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bstract

This research demonstrates the quick guthion monitoring with the help of a sensitive method called fast Fourier transformation continuous cyclic
oltammetry (FFTCV). Fortunately, FFTCV illustrates the benefits of precision, determination speed, cost-effectiveness, accuracy and simplicity,
n comparison with formerly reported techniques.

In particular, this method was applied to a gold microelectrode in flowing solutions to detect the guthion concentration in its formulations. The
ffects of several parameters were examined regarding the sensitivity of the method. After a series of experiments, the detection limit of the method
as found to be equal to1.27 pg/mL, when the optimum conditions were imposed, which is a scan rate value of 40 V/s, an accumulation time of
.4 s, an accumulation potential of 0 mV and a pH value of 2. During the measurements performance, the integration range of currents included
ll the potential scan ranges, even the oxidation and reduction of the Au surface electrode, for the achievement of a sensitive determination. Then,
he potential waveform, consisting of the potential steps for cleaning, accumulation and the step for the potential ramp, was applied to an Au disk
icroelectrode in a continuous way.
It is also important to refer to the positive points, presented only by the use of this technique. Firstly, it is no longer necessary to remove the

xygen from the test solution. Furthermore, the quick determination of any such compound in many chromatographic methods is possible. Thirdly,
he corresponding detection limit is of nanomolar level.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The extensive use of pesticides to enlarge the production in
griculture has lead to growing input of these pollutants into
nvironment over the last decades. Organophosphorus (OP) pes-
icides are among most wide spread pollutants used for pest
ontrol with many applications, but with the growing importance

s insecticides, acaricides, nematocides and helmithicides.

Azinphosmethyl or guthion (O,O-dimethyl-S-[4-oxo-(1,2,3-
enzotriazin-3(4H)-yl-methyl]phosphorodithioate) is one of

∗ Corresponding author.
E-mail address: Gholamreza nabibidhendi@yahoo.com

G. Nabi Bidhendi).

r
G
c
a
b
t
t

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.09.022
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his pesticides with a molecular weight of 317.33, a melt-
ng point of 73–75 ◦C and a water solubility value of 20 ppm
t 25 ◦C. Under the sunlight or in the water, this compound
ecomposes to N-methylbenzazimide, benzazimide, anthranilic
cid, azinphosmethyloxon and other compounds [1,2]. Among
hese degradation products, the oxygen analogues are the most
oxic.

The present methods for the determination of this compound
esidues include MAP-GC (microwave assisted process-
C) [3], colorimetric [4,5], fluorimetric [6], capillary gas

hromatographic-NPD [7], HPLC-membrane separation [8],

nd GC/MS [9] procedures. These methods are time consuming
ecause of the lengthy extraction, column cleanup and/or deriva-
ization steps. The HPLC procedures are not readily applicable
o fruit and vegetable [10–13].
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tivity, limit of quantitation (LOQ), limit of detection (LOD),
robustness, accuracy precision, recovery and linearity [21–23].

Linear regression analysis was applied along with the help of
the least square regression method for the evaluation of the lin-
G. Nabi Bidhendi et al. / Journal of H

In pharmaceutical, biomedical and food analysis, a ten-
ency can be observed towards the development of miniaturized
nd fast methods to achieve a highly sensitive determination.
ecently, stripping voltammetric methods were used in the
etermination of heavy metal ions and some organic compounds
n flowing solutions with a parts-per-billion sensitivity range.
ndeed, application of such techniques needs fast analyte accu-
ulation and fast potential sweeping, which is not appropriate

or large electrodes [14,15]. So the UMEs (ultra-micro elec-
rodes) introduction has encouraged the use of voltammetric
echniques. For example, they demonstrate steady state currents,
igher sensitivity caused by the increased mass transport and
pplication to highly resistant solutions. Additionally, UMEs
ave been applied as sensors in various techniques such as
ow injection analysis [16,17], cardiovascular monitoring and
rganic compounds analysis [18–20]. Nonetheless, this study
ims to present a novel method for the prompt determination of
uthion ultra trace amounts in its pure and preparation solutions.

. Experimental

.1. Reagents

The used reagents to prepare the eluent solution for the flow
njection analysis were obtained from the Merck Chemicals.
he guthion standard solution was a gift from the Graduate
aculty of Environment. Also, all solutions were prepared in
ouble-distilled deionized water with the help of the analytical
rade reagents, filled with the background electrolyte solution
nd used without the removal of the dissolved oxygen.

.1.1. Background electrolyte (BGE)
For the preparation of the running buffer or BGE, 8.7 mL of

hosphoric acid (85%, w/v) were added into a 1000 mL volu-
etric flask. Afterwards, the resulting solution was diluted to
constant volume with distilled water. The pH was adjusted

o the value of 2.3 with sodium hydroxide. All solutions were
reshly prepared and filtered, using a Millipore filter (0.45 �m)
ach day.

.1.2. Standards and sample solutions

.1.2.1. Standard stock solutions. A guthion standard stock
olution (20 �g/mL) was prepared in the running buffer. This
olution was light-protected from using foil and was freshly
repared each day.

.1.2.2. Standard solutions for FIA (flow injection analysis).
liquots of the guthion standard stock solution were dis-
ensed into 10 mL volumetric flasks. These flasks were filled
p with the running buffer until a final concentration range of
–69,800 pg/mL is reached.

.2. Electrode preparation
Gold UMEs (with a diameter of 12.5 �m) were prepared by
ealing metal micro-wires (Good Fellow Metals Ltd., UK) into
soft glass capillary. The capillary was then cut perpendicularly
dous Materials 143 (2007) 264–270 265

o its length to expose the wire. Electrical contacts were made
sing silver epoxy (Johnson Matthey Ltd., UK). Before each
xperiment the electrode surface was polished for 1 min, using
xtra fine carborundum paper and then for 10 min with 0.3 �m
lumina. Prior to being placed in the cell, the electrode was
ashed with water. In all measurements, an Ag (s)|AgCl (s)|KCl

aq, 1 M) reference electrode was used. The auxiliary electrode
as made of a Pt wire, 1 cm in length and 0.5 mm in diameter.

.3. Sample preparation assay

A suitable amount of guthion standard crystalline solid was
nely powdered and portions equivalent to 10 mg of guthion
ere accurately weighed and transferred into an 1000 mL volu-
etric flask. Afterwards, 500 mL of distilled water were added

o this flask, shaken completely to dissolve and mixed well.
Suitable aliquots from this solution were filtered through a

illipore filter (0.45 �m Chrom Tech Nylon 66). Then, 1 mL
f the filtered solution was diluted with distilled water in an
000 mL volumetric flask. Eventually, 1 mL of the resulting
olution was added to a 10 mL flask and filled up with 0.05 mol/L
hosphoric acid, reaching an initial concentration of 1 ng/mL.

.4. Flow injection setup

In Fig. 1, the electrochemical cell of the flow injection anal-
sis is illustrated. For this analysis, a six roller peristaltic pump
LKB 2115 Miltiperpex Co.) and a four-way injection valve
Supelco Rheodyne Model 5020) with a 50-�L sample injec-
ion loop were used. Moreover, a plastic syringe was used for
he introduction of the solutions into the sample loop. The flow
ate of the eluent solution during the experiments was set to
mL/min and the cell volume was 100 �L.

.5. Validation

The validation parameters of the method included the selec-
Fig. 1. Diagram of the electrochemical cell.
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arity [24,25]. For the concentration range of 4–69,800 pg/mL
n = 5), the calibration curves which were constructed for
uthion were linear. The peak areas of guthion were plotted
ersus its concentration and, afterwards, linear regression
nalysis was carried out on the resultant curve.

The LOQ and LOD were calculated from the signal-to-noise
atios, being based on the analytical responses of the background
oise for 10 and 3 times, respectively [26].

The precision assessment was performed in accordance with
epeatability and reproducibility. Repeatability was investigated
y injecting nine replicate samples of each of the 4, 1000 and
9,800 pg/mL standards.

For the accuracy assessment of the method, replicate
n = 6) peak areas of three accuracy standards (4, 1000 and
9,800 pg/mL) were interpolated from a calibration curve, which
as prepared as previously reported. Additionally, the relevant

rror percentage and accuracy were calculated in each case.

.6. Data acquisition and processing

For the data acquisition, a setup of a PC PIV Pentium
00 MHz microcomputer, equipped with a data acquisition
oard (PCL-818HG, Advantech. Co.), and a custom made poten-
iostat were used. All data acquisition and data processing
rograms were developed in Delphi 6® program environment.

In Fig. 2, the applied waveform potential diagram during the
yclic voltammetric measurements is shown. Three parts are evi-
ent in the potential waveform: (a) potential steps, Ec1 and Ec2
which are used for the oxidation and reduction of the electrode
urface, respectively), during which the electrochemical clean-
ng of the electrode surface takes place, (b) Ec, where the analyte
ccumulation takes place and (c) the potential ramp, where the
urrent measurements occur.

In this method, the signal calculation is measured by the inte-
ration of the net current changes over the scanned potential
ange. It must be noted that, in this case, the current changes
result of the injected analyte) at the voltammogram can be
aused by various processes, which happen on the electrode

urface. Those processes include: (a) oxidation and reduction of
he adsorbed analyte and (b) oxidation and reduction inhibition
f the electrode surface by the adsorbed analyte. Indeed, in order
o see the influence of the adsorbed analyte on the oxidation and

Fig. 2. Applied potential waveform diagram.
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eduction peaks of the gold surface, the scan rate must be set at
igh rates (e.g., >20 V/s).

During the scan, some of the adsorbed analyte molecules
re desorbed. Depending on the rate of those processes and
he scan rate, the amount of the desorption analyte molecule
during the scan) can be changed. All the same, the adsorbed
nalyte molecules have not been yet removed from the elec-
rode surface, leading to the red/ox inhibition of the electrode
urface. Then, the �Q calculation is performed in agreement
ith all the current changes at the CVs (cyclic voltammograms)

27–35]. Nonetheless, the selectivity and sensitivity of the ana-
yte response, expressed in terms of �Q, strongly depends on
he selection of the integration limits.

At this point of the study, the application of a special digital
ltration should be mentioned. Initially, an electrode CV was
ecorded. Then, FFT (fast Fourier transformation) was applied
n the collected data and the existing high frequency noises were
ndicated. Based on this information, the cutoff frequency of the
nalog filter was set at a certain value (where the noises were
emoved from the CV).

Several potential waveforms were investigated in order to
btain a reproducible electrode surface (or a stable background
ignal), given that the crystal structure of a polycrystalline
old electrode greatly depends on the condition of the applied
otential waveform [36]. Actually, the application of cyclic
oltammetry for the determination of electroactive compounds
ainly faces low stability of the background signal, because of

he changes taking place in the surface crystal structure during
he oxidation and reduction of the electrode in each potential
ycle. After the examination of various potential waveforms,
he best potential waveform, providing a stable background dur-
ng the measurement, was the one depicted in Fig. 2. It has
een already stated that the potential waveform was continu-
usly applied during an experiment run, where the collected
ata were filtered by the FFT method, before their use in the
ignal calculation.

The starting point for the electrochemical oxidation process
f the gold surface is the hydroxyl ion electrosorption. In fact,
t more positive potentials, it results in the gold oxide forma-
ion, undergoing structural rearrangement [37]. Another way to
nitiate the surface oxidation is the water molecule adsorption
here AuOH is formed at a more positive potential, leading to
two-dimensional phase formation of the gold oxide:

u(H2O) → AuO + 2e + 2H+ (1)

Fig. 3a and b presents an example of the recorded CVs. The
ormer (Fig. 3a) depicts a CV sequence recorded during the flow
nalysis for the drug determination. The injection volume was
0 �L of 5.0 × 10−6 mol/L guthion (in 0.05 mol/L H3PO4) into
he eluent solution containing 0.05 mol/L H3PO4. At the graph,
he time axis represents the time of the flow injection experi-

ent. When guthion is not present, the shape of the CV curves

s typical for a polycrystalline gold electrode in acidic media
38]. The latter (Fig. 3b) illustrates the absolute current changes
n the CVs curves, after the subtraction of the four CVs average
ackground (in the absence of the analyte). Consisting of a bet-
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Fig. 3. (a) Cyclic voltammogram at a Au ultramicroelectrode, recorded during a
flow-injection experiment. Each scan was preceded by a conditioning of 100 ms
(at 1600 mV) and 100 ms (at 300 mV), respectively. These CVs are recorded at
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a triple manner. The first influence concerns the speed in data
acquisition. The second one is the kinetic factors of the guthion
adsorption and the third one is the eluent flow rate, which con-
trols the time window of the solution zone in the detector.

Table 1
pH effect on the ultra-microelectrode response

pH S/N

2.1 160
4 150
6 140
8 135

10 128
12 132
he optimum condition and flow rate. (b) Curves result from the subtraction of
CV average (in the absence of the analyte) from the CV test in (a).

er way of presenting the electrode response, it provides more
etails about the adsorbed ion effect on the CV currents. Actu-
lly, the curves show that the current changes mainly take place
t the potential regions of the oxidation and reduction of gold.
he oxide formation process becomes severely inhibited, when

he electrode–solution interface is exposed to guthion, which
an be adsorbed on the electrode. In detail, the surface process
nhibition causes significant change in the currents at the poten-
ial region and, as a consequence, the profound changes in the
hape of the CVs take place. In chromatographic analysis, where
mixture of compounds presents in the sample, the universality
f the detector is beneficial.

In general, the thermodynamic and kinetic parameters of
dsorption, the mass transport rate and the electrochemical
ehavior of the adsorbed species influence the analyte response.
egarding the free energy and the adsorption rate, they depend
n the electrode potential, the electrode material and, to some

xtent, on the choice of the concentration and the type of the
upporting electrolyte. As a result, for the achievement of the
etector maximum performance, the effect of the experimen-

F
o
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al parameters (such as the pH of the supporting electrolyte,
he potential, the accumulation time and the potential scan rate)

ust be examined and optimized.

. Result and discussions

.1. Experimental parameter optimisation

Additionally, the pH effect of the eluent on the detec-
or performance was examined. The corresponding results are
emonstrated in Table 1, explaining that the best S/N ratio was
btained between the pH values of 2–3. Moreover, it is illus-
rated that, at pH values higher than 9, the noise level in the
aseline (�Q versus time) is higher up to 12%, compared with
hat of the acidic solution.

For the investigation of the scan rates influence and the
luent flow rate on the sensitivity of the detector response,
olutions were injected having a guthion concentration of
.0 × 10−9 mol/L. Afterwards, the detector responses to the
njected sample were recorded at different scan rates (from 5 to
00 V/s) and eluent flow. These results are presented in Fig. 4,
xhibiting the maximum sensitivity at the scan rate of 40 V/s
nd flow rate of 3 mL/min.

The sweep rate effects affect the detection performance in
ig. 4. The sweep rate effect on the response of the Au electrode (with a radius
f 12.5 �m) to the injection of 2.0 × 10−9 mol/L guthion in 0.05 mol/L H3PO4

nd the effect of the flow rate.
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In addition, the main reason for the application of high scan
ates is desorption prevention of the adsorbed guthion during the
otential scanning (because under this condition, the inhibition
utcome of the adsorbed guthion on the oxidation process can
ake place).

Certainly, the application of high scan rates is required for the
se of this detection method in conjunction with fast separation
echniques, such as capillary electrophoresis. Furthermore, the
weep rate consists of a crucial factor for the sensitivity of the
ethod. As a consequence, the way that it influences the method

ensitivity should be inspected. The employment of high sweep
ates leads to the detection of the adsorbed analyte amount on
he electrode surface, since the potential scanning step is short in
omparison with the accumulation period. Another significant
actor is the time when the guthion accumulation occurs at a
otential that is greater or smaller than Ei. Basically because of
he adsorption kinetic factors as well as the instrumental limita-
ions, the potential sweep rate comprises the determining factor,
efining the sensitivity of the detection system.

Obviously, the measurement sensitivity is greatly influenced
y the changes in the parameters, which are related to the adsorp-
ion process and they are affecting the applied potential, the time
nd the potential of accumulation. For that reason, the influ-
nce of the accumulation potential and time on the response of
he method for the injection of a solution of 2.0 × 10−9 mol/L
uthion in 0.05 mol/L H3PO4, was studied. In Fig. 5, the detec-
or response is depicted over the accumulation potential ranges
rom −200 to 800 mV and the accumulation time range from 0.1
o 0.9 s. It is evident that the optimum conditions to be chosen
re accumulation potential of 0 mV and accumulation time of
00 ms.

It has been already stated that the gold ultra-microelectrode
urface is small and in a short time the electrode surface can
e saturated. Assuming that an appropriate potential is selected,

he guthion accumulation takes place on the electrode during the
ccumulation step. In fact, the existing differences in the kinetics
f the electron transfer and mass transport result in diverse values
or the saturation time of the various compounds.

ig. 5. The accumulation effects of potential and time on the electrode response
o the injection of 2.0 × 10−9 mol/L guthion in 0.05 mol/L H3PO4.
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ig. 6. Calibration curves obtained for guthion on the Au electrode in 0.05 mol/L

3PO4.

.2. Linearity

The results of the analysis provide a correlation coefficient
ith a value of R = 0.9965 with %R.S.D. values, ranging from
.35 to 4.1% across the studied concentration range. Typically,
he regression equation for the calibration curve was found to be
= 0.8487X − 4.2041. Fig. 6 presents the obtained calibration
raph from the monitoring of guthion in a 0.05 mol/L H3PO4.

.3. LOQ and LOD

In the end, the LOQ was found to be 4 pg/mL with a resul-
ant %R.S.D. value of 0.28% (n = 5). In addition, the LOD was
quivalent to 1.27 pg/mL.

.4. Precision

The final mean concentrations were found to be 4.11, 1013
nd 69,850 with associated %R.S.D. values of 3.6, 1.78 and 0.31,
espectively. The inter-day precision was assessed by injecting
he same three concentrations for 3 consecutive days, resulting
n mean guthion concentrations of 4.15, 1021 and 69,950 pg/mL
ith associated %R.S.D. values of 3.73, 3.41 and 2.32%, respec-

ively.

.5. Accuracy

The resultant concentrations were 4.15 ± 0.14, 1014.5 ±
7.92 and 69,410 ± 228 pg/mL with relevant error percentage
f 3.7, 1.56 and 0.54%, respectively.

.6. Ruggedness and recovery

Following accuracy, the ruggedness of the method was esti-
ated. For this aim, a comparison was performed between the
ntra- and inter-day assay results for guthion, undertaken by two
nalysts. The %R.S.D. values for intra- and inter-day assays of
uthion in the cited samples were performed in the same lab-
ratory by the two analysts. The result showed that they did
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Table 2
Influence of the changes in the experimental conditions on the FIA system
performance

Parameter Modification Guthion (%recovery)

pH

1.8 101.3
2 101.9
2.3 100.1
3.0 100.3

Flow rate (mL/min)
2.8 101.5
3.0 101.0
3.2 99.9

Buffer composition (M)
0.04 99.8
0.05 101.7
0.06 101.3

Laboratory temperature (◦C)
20 100.6
25 99.7
30 100.5

Table 3
Detection limit comparison of methods

Method Detection limit (pg/mL) Reference

GC-MAP 186 × 106 [3]
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C/MS 12,500 [9]
FTCV 1.27 This work

ot exceed 4.5%; in this way, the ruggedness of the method is
llustrated.

The robustness was also examined while the parameters val-
es (the pH of the eluent, the flow rate, the buffer composition
nd the laboratory temperature) were being slightly changed
39]. According to Table 2, the guthion recovery percentages
ere satisfactory in most cases, without presenting any impor-

ant changes during the alteration of the critical parameters.

.7. Sensitivity comparison of the detection methods

Finally, the sensitivity (detection limit) of this method is com-
ared with those of the previously reported methods in Table 3.
bviously, the detection limit of this method is about 10,000

imes lower than that of the gas chromatography method.

. Conclusion

In this work it is demonstrated that the concentration of
uthion in flowing solution can be measured indirectly via mon-
toring the current changes at oxidation and reduction of the
lectrode surface. In this method the S/N ratio is enhanced by
sing of fast Fourier transform of the analyte and signal inte-
ration. Also, for improving the sensitivity, the method take
dvantage of adsorption of the analyte on the Au microelectrode
nd the influence of adsorbed possible impurity in the eluent was
emoved by background subtraction. FFTCV can be considered

s a new sensitive, accurate and fast method for determination of
rugs and some pesticides, with ability of adsorption gold sur-
ace, in chromatographic systems, such as HPLC and capillary
lectrophoresis. However, in order to obtain better sensitivity

[
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or a specific target, experimental parameters should be opti-
ized. Finally, such detection limit (in nanomolar level), make

he method suitable for bio-analysis. The detection limit of the
roposed method is about 10,000 times lower than that of the
ost sensitive reported method.
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