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ABSTRACT

MIELKE, Kamila Cabral, D.Sc., Universidade Federal de Vigosa, July 2023.
Sugarcane straw biochar and cow bonechar: physical-chemical characterization
and interference on the behavior of metribuzin in soil and water. Advisor: Kassio
Ferreira Mendes.

The pyrolysis temperature in biochar production and the application rate in soil can
influence the sorption, desorption, and degradation of herbicides, as well as soil
fertility. The objective of the study was to investigate the effect of soil amendment with
different pyrolysis temperature-produced sugarcane straw biochar application rates on
the behavior of metribuzin and soil fertility. A second objective was the production of a
cellulose acetate film with cow bonechar as a viable alternative for metribuzin removal
from water. The treatments for the sorption-desorption and degradation studies of
metribuzin consisted of three pyrolysis temperatures (BC350 °C, BC550 °C, and
BC750 °C) and seven application rates (0, 0.1, 0.5, 1, 1.5, 5, and 10 % w/w). The
treatments for the metribuzin removal from water study consisted of 2 and 3 g of
bonechar fixed in the cellulose acetate film, pure powdered bonechar (2 g), and a
control (without bonechar addition). Metribuzin quantification in soil and water was
performed using High Performance Liquid Chromatography (HPLC). The amended soil
with different application rates showed a reduction in H + Al and an increase in pH,
OC, P, K, Ca, Mg, Fe, Mn, CEC, and BS. Metribuzin sorption and desorption coefficient
(Kr) were 1.42 and 0.78 mg(=" L'/n Kg-', respectively, for the unamended soil. Biochar
application rates <1 % sorbed ~23 % and desorbed ~15 % of metribuzin, similar to the
unamended soil, for all pyrolysis temperatures. Amended soil with a 10 % application
rate of BC350 °C, 550 °C, and 750 °C sorbed 63.8 %, 75.5 %, and 89.4 % and
desorbed 8.3 %, 5.8 %, and 3.7 % of metribuzin, respectively. The values of
degradation half-life time, DTso and DTgo, for metribuzin in unamended soil were 7.37
and 24.94 days, respectively. The soil amended with 10% of BC350 °C increased
metribuzin DTso from 7.35 to 17.32 days and DTgo from 24.41 to 57.26 days compared
to the unamended soil. The lower application rates (0.1 to 1.5 %) of BC550 °C and
BC750 °C decreased metribuzin DTso to ~4.05 and ~5.41 days, respectively. The
amended soil with BC350 °C at high application rates (5 and 10 %) provided high
microbial respiration rate (C-COz2), low carbon fixation of microbial biomass (MBC) and



high metabolic rate (qCOz2). The addition of 2 and 3 g of bonechar fixed in the cellulose
acetate film sorbed 40 % and 60 %, respectively, of metribuzin at lower concentrations
(0.25, 0.33, and 0.5 mg L™"). At higher concentrations of 1.0 and 2.0 mg L', sorption
was 16% and 50% of metribuzin for the addition of 2 and 3 g of bonechar fixed in the
cellulose acetate film, respectively. High pyrolysis temperature and application rates of
sugarcane straw biochar demonstrate the ability to immobilize metribuzin, improve soil
fertility, and increase metribuzin degradation in soil, which can influence weed control
effectiveness. The acetate film with bonechar was efficient in metribuzin removal, with

only a loss of sorptive capacity compared to pure bonechar observed.

Keywords: Environmental remediation. Herbicide. Natural polymer. Carbonaceous

material. Behavior.



RESUMO

MIELKE, Kamila Cabral, D.Sc., Universidade Federal de Vigosa, julho de 2023.
Sugarcane straw biochar and cow bonechar: physical-chemical characterization
and interference on the behavior of metribuzin in soil and water. Orientador:
Kassio Ferreira Mendes.

A temperatura de pirdlise na produgéo de biochar e a taxa de aplicagdo no solo podem
influenciar na sorcao, dessorcao e degradacao dos herbicidas e na fertilidade do solo.
O objetivo do estudo foi investigar o efeito de modificagcbes no solo com taxas de
aplicacdo do biochar de palha de cana-de-acucar produzido em diferentes
temperaturas de pir6lise sobre o comportamento do metribuzin e fertilidade do solo.
Um segundo obijetivo foi a producao de um filme de acetato de celulose com bonechar
como uma alternativa viavel para remogao do metribuzin da agua. Os tratamentos dos
estudos de sor¢ao-dessorcao e degradagado do metribuzin foram trés temperaturas de
pirélise (BC350 °C, BC550 °C e BC750°C) e sete taxas de aplicacao (0; 0,1; 0,5; 1;
1,5;5e 10 % p p"). Os tratamentos do estudo da remogao do metribuzin da agua
foram compostos por 2 e 3 g de bonechar fixado no filme de acetato de celulose,
bonechar puro em pé (2 g) e um controle (sem adicdo do bonechar). A quantificacao
do metribuzin no solo e na &gua foi realizada em High Performance Liquid
Chromatography (HPLC). O solo modificado com diferentes taxas de aplicacao
mostrou reducao de H + Al e aumento do pH, OC, P, K, Ca, Mg, Fe, Mn, CTC e SB. A
sorcdo e a dessorcdo do metribuzin foram 1,42 e 0,78 mg(-¥m L' Kg
respectivamente, para o solo ndo modificado. Taxa de aplicacdo <1 % do biochar
sorveu ~23 % e dessorveu ~15 % do metribuzin, similar ao solo ndo modificado, para
todas as temperaturas de pirélise. Solo modificado com taxa de aplicagdo de 10 % do
BC350 °C, 550 °C e 750 °C sorveu 63,8; 75,5 € 89,4 % e dessorveu 8,3; 5,8; € 3,7 %
do metribuzin, respectivamente. Os valores da DTsoe DTgo do metribuzin no solo ndo
modificado foram de 7,37 e 24,94 dias, respectivamente. O solo modificado com 10 %
do BC350 °C aumentou a DTso do metribuzin de 7,35 para 17,32 dias e a DTgo de
24,41 para 57,26 dias em relacdo ao solo ndo modificado. As menores taxas de
aplicacéo (0,1 a 1,5 %) do BC550 °C e BC750 °C diminuiram o DTso do metribuzin
para ~ 4,05 e ~ 5,41 dias, respectivamente. O solo corrigido com BC350 °C em altas
taxas de aplicacdo (5 e 10 %) proporcionou alta taxa de respiragdo microbiana (C-



CO2), baixa fixacado de carbono da biomassa microbiana (CBM) e alta taxa metabdlica
(gCO2). A alta temperatura de pirdlise e as taxas de aplicagcao do biochar de palha de
cana-de-agucar mostram uma capacidade de imobilizar o metribuzin, melhorar a
fertilidade do solo e aumentar a degradacao do metribuzin no solo, 0 que pode
influenciar a eficacia no controle das plantas daninhas. A adicdo de 2 e 3 g do
bonechar fixado no filme de acetato sorveu 40 e 60 %, respectivamente, do metribuzin
nas menores concentragdes (0,25; 0,33 e 0,5 mg L'). Nas maiores concentragbes de
1,0 e 2,0 mg L', a sorgéo foi em 16 e 50 % do metribuzin para adicdo de 2 e 3 g do
bonechar fixado no filme de acetato, respectivamente. A elevada temperatura de
pirdlise e as taxas de aplicacdo do biochar de palha de cana-de-agucar demonstram
a capacidade de imobilizar o metribuzin, melhorar a fertilidade do solo e aumentar a
degradacao do metribuzin no solo, o que pode influenciar a eficacia do controle das
plantas daninhas. O filme de acetato de celulose com bonechar foi eficiente na
remocao de metribuzin, tendo sido observada apenas uma perda de capacidade de

absorcao em comparagao com o bonechar puro.

Palavras-chave: Remediacdo ambiental. Herbicida. Polimero natural. Material

carbonaceo. Comportamento de herbicida.
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1. GENERAL INTRODUCTION

Biochar is a carbon-rich material derived from the partial carbonization of
vegetable waste (hydrochar, biochar, lignochar) and animal waste (bonechar) under
controlled conditions with little or no oxygen and relatively low temperatures
(LEHMANN; JOSEPH, 2015). The variability in the physical and chemical properties
of biochar depends on the feedstock used and the temperatures reached during the
pyrolysis process (LEHMANN; JOSEPH, 2015). These two factors modify the specific
surface area (SSA), polarity, atomic ratio, pH, elemental composition, and therefore
the overall surface property of biochar (RONSSE et al., 2013; AHMAD et al., 2014).

The use of biochar in agricultural soils as a fertilizer and soil conditioner has
been frequently reported by researchers (BIEDERMAN; HARPOLE, 2013; GLASER et
al.,, 2015; LEHMANN; JOSEPH, 2015). The increase in crop yield is a commonly
recognized benefit of biochar application. However, crop responses are highly variable
and depend on the type of biochar, application rates, soil properties, and climatic
conditions (HUSSAIN et al., 2017).

The distinct characteristics of high sorption capacity, SSA, microporosity, and
ion exchange (AHMAD et al., 2014) make biochars potential immobilizers of various
soil and water contaminants, including herbicides. The ability to immobilize herbicides
has been reported by different authors (CABRERA et al., 2014; HUANG et al., 2018;
SZMIGIELSKI et al., 2018; MENDES et al., 2019a; MIELKE et al., 2022). The pyrolysis
temperature of biochar influences the efficiency of herbicide sorption, and in general,
the efficiency of biochars is increased with higher temperatures (SHAABAN et al.,
2018). This can be explained by the electrostatic attractions between organic pollutants
and charged surfaces of biochar (SHAABAN et al., 2018; ZHAO et al., 2018).

The addition of biochar to the soil also influences the degradation of herbicides.
Some authors have indicated that biochar reduces the biodegradation of herbicides in
soils due to its high sorption capacity (TATARKOVA et al., 2013; KHORRAM et al.,
2016). On the other hand, the addition of biochar influences the structure and microbial
diversity of the soil, improving microbial balance and, therefore, promoting greater
microbial degradation (ZHANG et al., 2005; MENG et al., 2019).

The herbicides have the soil as a temporary and/or final destination after
application in pre- or post-emergence. Herbicides with high leaching potential, such as
metribuzin [4-amino-6-tert-butyl-4,5-dihydro-3-methylthio-1,2,4-triazin-5-one] (INOUE
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et al., 2003), pose a risk of environmental contamination. Metribuzin is a selective
systemic herbicide belonging to the Photosystem Il (PSII) inhibitors group of the
chemical class of triazinones, recommended for the control of broadleaf weeds in pre-
or post-emergence (MENDES et al., 2022). It has high water solubility (Sw = 10.700
mg L' at 20°C), high mobility in the soil (sorption coefficient normalized by organic
carbon content = Koc of 38 mg L) and high leaching potential (GUS index -
Groundwater Ubiquity Score) = 2.96) (SARITHA et al., 2017; PPDB, 2023). Therefore,
the high water solubility (Sw) and high leaching index make metribuzin considered a
product with potential groundwater contamination. Residues of metribuzin were
analyzed in water samples from the Samambaia River sub-basin in the Federal District
and eastern Goias (CORREIA et al., 2020). Metribuzin was detected at concentrations
above the limit of quantification (LQ) of 2.37 ug L™ in 73.2% of the water samples.

Natural sorbents (e.g., plant biomass) have become attractive for the
immobilization of herbicides from water due to their high sorption capacity and low cost
(MENDES et al., 2019b). Bone char (animal-based) is derived from the carbonization
of animal bones, which involves heating them in a sealed iron retort at 500-800°C for
4-6 hours (CHEN et al., 2008). Bonechar exhibited a high removal capacity for diuron,
ametryn, sulfometuron-methyl, and hexazinone in water when 1 g was added to 1 L of
water (MENDES et al., 2017). However, the use of granulated and/or powdered bone
char makes it difficult to remove from the water, requiring a centrifugation step to
extract it from the environment after herbicide removal from water. Additionally, direct
application of carbonaceous material in water can increase the dissolved carbon
content, affecting aquatic ecosystems by increasing turbidity and the toxicity of metals
(LIPCZYNSKA-KOCHANY, 2018).

An alternative is the use of a composite material where fine bonechar particles
are incorporated into solid particles through a biopolymer, which can facilitate the
collection and/or reusability of the material after herbicide removal from water.
Cellulose acetate is a thermoplastic and biodegradable natural polymer that is
prepared by acetylating cellulose (PLUS et al., 2011). The processing of cellulose
acetate influences the range of its applications, such as films, membranes, or fibers
(FISCHER et al., 2008). Cellulose acetate, being biodegradable, natural, and abundant
in the environment, is an environmentally viable alternative to be used as a support
material for bonechar. A hybrid film of cellulose acetate with biochar was studied for its
phosphorus adsorption capacity from water (PINTO et al., 2019). However, there are
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no reports yet on the production of cellulose acetate and bone char films for herbicide
removal in water, making it a technologically feasible alternative that is easy to handle.

The effects of biochars are dependent on the pyrolysis temperature, the
feedstock used, and the application rates in soil or water. The objective of the study
was to investigate the effects of soil modifications with different application rates of
sugarcane straw biochar produced at different pyrolysis temperatures on the behavior
of metribuzin and soil fertility. A second objective was the production of a cellulose
acetate film with bonechar as a viable alternative for metribuzin removal from water.
The results obtained in these studies provided insights into the dynamics of metribuzin
in soils amended with sugarcane straw biochar and the use of cow bonechar as an

alternative for producing an acetate film for herbicide removal from water.
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Abstract: Pyrolysis temperature and application rate of biochar to soil can influence herbicide
behavior and soil fertility. The objective was to investigate the effect of soil amendments with
application rates of sugarcane straw biochar, produced at different pyrolysis temperatures, on the
sorption-desorption of metribuzin in soil. The analysis was performed using high-performance
liquid chromatography (HPLC). The treatments were three pyrolysis temperatures (BC350, BC550
and BC750 °C) and seven application rates (0, 0.1, 0.5, 1, 1.5, 5 and 10% w w~1). Amended soil with
different application rates decreased H + Al and increased pH, OC, P, K, Ca, Mg, Fe, Mn, CEC and BS
contents. Krvalues of sorption and desorption of metribuzin were 1.42 and 0.78 mg(1=1/n) L1/n
Kg~!, respectively, in the unamended soil. Application rates < 1% of biochar sorbed ~23% and
desorbed ~15% of metribuzin, similar to unamended soil, for all pyrolysis temperatures. Amended
soil with 10% of BC350, BC550 and BC750 sorbed 63.8, 75.5 and 89.4% and desorbed 8.3, 5.8 and 3.7%
of metribuzin, respectively. High pyrolysis temperature and application rates of sugarcane straw
biochar show an ability to immobilize metribuzin and improve soil fertility, which may influence the
effectiveness in weed control.

Keywords: carbonaceous material; soil fertility; herbicide behavior; residual in soil; environmental
contamination

1. Introduction

Biochar (BC) is defined as a carbon-rich product, produced by thermal conversion of
organic material, with limited oxygen (0z) supply and controlled temperatures, consisting
mainly of carbon (C) and a variable proportion of oxygen (0O) and hydrogen (H) [1]. BC has
been used for many years as a corrective in general soil applications. BC has been shown to
increase porosity, specific surface area (SSA), soil water holding capacity [2,3], availability of
basic cations (Ca%*, Mg?*, K*) [4,5], increased pH and cation exchange capacity (CEC) [3], in
addition to its significant content of recalcitrant C that offers the possibility of long-term C
sequestration [6]. Corn residue BC produced at different pyrolysis temperatures was added
to two different soils [7]. These authors observed that increasing the pyrolysis temperature
of biochar added to sandy loam soil improved the pH (0.46 units), electrical conductivity

(EC) (0.38dSm™1),N (120%) and K (41%), but decreased plant-available P £86%), relative
to unamended soil. Differently, a corn BC produced at a pyrolysis temperature of 200 °C
and applied at a rate of 2% (w w™1) in calcareous soil was more efficient in the availability
of nutrients to the soil [8]. The effects on soil fertility and consequently on crop productivity
are related to the physicochemical properties of soil, biochar, application rates and pyrolysis
temperature of biochar production, which can provide different results in soil fertility [9].

Over the years, biochar has also proven to be a material capable of removing pollutants
(herbicides, fungicides, insecticides, heavy metals, antibiotics, industrial chemicals, among
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others) from soil and water through sorption-desorption and degradation processes [10].
The distinct characteristics of biochar related to surface chemistry (surface functional groups
and cation exchange) and morphological structure (e.g., high SSA and microporosity) [11]
enables biochar to have high sorptive capacity. The variability in the physical and chemical
properties of biochar depends on the raw material and the conditions used during the
pyrolysis process [1].

The potential to sorb herbicides in soil has been evidenced by different authors [12-16].
The high sorption of the herbicide in the biochar-amended soil generally decreases its
bioavailability for uptake by plants, degradation by microorganisms and leaching into the soil
profile [17]. As opposed to the sorption, there is usually a decrease in the desorption of the
herbicide and, in some cases, it may become irreversible [18]. The increased sorption of
herbicides by biochar decreases their loss through dissipation into the environment,
decreasing the risk of human exposure and environmental pollution. However, it can have
a high sorption capacity for residual herbicide-applied PRE emergence (directly to the soil),
such as metribuzin and reduce the residual effect on weed control.

The metribuzin [4-amino-6-tert-butyl-4,5-dihydro-3-methylthio-1,2,4-triazin-5-one]
belongs to the triazinone chemical group and acts in the inhibition of photosystem II
(PSII), in the photochemical phase of photosynthesis [19]. The characteristics of high
solubility (Sw = 10,700 mg L~ at 20 °C), high mobility in soil (sorption coefficient nor-
malized by organic carbon content = Koc of 38 mg L™1), high leaching capacity (GUS index-
Groundwater Ubiquity Score = 2.96) and low persistence (half-life degradation time, DT50
= ~20 d) [20-22], make the herbicide a product with potential for environmen- tal
contamination. Metribuzin was frequently detected at a maximum concentration of
0.351 pg L~ 1in surface and groundwater in untreated human consumption sites in the
region of Primavera do Leste, Mato Grosso (Midwestern Brazil) [23]. Metribuzin appli-
cation contaminated groundwater with its metabolites when applied to sandy soil in
Denmark [24]. The authors detected diketometribuzin and desaminodiketometribuzin in
soil samples at concentrations exceeding the maximum residue limit set by the European
Union (0.1 pg L™1).

The behavior of metribuzin in biochar-amended soils brought positive results for
immobilization and decreased leaching [25-27]. However, the sorption-desorption results
are distinct among authors and depend on the temperature in the pyrolysis process, soil
application rate and feedstock used. Feedstocks with lower presence of lignin and cellulose
(vegetable wastes) produce biochar with low bulk density, high pH and lower C stability
than feedstocks with high lignin and cellulose content (wood) [28,29]. Higher pyrolysis
temperatures, in general, increase the sorptive capacity of biochar [30]. The use of biochar
in agriculture has usually been reported as a soil conditioner and can contribute to the lasting
improvement in the chemical, physical, hydric and biological attributes of the soil.The
addition of high application rates of biochar can directly interfere in the sorption and
desorption of the herbicide-applied pre-emergence directly to the soil. The application of
biochar must be carefully determined for its remediation and soil conditioning potential, since
increased sorption can lead to decreased efficacy of PRE herbicides, decreasing their residual
action.

The objective of this study was to investigate the effect of soil amendments with
application rates of sugarcane straw biochar produced at different pyrolysis temperatures on
the sorption-desorption processes of metribuzin in soil. The results of this study will
determine the best pyrolysis temperature and application rate of sugarcane straw biochar
to immobilize metribuzin, thus, reducing its leaching potential into the soil profile. It also
seeks to determine, based on the sorptive capacity of biochar, the application rates that will
positively influence the chemical attributes of the soil.
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2. Materials and Methods
2.1 Sugarcane Straw Biochar

Sugarcane (Saccharum officinarum) straw waste was used as a source of raw material
because it is a promising alternative for biochar production [31,32]. Straw is a residue from
the mechanical harvesting of sugarcane, grown in abundance in Brazil. The sugarcane straw
was crushed, sieved (mesh size 10 mesh, <2.0 mm) and dried in an oven with forced air
circulationat 103 2 €. The straw was placed in a sealed reactor to prevent the ingress of Oz.
The reactor furnace was heated at a rate of 5 °C min~1, in slow pyrolysis (4-6 h)at
temperatures of 350°, 550° and 750 °C. The elemental composition and ash content of biochar
was performed according to EPA 3051A [33]. The content of C, N and the C/N ratio was
determined by combustion using an elemental analyzer (LECO CS-600, Shimadzu, Japan). The
pH was determined according to the guidelines of the analytical methods guide for biochar
[34], in which 5 g biochar samples were stirred with 50 mL deionized water (1:10 wv~1)ina

horizontal shaker for 1hat21 2 °C. The specific surface#rea (SSA) was obtained using the
Nz-Brunauer-Emmett-Teller (BET) method [35] (Table 1).

Table 1. Selected properties of sugarcane straw biochar at different pyrolysis temperatures.

T°C pH C N C/N Ash SSA
H20 % m? g1
350 8.6 48.7 0.832 58.51 5.0 17
550 9.3 49.1 0.647 75.83 10.3 129
750 9.8 59.0 0.403 146.36 11.6 223

Temperature (T); Hydrogen Potential (pH), Carbon (C), Nitrogen (N), Carbon/Nitrogen Ratio (C/N), Specific
Surface Area (SSA).

Surface morphology and elemental analysis of biochar were carried out by scanning
electron microscopy (SEM) coupled with an X-ray energy dispersive spectrometer (EDS),
in an SEM, brand JEOL (JSM-6010LA, Akishima, Tokyo, Japan). This microscope has a
resolution of 4 nm (with beam at 20 kV), magnification from8 to 300,008 and acceleration
voltage from 500 V to 20 kV. Also used was an electron gun with pre-centered tungsten
filament. Everhart-Thornley detector for secondary electron images and solid-state detector
for retro-scattered electrons with contrast of topography, composition and variable shading.
Silicon Drift detector for EDS analysis with 133 eV resolution was used. The biochar particles
were attached to a metal stub by conductive carbon tape (PELCO Tabs™, Ted Pella, Inc,
Redding, CA, USA) and sputter coated (Leica EM ACE 600, Buffalo Grove, IL, USA) with a
120 nm thick layer of gold.

Changes in biochar functional groups were analyzed by Fourier-transform infrared
spectroscopy (FTIR), in a Bruker VERTEX 70 instrument (Bruker, Bremen, Germany), using
the attenuated total reflectance (ATR) method in a range of 350-4000 cm™!. Raman spec-
troscopy was carried out in a micro-Raman spectrometer (Renishaw InVia, Gloucestershire,

England) equipped with an Nd-YAG la (A = 514 nm) and a 50 X objective lens (Olympus
B X 41) and the Raman spectrum acquisition time for each sample was defined as 10 s.

2.2 Soil Collection and Analysis

The agricultural soil samples were collected from the top layer (0-10 cm) in Vicosa,
MG, Brazil (20"46/05" S; 42°52°08”" W), being an area that has not been treated with her-
bicides for the last three years. The soil samples were air dried for 10 d, then sieved on
5.0 mm mesh and stored at room temperature. The soil was classified as Oxisol (Latossolo
Vermelho-Amarelo).

The soil was amended with sugarcane straw biochar produced at different pyrolysis
temperatures (BC350, BC550 and BC750 °C) in application rates of 0, 0.1, 0.5, 1, 1.5, 5 and
10% (w w™1) representing 0, 1, 5, 10, 15, 50 and 100 Mg ha~1, respectively, assuming a
soil density of 1.2 g cm 3 and incorporation depth of 0.10 m. The analyses of P, Na, K, Fe,
Zn, Mn and Cu were performed with the Mehlich 1 Extractor. For Ca, Mg and Al the KCI
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extractor was used (1 mol L™1). Potential acidity (H + Al) was extracted in calcium acetate
(0.5 mol L™1) at pH 7.0. For the determination of BS, hot water was used as an extractor
and for S, monocalcium phosphate in acetic acid. Organic matter (OM) was quantified by
the Walkley-Black titration method after wet oxireduction. The conversion of OM into
organic carbon (0OC) was performed using the correction factor 1.72 (Table 2).

Table 2. Physicochemical attributes of the soil amended with sugarcane straw biochar and una-
mended soil used in this study.

Chemi al Attributes

Pyrolysis Application
Temperature Rate pH oc P K Ca Mg A]* Zn Fe Mn Cu B CEC BS
(9] (%) ww1 H:0 % mg kg1 mmolc kg1 mg kg1 mmol %
kg-1
- unamended 5.5 1.2 1.3 77.0 15.9 5.4 33.0 3.0 129.8 91.0 3.9 0.1 233 998
0.1 5.5 1.2 1.5 97.0 16.0 5.7 33.3 2.9 129.6 99.1 3.8 0.1 24.2 99.8
0.5 5.5 1.2 2.0 111.0 17.9 6.5 33.0 3.1 123.6 127.0 3.6 0.1 27.8 98.1
350 - 5.8 1.2 33 125.0 17.5 6.8 26.4 2.8 148.1 130.0 3.7 0.1 29.3 93.8
1.5 5.9 1.2 6.3 139.0 17.1 7.2 23.1 29 154.7 144.0 4.1 0.1 294 94.6
5 6.8 1.2 10.0 240.0 17.7 8.3 13.3 2.9 234.4 155.0 3.8 0.1 36.7 87.6
B 10 7.2 1.2 30.0 290.0 17.4 9.6 6.6 2.8 245.5 212.0 3.6 0.1 37.1 927
0.1 5.4 1.2 2.2 99.0 16.5 5.7 29.4 2.8 128.5 94.5 3.6 0.1 24,7 100.0
0.5 5.6 1.2 2.7 132.0 16.2 5.8 29.7 3.1 157.4 97.9 4.1 0.1 24.8 100.0
550 - 5.8 1.2 4.4 158.0 17.3 6.1 29.7 3.0 228.5 91.2 4.0 0.1 26.6 100.0
1.5 5.9 1.2 8.7 161.0 17.8 5.8 19.8 2.8 266.5 157.0 3.4 0.1 25.2 100.0
5 7.0 1.2 15.0 250.0 17.7 7.6 9.9 2.7 273.5 183.0 3.1 0.1 33.2 95.2
B 10 7.3 1.3 33.0 340.0 18.1 8.4 33 2.9 297.5 202.0 3.6 0.1 385 914
0.1 5.4 1.2 2.9 108.0 16.8 5.6 33.0 2.7 135.0 96.6 3.6 0.1 25.2 99.8
0.5 5.5 1.2 3.7 144.0 17.4 6.8 29.7 3.0 148.8 135.0 3.9 0.1 27.6 100.0
750 - 5.8 1.2 7.8 178.0 17.8 7.0 29.7 2.8 147.6 122.0 4.0 0.1 29.4 99.8
1.5 6.2 1.2 12.0 240.0 18.1 7.1 13.2 2.5 238.5 123.0 3.8 0.1 30.6 100.0
5 7.2 1.3 55.0 500.0 19.7 9.8 3.3 2.9 267.5 177.0 3.7 0.1 39.3 100.0
10 7.6 1.4 65.0 550.0 20.0 111 0.0 2.9 294.5 178.0 3.8 0.1 40.6 100.0
Physical Attributes (g kg™!)
Sand Silt Clay Texture class
Soil unamended 500 120 380 sandy clay

Source: Laboratory of Soil Analysis Vigosa LTDA, Vigosa, MG, Brazil. Hydrogen Potential (pH), Organic Carbon
(0C), Phosphorus (P), Potassium (K), Calcium (Ca), Magnesium (Mg), Potential acidity (H + Al), Zinc (Zn), Iron
(Fe), Manganese (Mn), Copper (Cu), Boron (B), Cation Exchange Capacity (effective) (CEC), Base Saturation (BS).

2.3 Sorption—Desorption Studies
The methodology for the sorption and desorption study was established according to the
guidelines “106, Adsorption-Desorption Using a Batch Equilibrium Method” [36,37].The

stock solution was prepared at a concentration of 500 mg L™ of the standard Metribuzin-
Pestanal™ (Analytical Standard, 98.8% purity Sigma-Aldrich, San Luis, MO, USA) and the

working solution at a concentration of 100 mg L1, both in acetonitrile (99.9% purity). From
the working solution, five concentrations of metribuzin were prepared in 0.01 mol L1
CaClz solution. The concentrations were 0.5, 1, 2, 4 and 8 mg L~1 where the concentration of
2 mg L™ ! corresponds to the highest recommended dose of the herbicide (1920 g a.i. ha™1)
for the sugarcane crop, assuming a soil density of 1.2 g cm™3 and incorporation depth
of

0.10 m.

In Falcon tubes 2 g of soil from each treatment with biochar-amended and unamended
soils were added and 10 mL of 0.01 mol L™ CaCl: solution was added, in triplicate for
each treatment. The tubes were then subjected to rotary shaking, using an orbital shaker
adapted to a motor (Fisatom 801, Sao Paulo, Brazil) at 45 rpm for 24 h until they reached
the equilibrium concentration [25,26]. Subsequently, the tubes were added to a digital
centrifuge (Kasvi, K14-0815P, Parang, Brazil) at 3500 rpm for 7 min. A 2 mL aliquot was

filtered on a Millipore filter (PRFE membrane 0.45 pm) and placed in a vial. Metribuzin
was quantified in a high-performance liquid chromatograph (HPLC) (LC 20AT, Shimadzu,
Japan), with photodiode array detector (SPD-M204A, Shimadzu, Japan) and stainless-steel

Cis column (Shimadzu VP-ODS Shim-pack 250 mm X 4.6 mm d.i, 5 pm of particle size).
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The mobile phase was adapted from [25], composed of acetonitrile /water (acidified
with 0.01% phosphoric acid) in a ratio 45/55 (v v™~1), injection volume of 30 YL, flow rate of
1.0 mL min~!, wavelength of 254 nm and column oven temperature of 30 °C. The mobile
phase showed good linearity in a range of 0.1 to 8 mg L™! of metribuzin. The analytical
curve showed a coefficient of determination (R%) equal to 0.9993. The limit of detection
(LoD) and quantification (LoQ) were 0.044 and 0.13 mg L™1, respectively.

In the desorption study, the sorption supernatant was discarded from the Falcon tubes
containing biochar-amended and unamended soils and then 10 mL of the new 0.01 mol L1
CaClz solution without herbicide was added. The tubes were subjected to rotary shaking
for 24 h until they reached the re-equilibrium concentration. Subsequently, the tubes were
centrifuged at 3500 rpm for 7 min. A 2 mL aliquot was filtered and placed in a vial for
HPLC analysis. The amount desorbed was calculated as the difference between the sorbed
metribuzin in the soil and the amount remaining in the supernatant.

2.4 Freundlich Model for Sorption—Desorption and Apparent Coefficient

The sorption apparent coefficient (Ka.app, L kg~1) was also calculated at C. = 2.0 mg L™!

(an intermediate value of the equilibrium concentrations studied in the sorption), using the
following Equation (1):

Ka-app = Cs/Ce 1)

where Cs is the amount of herbicide sorbed in the unamended and biochar-amended soil

(mgkg™1) (2):
Cs = (Ci — Ce) X V/M (2)

where C; is the pesticide initial liquid concentration (mg L™1), Ce is the equilibrium liquid
concentration (mg L™1), V is the volume of herbicide solution added (mL) and M is the
mass of soil (g) [13].

The sorption coefficient (Kd-app, L kg™1) normalized to the OC content of the biochar-

amended and unamended soils (Ko, L kg~1) was calculated as follows (3):
Koc = (Kd-app/%OC) X 100 (3)

The desorption Ka-app value for desorption was also calculated for comparison to the
sorption Ka-app.
The Freundlich model and its distribution coefficient were derived from Equation (4):

Kf = Cs/Cel/n (4)

where n (dimensionless value) can range from 0 to 1, depending on the heterogeneity in
the sorption sites.

The same sorption coefficient was also standardized, considering the soil OC content
(Kfoc). The hysteresis index (H) was calculated by Equation (5):

H= 1/nsorption/l/ndesorption (5)

The thermodynamic parameter of Gibbs free energy (AG) to evaluate the degree of
spontaneity of the sorption process was calculated by linear equation of van’t Hoff (6). The
average Kr (Freundlich coefficient) value of each treatment was used for the calculation.

AG= — R - T - InKy (6)

where R is the gas constant (8314 ] mol~! K™1), T is the absolute temperature (298 K) and
Kris the Freundlich coefficient (mg(1=1/m) L1/n kg=1),
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3. Results and Discussion
3.1 Biochar Characterization

All biochar attributes varied as the pyrolysis temperature of the production system
increased. The pH of BC350 was lower (8.6) than BC550 (9.3) and BC750 (9.8). BC750
increased the SSA 13-fold compared to BC350. Higher C/N ratio and ash content were
observed for BC750 (Table 1). These results are in agreement with what has been observed
in studies with different pyrolysis temperatures in sugarcane straw biochar [32,38,39]. The
increase in pyrolysis temperature influences the SSA of biochar because there is a change
in the carbon structure, with the formation of structures similar to graphene, which has
a larger pore volume and, consequently, SSA [11]. The higher pH values of the biochar
produced at high temperature (BC750) are positively correlated with carbonate formation,
inorganic alkali content and increased ash content [40,41]. Ashes are mainly responsible for
the generation of alkalinity in biochar, due to the presence of alkaline-reacting minerals,
such as Na*, Ca?* and Mg?* [42]. The higher SSA of BC750 is probably related to the
release of volatile substances present in the biomass and the change in the C structure,
increasing the SSA and pore volume through degradation of OM [43,44]. The higher C/N
ratio of BC750 may be related to N losses during the thermal production process. With
increasing pyrolysis temperature, usually compounds with higher C content and lower
N content are formed, because N is lost through volatilization at high temperatures [45].
Increases in C/N ratios may indicate the production of compounds that have higher levels
of recalcitrant C [46].

The elemental composition of biochar is shown in Supplementary Material
(Figure S1B), represented by the atomic percentage of elements located in EDS images (Figure
S1A). C was predominant for the biochar produced at the three pyrolysis tempera- tures
(BC350, BC550 and BC750) with values of ~90%. The O was 4.48, 8.04 and 12.6% for the
BC350, BC550 and BC750, respectively. Higher percentages of the elements Mg, Ca, ALP, K
and Si were observed for BC550 and BC750. The increase in inorganic constituents in
pyrolyzed biochar at high temperatures is related to the higher ash content that remains in
the biochar after carbonization [47]. The characteristics of the biochar surface are presented
in Figure S2. BC350 preserved the structural organization of the plant cell wall with a lamellar
structure on the surface [48]. High pyrolysis temperatures showed deformation of the biochar
surface, which was also observed by [49] when comparing biochars derived from wheat,
corn, rape and rice straw at different pyrolysis temperatures.

The increase in pyrolysis temperature promoted a reduction in the amount of organic
functional groups in the biochar (Figure 1A). The results of the FTIR spectrum showed
variation in peaks and absorption intensity with variation in pyrolysis temperature. For
BC350, a band is observed at 788 cm ™! that can be attributed to aromatic and alkali func-
tional groups, such as C=C [50], a band at 1040 cm ™1 that can be assigned to the C-O vibration
[51], a band at 1580 cm™! that can be attributed to aromatic groups elongating the C=C
bond [52], a band at 2095 cm ™1, which is assigned to asymmetric aliphatic C-H stretches [53]
and a band at 2100 cm™1, assigned to C=C stretching [54]. The increase in py- rolysis
temperature directly influenced the surface functional groups and may be attributed to the
structural reorganization of biochar through depolymerization and volatilization due to ion
losses of carbonaceous compounds (H* and 07) [55,56]. The decrease in intensity of the
aliphatic elongation (C-H) bands was also observed by [32] and is attributed to dehydration
of the lignin and/or cellulose compounds, as well as structural changes in the aliphatic
compounds.

The Raman spectra of all materials (Figure 1B) showed classical bands of carbonaceous
materials, i.e., D and G located in the first-order region, 1100 to 1800 cm™L In the spectra,
it was possible to observe that BC350 showed higher intensity for the G band compared
to the D band when compared to BC550 and BC750. The analysis of the organizational
structure of the biochars, analyzed by Raman spectrum, indicated that material synthesized
at the minimum temperature (BC350) has a more organized structure and, although all
biochars have well-defined D and G bands, their intensities are close. This indicates that
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Transmittance (a. u.)

these materials have some degree of structural defects [57]. Raman spectra of samples of
different biochars show a D-band at 1337-1361 cm™! due to the Alg symmetry breathing
mode that is non-existent in perfect graphite and, thus, only becomes active in the presence
of disturbances, often referred to as amorphous C [51]. The G band (1596-1604 cm™~1) is
related to the presence of carbon with sp2 hybridization, more specifically, the vibration of
the double bonds (C=C) that form the graphitic planes of the materials [58]. The higher
the value of the ratio between the intensities of the D and G bands (Ip/Ic), the lower the
organization of the structure [59].
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Figure 1. Fourier-transform infrared spectroscopy (FTIR) (A) and Raman spectra (B) of sugarcane
straw biochar (BC) produced at pyrolysis temperatures of 350, 550 and 750 °C.

The physicochemical characteristics of biochar directly influence its sorptive capacity
due to the distinct mechanisms of interaction between the herbicide molecule and the
biochar. The nature of these interactions can be exclusively physical, chemical or both
and result in the phenomenon of sorption [60]. The characteristics that directly influence
the sorption of herbicides are related to porosity, SSA, aromatic structures, C contents,
surface functional groups, pH and elemental composition [61]. Understanding the probable
mechanisms for herbicide sorption by biochar ensures an understanding of the ability of
each material to act as a potential soil remediator.

3.2 Characterization of Biochar-Amended and Unamended Soils

The chemical characteristics of the soils amended with BC350, BC550 and BC750
at different application rates are shown in Table 2. The pH of the amended soil with
application rates 1.5%, regardless of pyrolysis temperature, increased the pH by ~0.5 units
relative to the unamended soil. Higher pH values were observed for the soil amendedwith
BC750, where the application rates of 5 and 10% increased pH by 1.7 and 2.1 units,
respectively, relative to the unamended soil. The potential acidity (H + Al) in the biochar-
amended soil, regardless of pyrolysis temperature, was similar to the unamended soil (33
mmolc kg~1) for application rates < 1.0% (Table 2). Amended soil with 10% of BC350, BC550
and BC750 reduced potential acidity by 80, 90 and 100%, respectively. The increase in pH and
reduction in potential acidity of the amended soil is possibly related to the amount of ash
and basic cations in the biochar. Biochar can have a soil liming capacity due to the presence
of basic cations (Ca, K, Mg and Si) that can form alkaline oxides or carbonates during the
pyrolysis process and, once added to the soil, react with monomeric H + Al, increasing soil
pH and, consequently, reducing exchangeable acidity [62]. One study, analyzing a 3%
application rate of rice straw biochar to a soil with a pH of 5.24, reported increased soil pH by
4.5 units compared to the control [63].

The OC content of the unamended soil was 1.2% and increased to 1.3 and 1.4 in
the amended soils, with application rates of 5 and 10% of BC750, respectively. The 10%
application rate of BC550 increased the OC content to 1.3%. Regardless of the application
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rate, no changes in OC were observed for the soil amended with BC350 (Table 2). The OC was
also analyzed in a soil amended with six biochars [64]. These authors observed thatOC
content increased from 4.9% of the unamended soil to 5.4 and 5.2% in the amended soil with
peanut shell and cassava bagasse biochar, respectively, and it was attributed to the higher OC
content in the feedstocks, which is indicative that biochar applications to soilscan increase
C accumulation and sequestration.

Amended soil with BC350, BC550 and BC750 increased P for all application rates
(Table 2). The rates application < 1.0% of biochar, regardless of pyrolysis temperature,
increased the P concentration ~2-fold relative to unamended soil. The soil amended with
10% of BC350, BC550 and BC750 increased P by ~23-, 25- and 5-fold, respectively, relative to
the unamended soil. Increases in P availability in amended soil with different biochars have
been reported by different authors [65-67]. This result is directly related to the increase in
pH and the change in the sorption site of P by the biochar-amended soil. P in more acidic
soils is prone to complexing with Al or Fe and increasing soil pH above 7 may result in
precipitation of free Al and Fe and, thus, decrease active P sorption sites [68]. The increased
availability of P to the soil amended with BC750 is possibly related to characteristics of the
biochar produced at high temperature, such as surface area and changes in soil exchange
sites, preventing the fixation of P [69]. A study analyzed the potential of corn stover biochar
produced at a pyrolysis temperature of 500 °C on the availability of P in soil [8]. The authors
observed that P increased by 2.6-fold for 2% application rate, relative to the control soil. K

content in the amended soils increased for all application rates (Table 2). The 0.1%
application rate of biochar, independent of pyrolysis temperature, increased the K in the
amended soil by ~1.3-fold compared to the unamended soil. The 10% application rate of
BC350, BC550 and BC750 increased the K by 3.7-, 4.4- and 7-fold, respectively, over
unamended soil. Biochar typically contains a large proportion of K, which is dependent on
pyrolysis temperature and feedstock [70]. For mild pyrolysis temperatures < 500 °C, the C and
N contents are volatile; however, K starts to volatilize at higher temperatures > 700 °C, which
provides an increase in K concentration in the biochar produced at high tempera-ture
[71]. Amended soil with 0.3% application rate of cassava stem biochar and rice huskwere
analyzed for K [72]. The authors reported release of ~148 mg kg~! of K after 7 d of
incubation of amended soil with cassava stem biochar and ~188 mg kg~! of K after 1 d of
incubation for rice husk biochar, being two biochars with high potential for K accumulation
in soil.

Ca and Mg contents increased with soil modification with biochar; however, small
variations were observed between application rates and pyrolysis temperature (Table 2).
Application rate of 10% biochar, regardless of pyrolysis temperature, increased Ca and Mg by
~1.2- and 1.9-fold, respectively, relative to unamended soil. The increase in Ca was also
observed in a study with six different biochars [64]. The authors observed that compared
to the unamended soil, the Ca content increased by 1.2-5.9%.

The contents of the micronutrients Zn, Cu and B showed no variations in relation to
the unamended soil, for all pyrolysis temperatures and application rates (Table 2). Feand
Mn contents increased ~2-fold, relative to unamended soil, for the 10% application rate,
regardless of pyrolysis temperature (Table 2). In more alkaline soils (pH > 7.0), Zn and
Cu can form associations with Fe oxides and their availability in the soil solutionis
decreased. The application of different rates of hardwood biochar (Quercus spp. and
Carya spp.) to alkaline soils was analyzed in terms of soil chemical modifications [73]. The
authors observed that increasing the application rate of biochar provided higher Fe and
Mn content but showed no effect for Zn and Cu in the amended soil.

The CEC was similar to unamended soil (23.3 mmolc kg™1) for application rates < 1.0%,
regardless of pyrolysis temperature. Amended soil with 10% of BC350, BC550 and BC750
increased CEC by 1.6-, 1.65- and 1.7-fold, respectively, compared to unamended soil. The
mechanisms that increase the SSA of the amended soil are probably mediated bythe
higher SSA, negative surface charge and charge density in the biochar [74], and the
increase in soil pH, as presented in this study. Increased pH after biochar addition may
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result in deprotonation of functional groups of minerals, such as kaolinite, resulting in the
development of negative charges that increase the CEC of the amended soil [75].

The BS of the soil amended with BC350, BC550 and BC750 increased to 85, 90 and
100% at 10% application rate. Similar results were observed in the application of poultry
litter biochar produced at 350 °C [76]. The authors reported increased soil BS of 33.58% and
43.28% for the two highest application rates (0.4 and 0.5%, respectively) when compared to
unamended soil.

Overall, the sugarcane straw biochar produced at different pyrolysis temperatures di-
rectly influenced soil fertility when applied at high rates (5 and 10%). However, application
rates of 1 and 1.5% have potential in reducing potential acidity, increasing pH, high P and K
contents, maintaining Ca and Mg values and the micronutrients Fe and Mn and improving soil
CEC. Improvements in soil chemical attributes are provided by adding application rates of
1 to 1.5% of BC350, BC550 and BC750 of sugarcane straw and may be an alternativefor soil
fertility.

3.3 Sorption—Desorption Metribuzin in Biochar-Amended and Unamended Soils

The sorption-desorption isotherms were adequately fitted using the Freundlich model
to describe the sorption-desorption of metribuzin in amended soil at different biochar
application rates and pyrolysis temperature, as indicated by the high coefficients of de-
termination (R? 8.98) of the equations (Figures 2 and 3). The degree of linearity (1/n)
ranged from 0.34 to 0.89 for sorption and 0.41 to 1.05 for desorption, indicating that the
sorption and desorption isotherm is classified as type L (Tables 3 and 4). This type of
isotherm is indicative that the sorbent (biochar-amended soil) showed lower sorption
capacity at high concentrations of the sorbate (herbicide) [77]. Thus, at low concentrations,
metribuzin showed higher affinity for biochar-amended soil, due to the high availability of
sorption sites at higher application rates (>1.5%), independent of pyrolysis temperature.
As the concentration of metribuzin increased, the number of binding sites decreased and
the concentration in the soil solution increased, consequently reducing its sorption by the
biochar-amended soil. This behavior was also observed for the sorption of metribuzin on
biochar from grapevine pruning residues and bonechar (cow bone) [26,27].

According to the sorption coefficients (Table 3), for both the Freundlich model (Ky)
and the median concentration (Kd-app), metribuzin showed increasing sorption as the
biochar application rate to the soil increased. The Krvalue was low for unamended soil
(1.42 mg=1/m L1/n kg=1), Studies analyzing the sorption and desorption of metribuzin in
different soils have reported sorption Kr values between 0.18 and 2.5 mg(1=1/m [1/n kg=1
being dependent on clay content, OM and soil pH [27,78-80].

BC750-amended soil improved the sorption of metribuzin between 1 and 10-fold over
unamended soil as application rates increased from 0.1 to 10%. BC350- and BC550-amended
soils showed similar sorption with ~1.3- and 6-fold increases in sorption at application
rates of 1.5 and 10%), respectively, compared to unamended soil. The Krand Ka.app of the
sorption of metribuzin were normalized by the OC content in the soil, showing that the
overall sorption trends were not altered by the OC (Table 3). The Kfoc values for the
sorption of metribuzin on the amended soil increased proportionally to the application
rate and pyrolysis temperature. The K. for the 10% application rate was 504, 726 and
1236 mg(1=1/M L1/n kg=1 for the amended soil with BC350, BC550 and BC750, respectively
(Table 3). The higher sorption of metribuzin in the soil amended with BC750 can be
attributed to the higher SSA compared to BC350 and BC550. The increased sorption
capacity of biochar is directly related to higher SSA, because the number of pores increases
proportionally with SSA, providing a greater number of herbicide binding sites [81]. The
Krvalue of metribuzin sorption was evaluated in a study with sugarcane bagasse biochar,
produced at different pyrolysis temperatures [82]. These authors observed that the biochar
produced at 700 °C presented Krof 47.2 mg(1=1/m 11/ kg=1 and SSA of 82 m? g~ 1, while
for the biochar produced at 350 °C, the Kr was 9.77 mg(1=1/m L1/n kg=1 and SSA was
2.6m? g1,
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Figure 2. Sorption isotherms of the Freundlich model of metribuzin applied in soil amended and
unamended (control) with sugarcane straw biochar (BC) produced at pyrolysis temperatures of
350 °C (A), 550 °C (B) and 750 °C (C). The vertical and horizontal bars represent standard error (n
= 3) of Ce (equilibrium concentration) and Cs (soil concentration). Symbols can cover the bars.
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Figure 3. Desorption isotherms of the Freundlich model of metribuzin applied in soil amended and
unamended (control) with sugarcane straw biochar (BC) produced at pyrolysis temperaturesof
350 °C (A), 550 °C (B) and 750 °C (C). The vertical and horizontal bars represent standard error(n
= 3) of Ce (equilibrium concentration) and Cs (soil concentration). Symbols can cover the bars.
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Table 3. Sorption isotherm parameters of Freundlich model. Sorption coefficient (Kz-qpp) of 2 mg Lt
and Gibbs free energy (AG) concentration for metribuzin applied to soil amended with sugarcane
straw biochar and unamended soil.

Pyrolysis Application Freundlich
Temperature Rate Ky Kjoc Kaeapp Koe AG

Q) (%) ww-1 (mgU=1/m Ll kg=1) 1/n R2 L kg1 Sorbed (%) KkJ mol-1
- unamended 142 £0.26 2 114.5 0.721 £ 0.04 0.99 1.66 £ 0.71 133 23.17 £ 2.80 —868.77
0.% 1.13 £ 0.05 96 0.875 £ 0.05 0.99 0.96 £ 0.07 82 18.9 + 0.28 —302.80
0. 127 % 0.14 116 0.894 + 0.03 0.99 1.39 + 0,14 127 228 £ 0.76 -592.18
350 1 1.33 £ 0.05 122 0.885 £ 0.03 0.99 1.37 £ 0.04 117 23.8 £ 0.48 —706.55
1.5 1.71 £ 0.10 137 0.830 £ 0.01 0.99 1.60 £ 0.10 129 28.0 £ 0.61 —1329.20
5 4,05 £ 0.15 311 0.579 £ 0.02 0.99 3.04 £ 0.34 233 45.2 £ 1.56 —3465.42

10 7.06 £ 0.16 504 0.527 £ 0.01 0.99 6.99 £ 0.11 499 63.8 £ 0.98 —4842.27
0.1 1.21 £ 0.08 105 0.807 £ 0.02 0.99 1.22 £ 0.15 104 20.4 £ 0.62 —472.27
0.5 1.38 £ 0.10 117 0.877 £ 0.03 0.99 1.23 £ 0.05 105 219 £0.72 —797.98
550 1 1.13 £ 0.08 91 0.854 £ 0.01 0.99 1.33 £ 0.23 107 22.0 £ 0.82 —302.80
1.5 1.87 £ 0.04 159 0.708 £ 0.02 0.99 1.58 £ 0.16 134 26.4 £ 0.39 —1550.80
5 455 + 0.15 417 0.460 £ 0.02 0.99 477 £ 0.32 437 49.2 £ 1.38 —3753.83

_ 10 8.50 £ 0.10 726 0.358 £ 0.02 0.99 14.0 £ 0.14 1196 75.5 £ 0.74 —5302.16
0.1 1.54 £ 0.07 107 0.881 £ 0.01 0.99 1.03 £ 0.09 83 23.6 £ 0.56 —532.95
0.5 1.60 £ 0.09 136 0.704 £ 0.03 0.99 1.35 £ 0.18 115 23.4 £ 0.75 —1164.46
750 1 1.84 £ 0.21 157 0.788 £ 0.06 0.99 1.09 £1.0 93 23.5 £ 1.90 —1510.73
1.5 2.73 £ 0.08 220 0.606 £ 0.03 0.99 2.58 £ 0.17 208 39.9 £0.79 —2488.22
5 8.41 + 0.22 718 0.349 £ 0.04 0.98 142 £0.18 1210 77.8 £ 1.31 —5275.79
10 1451 £ 0.15 1239 0.383 £ 0.06 0.98 45,0 £ 0.21 3846 89.4 £ 0.70 —6627.10

@ Average of the value of each parameter * standard deviation of the mean (n = 3).

Table 4. Desorption isotherm parameters of Freundlich model. Sorption coefficient (Kd-qpp) of2
mg L™L. Hysteresis coefficient (H) and Gibbs free energy (AG) for metribuzin applied to soil
amended with sugarcane straw biochar and unamended soil.

Biochar Freundlich
Pyrolysis Application
Temperature Rate Ky Kfoc Ka-app Koc AG
o) @ ww™ (mglm LU kg) Un H R Lkg! P mol™
- unamended ~ 0.78 £ 0.09 2 62 0.468 + 0.13 0.65 0.91 1.49 % 0.09 117 15.8 £ 0.54 —-615.58
. 1.23 £ 0.08 1 0.974 £ 0.30 1.11 .9 1.07 + 0.04 91 15,5 + 0.25 —512.89
63 2.22 £ 0.18 563 1.006 + 0.10 124 6:36 227 £ 0.10 208 15.7 % 045 —-1975.88
1 3.45 £ 0.06 294 1.029 % 0.04 1.39 0.99 2.86 £ 0.10 244 15.1 £ 0.72 —3068.16
350 15 327 £0.12 344 0.976 + 0.08 1.18 0.99 533 £ 0.06 429 13.5 + 0.15 —2935.40
5 6.51 £ 0.18 597 0.418 % 0.03 0.91 0.99 14.76 % 0.07 1135 11.0 £ 0.32 —5985.60
10 14.64 £ 0.11 1251 0.425 % 0.07 1.19 0.96 33.10  0.07 2364 58 % 0.19 -8218.33 _
0.1 2.30 £ 0.09 196 1.023 % 0.06 1.52 0.99 2.03 £ 0.07 173 15.2 £ 0.13 —2062.59
0.5 2.00 % 0.08 170 1.059 % 0.20 1.44 0.97 2.21 £ 0.03 188 15.1 + 0.30 -1717.32
550 1 2.35 £ 0.09 189 0.970 + 0.08 1.02 0.99 240 + 0.14 193 15.5 + 0.23 -2116.87
1.5 2.69 % 0.05 229 0.645 % 0.05 0.91 0.99 423 £ 0.10 361 14.3 £ 0.18 —2451.65
5 11.28 £ 0.17 961 0.818 % 0.03 0.91 0.99 17.26 + 0.22 1583 114 + 0.44 —4641.33
- 10 27.58 +0.18 1970 0.815 + 0.07 1.19 0.96 58.86 % 0.09 5030 8.3 % 0.32 —6649.20
0.1 1.64 % 0.06 132 0.960 % 0.02 1.09 0.99 172 £0.09 138 15.1 £ 0.37 —1225.61
0.5 1.90 £ 0.18 162 0.766 % 0.09 1.09 0.98 2.40 + 0.07 205 15.7 £ 0.26 —1590.23
750 1 3.26 £ 0.12 281 0.877 % 0.09 1.11 0.99 7.02 % 0.03 600 14.9 £ 0.33 —2927.80
15 4.08 % 0.09 329 0.583 % 0.05 0.96 0.99 7.85 % 0.11 566 14.3 + 0.18 —3483.70
5 1244 027 1063 0.468 % 0.10 1.34 0.91 449 + 0.06 3837 11.8 + 0.31 —6245.75
10 3591 + 0.19 3069 0.623 % 0.09 1.62 0.97 1145 + 0.13 9786 37 £0.17 —-8872.22

2 Average of the value of each parameter + standard deviation of the mean (n = 3).
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FTIR analysis showed that with increasing pyrolysis temperature, losses of surface
functional groups occurred, which may increase the sorptive capacity of BC750. Low-
temperature biochar (350 °C) has more polar, aliphatic surface groups that are amorphous in
character [83], while high-temperature biochar has surface groups that resemble graphitic
aromatic C, rich in Tt electrons [84]. The increased sorption capacity on BC750 could also
occur due to TI-TT-type binding between metribuzin and BC750. Triazine herbicides, such as
metribuzin, can behave as a Tr-electron donor while the polyaromatic surfaces of biochar act
as an electron acceptor, indicating a combination of a TT-Tt force between metribuzin and the
biochar surface [85]. Wheat straw biochar produced at a pyrolysis temperature of 800 °C
was analyzed for the sorption potential of metribuzin for environmental remediation [86].
These authors observed that the predominant sorption process was linked to chemical
sorption via TT-TT interactions.

The pH has an influence on the sorption and desorption of metribuzin in the amended
soil. Metribuzin is a strong acid (pKa = 1.3) and shows low sorption due to its ionic form
(negatively charged) that provides repulsion with the negative charges of the soil under
conditions of high pH values [78,87]. However, even as the pH of the biochar-amended soil
increased, the sorption of metribuzin was higher than in the unamended soil. Although
the herbicide is mostly in ionic form, the mechanisms related to porous structure, SSA and
surface groups provide high capacity to sorb the herbicides that are in the soil solution [88].
Similar results were observed by [89], analyzing pH and biochar addition on the sorption
of two acidic herbicides (2,4-D and imazethapyr). The authors observed that in unamended
soil, sorption decreased as soil pH increased, providing injury to the rice crop. As 2 and 8%
biochar were added to the soil, pH increased; however, sorption increased proportionally,
decreasing crop injury.

The application rates of biochar produced at different pyrolysis temperatures influ-
enced the percentage sorbed (relative to the total initially applied) of metribuzin in the soil
(Table 3). Application rates of 0.1, 0.5 and 1% biochar had similar percentages of metribuzin
sorbed to unamended soil (~23%) for all pyrolysis temperatures. The 5% application rate
of BC750 to soil increased the sorption of metribuzin by 70%, while amended soil with
BC350 and BC550 sorbed 45 and 49%, respectively. At the highest application rate, the
percentage of metribuzin sorbed was 63.8, 75.5 and 89.4% relative to the total applied,
for the amended soil with BC350, BC550 and BC750, respectively (Table 3). The presence
of 5% biochar can directly influence the effectiveness of metribuzin in the soil for weed
control. Sugarcane straw biochar with a high sorptive capacity, such as BC750, applied
at high rates may result in a scenario where even higher doses will be required to control
weeds after the addition of this material to the area. However, the application of biochar to
soil for agronomic purposes is considered undesirable [61]. In a remediation scenario for
soils contaminated with metribuzin, sugarcane straw biochar presented itself as a viable
alternative for immobilization of the herbicide at application rates above 5%.

Increased sorption of metribuzin at higher application rates was observed using
different biochars [25,90,91]. Application rates of olive mill waste biochar were analyzed
for the sorption potential of metribuzin in the soil [25]. These authors observed that the
application of 2.5 and 5% biochar increased the sorption of metribuzin by 1.5- and 2.5-fold,
respectively, relative to unamended soil. The effectiveness of metribuzin was reduced
when sugarcane bagasse biochar was applied (350 and 700 °C) at rates of 1 to 4% in clayey
soil [82]. The authors observed that the application rate of 8% biochar reduced the residual
effect of metribuzin and provided increased germination of Palmer amaranth (Amaranthus
palmeri), being larger than the unamended soil. The reduction in herbicide residual effect was
also observed by [92], in which an application rate of only 1.6% of bonechar in the soil was
sufficient to reduce the level of weed injury by 50%.

The desorption coefficients (Table 4) for the Freundlich model (Kf) and at the me-
dian concentration (Ka-app) showed that desorption was reduced as the application rate of
biochar to the soil increased. The Kr value of the unamended soil desorption was
0.78 mg(1=1/m 1,1/ kg=1 The desorption of metribuzin decreased between 2- and 46-times
for the application rate of 0.1 to 10% for the BC750-amended soil compared to the una-
mended soil. Soil amended with BC350 and BC550 decreased desorption by up to 18- and
35-fold, respectively, for the 10% application rate, relative to unamended soil. The higher
Ky (desorption) value for metribuzin in the amended soils, relative to the unamended soil,
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regardless of pyrolysis temperature, indicated that the presence of carbonaceous mate-
rial decreased the desorption of metribuzin. Lipophilic herbicides, such as metribuzin
(Log Kow = 1.75), can establish chemical interactions between non-polar groups in the
biochar and increase stability, reducing desorption. Both the C content and the aromatic
structure are important factors affecting the low desorption capacity of biochar for lipophilic
herbicides [13,93].

The percent of metribuzin desorbed in the soil with application rates of 0.1, 0.5 and 1%
biochar was similar to the unamended soil (~15%) at all pyrolysis temperatures (Table 4).
The 10% application rate of biochar to soil provided the least desorption of metribuzin, being
desorbed 8.3, 5.8 and 3.7% for BC350, BC550 and BC750, respectively. The desorption K.
values for the 10% application rate were 1970, 1251 and 3069 mg(1~1/n) L1/n kg=1
in the BC350-, BC550- and BC750-amended soils, respectively. The hysteresis (H) of the
isotherms of metribuzin in the unamended soil was 0.65 and when biochar was added, the
H was greater than 1, which is classified as negative hysteresis (H > 1) (Table 4). When H is
negative, it indicates that desorption is greater than the sorption rate [94]. With increasing
application rates of BC750 biochar, the H values increased, showing that the application of
this biochar can decrease the bioavailability of metribuzin in the soil solution. Metribuzin
also showed negative H in soils amended with fly ashes [95]. The results of the lower
desorption of metribuzin presented in this study showed that, in addition to the high
sorption capacity, the sugarcane straw biochar presented available pores for herbicide
diffusion. The porous structures of biochar can lead to herbicide immobilization [96]. The
lowest desorption of atrazine was also observed when applied directly to the amended soil
with biochar from cassava waste obtained at 750 °C [97]. The authors reported that the lower
desorption could be related to the irreversibility of chemical bonding or sequestration of
atrazine in meso- or micro-pores of the biochar.

In general, the Gibbs free energy value (AG) of the sorption and desorption reaction of
metribuzin in the biochar-amended soils decreased with increasing pyrolysis temperature
and application rates (Tables 3 and 4). This indicates that as pyrolysis temperature and
application rates increased, the molecules of this herbicide remained sorbed onto the biochar,
indicating that sorption increased while desorption decreased. The change in Gibbs free
energy (AG) indicates the degree of spontaneity in a sorption process and alarger
negative value reflects more energetically favorable sorption [98]. The more negative
AG value for the BC750-amended soil (Table 3) indicated that sorption of metribuzin was
not exclusively governed by chemical reactions, since an absolute AG value of less than
40 kJ/mol indicates mainly physical sorption [99]. However, both physical and chemical
sorption are processes that can occur concomitantly [100]. Sorption is a thermodynamic
process, i.e., physical sorption (related to surface interaction, pore filling, Coulomb forces, van
der Waals and hydrogen bonds) and chemical sorption (valence forces, electron donor-
acceptor (EDA) mechanisms, TT-interactions) involve the conversion of heat and other forms
of energy [60].

Overall, soil modification with higher application rates (1.5, 5 and 10%) of BC750
had a high influence on the sorption and desorption of metribuzin from the soil and may
reduce the potential of the herbicide to control weeds. However, lower rates (<1.5%) of
BC350 and 550 provided less impact on sorption and desorption of metribuzin and
improved the chemical attributes in the amended soils. This information is important for
determining the application of these biochars to the soil, either as fertilizer or to reduce
the risk of environmental contamination of the herbicide. The sorption and desorption
study showed that the successful use of biochar will depend on the relationship between
pyrolysis temperature and application rate.

4., Conclusions

Pyrolysis temperature altered the physicochemical attributes of sugarcane straw
biochar. BC750C showed higher SSA, C/N ratio, pH and decreased presence of surface
functional groups, which may be directly linked to higher sorption and lower desorp- tion
of metribuzin in the amended soil. The physicochemical characterization allows the
analysis of the biochar composition and the main positive aspects related to herbicide
immobilization.
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Using application rates of 1 and 1.5% of BC350, BC550 and BC750 can improve soil
fertility by making P, K, Mg, Fe and Mn available, reducing potential acidity (H + Al) and
increasing soil pH. The lower rates of BC350 and 550 provided less impact on the
sorption and desorption of metribuzin and may be an alternative for the use of sugarcane
straw biochar produced at low pyrolysis temperatures as a source of fertilizer. However,
it is important to note that the sorption and desorption behavior takes into account the
physicaochemical attributes of the herbicide; in this case, the same biochar evaluated in this
study may present lower or higher sorption capacity when analyzed with another herbicide.
Soil amended with BC750, from an environmental remediation perspective, has a high
potential to decrease the mobility and risks of metribuzin in environmental contamination.
However, sorption of metribuzin increased and desorption decreased with increasing rates
of biochar application, which may negatively affect the bioavailability of metribuzin in the
soil solution and, in an agronomic approach, may influence the residual effect of metribuzin
in the soil and decrease its activity in weed control efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr10101924/s1, Figure S1. Surficial elemental composition C (red),
O (yellow), Si (green), Ca, K, P, Al, P and Na (undetected) by energy dispersive X-ray spectrometry (EDS)
analysis of biochar (BC) (A) and EDS spectrogram (B) in different pyrolysis temperatures (350, 550 and
750 °C); Figure S2. Images of the biochar (BC) derived from sugar cane straw at different pyrolysis
temperatures (350, 550 and 750 °C) by scanning electron microscopy (SEM) at 500- and 3000-times
magnification.
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Figure. S1. Surficial elemental composition C (red), O (yellow), Si (green), Ca, K, P, Al, P, and Na (undetected) by energy
dispersive X-ray spectrometry (EDS) analysis of biochar (BC) (A) and EDS spectrogram (B) in different pyrolysis temperatures
(350, 550, and 750°C).

Figure. S2. Images of the biochar (BC) derived from sugar cane straw at different pyrolysis temperatures (350, 550, and 750°C)
by Scanning Electron Microscopy (SEM) at 500- and 3000-times magnification.
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Abstract: Biochar-amended soils influence the degradation of herbicides depending on the pyrolysis
temperature, application rate, and feedstock used. The objective of this study was to evaluate the
influence of sugarcane straw biochar (BC) produced at different pyrolysis temperatures (350 °C,
550 °C, and 750 °C) and application rates in soil (0, 0.1, 0.5, 1, 1.5, 5, and 10% w/w) on metribuzin
degradation and soil microbiota. Detection analysis of metribuzin in the soil to find time for 50% and
90% metribuzin degradation (DTso and DTeo0) was performed using high-performance liquid chro-
matography (HPLC). Soil microbiota was analyzed by respiration rate (C-CO2), microbial biomass
carbon (MBC), and metabolic quotient (§C0O2). BC350 ‘C-amended soil at 10% increased the DTso
of metribuzin from 7.35 days to 17.32 days compared to the unamended soil. Lower application
rates (0.1% to 1.5%) of BC550 °C and BC750 °C decreased the DTsgo of metribuzin to ~4.05 and
~5.41 days, respectively. BC350 “C-amended soil at high application rates (5% and 10%) provided
high C-COz, low MBC fixation, and high 4COz. The addition of low application rates (0.1% to 1.5%)
of sugarcane straw biochar produced at high temperatures (BC550 °C and BC750 °C) resulted in
increased metribuzin degradation and may influence the residual effect of the herbicide and weed
control efficiency.

Keywords: application rate; carbonaceous material; degradation time; herbicide residual; pyroly-
sis temperature

1. Introduction

Herbicides are used for weed control in pre- or post-emergence, and regardless of
the mode of application, they can reach the soil and persist with a residual effect for weed
control and cause carryover problems in succeeding crops or contaminate non-target
organisms and the environment [1]. The negative impacts of herbicide residues can be
categorized based on the chemical structure of the herbicides, crop species, environmental
conditions, and soil properties. These impacts include plant phytotoxicity, reduction in
biomass with or without recovery, and significant impairment of crop development [2].
Contamination of potable and groundwater, soil resources, and microbial activities are
considered critical aspects regarding the environmental risks associated with herbicide
use [3]. Furthermore, the effects of herbicides on human health, particularly due to the
bioaccumulation of these substances’ molecules in the body, represent a significant concern
in terms of herbicide-related biosafety [4].

The soil is the main site where physical, chemical, and biological interactions of
herbicides occur [5]. Herbicide degradation into secondary compounds (metabolites) can
occur through biotic processes (microbial degradation) or abiotic processes (hydrolysis,
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photolysis, and oxidation) [6,7]. Hydrolysis is characterized by the breakdown of the
herbicide molecule through hydrolysis reactions involving ether, amide, cyano group, and
acyl chloride bonds. In the photolysis reaction, the herbicide absorbs light radiation and
generates hydroxyl radicals, superoxide, and ozone, which induce a molecular reaction,
breaking the bonds and degrading the herbicide [8]. The rate of herbicide degradation
depends on the type of soil, pH, organic carbon (OC) content, moisture, and soil colloid
nature [9].

Biochar is a carbonaceous material produced during the thermochemical decompo-
sition (pyrolysis) of biomass under a limited Oz supply [10]. The pyrolyzed feedstocks
and pyrolysis conditions determine the physicochemical characteristics of biochar, such
as nutrient content, OC, porosity, and specific surface area (SSA), among others, which
are determinants for herbicide sorption and degradation [11]. The application of biochar
generally stimulates the establishment of local microbial communities, such as arbuscular
mycorrhizal fungi and bacteria, due to the increased availability of OC and nutrients in the soil
[12,13].

Biochar-amended soils can directly influence the degradation half-life time (DTso) of
herbicide depending on the molecule, pyrolysis temperature, application rate, and
feedstock used [1]. For example, the total amount of hexazinone (mineralized residue + non-
extracted or bound residue) in soils amended with biochar from eucalyptus wood waste
produced at pyrolysis temperatures of BC850 °C (46%) and BC950 °C (49%) was higher
compared to biochar produced at BC650 °C (33%) and BC750 °C (42%) [14]. In contrast,
the degradation of the non-ionizable herbicide oxyfluorfen applied in pre-emergence was
faster (DTso of 2 days and 23 days) with the addition of rice husk biochar produced at
500 °C, at an application rate of 2%, than in unamended soil [15]. Different application
rates of hardwood biochar showed positive effects on the mineralization of 14C-atrazine
in Brazilian soil, representing increases of 50% (0.1% w/w), 48% (1.0% w/w), and 46%
(5.0% w/w) compared to unamended soil [16]. The high persistence of herbicides in soils
amended with biochar, due to the unavailability of the molecules in the soil solution for
microorganisms, can significantly alter biodegradation processes; however, degradation
responses are dependent on the physicochemical characteristics of the herbicide, biochar
production, and soil type [1,17].

The relationship between the addition of biochar to soil and the degradation of metribuzin
is reported in the scientific literature; however, the results are distinct. Metribuzin is a pre-
and post-emergent herbicide, a selective residual of the triazinone group, with the abil-
ity to effectively control a wide spectrum of eudicot weeds [18]. The herbicide blocks
photosynthetic processes by inhibiting electron transport in photosystem II (PSII), caus-
ing physiological and morphological changes in leaf structures that undergo necrosis and
death [19]. Metribuzin [4-amino-6-tert-butyl-3-methylsulfanyl-1,2,4-triazin-5-one] is a
strong acid herbicide with high water solubility (Sw = 10.700 mg L™ at 20 °C), high mobil- ity
in soil (coefficient of sorption normalized by OC, Koc = 38 mg L™1), high leaching index
(groundwater ubiquity score = 2.96), and low persistence in soil (DTso = ~20 days) [20-22].
This herbicide showed high sorption in carbonaceous materials produced at different py-
rolysis temperatures [13,23,24]. The addition of biochar and organic compost decreased the
DTso of metribuzin by 4 days when compared to the unamended soil (DTso = 34 days) [25].
The degradation and mobility of metribuzin under simulated light and dark conditions
decreased with the addition of 1% biochar [26]. The authors reported that can be attributed
to the enhanced sorption properties of biochar.

To understand the impact of biochar on the fate of metribuzin in soil, it is necessary
to detail the effects of different types of biochar, pyrolysis temperature, and application
rate on metribuzin degradation in soil, which is important to assess the risk and fate of this
herbicide in the environment. Therefore, the objective of this study was to evaluate the
influence of biochar from sugarcane straw produced at different pyrolysis temperatures
and application rates in soil on metribuzin degradation and soil microbiota.
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2. Results
2.1. Metribuzin Degradation

The sugarcane straw biochar (BC) samples produced at different pyrolysis tempera-
tures (350 °C, 550 °C and 750 °C) were denominated BC350 °C, BC550 °C and BC750 °C.
The interaction between pyrolysis temperature, application rate of biochar in the soil,
and degradation time was significant (F = 2.738 and x0.002). The regression curves of
metribuzin over time in amended and unamended soils with different application rates of
biochar (0, 0.1, 0.5, 1, 1.5, 5, and 10% w/w) produced at different pyrolysis temperatures
(BC350 °C, BC550 °C, and BC750 °C) are presented in Figure 1. The first-order kinetic model
provided a suitable fit with metribuzin degradation with a coefficient of determination (R?)
greater than 0.940 (Table 1). The degradation time values of 50% (DTso0) and 90% (DTo9o)
of metribuzin applied in the unamended soil were 7.37 days and 24.49 days, respectively
(Table 1). The temperature and rainfall during the study varied from 25 °C to 35 °C and
from 0 mm to 4 mm, respectively (Figure 2). At 150 days after application (DAA), the
degradation of metribuzin in the unamended soil was approximately 100% of the initially
applied amount.
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Figure 1. Concentration (C) of metribuzin in unamended soil and amended with different application

rates of sugarcane straw biochar (BC) produced at different pyrolysis temperatures (a) 350 °C,
(b) 550 °C, and (c) 750 °C. Degradation data were fitted to the kinetic model C; = Co x e~**. Vertical

bars represent the standard deviation of the means (n = 3).

Table 1. Degradation parameters of metribuzin in unamended soil and amended with different

application rates of sugarcane straw biochar (BC) produced at three different temperatures (350 °C,

550 °C, and 750 °C).

Pyrolysis Biochar ]?;;Elication Co k DTso DTogq p-Value R2
Temperature/°C % (w/w) mg kg1 Days~—1 Days Days
- Unamended 722 £0012 0.094 7.37 24.49 <0.0001  0.989
01 561 £0.02 0.094 735 3441 20,0001 0976
0.5 6.39 £ 0.03 0.090 7.70 2558 <0.0001 0.948
1.0 6.91 £ 0.05 0.093 7.45 2475 <0.0001 0.955
350 15 7.64 £ 0,01 0.103 6.72 2235 <0.0001 0.940
5.0 1155 + 003 0.072 9.62 31.98 <0.0001 0.962
10.0 10.89 % 0.02 0.040 17.32 57.56 <0.0001 0.947
- 01 6,02 £ 0,05 0220 314 1046 20,0001 0.966
0.5 8.45 £ 0.08 0.156 4.44 14.76 <0.0001 0.991
c5o 1.0 9.40 £ 0.07 0.199 3.46 15.57 <0.0001 0.991
15 5.75 £ 0.01 0.134 5.17 17.18 <0.0001 0.987
5.0 8.07 £ 0.01 0.138 5.02 16.68 <0.0001 0.991
10.0 8.63 £ 0.02 0.114 6.08 20.19 <0.0001 0.983
01 552 70,07 0110 630 50,93 £0.0001 0.970
0.5 6.85 £ 0.05 0.135 5.13 17.05 <0.0001 0.972
750 1.0 8.18 £ 0.06 0.157 415 14.66 <0.0001 0.986
15 6.41 £ 0.02 0.114 6.08 20.19 <0.0001 0.967
5.0 7.15 £ 0.03 0.101 6.86 22.79 <0.0001 0.960
10.0 6.04 £ 0.02 0.097 7.14 23.73 <0.0001 0.980

2 Average of the value of each parameter + standard deviation of the mean (n = 3).
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Figure 2. Temperature ('C) and precipitation (mm) recorded in the greenhouse in Vicosa, MG, Brazil,
during the experimental period.

The intensity of metribuzin degradation was dependent on the pyrolysis temperature
and application rate of biochar in the soil (Figure 1 and Table 1). At 150 DAA, metribuzin
degradation in amended soil with BC350 °C, BC550 °C, and BC750 °C was approximately
100% of the initially applied concentration. The initial concentration (Co) of metribuzin in
amended soil with BC350 °C, BC550 °C, and BC750 °C varied among the application rates
(Figure 1 and Table 1).

BC350 “C-amended soil increased the DTso of metribuzin from 7.35 days to 17.32 days
and the DTqo from 24.41 days to 57.56 days compared to unamended soil, when application
rates when the application rates were 0.5%, 1, 5% and 10%. BC550 °C-amended soil
increased the DTso of metribuzin from 3.14 days to 6.08 days as the application rate increased
from 0.1% to 10%. The DTso of metribuzin for BC750 °C was similar among the application
rates ~6.59 days, except for the 0.5% and 1% rates, which were below this value(Table 1).

The application rates of biochar produced at different pyrolysis temperatures influ-
enced the DTso of metribuzin in soil (Table 1). Application rates of 0.1%, 0.5%, and 1.0% of
BC350 °C demonstrated metribuzin DTso similar to unamended soil (7.37 days). Metribuzin
DTso increased from 7.37 days in unamended soil to 9.62 days and 17.32 days when rates
of 5% and 10% of BC350 °C were added, respectively. Regardless of the application rate
of BC550 °C and BC750 °C, the DTs0 of metribuzin was lower than in unamended soil.
However, it was observed that with an increase in the application rate from 0.1% to 10%
of BC350 °C and BC550 °C, the DTso increased on average by 3 days. Lower application
rates of biochar produced at different pyrolysis temperatures decreased the DTso and
DToo of metribuzin, aligned mainly with the higher pyrolysis temperatures (BC550 °C and
BC750 °C).

2.2. Respiration Rate of the Microbial Rhizosphere

The timing of metribuzin application in biochar-amended soil produced at different
pyrolysis temperatures and application rates showed different responses in soil microbio-
logical parameters (Figures 3 and 4, Table 2). The maximum respiration rate of unamended
soil was at 9 days after incubation (DAI), with values of 600 and 800 pg CO: g soil ™! day ™!
respectively, at 0 DAA and 150 DAA of metribuzin, respectively. The maximum respiration
rate at 0 DAA was at 9 DAI, with respiration ranging from 600 pg CO2z g soil™! day ™! to
900 pg CO2 g soil~tday~1, depending on the application rate and pyrolysis temperature.
At 150 DAA, the maximum respiration was between 9 and 13 DAI, with respiration rates
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between 400 pg COz g soil~! day~! and 900 pg CO2 g soil~! day~?, depending on the
application rate of BC350 °C, BC550 °C, and BC750 °C (Figure 3).

The interaction between pyrolysis temperature and biochar soil application rate for
total respiration was significant for 0 DAA (F = 2.796 and p< 0.03) and for 150 DAA
(F=3.140 and p 8.01). The unamended soil presented a total respiration (C-COz) of 3066
pg COz g soil~1and 2503 pg COz g soil~tat 0 DAA and 150 DAA, respectively (Figure 4).
At 0 DAA, C-COz was influenced by the pyrolysis temperature only for the highest
application rates (5% and 10%) of BC350 °C, BC550 °C, and BC750 °C. In BC350 °C-
amended soil, higher C-CO2 was observed by 20.7% (average of rates 5% and 10%)
compared to BC550 °C and BC750 °C-amended soil. There was no significant effect
between application rates of BC550 °C and BC750 °C in the soil. The application rates
of 5% and 10% of BC350 °C provided greater C-COz from the soil microbiota, 4424 pg CO:
g soil~1and 4644 pg CO- g soil ™1, respectively, when compared to unamended soil (3066
ug COz g soil 1) (Figure 4). There were no differences in C-CO; for different applica- tion rates
when BC750 °C was used at 150 DAA (Figure 4). Rates of 5% and 10% showedC-CO2 of
2933 pg CO2 g soil™! and 3072 pg CO2 g soil ™1, respectively, when BC350 °C was added.
Rates between 1% and 10% of BC550 “Cincreased C-COz, on average, by 13%compared to
rates of 0.1% and 0.5% (Figure 4).

The interaction between factors for MBC was significant at 0 DAA (F = 8.565 and
p &001) and for 150 DAA (F = 5.549 and p 0.00%). Unamended soil presented an average
MBC of 40 pg MBC g soil ™! and 60 pg MBC g soil~! at 0 DAA and 150 DAA, respectively
(Figure 4). At 0 DAA, BC350 °C and BC550 °C-amended soil increased MBC by > 100%
when compared to BC750 °C at a 1.0% application rate. Application rates of 0.5%, 1.0%,
and 1.5% provided higher MBC, averaging 152 pg MBC g soil =1, for BC350 °C
compared to other application rates. Rates of 0.1%, 0.5%, and 1.0% increased MBC by an
average of 67.0% compared to rates of 0%, 1.5%, 5.0%, and 10% for BC550 °C. The 0.5%
rate of BC750 ‘C-amended soil increased MBC by 65% when compared to unamended
soil and rates of 0.1%, 1.0%, 1.5%, 5.0%, and 10% (Figure 4). At 150 DAA, BC750 °C and
BC550 °C-amended soil reported higher MBC, averaging 31.7%, when compared to
BC350 °C at a 10% rate (Figure 4). The 5% rate of BC350 °C showed higher MBC (225 pg
MBC g soil‘l) when compared to unamended soil and rates of 0.1%, 0.5%, 1.0%, 1.5%, and
10% (averaging 131.87 pg MBC g soil~1). Rates of 5% and 10% of BC550 “C-amended soil
increased MBC by 42.2%, on average, when compared to unamended soil, and rates of
0.1%, 0.5%, 1.0%, and 1.5% (Figure 4).

The interaction between factors for metabolic quotient (qCO2) was significant at
0 DAA (F = 7.727 and p<0.001) and for 150 DAA (F = 6.914 and < 0.003). The metabolic

quotient (gCO2) of unamended soil at 0 DAA and 150 DAA was 63.7 pg CO2/pg MBC
and 39.1 pg COz2/pg MBC, respectively (Figure 4). At 0 DAA, BC750 °‘C-amended soil
showed high qCO2 (73.9 pg CO2/pg MBC) when compared to BC550 °C and BC350 °C-
amended soil (average of 21.49 pg COz2/pg MBC) at a rate of 1.0%. Rates of up to 5.0%
application of BC350 °C showed low qCO2 (average of 23.77 yg COz2/ug MBC) when
compared to unamended soil and a rate of 10% (average of 63.7 pg COz2/pg MBC). The
highest rates (1.5%, 5.0%, and 10%) of BC550° and BC750 °C provided qgCO2 ~ 58.4 pug
CO2/pg MBC, a value lower than unamended soil (63.7 pg COz2/pug MBC) (Figure 4). At
150 DAA, BC750 °C-amended soil showed, on average, higher 4COz (11.1 pg COz/ug
MBC) when compared to BC550 °C and BC350 ‘C-amended soil (Figure 4). Application
rates of BC350 °C, BC550 °C, and BC750 °C showed significant results only in relation to
unamended soil. The application rates provided an average qCOz of 17.6, 16.4, and 19.3 pg
CO2/pg MBC for BC350 °C, BC550 °C, and BC750 °C-amended soil, respectively (Figure 4).


https://doi.org/10.3390/ijms241311154
https://www.mdpi.com/journal/ijms

44

Int. ]. Mol. Sci. 2023, 24, 11154. https://doi.org/10.3390/ijms241311154

1000
900 1
3 800 1
2 700 1
S 600 1
0]
© 500 1
& 400
o
o 300 1
3
200 1
100 1

0

350 °C

0

1000

5 10 15 20 25 30
Days After Incubation (DAI)

(a-1)

900
800
700
600

400

ugCO2/g soil ™"/ day'1
a
o
o

550 °C

ug CO, / g soil”' / day
a
o
o

5 10 15 20 25 30
Days After Incubation (DAI)

(b-1)

35 40

750 °C

5 10 15 20 25 30
Days After Incubation (DAI)

(c-1)

—e— Soil (unamended) —— Sojl + BC (1.0 %)

35 40

1000

https://www.mdpi.com/journal/ijms

~N 0 ©
o O O
o O O

L "

D

o

o
L

400 -
300 4
200 H
100 -

ug CO2/ g soil' / day™
(2]
o
o

350 °C

150 DAA

1000

5 10 15 20 25 30 35 40
Days After Incubation (DAI)
(a-2)

900 -

~N
o o
o o

600 -

400 A
300 A
200 A
100 A

ug CO, / g soil" / day
a
1<}
1S)

550 °C

L
150 DAA

5 10 15 20 25 30 35 40
Days After Incubation (DAI)
(b-2)

600

150 DAA

—e— Soil + BC (0.1 %) —*— soil + BC (1.5 %)

—e— Soil + BC (0.5 %)

Soil + BC (5.0 %)

5 10 15 20 25 30 35 40
Days After Incubation (DAI)

(c-2)
Soil + BC (10.0 %)

Figure 3. Microbiota respiration rate (C-COz) at different incubation periods of soil amended and
unamended with different application rates of sugarcane straw biochar produced at different pyrolysis
temperatures (a) BC350 °C, (b) BC550 °C, (c), and BC750 °C, at 0 (1) and 150 (2) days after application
(DAA) of metribuzin. The solid line represents the union of the dots that are the days after incubation
(DAI) (3,6,9,13,17,22,27, and 35 days). Vertical bars at the symbols represent the standard deviation

of the means (n

=4).
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Table 2. Physicochemical attributes of the soil amended with sugarcane straw biochar and unamended soil.

Chemical Attributes

Pyrolysis Application Rate pH ocC P K Ca Mg H + Al Zn Fe Mn Cu B CEC BS
Temperature/°C 9
P / % (w/w) H20 % mg kg1 mmolc kg—1 mg kg1 mmolc kg1 %
- Unamended 5.5 1.2 1.3 77.0 15.9 5.4 33.0 3.0 129.8 91.0 3.9 0.1 23.3 41.0
0.1 5.5 1.2 1.5 97.0 16.0 5.7 33.3 2.9 129.6 99.1 3.8 0.1 24.2 40.0
0.5 5.5 1.2 2.0 111.0 179 6.5 33.0 3.1 123.6 127.0 3.6 0.1 27.8 46.0
350 * 5.8 1.2 3.3 125.0 17.5 6.8 26.4 2.8 148.1 130.0 3.7 0.1 29.3 52.0
1.5 5.9 1.2 6.3 139.0 17.1 7.2 23.1 2.9 154.7 144.0 4.1 0.1 294 56.0
5 6.8 1.2 10.0 240.0 17.7 8.3 13.3 2.9 234.4 155.0 3.8 0.1 36.7 73.0
10 7.2 1.2 30.0 290.0 17.4 9.6 6.6 2.8 245.5 212.0 3.6 0.1 37.1 85.0
0.1 5.4 1.2 2.2 99.0 16.5 5.7 29.4 2.8 128.5 94.5 3.6 0.1 24.7 48.0
0.5 5.6 1.2 2.7 132.0 16.2 5.8 29.7 3.1 157.4 97.9 4.1 0.1 24.8 45.0
550 * 5.8 1.2 4.4 158.0 17.3 6.1 29.7 3.0 228.5 91.2 4.0 0.1 26.6 47.0
1.5 59 1.2 8.7 161.0 17.8 5.8 19.8 2.8 266.5 157.0 3.4 0.1 25.2 56.0
5 7.0 1.2 15.0 250.0 17.7 7.6 9.9 2.7 273.5 183.0 3.1 0.1 33.2 77.0
10 7.3 1.3 33.0 340.0 18.1 8.4 33 2.9 297.5 202.0 3.6 0.1 38.5 90.0
0.1 5.4 1.2 2.9 108.0 16.8 5.6 33.0 2.7 135.0 96.6 3.6 0.1 25.2 43.0
0.5 5.5 1.2 3.7 144.0 17.4 6.8 29.7 3.0 148.8 135.0 3.9 0.1 27.6 48.0
750 * 5.8 1.2 7.8 178.0 17.8 7.0 29.7 2.8 147.6 122.0 4.0 0.1 29.4 49.0
1.5 6.2 1.2 12.0 240.0 18.1 7.1 13.2 2.5 238.5 123.0 3.8 0.1 30.6 70.0
5 7.2 1.3 55.0 500.0 19.7 9.8 3.3 29 267.5 177.0 3.7 0.1 39.3 92.0
10 7.6 1.4 65.0 550.0 20.0 111 0.0 2.9 2945 178.0 3.8 0.1 40.6 100.0
Physical attributes (g kg'1)
Sand Silt Clay Texture class )
Soil Unamended 500 120 380 Sandy clay

Source: from Mielke et al. [24] and Lab. Soil Analysis, Vicosa LTDA. Hydrogen potential (pH), organic carbon (OC), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg),
potential acidity (H + Al), zinc (Zn), iron (Fe), manganese (Mn), copper (Cu), boron (B), cation exchange capacity (effective) (CEC), base saturation (BS).
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Figure 4. Respiration rate (C-COz) (a), microbial biomass carbon (MBC) (b), and metabolic quotient
(9C02) (c) of soil microbiota amended and unamended with different application rates of sugarcane

straw biochar produced at different pyrolysis temperatures BC350 °C, BC550 °C, and BC750 °C,
at 0 (1) and 150 (2) days after application (DAA) of metribuzin. Same lowercase letters between
application rates and same uppercase letters between pyrolysis temperatures do not differ by Tukey’s
test (p < 0.05). Vertical bars at the symbols represent the standard deviation of the means (n = 4).

3. Discussion

The values of metribuzin DTso range from 7.03 days to 138 days, depending on climate,
soil, and field and laboratory conditions [7,22,27-29]. Generally, its degradation occurs
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more rapidly in the first month after application. In the conditions of this study, temper-
ature and humidity were tropical, with high temperatures and well-distributed rainfall,
using soil with an OC content of 1.2% and a sandy loam texture. These characteristics may
have favored the rapid degradation of metribuzin during the study, as the DTso values of
metribuzin were dependent on temperature, humidity, and soil physicochemical character-
istics, such as OC content [21,30,31]. Metribuzin degradation showed a strong dependence on
soil type (sandy or silty) and temperature (5 °C, 15 °C, and 28 °C) [30]. The authors
reported that an increase in temperature from 5°C to 15 °C reduced the concentration of
metribuzin in the soil by 25%, decreasing the DTso from ~385 days to 105 days for soil
with a higher sand content (~60%) and lower OC content (0.15%). Metribuzin has high
Sw, low sorption, and persistence, suggesting a high potential for movement and ready
availability for microbial degradation in the soil. This is particularly true for soils with high
OC content [32,33]. The impact of abiotic factors such as soil type, application rate, soil
pH, microorganisms, and sunlight on metribuzin persistence has been evaluated [34]. The
authors observed that DTso values varied significantly with the metribuzin application rate
and the physical-chemical characteristics of the soil, with values ranging from 15.17 days
to 46.59 days.

The variation in Co may have occurred due to the initial sorption process of metribuzin
in soils with different application rates, which directly reflects the amount of bioavailable
herbicide in the soil solution for degradation. Mielke et al. [ 18] reported that high doses
of metribuzin in soil (>2 mg L™1) were less sorbed (60%) in soils amended with BC350
°C, especially for lower application rates (0.1% to 1.5%). The authors reported that the
amended soil with BC550 °C and BC750 °C showed sorption percentages greater than 80%
of metribuzin in the soil. Biochars have different physical and chemical characteristics as
the pyrolysis temperature changes during production. Herbicide sorption is directly
influenced by characteristics such as porosity, SSA, aromatic structures, carbon contents,
surface functional groups, pH, and the elemental composition of the soil [35]. The biochar
produced at 750 °C (BC750 °C) showed a higher C/N ratio, ash content, lower number of
surface functional groups, and a 13-fold higher surface area than the biochar produced at
350 °C (BC350 °C), which increases the sorption capacity of BC750 °C [24].

The results showed that biochar produced at low temperatures (BC350 °C) negatively
influenced the degradation of metribuzin in the soil. The greater degradation of metribuzin in
soils amended with BC550 °C and BC750 °C may be related to the physicochemical
characteristics of the biochar, as high pyrolysis temperatures produced a material with
high pH (9.7), ash content (11%), OC (1.4%), and high nutrient content [24]. These factors can
favor chemical degradation through increased pH, active groups, and generation of free
radicals [36], and the level of C and ash content can affect soil microbial activities due to the
presence of nutrient-rich materials (N, S, P, among others). Soil modifications with BC300 °C
from maize straw promoted the biological degradation of triclopyr, increasing the abundance
of microorganisms and improving the activity of nitrile hydratase (NHase) [36]. The authors
reported that modifications with BC500 °C and BC700 °C inhibited biodegra-dation by
reducing the availability of triclopyr; however, chemical degradation occurred mainly
through high pH, active groups on the mineral surface, and generation of hydroxyls and other
free radicals.

The effect of biochar on the degradation behavior of herbicides in the soil is a complex
process that involves the interaction between soil, herbicide, and the physicochemical
characteristics of biochar. When an adequate amount of biochar was added to the soil
(0.1% to 1.5%), better degradation of metribuzin was observed, which may be related to the
inhibition of microbial activity by excess biochar, influencing the richness and abundance
of the microbial community and the higher sorption capacity of the herbicide at high
rates of application of sugarcane straw biochar produced at high pyrolysis temperatures
(>500°C) [24,26,37,38]. Therefore, as the sorption rate increased, the DTso of metribuzin
also increased. In most cases, degradation decreases with increasing biochar application
rates, associated with greater herbicide sorption [39-41]. Similar results were observed in
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the degradation of flumioxazin in soils with different biochar contents [42]. The authors
found that soil amended with cornstalk biochar with application rates of 0, 0.5, 2.0, 5.0, and
10.0% provided a DTso of flumioxazin 0of 11.1,9.0,11.1, 13.2, and 15.4 days, respectively.

Metribuzin is a strong acid (acid dissociation constant, pKa = 1.3), and under conditions
of high pH, itis more in the ionic form, negatively charged, increasing the repulsion of
soil colloids, mainly the predominance of negative charges in the organic matter [43,44].
The soil pH with BC350 °C addition was lower (8.6) than BC550 °C (9.3) and BC750 °C
(9.8), and higher pH values were observed for soil corrected with BC750 °C, where doses
of 5% and 10% increased pH by 1.7 and 2.1 units, respectively, compared to uncorrected
soil [24]. Therefore, under these conditions, a greater amount of metribuzin was available for
microbial degradation in the soil, which may explain why the DTso value of metribuzinwas
lower than in unamended soil, regardless of the application rate of BC550 °C and
BC750 °C. Although Mielke et al. [24] reported greater sorption at higher application
rates of BC550 °C and BC750 °C, these materials showed greater potential for microbial
colonization and, consequently, greater degradation of metribuzin.

Biological degradation and mineralization are the main pathways of herbicide dis-
sipation in the soil [45]. When herbicides are sorbed onto biochar, their availability for
degradation by microorganisms is reduced. However, sorption can be reversed by the
process of desorption, and any subsequent remobilization of the herbicide, if bound as
a residue to biochar, can create availability for further degradation in the soil solution.
The addition of BC550 °C and BC750 °C at low application rates in the soil (0.1% to 1%)
increased metribuzin sorption [24] compared to unamended soil and resulted in greater
metribuzin degradation, potentially acting initially as a remediation technique to immo-
bilize herbicides via sorption, and eventually desorbing the molecules from soil colloids.
Consequently, the combination of increased sorption and increased biological degradation
has the potential to effectively reduce metribuzin in the soil. However, this positive effect
on the remediation of contaminated soils may negatively influence the agronomic efficacy
of metribuzin in the soil, reducing the control of weed seed banks. The fact that biochar can
reduce herbicide efficacy is not a desired effect, as it may require an increased herbicide
dose to achieve similar levels of control as in soil not altered by biochar, increasing produc-
tion costs and potential environmental risk [46]. Therefore, it is important to understand
the physicochemical characteristics of biochar, soil, and herbicides, as well as the possible
interactions between these factors, in order to achieve satisfactory recommendations and
functionality of biochars as fertilizer sources and herbicide sorbents without posing an
environmental risk.

The pyrolysis temperature and application rate of biochar influenced the soil micro-
biota. In general, structural and compositional differences in soil microbiota can be related to
biochar (feedstock, pyrolysis condition, application rate), soil (pH, OC, temperature,
moisture, aeration), environmental factors (vegetation, land use, management intensity,
herbicide action), and physicochemical characteristics of herbicides [47,48]. In the present
study, biochar mitigated the negative impact of metribuzin on soil microbial community,
and these effects may be related to increased microbiota through interaction mechanisms
with biochar, such as physical-chemical structure (macro and micropores, surface area, nu-
trient content, organic substances, and enzymatic activity) and increased sorption, reducing
bioavailability and toxicity to soil microbiota [24,49-52]. In the study by Mielke et al. [24],
it was reported that the use of application rates of 1% and 1.5% of BC350 °C, BC550 °C,
and BC750 °C improved soil fertility, making P, K, Mg, Fe, and Mn available, reducing
potential acidity (H + Al), and increasing soil pH with less impact on metribuzin sorption
and desorption. These soil modifications possibly had a positive impact on the increased
degradation of metribuzin in soil amended with BC550 °C and BC750 °C, as observed in
this study.

Microorganisms can use hydrocarbons on the surface of biochar as a carbon source [53].
Organic-mineral complexes can form on the surface and in the pores of biochar, modifying
its sorption properties and providing habitats for microbial colonization [44,54]. Biochar can
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provide habitats for different microorganisms through its pores of different sizes (macro-,
meso-, and micropores), which potentially protect these microorganisms from desiccation
and predation [55]. Furthermore, biochar application can increase the availability of
mineral elements and microbiological activity, which may be related to cation exchange
capacity (CEC) and soil pH increase [44]. The increase in soil pH with biochar addition can
reduce aluminum toxicity and increase nutrient availability, generating positive effects on
microbial colonization [56].

Higher basal respiration found in treatments with higher pyrolysis temperatures
and biochar application rates may be an indication of increased biological activity in
these treatments. However, the increase in microbial basal respiration must be aligned
with the increase in MBC since a high respiration rate and low MBC indicate negative
changes in soil microbiota [57]. High gCO2 values suggest unfavorable conditions for soil
microbiota, and low values indicate greater MBC efficiency [58,59]. BC350 ‘C-amended
soil at high application rates provided a microbial imbalance in the soil, as it showed high
respiration, low microbial carbon fixation, and high metabolic quotients, unlike BC550 °C
and BC750 °C-amended soil (Figure 4). These results are consistent with those observed in
the study of metribuzin degradation in soil, where a higher DTso value of metribuzin was
observed in BC350 °C-amended soil when compared to BC550 °C and BC750 °C (Table 1).

The addition of a large amount of carbon can stimulate enhanced microbial action
in the soil and therefore cause greater microbial degradation. In addition, the addition of
biochar produced at high pyrolysis temperatures increased soil nutrient levels, especially
P, K, and SSA (223 m? g~1) [24], which can stimulate microbial activity and consequently
improve biological degradation. The increase in MBC can also be attributed to the addition
of biochar produced at high temperatures, which constituted the most readily available
source of energy for soil microorganisms. Microbial biomass is considered the living fraction
of soil organic matter (OM) and a significant nutrient reservoir [60]. The application of
hardwood-derived biochar increased the mineralization of atrazine by stimulating atrazine-
adapted microflora compared to unamended soil [16].

At 150 DAA, it was possible to observe that the gCO:z of soils, regardless of pyrolysis
temperature and application rate, were lower than the unamended soil. Possibly, the
addition of biochar in the soil boosted the microbiota, reducing the energy expenditure
used in maintaining the microbial community and directing resources to cell synthesis,
improving microbial growth [61].

Biochar has a high capacity for sorbing and retaining soluble organic matter, gases,
nutrients, and water and can therefore provide soil microorganisms with various energy
resources, nutrients, moisture, and the formation of macroaggregates [37,62-64]. Although
biochar is highly recalcitrant, it can be degraded by microorganisms co-metabolically [65].
The labile part of biochar is biologically degradable in a few months after application, while
the stable fraction consists of recalcitrant compounds that remain years after biochar
application [66]. Increases in nutrients and labile C can be provided by biochar application to
soil, and the effect of herbicide mineralization will depend on the proportion of labile C and
nutrient content in the applied biochar. Therefore, the impact of biochar application on soil is
dependent on the physicochemical characteristics of biochar, which may differ when the
amount applied or the raw material source is altered. Two biochars produced from different
feedstocks (cocoa husk and rice husk) applied at a rate of 0.3% were analyzed for the
degradation of atrazine and paraquat in soil [67]. The authors reported that cocoa husk
biochar increased MBC by an average of 72% for atrazine and paraquat compared to rice
husk biochar. This was due to the higher level of the nutrient composition of total N and
available P in cocoa husk biochar compared to rice husk. The higher degradation of
oxyfluorfen was observed in soils amended with different rates of rice husk biochar
application, decreasing DTso between 2 days and 23 days compared to unamended soil [68].

In addition, sugarcane straw biochar produced at high pyrolysis temperatures (>550 °C)
and at moderate application rates (between 0.5% and 1.5%) boosted the soil microbiota and
improved metribuzin degradation. This result reinforces the idea that materials with high
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sorptive capacity, such as biochar produced at high pyrolysis temperatures, can be used as
soil amendments to improve soil microbiota as long as the application rate is controlled.
However, it is important to note that this result may differ in other soil types, biochar
feedstocks, application rates, and pyrolysis temperatures, and specific studies are necessary
for each utilization scenario.

4. Materials and Methods
4.1. Soil Collection and Analysis

The agricultural soil samples were collected from the top layer (0-10 cm) in Vigosa,
MG, Brazil (20°46'05” S:42°52°08" W), an area that has not been treated with herbicides
for the last three years. The soil samples were air-dried for 10 days, then sieved on
5.0 mm mesh and stored at room temperature. The soil was classified as Oxisol (Latossolo
Vermelho-Amarelo).

The sugarcane straw biochar (BC) samples produced at different pyrolysis tempera-

tures (350 °C, 550 °C, and 750 °C) were denominated BC350 °C, BC550 °C and BC750 °C.
The soil was amended with sugarcane straw biochar produced at different pyrolysis tem-
peratures (BC350 °C, BC550 °C, and BC750 °C) in the application rates of 0, 0.1, 0.5, 1, 1.5,
5,and 10% (w/w) representing 0, 1, 5, 10, 15, 50, and 100 Mg ha~1, respectively, assuming a
soil density of 1 g cm ™3 and incorporation depth of 0.10 m. The physicochemical attributes of
unamended and biochar-amended soil produced at different pyrolysis temperatures were
reported by Mielke et al. [24], shown in Table 2.

4.2. Sugarcane Straw Biochar

The sugarcane straw was crushed, sieved (10 mesh, <2.0 mm), and dried in an oven
with forced air circulation at 103 24£C for 72 h. The straw was placed in a sealed reactor
to prevent the ingress of O2. The reactor oven was heated at a rate of 5 °C min~!,and the

pyrolysis temperatures were 350 °C, 550 °C, and 750 °C. The physicochemical
characterization of sugarcane straw biochar was described by Mielke et al. [24], shown in
Table 3.

Table 3. Selected properties of sugarcane straw biochar (BC) at different pyrolysis temperatures.

pH C N Ash C/N SSA
Pyrolysis 1emperature/ L H,0 % - m2 g1
350 8.6 48.7 0.832 5.0 58.51 17
550 9.3 49.1 0.647 10.3 75.83 129
750 9.8 59.0 0.403 11.6 146.36 223

Source: Mielke et al. [24]. Temperature (T); hydrogen potential (pH); carbon (C); nitrogen (N); carbon/nitrogen
ratio (C/N); specific surface area (SSA).

4.3. Soil Preparation and Application of Metribuzin

The experimental design was a completely randomized triple factorial scheme 3 7 10yith
3 replications. The first factor was three pyrolysis temperatures (350 °C, 550 °C, and750
°C), the second factor was the application rates of biochar in the soil (0, 0.1, 0.5, 1.0, 1.5,
5.0, and 10% (w/w)), and the third factor was the evaluation time (0, 5, 10, 15, 30, 45, 60,
90, 120, and 150 days). The soil amended with sugarcane straw biochar was added to pots
with a capacity of 0.5 kg. The application of metribuzin (Sencor®480, Bayer CropScience LP,
Kansas City, MO, USA) was carried out at the maximum recommended dose (1920 g a.i.
ha™1) for sugarcane crop, with a control treatment without herbicide application. In this
procedure, a COz-pressurized sprayer equipped with two TT110.02 nozzles spaced 0.5 m
apart was used, maintained at a pressure of 1.96 bar and a spray volume of 170 L ha~1. The
pots were kept in a greenhouse, and soil samples were collected at 0, 5, 10, 15, 30, 45, 60, 90,
120, and 150 days after herbicide application (DAA). The temperature inside the greenhouse
was recorded during the experiment. Soil moisture was adjusted by irrigation of the pots
according to the rainfall distribution in 2021 for Vigosa, MG, Brazil [69] (Figure 2).


https://doi.org/10.3390/ijms241311154
https://www.mdpi.com/journal/ijms

51

Int. J. Mol. Sci. 2023, 24, 11154. https://doi.org/10.3390/ijms241311154 https://www.mdpi.com/journal/ijms

At the time of collection, the soil amended with biochar was homogenized, and the

samples were stored in previously identified jars and taken to freezing at 18 °C in a
freezer for later chromatographic analysis.

4.4. Extraction of Metribuzin

The stock solution was prepared at a concentration of 500 mg L~ of the analytical
standard Metribuzin-Pestanal™ (98.8% purity Sigma-Aldrich, San Luis, MO, USA) and the
working solution at a concentration of 100 mg L™, both in acetonitrile (99.9% purity
grade). From the working solution, three concentrations of metribuzin (2.45, 3.45, and
4.45 mg L~1) were prepared. The extraction of the herbicide in the soil was performed
as described by Mehdizadeh et al. [70]. The method consisted of adding 20 mL of the
extraction solution (methanol) to Falcon tubes containing 5 g of soil. Then, the tubes were
subjected to rotary shaking for 24 h [13] and centrifuged (Kasvi, K14-0815P, Curitiba, Parana,
Brazil) at 1372 gfor 7 sin. The supernatant was collected and filtered througha Millipore
filter (PRFE membrane, 0.45 pm). An aliquot of 1.50 mL was placed in a vial to be
analyzed in high-performance liquid chromatography (HPLC, LC 20AT, Shimadzu, Kyoto,
Japan). The recovery level of metribuzin in fortified soil samples was, on average,100.2%.

4.5. Chromatographic Conditions

Validation of the chromatographic method was according to the criteria of AN-
VISA [71]. The linearity of the extraction method was determined by preparing analytical
curves where soil samples were fortified with different concentrations of metribuzin (0.01,
0.05, 1.00, 1.50, 2.45, 3.45, 4.45, 5.00, and 5.45 mg kg_l). After chromatographic analysis
and obtaining the analytical curves, linearity was evaluated by linear regression of the area as
a function of metribuzin concentrations and the coefficient of determination (R?). The
analytical curve presented an R? equal to 0.9999 (Figure 5). The limit of detection (LoD)
and quantification (LoQ) were 0.01369 and 0.04150 mg L™}, respectively.

The quantification of metribuzin was carried out on an HPLC, with a photodiode
array detector (SPD-M204, Shimadzu, Kyoto, Japan), stainless steel C18 column (Shimadzu
VP-0ODS Shim-pack 250 mm %#.6 mm i.d., 5 pym particle size, Shimadzu, Kyoto, Japan). The
mobile phase was adapted from Lépez-Pifieiro et al. [13,24], composed of acetonitrile/water
(acidified with 0.01% phosphoric acid) in a ratio of 45/55 (v/v), an injection volume of
30 L, flow rate of 1.0 mL min 1, wavelength of 254 nm, and column oven temperature of
30 °C. Under these conditions, the retention time was 8.2 min.

16000
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8000 A

Area (u.a.)
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2000 A y =2667.7x - 30.757

R? = 0.9999
0 . . . . . . . : : : :

00 05 10 15 20 25 30 35 40 45 50 55 6.0

Concentration Metribuzin / mg kg™

Figure 5. Linear chromatographic calibration curve of metribuzin. The points correspond to the mean

(n = 3) of metribuzin concentrations (0.10, 0.50, 1.0, 1.50, 2.45, 3.45, 4.45, 5.0, and 5.45 mg kg™ 1).The
line represents first-order linear model fit.
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4.6. Degradation Kinetics of Metribuzin in Soil

The degradation data of metribuzin in the unamended soil and biochar-amended soil
were fitted to a first-order kinetics model according to Equation (1).

Ci = Co X ¢kt 1)

where C: is the total concentration (mg kg~1) of herbicide remaining in the soil at time t;
Co is the initial concentration of herbicide at time zero; k is the degradation rate constant
(days™1), and t is incubation time in days.

From the k values, the time required for 50% and 90% of the initial amount of
metribuzin to be degraded (DTso and DToo) was determined (Equations (2) and (3)).

DT50 = m (2)
k
DTqo = Ir1k10 (3)

4.7. Respiration Rate of the Microbial Rhizosphere

After completion of the collections of the unamended and biochar-amended soil for
analysis of metribuzin degradation at 150 DAA and 0 DAA (at the same time as herbicide
application), the carbon content in soil microbial biomass by induced respiration was based
on the measurement of the initial maximum emission of COz over a period of time [72]. In
this study, an entirely randomized design was performed in a §< 7 double factorial scheme
with 4 repetitions. The first factor represented the pyrolysis temperatures (BC350 °C,
BC550 °C, and BC750 °C), and the second factor was the biochar soil application rates (0,
0.1, 0.5, 1.0, 1.5, 5.0, and 10% w/w).

The soil collected from the rhizosphere of each experimental unit was homogenized,
and 50 g was taken for analysis. Soil samples were sieved (2 mm mesh), moistened (70%
field capacity), and incubated in hermetically sealed vials in a Biochemical Oxygen Demand
chamber (BOD ElectroLab, Sao Paulo, Brazil) at 25 °C without light. The respiratory
frequency of the soil microbiota was evaluated with the respirometric method of C-CO2
releaseat 3, 6,9,13,17,22,27, and 35 days after the start of incubation (DAI). The C- CO2
released from the soil was transported by a continuous air flow (COz-free) to a vial
containing 10 mL of 0.5 mol L1 NaOH solution. Precipitation of the carbonate formed was
carried out with the addition of 10 mL of BaClz 0.05 mol L™' and titrated with 0.25 mol L ™!
HCI plus three drops of the 1% phenolphthalein indicator [73]. After 40 days, 10 g soil
samples from each vial were taken to determine the microbial biomass carbon (MBC) [74].
The metabolic quotient (§COz) was determined as follows in Equation (4) [75].

_C—=CO2
gCo, = MBC (4)

4.8. Statistical Analysis

The data were subjected to analysis of variance (ANOVA) to evaluate the interaction
between factors in each study. The analyses were performed using Sisvar software (version
5.6, Lavras, Minas Gerais, Brazil). When the interaction between factors was significant
(p 805), the degradation curves of metribuzin in soil were plotted in Sigma Plot® (version
14.0 for Windows, Systat Software Inc., Point Richmond, VA, USA), and the parameter
data were presented as means and standard deviation (n = 3). For C-COz, MBC, and gCOx,
when significant (p €.05) among factors, the means were separated by Tukey’s test and
presented as means and standard deviation (n = 4), and the figures were also plotted in
Sigma Plot®.
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5. Conclusions

The degradation values of metribuzin (DTso and DToo) in unamended soil were
7.37 days and 24.94 days, respectively, reflecting the low residual effect capacity of this
herbicide in the studied soil.

The intensity of metribuzin degradation was dependent on the pyrolysis temperature
and biochar application rate in the soil. The highest degradation of metribuzin was ob-
served in soils amended with BC550 °C and BC750 °C when added at lower application
rates (0.1% to 1.5%). The highest values of DTso and DT9o for metribuzin were observed in
BC350 "C-amended soil applied at rates of 5% (9.62 days) and 10% (17.32 days).

The degradation process of metribuzin in BC350 °C, BC550 °C, and BC750 °C was
shown to be related to the negative impact of these carbonaceous materials on the soil
microbiota since in BC350 ‘C-amended soil at high application rates, a higher microbial
imbalance was observed, presenting high respiration, low microbial carbon fixation, and
high metabolic quotients, unlike BC550 °C and BC750 °C-amended soil. Even though
providing greater sorption of metribuzin in the soil, the addition of low application rates of
BC550 °C and BC750 °C to the soil may lead to an increase in metribuzin degradation.

This material can also become an alternative for environmental remediation and reduce
problems related to crop carryover. However, it may negatively influence the residual effect
of the herbicide in the soil and consequently reduce the efficacy of the product in controlling
weeds in the seed bank and increase the application of post-emergent herbicides.
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Abstract: Bonechar presents high sorption capacity for mobile herbicides retained in soil and water.
However, its use in a granulated and/or powder form makes it difficult to remove water. The
objective of this study was to produce a cellulose acetate film with bonechar as a viable alternative to
remove metribuzin from water. The treatments were composed of 2 and 3 g of bonechar fixed on
a cellulose acetate film, pure bonechar, and a control (no bonechar). The sorption and desorption
study was carried out in the equilibrium batch mode with five concentrations of metribuzin (0.25,
0.33,0.5,1,and 2 mg L™1). The water used in the experiment was potable water. Herbicide analysis
was performed by High-Performance Liquid Chromatography (HPLC). The addition of 2 and 3 g
of the bonechar fixed on the acetate film sorbed 40% and 60%, respectively, of the metribuzin at the
lowest concentrations (0.25, 0.33, and 0.5 mg L™1). For both additions, desorption was low, being 7%
and 2.5% at 24 and 120 h, respectively. There are still no reports of the production of cellulose acetate
film with bonechar for herbicide removal in water, considered an alternative of easy handling and
indicated for water treatment plants.

Keywords: environmental remediation; herbicide; natural polymer; carbonaceous material

1. Introduction

Herbicides are initially used to ensure better crop productivity; however, they canlead
to the contamination of aquatic ecosystems through retention-related processes (ad-
sorption, absorption, and precipitation), transformation (decomposition or degradation) and
transport (drift, volatilization, leaching, and runoff), and by the interactions of these processes
[1]. Herbicides applied directly to the soil have the greater potential for ground- water
contamination [2]. The mobility of herbicides in soil is coordinated by the movement of water
in different directions, being vertical (leaching) and horizontal (runoff and/or running) [3,4].
The physicochemical characteristics of herbicides influence the behavior of the herbicide in
the soil and interfere with the final destination of the water. Herbicides with high solubility
(Sw) indicate the greater potential for leaching according with the soil water flow. Herbicides
that have low Sw also have higher persistence in soil, which reduces groundwater
contamination via leaching, but increases surface water contamination by runoff at high
rainfall [2,5].

The increasing number of cases of herbicides detection in water is alarming [6].
Atrazine, simazine, diuron, terbuthylazine, ametrine, clomazone, imazapyr, sulfentra-
zone, and glyphosate have been found in water resources most frequently in Brazil [7-12].
Clomazone, sulfentrazone, diuron, and hexazinone were quantified at concentrations of
56.9,31.9,18.8,and 18.8 ug L~1 respectively, by means of multiresidue analysis in water
samples collected from semi-artesian wells in a rural area of the municipality of Jaboticabal,
S3o Paulo State, Brazil [11]. In water samples collected from 20 farms in the Midwest region
of Brazil, including surface water and groundwater, glyphosate herbicide was detected in
3.4% of the samples; however, only two were at levels higher than the limit of quantification

(LoQ) of 1.2 ug L™ determined by the chromatographic method [13].
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Metribuzin (4-amino-6-tert-butyl-4,5-dihydro-3-methylthio-1,2,4-triazin-5-one) is clas-
sified as a potential contaminant of groundwater and surface water [14] and its maximum
residue limit (MRL) in drinking water is 25 pg L ™1 [15]. Metribuzin presents high Sw (10.700
mg L~1 at 20 °C), high mobility in soil (sorption coefficient normalized by organic carbon
content (Koc) from 38 mg L™1), high leaching potential (groundwater ubiquity score (GUS)
of 2.96), and low persistence (degradation half-life (DT50)) of ~20 days [16-18].This is the
main herbicide used in vegetables, applied pre-emergence, in systems with exhaustive soil
preparation, such as plowing and harrowing, which can favor herbicide losses by leaching
and surface runoff. Metribuzin residues were analyzed in water samples from Samambaia
River sub-basin at the Federal District and Eastern Goias State, Brazil [13]. Metribuzin was
detected at concentrations above the LoQ of 2.37 pg L™ 1in 73.2% of the water samples.

The use of carbonized organic waste is being evaluated as an alternative for the
removal of contaminants from water and soil. Biochar, also called “charcoal”, is a carbon-
abundant material from the partial carbonization of plant residues under controlled condi-
tions with no or little oxygen and relatively low temperatures [19]. The main benefits of
biochar-based materials lie in their high porosity, specific surface areas, improved ion ex-
change capacity, and abundant functional groups [20]. Other factors, such as the pH of the
biochar (resulting from the pyrolysis condition), the residence time of the biochar in contact
with the contaminant, the application rate of the biochar, and the type of contaminant can
also affect the sorption of the herbicides [21].

Sorbents of natural origin (e.g., plant biomass) have become attractive due to the
availability of abundant inputs, high sorption capacity, and low cost [2]. For example,
bonechar (animal-based biochar) is derived from carbonizing animal bones by heating
them at 500-800 °C in an airtight iron retort for 4-6 h [22]. Bonechar showed high removal
capacity for diuron, ametryn, sulfometuron-methyl, and hexazinone in drinking water [23].
Removal for all herbicides was ~100% at the highest application rate of bonechar (1 g)
added to 1 L of water. However, the use of pure bonechar in its granulated and/or powder
form makes it difficult to remove it from the water, requiring a centrifugation step to
remove the matrix after the herbicide is removed. In addition, the direct application of
carbonaceous materials to water can increase the dissolved carbon content, affecting aquatic
ecosystems through increased turbidity and metal toxicity [24].

An alternative is the use of a mixed material, in which fine bonechar particles can be
added to solid particles by means of biopolymer, which can facilitate the collection and/or
reuse of the material after the removal of the herbicide from the water. Cellulose acetate
is a natural thermoplastic and biodegradable polymer that is prepared by acetylating
cellulose [25]. The way cellulose acetate processed influences its use, and it can be used for
a wide variety of applications, such as for films, membranes, or fibers [26]. Cellulose acetate,
being biodegradable, from the natural origin and the abundant in the environment, is an
environmentally viable alternative to be used as a support material for the doll making.
A hybrid film of cellulose acetate with biochar was studied for the sorption ability of
phosphorus in water [27]. However, there are still no reports of the production of cellulose
acetate films and bonechar for the removal of herbicides in water, being a technological
alternative of easy management. Different sorbents have been developed, such as polymer
resins [28], particulate carbon [29], nanotubes [30], and mineral materials [31]. Some of
these materials have been used to remove herbicides from wastewater, but the high costs
limit their use [32].

Thus, the objective of this study was to produce a cellulose acetate film with bonechar
as a viable alternative for immobilization and removal of metribuzin from water. The results
determine the sorptive capacity of the acetate film and bonechar at different concentrations
of metribuzin and that of pure bonechar powder.
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2. Materials and Methods
2.1 Drinking Water Samples

The water used was potable and collected from a cold water tap in Vigosa, MG, Brazil,
which is regularly used for human consumption. The water for the entire experiment was
collected from the tap and stored in a 20 L closed barrel at room temperature. Water
samples were used for the determination of the physicochemical properties (Table 1).

Table 1. Selected drinking water quality properties.

Properties Values

Electrical conductivity (S cm™1) 117.20

Hardness (mg CaCO3 L™1) 22.00
Alkalinity (mg L™1) 25.75
Total residual chlorine (mg L™1) 1.34
pH 7.25
Turbidity (uT) 0.18
Temperature (°C) 16.90
Apparent color (uC) 3.60

Source: Water and Sewage Division of the Federal University of Vigcosa, Vigosa, MG, Brazil.

2.2 Bonechar and Cellulose Acetate Film

Bonechar produced from ox bone raw material was purchased from Bonechar Carvao
Ativado Ltd.a (Maring4, PR, Brazil) and was used as the sorbent material. The bonechar
used had a granulometry of 40 mm y 100 mm. The selected properties of the bonechar are
shown in Table 2. The surface morphology was performed by scanning electron microscopy
(SEM) on a microscope of the brand JEOL (JSM-6010LA, Akishima, Tokyo, Japan). The
resolution was 4 nm (with a beam at 20 kV), the applied magnification was from 8y
to 300,000, and the acceleration voltage from 500 V to 20 kV. Biochar particles were
attached to a metal surface by a conductive carbon tape (PELCO Tabs™, Ted Pella, Inc.,
Redding, CA, USA) and coated with gold (Leica EM ACE 600, Buffalo Grove, IL, USA)
with a 120-nm-thick layer. The energy-dispersive X-ray spectrometry (EDS) of the doll was
characterized by [33,34].

Table 2. Selected properties of the bonechar.

Properties Values
Feedstock Cow bone
Production temperature (°C) 800
Total surface area (m% g™ 1) 200
Carbon surface area (m? g_l) 50
Carbon content (%) 11
pH (H20) 9.12
Soluble ash in acid (%) <3
Insoluble ash content (%) 0.7
Tricalcium phosphate (%) 70
Calcium sulphate (%) 0.1
Iron (%) <0.3
Pore size (nm) 7.5-60.000
Pore volume (cm? g™1) 0.225
Micropore area (m? g_l) 133
Humidity (%) <5
Density (g cm?) 0.65

Source: All information was provided by the manufacturer itself.

The cellulose acetate used had a degree of substitution of 2.5 [35]. To obtain a filmo-
genic solution, the cellulose acetate was solubilized in acetone (99.8%) at a ratio of 1:10 (w/v)
and allowed to stand for 24 h in a completely sealed glass bottle at room temperature.
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After this period, cellulose acetate films were produced with bonechar at a proportion of
13.3% (w/v) with a thickness of 0.45 mm. For the production of the cellulose acetate film,
the filmogen solution with the bonechar was spread evenly over a petri dish with the aid
of a glass rod. It was subsequently dried in natural air presenting a good adhesion of the
bonechar particles to the film.

2.3 Sorption—Desorption Metribuzin

The methodology for the sorption and desorption study was established accord-
ing to the OECD guidelines “106, Adsorption—Desorption Using a Batch Equilibrium
Method” [36,37]. The stock solution was prepared at a concentration of 500 mg L~! of the
standard Metribuzin-Pestanal™ (analytical standard, 98.8% purity; Sigma-Aldrich, San
Luis, MO, USA) and the working solution at a concentration of 100 mg L~1, both in
acetonitrile (99.9% purity). Hereafter, five concentrations of metribuzin were prepared (0.25,
0.33, 0.5, 1.0, and 2.0 mg L™1), where the highest concentration corresponded to the highest
recommended field dose of the herbicide (1920 g a.i. ha™1) for sugarcane cultivation.

The experiment design was entirely randomized with 3 replicates. The treatmentswere
composed of 2 and 3 g of bonechar fixed on a cellulose acetate film, pure bonechar powder (2
g), and a control (no bonechar added). In a 200 mL Erlenmeyer flask, it was added to 150 mL
of drinking water, followed by the concentrations of herbicides and the cellulose acetate film
with bonechar. Then, the Erlenmeyer flasks were shaken on a shaking table (Tecnal TE-140;
Piracicaba, S@o Paulo, Brazil) at 100 rpm for 24 h, until equilibrium concentration was reached
[38,39]. The pH of the water was measured during the en-tire sorption and desorption
study using a bench pH meter (Digimed, DM-22; Didatica,Sao Paulo, Brazil). Subsequently,
three 2 mL aliquots of the supernatant were filtered on a
Millipore filter (PRFE membrane 0.45 pm) and placed in vials.

The desorption study was carried out under the same condition as the two-step
sorption (24 and 120 h). The water from the sorption study was discarded from the
Erlenmeyer flasks containing the films and 150 mL of drinking water, without herbicide,
was added again and was stirred on a shaking table for 24 h. Subsequently, three 2 mL
aliquots of the supernatant were filtered on a Millipore filter (PRFE membrane size: 0.45 pm)
and placed in vials. The amount desorbed was calculated by the difference between the
herbicides sorbed on the film and the amount remaining in the supernatant. The same
procedure was repeated to analyze desorption at 120 h.

The quantification of metribuzin was performed on a High-Performance Liquid Chro-
matography (HPLC) system (LC 20AT, Shimadzu, Nagoya, Japan), with a photodiode array
detector (SPD-M20A, Shimadzu, Japan) and stainless steel C18 column (Shimadzu VP-ODS
Shim-pack 250 mm %4.6 mm d.i., 5 ym of particle size).

The mobile phase was adapted from [38]. It was composed of acetonitrile/water
(acidified with 0.01% phosphoric acid) in a ratio of 45/55 (v v™1), an injection volume of
30 WL, a flow rate of 1.0 mL min~1, a wavelength of 254 nm, and a column oven temperature
of 30 °C. The mobile phase showed good linearity in the range from 0.05 to 2 mg L ! of
metribuzin. The analytical curve showed a coefficient of determination (R?) equal to
0.9992. The limit of detection (LoD) and the limit of quantification (LoQ) were 0.0081 and
0.0289 mg L™, respectively.

2.4 Freundlich Model for Sorption—Desorption and Apparent Coefficient

The apparent sorption coefficient (Kaap, L kg™1) was calculated for all concentra-
tions of metribuzin analyzed in the sorption and desorption study, using the following
Equation (1):

Ki-app = Cs/Ce 1)

where Cs is the amount of herbicide sorbed onto the bonechar film as Equation (2):

Cs = (Ci — Co) X V/M (2)
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where Ci is the initial liquid concentration (mg L™1), C. is the equilibrium liquid concen-

tration (mg L™1), V is the volume of herbicide solution added (mL), and M is the mass of
bonechar (g) [40].
The Freundlich model and its distribution coefficient were determined from Equation (3):

Kr = Cs/Cel/n (3)

where n (dimensionless value) can range from 0 to 1, depending on the heterogeneity of
the sorption sites.

All isotherms were plotted in Sigma Plot® (version 14.0 for Windows, Systat Software
Inc., Point Richmond, CA, USA), and parameter data were presented as means and the
standard deviation of the mean (n = 3).

3. Results and Discussion
3.1 Synthesis of the Acetate Film with Added Bonechar

The physicochemical properties of the bonechar are presented in Table 2. The material
presented a low ash content (0.7%) and a low carbon content (11%), a high tricalcium
phosphate content (70%), pH (9.12), and a specific surface area (SSA) (200 m2 g~1). The

surface of the material was irregular, rough and with a varying pore size (Figure 1). A lower
surface area was observed for the bonechar produced at different pyrolysis temperatures

(350-700 °C) [41]. The authors reported the surface area, the total pore volume, and the
average pore diameter of 79.34 m? g1, 0.041 cm3 g1, and 2.09 nm, respectively. Nigri et

al. [42] observed a relatively high surface area (140 m? g~1) with an irregular pore size and
shape.

Figure 1. Scanning electron microscopy (SEM) images of the bonechar at two particle sizes: 0.3-
0.6 mm and 0.15-0.3 mm at 50 X and 500 X magnifications, respectively.

The bonechar presents predominance of the elements oxygen (0), phosphorus (P),
and calcium (Ca), totaling approximately 80% of the total composition, which is linkedto
the basic elemental composition of hydroxyapatite [33,41]. Analysis of the elemental
composition of the bonechar was performed by energy-dispersive X-ray spectroscopy (EDS)
by [33]. The authors reported that C and O appeared as dominant elements (~36% each), with
Ca and P also presented mass percentages of ~18% and 9%, respectively. The elements
sodium (Na), magnesium (Mg), and chlorine (Cl) were also observed in the bonechar,
however, at low concentrations. Bonechar is a material considered highly efficient in
removing and immobilizing herbicides [23,33,34,43], as well as fluoride (F) [41], methylene
blue [44], chromium (Cr) [45], and arsenic (As) [46] from water and soil. The use of ox bone
waste for the production of bonechar not only reduces the risk associated with the waste,
but also provides an environmental remediation solution as a potential sorbent for water and
soil that can also be used as an alternative organic P [47].

The acetate film with bonechar is seen in Figure 2. The film produced presented
good physical structure, with a complete coating of the bonechars granules avoiding
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its dispersion in the water. Preliminary studies were necessary to determine the best
proportion of the acetate film and the bonechar, since high ratios of the material result in a
brittle film and make it difficult to remove from the water. A bonechar-free cellulose acetate
film was previously tested for sorption potential of metribuzin and did not show sorptive
capacity (unpublished data), so it did not enter into the study for removal of metribuzin
from water.

Figure 2. (A) Cellulose acetate film without (pure) and with bonechar; (B) cellulose acetate film with
bonechar; (C) visualization of the attachment of the material to the film (translucent water after 24 h
of agitation).

3.2 Removal (Sorption/Desorption) of Metribuzin

The addition of 2 g of pure bonechar powder showed a high sorptive capacity (100%)
for metribuzin at all concentrations studied, remaining lower than the LoQ (0.0289 mg L™1).
The sorption results for 3 g of the bonechar were not presented, since it was not possible to
quantify them (Figure 3). In the control treatment (water + metribuzin only), the concen-
tration of the herbicide remained stable throughout the study, excluding the hypothesis
of metribuzin degradation. Bonechar is an excellent substitute for activated C due to its
higher production and lower activation costs [47]. This material showed the potential for
immobilization of different heavy metals in water [42,48-50] and herbicides in soil and
water [23,33,34,43]. The bonechar has the high potential in the sorption of metribuzin
when used in a powder form; however, it might have complications due to the difficulty in
handling the material, such as the removal of the matrix after the removal of the herbicide.
Another negative point is the change in the coloration of the water, becoming darker,
observed in this study when the pure powdered material was added. For the cellulose
acetate film with bonechar, no color change of the water was observed, and the filtration
step can be discarded (Figure 2).

Sorption isotherms were fitted using the Freundlich model to describe the sorption
of metribuzin on cellulose acetate and bonechar films, as indicated by the coefficients
of determination of the equations (R? = 0.98) (Figures 4 and 5). The Ks of sorption was
19.09 and 53.68 mg(l1=1/M L1/7 Kg=1 with additions of film with 2 and 3 g bonechar,
respectively. The degree of linearity (1/n) varied from 0.43 to 0.89, as the amount of bonechar
in the acetate film increased, classifying the sorption isotherm as type L (Table 3). The L-type
isotherms indicate that the sorption rate decreases as the herbicide concentrationincreases
[51]. Atlow concentrations of metribuzin, the material showed higher availability of sorption
sites, and at higher concentration, there was a reduction in the potential of the cellulose
acetate film with bonechar to sorb metribuzin.
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Figure 3. Sorption and desorption isotherms of metribuzin in pure bonechar powder (2 g) added
in water. The x-axis indicates the Ce concentration at equilibrium, and the y-axis indicates the Cs
concentration in the sorbent. Dotted lines show that no residues of the herbicide were detected (<limit
of quantification (LoQ)). One-hundred percent sorption and 0% desorption of the herbicide were
observed in the pure bonechar powder.

60

50 A

Sorption

1st and 2nd Desorption

10

Ce <LoQ (0.0289 mg L™

0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Ce (mgL™)

Figure 4. Sorption and desorption isotherms of metribuzin on cellulose acetate film and bonechar
(2 g) added to water. The continuous lines in color correspond to the isotherms, and the dotted ones
show that no residues of the herbicide were detected (<limit of quantification (LoQ)). The vertical
and horizontal bars represent the standard deviation of the means (1 = 3) of the Ce concentration at
equilibrium and the Cs concentration in the sorbent, respectively. Symbols can cover the bars.
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Figure 5. Sorption and desorption isotherms of metribuzin on the cellulose acetate film and the
bonechar (3 g) added to water. The continuous lines in color correspond to the isotherms and the
dotted ones show that no residues of the herbicide were detected (<limit of quantification (LoQ)).
The vertical and horizontal bars represent the standard deviation of the means (n = 3) of the Ce
concentration at equilibrium and the Cs concentration in the sorbent, respectively. Symbols can cover
the bars.

Table 3. Freundlich model isotherm sorption parameters and sorption coefficients (Kg.qpp) of
metribuzin on pure bonechar powder and on the cellulose acetate film with bonechar.

Metribuzin (mg L-1)

Ky
Carbonaceous material 1/n R2 025 033 0.5 L0 20
(mg[l—l/n) L1/n Ka-app
Kg1) (LKg1)
B"“e‘:har(gge powder <LoQa - . <LoQ <LoQ <LoQ <LoQ <LoQ
(%) sorbed - - - 100 100 100 100 100
Acetate film with 19.06 + 0.07 0.43 +0.03 0.995 52.01 +0.02 51.21 +0.03 58.21 + 0.03 18.58 + 0.04 14.33 £ 0.04

bonechar (2 g)

(%) sorbed - - - 40.95 +0.01 40.08 £ 0.05 43.70 £ 0.02 19.86 £ 0.03 16.04 £ 0.02

Acetate film with

53.68+0.05 0.89+0.02 0.992 78.92+0.03 75.05+0.04 74.43 +0.04 50.23+0.01 55.30+0.03
bonechar (3 g)

(%) sorbed - - - 67.95+0.01 60.01 +0.03 59.81+0.03 50.11+0.02 52.51+0.06

2 Limit of quantification. ® Mean value of each parameter ~standard deviation of the mean (1 = 3). (-) no data available.

The cellulose acetate film with bonechar showed an improvement in the sorption of
metribuzin, however compared to that of the pure material, which showed 100% sorption,
and the efficiency reduced to ~31% and 57% when adding 2 and 3 g of the bonechar, respec-
tively, which indicates that the use of more films or even a film with a higher concentration
of the carbonaceous material can improve the removal efficiency of metribuzin from water.

These results were confirmed by the Kaayp values of the sorption at the five concentrations
of metribuzin shown in Table 3. The acetate film with 2 g bonechar at the lowest concentra-
tions of metribuzin (0.25, 0.33, and 0.5 mg L 1) showed a sorptive capacity of ~40% and a K-
ap of ~55 L kg™l The sorptive capacity decreased to ~16% and the Kaiqp reduced to~16
L kg~1, as the concentration of metribuzin increased to 2 mg L™1. However, when 3 g of
bonechar were added, the average Ki.ay values were ~75 and 50 L kg~! for the lowest
(0.25, 0.33, and 0.5 mg L™1) and highest (1 and 2 mg L™1) concentrations of metribuzin,
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respectively (Table 3).

The removal of metribuzin from water with carbonaceous materials was analyzed in
different studies [29,52,53]. However, the materials used was in its granular form, which
provided greater sorption potential, as observed in this study by the use of bonechar
powder. The sorptive capacity of the bonechar is linked to the SSA properties (200 m? g=1),
C content (11%), and high Ca (18.3%) and P (8.5%) contents [33], which consequently
increase the capacity to immobilize potentially toxic compounds [54].

The nature of the carbonaceous material versus herbicide interactions can be exclu-
sively physical, chemical, or both and can result in the phenomenon of sorption. Physical
sorption refers to the surface binding process related to the pore size of the carbonaceous
material, and chemical sorption refers to binding forces involved, which operate in the
formation of compounds [55]. Studies have reported that sorption by bonechar is associ-
ated with surface properties (chemical sorption) and carbon content and porosity (physical
sorption) [33,34,42,46]. The sorption of metribuzin from aqueous solutions using magnetic
and non-magnetic grass biochar was related to hydrogen bonds, Coulomb, van der Waals
forces (physical sorption), and TT-TT interactions (chemical sorption) [56,57].

Bonechar powder had a high pH value (9.12), and it was observed that adding the
material to the herbicide-added water increased the pH from 6.8 to an average value of 7.8.
By adding bonechar to the cellulose acetate film, regardless of the application rate, the pH
increased to 7.3 (Table 4).

Table 4. Changes in pH of the water during the sorption and desorption study of metribuzin in the
water with bonechar.

Treatments Sorption 1st Desorption  2nd Desorption

(24 h) (120 h)
Water (with herbicide) 691 6.69 6.85
Bonechar pure powder (2 g) 8.72 8.59 7.87
Acetate film with bonechar (2 g) 7.14 7.22 7.39
Acetate film with bonechar (3 g) 7.72 7.25 7.02

Metribuzin is a strong acid (ionization constant, pKa = 1.3), and its sorption gradually
increases as the pH decreases towards the pKa of metribuzin, which assumes its protonated
(negatively charged) form [58]. The bonechar powder, despite changing the pH of the water,
showed the ability to sorb 100% of metribuzin, which implicates that the physicochemical
characteristics of the material provide high efficiency in the herbicide sorption. The acetate
film with bonechar promoted a small pH increase; however, that may have influenced the
sorption potential of the film, and further studies analyzing the pH change on the sorptive
capacity of the cellulose acetate film with bonechar are needed. Grass biochar and modified
(magnetic) grass biochar were analyzed to remove metribuzin from aqueous solutions [57].
These authors observed that low pH values (3-4) of the solution is beneficial for sorption of
metribuzin on biochars when compared to high pH values (7) of the solution.

The desorption isotherms were not fitted to the Freundlich model (Figures 4 and 5),
since it was not possible to detect the herbicide residues at the lowest concentrations (0.25
and 0.33 mg L™1), as it was lower than the LoQ. Therefore, the model was carried out only
from the Kai-pp of each concentration. The percentage desorbed of metribuzin was ~7% at 24
h (1st desorption) and reduced to ~2.5% at 120 h (2nd desorption) of stirring, regardlessof
the concentration of bonechar added to the acetate film (Table 5). At 24 h, the Ka-ap of
desorption was ~120 Lkg~! and increased to ~190 L kg~ at 120 h for the film with 2 g of the
bonechar. The film with 3 g of the bonechar showed a desorption Kaisp of ~350 L kg™1at
24 h. On the other hand, at 120 h, the Ki-pp of desorption varied from 223.2 to 854.4 L kg_l,
as the concentration of metribuzin increased from 0.5 to 2 mg L™1 (Table 5). The desorption
analyzed for 24 and 120 h at the metribuzin concentrations of 0.25 and 0.33 mg L~ were less
than the LoQ and less than the maximum residue limit (MRL) allowed for metribuzin in water
(0.025 mg L~1) [15], which demonstrates it availability for consumption. The highest
concentrations of metribuzin (1.0 and 2.0 mg L™1) presented greater desorption than the
permitted MRL for both desorption steps. However, the highest dose of the herbicide tested
in this study (2 mg L™1) represented the highest commercial dose recommended in the field
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for metribuzin (1920 g a.i. ha—1), being 80 times higher than the MRL, and possibly only traces
of the herbicide could be detected in the water. For the untreated surface and the ground
water at Primavera do Leste, Mato Grosso State (Midwestern Brazil), metribuzin was
detected at a maximum concentration of 0.00351 mg L~1 [14]. In Portugal, surface waters are

collected in river basins, and metribuzin is quantified at a concentration 0f0.056 mg L1
[59].

Table 5. Desorption coefficients (K.4pp) of metribuzin on pure bonechar powder and on cellulose
acetate film with bonechar at 24 and 120 h.

Metribuzin (mg L) Metribuzin (mg L)
Cﬁrlamzaﬁetius 0.25 0.33 05 1.0 2.0 025 033 05 1.0 2.0
ateria
Kiapy (L kg=')—1st Desorption (24 h) Kiapy (L kg=')—2nd Desorption (120 h)

Bonechar pure a

powder (2 g) <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ

(%) desorbed 0 0 0 0 0 0 0 0 0 0
Acetate film with b

bonechar (2 g) <LoQ <LoQ  113.65 £ 0.01 11154 +£0.04 13527 £ 0.04 <LoQ <LoQ 14585 002 19483 £0.01  230.87 % 0.04

(%) desorbed 0 0 7.50 % 0.08 7.09 % 0.05 7.47 £ 0.01 0 0 250 + 0.04 2.93 + 0.04 2.64 % 0.07

cetats gir“{},;"é’)“h <LoQ <LoQ  373.65 £ 0.04 30494 £ 0.04 38440 £ 003 <LoQ <LoQ 22325006 38440 £0.06  859.47 + 0.08

(%) desorbed

0

6.50 £ 0.07 7.05 £ 0.03 6.04 £ 0.05 0 0 2.20 £ 0.01 3.06 £ 0.04 2.55 £ 0.06

2 Limit of quantification. ® Mean value of each parameter sgandard deviation of the mean (n = 3). (-) no data
available.

The films showed sorption potential and low desorption at lower doses of metribuzin,
indicating that the greater the active surface area available for sorption of the herbicide,
the greater the ability of the sorbent to remove contaminants. Cellulose acetate reduced
the available surface area of the bonechar, which reduced the efficiency to ~31% and 57%
when adding 2 and 3 g of the bonechar, respectively. A similar result was observed for
cellulose acetate used to produce hybrid films with lamellar aluminum magnesium double
hydroxides (HDL) as a sorbent for P uptake [60]. HDL incorporated into cellulose acetate
had lower phosphate sorption values than HDL powder. The authors reported that a
decrease in the sorption potential of the film occurred due to the lower amount of HDLs
available for the sorption process.

Cellulose acetate is biodegradable, non-toxic and has the ability to absorb water [61],
which makes it potential for use in agriculture, to improve water retention, manufacture
of thin films on the surface of various materials. In addition, it has pharmaceutical and
biomedical applications as a coating material [62,63]. The biomaterial is biodegradable in soil
and can be especially useful in agricultural and horticultural applications [64].

The results are very relevant, when it comes to technologies for removing herbicides
from water, presenting high practicality and easy handling. However, despite the film’s
potential for sorption of metribuzin, its low cost and easy incorporation into cellulose
acetate, saturation of the sorptive surface may occur and reduce sorption efficiency when
compared to pure bonechar. Strategies should be studied in order to improve the sorption
potential of the acetate film with bonechar for higher doses of metribuzin. For example,
increasing the amount of the cellulose acetate film with bonechar or successive stages of
agitation of the film could contribute to a complete removal of the herbicide from the water.
The use of a cellulose acetate film with bonechar for lower doses (0.25, 0.33,and 0.5 mg L™1)
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11.

of metribuzin showed a high sorption capacity, and the adoption of the strategies mentioned
above can provide complete sorption of metribuzin from water.

4. Conclusions

The use of cellulose acetate for bonechar attachment has not yet been reported in the scientific
literature, being a technological innovation for herbicide removal from water. Pure bonechar
powder showed a high sorptive capacity for metribuzin at all concentrations tested.

The cellulose acetate film with bonechar presented the higher sorption potential for the lower
concentrations of metribuzin in drinking water. The bonechar added at the concentration of 2 and
3 g sorbed 40% and 60%, respectively, of the metribuzin at the concentrations of 0.25, 0.33, and
0.5 mg L., For both films, desorption was low, being 7% and 2.5% at 24 and 120 h, respectively.

The film becomes an efficient and easy-to-handle alternative for decontaminating con-
taminated aquatic environments and can be an alternative for water and sewage treatment
plants, as well as for use in spray tanks, washing personal protective equipment (PPE), and
household filters.
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GENERAL CONCLUSIONS

The results of this study demonstrated that sugarcane straw biochar has a direct
impact on the sorption, desorption, and degradation of metribuzin in the soil, which is
influenced by the application rate and pyrolysis temperature. However, it is important
to highlight that the behavior of metribuzin in the soil is influenced by the
physicochemical characteristics of the herbicide, soil, and biochar. This means that
under field conditions, the observed results in this study may vary.

Application rates of 1% and 1.5% of BC350, BC550, and BC750 showed a lower
impact on the sorption and desorption of metribuzin and can improve soil fertility by
providing phosphorus (P), potassium (K), magnesium (Mg), iron (Fe), and manganese
(Mn), as well as reducing potential acidity (H+Al) and increasing soil pH. Unlike
sorption and desorption, higher degradation of metribuzin was observed for biochars
produced at higher pyrolysis temperatures (BC550 and BC750) when added to the soil
at lower application rates (0.1% to 1.5%).

From an environmental remediation perspective, soil modified with BC750 has
a high potential to reduce the mobility and risks of environmental contamination of
metribuzin, as well as mitigate issues related to the herbicide's persistence in
subsequent crops. However, it is important to note that the sorption and degradation
of metribuzin increase while desorption decreases with higher application rates of
biochar, which may have a negative effect on the bioavailability of metribuzin in the soil
solution. In agronomic terms, this can impact the residual effect of metribuzin in the
soil and decrease its effectiveness in weed control.

When evaluating the efficiency of the cellulose acetate film with bone char, it
was found that this approach could become a viable alternative for the removal of
metribuzin from water. The addition of 2 g and 3 g of bone char sorbed 40% and 60%
of metribuzin, respectively, at concentrations of 0.25, 0.33, and 0.5 mg L. As for
desorption, a low rate was observed, with 7% in 24 hours and 2.5% in 120 hours for
both films. The use of cellulose acetate for bone char fixation has not been documented
in the scientific literature, representing a technological innovation for herbicide removal

from water.
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