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Cyclic, differential pulse and square wave voltammetry were applied to develop an electroanalytical 
procedure for the determination of a group of herbicides used to treat rice crops: molinate. bensul- 
furon-methyl, mefenacet and thiobencarb. The oxidation mechanism causes adsorption problems and 
consequent poisoning of the electrode surface by the products of the electrochemical reaction. Param- 
eters such as pH, frequency and electrochemical electrode surface treatment were optimized. The 
analytical methodology developed using square wave voltammetry was applied to the determination 
of molinate and bensulfuron-methyl in simple or mixed commercial products. 

Keywords: Molinate; bensulfuron-methyl; mefenacet; thiobencarb; herbicides; square wave voltam- 
metry 

INTRODUCTION 

Molinate, bensulfuron-methyl, mefenacet and thiobencarb are herbicides used in 
Portugal in the treatment of rice crops. The toxicity of these compounds and the 
possibility of contamination of rivers and lakes or fish farms in close proximity 
to the rice crops explains the search for simple analytical methods for their deter- 
mination. 
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150 E. MANUELA GARRIDO et al. 

Molinate [S-ethyl azepane- 1 -carbothioate] and thiobencarb, [S-4-chlorobenzyl 
diethylthiocarbamate] belong to the group of thiocarbamates herbicides. Moli- 
nate inhibits lipid metabolism whereas thiobencarb is a protein synthesis inhibi- 
tor[']. Current methods for their analysis in aqueous or solid samples generally 
involve separation techniques such as s~percritical['~] 
and thin layer chromatography[l6l. 

' a 3  

FIGURE 1 Structures of a) molinate. b) thiobencarb, c) mefenacet and d) bensulfuron-methyl 

Bensulfuron-methyl, [a-(4,6-dimethoxypynmidin-2-ylcarbamoylsulfamoyl)- 
o-toluic acid], belongs to the group of sulphonylureas which have an important 
role in agriculture and are rapidly and efficiently metabolized by plants, animals 
and soils. It inhibits acetolactate synthase, which is necessary for the synthesis of 
the amino acids valine and isoleucine required for plant growth"]. Due to their 
polarity and chemical instability the analytical determination of sulphonylureas 
is a big challenge. Since they suffer thermal degradation at the high temperatures 
used in gas chromatography and mass spectrometry~"], the use of these tech- 
niques for their determination is not possible. The most common used method 
for the determination of bensulfuron-methyl is liquid chromatography with spec- 
trophotometric ['*; 19] or photocondutivity[201 detection. 

Mefenacet, [2-( 1,3-benzothiazol-2-ylowy)-N-methylacetanilide], inhibits cell 
division and growth['] and can be determined in water by high performance liq- 
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ELECTROCHEMICAL BEHAVIOUR 151 

uid chromatography (HPLC) with spectrophotometric detection or gas chroma- 
tography with mass spectrometric detection[”]. 

In this work the electrochemical oxidation of molinate, thiobencarb, bensul- 
furon-methyl and mefenacet (Figure 1 )  was studied and an electroanalytical 
method was developed for their determination in commercial products used to 
protect rice and corn crops. Of the four herbicides studied another methodology 
(AOAC)[’] only exists for molinate for comparison of its doseage in phytophar- 
maceutical products; this has been used to validate the new electroanalytical 
methodology. 

EXPERIMENTAL 

Apparatus 

All experiments were performed using a 663 VA Metrohm system containing a 
glassy carbon working electrode (Metrohm 6.1204.040) (d = 3.0 mm), a glassy 
carbon rod counter electrode (Metrohm 6.1247.000) and a Ag/AgCl reference 
electrode (Metrohm 6.0728.000) attached to a Autolab PSTAT 10 potention- 
stat/galvanostat running with model GPES version 3 software, from 
Eco-Chemie, Netherlands. The potential range studied was from +O.O to + 1.9 V. 

The glassy carbon working electrode was polished every day using a polishing 
kit (Metrohm 6.2802.010) first with a-Al,O, (0.3 pm) and water during 60 s and 
after with only water during 60 s. After polishing, the electrode surface was thor- 
oughly washed with purified water. The pH measurements were made with a 
pH-meter E 520 from Metrohm using a combined glass electrode (Metrohm 
6.0202.000). 

Experiments for the AOAC Method[’] were done using a gas chromatograph 
Chrompack, model Cp 9000, with flame ionization detector and a column 
Chrompack 3% silicone OV-17 on Gas Chrom Q 60-80 mesh of 1.8m x %“ x 
4mm SS. 

Reagents and solutions 

Molinate, thiobencarb, bensulfuron-methyl and mefenacet were from Riedel de 
Haen. All reagents were analytical grade and aqueous solutions were prepared 
using purified water from a Millipore Milli-Q system (conductivity < 0.1 pS 
cm-I). Stock solutions were prepared in acetonitrile at concentrations of 5.4 x 
lo-’ M for molinate, 1.2 x lo-’ M for thiobencarb, 5.7 x 10-3M for bensul- 
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152 E. MANUELA GARRIDO er al. 

furon-methyl and 4.8 x M for mefenacet. Supporting electrolytes were 
0.3M Britton-Robinson buffer solutions in the pH range 1.9-11.9[221 and 0.2 M 
KCl + 0.2 NaOH was used at pH 12.1[231. The sample stock solution was diluted 
in the electrochemical cell with buffer electrolyte in order to obtain a concentra- 
tion within the calibration curve range. Quantitative determinations were carried 
out at pH 1.9 for molinate, thiobencarb and mefenacet and at pH 12.1 for bensul- 
furon-methyl. Due to the difference in pH the maximum percentage of aqueous 
buffer to still ensure the solubility of the herbicides is 83% for thiobencarb and 
50% for bensulfuron-methyl. All solutions were kept at the most from one day to 
the next in the dark at 4 "C. 

Commercial sample preparation 

Molinate, thiobencarb, bensulfuron-methyl and mefenacet are constituents of 
herbicide formulations available on the Portuguese market. Three commercial 
products with different relative proportions[24; 251 were analysed: (I) molinate; 
(Zr> molinate + bensulfuron-methyl [ 1:O.Ol (w/w)], (ZZI) and molinate + 
bensulfuron-methyl + mefenacet [ 1:0.02:0.3 (w/w)]. 

Molinate samples are granular and the sample stock solution was prepared by 
accurately weighing 0.91 g of the commercial sample which was first ground 
finely and after adding 50.00 mL acetonitrile the flask was immersed in an ultra- 
sonic bath for 15 minutes. Different volumes from the supernatant liquid were 
diluted with buffer electrolyte pH = 1.9 in order to obtain a concentration within 
the calibration curve range. 

The commercial herbicides that contained bensulfuron-methyl (ZZ e ZZI) were 
also granular, and the sample was prepared by weighing 2.90 g of the commer- 
cial sample which was ground and added to 20.00 mL acetonitrile; the flask was 
then immersed in an ultrasonic bath for 20 minutes at a temperature below 20°C. 
The solution was centrifuged and different volumes of the supernatant liquid 
were diluted with buffer electrolyte pH = 12.1 in order to obtain a concentration 
within the calibration curve range. 

RESULTS AND DISCUSSION 

Cyclic voltammetry 

The oxidation of these herbicides was first studied by cyclic voltammetry so as to 
probe the oxidation mechanism, which proved to be irreversible for all of them 
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ELECTROCHEMICAL BEHAVIOUR 153 

(Figure 2). The oxidation peak at pH = 1.9 occurred for molinate and mefenacet 
at + 1.6V and for thiobencarb at + 1.7 V. However, for bensulfuron-methyl in pH 
12.1 solution, the oxidation peak was at +1.0 V. A plot of I vs. VM is a straight 
line passing through the origin, indicating that the oxidation is of the soluble spe- 
cies for all these herbicides. Nevertheless, the products of oxidation adsorb very 
strongly on the electrode surface causing poisoning of the electrode and irrepro- 
ducibility. 

1 1 2 3 i 1 

Molinale 

I 1 2 

Mefenacet 

1 1 1 

EN vs AglAgCl 

FIGURE 2 Cyclic voltammograms in pH 12.1 of 2 .  1 x 104M bensulfuron-methyl and in pHC1.9 of 
4.6 x 10dM thiobencarb, 1.5 x M molinate and 6.8 x IO-’M mefenacet. Scan rate 100 mV/s 

In the potential range for the oxidation peak potentials of rnolinate, thiobencarb 
and mefenacet between + 1.4 and + 1.7 V vs. Ag/AgCl, the background currents 
are high. These were significantly reduced by electrochemically treating the elec- 
trode. Very good results concerning the reproducibility of the peak and peak def- 
inition were obtained when a potential of -1.5 V was applied to the electrode 
during 1 second before each scan. This procedure was used throughout all the 
experiments for all the herbicides. 

The effect of pH 

The electrochemical behaviour of this group of herbicides was studied over a 
large pH range between 1.9 and 11.9, using differential pulse voltammetry, 
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except for bensulfuron-methyl for which it was necessary to use square wave 
voltammetry. 

First, for molinate and mefenacet the results showed that for solutions with pH 
values between 1.9 and 4.0 there was no variation in the peak potential, Ep, 
which occurs at + 1.5 V vs. Ag/AgCl. For higher pH values the peak definition 
was very poor. The next herbicide studied was thiobencarb and the peak poten- 
tial, Ep, occurred at +1.7 V and was pH independent between 1.9 and 4.0. 
Finally, for bensulfuron-methyl the peak potential, Ep, varies linearly with pH, 
with a slope of 70 mV which suggests a one electron one proton transfer oxida- 
tion mechanism. Plots of Ip vs. pH for all the herbicides showed that higher cur- 
rents are observed for pH = 1.9. This is in agreement with the described 
mechanisms of anodic oxidation of thiocarbamates and carbamates[26v 271 involv- 
ing a one electron transfer with the formation of a cation radical intermediate 
which then dimerises. 

The nature of the oxidation products and the number of electrons involved can 
be predicted by comparison with data in the literature and two references have 
been added and the text has been improved 

Electroanalytical determination of the herbicides 

The electroanalytical determination of molinate, thiobencarb, bensul- 
furon-methyl and mefenacet in commercial products is not easy without previous 
chromatographic separation since their oxidation peaks occurred for pH = 1.9 at 
very close values of potential. However, by careful selection of the experimental 
conditions, sample solubility in the supporting electrolyte, relative proportions in 
the commercial products and pH, it was possible to quantify molinate in samples 
I and II  and bensulfuron-methyl in samples II and 111. 

In Table I are shown the results for 7 determinations of each sample of moli- 
nate and bensulfuron-methyl showing the mean (% w/w) and standard deviation 
and also, for molinate, the comparison with the results obtained by the AOAC 
method[21 and recovery data. As the oxidation products absorb strongly on the 
electrode surface, square wave voltammetry with electrochemical cleaning was 
the procedure used for the analytical determinations in the commercial products. 

The sample and molinate calibration standards, between 4.96 x lo4 and 9.02 
x lo4 M were prepared according to the description in the experimental section. 
Square wave voltammograms obtained for sample and standards are shown in 
Figure 3; the calibration plot exhibited a straight line ( r  = 0.996, n = 5). Molinate 
was always determined at pH = 1.9. In fact in compound II  the % w/w of moli- 
nate is 100 times higher than that of bensulfuron-methyl. At these pH values ben- 
sulfuron-methyl has a low solubility so does not interfere in the determination. 
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The accuracy of these electrochemical results was assessed by comparing with 
those obtained with the AOAC method (Table I). This reference method uses gas 
chromatography for the determination of molinate in commercial products, with 
the internal standard cycloate. The relative errors were 1.5 9%. 

TABLE I Determination of molinate and bensulfuron-methyl, using the voltammetric method (VM). 
the reference method (RM) and recovery 

Molinate Bensulfuron-methyl 
Sample 

VM (%w/w) RM (%w/w) Recovery(%) VM( %w/w) 

P) 7.38 f 0.12 7.28 i 0.12 100.2 f 2. I 
(1.670)~) (1  .6%)b) (2.1 %)b) 

IP’ 7.90 f 0.08 7.78 f 0.03 101.8 f 4.2 0.0826 f 0.0074 
( I  .O%)b) (0.3%)b) (4.1%)b) (8.9%)b) 

0.0703 i 0.0060 
(8.6%)b) 

%amples of different phitopharmaceutical preparations: 
I-Molinate; 11- Molinate + Bensulfuron-methyl; I l / -  Molinate + Bensulfuron-methyl + Mefenacet 
b)Mean, standard deviation and variation coefficient of seven determinations 

The determination of bensulfuron-methyl in compounds 11 and I l l  was done at 
pH = 12.1. At this pH neither molinate nor mefenacet showed any oxidation 
peaks. The sample and the calibration standard solutions, 3.22 x and 1.57 x 
lo4 M, were prepared according to the description in the experimental section. 
The square wave voltammograms obtained for both are shown in Figure 3. The 
calibration plot showed a straight line ( r  = 0.996, n=5). 

Concerning thiobencarb and mefenacet, that occur always together with moli- 
nate in the commercial products, they have very similar oxidation peak potentials 
so they are electrochemical interferents. They were studied separately and the 
voltammetric conditions were similar to those of molinate. In Figure 3 are shown 
the square wave voltammograms obtained for mefenacet between 1.13 x M 
and 6.17 x M, and for thiobencarb between 3.70 x and 4.41 x lo4 M. 
Calibration plots showed straight lines ( r  = 0.995, n = 5) for mefenacet and (r= 
0.996 , n=5) for thiobencarb. 

CONCLUSIONS 

Electrochemical methods can be successfully used to quantify the herbicides 
molinate, bensulfuron-methyl, mefenacet and thiobencarb. The method devel- 
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Ai  I 
.O 1.2 1.4 1.6 1.8 

EN vs AglAgCl 

FIGURE 3 Square wave voltammograms, frequency 50 Hz, pulse amplitude 50 mV of a) molinate in 
pH=1.9 of standards of molinate (A-4.96 x lo4, B-5.98 x lo"', C-7.00 x lo"', D-8.01 x lo4, 
E-9.02 x 10"' M) and a commercial sample; b) bensulfuron-methyl in pH=12.1 successive addition 
of standard solutions to the sample for constructing the calibration plot (A-3.22 x lo-', B-6.41 x 
lo-', C-9.56 x lo-', D-1.27 x lo4, E-1.57 x lo4 M ); c) of mefenacet in pH=1.9 (A-1.51 x lo4, 
B-3.49 x lod, C-5.41 x D-6.86 x lo4, E-8.14 x lod, F-9.46 x lo4, G-1.06 x lo-', H-1.14 x 
lo-', 1.28 x lO-'M); d) thiobencarb (A-3.70 x lo-', B-7.38 x C-1.10 x lo4. D-1.71 x lo4, 
E-2.31 x lo"', F-2.90 x lo4. (3-3.48 x 10"'. H-4.07 x lo4, 1-4.41 x 10"' M). Frequency 50 Hz, 
pulse amplitude 50 mV 

oped is simple and also permits the study of the oxidation mechanism which 
leads to strongly adsorption of oxidation products on the electrode surface. A 
comparative evaluation of the data for molinate showed that the results obtained 
electroanalytically were in good agreement with those obtained by the AOAC 
chromatographic method. It was possible to determine molinate and bensul- 
furon-methyl in the same commercial product without separation techniques by 
optimizing the pH and solubility conditions. 
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