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This paper describes the use of a dental amalgam electrode (DAE) to evaluate the electrochemical
behaviour and to develop an electroanalytical procedure for determination of diquat herbicide in natural
water and potato samples. The work was based on the square wave voltammetry responses of diquat,
which presented two well-defined and reversible reduction peaks, at —0.56 V (peak 1) and —1.00V (peak
2). The experimental and voltammetric parameters were optimised, and the analytical curves were con-
structed and compared to similar curves performed by high performance liquid chromatography coupled
to ultraviolet-visible spectrophotometric detector (HPLC/UV-vis). The responses were directly propor-
tional to diquat concentration in a large interval of concentration, and the calculated detection limits were
very similar, around 10 wg L' (10 ppb) for voltammetric and chromatographic experiments. These values
were lower than the maximum residue limit established for natural water by the Brazilian Environmental
Agency. The recovery percentages in pure electrolyte, natural water and potato samples showed values
from 70% to 130%, demonstrating that the voltammetric methodology proposed is suitable for determin-
ing any contamination by diquat in different samples, minimising the toxic residues due to the use of
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liquid mercury or the adsorptive process relative to use of other solid surfaces.
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1. Introduction

Since the development of polarography by Heyrovsky, around
1920, the use of mercury electrodes has become a suitable tool
for the analytical determination and electrochemical behaviour
study of the organic and inorganic compounds in different sam-
ples [1]. However, the use of liquid mercury working electrodes
presents some drawbacks, such as the difficulty of field analysis,
or its employment in industries and flowing systems, the use in
analysis of compounds in negative potentials, and principally the
generation of toxic wastes [2].

For this, the investigation of new materials for the construction
of working electrodes that avoid the use of liquid mercury repre-
sents an area where the majority of work has been published in the
field of electroanalytical research [3].

Different solid surface electrodes, either bare or modified, with
different organic and inorganic compounds, have been designed to
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evaluate the analytical responses and to study the redox mecha-
nisms of different compounds [4-7]. Nevertheless, in this type of
electrode, the renovation of the electrodic surfaces can be com-
plicated, due to the memory effects associated with the strong
adsorption process of the organic compounds, which, in general,
results in a decrease in the reproducibility of the voltammetric
responses.

On the other hand, the working electrode constructed by the
modification of the electrodic surface by enzymes is thought to
improve the sensitivity in analytical determinations, and, in most
cases, it presents high costs and difficulties involving the mainte-
nance of its enzymatic activity, which can promote a loss in the
analytical responses.

In the last two decades, there has been increasing interest in
the construction of solid electrodes using metallic amalgam. These
working electrodes are prepared by mixing a fine metal powder (Ag,
Cu, Au, Bi, Sn, or Zn) together with liquid mercury [8-15].

Besides, preliminary works published by Mikkelsen and co-
workers have demonstrated that dental amalgam is an excellent
alternative to common working electrodes for the analytical deter-
mination of heavy metals in different samples [16-22].
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In dental amalgam, silver and mercury are the main constituents
and are bound as a stable Ag,Hgjs alloy, without free liquid mercury
and its construction procedure is very simple and well established
in dental clinical practice [23].

These electrodes show a high overpotential to the hydrogen evo-
lution reaction [3,8-24] and besides it can be employed in flowing
systems and electrochemical detection in high performance lig-
uid chromatography or capillary electrophoresis for the detection
of electrochemically reducible organic and inorganic compounds
with trace level sensitivity. The electrodic surface of dental amal-
gam electrodes allows easy renewal by mechanical polishing or
electrochemical regeneration, and presents high mechanic stability,
homogeneous surface, and long durability.

So, the main objective of this work was to evaluate the applica-
bility of the dental amalgam electrode (DAE) in the development of
an analytical procedure for the quantification of diquat pesticide
(1,1’-ethylene-2,2’-bipyridilium dibromide), a compound largely
employed as herbicide, which is extremely hazardous to human
health and environment [25,26].

Among the electroanalytical techniques presently available
for use with amalgam electrodes, and various electrodic sur-
faces, square wave voltammetry (SWV) [27] has proved to be
extremely sensitive for the detection of pesticides [28-30]. The
use of SWV allows valuable information concerning the char-
acteristics of the charge transfer processes involved in a given
reaction to be obtained. For this, SWV was employed in this
work.

2. Experimental
2.1. Equipment and reagents

All the voltammetric measurements were recorded using a
potentiostat (Autolab PGSTAT 30, Metrohm-Eco Chemie) controlled
by a personal computer, using a GPES version 4.9 software (Gen-
eral Purpose Electrochemical System, Metrohm-Eco Chemie). A
conventional cell with a three-electrode system, consisting of a
Ag/AgCl/sat.KCl electrode as the reference electrode, platinum wire
as the auxiliary electrode, and a DAE as the working electrode, was
used in all experiments.

The DAE was constructed from amalgams produced using a
similar technique used in dental practice, using the same mass
percentages of silver and liquid mercury (Ag/Hg; m/m), since
these metals are the main components in dental amalgams
[31,32].

A Micronal B474 pH meter equipped with a Ag/AgCl/sat.KCl-
glass combined electrode was used to adjust the pH values. All the
solutions were prepared with water purified by a Milli-Q system
(Millipore Corp.).

Ahigh performance liquid chromatographic (HPLC) system from
Shimadzu, model SCL 10 AVP, equipped with an UV-vis spectropho-
tometric detector (HPLC/UV-vis) model SPD 10 AVP, in conjunction
with a STR ODS-II PEEKI LC-18 column (250 x 4.60 mm, with 5 um
particle size) from Shinwa Chemical Industries was used in chro-
matographic experiments.

The standard diquat used was purchased from Riedel-de Haén
with a purity of 99.40%. Standard solutions of diquat were prepared
using 1.00 x 102 mol L~ and 1.00 x 10~4 molL~! of herbicide dis-
solved in water. Commercial diquat solution, with a content of
21.70% and a density of 1.27gmL~!, was provided by Syngenta,
Brazil. This solution was used to prepare a 1.00 x 10~4 molL~!
diquat solution to compare the effects of the components
of the commercial formulation in analytical responses on
DAE.

All reagents used in this work were of analytical grade, prepared
using purified water (18 M2 cm) in a Millipore Milli-Q system.

2.2. Electrochemical working procedure

Before each series of experiments, or after a pause longer than
1h, the electrode was potentiostatically activated as described
previously [8-24]. All experimental and voltammetric parameters
were then evaluated considering the best electrochemical response
measured in terms of the highest analytical signal and improved
reproducibility.

Analytical curves were obtained in pure electrolyte using the
standard addition method. The standard deviation of the mean cur-
rent (Sp) measured at the reduction potentials (peak 1 and peak 2)
of diquat for 10 voltammograms of the blank solution in pure elec-
trolytes together with the slope of the straight line of the analytical
curves (s) were used in the determination of the quantification and
detection limits (QL and DL, respectively), according to the guide-
lines recommended by IUPAC [33,34].

The recovery experiments were done in order to attest the
methodology’s efficiency. All measurements were performed in
triplicate. The recovery efficiencies (%R) were calculated consid-
ering the ratio between the value of the concentration obtained
by extrapolating the analytical curves of the corresponding spiked
samples and the concentration previously added [35].

The precision and accuracy of methodology were tested with
different standard solutions of diquat and the relative standard
deviations (RSD) were calculated, considering the standard devia-
tion of the mean current values obtained and the mean peak current
values.

2.3. HPLC conditions

The chromatographic determination of diquat herbicide was
performed after a system optimisation that started by using the
chromatographic conditions reported by Chichila and Walters
[36,37]. Thus, diquat was analysed using isocratic conditions on an
HPLC/UV-vis, as described earlier. The mobile phase consisted of
600 mL of a 0.14 mol L-! NaCl solution previously adjusted to a pH
of 2.2 with 1.00 mol L-1 HCl and 400 mL of acetonitrile, at a flow rate
of 1.0mLmin~!. The injection volume was 20 L, and the working
wavelength for quantitative analysis was 310 nm.

These experiments were performed in order to compare the
results obtained with SWV on DAE. Additionally, in HPLC/UV-vis
analysis, the QL and the DL were determined, considering that the
standard deviation (Sg) is the average of the y-intercepts of the six
curves constructed at low concentration of the diquat and the slope
of the fit (s) of the analytical curves [33,34].

2.4. Application of methodology

To evaluate the applicability of the proposed methodology, inter-
fering effects were studied using a water sample collected from the
Jacaré River, a local river in the city of Brotas, Sdo Paulo state, Brazil.
The sampling point, located away from the city, is relatively free
from urban or industrial pollution and is located near agricultural
areas producing sugarcane cultures. In Brazil, the use of diquat her-
bicide is authorised by the government for use in sugarcane and
citrus cultures [38].

The sample was used as collected, and 1.0 mL of this sample was
added into a cell containing 9.0 mL of a supporting electrolyte. A
similar procedure was applied to construct the analytical and the
recovery curves in a natural water sample, where the sample was
artificially contaminated with 9.90 x 10~7 mol L~ of diquat herbi-
cide solution.

In order to determine the presence of diquat herbicide in potato
samples, additions of 1.00 x 10~> mol L~ of diquat stock solution
were inserted into Erlenmeyer flasks and added to 10.0 g of potato
sample and 20.0 mL of a solution of 0.01 mol L-! Na,B405. The flasks
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were sealed and shaken at 25°C with agitation for 30 min. After
this, the samples were transferred to 50.0 mL centrifuge tubes and
centrifuged for 5min at 1500 rpm. From the supernatant, 1.0 mL
aliquots were transferred into electrochemical cells containing
9.0 mL of the supporting electrolyte and analysed according to the
procedure developed for the pure electrolyte.

3. Results and discussion

According to previous work [23], the AgSAE presents a surface
with globular structures, formed by different individual globules,
which remained globular structure with solid and compact surfaces
even after the polishing, which enables easy renewal of the elec-
trode surface via mechanical polishing. Additionally, the quantities
of silver and mercury in the DAE were 43% and 57%, respectively,
and that there was no oxide in the composition of the electrode, and
the surface was homogeneous as to the distribution of the metals.
For this, the DAE was used here.

3.1. Preliminary experiments

Cyclic voltammetry was performed to determine the electro-
analytical responses of diquat herbicide on the DAE, and the
voltammetric responses showed the presence of four well-defined
voltammetric peaks, two of which were observed during the direct
scan, the first at —0.62V (peak 1) and the second at —1.04 V (peak
2), and two of which were observed in the reverse scan, with peak
potential values at —0.90V (peak 3) and —0.45V (peak 4).

The square wave voltammetric responses of diquat herbicide
on the DAE showed the presence of two well-defined voltammet-
ric peaks towards the negative sweep direction, the first one at
—0.56V (peak 1) and the second at approximately —1.00V (peak
2) vs. Ag/AgCl/sat.KCl. This response is similar to that seen in pre-
vious works published using other electrodic surfaces and other
bipyridilium compounds [6,39-43].

3.2. Experimental and voltammetric optimisation

The effects of the medium in the voltammetric responses for
diquat on DAE were evaluated in 0.1 molL-! Britton-Robinson
buffer solution (pH 6.0), 0.1 molL~! Na;S0O4, 0.1 molL-! NaClO,4
and 0.05molL-! Na;B407, using SWV experiments with
1.00 x 10> molL~! of diquat solution, f=100s~!, a=50mV
and AE;=2mV. The responses measured in terms of the highest
analytical signal and by better reproducibility in the responses,
were obtained in 0.05 molL~! NayB405.

Besides, some ionic strength, characterised by different Na;B407
concentrations, were evaluated from 0.01 to 0.05 mol L~! Na,B40-
solutions, and the results indicated that the increase in the ionic
strength promoted a decrease in peak current values for peak 1. For
peak 2, the peak current values stay practically constant.

Considering the Debye-Hiickel theory [44], the influence of the
electrolyte composition and the ionic strength were related to sec-
ondary kinetic electrolyte effects due to electrostatic interactions
between the ions present in solution and solvation effects based
on the radius of the anion involved. So, the 0.05 molL~! Na;B405
solution was defined for this work.

SWV experiment studies were carried out for the determination
of voltammetric parameters that afforded the best analytical signal
in terms of peak current (Ip) and peak potential (Ep). Also, the fre-
quency of the pulse potential (f), amplitude of the pulse (a) and scan
increment (AE;) were evaluated.

The fin SWV experiments was evaluated in the interval from 10
to 400s~1. The results showed that an increase in the fis accom-
panied by an increase in Ip, for both peaks 1 and 2, up to 200s~1.
Above this value, the I, values stay practically constant. In addition,
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Fig. 1. Square wave voltammograms for diquat herbicide in 0.05mol L-! NayB407
solution on the DAE, with f=100s"1, a=50mV, AE;=2mV, and concentrations in
the interval from 4.96 x 107 t0 4.76 x 10-6 mol L-! of diquat. The insert presents the
media of the currents obtained for three analytical curves, for both voltammetric
peaks.

alinear relationship between the Ej, and the square root of the fwas
observed up to 100s~1,

According to the theoretical model developed for SWV [27], this
behaviour may indicate a diffusion controlled electrode process,
similar to that observed by cyclic voltammetric experiments. More-
over, the Ep showed a linear shift when the f was increased. This
effect thus provides a good criterion for the diagnosis of a totally
reversible electrochemical process [27,28].

The influence of a on I, intensities was also considered for values
of a from 5 to 50 mV. The results demonstrated that the increase in
a values promoted an increase in I, for two voltammetric peaks,
but the increase only presented linear relationships until 30 mV.
Above this value, the increase in I, was not linear. Additionally, the
E, showed no variation as a function of a.

For AE;, the increase in this value will also increase the sig-
nal and the sensitivity of the technique. However, for large values
of AEs, a widening of the peaks may occur, thus diminishing the
resolution of the analysis. For this reason, AEs was evaluated for
the diquat reduction process on the DAE. The results show that, for
peak 1, the increase in AE; practically does not affect the responses.
However, for peak 2, the increase in AEs promotes a decrease in I
values, which indicates that the electron transfer is complicated
due to the adsorption process.

So, all parameters discussed earlier, indicated that the voltam-
metric parameters that can be employed for the analytical
determination of diquat on the DAE are: AE;=2mV, a=30mV and
f=100s"1,

3.3. Analytical curves

The analytical curves were constructed in supporting electrolyte
media, considering the peaks 1 and 2, and the above mentioned
parameters for a range of concentrations from 9.90 x 107 to
1.09 x 10~> mol L~1, Aliquots from the stock diquat solution were
consecutively added to the electrochemical cell and voltammetric
responses were recorded according previously described in Section
2.

The analytical curves obtained showed a linear increase in the
responses as a function of the increase in the analytical concen-
tration of diquat for two voltammetric peaks. The voltammograms
obtained and the linear relationships between the peak currents
and concentrations added are presented in Fig. 1 for both peaks.

By the analysis of Fig. 1, it is possible to observe a shift in
peak potential values for peak 2 when the diquat concentration
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Fig. 2. (A) Square wave voltammograms for diquat herbicide in 0.05molL~!
Na,B40 solution on the DAE with scan potentials from —0.30 to —0.90V (only
peak 1), with f=100s~', a=50 mV, AEs =2 mV, and concentrations from 4.96 x 10~
to 5.66 x 105 molL-! of diquat and its analytical curve resultant. (B) Chro-
matograms of diquat solutions with different concentrations from 4.95 x 10-7 to
4.76 x 10~ mol L~ on a STR ODS-II PEEKI LC-18 column (250 x 4.6 mm, 5 pm). The
mobile phase was 0.14 mol L-! NaCl solution (pH 2.2)/acetonitrile (60:40, v/v), at a
flow rate of 1.0 mL min~". Injection volume was 20 L, and detection was performed
at 310 nm. Inset is the analytical curve resultant.

is increased. This behaviour indicates that a strong adsorption pro-
cess occurs in the electrodic surface. Additionally, the insert shows
that a change in the analytical curve slope for peak 1 can be asso-
ciated to changes in the electrodic mechanism or in the adsorption
isotherm.

Some experiments were performed consecutively using differ-
ent procedures to renew the electrodic surface, such as washing
with pure water, ethanol, or acetonitrile and also polishing with
ultrafine sandpaper. However, the results obtained indicate that
using only simple solution agitation completely renews the surface
and results in good reproducibility between experiments, indicat-
ing that the adsorption process of the reactant and product is not
very strong. Thus, before each experiment, the solution was vigor-
ously stirred for 5 min with gaseous nitrogen to remove all adsorbed
products in the electrodic surface.

New analytical curves were constructed for a range of concen-
trations from 4.95 x 10~7 to 4.76 x 10~ mol L1, considering only
peak 1, for which the potential scans were performed from —0.30 to
—0.90V. The voltammograms obtained and the resultant analytical
curve is shown in Fig. 2A.

Analytical curves were also constructed by a chromatographic
technique (HPLC/UV-vis) in order to compare the results obtained
with SWV on the DAE. The chromatographic determinations of
diquat were performed using the experimental parameters pre-

Table 1
Analytical parameters obtained from linear regression curves for diquat determina-
tion using SWV on the DAE and HPLV/UV-vis experiments.

Parameters DAE HPLC/UV-vis
Correlation coefficient 0.9993 0.9993
Standard deviation 6.10 x 1073 pA 1.07 x 10~ % a.u.

0.012 a.u.mol-" L1
2.73x 100 (10 pgL")
9.09 x 108 (33 pugL)

0.631 pAmol~'L!
2.90 x 108 (10 pgL")
9.67 x 10-8 (33 pugL)

Slope of calibration curve
Detection limit (molL-1)
Quantification limit (mol L-1)

Recovery (%) 99.78 £1.90 94.23 +£4.08
Repeatability (%) 1.93 (n=10) -
Reproducibility (%) 1.71 (n=5) -

sented in Section 2, which are similar to the chromatographic
conditions already reported by Chichila and Walters [36,37].

This chromatography procedure is very simple, considering
that for majority of the conventional procedures, diquat is usually
pre-concentrated from water before the chromatographic deter-
mination, which is performed using surfactants as mobile phase
[45].

The analytical curve in pure Milli-Q was then obtained by the
use of the standard addition method, considering the same range
of concentration used earlier for the SWV experiments. The chro-
matograms obtained are presented in Fig. 2B, which shows diquat
signals at a retention time of 2.4 min. Additionally, a linear depen-
dence of the peak area can be observed with the increase in the
diquat concentration. The analytical parameters or figures of merit
were evaluated for the proposed procedure as well as HPLC/UV-vis
experiments, as described in Section 2.

The correlation coefficient (r), which determines the degree
of linearity between the concentration of diquat and analytical
responses, the standard deviation of the arithmetic mean of ten
blank solutions for SWV experiments or the average of the y-
intercepts of the six curves constructed in a low concentration of
diquat for HPLC/UV-vis experiments (Sy,), the slope of the analyt-
ical curve (s), the detection limit (DL), and the quantification limit
(QL) are shown in Table 1 for SWV experiments on the DAE and for
HPLC/UV-vis experiments.

The values of the DL and QL for diquat on the DAE fall very
close to those determined by HPLC/UV-vis. Besides, the voltam-
metric results obtained on DAE presented sensibly similar to the
methodologies which employed mercury electrode [40,41], gold
microelectrode [6,39], chemically modified electrodes [46,47] and
diamond electrodes [42].

Furthermore, the DL and QL found by the methodology using the
DAE as the working electrode are lower than the maximum value
allowed by CONAMA (National Council for the Environment, Brazil)
for wastewaters (i.e., 100 wg L~1)[48] and lower than the maximum
value recommended by the Environmental Protection Agency of
the United States (EPA) in natural water samples (i.e., 20.00 pgL-1)
[49].

In this sense, it can be observed that the use of DAE provides a
new alternative for the electrochemical determination of diquat,
substituting for traditional mercury electrodes that present the
inconvenience of being highly toxic, other solid electrodes, which
present a reproducibility affected by adsorptive processes in the
electrodic surfaces, modified electrodes that can present high costs,
or even chromatographic procedures that require preparation steps
and pre-concentration of the samples.

Recovery experiments were also performed using the SWV on
the DAE and HPLC/UV-vis experiments in order to evaluate and
compare the efficiency of the proposed methodology. The recov-
ery curves were constructed in triplicate and the results obtained
are shown in Table 1 for SWV on the DAE and for HPLC/UV-vis
experiments.
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For the voltammetric experiments, the pure electrolyte was
composed of 0.01 molL~! NayB407 solution and was spiked with
9.90 x 10~7 mol L~ 1of diquat herbicide, followed by the addition
of the standard solutions to observe and quantify the amounts
of herbicide added. For the HPLC/UV-vis experiments, the recov-
ery efficiencies were calculated using the relationship between the
observed experimental concentration value and the expected con-
centration value.

Table 1 shows the methodologies using SWV on the DAE.
The HPLC/UV-vis experiments presented recovery efficiencies of
99.78 +1.9% and 94.23 4 4.08%, respectively. Based on the Interna-
tional Conference on Harmonization (ICH), these values are very
satisfactory for analytical procedures, for which recovery efficien-
cies from 70% to 130% are accepted as an indication of the suitable
analytical procedures [50].

The precision and accuracy of the use of the DAE in the ana-
lytical determination of diquat herbicide were also evaluated. The
precision was evaluated from reproducibility experiments in which
five different measurements, performed on different days, were
effectuated to a standard solution containing 9.90 x 107 mol L~!
diquat using the procedure shown earlier. The calculated RSD
was 1.71%.

The accuracy of the measurements was also evaluated from 10
repetitive determinations (repeatability) of the same standard solu-
tion containing 9.90 x 10-7 mol L-! of diquat. The RSD obtained was
1.93%.

From the above results, it can thus be concluded that good
repeatability and reproducibility in the reduction process for diquat
herbicide on the DAE indicate that the DAE is an excellent material
for use as a substitute for other electrodic surfaces and even for
chromatographic procedures.

3.4. Effects of interference from commercial formulations

In order to compare the effects of the components present
in commercial formulations of diquat herbicide on the analytical
responses obtained on the DAE using SWV, analytical curves using
the stock solutions of commercial diquat were constructed. For this,
a commercial diquat solution with a 21.70% content and a density
of 1.27 gmL~1, provided by Syngenta, Brazil, was used to prepare a
1.0 x 10~4 mol L~ diquat solution.

As diquat is very toxic, colourless, and odourless, in commer-
cial formulation, the producer added a colour to prevent fortuitous
poisoning cases. A commercial formulation was used to evaluate
the effects of the colour in the analytical responses for diquat
using DAE, and like this, study the robustness of the proposed
procedure.

Analytical curves were constructed for a range of concentrations
from 4.98 x 107 to 1.96 x 10~ mol L-! using a procedure similar
to that previously described. The resultant curve is shown in Fig. 3,
where it can be observed that the peak current is also directly pro-
portional to the concentration of herbicide solution, with similar
peak current values for responses obtained from standard or com-
mercial solutions, and a slight increase in the slope for the standard
solution.

Meanwhile, for greater concentration intervals, the slopes are
similar for both solutions, indicating that the components of
the commercial solutions do not interfere in the electrochemical
responses of diquat on the DAE. The procedure described in this
work can be employed with success to control the quality of the
commercial formulation of diquat, indicating the real concentra-
tion of herbicide with good precision and accuracy. Besides, the
responses obtained shown to be insensitive to variation in com-
position of the standard solution, indicating this way, a suitable
robustness for the proposed procedure.

@ commercial formulation
1.5 Il analytical standard
1.0
<
=
D
051
0.0 " L . L . L . L . L
0.0 0.4 0.8 1.2 1.6 20

[diquat] x10° (mol L)

Fig. 3. Analytical curves obtained for peak 1 of the diquat reduction on the DAE
in a medium of 0.05 molL~! Na;B,405 solution with scan potentials from —0.30 to
—0.90V with f=100s"1, a=50mV, AEs; =2 mV, and concentrations from 4.96 x 10~7
to 5.66 x 10~® mol L-! using a stock solution of diquat prepared with standard solu-
tion and commercial formulation.

3.5. Applications in natural water and potato samples

The natural water and potato samples were employed as
described in Section 2 and used for the construction of analytical
and recovery curves.

The potato sample was employed due to the fact that in Brazil,
this herbicide is widely used in such applications and its use has
been regulated by government agencies [48]. Those experiments
were carried out with the objective of observing any possible inter-
fering effects on the detection of diquat herbicide using the DAE as
the working electrode.

Analytical curves were constructed for a range of concentrations
from 4.98 x 10~7 to 3.38 x 10-5molL-! in pure electrolyte, natu-
ral water and potato samples, and the responses obtained showed
that the peak potential did not change significantly, indicating
that diquat is not prone to interference. Between each experi-
ment, the solution was vigorously stirred for a period of 5min
with gaseous nitrogen to remove all adsorbed products in the
electrodic surface, similar to that effectuated earlier for the pure
electrolyte.

The linearity between the peak currents and the added concen-
tration of diquat obtained for pure electrolyte, natural water and
potato samples, respectively, are described by the equations below:

Ip (RA) = 0.096 (LA) + 0.673C (wAmol ' L") (1)
Ip (MA) = —0.039 (A) + 0.869C (mAmol ' L~1) 2)
Ip (MA) = 0.201 (wA) + 0.563C (wAmol ' L") (3)

A comparison between the slopes of the analytical curves in nat-
ural water and pure electrolyte showed some influence from the
organic and inorganic components in the natural water samples,
which contributed to an increase in the responses, characterised
by an increase in the slope of the analytical curve. The sample
of natural water employed in this work was collected from a
river located in a rural area, free of domestic and industrial dis-
charge and characterised by a large organic matter quantity, such
as humic and fulvic acids, which are charged species that can
be adsorbed in electrodic surfaces, promoting an increase in the
responses.

For the potato samples, the equations above showed a decrease
in the slope of the respective analytical curve compared to the pure
electrolyte. This is the expected behaviour since those responses
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Table 2
Results obtained from recovery curves of diquat in pure electrolyte, natural water
and potato samples, considering peak 1 on the DAE and SWV.

Sample [diquat],qgeq (MolL=1)  [diquat]foung (MolL-1)  Recovery (%)
Pure electrolyte  9.90 x 10~7 9.88 x 107 99.78 + 1.9
Natural water 9.90 x 1077 115 % 10° 115.7 + 2.7
Potato 1.00 x 10-6 8.60 x 107 86.10 + 3.4

reflect interference of the starch, due to the presence of these com-
pounds in high concentration in the samples. This interference
does not affect the analytical sensitivity, and the proposed proce-
dure can be employed with success in the evaluation of recovery
curves.

Additionally, recovery experiments employing the samples pre-
pared according to the methods described in Section 2 were
conducted. The samples were artificially contaminated by the addi-
tion of a specific concentration of diquat herbicide. The recovery
curves were constructed by the standard addition method, and
the recovery percentage was obtained by the graphical method, in
which the abscissa axis refers to the concentration of the diquat
in the electrochemical cell. When the curve obtained is extrapo-
lated in this axis, the sample concentration is obtained, and the
recovery values can be calculated. All curves were constructed in
triplicate. The data related to the recovery curves are shown in
Table 2.

Table 2 shows that, for natural water samples, an increase in the
calculated values occurs compared to the observed values in pure
electrolyte. This behaviour is in close agreement with that observed
in the construction of the analytical curves, where an increase
in the slopes occurred, indicating an increase in the responses
when natural water samples were used. Either the components of
the natural water contributed to the analytical responses of the
diquat herbicide, or the sample was contaminated with diquat,
although there was no change in the peak potential value. To
confirm this suspicion, experiments involving spectroscopic tech-
niques, such as liquid chromatography coupled to a mass detector,
could be performed in future studies in order to characterise the
components.

For the present, it is possible to confirm that the recovery values
calculated for pure electrolyte, natural water and potato samples
were in a suitable range for analytical applications (from 70% to
130%) [50], indicating that the proposed procedure has therefore
proven to be applicable for use in complex samples, such as natural
water and potato.

4. Conclusions

The experimental and voltammetric parameter for electroana-
lytical determination of diquat on DAE were evaluated and the best
responses were obtained in 0.05mol L1 Na,B405 solution on the
DAE, with f=100s~1, a=50mV, AEs=2mV. Analysis of a purified
laboratory electrolyte using the proposed methodology allowed
for a very low detection limit of 10 wgL~! associated with a high
level of repeatability and reproducibility. The analytical sensibility
is comparable to similar results previously published using mer-
cury electrodes and solid surfaces, such as boron-doped diamond
and gold electrodes.

The comparison between the analytical data obtained for the
determination of diquat herbicide using SWV on the DAE and
HPLC/UV-vis led to very coherent results, indicating that the pro-
posed electroanalytical procedure is an important tool to detect
diquat residues in small concentrations. This method provides
information about the redox mechanism, which is of considerable
importance since it allows for a better understanding of the herbi-

cide behaviour in the environment and of the possible interferences
in the application of this procedure in complex samples.

Finally, this work demonstrated that the DAE can be considered
an environmentally friendly tool and a very interesting alternative
for mechanistic studies and the analytical determination of diquat.
In addition to presenting good sensibility and analytical stability,
this technique also presents the great advantages of eliminating
mercury waste and minimising adsorptive problems related to the
use of other solid surfaces.
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