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ABSTRACT

Around 30 to 90% of administered antibiotics are not fully metabolized and, therefore, pose risks to the quality of
groundwater. In this way, the objective was to understand the sorption behavior of SDZ and SMX, in sandy soil from the
Agreste of Pernambuco, to reduce the contamination of groundwater. For this, batch tests were carried out on soils
collected in Agreste Pernambuco in two extracts, one at 0 - 20 cm and the other at 20 - 40 cm deep, with and without the
addition of biochar. The results showed that the addition of biochar to the soil led to an increase in sorption of both SDZ

and SMX, reaching approximately 73 and 123 mg kg-1, in the case of soil from the 0 - 20 cm layer, respectively. In the

case of the 20 - 40 cm layer, SDZ sorption exceeded 102 mg kg1, while for SMX it exceeded 95 mg kg-1. Furthermore,
the reaction equilibrium times for SDZ and SMX were the same in the case of soils from the same layer, with or without
the addition of biochar however, in the case of SMX, these times were shorter (12h). It was also noted that at low pH
values (pH < 4) the sorption of the two antibiotics is greater, showing a dependence of sorption on the pH of the solution.
As aresult, it became clear that these antibiotics have high mobility, indicating an imminent risk of contamination of soil
surface, and groundwater.

Keywords: Antibiotics, Emerging Contaminants, Soil Remediation, Filter Layer

O Uso do Biochar na Reducéo da Contaminacéo de Solos do Agreste
Pernambucano por Sulfametoxazol e Sulfadiazina

RESUMO

Cerca de 30 a 90% dos antibidticos administrados ndo sdo totalmente metabolizados e por isso eles vem representando
riscos para a qualidade das aguas subterraneas. Deste modo, o objetivou-se compreender o comportamento da sor¢éo do
SDZ e SMX, em um solo arenoso do Agreste de Pernambuco, para reduzir a contaminagdo das aguas subterraneas. Para
isso, foram realizados ensaios em batch de solos coletados no Agreste pernambucano em dois extratos, um de 0 - 20 cm
e outro de 20 - 40 cm de profundidade, com e sem a adicdo de biochar. Os resultados mostraram que a adi¢do do biochar
ao solo propiciou um aumento na sorcao, tanto do SDZ quanto do SMX, chegando a aproximadamente 73 e 123 mg kg~
!, no caso do solo da camada de O - 20 cm, respectivamente. Ja no caso da camada de 20 - 40 c¢m, a sor¢do do SDZ
ultrapassou os 102 mg kg, enquanto que para 0 SMX ultrapassou os 95 mg kg*. Ademais, os tempos de equilibrio das
reacOes para 0 SDZ e SMX foram os mesmos no caso dos solos de mesma camada, com ou sem a adi¢do do biochar,
entretanto no caso do SMX estes tempos foram menores (12h). Também se notou que para valores de pH baixos (pH <
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4) a sorcao dos dois antibidticos € maior, mostrando uma dependéncia da sor¢ao com relagdo ao pH da solugdo. Com
isso, evidenciou-se que estes antibidticos possuem uma alta mobilidade, indicando um risco iminente de contaminagao

do solo e das aguas superficiais e subterraneas.

Palavras-chave: Antibiéticos, Contaminantes Emergentes, Remediagdo do Solo, Camada Filtrante.

Introduction

In addition to concerns about availability,
water quality has become an urgent issue
worldwide, particularly in semi-arid regions. The
use of anthropogenic chemicals, classified as
emerging pollutants, further aggravates this
problem, since they are not regulated and have a
potential impact on human and environmental
health (Gonzalez-Acevedo; Garcia-Zarate; Flores-
Lugo, 2019).

Emerging contaminants (ECs) are toxic
products that are not removed by conventional
water treatment processes. These include
endogenous and synthetic hormones,
contraceptives, antibiotics, anti-inflammatories,
insecticides, herbicides, and cleaning and personal
hygiene products (Empresa Basileira de Pesquisa
Agropecudria - EMBRAPA, 2018).

Antibiotics are becoming a global
concern as they are being found inappropriately in
the environment and can cause serious negative
impacts on human and ecological health (Cid et al.,
2020; Li et al.,, 2023). These drugs have been
widely used for the treatment and prevention of
diseases in animals and humans (Rodriguez-
Mozaz et al., 2015; Brooks et al., 2023). Once
administered, part of the dosages are not
completely metabolized and end up being
eliminated through urine and feces that makeup
manure (Zhang et al., 2019; Juela et al., 2021),
which is widely used as fertilizer in agricultural
soils. (Spielmeyer et al., 2020, Ibekwe et al., 2023).

Around 30 to 90% of these antibiotics are
not fully metabolized and therefore appear as
emerging contaminants that have been
disseminated into the environment through
fertilization or irrigation of soil, urban wastewater,
and sediments, posing risks to crops, ecosystems
soil and groundwater quality (Du & Liu, 2012;
Juela et al., 2021). According to Guo et al. (2014),
the excretion of these unmetabolized antibiotics in
the feces and urine of humans and animals is one
of the main sources of introduction of these
antibiotics into the aquatic ecosystem.

Due to this wide applicability, its high
efficiency and low production costs, the
Sulfonamides (SAs) are considered one of the
most widely used classes of antibiotics in human
and veterinary medicine (Zheng et al., 2013), and
have a high degree of ionization and mobility in
water and soil (Dong et al., 2021; Hu, Zhou & Luo,
2010; Kwon et al., 2011; Vithanage et al., 2015;

Zhang et al., 2017), sulfadiazine (SDZ) and
sulfamethoxazole (SMX) being representatives of
the class of SAs with higher concentrations in the
environment (Yan etal., 2013; He et al., 2019; Lyu
et al., 2020), reaching 91 mg kg! of SDZ
(Marténez-Carballo et al., 2007) and 1.1 ug L of
SMX in groundwater (Barnes et al., 2008).

The southern Agreste region of
Pernambuco is an important dairy basin in the state
and has great potential in the production of animal
manure as a by-product. However, when used to
fertilize sandy soils in this region, which have low
adsorption capacity, this by-product of dairy
farming can cause contamination of surface and
groundwater by unmetabolized antibiotics (Qi et
al., 2023). Therefore, it is necessary to create
mechanisms such as the use of filtering layers
(Biochar (BC), zero valence ions and zeolites) that
increase the retention of these pollutants in the soil
(Gupt et al., 2020; Budania & Dangayach, 2023;
Pradhan et al., 2023).

BC is a carbon-rich coal derived from the
pyrolysis of biomass, in anaerobic conditions or
where there is little oxygen (Beesley; Marmiroli,
2011; Cheng et al., 2019), which is used in
agriculture to increase soil fertility and create a
carbon sink to mitigate environmental pollution
from many compounds (Pandit et al., 2018;
Nguyen et al., 2023).

The temperatures used in pyrolysis can
vary from 200 to 1000 °C and burnings carried out
above 500 °C generate pyrolytic organic matter with
a highly aromatic and more stable carbon structure,
with a large specific surface area and high carbon
contents (depending on the type of organic matter),
ranging from 0.5 to 450 m? g?, giving it high
porosity and a high sorption capacity, especially of
compounds that are poorly soluble in water (Khan,
et al., 2013; Hansen et al., 2015; Brassard et al.,
2016; Pandit et al., 2018).

Furthermore, the use of BC as an
adsorbent material for contaminant removal has
been gaining immense interest in research, so that
it has also been used to increase the retention of
pharmaceuticals, microplastics, organic
contaminants and mitigate the problems caused by
climate change (Beesley e Marmiroli, 2011; Peiris
et al., 2017; Siipola et al., 2020; Gomes et al.,
2022; Blenis et al., 2023; Bousdra, Papadimou &
Golia, 2023), due to the low cost and adsorption
properties (Ahmad et al., 2014; Gomes et al.,
2022).

Although biochar has been used in many
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studies in recent years, there is still a certain gap in
how to apply it effectively to a particular
circumstance of environmental contamination
(Lap et al., 2021).

The application of BC can bring
significant changes in soil properties, altering its
structure, porosity, consistency, pore diameter,
particle size distribution, and density, due to a
larger specific surface area (Hansen et al., 2015;
Brassard, Godbout & Raghavan, 2016; Pandit et
al., 2018), contributing to a greater water retention
capacity in sandy soils (Carvalho & Santos, 2016),
in addition to the emergence of reactive sites
(Brady & Weil, 2008; Naidu & Birke, 2015).

Thus, several authors (Dong et al., 2021;
Gong et al., 2022; Chen et al., 2023; Zhang et al.,
2023) showed that SDZ and SMX can be found in
surface, subsurface and sewage treatment plants
and that BC can be used to remove these.
However, although there are many studies on the
removal of SAs in the literature, there is still a large
gap regarding the mechanisms of interaction
between BC and these antibiotics (Sen et al., 2023,;
Peiris et al., 2017). In this context, the objective
was to understand the sorption behavior of
antibiotics, SDZ and SMX, in sandy soil in Agreste
of Pernambuco, to reduce the contamination of
groundwater and surface waters.

Materials and methods

Study drea

The study area is located in the
municipality of S8o Jodo, belonging to the
microregion of Garanhuns, within the southern
Agreste mesoregion of the state of Pernambuco

(Figure 1). Garanhuns has an area of 485 thousand
kmz2 and throughout its development in the 20th
century, it went through two major cycles, the first
being related to the development of coffee
production and the second, and more recent, to
dairy production (Chaves, 2023).

Garanhuns is responsible for a large
portion of dairy production in the state of
Pernambuco, having been responsible for the
production of more than 2 million liters per day
(Silva et al., 2019).

Soil characterization

The deformed soil samples were
collected in two distinct layers (0 - 20 and 20 -
40 cm) within the same soil profile.
Subsequently, in the laboratory, the samples
were air-dried, crumbled and then the soil was
sieved using a mesh with 2 mm internodes to
be used in batch tests. The most superficial
layer of the soil (0 - 20 cm) has a granulometric
composition that is mainly sandy, with
77.08%, 9.37% clay, and 13.55% silt, being
classified as sandy loam. The second soil layer
(20 - 40 cm) also has a mostly sandy layer,
containing an even higher percentage of sand
than the previous layer (81.47%), while the
percentage of clay is 4.69% and that of silt was
13.84%, being classified as loam sand.
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Figure 1. Municipality where soil collections were carried out.

Biochar

To carry out the laboratory tests, the
biochar used was produced from coffee husks,
from an agribusiness in Garanhuns and supplied
by Lima et al. (2018). This raw material was
subjected to 530 °C for 10 - 12 h in low amounts
of oxygen. The material produced was then
analyzed and its physical-chemical
characteristics are pH = 10.31, specific surface
area = 244 mz2 g, carbon = 67.11%, nitrogen =
2.05%, and cation exchange capacity 22.54
(Lima et al., 2018). In this study, samples
containing soil plus biochar had a mass ratio
(M:M) of 5%.

Antibiotics

Sulfadiazine (SDz) and
Sulfamethoxazole (SMX) are two antibiotics from
the sulfonamide class and have molar masses equal
to 250.28 e 253.28 g mol-L, respectively. SDZ has
a melting point of 526 K, a density of 1.4703 g cm-
3, and is soluble in water at 310 K, a Log Kow = -
0.09 and acidity constants equal to pKa = 2.0 and
PKa2 = 6.4. SMX has a melting point between
439 and 442 K, a Log Kow = 0.89, a pKa1 = 1.6,
and a pKaz = 5.7 (Santos et al., 2011). Both are
ionizable molecules and, according to the United
Nations (UN), they are substances that pose a risk
to the environment. Both SDZ and SMX were
purchased from Sigma-Aldrich in their pure form
or analytical standard.

Sorption kinetics of SDZ and SMX

Sorption Kinetics were evaluated at a
concentration of 104 M for both SDZ and SMX
compounds. The ratios used were: soil-solution of
1:10 (5 g of soil for 50 ml of antibiotic solution in
guestion) and biochar-soil-solution of 1:20:200
(0.25 g of biochar for 5 g of soil and 50 ml of
antibiotic solution).

The amber glass bottles, 50 ml each, were
placed on a shaking table at 200 rpm and the
aqueous solutions were removed at times 0; 0.5; 1;
2;3;4;5;6; 8; 10; 12; 24; 36; 48; 60 and 72 h and
2 ml aliquots were collected. After shaking, the
supernatant was filtered using a 0.22 pm PVDF
filter (polyvinylidene fluoride) and a cellulose
acetate filter membrane with 0.45 pm porosity and
then centrifuged at 10,000 rpm for 10 min. This
entire process was carried out in triplicate.

Antibiotic  supernatant concentrations

were determined by high-performance liquid
chromatography (HPLC) using a Waters
chromatograph, model ArcHPLC, with a diode
array detector (PDA-2998) and a 150 mm XSlect
(Waters) C18 column long, 4.6 mm in diameter
and 5 pum thick stationary phase film.

The mobile phase used to carry the samples
containing SDZ was composed of 0.5% formic
acid, 35% methanol, and 64.5% water, operating
with the following chromatographic condition:
Flow rate of 1 ml mint and 265 nm as ultraviolet
detection length. For SMX, the assembled mobile
phase had the following composition: 60% water,
20% methanol, and 20% acetonitrile, with the pH
of the water adjusted to 3 with formic acid,
operating at the same flow rate as SDZ and with
length 267 nm ultraviolet detection. The injected
volume of each sample was 20 pl.

Sorption isotherm of SDZ and SMX

For the sorption isotherm, the same soil-
solution and biochar-soil-solution kinetic
relationships were used, with the following
antibiotic concentrations: 10-3; 5x104; 3x104; 10-
4,7.5x10-5; 5x105; 10 M. Samples were prepared
in triplicate, having been shaken for 48 h for SDZ
and 24 h for SMX. Both on a shaking table at 200
rpm. The supernatant was filtered, centrifuged at
10,000 rpm for 10 minutes, and analyzed by
HPLC. The amount of antibiotics absorbed was
determined by Equation 1:

S =(Cy—C,).FD (1)

where S represents the amount of antibiotic sorbed
by the soil or soil with biochar (mg kg-), Co the
concentration of antibiotic in the solution placed
in contact with the soil or soil with biochar (mg L-
1), C. is the concentration of antibiotic in the
solution after the equilibrium time (mg L) and
FD the dilution factor taking into account the
solution:soil ratio (FD = 50/5 = 10).

Modeling the sorption of SDZ and SMX

The sorption process can be understood as
the partition of a chemical substance between the
liqguid and solid phases of the soil. Sorption
modeling was centered around the concept of
adsorption isotherm which consisted of the
relationship between the concentration of the
antibiotic in solution after equilibrium (Ce) and the
concentration adsorbed in the soil or soil with
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biochar (S). There are several models for this
relationship, the most frequently used one being
the linear one, Equation 2.

S =K,C (2)

Where Ky represents the distribution
coefficient (L3 M-1) and depends mainly on the
organic matter content. The sorption Kinetics can
be represented mathematically by the First and
Second-order models, as shown in Equations 3
and 4, respectively:

ky
log(Ser — S¢) =log Seq — mt 3
t—1+1t ks = k,S2 4
St_ks S, com Ky = Kp062

where Se1 represents the sorption capacity at
equilibrium (mg kg?), St is the sorption capacity
over time (mg kg 1), ki is the First-order sorption
constant (h?), Se; is the sorption capacity in
equilibrium for the Second-order model (mg kg?),
k. the Second-order sorption constant (kg mg™ h?)
and ks the initial sorption (mg kg™* h?).

Results and discussion

The kinetics of SAs determine the time at
which sorption equilibrium is reached during batch
tests. In Figure 2, there are the results of the sorption
kinetics for the two antibiotics analyzed and the
adjustments with the Second-order kinetic model for
layers 1 (0 - 20 cm) and 2 (20 - 40 cm) of the soil
with and without the addition of biochar.

The initial phase of sorption of the two
contaminants by the soil and the composition
between soil and biochar was similar for all cases,
except for the 20 - 40 cm layer of the SDZ where
the combination of soil and biochar showed a much
higher sorption, reaching twice the sorption
presented by soil alone.

Furthermore, it is observed that for the O-
20 cm layer, the balance between the
concentration of SDZ in solution and that adsorbed
in the soil without biochar was reached after 36
hours of testing, with the soil without biochar
having adsorbed an amount of SDZ of 70.62 mg kg-
1. In cases where the bottles contained soil and
biochar, the equilibrium between the concentration
of SDZ in solution and that adsorbed occurred 24
hours after the start of the test, with the soil with
biochar adsorbing a slightly higher amount of SDZ
(73.02 mg kg1), corroborating the results found by
He et al. (2019), who, when studying the adsorption

capacity of the outermost layer of three soils from
the intrusion of biochar made from rice straw, noted
increases of up to 71% in the sorption of
sulfadiazine. The initial sorption rates (ks) for SDZ
were 9.52 and 19.34 mg kg h- for the soil without
and with biochar, respectively.

For the 20 - 40 cm layer of the SDZ, the
balance between this contaminant and the soil
containing biochar was reached after 12 h of
contact, with the soil with biochar adsorbing an
amount equivalent to 102.20 mg kg-L. For the soil
situation without biochar, the balance between SDZ
in solution and that adsorbed in the soil without the
addition of biochar was also reached after 12 h of
contact, but the amount adsorbed was 58.08 mg kg-
1, 0r 43.17% lower.

Regarding SMX, the initial sorption phase
was similar for both cases and the two depths
studied. It is observed that in the O - 20 cm layer, the
balance between the SMX in solution and the
adsorbed in the soil without biochar was obtained
after 12 h of contact between the soil without
biochar and the solution, with the latter adsorbing
92.34 mg kgt of SMX. For the soil with biochar, at
the same depth, equilibrium was also reached after
12 h of contact, however, the soil with biochar
adsorbed 123.50 mg kg- of SMX, which represents
an approximate increase of 34% in sorption.

In the 20 - 40 cm layer, it was observed that
the balance of SMX in solution and the adsorbed in
the soil without biochar was reached after 8 h of
contact, with the soil without biochar adsorbing an
amount of SMX equivalent to 81.51 mg kg-. For the
condition in which the soil contains biochar, this
balance was also reached after 8h, but the amount
adsorbed was higher, reaching 95.06 mg kg of
SMX.

Tan et al. (2022) also showed that biochar,
produced from microalgae biomass
(Chlamydomonas sp.), was capable of removing up
to 287 mg g of SMX present in water. Other
authors such as Huang et al. (2020), showed that
ground biochar was able to remove 33.4 to 83.3%
of the SMX present in wastewater, depending on the
pyrolysis temperature (300, 450, and 600 °C) and
the organic matter used (bamboo and its bagasse).
Furthermore, these authors also showed that the
time elapsed from the test until reaching balance
varied between 8to 12 hours, corroborating the
time in which balances were obtained in the present
study. However, unlike what was observed by Bai
etal. (2023) the sorption of SDZ by the combination
of soil and biochar was greater than that of SMX.

The start of the sorption process is rapid, as
the soil surface has a large number of sorption sites
available to which pollutants can be adsorbed
quickly due to Van der Waals forces, hydrogen
bonds, and dipole forces (Delle, 2001; Pan, 2020;
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Bai et al., 2023). Over time, the number of sorption
sites on the surface of the particles is reduced and
consequently, the force of attraction between the
soil and pollutants decreases, causing sorption to be

slow and continuous until reaching equilibrium
(Wang et al., 2019; Rassaei, 2023).
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Figure 2. Sorption kinetics for the layer (A) 0 - 20 cm (SDZ), (B) 0 - 20 cm (SMX), (C) 20 - 40 cm (SDZ2)
and 20 - 40 cm (SMX).

Similarly, for biochar, the beginning of the
adsorption process occurs quickly due to the
abundance of active sites in the BC molecules.
Over time, adsorption tends to become slower until
it reaches equilibrium due to the decrease in free
adsorption sites and the increase in electrostatic
repulsions between the SA molecules adsorbed by
the BC and the SA molecules contained in the
solution (Ren et al., 2018; Zhang et al., 2020b).

When modeling sorption Kkinetics, the
amount of antibiotic sorbed (S¢) was greater in the
surface layers of the soil with the presence of
biochar, Table 1, due to the greater supply of
organic matter, as stated by Thiele-Bruhn & Aust
(2004) and Cui et al. (2023), who noted an
improvement in the sorption of sulfonamides due
to the high affinity between antibiotic molecules
and organic carbon. This fact was observed for
both models, first and Second-order (Sex and Sey).

This is also due to the fact that the 0 - 20
cm layer has a greater specific surface area due to
its granulometric composition, which has more silt
and clay than the lower layer (20 - 40 cm), as well
as the biochar itself, which also has a high surface
area (244 m2 g-1) (Dong et al., 2023; Silva, 2023).

These results of the sorption capacities of
the Second-order model (Se2) are similar to the data
observed during the experiments, which justifies
high values of the coefficient of determination

for these models (R2 above 0.9366). In the case of
the first-order model, it is noted that the sorption
capacities (Se1) are very different from those

observed experimentally, thus resulting in lower
R2, Table 1.

Furthermore, the Se: values show that soil
sorption is greater than that of soil added with
biochar, that is, the results observed and modeled
with the first order describe opposite scenarios.
Thus, the observed data show an increase in
sorption when biochar is present in the soil, while
the values obtained with first-order modeling show
that the presence of biochar reduces the sorption of
SDZ and SMX in both layers (0 - 20 and 20 - 40
cm).

Therefore, the Second-order kinetic model
presented a better fit to the experimental data, since
the determination coefficients were greater than
0.9366, while the First-order ones were lower than
the Second-order ones in all conditions analyzed
(with and without biochar and in both soil layers).
However, comparisons between the R2 values for
each condition showed that the determination
coefficients of the Second-order model were always
higher than the First-order ones, reaching a
difference of up to 0.2461. This means that
chemisorption was the main factor limiting the
speed of the reaction, since the sorption capacity is
directly related to the number of active sites present
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on the soil surface with and without the addition of
biochar (Fernandez- Calvifio et al., 2015; Rath et al.,
2019; Gao et al., 2023).

Table 1 — Values of equilibrium sorption capacities, Se1 and Se; the sorption constants, ki and
k2; and the coefficients of determination, R2, for the First and Second-order models

Antibiotics Soils (S;C;Lpatéiotg Sorption Rate Determination coefficient
First-order kinetics log(S.; — S;) = logS,; — %
Sealmgkg'l  ky[kg mg'h'] R?
SDZ No biochar 64.62 0.0573 0.9661
(0-20cm)  With biochar 55.51 0.0730 0.9709
Sbz No biochar 20.45 0.0440 0.9432
(20 - 40 cm) With biochar 16.70 0.2536 0.8590
SMX No biochar 75.98 0.7646 0.7562
(0-20 cm) With biochar 54.16 0.6103 0.7337
SMX No biochar 74.06 0.0670 0.8552
(20 - 40 cm) With biochar 30.71 0.1407 0.7704
Second-order kinetics kg = k,S2%
Sez[mg kg''] ka[kg mg' h'] R?
SDZ No biochar 84.034 0.0011 0.9734
(0-20cm) With biochar 100.00 0.0010 0.9843
SpDZ No biochar 64.516 0.0116 0.9997
(20 - 40 cm) With biochar 96.154 0.0492 0.9982
SMX No biochar 96.154 0.0024 0.9879
(0-20 cm) With biochar 128.21 0.0035 0.9798
SMX No biochar 91.743 0.0025 0.9541
(20 - 40 cm) With biochar 99.010 0.0031 0.9366

The study of antibiotic sorption isotherms
helps to estimate the risk of contamination of
groundwater. The isotherms represent the amount
of contaminant (antibiotic) sorbed per unit mass of
soils with and without the presence of biochar as a
function of the equilibrium concentration
(Bernardino et al., 2023). The observed data,
arising from the tests, were adjusted using the
Linear model and the distribution and
determination  coefficients (Kq¢ and R?
respectively) are present in Table 2, as well as the
sorption isotherms for the two contaminants, SMX
and SDZ, and the two soil layers studied in Figure
3.

The Kg, values, obtained by the linear
regression model, ranged from 0.9851 to 5.8480 |
kg-1. He et al. (2019), when studying the adsorption
of SDZ by biochar made from rice straw,

obtained similar Kq values, reaching 4.07 | kg-,
showing that the values obtained in the present
study are following what has been evidenced by
other researchers. The values of the coefficients of
the determination indicate that the linear model
suited the sorption of the two sulfonamides
studied well, since for low concentrations of
solute the isotherm tends to be linear (Delle, 2001).
In the literature, there are many studies in which a
linear model was used to describe the sorption of
sulfonamides (Gao & Pedersen, 2010; Yang et al.,
2011; Doretto & Rath, 2013; Zheng et al., 2013;
Conde-Cid et al., 2020) and for these cases, the K4
values were relevant in representing the sorption of
these contaminants.
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Table 2 — Distribution coefficients (Kq) of linear sorption isotherms
Determination coefficient

Antibiotic and layer Soil Ka[l kgt RY)
SDz No biochar 3.7650 0.9883
(0-20cm) With biochar 0.9851 0.8261
SDz No biochar 5.8480 0.9795
(20 - 40 cm) With biochar 1.0071 0.6809
SMX No biochar 1.5133 0.9825
(0-20cm) With biochar 2.1572 0.9779
SMX No biochar 1.3064 0.9467
(20 - 40 cm) Com biochar 3,0008 0,9951
1600 (A) 1200 (B)
1400 °N9 BioF:har 1000 * With Biochar y=2,1572x
1200 # With Biochar o No Biochar R*=0,9779
oo | e i:meaf %‘?tﬁig‘?haﬁ) = 800 | —— Linear (With Biochar)
= 3.765» e L 10€AL (W1 iochar . . .
g P; (L‘Jhs‘.‘\,' ( ) -__; - ---- Linear (No Biochar)
2400 . £ 600 o
- o -
@ 600 o" 400 y=1.5133x
g R* = 0,9825
400 A
4 y =09851x I
w00 | . R*=0.8261 50
0 o -
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C (mg/L) C (mg/L)
1600 (C) 1200 #With Biochar (D)
1400 - o &No Bioct oNo Biochar
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Figure 3. Sorption isotherm of sulfadiazine and sulfamethoxazole for the soil layers studied: (A) 0 - 20 cm
(SD2), (B) 0 - 20 cm (SMX), (C) 20 - 40 cm (SDZ), and (D) 20 - 40 cm (SMX).
withdrawal by the sulfonamide group of the

Sorption as a function of pH molecule (Peiris et al., 2017). Amino functional
The aromatic rings of sulfonamides groups can donate a pair of electrons from the
become strong electron acceptors due to electron Nitrogen atom to the aromatic rings, also behaving
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as electron acceptors (Ahmed et al., 2017). This
ability to accept electrons by sulfonamides
becomes even stronger at low pH values, due to the
protonation of the amine groups and the N-

heteroaromatic ring (Wijnja, Pignatello &
Malekani, 2004).

Sulfadiazine and sulfamethoxazole
molecules have amine groups that are ionizable in
aqueous solution, when there are variations in pH,
and can be configured into species with positive,
neutral, and negative charges (He et al., 2019;
Zhao et al., 2022). According to Peiris et al.
(2017), distribution coefficients and adsorption
capacities vary significantly when pH changes
occur. Under natural pH conditions, sulfonamides
have an acidic character and with a decrease in pH
values, there is an increase in Kd values due to
the neutralization of their molecules (Thiele-Bruhn
& Aust, 2004).

For SMX, the greatest sorption occurred
when the solution had a neutral pH, for values
between three and four. The sorption potential was
higher for the soil with biochar, being 195.61 mg
kg-! for the 0 - 20 cm layer and 187.75 mg kg-! for
the 20 - 40 cm layer, with a pH of 3.73. For the
soil without biochar, the sorption was 141.15 mg
kgt in the first layer and 111.66 mg kg in the
second. The largest amount of SMX sorbed was
in the 0 - 20 cm layer, which can be justified by
the greater supply of organic matter on the surface,
which contributes to increased sorption, due to the
affinity of SMX molecules with natural carbon of
organic matter and the greater contribution of fine
materials (such as silt and clay), which favors the
specific surface area and, consequently, a greater
guantity of active sites (Isak & Xhaxhiu, 2023), as
well as what occurs with the addition of biochar

(Jiang et al., 2023).

Zheng et al. (2013) and Huang et al. (2020)
also observed maximum sorption of SMX when
the pH of the solution was between three and four,
thanks to electron donor-acceptor (EDA)
interactions, as when SMX is in its neutral form it
presents strong electron acceptance properties due
to the molecule's deficient aromatic rings (Peiris et
al., 2017).

Meanwhile, Ahmed et al. (2017) and
Zhao et al. (2022) observed a low sorption
capacity of SMX on BC at low pH values (pH <
1.6) due to the electrostatic repulsions that occur
between the positive surfaces of SMX (SMX™*)
and BC. Furthermore, as the pH increases, the
percentage of SMX" also increases and, as a
consequence, there is a reduction in the
adsorption of the antibiotic by BC due to
electrostatic repulsions between molecules with
negative charges (Li et al., 2015; Zhang et al.,
2020a).

Regarding SDZ, both in the first and
second layers (0 - 20 and 20 - 40 cm), the greatest
sorption occurred at pH values < 2.1, which is
when the compound is positively charged,
indicating attraction to the particles negative results
from soil and/or biochar, as was also observed by
He et al. (2020), where the sorption of sulfadiazine
was greater at low pH values, peaking between 2.0
and 2.5. As in SMX, SDZ sorption was also greater
for the soil that contained biochar, with 384.71 mg
kg for the 0 - 20 cm layer and 369.48 mg kg™ for
the 20 - 40 cm layer for a pH of 1.35. In the case of
soil without biochar, the sorption was 271.53 mg
kg? and 231.18 mg kg or the first and second
layers, respectively, Figure 4.
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Figure 4. Sorption as a function of pH for (A) 0 - 20 cm (SD2), (B) 0 - 20 cm (SMX), (C) 20 - 40 cm
(SDZ) and 20 - 40 cm (SMX).

The fact that the amount of SDZ sorbed
was greater for the 0 - 20 cm layer is also justified
by the supply of organic matter on the surface,
since it generally contains negative charges linked
to carboxylic and phenolic functional groups,
which favor the removal of pharmaceuticals in the
soil (Park et al, 2018). Comparing the two
antibiotics, sorption to SDZ was higher compared
to SMX for all soil layers, probably due to greater
acceptance of electrons by the positively charged
molecules of SDZ than the neutral species of SMX.

Furthermore, for pH values close to
neutral, the sorption of SDZ was approximately six
times greater than that of SMX, this is because for
pH = 6.8 + 0.2 more than 94% of SMX molecules
present negative charges, while that those from
SDZ are neutral (Zhang et al., 2020b), with neutral
molecules being more easily absorbed by biochar
than negatively charged (Lian et al., 2015).

Conclusion

Knowing the sorption of sulfadiazine and
sulfamethoxazole in the soil with and without the
presence of biochar is of great importance to

determine the potential mobility and retention of
these antibiotics in the soil to estimate the potential
risk of contamination of groundwater.

For the studied soil profile, equilibrium
was reached after 36 and 24 hours of interaction
between the SDZ and the soil in the 0 - 20 cm layer
without and with biochar, while for the second
layer, equilibrium was reached after 12 hours of
interaction in both cases. Regarding SMX,
equilibrium was reached after 12 hours of
interaction between SMX and the soil in the first
layer without and with biochar, and in the second
layer (20 - 40 cm) the time was 8 hours. The
Second-order kinetics model was the most
appropriate to represent the sorption of the two
antibiotics in all soil layers without and with the
presence of biochar.

For the sorption isotherms, the linear
model was well suited, with distribution
coefficients ranging from 0.9851 to 5.8480 | Kg?,
with adequate R? values.

The sorption of antibiotics in the soil and
the soil with biochar was greatly influenced by the
pH variation, with maximum sorption of SMX with
pH values between three and four and SDZ with
values below 2,1. Furthermore, the low values of
sorption coefficients found indicate the high
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mobility of these antibiotics, with a risk of
contamination of surface and groundwater.
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