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Abstract: Background: Knowing the relationships between the soil’s physical-
chemical properties and herbicide behavior in the soil allows establishing strategies
for the efficient control of weeds with less environmental risk. Objective: It carried
this study to investigate the role of physical-chemical properties of Brazilian soils
in the sorption-desorption and mobility of the herbicide saflufenacil. Methods: We
used nine soils from different regions of Brazil in the study of sorption-desorption
and mobility of **C-saflufenacil. The herbicide sorption-desorption estimate was
performed using the batch equilibrium method and mobility using soil thin-layer
chromatography. Principal component analysis (PCA) and clustering were performed
to evaluate the impact of soil properties on the sorption-desorption behavior of
saflufenacil.Results: The results indicated that saflufenacil was weakly sorbed
in different types of tropical soils, and the sorption process is reversible, with its
mobility varied from mobile (Rf =0.70) to very mobile (Rf =0.99) in the different soils
and indicates that the herbicide has leaching potential in these types of soils. The

sorption-desorption capacity and mobility of saflufenacil depend mainly on pH, CEC,
clay, and OC content, and therefore it is vital to analyze them to predict the impacts
of herbicide application on the environment. The PCA is an essential tool that helps to
clarify how the effects of soil properties influence herbicide behavior. Conclusions:
The OC content in Brazilian soils has a direct role in saflufenacil sorption and
desorption. BR3 soil (soil with highest organic carbon; OC = 2,1%) exhibits greater
sorption (Kd = 1,85 L kg?), value 5.5 times greater than the BR1 (soil with lower
sorption; with OC = 0,6%). Therefore, the application of saflufenacil to tropical
soils, especially those with low levels of CO (< 1%), may result in a greater potential
risk of contamination of surface and groundwater in neighbouring agricultural and
non-agricultural areas, particularly those with intensive use and ineffectiveness of
saflufenacil. Future investigations could focus on integrating modeling approaches
that incorporate soil variability to predict saflufenacil behavior accurately in diverse

soil types, aiding in decision-making for sustainable herbicide use.
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1. Introduction

The sorption-desorption and mobility of herbicides in soils are essential processes
that determine environmental behavior, the effectiveness, and the potential for
damage to crops, as well as the risk of contamination of the environment (Kah, Brown,
2006; Yavari et al., 2020). The dynamics of these processes depend on multiple factors,
such as the physical and chemical properties of herbicides, soil properties and climatic
conditions (Kumar et al., 2015; Li et al., 2019a; Zhang et al., 2020). Raimi et al. (2021)
highlighted the need for sustainable use of herbicides to minimize their impact on the
environment, in line with Sustainable Development Goal 13gest.

Studying the sorption of herbicides is important to predict the environmental
fate and establish strategies for the efficient control of weeds, with less
environmental and human risk (Mehdizadeh et al., 2021). The sorption-desorption
capacity of herbicides in the soil is often measured through of isotherm parameters
of retention kinetics, mainly from the Freundlich model (Chagas et al., 2019;
Mendes et al.,, 2019a; Santos et al., 2019). Among the model parameters, the
. Tespectively),
hysteresis index (H), and the isotherm inclination (1/n) of sorption and desorption
in different soils (Li et al., 2019b).

Mobility is a process that involves sorption, desorption, and distribution between
herbicide-water-soil (Halimah et al.,, 2016; Li et al., 2019a). Herbicide mobility can
be influenced by many factors, including climate, hydrology, physical-chemical
properties of herbicides and soils (Liu et al.,, 2018; Marin-Benito et al., 2018),
however, sorption is considered the most crucial factor that controls the mobility
of the herbicide in the soil (Flessner et al., 2015; Zhang et al., 2020). Thus, it is
expected that in soils with low sorption, herbicides (such as saflufenacil) have high
mobility, which becomes a significant concern with the risk of contamination of the
environment (Singh, Singh, 2012; Matallo et al., 2014; Azcarate et al., 2015).

Saflufenacil, (2-chloro-4-fluoro-5-[3-methyl-2,6-dioxo-4-(trifluoromethyl)
pyrimidin-1-yl]-N-[methyl (propane-2-yl) sulfamoylbenzamide), it is a herbicide
belonging to the chemical group pyrimidinedione, inhibitor of the enzyme
protoporphyrinogen IX oxidase (PROTOX), which is an enzyme involved in

most used are the sorption and desorption coefficients (K, and K
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the biosynthesis of chlorophyll and cytochromes
(Grossmann et al., 2011). Saflufenacil is used for the
pre-or post-emergence control of dicotyledonous weeds
(broadleaf) in various crops (for example, sugarcane,
corn, soybeans), in the desiccation of crops, and in the
management of resistant weeds of glyphosate (Badische
Anilin and Soda Fabrik, 2008; Budd et al., 2016). Itis a
weak acid herbicide, with an acid dissociation constant
(pKa) of 4.41, high solubility in water (2,100 mg L™ at
pH 7.0); low vapor pressure (2.0 x 10** Pa at 25 °C),
and moderate octanol-water partition coefficient (log
K_, of 2.6) (International Union of Pure and Applied
Chemistry, 2021). Saflufenacil has a linear sorption
coefficient (Kd) de 0.87 L kg™, sorption coefficient
normalized by CO content (K_) de 19.90 and half-life of
43 days in a Brazilian Alfisol with a pH (CaCl2) of 5.6,
organic carbon (OC) of 4.9% and clay content of 33.2%
(Oliveira et al., 2022). Due to the anionic character in
most agricultural soils and the high-water solubility,
saflufenacil can be a mobile pollutant in the soil profile
and of potential risk of contamination of surface and
groundwater (Monquero et al., 2012; Papiernik et al.,
2012; Matallo et al., 2014). However, the environmental
fate of saflufenacil, particularly in tropical soils, are not
yet fully understood.

Soil physicochemical properties influence saflufenacil
behavior. Several studies have shown that organic matter
(OM) is the most frequently reported and essential (but not
independent) factor that affects the sorption of saflufenacil
in soils (Papiernik et al, 2012; Gannon et al, 2014;
Matallo et al., 2014; Barcellos Junior et al., 2021). However,
as saflufenacil is an ionizable herbicide, other factors can
influence its sorption, including pH, clay content, and cation
exchange capacity (CEC) (Kah et al., 2017; Gamiz et al.,
2019; Barbieri et al., 2021). This suggests that application of
saflufenacil in Brazilian soils may lead to different results in
terms of adsorption and mobility due to large differences in
physicochemical properties between soils. For example, an
increase in soil pH causes the negatively charged surfaces of
soil colloids to repel herbicidal anions (weak acids), thereby
limiting sorption and increasing herbicide availability and
phytotoxicity (Azcarate et al., 2015; Liu et al., 2018).

By studying the sorption, desorption, and mobility of
saflufenacil in a variety of tropical soils, this study fills a
knowledge gap in the field of weed science by examining
the relationship between saflufenacil and soil properties,
providing a basis for understand its behavior and the
destination in the environment. Furthermore, the research
findings offer practical implications for developing soil-
specific guidelines for saflufenacil application, enhancing
weed control efficacy while minimizing environmental
risks. Based on this, the hypothesis of this study is that
soil properties can limit or increase saflufenacil sorption,
influencing the herbicide behavior and application
recommendations; and that the use of multivariate analysis,
as the main component (PCA) and grouping, can identify
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the properties of the soils that most influence sorption
and group the soils with similar sorption capacities. In this
sense, the present study was developed to investigate the
role of physicochemical properties of Brazilian soils in the
sorption-desorption and mobility of saflufenacil.

2. Material and Methods
21 Sails

Nine soils from different areas of Brazil were used in the
study (Table SF1). The soils were collected in the superficial
layer (0-10 cm deep), after the previous cleaning of the
vegetable layer, in places without a history of herbicide
application. The selection aimed to cover soils with different
properties, including soils with high CEC to soils with low
CEC, different values of pH, OC and texture, to study the
impact of these variations on the sorption and mobility
of saflufenacil. After collected, the deformed soil samples
were air-dried, ground, sieved through a 2.0 mm sieve, and
subjected to physical-chemical characterization.

2.2 Radiolabelled herbicide

Saflufenacil [Phenyl-U-'*C] was supplied by BASF
Corporation (Research Triangle Park, NC). The radiolabelled
herbicide had a specific activity of 4.65 MBq mg* and
radiochemical purity of 99.6%.

The initial concentration of !C-saflufenacil was
determined from the stock solution, with aliquots of
500 pL, in duplicate, pipetted into scintillation vials
containing 10 mL of scintillator solution and analyzed in
liquid scintillation spectrometry (LSS) (Tri-Carb 2910 TR
LSA, LSA PerkinElmer, Waltham, MA, USA) for 5 min.
Then, “C-saflufenacil was carefully mixed in acetone and
diluted with a 0.01 mol L* CaCl, solution at five different
concentrations (0.037; 0.052; 0.065; 0.071 and 0.1 pg mL™?)
to obtain the solutions of work for the study. In the same
order, these concentrations corresponded to doses of 44,
61,78, 84,and 120 g a.i. ha™.

2.3 Sorption-desorption studies

The saflufenacil sorption-desorption study was
determined by the Batch Equilibrium method, and the
procedures were performed according to the OECD-106
guidelines, “Adsorption-desorption using a batch
equilibrium method,” established by the Organization for
Economic Cooperation and Development (OECD, 2000).

A 10 mL aliquot of the aqueous solutions was
transferred to 50 mL screw cap Teflon flasks containing the
soil samples (10 g) in duplicate, resulting in a 1:1 (m v?)
soil: solution ratio. The Teflon flasks were shaken on a
horizontal pendulum table (Tecnal Equipamentos Cientificos,
model I-240, Piracicaba, SP, Brazil) at 38 g for 24 h in a dark
room (20 £ 2 °C), to achieve equilibrium concentration
(Matallo et al., 2014). After that, the tubes were centrifuged
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at 760 g for 10 min (Hitachi CF16RXII, Hitachi Koki Co.,
Ltd., Indaiatuba, SP, Brazil), and a 1 ml aliquot of the
supernatant from each tube was transferred to scintillation
vials containing 10 mL of scintillating solution and
analysed in LSS for 5 min, to determine the concentration
of 'C-saflufenacil in equilibrium in the solution (Ce).
The sorbed herbicide (C) concentration was determined
by the difference between the initial concentration and the
final concentration in the supernatant after equilibration.

After determining the herbicide concentration in the
sorption study, the desorption study was carried out using
the same Teflon tubes with the soils analysed in the sorption
test. The remaining CaCl, solution was removed entirely,
and 10 mL of a new CaCl, solution (0.01 mol L), without
the herbicide, was added to the Teflon tubes, which were
stirred for 24 h under the same conditions as the sorption
study until achieve the reequilibrium concentration.
Afterward, the tubes were again centrifuged (760 g; 10 min)
and two aliquots of 1 ml of the supernatant from each tube
were transferred to scintillation vials containing 10 ml of
the scintillation solution and analysed in LSS for 5 min.
The amount of herbicide desorbed was determined from the
difference between the concentration sorbed in the soil and
the remaining supernatant.

2.4 Sorption-desorption model

The sorption-desorption data were adjusted to the
Freundlich equation: C, = K x C ', where C is the
concentration (mg kg") of the herbicide sorbed in the soil; K,
is the Freundlich sorption coefficient (mg'** kg™ L'); C_ is the
concentration of the herbicide (mg L™) after equilibrium, and
1/n is a constant that characterizes the non-linearity of the
isotherm. The K. values were normalized to the OC content
in the soil using the following formula: K. = (K,/ (% OQ))
x 100. The linear sorption distribution coefficient (K,)
and linear sorption coefficient normalized by organic
carbon content (K ), in L kg", were calculated using the
following formulas: K, = C ./ C; K = (K,/ (% OC)) x 100.
The hysteresis coefficient (H) for the sorption-desorption
isotherms was calculated according to the formula:

H=(1/n )/ (1/n ).

desorption sorption’

2.5 Mobility studies in soil thin layer chromatography (TLC)

The mobility of *C-saflufenacil in soils was studied
in duplicate on TLC plates, according to the technical
recommendations of the Environmental Protection Agency
OPPTS 835.12.10 (Environmental Protection Agency, 1998)
and Takeshita et al. (2021). The glass plates (0.15 x 0.09
x 0.005 m) were coated with moist soil of 0.005 m, which
was prepared with a mixture of 100 g of soil and deionized
water on acrylic support (0.3 x 0.12 x 0.028 m). Afterward,
the plates were air-dried, and a strip of the soil of 0.005 m
was removed 0.12 m above the base to prevent the elution
of water by capillarity from exceeding this height.

https://doi.org/10.51694/AdvWeedSci/2024,;42:00013
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In each soil TLC plate, with the aid of a micro syringe,
2 puL of 'C-saflufenacil solution (333.33 Bq pL?) was
supplied at a single point 0.02 m from the base of the plate,
in duplicate. Then, the plates were placed in an upright
position in a closed glass vat, containing 0.1 L of deionized
water as eluent. To keep the atmosphere saturated with
water in the glass vat, a sheet of filter paper was fixed up to
0.02 m above the plate, leading to a uniform elution flow.
After the water reached 0.1 m above the application point
(elution limit line), TLC soil plates were removed, air-dried
(23 £ 5 °C), and placed in contact with phosphorescent
image plates, for 12 h, for sensitization and obtaining
autoradiographic images.

Subsequently, an autoradiogram was found by
reading the image plate on a Cyclone® Plus radio scanner
(model C431200, PerkinElmer, Inc., Shelton, CT, USA).
Chromatograms with colour intensity levels were generated
for visual interpretation of radioactivity in autoradiograms.
Areas with a blue colour indicate low levels of radioactivity,
while red colour indicates higher levels of radioactivity. The
values of the mobility retention factor (R,) were measured
by the equipment from the autoradiograms manufactured
from the soil TLC plates, using the following formula:
R= Dp/Da, where Dp is the frontal distance covered
by the herbicide, and Da is the distance travelled by the
water solvent, which moves through capillarity in the
same period. The values of R, were classified according to
the classification system of mobility classes proposed by
Helling and Turner (1968): class 1, 0-0.09 (immobile);
class 2, 0.10 to 0.34 (little mobile); class 3, 0.35 to 0.64
(moderately mobile); class 4, 0.65-0.89 (mobile); and class
5, 0.90-1.00 (very mobile).

2.6 Statistical analysis

Before proceeding with statistical analyses, all data
were normalized to standardize variables with different
measurement units, subtracting their means and dividing
by their standard deviations. Saflufenacil sorption,
desorption, and mobility data were expressed as mean and
confidence intervals of the mean or standard deviation
(n = 2). Principal component analysis (PCA) and clustering
were performed to evaluate the influence of soil properties
on saflufenacil sorption-desorption. Statistical analyses
were performed using R software (R Development Core
Team, Vienna, Austria). The figures were plotted using
Sigma Plot® (Version 12.0 for Windows, Systat Software
Inc., Point Richmond, CA, USA).

3. Results and Discussion

31 Soil properties

To have greater representation in this study, the selected
soilshad high variabilityin their origins and physicochemical
characteristics (Table S1 and Table 1). The pH of the soils
ranged from 4.4 (very high acidity) to 6.5 (weak acidity), this

Adv Weed Sci. 2024;42:e¢020240027
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in Ultisol Rhodic Paleudult (BR6) and Inceptisol Ochrept
(BR4), respectively. The values of potential acidity (H + Al)
of the soils ranged from 10 (Ultisol Typic Hapludult -
BR1 and Quartzipsamments - BR2) to 57.8 mmol_ kg?
(Typic Plinthustalfs - BR8), reflecting the great variation of
the soil acidity. The CEC also showed great variations, with
the highest value found in BR8 (104.7 mmolc kg™) and the
lowest in BR2 (14.6 mmolc kg?). As for base saturation (V),
the highest value (78%) was found in BR1, and the lowest
(28%) in Oxisol Typic Hapludox (BR7).

Regarding the concentration of organic carbon (0C),
except for the OC content of the Alfisol Aqualf (BR3),
which was 2.1%, the OC content of the studied soils was
less than 1%. There was a wide variation in sand content,
with the lowest values (21%) in BR6 and the highest
(94.2%) in BR2. The clay content ranged from 2 to 59%,
these extremes being represented by Quartzipsamments
(BRY9) and BRS, respectively.

The considerable variation in soil properties in the
present study was expected and is related to the different
paedogenetic processes of soil formation in the places of
origin. In Brazil, the registration of herbicides requires
research on environmental behaviour in at least three
types of national soils, according to the Brazilian Institute
for the Environment and Renewable Natural Resources
(Ibama). In addition, the recommendations for the use of
herbicides in pre-emergence only consider the texture and
OM content of the soil. However, other soil attributes can
also influence the sorption of herbicides, such as herbicides
with essential characteristics (such as hexazinone), which
can change their behaviour in the soil due to changes
in soil pH (Azcarate et al., 2015). Studies have reported
that increasing soil pH reduced sorption and increased
desorption of atrazine (herbicide with basic character)
in different soils (Yue et al., 2017; Martins et al., 2018).

Oliveira FS, Takeshita V, Mendes KF, Tornisielo VL, Te6filo TMS, Fernandes BCC, Lins HA, Silva DV

However, on acidic herbicides like the one in this study,
more research is needed.

Other chemical attributes can have indirect effects, such
as contributing to the stability of soil OM. In addition to the
organic material supply, cations are also essential for the
maintenance of soil OM (Marinho et al., 2016). Therefore,
it is understood that understanding the environmental
behaviour and fate of herbicides in a more significant
number of soil samples and with different properties
can generate more effective and safer recommendations,
thus avoiding possible soil and water contamination
(Chagas et al., 2019; Santos et al., 2019).

3.2 Saflufenacil sorption

The Freundlich model was applied to find the isotherms
and estimate the sorption parameters of saflufenacil in
soils (Figure 1 and Table 2). The Freundlich model equation
fitted the sorption isotherms with high coefficients of
determination (R? > 0.99), which indicates that this model
is adequate to describe the results of saflufenacil sorption
in all studied soils.

The saflufenacil sorption isotherms were type C
(Limousin et al.,, 2007). There was a practically linear
increase in sorption with the increase in the concentration of
saflufenacil, indicating that the number of adsorption sites
remains almost constant regardless of solute concentrations
(Mendes et al., 2019b). The sorption linearity is even more
evident by the slope values (1/n), which ranged from
0.87-1.05 (Table 2). These results are consistent with
Matallo et al. (2014), who also observed the same type of
sorption isotherm of saflufenacil in two Brazilian soils.

The Freundlich sorption distribution coefficient
(Kf) of saflufenacil in soils was low, with values ranging
between 0.32 and 2.09 mg**/"kg* LV (Table 2). These low

Table 1- Physical and chemical properties of soils used in sorption, desorption, and mobility studies

pH P K* Ca® Mg* H+Al SB CEC Vv ocC Sand Silt Clay
Soils Texture class
H,0 mgkg’ mmol_kg” %
BR1 59 15 14 22 ) 10 354 454 78 06 888 75 37 Sand
BR2 45 4 08 2 1 10 46 146 32 02 942 24 34 Sand
BR3 49 7 24 15 5 20 224 424 53 21 684 291 45  SandyLoam
BR4 65 23 25 543 294 495 882 1357 635 09 48 15 37 Sandy Clay
BR5 59 47 28 189 176 479 393 872 451 Q7 72 14 14 Sandy Loam
BR6 44 01 06 5 137 413 193 606 318 03 21 20 59 Clay
BR7 46 03 07 86 85 545 178 723 28 04 776 24 20 Sa'lgganf'ag
BRS 51 17 16 35 64 578 430 1008 45 08 867 43 90  Loamy Sand
BR9 56 26 28 144 129 396 301 697 456 05 93 50 20 Sand

BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BRE: Ultisol Rhodic Pa-
leudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BRS: Quartzipsamments; pH: hydrogen potential; P: phosphorus; K*: potassium; Ca2*: calcium;
Mg?": magnesium; H + Al: potential acidy; SB: sum of bases; CEC: cation exchange capacity. V: base saturation; OC: organic carbon.

Adv Weed Sci. 2024,42:e020240027
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BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BR6: Ultisol Rhodar
Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BR9= Quartzipsamments. The vertical and horizontal bars represent the standard deviation
of the means (n = 2) of Ce (concentration in equilibrium) and Cs (concentration in soil), respectively. Symbols can cover the bars.

Figure 1 - Freundlich isotherms of ™C-saflufenacil sorption in nine Brazilian soils.

Table 2 - Freundlich sorption parameters, linear distribution coefficients, and sorption percentage of “C-saflufenacil in nine

Brazilian soils

Soils K K K e n Re —oretion
L kg"] (mg1-1ln kg™ L) (%)

BRI 036(033-039F  6181(5706-6657)  032(027-037)  5543(4726-6360)  Lonr 10 3546231
BR2 051(049-052) 22087(21349-22825) 045(041-048) 19435(17959-20910) 0934002 10 4697+089
BR3 185 (171-199) 860(7936-9264)  209(159-259) 96:88(7353-12023) 104+006 099 7692+107
BR4 051(046-055)  5756(5266-6246)  040(032-048)  4585(3709-5461) 088+006 099 4626+163
BRS 089(082-097)  12577(11482-13673) 076(058-093) 10761(8251-13270) 092+008 10 5877+164
BRS 066(063-069) 19485 (18674-20296) 051(046-056) 14971(13432-16510) 087+003 10 5088+132
BR7 058(054-067) 13430 (12559-14302)  049(041-057)  1512(9571-13452) 0924005 099 4604 +128
BRS 056(053-058)  7128(6820-7436)  044(037-051)  5628(4740-6517) 087+006 10 4822+205
BR9 078(074-082)  17322(16427-18218) 064(053-075) 14344 (11846-16843) 091+006 10 5471+134

BR: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BR6: Ultisol Rhodic
Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BR: Quartzipsamments. K _: linear sorption distribution coefficient; K_ : linear sorption
coefficient normalized by organic carbon content; K. : Freundlich sorption distribution coefficient; K, : Freundlich sorption coefficient normalized by organic
carbon content. ® Average (K, K_. K. e K] followed by the number in parentheses is the confidence intervals of the average (n = 2). ® Average (1/n and

sorption) followed by the average standard deviation (n = 2).

Kf_values in soils are consistent with the results found
by Papiernik et al. (2012), and Matallo et al. (2014). The
highest Kf , found in BR3 was 5.5 times greater than the
lowest Kf reported in BR1. The studied soils presented
linear sorption distribution coefficient (de) <1.0L kg
1, except for BR3, which had 1.85 L kg®. The highest
sorption coefficients (K, and Kd) in BR3 are attributed
to the higher OC content, which is generally reported
as one of the main controllers of saflufenacil sorption

https://doi.org/10.51694/AdvWeedSci/2024,;42:00013

(Papiernik et al., 2012; Matallo et al., 2014; Barcellos
Junior et al., 2021).

In general, the pH of the studied soils was close to or
higher than the pKa of saflufenacil, with 4.41 (International
Union of Pure and Applied Chemistry, 2021). In soils with
a pH close to or equal to the herbicide pKa, as in BR6
(pH 4.4), the molecular (neutral) and dissociated (anionic)
species are approximately equal (50% of each). On the
other hand, in soils with a pH greater than the herbicide

Adv Weed Sci. 2024;42:e¢020240027
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pKa, such as BR4 (pH 6.5), the dissociated/anionic form
of the herbicide predominates over the molecular form
(Gannon, 2011). Saflufenacil has high solubility at pH
values close to pH 7.0 (International Union of Pure and
Applied Chemistry, 2021). In this case, saflufenacil is
completely deprotonated and retains only the anionic
form, with lower sorption strength in negatively charged
soils (electrostatic repulsion) and high affinity for the soil
solution, suggesting that the herbicide is more mobile in
the soil profile (Singh, Singh, 2012; Azcarate et al., 2015). In
a recent study, Gamiz et al. (2019) observed that sorption
of picloram and imazamox, weak acid herbicides such as
saflufenacil, exhibited similar behaviour in unamended and
amended soils with biochar, which the authors attributed
to their anionic character.

The Freundlich sorption coefficient normalized by OC
content (Kfsoc) is indicative of the strength of hydrophobic
bonds of soil OM in herbicide sorption. The soils presented
low K, values in this study, ranging from 45.85 to
194.35 mg*» kg* L**, in BR4 and BR2 soils, respectively.
As for K., there were low values of the linear sorption
coefficient normalized by the OC content (K_), which
ranged from 57.56 L kg™ (BR4) to 220.87 L kg* (BR2).

In general, herbicide molecules with a hydrophobic
character have a greater affinity to form strong
hydrophobic bonds with soil OM, making the K___of this
molecule relatively constant in many soils (Liet al., 2019b).
However, this is not the case for saflufenacil in the present
study, indicating that hydrophobic interactions with OM
were not the only determining factor for saflufenacil
sorption. Thus, the sorption of herbicides with an ionizable
functional group (which undergoes dissociation) such as
saflufenacil may be related to weak energy interactions in
solution or the solid-liquid interface, such as electrostatic

Oliveira FS, Takeshita V, Mendes KF, Tornisielo VL, Te6filo TMS, Fernandes BCC, Lins HA, Silva DV

interactions (anionic exchange, anionic repulsion),
binding of hydrogen, and Van der Waals forces (Kah et al.,
2017; Gamiz et al., 2019).

The percentage of saflufenacil sorption in different soils
showed characteristic behavior of K, and K, values because
the soils that presented the highest K, and K, had the
highest percentages of herbicide sorption. The following
descending order of sorption was observed: BR3 > BR5 >
BR9 > BR6 > BR8 > BR2 > BR4 > BR7 > BR1. In percentage
data, in the soil with greater saflufenacil sorption (BR3),
almost 77% of the herbicide was sorbed, while the soil
with less sorption (BR1) had 35.46% herbicide sorption,
concerning the initial concentration.

3.3 Saflufenacil desorption

The Freundlich isotherm equations also provided a
good description of saflufenacil desorption data for all soils
(Table 3 and Figure 2), as observed in the high coefficients of
determination (R? > 0.96). The desorption isotherms were
like those of the sorption study, indicating reversibility of
saflufenacil in the studied soils (Bakhtiary et al., 2013).
Isotherms with linear trends and a type C curve were
observed (Limousin et al., 2007).

The hysteresis index (H) values were close to 1 in the
studied soils (Table 3), indicating that the desorption of
saflufenacil occurred at practically the same intensity as
the sorption and, therefore, that the desorption was not
hysterical. This result may reflect the weak sorption of
saflufenacil in soil and its relatively high solubility in water
(Hiller et al., 2012). These results agree with those reported
by Matallo et al. (2014), who also reported H values close to
1 for saflufenacil in two Brazilian soils.

Table 3 - Freundlich desorption parameters, linear distribution coefficients, and desorption percentage of “C-saflufenacil in

nine Brazilian soils

oolls Ky Koo K, Koo . B Desorption
(Lkg") (mg™" kg~ L") (%)

BR1  042(042-042) 72.24 (72.0-72.49) 0.24 (0.24-0.25) 41.38(4040-42.35) 0.82+001 098 087 6565+2.31
BR2  067(065-069) 290 (282-298) 045(0.39-051) 194.35(16791-22079) 086+003 098 093 5538+195
BR3  221(209-234) 102.98 (96.99-108.96) 2.27(1.80-274) 105.28(83.34-12722) 10+005 10 096 2795+326
BR4  074(0.70-077) 83.81(79.55-88.07) 0.37 (0.30-0.44) 4256 (3460-50.517) 078+005 096 089 5055+208
BRS  106(0.90-123) 14972 (12661-172.82) 073(0.39-108)  103.38 (54.38-152.38) 0.86+0.12 099 093 44.27+192
BR6 095(0.87-103) 27971(25517-304.25) 0.59(041-078) 179.26 (124.15-234.38) 0.85+0.07 098 097 4696+142
BR7 082(078-0.87) 19093 (18041-20145) 061(0.50-072) 14395 (11863-169.28) 091+004 096 098 5210+181

BR8 0.82(073-091 10564 (94.22-117.06) 068 (0.44-091) 90.32(59.77-120.87) 0894+008 098 107 5320+186
BRS 111(1.08-115) 24767 (239.02-256.31) 0.87(0.73-10) 19267 (16218-22315) 092+004 099 101 48321589

BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BR6: Ultisol Rhodic Pa-
leudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BRS: Quartzipsamments. K linear desorption distribution coefficient; K, : linear desorption
coefficient normalized by organic carbon content; K. ;: Freundlich desorption distribution coefficient; K., : Freundlich desorption coefficient normalized by
organic carbon content @ Number in parentheses are confidence intervals of the average [Kun' Koot K and K., ), n = 2.% Standard deviation from the mean

fdoc:
(1/n and desorption).
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BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BR6: Ultisol Rhodic
Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BR9O: Quartzipsamments. The vertical and horizontal bars represent the standard deviation
of the means (n = 2) of Ce (concentration in equilibrium) and Cs (concentration in soil), respectively. Symbols can cover the bars.

Figure 2 - Freundlich isotherms of C-saflufenacil desorption in nine Brazilian soils

In general, soils with H indices less than 1 indicate
lower reversibility of sorption and, therefore, that positive
hysteresis occurs, while those with indices greater than
1 have negative hysteresis, with more significant potential
for desorption and, consequently, increased risk of
herbicide leaching in the soil profile (Singh, Singh, 2012).
Although higher H indices represent a greater desorption
potential of the herbicide, this was not reflected in the
decreasing order of desorption of saflufenacil in the
studied soils, indicating that desorption does not depend
only on K, and K,_but on how the herbicide interacts on
the surface of the soil. Furthermore, the mechanisms that
control sorption are likely to differ for soils (Matallo et al.,
2014; Paszko et al., 2016).

As for the Freundlich desorption coefficients (K,)
(Table 3), similarly to sorption, the soil with the highest OC
content (BR3) had the highest value, with 2.27 mg* /" kg?
L¥» which represents 9.4 times more than the lowest value
reported in BR1, with 0.24 mg***kg* L». This behavior
was maintained for K, values, ranging from 0.42 (BR1) to
2.21 L kg* (BR3). The higher values of K, and K, in BR3
suggest a greater binding or slower release of saflufenacil
from soil organic colloids and are consistent, who when
evaluating the sorption and desorption of saflufenacil in
six American soils, verified higher K, and K, in soil with
higher OM content.

As in sorption, the values of K, and K, had a wide
variation, in which the sand soil (BR2) (Table 1) presented
the highest values, which corresponded, respectively, to 4.7
and 4.0 times more than those found in BR1, with the lowest
values in the present study. In general, high concentrations

https://doi.org/10.51694/AdvWeedSci/2024,;42:00013

of saflufenacil, especially in soils with low sorption energy,
can mean a faster return of saflufenacil to the soil solution,
increasing the amount of herbicide desorbed.

The averages of the desorption percentages presented in
Table 3 represent the percentage of saflufenacil desorbed
(24 h after sorption) compared to the total amount sorbed
in each soil type. In general, the highest percentages of
saflufenacil desorption were found in soils that had the
lowest sorption, with a variation of approximately between
28 and 66%. The desorption order was: BR1 > BR2 > BR8 >
BR7 > BR4 > BR9 > BR6 > BR5 > BR3.

3.4 Mobility of saflufenacil

The R, values were high, ranging from 0.703 (BR9) to
0.994 (BR1) (Table 4), indicating that saflufenacil has a high
potential for mobility in soils, according to the classification
proposed by Helling and Turner (1968), in that these
authors proposed a classification system for the mobility of
herbicides in soil based on the movement of 40 pesticides,
using the soil TLC technique. Based on this classification,
saflufenacil in BR3, BR5, BR6, and BR9 soils was classified
as mobile (0.65-0.89) and BR1, BR2, BR4, BR7 BR8 soils, as
very mobile (0.9 -1.0).

The high R, values between soils result from the
weak sorption and high desorption of saflufenacil in
the soil colloids (Tables 3 and 4). In general, the weaker
the soil sorption capacity, the stronger the herbicide
desorption and mobility capacity (Li et al, 2019a;
Zhang et al., 2020). Polar herbicides, such as saflufenacil,
have a greater affinity for the aqueous phase and, therefore,

Adv Weed Sci. 2024;42:e¢020240027
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Table 4 - Retention factor (R] and mobility potential of

MC-saflufenacil in nine Brazilian sails in soil TLC plates

Soils R Mobility potential - Class®

f

BR1 0.994 + 0.002° Very mobile (5)
BR2 0.992 + 0.003 Very mobile (5)
BR3 0.824 £0.020 Mobile (4)
BR4 0.986 + 0.007 Very mobile (5)
BRS 0.842 +0.028 Mobile (4)
BR6 0.895+0.030 Mobile (4)
BR7 0.951+0.016 Very mobile (5)
BRS 0359 +0.021 Very mobile (5)
BR9 0.703 £ 0.005 Mobile (4)

BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf;
BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BR6: Ultisol
Rhodic Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs;

BRS: Quartzipsamments. 2Average + standard deviation of average (h=2).

® According to classification by Helling and Turner (1968).

Minimum

BR1

BR4

BR7

Oliveira FS, Takeshita V, Mendes KF, Tornisielo VL, Te6filo TMS, Fernandes BCC, Lins HA, Silva DV

can be more easily moved from the sorption sites to the soil
solution after their application, increasing their mobility
potential in the soil profile (Monquero et al., 2012). These
results have worrying implications regarding the risks of
environmental contamination, especially from the surface
and underground waters.

The mobility profile of **C-saflufenacil on soil TLC plates
(in one replicate) is shown in Figure 3. Colored areas on the
chromatograms indicate the presence of *C-saflufenacil.
Blue color means lower levels of radiolabelled herbicide,
while red suggests higher levels of herbicide. **C-saflufenacil
moved practically throughout the soil profile in most soils
studied. However, in soil, BR1 has a more pronounced drag
than other soils, which may reflect the higher percentage of
desorption of the herbicide sorbed in the BR1 soil, resulting
in a higher R, value.

Studies carried out by Monquero et al. (2012) and
Gannon et al. (2014) reported that saflufenacil has a
decrease in leaching in soils with high OM contents.

Maximum

BR2 BR3

BRS BR6

BRS

BR8

BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BRE: Ultisol Rhodic
Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BR9: Quartzipsamments.

Figure 3 - Mobility profile of “C-saflufenacil in nine Brazilian soils on soil TLC plates. The image on the left shows the soil profile,
and the one on the right shows the chromatogram on the left side and the ™C-saflufenacil mobility autoradiography on the right
side after capillary elution with deionized water eluent. The blue line at the bottom of the soil TLC plates is the base of herbicide
application, and the black line at the top represents the maximum vertical elution limit of the herbicide

Adv Weed Sci. 2024,42:e020240027
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In this present study, the results demonstrated a high
mobility of saflufenacil even in soil with higher OC content,
which can be explained by the weak sorption between
saflufenacil and soils, which contributes to the desorption
and herbicide mobility. As previously reported, the results
found here suggest a high risk of contamination of surface
and groundwater represented by saflufenacil even in soils
with high sorption capacity. However, it is essential to
highlight those factors other than soil OC, such as chemical
composition (pH, CEC) and mineralogical (clay contents),
play an essential role in the movement of saflufenacil
(Gannon et al., 2014).

3.5 Main component analysis

Pearson’s correlation analysis between the attributes of
the nine soils studied was applied to discard the correlated
properties and select those that contribute the greatest

Table 5 - Factor loadings for soil properties, Freundlich
coefficient of sorption (K, ) and desorption (K] of

“C-saflufenacil in nine soils, eigenvalues, total and
accumulated variance

Variables CP1 CP2 CP3
Dependents (supplementary)
K. 019 061  -069
K, 021 059 -069
Independent
pH -0.82* 0.33 0.35
ocC -016 072" -0.67*
CEC -0.93* -015 -0.04
Clay -0.31 -0.81* -044
Eigenvalues 168 132 0.76
Total variance (%) 4221 3315 1915
Accumulated variance (%) 4221 7537 9452

* Attributes with the greatest contribution in each component. CP: main
component.

PCA - Biplot
2 BR3  Kds oc
Kdf
1 BR1 i

= BRS BRS contrib
A
S0 BR2 BRS BR4 27
= CEC 24
8- BR7 21

-2

BR6
-2 -1 0 1 2 3
Dim1(42.2%)

The properties of soil influence the retention and mobility of “C-Saflufenacil

differences between the soils (Table S2). This process aims to
minimize multicollinearity problems between independent
variables in PCA (Chagas et al., 2019; Santos et al., 2019).
Based on this, the properties (independent variables)
used for PCA were pH, OC, CEC, and clay (Table 5). These
variables were more effective in explaining the variability of
the data in this study and have already been reported to play
an essential role in the sorption of weak acid herbicides such
as saflufenacil (Papiernik et al., 2012; Gannon et al., 2014;
Barcellos Junior et al., 2021). Therefore, PCA was applied
to visualize the interrelationship between the independent
variables pH, OC, CEC, and clay and their influence on
the dependent variables K and K, (supplementary). The
supplementary variables were not included during the
extraction of the components. However, they were mapped
and projected in Figure 4 of the factor loadings to facilitate
understanding the correlation with the soil variables.

PCA reduced the number of variables studied to three
components (Table 5). These three components explained
94% of the variation in the original data. In addition
to reducing the number of variables that explain the
variation between soils, the PCA allowed us to visualize the
influence of each variable in the formation of new variables
(components). In the first component (CP1), responsible
for 42% of the total variation, the CEC and pH variables
greatest contributions to this variance were made. In the
second component (CP2), which captured 33% of the total
variation, clay and OC had a greater contribution in forming
the component. For the third component (CP3), which
explained 23.6% of the total variation, the OC variable
had the greatest influence. The relative contribution of
each of these variables in the sorbent processes depends
on the weathering stage and the source material of the soil
(Leal et al., 2013). The soils in this study were young
(high CEC) and with pH almost neutral to very weathered
(low CEC) and very acidic soils, and with variability in
clay content, due to essential variations in paedogenetic
processes (e.g., climate) in conditions tropical (Fontes,

Biplot
1- contrib
) i 35
. 25
= BR4
o BR7Y BRE . R E
o0
s
BR2 |
'BR9
-1- i . BR1* T i i i
-2 -1 0 1 2 3
CP1(42.2%)

BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BR6: Ultisol Rhodic
Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BRS: Quartzipsamments.

Figure 4 - Factor loadings of the dependent (K and K. ) and independent (pH, OC, CEC, and clay) variables of the ™“C-saflufenacil
main component analysis in nine Brazilian soils, plotted in the CP1-CP2 (A) and CP1-CP3 (B) plane

https://doi.org/10.51694/AdvWeedSci/2024,;42:00013
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Alleoni, 2006), which explains the greater contributions
of pH, CEC, and clay in the total variability. On the other
hand, the smaller contribution of OC to the total variance
results from the lower heterogeneity of this characteristic
in soils.

The three main components were represented in the
factorial plane PC1-PC2 and PC1-PC3 (Figure 4A and
4B, respectively) to identify which variables were more
correlated with K, and K, +In the Figure 4A (PC1-PC2), has
a high positive correlation of K, and K, with OC. On the
other hand, pH, clay, and CEC were negatively correlated
with K, and K, In the PC1 - PC3 space (Figure 4B), OC
and clay were positively correlated with K, and K, while
pH and CEC were negatively correlated with K and K.
Despite the lower contribution of OC to data variability,
OC was the parameter with the highest correlation with
sorption (high K, values)

The PCA allowed discriminating the nine soils into four
groups, considering the similarity of pH, CEC, clay content,
and OC (Figure 5). The union of BR6, BR7, and BR2 soils in
the same group is due to the lower pH values. BR3 remained
isolated in one group due to its higher OC content, while
the group with BR4 soil was characterized by higher pH and
CEC values. In the other group, BR5, BR9, and BR2 stood
out for their low clay contents.

By analysing the soil clusters with the respective K_
and K, data, proximity was noted in the sorption between
soil samples within the same group. Despite these results,
this study focused on only nine Brazilian soils, limiting the
generalizability of the findings to a broader range of soil
types. It is essential to use a more significant number of
soil samples to increase the correlation between groupings

Oliveira FS, Takeshita V, Mendes KF, Tornisielo VL, Te6filo TMS, Fernandes BCC, Lins HA, Silva DV

and saflufenacil behaviour, generating broader and more
accurate results to estimate the herbicide behavior in
different types of soils (Chagas et al., 2019). The study
mainly focused on saflufenacil sorption-desorption
dynamics without considering other factors like microbial
activity, which could influence herbicide behavior in soils.

The results of this study reveal important implications
for the behavior and environmental fate of saflufenacil
in soil. The findings suggest that saflufenacil application
in Brazilian soils may yield diverse sorption and mobility
outcomes due to the significant physicochemical
variability across soils. We study highlights the potential
risk of saflufenacil as a mobile pollutant in soil profiles,
emphasizing the importance of considering soil properties
for accurate risk assessment and decision-making in weed
control strategies. This study highlights the potential
risk of saflufenacil as a mobile pollutant in soil profiles,
emphasizing the importance of considering soil properties
for accurate risk assessment and decision-making in weed
control strategies. The application of PCA, considering
a more significant number of soil samples and using the
variables pH, CEC, clay content, and OC, allows considering
different saflufenacil dose recommendations for each soil
group, as well as estimating the impact of the application of
saflufenacil in soils from other regions. Undoubtedly, this
would reduce the amount of physicochemical analysis of
soils. It would be necessary to analyze few properties and
only a tiny number of soils in each group, providing simpler,
faster, and broader information for safe decision-making
on the application of saflufenacil for weed control.

In general, the studied soils showed weak sorption
by saflufenacil, which can be attributed to the anionic
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BR1: Ultisol Typic Hapludult; BR2: Quartzipsamments; BR3: Alfisol Aqualf; BR4: Inceptisol Ochrept; BRS: Ferrohumiluvic Spodosol; BRE: Ultisol Rhodic
Paleudult; BR7: Oxisol Typic Hapludox; BR8: Typic Plinthustalfs; BRS: Quartzipsamments.

Figure 5 - Dendrogram of similarity of the nine soils in four groups, obtained from the Ward method and the Euclidean distance, as

a function of the variables pH, CEC, clay content, and OC.
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character of the herbicide. As a result, saflufenacil had a
high potential for mobility in soils. The PCA shows that,
through the variables pH, CEC, clay content, and OC,
it is possible to group soil samples with similar patterns
of saflufenacil sorption and generalize them to new soils.
However, further investigation is needed to understand
better the effects of soil properties on the behaviour and
environmental fate of saflufenacil in tropical soils. For
example, future investigations could focus on integrating
modeling approaches that incorporate soil variability to
predict saflufenacil behavior accurately in diverse soil types,
aiding in decision-making for sustainable herbicide use.

4. Conclusions

Saflufenacil is weakly sorbed in different types of
tropical soils, and the sorption process is reversible. Its
mobility varies from mobile (R, = 0.703) to very mobile
(R, = 0.994), indicating that this herbicide has leaching
potential in soils studied.

The sorption-desorption capacity and mobility of
saflufenacil depend on the soil’s physical and chemical
attributes, mainly pH, CEC, clay, and OC content, and,
therefore, it is vital to analyze them to predict the impacts
of herbicide application on the environment. The PCA is an
essential tool that helps to clarify how the effects of soil
properties influence herbicide behaviour.

The OC content in Brazilian soils has a direct role in
saflufenacil sorption and desorption. BR3 soil (soil with
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