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ABSTRACT 

Tembotrione is herbicide which belongs to the triketone group of herbicides. It’s registered as a selective, post-emer- 
gence herbicide developed for the control of a broad spectrum broadleaf and grassy weeds in corn. There is little infor-
mation about tembotrione because of his short presence in the market. Due to its ever wider application, it is important 
to know the details of its chemical characteristics and redox processes, including biogeochemical transformation and 
migration after application to agricultural land, which could contribute to its efficient and safer application. In this paper 
we examined voltammetric behavior of tembotrione using Silver/Amalgam (Ag/Hg) electrode. For the investigation of 
electrochemical behavior we used the cyclic voltammetry technique, with conventional three-electrode cell and elec- 
trochemical workstation. During the experiment pH values of solution varieties while constant concentration of tem- 
botrione was maintained. Cyclic voltammograms were recorded at pH values 6, 8, 10 and 12, at which tembotrione was 
electrochemically active. At this pH values two signals were observed. Optimum pH value, at which the current inten- 
sity was greatest, was 12. Obtained results provide relevant information on the electrochemical behavior of tembotrione, 
which can serve as a basis for the development of electrochemical techniques for the removal and degradation of this 
pesticide in the environment. 
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1. Introduction 

Groundwater pollution with inorganic and organic pol-
lutants is the serious problem in the supply of drinking 
water, and pesticides are one of the main organic pollut-
ants [1,2]. Pesticides are widely used in agriculture and 
they have an important role, but the prevention of their 
negative effects requires a systematic control of content 
remaining in agricultural products, food, soil and water 
[3]. Today, traces of pesticides are increasingly present 
in the water, both surface and groundwater. The waste 
water concentrations of pesticides may be in mg/L, while 
surface water and groundwater contain μg/L [1]. Mecha-
nisms of pesticide reactions that lead to final stable 
products, which maybe pollutants themselves, are often 
not known in detail [4]. 

Key objective to modern pesticide research is to dis-
cover new products that control the widest possible range 
of weed species, as flexibly possible, and at low applica-
tion rates. In addition, selective herbicides need to be 
safe to the target crop, and safe to the environment [5]. 
Triketone herbicides are new group of herbicides. Tem- 

botrione is a member of this group. It is registered as a 
selective, post-emergence herbicide developed for the 
control of a broad spectrum of broadleaf and grassy 
weeds in corn including glyphosate, ALS-inhibitor and 
dicamba resistant weeds. It gives a very reliable cross- 
spectrum weed control, including key grass species such 
as foxtails and woolly cupgrass [6]. Tembotrione is 2- 
[2-chloro-4-(methylsulfonyl)-3-[(2,2,2-(trifluoroethoxy) 
methyl] benzoyl]-1,3-cyclohexanedione. The primary 
biochemical target site of tembotrione is the enzyme 
4-hydroxyphenylpyruvate dioxygenase (HPPD), which 
catalyzes the formation of homogentisic acid, the aro- 
matic precursor of plastoquinone and tocopherols (vita- 
min E) [7]. Tembotrione appears to be stable to hydroly- 
sis at environmental pH (pH range 5 - 9). It has a high 
mobility in soil and the potential to leach into ground 
water [8]. The application rate of tembotrione is 0.092 
kg/ha, followed 14 days later by a second treatment at the 
same application rate, if needed. Applications take place 
between crop emergence to the V8 (more than 8 visible 
leaves) developmental stage of corn. Tembotrione is 
broadcast applied using flat-fan nozzles that provide me- 
dium to coarse spray droplets [8]. Figure 1 gives the  *Corresponding author. 
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Figure 1. Tembotrione 2-[2-chloro-4-(methylsulfonyl)-3-[(2,2, 
2-(trifluoroethoxy) methyl]benzoyl]-1,3-cyclohexanedione. 
 
chemical structure of the investigated pesticide. 

There is a little information about electrochemical be- 
havior of triketone pesticides. Due to wider tembotrione 
application, it is important to know details of its chemical 
characteristics and redox processes, including biogeo- 
chemical transformation and migration after application 
to agricultural land, which could contribute to its more 
efficient and safer application [9].  

Mercury is good electrode material because of high 
hydrogen overvoltage (which enables to use a wide po- 
tential range for the measurements), atomically smooth 
surface and easy renewability of its surface. However, 
because of fears of mercury toxicity, there is a tendency 
to substitute mercury with other nontoxic materials. For 
that reason, new types of nontraditional electrode materi- 
als are being investigated. Solid amalgam electrodes are 
nontoxic, environmentally friendly electrodes. These 
electrodes exhibit high hydrogen overvoltage, in some 
cases comparable with that of Hanging Mercury Drop 
Electrode (HMDE). It can be used either as liquid mer- 
cury-free electrode after polishing of solid amalgam disk 
(p-AgSAE) or after modification of its surface by mer- 
cury meniscus (m-AgSAE). In this case it was p-AgSAE. 
The main advantages of solid amalgam electrodes are 
broad range of working potentials, simple electrochemi- 
cal regeneration of the electrode surface, rapid pretreat- 
ment procedure, complete no toxicity of the solid amal- 
gam phase and applicability even in mobile laboratories 
and in countries prohibiting the use of liquid mercury 
[10].  

In the previous work, we described the electrochemi- 
cal behavior of mesotrione, which also belong to trike- 
tone group, on Ag/Hg electrode using cyclic voltam- 
metry [11]. There is also report of voltammetric deter- 
mination of mesotrione on HMDE [9], but no report re- 
lated to the electrochemical behavior of tembotrione. 
This article aims to study electrochemical behavior of 
tembotrione which is base for electrochemical degrada- 
tion, as a method for pesticide remediation, which is very 
important environmental topic. 

2. Methods 

2.1. Reagents and Chemicals 

Tembotrione (95% purity) was supplied from Institute 

for plants, Belgrade, Serbia. Silver electrode was sup- 
plied from Austin, USA. Methanol, potassium dihydro- 
gen phosphate, sodium hydrogen phosphate, sodium hy- 
drogen carbonate, sodium hydroxide, all of analytical 
grade purity, was obtained from Merck (Darmstadt, Ger- 
many).  

As supporting electrolytes in voltammetric measure- 
ments different pH solutions were used: KH2PO4/NaOH 
buffer, NaHCO3/NaOH buffer and Na2HPO4/NaOH buf- 
fer. 

2.2. Apparatus 

All voltammetric measurements were carried out using a 
computerized voltammetric analyzer CH Instruments 
(Austin, USA) driven by voltammetric software CHI 
(Version 4.03). The three electrode system consisted of 
working electrode, reference electrode and auxiliary 
electrode. Working electrode was mercury buttoned sil- 
ver electrode (Ag/Hg). Reference electrode was Ag/AgCl 
(3M KCl) (CHI 221). Auxiliary electrode was platinum 
wire (CHI 111) (Figure 2). 

For pH measurements, a pH meter, model 744, equip- 
ped with combined glass pH electrode and temperature 
sensor, all from Metrohm (Herisau, Switzerland) was 
used. 

2.3. Solutions and Electrode Preparation 

Tembotrione solution (concentration of 6 × 10–3 mol/L) 
was prepared. First, 0.0053 g of tembotrione (95% purity) 
was measured on analytical balance and dissolved in 2 
ml of absolute methanol. Then, 2 ml of supporting elec- 
trolyte was added, so the concentration of tembotrione 
was 3 × 10–3 mol/L. 

Silver/Amalgam electrode was prepared by a left to 
stand silver electrode in mercury for 24 hours. Silver is 
dissolved and silver amalgam (most probably crystalline 
Ag2Hg3) is formed. Thus obtained electrode has a lifetime 
of a month. Afterwards electrode needs to be regenerated. 
This is done by polishing it on powder of aluminum  
 

 

Figure 2. Electrochemical cell. 
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(0.05 µm), then rinsing with water and placing it in an 
ultrasonic bath. When this is done, electrode is placed in 
mercury for 24 h. 

2.4. Procedures 

Cyclic voltammograms were recorded using Ag/Hg elec- 
trode by gradually increasing scan rate. They were re- 
corded at scan rates: 25 mV·s−1, 50 mV·s−1, 100 mV·s−1, 
200 mV·s−1, 300 mV·s−1, 400 mV·s−1, 500 mV·s−1, 600 
mV·s−1 and 700 mV·s−1 for pH values 6, 8, 10 and 12. 
Different scan rates were selected to see if there is a shift 
of peaks with increasing scan speed. That is the first 
condition to be seen whether occurring electrochemical 
processes is reversible and whether the tested compound 
behaves electrochemically correctly. Molecule of tem- 
botrione is large organic molecule with many functional 
groups which have different forms at different pH, so it is 
expected that behavior would be different. Because of 
that it was necessary to examine his behavior at different 
pH values. Concentration of tembotrione in all experi- 
ments was 3 × 10–3 mol/L. 

3. Results and Discussions 

3.1. Electrochemical Behavior of Tembotrione 
Using Ag/Hg Electrode 

Tembotrione contains several groups that may undergo 
electron transfer reactions and therefore the voltammetry 
is used for mechanistic and analytical studies [12,13]. 
For the investigation of electrochemical behavior of tem- 
botrione cyclic voltammetry technique is used, with 
conventional three-electrode cell system and electro- 
chemical workstation. On the basis of tembotrione struc- 
ture, the reduction process probably involves reduction 
of two carbonyl groups on the cyclohexane ring, and 
third carbonyl group [11,14]. During the experiment pH 
values of aqueous solution variated while constant con- 
centration of tembotrione was maintained. Cyclic volt- 
ammograms were recorded by gradually increasing scan 
rate. 

Figure 3 shows the cyclovoltammogram of tembo- 
trione at scan rates 25 mV·s−1, 50 mV·s−1, 100 mV·s−1, 
200 mV·s−1, 300 mV·s−1, 400 mV·s−1, 500 mV·s−1, 600 
mV·s−1 and 700 mV·s−1, recorded on the instrument CHI 
760. Supporting electrolyte was 0.1 M phosphate buffer 
solution, pH = 6. Mercury buttoned silver electrode 
(Ag/Hg) was working electrode, Ag/AgCl (3 M KCl) 
was reference electrode, and platinum wire was auxiliary 
electrode. 

On this cyclovoltammogram on potential (E) of −1.2068 
V to the Ag/AgCl, well-defined spreading cathodic (re-
duction) peak was observed, which probably corresponds 
to the joint reduction of two carbonyl group on the 

cyclohexane ring. It is likely that the carbonyl groups on 
the cyclohexane have the same acidity at a given pH, 
which is leading to the spread of peaks. On the potential 
(E) of −1.4564 V another peak was observed. It probably 
corresponds to the reduction of the third carbonyl group 
[11,14]. The mechanism proposed is evaluated on the 
basis of the expected effects of structure [15,16]. 

No anodic peak is observed in the reverse scan. This 
suggests that the reduction of tembotrione is irreversible 
at Ag/Hg electrode at pH 6.  

Joint reduction of carbonyl group on the cyclohexane 
ring: 

 

 

 
 
Reduction of the third carbonyl group: 
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Figure 3. Cyclovoltammogram of tembotrione, 3 × 10–3 
mol/L, on Ag/Hg electrode, pH = 6. 
 

The dependence of the signal height with the square 
root of scan speed was shown at Figures 4 and 5 (R1 = 
0.99901 and R2 = 0.99376). In electrochemistry proc-
esses in which the current dependence of the square root 
is linear behave electrochemically properly, only diffu-
sion current occurs, i.e. reaction taking place on the elec-
trode is diffusion controlled. Voltammetric peaks came 
from diffusion current [17].  

Figure 6 shows the cyclovoltammogram of tem-
botrione at scan rates 25 mV·s−1, 50 mV·s−1, 100 mV·s−1, 
200 mV·s−1, 300 mV·s−1, 400 mV·s−1, 500 mV·s−1, 600 
mV·s−1 and 700 mV·s−1, recorded on the instrument CHI 
760. Supporting electrolyte was 0.1 M phosphate buffer 
solution, pH = 8. Mercury buttoned silver electrode 
(Ag/Hg) was working electrode, Ag/AgCl (3 M KCl) 
was reference electrode, and platinium wire was auxil-
iary electrode. 

On the potential of −1.2317 V cathode (reduction) 
peak was observed, which probably corresponds to the 
joint reduction of carbonyl group in positions 1 and 3 of 
cyclohexane ring. On the potential of −1.4342 V was 
observed peak (signal 2), which probably comes from the 
reduction of the third carbonyl group. This peaks (signal 
1 and 2) have lower intensity than the peaks at pH = 6, 
which indicates possible participation of chemical reac-
tions (protonation). No anodic peak is observed in the 
reverse scan. This suggests that the reduction of tem-
botrione is irreversible at Ag/Hg electrode at pH 8. 

Figure 7 (peak 1) shows the dependence of the signal 
height with the square root of scan speed (for comparing 
the correction factors). It indicates the quasireverse 
process and possible changes at diffusion layer. Nonlin-
earity of curve (correction factor R = 0.92835) indicates 
the participation of chemical reaction (protonation). 

Figure 8 (peak 2) also show the dependence of the 

signal height with the square root of scan speed (for 
comparing the correction factors). It indicates that the 

 

 

Figure 4. Current dependence on the square root of scan 
rate (for signal 1) on Ag/Hg electrode, pH = 6. 
 

 

Figure 5. Current dependence on the square root of scan 
rate (for signal 2) on Ag/Hg electrode, pH = 6. 
 

 

Figure 6. Cyclovoltammogram of tembotrione, 3 × 10–3 
mol/L, on Ag/Hg electrode, pH = 8. 
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electrochemical reactions are diffusion controlled, volt- 
ammetric peaks came from diffusion current [17]. 

Figure 9 shows the cyclovoltammogram of tem- 
botrione at scan rates 25 mV·s−1, 50 mV·s−1, 100 mV·s−1, 
200 mV·s−1, 300 mV·s−1, 400 mV·s−1, 500 mV·s−1, 600 
mV·s−1 and 700 mV·s−1, recorded on the instrument CHI 
760. Supporting electrolyte was 0.1 M carbonate buffer 
solution, pH = 10. Mercury buttoned silver electrode 
(Ag/Hg) was working electrode, Ag/AgCl (3 M KCl) 
was reference electrode, and platinum wire was auxiliary 
electrode. 

On the potential of −1.4330 V only one, well-defined, 
cathode (reduction) peak was observed. At pH 10 there is 
only a reduction of third carbonyl group. Loss of signal 1 
is maybe due to enolization of two symmetric carbonyl 
groups (have hydrogen of α type) in basic conditions. 
This is not happening at acidic pH values (6 and 8). Re- 
verse peak wasn’t observed. This suggests that the reduc- 
tion of tembotrione is irreversible at Ag/Hg electrode at  
 

 

Figure 7. Current dependence on the square root of scan 
rate (for peak 1) on Ag/Hg electrode, pH = 8. 
 

 

Figure 8. Current dependence on the square root of scan 
rate (for peak 2) on Ag/Hg electrode, pH = 8. 

pH 10. 
Figure 10 shows the dependence of the signal height 

with the square root of scan speed (for comparing the 
correction factors). It indicates that the electrochemical 
reactions are diffusion controlled, voltammetric peaks 
came from diffusion current [17]. 

Figure 11 shows the cyclovoltammogram of tem- 
botrione at scan rates 25 mV·s−1, 50 mV·s−1, 100 mV·s−1, 
200 mV·s−1, 300 mV·s−1, 400 mV·s−1, 500 mV·s−1, 600 
mV·s−1and 700 mV·s−1. Supporting electrolyte was 0.1 M 
phosphate buffer solution, pH = 12. Mercury buttoned 
silver electrode (Ag/Hg) was working electrode, Ag/ 
AgCl (3 M KCl) was reference electrode, and platinum 
wire was auxiliary electrode. 

On the potential of −1.4198 V only one, well-defined, 
cathode (reduction) peak was observed. Reverse peak 
wasn’t observed. This suggests that the reduction of 
tembotrione is irreversible at Ag/Hg electrode at pH 12. 
Loss of signal 1 can be explained in the same way as for 
 

 

Figure 9. Cyclovoltammogram of tembotrione, 3 × 10–3 
mol/L, on Ag/Hg electrode, pH = 10. 
 

 

Figure 10. Current dependence on the square root of scan 
rate, on Ag/Hg electrode, pH = 10. 
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pH 10. 
Figure 12 shows the dependence of the signal height 

with the square root of scan speed (for comparing the 
correction factors). It indicates that the electrochemical 
reactions are diffusion controlled, voltammetric peaks 
came from diffusion current [17]. 

Figure 13 shows the dependence of potential (E) of 
the solution pH, for signal 2. It indicates that the peak 
position changes with change of pH value. In this case 
potential increased with increasing pH. Based on this, 
can be concluded that change of position for signal 2 
probably comes from participation of both, chemical and 
electrochemical reaction. Signal 1 at pH 6 have potential 
of −1.2068 V, at pH 8, −1.2317 V. 

Table 1 shows values of current 1) and pH, for peak 2. 
It indicates that the peak intensity change with pH. This 
change in signal intensity most likely is due to the par- 
ticipation of chemical and electrochemical reaction. From 
the table we can see optimum pH value at which the 
 

 
Figure 11. Cyclovoltammogram of tembotrione, 3 × 10–3 
mol/L, on Ag/Hg electrode, pH = 12. 

 

 

Figure 12. Current dependence on the square root of scan 
rate, on Ag/Hg electrode, pH = 12. 

 

Figure 13. Potential dependence of pH for signal 2. 
 

Table 1. Current dependence of pH for peak 2. 

pH I, μA 

6 20 

8 17 

10 20 

12 21 

 
current intensity is greatest. The optimum pH value is 12. 

4. Conclusions 

Based on this results it was found that Ag/Hg (Silver/ 
Amalgam) electrode can be used for the determination of 
electrochemical behavior of tembotrione. Tembotrione 
was electrochemically active at investigated pH (6, 8, 10 
and 12). At pH values 6 and 8 two signals were observed 
(joint reduction of carbonyl groups on cyclohexane ring 
and reduction of third carbonyl group), while at pH val- 
ues 10 and 12 only one signal was observed (reduction of 
third carbonyl group). The maximum current value was 
obtained at pH 12. 

According to the classical theory of reversibility it is a 
typical irreversible system (absence of anodic oxidation 
signal). Absence of anodic peak should be investigated 
with the Ag/Hg microelectrode at higher polarization 
speeds. Dependence of peak intensity on the scan rate 
indicates the diffusion controlled process.  

Obtained results provide relevant information on the 
electrochemical behavior of tembotrione, which can serve 
as a basis for the development of electrochemical tech- 
niques for the removal and degradation of this pesticide 
in the environment. Working electrode (Ag/Hg) is solid 
state electrode and there are no environmental problems, 
unlike those with liquid electrodes (HMDE) [9]. 
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