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Abstract
An electrochemical procedure for the quantitative determination of oxycarboxin at a glassy carbon electrode (GCE) and a glassy
carbon electrode modified with multi-walled carbon nanotubes (GCE/MWCNTs) based on square wave adsorptive stripping
voltammetry (SWAdSV) is presented for the first time. The effect of an amplitude (ESW), a frequency ( f ), a step potential (ΔEs),
an accumulation potential (Eacc) and time (tacc), and equilibration time (teq) was investigated. The best analytical signal was
obtained in the medium of sulfuric acid on both electrodes. Under optimal analytical conditions, the linear ranges of Oxy
concentrations 8.0 × 10−6–5.0 × 10−5 mol L−1 with limit of detection of 2.0 × 10−6 mol L−1 for bare GCE and 6.0 × 10−6–9.0 ×
10−5 mol L−1 with limit of detection of 1.1 × 10−6 mol L−1 for GCE/MWCNTs were obtained. To investigate the utility of the
proposed method for the determination of oxycarboxin in real samples, a quantitative determination of Oxy was performed in
spiked river water samples. The electrode processes of oxycarboxin oxidation were studied by cyclic voltammetry (CV) at both
electrodes. The surface characterization of bare GCE and GCE/MWCNTs was evaluated with an atomic force microscopy
(AFM) and a scanning electron microscopy (SEM).
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Introduction

Oxycarboxin (Oxy, 5,6-dihydro-2-methyl-1,4-oxathiin-3-
carboxanilide-4,4-dioxide, Fig. 1) is a fungicide belonging to
the first-generation succinate dehydrogenase inhibitors
(SDHIs). The mode of action of SDHIs is an inhibition of
the succinate reductase activity of the complex II in the respi-
ration chain and a distortion of the electron transport derived
from succinate directly to the ubiquinone [1–4].

Oxy is very effective in the control of plant diseases caused
by Basidiomycetes, such as smuts of cereals, rusts of grasses,
pines, rose family, coffee, etc. It is used as a chemical agent for

seed treatments of wheat, barley, peanut, flax, and cotton prior
to planting [4–6]. Long-term ingesting of food and drinking
water contaminated with the oxycarboxin, as well as dermal
contact withOxy-treated seeds and soils, and inhalation of this
pesticide vapor causes toxic effects, primarily damaging liver
and kidney. Due to the harmful effects of oxycarboxin on
living organisms, it is very important to develop simple and
sensitive methods to identify and determine the concentration
of Oxy in real samples. There are only a few publications
devoted to the determination of oxycarboxin, and to the best
of our knowledge, spectrophotometric method [7] and chro-
matographic techniques, such as thin-layer chromatography
[8], gas chromatography [9], and high-speed liquid chroma-
tography [10], were reported. Determination of oxycarboxin
in spiked water samples was made by high-speed liquid chro-
matography in the concentration range of 3.7 × 10−6 mol L−1

to 3.0 × 10−4 mol L−1 [10]. These methods usually require
expensive equipment, and they are time-consuming. An alter-
native to them are electrochemical techniques, which are char-
acterized by satisfactory sensitivity, lower apparatus cost, and
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simpler and faster operation. The most commonly used as
working electrodes in electroanalytical chemistry are carbon-
based electrodes, such as graphite [11–13], glassy carbon [14,
15], or carbon paste electrodes [16, 17]. In order to improve
the sensitivity and detection limit of the bare carbon-based
electrodes, the modification of their surfaces can be performed
with nanomaterials, such as for example graphene [18–22],
carbon nanotubes [23–26], metal nanoparticles [21, 27, 28],
etc. Nanomaterials exhibit extraordinary electrical and physi-
cal properties, and they are very often used for the electrode
surface modifications.

The purpose of the present work was to develop an
electroanalytical procedure for the quantitative determina-
tion of oxycarboxin at the glassy carbon electrode (GCE)
and the glassy carbon electrode modified with multi-
walled carbon nanotubes (GCE/MWCNTs). In this study,
the square wave voltammetry (SWV) and the square wave
adsorptive stripping voltammetry (SWAdSV) were used.
The practical usefulness of the procedure was demonstrat-
ed by the determination of the fungicide Oxy in spiked
Warta River water samples.

Experimental

Chemicals and solutions

All solutions were prepared from analytical grade chemicals,
unless otherwise mentioned, in triply distilled water.
Analytical standard of oxycarboxin (Oxy, CAS No. 5259-88-
1, PESTANAL®) was purchased from Sigma-Aldrich
(Poznań , Poland). A stock solution of Oxy (1.0 ×
10−3 mol L−1) was freshly prepared in 25 mL volumetric flask
by dissolving 6.7 ± 0.1 mg of the pure powder of Oxy in an
acetone-water mixture (1:1, v/v) and kept in a refrigerator for
up to 4 days. Britton-Robinson buffer solutions (BRBS) in a
pH range from 2.0 to 7.0 were prepared from a starting mix-
ture comprising 0.04 mol L−1 phosphoric acid (85%, POCh
SA, Gliwice, Poland), 0.04 mol L−1 boric acid (POCh SA,
Gliwice, Poland), and 0.04 mol L−1 acetic acid (99.5%,
POCh SA, Gliwice, Poland) by adding an appropriate amount
of 0.2 mol L−1 sodium hydroxide (POCh SA, Gliwice,
Poland) solution. Citrate buffer solutions (CBS) over a pH
range of 1.0–2.5 were obtained by adding an adequate amount
of 0.1 mol L−1 trisodium citrate dihydrate solution into

0.1 mol L−1 hydrochloric acid. Citrate-phosphate buffer solu-
tions (CPBS) in a pH range from 2.2 to 2.6 were obtained by
adding an appropriate amount of 0.2 mol L−1 disodium hydro-
gen phosphate solution into 0.1 mol L−1 citric acid. Sulfuric
acid solutions (H2SO4) over a range of 0.1–1.0 mol L−1 were
diluted from concentrated acid (95%, POCh SA, Gliwice,
Poland).

Apparatus

Voltammetric measurements including cyclic voltammetry
(CV), SWV, and SWAdSV were performed using an EmStat
USB potentiostat (Palm Instruments B.V., the Netherlands)
controlled by PSTrace software (General Purpose
Electrochemical System, version 4.2.2.) in conjunction with
an M164 electrode stand (MTM Anko Instruments, Kraków,
Poland). All measurements were carried out at room temper-
ature (22 ± 1 °C) in the classical voltammetric cell consisting
of three electrodes. The silver/silver chloride electrode in
3 mol L−1 KCl solution (Mineral, Poland) was used as refer-
ence electrode. All potentials in this paper are given versus
this reference electrode (E0 = 0.210 V vs. NHE). A platinum
wire (99.99%, Mennica Państwowa S.A., Warszawa, Poland)
was used as auxiliary electrode. The measurements were car-
ried out using two working electrodes, namely the glassy car-
bon electrode (GCE, L-Chem, Olomouc-Holice, the
Czech Republic) inserted in a polyether ether ketone
(PEEK) body with an inner diameter of 3 mm and the glassy
carbon electrode modified with multi-walled carbon nano-
tubes (GCE/MWCNTs).

An ultrasonic homogenizer (SONOPULS HD 2200,
Bandelin, Germany) was used in order to obtain MWCNTs
suspensions.

The surface characterization of bare GCE and GCE modi-
fied with MWCNTs was evaluated with an atomic force mi-
croscope (AFM Dimension Icon, Bruker, Santa Barbara, CA,
USA) operated in tapping mode by NanoScope software (ver-
sion 9.0). Scanning probe model TESPA V2 (Bruker, Santa
Barbara, CA, USA) with a 125-μm nominal long silicon can-
tilever, spring constant of 42 N m−1, and a resonance frequen-
cy of 320 kHzwas used. Themeasurement parameters were as
follows: a target amplitude of 31 nm, a set-point amplitude of
20 nm, the operating frequency of 348–349 kHz, and the
scanning rate of 0.81 Hz. The surface parameters were deter-
mined on the basis of AFM data using NanoScope Analysis
software (version 1.4).

The surface morphology of bare GCE and GCE/
MWCNT was evaluated with a scanning electron micro-
scope (SEM, Nova NanoSEM 450, FEI) using a through
lens detector (TLD) at a beam energy of 15 kV. For
control and analysis, the xT microscope Server/Control
software was used.

Fig. 1 Chemical structure of Oxy
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Preparation of working electrodes

The surface of GCE was manually polished on a polishing
cloth (LAM PLAN S.A., Gaillard, France) with Al2O3 sus-
pension (0.3 μm, ATM GMBH, Germany), cleaned in an ul-
trasonic bath for 5 min, rinsed with triple distilled water, and
dried with argon.

The GCE/MWCNTs electrodes were prepared by dropping
4 μL of the following suspensions of multi-walled carbon
nanotubes (MWCNTs purified to more than 95% C with a
diameter of 6–9 nm and length of 5 μm, Sigma-Aldrich,
Poznań, Poland) on the cleaned surface of GCE: 0.01, 0.05,
0.1, 0.2, and 0.5 mg mL−1 of MWCNTs dispersed in
dimethylformamide (DMF, 99.5%, POCh SA, Gliwice,
Poland). The modified electrodes were then left to allow the
evaporation of the solvent at room temperature.

Voltammetric procedure

Before each series of measurements, electrochemical activa-
tion and cleaning of working electrodes were performed in
0.1 mol L−1 sulfuric acid using the cyclic voltammetric
sweeps in the range between − 0.45 and + 1.65 V with a scan
rate of 100 mV s−1 until stable voltammograms were obtained.
Next, working electrode was washed with triple-distilled wa-
ter, dried with argon, and transferred to the voltammetric cell
with the analyzed working solution. CV, SWV, and SWAdSV
were employed to investigate the electrochemical behavior
and the quantification ofOxy. The blank voltammograms were
registered in the solution consisting of 9 mL of the supporting
electrolyte with 1 mL of acetone-water mixture (1:1, v/v). CV
investigations and optimization of the parameters of SWVand
SWAdSV (the supporting electrolyte, the frequency, the am-
plitude, the step potential, the accumulation potential, and
time) were carried out in the solution consisting of 9 mL of
the supporting electrolyte with 1 mL of a stock solution ofOxy
(1.0 × 10−3 mol L−1). CV characteristics were registered in the
potential range from + 1.0 to + 1.6 V for GCE and from + 1.0
to + 1.45 V for GCE/MWCNTs with different scan rates from
50 to 400 mV s−1, whereas SWV and SWAdSV voltammo-
grams were registered in the potential range from + 0.6 to +
1.8 V for both electrodes. Electroanalytical determinations of
Oxywith the utilization of optimal parameters were performed
in the solution consisting of 9 mL of the supporting electrolyte
with appropriate volumes of stock solution of Oxy and
acetone-water mixture.

Spiked river water samples preparation

For testing river water, samples were obtained from Warta
River (Poland). The sample of river water without further
pretreatment and purification was stored at 4.0 °C in a refrig-
erator and analyzed within 3 days after sampling. The spiked

sample of river water was prepared via transferring of 5 mL of
a stock solution of Oxy (1.0 × 10−3 mol L−1) to a 50-mL vol-
umetric flask, and next, the flask was filled up to the markwith
the river water. In order to study the possible interferences
caused by river water, the SWAdSV curve of the blank was
recorded in the solution consisting of 9 mL of the supporting
electrolyte (0.1 mol L−1 sulfuric acid for GCE and 0.5 mol L−1

sulfuric acid for GCE/MWCNTs) with 1mL of the river water.
Oxy in the spiked samples of river water was analyzed using
the standard addition method. The procedure for determina-
tion ofOxywas as follows: 1 mL of the spiked river water was
added to the electrochemical cell containing 9 mL of
supporting electrolyte (0.1 mol L−1 sulfuric acid for GCE
and 0.5 mol L−1 sulfuric acid for GCE/MWCNTs), and the
SWAdSV voltammogram was recorded. Then, three subse-
quent portions (0.15 mL each for GCE and 0.20 mL each
for GCE/MWCNTs) of a stock solution of oxycarboxin were
added to the same electrochemical cell (the concentrations of
Oxy corresponding to the additives were as follows: 1.48 ×
10−5, 2.91 × 10−5, and 4.31 × 10−5 mol L−1 for GCE and
1.96 × 10−5, 3.85 × 10−5, 5.66 × 10−5 mol L−1 for GCE/
MWCNTs). The SWAdSV voltammograms were recorded
after each addition. The determination of oxycarboxin in
spiked river water samples was repeated four times.

Results and discussion

Topographic characteristics of bare GCE
and GCE/MWCNT electrodes

The determination of the amount of carbon nanotube suspen-
sion deposited on the surface of the GCE was performed in
such a way that they form compact and uniform layer. For this
purpose, a characterization of bare and modified GCE sur-
faces with different amounts of carbon nanotubes was done
by AFM and SEM. AFM measurements were performed in
tapping mode with simultaneous registration of height, ampli-
tude, and phase for three independent samples. For each sam-
ple, three randomly selected scanning areas (5 μm× 5 μm)
were scanned. AFM and SEM images for chosen electrodes,
namely GCE, GCE/MWCNTs(0.01), GCE/MWCNTs(0.2), and
GCE/MWCNTs(0.5), are shown in Fig. 2, where 0.01, 0.2, and
0.5 subscripts denote concentration of carbon nanotubes in
suspension. AFM phase images (results not shown) indicated
that the surfaces do not contain any impurities. As can be seen
in both SEM and AFM images, in the case of the carbon
nanotube suspensions at concentrations ranging between
0.01 and 0.2 mg mL−1, the GCE surfaces were not covered
entirely by MWCNTs (places of the bare electrode surface are
clearly visible). It was found that the compact, uniform, and
reproducible layer of MWCNTs covering the entire surface of
GCE were obtained for MWCNTsuspension at concentration
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of 0.5 mgmL−1. Due to the fact that nanotubes are elastic, they
are bending, tangling, stretching, or twisting without breaking
as is clearly visible in the AFM amplitude images.

Additionally, the surface topography parameters, such as
the surface roughness (Rq, Ra) and the surface area difference

(SAD), were determined from the AFM data using Nanoscope
Analysis software. The Rq parameter is defined as the root
mean square average of height deviations taken from themean
image data plane; Ra is calculated as arithmetic average of the
absolute values of the surface height deviations measured

Fig. 2 AFM and SEM images for the bare GCE (a), GCE/MWCNTs(0.05) (b), GCE/MWCNTs(0.2) (c), and GCE/MWCNTs(0.5) (d)
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from the mean plane, and SAD is described as difference
between the images of three-dimensional surface area and
two-dimensional projected surface area [29].

As may be noted for the data presented in Table 1, the
surface parameter values were increased when a greater
amount of MWCNTs was deposited on GCE. The Rq and
Ra were increased almost eightfold and SAD more than 40
times for GCE/MWCNTs(0.5) when compared to bare GCE.
On the basis of the AFM and SEM results, GCEmodifiedwith
MWCNT suspension at concentration of 0.5 mg mL−1 was
chosen as a working electrode and denotes further as GCE/
MWCNTs(0.5).

Selection of the supporting electrolyte and its pH

The composition and pH of the supporting electrolyte
play a major role in the electrochemical processes. In

the case of the voltammetric techniques, they influence
the curve shape, the height, and the width, as well as
the position of the peak. When the selection of composi-
tion and pH of supporting electrolyte is performed incor-
rectly, it can happen that the electrochemical reactions do
not occur and analysis will not be possible. For this rea-
son, the effect of the supporting electrolyte and its pH on
the voltammetric response of oxycarboxin was investigat-
ed using the square-wave voltammetry (SWV). Thus,
Britton-Robinson buffer solutions (BRBS) in the pH
range from 2.0 to 7.0, citrate buffer solutions (CBS) over
a pH range of 1.0–2.5, citrate-phosphate buffer solutions
(CPBS) in a pH range from 2.2 to 2.6, and different con-
centrations of sulfuric acid in a range between 0.1 and
1.0 mol L−1 containing 1.0 × 10−4 mol L−1 of oxycarboxin
were tested.

As can be seen in Fig. 3, the shape of SW voltammo-
grams depends strongly on the composition and pH of
supporting electrolyte. Only one anodic peak connected
with an electrooxidation of oxycarboxin at potential about
+ 1.3 V was visible on SW voltammograms except for
BRBS at GCE/MWCNTs(0.5). In the case of Britton-
Robinson buffer solutions at GCE, a slight shift in the
peak potentials towards less positive values from 1.27 V
(pH 2.0) to 1.13 V (pH 5) and the progressive decrease of
the peak currents was observed with the increase of pH
values. It was found that the oxycarboxin oxidation peak
was not observed at pH 6.0 and higher pH values. SW
voltammograms recorded on GCE/MWCNTs(0.5) in BRBS

Table 1 The surface topography parameters obtained from scanning
areas of 5 μm× 5 μm for each electrode

Electrode Rq/nm Ra/nm SAD/%

GCE 5.9 4.6 1.2

GCE/MWCNTs(0.01) 22.5 16.0 15.0

GCE/MWCNTs(0.05) 28.9 22.3 29.8

GCE/MWCNTs(0.1) 32.4 25.5 36.6

GCE/MWCNTs(0.2) 34.2 26.7 38.2

GCE/MWCNTs(0.5) 44.5 35.1 51.0

Fig. 3 SW voltammograms
obtained on bare GCE and GCE/
MWCNTs(0.5) in Britton-
Robinson buffer solutions and
sulfuric acid solutions containing
1.0 × 10−4 mol L−1 of
oxycarboxin. The measurement
parameters: amplitude of 40 mV,
frequency of 50 Hz, step potential
of 2 mV, and equilibration time of
5 s
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were strongly distorted and unsuitable for the further anal-
ysis. Due to the fact that the highest signal descended
from oxycarboxin was observed at pH 2.0 of BRBS, other
supporting electrolytes were tested on both working elec-
trodes. In the case of CBS and CPBS, the experimental
results (not presented) were different than expected on
both electrodes. The analytical signals were changeable
and inconsistent with one another. Whereas, well-shaped
and higher anodic peak was observed in sulfuric acid so-
lutions for bare and modified electrodes, nevertheless, the
peak currents not shown any dependence of the sulfuric
acid concentration for GCE/MWCNTs(0.5). It was found
from these results that the suitable supporting electrolyte
for voltammetric determination of oxycarboxin is H2SO4.
Sulfuric acid at a concentration of 0.1 and 0.5 mol L−1 for
GCE and GCE/MWCNTs(0.5), respectively, was chosen as
the supporting electrolyte solution for further studies.

Electrochemical behavior of oxycarboxin

Cyclic voltammetry (CV) is a technique which gives informa-
tion about the occurring electrode processes. Therefore, the
effect of a scan rate (ν) in the range of 50–400 mV s−1 on
the height and shape of cyclic voltammograms was investigat-
ed at GCE and GCE/MWCNTs(0.5) in the supporting electro-
lyte solutions containing 1.0 × 10−4 mol L−1 of oxycarboxin.

As shown in Fig. 4 for both electrodes, one anodic peak
connected with oxidation of oxycarboxin was observed with-
out any cathodic peaks in the reversed scan in the investigated
potential range. This suggests that oxidation process ofOxy is
irreversible. The confirmation of this is the shift of the anodic
peak potentials towards more positive values with the increase
of the scan rate and the linear dependence of the peak current
intensity versus square root of the scan rate (ν1/2).
Additionally, the linear relationships between the logarithm

Fig. 4 Cyclic voltammograms
obtained on bare GCE (a) and
GCE/MWCNTs(0.5) (b) in sulfuric
acid solutions containing 1.0 ×
10−4 mol L−1 of oxycarboxin. The
dependences of I versus ν1/2 and
log I versus log ν for GCE (c) and
GCE/MWCNTs(0.5) (d)

Table 2 Optimized SWAdSV parameter values for the determination of oxycarboxin

ESW/mV f/Hz ΔEs/mV Eacc/V tacc/s teq/s

Examined range

10–100 10–100 1–10 0.6–1.1 5–100 5–30

Optimized parameters

GCE 30 70 6 0.8 20 15

GCE/MWCNTs(0.5) 40 40 10 0.8 30 5
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of the anodic peak current intensity (log I) and the logarithm
of the scan rate (log ν) gave slopes of 0.44 for GCE and 0.76
for GCE/MWCNTs(0.5). These values of slopes indicate that
oxidation of Oxy at GCE is a diffusion-controlled process,
while at GCE/MWCNTs(0.5), it is a diffusion-adsorption
mixed controlled process. Based on the available literature
data, oxycarboxin probably has several possible independent
active centers (central sites) for its electrochemical oxidation.
One of them, according to the literature data [30–32], can be a
nitrogen atom. In acidic aqueous media, oxidation can be ad-
ditionally combined with scission of the carbon-nitrogen
bond. Another possibility is the oxidation at carbon atom in
the oxathiin ring connected with opening of the ring and hy-
drolytically removal of an acetyl group. It should be empha-
size that the determination of the electrode mechanism of
oxycarboxin oxidation was not the purpose of this work and
is beyond the scope of this research.

Optimization of SWAdSV parameters

The analytical signal in square wave adsorptive stripping volt-
ammetry depends on various instrumental parameters, such as
the amplitude (ESW), the frequency ( f ), the step potential
(ΔEs), the accumulation potential (Eacc) and time (tacc), and
equilibration time (teq). The effect of all these parameters in

sulfuric acid solutions at a concentration of 0.1 mol L−1 for
GCE and 0.5 mol L−1 for GCE/MWCNTs(0.5) containing
1.0 × 10−4 mol L−1 oxycarboxin was investigated. The influ-
ence of the amplitude on the oxycarboxin response was inves-
tigated in a range from 10 to 100mV. Initially, the peak current
increased, reaching a maximum at 30 and 40mV for GCE and
GCE/MWCNTs(0.5), respectively, and then the peak current
decreased slightly. Based on these results, the values of
ESW = 30 mV for GCE and ESW = 40 mV for GCE/
MWCNTs(0.5) were chosen. The frequency was optimized in
the range from 10 to 100 Hz. The peak current increased
linearly with increasing frequency value for both investigated
electrodes. Frequency of 70 and 40 Hz for GCE and GCE/
MWCNTs(0.5), respectively, was selected as optimum values.
Next, the step potential was optimized in the range from 1 to
10mV. Similarly as in the case of frequencies, the peak current
increased gradually and continuously with an increase in step
potential value. The best-shaped analytical signal was obtain-
ed for the step potential value of 6 and 10 mV for GCE and
GCE/MWCNTs(0.5), respectively, and for this reason, these
values were used for the further analytical applications. In
the next steps, the influence of the accumulation potential
and the accumulation time on the oxidation peak current of
oxycarboxin was investigated. A maximum of the peak cur-
rent was obtained at Eacc = +0.8 Vand tacc = 20 s for GCE and

Fig. 5 SWAdS voltammograms
recorded in 0.1 mol L−1 H2SO4 at
GCE (a) and 0.5 mol L−1 H2SO4

at GCE/MWCNTs(0.5) (b) with
increasing concentrations of
oxycarboxin: (0) blank, (1) 6.0 ×
10−6, (2) 7.0 × 10−6, (3) 8.0 ×
10−6, (4) 9.0 × 10−6, (5) 1.0 ×
10−5, (6) 2.0 × 10−5, (7) 3.0 ×
10−5, (8) 4.0 × 10−5, (9) 5.0 ×
10−5, (10) 6.0 × 10−5 (11) 7.0 ×
10−5, (12) 8.0 × 10−5, and (13)
9.0 × 10−5 mol L−1. Insets:
corresponding calibration curves

Table 3 The parameters obtained
from linear least square regression
for the quantitative determination
of oxycarboxin at GCE and GCE/
MWCNTs(0.5)

GCE GCE/MWCNTs(0.5)

Concentration range [mol L−1] 8.0 × 10−6–5.0 × 10−5 6.0 × 10−6–9.0 × 10−5

Slope (b) [A L mol−1] 0.18 0.08

SDb 0.42 × 10−2 0.77 × 10−3

Intercept (a) [A] − 0.60 0.41

SDa 0.12 0.03

Determination coefficient 0.9973 0.9993

Number of points 7 13

LOD (mol L−1) 2.0 × 10−6 1.1 × 10−6

LOQ (mol L−1) 6.7 × 10−6 3.8 × 10−6
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at Eacc = + 0.8 V and tacc = 30 s for GCE/MWCNTs(0.5). The
last parameter was equilibration time, examined in the range
from 5 to 30 s. The equilibration time values of 15 and 5 s for
GCE and GCE/MWCNTs(0.5), respectively, were selected.
The optimized SWAdSV parameters for both electrodes are
collected in Table 2.

Linearity, detection, and quantitation limit
of developed method

Quantitative determination of oxycarboxin was performed on
both investigated electrodes using SWAdSV method under
previously optimized parameters (Table 2). Figure 5 shows
the SWAdSV voltammograms recorded at the GCE (Fig. 5a)
and GCE/MWCNTs(0.5) (Fig. 5b) in different oxycarboxin
concentrations. It was found that the dependences were linear
in the range of 8.0 × 10−6–5.0 × 10−5 mol L−1 with a determi-
nation coefficient of 0.9973 for GCE (the inset in Fig. 5a) and
6.0 × 10−6–9.0 × 10−5 mol L−1 with a determination coeffi-
cient of 0.9989 for GCE/MWCNTs(0.5) (the inset in Fig. 5b).

The parameters obtained from the linear least square re-
gressions for the investigated dependences are presented in

Table 3. On the basis of the standard deviations of intercepts
(SDa) and the slope (b) of the calibration curves, the limits of
detection (LOD) and quantification (LOQ) were calculated for
the five repetitions (n = 5) using the following formulas:
LOD = 3 × SDa/b and LOQ = 10 × SDa/b [33–35]. LOD and
LOQ obtained at GCE were 2.0 × 10−6 mol L−1 and 6.7 ×
10−6 mol L−1, respectively, whereas the LOD and LOQ at
GCE/MWCNTs(0.5) were 1.1 × 10−6 and 3.8 × 10−6 mol L−1,
respectively. The obtained LOD values in this paper are close
to the LOD values of oxycarboxin determination of the other
analytical techniques described in the literature, i.e., 1.12 ×
10−7 mol L−1 for spectrophotometry [7], 1.12 × 10−5 mol L−1

for thin-layer chromatography [8], 1.87 × 10−6 mol L−1 for gas
chromatography [9], and 3.74 × 10−6 mol L−1 for high-speed
liquid chromatography [10]. Additionally, the precision (the
coefficient of variation) and the accuracy for five repetitions at
each concentration of oxycarboxin from the calibration curves
for both investigated electrodes were determined. It was found
that the precision and accuracy did not exceed 9% for GCE
and GCE/MWCNTs(0.5). Based on the above, it can be stated
that the proposed electroanalytical method is adequate for the
quantitative determination of oxycarboxin using both

Table 4 The comparison of other
electrochemical determinations
using glassy carbon electrode
modified with multi-walled
carbon nanotubes

Analyte Method Linear range/mol L−1 LOD/mol L−1 References

Fipronil Amperometric 2.5 × 10−5–3.0 × 10−4 4.7 × 10−6 [36]

Ellagic acid Amperometric 6.6 × 10−7–5.3 × 10−5 1.9 × 10−7 [37]

Eriodictyol DPV 3.5 × 10−8–3.5 × 10−5 1.1 × 10−8 [38]

Propham SWV 2.0 × 10−6–4.8 × 10−5 3.6 × 10−7 [23]

Oxymetholone SWV 6.0 × 10−8–2.7 × 10−7 4.1 × 10−8 [39]

Dinitramine SWV 4.0 × 10−8–1.4 × 10−6 0.8 × 10−8 [40]

Resorcinol SWV 1.2 × 10−6–1.9 × 10−4 4.9 × 10−7 [41]

Oxycarboxin SWV 6.0 × 10−6–9.0 × 10−5 1.1 × 10−7 This work

DPV differential pulse voltammetry, SWV square wave voltammetry

Fig. 6 SWAdSV voltammograms of determination of oxycarboxin in the
spiked Warta River water samples using the standard addition method in
(0) supporting electrolyte, (1) after addition of 1 mL of the spiked river
water, and (2) after spiking of 0.15 mL, (3) as (2) + 0.15 mL, (4) as (3) +

0.15 mL for GCE (a) and (2) after spiking of 0.20 mL, (3) as (2) +
0.20 mL, (4) as (3) + 0.20 mL for GCE/MWCNTs(0.5) (b) of the stock
solution of oxycarboxin. Insets: the graphs of the analysis by the standard
addition method
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electrodes; however, the linear range for GCE/MWCNTs(0.5)
is wider than for GCE. This makes it possible to determine
both lower and higher concentrations of Oxy at GCE/
MWCNTs(0.5) when compared to GCE.

Table 4 presents the comparison of results obtained for other
organic compounds using glassy carbon electrodemodifiedwith
multi-walled carbon nanotubes. As can be seen, the results ob-
tained in this work for oxycarboxin using GCE/MWCNTs(0.5),
i.e., linear range and LOD value, are in good agreement with the
results presented in the literature [23, 36–41].

Determination of oxycarboxin in spiked river water
samples

To examine the suitability of the proposed SWAdSV method
for the determination of oxycarboxin in real samples, the quan-
titative determination of Oxy in spiked river water taken from
the Warta River was performed using the standard addition
method. The SWAdSV voltammograms and the standard addi-
tion plots at both investigated electrodes are shown in Fig. 6.

On the basis of obtained data, the precision (RSD) and
recovery of an oxycarboxin were determined. As can be seen
from Table 5, RSD at each sample was at a level not exceeding
5% and recovery values were in the accepted range of 99.8–
110.5%. It indicates that there was no important interference
from the matrix of Warta River water, and the proposed meth-
od provided good accuracy for the quantitative determination
of oxycarboxin in river water samples.

Conclusions

A glassy carbon electrode (GCE) and a glassy carbon electrode
modified with multi-walled carbon nanotubes (GCE/
MWCNTs) were used for the electrochemical determination
of oxycarboxin. On the basis of the examination of unmodified

and modified GCE surfaces by AFM and SEM, it can be stated
that GCE/MWCNTs surfaces are much more developed than
GCE surface, and the compact, uniform, and reproducible layer
ofMWCNTs covering the entire surface of GCEwere obtained
for MWCNTs suspension at concentration of 0.5 mg mL−1. It
was found thatOxy is oxidized on GCE and GCE/MWCNTs in
the acidic medium. The best analytical signal was obtained in
the sulfuric acid solutions. The cyclic voltammetric results in-
dicate that the oxidation of Oxy is irreversible and that it is
controlled by the diffusion at GCE and diffusion-adsorption
mixed process at GCE/MWCNTs(0.5). It was found that the
proposed electrochemical procedures based on the square wave
adsorptive stripping voltammetry technique for determination
ofOxy are characterized by the limits of detection of 2.0 × 10−6

and 1.1 × 10−6 mol L−1 for the GCE and GCE/MWCNTs(0.5),
respectively. The developed procedures were successfully ap-
plied for the analysis of oxycarboxin in real samples (river
water) with recoveries close to 100%.

In summary, a simple, rapid, and precise electrochemical
methods for the quantitative analysis of oxycarboxin using
GCE and GCE/MWCNTs(0.5) are proposed in this paper for
the first time, and they represent an alternative in relation to
the existing procedures.
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