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ABSTRACT 

Herbicides are chemical compounds capable of killing or inhibiting the growth of certain plants and they have been 
frequently detected in natural waters. Advanced treatments, including those using ozone, have been used in order to 
remove herbicides from different types of water with good treatment efficiency. The efficiency of ozonation, an oxida- 
tive process, in the removal of persistent compounds is affected by several factors, such as pH and the concentration of 
the contaminant. The compound metribuzin, the herbicide investigated in this study, is persistent and mobile in the en- 
vironment with a high potential for transport through soils and thus it can reach the groundwater. In this context, the 
objective of this study was to evaluate the effect of different pH conditions (2.5, 5.5 and 12.0) and initial concentrations 
of metribuzin (20, 50 and 100 ppm) on the removal of this herbicide from water using the ozonation process. In order to 
identify the possible effect of these two variables on the ozonation treatment, the concentration of metribuzin was de- 
termined by spectrophotometry UV-vis spectrophotometer. The results were used to evaluate the best conditions for the 
ozonation treatment. The ozonation conditions which provided the highest metribuzin removal efficiency (86.5% ± 
0.3%) were pH 12.0 and an initial metribuzin concentration of 20 ppm. The findings indicate that oxidation with ozone 
is effective for the removal of metribuzin from aqueous solutions under the conditions studied. 
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1. Introduction 

Herbicides are chemical compounds that have the ability 
to kill or inhibit the growth of certain undesirable plants 
without disturbing the desired crop [1]. Their frequently 
detection in water resources, even in very small concen- 
trations, is cause for concern due to the adverse potential 
effects related to health [2]. 

The herbicide metribuzin is a synthetic compound of 
the group triazinone and it is the active principle of Sen- 
cor 480 SC®, used for controlling weeds in crops, for 
example, soybean and sugar cane. It is a recalcitrant 
compound that has high mobility in soil, which may 
reach the groundwater and thereafter decompose in the 
soil producing intermediates of lower toxicity. Harmful if 
swallowed and very toxic to aquatic organisms, this her- 
bicide may cause long-term degradation to the aquatic 
environment, and for this reason it is considered a poten- 
tial contaminant of groundwater [3]. 

Metribuzin (C8H14N4OS), 4-amino-6-tert-butyl-4, 5- 
dihydro-3-methylthio-1, 2, 4-triazin-5-one, is a colorless 
crystalline solid which has a solubility in water (20˚C) of 
1050 ppm, maximum absorption in UV-vis range (λmax) 
at 294 ± 1.0 nm [3] and the structural formula shown in 
Figure 1. It is moderately hazardous (class II) and when  

 

 

Figure 1. Structural formula of metribuzin. 
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the pesticide is absorbed by the target plant it exerts 
phytotoxic action [3-7]. 

This herbicide is used in a pre- and post-emergency 
situation and its action mechanism involves inhibition of 
photosynthesis. It is highly toxic to algae and microcrus- 
taceans and is persistent and mobile in the environment. 
Apart from reaching the groundwater [7-10] and it can 
also contaminate surface water through direct application 
and runoff [11,12]. 

The decomposition products of metribuzin in soil, 
DADK (desamino diketo metribuzin—main product), 
DK (diketo metribuzin) and DA (desamino metribuzin), 
are persistent and mobile and can be detected in ground-
water [11,12]. 

New technologies are being used in order to improve 
the processes for wastewater treatment, reducing the 
amount of sludge generated and eliminating recalcitrant 
compounds [13], and these include the Advanced Oxida- 
tion Processes (AOPs). 

Advanced oxidation processes (AOPs) are attractive 
alternatives to biological process and non-destructive 
physical water treatment processes, because they are able 
to mineralize organic water contaminants. AOP treat- 
ments use strong oxidizing agents (O3, H2O2) and/or 
catalysts (Fe, Mn, TiO2) usually together with high-en- 
ergy radiation, e.g., UV irradiation. AOPs predominantly 
involve the generation of a very powerful and non-selec- 
tive oxidizing species, the hydroxyl radical (•OH), for the 
destruction of persistent and hazardous pollutants [13]. 

Ozone is a chemical compound with a triatomic struc- 
ture (O3) and it is a resonance hybrid (Figure 2). Also, it 
is toxic, colorless, sparingly soluble in water and easily 
detected at very low concentrations (0.01 - 0.05 mg·L−1) 
[14]. Its properties derive from its high reactivity which 
can be attributed to the electronic configuration of the 
molecule due to the electrophilic character of ozone (con- 
firmed by the absence of electrons in one of the terminal 
oxygen atoms in some of the resonance structures) and 
an excess negative charge present in some another oxy- 
gen atoms imparts a nucleophilic character [15]. 

Different applications of ozone have been studied by 
several authors, such as the treatment of drinking water, 
cooling water, treatment of industrial effluents with a 
high content of organic compounds, cleaning and disin- 
fection of fruits, vegetables and processed meat, liquor 
and slurry treatment, use in industrial laundries and bleach- 
ing processes, treatment of domestic sewage and Indus- 
trial cleaning pools. 

 

 

Figure 2. Canonical structures of resonance hybrid of the 
ozone molecule [16]. 

Due to its oxidation potential (E0 = 2.07 V), ozone has 
been used in technologies which are capable of reducing 
and removing a number of environmental pollution pa- 
rameters, proving very effective, for example, in the re- 
moval of organic matter in the treatment of water [17]. 

Based on the ability of ozone to react with organo- 
phosphate and organonitrogen insecticides, such proc- 
esses have proven to be effective for the elimination of 
different pesticides in wastewater, especially when the 
reaction occurs in alkaline medium, when compared to 
other AOPs, such as the photo-Fenton process and photo- 
catalysis with TiO2 [18]. 

Because of this, AOPs, such as those employing O3 
(O3 in alkaline medium; O3/H2O2; O3/UV; O3/H2O2/UV; 
O3/catalyst), have been considered a viable treatment 
alternative when the contaminated material has a low 
concentration of organic compounds (hundreds of ppm) 
and the contaminants are not biodegradable. In addition, 
the AOPs can be used when the conventional treatment is 
not feasible or even inappropriate, for example, effluents 
containing toxic compounds or mixtures which contain 
complex compounds and/or high concentrations of con- 
taminants [17]. 

Ozonation can occur by two mechanisms, the direct 
attack of O3 molecules (direct reaction) and attack by the 
hydroxyl radical (•OH), formed in the decomposition of 
ozone (indirect reaction).  

The direct ozonation reactions are highly selective rela- 
tively slow (kD = 1 - 103 M−1·s−1) and limited to aromatic 
and aliphatic acids. Among the compounds that react 
with ozone by direct reaction are those containing C=C 
bonds, specific functional groups (OH, CH3, OCH3) and 
atoms which have a negative charge density (N, P, O and 
S) [9,16]. 

The indirect reaction is not selective since it can easily 
and quickly react with many compounds present in the 
water by means of the •OH radical (E0 = 2.80 V). This 
radical is able to promote an attack on organic com- 
pounds 106 - 109 times faster than known oxidizing 
agents such as H2O2 (E0 = 1.77 V) and O3 itself (E0 = 
2.07 V) [9]. 

Ozone (O3), although highly efficient, restricts the min- 
eralization of organic micropollutants in potable water or 
industrial effluents, which is verified by the low rates of 
TOC removal, even using AOPs (with O3) [17]. 

The efficiency of ozonation, when used in the treat- 
ment of natural waters is influenced by several factors 
such as the pH and temperature of the medium, type and 
concentration of the contaminant and ozone flow rate. 

The pH is the factor that deserves special attention 
since; in general, the hydroxyl ions catalyze this reaction 
because they alter the stability of ozone in the medium in 
relation to the formation of hydroxyl radicals (more reac- 
tive species). Therefore, it is considered the main vari- 
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able that affects ozonation [13,19]. 
In relation to the contaminant, studies indicate that in- 

creasing the initial concentration causes an increase in 
the consumption of ozone when the amount of organic 
matter to be oxidized is increased, decreasing the con- 
centration of residual ozone, this behavior being accent- 
tuated at the beginning of ozonation. Therefore, at lower 
contaminant concentrations the removal occurs more rap- 
idly [20,21]. 

In this context, this study aimed to evaluate the re- 
moval of metribuzin applying an ozonation process under 
different conditions of pH and initial metribuzin concen- 
trations. 

2. Materials and Methods 

All solutions containing metribuzin were prepared us- 
ing distilled water and the commercial product Sencor® 
SC 480 (48% metribuzin).  

The pH was adjusted to pH 2.5, 5.5 or 12.0 using di- 
luted H2SO4 and NaOH. The tert-butanol (VETEC) was 
used as a scavenger of hydroxyl radicals in an ozone to 
tert-butanol ratio of 1:1000, at the beginning of the reac- 
tion. 

An ozone generator (TECH FILTER) was used to 
produce the ozone from the ambient air, applying the 
principle of electrochemical discharge (corona), capable 
of producing 500 mg·O3·h

−1. 
A batch reactor was used, formed by a cylindrical 

outer jacket of borosilicate glass, with a water inlet and 
outlet, where the temperature of the water is monitored, 
with a working volume of 1.5 L. The bubbling gas is 
conducted through two porous cylindrical dispersers. The 
samples were collected with a syringe coupled to a sili- 
cone tube. During all runs agitation was applied in the 
reactor, as shown in Figure 3. 

2.1. Analytical Determinations 

The remaining concentration of metribuzin at different 
reaction times was determined using a UV-vis spectro- 
photometer (HACH 5000) at 293 nm. The pH was meas- 
ured with a pH meter (PH LUTHORN 206). 

2.2. Experimental Conditions 

Initially, experiments were performed at pH 12.0 and pH 
5.5 without ozone, in order to verify the effect of pH on 
the stability of metribuzin. The metribuzin (20 ppm) was 
then added to the distilled water at pH 12.0 and pH 2.5 
without ozone, and the concentration of metribuzin 
([MTZ]) was quantified at predetermined intervals dur- 
ing a period of 240 min. 

The ozonation experiments were firstly conducted at 
different pH values (2.5, 5.5 and 12.0) with an initial  

 

Figure 3. Ozonation system used (1—magnetic stirrer, 2— 
point of sample collection; 3—cylindrical bubblers, 4—inlet 
for water from thermostatic bath, 5—water outlet to water 
bath, 6—reactor bath, 7—ozone residual output). 

 
concentration of metribuzin of 20 ppm. The concentra- 
tion of metribuzin was then varied (20, 50 and 100 ppm) 
and an initial pH of 5.5 was used, with and without tert- 
butanol. 

All experiments were performed with an ozone con- 
centration in the gas phase of 500 ppm and flow rate of 
1.1 L O3·h

−1, which was maintained constant. The solu- 
tion temperature was maintained at 21˚C in a thermo- 
static bath (QUIMIS®).  

The O3/O2 gas mixture was bubbled through the reac- 
tor with a constant flow of ozone for 1 h. After reaching 
the complete solubility of the ozone a volume appropri- 
ate to achieve the desired concentrations of metribuzin 
was added, maintaining the bubbling constant for the 
whole reaction period (240 min). The aliquots were col- 
lected at predetermined intervals from the moment of 
addition of the herbicide to complete 4 hours of reaction. 

By quantifying the concentration of metribuzin, through 
the absorbance measured by UV-vis spectrophotometer 
at 293 nm, at predetermined intervals during the reaction, 
it was possible to evaluate both the effect of the initial 
metribuzin concentration and of the initial pH on the re- 
moval. 

3. Results and Discussion 

3.1. Study on the Effect of the Initial  
Concentration of Metribuzin 

The effect of the initial concentration of metribuzin on 
the removal efficiency was investigated. 
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The metribuzin removal efficiency for initial concen- 
trations of 20, 50 and 100 ppm after 240 min of reaction 
was evaluated. Figure 4 shows the evolution of the 
metribuzin removal applying ozonation at an initial pH 
of 5.5 for different initial concentrations of metribuzin. 

It can be observed that the removal of the metribuzin, 
at the concentrations studied, slowly reaches removals of 
58.6% ± 6.2%, 30.5% ± 0.4% and 16.7% ± 3.1% for 
concentrations of 20, 50 and 100 ppm, respectively. 

The metribuzin removal efficiency, by ozonation, de- 
creased with increasing initial concentrations of metribuzin 
because, according to the literature [15,21], there is a 
greater consumption of ozone when the amount of or- 
ganic matter to be oxidized is increased, decreasing thus 
the concentration of residual ozone. Therefore, at lower 
contaminant concentrations the removal occurs more rap- 
idly. 

3.2. Effect of pH 

The pH affects the mechanism by which the ozone oxi- 
dizes the organic molecules in the effluent and can also 
influence the stability of the molecules. 

According to IUPAC [3], metribuzin is stable at be- 
tween pH 5 and 9. Therefore, experiments were con- 
ducted to evaluate the effect of the pH (2.5 and 12.0) on 
the stability of metribuzin using an initial concentration 
of 20 ppm (Figure 5). 

 

 

Figure 4. Evolution of metribuzin removal with different 
initial concentrations of metribuzin (pH 5.5). 

 

O3 O3  

Figure 5. Effect of pH (2.5 and 12) on the stability of me- 
tribuzin ([MTZ0] = 20 ppm) without ozone. 

It can be seen that there was no difference in the con- 
centration of metribuzin measured during the reaction 
period (240 min) at the two pH values, indicating that 
under the conditions studied metribuzin remained stable 
since there was no decrease in the metribuzin concentra- 
tion (Figure 5). Thus, it can be considered that during 
the ozonation process the decrease in the metribuzin 
concentration observed is due only to oxidation by ozone. 

Thus, studies were initiated to evaluate the effect of 
different pH values on the metribuzin removal efficiency 
from an aqueous solution by ozonation with an initial 
metribuzin concentration of [MTZ]0 = 20 ppm, ozone 
flow (Q) of 1.1 L·h−1 and system temperature (T) of 20˚C 
± 1˚C for 240 min. 

Figure 6 shows the percent removal of metribuzin as a 
function of the initial pH, for 240 minutes, when the 
ozonation process was applied. 

It can be observed that during the ozonation process 
(240 min) at alkaline pH (pH 12.0), the removal of 
metribuzin was 86.5% ± 0.3%, which was higher than at 
acidic pH (pH 5.5 and pH 2.5), where the removals ob- 
tained were 58.5% ± 6.3% and 64.5% ± 4.0%, respect- 
tively. Hence, most of the metribuzin removal at alkaline 
pH probably occurred through indirect oxidation with 
hydroxyl radicals, which have a higher oxidation poten- 
tial than molecular ozone. 

Under acidic conditions, either there is a higher mo- 
lecular ozone concentration in the medium or compounds, 
such as metribuzin, with C=C bonds, specific functional 
groups (OH, CH3, OCH3) and atoms that possess a nega- 
tive charge density (N, P, O and S) react with molecular 
ozone in a selective manner [9,22]. Moreover, at alka- 
line pH, there is the decomposition of ozone (particularly 
to the hydroxyl radical (OH•)) which does not react se- 
lectively with this type of compound and thus the re- 
moval of metribuzin, when applying ozonation at pH 
12.0, was the most effective. 

It was found that under the acidic conditions evaluated, 
there was a small difference in the metribuzin removal 
efficiency. Therefore, to better evaluate the influence of  

 

 

Figure 6. Evolution of metribuzin removal at different pH 
values, ([MTZ]0 = 20 ppm; Q = 1.1 L O3 h−1, T = 20˚C ± 
1˚C). 
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Figure 7. Evolution of metribuzin removal at different acid 
pH values ([MTZ0] = 20 ppm; Q = 1.1 L O3·h

−1; [O3]:[tert- 
butanol] = 1:1000). 

 
Table 1. Comparison of the efficiency obtained in the ozona- 
tion with and without tert-butanol. 

pH 
Without 

Tert-butanol* (%) 
With 

Tert-butanol* (%) 
D (%)** 

2.5 64.5 ± 4.0 54.9 ± 0.1 9.6 

5.5 58.5 ± 6.3 31.6 ± 1.4 26.9 
*(mean ± standard deviation); **D = Difference between the average effi-
ciencies obtained. 

 
pH when applying ozonation to remove MTZ at acidic 
pH, tert-butanol (scavenger of hydroxyl radicals) was 
added at a concentration 1000 times greater than the 
ozone dissolved in the medium, to ensure that all hy- 
droxyl radicals generated were consumed [9]. 

Figure 7 shows the evolution of metribuzin removal 
during the ozonation treatment, at pH 2.5 and pH 5.5, 
with tert-butanol. 

In the presence of tert-butanol the efficiency of the 
metribuzin removal decreased compared to reactions per- 
formed without tert-butanol. This is because in the first 
case only the ozone is present, a selective compound that 
has a lower oxidative potential when compared to the 
hydroxyl radical. 

Thus, to directly determine the prevalence of ozona- 
tion in the reactions at pH 5.5 and pH 2.5 the removal 
efficiencies were compared to those with and without 
tert-butanol at both pH values, as shown in Table 1. 

Therefore, metribuzin is attacked both by the ozone 
and the free radicals, in the absence of tert-butanol. On 
the other hand, in the presence of tert-butanol only ozone 
acts as an oxidant and as a consequence the removal effi- 
ciency is lower at both pH values. This behavior is most 
evident at pH 5.5, where the ozone concentration is less 
than at pH 2.5. 

Thus, a direct mechanism predominates at pH 2.5 and 
5.5, although at pH 5.5 both mechanisms (direct and in- 
direct) are operating. 

4. Conclusions 

In this study, two parameters that affect the oxidation  

process, that is, metribuzin concentration and solution pH, 
were evaluated. According to the results obtained, under 
the operation conditions studied, the following conclu- 
sions can be drawn. 

When the ozone concentration was constant and ozone 
was the limiting reagent in the reaction, the efficiency of 
the process decreased with an increase in the initial con- 
centration of metribuzim (20 ppm > 50 ppm >100 ppm).  

When the ozonation was performed in the absence of 
tert-butanol at different pH values, it was observed that 
the removal of metribuzin was lower at acidic pH com- 
pared with basic pH due to the concentration of hydroxyl 
radicals (which have a higher oxidation potential than 
molecular ozone) being greater at alkaline pH. 

The efficiency of the ozonation in the presence of 
tert-butanol at pH 5.5 and 2.5 was lower than that per- 
formed without tert-butanol since in the latter case there 
is a predominance of the reaction with molecular ozone, 
the concentration of which decreases with increasing pH. 

Thus, the ozonation process that presented the best 
removal efficiency (86.5% ± 0.3%) was that applying pH 
12.0, initial metribuzin concentration of 20 ppm, tem- 
perature of 21˚C and reaction time of 240 min. Under 
these conditions ozone treatment represents an effective 
method for the removal of metribuzin. 
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