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The objective of this study were to identify incompatibilities in mixtures of herbicides applied in 
common bean crops and assess the effects of herbicide interactions on weed control. Experiments I e II 
were conducted in a completely randomized design, with four replications, using a 4 × 4 factorial 
arrangement consisted of four herbicides (applied alone or in combinations) and four evaluation times 
(0, 1, 2, and 3 hours). a physical evaluation of the syrup was carried out.  Experiments III e IV were 
conducted under the same design but with solution applied immediately after preparation and 
evaluations of weed control at 7, 14, and 28 days after application. The results showed homogeneity for 
all formulations, but persistent foam formation in some cases.  No incompatibility was found for the 
herbicide mixtures. Satisfactory control of Eleusine indica and Euphorbia heterophylla was not 
achieved in Experiment III (bentazon and imazamox, alone or in combination) due to the antagonistic 
effect of the herbicide combination. Combining bentazon and imazamox was promising for controlling 
Cyperus esculentus and Bidens pilosa, while combining fomesafen and imazamox was promising for 
controlling all evaluated weed species. 
 
Key words: Herbicide incompatibility, sustainable production, environmental preservation, sprays solution 
stability. 

 
 
INTRODUCTION  
 
Brazil is one of the largest consumers of herbicides due 
to its vast cultivated areas and high demand for grain 
exports to meet international market demands. 
Consequently, agricultural production in the country is 
carried out on a large scale, requiring extensive herbicide 
use. However, maintaining or increasing food production, 
particularly   common   bean   crops,    poses    significant 

challenges, mainly related to biotic and abiotic stresses in 
agricultural fields. Weeds are a major concern for 
agriculture, directly and indirectly interfering with crop 
yields by competing for nutrients, water, space and light. 
They also host diseases and pests that can attack crops 
and hinder machinery operations in the field (Kubiank et 
al., 2022; Mehdizadeh et al., 2024). Weeds can cause up  
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to 80% loss in common bean yield (Schiessel et al., 
2019). 

To mitigate crop losses and the evolution of weed 
resistance to herbicides, several strategies are necessary. 
These include using machinery to monitor and manage 
weeds and reducing environmental impacts through 
rational herbicide use (Mehdizadeh et al., 2024; Oliveira 
et al., 2023; Anderegg et al., 2024). Additional strategies 
involve using herbicides with different modes of action 
from those commonly applied to each crop and 
combining different modes of action to broaden the 
control spectrum and delay weed resistance (Marchioretto 
and Dal Magro, 2017; Costa et al., 2020). 

The reduced efficacy of herbicides in controlling various 
weed species in different crops has led farmers to use 
higher rates and more frequent applications, increasing 
costs, selection pressure and negative environmental 
impacts. However, using herbicide mixtures with different 
modes of action has shown promise in weed control and 
preventive management of weed resistance. 

Herbicide mixtures have effectively managed weeds in 
wheat crops (Punia et al., 2020), offering a broader weed 
control spectrum compared to single herbicide 
applications (Samota et al., 2024). Although single 
herbicide applications may not effectively control weeds, 
combining pyroxasulfone with other herbicides has 
proven more effective against narrow-leaf weeds than 
using pendimethalin or metribuzin alone (Chhokar and 
Sharma, 2023). Despite the benefits, herbicide mixtures 
pose a recurrent problem: potential incompatibility 
resulting in clumps and precipitates. This can cause 
nozzle and filter clogs during application and loss of 
product efficacy due to reduced active ingredient 
amounts in spray droplets (Petter et al., 2012). 

The mixture of bentazon and imazamox herbicides is 
commonly used in various Brazilian crops due to its 
efficacy, selectivity and economic impact. This 
combination effectively controls several weed species in 
common bean crops, particularly in postemergence 
applications (Marchioretto and Dal Magro, 2017; Costa et 
al., 2020). However, little research has been done on 
combining fomesafen and imazamox herbicides, 
especially in Santa Catarina's highlands, which have a 
temperate climate (Cfb), unlike many Brazilian regions. 
Herbicide combinations are widely used in Brazil to 
mitigate selection pressure and prevent new herbicide-
resistant weed species from emerging. 

Herbicide selectivity in weed control depends on 
environmental factors, making it crucial to investigate 
herbicide interactions in Santa Catarina's highlands, 
where climate conditions frequently vary and common 
bean crops are prevalent. The hypothesis is that mixing 
herbicides with different mechanisms of action may be 
compatible for weed control in bean crops. This study 
aimed to identify incompatibilities in herbicide mixtures 
applied to common bean crops and assess herbicide 
interaction effects  on  weed  control  in  Santa  Catarina's  

 
 
 
 
highlands, Brazil. 
 
 
MATERIAL AND METHODS 
 
Four experiments were conducted at the Faculty of Agricultural and 
Veterinary Sciences of the State University of Santa Catarina 
(CAV/UDESC), in Lages, Santa Catarina, Brazil, to assess physical 
and chemical incompatibilities in herbicide mixtures (Experiments I 
and II) and the efficacy of these herbicide treatments in controlling 
weed species (Experiments III and IV). 
 
 
Experiments I and II 
 
Two experiments were conducted to evaluate herbicide solutions, 
alone or in combination, based on the methodology described in the 
NBR13875 pesticides and related products: assessment of physical 
and chemical compatibility (ABNT, 2014), with some modifications, 
to visually assess the occurrence of incompatibilities (Table 1).   
 
 
Physical stability of herbicide solutions 
 
The physical stability of the spray mixture was evaluated by 
preparing the mixture with well water having a hardness of 20 mg 
kg-1 CaCO3 equivalent, with four replications per treatment. The 
herbicides were added according to the treatments and rates 
described in Table 1, utilizing a 250 mL graduated cylinder with a 
lid, a metal 149 μm mesh sieve, and a graduated pipette. After 
preparation, the cylinder was capped and shaken 10 times to 
homogenize the solutions. The solutions were visually evaluated 
immediately after preparation (0 h), and at 1, 2, and 3 h after 
preparation and resting. The possible effects of interactions 
between products were assessed by observing homogeneity, 
flocculation, sedimentation, phase separation, oil suspension, and 
formation of clumps, crystals, cream, and foam. 
 
 
Chemical stability of the solution 
 
The chemical stability of the solution was evaluated using a 
completely randomized experimental design with four replications in 
a 4 × 4 factorial arrangement. The first factor consisted of herbicide 
solutions (alone or in combination) and a control (water), and the 
second factor consisted of evaluation times (0, 1, 2, and 3 h after 
preparation). The pH and electrical conductivity (EC) of the mixtures 
were measured using a benchtop pH meter and a conductivity 
meter (QUIMIS) that were properly calibrated for acidic and basic 
ranges. 
 
 
Surface tension of spray droplets 
 
Surface tension of spray droplets was assessed using a precision 
balance (grams, with four decimal places), beakers, 1-L volumetric 
flasks, a 50 ml burette, a stopwatch, and disposable gloves, based 
on the droplet count method. A calibrated burette was used with 
only distilled water; a 25 ml beaker containing an oil layer was 
placed on the balance to prevent potential losses due to 
evaporation. The burette was calibrated by timing the interval from 
the initial formation of the drop to its complete fall from the burette 
tip. The opening and closing of the burette valve were adjusted to 
maintain the liquid column at 50 ml. The surface tension of spray 
droplets of all treatments was quantified by the weight of the 
droplets formed at the burette tip over 30 s; then, the obtained 
values   were  converted  considering  the  mean  droplet  weight  of  
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Table 1. Description of the treatments and herbicides used in Experiments I and II to assess physical and chemical 
incompatibilities in herbicide mixtures. CAV/UDESC, Lages, SC, Brazil, 2024. 
 

Herbicide treatments Rate (c.p.) Rate (a.i.) Group HRAC) Mode of action

Experiment I 
Control (water) --- --- --- --- 
Bentazon 1.2 L ha-1 600 g ha-1 6 FSII (6)
Imazamox 60 g ha-1 42 g ha-1 2 ALS (2)
Bentazon + Imazamox  1.2 L ha-1 + 60 g ha-1 600 + 42 g ha-1 6 + 2 FSII (6) + ALS (2)
  
Experiment II 
Control (water) --- --- --- --- 
Fomesafen 1.0 L ha-1 250 g ha-1 14 PPO (14)
Imazamox 60 g 42 g ha-1 2 ALS (2)
Fomesafen + Imazamox 1.0 L ha-1 + 60 g ha-1 250 + 42 g ha-1 14 + 2 PPO (14) + ALS (2)

 

c.p. = commercial product; a.i. = active ingredient; 14 = protoporphyrinogen oxidase (PPO/PROTOX) inhibitors; 2 = 
acetolactate synthase (ALS) inhibitors; 6 = photosystem II inhibitors. Manufacturer's recommended rates. HRAC = 
Brazilian Herbicide Resistance Action Committee (HRAC, 2024). 

 
 
 
distilled water, 71.97 mN m-1 at 25°C. The surface tension (ST; mN 
m-1) was determined using the formula ST = W1 × 71.97 / W2, 
where W1 is the weight (grams) of the treatment droplets and W2 is 
the weight (grams) of the distilled water droplets (Silva-Matte et al., 
2014). 
 
 
Experiments III and IV 
 
Following the analyses of herbicide solutions in Experiments I and 
II, the same herbicide treatments and rates (Table 1) were 
evaluated in Experiments III and IV to assess their control of the 
following weed species: Bidens pilosa, Euphorbia heterophylla, 
Eleusine indica, and Cyperus esculentus in a greenhouse (Table 1). 
Both experiments were conducted in a completely randomized 
design with four replications; the herbicide treatments (Table 1) 
were applied at post-emergence of weeds. 

The evaluated weed species were manually seeded in 1 dm-3 
pots at a depth of approximately 1 cm, using approximately 5 seeds 
(B. pilosa and E. heterophylla) or 7 seeds (E. indica and C. 
esculentus) per pot. A density of two plants (B. pilosa and E. 
heterophylla) or three plants (E. indica and C. esculentus) per pot 
were maintained at the time of treatment application.  

Herbicide treatments were applied using a CO2-pressurized 
backpack sprayer at a constant pressure of 210 kPa, equipped with 
boom with four AIXR 110 015 spray nozzles spaced 50 cm apart, 
for applying a spray volume of 150 L ha-1. Weather conditions at the 
time of applications were: temperature of 23ºC, relative air humidity 
of 68%, and wind speed of 3.8 km h-1. Daily irrigation was carried 
out manually. 

The weed control efficacy was assessed at 7, 21, and 28 days 
after application (DAA) based on a percentage scale from 0 to 
100%, in which zero represents no symptoms and 100% represents 
the death of the plant. The effect of the interaction between 
herbicides on weed control (%) was determined using the equation 
proposed by Colby (1997) to calculate the expected value (EV) of 
the herbicide interaction: 

  

 
 
where EV is the expected control or injury caused by  the  herbicide 

combination, and X and Y are the percentages of weed control 
provided by herbicide applied separately. 
 
 
Statistical analysis 
 
The data from Experiments I and II were subjected to univariate 
analysis of variance (ANOVA) using the F-test (p ˂ 0.05). 
Significant means were subjected to analysis of the interaction 
effect between factors (herbicide solution and evaluation time); pH 
data were subjected to regression analysis using polynomial 
decomposition based on orthogonal contrasts. However, the choice 
of graphs was based on the significance of degree of polynomials 
(*), sum of squares (SS), and coefficient of determination (R²).  

The data from Experiments III and IV were subjected to ANOVA 
using the F-test at a 5% significance level. Significant means were 
subjected to multiple comparison using the Tukey's test (p ˂ 0.05) 
based on the interaction effect between factors (herbicide 
application and weed species).  

The data obtained through the Colby method were subjected to 
ANOVA, and means were compared using the Tukey's test (p < 
0.05). When significant differences were found among treatments, 
the effect of an herbicide interaction was considered antagonistic or 
synergistic when the weed control from applying an herbicide 
combination was lower or higher, respectively, than that expected  
from the sum of control percentages provided by the herbicides 
applied separately. 

All statistical analyses were carried out using the academic 
version of the Statistical Analysis System - SAS software (SAS 
University Edition). Graphs were developed using the SigmaPlot 
10.0 software (Systat Software, San Jose, USA). 
 
 
RESULTS  
 
Experiments I and II 
 
No physical instability was found for the herbicide 
solutions tested in Experiments I and II, with all solutions 
(herbicides alone or in combination) showing homogeneity 
(Table 2). However, foam formation was observed for the  
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Table 2. Physical characteristics of herbicide solutions at different times after preparation: homogeneity 
(HG), flocculation (FL), sedimentation (SD), phase separation (FS), oil suspension (OS), and formation 
of clumps (CL), crystals (CR), cream (CE), and foam (FO). 
 

Time after preparation 
Experiment I

Control Bentazon Imazamox Herbicide combination

0  HG HG; FO HG; FO HG; FO 
1 h HG HG; FO HG; FO HG; FO 
2 h HG HG; FO HG HG; FO 
3 h HG HG; FO HG HG; FO 
   

Time 
Experiment II

Control Fomesafen Imazamox Herbicide combination

0  HG HG; FO HG; FO HG; FO 
1 h HG HG; FO HG; FO HG; FO 
2 h HG HG HG HG 
3 h HG HG HG HG 

 
 
 

Table 3. Analysis of variance for pH and electrical conductivity of herbicide solutions evaluated at different 
periods after preparation. UDESC, Lages, Santa Catarina, Brazil, 2024.  
 

Source of variation Degrees of freedom pH Electrical conductivity  (S m-1)

Experiment I 
Herbicide solution 3 194.81* 36,169.90* 
Evaluation time 3 78.43* 1.59NS 
Herbicide × Time 9 9.57* 0.82NS 
Residue 48 --- --- 
Total 63 --- --- 
Mean 7.74 1,117.91 
CV (%) 0.92 1.49 
    

Experiment II 
Herbicide solution 3 262.60* 4,707.75* 
Evaluation time 3 14.54* 2.19NS 
Herbicide × Time 9 10.89* 1.07NS 
Residue 48 --- --- 
Total 63 --- --- 
Mean 7.71 601.83 
CV (%) 2.22 1.88 

 

CV = coefficient of variation; * and NS = significant and not significant (p ˂ 0.05), respectively, by the F-test. 
 
 
 
bentazon solution (Experiment I) at all evaluation times, 
whereas imazamox solution exhibited this phenomenon 
only at one hour after preparation, Moreover, a persistent 
foam formation was found in the solution combining both 
herbicides. In Experiment II, foam formation was 
observed immediately after solution preparation, 
extending for one hour for solutions with fomesafen and 
imazamox alone or in combination (Table 2). 

ANOVA showed a significant interaction effect (p < 
0.05) between the factors (herbicide solution and 
evaluation time) for pH in both experiments (I and II). This 

result denotes a pH variation in the herbicide solutions 
over time; similarly, there was a pH variation for each 
evaluation time. This indicates that pH may vary as a 
function of the solution resting time, providing useful 
information about the ideal timing for herbicide application 
after solution preparation. No significant interaction effect 
was found for electrical conductivity, only an individual 
effect of the herbicide solution factor (Table 3). 

Herbicide solutions had a significant effect on surface 
tension of spray droplets in both experiments (Table 4). 
The  means  found  differed  significantly   among   single  
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Table 4. Analysis of variance for surface tension (mNm-1) of spray droplets of herbicide solutions (alone and in 
combinations), Lages, Santa Catarina, Brazil, 2024. 
 

Source of variation Degrees of freedom Sum of squares Mean square F-test (p ˂ 0.05) p-value

Experiment I 
Treatment 3 1.058.49 353.16 60.16 ˂ 0.001
Residue 12 70.45 5.87 --- ---
Total 15 1.129.92 --- --- ---
Mean 80.51 
CV (%) 3.01 
  
Experiment II 
Treatment 3 1.752.98 584.32 112.35 < 0.001
Residue 12 62.40 5.20 --- ---
Total 15 1.815.38 --- --- ---
Mean 64.68 
CV (%) 3.53 

 

CV = coefficient of variation. 
 
 
 
herbicide solutions in both experiments, with bentazon 
showing higher mean than fomesafen, which is explained 
by the particularities of each product.  

The evaluated herbicide solutions presented significant 
differences in electrical conductivity (EC). Combining 
bentazon and imazamox resulted in the highest EC, 
differing significantly from the other treatments (Figure 
1A). Analysis of contrasts showed a linear regression for 
the evaluated treatments; however, the choice of graph 
was based on the significance of degree of polynomials 
(*), sum of squares (SS), and coefficient of determination 
(R²).  

Linear regression for Experiments I and II showed a 
significant increase in pH in solutions of all treatments as 
resting time increased (Figure 1B); these increases were 
0.07 (bentazon), 0.20 (imazamox), and 0.17 (bentazon + 
imazamox) for every hour the solution remained at rest 
(Figure 1B).  

The solution with imazamox alone showed lower EC, 
with means significantly lower than the control in both 
experiments. This increased EC in solutions combining 
herbicides is due to the high means found for the 
solutions with herbicides alone. The surface tension (ST) 
of spray droplets varied in both experiments. Bentazon 
alone was the only treatment that increased ST, differing 
significantly. However, imazamox alone and the 
combination of these two herbicides did not significantly 
differ from the control (Figure 1C). The solution combining 
fomesafen and imazamox increased EC compared to the 
control (Figure 2A). 

Fomesafen alone significantly decreased pH by 0.31 
per hour of rest (Figure 2B), whereas imazamox alone 
and these two herbicides combined significantly 
increased pH by 0.21 and 0.23, respectively, per each 
hour of rest (Figure 2B). Moreover, fomesafen alone and 
its combination with imazamox significantly decreased ST 

compared to the control, as well as imazamox alone 
(Figure 2C).  
 
 
Experiments III and IV 
 
The weed control (phytotoxicity) by the tested herbicide 
treatments was significantly different (p < 0.05) for all 
species and evaluation times (7, 14, and 28 DAA) in both 
experiments (III and IV). This result indicates that the 
treatments promoted different weed control and the 
control percentage varied according to the herbicide 
treatment and weed species (Table 5).  

In Experiment III, the control of B. pilosa and C. 
esculentus was more effective compared to the other 
species for all herbicide treatments applied, alone or in 
combination, with control of approximately 100% (Figure 
3A, 3B, and 3C). 

E. indica was the least affected by the herbicides at all 
evaluations, with a control of approximately 20%. The 
control of E. heterophylla was gradual over of the 
evaluations, but not exceeding 50%; however, the 
application of imazamox alone resulted in 60% and 95% 
control at 14 DAA and 28 and DAA, respectively (Figure 
3B and 3C).  

In Experiment IV, the control of B. pilosa and C. 
esculentus was more effective at 7 and 14 DAA 
compared to the other species, in all treatments applied, 
with a control above 90%; however, imazamox alone 
resulted in approximately 60% and 80% at 7 and 14 DAA, 
respectively, being the less effective herbicide treatment 
(Figure 4A and 4B).  

Applying herbicides alone and in combination resulted 
in approximately 100% control of B. pilosa, C. esculentus, 
and E. Heterophylla at 28 DAA (Figure 4C). As in 
Experiment  III,  E.  indica  was  the  least  affected by the  
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Figure 1. Comparison of means of electrical conductivity (S m-1) (A) and surface tension (mNm-1) (C), and 
regression for pH (B) of the evaluated herbicide solutions. CAV/UDESC. Lages, SC, Brazil, 2024. 
Means followed by the same letter in Figures A and C are not significantly different from each other by the 
Tukey's test (p ˂ 0.05). 

 
 
 
herbicide treatments (Figure 4A, 4B and 4C).  

In Experiment III, the herbicide combination (bentazon 
+ imazamox) had an additive effect on the control of C. 
esculentus and B. pilosa; however, this treatment 
resulted in an antagonistic effect on the control of E. 
indica and E. heterophylla. In Experiment IV, the 
herbicide combination (fomesafen + imazamox) had an 
additive effect on all species (Table 6). 
 
 
DISCUSSION  
 
The results showed no physical incompatibility in the 
herbicide solutions evaluated in Experiments I and II, with 
all solutions (herbicides alone or in combination) showing 
homogeneity. Incompatibility is evident when a solution 
presents flocs, crystals, clumps, or phase separation, 
indicating that the products ca1nnot be uniformly mixed.  
The presence of foam in the solution combining bentazon 

and imazamox can be attributed to the formation of foam 
characteristic of bentazon. This effect is explained by 
agitation immediately after solution preparation, which 
can disappear after some preparation time, as also found 
in other studies (Tavarese and Cunha, 2023). A longer 
duration of foam presence is not an advantage for the 
applicator, as foams can occupy spaces intended for the 
spray solution, compromising the accuracy in tank filling, 
which can result in alterations, errors of rates, and an 
increased risk of contamination during solution 
preparation. 

The herbicide was the most important factor, which 
accounted for 94.0% of the variation in pH in the 
experiment, whereas the evaluation time factor was 
responsible for 3.8% of the variation. The herbicide factor 
was responsible for 99.9% of the variation in EC, 
whereas the evaluation time factor accounted for 0.004% 
of the variation. This indicates that adjustments in 
herbicide  use are more critical for managing phytotoxicity  
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Figure 2. Comparison of means of electrical conductivity (S/m) (A) and surface tension (mNm-1) (C) and 
regression for pH (B) of the evaluated herbicide solution treatments. CAV/UDESC. Lages, SC, Brazil, 2024. 
Means followed by the same letter in Figures A and C are not significantly different from each other by the 
Tukey's test (p ˂ 0.05). 

 
 
 
in weeds than the selection of species.  

Therefore, further studies involving the resting time of 
herbicide solutions should assess the herbicide factor, 
alone or in combinations, with different evaluation 
intervals, despite it presented significant variations. 
Despite the herbicide treatments showed variation in EC, 
this was not found over time (Figures 1A and 2A). 
However, the solutions with imazamox alone showed EC 
below that of the control in both experiments (I and II), 
whereas bentazon and fomesafen alone presented 
increased EC compared to the control; this increase was 
also found when these herbicides were combined with 
imazamox.  

The effect of EC on herbicide efficacy is not fully 
understood, as since there is little information on the 
dynamics of EC in the physiological aspect of plants. 
However, it is believed that a high EC provides the 
presence of large amounts of ions, which can decrease 
product efficacy, affecting water solubility, absorption, 
and hydrolysis, by plants. Moreover, little is known  about 

the ideal EC range for a satisfactory effect on the plant. 
Therefore, detailed information is still needed for a better 
understanding of the dynamics of EC (Tavarese and 
Cunha, 2023). 

EC decreased in the imazamox solution because it is a 
weak acid that partially dissociates in aqueous solutions, 
releasing few H+ and CH3COO− ions, resulting in a low 
EC. EC is dependent on the presence of free ions in the 
solution, that is, the higher the presence of ions, the 
higher the solution EC. 

The decrease in pH of the solutions shown in Figures 
1B and 2B was due to the low pH of imazamox alone; 
these two treatments had pH below neutrality (7.0), which 
is considered acid. This may result in a higher efficacy of 
the herbicides, as their efficacy is higher when the 
solutions have pH between 6 and 6.5 (Murphy, 2004). In 
addition, the hydrolysis rate is delayed under a low pH, 
maintain leaf moist for a longer period, as leaf surfaces 
have, in general, neutral pH and interact with the solution 
pH (Cunha and Alves, 2009).  
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Table 5. Analysis of variance for phytotoxicity in weed species at 7, 14, and 28 days after application (DAA) of herbicide solutions. UDESC, Lages, Santa Catarina, Brazil, 2024. 
 

SV DF 
C. esculentus E. indica B. pilosa E. heterophylla

7 DAA 14 DAA 28 DAA 7 DAA 14 DAA 28 DAA 7 DAA 14 DAA 28 DAA 7 DAA 14 DAA 28 DAA 

Experiment III 
TR 3 7.8* 25.87* 409.4* 6.41* 12.33* 8.4* 93.3* 319.48* 1533.9* 3.46* 7.9* 15.8* 

Error 12 --- --- --- --- --- --- --- --- --- --- --- ---
Total 15 --- --- --- --- --- --- --- --- --- --- --- ---

Mean 50.93 62.62 71.75 8.56 9.43 14.68 67.06 69.87 72.81 15.75 29.37 41.43 
CV (%) 49.07 28.39 6.60 52.95 41.23 49.12 13.84 7.46 3.40 76.57 59.29 45.80 

    
Experiment IV 

TR 3 38.6* 471.4* 981.6* 14.4* 34.4* 23.3* 46.3* 325.6* 1801.5* 28.5* 16.8* 26.5* 
Error 12 --- --- --- --- --- --- --- --- --- --- --- ---
Total 15 --- --- --- --- --- --- --- --- --- --- --- ---

Mean 62.12 69.50 71.87 37.50 47.62 52.18 59.12 67.93 71.18 33.75 55.37 69.68 
CV (%) 22.52 6.18 4.25 40.74 26.38 28.05 21.36 7.46 3.14 32.57 35.77 26.24 

 

SV = source of variation; DF = degrees of freedom; TR = treatment; * and NS = significant and not significant (p ˂ 0.05), respectively, by the F-test. 
 
 
 

 
 
Figure 3. Comparison of means for the interaction effect (herbicide × species) regarding phytotoxicity at 7, 14, and 28 days 
after application (DAA), in Experiment III. UDESC, Lages, Santa Catarina, Brazil, 2024. 
Means followed by the same uppercase letter comparing herbicides or lowercase letter comparing weed species are not 
significantly different from each other by the Tukey's test (p ˂ 0.05). 
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Figure 4. Comparison of means for the interaction effect (herbicide × weed species) regarding phytotoxicity at 7, 
14, and 28 days after application (DAA) in Experiment IV. UDESC, Lages, Santa Catarina, Brazil, 2024. 
Means followed by the same uppercase letter comparing herbicides or lowercase letter comparing species are not 
significantly different from each other by the Tukey's test (p ˂ 0.05). 

 
 
 
Imazamox is a weak acid and its charge depends on pH, 
thus, when introduced to an acid aqueous solution or 
medium (pH < pKa), it is not dissociated, resulting in a 
higher quantity in non-ionic form (HA) and lower quantity 
in ionic form (dissociated – HA-); however, when it is 
introduced to a basic aqueous medium (pH > pKa), it is 
dissociated, resulting in a lower quantity in non-ionic form 
(HA) and a higher quantity in ionic form (dissociated –HA-

) (Carvalho, 2013). 
Contrastingly, bentazon and fomesafen alone (Figures 

1B and 2B) exhibited a pH above neutrality (7.0), which is 
considered alkaline; this pH can cause mixture instability 
and consequently ineffective control (Murphy, 2004). 
Most pesticides decompose rapidly at alkaline pH 
(Kissmann, 1997). Moreover, excessive acidification is 
undesirable because the action of these products can be 
altered due to precipitation (Murphy, 2004). Furthermore, 
a pH lower than 5.0 increases the potential for 
volatilization of these products and can promote off-target 
deposition (drift) (Striegel et al., 2021). 

The pH of the evaluated herbicide solutions increased 
gradually and significantly over time. This indicates that 
these products should be applied soon after solution 
preparation. This increased pH over of time can lead to 
herbicide incompatibility, which can result in negative 
effects such as changes in stability, efficacy, and 
degradation molecules, inhibition of target site activity, 
and stimulation or inhibition of metabolic detoxification 
processes in some target biotypes (Vechia et al., 2018). 
However, these results should be confirmed under field 
experimental conditions. 

Additionally, adversities in weed control in crop fields 
can be determinants for pH variations. A study evaluating 
the effect of spray solution pH on the efficacy of 
herbicides against volunteer rapeseed (Brassica napus 
L.) showed that the application of mesotrione at a pH of 
4.0 contributed to greater efficacy in controlling  rapeseed 

(87%) (Gzanka et al., 2021). 
The surface tension (TS) of spray droplets varied 

among the herbicide treatments; however, similar to pH, 
ST decreased with the combination of herbicides (Figure 
2C). Imazamox, alone and combined with bentazon, 
maintained ST similar to the control, with no significant 
difference. Thus, there was no increase in ST in herbicide 
combination compared to the control (Figures 1C and 
2C). These results show a potential efficiency in the 
deposition and spreading of the solution on the target 
when applying a solution combining herbicides (Song et 
al., 2021), as decreases in droplet surface tension are 
commonly positively correlated with droplet dispersion, 
that is, the lower the ST and the contact angle with the 
target surface, the greater the dispersion and, 
consequently, the greater the deposit and coverage of 
the target (Decaro Jr. et al., 2015). 

All treatments showed effective control of B. pilosa and 
C.s esculentus at 28 DAA, differing from E. indica and E. 
heterophylla, which were less affected by the herbicide 
effect (Figure 3C). The herbicide efficacy in controlling E. 
indica and E. heterophylla varied between Experiments III 
and IV; control was less effective in Experiment III (Figure 
3) than in Experiment IV (Figure 4). This may be 
attributed to the tolerance of these species to bentazon 
and its antagonistic effect when interacting with 
imazamox (Table 6). Moreover, there is no current history 
of resistance of B. pilosa and E. heterophylla to ALS 
inhibiting herbicides, which may explain the action of 
imazamox on these species. 

Regarding the control effect of bentazon alone and in 
combination with imazamox on E. heterophylla, this 
herbicide decreased the effect of imazamox in controlling 
this species. This can be attributed to antagonism in the 
interaction between these two herbicides, as bentazon 
mixed with some herbicides can cause antagonism in 
weed  control. This  herbicide  can  inhibit  photosynthetic  
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Table 6. Weed control percentage (phytotoxicity) at 28 days after application (DAA) of herbicide treatments, UDESC, 
Lages, Santa Catarina, Brazil, 2024. 
 

Treatment 
Cyperus esculentus Eleusine indica Bidens pilosa Euphorbia heterophylla

Vo Ve I Vo Ve I Vo Ve I Vo Ve I

Experiment III 
Control 0.0 -- -- 0.0 -- -- 0.0 -- -- 0.0 -- --
Bentazon 96.8 -- -- 15.5 -- -- 97.5 -- -- 38.8 -- --
Imazamox 91.3 -- -- 24.5 -- -- 96.0 -- -- 90.3 -- --
Mixture 99.0 99.5 NS AD 18.8 36.4* AN 97.8 99.9 NS AD 36.8 93.9* AN
      
Experiment IV 
Control 0.0 -- -- 0.0 -- -- 0.0 -- -- 0.0 -- --
Fomesafen 97.3 -- -- 74.3 -- -- 96.3 -- -- 82.0 -- --
Imazamox 92.5 -- -- 60.8 -- -- 90.8 -- -- 96.8 -- --
Mixture 97.5 99.8NS AD 73.8 88.0NS AD 97.8 99.7NS AD 100.0 100.0NS AD

 

Vo = observed value; Ve = expected value (Colby); I = interaction (AN = antagonistic; AD = additive; SG = synergistic). * and 
NS = significant and not significant (p ˂ 0.05), respectively, by the F-test. 

 
 
 
electron flow in chloroplasts of sensitive tissues, which 
contributes to decreasing photosynthetic activity. The 
oxidative stress promoted by this herbicide hinders 
proteins and membranes of photosynthetic cells and 
causes cell death in weeds (Radwan et al., 2019). 

Therefore, the antagonistic effect of the interaction 
between bentazon and imazamox may be due to a 
decreased absorption and/or translocation and changes 
in the metabolism of imazamox by the action of bentazon. 
This results in reduced efficacy in weed control, as 
bentazon promotes a protective effect in the plant against 
ALS-inhibiting herbicides due to its acting in photosystem 
II (PSII). It decreases the proportion of production and 
translocation of photoassimilates, decreasing the rate of 
absorption and transport of ALS-inhibiting herbicides in 
the plant phloem (Bauer et al., 1995).  

However, these results are consistent with those found 
by Joaquim Júnior et al. (2023), who reported that the 
mixture of bentazon and imazethapyr resulted in lower 
phytotoxicity in cowpea plants (Vigna unguiculata), which 
may be connected to the antagonism found in the 
mixture. 

A mixture is considered antagonistic, additive, or 
synergic when its effect is, respectively, less than, equal 
to, or greater than the sum of the effects of applying the 
products separately (Staker and Oliver, 1998). Therefore, 
none of the evaluated herbicide combinations showed a 
synergistic effect in the present study.  

The mixture of fomesafen and imazamox showed an 
additive effect, resulting in a satisfactory weed control. 
Studies on the combination of these herbicides have 
shown their efficacy in controlling several weed species 
in common bean crops, with high control for 
postemergence applications (Marchioretto and Dal 
Magro, 2017; Costa et al., 2020). This should raise the 
interest in similar research under field  conditions  for  this 

region, as these herbicides have different modes of 
action and translocation in the plant.  

Imazamox is a systemic herbicide that is absorbed and 
translocated in the plant to the site of action, which is the 
acetolactate synthase (ALS) enzyme, resulting in the 
blockage of the production of branched-chain amino 
acids (valine, leucine, and isoleucine) and in decreases in 
protein synthesis and cell division (Gurbuz and Yenturk, 
2022). Fomesafen is a contact herbicide and does not 
translocate in the plant, that is, it acts specifically at the 
site of deposition. It inhibits the action of the 
protoporphyrinogen oxidase (PROTOX) enzyme, which 
prevents the formation of chlorophylls and, consequently, 
the formation of reactive oxygen species, resulting in lipid 
peroxidation and destruction of cell membranes, leading 
the total plant collapse (Brusamarello et al., 2021). 

Improving product retention on leaves by using 
adjuvants in the solution formulation is one of the 
strategies to achieve complete control of E. indica, as 
found for the other evaluated species, as it can assist in 
overcoming the cuticle barrier, increasing the deposition 
and efficacy of the spray solution on leaf tissues, 
resulting in a better penetration of the active ingredient 
through the plant surfaces (Räsch et al., 2018). 

Further investigations should address formulation 
aspects (rates) to assess whether reduced rates in the 
herbicides mixtures used in this study result in 
satisfactory control for these weed species, as some 
research studies have shown promising weed control 
with reduced rates of active ingredients (Khaliq et al., 
2011; Vechia et al., 2018), with can minimize the 
environmental impacts of herbicide applications (Kudsk, 
2008) and reduce production costs. 

The results found in the present study should be tested 
under field conditions, since the results for weed control 
by    the    interaction  of   herbicides   can   vary   due   to  



 
 
 
 
experimental conditions and weed species. Research 
conducted by (Sorensen et al., 1987) showed that the 
effect of mixing bentazon and acifluorfen to for the control 
of Amaranthus retroflexus L. can be described as 
antagonistic under greenhouse conditions, but was 
synergistic under natural environmental conditions. 
Additionally, combining these herbicides under the 
greenhouse conditions resulted in a synergistic 
interaction for controlling Chenopodium album L., without 
the use of adjuvants; however, the same interaction was 
considered additive when a vegetable oil was used in the 
formulation. 
 
 
Conclusion 
 
No physical or chemical incompatibilities were found in 
the evaluated herbicide mixtures. However, Experiment 
III revealed that bentazon and imazamox, alone or 
combined, failed to satisfactorily control E. indica and E. 
heterophylla due to an antagonistic effect. In contrast, 
combining bentazon and imazamox showed promise in 
controlling C. esculentus and B. pilosa. Meanwhile, 
combining fomesafen and imazamox demonstrated 
potential in controlling all evaluated weed species. 
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