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In this research, the adsorption/desorption of the antibiotics doxycycline (DC), enrofloxacin (ENR), and sulfa-
methoxypyradazine (SMP) was studied in 6 agricultural soils with predominance of variable charge, both before
and after removing organic matter by calcination. DC adsorption was high at acidic pH, and decreased at pH

ggzb?zie values above 8. Removal of organic matter with calcination caused just a slight decrease in adsorption, and even
EnrgﬂZxacin in some soils adsorption was similar to that in non-calcined samples. The adsorption coefficients (Kq) were higher

for the DC™ species compared to DC*, DC® and DC?~. Regarding DC desorption, the values were very low
throughout the pH range covered in the study (2-12), both in the calcined samples and in those not subjected to
calcination. ENR showed a similar behavior to DC regarding the effect of pH, since ENR adsorption also
decreased at basic pH, but the effect of removing organic matter was different, as it caused a clear decrease in
ENR adsorption. The species with the highest K4 was in this case ENRC, although ENR" is also quantitatively
important as regards Kq value in calcined samples. For this antibiotic, no differences in desorption were observed
between calcined and non-calcined samples. Finally, SMP adsorption also decreased as pH increased, and, in
addition, similarly to what happened with ENR, in general, there was a strong decrease in SMP adsorption when
organic matter was removed. The species with the highest K4 in this case was SMP" in non-calcined samples, but
SMP° and SMP~ become more relevant in calcined samples. The percentages of SMP desorption were higher than
those for the other two antibiotics, and an increase occurs at intermediate pH values, being higher for calcined
samples. These results can be considered relevant in terms of increasing the knowledge as regards the possible
evolution and fate of the three antibiotics studied. Specifically, for different pH conditions and with different
organic matter contents, when they reach soils and other environmental compartments after being discharged as
contaminants. This could have important repercussions on public health and the overall environment.

Sulfamethoxypyridazine

1. Introduction

Agricultural soils are increasingly receiving the spreading of
emerging contaminants, such as antibiotics, which can generate envi-
ronmental or public health problems (Du and Liu, 2012; Santas-Miguel
et al., 2020). Veterinary antibiotics enter the soil through the applica-
tion of manure and other organic fertilizers (Kuppusamy et al., 2018;
Conde-Cid et al., 2020), whereas those used in human medicine reach
soils mainly through wastewater and sewage sludge (Verlicchi and
Zambello, 2015; Yang et al., 2016). In fact, increasing concentrations of
antibiotics have been detected in the last two decades both in sewage
sludge and water (Batt and Aga, 2005; Carballa et al., 2008) and in
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manures/slurries (Martinez-Carballo et al., 2007; Conde-Cid et al.,
2018). As a consequence, these antibiotics are also increasingly detected
in soils that receive this kind of residues or amendments (Marti-
nez-Carballo et al., 2007; Kemper, 2008).

Once the spread antibiotics reach soils, the interaction with soil
components will determine their fate, in the sense of promoting their
retention in soil colloids or, on the contrary, facilitating their transport
to surface, sub-surface or groundwater if the retention/removal after
interacting with soil components is scarce (Lopez-Periago et al., 2002;
Ntnez-Delgado et al., 2002; Xie et al., 2018). The purifying/buffer ca-
pacity of soils depends not only on physical aspects (such as the size and
distribution of pores), but also on the physicochemical characteristics of
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Table 1
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Main physicochemical properties of the three antibiotics used in the study. DC: doxycycline; ENR: enrofloxacin; SMP: sulfamethoxypyridazine; MW: molecular weight;

WS: water solubility; K,y: octanol/water partition coefficient.

Antibiotic Family Chemical formula MW (g mol ™) WS (mg L) Log Kow pKa

DC Tetracyclines Cg2H24N20g 444.44" 630" —0.02% 3.0-7.97-9.15"
ENR Fluoroquinolones C19H25FN303 359.5¢ 63° 1.1¢ 6.3-8.3¢

SMP Sulfonamides C11H12N403S8 280.3¢ 147° 0.32¢ 2.2-7.2°

2 Chen et al. (2015).

b Babi¢ et al. (2007).

¢ Gao et al. (2019).

4 Riaz et al. (2018).

¢ Martinez-Mejia et al. (2017).

its components, both inorganic and organic, in particular, on its surface
charge properties (Gathuka et al., 2021; Kim et al., 2018). In soils with a
predominance of variable charge, which are those that present 1:1 clays,
such as kaolinite, as well as Fe and Al oxides, or those containing sig-
nificant amounts of organic matter, their attenuation/buffer capacity is
conditioned by management aspects. These are especially those related
to management of pH through liming, or due to the use of fertilizers with
the ability to modify soil acidity (He et al., 2021; Oliver et al., 2019). It
should be noted that in surface horizons with abundant organic matter,
as is the case of most soils in NW of Spain, an important part of their
surface charge is due to organic matter. This is a result of the dissociation
of some of the functional groups present in organic compounds, with
negative charges increasing as the pH rises (Carstens et al., 2021;
Choppala et al., 2018). Furthermore, pH also affects the speciation of
antibiotic molecules (protonation or deprotonation of ionizable com-
pounds) and these different antibiotic species may have different
adsorption characteristics (Laak et al., 2006; Anskjeer et al., 2014).

The influence of organic matter on the retention/release of antibi-
otics reaching soils as pollutants can be studied by establishing relations
with the antibiotic adsorption capacity (Zhang et al., 2010; Conde-Cid
et al., 2019a). But, also, through the addition of humic substances to
soils or clays, or by focusing on the humic substances themselves (Zhao
et al,, 2011b; Yang et al., 2012). Another final option could be by
removing organic matter (which can be done by calcination, Alvar-
ez-Esmoris et al., 2021a, 2021b), the method that has been less studied.

On the other hand, the characteristics of the antibiotics themselves
also have a great influence on the possible interactions with soil com-
ponents, making necessary to carry out specific studies for antibiotics of
different classes (Cela-Dablanca et al., 2022; Franklin et al., 2022).

In view of the above background, this research was designed to study
the adsorption capacity of three antibiotics in 6 soils with different
organic matter contents (calcined or not), depending on the pH. These
three antibiotics belong to different families, and specifically they are
doxycycline (DC) which belongs to the tetracycline group and shows
high adsorption and low desorption by soils (Zhu et al., 2015; Alvar-
ez-Esmoris et al., 2020), enrofloxacin (ENR), which belongs to the flu-
oroquinolone group and which has a medium-high adsorption capacity
by soils (Riaz et al., 2018; Alvarez-Esmoris et al., 2020), and sulfame-
thoxypyridazine (SMP) which belongs to the sulfonamide group and that
presents a lower adsorption capacity by soils compared to the previous
ones (Pereira-Leal et al., 2013; Alvarez-Esmoris et al., 2020). The in-
fluence of pH and organic matter on desorption is also taken into ac-
count, which is a less studied process but no less important from an
environmental point of view.

2. Material and methods
2.1. Soil sampling and soil characteristics
To carry out this study, 6 agricultural surface (0-20 cm depth) soil

samples (numbered from 1 to 6) were used, four of them being culti-
vated with potatoes (soils 1 to 4) and two dedicated to vineyard (soils 5

and 6). The parent material was granite in all cases except for soil 1, in
which it was a mixture of granite and schist. These same 6 soils were
used in a previous study (Alvarez-Esmoris et al., 2021a, 2021b), in
which the characteristics related to sampling, the pretreatment of the
samples and the analysis methods to which they were subjected were
presented. These soil samples (not subject to calcination) will be referred
to throughout the text as untreated soils.

The results of the analyzed parameters (Table S1, Supplementary
Material) indicate that the values of pH in water of these untreated soils
range between 4.2 and 7.0, decreasing to 3.4-6.7 for pH in KCl; the C
contents range between 0.3 and 10.9%, and the effective cation ex-
change capacity varies between 3.31 and 27.70 cmol(c) kg~ . Three of
the soils are sandy loam (soils 3, 5 and 6) and the other 3 are sandy clay
loam (soils 1, 2 and 4).

Samples of the 6 soils were subjected to calcination at 450 °C for 2 h,
resulting in organic matter contents <0.1% in all cases. In addition,
some other modifications took place affecting to the rest of the param-
eters analyzed in these soil samples. It has been evidenced that calcining
at 450 °C causes small changes in the mineralogy of the phyllosilicates,
resulting in the disappearance of illite-vermiculite, as well as illite-
vermiculite interlayers (Table S1, Supplementary Material;, Alvar-
ez-Esmoris et al., 2021a, 2021b).

2.2. Electro-kinetic determinations

Electro-kinetic measurements were carried out using an electro-
phoretic apparatus (Zetasizer Nanoseries 3600 micro-electrophoresis
Malvern Instruments, Malvern, UK), with results expressed as Z-poten-
tial values. The clay fraction was extracted by sedimentation applying
Stokes’ law (Tan, 1996) without removal of organic matter in
non-calcined samples. Subsequently, the clay fraction was dried at 40 °C
and stored in plastic tubs until later use. To do this, aliquots of 100 mg of
the clay fraction of the samples were individually (for each soil sample)
suspended in 30 mL 0.01 M NaNOsg, prepared at the desired pH in the
range 2-12 by adding HNO3 or NaOH. The samples were shaken for 1 h
and subsequently a 10 mL sample was pipetted out, diluted and the
determination procedure was run. Ten replicate runs were performed for
each sample of clay fraction.

2.3. Chemical reagents

The antibiotics used were from Sigma-Aldrich (Buchs, Switzerland):
Doxycycline (DC), with purity >95.0%, Enrofloxacin (ENR), with purity
>98.0%, and sulfamethoxypyradazine (SMP), with purity >98.0%.
Table 1 shows the main chemical characteristics of the three antibiotics.
All the reagents used for the quantification of the antibiotics by HPLC
(acetonitrile, phosphoric acid, oxalic acid and triethanolamine) were of
high purity analytical grade, supplied by Panreac (Barcelona, Spain) and
by Fisher Scientific (Madrid, Spain). All solutions were prepared with
Milli-Q water (Millipore, Madrid, Spain).
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Fig. 1. Graphs showing Zeta-potential values versus pH for the clay materials extracted from the various untreated and calcined soil samples. a) Soil 1 untreated; b)
Soil 1 calcined; ¢) Soil 2 untreated; d) Soil 2 calcined; e) Soil 3 untreated; f) Soil 3 calcined; g) Soil 4 untreated; h) Soil 4 Calcined; i) Soil 5 untreated; j) Soil 5
calcined; k) Soil 6 untreated; 1) Soil 6 calcined. Average values (n = 10). Error bars: 2 standard deviations.

2.4. Adsorption-desorption studies: influence of pH

Batch-type experiments were carried out at different pH values
(between 2 and 12), adjusted by adding different amounts of 0.5 M HCl
and 0.5 M NaOH. The concentrations of antibiotic added were 200 pM
for DC and ENR, and 50 pM for SMP. The soil:solution ratios were 1:40
for DC and ENR, and 1:2.5 for SMP. In all cases, 0.005 M CaCl; was used
as background electrolyte.

The suspensions were shaken at 50 rpm for 24 h (time previously
determined to be sufficient to reach equilibrium), and they were
centrifuged at 4000 rpm for 15 min. The resulting supernatants were
passed through nylon syringe filters (0.45 pm pore size), and the anti-
biotic concentration was determined by HPLC (see details below). The
amount of antibiotic adsorbed to the soil was calculated by the differ-
ence between the initial concentration and the equilibrium concentra-
tion (measured in the supernatant).
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Fig. 2. Doxycycline adsorption onto the different soil samples (both untreated and calcined) as a function of pH. Average values. The coefficients of variation were in
all cases less than 10%.

Table 2

Kq values (L kg™!) for the different forms of doxycycline. KqDC* (L kg™1): adsorption coefficient for the positively charged form; KqDC® (L kg~?): adsorption coefficient
for the zwitterionic form; KqDC™ (L kg™1): adsorption coefficient for the negatively charged form; K4DC?~ (L kg™'): adsorption coefficient for the form with two
negative charges calculated using equation (1). R? indicates the goodness of the fit.

Soil KqDC* KaDC° KqaDC KqDC* R? R? significance
1 Untreated nd 853 + 201 18,723 + 2366 nd 0.946 P < 0.005
Calcined nd 1614 + 483 4944 + 1740 nd 0.625 P <0.05
2 Untreated nd 5886 + 692 6738 + 2233 nd 0.825 P < 0.005
Calcined nd 2511 + 388 6520 + 1384 nd 0.800 P < 0.005
3 Untreated nd 607 + 177 nd nd 0.591 P < 0.05
Calcined nd 632 + 98 nd nd 0.776 P < 0.005
4 Untreated nd 10,430 + 501 nd nd 0.953 P < 0.005
Calcined nd 1968 + 482 nd nd 0.501 P < 0.05
5 Untreated 2380 + 434 nd nd 0.735 P < 0.005
Calcined nd 845 + 238 3878 + 694 nd 0.825 P < 0.005
6 Untreated nd 3147 £ 190 2692 + 259 3406 + 206 0.474 P<01
Calcined nd nd 2012 + 447 635 + 90 0.724 P < 0.005

nd: not different from 0.
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Fig. 3. Enrofloxacin adsorption onto the different soil samples, both untreated and calcined, as a function of pH. Average values. The coefficients of variation were in

all cases less than 12%.

For the desorption study, the centrifuged residues of the soil samples
previously subjected to the adsorption process were weighed to deter-
mine the amount of occluded solution (to be able to take the antibiotic
dissolved in this solution into account when calculating desorption).
Then they were re-suspended in 5 mL of 0.005 M CaCl, and shaken,
centrifuged, filtered and analyzed under the same conditions as in the
adsorption experiment. All experiments were performed in triplicate.

Empirical models were used to calculate adsorption coefficients (Kq)
corresponding to the different forms of antibiotics (K{ is the adsorption
coefficient for the positively charged form of the antibiotic; K§ is the
coefficient for the zwitterion form; Ky is the coefficient for the nega-
tively charged form, and K3~ is the form with the highest negative
charge). For this, both Equation (1) and Equation (2) were used. Spe-
cifically, Eq. (1) was used to fit experimental data for DC:
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Table 3

K4 values (L kg’l) for the different forms of Enrofloxacin. K4ENR"(L kg’l):
adsorption coefficient for the positively charged form; KqENRO(L kg 1):
adsorption coefficient for the zwitterionic form; K4ENR™(L kg™'): adsorption
coefficient for the negatively charged form calculated using equation (2). R?
indicates the goodness of the fit.

Soil K4ENR™ K4ENR® KgENR  R? R?
significance
1 Untreated 260 + 56 372 +93 nd 0.655 P <0.05
Calcined 69 +9 66 + 19 21 +8 0.701 P <0.05
2 Untreated 401 + 1096 + nd 0.765 P < 0.005
121 161
Calcined 96 + 18 nd nd 0.601 P < 0.05
3 Untreated 94 + 22 143 + 38 nd 0.587 P < 0.05
Calcined 56 £5 34+9 14 + 4 0.857 P < 0.005
4 Untreated 1443 + 2588 + nd 0.770 P < 0.005
212 391
Calcined 100 + 38 307 + 44 nd 0.817 P < 0.005
5 Untreated 146 £ 5 48 +9 21+4 0.985 P < 0.005
Calcined 58 +11 nd nd 0.655 P < 0.05
6 Untreated 572 + 967 + nd 0.799 P < 0.005
150 134
Calcined 64 +5 62+ 8 25+ 3 0.885 P < 0.005
nd: not different from 0.
Ka= (K§ a) + (K§ o) + (Kg @) + (K§ o) m

While Eq. (2) was used in the case of ENR and SMP, since they have
only two pK, values (Table 1):

Kq= (K§ o) + (K3 a®) + (Kg o) @)

In these equations Kg is the total adsorption coefficient (L kg™1),
which is calculated at different pH values. In addition, a is the fraction of
each antibiotic species as a function of pH. Specifically, ¥, a®, o~ and
o? represent the proportions of the different chemical species of anti-
biotics obtained from their pK, values (De-Levie, 1999; Enke, 2001). K§
is the adsorption coefficient for the positively charged form of the
antibiotic under consideration; K3 is the coefficient for the zwitterion
form. Kg is the coefficient for the negatively charged form, and K5~ is the
form with the highest negative charge in the case of DC and are obtained
empirically using equations (1) and (2). The different adjustments were
obtained using the statistical program SPSS v 20.

2.5. Antibiotics quantification

The quantification of each antibiotic was carried out by means of a
HPLC equipment (Dionex Corporation, USA) connected to an ultra-
violet—visible detector (UVD170U). A Luna C18 column from Phenom-
enex (Madrid, Spain) was used for the chromatographic separation. An
injection volume of 50 pL and a flow rate of 1.5 mL min~! were used.
The mobile phase consisted of acetonitrile and 0.02 M oxalic acid/0.01
M triethanolamine in the case of DC, and acetonitrile and 0.01 M
phosphoric acid for ENR and SMP. The total analysis time was 15 min.
For the detection of DC a wavelength of 360 nm was used, and for SMP
and ENR a wavelength of 270 nm was used.

3. Results and discussion
3.1. Electro-kinetic determinations

Fig. 1 shows the Z-potential values for all the analyzed samples. The
untreated soil samples (Fig. 1a, 1c, le, 1g, 1i and 1k) present, in general,
negative potentials in the entire range of pH studied (between 2 and 12),
which is indicative of a predominance of negative charge in these
samples. In addition, this negative potential rises as the pH increases,
which indicates a predominance of components with variable charge in
these samples. This is due to organic matter and to the presence of 1:1
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phyllosilicates (such as kaolinite and halloysite) that also have a pre-
dominance of variable charge.

The calcination of the samples resulted in different behaviors in
relation to the Z potential (Fig. 1b; 1d, 1f, 1h, 1j and 11). On the one
hand, there are samples showing few changes in relation to the un-
treated ones, such as Soil 1 (Fig. 1a and b), Soil 3 (Fig. 1e and f) and Soil
5 (Fig. 1i and j). Other soils, when calcined show positive Z potentials,
fundamentally at acidic pHs, as is the case of Soil 2 (Fig. 1c and d), and
Soil 6 (Fig. 1k and 1). Finally, Soil 4, which had high organic matter
content before calcination, behaves differently from the others, in the
sense that when the organic matter is eliminated, the Z potentials remain
close to 0 mV throughout the whole pH range considered (Fig. 1g and h).
This indicates that in this soil organic matter is the main responsible of
the surface charge.

3.2. Influence of pH on adsorption

Fig. 2 shows the results of DC adsorption as a function of pH. These
results indicate that the adsorption maximum for non-calcined soils
reaches 8000-10,000 pmol kg ! for most of the samples, except for Soil
5 whose adsorption maximum is around 6000 pmol kg 1. These data are
of the same order as those provided by Alvarez-Esmoris et al. (2020) for
a group of 20 agricultural soils from the same geographic area.
Comparing with other antibiotics, the results from the current study are
higher than those provided for different tetracycline antibiotics (Teixido6
et al., 2012; Conde-Cid et al., 2019a). Another aspect to note is that
adsorption maxima take place at a pH around 6, from which adsorption
decreases. These results coincide with those obtained by other authors
who indicate that DC adsorption is greater at acidic pHs compared to
basic pH values (Zhu et al., 2015). It also takes place for other tetracy-
cline antibiotics in soils (Sassman and Lee, 2005; Zhang et al., 2011) and
in individual soil components, such as kaolinite (Zhao et al., 2011a),
montmorillonite (Parolo et al., 2008; Wang et al., 2008) and goethite
(Zhao et al., 2011b).

In the calcined samples there is a slight decrease in adsorption,
especially at acid pHs (Fig. 2, Soils 1 and 2) and in other samples there
are hardly any significant changes (Fig. 2, Soils 3, 4, 5 and 6). These data
coincide with those provided by Alvarez-Esmoris et al. (2021a, 2021b),
in the sense that DC is adsorbed in significant amounts even in samples
where organic matter was removed. This important adsorption even in
samples where the organic matter was removed (calcined samples) is
due to the fact that DC, like other tetracycline antibiotics, strongly ad-
sorbs both on organic surfaces and on clays. In fact, the clay fraction has
been mentioned as an important adsorbent for DC (Alvarez-Esmoris
et al.,, 2020; Xu et al., 2021), as well as for other tetracyclines (Jones
et al., 2005; Conde-Cid et al., 2019a).

Since DC has three pK, values (Table 1) and, therefore, its speciation
is a function of pH, the Ky values for the different DC species were
calculated using Eq. (1). The results obtained are presented in Table 2. In
general, the adjustments were significant judging by the values of R2,
which ranged between 0.474 and 0.946. The DC * species presents Ky
values not different from O in all cases, both in the untreated samples
and in the calcined ones. For the DC2~ species, values not different from
0 were also obtained, except for Soil 6, which is the one with the highest
pH in water (7.0). The behavior for the other two DC species was
dependent on the specific soil: in Soil 1 there was an increase in the Kq of
DCP when the sample was calcined (going from 853 to 1614 L kg™ 1), as
well as a decrease in the K4 of DC™ when the sample was calcined (going
from 18,723 to 4944 L kg’l). In Soil 2, there was a decrease in the Kq
value of DC® when calcining the sample (going from 5886 to 2511 L
kg™!), while the K4 values of DC™ remained non-different, comparing
the untreated and calcined samples. Soils 3 and 4 only present a Ky
different from O for the DC? fraction, with values remaining in the same
proportion when the samples were calcined (Soil 3) or with values
decreasing (from 10,430 to 1968 L kg ™!, Soil 4). Soil 5 behaves similarly
to Soils 3 and 4, but, when calcining the sample, there was a decrease in
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Fig. 4. Adsorption of Sulfamethoxypiridazine onto the different soil samples, both untreated and calcined, depending on the pH. Average values. The coefficients of

variation were in all cases less than 6%.

the K4 value of DC° (going from 2380 to 845 L kg™ 1) and K4 of DC~
reached a value of 3878 L. kg*1 (Table 2).

Finally, Soil 6 showed very similar Ky values for the three species
(DC®, DC~ and DC?7), ranging between 2692 and 3406 L kg~},
decreasing to a range between 635 and 2012 L kg~! when the samples
were calcined (Table 2).

Adsorption data corresponding to ENR are presented in Fig. 3. Non-
calcined samples show adsorption maxima between pH 6 and 8 (ranging

between 6500 pmol kg~! for Soil 3 and 9500 pmol kg~ for Soil 4), with
a drastic decrease when pH is increased above 8. The behavior of the
calcined samples is very similar, but with lower adsorption values (be-
tween 5200 pmol kg ™! for Soil 3 and 7000 pmol kg~ for Soils 4 and 6).
The decrease in the adsorption of ENR as the pH increases has been
described previously for soil components such as smectite, illite and
kaolinite (Wang et al., 2013), humic acids (Martinez-Mejia et al., 2017)
and for whole soils (Graouer-Bacart et al., 2015). This behavior has also
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Table 4

Kg values (L kg™?) for the different species of sulfamethoxypyridazine. K4SMP*
(L kg™ 1): adsorption coefficient for the positively charged form; KqSMP° (L
kg’l): adsorption coefficient for the zwitterionic form; K4qSMP~ (L kg’l):
adsorption coefficient for the negatively charged form calculated using equation
(2). R? indicates the goodness of the fit.

Soil K4SMP™ K4SMP° K4SMP R? R?
significance
1 Untreated 9.8+ 0.8 3.4+03 1.7 £ 0.918 P < 0.005
0.4
Calcined nd 1.5+0.1 0.9 + 0.727 P < 0.005
0.1
2 Untreated 20.5 + 4.6 +£0.3 51+ 0.918 P < 0.005
1.7 0.4
Calcined nd 0.5+ 0.0 09 + 0.678 P < 0.05
0.1
3 Untreated 279 + 6.6 + 0.6 nd 0.968 P < 0.005
1.7
Calcined 8.7+0.8 1.7 £ 0.3 1.1+ 0.914 P < 0.005
0.4
4 Untreated 128.7 + 28.9 + 27.7 + 0.956 P < 0.005
8.0 0.9 1.9
Calcined nd 0.003 + 0.002 + 0.537 P < 0.05
0.000 0.000
5 Untreated 3.8 0.2 0.9+0.1 nd 0.965 P < 0.005
Calcined 4.1 +0.5 1.1+0.2 nd 0.898 P < 0.005
6 Untreated 18,632 + 17+ 2 nd 0.955 P < 0.005
5048
Calcined nd nd nd 0.704 P <0.05

nd: not different from 0.

been reported for other materials, such as biochar (Wang et al., 2019),
and activated carbon, showing an adsorption maximum around pH 5-6
(Chowdhury et al.,, 2019; DasSharma et al., 2020). Other fluo-
roquinolones, such as ciprofloxacin, also show a similar behavior in their
adsorption on soils, reaching maximum adsorption values for pH values
above 5-6 (Vasudevan et al., 2009).

Since ENR has two pKj, values (6.3 and 8.3, Table 1), it presents three
different species depending on the pH (ENR" at acidic pH, ENR? at in-
termediate pH values, and ENR™ at basic pH). The Kq values of the
different species were calculated using equation (1) and the results ob-
tained are presented in Table 3.

Table 3 shows that, for the 6 soils studied, the highest K4 values
correspond to the cationic species (ENR™), ranging between 94 and
1443 L kg’l, and to the zwitterionic species (ENRO), ranging between 48
and 2588 L kg~ 1. These K4 values of the different species decrease in all
cases when the samples are calcined (Table 3), ranging between 56 and
100 L kg~ ! for ENR" and between 0 and 307 L kg~ for ENR®. The ENR ™
species only presented values different from 0 for Soil 5 without calci-
nation (21 L kg’l) and for Soils 1 and 6 after calcination (21 and 25 L
kg~! respectively).

The data corresponding to SMP adsorption as a function of pH are
presented in Fig. 4, both for the untreated and calcined samples. In the
untreated soil samples, there is a decrease in adsorption as the pH in-
creases, also noting that SMP adsorption is much lower than that
observed for both DC and ENR. When the samples are calcined, there is a
decrease in adsorption, but pH has lesser effect, with adsorption
remaining practically constant as pH increases. The exceptions are found
in Soils 3 and 5, where the tendency to decrease with increasing pH also
occurs in calcined samples (Fig. 4). Although SMP has not been exten-
sively studied previously, the behavior of other sulfonamides has been
shown to be similar, in the sense of decreasing its adsorption onto soils
as pH increases, as is the case of sulfadimethoxine, sulfamethoxazole
and sulfamethazine (Park and Huwe, 2016), sulfachloropyridazine
(Laak et al., 2006), sulfadiazine, sulfadoxine, and sulfacetamide
(Anskjeer et al., 2014). SMP also has two pK, values (2.2 and 7.2,
Table 1) but they are lower than those of ENR, resulting in higher
adsorption at acidic pH values.

The K4 values of the different SMP species were calculated using Eq.
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(2), and the results are presented in Table 4. In this case, the highest K4
values of the untreated samples were obtained for the SMP ™ fraction,
ranging from 3.8 L kg~ (for Soil 5) to 1832 L kg™! (for Soil 6), being
very high scores compared to the other soils, but it is noteworthy that
Soil 6 is the one with the highest pH value. The Ky values of the other
two fractions are very similar in all the samples studied, highlighting
that for some Soils (3, 5 and 6) the Kq values of SMP ™ are not different
from 0. When calcining the samples, a drastic decrease takes place in the
K4 values of the different SMP species, even with values not different
from 0 in some cases (Table 4). This indicates that, in this case, organic
matter has a decisive role in the adsorption of SMP, as previously
highlighted for different sulfonamides (Laak et al., 2006; Alvar-
ez-Esmoris et al., 2020; Conde-Cid et al., 2019b, 2020).

Although the Ky data of the different species is obtained from
empirical equations (Egs. (1) and (2)), it can be interpreted that changes
in the species also mean changes in the adsorption mechanisms, which
will be different depending on the pH. Therefore, adsorption could take
place through hydrophobic interactions in acid soils, and yet could occur
through the cation exchange mechanism for alkaline soils, as previously
indicated by Chen et al. (2020) for the adsorption of tetracycline in
different soils.

3.3. Influence of pH on desorption

Fig. 5 shows DC desorption percentages, which were less than 10%
for the untreated soil samples (unless Soil 3 at very acidic pH values,
reaching between 14% and 37%). In addition, desorption percentages
tend to be lower as the pH increases, both in the treated (calcined) and
untreated soil samples. These low percentages of desorption coincide
with those obtained previously in similar soils, which in all cases were
less than 1% (Alvarez-Esmoris et al., 2020), as well as with those ob-
tained for various tetracyclines (Pils and Laird, 2007; Munira and
Farenhorst, 2017; Conde-Cid et al., 2019a). Finally, it should be noted
that these desorption percentages do not increase significantly when the
organic matter is removed (calcined samples), except in some cases and
at very acidic pH values (Soils 4, 5 and 6). This indicates a strong irre-
versibility in the DC adsorption process, and subsequent low mobility in
soils even at very extreme pH values.

As shown in Fig. 6, ENR desorption percentages were also low, and in
general also less than 10%, which coincides with that reported in pre-
vious publications, where desorption percentages for fluoroquinolones
(including enrofloxacin) were even less than 0.22% (Pereira-Leal et al.,
2012). But desorption data provided for other fluoroquinolones were
very high, such as for ciprofloxacin (Vasudevan et al., 2009), indicating
that in this case the process is fully reversible. In the present study the
percentages increased significantly at basic pHs, only for soil 1, soil 5
and the calcined soil 6. In all the other cases the desorption value was
around 5% for the whole alkaline range (Fig. 6). Also, to be noted, the
untreated and calcined samples behaved in a similar way, indicating
that the desorption percentages did not increase significantly in the soil
samples where organic matter had been removed (Fig. 6).

Fig. 7 shows that SMP desorption percentages were higher than those
of the other two antibiotics, exceeding 30% in many cases. Although
there are no previous desorption data available for SMP, desorption
percentages previously reported for other sulfonamides are also quite
high, as is the case of sulfadimethoxine (ranging between 13 and 97%)
and sulfaguanidine (ranging 14-72%) (Bialk-Bielinska et al., 2012) and
for sulfadiazine (ranging 30-52%) and sulfamethoxazole (ranging
44-48%) (Hu et al., 2019). Although it should also be noted that the
desorption results depend on the type of soil and the sulfonamide in
question. In this way, Conde-Cid et al. (2019b) found desorption per-
centages that were higher in soils with less organic matter, with
desorption following the sequence: sulfamethazine < sulfa-
chloropyridazine =~ sulfadiazine. In the present study, the behavior of
the SMP desorption percentages is very different from that of DC and
ENR, with a maximum appearing at pH between 5.5 and 7.0 in most of
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Fig. 5. Doxycycline desorption percentages as a function of pH in the different soil samples, both untreated and calcined. Average values. The coefficients of

variation were in all cases less than 15%.

the samples, and with desorption percentages being in general higher in
the calcined soil samples (Fig. 7). These results indicate that this anti-
biotic is much more mobile than DC and ENR in soils, and that changes
in pH, for example due to certain agricultural practices, can mobilize an
important part of the antibiotic previously adsorbed to soil colloids,
generating pollution problems and eventual toxicity.

4. Conclusions

This study shows that the removal of soil organic matter by

calcination causes important modifications in the surface charge char-
acteristics of the soils, losing part of the variable charge provided by the
organic matter, judging by Z-potential values obtained as a function of
pH. For the antibiotic doxycycline (DC) the adsorption coefficients (Kq)
were higher for the chemical species DC~ compared to DC*, DC® and
DC?", if we exclude soil 6, which is the one with the highest pH and
where the species DC°, DC~, and DC?™ have a similar weight. There is
only a slight decrease in the adsorption of DC due to the removal of the
soil organic matter by calcination, indicating that inorganic components
are also involved in the adsorption of this antibiotic. In addition,
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Fig. 6. Enrofloxacin desorption percentages as a function of pH in the different soil samples, both untreated and calcined. Average values. The coefficients of

variation were in all cases less than 12%.

desorption percentages were very low throughout the pH range studied,
which is indicative of a strong hysteresis considering the adsorption/
desorption processes. Regarding enrofloxacin (ENR), its adsorption de-
creases at high pHs (from approximately pH 6-8). The behavior of the
calcined samples was similar, but with lower adsorption values. The
species with the highest K4 in this case was ENRC, although the ENR™
species also acquires a certain weight when the organic matter is
removed. The adsorption of sulfamethoxypyridazine (SMP) is much
lower than that of the other two antibiotics, and is clearly higher at
acidic pHs. When calcining the samples, there is a decrease in the
adsorption of SMP and also a lower effect of pH on adsorption, so that in
this case the role of organic matter in adsorption is more decisive. The
species with the highest Ky in this case was SMP*, while SMP? and SMP™~
acquire much more weight when the samples are calcined. The
desorption percentages were very low for both DC and ENR in the entire
range of pH studied (2-12) and higher for SMP. DC and ENR did not
show important changes in desorption when calcining the samples, but

10

for SMP a maximum of desorption is observed at pH between 5.5 and
7.0, and desorption increased when calcining the samples. Calcination
produces important changes in the Kq values of the different chemical
species of the three antibiotics studied, which may be related to different
adsorption mechanisms depending on the pH, probably taking place
through hydrophobic interactions in acid soils, and by cation exchange
mechanisms for alkaline soils. Finally, it can be concluded that eventual
changes in pH caused by certain agricultural practices, such as liming or
the application of different fertilizers, can affect the evolution and
environmental fate of antibiotics such as the three studied in this
research, an aspect that in the future should be considered in order to
carry out a more sustainable agriculture with lower risks of environ-
mental pollution.
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