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Abstract The extraction of six sulfonamides (sulfadiazine,
sulfadimidine, sulfathiazole, sulfachloropiridazine, sulfadi-
methoxine, and sulfaquinoxaline) from soils with different
physicochemical characteristics and at several aging times
was investigated. Conventional mechanical shaking,
microwave-assisted extraction, ultrasound probe-assisted
extraction and pressurized liquid extraction techniques were
evaluated. The four techniques provided similar results
when applied to freshly contaminated soils. However,
microwave-assisted extraction was the most suitable to
extract sulfonamide aged residues from soils. Microwave-
assisted extraction was applied to eight soils aged for
3 months, using acetonitrile:buffer pH 9 (20:80) as the
extraction solvent, and recoveries ranged from 15–25% for
STZ to 42–64% for SDM.
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Introduction

Antibiotics are widely used in veterinary practices as
therapeutic and prophylactic agents against infectious
animal diseases and sometimes for growth promotion
purposes. However, since January 2006, the European
Union banned the feeding of antibiotics and related drugs
to livestock growth promotion [1]. Antibiotics excreted by
treated animals, as well as their metabolites, reach the
environment, mainly when manure is used as fertilizer and
spread on agricultural soils.

Antibiotics, which are considered emerging pollutants,
are specifically designed to act against microorganisms and
they are among the most controversial contaminants since,
in addition to ecological effects, they can enhance the
generation and spread of drug resistant bacterial strains [2,
3]. In European countries, sulfonamides (SAs) are one of
the most widely administered groups of antibiotics in
animal husbandry [4] and it has been estimated that
between 40% and 90% of the parent SA is excreted by
the animal [5]. Studies to evaluate their impact and fate on
the environment include the characterization of sorption
processes of SAs to soils [6–18], which finally determine
the bioavailability of the pollutants and their mobility by
leaching, run-off, or migration to the aquatic system.
Another key issue for environmental studies is the quan-
tification of SAs in water and soil samples, to evaluate
their presence in the environment, which requires suitable
analytical methodology. From the last decade, methods for
the quantification of SAs in the water compartment have
been developed [19–31]. They are mostly based on liquid
chromatography (LC) with mass spectrometry detection,
and a previous solid-phase extraction step for precon-
centration and clean-up purposes is applied. However,
methods for the analysis in soil samples are still scarce
[4, 11, 27, 32–36].

Soil analysis methods consist of the extraction of the
analytes from the soil matrix, usually followed by a SPE
clean-up and LC determination. To this date, the extraction
from the soil matrix is the most critical step. Methanol [4, 11,
33, 35] or acetonitrile [27, 32, 34, 36], either with or without
a buffer mixture, are the most used extraction media.
Different extraction techniques have been applied, from the
simple mechanical shaking (MECS) to microwave-assisted
extraction (MAE) or pressurized liquid extraction (PLE).
Table 1 summarizes methods reported in the literature for the
extraction of SAs in soils.
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Sulfadiazine (SDZ), which is the most investigated SA,
can be considered as a representative compound for this
family of antibiotics. Extraction recoveries reported for
SDZ range from around 10% to 95%. The differences in the
extraction efficiency can be due to the methodology ap-
plied, to soil physicochemical characteristics and to the
residence time of the SAs on the soil [32, 34, 36, 37]. Most
studies are usually restricted to one soil or to a small set of
soils, which makes difficult to compare the efficiency of the
different extraction systems and their behavior with regard
to soil characteristics and aging.

In this paper, a study on the extraction of six SAs (see
Fig. 1), widely used as veterinary drugs is presented. Soils
covering a wide range of physicochemical properties and
different aging times have been considered, as well as
different extraction techniques.

Experimental

Chemicals and solutions

Sulfadiazine (SDZ), sulfathiazole (STZ), sulfadimidine
(SDD), sulfamethoxidiazine (SMZ), sulfachloropiridazine

(SCP), sulfadimethoxine (SDM), and sulfaquinoxaline (SQ)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Individual primary stock standard solutions (50 mg l−1) of all
SAs were prepared monthly by dissolving the compounds in
methanol (Merck) and stored in dark glass bottles at 4 °C.
Secondary stock standard solutions containing 2 mg l−1 of
each SA were prepared weekly by mixing the primary stock
solutions of the seven SAs and diluting with methanol.
Working solutions were prepared daily by dilution of stock
standard solutions with acetonitrile (ACN) or water.

Fluorescamine was purchased from Fluka (Buchs,
Switzerland). Fluorescamine solutions 0.2% were
prepared in ACN. The reagents were used without further
purification.

Acetonitrile HPLC gradient grade (Merck, DarMecStadt,
Germany) and doubly de-ionized water (Milli-Q, Millipore,
Molheim, France) with a resistivity of 18.2 MΩ cm−1 were
used throughout. All other reagents were of analytical
reagent grade.

The mobile phase consisted of ACN and aqueous formic
acid/ammonium formiate buffer solution pH 3.4 previously
filtered through a 0.22-μm nylon filter.

Concentrations of 0.1 M buffer solutions at pH 3.4, 9.0,
10.5, and 12 were prepared from formic acid/sodium

Table 1 Summary of extraction methods for sulfonamides in soils

Analytes Extracting Agent Extraction
Technique

% SAs recovery
(soil characteristics)

Reference

SDZ, STZ,SDM, SDD, sulfamerazine,
sulfamethoxypyridazine, sulfamethoxazole

MeOH:Citrate buffer Mechanical
shaking

28-50%(a); 7–26%(d) [10]
pH:4.7 (1:1) (pH:4.5 / Org.C.: 1.8% /

Clay: 2.4%)

SDZ MeOH:Citrate buffer
pH:4.7 (1:1)

PLE 48–64% (pH:6.1 / Org.
C.:1.6% / Clay: 11.3 %)

[4]

66–84% (pH:5.6 / Org.
C.:1.4% / Clay: 5.2 %)

SDZ, STZ, SDD, sulfamethoxazol, sulfadoxine MeOH :EDTA-McIlvaine
buffer pH:6 (90:10)

US 61–89%(c) [32]

SDZ, STZ, SCP, sulfamethoxazole, MeOH :EDTA- McIlvaine
buffer pH:7.2 (50:50)

US 69–101% (mean from nine
different soils)

[34]

SDZ ACN : H2O (1:4) MAE 70%(d) (pH :6 / Org.C.:
1.0% / Clay : 3 %)

[31]

45%(g) (pH:6.3 / Org.C.:
1.2% / Clay: 6.3 %)

SDZ, SDD, SMZ, SDM,SCP and SQ ACN MAE 62–85%(c) (pH:6.5 / Org.C.:
4.3% / Clay: 24.4 %)

[26]

69–98%(c) (pH:8.5 / Org.C.:
1.0% / Clay : 14.1 %)

60–80%(c) (pH:6.9 / Org.C.:
3.4% / Clay: 16.3 %)

SDZ, SQ, SMZ, and sulfamonomethoxine ACN Dynamic MAE 86–102%(c); 37- 48%(f)
(pH: 6.2 / Org. C: 2.5% /
Clay: 34.5%)

[35]

SDZ, SDM, STZ, SDD, and sulfamethoxazole ACN:Tris buffer pH:8.8
(85:15)

PLE 40–90%(b); 10-40%(e) [33]
(pH :6 / Org.C.: 3% /
Clay : 27 %)

Contact time between spiked analytes and soil matrix: (a) 10 min, (b) 90 min, (c) overnight, (d) 1 week, (e) 2 weeks, (f) 1 month, (g) 7 months
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formiate, ammonium chloride/ammonia, sodium hydrogen
carbonate/sodium carbonate and sodium hydrogen phos-
phate/sodium phosphate, respectively.

The SPE cartridges used in this study were Oasis HLB
(30 mg; Waters, Milford, MA, USA).

Glassware used for experiments was previously soaked
in 10% nitric acid for 24 h and rinsed with ultrapure
water.

Samples

Soil samples were collected from different locations in
Spain. They were air-dried and sieved through 2-mm mesh.
Soils were sterilized using γCo60 radiation, stored in the
dark, and were passed through a riffle splitter before
analysis. Table 2 shows parameters referring to texture,
chemical composition, and other properties of the soil
samples.

Apparatus

Chromatographic analysis was performed in an Agilent
1100 system (Palo Alto, CA, USA), consisting of an HP
1100 quaternary pump, an automatic injector Agilent 1100
G1313A, and an Agilent 1100 fluorimetric detector. The
analytical column was a 5 μm LiChrospher 100 RP-18,
250×4 mm I.D. (Merck), equipped with a 5 μm LiChros-
pher 100 RP-18 guard column.

Microwave-assisted extraction was carried out using an
ETHOS E closed-vessel system (1,000 W) supplied by

Milestone (Sorisole, Italy). The system is designed for
extraction using organic solvents and is able to hold twelve
extraction vessels.

Pressurized liquid extraction was performed by an ASE
100 (Dionex, Sunnyvale,CA, USA).

An ultrasound probe MS 72 (Bandelin Electronic,
Berlin, Germany) coupled into a ultrasonic homogeneizer
HD 3200 (Bandelin ELECTRONIC, Berlin, Germany) was
used to carry ultrasonic extractions.

A rotary mixer 34526 (Breda Scientific, Breda, Nether-
lands) was used in conventional mechanical shaking ex-
traction experiments.

For SPE preconcentration, a Rapid Trace Workstation
(Caliper LifeSciences, Inc. MA, USA) was used.

pH was measured using a Crison GLP 21 pH-meter
(Alella, Spain), equipped with an Ag/AgCl combined glass
electrode, Crison 52-02.

A vortex mixer SA 8 (Afora, Barcelona, Spain), a Jones
microsplitter riffle (Sepor Inc., CA, USA), and a Heraeus
Christ centrifuge (Osterode am Harz, Germany) were also
used.

Procedures

Spiking

For recovery studies, soil samples were spiked by adding an
appropriate volume of a standard aqueous solution contain-
ing the six SAs to dry soil. Spiking levels were 150–
300 ng g−1.The mixture was vortexed and then left to stand
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from overnight (17–20 h) at room temperature up to several
months at 4 °C.

Extraction and clean-up

Mechanical shaking Six milliliters of ACN:buffer pH 9
(20:80) was added to 2 g spiked soil sample in a 30-ml
centrifuge tube. The mixture was end-over-end shaken for
30 min and then centrifuged (1,507×g, 15 min). The extract
was transferred to a 25-ml volumetric flask. The residue
was rinsed with 1 ml of the extraction solvent and
centrifuged again. The supernatant was combined with the
previous extract, SMZ was added as internal standard and
the volume adjusted to 25 ml with 0.1 M formic/formiate
buffer pH 3.4. Then, 10 ml of this solution was loaded in a
30 mg Oasis HLB SPE cartridge, which was previously
conditioned with 5 ml methanol followed by 5 ml formic/
formiate buffer pH 3.4. After loading, the cartridge was
rinsed with 10 ml water, air-dried, and eluted with 1 ml
ACN at a flow rate of 0.5 ml min−1. The extract was
then derivatized as mentioned in the “Derivatization-LC-
Fluorescence” section and injected into the chromato-
graphic system.

Microwave-assisted extraction Six milliliters of ACN:buffer
pH 9 (20:80) was added to 2 g spiked soil sample in a 35 ml
PTFE extraction vessel. After microwave irradiation (15 min,
115 °C), the vessels were air-cooled and the content
transferred to a 30-ml centrifugation glass tube. Then, it was
centrifuged and proceeded as above.

Pressurized liquid extraction Ten grams of spiked soil
sample was mixed with diatomaceous earth and introduced
into a 33-ml stainless cell. The working conditions were
130 °C, 5 min preheating and 13 min static temperature,
one cycle and 150 s purging time and the extraction solvent
was ACN:buffer pH 9 (20:80). The extract was transferred
to a 100 ml volumetric flask, SMZ was added as internal
standard, the volume adjusted with 0.1 M formic/formiate
buffer pH 3.4 and then it was proceeded as above.

Ultrasonic probe-assisted extraction Six milliliters of
ACN:buffer pH 9 (20:80) was added to 2 g spiked soil
sample in a 30-ml centrifuge tube. After sonicating (5 min,
50% amplitude (78 W)), it was centrifuged and proceeded
as above.

MAE and PLE experimental conditions were adapted from
those described in the literature [27, 34], whereas the opti-
mization of the USPE conditions were performed in this
work.

Derivatization-LC-Fluorescence

One milliliter of solution containing SAs in ACN (that is,
standard or sample eluate from SPE) was mixed in a 5-ml
volumetric flask with 2 ml of aqueous formic/formiate
buffer solution at pH 3.4 and 1 ml of 0.2% fluorescamine
solution. The mixture was left to stand for at least 2 h at room
temperature, diluted to volume with ACN/buffer (1:1) and
filtered through a 0.45-μm Nylon membrane before injection

Table 2 Physicochemical characteristics of the soil samples

S-A S-B S-C S-D S-E S-F S-G S-H S-I S-J S-K

pH 8.2 8.2 6.6 7.2 8.4 7.9 6.4 5.6 8.4 7.9 5.3

Conductivity(dS/m) 0.3 0.3 0.3 0.1 0.4 5.3 0.23 0.1 1.6 3.2 2.9

Organic Carbon (%) 1.5 1.2 6.2 2.6 1.8 7.8 1.8 1.6 1.0 2.4 0.8

CEC (meq/100 g) 10.6 17.1 14.8 11.0 11.9 89.3 22.2 23.4 12.1 15.4 30.6

SiO2 (%) 62.3 36.3 56.0 79.2 43.1 24.3 66.8 84.3 45.3 30.3 56.7

CaO (%) 7.4 25.4 1.7 0.9 21.0 36.2 0.7 0.2 15.1 30.8 1.3

Fe2O3 (%) 5.3 4.0 8.2 4.3 3.3 2.5 6.1 1.6 5.3 2.7 10.9

Al2O3 (%) 13.0 9.9 19.9 9.6 8.9 5.4 16.7 7.1 13.9 6.6 19.1

Na2O (%) 0.5 0.2 0.8 0.1 0.5 0.7 0.2 0.7 0.7 0.3 0.7

TiO2 (%) 0.8 0.5 1.0 0.9 0.4 0.3 0.9 0.9 0.7 0.4 2.3

MgO (%) 1.4 1.4 2.2 0.6 2.6 2.6 1.3 0.4 2.9 1.8 2.5

K2O (%) 2.4 1.7 3.6 1.8 2.1 1.0 3.1 1.9 2.9 1.4 1.7

Sand (%) 2 mm>d>0.05 mm 38.6 13.6 37.3 76.0 32.5 15.8 47.6 56.4 7.7 29.1 36.7

Silt (%) 0.05 mm>d>0.002 mm 37.7 55.5 49.0 13.5 41.9 40.6 30.2 32.7 58.3 41.8 42.8

Clay (%) d<0.002 mm 23.7 30.9 13.7 10.5 25.6 43.6 22.2 10.9 34.0 29.1 20.5

d particle diameter (mm)
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(50 μl) into the chromatographic system kept at 40 °C. The
fluorescence of the derivatized compounds remains constant
for about 8 h. The derivatized SAs were separated using
binary gradient elution. Mobile phase A was 10 mM formic/
formiate buffer at pH 3.4 and mobile phase B acetonitrile.
The elution profile was as follows: 36% ACN for 10 min,
gradient elution from 36% to 40% acetonitrile in 10 min, kept
at 40% ACN to min 24, return to 36% ACN in 2 min and kept
36% ACN to min 30. The mobile phase flow rate was set at
1.2 ml min−1 and the separation was carried out at a
temperature of 40 °C. The excitation/emission wavelengths
selected were 405 and 485 nm, respectively. Quantification
was performed by internal standard calibration by measuring
peak areas. Figure 2 shows a chromatogram in the working
conditions.

Results and discussion

Selection of the extraction solvent

Preliminary extraction experiments were performed with
overnight spiked soils (i.e., about 17–20 h of contact time
of the spiking solution with the soil matrix before
extraction) and using conventional end-over-end mechani-
cal shaking. At this stage, four soils (S-A, S-B, S-C, and S-
D) were used (see Table 2 for soil characteristics). Since
SAs are relatively polar, with octanol–water partition
coefficients in the range 0.8–6.3 [38, 39], solvents such as
acetonitrile (ACN), acetone and methanol, as well as
hydroorganic mixtures of these solvents were assayed. For
the six SAs and four soils, hydroorganic mixtures provided
higher recoveries than the corresponding pure organic
solvent, with this effect being more noticeable for the most
polar compounds, i.e., SDZ and STZ.
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SAs are amphoteric compounds, and their interaction
with the soil matrix depends on the pH of the medium. The
pKa values of the SAs are in the ranges 1.2–2.4 and 5.1–7.4
for pKa1 and pKa2, respectively. Therefore, the non-ionized
form is dominant in neutral and mild acid conditions,
whereas the anionic form prevails at basic pH, and this
negatively charged species experience weaker interaction
with soils than the neutral form [10, 15, 17]. This is in
accordance with results obtained in the preliminary screen-
ing of extraction solvents: hydroorganic mixtures buffered
at pH 9 provided higher extraction efficiencies than the
equivalent mixtures without pH adjustment, being this
behavior common to the four soils.

Regarding to the organic solvent nature, no remarkable
differences between recoveries provided by the three
solvents were observed when considering overall SAs
extraction. However, noticeable differences were observed
for each individual SA. Extraction recoveries corre-
sponding to soil D and mixtures consisting of organic
solvent/aqueous buffer pH 9 (20:80) are shown in Fig. 3.
For the other assayed soils, a similar pattern was observed.
As can be seen, methanol-based mixtures were more
efficient than ACN or acetone for SDD, whereas SDT and
SQ recoveries were higher with ACN, and for STZ and
SCP the three solvents provided similar results. ACN–
water was selected for further studies, and the effect of
ACN content (20–80%) and pH of the aqueous buffer (9–
12) on recovery rates was investigated. No relevant effects
of pH or % ACN on SAs extraction recoveries were found
in the explored ranges, but obviously as pH increased a
higher matrix load was obtained, due to humic organic
matter solubilization. Finally, ACN:aqueous buffer pH 9:
(20:80) was chosen as extracting system, since extracts
were cleaner and the low content of ACN facilitated the
SPE clean-up step of the soil extract before the chromato-
graphic determination.

Extraction recoveries obtained with the selected solvent
for different soils are shown in Fig. 4. As can be seen, for

most SAs, recoveries were soil dependent. SDZ, STZ,
SDD, and SCP recoveries for soil A were similar to those
for soil B, but higher than those obtained for soils C and D.
Regardless of soil characteristics, SDM was the most
extracted SA, whereas STZ was the least. The relatively
low organic carbon content in soils A and B could account
for the higher recoveries observed.

As an alternative to mechanical shaking, more exhaus-
tive extraction techniques, such as PLE, MAE, or ultra-
sound probe-assisted extraction (USPE) were assayed.
Experiments were performed with soils A and D. ACN:
aqueous buffer pH 9 (20:80) was used as extraction solvent.
Extraction recoveries obtained with overnight spiked soils
proved that all these extraction techniques led to similar
recoveries than mechanical shaking.

Extraction of aged sulfonamide residues

Extraction of SAs from aged spiked soils was then
investigated. When mechanical shaking extraction was
applied to spiked soils A and D, the obtained results
showed that recoveries drastically decreased from overnight
spiked samples to those extracted 1 month after spiking.
The average decrease of SAs recoveries was about 60–
70%. A further decrease around 20–30% was observed
from 1 to 2 months, leading to recovery rates as low as 5–
20% for 2-month aged soils. This relationship between
extraction efficiency and aging processes in soil is well-
known and has been reported for a wide range of
compounds [40–42], including sulfonamides [11, 32, 34].
Aging may be related to processes of a very different
nature, such as physical aging, e.g., diffusion throughout
soil micropores [43] or chemical aging, due to the slow
formation of covalent bindings with some soil components.
Compounds having amino or phenolic groups are prone to
the formation of bound residues, through the coupling to
humic matter [44, 45]. Bialk and Pedersen [46, 47]
demonstrated the formation of covalent bonds between
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SAs and soil humic substances through the formation of
Michael adducts via the anilinic nitrogen.

PLE, MAE, and USPE techniques, which can be
advantageous when the analytes strongly interacts with
the solid matrix, were then applied to these soils. Figure 5
shows data obtained when the four extraction techniques
were applied to 1-month aged spiked soil D. As can be
seen, extraction recoveries provided by PLE and USPE are
similar to those obtained with mechanical shaking. In
contrast, MAE resulted in significant higher recoveries for
all analytes, except SQ. Results obtained with soil A were
similar. These results agree with data reported by Foster
et al. [32] when extracting aged SDZ residues. Although
MAE provided the highest recoveries for SAs extraction,
the aging effect was still observed: for soil D the average
decrease of SAs recoveries was about 35%, in contrast to
the 65% overall decrease observed for mechanical shaking.
From these assays, MAE was selected as the most suitable
approach for the SAs extraction from soils. The technique
was applied to a series of eight different soils covering a
wide range of physicochemical properties.

The soils were spiked with the analytes, aged for
3 months and then extracted under microwave conditions.
Results, which are presented in Fig. 6, pointed out that
extraction efficiency depended on the SA. The pattern
observed with freshly spiked soils was reproduced in aged
soils, i.e., STZ was the most difficult to extract, whereas the
highest recoveries were obtained for SDM. SAs recovery
values were usually in the 30–50% range, except for STZ that
were below 30%, and for SDM, that were between 40-65%.

The effect of soil characteristics on extraction recovery
was also observed for these aged soils. Although differ-
ences depended on the SA, some general trends were
observed. For almost all the compounds the lowest
recoveries were those corresponding to soils D and E,
whereas soils J and K provided the highest values. Not only
the organic carbon content [7, 13, 17, 18], but also the clay
content [6, 12] have been identified in the literature as key
parameters for SAs sorption to soils. However, the results
obtained in this study cannot be explained just in terms of
quantitative data of organic carbon or clay content. For
instance, although both clay and organic carbon content of
soil F were higher than those of soil D, SAs recoveries for
soil F were much higher than for soil D.

A more detailed look through the obtained data revealed
that for soils having low organic carbon content, recoveries
decreased as clay percentage increased; this can be seen by
comparing soils I and K or soils G and H. Nonetheless, this
trend was not observed for soils with higher organic carbon.
This was probably because the accessibility of SAs to
minerals in the clay fraction was reduced, and thus the
effect of the mineral fraction of the soil is only relevant
when the content in organic carbon is low [6, 17].

Partial least squares regression was applied to analyze
SAs recoveries as a function of soil characteristics but no
conclusive results about the factors affecting extraction
were obtained from the multivariate data analysis. As
previously mentioned, according to literature, organic
matter plays a decisive role in the interaction of SAs with
the soil. However, organic matter refers to a complex
heterogeneous mixture of organic molecules, and, in
addition to the partition of the compounds to the organic
phase, chemical reactions can occur. Therefore, the %OC
bulk parameter would not be functional enough to describe
contribution of organic matter, but its chemical com-
position would determine the extent of the SAs to soil
interactions

Conclusions

Recoveries for the extraction of SAs with acetonitrile:buffer
pH 9 (20:80) from overnight spiked soils ranged from 40%
to 80%, depending on the SA and soil. The extraction
technique (MECS, MAE, PLE, and USPE) had no no-
ticeable effect. Recoveries obtained from aged SAs residues
were lower, and depended on the extraction technique
applied, with MAE being the most efficient. Recoveries
obtained with MAE from soils aged for 3 months were in
the range of 15–64%.

Since extraction recoveries are generally established
from freshly spiked soils, the extraction efficiency is
usually overestimated. Therefore, if applied to aged SAs
residues quantification, it would lead to lower SAs
concentration values in the soil than the total. However,
the labile SAs fraction that is quantified has more relevance
to environmental fate and bioavailability.
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