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SORPTION OF INDAZIFLAM IN BRAZILIAN SOILS WITH DIFFERENT pH
VALUES!

VALDINEI ARAUJO GONCALVES,Z, LINO ROBERTO FERREIRA?, MATHEUS FERREIRA FRANCA TEIXEIRA?,
FRANCISCO CLAUDIO LOPES DE FREITAS?, LEONARDO D’ ANTONINO?**

ABSTRACT - Pre-emergence herbicides, such as indaziflam, have agronomic efficiency when available in the
soil solution, mainly in the superficial layer (0-10 cm), the region with the highest concentration of weed seed
bank. However, information about the sorption of indaziflam in Brazilian soils still is scarce, since most studies
available in the literature were conducted in soils of temperate regions. The objective of this study was to
estimate the sorption of indaziflam using high-performance liquid chromatography (HPLC) and bioassay in a
Latossolo Vermelho-Amarelo (Oxisol) and in a Cambissolo (Inceptisol), at pH values of 5.1 and 6.1. In the
biossay, Sorghum bicolor was used as an indicator plant. Quantitative indaziflam data were obtained by HPLC,
and the sorption and desorption coefficients were determined in the soils using Freundlich isotherms.
Increasing the pH of the two soils from 5.1 to 6.1 resulted in reductions of Csy and sorption coefficient values.
Desorption, a parameter estimated only by HPLC, showed an inverse behavior to that of sorption, that is, the
lowest desorption was observed in the condition of highest sorption. It is concluded that the increase in pH of
the studied soils reduces indaziflam sorption, influencing the recommendations of this herbicide, from both the
agronomic and the environmental points of view. When the goal is to verify the presence or absence of
indaziflam in the studied soils, the bioassay technique has satisfactory efficiency. Chromatographic assay is
necessary when quantifying the concentration of this herbicide in the soil.

Keywords: Herbicide in soil. Environmental impact. Bioassay. HPLC.

SORCAO DO INDAZIFLAM EM SOLOS DO BRASIL COM DIFERENTES VALORES DE pH

RESUMO - Herbicidas aplicados em pré-emergéncia, como o indaziflam, tém eficiéncia agronomica quando
disponiveis na solugdo do solo, principalmente na camada superficial (0-10 cm), regido de maior concentragao
do banco de sementes das plantas daninhas. Contudo, as informagdes acerca da sor¢do do indaziflam em solos
brasileiros ainda sdo escassas, pois a maioria dos estudos disponiveis na literatura foram conduzidos em solos
de regides temperadas. O objetivo desse estudo foi estimar a sor¢do do indaziflam, utilizando a técnica da
cromatografia liquida de alta eficiéncia (CLAE) e do bioensaio em um Latossolo Vermelho-Amarelo e
Cambissolo nos valores de pH 5,1 e 6,1. No ensaio bioldgico foi utilizado o Sorghum bicolor como planta
indicadora. Os dados quantitativos do indaziflam foram obtidos por CLAE e os coeficientes de sorgdo e
dessorcdo foram determinados em solos utilizando as isotermas de Freundlich. A elevagdo do valor de pH dos
dois solos de 5,1 para 6,1, proporcionou diminuigdo da Cs, ¢ dos valores do coeficiente de sor¢do. A dessorgdo,
parametro estimado apenas pela CLAE, apresentou comportamento inverso ao da sor¢do, ou seja, na condigdo
de maior sor¢do foi observada a menor dessor¢do. A elevagdo do pH dos solos estudados diminui a sorgdo do
indaziflam, influenciando as recomendagdes desse herbicida, tanto do ponto de vista agronémico quanto
ambiental. Quando se pretende verificar a presenca ou auséncia do indaziflam no solo a técnica do bioensaio
possui eficiéncia satisfatoria. Na quantificacdo da concentracdo desse herbicida no solo é necessaria a
realizagdo do ensaio cromatografico.

Palavras-chave: Herbicida no solo. Impacto ambiental. Bioensaio. CLAE.
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INTRODUCTION

The interference of weeds in agricultural
crops has been one of the main critical points of the
production process. Chemical control with herbicides
has been the most used strategy in weed control due
to lower dependence on labor and higher efficiency
in the control with selectivity to crops (FAOSTAT,
2018; SILVA et al., 2013a).

When herbicides are applied in pre-
emergence, it is essential that they remain for a
certain period of time available in the soil solution,
that is, their bioavailability, and the process that
controls this bioavailability is called sorption
(SILVA; VIVIAN; OLIVEIRA JR., 2013; KHAN;
BROWN, 2017). Thus, it is necessary to know the
interactions of herbicide molecules with the soil, so
that they are used correctly, increasing agronomic
efficiency and minimizing the risks of contamination
of natural resources such as water and soil
(CARLES; JOLY; JOLY, 2017, ALONSO et al.,
2016; CALDERON et al., 2016).

The herbicide Indaziflam (N-[(1R,2S)-2,3-
dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1R)-1-
fluoroethyl]-1,3,5-triazine-2,4-diamine), is registered
in Brazil for use in pre-emergence of weeds in
coffee, sugarcane, eucalyptus, pine, and some
perennial fruit crops such as banana, cashew, citrus,
coconut, palm, guava, apple, mango and grape
(AGROFIT, 2020). Belonging to the alkylazine
chemical class, it has as mechanism of action the
inhibition of cell wall biosynthesis (JEFFRIES;
GANON, 2016; BRABHAM et al., 2014; GUERRA
et al., 2013). Inhibition probably occurs at some
point in the crosslinking stage of cellulose
microfibrils (JEFFRIES; GANON, 2016; KAAPRO;
HALL, 2012). The main characteristics are:
prolonged residual effect on weed control
(BROSNAN et al., 2012) with persistence greater
than 150 days, low solubility in water (0.0028 kg m™
at 20 °C) and pKa = 3.5 (U.S. EPA, 2010).

The sorption of indaziflam and its metabolites
is influenced by soil properties (ALONSO et al.,
2015). Studies on the sorption of this herbicide in
Brazilian soils, which have predominance of 1:1
minerals, such as kaolinite, with low expansion
capacity and pH-dependent charges, are scarce. Most
of the studies available in the literature were
conducted in soils of temperate regions. These
generally have characteristics such as expandable
clay minerals (2:1) with larger specific surface area,
such as montmorillonite and vermiculite (ALONSO
et al., 2011; ALONSO et al, 2015; JHALA;

RAMIREZ; SINGH, 2012).

Studies with herbicides derived from weak
acids, such as indaziflam, have shown that these
compounds are more adsorbed to the soil in the
presence of higher levels of organic matter
(BARCELLOS JUNIOR et al., 2020).

The study of herbicide sorption in the soil can
be conducted using the technique of high-
performance efficiency liquid chromatography
(HPLC), which has great precision in qualitative and
quantitative analyses. It can also be conducted using
the bioassay, which consists of using plant species
with high sensitivity to the herbicide of interest,
which are called bioindicators (INOUE et al., 2007).

Chromatographic analyses require
sophisticated laboratories and large amounts of
solvents and other chemical reagents, which may
make the use of this technique unfeasible. However,
the advantage is the determination of the amount of
herbicide that is free and active in the soil (SILVA et
al., 2012). On the other hand, the detection by the
bioassay stands out as a simpler and lower-cost
process, since structures and equipment with high
added value are not used, facilitating the execution
of the work (MELO et al., 2010).

Thus, due to the lack of studies related to
indaziflam sorption in Brazilian soils, the present
study was conducted using the bioassay and high-
performance liquid chromatography methods in two
Brazilian soils, both at two pH values.
Complementarily, the results obtained were
compared in order to clarify the efficiency of the
methods used.

MATERIAL AND METHODS

The experiments were carried out in a
greenhouse and in the Herbicide in Soil Laboratory
of the Federal University of Vicosa. Samples were
collected at 0-20 cm depth in two soils with different
characteristics, Latossolo Vermelho-Amarelo (LVA)
(Oxisol), from the region of Vigosa-MG, and
Cambissolo (CX) (Inceptisol), from the region of
Santa Vitoria-MG.

The samples were sieved through a 4-mm
mesh and then divided into two subsamples. One
sample was maintained with natural pH (5.1) and the
other had the pH corrected to 6.1, by means of
acidity neutralization curve, using dolomitic
limestone (RNV 80%) and an incubation time of 30
days. Subsequently, the samples were characterized
physically and chemically (Table 1).
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Table 1. Physical and chemical characterization of the soil samples used in the experiment.

Physical Analysis

Sand Silt cl
Soil an ! ; 2y Textural class
(dagKg™)
LVA - Vigosa, MG 43.0 7.0 50.0 Sandy clay
CX — Santa Vitoria, MG 81.0 4.0 15.0 Loamy sand
Chemical Analysis
Soil pH p K Ca Mg AP H+Al SB T T \ m OM
(H,0) (mg dm™) (cmol,, dm™) (%) (dagkg™")
LVA = Vigosa, MG 5.1 22 33 34 01 000 545 358 358 903 40 0 3.47
Without liming
LVA ~ Vigosa, MG 61 29 41 47 01 000 330 490 490 820 60 0 3.47
With liming
CX — Santa Vitoria, MG 5.1 696 23 10 06 02 2.97 1.66 1.8 463 36 11 1.86
Without liming
CX — Santa Vitoria, MG 6.1 719 27 27 10 00 1.30 370 370 520 56 12 1.86
With liming

pH: water, KCI and CaCl,- 1:2.5 ratio. P-K: Extracted with Mehlich 1. Ca-Mg and Al: Extracted with 1 mol L' KCL H +
Al - Potential acidity: Extracted with 0.5 mol L calcium acetate; SB — Sum of exchangeable bases; t — Effective cation
exchange capability; T — Cation exchange capacity at pH 7.0; V — Base saturation index; m - Aluminum saturation index;

OM - Organic matter.

Determination of sorption by the bioassay method

The experiment was conducted in a
greenhouse. Five substrates were used, which
consisted of the two soils (LVA and CX) with two
pH values (5.1 and 6.1) and an inert substrate
(washed sand), which was used to construct the
indaziflam dose-response curve. The experimental
design used was completely randomized, with four
replicates.

The inert substrate was obtained from the
incubation of sand with HCIl solution for 24 h,
followed by washing in running water and re-
incubation for more 24 h with NaOH solution, with a
new washing using running water in abundance until
reaching pH 7.0, according to the methodology used
by Braga et al. (2020).

The substrates were placed in pots with sealed
bottoms, with capacity of 300 cm? Then, the
herbicide was applied at different doses, which were
defined in preliminary tests, for each substrate: soil
©; 1; 2; 4; 8; 16; 32; 64; 100; 200 g of
indaziflam ha' - Commercial product Alion® -
500 g L'l) and inert substrate (0; 0.06; 0.12; 0.25;
0.50; 1.00; 2.00; 3.00; 5.00; 10.00 g of
indaziflam ha™'). Herbicide application was
performed wusing a CO,-pressurized backpack
sprayer, equipped with two TTI 110.02 nozzles,
spaced by 0.5 m, maintained at a pressure of
300 kPa, applying a volume corresponding to 150 L
ha'. During application, air temperature was
23.6 °C, relative humidity was 69% and wind speed
was 1.8 kmh™.

After application of indaziflam, the contents

of each pot were put into plastic bags to homogenize
the herbicide in the entire substrate volume. Then,
each pot received three seeds of Sorghum bicolor,
cultivar BRS 506, a species used as an indicator
plant for the presence of indaziflam (BRAGA,
2017). Subsequently, the pots were kept in a
greenhouse for 21 days, with irrigation and
fertilization ~ with nutritional complementation
solution based on NPK and micronutrients (BRAGA
et al., 2020).

At 21 days after sowing, the percentage of
intoxication of sorghum plants was evaluated,
assigning scores from 0 (emergence and normal
development of the plant) to 100 (absence of
germination or death of the plant) according to the
scale of SBCPD (1995). Subsequently, the plants
were cut close to the surface of the substrates and
their root system was washed under running water.
All harvested material was dried in a forced air
circulation oven (70 = 2 °C) for 48 hours. The values
of total dry matter (DM) accumulation of the plants
were transformed to percentage relative to the DM of
the control (zero dose).

The results were interpreted using nonlinear
regression, adopting the exponential model that best
fitted to the behavior of the variables analyzed. Then,
Csp (indaziflam dose capable of causing 50%
intoxication and 50% reduction in the total dry
matter accumulation of the indicator plant) was
determined in the soils and in the inert substrate.
Then, the Cs, values obtained for each substrate and
Equation 1 were used to determine the sorption rate
(SR) of indaziflam in the soils (Equation 1) (SILVA
et al., 2013b), in comparison to the response of the
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indicator species obtained in sand.
Equation 1:

_ CSO Soil — CSO Sand

SR
C50 Sand

Determination of sorption and desorption by the
high-performance liquid chromatography method

The test was performed in triplicate, using a
high-performance liquid chromatograph (HPLC),
Shimadzu® LC 20AT model, Japan, with UV/vis
detector (Schimadzu SPD-20A) and CI18 stainless
steel column (VP, ShimadzuShim-pack ODS 150 x 6
mm x 4 mm id.). Acetonitrile and water (acidified
with 0.01% acetic acid) were used as mobile phase in
the proportion of 60:40 (v:v), with injection volume
of 20 uL, at a flow rate of 1.0 mL min” and
wavelength of 212 nm, at a temperature of 30 °C
(RAMIREZ et al., 2018), conditions that resulted in
a retention time of indaziflam equal to 4.6 minutes.

The equilibrium time of indaziflam sorption
in each substrate was determined using the batch
equilibrium method, which is highly efficient to
describe the sorption of herbicides in soil (ALONSO
et al.,, 2011). This determination was performed by
following the methodology proposed by Ramirez et
al. (2018): 2 grams of soil is placed in Falcon tubes,
followed by the addition of 10 mL of 0.01 mol L
CaCl, solution, containing 1 mg L™ of the analytical
standard of the herbicide indaziflam. Then, the soil +
solution mixture is subjected to vertical shaking for
different times (2; 4; 8; 12; 24 and 32 h) at a
temperature of 25 + 2 °C. Then, the tubes are
centrifuged at 3000 rpm for seven minutes and the
supernatant solution is removed and filtered in
Millipore filter with 0.45-pum polytetrafluoroethylene
(PTFE) membrane, to obtain 1.5 mL of impurity-free
solution, which is used for reading in HPLC.

In the determination of indaziflam sorption,
10 mL of working solution, prepared at
concentrations of 0.5, 1.0, 1.5, 2.0, 2.5 and
3.0 mg L of the herbicide in 0.01 mol L CaCl,
were added to Falcon tubes containing 2 g of soil,
which were subjected to vertical shaking for 12 h
(time determined in both soils as equilibrium time).
Then, the tubes were centrifuged at 3000 rpm for
seven minutes and 1.5 mL of the supernatant was
filtered in Millipore filter with 0.45-um PTFE
membrane, for analysis by HPLC. The amount of
indaziflam adsorbed to the soil (Cs) in mg kg was
obtained from the difference between the amount
initially added (Cp) and the amount found in the

equilibrium solution (Ce). With the values of Cs and
Ce, the Freundlich equation (Cs = Kf Ce'™) was
fitted to obtain the sorption coefficients (Kf) and the
linearization factor (//n), in which Cy=amount of
herbicide adsorbed in mg g of soil; C,, = herbicide
concentration in the equilibrium solution in mg L™,
K is the Freundlich adsorption coefficient in L mg™
and //n = linearization factor that determines the
sorption intensity (ALONSO et al., 2011).

Indaziflam desorption was additionally
performed in the HPLC method immediately after
sorption at all points of the isotherms; 10 mL of
0.01 mol L' CaCl, solution, free of herbicide, were
added to the tubes that contained soil after the
sorption test. These tubes were subjected to new
shaking, under the same conditions used for the
sorption test. They were then centrifuged for seven
minutes at 3,000 rpm to obtain the supernatant,
which was collected and filtered in a Millipore filter
with 0.45-um PTFE membrane to obtain 1.5 mL of
filtrate, used in HPLC analysis. The hysteresis index
was calculated by dividing the (1/n) index of the
sorption by the (1/n) index of the desorption
(PERUCHI; FOSTIER; RATH, 2015).

The calculation of the amount of desorbed
indaziflam took into account the herbicide
concentration in the soil before the desorption stage
and the concentration in the solution analyzed after
extraction. The amount of herbicide still adsorbed to
the soils at each desorption stage was calculated as
the difference between the adsorbed amount and the
desorbed amount of the herbicide.

Quantification was performed by comparing
the areas obtained in the chromatograms after the
tests, and the identification, based on the retention
time, was made by comparison with the analytical
standard of indaziflam. The data obtained were
subjected to regression analysis in R software,
considering the fitting of the values observed in the
dependent variable (Y) as a function of the variation
of the levels of the independent variable (X). The
graphics were generated in SigmaPlot software v.
14.0.

RESULTS AND DISCUSSION

Bioassay

The dose-response curves for percentage of
intoxication and total dry matter accumulation of S.
bicolor cultivated in the inert substrate, at 21 days
after the application of indaziflam doses, are
presented in Figures 1 A and 1B, respectively.
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Figure 1. Dose-response curve of the herbicide indaziflam, percentage of intoxication (A) and total dry matter
accumulation (B) of S. bicolor plants, cultivated in inert substrate in evaluation performed at 21 days after indaziflam

application.

The curves shown in Figure 1 were used to
calculate the values of the Csp dose, equal to
0.39 g ha™ for intoxication and to 0.23 g ha™ for total
dry matter accumulation of the plants, cultivated in
inert substrate. As it is an inert substrate, all
herbicide applied is considered to be available in the
solution, because its specific physical and chemical
characteristics such as absence of organic matter and
clay and absence of surface charges make the
sorption of the products unfeasible. This makes them
available for absorption by plant roots, which
reduces the applied doses in this substrate (INOUE et
al., 2003; SOUZA, 2018).
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In the soils (LVA and CX), the increase of pH
from 5.1 to 6.1 caused increments in the percentage
of intoxication (Figures 2A and 2B) and reduction in
the total dry matter accumulation (Figures 2C and
2D) of S. bicolor plants, after indaziflam application,
mainly at doses between 4 and 64 g ha™. These
results show that, in these soils, the increase of pH
alters the sorption behavior of indaziflam. According
to Alonso et al. (2011), with the increase in soil pH,
herbicides derived from weak acids such as
indaziflam, become more available in the soil
solution, subject to being more absorbed by plants or
carried to greater depths.
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Figure 2. Percentage of intoxication of S. bicolor plants grown in Latossolo Vermelho-Amarelo (LVA) (A) and Cambissolo
(CX) (B) and total dry matter accumulation of the plants in these same soils (LVA (C) and CX (D)), at two pH values (5.1
and 6.1), in evaluations performed at 21 days after indaziflam application.
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A study with the herbicides imazethapyr and
imazapyr, which have low pKa value like
indaziflam, found that the pH value of the soil
solution is the main responsible for determining the
form of the herbicide (molecular or dissociated)
(REFATTI et al., 2014). Thus, for these herbicides,
when the pH value of the soil solution is close to
neutrality and/or higher than the pKa value of the
herbicide, there will be predominance of the
dissociated form (ionic form). This form will be
repelled by the negative charges present in
abundance in soil surface, reducing sorption and
making the product more available in the soil
solution (REFATTI et al., 2014). This fact would
contribute to a greater absorption of indaziflam by S.
bicolor plants. This explains the increase in the
percentage of intoxication and consequent reduction
in the dry matter accumulation of the species that
were cultivated in the soil with increased pH.

Céceres et al. (2010) evaluated the sorption of
metsulfuron-methyl, an herbicide with characteristics
similar to those of indaziflam, classified in the
chemical group of weak acids with low pKa value
(3.3). The authors observed that the increase in soil
solution pH up to 6.1 led to a significant reduction in
sorption, confirming the influence of this soil
characteristic on the sorption behavior of the
herbicide.

The Cs, values of the variables percentage of

intoxication and dry matter accumulation of S.
bicolor, in both LVA and CX, were higher than that
of the inert substrate (Table 2). However, when
analyzing the Cs, values and the sorption rate of the
two soils, not considering the inert substrate, it is
possible to observe that the values obtained in LVA
(15.39 pH 5.1 and 10.92 pH 6.1) are higher than
those found in CX (5.04 pH 5.1 and 3.40 pH 6.1). It
can be said in this case that the difference is due to
the distinct characteristics that the LVA has,
especially higher contents of organic matter and clay
(Table 1).

It is known that the humic fraction of the
organic matter components of a soil is adsorbed in
greater amounts than the total organic matter
(SOUZA, 2018), although it is not an herbicide
derived from a weak base. Higher Kf values of 2,4-D
were observed in the presence of organic matter
compared to the absence of organic matter in a soil
(VIEIRA et al., 1999). On the other hand, despite
being composed mostly of non-expandable clays
(1:1), soils with this component can adsorb
herbicides. The charges are generated at the edges of
minerals through the dissociation of H" and OH
groups. Iron and aluminum oxides also act on the
sorption of several herbicides, especially those with
molecular dissociation capacity (SILVA; VIVIAN;
OLIVEIRA JR., 2013).

Table 2. Indaziflam dose causing 50% intoxication and 50% reduction in the total dry matter accumulation of S. bicolor
plants (Csy) and herbicide sorption rate (SR), in evaluations performed at 21 days after application.

Intoxication Total dry matter
Substrate Cso (g ha) SR Cao (g ha") SR

Inert substrate 0.39 - 0.23 -
LVA-pH=5.1 15.39 38.46 4.93 20.43
LVA-pH=6.1 10.92 27.00 3.82 15.61

CX-pH=5.1 5.04 11.92 2.42 9.52

CX-pH=6.1 3.40 7.71 2.01 7.74

The specific physical and chemical groundwater. Irreversible damage to soil macro and

characteristics of each soil allow different herbicide
sorption capacities, especially mineralogy and
organic matter content (GREY et al, 2016;
JEFFRIES; GANON, 2016). These are attributes that
are directly involved in the process of sorption of
molecules, because they have three-dimensional sites
that form hydrogen bonds with herbicides, which are
responsible for the sorption of ionic and non-ionic
herbicides (SILVA; VIVIAN; OLIVEIRA JR., 2013;
INOUE et al.,, 2014). In addition, the prolonged
permanence of the herbicide in the soil solution,
influenced by lower sorption, may have direct
consequences on mobility, degradation, persistence
and risk of contamination of surface water and

499

microfauna may also occur and directly affect
agronomic efficiency in weed control.

Test using high-performance
chromatography (HPLC)

liquid

The sorption kinetic curves showed different
behaviors in each soil (Figure 3). The highest indices
were observed in both soils at pH = 5.1. Aiming at
greater safety regarding the equilibrium time and
greater ease during the test, it was decided to work
with the time of 12 h, the same for both soils. During
the initial phase of equilibrium time determination,
there was a rapid sorption followed by a slow phase.
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This is due to the large number of sorption sites
available in the soil during the initial phase, which
are occupied over time, reducing the sorption rate
(LIU et al., 2010).

Freundlich isotherms adequately represented
the sorption of this herbicide in both LVA and CX,
which can be noted by the coefficients of
determination (R?), equal to 0.99 (Figure 4).
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Figure 3. Estimates of indaziflam sorption kinetic curves in two soils: Cambissolo (CX) and Latossolo Vermelho-Amarelo

(LVA), at two pH values (5.1 and 6.1) and evaluated over time.
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Figure 4. Indaziflam sorption in Latossolo Vermelho-Amarelo (LVA) (A) and Cambissolo (CX) (B) with different pH

values.

The parameter 1/n, a factor that determines
the linearization and intensity of herbicide sorption
(SILVA; VIVIAN; OLIVEIRA JR., 2013), ranged
from 0.3102 to 0.8494 (Figure 4). In this case, L-
type isotherms can be fitted, because the values are
lower than 1.0. L-type isotherms show nonlinear and
concave inclination in relation to the X-axis,
suggesting that the availability of sites for indaziflam
sorption decreases as a result of saturation of the
sorption sites in the soil (SILVA et al., 2012).

The analysis of the 1/n parameter of the

Freundlich equation made it possible to estimate the
interaction of ions in solution with the solvent; in this
case, when n>1, the curve of the model will have a
concave shape, indicating favorable condition to
sorption; when n=1, the linear form will be observed,
in this case the energy sites will be equivalent,
maintaining the equilibrium condition and, when
n<l, the isotherm will have a convex shape in
relation to the X-axis, characterizing an unfavorable
condition to sorption (HARO et al., 2013). In this
study, an unfavorable condition to sorption was
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observed, especially in the conditions in which the
soils have higher pH value, since there is rapid
saturation of the available sites.

Kf values (sorption) ranged from 3.0651 to
5.5891 (Figure 4 and Table 3), being lower in
CX pH = 6.1 and higher in LVA pH = 5.1, which are

low according to the classification of IBAMA
(1990). Based on this result, indaziflam can be
characterized as a herbicide of low sorption in the
two soils studied and, therefore, available for
absorption by plants.

Table 3. Freundlich equation parameters of indaziflam sorption and desorption in Latossolo Vermelho-Amarelo (LVA) and

Cambissolo (CX) with different pH values.

Sorption coefficients LVA CX

pHS.1 pH 6.1 pH 5.1 pH6.1
Kf 3.1296 2.2927 2.4698 1.4733
1/n 0.7239 0.7652 0.8388 0.9586
R? 0.90 0.98 0.95 0.96

Desorption coefficients

Kf 1.2655 1.3118 2.4273 1.3835
1/n 0.7611 0.9056 0.5810 1.0298
R? 0.99 0.98 0.89 0.79
H 0.9511 0.8449 1.4437 0.9309

Kf - Freundlich sorption coefficient; I/n - Linearization factor; R?> — coefficient of determination of the

equation, and hysteresis index (H).

Understanding the strength with which
herbicides are adsorbed to soils is extremely
important, as this will determine how much of the
herbicide will be retained in the soil and how much
will be available in the solution with the possibility
of being absorbed by plants, undergoing microbial
degradation, photolysis, leaching and transport to
deeper layers (Run In) or by runoff (SILVA;
VIVIAN; OLIVEIRA JR., 2013).

The desorption of indaziflam was inversely
related to the sorption coefficient (Kf) because the
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lowest desorption values were observed under the
conditions of highest Kfs, especially in LVA (Figure
5). This means that in the condition of lower value of
soil pH, indaziflam will have lower desorption
capacity, which according to Souza. (2018) is the
result of strong bonds between herbicide and soil,
hindering the desorption process. Herbicides with
low desorption rate may pose higher risk for
sensitive crops in succession, as they are released

slowly, increasing the persistence in soil
(SCURSONTI et al., 2017).
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Figure 5. Desorption of indaziflam in Latossolo Vermelho-Amarelo (LVA) (A) and Cambissolo (CX) (B), with different

pH values.
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The importance of desorption is related to the
release rate and the mobility potential of herbicides
in the soil, indicating the degree of reversibility of
the sorption process. This can be total, when all
adsorbed herbicide returns to the soil solution, or
partial, when only part of the adsorbed herbicide
returns to the soil solution (ALONSO et al., 2011).

The permanence of the adsorbed herbicide
originates the phenomenon called hysteresis (H),
which is characterized by the almost irreversible
sorption of the herbicide to soil solution (SILVA et
al., 2012). It is observed that, for the studied soils,
the increase in pH value reduces the hysteresis
indices (Table 3). This means that, in these soils, the
amount of herbicide that tends to return to the soil
solution increases with the increase in pH, that is,
this herbicide will be more easily available again to
plants (MELO et al., 2010; ALONSO et al., 2011;
SILVA et al., 2013b).

The fact that there is greater desorption of
indaziflam after the increase in pH may pose a
higher risk for crops in succession, since the practice
of liming, an operation often performed before
planting the crops, will contribute to the release of
the herbicide that was adsorbed, making it available
in the soil solution, which may cause damage to
sensitive crops, a phenomenon called carryover (LIU
etal., 2010).

In both methods of sorption determination
(bioassay and high-performance liquid
chromatography), it was found that the increase in
pH of the solution of the studied soils caused
reduction in indaziflam sorption. This confirms that
the bioassay method can be successfully used when
it comes to the study of indaziflam sorption, despite
being a method of great simplicity and limitation.
However, it is important to emphasize that, in order
to obtain clearer and more objective results, both
methods should be used, as the sensitivity of
detection of the bioassay will be combined with the
quantification capacity of chromatography.

CONCLUSIONS

In LVA, indaziflam sorption decreases more
markedly with the increase in pH, while desorption
increases.

Safe recommendations of indaziflam from
both the agronomic and the environmental points of
view in  Latossolo  Vermelho-Amarelo  and
Cambissolo are mainly influenced by the pH value.

Bioassay and high-performance liquid
chromatography techniques are efficient in
determining indaziflam sorption in the studied soils.
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