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Abstract A square-wave voltammetric (SWV) method
using a hanging mercury drop electrode (HMDE) has
been developed for determination of the herbicide mo-
linate in a biodegradation process. The method is based
on controlled adsorptive accumulation of molinate for
10 s at a potential of �0.8 V versus AgCl/Ag. An anodic
peak, due to oxidation of the adsorbed pesticide, was
observed in the cyclic voltammogram at ca. �0.320 V
versus AgCl/Ag; a very small cathodic peak was also
detected. The SWV calibration plot was established to
be linear in the range 5.0·10�6 to 9.0·10�6 mol L�1; this
corresponded to a detection limit of 3.5·10�8 mol L�1.
This electroanalytical method was used to monitor the
decrease of molinate concentration in river waters along
a biodegradation process using a bacterial mixed cul-
ture. The results achieved with this voltammetric meth-
od were compared with those obtained by use of a
chromatographic method (HPLC–UV) and no signifi-
cant statistical differences were observed.
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Introduction

Molinate (S-ethyl perhydroazepine-1-carbothioate) is a
selective thiocarbamate herbicide used worldwide to
control weeds in rice crops [1]. After being applied to the
field it is mostly dissipated by evaporation (75–85%) and

to a lesser extent by photolysis (5–10%) soil adsorption
and biodegradation (5–10%) [2–5].

Besides physical phenomena, the concentration of
molinate in the receiving environment can decrease as a
result of chemical and biological processes involving
oxidation of the sulfur, the azepine ring, and the ethyl
moiety [4, 6–10]. Molinate and its degradation products
have been detected in natural environments such as soil,
rivers, lakes, underground streams, and supply waters,
and in laboratory-scale decontamination systems [3, 11–
18]. Despite of being considered a moderately toxic
compound, molinate, and specially its oxidised deriva-
tives, are toxic to warm-blooded animals and have been
implicated in adverse reproductive and neurotoxic
effects [19]. Consequently, it is important to develop
strategies to treat molinate-polluted sites and avoid
future contamination. Bioremediation seems to be an
effective alternative to costly traditional physicochemical
techniques used to treat contaminated soils and waters.
Optimum bioremediation systems comprise microor-
ganisms capable of readily mineralization of the target
pollutant. In a previous study a mixed culture (DC) of
five bacterial strains able to mineralise molinate was
isolated and characterised [5]. Because mixed culture DC
uses the herbicide as the only source of carbon and
nitrogen without accumulation of dead end products, it
has been used to implement biological decontamination
processes [20].

Different analytical methods have been used to
quantify molinate in different kinds of matrix. These
include gas-chromatography (GC) with several types of
detector, for example the nitrogen–phosphorus detector
(NPD), the electron-capture detector (ECD) [21], the
flame ionisation detector (FID) [5], and mass spec-
trometry (MS) [22], and liquid chromatography, HPLC,
with UV detection [5, 23].

Considering that chromatographic techniques are
expensive, labour-intensive, and involve sample-treat-
ment stages that make laboratory analysis both
time-consuming and environmentally more aggressive,
because high quantities of contaminated effluent are
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produced, an alternative analytical method, using a
glassy carbon electrode, has previously been proposed
and applied successfully to quantification of molinate in
phytopharmaceuticals [24]. The working concentration
range was about 10�4 mol L�1; for lower concentrations
the voltammogram peak was not well defined and for
higher concentrations strong adsorption on the electrode
surface was observed, meaning that frequent cleaning of
the electrode surface was necessary. This is an important
drawback of voltammetry on solid electrodes. The limit
of detection of molinate was 8.7·10�5 mol L�1.

The aim of the current study was to study the
behaviour of molinate at a hanging mercury drop elec-
trode (HMDE) using voltammetric techniques, and the
development of a method based on the electroactivity to
monitor molinate concentration along a process of
biodegradation by mixed culture DC.

Experimental

Equipment

All voltammetric measurements were performed using a
computer controlled potentiostat/galvanostat Autolab
PSTAT10 (EcoChemie, Netherlands), and a Metrohm
663 VA Stand containing a three-electrode cell (all
Metrohm) with an HMDE, an Ag/AgCl/KCl
3.00 mol L�1 reference electrode, and a glassy carbon
rod auxiliary electrode. The system was controlled by
means of a general-purpose electrochemical system
(GPES) software package, version 3.0, from EcoChemie.

All chromatographic measurements were performed
by HPLC (Knauer) on a LiChrospher 5 lm RP-18 col-
umn (Merck) with UV detection (Knauer) at 210 nm.
An 80:20 (v/v) methanol–water mixture was used as
mobile phase at a flow rate of 0.8 mL min�1. Cell-free
supernatant or dilutions thereof were analysed directly
by HPLC.

pH was measured with a Metrohm E-520 pH meter
with combined glass electrode.

Reagents and solutions

Molinate (Pestanal grade, 99% purity) was obtained
from Riedel–de Haen. All other reagents were Merck
p.a. quality. Purified nitrogen 5 for voltammetric mea-
surements was obtained from Linde, Sogás.

All aqueous solutions were prepared using purified
water (conductivity <0.1 lS cm�1) obtained from a
Barnstead E-pure 4 system.

The supporting electrolyte in voltammetric determi-
nations was culture medium B [5], used to grow mixed
culture DC, composed of: phosphate buffer (27 mmol
L�1, pH 7.2), CaCl2.2H2O (0.2 mmol L�1), NaCl
(7.56 mmol L�1), MgCl2.6H2O (0.81 mmol L�1),

FeCl2.4H2O (5.19 lmol L�1), HCl (1.3 lL, 25%), ZnCl2
(0.5 lmol L�1), MnCl2.4H2O (0.5 lmol L�1), H3BO3

(0.4 lmol L�1), CoCl2.6H2O (0.7 lmol L�1), CuCl2.2-
H2O (0.1 lmol L�1), NiCl2.6H2O (0.1 lmol L�1), and
NaMoO4.2H2O (0.2 lmol L�1).

The ionic strength of the supporting electrolyte was
adjusted to 0.3 mol L�1 with KCl 3 mol L�1. In the pH
optimisation study the support electrolyte was acidified
or made alkaline with HCl 1 mol L�1 or NaOH
1 mol L�1, respectively.

Preparation of standards and samples

Molinate stock solutions (1.00·10�3 mol L�1) were
prepared with an exact weight of the pure pesticide and
diluted up to 50.00 mL with medium B. Standards used
for optimisation studies and for construction of cali-
bration plots were prepared by dilution of this stock
solution with medium B.

Culture conditions

Evaluation of the ability of mixed culture DC to purify
real contaminated waters was performed using water
from the river Pranto, in central Portugal, collected at a
site of discharge of tail waters from different paddy rice
fields situated in the valley of this river. The river water
was spiked with molinate to furnish a final concentration
of 1·10�3 mol L�1. The culture was grown in a batch
reactor with a 300-mL working volume, controlled
temperature (30�C), and agitation (magnetic stirring,
130 rpm). Aerobic conditions were maintained by use of
an air pump, at a flow rate of 0.15 vols gas per vol liquid
min�1 (VVM). The reactor was inoculated (10%, v/v)
with a preculture of mixed culture DC grown aerobically
in medium B with molinate (1·10�3 mol L�1), for 24 h
at 30�C and 120 rpm. A non-inoculated control was
operated simultaneously to control both abiotic losses
and biodegradation of molinate by autochthonous
microbiota. Dry weight of cells was estimated by spec-
trophotometric (OD610 nm) determination and interpo-
lation of a calibration plot of optical density against dry
weight of cells [5]. Molinate content was determined in
the culture supernatant or dilutions thereof by square-
wave voltammetry (SWV) and HPLC. For both meth-
ods, each molinate determination was performed in
triplicate, independently.

Results and discussion

Cyclic voltammetry

The electrochemical behaviour of 8.0·10�5 mol L�1

molinate in medium B was studied at an HMDE by
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cyclic voltammetry (CV). Figure 1 shows one oxidation
peak at ca. �0.320 V versus AgCl/Ag in the anodic scan
and a very short cathodic peak at the inverse scan for
scan rates (v) between 20 mV s�1 and 600 mV s�1,
after accumulation at �0.800 V versus AgCl/Ag for
10 s. The short preconcentration time applied resulted in
substantial enhancement of peak intensity compared
with the signal obtained without deposition. Plots of
current peak intensity (Ip) against v

1/2 were linear (R2 =
0.998) and passed through the origin, which proved
oxidation was diffusion-controlled.

pH study

After observing the electrochemical oxidation of moli-
nate at the HMDE, a more sensitive and rapid tech-

nique, SWV, was used to assess the effect of pH on
molinate peak shape and peak height (Fig. 2). Figure 2
shows that very little change was observed in the Ip for
molinate electroactivity in the pH interval considered
(from 1.9 to 11.0). For the optimum pH choice of
pH 7.4 seemed the most appropriate considering the pH
of the culture medium used for biodegradation of the
pesticide or river water, where pH was always con-
trolled. No effect on peak potential was observed for the
pH interval studied.

Optimising experimental conditions

The experimental conditions in SWV are interrelated
and have a combined effect on Ip. Hence, to establish the
optimum conditions for determination of molinate, the
influence of conditions such as frequency, f, deposition
potential, Pd, deposition time, td, on the height peak of
molinate was studied.

The frequency was varied from 20 Hz to 200 Hz. Ip
increased with frequency until 150 Hz; above this value,
however, a decrease in peak definition was also ob-
served. Hence, this frequency was chosen for all sub-
sequent measurements. The influence of deposition
potential on the peak height was studied in the range
�1.2 to �0.6 V versus AgCl/Ag. A maximum was ob-
served at �0.8 V so this deposition potential was used in
further analyses.

The effect of accumulation time (between 0 s and
40 s) of 5.0·10�6 mol L�1 molinate was investigated.
The peak current increased linearly up to a maximum at
10 s and then remained constant indicating electrode
saturation. All the analyses were carried out with 10 s
deposition time.

With the optimised experimental conditions linearity
studies were performed on peak current and molinate
concentration.

When standard calibration graphs for molinate
solution (Fig. 3) were plotted in the range 5.0·10�6 to
9.0·10�6 mol L�1 good linearity was obtained [Ip (· 10�7

Fig. 1 Cyclic voltammograms of molinate solution at a concentra-
tion of 8.0·10�5 mol L�1 obtained with an HMDE: A 20 mV s�1,
B 50 mV s�1, C 100 mV s�1, D 150 mV s�1, E 200 mV s�1, F
300 mV s�1, G 400 mV s�1, H 500 mV s�1 and I 600 mV s�1

Fig. 2 Effect of pH on response
values, Ip, for molinate
solutions with a concentration
of 2.2·10�5 mol L�1, using the
SWV technique
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A)=(6.9·10�9±0.6·10�9) A+(4.9·10�2±0.3·10�2)
concentration (·10�6 mol L�1)] with a correlation coef-
ficient of 0.996. The limit of detection, calculated
according to Miller [25, 26] was 3.5·10�8 mol L�1.

Molinate quantification in a biodegradation process

The electrochemical method (SWV) developed was used
to assess the decrease of molinate concentration in cul-
ture supernatant along a biodegradation process using
mixed culture DC. The values obtained with this method
were compared with those obtained by HPLC.

Mixed culture DC was described as able to mineralise
free or adsorbed molinate when grown in synthetic
culture medium [5, 20]. To evaluate whether this culture
was able to degrade the herbicide in natural contami-
nated waters, biodegradation was conducted in water
from a river located in a rice-producing area. Before
being spiked with molinate the river water had a con-
ductivity of 1,000 mS cm�1, pH 7.4, and a total organic
carbon content of 5.8 mg L�1. Mixed culture DC was

able to grow and to degrade the molinate present in the
spiked river water without addition of any other nutrient
(Fig. 4). The association between cell growth and moli-
nate depletion was evidenced by the fact that the expo-
nential growth phase was coincident with molinate
consumption, and growth ceased when the molinate
concentration was below the limit of detection of the
analytical methods used (3.5·10�8 mol L�1). Growth
and herbicide depletion patterns observed for mixed
culture DC grown in molinate-containing river water
were similar to those obtained previously in synthetic
medium [5, 20]. These results show that mixed culture
DC can be used in future to decontaminate natural
waters.

The suitability of this electroanalytical method for
estimation of molinate in culture supernatant was as-
sessed by analysing each sample in three independent
analyses by the two different methods (SWV and
HPLC). The mean values of molinate concentration and

Fig. 3 Square-wave voltammograms of standard solution of
molinate: A 5.0·10�6 mol L�1, B 6.0·10�6 mol L�1, C
7.0·10�6 mol L�1, D 8·10�6 mol L�1, E 9.0·10�6 mol L�1

Fig. 4 Growth and molinate depletion by mixed culture DC in
river water spiked with molinate. Growth curve (filled squares);
molinate concentration in culture supernatant, quantified by HPLC
(open circles) and by HMDE (open triangles); the concentration of
molinate in the abiotic control was determined by HPLC (crosses)
and by HMDE (open diamonds)

Table 1 Variation with time of results from determination of molinate in culture supernatant, using HMDE and HPLC

Time (h) Voltammetry
(·10�4 mol L�1; n=3)

HPLC (·10�4
mol L�1; n=3)

RD (%) Recovery (%)

HPLC Voltammetry

0 8.4±0.1 9.0±0.1 �6.7 94 93
2 7.4±0.1 7.9±0.1 �6.3 – –
4 6.7±0.3 6.7 ±0.2 0.0 – –
6 5.1±0.3 4.9±0.1 +4.1 – –
8 3.4±0.1 3.6±0.1 �5.6 – –
10 2.5±0.1 2.4±0.2 +4.2 100 94
12 1.3 ±0.1 1.2±0.1 + 8.3 – –
24 ND ND – – –
26 ND ND – 106 94
C1 10.4±0.1 10.8±0.1 �3.7 106 96
C2 10.0±0.1 10.4±0.1 �4.0 – –
C3 10.2±0.2 10.7±0.1 �4.7 – –

ND, not defined; C1, abiotic control after 2 h; C2, abiotic control after 15 h; C3, abiotic control after 24 h
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the standard deviations (below 0.3%) are presented in
Table 1. Validation of the results was confirmed by
comparison with the values obtained by HPLC deter-
mination, because the relative errors were always less
than 7%. The recovery results, which were close to
100%, are also reported in Table 1. There is a good
match between values obtained by the voltammetric
method and by HPLC–UV. Study of the linearity of
these techniques revealed a slope almost equal to
unity and the intercept close to the origin
([HMDE](·10�4 mol L�1) = 5.64·10�6 mol L�1+9.54
·10�1 [HPLC] (·10�4 mol L�1) R2 = 0.999).

Similar results were obtained when molinate content
was determined by both methods (SWV and HPLC) in
mixed culture DC supernatant grown in synthetic med-
ium B with molinate (1·10�3 mol L�1). These results
show that the developed voltammetric method can be
used successfully to quantify molinate in biodegradation
processes. Furthermore, adaption of this method to
online monitoring might prove to be a valuable analyt-
ical tool for such biodegradation processes.

Conclusions

On the basis of the electrochemical behaviour of moli-
nate at an HMDE, with potential detection of �0.320 V
versus AgCl/Ag, an alternative method was developed
for quantification of molinate in biological samples. The
method was shown to a good alternative to the com-
parison method (HPLC), because it is simpler, faster,
less expensive, does not involve sample preparation
techniques, and differences between the results obtained
by the two methods are not statistically significant. The
alternative method produces smaller amounts of resid-
ual solutions compared with HPLC. The total volume
per analysis by the voltammetric method is 10 mL given
that all standard solutions are prepared in the electro-
chemical cell, whereas large volumes of mobile phases
are needed for HPLC analysis. When comparing both
methods for routine analysis, the voltammetric method
also has an advantage considering the waste manage-
ment issue.
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