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Abstract: Straw from no-till cropping systems, in addition to increasing the soil organic matter content,
may also impede the movement of applied herbicides into the soil and, thus, alter the behavior and
fate of these compounds in the environment. Rain or irrigation before or after an herbicide treatment
can either help or hinder its movement through the straw, influencing weed control. Our objective
was to develop a system for herbicide application and rain simulation, enabling the evaluation of the
movement of various herbicides either in dry or wet straw under different rainfall volumes (25, 50,
75, and 100 mm). The amount of the applied herbicides that moved through the straw were collected
and measured using a liquid chromatograph with a tandem mass spectrometry system (LC-MS/MS).
Measurements obtained with the developed system showed a high herbicide treatment uniformity
across all replications. The movement of the active ingredients through the straw showed variability
that was a function of the applied herbicide, ranging from 17% to 99%. In wet straw, the collected
herbicide remained constant from 50 to 100 mm of simulated rainfall. For the wet straw, the decreasing
percentages of the herbicide movement through straw to the soil were sulfentrazone (99%), atrazine
and diuron (91% each), hexazinone (84%), fomesafen (80.4%), indaziflam (79%), glyphosate (63%),
haloxyfop-p-methyl (45%), and S-metolachlor (27%). On the dry straw, the decreasing percentages of
the herbicide movement were fomesafen (88%), sulfentrazone (74%), atrazine (69.4%), hexazinone
(69%), diuron (68.4%), glyphosate (48%), indaziflam (34.4%), S-metolachlor (22%), and haloxyfop-
p-methyl (18%). Overall, herbicide movement was higher in wet straw (with a previous 25 mm
simulated rainfall layer) than in dry straw. Some herbicides, like haloxyfop-p-methyl and indaziflam,
exhibited over 50% higher movement in wet straw than dry straw after 100 mm of simulated rain.
The developed system can be adapted for various uses, serving as a valuable tool to evaluate the
behavior of hazardous substances in different agricultural and environmental scenarios.

Keywords: herbicide leaching; LC-MS/MS analysis; non-tillage; simulated rain; straw retention

1. Introduction

Understanding the behavior and fate of herbicides in the environment is a pivotal
concern in both agriculture and ecology [1]. Herbicides are substances designed to control
weeds, but their interaction with the environment can have significant impacts on non-
target organisms [2]. These chemicals have the potential to be transported through water,
air, or soil, extending their impact beyond the initially treated areas [3]. The mobility
of herbicides is influenced by various physicochemical characteristics, including water
solubility, soil adsorption, and persistence, among others [1,4]. Some herbicides may even
leach into groundwater, posing a threat to the quality of drinking water and potentially
affecting human health and surrounding vegetation [5,6]. In addition, the interaction of
herbicides with non-target vegetation can lead to ecological impacts [7].
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The soil, characterized as a complex, open, and dynamic system, plays a pivotal role
as the primary fate for herbicides [1]. Within this intricate environment, the redistribution
and degradation of these products take place at a variable rate for each herbicide. This
process is rapid, usually taking only a few days for non-persistent herbicides, while it can
extend over months or even years for moderately and highly persistent herbicides [8]. The
widespread adoption of no-till systems in Brazil introduces an additional factor affecting
the fate of herbicides due to the presence of straw (plant residues) [9,10].

Brazil is the world’s main producer of sugarcane and contributes to more than 40%
of the production, which is mainly intended to meet the global demand for bioenergy
with the aim of reducing dependence on crude oil [11]. Historically, burning straw was
a common practice to facilitate the harvest of sugarcane; however, these fires emitted
significant atmospheric pollutants, including aerosols, gases, and various hydrocarbons,
posing a risk to public health [12]. Consequently, in 2007, the government of the state of São
Paulo, the main national producer of sugarcane, established a ‘green ethanol’ production
protocol, with the aim of ending pre-harvest burning by 2014 [13]. This protocol gave rise to
the Green Harvest or Raw Cane production method [14], which involves the accumulation
and deposition of substantial quantities of plant residues (straw) on the soil surface, forcing
the direct sowing of sugarcane under no-till systems [11].

Straw diminishes weed competition by affecting the dormancy, germination, and
mortality rates of seeds, leading to alterations in the weed community [15]. However, the
nature of these changes is highly specific, contingent upon the type and quantity of straw,
and particularly the weed species involved. Moreover, certain species have adapted to the
presence of straw. For instance, herbicide-resistant weeds, including those from the genera
Amaranthus, Conyza, and Lolium, as well as species like Digitaria insularis, Eleusine indica, and
Euphorbia heterophylla are well adapted to non-tillage systems in Brazil [16,17], necessitating
additional measures such as chemical control.

Despite the numerous agricultural and environmental benefits and functionalities
of straw [18], its presence has a significant impact on the transport of herbicides into the
soil. This is due to the herbicides adhering to the surface of the straw, which compromises
the management of difficult-to-control weeds and significantly influences the final fate of
herbicides in the environment [19,20]. This influence arises from the increase in the soil
organic matter content, leading to a strong sorption of herbicides [21–25]. The retention of
herbicides in the straw impedes the movement of these products through water, preventing
them from reaching the soil; in addition to reducing their effectiveness, this can also prolong
their persistence in the environment [26,27]. Therefore, precipitation or irrigation, whether
before or after application, regulates the transfer of herbicides to the soil with straw acting
as an intermediary [19,26].

The methodologies employed to investigate the movement of herbicides from straw
to soil typically involve bioassay, stationary sprayers, and field rain simulators [26–29].
Bioassays usually simulate field conditions in a controlled environment using columns that
allow the subdivision of the substrate or soil into layers after herbicide application and
the simulation of rainfall. Following this, bioindicator plants are germinated in these soil
layers, making it possible to determine the leaching depth of the herbicide through the soil
profile based on the phytotoxic symptoms presented by these plants, which are often highly
susceptible to the evaluated herbicide(s) [30,31]. In the case of field rainfall simulators, the
area where rainfall is simulated is usually small (1 m2), requiring multiple simulators or
additional time to apply all the desired rainfall layers in the experimental plots [29]. In
both bioassays and field experiments, herbicides are applied using conventional methods,
either with backpack or tractor sprayers. In contrast, stationary sprayer allows for both
the application of the herbicide and the simulation of rain on columns or trays; however, it
permits the evaluation of only one herbicide or one rain layer at a time. Some of these ap-
proaches are followed by the chromatographic analysis of the rearranged solution [26–28],
but additional methods of extraction of the leached herbicide solution are required.
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As can be seen, each of these approaches has several limitations, such as low precision,
repeatability issues, logistical challenges, or a limited number of herbicides or rain layers
to evaluate. Therefore, the objective of this study was to develop a system for herbicide ap-
plication and rainfall simulation that allows the simultaneous assessment of the movement
and transfer of various herbicides in dry or wet sugarcane straw under different rainfall
volumes. Additionally, this system aims to expedite the collection of the moved herbicide
solution samples for quantification using an LC-MS/MS system, ultimately enhancing the
precision of the technique. In this initial study for the development of the system, sugarcane
straw was used in consideration of the economic importance of this crop. Additionally,
these results could serve as a basis to optimize the system and evaluate different types of
straw, substrates, soils, and herbicides in future studies.

2. Materials and Methods
2.1. Experimental Conditions

The movement of atrazine, diuron, fomesafen, glyphosate, haloxyfop-p-methyl, hexazi-
none, indaziflam, S-metolachlor, and sulfentrazone was determined under two application
conditions: (1) on wet straw, and (2) on dry straw. The main physicochemical and agronomic
characteristics of these herbicides are summarized in Table S1. The herbicides were applied
separately to sugarcane straw, cut into 0.5 × 0.5 cm sections from plants without herbicide ap-
plication, and contained in polypropylene capsules (application area = 15.6 cm2). The amount
of straw used corresponded to 10 t ha−1.

The herbicide solutions were prepared at their respective field doses, resulting in
different concentrations (Table 1); nevertheless, a consistent volume of 40 µL, equivalent to
250 L·ha−1, was applied to each capsule. The solution was administered to the capsules us-
ing a repeating pipette. In treatments involving wet straw, a 25 mm rainfall layer preceded
herbicide application to simulate the washing of target plants after rain or irrigation. In
treatments on dry straw, 40 µL of herbicide solution was diluted in water (with a volume
equivalent to 25 mm of rain) and applied simultaneously with the first layer of simulated
rain. One-hour post-herbicide application, three distinct layers (50, 75, or 100 mm) of
simulated rain were evaluated, both on dry and wet straw. The experiment adhered to a
completely randomized design with four replications per treatment.

Table 1. Herbicide, trade name, dose (g·ai·ha−1) and type of formulation of the products used to
evaluate the movement of herbicides in sugarcane straw.

Herbicide Trade Name Dose Formulation 1

Atrazine Nortox 2515 SC
Diuron Velpar K 1481 WG

Fomesafen Flex 314 SL
Glyphosate Roundup transorb R 1207 SL

Haloxyfop-p-methyl Verdict R 75 EC
Hexazinone Velpar K 415 WG
Indaziflam Alion 94 SC

S-metolachlor Dual gold 1810 EC
Sulfentrazone Boral 755 SC

1 SC—suspension concentrate; WG—water-dispersible granules; SL—soluble concentrate; EC—emulsifiable
concentrate.

2.2. System of Herbicide Application and Rain Simulation

The herbicide application and rainfall simulation were conducted using a stationary
simulator (Figure 1), consisting of a fixed table and a movable table.
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Figure 1. (A) Scheme of the system developed for herbicide application and rain simulation. Sequence
of the equipment structures: (B) side view of the syringe compression system; (C) top view of the
rain application and simulation table; and (D) front view of the rain application and simulation table.
Sequence of herbicide application or rain simulation: (E) polypropylene capsule with straw treated
with repeat pipette; (F) Falcon collection tube with capsule when applying herbicides or simulating
rain; (G) herbicide solution in movement to be collected (white arrow); and (H) collection of the
herbicide solution for chromatographic analysis.

The equipment was powered using a 12-volt motor, driven by a power source and
connected to two reducers. On the fixed table, 32 syringes of 60 mL, containing the desired
volumes of water or herbicide solution, were securely affixed. The mobile table was
horizontally displaced by 18 cm through the action of two straps that exert pressure on
the pistons. To initiate the process, the volumes of water or herbicide solution from the
syringes were injected into plastic hoses with a diameter of 3.3 mm. These hoses were
positioned 1.5 cm above the surface of the capsules, where a repeating pipette was attached.
These hoses were linked to a perforated structure that facilitated horizontal movement,
while the collector, a 50 mL Falcon tube, along with the polypropylene capsule, rotated
360◦. This design ensured a uniform distribution of the liquid across the entire capsule
area. To prevent the passage of impurities, a perforated lid with a fixed filter was attached
to the Falcon tube. Once the predetermined rainfall volumes were attained, the solutions
that moved through the sugarcane straw were carefully collected within 10–15 min after
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the rain simulation. This collection took place once water ceased draining from the treated
straw and was stored for subsequent chromatographic analysis.

2.3. Herbicide Analytical Analysis

Aliquots of the collected solution that passed through the sugarcane straw after each
rainfall simulation were filtered (0.45 µm) and analyzed using LC-MS/MS. The analysis
employed a system comprising a high-performance liquid chromatograph (Proeminence
UFLC, Shimadzu Corporation, Kyoto, Japan) coupled to a hybrid triple quadrupole mass
spectrometer (4500, Triple Quad, AB Sciex, Framingham, MA, USA). This system had high
sensitivity and repeatability, with low noise and simultaneous measurement of several
compounds, maintaining a constant relationship between signal intensity (chromatographic
peak area) and the concentration of different compounds expressed in molar units.

The analysis involved a total running time of 20, 30, and 100 s for the studied herbicides,
with a retention time (RT) in the chromatographic column of 0.71 for glyphosate and an
average of 5.0 min for the other herbicides. Table 2 provides detailed information on
the chromatographic conditions for quantifying the herbicides evaluated, and Figure S1
displays chromatograms illustrating them.

Table 2. Chromatographic conditions used to quantify the herbicides moved through the sugarcane
straw in different rainfall levels.

Analytical column Synergi 2.5 µ Hydro-RP 100 Å, dimensions 50 × 4.6 mm
Injection volume 20 µL

Mobile phase
(pH 7.0)

Phase A (PA) = 0.5% ammonium acetate in water;
Phase B (PB) = 0.5% ammonium acetate in methanol.

Gradient

2 min = 20% PB and 80% PA
4 min = 95% PB and 5% PA
7 min = 95% PB and 5% PA
9 min = 20% PB and 80% PA
11 min = 20% PB and 80% PA

Flow 0.6 mL min−1

Temperature 40 ◦C

Herbicide Equation RT

Atrazine y = −1.31 × 103x2 + 4.72 × 105x + 9.79 × 103; r2 = 0.9994 5.44
Diuron y = −5.38x2 + 3.7 × 103x + 1.51 × 103; r2 = 0.9914 5.45

Fomesafen y = −527x2 + 1.24 × 105x + 9.87 × 103; r2 = 0.9931 5.20
Glyphosate y = 4.71 × 103x − 554; r2 = 0.9983 0.71

Haloxyfop-p-methyl y = 2.14 × 105x + 7.86 × 104; r2 = 0.9978 5.85
Hexazinone y = −2.18 × 104x2 + 2.04 × 106x + 5.8 × 105; r2 = 0.9964 5.27
Indaziflam y = −3.75 × 104x2 + 3.06 × 106x + 7.69 × 104; r2 = 0.9995 5.68

S-metolachlor y = −3.02 × 104x2 + 2.98 × 106x + 6.62 × 105; r2 = 0.9964 5.72
Sulfentrazone y = 1.48 × 104x + 1.81 × 103; r2 = 0.9955 5.06

Calibration curves were established for each herbicide using high-purity analytical
standards exceeding 98% purity. These curves facilitated the quantification of the trans-
ported amount of each herbicide. Herbicide concentrations were converted into mass (g),
accounting for the volume of the rinsate solution.

2.4. Statistical Analysis

Data obtained from chromatographic analyses were corrected according to the volume
of rainfall and converted into g·ia·ha−1. Subsequently, normality and homogeneity tests
were conducted following statistical precepts.

The behavior of the herbicide movement concerning rainfall volumes was determined
by fitting the data to Mitscherlich’s non-linear regression model: y = a(1 − 10−c(0+x)) [32],
where a is the asymptote of the model, corresponding to the maximum amount of herbicide
moved through the straw, c is the concavity of the curve, determining the exit speed of the
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herbicide from the straw, x is the volume of rain necessary to move the herbicide (mm),
and y is the total amount of herbicide transferred from the 10 t·ha−1 layer of straw. This
model is employed to express the relationship between a stimulus or time variable and a
response, with applications particularly in the field of measurement reliability [33].

The data obtained from the conditions of application directly to the straw and through
the rain volumes were compared using the Tukey test at a 5% probability. Statistical
analyses were performed using the SAS program (SAS Institute, version 9.1.3, Cary, NC,
USA), and the graphics were generated using the SigmaPlot program (Version 12.5, Systat
Software, San Jose, CA, USA).

3. Results

This entire system and methodology developed for herbicide application and rain
simulation in this work were devised to mimic realistic rain conditions and herbicide
application on straw. The system demonstrated remarkable treatment uniformity (Figure 1),
as confirmed via LC-MS/MS analysis, ensuring a robust level of results.

The movement of active ingredients into sugarcane straw exhibited variability de-
pending on the herbicide, ranging from 17% (haloxyfop-p-methyl in dry straw) to 99%
(sulfentrazone in wet straw). When herbicides were applied to wet straw, herbicide move-
ment remained constant from 50 to 100 mm of simulated rain. This suggests that the initial
25 mm rain layer before treatment created a favorable environment for the movement of
herbicides through straw, regardless of subsequent rainfall volume. The decreasing order of
movement in relation to the theorical total applied herbicide (g·ai·ha−1) was: sulfentrazone
(99%), atrazine (91%), diuron (91%), hexazinone (84%), fomesafem (80.4%), indaziflam
(79%), glyphosate (63%), haloxyfop-P-methyl (45%), and S-metolachlor (27%) (Figure 2).
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Figure 2. Data adjusted using the Mitscherlich model for maximum amounts of herbicides extracted
in 10 t·ha−1 of wet sugarcane straw (25 mm of simulated rainfall before treatment) of sugarcane after
different simulations of rainfall (mm).

In dry straw, the herbicide movement rates followed a descending order: fomesafen
(88%), sulfentrazone (74%), atrazine (69.4%), hexazinone (69%), diuron (68.4%), glyphosate
(48%), indaziflam (34.4%), S-metolachlor (22%), and haloxyfop-p-methyl (18%) (Figure 3).
Notably, the movement of atrazine, diuron, and sulfentrazone increased with the rise in
simulated rainfall volume. In contrast, the movement rates of the remaining herbicides
remained constant, irrespective of the simulated rainfall volume ranging from 50 mm to
100 mm. This shows how different herbicides interact with dry straw under varying rainfall
conditions compared to wet straw.



AgriEngineering 2024, 6 864

AgriEngineering 2024, 6, FOR PEER REVIEW    7 
 

 

In dry straw, the herbicide movement rates followed a descending order: fomesafen 

(88%),  sulfentrazone  (74%),  atrazine  (69.4%),  hexazinone  (69%),  diuron  (68.4%), 

glyphosate  (48%),  indaziflam  (34.4%),  S-metolachlor  (22%),  and  haloxyfop-p-methyl 

(18%) (Figure 3). Notably, the movement of atrazine, diuron, and sulfentrazone increased 

with  the  rise  in  simulated  rainfall  volume.  In  contrast,  the  movement  rates  of  the 

remaining herbicides  remained  constant,  irrespective of  the  simulated  rainfall volume 

ranging from 50 mm to 100 mm. This shows how different herbicides interact with dry 

straw under varying rainfall conditions compared to wet straw. 

 

Figure 3. Data adjusted using the Mitscherlich model for maximum extracted amounts of herbicides 

in 10 t ha–1 of dry sugarcane straw after different rainfall simulations (mm). 

All  herbicides  present  good  fits  to  the  nonlinear  regression  model  in  the  two 

conditions evaluated (dry and wet straw) with R2 values greater than 99% (Table 3). 

Table  3.  Parameters  of Mitscherlich’s  non-linear  regression model  fitted  as  a  function  of  the 

herbicide  content  moved  through  sugarcane  straw  (10  t·ha–1)  under  two  distinct  application 

conditions, following the simulation of accumulated rainfall (mm). 

Herbicide  Condition  𝒂  𝒃  𝒄  R² 

Atrazine 
Dry straw  1833.0  0  0.0120  0.9995 

Wet Straw  2277.3  0  0.0341  0.9999 

Diuron 
Dry straw  1121.0  0  0.0075  0.9999 

Wet Straw  1292.2  0  0.0378  1.0000 

Fomesafen 
Dry straw  273.3  0  0.0246  0.9998 

Wet Straw  253.0  0  0.0359  0.9999 

Glyphosate 
Dry straw  571.0  0  0.0240  0.9996 

Wet Straw  754.0  0  0.0428  0.9999 

Haloxyfop-p-methyl 
Dry straw  13.1  0  0.0226  0.9996 

Wet Straw  33.9  0  0.0575  1.0000 

Hexazinone 
Dry straw  280.5  0  0.0244  0.9995 

Wet Straw  344.9  0  0.0370  0.9999 

Indaziflam 
Dry straw  46.2  0  0.0066  0.9997 
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S-metolachlor 
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Figure 3. Data adjusted using the Mitscherlich model for maximum extracted amounts of herbicides
in 10 t ha−1 of dry sugarcane straw after different rainfall simulations (mm).

All herbicides present good fits to the nonlinear regression model in the two conditions
evaluated (dry and wet straw) with R2 values greater than 99% (Table 3).

Table 3. Parameters of Mitscherlich’s non-linear regression model fitted as a function of the herbicide
content moved through sugarcane straw (10 t·ha−1) under two distinct application conditions,
following the simulation of accumulated rainfall (mm).

Herbicide Condition a b c R2

Atrazine
Dry straw 1833.0 0 0.0120 0.9995
Wet Straw 2277.3 0 0.0341 0.9999

Diuron
Dry straw 1121.0 0 0.0075 0.9999
Wet Straw 1292.2 0 0.0378 1.0000

Fomesafen
Dry straw 273.3 0 0.0246 0.9998
Wet Straw 253.0 0 0.0359 0.9999

Glyphosate Dry straw 571.0 0 0.0240 0.9996
Wet Straw 754.0 0 0.0428 0.9999

Haloxyfop-p-methyl Dry straw 13.1 0 0.0226 0.9996
Wet Straw 33.9 0 0.0575 1.0000

Hexazinone
Dry straw 280.5 0 0.0244 0.9995
Wet Straw 344.9 0 0.0370 0.9999

Indaziflam
Dry straw 46.2 0 0.0066 0.9997
Wet Straw 73.5 0 0.0341 0.9999

S-metolachlor
Dry straw 386.2 0 0.0205 1.0000
Wet Straw 487.8 0 0.0376 0.9999

Sulfentrazone
Dry straw 592.3 0 0.0126 1.0000
Wet Straw 740.6 0 0.0390 1.0000

Overall, herbicide movement was higher in wet straw than in dry straw. Some
herbicides, such as haloxyfop-P-methyl and indaziflam, exhibited an increase of over
50% in wet straw compared to dry straw after accumulating 100 mm of simulated rain.
Most other herbicides showed increases ranging from 17% to 25%. Diuron and fomesafen
demonstrated increases of less than 10% in wet straw compared to dry straw (Table 4).
This observed behavior may be linked to the formulation used and the solubility of the
molecules in water, which can vary between high and low levels. The Koc values, ranging
from moderately mobile to mobile (Table S1), influence herbicide movement under the
evaluated conditions. Various factors, such as application period, application rate, type of
coverage, intensity of irrigation or precipitation, infiltration rate, and physical-chemical
properties of the product and soil, contribute to the concentration and distance of herbicide
transport [1,3,4,20].
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Table 4. Percentage increase in the movement of herbicides applied to wet straw (previous simulated
rain of 25 mm) in relation to dry straw, after accumulated rain of 100 mm.

Herbicide Increase in Movement (%)

Haloxyfop-p-methyl 60.9
Indaziflam 56.3

Sulfentrazone 24.9
Atrazine 23.6

Glyphosate 23.3
S-metolachlor 20.0
Hexazinone 17.8

Diuron 9.8
Fomesafen 9.1

4. Discussion

The herbicides studied were selected for their different physicochemical characteristics,
which affect how they behave in the environment [1]. They come from different chemical
groups, work in different ways, and can target specific weeds or a wide range of them,
before or after they sprout. This diversity helps us understand how herbicides move in
different levels of moisture and rainfall, giving us a broad perspective.

The literature provides various approaches to explore the movement of herbicides
through straw. In a bioassay assessing the movement of atrazine in soils with two densities
of straw (4.5 and 9.0 t·ha−1), herbicide application was conducted using doses ranging from
0 to 5 kg·ai·ha−1. The application was performed with a backpack sprayer, followed by a
simulated 20 mm rain 24 h after treatment. The findings revealed that rain enhanced the
movement of atrazine through the straw, leading to an improvement in control efficiency
(high toxicity levels), especially at a dose of 1.25 kg ai ha−1 [28].

Several researchers have employed a stationary boom sprayer (conditioned within
a room) equipped with four XR-11002 nozzles spaced 0.5 m apart and positioned 0.5 m
above the target surface, including pots or polypropylene capsules containing 10 t·ha−1

of straw). The herbicide spray volume was set at 200 L·ha−1, and rain simulation was
conducted using an automatic hydraulic pump with three high-flow TK-SS-20 nozzles
spaced 0.5 m apart to ensure rain uniformity. Each pass of the simulator applied a 2.5 mm
layer of rain. Following the rain simulations, the findings indicated that the herbicides
diuron, sulfentrazone, and metribuzin moved through the straw after receiving 35 mm, 20
mm, and 21.5 mm of rain, respectively. These rain events resulted in extractions of 66%,
76.5%, and 99%, indicating the extent to which the herbicides moved through the straw
under different rainfall conditions [27,34–36].

Souza [29] developed a rain simulator designed for field conditions. The apparatus
consists of a rectangular structure with four adjustable legs, featuring a centrally positioned
Veejet-type sprinkler nozzle (model 80100) at a height of 3 m above the ground. During
operation, the nozzle’s oscillation, covering a designated 1 m area, is controlled using a
mechanical system that determines the number of oscillations. A pump injects water into
the nozzle, maintaining a constant pressure of 4 kgf·cm−2 (6 PSI), facilitating the movement
of herbicide molecules. Evaluating the retention potential of herbicides hexazinone and
diuron in straw, the presence of 7 t·ha−1 of sugarcane straw proved effective in reducing the
loss of diuron after a three-day rain period. However, due to its high solubility, hexazinone
exhibited a high rate of mobility [37]. Droplet impact energy and intensity, which can
vary under simulated rainfall conditions, may influence the dynamics of herbicides in the
environment [38]; therefore, comprehending the kinetic energy of precipitation from rain
simulators is crucial. Natural conditions exert a higher impact on the soil compared to
simulated rainfalls, lacking characteristics comparable to natural rainfall, such as droplet
size, terminal velocity, and kinetic energy [39].

The movement of the herbicides assessed in this study was intricately linked to the
moisture content in the straw. Application on dry straw resulted in herbicide movement
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aligned with precipitation intensity, meaning the transfer of these products through the
straw increased or decreased depending on the volume of rain. Dry straw has the capacity
to retain the herbicide on the surface and in macropores, impeding their movement and
increasing its residuality [40]. Conversely, applying herbicides on wet straw led to notable
movement, even with low rainfall intensity, signifying elevated environmental humidity.
This condition facilitated the washing and leaching of herbicides in straw [1,41], suggesting
that, under field conditions, larger amounts of herbicides could reach the soil. This wet con-
dition is crucial for enhancing the effectiveness of pre-emergent herbicides [42]; therefore,
applying herbicides like atrazine, diuron, hexazinone, S-metolachlor, and sulfentrazone
on wet straw could result in improved performance in weed control. Conversely, the
effectiveness of post-emergence herbicides with high leaching potential is impacted by
humid conditions during application [43].

The system devised in this study differs significantly from conventional methods
due to its exceptional precision in dosage. It enables volumetric application of simulated
rainwater and regulation of water application rates, setting it apart from its counterparts.
This device has the potential to analyze the movement of various herbicides across different
types of straw, substrates, soils, and under various precipitation and irrigation conditions.
In other words, it could be adapted for various applications, making it a valuable tool
for understanding the behavior of other pesticides and harmful substances in different
agricultural and environmental contexts. Additionally, the findings of this study can
aid in establishing the optimal timing for applying the evaluated herbicides, whether it
should be before or after rainfall or irrigation, depending on the specific compound to be
used. Furthermore, the results can contribute to optimizing dosage by considering the
amount of herbicide moved in relation to precipitation, with the objective of minimizing
environmental impact. However, a limitation arises due to the minimal impact of the
droplets on the straw, leading to limited input of kinetic energy into the system. This
limitation seems to have compromised the transport of herbicides that do not form true
solutions in water, such as indaziflam.

5. Conclusions

In this study, we developed a system to stimulate rainfall and investigate how herbi-
cides move through sugarcane straw (10 t·ha−1) under dry and wet conditions, proving
effective in both scenarios. By adjusting rainfall levels and ensuring consistent volumes
in each experiment, we replicated the initial rainfall pattern following a field herbicide
application across the treated area. The first method simulated rain without significantly
affecting dry straw, ensuring uniformity. The second method represented conditions where
the herbicide could have been washed from the plants or the top layers of straw. Herbicide
movement was more pronounced when applied to wet straw (with a simulated rain layer
of 25 mm) compared to dry straw, especially with subsequent layers of rain. It is impor-
tant to note that our research focuses on understanding how easily herbicides, diluted
or suspended in water, pass through or are retained by straw, rather than studying their
removal from initial deposition targets. Therefore, interpreting herbicide movement into
sugarcane straw through rainwater is crucial, always comparing results with conventional
methodologies that consider the impact of raindrops on straw.
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