

200 22
4C:2EI
.18

ke /

N
00 02 04 06 0g 10
c, umol

l.nA

100

50

L L L L L
400 600 800 1000 1200 600 800 1000
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Fig. 4. DP voltammograms of 2-NP at the CFCE in deionized water and BR buffer of pH 6.0. Concentration of Z2-NP in
deionized water ¢4): 0 (1), 0.2 (2), 0.4 (3), 0.6 (4), 0.8 (5), and 1.0 (6) pmol Lt (B) 0(1),2(2),4(3),6(4),8(5),and 10 (6)

umol L™ Corresponding calibration dependences are in the insets (error bars for # = 4).

3.3. DPV determination of 2-nitrophenol at carbon film composite electrode in drinking water
The applicability of the DPV method developed in this work was verified by the direct determination

of 2-NP i drinking water. The preparation of model samples has been described above in the Section 2.3.2.
6
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Again, BR buffer of pH 6.0 was used in this case as a supporting clectrolyte for all model samples, and
optimized regeneration potentials £y = 1300 mV and Es, = 0mV were used as well. The linearity of the
calibration dependences was observed in the concentration range from 0.2 to 10 umolL™. The

corresponding DP voltammograms of 2-NP at the CFCE are shown in Fig. 5.
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Fig. 5. DP voltammograms of 2-NP at the CFCE of medel samples of drinking water using BR buffer of pH 6.0 as a
supporting electrolyte. The concentrations of 2-NP in 9.0 mL of model samples of drinking water (A): 0 (1), 0.2 (2), 0.4 (3),

0.6 (4), 0.8 (5), and 1.0 (6) umol L (B) 0(1)2(2)43), 6 () 8(5), and 10 (6) umol L Corresponding calibration

dependences are shown in the insets (error bars for » = 4).

It is obvious from the comparison of Fig. 4 and Fig. 5 that the change of matrix results in the change
of both background current and peak current and peak potential, which can be explained by the presence of
some surfactants in the analyzed samples of drinking water. This fact is also reflected in somewhat different
slopes of linear calibration dependences in Table 2, which can be also affected by the way of peak height

evaluation in connection with different relative contribution of background current at different sensitivities.
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Table 1

Comparison of LODs of so far published voltammetric determinations of 2-NP in aquatic samples using different types of

electrodes.
Lon®

Electrode Methed (umol L™ Ref.

p-AgSAE DPV 1.0 4]

BDDE DPV 0.3 [11]

BiFE DPV 5.4 1]

DME DPP 0.05 [30]
GCE/AgNDs LSV 18 [31]
GCE/Au (nano) DPV 75 [32]
GCE/BMIMPF,-SWCNT DPAdSV 0.005 [33]
GCE/MWCNT derDCV oS [34]
GCE/OMC DpV 0.8 [35]
GCE/SDS-HTLC DPAdASV s [36]
HMDE DPV 0.2 [13]
HMDE AdSY 0.02 [13]
HMDE DPV 0.02 [37]

CFCE DPV 0.06 This work

® Limit of detection, p-AgSAE, polished silver solid amalgam electrode; BDDE, boron-doped diamond electrode; BiFE, bismuth film
electrode; DME, dropping mercury electrode; GCE/AgNDs, silver nanodendrites modified glassy carbon electrode; GCE/Au (nano), nano-
gold modified glassy carbon electrode; GCE/BMIMPF/SWCNT, 1-butyl-3-methylimidazolium hexafluorophosphate-single-walled carbon
nanotube gel modified glassy carbon electrode; GCE/MWOCNT, multi-walled carbon nanotubes modified glassy carbon electrode;
GCE/OMC, ordered mesoporous carbon modified glassy carbon electrode; GCE/SDS-HTLC, sodium dodecylsulphate hydrotalcite-like clay
modified glassy carbon electrode; HMDE, hanging mercury drop electrode; CFCE, carbon film composite electrode; AdSV, adsorptive
stripping voltammetry; derDCV, derivative direct current voltammetry; DPP, differential pulse polarography, DPV, differential pulse
voltammetry, DPAdSYV, differential pulse adsorptive stripping voltammetry, LSV, linear sweep voltammetry.

Table 2
Parameters of the calibration dependences for the DPV determination of 2-NP at the CFCE. BR buffer of pH 6.0 was used as a

supporting electrolyte, and electrochemical cleaning of the working electrode described above was applied before each

determination.
Concentration range, Slope, LOQb, LODS,
Matrix i 4 Intercept, nA r o i
wmol L™ nA L moL wmol L pmol L™
Deionized 2-10 1.89x10 6.87 0.9911 = o
water 0.2-1 277107 -2.86 0.9786 0.2 0.06
Drinking 2-10 1.22%10 —6.44 0.9925 - =
water 0.2-1 1.62x10 —4.01 0.9535 0.1 0.03

®Correlation coefficient, ° limit of quantification (100);  limit of detection

4. Conclusion
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The new differential pulse voltammetric (DPV) method for the determination of 2-nitrophenol (2-
NP) in aquatic samples using carbon film composite electrode (CFCE) with microerystalline natural
graphite-polystyrene composite film was developed. The method is based on simple anodic oxidation of the
hydroxyl group of 2-NP. The optimal conditions for all measurements were found to be: BR buffer of pH 6.0
and regeneration potentials Ei,= 1300 mV and g, = 0 mV. Under these conditions, the negative influence of
electrode passivation was minimized. The calibration dependences of 2-NP were linear both in deionized
water and in drinking water in the concentration range from 0.2 to 10 pmol L™ with the limit of quantification

(LOQ) of 0.2 umol L™ and 0.1 pmol L™ for deionized and drinking water, respectively.
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