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Abstract

Purpose As irrigation with untreated wastewater often leads
to an accumulation of contaminants in soils, nowadays, treat-
ed wastewater is increasingly used for irrigation. Here, we
investigated whether and to which degree irrigation with treat-
ed wastewater might cause desorption of antibiotics from
three soils (Leptosol, Phacozem, Vertisol) and a sediment
(Endh6 reservoir) of the Mezquital Valley, Mexico, that were
exposed to untreated wastewater in the past.

Materials and methods We performed sequential batch de-
sorption experiments with treated wastewater, artificial waste-
water with anionic surfactants, and artificial wastewater with-
out surfactants.

Results and discussion We observed no desorption, but net
sorption of ciprofloxacin in contact with treated wastewater
containing 3.475 ug L™ of ciprofloxacin. Sulfamethoxazole
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was desorbed from the Leptosol, the Phacozem, and the
Vertisol in a similar degree with and without surfactant, but
not from sediment, where no sulfamethoxazole was detected.
In contact with treated wastewater containing 1.045 ug L' of
sulfamethoxazole, it was desorbed from the Leptosol and the
Phaeozem with low clay, Fe oxide, and organic matter con-
tents, whereas the Vertisol and sediment showed a net sulfa-
methoxazole sorption. Desorption could be described with a
bi-phasic kinetic desorption model, with most sulfamethoxa-
zole being desorbed via a rate-limited process from poorly
accessible binding sites, where it had been accumulated dur-
ing the long-term irrigation in the past.

Conclusions We conclude that a potential release of pharma-
ceuticals as a result from changes in wastewater irrigation is
soil specific: Leptosols and Phacozems of the Mezquital
Valley might act as long-term sources of the sulfonamide sul-
famethoxazole, though not of the fluoroquinolone
ciprofloxacin.

Keywords Antibiotics - Desorption - Dissolved organic
matter - Sediment - Sewage effluent - Surfactant

1 Introduction

The continuously growing world population and associated
rising water demand increase water scarcity in both quantita-
tive and qualitative senses (FAO 2011; UNDP 2006). The
situation has become critical in the last decades especially in
arid and semi-arid regions (FAO 2007). It is estimated that
more than 40 % of the world’s population will face water
stress or scarcity within the next 50 years (WHO 2006). This
has led to many efforts of implementing sustainable manage-
ment of the water resources like wastewater reuse (Chen et al.
2013; Vo et al. 2014). As almost 70 % of the water taken from
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natural sources like rivers and groundwater is destined to ag-
riculture globally (UNESCO 2009; FAO 2012), irrigation rep-
resents a good target for water reuse. Irrigation of crop fields
with untreated wastewater is an ancient practice (Asano and
Levine 1996), and nowadays, more than 200 million farmers
use wastewater for food production worldwide (Raschid-Sally
and Jayakody 2008), especially in many impoverished coun-
tries (Pedrero et al. 2010; Qadir et al. 2010).

Wastewater irrigation can be attractive for farmers because
it has an added value due to its content of nutrients needed by
the crops. Nevertheless, the high load of pollutants and path-
ogens in wastewater represents a serious health risk for the
farmers and the final consumers (Fatta-Kassinos et al. 2011;
Hanjra et al. 2012). To reduce this risk, it is recommended that
wastewater is treated before being used for irrigation (FAO
1992). The conventional wastewater treatment reduces partic-
ularly the dissolved organic carbon (Katsoyiannis and Samara
2007) and pathogen concentrations (Jiménez et al. 2010) in
wastewater, yet the removal efficiency for some contaminants
like antibiotics is not always satisfactory (Deblonde et al.
2011). In addition, even when the treated wastewater contains
only small concentrations of pharmaceuticals, there may be an
ongoing release of these contaminants from soils and sedi-
ments that were irrigated with untreated wastewater for
prolonged periods of time in the past. Such a release or de-
sorption might be enhanced by surfactants, which are widely
used household detergents (Edser 2006) and have been found
in conventional activated sludge treatment plants effluent
(Gonzalez et al. 2007; Gomez et al. 2011). Their amphiphilic
properties allow them to interact with organic hydrophobic
compounds and with polar solvents as well, increasing their
concentration in aqueous solutions. A slightly enhanced mo-
bility of enrofloxacin by the anionic surfactant sodium
dodecylbenzene sulfonate was observed (Yu et al. 2012), but
little is known yet, however, on the role of surfactants for
pharmaceutical desorption, nor on the degree of such release
of pharmaceuticals from soils of different soil orders.

The Mezquital Valley has received untreated wastewater
from Mexico City for irrigation purposes for more than a
century. Due to the large volume of wastewater discharged
from the Mexico City Metropolitan Area, the Mezquital
Valley currently is the largest continuous area irrigated with
wastewater worldwide (Jiménez and Chavez 2004). As a con-
sequence of the long-term irrigation, antibiotics have accumu-
lated in soil (Dalkmann et al. 2012). In order to improve the
quality of the water used for irrigation, the Atotonilco waste-
water treatment plant is currently under construction. With an
operational capacity of 35 m® s~', this plant will treat by 2016
approximately 65 % of the wastewater coming from Mexico
City before it reaches the fields. This will expose soils and
sediments to wastewater of different properties, but it is not
known whether they will still accumulate or become a net
source of the already sorbed pharmaceuticals due to their

desorption. The different properties among the soils and sed-
iment, as well as the quality of the treated water will determine
how fast this potential release of pharmaceuticals can take
place, so that we used a kinetic model to assess desorption
rates from the tested soils.

To explore the consequences of the change in wastewater
quality and particularly the influence of surfactants present in
wastewater for desorption of pharmaceuticals from soils and
sediments, we performed batch experiments with three soils
and one sediment from the Mezquital Valley and different
water qualities. We hypothesized that (i) the smaller concen-
trations of pharmaceuticals in treated wastewater compared to
untreated wastewater promote the desorption of antibiotics,
(ii) anionic surfactants enhance desorption of pharmaceuticals
because of competition for sorption sites and their solubilizing
effect, and (iii) the overall desorption process can be
subdivided into an instantaneous and a kinetic rate-limited
process.

2 Materials and methods
2.1 Soils

The Mezquital Valley is located approximately 80 km to the
north of Mexico City. The climate is semi-arid, with a mean
annual precipitation of 400 mm in the driest part increasing to
800 mm in the wettest part, with a yearly average temperature
range between 16 and 18 °C (Siebe 1994). Irrigation with
untreated wastewater from Mexico City started in the begin-
ning of the twentieth century (Siebe 1994) and has continu-
ously expanded since then. Nowadays, about 73,600 farmers
irrigate 900 km? of agricultural land with the wastewater of
the Mexico City Metropolitan Area (MCMA) (Siemens et al.
2008; Raschid-Sally and Jayakody 2008). Part of the waste-
water discharged from the MCMA is stored in the Endho
reservoir, which has a capacity of approximately 190,
000 m>. This ensures a supply of water to the farmers during
the dry season but also serves unintentionally as a primary
treatment step, during which a sedimentation process takes
place. The wastewater used for irrigation in the Mezquital
Valley contains pharmaceuticals that accumulate in the irrigat-
ed soils (Dalkmann et al. 2012) and likely also in the sediment
of the Endho reservoir (Siemens et al. 2008). We selected one
sediment sample from the Endho reservoir and three soil types
for the desorption experiments, namely a Vertisol, a Leptosol,
and a Phacozem, which characteristics are detailed in Table 1.
Samples from the first 20 cm were collected and transported to
the laboratory at approx. 4 °C in cooling bags. They were kept
at—21 °C until used. Because of potential oxidation processes
during pretreatment of the originally reduced sediment sam-
ples under aerobic conditions, the in situ pH of the sediment
could well be higher than the value reported in Table 1. On the
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Properties of the tested soils and sediment

Table 1

Fraction of SMX extracted (%)

ASE extractable

& Fe oxides® ASE extractable
carbon (gkg ) (gkg ") CIP conc. (ugkg ') SMX conc. (ngkg ")

pH Clay (gkg ') Organic

period (years)

Soil/sediment Irrigation

With artificial WW  With LAS-spiked artificial WW  With treated WW

98

38

5.30+1.19° 21

1.51+0.44°

1.54+0.58°

1.62+1.15°
13.33+8.18

1

20.7° 1.4

6.76 226"
7.37 435*
6.82 316"
7.48

99
85
85
42

Phaeozem
Vertisol

36
91

32
40

40

5.00+0.97°

1.50
0.68

23.0°

39
n.d.

4.62+0.80°
n.d.

20.0°

Leptosol

n.d.

n.d.

88.0

175

Sediment

n.d not detected

#Data from Siebe (1994)

® Data from Dalkmann et al. (2012)

¢ Oxalate extractable, from Siebe (1994)

other hand, the sample pretreatment under aerobic conditions
reduced the possibility of pH shifts during the extraction of
pharmaceuticals in the batch experiment.

2.2 Chemicals

According to the consumption data of Mexico (IMS 2005)
and their ecotoxicological relevance, we selected ciprofloxa-
cin (CIP) and sulfamethoxazole (SMX) as our model antibi-
otics. They were obtained from Sigma-Aldrich (Schnelldorf,
Germany). Table 2 shows some physicochemical properties of
these pharmaceuticals. Isotope-labeled ciprofloxacin
(carboxyl-">C3, quinoline-"°N, >98 % pure) and sulfamethox-
azole (ring-">Cg, >98 % pure) were provided by LGC
Standards (Wesel, Germany) as internal standards. Sodium
dodecyl benzenesulfonate was selected as model surfactant
because it is widely used in household cleaning products. It
was purchased from TCI (Eschborn, Germany). The aqueous
solutions were prepared with deionized water (Millipore) and
the organic solvents were all of HPLC grade. The inorganic
salts used for the artificial wastewater were of analytical grade.

2.3 Desorption experiments

Desorption experiments with soils and sediment were per-
formed with three extractants: artificial wastewater, artificial
wastewater spiked with linear alkylbenzene sulfonate (LAS)
(100 pg L") and treated wastewater (effluent) from a treat-
ment plant. The experiments were performed in triplicate. The
batch desorption experiment was conducted according to the
OECD Guideline 106 for the testing of chemicals’ adsorption/
desorption (OECD 2000). We chose a soil/solution ratio of 1:5
(m/m) and performed a sequential extraction of five steps
within a total period of 336 h. Soils and sediment were
freeze-dried and sieved through a 2 mm mesh before the de-
sorption tests. We weighted 5 g of the corresponding soil or
sediment in borosilicate centrifuge tubes. The material was
then sterilized with an autoclave (121 °C, 20 min) in the cen-
trifugation tubes to minimize microbial activity before adding
25 mL of the corresponding extracting solution. Sterilization
of the soils and sediments was necessary to prevent LAS bio-
degradation. Soil properties suffer some changes by autoclav-
ing; nevertheless, previous studies have suggested that such
changes are significant but not dramatic (Berns et al. 2008).
The mixture was shaken with an overhead shaker for the de-
fined time for the corresponding extraction step, namely 24,
48, 72, 144, and 336 h. Subsequently, we separated superna-
tant and solids by centrifugation (2500%g, 40 min). The liquid
phase was decanted for further analysis and replaced with
enough fresh extracting solution in order to have again
25 mL of liquid phase for the following extraction step. The
tubes were weighted before and after each extraction step to
quantify the amount of added or withdrawn liquid.
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Table 2 Properties of the tested pharmaceuticals

Compound CAS number Water log Kow® Koc pKa© Precursor  Fragment Collision
solubility®® ion ions energy
gL’! Lkg'! m/z m/z eV
Ciprofloxacin 85721-33-1 0.5 1.63 34874 6.2;8.8 332.09 245.06 24
0 HO
I
NG | o
/\N/\///\N
) A
b YA
288.11 17
Sulfamethoxazole 723-46-6 2.8 0.66 219¢ 1.7, 5.6 254.02 108.03 23
N—O 155.97 15

o o
H
H,N

* At pH=7 and 25 °C

" Data from SciFinder Database

¢ Data from Chen et al. (2011)

4 Data from Figueroa-Diva et al. (2010)
¢ Data from Barron et al. (2009)

2.4 Desorption kinetics

To describe the kinetic rate-limited desorption of the tested
compounds, we used the following Eq. (1):

d[Y / dt = Yo+ (Yo Y,)* (1) (1)

with 7 as contact time between the solid and liquid phase (h);
Yy as the point of intersection with the axis of ordinates,
representing the amount of instantaneously desorbed antibiot-
ic at infinitesimal time (ug kg '); ¥, as the total desorbable
amount at an infinite time, and (¥,—Y,) as the amount of
pharmaceuticals desorbed via a rate-limited process with the
rate constant k (h~"). Parameters were estimated by plotting
the cumulative amounts of desorbed SMX in the subsequent
extractions steps against time and fitting these data to Eq. (1)
using SigmaPlot version 11.0 (Systat Inc.).

2.5 Wastewater

Wastewater for the desorption experiments was collected from
the treatment plant Cerro de la Estrella in Mexico City, which
uses a conventional activated sludge process. The treatment
plant receives water from Mexico City’s sewer system. After a
tertiary treatment, the water is used to recharge the
Xochimilco lakes. The treated wastewater from this plant
was selected as a good model to emulate the water that the
soils in the Mezquital Valley will receive in the near future
after the implementation of the Atotonilco wastewater treat-
ment plant, which uses also mainly a conventional activated

sludge process. Once sampled, the water was transported to
the laboratory in a cooling box (approx. 4 °C) and then kept at
—21 °C until used for analysis. Artificial wastewater was pre-
pared with inorganic salts to achieve an ion composition mim-
icking the composition of the wastewater used for irrigation in
the Mezquital Valley (see Electronic Supplementary Material
for a detailed composition of the artificial wastewater). We
used this solution for the experiments with and without sur-
factants. The spiking LAS concentration was 100 ug L™

2.6 Analysis of supernatant

Prior to the analysis of sulfamethoxazole and ciprofloxacin
concentrations, the supernatant samples were preconcentrated
and cleaned up using solid-phase extraction (SPE).
Approximately 20 mL of supernatant were diluted with
300 mL of Millipore water, and the pH was adjusted to 2.4
with 1 M HCI. An internal standard solution containing
isotope-labeled sulfamethoxazole and ciprofloxacin was
added, and subsequently, this solution was passed over a com-
bination of a Chromabond SB (Macherey and Nagel,
Germany) and an OASIS HLB (Waters, UK) cartridge.
Subsequently, the HLB cartridges were eluted with 5 mL
methanol, 5 mL acetonitrile, and 5 mL acetonitrile that were
acidified with 0.1 % 12 M HCIL. The eluents were combined
and concentrated with a rotary evaporator to a volume of ap-
proximately 0.5 mL. One milliliter of 50 mM phosphoric
acid/acetonitrile solution (80:20 v/v) was added and sonicated
for 2 min. Then, the liquid was transferred to 1.5-mL
Eppendorf tubes, centrifuged at 15,000g for 20 min and
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transferred to 2-mL amber autosampler vials. SPE of the su-
pernatants and subsequent elution with methanol and acetoni-
trile likely extracted also at least partly the extracted sulfa-
methoxazole and ciprofloxacin that was associated with
DOM in the original solution.

Concentrations of pharmaceuticals and surfactant were
measured using liquid chromatography tandem mass spec-
trometry (LC-MS/MS) with a TSQ Quantum Ultra spectrom-
eter (Thermo Finnigan, Dreieich, Germany) equipped with a
heated electrospray ionization ion source (HESI). For the
chromatographic separation of pharmaceuticals, we used an
XBridge C18 (3.5 pum, 2.1x150 mm) column (Waters,
Milford, MA, USA) together with a guard column (Sentry
2.1x10 mm, Waters, Milford, MA, USA) and a gradient of
methanol (A) and Millipore water (B), both with a 0.1 %
content of formic acid, and a flow of 300 uL min '. The
gradient started with 5 % A, increasing linearly to 60 % in
the first 5 min. The fraction of A was then increased linearly to
80 % in the next 10 min. For 1 min, it was increased up to
90 % and then held for 1 min more. From the minute 16 to 17,
the % A was reduced linearly to 5 % and held for 5 min more
to take the system to the initial condition. The total run time
was 22 min. Pharmaceuticals were measured in positive ion
mode with a discharge current of 4.0 kV, a vaporizer and
capillary temperatures of 390 and 217 °C, respectively, nitro-
gen as sheath gas and argon as collision gas (0.2 Pa). Routine
limits of quantification (RLOQ=lowest concentration of stan-
dard used) were 250 ng kg ' for CIP and 25 ng kg ' for SMX.

3 Results
3.1 SMX desorption as affected by water quality

Artificial wastewater with and without the anionic surfactant
extracted a total of 1115-2004 ng SMX kg ' from the three
soils after the five desorption steps (Fig. 1). The content of
SMX extracted during each extraction step from soils with
these extractants was always relatively low (<1000 ng kg "),
and there was no clear difference in the total amount of SMX
extracted with or without surfactant, except for the Phacozem
(Fig. 1a). We observed no SMX desorption from the sediment
with these extractants, because sediment did not contain sig-
nificant amounts of SMX (Table 1).

With the treated wastewater as extractant, a net sorption,
indicated as “negative desorption” in Fig. 1, was observed
during some extraction steps, particularly for the Vertisol
and the sediment sample. For all samples, we observed a net
sorption of SMX during the second extraction step (Fig. la—
¢). From the third extraction onward, the behavior was differ-
ent for the four substrates: we observed a net desorption from
the three soils at least at one step, but not from the sediment.
For the Phacozem, we found a steady increase in the amount
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of desorbed SMX from the third step onward. For the Leptosol
and Vertisol, we saw an increase at the third step followed by
an irregular pattern by the last two steps. The sediment
showed a different trend: we observed for every extraction
step a SMX sorption from treated wastewater.

In the two cases for which we observed a net desorption of
SMX from the soil with treated wastewater (Phacozem and
Leptosol), this liquid phase extracted around two times more
SMX than artificial wastewater, regardless of the presence of
the surfactant. Interestingly, the total amount of SMX
desorbed from these two soils with treated wastewater after
the five desorption steps corresponds to more than 90 % of the
tightly bound fraction, determined previously (Dalkmann
et al. 2012) by accelerated solvent extraction (Table 1).

3.2 CIP desorption as affected by water quality

Only small amounts of CIP were desorbed from soils or sed-
iment with artificial wastewater, regardless of the presence or
absence of the anionic surfactant, although previous studies
demonstrated the presence of sorbed CIP on these soils
(Table 1; Dalkmann et al. 2012). Therefore, the bars corre-
sponding to these two extractants are virtually absent in
Fig. 2. When using treated wastewater with a CIP concentra-
tion of 3.475 ug L' for the extractions, we found for all
samples even an almost complete sorption of CIP. However,
with each additional extraction step, the sorbed amount of CIP
decreased slightly.

3.3 Desorption kinetics

We used Eq. (1) to describe the desorption kinetics of the
pharmaceuticals from soil and sediments, but this was not
feasible for some cases. As CIP was not significantly desorbed
from the soils but quantitatively sorbed to the sediment, an
analysis of its desorption kinetics was not possible. An anal-
ysis of the SMX desorption kinetics from the sediment sample
was also not possible as no SMX was present in the sediment.
The net sorption of SMX from treated wastewater hampered
the interpretation of the desorption kinetics in contact with this
extractant (Fig. 3). Nevertheless, Fig. 3 nicely illustrated the
transient reduction of SMX desorption. Desorption of SMX
into artificial wastewater with or without surfactant could be
well described with the biphasic desorption model (Eq. (1),
Fig. 3).

The instantancous SMX desorption from the Phacozem
and Vertisol sample into artificial wastewater without surfac-
tant was close to zero (Table 3). Regarding to the effect of the
anionic surfactant on this first instantaneous desorption phase,
we found a greater desorption of SMX from Phacozem and
Vertisol compared with the extraction without surfactant
(Fig. 3). Rate constants for the kinetic desorption of SMX
decreased in the order Phaeozem > Vertisol > Leptosol,



J Soils Sediments (2016) 16:966-975

971

a
6.000

Phaeozem
5.000

4.000 IMaximaI standard deviation of replicate extractions

Al

-1

k
w
o
o
o

2.000

Desorbed SMX, ng kg
5
S

-1.000

-2.000

AEREEEERE IR T RN RN R AN RN R NNl AR

-3.000

1 2 3 4 5 Total

6.000

Vertisol

6.000
Leptosol
5.000
4.000
3.000

2.000

1.000

i

1 2 3 4 5 Total

-1.000

-2.000

AETEEEERE R T RN RN RN AN RN AR NNl NRET

-3.000

2.000

Sediment

5.000

Bl Treated wastewater

[ Artificial wastewater

4.000 [ Artificial WW spiked with LAS

—_ N w
o o o
o o o
o o o

Desorbed SMX, ng kg’

-1.000

ﬂr““ﬂ

-2.000

praa b bewnn fowan bynan bvwnn bovan banna bunn

-3.000

T T T T T T
1 2 3 4 5 Total
Extraction step

o

NI SENE RN AN NN CERE RN EREE RN NN N

IR
-4.000

-6.000
-8.000
-10.000
-12.000
-14.000
-16.000

-18.000

T T T T T T
1 2 3 4 5 Total
Extraction step

Fig. 1 Desorption of SMX at each extraction step and the total extracted amount from the four tested substrates. Negative desorption values correspond

to a net sorption

regardless of the presence of surfactant. Remarkably, the de-
sorption rate constant we estimated for the extraction with
surfactant was always higher than the rate constant for the
extraction without surfactant.

4 Discussion
4.1 SMX desorption as affected by water quality

Despite long-term exposure to wastewater, we did not detect
any SMX in sediment even with an accelerated solvent extrac-
tion, which accesses the tightly bound fraction. This was pos-
sibly due to the biodegradation of SMX by facultative anaer-
obic bacteria in lake sediment, as reported by Zhang et al.

(2013). Therefore, no SMX was desorbed from sediment with
artificial wastewater, either with or without surfactant.

The treated wastewater used in our experiments contained
1.045 ug L' SMX and 3.475 pg L™' CIP. During conven-
tional wastewater treatment, many organic compounds are
degraded but some emerging contaminants like pharmaceuti-
cals can persist (Hirsch et al. 1999). Considerable concentra-
tions of sulfamethoxazole (Carballa et al. 2004) and ciproflox-
acin (Lindberg et al. 2006) in the effluent of wastewater treat-
ment plants after activated sludge treatment have also been
reported in other studies; hence, there is doubt that the waste-
water treatment in the Mezquital Valley will succeed in elim-
inating pharmaceutical loads completely. This is the reason
why we observed a “negative desorption” when we used this
extractant (Fig. 1). Although pharmaceuticals have accumu-
lated in soils in Mezquital Valley due to long-term wastewater
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Fig.2 Desorption of CIP at each extraction step and the total extracted amount from the four tested substrates. Negative desorption values correspond to

a net sorption

irrigation (Dalkmann et al. 2012), they can still sorb SMX and
CIP as Dalkmann et al. (2014b) observed in sorption batch
experiments. The sorption degree of SMX was different in the
soils and sediments, but at the second desorption step, we
observed a net sorption to all the three soils (Fig. 1a—c). This
might be explained by a breakdown of soil aggregates during
the first and second extraction steps, exposing new surfaces

and sorption sites that were previously unavailable to the
SMX-containing extractant.

The sediment showed a very different behavior than the
soils because (i) the sediment did not contain originally any
SMX, as discussed above, and (ii) the sediment had a high OC
content (Table 1), promoting SMX sorption by hydrophobic
interactions as suggested for SMX and other sulfonamides,

a s b C
1 Phaeozem Leptosol Vertisol
5 * 5+ 5
----- Treated wastewater
1 1 .. 1 < Artificial wastewater
44 4+ e . 44 & Artificial WW spiked with LAS
oo R Fitted two-phase model
< 39 . 3 e 3
» . e |
X 2+ 2+ eme B
z 1 f ]
. H
T 14 14 1
2 7
2 1 !
£’ 0 Yy 0
o] ] . PR
i :I: Maximal standard deviation of replicate extractions i s -
-2 -2 24 RN S —— .
| ] .
B i B e o e T LA B S N S B B R o L S i i o o o o LA B -3 T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

time, h

time, h

time, h

Fig. 3 Cumulative desorbed SMX as a function of time. The solid lines represent the fit of the experimental data to the bi-phasic desorption model
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Table 3  Kinetic parameters for SMX desorption from the model fitting to experimental data

Soil Y, Y, k
(g kg ) (g kg ) (G
Artificial WW  LAS-spiked artificial WW  Artificial WW  LAS-spiked artificial WW  Artificial WW  LAS-spiked artificial WW
Phacozem 0.0056+0.2372 0.6754+0.0753 1.1611+0.1548 1.9798+0.0312 0.0111+0.0056 0.0150+0.0017
Vertisol  n.d. 0.5362+0.0801 2.4365+0.5211 1.6013+0.0499 0.0050+0.0027 0.0115+0.0021
Leptosol  0.6886+0.0891 0.5007+0.0949 1.8952+9.8703 1.9398+0.1013 0.0008+0.0023 0.0082+0.0018

n.d. not detected

although the predominant SMX species at the pH of the ex-
periments is the anionic form (Sukul et al. 2008; Zhang et al.
2010; Leal et al. 2013; Zheng et al. 2013). The neutral and
cationic species of SMX did not play a significant role in our
experiments as the pH of the soils and the sediment were
always above the pKa, (Table 2). Also, SMX sorption to the
Vertisol was likely promoted by a larger clay content and—in
tendency—also higher organic matter content compared with
the Leptosol and Phacozem (Table 1). Overall, the amount of
desorbed or sorbed SMX was negatively related to the organic
matter content of the soils and the sediment (Pearson »=—0.96,
p<0.05), highlighting the importance of maintaining or even
raising organic matter contents of irrigated soils in the
Mezquital Valley after the implementation of wastewater
treatment.

A main difference between treated and artificial wastewater
was the dissolved organic carbon concentration. While artifi-
cial wastewater was prepared only with inorganic salts and, in
the case of the LAS-spiked solution, a low concentration of
anionic surfactant (100 pg L' LAS; ~0.06 mg L' DOC), we
measured a DOC concentration of 9.5 mg L' for the treated
wastewater. Haham et al. (2012) reported a reduced sorption
of the sulfonamide sulfapyridine to soils with low organic
carbon contents when the liquid phase was enriched with dis-
solved organic carbon. They concluded that this effect might
be caused by competition between sulfapyridine and
dissolved organic carbon for binding sites or through direct
interactions between the organic compound and the dissolved
organic carbon. Additionally, Chefetz et al. (2008) suggested a
competition of the anionic form of naproxen with dissolved
organic matter for binding sites in the soil organic matter to
explain the higher mobility of the pharmaceutical in topsoil
from column experiments. A reduced sorption of sulfon-
amides was also observed when manure was applied to soil
as it increased the DOM concentration (Thiele-Bruhn and
Aust 2004). Based on these independent observations, we
suggest that the combined effect of the competition between
dissolved organic matter in treated wastewater and sulfameth-
oxazole for sorption sites, and the sorption of the sulfonamide

by DOM reducing its activity and increasing its concentration
in the liquid phase, promoted the desorption of sulfamethox-
azole from the Phacozem and Leptosol with lower clay and Fe
oxide contents than the Vertisol and lower organic matter con-
tents than the sediment in our experiments. This explains why
treated wastewater extracted around two times more SMX
than artificial wastewater, regardless of the presence of the
surfactant.

4.2 CIP desorption as affected by water quality

Due to the strong sorption of CIP in soils (Dalkmann et al.
2014a), we observed only small amounts of desorbed CIP
with artificial wastewater, with or without surfactant. As arti-
ficial wastewater did not contain any CIP, no sorption from
these solutions was possible. This high affinity of CIP for soils
also led to an almost complete sorption on the solid phases
from treated wastewater. Given the CIP concentration in
wastewater and the volume used in the experiments, a maxi-
mum of approximately 75,000 ng kg ' of CIP could be sorbed
after the five extraction steps (assuming a complete sorption).
Figure 2 shows that all samples sorbed approximately 70,
000 ng kg ' of CIP, reflecting the strong binding of CIP to
soils and sediments.

According to a kinetic study (Dalkmann et al. 2014b), CIP
is sorbed mainly to negatively charged clay minerals via a
cation exchange mechanism in soils with pH values in the
range of 7.1-7.5. This process could be enhanced at smaller
pH values, as CIP would be present mainly as cation, like
Vasudevan et al. (2009) observed in Vertisols with a lower
pH (3.0-5.5); nevertheless, the soils we tested have a pH be-
tween 6.76 and 7.48, so CIP was present mainly as zwitterion
(Table 2). Anyhow, we observed a high affinity of CIP for all
the soils and the sediment tested.

4.3 Desorption Kinetics

Desorption of SMX from the three soils with artificial waste-
water could be well described by Eq. (1) (Fig. 3). The model

@ Springer



974

J Soils Sediments (2016) 16:966-975

encompasses an instantaneous desorption of the SMX sorbed
to easily accessible sorption sites on the surface of soil and
sediment particles and a slower rate-limited desorption pro-
cess, e.g., from the micropores of the solid, that is character-
ized by a rate constant k (h™"). According to this theory, most
ofthe desorbed SMX extracted from these soils was located in
poorly accessible sites, because of the very small values of the
instantaneous SMX desorption from the Phacozem and
Vertisol sample into artificial wastewater without surfactant
(Table 3). This is probably due to the long-term accumulation
of this compound in the crop fields in the Mezquital Valley,
allowing diffusion to poorly accessible pores and binding sites
upon aging (e.g., Rosendahl et al. 2011). Instantaneous de-
sorption from the Leptosol into artificial wastewater was like-
ly facilitated by its small contents of soil organic matter and
clay (Table 1) as well as iron oxides (0.68 mg g ' oxalate-
extractable iron; Siebe 1994). Therefore, the soil with the low-
est OC, Fe oxide, and clay contents released SMX at the

highest rate, regardless of the presence of surfactant (Table 3).

The greater desorption of SMX from Phaeozem and
Vertisol with artificial wastewater with surfactant compared
with the extraction without surfactant (Fig. 3) suggests a pro-
moting effect of even a concentration of 100 g L™ of anionic
LAS on the rapid desorption of anionic SMX that can be
explained by (an)ion exchange reactions at soil organic matter
or iron oxide surfaces. Thiele-Bruhn et al. (2004) suggested
that beside the soil organic matter, pedogenic oxides are rele-
vant for sulfonamide sorption. In addition, Forster (2011) de-
scribed the contribution of iron oxides to the process of
intraparticle diffusion of sulfadiazine. Thus, weak sorption
of SMX in the Leptosol poorest in iron oxide, clay, and organ-
ic matter probably prevented a promoting effect of LAS on the
rapid desorption of SMX in this soil.

This and the larger desorption rate constants for the extrac-
tions with surfactant compared to those without surfactant for
the three soils, reflect again the competitive sorption of both
compounds and perhaps also an effect of the surfactant on soil
organic matter conformation (and “rigidity”) or its dispersing
effect on aggregates (Schaumann and Thiele-Bruhn 2011),
which could both accelerate the release of SMX from poorly
accessible binding sites.

5 Conclusions

Strong sorption likely prevents desorption and release of CIP
from the Mezquital Valley soils and sediments after the imple-
mentation of wastewater treatment. However, Leptosols and
Phaeozems with particularly lower contents in clay and organ-
ic matter can turn into net sources of SMX when they are
irrigated with treated wastewater in the future. SMX release
from sediments is limited by their small SMX contents.

@ Springer

The desorption of SMX from soils in contact with artificial
wastewater can be subdivided into an instantaneous desorp-
tion and a slower rate-limited desorption, and it has been the
latter step that controlled the ongoing release of the sulfon-
amide by surfactants and treated wastewater from the soils.
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