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Abstract
Purpose The increasing reuse of wastewater for irrigation in-
troduces surfactants and antibiotics into the environment.
How these two kinds of compounds interact with regard to
their sorption processes in soil is not clear.
Materials and methods We performed batch experiments to
investigate the sorption of linear alkylbenzene sulfonates
(LAS) and its effect on sorption of sulfamethoxazole and cip-
rofloxacin in irrigated and non-irrigated soils with different
organic matter (OM) contents.
Results and discussion LAS sorption was non-linear in the
presence of the antibiotics, and as general trend, it increased
with rising OM content of soils. Free LAS was also removed
from solution by complexation with Ca2+. Dissolved organic
compounds released from soils with OM contents
≥18.4 g kg−1 further reduced LAS sorption. Sorption of sul-
famethoxazole was reduced by LAS sorption only in one soil
with a small OM content of 9.5 g kg−1.

Conclusions The strong sorption of ciprofloxacin is not af-
fected by LAS. Sulfamethoxazole sorption only competes
with LAS sorption in organic matter-poor soi ls .
Accumulation of organic matter in soils, for example due to
long-term wastewater irrigation, provides extra sorption ca-
pacity for LAS and sulfamethoxazole so that competition for
sorption sites is reduced.
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1 Introduction

Water supply is closely related with other crucial needs of
people, like food production and sanitation. Therefore, in
areas with a water deficiency—either in quantity or quali-
ty—the reuse of water has become a key issue (Bos et al.
2010). Particularly, in urban and peri-urban areas, the popula-
tion growth demands an intensive use of high quality water
and—at the same time—produces a large volume of wastewa-
ter (Jiménez et al. 2010). The irrigation of arable fields with
untreated wastewater has been an ancient practice in many
cities (Asano and Levine 1996) that is increasing nowadays,
especially in many impoverished countries (Qadir et al. 2010).
Additionally, irrigation with wastewater is an efficient treat-
ment strategy because many pollutants are either transformed
or retained in soil as water percolates through the underground
in the so-called soil aquifer treatment (SAT), which contrib-
utes to the recharge of aquifers (Drewes et al. 2003).

On the other hand, several drawbacks are linked to waste-
water irrigation like an accumulation of pollutants in soil
(Gibson et al. 2010; Fatta-Kassinos et al. 2011), an increase
in soil salinity (Rusan et al. 2007), and an exposure of farmers
and crop consumers to pathogens (Gupta et al. 2009).
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Pharmaceuticals are present in wastewater (Kümmerer 2009)
because most of them are not completely metabolized and are
partially excreted together with urine and feces. Surfactants
are also commonly present in municipal effluents (Edser
2006), and due to their amphiphilic properties, they can inter-
act with both, polar and non-polar species, in solid phases and
in solution as well. These interactions can affect sorption pro-
cesses and mobility of pollutants in soil (Abu-Zreig et al.
1999; Peña et al. 2011). Such phenomena have already been
observed for hydrophobic compounds (Jones-Hughes and
Turner 2005), but little is known regarding the interactions
between surfactants and hydrophilic pollutants like many
pharmaceuticals.

The largest contiguous wastewater-irrigated area world-
wide is the Mezquital Valley, which receives wastewater from
the Mexico City metropolitan area (MCMA) since more than
100 years (Jiménez et al. 2010). The wastewater is discharged
untreated into the semi-arid Mezquital Valley located 80 km
North of Mexico City, where it is used for crop irrigation,
mainly of alfalfa and maize. Several antibiotics have been
found in the wastewater (Siemens et al. 2008; Gibson et al.
2010) and have accumulated in soils over time (Dalkmann et
al. 2012). The two antibiotics selected for the study at hand,
sulfamethoxazole and ciprofloxacin, were found in wastewa-
ter in the path flow from Mexico City to Mezquital Valley at
concentrations of 1.21±0.76 and 0.47±0.30 μg L−1, respec-
tively (Supporting information of Dalkmann et al. 2014b).
Carrillo et al. (2016) reported a sulfamethoxazole concentra-
tion of 1.04 μg L−1 and a ciprofloxacin concentration of
3.47 μg L−1 for Mexico City wastewater. Batch experiments
evidenced a weaker sorption of the anionic sulfamethoxazole,
but not of the cationic and zwitterionic ciprofloxacin in irri-
gated soil compared to that in non-irrigated soil (Dalkmann et
al. 2014a). The weaker sorption in wastewater-irrigated soil
could be due to either (i) an increased negative charge of
organic matter (OM) as a consequence of its aging, (ii) to
blocking of high-affinity sorption sites by sulfamethoxazole
that has been added to the soils with wastewater in the past,
and/or (iii) to a competition with other compounds present in
wastewater like dissolved organic matter (DOM) including
surfactants (Dalkmann et al. 2014a). Linear alkylbenzene sul-
fonates (LAS) have been the most used surfactants since the
1960s (Schiebel 2004), when they were introduced to the
market to replace the poorly biodegradable branched
alkylbenzene sulfonates (Berna et al. 1991). LAS are usually
degraded during aerobic wastewater treatment (Mungray and
Kumar 2009). Nevertheless, there are still many areas like the
Mezquital Valley around the globe that receive untreated
wastewater for growing crops. Typical concentrations of
LAS in treated and untreated wastewater from urban centers
ranged from 2 to 32 mg L−1 (Gomez et al. 2011; Clara et al.
2007; Temminik and Klapwijk 2004; Scott and Jones 2000;
Holt et al. 1995, 1998). In the case of Mexico City

metropolitan area, concentrations in the range of 1.3–
35 mg L−1 of methylene blue active substances (MBAS) in
wastewater are reported (Mazari 1992). This parameter in-
cludes not only LAS but also other types of anionic surfac-
tants. Nevertheless, these values are in good agreement with
the previously mentioned studies, especially when taking into
account that LAS are actually the most used surfactants.
According to Fytianos et al. (1998), the risk of groundwater
pollution with LAS is low, as these compounds sorb readily to
OM in soil, but little is known about the influence they might
have on the sorption and mobilization of other compounds.

Only few studies have focused on the influence of DOM
(Haham et al. 2012) or of surfactants (Hari et al. 2005; Yu et al.
2012) on the sorption processes of pharmaceuticals. In the
experiments of Haham et al. (2012), pre-conditioning of
OM-poor soils with DOM extracted from biosolids or co-
introduction of DOM reduced sulfapyridine sorption and en-
hanced its desorption, suggesting competition for sorption
sites. Dissolved organic matter only enhanced sulfapyridine
sorption in a soil with a very small specific surface area of
61 m2 g−1. Hari et al. (2005) found an increased sorption of
acetaminophen and carbamazepine to river sediment in the
presence of the cationic surfactant cetylpyridinium chloride
(CPC) and the nonionic Tergitol NP9 surfactant, while the
sorption of norfloxacin was not affected by the surfactants.
Nalidixic acid sorption was increased at pH>8 in the presence
of CPC. Yu et al. (2012) reported that sodium dodecylbenzene
sulfonate can enhance the mobility of enrofloxacin in soils,
but that the magnitude of this effect was small.

We studied the sorption of anionic LAS to soils from the
Mezquital Valley that were either irrigated or not with waste-
water for more than 100 years. We also investigated the effect
of LAS on the sorption of two commonly used antibiotics,
ciprofloxacin and sulfamethoxazole. We hypothesized that
(i) higher soil OM contents in long-term irrigated soils in-
crease LAS sorption and (ii) sorption of anionic LAS com-
petes with sorption of anionic sulfamethoxazole, but not with
the strong sorption of cationic or zwitterionic ciprofloxacin.

2 Materials and methods

2.1 Soils

We selected two soils for our experiments that have received
untreated wastewater for more than 100 years, referred to as
Ulapa (Irr1) and Juandhó (Irr2), and two soils that have re-
ceived only rainwater, namely Tezontlale (Rnf1) and El Tigre
(Rnf2). The topsoils were sampled in August 2009 andMarch
2011 as composite samples from 0- to 30-cm depth.
Physicochemical properties are summarized in Table 1. Soil
samples were sieved (2 mm), lyophilized, and kept at −21 °C
until the start of the experiment.
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2.2 Chemicals

Standards of ciprofloxacin and sulfamethoxazole were obtain-
ed from Sigma-Aldrich (Schnelldorf, Germany). Their struc-
tures and some chemical properties are summarized in Table
2. As internal standards for the quantification of antibiotic
concentrations, we used isotope-labeled ciprofloxacin
(carboxyl-13C3, quinolone-

15N, ≥98 % pure) and sulfameth-
oxazole (ring-13C6, ≥98 % pure), both purchased from LGC
Standards (Wesel, Germany). We selected sodium
dodecylbenzene sulfonate as model surfactant because it is
used widely in household cleaning products. It was purchased
from Tokyo Chemical Industries (TCI, Eschborn, Germany).
All solvents used were of HPLC-grade quality.

2.3 Analysis of supernatants

Concentrations of pharmaceuticals in the liquid phase were
measured by liquid chromatography tandem mass spectrome-
try (LC-MS/MS) with a TSQ Quantum Ultra (Thermo
Finnigan, Dreieich, Germany) spectrometer equipped with a
heated electrospray ionization ion source (HESI) running in
the positive mode as described by Dalkmann et al. (2012,
2014a, 2014b). Routine limits of quantification (equal to the
lowest concentration of standard used) were 1 μg L−1 for
ciprofloxacin and 0.1 μg L−1 for sulfamethoxazole.
Concentrations of LAS were also quantified using the LC-
MS/MS system, but running in the negative mode. The ac-
quired surfactant consisted of a mixture of four linear
alkylbenzene sulfonates with alkyl chain lengths of C10, C11,
C12, and C13. The relative contribution of the four compounds
to the total signal intensity in the MS was 19 % for C10, 38 %
for C11, 31 % for C12, and 12 % for C13. Assuming that the
compounds had similar ionization efficiencies in the HESI
source, we first calculated the concentrations of all the four
compounds in the supernatant. Afterwards, the concentrations
of the four individual compounds were summed up to give the

total concentration of LAS in solution. The routine limit of
quantification for LAS was 0.1 mg L−1. Details regarding the
analysis of pharmaceutical and LAS concentrations can be
found in the Electronic supplementary material.

Dissolved organic carbon (DOC) concentrations in the su-
pernatant were determined as non-purgeable organic carbon
using a Shimadzu VCPH TOC analyzer (Shimadzu,
Duisburg, Germany).

2.4 Batch experiments

Batch experiments were performed in duplicate in 25-mL bo-
rosilicate glass vials. To prevent the biodegradation of the
tested compounds, the soil was weighted inside the vials and
then sterilized using an autoclave (121 °C, 100 kPa for
15 min). To ensure comparability with former studies
(Dalkmann et al. 2014a), soil to solution ratios of 1:50 were
selected when ciprofloxacin was used and 1:5 in the case of
sulfamethoxazole, attending also to recommendations for op-
timal ratios of sorbed and dissolved pharmaceuticals (OECD
2000). To achieve a pre-equilibration of soil and added solu-
tion, the soil was shaken for 24 h at 10 rpm with a 0.01-M
aqueous CaCl2 solution, and then, the system was spiked with
a mixture of LAS and one of the two tested pharmaceuticals.
Nominal surfactant concentrations of 0, 5, 10, and 30 mg L−1

were established, as typical LAS concentrations in wastewater
are in the order of several mg L−1 (2 to 32mg L−1 according to
Clara et al. 2007; Scott and Jones 2000; Holt et al. 1995). The
concentration of pharmaceuticals was 1.0 mg L−1 in all the
experiments according to the procedure described in
Dalkmann et al. (2014a). Once spiked, vials were shaken for
48 h at 10 rpm in the dark and then centrifuged (2500× g,
40 min) to separate the soil from the liquid phase. An aliquot
of the supernatant was centrifuged at 15,000× g for 20 min to
remove fine particles. The supernatant was spiked with the
corresponding internal standard for the LC-MS/MS measure-
ments and analyzed for both, surfactants and pharmaceuticals.

Table 1 Physicochemical properties of the tested soils

Soil Site Irrigation regime Composition pH (CaCl2)

Sanda Silta Claya Organic carbon
(% weight) g kg−1

Rnf1 Tezontlale Rainfed 24 41 35 9.5 7.22

Rnf2 El Tigre Rainfed 12 40 48 18.4 7.22

Irr1 Ulapa Wastewater irrigation (100 years) 16 45 39 25.9 7.27

Irr2 Juandhó Wastewater irrigation (100 years) 24 47 29 28.2 7.29

a German classification scheme, particle size:

Clay: <0.002 mm

Silt: 0.002–0.063 mm

Sand: >0.063 mm
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As the surfactant can form complexes with divalent cations
like Ca2+ or Mg2+ (Rico-Rico et al. 2009), we incubated con-
trols of LAS solutions with the background electrolyte and the
corresponding pharmaceutical, but without soil to evaluate the
effect of the Ca2+ ions on the concentration of LAS under the
same conditions as the main samples.

2.5 Data evaluation

The LAS sorption to the soils was described with the
Freundlich isotherm model,

Q ¼ KFc
N ð1Þ

where Q is the amount of sorbed compound associated with
the solid phase (mg kg−1), c is the concentration of the com-
pound in the liquid phase (mg L−1), KF (mg1 −NLNkg−1) is a
constant related to the sorption intensity, and N
(dimensionless) is related to the heterogeneity of sorption
sites. For the fitting of isotherms and the evaluation of corre-
lations between variables, we used the software SigmaPlot
version 11 (Systat, Erkrath, Germany).

3 Results

Measured concentrations of LAS in the controls with back-
ground electrolyte (0.01 M aqueous CaCl2) without soil were
smaller than the nominal concentrations of 5, 10, and
30 mg L−1 after the equilibration period. As the media were
sterile and protected from light, we discarded the possibility of
a degradation of the surfactant. The observed reduction in
LAS concentrations was thus likely caused by LAS complex-
ation and precipitation with Ca2+. Since sorbed amounts of
LAS were calculated as difference between spiked and

measured LAS concentrations, this complexation has to be
considered when interpreting the isotherms, and the observed
reduction in LAS concentrations must be mathematically
corrected for complexation-precipitation effects.

Independent of the presence of antibiotics, LAS were in
almost all the cases bound more strongly to wastewater-
irrigated soils (Irr1 and Irr2) than those to non-irrigated (rain
fed) soils (Rnf1 and Rnf2), as shown by the slope of the
isotherms (Figs. 1 and 2) and by their KF values (Table 3).
At a soil-solution ratio of 1:50, we observed almost linear
sorption isotherms with N values close to 1 when ciprofloxa-
cin was not present (Fig. 1a) (Table 3). With a soil-solution
ratio of 1:5 in the absence of sulfamethoxazole, we got also
nearly linear isotherms for the soil with a OC content
>28 g kg−1 (Fig. 2a). In both systems, when the antibiotic
was present, the linearity of the LAS sorption isotherms was
reduced (Figs. 1b and 2b), which was more pronounced with
ciprofloxacin (Fig. 1b; soil-solution ratio of 1:50). At a
soil to solution ratio of 1:5 in the presence of sulfameth-
oxazole, the isotherm for soil Irr1 showed an increase in
LAS sorption for the spiking concentration of 30 mg LAS
L−1, leading to an N Freundlich exponent larger than 1
(Fig. 2b, Table 3). In the presence of ciprofloxacin (soil-
solution ratio of 1:50), KF values ranged from 100 to
276 mg1 − NLN kg−1 (Table 3), exceeding the KF coeffi-
cients in the range of 29–124 mg1 − NLN kg−1 that were
found in the presence of sulfamethoxazole for a soil-
solution ratio of 1:5. When normalized to the OC content,
the isotherms for all the soils showed a similar pattern,
and the whole set of data fell on a single isotherm for
LAS sorption in the presence of sulfamethoxazole or cip-
rofloxacin and one single isotherm in the absence of the
antibiotics (Figs. 1c, d and 2c, d).

Concentrations of dissolved organic carbon (DOC) in equi-
librium with the soils differed widely between the treatments.

Table 2 Properties of the studied
pharmaceuticals Name CAS number Structurea pKab KOW

b

Ciprofloxacin 85721-33-1 pKa1 = 6.4 pKa2 = 8.7 1.63

Sulfamethoxazole 723-46-6 pKa1 = 1.4 pKa2 = 5.8 0.66

a The shown structures correspond to the predominant species at the pH range of our experiments
b From SciFinder data base accessed on 30 July 2014
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After equilibration with 0.01 M CaCl2 at a soil to solution
ratio of 1:50, small concentrations of 1.3–3.8 mg L−1 DOC
were found prior to the addition of LAS and ciprofloxacin,
while concentrations of 7.4–15.8 mg L−1 DOC were found
in the supernatant at a soil to solution ratio of 1:5 prior to
the addition of LAS and sulfamethoxazole, which was an

effect of dilution. The addition of LAS and sulfamethoxa-
zole to the OM-rich soils Rnf2, Irr1, and Irr2 induced a
further release of OM from soil to the liquid phase, increas-
ing concentrations of soil-borne DOC (LAS carbon
subtracted from total DOC) in the solution to values in
the range from 31.3 to 47.2 mg L−1.

Fig. 1 Comparison of Freundlich
sorption isotherms of linear
alkylbenzene sulfonates (LAS) on
rainfed (open symbols) and
wastewater-irrigated (closed
symbols) soils (soil to solution
ratio 1:50) in the absence, (a) and
(c), and in the presence, (b) and
(d), of ciprofloxacin (1 mg L−1).
The lower panels, (c) and (d),
show the LAS sorption
normalized to the organic carbon
(OC) content of the four soils. The
two replicates for each point of
the isotherms are included in the
plots. Therefore, no error bars are
displayed

Fig. 2 Comparison of Freundlich
sorption isotherms of linear
alkylbenzene sulfonates (LAS) on
rainfed (open symbols) and
wastewater-irrigated (closed
symbols) soils (soil to solution
ratio 1:5) in the absence, (a) and
(c), and in the presence, (b) and
(d), of sulfamethoxazole
(1 mg L−1). The lower panels, (c)
and (d), show the LAS sorption
normalized to the organic carbon
(OC) content of the four soils. The
two replicates for each point of
the isotherms are included in the
plots. Therefore, no error bars are
displayed
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As hypothesized, the sorption of ciprofloxacin was not af-
fected by the presence of LAS (Fig. 3a), but other than expect-
ed, the sorption of the anionic sulfamethoxazole did not de-
crease with increasing amounts of sorbed LAS in soils Rnf2,
Irr1, and Irr2 (Fig. 3b). Only for the soil with the lowest OC
content, Rnf1, sorbed amounts of sulfamethoxazole signifi-
cantly decreased with increasing amounts of sorbed LAS in-
dicating a reduced sorption due to competition for sorption
sites (Fig. 3b).

4 Discussion

4.1 LAS sorption

Independent of the presence or absence of the antibiotic, the
type of added antibiotic, or the soil to solution ratio, sorption
of LAS was stronger to irrigated soils than that to non-
irrigated soils. This can be related to the higher OM contents
of the irrigated soils, since normalization of the sorbed
amounts of LAS to the OC contents of the different soils

produced superposed sorption isotherms for all the investigat-
ed soils (Figs. 1c, d and 2c, d). We also found a positive
correlation between the KF parameter for LAS sorption and
the OC content in the presence of ciprofloxacin (Pearson cor-
relation coefficient R=0.994, p=0.006). This kind of correla-
tion for LAS sorption has already been observed for sediments
(Westall et al. 1999) and soils (Fytianos et al. 1998). Although
sorption of anionic surfactants by clay minerals has been re-
ported (Harendra and Vipulanandan 2012), LAS sorb mainly
to the soil organic phases (de Wolf and Feijtel 1998). Only
when concentrations of LAS are small (<<1mg L−1), inorgan-
ic phases such as clay minerals or oxyhydroxides had a sig-
nificant effect on LAS sorption (Rico-Rico et al. 2009). This
explains why the Rnf2 soil, the most clayey soil, did not show
a higher affinity for LAS than the OC-rich soils (KF values in
Table 3) as we used always LAS concentrations larger than
1 mg L−1. The large OM content of the soils Irr1 and Irr2 is a
consequence of the long-term irrigation in the Mezquital
Valley (Dalkmann et al. 2014b). Our results thus illustrate that
long-term irrigation indirectly increases LAS sorption in soils
as a consequence of soil OM accrual over time.

Table 3 Freundlich parameters and the associated standard deviation obtained for LAS binding in wastewater-irrigated and rainfed soils in presence or
absence of ciprofloxacin (CIP) or sulfamethoxazole (SMX)

Soil KF

(mg1 − NLN kg−1)
N KF

(mg1 − NLN kg−1)
N

Without CIP (soil to solution ratio = 1:50) In presence of CIP (soil to solution ratio = 1:50)

Rnf1 34± 12 1.14± 0.15 100 ± 14 0.25 ± 0.07

Rnf2 71± 9 1.07± 0.06 169 ± 5 0.36 ± 0.02

Irr1 123 ± 13 0.97± 0.06 263 ± 5 0.31 ± 0.01

Irr2 144 ± 16 0.81± 0.06 276 ± 15 0.29 ± 0.03

Normalized to OC (KFOC; four soils) 3 431 ± 506 1.14± 0.07 9 886 ± 387 0.30 ± 0.03

Without SMX (soil to solution ratio = 1:5) In presence of SMX (soil to solution ratio = 1:5)

Rnf1 37± 3 0.60± 0.05 29± 2 0.67 ± 0.04

Rnf2 90± 4 0.60± 0.08 49± 6 1.12 ± 0.17

Irr1 83± 3 0.79± 0.05 51± 7 1.94 ± 0.38

Irr2 119± 7 1.02± 0.12 124 ± 11 1.14 ± 0.19

Normalized to OC (KFOC; four soils) 3 809 ± 158 0.64± 0.04 2 830 ± 166 0.75 ± 0.05

OC organic carbon

Fig. 3 Sorption of ciprofloxacin
(CIP) (a) and sulfamethoxazole
(SMX) (b) as a function of the
sorbed amount of linear
alkylbenzene sulfonates (LAS).
Both quantities are normalized to
the organic carbon (OC) content
in soil. Error bars represent the
standard deviations
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We suggest that the weaker sorption of LAS at a soil to
solution ratio of 1:5 compared to a soil to solution ratio of 1:50
is mainly a consequence of larger DOC concentrations.
Although at a smaller soil to solution ratio smaller Kd values
for soil organic matter could be expected (You et al. 1999; Yin
et al. 2002), the total content of soil and therefore of soil
organic matter is larger at the 1:5 soil to solution ratio. This
led to a larger concentration of dissolved organic matter re-
leased from soil into the solution, which was also indicated by
the noticeable darker coloration of the supernatant. This dis-
solved organic matter might have reduced LAS sorption by (i)
direct competition with the surfactant molecules for sorption
(Yu et al. 2011) and (ii) interactions with dissolved LAS by
forming soluble associations as Yu et al. (2014) suggest for an
anionic biosurfactant.

A sorption isotherm with N>1 was observed for soil Irr1 at
a soil to solution ratio of 1:5 in the presence of sulfamethox-
azole (Fig. 2b). Such isotherms are typical when solute-solute
interactions induce cooperative sorption (Hinz 2001). At an
early stage, surfactant molecules attach to the mainly mineral
(e.g., Ou et al. 1996) solid surface. As the density of sorbed
molecules on soil surfaces increases, the intermolecular forces
among the hydrophobic moiety contribute additionally to the
sorption process. Hence, the isotherm shows a strong increase
at larger dissolved and sorbed concentrations (Zhang and
Somasundaran 2006).

4.2 LAS influence on sorption of pharmaceuticals

We observed a noticeable reduction in the linearity of LAS
sorption in all the investigated soils when ciprofloxacin was
present (Fig. 1b). This indicated a reduction of the homoge-
neity of sorption sites for LASwhen the antibiotic was sorbed.
In the presence of ciprofloxacin, sorption of LAS was de-
scribed with smaller N values, but larger KF constants imply-
ing enhanced sorption of LAS at low LAS concentrations.
Potential mechanisms causing enhanced sorption at low
LAS concentrations could be the formation of ciprofloxacin-
LAS associations via cation bridges or the masking of nega-
tively charged clay mineral surfaces by sorbed ciprofloxacin.
At higher LAS concentrations (nominal concentration =
30 mg L−1), the surfactant was sorbed in a very similar degree
with and without ciprofloxacin (Fig. 1a, b). It seems that at
higher LAS concentrations, the intermolecular forces among
the hydrophobic moieties of LAS and also between them and
the soil solid phase play an increasing role for sorption, so that
interactions with ciprofloxacin become less important.

The present study confirmed the expected small effect of
LAS on the strong sorption of the fluoroquinolone ciproflox-
acin to theMezquital Valley soils. Similarly, a negligibly small
effect of LAS on the leaching of enrofloxacin (also a fluoro-
quinolone) in column experiments was observed (Yu et al.
2012). Ciprofloxacin sorbs mainly by a cation exchange

mechanism (Wu et al. 2013); hence, anionic surfactants like
LAS do not compete directly with ciprofloxacin for sorption
sites. Although we only performed tests with the anionic sur-
factant LAS, neither cationic nor non-ionic surfactants had an
effect on the sorption of the fluoroquinolone norfloxacin onto
an aquifer material studied by Hari et al. (2005). The results of
Hari et al. (2005) for norfloxacin can likely be extrapolated to
other fluoroquinolones, because the different substituent
groups in the chemical structure of fluoroquinolones have
little influence on sorption interactions with soil so that they
exhibit similar sorption behavior (Figueroa-Diva et al. 2010).
Sorption of fluoroquinolones is strongly influenced by their
pH-dependent chemical speciation (e.g., Vasudevan et al.
2009). The four studied soils have a pH in the range of
7.22–7.29 (Table 1), but the pH in the sorption experiments
were always lower. The pH of the supernatant after the sorp-
tion process were in the range of 6.41–6.81 with a mean value
of 6.57 (n=32). At pH values larger than 9, the anionic form
of ciprofloxacin predominates (pKa2=8.7), and its overall
sorption to negatively charged surfaces, is strongly reduced.
Therefore, competition between fluoroquinolones and anionic
surfactants for sorption sites could take place at pH values
larger than their pKa2.

Except for the soil with the lowest OM content (Rnf1), we
did not find an evident trend of decreasing sulfamethoxazole
sorption with increasing LAS concentrations. Only soil Rnf1
sorbed decreasing amounts of sulfamethoxazole with increas-
ing concentrations of sorbed LAS (Fig. 3b), suggesting that in
organic matter-poor soils competitive sorption with LAS
might reduce sulfamethoxazole sorption. In addition, the for-
mation of soluble LAS-sulfamethoxazole associations might
have limited the sulfamethoxazole sorption in the organic
matter-poor Rnf1 soil. The inhibition of sorption of hydropho-
bic compounds, such as chlorophenols, in sediments in the
presence of LAS was attributed to the formation of associa-
tions of the hydrophobic compounds with LAS in the aqueous
phase (Gao et al. 2012). On the other hand, a similar effect of
sodium dodecyl sulfate on the sorption of phenanthrene was
explained by the competition of both sorbates for sorption
sites (Jones-Hughes and Turner 2005).

5 Conclusions

We conclude that OM is the main sorbent of LAS in the
Mezquital Valley soils. In addition to sorption, complexation
with Ca2+ significantly contributes to the removal of free LAS
from the solution phase. Interactions of LAS with other dis-
solved organic compounds released from soils reduce LAS
sorption. Significant reduction of sulfamethoxazole sorption
due to competition with LAS for sorption sites likely occurs
only in soils with small OM contents. The accumulated OM in
wastewater-irrigated soils offers enough sorption sites for both
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LAS and sulfamethoxazole so that they no longer compete for
sorption sites and the sorption of the antibiotic is not hindered.
The effect of the anionic LAS on the sorption of ciprofloxacin
in the clayey circumneutral soils of the Mezquital Valley is
negligible.
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