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Summary

Antibiotics were discovered in the first half of the twentieth century as a miracle
cure against bacterial infections. However, antibiotic resistance of microorgan-
isms started to develop very soon. As a consequence, therapeutic options are
narrowing and cases have been reported where bacteria have proven resistant
against most antibiotic drugs known today. These pharmaceuticals are not only
administered in human medicine but are an integral part of modern animal
production. Because a part of these antibiotics is excreted as active drug, veteri-
nary antibiotics can reach the environment by spreading manure of treated ani-
mals. Fluxes of several hundred grams of a single active ingredient per hectare
and year can be expected to reach agricultural soils on intensive pig production
farms. The role of these environmental residues with regard to the spread of
resistant bacteria is not well understood today.

In this work, the fate of one important group of veterinary antibiotics – the
sulfonamides – is investigated under natural weather conditions and typical
Swiss agricultural practice. In the first phase of the project, methods for quanti-
fying sulfonamides in soils and natural waters were developed to investigate
the fluxes of theses substances in the environment. The water analysis was
done by a fully automated coupling of solid phase extraction (SPE) and liquid
chromatography – tandem mass spectrometry (LC-MS/MS). The developed
approach allows efficient analysis of large numbers of samples with high pre-
cision. This was necessary to analyze the large number of samples needed to
represent properly the spatial and temporal concentration variability that was
observed. Pressurized liquid extraction followed by LC-MS/MS analysis was
applied for the determination of the concentration in soil samples. High tem-
peratures were the key parameter for an efficient extraction of sulfonamides
from aged soil samples. 

The fate of the sulfonamides was investigated by means of two controlled
manure applications carried out on two grassland fields in the catchment of
Lake Greifensee in spring 2003. The manure applied was delivered from an in-
tensive pig farm outside the catchment and contained high concentrations of
sulfonamides representing a worst-case scenario. The fate of the sulfonamides
was dominated by an initial phase of fast dissipation of the substances during
the first week following the manure applications. Later on, the dissipation
slowed down resulting in soil residues of about 15% of the amount applied
even 3 months after application. 

For the transport to surface water the content of sulfonamides in pore
water was more relevant than the extracted amount. Since the dissipation in
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pore water was much faster than in the soil matrix, the period for losses to sur-
face water was limited to a few weeks after application. The weather conditions
following the two manure applications were quite different. The losses were an
order of magnitude higher during wet conditions after the second application
in May compared to the dry weather after the first one in March. Maximal peak
concentrations up to 3.3 µg/L were determined in the brook during rain events.
Losses during wet conditions amounted to 0.6%, which was similar to those
found for corn herbicides applied in the same catchment. Weather conditions
right after application seemed to be even more crucial for the losses of sulfon-
amides compared to those of the corn herbicides. This was due to the fast dissi-
pation in porewater and the pronounced (apparent) non-equilibrium between
concentrations sorbed to the soil surfaces and concentration in the pore water. 

Qualitative analysis of resistance genes in manure as well as in the soil of
the field study revealed an input of resistance genes to the field. However,
there was already a high prevalence of the analyzed genes prior to the manure
application. After the spreading of the manure, the resistance genes were quite
persistent in the soil. To date, it is not clear whether this persistence is influ-
enced by the antibiotic residues in the soil or not. 

In 2004, a monitoring campaign in the catchment of Lake Sempachersee,
which is an intensive pig production area, confirmed the occurrence of the two
most frequently used veterinary sulfonamide antibiotics in the two main tri-
butaries of the lake. Residues could also be detected in the lake and ground
water. However, the concentrations were very low, i.e., in the order of a few
ng/L. The relevance of such trace concentrations remains an open question. 

Krispin Stoob    Veterinary Sulfonamide Antibiotics in the Environment
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Zusammenfassung

Antibiotika wurden als Wunderheilmittel gegen bakterielle Infektionen in der
ersten Hälfte des zwanzigsten Jahrhunderts entdeckt. Doch schon bald began-
nen Mikroorganismen Resistenzen gegen Antibiotika zu entwickeln. Als Folge
davon verringerte sich die Auswahl an therapeutisch wirksamen Antibiotika
und es wurden bereits Fälle rapportiert, bei welchen die Krankheitserreger ge-
gen praktisch alle bekannten Medikamente resistent waren. Die pharmazeuti-
schen Antibiotikaprodukte werden nicht nur in der Humanmedizin eingesetzt,
sondern sind auch ein wesentlicher Bestandteil der modernen Nutztierhaltung.
Nach der Verabreichung wird ein Teil der Antibiotika als aktive Substanz von
den Tieren wieder ausgeschieden und kann mit der Gülle in die Umwelt gelan-
gen. Bei einer intensiven Masttierhaltung können Antibiotikaeinträge in die
Umwelt mehrere hundert Gramm pro Hektar und Jahr betragen. Die Bedeu-
tung dieser Antibiotikarückstände bezüglich der Verbreitung resistenter Bakte-
rien in der Umwelt ist bis heute nur unvollständig verstanden.

In dieser Arbeit wird das Umweltverhalten einer wichtigen Gruppe von
Veterinärantibiotika – den Sulfonamiden – unter natürlichen Bedingungen un-
tersucht. In der ersten Phase des Projektes wurden Methoden für die Quanti-
fizierung der Sulfonamide im Boden und im Wasser entwickelt, um damit die
Stoffflüsse in der Umwelt untersuchen zu können. Für die Wasseranalyse wurde
eine vollautomatisierte Festphasenextraktion (SPE) kombiniert mit einer Flüs-
sigchromatographie – Tandemmassenspektrometrie (LC-MS/MS) entwickelt.
Diese Analysemethode erlaubt eine genaue Quantifizierung einer grossen An-
zahl Proben innerhalb kurzer Zeit. Eine grosse Anzahl Messungen ist notwen-
dig, um die räumliche und zeitliche Variabilität der Antibiotikakonzentration
korrekt abzubilden. Zur Ermittlung der Konzentration im Boden wurde eine
Analysemethode mit Flüssigextraktion unter hohem Druck gefolgt von einer
LC-MS/MS-Analyse entwickelt. Bei gealterten Proben ist es dabei entscheidend,
dass die Extraktion bei hohen Temperaturen stattfindet.

In einer im Frühling 2003 durchgeführten Feldstudie im Einzugsgebiet des
Greifensees wurde das Verhalten der Sulfonamide im Feld mittels zweier Gülle-
versuche untersucht. Die verwendete Gülle stammte von einer intensiven
Schweinmast ausserhalb des Untersuchungsgebiets. Die Sulfonamidkonzent-
ration in der verwendeten Gülle war sehr hoch und stellte ein hohes, aber
realistisches Belastungsszenario dar. Die erste Woche nach dem Gülleaustrag
war geprägt von einem schnellen Rückgang der Sulfonamidkonzentration im
Boden. Danach verlangsamte sich der Rückgang, jedoch konnten im Boden
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selbst drei Monate nach der Güllung noch ungefähr 15% der ausgebrachten
Menge nachgewiesen werden.

Für den Transport der Sulfonamide ins Oberflächengewässer war die Kon-
zentration im Porenwasser entscheidend. Da die Konzentrationsabnahme im
Porenwasser viel schneller erfolgte als im Boden, beschränkten sich die rele-
vanten Stoffeinträge ins Oberflächenwasser auf eine kurze Zeitspanne nach
dem Gülleaustrag. Die meteorologischen Bedingungen nach den zwei zeitlich
verschobenen Gülleanwendungen waren sehr unterschiedlich. Auf die erste
Ausbringung im März folgte eine trockene Periode, während nach der zweiten
Anwendung feuchte Bedingungen vorherrschend waren. Unter feuchten Be-
dingungen waren die Antibiotikaverluste um eine Grössenordnung grösser als
unter den trockenen. Während Regenereignissen erreichten die Konzentra-
tionen im untersuchten Bach Maximalwerte von bis zu 3.3 µg/L. Während 
der feuchten Periode betrug der Anteil der ins Oberflächengewässer abge-
schwemmten Antibiotika 0.6 % der ausgebrachten Stoffmenge. Diese Zahl ent-
spricht ungefähr den Abschwemmungsraten von Maisherbiziden im selben
Gebiet. Bei den Antibiotika scheinen die klimatischen Bedingungen unmittel-
bar nach dem Gülleaustrag für die Verluste noch entscheidender zu sein als bei
den Maisherbiziden, da die Sulfonamidkonzentration im Porenwasser schneller
abnahm und die Sulfonamide nur sehr langsam von den Bodenpartikeln ins
Porenwasser nachgeliefert wurden.

Mittels qualitativer Analyse von Gülle- und Bodenproben aus der Feld-
studie konnte der Eintrag von Resistenzgenen in die Umwelt aufgezeigt wer-
den. Allerdings waren schon vor der ersten Güllung Resistenzgene im Boden
vorhanden. Die mit der Gülle eingetragenen Resistenzgene erwiesen sich im
Boden als ziemlich persistent. Welche Rolle dabei die gemessenen Antibiotika-
rückstände im Boden spielten, konnte bis jetzt noch nicht geklärt werden.

In einer Monitoringkampagne 2004 konnte im Einzugsgebiet des Sempa-
chersees, das durch intensive Schweinemast geprägt ist, das Auftreten der am
häufigsten verwendeten Sulfonamidantibiotika in den zwei Hauptzuflüssen
bestätigt werden. Sulfonamidspuren wurden auch im See und im Grundwasser
der Region nachgewiesen. Die gemessenen Konzentrationen waren jedoch
sehr gering, d.h. in der Grössenordung von einigen ng/L. Die Bedeutung sol-
cher Spurenkonzentrationen bleibt eine offene Frage.

Krispin Stoob    Veterinary Sulfonamide Antibiotics in the Environment
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1
General Introduction 



Antibiotics have revolutionized medical care in the 20th century by serving as a
miracle cure for the treatment of bacterial infections in human and veterinary
medicine. However, resistance of microorganisms toward most of the common
antibiotics has been rapidly increasing and, as a consequence, therapeutic op-
tions are narrowing. The increase of antibiotic resistant human pathogens is
considered as a major risk for public health by the World Health Organization,
WHO (1). In Switzerland, a National Research Program «Antibiotic Resistance»
(NRP 49) has started in 2001 with the goals (i) to gain an overview of the current
situation concerning resistance in Switzerland, in different areas including hu-
man and animal populations, agriculture, foodstuffs and the environment, (ii)
to establish strategies and methods for future resistance monitoring, (iii) to de-
termine the spread of resistant bacteria and resistance genes, (iv) to promote
molecular studies of bacterial resistance, and (v) to evaluate the social, legal
and ethical consequences of antibiotic resistance (2). This Ph.D. thesis was car-
ried out within the framework of the NRP 49 as part of the subproject «Induc-
tion and spread of antibiotic resistance in livestock». The aim of this work was
to quantify the flux of a selected group of veterinary antibiotics from manure 
to agricultural fields to surface waters under typical agricultural practice and
natural weather conditions. The temporal changes of the content of these anti-
biotics in the different compartments (i.e., soil and surface water) should de-
liver a base for the estimation of the role of environmental residues of veteri-
nary antibiotics to the spread of antibiotic resistance. 

Krispin Stoob    Veterinary Sulfonamide Antibiotics in the Environment

12



1  General Introduction

13

1.1 Background: History and negative consequences 
of antibiotics use

The first antibiotic was accidentally discovered by Fleming in 1928, who ob-
served inhibition of bacterial growth on exudates from the mold penicillium
notratum (3). In the late 1940s, Penicillin (a �-lactam), which had been found to
be extremely useful in curing infection diseases, became commercially avail-
able. In 1932, Domagk recognized that Prontosil, a substance used as a dye,
changes into an active germ-killing drug once introduced into the body – this
was the moment of invention of the sulfonamides, the first synthetic antibiotics
(4). In the following years, numerous further antibiotics from different sub-
stance groups including aminoglycosides, tetracyclines, macrolides, glycopep-
tides, and quinolones were discovered. But since the end of 1960s new classes
of antibiotics were no longer being developed – drug companies concentrated
on modifying existing antibiotics. 

Besides the treatment of bacterial infections in human medicine, the same
antibiotics started to be used in veterinary medicine to treat mastitis in dairy
cows, shortly after their development (5). In 1946 already, scientists suggested
that antibiotics applied at low doses in poultry promote faster growth (6). The
benefits of so-called sub-therapeutic doses of tetracyclines and �-lactams for
other meat-producing animals were reported in the following years including
swine (7) and calves (8). Despite the lack of well-understood mechanisms anti-
biotics were used for growth promotion during half a century and still are be-
ing used, above all in the United States. 

In 1969 already, the Swann Report concluded «that the administration of
antibiotics to farm livestock particularly at sub-therapeutic levels poses certain
hazards to human and animal health». Furthermore, it was recommended that
only antibiotics which «have little or no application as therapeutic agents in
man or animals and will not impair the efficacy of a prescribed therapeutic drug
or drugs through the development of resistant stains of organisms» should be
used for growth promotion (9). Consequently, the European Community (EC)
banned the use of tetracycline and �-lactams as growth promoters in 1970. Fur-
ther substances were banned during the subsequent years. The last antimicro-
bial growth promoters will be banned by the end of this year (2005) in the Euro-
pean Union (EU). However, certain antibiotics are still used in large amounts as
an integral part of modern livestock production. In addition to the therapeutic
use of antibiotics to cure single sick animals, whole herds are fed with antibac-
terial medicines for prophylactic purposes. Antibiotic prophylaxis is applied to
prevent diseases among animals susceptible to infections, e.g. during stabling



of animals from different origins or as treatment of a whole herd when some
animals are infected in order to avoid an infection of the others (metaphylaxis).
Annually, more than 4000 tons of antibiotics are administered in animal pro-
duction within the EU (10). This is about half as much as consumed by humans.
In Switzerland, the amount used in livestock was cut to half during the nineties
and is stagnating at 45 ± 5 tons active ingredient per year. This decline was
primarily due to do the complete ban of antimicrobial growth promoters in
Switzerland in 1999. To a certain extent it was also due to a more prudent
handling of antibiotics that came with structural changes in Swiss direct pay-
ment policy for the husbandry of roughage consuming livestock. For instance,
the prophylactic administration of antibiotics is prohibited in organic farming.
Finally, substitution of products with more potent drugs could also have influ-
enced the reduction of the amount used. 

The heavy use of antibiotics involves two major risks: (i) The development 
of resistant bacteria in the microflora in the individual human or animal under
treatment. (ii) Parts of the applied antibiotics pass the body and may thus be
present in the urine or faeces. Hence, resistant bacteria as well as antibiotic
residuals can be released with the excrements and reach the environment, for
example as constituents of manure used for fertilization of agricultural fields.
Environmental residues might contribute to an increase of resistance because
sub-inhibitory concentrations are suspected to be relevant for the selection of
resistant bacteria (11). Therefore, each use of antibiotics involves the risk of
increasing the pool of resistant microorganisms in the environment because
bacteria are interchanging genetic information among different species by
horizontal gene flow (12). When resistance genes are transferred to pathogens,
the treatment with the corresponding antibiotic will fail. 

Despite the long use of antibiotics, little information is available about their
environmental fate and even less about the contribution of environmental
residues of antibiotics to the dissemination of bacterial resistance. One reason
for this is that the spread of resistance is difficult to monitor and no acute eco-
toxicological effects have been observed so far. Another reason is that tech-
niques only just have become available during the last decade to quantify trace
amounts of antibiotics and resistance genes, respectively.

To assess the possibility of spreading antibiotic resistance due to the pres-
ence of veterinary antibiotics in the environment, a sound knowledge of the
behavior of these substances once applied on agricultural fields is needed (13).
For this reason the persistence as well as the bioavailability of veterinary anti-
biotics in soils after manure application has to be quantified. It is well known
that agrochemicals such as herbicides can be transported from agricultural
fields to surface water during rain events after application. A similar process
can be expected to also apply to veterinary antibiotics on soil. The presence 
of trace amounts of different antibiotics in the aquatic environment has been
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confirmed in different monitoring studies (14-16). However, while input from
antibiotics applied in human medicine to surface water has been demonstra-
ted for different substances due to incomplete removal during waste water
treatment (17-19), the fate of veterinary antibiotics in soil as well as their trans-
port into surface waters has not yet been studied systematically. This albeit the
fact that the transmission of resistant pathogens between animal and human
population has been confirmed for different bacteria (20). This work should
lead to a better understanding of the fate of veterinary antibiotics after their
application. 



1.2 Selection of the substances investigated in this work

The high number and diversity of antibiotic compounds and their different
physico-chemical properties made it necessary to choose a particular sub-
stance group for this investigation. Criteria for this selection were the environ-
mental behavior, the amount used and the analytical feasibility. 

The active ingredients used for livestock treatment belong to the same
chemical substance classes as the ones used in human medicine. Most often the
antibiotic substances are representatives of the following substance classes: 

– �-lactams
– tetracyclines
– sulfonamides
– macrolides
– fluoroquinolones

Some representatives of these groups typically used in veterinary care and
some qualitative information about their environmental behavior are given in
Table 1-1. 

The various substance groups show very different characteristics regarding
their environmental behavior. Low fluxes to agricultural fields can be antici-
pated from substances which are rapidly degraded in manure, such as �-lac-
tams and macrolides (21). Once the substances have reached agricultural soils
due to manure application, sorption of the compounds plays an important role
for the bioavailability as well as for loss to surface water during rain events. The
sorption of tetracyclines and fluoroquinolones is much higher as for the sulfon-
amides, which are considered to be highly mobile (22). Indeed, recently the
leaching of sulfonamides to groundwater from soil fertilized with manure has
been demonstrated under field conditions (23). Considering all these factors,
the group of the sulfonamides bears the highest risk for occurring in agricul-
tural soils as well as for surface water contamination. 

Another important information for the selection of the most relevant sub-
stances would be detailed use data for the different substances. To date, hardly
any quantitative data are available on the use of a particular substance in a
given animal production system. The few available regional surveys indicate
that (i) tetracyclines and sulfonamides are the most frequently used substance
groups and (ii) a large amount of these antibiotics is consumed in pig produc-
tion (10, 24). Large concentrations of these antibiotics have been found in ma-
nure of treated animals (25-27). 
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Finally, a prerequisite to follow the environmental fate of these substances is
the ability to accurately quantify them at low concentrations in rather complex
environmental matrices, such as manure, soil and natural waters. Due to the
high polarity of the antibiotics and the need for high selectivity and sensitivity,
liquid chromatography tandem mass spectrometry (LC-MS/MS) has become
the technique of choice for their analysis. The rather complex chemical struc-
ture of the tetracyclines and their ability to form several epimeric species under
different conditions makes their analysis very complicated (29) and quantifi-
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Metaboli- risk for loss
estimated zation degradation to surface
use (CH) in animal in manure sorption water

�-lactams moderate n.a. fast n.a. low
Amoxicillin

Tetracyclines moderate low to high slow strong moderate
Chlortetracycline (formation 

of isochlor-
tetracycline)

Sulfonamides high moderate slow moderate high
Sulfamethazine to high (cleavage  

to active 
substance)

Macrolides low low to fast moderate low
Tylosin moderate to strong

Fluoroquinolones moderate low to slow strong moderate
Enrofloxacine high

n.a. = no information available

Table 1-1:   Different substance groups used as veterinary antibiotics with exemplary 
active ingredient and rough estimation of use data, metabolism and environmental fate
(adapted from (28))
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cation is only possible with rather high uncertainties. Furthermore, isotope
labeled internal standards which are a prerequisite for a rapid and reliable
quantification with LC-MS/MS, are not yet available for tetracyclines, and very
difficult to synthesize. The chemical analysis of the sulfonamide antibiotics is
simpler and much more reliable due to the commercial availability of isotope-
labeled internal standards for the different compounds (30). However, the
methods published so far – recently reviewed (31) – do not allow measuring
rationally large numbers of samples due to laborious sample preparation. 

Overall, the group of the sulfonamides is one of the most important sub-
stance groups and good quantitative analysis should be achievable. Therefore
it was chosen for this work. The different sulfonamides to study were selected
according to their use in veterinary medicine. Additionally, the human antibio-
tic sulfamethoxazole was included since it is the sulfonamide most frequently
used in human medicine. The structures of the investigated sulfonamides as
well as some physio-chemical properties are given in Table 1-2. 
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Substance [CAS] Structure pKa1 pKa2 (32) Kow(exp) (33) Kow (calc)
*

Sulfadiazine 2.0 (34) 6.4 0.8 c1
[68-35-9]

Sulfathiazole 2.4 (34) 7.1 0.1 0.2
[72-14-0]

Sulfamethazine 2.4 (34) 7.4 0.2 0.6
[57-68-1]

Sulfamethoxazole 1.8 (35) 6.0 0.8 0.8
[723-46-6]

Sulfadimethoxine 1.9 (35) 6.1 0.40 28
[122-11-2]

* Calculated values using Advanced Chemistry Development (ACD/Labs) Software Solaris V4.67

Table 1-2: Structures and substance properties of the investigated sulfonamides
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The sulfonamides are bipolar substances due to their polar functional groups
with two pKa-values in the environmentally relevant pH-range. At low pH-val-
ues they are cationic due to protonation of the aniline group (pKa1). The iso-
electric point is between pH 4 and 5, resulting in neutral species under slightly
acidic conditions (pH 3 to 6). At higher pH-values the sulfonamides are anionic
due to the deprotonation of the sulfonamide nitrogen group (pKa2). As a conse-
quence of this speciation, the partitioning and the reactivity are pH-dependent
which plays an important role for assessing their environmental behavior as
well as for their extraction from different matrices for chemical analysis. 

Sulfonamides represent the most important group of antibiotics used in pig
production in Switzerland (24). After animal medication, they are excreted in
high percentages of the administered amount, either as active substance or as
acetyl conjugate (36). In manure, the sulfonamides are rather persistent (37, 38).
Furthermore the acetyl conjugates are cleaved into the active sulfonamide dur-
ing manure storage (37), possibly by nucleophilic attack of ammonium at the
carbonyl carbon. Concentrations ranging from 0.1 to more than 10 mg sulfon-
amide/kg liquid manure translate into loads of some few grams to several hun-
dred grams per hectare per application that may reach agricultural soils (25).
Fluxes to environment as high as several hundred grams per hectare and appli-
cation are expected from intensive pig production farms that use medical feed
for prophylaxis. These annual loads are in the same order of magnitude as tri-
azine herbicide applications in crop protection, assuming up to five manure
applications per year (39). In contrast to herbicides, (sulfonamide) antibiotics
reach the environment in the rather complex manure matrix and, in Switzer-
land at least, they are typically spread to grassland (40). 

To date, the fate of sulfonamide antibiotics after the application of manure
has not been addressed thoroughly. One reason for the lack of studies address-
ing the dissipation in soil might be the lack of appropriate extraction methods
for sulfonamides from field samples. Also, for the transport of sulfonamides
from soil to ambient waters only few studies exist. On a plot scale, losses of
sulfonamide antibiotics by surface run-off have been reported to vary from 
0.1 to 28% of the applied amount (41-43). One reason for this high variability
might be the different irrigation intensities ranging from a few mm per day (41)
to 100 mm /2h (42). In a field study carried out on a macroporous tile-drained
clay soil relative losses of a sulfonamide antibiotic amounted to 0.48 % and
0.01% in two subsequent years (44). Although the above mentioned studies
give some insight in processes, they do not allow coherently assessing the flux
of sulfonamide antibiotics from agricultural soils to surface water under natural
conditions. 

From other agrochemicals, such as herbicides, it is known that diffuse
losses to surface water are highly dynamic in a catchment and are dominated
by fast transport processes through drainage systems and surface runoff dur-
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ing rain events (45, 46). In order to study this dynamic input into water bodies
frequent sampling is necessary to determine the load of a substance with a suf-
ficient accuracy. For this purpose a fast and reliable analytical quantification
method is required in order to analyze the many samples in a reasonable time.
Since the expected concentrations lie in the ng/L range, water samples have to
be pre-concentrated prior to analysis. Classically, this is done by solid phase ex-
traction (SPE), which is a highly laborious procedure. Efficient sample through-
put can be achieved by direct coupling of the SPE to LC-MS/MS, a technique
that has not been realized for the quantification of sulfonamides in natural
water samples so far. 
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1.3 Scope of this work 

This project was designed to quantify the mass flux of sulfonamides from ma-
nure to grassland, their persistence, as well as their loss to surface waters under
natural weather conditions. In the first phase of the project, two analytical
methods were developed for a fast and reliable quantification of sulfonamides
in surface water as well as in soil. The chemical character of the sulfonamides
requires a method based on LC-MS/MS with an electrospray ionisation (ESI)
interface for a sensitive and selective detection in complex environmental
matrices. Isotope labeled internal standards for each analyte were used in order
to compensate for matrix induced signal reduction in the ESI. The required pre-
concentration of the water samples was realized by a fully automated online
solid phase extraction directly coupled to LC-MS/MS. The approach consists of
a combination of commercially available instruments using column switching
techniques. The high sample throughput, performance and applicability of the
developed online SPE-LC-MS/MS approach are described in Chapter 2. For the
determination of the sulfonamides in soil an exhaustive extraction procedure is
required. Pressurized liquid extraction (PLE) was chosen as a method for this
purpose because of the possibility to extract at high temperatures, which was
found to be the most important factor governing sulfonamide extraction from
field samples. The filtered extracts could be quantified directly with LC-MS/MS
without further time-consuming clean-up or pre-concentration procedures.
The PLE-method was optimized with samples of sulfonamide-containing soil in
order to account for sequestration effects in the field (Chapter 3).

The development of the two analytical methods made it possible to deter-
mine the dissipation of sulfonamide antibiotics in the field, as well as to quan-
tify their losses to surface water during rain events. For this purpose two con-
trolled manure applications were carried out on two grassland fields of 0.4 ha
size each in a small catchment of 60 hectares during spring 2003. The fields had
not received any antibiotic-containing manure at least during the last decade.
The sulfonamide-contaminated manure for the controlled field experiments
was imported from an intensive pig fattening farm outside the catchment. The
two manure applications were followed by quite different weather situations.
This allowed for the assessment of the influence of the meteorological condi-
tions on the dissipation of the sulfonamides on the fields as well as on the losses
to surface water. Detailed results of this field study are presented in Chapter 4.
In addition, the manure as well as the soil samples were analyzed for the preva-
lence of different resistance genes against sulfonamides and tetracyclines in a
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related thesis (47) (Chapter 5). In order to check for the occurrence of sulfon-
amide residues at a larger scale, a monitoring study was performed in spring/
summer 2004 in a catchment with intensive pig production to complete the
results from the 2003 study. The results of this measurement campaign are also
given in Chapter 5.
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Analytical Method for Surface Water

Fully automated online solid phase extraction coupled 
directly to liquid chromatography – mass spectrometry:

Quantification of sulfonamide antibiotics, 
neutral and acidic pesticides at low concentrations in surface waters

Stoob, K.; Singer, H. P.; Goetz, C. W.; Ruff, M.; Mueller, S. R.
Journal of Chromatography A 2005, 109, 138 -147



A fully automated online solid phase extraction – liquid chromatography – tan-
dem mass spectrometry (SPE-LC-MS/MS) instrumental setup has been devel-
oped for the quantification of sulfonamide antibiotics and pesticides in natural
water. The direct coupling of an online solid phase extraction cartridge (Oasis
HLB) to LC-MS/MS was accomplished using column switching techniques. High
sensitivity in the low ng/L range was achieved by large volume injections of 
18 mL with a combination of a tri-directional autosampler and a dispenser sys-
tem. This setup allowed high sample throughput with a minimum of investment
costs. Special emphasis was placed on low cross contamination. The chosen
approach is suitable for research as well as for monitoring applications. The
flexible instrumental setup was successfully optimised for different important
groups of bioactive chemicals resulting in three trace analytical methods for
quantification of (i) sulfonamide antibiotics and their acetyl metabolites; (ii)
neutral pesticides (triazines, phenylureas, amides, chloracetanilides) and (iii)
acidic pesticides (phenoxyacetic acids and triketones). Absolute extraction re-
coveries from 85 to 112 % were obtained for the different analytes. More than
500 samples could be analysed with one extraction cartridge. The inter day pre-
cision of the method was excellent indicated by relative standard deviations
between 1 and 6 %. High accuracy was achieved by the developed methods re-
sulting in maximum deviation relative to the spiked amount of 8 to 15 % for the
different analytes. Detection limits for various environmental samples were be-
tween 0.5 and 5 ng/L. Matrix induced ion suppression was in general smaller
than 25 %. The performance of the online methods was demonstrated with
measurements of concentration dynamics of sulfonamide antibiotics and pes-
ticides concentrations in a little brook during rain fall events.
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2.1 Introduction

Bioactive compounds such as antibiotics and pesticides represent water contam-
inants of particular interest because of their potential unwanted side effects 
to humans and aquatic organisms. Both groups are used in agriculture as well
as in private households. Antibiotics enter the environment due to the land
spreading of antibiotic-containing manure in agriculture (1), or by input from
waste water treatment plants after use as human medicals (2). Pesticides are
introduced into the environment intentionally for crop protection in agricul-
tural or non-agricultural use in urban areas. Many different antibiotics (e.g., 
(3-5)) and pesticides (e.g., (6-8)) have been found in surface and ground water.
Antibiotics including �-lactams, tetracyclines, sulfonamides, macrolides and
fluoroquinolones are often administered in veterinary and human medicine.
The sulfonamides are of special interest due to their high excretion rate (9) and
their persistence in the environment (10) or during waste water treatment (11).
Their high mobility increases the leaching potential from agricultural fields
where manure from medicated livestock was applied. Widely used pesticide
groups are the triazines, phenylureas, amides, chloracetanilides, phenoxyacetic
acids and the recently introduced triketone pesticides, sulcotrione and meso-
trione, which are increasingly used (8). Even though modern pesticides are
fairly degradable high concentration can be found in surface waters due to
losses from agricultural land or due to direct input from point sources.

In contrast to apolar contaminants the compounds mentioned above rep-
resent low octanol-water partitioning coefficients (log Kow < 3) and high water
solubilities (mg/L to g/L) because of their functional groups with H-donor/-ac-
ceptor properties. Furthermore, most of them show pKa-values in the environ-
mentally relevant range and are typically anionic in natural waters. Physico-
chemical properties of the sulfonamides are given in Table 2-1, those of the
pesticides are published elsewhere (12).

The input of theses substances from diffuse and point sources to surface
water is highly dynamic (13). High sample throughput and a dynamic measur-
ing range over several orders of magnitudes are imperative needs for the reli-
able quantification of the load or the concentration dynamic of these sub-
stances in catchment studies for mass balance or risk assessment purposes. To
this end, analytical methods exhibiting sensitivity in the low ng/L-range are
necessary. In addition, high selectivity is required in order to avoid interference
by matrix constituents. Presently, LC-MS/MS has become the method of choice.
One of the major advantages of using liquid chromatography instead of gas
chromatography is that there is no need for derivatisation of polar analytes (14).
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However, water samples must usually be pre-concentrated before analysis,
which is typically done by time-consuming and costly offline SPE. 

Automated SPE is routinely used in the pharma-industry to increase the
sample throughput (19). The simplest approach to automation is generally a
«single cartridge approach» (20). Several working steps such as evaporation,
reconstitution and injection are eliminated by the direct coupling of SPE to LC.
This results in a faster and more precise procedure since the total enriched
amount of substance is eluted directly to the LC (21). In addition, procedural
errors are reduced. In contrast to applications used in pharmacological studies
– where cleanup is often the main issue, achieving quantifiable analyte amount
is generally the main challenge in environmental analysis. Sample volumes of a
few ten mL often have to be enriched to quantify analytes in the low ng/L range
with conventional LC-MS/MS systems, which typically have absolute sensitivi-
ties of some ten picograms. 

Online SPE-methods using manual loop injections (22) or a LC pump (23) for
sample delivery are not compatible for routine analysis. Applications designed
for multiple sample handling – but without autosampler – either use a multi-
port valve (24) or a solvent delivery system (25-27). They are well suited for all
applications where only a restricted number of samples have to be analysed,
e.g. to investigate degradation processes of pesticides in water over time in the
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Table 2-1: Structure and substance properties of the sulfonamide antibiotics and their acetyl
metabolites

Sulfa- Acetylsulfa-

CAS pKa1 Kow (exp) (16) CAS pKa
* Kow (calc)

*

R pKa2 (15) Kow (calc)
*

-Diazine [68-35-9] 2.0 (17) 20.8 [127-74-2] 6.3±0.3 3
6.4 21

-Thiazole [72-14-0] 2.4 (17) 21 [127-76-4] 7.0±0.1 7
7.1 22

-Methazine [57-68-1] 2.4 (17) 22 [100-90-3] 7.2±0.5 21
7.4 26

-Methoxazole [723-46-6] 1.8 (18) 28 [21312-10-7] 5.6±0.5 30
6.0 28

-Dimethoxine [122-11-2] 1.9 (18) 40 [555-25-9] 6.0±0.5 111
6.1 28

* Calculated values using Advanced Chemistry Development (ACD/Labs) Software Solaris V4.67
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same solution (28, 29). The main drawback of these systems for routine analysis
is the limited number of individual samples which can be processed. Generally,
a maximum of 22 samples could be analyzed without manual interaction by
combining several valves (30). This precludes «unattended» analysis of large
sample sets over several days, e.g. during weekends. Therefore, an autosampler
is an indispensable prerequisite for high sample throughput in routine analysis. 

However, conventional LC-autosamplers are designed to typically inject 
10-100 µL from a sample only. Online SPE-LC applications with large volume
injection by autosampler using single or repeated injection have only been
realized for the analysis of different pesticides with a injection volume up to 
4.3 mL (31-34), respectively 10 mL (35). Overall, the dispensable sample volume
which can be handled by the autosampler is the key factor for method sensi-
tivity. The amount of available vial positions is limiting the sample throughput.
To date, the maximum capacity for high volume vials is 24 (35).

In this paper, we describe a fully automated online SPE-LC-MS/MS setup for
analysing different groups of polar contaminants in natural waters. The cost
effective instrumental approach (i) incorporates all the advantages of the differ-
ent existing online SPE methods: large volume injection, unattended 24h/7days
operation, low risk for contamination, parallel extraction and separation for high
sample throughput, and (ii) is applicable for very polar analytes such as sulfon-
amide antibiotics and triketone pesticides. Furthermore the flexible instrumen-
tal setup allows the transfer of established offline SPE procedures into online
SPE-LC-MS/MS applications. A combination of commercially available compo-
nents was used, which were added to a standard LC-MS/MS using column
switching techniques. By combining a standard tri-directional autosampler
with a large-volume dispenser system, it was possible to achieve high sensitivi-
ty using standard chromatographic and detection equipment at low invest-
ment costs. 

The efficiency and applicability of the developed setup is demonstrated
with three analytical methods for (i) the sulfonamides: sulfadiazine, sulfadime-
thoxine, sulfamethazine, sulfamethoxazole, sulfathiazole including their acetyl
metabolites; (ii) the neutral pesticides: atrazine and its desethyl metabolite,
dimethenamide, diuron, isoproturon, metolachlor, simazine, tebutam, and ter-
buthylazine and (iii) the acidic pesticides: 2,4-D, dimethenamide ethanesul-
fonic acid (ESA) and oxanilic acid (OXA), MCPA, mecoprop, mesotrione, metola-
chlor-ESA and -OXA, and sulcotrione. To the authors’ best knowledge, this is
the first online SPE method developed for the quantification of sulfonamide
antibiotics including their acetyl metabolites as well as for the triketone pesti-
cides (i.e., mesotrione and sulcotrione) in ambient waters. The three analytical
methods were successfully applied for a field study of sulfonamide antibiotics,
neutral and acidic pesticides in an agricultural region within the catchment
area of Lake Greifensee near Zurich, Switzerland. 
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2.2 Experimental

2.2.1 Hardware

A tri-directional autosampler (HTC PAL, CTC Analytics, Zwingen, Switzerland)
with 80-µL side-port syringe (80-mm needle, Hamilton, Bonaduz, Switzerland)
combined with a large volume dispenser module (10-mL dispenser syringe
with 10-mL loop, CTC Analytics, Switzerland) and two sample trays with 64 po-
sitions for 20-mL vials (BGB Analytik, Böckten Switzerland) was used for sample
injection and buffer addition. Sample enrichment was achieved with an 18-mL
sample loop (custom product, BGB Analytik, Switzerland) on an Oasis hydro-
philic-lipophilic balance (HLB) extraction cartridge 20 mm x 2.1 mm I.D., 25 µm
particle size (Waters, Rupperswil, Switzerland) using two six-port valves (VICI,
Schenkon, Switzerland). The LC pump system consisted of a binary pump (load
pump), a quaternary low pressure mixing gradient pump (elution pump), an
isocratic pump (precolumn addition pump) (all Rheos 2000, Flux instruments,
Switzerland) and a column oven (Jones, Omnilab, Mettmenstetten, Switzer-
land). Two different analytical columns equipped with guard columns were
used: A Nucleodur C18 Gravity 125 mm x 2 mm I.D., 5 µm (Macherey&Nagel,
Oensingen, Switzerland) for the sulfonamides and the neutral pesticides and a
GromSil ODS 3 CP, 125 mm x 2 mm I.D., 3 µm (Stagroma, Reinach, Switzerland)
for the acidic pesticides. The LC was coupled with an electro spray probe (ESI) 
to a TSQ Quantum triple quadrupole MS (Thermo Electron, San Jose, CA, USA),
operated under unit resolution in the Selected Reaction Monitoring (SRM)
Mode. Details of the substance specific parameters for the ionisation and
detection of the sulfonamides are given in Table 2-2; those for the pesticides
are published elsewhere (8).

2.2.2 Online SPE-LC setup

The setup of the online SPE-LC coupling with the two switching valves is shown
in Figure 2-1. The dispenser system consisted of a large volume dispenser
syringe connected to the autosampler syringe and to a wash solution via dis-
penser valve. An additional loop was inserted between dispenser valve and
autosampler syringe to avoid contamination of the dispenser syringe. Sample
enrichment was performed by the load pump, which was also used for washing
and conditioning the extraction cartridge. The load pump was connected to
the 18-mL loop via valve 1. Valve 1 was linked up with valve 2, where the elution
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pump and the extraction cartridge where attached. The precolumn addition
pump was placed between valve 2 and the analytical column using a mixing
tee (Omnilab, Mettmenstetten, Switzerland). The whole procedure was con-
trolled through Xcalibur software version 1.4 (Thermo Electron).

The online SPE procedure consists of three main steps: loading, enrichment
and elution (Figure 2-1, Table 2-3). The 18 mL sample loop was loaded with two
times 9.5 mL sample. The sample was enriched with a flow rate of 2 mL/min.
Elution was done in the back-flush mode. The SPE eluate was mixed with buff-
ered water from the precolumn addition pump prior to the analytical column.
The high pressure gradient for the analytical separation was achieved by chang-
ing the ratio of the elution pump (eluents A and B) and the precolumn addition
pump (eluent C). Different solvents were used for the eluents A, B and C in the
three different analytical methods. The composition of the eluents and the gra-
dient tables for the three different analyte groups are shown in Table 2-4.
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Table 2-2: Substance specific MS/MS parameters for the sulfonamides: precursor, quantifier-
product, qualifier-product, collision energy (in brackets) 

Analyte Precursor Quantifier Qualifier

Sulfadiazine 251.1 156.0 (22) 92.0 (34)

D4-Sulfadiazine 255.1 160.0 (20) 96.0 (32)

Sulfathiazole 256.0 108.0 (28) 92.0 (34)

D4-Sulfathiazole 260.1 112.0 (32) 96.0 (32)

Acetylsulfadiazine 293.1 134.1 (28) 198.0 (24)

Acetylsulfathiazole 298.1 134.1 (30) 198.0 (24)

D5-Acetylsulfathiazole 303.1 139.1 (20) 203.0 (10)

Acetylsulfamethazine 321.1 186.0 (26) 134.1 (34)

Sulfamethazine 279.1 186.0 (24) 108.0 (36)
13C6-Sulfamethazine 285.1 114.0 (34) 186.0 (22)

Sulfamethoxazole 254.1 156.0 (22) 92.0 (32)

D4-Sulfamethoxazole 258.1 160.0 (20) 96.0 (28)

Acetylsulfamethoxazole 296.1 134.1 (30) 108.0 (30)

D5-Acetylsulfamethoxazole 301.1 139.1 (32) 203.1 (26)

Acetylsulfadimethoxine 353.1 156.0 (28) 134.1 (32)

Sulfadimethoxine 311.1 156.0 (26) 92.0 (36)

D4-Sulfadimethoxine 315.1 160.0 (36) 96.0 (24)

ESI conditions (positive mode): spray voltage 3500 V, sheath gas flow 0.6 L/min, auxiliary gas flow 1.5 L/min,
ion transfer capillary temperature 350 °C
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Figure 2-1: Schematic view of the online 
SPE-LC-MS/MS setup during the three 
SPE steps. I: «loading»; II: «enrichment»; III:
«elution», according to Table 2-3. L1: dispenser
loop; L2: sample loop; H2O: HPLC grade water;
AcN: HPLC grade acetonitrile; composition of
eluents A, B and C see Table 2-4.

Table 2-3: Actions of the different components during the SPE-steps
Elution+precolumn 

SPE-step Time Valve 1 Valve 2 Dispenser Load pump addition pump

III SPE-Elution 0 switch
sample n 0.5-3.5 wash sample loop with H2O

3.5-5.5 wash sample loop with AcN

5.5-10.5 buffer addition wash sample loop with H2O

III Loading 10.5 switch switch
sample n +1 10.5-15 charge  dispenser wash SPE cartridge with AcN

and sample loop
with sample n +1

15-22.5 conditioning SPE with H2O

III Enrichment 22.5 switch
sample n +1 22.5-33 wash diluter extract sample n + 1

system

LC-gradient elution
sample n

LC-gradient elution
sample n
(continued)

LC-gradient elution
sample n
(continued)

Note: The three SPE-steps are arranged according to chromatographic time schedule which is different from the order
in Figure 2-1. Eluents and gradients for elution and LC see Table 2-4. During SPE-elution and LC-gradient elution of a
given sample n, the next sample n + 1 is loaded and extracted.
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Table 2-4: Gradients for the three different methods, all flow rates in µL/min

Sulfonamides* Neutral pesticides** Acidic pesticides***

time % A % B % C Total flow % A % B % C Total flow % A % B % C Total flow

20 5 5 90 400 0 40 60 200 0 40 60 150

24 5 5 90 400

24.1 20 20 60 250

20 40 40 20 250 0 90 10 200 0 70 30 150

22 0 80 20 250 0 90 10 200

23 0 90 10 150

24 0 80 20 250 0 40 60 200

25 0 90 10 150

26 20 20 60 250 0 40 60 150

28 5 5 90 400

33 5 5 90 400 0 40 60 200 0 40 60 150

Instrumental setup of the eluents see Figure 2-1. Different steps of the online SPE see Table 2-3.
*** A: water, 20 mM formic acid, pH 2.7; B: methanol; C: water, 10 mM ammonia acetat, pH 7.
*** A: not used; B: methanol, 20 mM formic acid; C: water, 20 mM formic acid, pH 2.7.
*** A: not used; B: methanol, 120 mM formic acid; C: water, 120 mM formic acid, pH 2.3.



2.2.3 Chemicals

N4-acetylsulfamethazine, sulfadiazine, sulfadimethoxine, sulfamethazine, sul-
famethoxazole, and sulfathiazole were supplied by Fluka (Buchs, Switzerland);
the isotope labelled internal standards D5-acetylsulfamethoxazole, D5-ace-
tylsulfathiazole, D4-sulfadiazine, D4-sulfadimethoxine, D4-sulfamethoxazole,
D4-sulfathiazole by Toronto Research Chemicals (North York, Canada), and 
13C6-sulfamethazine by Cambridge Isotope laboratories (Andover, MA, USA).
Suppliers of the pesticides are published elsewhere (8). N4-acetylated ana-
logues of sulfonamides other than sulfamethazine were synthesized by acety-
lating the sulfonamides with acetic acid anhydride (36). 

Individual stock solutions for all compounds and internal standards were
prepared in methanol with concentrations of 1 µg/µL. Aqueous mixture solu-
tions for the different groups of analytes were prepared in concentrations of 
0.1 and 1 ng/µL. The latter solutions were used as spiking solutions for sample
fortification and for the development of calibration curves. Internal standard
solutions, prepared in methanol, contained from 0.5 to 2.5 ng/µL of each sub-
stance. 

HPLC grade acetonitrile, methanol and water were used (Scharlau, Barce-
lona, Spain). All other chemicals were of p.a. quality and were purchased from
Merck (Darmstadt, Germany) and Fluka (Buchs, Switzerland), respectively. High
purity argon (>99.998 %) for use as collision gas (1.5 mTorr) in LC-MS/MS ana-
lyses was supplied by Carbagas (Rümlang, Switzerland). Nitrogen gas for the
ESI was generated online using a high purity nitrogen generator (NM30L, Peak
Scientific Instruments, Renfrew, UK).

2.2.4 Environmental samples

Mass flux studies of veterinary sulfonamide antibiotics on grasslands and pesti-
cides in crop protection were carried out during spring/summer 2003 in the
basin of Lake Greifensee, near Zurich, Switzerland. An automatic water sam-
pling station was installed in the brook at the outlet of a sub-catchment of 
0.6 km2; which is characterised by intensive agricultural production, mainly
grasslands and crop production. Catchment discharge volumes were measured
and flow-proportional water samples were taken at very high frequency during
the whole investigation period. Surface water samples for extraction recovery
determinations were collected from the outflow of Lake Greifensee on January
22nd and from the brook at the outlet of the investigated sub-catchment on
February 26th, 2003. All samples were transferred to 1 L glass bottles and stored
in the dark at 4°C for maximal 6 months until analysis; storage stability was
proven by repetitive analysis of one fortified sample.
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2.2.5 Sample preparation

Samples were filtered at room temperature in the laboratory with a 250 mL
bottle-top filtration unit, using 50 mm diameter 0.45 µm pore size cellulose
nitrate membrane filters (Milian, Geneva, Switzerland). Filtration recoveries –
validated using fortified lake and brook water samples – were higher than 95 %
for all substances. 

For reproducible trapping on the extraction cartridge the sample pH (rang-
ing from 6.5 to 8.5) was adjusted to 4 by adding 80 µL of 5 M acetate buffer (5 M
acetic acid : 5 M sodium acetate 4:1 (v/v)) via the autosampler. This yielded 
a concentration of 20 mM acetate in the sample (nanopure, brook lake and
groundwater), which was sufficient for adequate buffering of the different
environmental water samples. 

2.2.6 Quantification, quality assurance, validation, and extraction recovery

For analysis of water samples, 10 µL aliquots of internal standard solution were
added to 100 mL sample volume, mixed thoroughly for 10 min and an aliquot
of 20 mL was used for analysis. Double blank (nanopure water without analytes
and internal standard solution) and blank samples (without analytes but with
internal standard solution) were extracted in every sequence to control for
carry-over or background concentrations. We used corresponding isotope
labelled internal standards for quantification of all substances except for acetyl-
sulfadiazine, acetylsulfadimethoxine, acetylsulfamethazine, ESA- and OXA-me-
tabolites of dimethenamide and metolachlor. In this case structurally related
compounds with respect to the elution in liquid chromatography were used in-
stead: D4-sulfadimethoxine for acetylsulfadimethoxine, D5-acetylsulfathiazole
for acetylsulfadiazine and acetylsulfamethazine, acetochlor-ESA and -OXA for
the corresponding metabolites of dimethenamide and metolachlor. Calibra-
tion curves from extracted nanopure water standards spiked at 2.5, 5, 10, 25, 50,
100, 250, 500, 1000, 2500 ng/L were used for sample quantification (i.e., extrac-
ted calibration). Quality assurance was performed by measuring an extracted
calibration curve at the beginning as well as at the end and quantifying the
same fortified sample in every sequence. 

The following parameters were determined during validation of the three
analytical methods: absolute extraction recovery, matrix effects, limits of quan-
tification (LOQ) and detection (LOD), linearity, precision and accuracy. Absolute
extraction recovery was determined in nanopure water and natural surface
water at six concentration levels (100, 250, 500, 1000, 2500, 5000 ng/L). There-
fore, the SPE elution step (ten minutes) was collected, spiked with internal
standard solution and measured by 20 µL loop injection without further pre-
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concentration to avoid another pathway of potential losses and quantified 
with standards in nanopure water (i.e., external calibration, levels 2, 5, 10, 20,
50, 100 ng/mL). The absolute extraction recovery of each analyte resulted from
calculating the ratio between the slope of the extracted calibration curve
(nanopure or matrix) and the slope of the external calibration. Additionally,
breakthrough samples were collected by sampling the waste line of valve 2
during enrichment. 
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2.3 Results and Discussion

2.3.1 Instrumental setup development

The instrumental setup for the online SPE-LC coupling was accomplished by
several upgrades to a conventional LC-MS/MS system: a dispenser syringe, two
loops, two LC pumps, two six port valves and an online extraction cartridge.
The financial investment for the upgrade was 25 k$.

The required sensitivity of a few ng/L was achieved with enrichment of 18 mL
realized by dual injection with the dispenser syringe. The combination with the
free programmable autosampler allowed automatic sample buffering and
could also be used for reagent addition in future applications. The addition of
two large capacity sample trays for 20-mL vials enabled to execute sequences
with large numbers of samples several days and over night without surveil-
lance on-site. 

A sorbent for enrichment should combine a large specific surface area and
hydrophilicity in order to have maximum interactions with (bi)-polar analytes
(37). Different copolymer phases designed for that purpose are commercially
available. We used a macroporous poly(N-vinylpyrrolidone-divinylbenzene)
copolymer phase with a surface area of about 800 m2/g. This material already
served as sorbent in many offline SPE applications for the same palette of sub-
stances (e.g., (8, 38, 39)). Accordingly, it proved to be very successful also for
online enrichment. This fact enabled the direct transfer of existing offline SPE
to the developed setup. All the laborious SPE steps from offline protocol (i.e.,
washing, conditioning, enrichment) were automated and executed by the load
pump (details see Table 2-3). A satisfactory elution solvent must be able to
overcome the interactions of the enriched analytes with the sorbent material.
Sharp elution profiles were achieved using (i) back-flush mode and (ii) high
organic solvent content for SPE elution with the elution pump. 

However, the high organic solvent content of SPE eluate is not suitable for
reverse phase chromatography. LC is still beneficial to separate the analytes
from remaining sample matrix reducing ion-suppression in the ESI and to
achieve sufficient separation of the individual substances. Therefore, dilution
of the SPE eluate (eluent A and B) with buffered water (eluent C) was performed
by the insertion of the pre column addition pump with a tee piece followed by
a low volume (4 µL) mixing chamber. This enabled the trapping and refocusing
of the eluted analytes on the analytical column and allowed the readjustment
of pH for LC separation.
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The applied column switching approach has two major advantages: (i) the
gradient formation with two pumps (i.e., elution and precolumn addition
pump) is very flexible for the online SPE of very different compounds enabling
to adjust organic solvent content and pH for SPE elution and LC separation and
(ii) analysis time was cut in half because sample enrichment of sample (n + 1)
took place at the same time as the previously enriched sample (n) was sepa-
rated and detected by LC-MS/MS (analysis time of 2 samples per hour).

2.3.2 Realization of the elution-trapping for the different analytical methods

The sulfonamide antibiotics represent the most polar of the investigated com-
pound classes. In order to trap these analytes on the analytical column, the
initial conditions for LC are restricted to very low organic solvent content. Mini-
mum acceptable organic solvent content of the elution mixture and the influ-
ence of pH were evaluated to determine optimal elution conditions. The addi-
tion of formic acid resulted in sharper elution profiles compared to neutral or
basic elution, likely due to the higher water solubility of the cation of the sul-
fonamides. A 1:1 mixture of formic acid (pH 2.7, 20 mM in water) and methanol
proved to be the best solvent for complete elution from the SPE cartridge in
less than 4 minutes. The pH of the SPE eluate was re-adjusted to neutral pH by
adding ammonium acetate (pH 7, 10 mM in water) to achieve maximal trapping
on the analytical column. In addition, a higher flow rate of the precolumn addi-
tion pump was applied at the beginning of the chromatographic run to reduce
the methanol content to 5 percent in order to trap the most polar sulfon-
amides, i.e. sulfadiazine and sulfathiazole. An illustrative chromatogram of the
sulfonamides and their acetyl metabolites is shown in Figure 2-2.

The development of the analytical procedure for the neutral pesticides was
much simpler. Elution with acidic methanol (20 mM formic acid) in combina-
tion with precolumn addition of acidic water (pH 2.7, 20 mM formic acid) was
successful. These acidic eluents even enhanced the ionisation efficiency and did
not strongly affect analyte trapping and separation on the analytical column.

The elution of the acidic pesticides from the extraction cartridge was achieved
with acidic methanol (120 mM formic acid). Acidic conditions were required to
protonate the acidic pesticides (pKa values between 2.6 to 3.1) for optimal trap-
ping and separation on the analytical column. This was realized by precolumn
addition of acidic water (pH 2.3, 120 mM formic acid). Ionisation in the positive
ESI-mode (ESI+) is unfavourable for the acidic pesticides because of their elec-
tron rich groups (e.g. carboxylic acids, triketones) whereas the negative ESI-
mode (ESI-) is problematic due to interferences with humic acids. However, 
ESI- could be highly enhanced with the post column addition of a basic solution
(pH 10, 10mM tris : methanol 50:50 (v/v)) (8), which was also used here.
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2.3.3 Cross-contamination

Several cleaning routines were implemented in different method steps to avoid
cross-contamination in routine analysis of samples within a broad concentra-
tion range using the same equipment: (1) washing of the dispenser syringe and
loop with a mixture of water and methanol (90/10 v/v), (2) washing of the car-
tridge with organic solvent and (3) washing of the analytical column with high
organic solvent content after each sample.

The most important potential source for carry-over is the extraction car-
tridge, where the analyte concentrations are highest. Therefore, the extraction
cartridge, as well as the sample loop, were flushed with organic solvent after
every extraction to remove any residues of the sample and conditioned with

2  Analytical Method for Surface Water

39

Figure 2-2: Illustrative online SPE-LC-MS/MS chromatogram of a brook sample spiked to 
250 ng/L with the sulfonamides and their acetylmetabolites. 



distilled water prior to enrichment of the next sample to make sure no organic
solvent was left in the online SPE system. Initial experiments with methanol 
as washing solution resulted in carry-over of several percent for the less polar
substances metolachlor and tebutam. By replacing the washing solution with
acetonitrile, carry-over was reduced for the critical substances. Maximum carry-
over rates of less than 0.1% were determined when we measured blanks,
arranged directly after highly concentrated samples in a sequence. For the
more polar pesticides, sulfonamides and acidic pesticides, no carry-over prob-
lems were detected even at concentrations of several 1000 ng/L.

The additional loop inserted between the dispenser syringe and the auto-
sampler syringe prevented contamination of the dispenser syringe with sample.
Hence, the dispenser syringe was never in contact with any sample. A small air
bubble was placed between sample and wash solution in the dispenser loop to
prevent contamination of the washing solution with any sample.

2.3.4 Performance and validation of the online SPE-LC-MS/MS method

Extraction recovery
High extraction recoveries were achieved for all of the compounds: sulfon-
amides 85-104% (average: (91 ± 5) %), neutral pesticides 95-111% (102 ± 4) %,
acidic pesticides 99-112% (105 ± 3) % (analyte specific details see Table 2-5). 

There were no significant differences in extraction recoveries between nano-
pure and surface water for any of the three analyte groups. The recoveries for
the substances without corresponding internal standard were not significantly
different (two-sided, heteroscedastic, t-test, p >5 %) from the ones with isotope-
labelled internal standard within the substance group. No breakthrough was
observed for most of the substances, except for the sulfonamides and dimethen-
amide OXA – where breakthrough <5 % of the enriched amount was detected.
This is much lower than with the published offline procedure (8). We ascribe
this improvement to the 15 times higher sorbent to sample volume ratio of the
online method compared to offline SPE.

Matrix effects
Matrix effects were evaluated during analysis of several hundred environmen-
tal samples from a broad range of different matrices, i.e. brook water from agri-
cultural area, lake water and groundwater, by monitoring the change of the
area of the isotope labelled standard, which was spiked at the same concentra-
tion in every sample.

In general, matrix effects led to reductions in peak area of less than 25 %.
This reduction is attributed to ion suppression in the ESI since no differences in
absolute extraction recoveries were observed between nanopure and matrix
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water. However, for selected samples and substances matrix effects were much
larger. Maximal ion suppression of up to 70 % was observed for the sulfon-
amides in brook water samples during discharge events. For the neutral pesti-
cides maximum ion suppression up to 50 % was found. This result is comparable
with findings from offline SPE (8). Conversely, ion suppression for the acidic
pesticides was much smaller, ranging from 0 to 25 %. In addition, signal enhance-
ments up to 30-60 % for sulfonamides were noticed in groundwater samples.
This effect has been reported previously in the analysis of various environmen-
tal samples (40, 41). 

These observations reveal that matrix can affect sensitivity in both directions:
signal reduction due to ion suppression as well as signal enhancement. Never-
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Table 2-5: Validation parameters for the three different methods: absolute extraction recovery (%)
in nanopure and surface water (in parentheses: combined relative standard uncertainty (%)), 
and limits of detection in environmental sample matrix

Absolute extraction recovery (%)

Substance Nanopure (n = 6) Surface water (n = 6) Limit of detection (ng/L)

Acetylsulfadiazine 94 (2) 104 (3) 5 
Acetylsulfadimethoxine 85 (1) 92 (2) 5 
Acetylsulfamethazine 96 (1) 95 (2) 5 
Acetylsulfamethoxazole* 87 (2) 91 (2) 5 
Acetylsulfathiazole* 95 (3) 97 (3) 5 
Sulfadiazine* 87 (2) 92 (2) 1 
Sulfadimethoxine* 85 (1) 87 (1) 1 
Sulfamethazine* 86 (1) 93 (1) 1 
Sulfamethoxazole* 91 (1) 87 (1) 3 
Sulfathiazole* 89 (1) 91 (2) 1 

Atrazine* 103 (1) 111 (2) 0.5 
Desethylatrazine* 101 (2) 105 (1) 0.5 
Dimethenamide* 101 (3) 107 (1) 0.5 
Diuron* 97 (2) 101 (1) 0.5 
Isoproturon* 100 (2) 104 (1) 0.5 
Metolachlor* 95 (1) 106 (1) 0.5 
Simazine* 99 (3) 104 (1) 0.5 
Tebutam* 102 (2) 106 (1) 0.5 
Terbuthylazine* 96 (2) 104 (1) 0.5 

2,4-D* 106 (2) 108 (2) 1 
Dimethenamide ESA 110 (5) 102 (3) 3 
Dimethenamide OXA 103 (5) 103 (6) 3 
MCPA* 102 (3) 103 (3) 1 
Mecoprop* 105 (3) 106 (4) 1 
Mesotrione* 99 (3) 105 (5) 2 
Metolachlor ESA 112 (6) 100 (3) 3 
Metolachlor OXA 107 (5) 107 (4) 3 
Sulcotrione* 102 (3) 104 (4) 2 

Note: matrices for extraction recoveries in surface water are brook water for the sulfonamides 
and lake water for the pesticides.
* isotope-labelled internal standards were used.



theless, these matrix effects had no effect on the quantification of analytes –
except a slight decrease in sensitivity – when using corresponding isotope
labelled internal standard. Analytes without corresponding isotope labelled
internal standards were quantified with structural analogues, closely-eluting
internal standards. 

Limit of quantification and detection, linearity
Limits of quantification and detection were influenced by sensitivity of the
equipment and were strongly dependent on the sample matrix. Limits of quan-
tification (LOQ), i.e. 10:1 signal-to-noise, were between 1 and 10 ng/L for the
parent substances in environmental waters. The detection for the metabolites
of the sulfonamides and acidic pesticides was slightly less sensitive. Neverthe-
less, quantification was possible for the metabolites above 15 ng/L in surface
water samples. The limit of detection (LOD), i.e. 3:1 signal to noise, for the neu-
tral pesticides (LOD 0.5 ng/L) were slightly lower than for the sulfonamide
antibiotics (LOD 1 ng/L, except sulfamethoxazole 3 ng/L, acetyl metabolites 
5 ng/L) and the acidic pesticides (phenoxyacids LOD 1 ng/L, triketones LOD 
2 ng/L, OXA/ESA metabolites 3 ng/L), respectively (Table 2-5). This is probably
due to lower ionisation yield in the spray compared to the neutral pesticides.
Even though sensitivity was satisfactory for our purpose, it could be increased
by introducing a larger loop charged by repeated injection. Calibration curves
were linear over three orders of magnitude – up to 2500 ng/L – in more than 
10 extracted calibration curves, indicating the high reliability of the whole pro-
cedure for various conditions.

Precision and Accuracy
Precision: Run-to-run variation (i.e., intra day precision) within one sequence
and day-to-day variation (i.e., inter day precision) were investigated with en-
vironmental samples. The latter includes additional effects, such as different
operators, calibrations and cartridges. Replicate extraction (n = 10) of aliquots
of one environmental sample was used to check the intra day precision. The rel-
ative standard deviation of the average concentration was less than 1.5% (level
25-100 ng/L). Inter day precision was determined by repeated analysis of
aliquots from the same sample over six months. Relative standard deviation of
the average was 3 to 6 % for the sulfonamides (level 250 ng/L, n = 5), 1-3 % 
for the neutral (level 50 ng/L, n = 4) and 2-5 % for the acidic pesticides (level 
50 ng/L, n = 4). 
Accuracy: Due to lack of reference material the accuracy of the method was
determined as recovery of spiked analytes relative to their internal standard.
The ratio between the quantified amount (background subtraction, if neces-
sary) and the spiked amount is defined as relative recovery. Environmental
samples were spiked at concentration 40-50 ng/L and treated like samples (see
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section 2.2.5) in different sequences. Relative recoveries were in the range 
of 91-109% for the sulfonamides (n = 2), 92-115% for the neutral (n = 4) and 
88-114% for acidic pesticides (n = 4) indicating fairly high accuracy.

2.3.5 Application to environmental samples in catchment studies

The method was used for mass flux studies of sulfonamides antibiotics and pes-
ticides in a small agricultural catchment (0.6 km2). Sulfamethazine containing
manure and pesticides were each applied on several fields with areas of 0.5 to
1.5 ha in spring 2003. An overview of the temporal variation of analyte concen-
trations measured in the brook is given in Figure 2-3. Generally, the concentra-
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Figure 2-3: Overview field study 2003: temporal development of water discharge (A) and
concentrations of sulfamethazine (B), atrazine (C) (42), and sulcotrione (D) (42) in the brook at
the outlet of the 0.6 km2 catchment after manure and pesticide application (dashed lines). 
Enlarged section of sulfamethazine: Samples measured in June 2003 (open circle) and July
2003 (closed circle).



tions for each analyte followed discharge dynamics of the brook, which was
already shown for neutral pesticides in an earlier study in the same catchment
(13). Measured concentrations were highly variable indicating the need for
high frequent sampling and sample analysis. Concentration ranged from a few
10 ng/L up to several 1000 ng/L after the respective applications.

This demonstrates the requirement for a large dynamic measuring range of
the analytical method as well as a high sensitivity in order to quantify also
«base flow concentrations» as well as «pre application samples». Furthermore,
prevention of cross contamination is of particular importance in measuring
samples with differing concentration by orders of magnitude. The inter day
precision of the developed analytical methods was proven by alternating
measurement of the samples in a period of more than 2 months including dif-
ferent extraction cartridges and different calibration standards. The perfect
congruency of the time course of the measured concentrations illustrates the
reliability of the employed analytical procedure (see Figure 2-3 B). In total 600
surface water samples, 400 standards and 200 quality control samples were
measured during the 3 month lasting field study. The high sample throughput
of the developed instrumental setup enabled the fast and precise quantifica-
tion of sulfonamides and pesticides in the highly dynamic brook water system
– an absolute must for in mass balance studies.
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2.4 Conclusions 

The fully automated online SPE-LC-MS/MS approach introduced in this paper,
based on the combination of commercially available standard components,
made it possible to achieve high sensitivity and high sample throughput in the
low ng/L range with low financial investment (<25 k$). Manual sample prepara-
tion was reduced to sample filtration and spiking of the internal standard solu-
tion, which decreases expensive labour time by more than a factor of five. More
than 500 samples could be analyzed with one extraction cartridge. The costs
for extraction material are reduced by more than 75% compared to offline SPE,
where SPE cartridges are for single use only. 

Tailor-made analytical methods for the quantification of sulfonamide anti-
biotics, neutral pesticides and acidic pesticides were validated and successfully
applied in different projects, e.g., catchment studies of agricultural chemicals
or lake and ground water monitoring. The flexibility of the instrumental setup
is supporting the tailor-made optimization according the substance-specific
properties at every step of the procedure: pH and solvent composition can 
be adjusted for enrichment, elution, separation, and ionisation. This allows
applying the instrumental setup to many other polar substances within a broad
range of physico-chemical properties, such as other antibiotic classes (e.g.,
macrolides), pesticides (e.g., glyphosate) or biocides (e.g., benzotriazoles).
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Exhaustive extraction of sulfonamide antibiotics from aged agricultural 
soils using pressurized liquid extraction 
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3
Analytical Method for Soil Samples 



A pressurized liquid extraction (PLE) method was developed for the quantifica-
tion of five sulfonamide antibiotics (sulfadiazine, sulfadimethoxine, sulfametha-
zine, sulfamethoxazole, and sulfathiazole) in aged soil samples. To account for
sequestration effects the extraction was optimized using a composite grass-
land soil sample collected 11 days after the application of manure containing
these substances. The optimized method uses a mixture of buffered water (pH
8.8) and acetonitrile (85:15) as solvent for the extraction at 200 °C and 100 bar
during five min. The most important parameter for the extraction efficiency
was temperature whereas the pH of the extraction solvent did hardly influence
extraction efficiency between pH 4.1 and 8.8. A temperature increase from 100
to 200°C improved the extraction efficiency up to a factor of six for aged resi-
dues in soils. In contrast, no temperature dependence was observed during
short-term spike experiment. After 90 min exposure in these spike experiments
we recovered 62 to 93 % of the sulfonamides, except for sulfamethoxazole with
only 41%. These percentages decreased substantially after a contact time of 
6 and 17 days. The reasons for this decline remained unknown. Inter-day preci-
sion of the method was very satisfactory: relative standard deviations from the
average were below 10 %. Limits of detection for the extraction procedure were
lower than 15 µg/kg. The performance of the developed extraction method
was demonstrated by measuring the decrease of sulfonamide concentration in
a top soil after manure application. Within three months the concentration
dropped from 450 µg/kg to 150 µg/kg for sulfadiazine.
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3.1 Introduction

The application of veterinary antibiotics is an integral part of modern animal
production. About 3’900 tons of veterinary antibiotics were used in the EU in
1999 with tetracyclines and sulfonamides representing the substance groups
most frequently applied (1). In Switzerland sulfonamides are the most fre-
quently administered antibiotics in medical feeds for pigs (2). Excreted to high
extent as active parent substance or acetylated conjugate, sulfonamides are
quite stable in manure and the acetyl conjugates are even transformed back to
the active sulfonamides (3). Accordingly, high concentrations up to several
mg/kg have been found in liquid manure samples (4, 5). Such values translate
into loads of several hundred grams sulfonamides per hectare and application
that may reach agricultural soils. Despite the large amount of veterinary anti-
biotics that are administered, their environmental fate is only poorly under-
stood. It seems especially important to understand the role of dissipation of
antibiotics in soils in the context of the spread of antibiotic resistance in the
environment (6). 

Antibiotic residues in soil have to be extracted prior to analysis. Different
extraction techniques have been applied for the determination of veterinary
antibiotics in soil, such as (i) slurrying followed by liquid-liquid extraction for
tetracyclines (7); (ii) slurrying followed by ultra sonication for oxytetracycline
and tylosin (8, 9), sulfachloropyridazine, oxytetracycline, and tylosin (10); (iii)
pressurized liquid extraction (PLE) for tetracyclines (11), fluoroquinolones (12),
macrolides (13) and simultaneous extraction of sulfonamides, tetracyclines and
macrolides (14). In general, the PLE technique enables higher extraction yields
due to extreme extraction conditions enhancing sample wetting, better sol-
vent penetration, and higher diffusion rates (15). Further advantages of PLE ex-
tractions are a low solvent consumption and short extraction times typically
below one hour. 

Due to distinct properties of different compound classes one single multi-
residue extraction method is not very promising. For instance, tetracyclines 
are converted when heated (14), whereas sulfonamides are fairly stable at eleva-
ted temperatures (16). On the other hand sulfonamides are amphoteric with
two pKa-values in the environmentally relevant pH-range (Table 3-1). As a con-
sequence of this speciation, their partitioning is pH-dependent which plays 
an important role for the environmental behavior as well as for their extraction
from soil. Therefore, applying generic settings of the extraction conditions or
adaptation of methods developed for other compound classes without evalu-
ating the key parameters of PLE, probably results in underestimation of the
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effective concentration. To date, no soil extraction method exploring all the
possibilities of PLE has been reported for the sulfonamides.

The goal of this work was the development of a specific extraction method
using PLE for the quantification of sulfonamide antibiotics in agricultural soils.
Identification and quantification of the compounds were done by liquid chro-
matography coupled to tandem mass spectrometry (LC-MS/MS) using electro
spray ionization (ESI). On important demand on the extraction method was that
it should be fast and robust to allow the rational analysis of a large number of
field samples. However, at the same time the method ought to allow the quan-
tification of sulfonamides in soil with sufficient sensitivity. A minimum require-
ment was set to the detection limit of 100 µg/kg given as trigger value in the
guideline for environmental impact assessment for veterinary medicinal pro-
ducts (17). 

Initial experiments showed that spiked soil samples with a short contact
time were not sensitive to extraction parameters and therefore not representa-
tive for real world samples. As a consequence, the extraction was developed
with an aged composite soil sample from a grassland field site treated with ma-
nure containing the five sulfonamides sulfadiazine, sulfathiazole, sulfametha-
zine, sulfamethoxazole, and sulfadimethoxine. The following parameters were
varied: temperature, extraction time, pressure, flush volume, and the number
of sequential extractions, as well as the composition and the pH of the extrac-
tion solvent. The optimized parameters were confirmed with a sample from
another site containing only sulfamethazine. The developed method was vali-
dated by quantifying recovery, ion suppression, limits of detection, and limits
of quantification and applied to investigate the fate of sulfonamide residues in
soils after a controlled field manure application. For quality assurance a refer-
ence field sample was extracted in every sequence.
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3.2 Experimental

3.2.1 Chemicals

Five different sulfonamides (sulfadiazine, sulfadimethoxine, sulfamethazine,
sulfamethoxazole, and sulfathiazole) and their N4-acetyl conjugates were ana-
lysed. All sulfonamides and acetyl sulfamethazine were purchased from Sigma
with a purity of at least 98 %. The other acetyl-conjugates were synthesized
according to (18) from their sulfonamides. For quantification the following
isotope labeled internal standards were available: D5-acetylsulfamethoxazole,
D5-acetylsulfathiazole, D4-sulfadiazine, D4-sulfadimethoxine, D4-sulfamethoxa-
zole, D4-sulfathiazole (Toronto Research Chemicals, North York, Canada), and
13C6-sulfamethazine (Cambridge Isotope laboratories, Andover, MA, US). All
substances were stored at -20 °C in individual stock solutions prepared in
methanol with concentrations of 1 µg/µL and ultrasonicated before each use.
Mixture solutions containing the different analytes were prepared in water at
concentrations of 1 and 10 ng/µL. Internal standard solutions, prepared in
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Table 3-1: Structure and substance properties of the sulfonamides and their acetyl-conjugates

Sulfa- Acetylsulfa-

CAS pKa1 Kow (exp) (20) CAS pKa
* Kow (calc)

*

R pKa2 (19) Kow (calc)
*

-Diazine [68-35-9] 2.0 (21) 0.8 [127-74-2] 6.3±0.3 3
6.4 21

-Thiazole [72-14-0] 2.4 (21) 21 [127-76-4] 7.0±0.1 7
7.1 22

-Methazine [57-68-1] 2.4 (21) 22 [100-90-3] 7.2±0.5 21
7.4 26

-Methoxazole [723-46-6] 1.8 (22) 28 [21312-10-7] 5.6±0.5 30
6.0 28

-Dimethoxine [122-11-2] 1.9 (22) 40 [555-25-9] 6.0±0.5 111
6.1 28

* Calculated values using Advanced Chemistry Development (ACD/Labs) Software Solaris V4.67

H3
+N S

O

O

HN
R

pKa1

pKa2

HN S

O

O

HN
RO pKa

N

N

N

S

N

N

N O

NN

O

O



methanol, contained 5 ng/µL of each substance. HPLC grade acetonitrile,
methanol, and water (Scharlau, Barcelon, Spain) were used as solvents for ex-
traction and liquid chromatography eluents. Formic and acetic acid, sodium
acetate (Merck, Darmstadt, Germany), and tris(hydroxymethyl)aminomethane
(tris) (Fluka) were used to adjust the pH of the solvents. Nitrogen gas for the ESI
was generated online (NM30L, Peak Scientific Instruments, Renfrew, UK) and
argon collision gas (1.5 mTorr) was supplied by Carbagas (Rümlang, Switzer-
land). All other chemicals used for preparation, extraction, and analysis were
standard laboratory chemicals of p.a. quality.

3.2.2 Soil samples

Composite top soil samples (5 cm) were taken with a conventional split tube
core sampler (5 cm diameter) and stored at -20 °C directly after collection. For
break-up they were ground with a hammer mill (Syngenta, Basel, Switzerland)
adding dry ice to keep them frozen. The milled samples with an average par-
ticle size of about 2 mm were homogenized with a sample splitter (Rentsch
GmbH & Co, Haan, Germany) prior to analysis. Soil samples from two different
field sites in Switzerland were used in this work. Some characteristics of the two
soils are given in Table 3-2. 
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Table 3-2: Characteristics of the soils from the two study sites

Soil Depth (cm) Clay (%)* Silt (%)* Sand (%)* org C (%)** pH (%)***

Site A 0 -15 23 44 33 3.6 5.7

Site B 0 -15 27 30 43 3.0 6.0

*** Percentage by weight
*** Percentage by weight, C org analyzed in 105 °C dried samples
*** Measurement in 0.01 M CaCl2 solution with soil to solution ratio of 1:2.5 (w/w)

Site A did not receive any contaminated manure during the last decade. In
spring 2003, sulfonamide containing manure was applied in two subsequent
controlled field experiments (see Chapter 4). The manure initially contained
sulfamethazine and was additionally spiked with sulfadiazine, sulfadimetho-
xine, sulfamethoxazole, and sulfathiazole four hours before application. Over 
a period of three months, soil samples were taken in intervals of a few days. 
A composite sample taken after the second application, referred to as reference
soil, was used for PLE optimization. The contact time for different sulfonamides
with the soil material was 11 days, except for sulfadiazine and sulfathiazole
which were applied 56 days before sampling. Spike experiments during vali-
dation of the method were carried out with a composite sample, taken before
manure application, referred to as blank soil. Extraction of this blank soil showed
no background concentration of any of the investigated sulfonamides. 



Site B was fertilized several times with sulfamethazine containing manure
in the last years. Soil samples from Site B were used for confirmation of the
optimized extraction parameters, referred to as control soil.

3.2.3 Optimization of PLE parameters

An ASE 200 accelerated solvent extractor (Dionex, Sunnyvale, CA, USA) was
used for pressurized liquid extraction. 11 mL stainless steel extraction cells
were prepared with a cellulose filter and ca. 500 mg of diatomaceous earth to
prevent clogging of the cells. After adding the soil sample (4 g), the cell was
filled up with diatomaceous earth. The optimization of the extraction para-
meters was performed with the reference soil and confirmed with the control
soil. Three replicates were extracted for each setting of a particular parameter.
Composition of the extraction solvent, as well as three pH values (2.2, 4.1, 8.8)
according to the different speciation of the sulfonamides were evaluated. Ex-
traction temperature was varied from 60 °C to 200 °C, extraction time from 5 to
99 min, and pressure from 100 to 200 bar. One to three sequential extractions
and flush volume from 10 to 150 % were tested. In order to check for thermal
degradation of the sulfonamides at elevated temperatures the sulfonamides
were spiked to a cell filled with diatomaceous earth. 

3.2.4 Chemical analysis

An aliquot of 1 mL of the PLE extracts (total volume 20 ± 1.5 mL) was buffered
to a pH of 4.5 to neutralize the sulfonamides with 50 µL 5M acetate/acetic acid
buffer solution. 50 µL of internal standard solution was added before filtra-
tion with a filter eppendorf tube (Durapore-MC® (PVDF membrane), pore size
0.45 µm, Millipore, Bedford, UK) in a centrifuge (30 min, 3000 x g, Ultrafuge Fil-
tron, Skan, Basel, Switzerland). No further clean up was performed after extrac-
tion in order to keep the method fast and easy to handle. 

The substances were analyzed with liquid chromatography-tandem mass
spectrometry (LC-MS/MS) using a slight modification of the method described
in detail in Chapter 2. Briefly, 20 µL of the extract were injected onto a reversed
phase LC column without further preconcentration. A polar mobile phase (mix-
ture of water and acetonitrile (AcN); buffered to pH 4 with 1 mM acetic acid) and
an apolar stationary phase (Nucleodur C18 Gravity, 125 mm x 2mm ID, 5 µm pore
size, equipped with a guard column, Macherey-Nagel, Oensingen, Switzerland)
were used. The composition of the mobile phase was changed linearly from 5 %
AcN to 43% AcN after 15 minutes. In the following three minutes the fraction of
AcN was increased again linearly to 100 % AcN. Between 18 and 24 minutes the
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AcN content was retained at 100 % in order to elute matrix constituents from
the column, then it was decreased linearly to 5 % after 27 minutes and hold at
this level for six minutes (conditioning). The analytes were ionized in an electro
spray (ESI positive mode, spray voltage 3500 V, sheath gas flow 0.6 L/min, aux
gas flow 1.5 L/min, capillary temperature 350°C) and detected according to
their mass/charge ratio in a TSQ Quantum triple quadrupole MS (Thermo Elec-
tron, Corp., San Jose, CA) using the single reaction monitoring mode. 

3.2.5 Quantification, quality assurance, validation, and recovery

The sulfonamides were quantified by the ratio between the peak areas of the
analytes and the peak areas of the corresponding labeled internal standard. 
D5-acetylsulfathiazole served also as internal standard for acetyl-sulfadiazine,
D5-acetylsulfamethoxazole for acetyl-sulfamethazine and acetyl-sulfadimetho-
xine, respectively, since no isotope labeled derivates were commercially avail-
able for these compounds. For every analyte at least two different product ions
were analyzed. Their ratio served as quality control criteria and varied maxi-
mally by 5 %. Series of eight standards in nanopure water (2.5, 5, 10, 25, 50, 100,
250, 500 ng/mL) served for calibration. 

During extraction of field samples, the reference soil sample was extracted
and quantified in each sequence in triplicate to check for the inter-day pre-
cision of the entire method. A cell filled with glass beds without soil was ex-
tracted several times during a sequence to check for carry over in the ASE. In
addition, double blank (nanopure water without analytes and internal standard
solution) and blank samples (without analytes but with internal standard solu-
tion) were analyzed in every sequence to control for carry-over or background
concentrations during LC-MS/MS analysis. 

Ion suppression, limits of quantification and detection were determined by
standard addition (2.5 to 500 ng/mL) to soil extracts of the blank soil sample.
Ion suppression was calculated by comparing the slope of the standard addi-
tion (extracts) with the slope of the calibration (nanopure water) plotting ana-
lyte peak areas instead of area ratios. 

Absolute recovery of the extraction was tested by spiking the substances 
to blank soil sample directly in the extraction cell at a level of 1250 µg/kg soil.
The spiked cells were stored at room temperature prior to extraction and quan-
tified as described above. To investigate the influence of the time elapsed
between spiking and extraction (i.e., contact time) extraction was performed 
90 min, 6 and 17 days after spiking. 
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3.3 Results and Discussion

3.3.1 Optimization of the PLE parameters

Of all tested parameters, extraction temperature turned out to be the most rel-
evant factor controlling the extraction efficiency. For all sulfonamides, except
sulfamethoxazole, large increases of the extraction efficiency with higher tem-
perature were observed for field samples from the two different sites, as well as
for spiked blank soil sample (definition see 3.2.2) with a contact time of 17 days.
Conversely, initial shortterm spike experiment showed no influence of the
extraction efficiency from the extraction temperature. This result is a strong
argument not to use short-time spiking experiments for the development of a
soil extraction method and supports our approach with the field samples. 

For the reference soil sample (definition see 3.2.2), the increase of the extrac-
tion temperature from 100 to 200 °C improved the extraction efficiency by a
factor of two to six (Figure 3-1). The exception was sulfamethoxazole, showing
only minor temperature effect. These findings were confirmed with spiking
experiments of blank soil (contact time 17 days). Analysis of the control soil
samples corroborated these results for sulfamethazine with a five-fold increase
in extraction efficiency at 200 °C compared to 100 °C. Thermal stability of the
sulfonamides – an indispensable prerequisite for the extraction at higher tem-
peratures – was proved by quantitative extraction of spiked sulfonamides
(including sulfamethoxazole) on diatomaceous earth without soil at tempera-
tures of 200 °C. 

A major disadvantage of the elevated extraction temperature is a higher
matrix load, indicated by darker extracts, which is critical for the quantification
with LC-MS/MS due to ion suppression in the ESI source. Indeed, ion suppres-
sion was about 1.2 to 1.8 times higher for the samples extracted at 200 ° C com-
pared to 100 °C. However, ion suppression was compensated by the correspon-
ding internal standards and did not affect the quantification – except for a res-
pective reduction in sensitivity of 20 to 45 %. All in all, the advantage of higher
extraction yields outweighed the disadvantage of the slightly smaller sensitivity. 

Extraction at lower temperature – e.g., due to a compromise because of si-
multaneous extraction of other substances (e.g., tetracyclines (14)) – may result
in strong underestimation of the sulfonamide concentrations in soils, except
for sulfamethoxazole which could not be extracted to higher extent at 200 °C.
Thermal instability of sulfamethoxazole could be ruled out due to 89 % recovery
on diatomaceous earth at 200 °C. Which processes led to this different behavior
as compared to the other four sulfonamides could not be clarified in this work. 
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Since the effect of temperature on sorption is a direct indication for the
strength of sorption (23), a minimal estimate of the binding enthalpy ∆H could
be determined from the extracted amount at the different temperatures. ∆H
values of 10 to 25 kJ/mol were determined for the investigated sulfonamides
(details see Appendix). These values are typical for Hydrogen bonds (24) and
point to a strong interactions of polar sulfonamide groups with the soil con-
stituents (e.g., humic acid, clay minerals, iron oxides). 

Extraction solvents consisting of mixtures of solvents of different polarity
are generally most successful for different PLE applications (14). Because of the
polarity of the sulfonamides, water is the solvent of choice and has already
been applied for the extraction of sulfonamides from baby food (25). The
extraction efficiency of sulfamethoxazole from sludge was weakly influenced
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Figure 3-1: Influence of temperature (60, 100, 200 °C) on the extraction efficiency, averages 
(n = 3) normalized to 100 °C with combined standard uncertainties, for different soils: 
A) reference soil; B) blank soil spiked 17 days before extraction; C) control soil, where only
sulfamethazine was present.



by the addition of organic solvents in different proportions and was highest
with the addition of acetonitrile as modifier (26). Our test with the addition of
acetonitrile revealed slightly higher extraction efficiency for sulfadimethoxine
comparing to pure water extraction (data not shown). The recovered amount
for the other sulfonamides was not affected. Therefore a solvent composition
of 85% water and 15% acetonitrile was chosen. 

Due to the amphoteric character of the sulfonamides (pKa values see
Table 3-1) different interactions with soil for the different sulfonamide species
could be expected. Therefore, pH dependency of the extraction was tested
with buffered solvents at three different pH-values according to the speciation
of the sulfonamides. The extraction solvent was buffered with formic acid,
acetate buffer, and tris resulting in extract pHs, of 2.2, 4.1 and 8.8, respectively.
The highest extraction efficiency was achieved at pH 8.8 (Figure 3-2A). Extrac-
tion at pH 4.1 resulted in slightly lower yields, whereas extraction at pH 2.2 even
made the quantification of several sulfonamides impossible due to heavy
matrix load in the PLE extract. The small differences between pH 8.8 and 4.1
were not expected, because sorption is much stronger for the neutral species
(pH 4.1) compared to the anion (pH 8.8) (27, 28). However, the actual pH value
under the extraction conditions may differ from the pH measured in the ex-
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Figure 3-2: Influence of the pH (2.2, 4.1, 8.8, determined in the extract) on the extraction 
(averages (n = 3) normalized to the extraction at pH 8.8 with combined standard uncertainties):
A) recovered amount from the reference soil sample; and B) area of the internal standard 
spiked directly after extraction.



tracts. To which degree the extractability of the sulfonamides was affected,
could not be clarified in this work. Regarding ion suppression, the peak areas of
the internal standard were larger at pH 8.8 than at pH 4.1 or pH 2.2 (see Figure 
3-2B), indicating that at a lower pH more interfering soil matrix was extracted.
Higher extraction efficiency as well as higher sensitivity due to lower ion sup-
pression at pH 8.8 was confirmed by extracting control soil and spiked blank soil
samples, respectively.

The strong ligand EDTA is often used in extraction methods to overcome
complexation of the analyte with cations. However, the addition of EDTA was
not favorable in our case, since (i) lower extraction efficiency was obtained, (ii)
heavy matrix load resulted in decreased sensitivity and (iii) problems with the
PLE due to clogging were much more frequent with EDTA addition than with-
out. Further instrumental parameters such as pressure, extraction time, flush
volume or sequential extraction did not significantly influence the extraction
efficiency of the reference soil sample. The optimized parameters of the PLE
extraction are given in Table 3-3.
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Table 3-3: Optimized PLE conditions for the quantification of sulfonamides in field soil samples

Mass of soil sample 4 g

Inert material Diatomaceous earth

Solvent 15% AcN, 85% H2O (0.1 M tris)

Temperature 200 °C

Time 9 min pre-heating
5 min static

Pressure 100 bar

Number of cycles 1

Flushing 1 pore volume (100%)

Purging 300 s (N2)

3.3.2 Influence of contact time on recovery

Due to lack of a reference material the recovery of the developed method 
was tested by spiking blank soil sample. Initial spike experiments showed that
the extraction efficiency decreased significantly with increasing contact time
between the sulfonamides and the soil. Therefore, time between spiking and
extraction was strictly controlled. Recoveries ranging from 62 to 93 % were
achieved for the different substances after 90 min contact time – only sulfa-
methoxazole was somewhat lower with 41%. With increasing contact time a
remarkable decline in the extractable amount was observed (Figure 3-3). Re-
coveries ranging from 36 to 55 % after 6 days and 13 to 35 % after 17 days con-



tact time for the different analytes have been determined. Reasons could be a
rapid increase of non-extractable amount with time or transformation of the
sulfonamides. Decreasing recoveries from soil with increasing contact times for
sulfonamides were recently reported (16). 

Furthermore, dissipation of the sulfonamides was also observed in the PLE
extracts (Figure 3-4). Even though repeated analysis of the same extract at
different times after adding the internal standard solution resulted in equal
quantified amounts, a notable decrease in the response in LC-MS/MS was ob-
served. The kinetics of the dissipation of the sulfonamides in the extract was
comparable to the decrease in soil. In contrast, the acetyl conjugates showed
constant responses over several weeks within the day-to-day variation of the
area (Figure 3-4). 

Because sulfonamides were stable in stored surface water samples, at least
at 4 °C (see Chapter 2), the observed dissipations in soil as well as in extracts
had to be due to interaction with soil constituents. Dissipation as a result of
biological processes in the soil cannot be fully excluded. However, in the PLE
extracts biological activity was unlikely due to sterilization during the extrac-
tion at 200 °C and due to presence of acetonitrile. Therefore, we assume that
chemical reactions took place, which led to the formation of non-extractable
analytes or of transformation products. The constant response of the D5-acetyl-
conjugates in the extracts is hardly an evidence for an in situ acetylation, since
the parent substances were introduced as D4-labeled sulfonamides. On the
other hand it may be a reasonable indication for the reaction most likely taking
place at the N4-amino group. One possible reaction at this group could be the
one with a manganese oxide, which has recently been reported (29).
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Figure 3-3: Recovery from spiked blank soil after different contact times (average (n = 3) and
standard deviation).



3.3.3 Method validation 

Since no further clean up step was performed, sensitivity reducing matrix effects
were accepted in order to keep the method simple and rapid – nevertheless,
ion suppression was quantified. Signal reduction due to ion suppression in the
ESI source was quite different for the individual substances and ranged from 34
to 62% (Table 3-4). No clear trend of the ion suppression for the different ana-
lytes was observed over the chromatographic run. In general, ion suppression
was higher for the parent substances compared to the conjugates. However,
the signal reduction due to ion suppression did not affect the quantification of
the sulfonamides – except a respective reduction in sensitivity – because it was
compensated by the corresponding isotope labeled internal standards.  

Limits of detection (LOD), i.e., at the ratio of 3:1 signal-to-noise, were below
3 ng/mL in the PLE extracts. This corresponds to a soil concentration of less than
15 µg/kg (Table 3-4). Hence, reliable quantification, i.e., at the ratio of 10:1 sig-
nal-to-noise, was achieved for all the sulfonamides as well as their acetyl conju-
gate above 50 µg/kg. An illustrative chromatogram is presented in Figure 3-5.
This sensitivity was considered to be sufficient for practical purposes, as a trig-
ger-value of 100 µg/kg was set for environmental risk assessment during regis-
tration of veterinary pharmaceuticals (17). However, lower detection limits of at
least two orders of magnitude could be achieved using online SPE enrichment
prior to LC-MS/MS measurement (see Chapter 2).
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Figure 3-4: Dissipation of sulfonamides and acetylconjugates in the PLE extract of blank soil:
Normalized area for D4-sulfathiazole, D4-sulfamethoxazole and their D5-labeled conjugates of
a given extract measured after different contact times.

Contact time (days)
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Table 3-4: Ion suppression (blank soil extract spiked at levels from 2.5 to 500 ng/mL), 
LOD in blank soil soil extracts 

LOD

Substances Ion Suppression (%) Extract (ng/mL) Soil (µg/kg)

Sulfadiazine* 62 2 10

Sulfathiazole* 63 2 10

Sulfamethazine* 60 1 5

Sulfamethoxazole* 54 2 10

Sulfadimethoxine* 46 1 5

Acetylsulfadiazine 46 3 15

Acetylsulfathiazole* 38 3 15

Acetylsulfamethazine 49 1 5

Acetylsulfamethoxazole* 39 2 10

Acetylsulfadimethoxine 34 1 5

* Corresponding isotope labeled internal standards for quantification

Figure 3-5: Chromatogram of a PLE extract of the blank soil, fortified to 10 ng/L, 
corresponding to a concentration of 50 µg/kg soil.



Inter-day precision was determined by replicate analysis (n = 6 x 3) of the refer-
ence soil sample during routine use of the method sequence over a period of
more than six months. Relative standard deviations (RSD) from average con-
centration were below 10 % for all the sulfonamides at concentration levels of
100 to 500 µg/kg soil, with the exception of sulfamethoxazole with 30% (level
15 µg/kg < LOQ). Storage stability at -20 °C was confirmed with the extraction of
the reference soil sample one year after the first extraction resulting in almost
identical values with maximal deviations of ± 15 %. All in all, we obtained an ex-
cellent precision for the whole procedure including all of the following steps:
aliquot sampling, PLE extraction, spiking internal standard solution, filtration,
calibration, and quantification by LC-MS/MS.

3.3.4 Application to field samples

The developed method was used in field experiments for the determination of
the fate of sulfonamides on two fields of Site A after two controlled manure
applications. Soil samples taken on nine different days after application were
extracted with three to nine replicates and analyzed with LC-MS/MS as de-
scribed above. Figure 3-6 depicts the temporal evolution of the sulfonamide
concentrations on one of the fields (data for both fields see Chapter 4). Concen-
trations found directly after manure application reached maximum values of
530 µg/kg soil and did not decline below the limit of quantification within three
months after application. Sulfamethoxazole again was the exception, interes-
tingly, the same substance for which only a small influence of extraction tem-
perature was determined. The high reliability of the presented quantification
method was indicated by the low standard deviation of replicate analysis for
the particular sampling days.  
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Figure 3- 6: Temporal evolution of the total extractable concentration after the application 
of sulfonamide-containing manure (applications indicated by the dashed lines) on a grassland,
exemplary shown for field 1 (Site A), average with standard deviation of multiple replicates 
(n = 3 to 9); sulfamethazine was applied with both applications; sulfadiazine served as marker
substance for application I and sulfamethoxazole for application II, respectively (data for field 2
see Chapter 4).



3.4 Conclusions 

The developed PLE method allows the reliable quantification of sulfonamides
in soils at concentrations above 50 µg/kg. This enables the quantification of
concentration in the field below the trigger value (100 µg/kg) for registration 
of new veterinary pharmaceuticals. If necessary, sensitivity could be enhanced
by at least two orders of magnitude using online-SPE. It was shown that for the
method development, it is crucial to optimize the extraction procedure with
«aged» soil instead of relying on short-term spiking experiments. Otherwise, in
our case the strong temperature effect would have been unnoticed and the
persistence of sulfonamides would have been substantially underestimated.
Our results demonstrate that sulfonamides may persist for several months after
manure application. The availability of these sulfonamide contents for micro-
organisms however, is unclear. Further investigations have to clarify whether
those values are critical or not.

References

2(1) Schwermetalle und Tierarzneimittel in Wirtschaftdüngern; Kuratorium für Technik und Bau-
wesen in der Landwirtschaft e.V. (KTBL) (Ed.): Darmstadt, Germany, 2005, Vol. 435.

2(2) Arnold, S.; Gassner, B.; Giger, T.; Zwahlen, R. Pharmacoepidemiology and Drug Safety 2004, 13,
323-331.

2(3) Langhammer, J. P. Ph. D. Thesis in Life Science 1989, University of Bonn.
2(4) Haller, M. Y.; Muller, S. R.; McArdell, C. S.; Alder, A. C.; Suter, M. J.-F. Journal of Chromatography

A 2002, 952, 111-120.
2(5) Pfeifer, T.; Tuerk, J.; Bester, K.; Spiteller, M. Rapid Communications in Mass Spectrometry 2002,

16, 663-669.
2(6) Nwosu, V. C. Research in Microbiology 2001, 152, 421-430.
2(7) Hamscher, G.; Sczesny, S.; Höper, H.; Nau, H. Analytical Chemistry 2002, 74, 1509-1518.
2(8) Rabolle, M.; Spliid, N. H. Chemosphere 2000, 40, 715-722.
2(9) De Liguoro, M.; Cibin, V.; Capolongo, F.; Halling-Sorensen, B.; Montesissa, C. Chemosphere

2003, 52, 203-212.
(10) Blackwell, P. A.; Holten Lutzhoft, H.-C.; Ma, H.-P.; Halling-Sorensen, B.; Boxall, A. B. A.; Kay, P.

Talanta 2004, 64, 1058-1064.
(11) D.S. Aga, S. O’Connor, S. Ensley, J.O. Payero, D. Snow, D. Tarkalson, Journal of Agricultural

and Food Chemistry 2005, 53, 7165-7171.
(12) Golet, E. M.; Strehler, A.; Alder, A. C.; Giger, W. Analytical Chemistry 2002, 74, 5455-5462.
(13) Schlusener, M. P.; Spiteller, M.; Bester, K. Journal of Chromatography A 2003, 1003, 21-28.
(14) Jacobsen, A. M.; Halling-Sorensen, B.; Ingerslev, F.; Honore Hansen, S. Journal of Chromato-

graphy A 2004, 1038, 157-170.
(15) Ramos, L.; Kristenson, E. M.; Brinkman, U. A. T. Journal of Chromatography A 2002, 975, 3-29.
(16) Hamscher, G.; Pawelzick, H. T.; Hoper, H.; Nau, H. Environmental Toxicology and Chemistry

2005, 24, 861-868.
(17) Environmental impact assessment (EIAS) for veterinary medical procucts (VMPS) – Phase I;

International Cooperation on Harmonisation of Technical Requirements for Registration of
Veterinary Products: Bruxelles (Belgium), 2000.

(18) Neumann, J. Ph.D. Thesis in Pharmacy 1989, Free University of Berlin.

Krispin Stoob    Veterinary Sulfonamide Antibiotics in the Environment

64



(19) Neuman, M. Antibiotika Kompendium; Verlag Hans Huber: Bern, Stuttgart, Wien, 1981.
(20) Hansch, C.; Leo, A.; Hoekman, D. Hydrophobic, electronic, and steric constants – Exploring QSAR;

American Chemical Society: Washington, DC, 1995.
(21) Petz, M. Habilitation in Chemistry 1986, University of Münster.
(22) Lin, C.-E.; Chang, C.-C.; Lin, W.-C. Journal of Chromatography A 1997, 768, 105-112.
(23) ten Hulscher, T. E. M.; Cornelissen, G. Chemosphere 1996, 32, 609-626.
(24) Pignatello, J. J. Advances in Agronomy 2000, 69, 1-73.
(25) Gentili, A.; Perret, D.; Marchese, S.; Sergi, M.; Olmi, C.; Curini, R. Journal of Agricultural and

Food Chemistry 2004, 52, 4614-4624.
(26) Gobel, A.; Thomsen, A.; McArdell, C. S.; Alder, A. C.; Giger, W.; Theiss, N.; Loffler, D.; Ternes, T.

A. Journal of Chromatography A 2005, 1085, 179-189.
(27) ter Laak, T., L.; Gebbink, W., A.; Tolls, J. Environmental Toxicology and Chemistry, 2006, 24, 

904-911.
(28) Kahle, M.; Singer, H.; Stamm, C. Environmental Science & Technology, submitted.
(29) Bialk, H. M.; Simpson, A. J.; Pedersen, J. A. Environmental Science & Technology 2005, 39, 

4463-4473.

Acknowledgements

We thank Sybil Brunner for the assistance in the soil sampling during the unforgettable field ex-
periments. We appreciate the possibility using the hammer mill and are very thankful to the whole
sample-preparation-team at Syngenta (Basel) for the support during milling of the soil samples.
We thank Alfredo Alder, Thomas Bucheli, Maren Kahle, Martin Krauss, and René Schwarzenbach for
their helpful comments on the manuscript. 
This work was partly founded by the Swiss National Research Program NRP49 «Antibiotic resi-
stance» (4049-63282) and by the Swiss Federal Office for the Environment (FOEN).

3  Analytical Method for Soil Samples

65





67

4
Field Study
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The fate of sulfonamide antibiotics on grasslands has been addressed with two
controlled manure applications under very different weather conditions follo-
wing typical agricultural practice. The persistence of veterinary sulfonamides in
soil was much higher than reported in previous studies: more than 15 % of the
amount applied was still present in the soil 3 months after application, in spite
of a fast initial dissipation. The trigger value for the registration of new vete-
rinary antibiotics was exceeded for the whole investigation period of three
months in this study. In the pore water the sulfonamides dissipated much faster
than in the soil matrix. Due to a slow desorption of the sulfonamides the risk 
of loss to surface water was limited to a short period of a few weeks after appli-
cation. The weather conditions after the application were found to be even
more critical than for herbicides investigated in the same catchment. However,
the input dynamics to surface water are very similar to herbicides and strongly
dependent from weather conditions. This has been illustrated by the very diffe-
rent meteorological conditions following the two manure applications: The
overall losses to surface water have been 15 times higher during wet conditions
of May 2003 compared to the dry conditions in March and April. During the wet
period, the losses amounted to about 0.5 % of the applied mass. This number is
in good agreement with previous studies on plot scale on the same fields that
were carried out under wet conditions as well. These losses are also in the same
order of magnitude as those of herbicides applied in crop protection on neigh-
boring fields in the same catchment. 
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4.1 Introduction

Antibiotics are substances designed to kill pathogenic bacteria or at least in-
hibit their growth. They were discovered in the first half of the twentieth cen-
tury as a miracle cure against bacterial diseases. First used in human medicine,
they were soon administered in veterinary medicine as well. Today, they are an
integral part of modern livestock production. About 4000 t are used in veteri-
nary medicine within the European Union, which is about half as much as con-
sumed in human medicine (1). The use of antibiotics inherently bears the risk of
the development of resistance genes. In addition, the administration of antibio-
tics in livestock involves the risk of introducing the active substance into the
environment. Because high percentages of the administered antibiotics are
excreted in their active form, antibiotics may reach the environment through
manure application on agricultural land. Residuals of veterinary antibiotics are
thought to be relevant for selection of resistant populations in soil (2). How-
ever, there have been only few investigations so far on the fate of antibiotics in
soils fertilized with contaminated manure under natural conditions.

Among the different classes of veterinary antibiotics the sulfonamides are
of particular interest because of their high excretion rates (3), and their persis-
tence in the manure (4). Additionally, they are considered as highly mobile in
soils due to their weak sorption (5). Indeed, the leaching of sulfonamides to
groundwater has recently been demonstrated on manure-fertilized fields (6).
Sulfonamides are one of the groups of antibiotics administered most frequently
in different regions within the EU (1,7) and represent the most important sub-
stance group used in intensive pig farming in Switzerland (8). Sulfonamide con-
centrations of up to 20 mg/kg liquid manure have been found in manures from
different farms in Switzerland (9). The application of such highly contaminated
manure results in loads of several hundred grams of sulfonamides per ha and
application. Such rates lie in the same order of magnitude as triazine herbicide
applications in crop production, which are well known to be transferred into
surface waters in significant amounts (10, 11). Therefore, one may expect to find
similar concentrations of sulfonamides in surface waters. However, results of
the environmental behavior of herbicides may not be directly transferable 
to veterinary antibiotics. One reason is the physical and chemical influences
exhibited by the manure as the matrix in which veterinary antibiotics reach the
environment. Manure enhances water runoff by physical sealing of the soil sur-
face. In addition, the mobilization of sulfonamides may be favored by pH effects
and/or interaction with manure constituents (12).
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So far, the fate of sulfonamide antibiotics under field conditions has only
been studied thoroughly in a controlled field study on a macroporous tile-
drained clay soil on arable land. Losses to the drainage system were below
0.5 % of the sulfachloropyridazine applied. Recoveries from the soil after one
day did not exceed 15 % and a rapid disappearance in the soil was observed
(13). These results point to a rather low persistence or high sorption of the sul-
fonamides in soil. The latter would contradict results of sorption experiments
indicating fairly weak sorption (14). However, we may conclude that the con-
centrations in soil samples reported in (13) were substantially underestimated
due to weak extraction conditions, since temperature is a key parameter for the
extraction of sulfonamides from soils (see Chapter 3). 

Transport of sulfonamide antibiotics from agricultural land to water bodies
has been investigated recently in several plot experiments with artificial irri-
gation. Overland flow was identified as an important process regarding the
transport of sulfonamides (12,15,16). Total losses of the sulfonamides applied
varied over more than 2 orders of magnitude (0.1 to 28%). The different studies
are hardly comparable among each other because the irrigation rates from 15
mm in two days to 100 mm in two hours were applied. Nevertheless, these
studies give some interesting insight in different factors influencing the trans-
port to surface water by surface run-off. Much higher losses were found from
grassland compared to arable land, where the manure had been incorporated
down to a depth of 15 cm by soil cultivation (15). Tractor lanes on the field in-
creased surface run-off on arable land as well as sulfonamide loss by a factor of
five (16). A factor of three of increase in total loss has been found by for larger
contact time between manure application and start of irrigation (12). However,
these studies on plot scale (few m2) cannot account for several parameters
affecting the fate of sulfonamide antibiotics on a field scale (typically several
1000 m2). Due to their short duration of a few hours only, they do not include
varying weather conditions and the dissipation on the fields, which is known to
be an important factor determining the loss of (modern) polar herbicides (11). 

All in all, the findings available in the literature today do not give a consis-
tent picture regarding the fate of sulfonamides in agricultural soils and their
transport to water bodies. Therefore, field studies specifically dealing with these
substances applied in their specific matrix seem warranted. To date, no studies
assessing the fate of sulfonamides after manure application on grassland have
been performed, although this is where manure is typically spread on, at least
in Switzerland (17). However, to estimate the risk of the development of resis-
tance genes, the dissipation on agricultural soils and the availability of sulfon-
amides for microorganisms under natural conditions have to be quantified. In
addition, the relationship between soil concentrations and losses to surface
waters should be addressed for a proper mass flux analysis under natural
weather conditions. 
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The aim of this study was to quantify the fate of selected veterinary sulfon-
amides on grassland as well their loss to surface water after manure application
under natural weather conditions. This was achieved with two controlled ma-
nure applications followed by high frequency monitoring of the sulfonamide
concentration in the topsoil and in the brook draining the catchment with the
experimental fields. The influence of weather conditions on the fate in soil as
well as on the transport to surface water could be investigated for two com-
pletely different weather situations following the two manure applications. The
input to surface water could be compared with herbicides applied in the same
catchment in the same season (11). The results of this study should help to de-
liver a basis for estimating the exposure of microbial communities to antibiotic
residues from livestock and to estimate the input of veterinary antibiotics to
surface waters.
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4.2 Experimental Section

4.2.1 Investigated substances

Five different sulfonamide antibiotics were investigated in this study. The selec-
tion was based on their use as veterinary medicines in Switzerland. For compa-
rative purposes, sulfamethoxazole was included as the most important sulfon-
amide in human medicine. The structure as well as some physico-chemical
properties of the sulfonamides are given in Table 4 -1.
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Substance [CAS] Structure pKa1 pKa2 (18) Kow(exp) (19) Kow(calc)
*

Sulfadiazine 2.0 (20) 6.4 0.8 c1
[68-35-9]

Sulfathiazole 2.4 (20) 7.1 0.1 0.2
[72-14-0]

Sulfamethazine 2.4 (20) 7.4 0.2 0.6
[57-68-1]

Sulfamethoxazole 1.8 (21) 6.0 0.8 0.8
[723-46-6]

Sulfadimethoxine 1.9 (21) 6.1 0.40 28
[122-11-2]

* Calculated values using Advanced Chemistry Development (ACD/Labs) Software Solaris V4.67

Table 4-1: Structures and substance properties of the sulfonamides investigated
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The five sulfonamides have a similar core structure and a variable moiety at the
sulfonamide group. Sulfonamides are amphotheric substances. At low pH-val-
ues they are cationic: the amino group becomes protonated (pKa1) below pH-
values of about 2. The pKa of the amide group (pKa2) is ranging between 6 and
7.4 due to the variable moiety and leads to anionic species at basic pH-values.
The isoelectric point lies between pH 4 and 5, resulting in neutral molecules
under slightly acidic conditions. As a consequence of this speciation, the parti-
tioning and the reactivity of the sulfonamides are pH-dependent in the envi-
ronmental pH-range.



4.2.2 Site description and instrumentation

The study site was located in the catchment of Lake Greifensee, southeast of
Zurich, Switzerland. The two investigated fields were part of a catchment of 60
ha, where land use is dominated by grasslands (73 %) and arable land (22 %).
The rest of this area is sealed (4 %) or forest (1%). The catchment ranges from
495 to 548 m a.s.l. and is drained by a small brook (Figure 4-1). 
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Figure 4-1: Land use in the investigated catchment with the water sampling station at the outlet
of the catchment and the two manured fields. 
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The two fields investigated are slightly sloped (average slope Field 1: 4° to 6°,
Field 2 :1.5° to 3.5°) towards the brook separating them. The size of each field
was about 0.4 ha. The soil was classified as loamy Eutric Cambisol (FAO) with
33.4% sand and 23 % clay, an organic carbon content of 3.6 % and a pH of 5.7
(0.01 M CaCl2) in the top 15 cm. 

Rainfall data were collected by an automatic meteorological station (mani-
fold, equipped with Micrologger 21X, Campell Scientific, Inc.) in 10 minutes
intervals from March to July 2003. Soil moisture status (temperature, soil water
content and matric potential) was determined in 60 minutes intervals in a soil
profile on Field 2 in three different depths (2.5, 7.5 and 15 cm). One thermistor
was installed per depth; TDR (Time Domain Reflectrometry) and tensiometer
were installed in duplicates. The water table was measured manually every few
days using a yard stick with a water sensor in five piezometers forming a tran-
sect across the two fields (see Figure A-1, Appendix).

A water sampling station was installed at the outlet of the catchment about
500 meters downstream of the two fields. It consisted of a wooden channel
of 5 m length with a defined cross section (11). The catchment discharge was
recorded automatically every five minutes using ultrasonic Doppler probes
(Isco 750 area velocity flow module, Isco, Inc.). The discharge measurements
were compared with salt breakthrough experiments. A detailed comparison 
of both methods is presented in (11).

4.2.3 Controlled manure applications

To the best of our knowledge the site chosen had not received any manure con-
taining sulfonamides in the last decade preceding our experiment. Hence, no
background contamination was expected in the soil or brook water, which was
confirmed by our data.

The manure was applied according to good agricultural practice using a
band spreader. We carried out two controlled applications (I and II): The first 
at the beginning of the growing season on March 24th and the second after the
first mowing on May 8th, 2003. Buffer strips of 10 m from the brook were main-
tained. The manure applied in our experiment was imported from an intensive
pig rearing farm outside the study region. It contained high concentrations 
of sulfamethazine due to regular treatment of the pigs with medical feed. This
manure was then spiked with one additional sulfonamide antibiotic (sulfadia-
zine, sulfadimethoxine, sulfamethoxazole or sulfathiazole) defined as marker 
in order to distinguish between the two applications and the two fields. The
spiking scheme, as well as the application rates for the two applications are
given in Table 4-2. 
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These marker substances were prepared as buffered sulfonamide solutions
using 3 M tris buffer and ultrasonication. The solutions were filled in 1 to 3 bins
of 10 L depending on the solubility of the different substances. The spiking of
the manure was accomplished by first filling the tank with one third of the
liquid manure, then adding the marker solution and finally filling in the remai-
ning two thirds of the manure.

4.2.4 Sampling strategies and analytical procedures

The manure was sampled from the truck (i.e., truck samples) at the beginning,
during and at the end of the application procedure. The manure reaching the
ground during the application was collected on plates containing 1 L of dis-
tilled water (i.e., application samples). These samples only served as controls
for the completeness and homogeneity of the mixing in the tank, since they
were diluted to different extent depending on the number of receiving lines 
of the band spreader. All liquid manure samples were homogenized with a
kitchen blender a few hours after the application and stored in 1 L plastic con-
tainers at -20 °C until pressurized liquid extraction (PLE). For this purpose 3 mL
of liquid manure was dripped into an extraction cell prefilled with diatoma-
ceous earth. The cell was then extracted under the same conditions as the
extraction of the soil samples (details see Chapter 3). Absolute extraction reco-
veries determined in spiked manure (level: 5 mg/L, contact time 90 min) were
(89 ± 13) % indicating almost quantitative extraction of the sulfonamides, which
is an improvement compared to our method published previously (9).

On 17 days, soil samples were taken with a conventional 5 cm diameter split
tube core sampler. A sampling depth of 5 cm was chosen since results from pre-
vious plot studies on the same field indicated that under conditions near field
capacity the major part of the applied sulfonamides was still present in the top
few cm after 30mm of irrigation (22). Due to the band spreader application the
spatial pattern on the field was very heterogeneous at the scale of the diameter
of the core sampler. This required an adapted spatial sampling strategy in order
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Table 4-2: Controlled manure application: treated areas, application rates, marker substances
for the different applications and fields

Application I Application II

Field 1 Field 2 Field 1 Field 2

Treated area 0.33 ha 0.39 ha 0.33 ha 0.41 ha

Manure rate 34 t/ha 30 t/ha 33 t/ha 39 t/ha

Sulfamethazine 649 g/ha 583 g/ha 541 g/ha 686 g/ha

Marker Sulfadiazine Sulfathiazole Sulfamethoxazole Sulfadimethoxine

Application rate 722 g/ha 592 g/ha 341 g/ha 452 g/ha



to determine average concentrations of the sulfonamides on the fields. The
manure tracks caused by the band spreader were marked with flags right after
the applications. Five cores were taken in a row perpendicular to the manure
track (see Foto 4-1). The same manure track was sampled at five different loca-
tions distributed over the field. These «five times five» cores were pooled to one
composite sample. Three replicates of three different manure tracks were taken
on every sampling day – except after mowing (day 45 after application I). Addi-
tionally, one sample composed of 24 random cores was taken on the two fields
on every sampling day. All samples were weighed, stored at -20°C, milled under
frozen CO2 and homogenized with a sample splitter (Rentsch, Haan, Germany)
before analysis. 

Two different methods of analysis were applied: (i) Pressurized liquid ex-
traction (PLE) to extract as exhaustively as possible in order to follow the fate of
sulfonamides in the soil matrix and (ii) analysis of the pore water to assess the
fraction available for transport. Details of the PLE method are given in Chapter
3. Briefly, a mixture of buffered water (pH 9) and acetonitrile (85:15 (v/v)) served
as solvent for the extraction at 200°C and 100 bar conducted during 14 minutes
with an ASE 200 accelerated solvent extractor. After extraction, the cell was
flushed with an additional pore volume of the extraction solvent and purged
with nitrogen. 1 mL of the extract was spiked with internal standard solution
containing isotope labeled derivatives of the five investigated sulfonamides,
buffered to pH 4.5 with acetate buffer and filtered prior to analysis with reverse
phase liquid chromatography – tandem mass spectrometry (LC-MS/MS). The
pore water was gained by ultra centrifugation of 20 g soil in 38.5 mL tick-wall
polycarbonate tubes at 160’000 x g at 20 °C for 30 min (Centrikon T-2000 with
fixed-angle rotor TFT 70.38, Kontron Instruments, Zurich, Switzerland). 1 mL 
of the supernatant was buffered, spiked with internal standards and filtered
prior to LC-MS/MS analysis. Soil concentrations were measured for 10 sampling
dates. At least two different samples per sampling day were taken for analysis,
and at least one of them was extracted in duplicate. Measuring both the sulfon-
amide concentration in the pore water as well as the «total» soil content by PLE
allowed calculating a distribution ratio between the pore water and the soil
matrix. 

Losses of the sulfonamides to the brook were assessed by taking flow pro-
portional composite water samples. A sub-sample of 90 mL was collected every
5 to 25 m3, depending on the discharge conditions. Ten sub-samples were auto-
matically pooled to one composite sample by the sampler (Isco 6700, Isco, Inc.).
Samplers were controlled at least every second day. Water samples were trans-
ferred into 1 L glass bottles and stored in the dark at 4 °C. A total of 638 samples
had been taken in the period from March to July 2003, where of 313 were mea-
sured with fully automated online solid phase extraction LC-MS/MS, using
column switching techniques (details given in Chapter 2). Briefly, 20 mL of the
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filtered samples were spiked with internal standard solution, buffered to pH 4.5
and enriched automatically on an Oasis HLB extraction cartridge. The sorbed
analytes were directly eluted to LC-MS/MS with a mixture of water (pH 2.7) and
methanol (50:50 (v/v)). The mobile phase for LC gradient elution was com-
posed of the SPE-eluate and 10 mM ammonia acetate at different flow ratios.
Loads were calculated using the aquasim software according to (23) by multi-
plying measured concentrations with the discharge rate using the discharge
data discharge from the Doppler probe.
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Foto 4-1:  Five soil cores taken perpendicular to a manure track (indicated by the shaded bands).
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Manure application with band spreader technique (A), soil profile with tensiometers, TDR-probes,
and thermistors (B), water channel with Doppler probes and suction heads from the sampler (C),
and water sampling station with water samplers (D).
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4.3 Results and Discussion

4.3.1 Rainfall and hydrological conditions

Since weather conditions are a main factor governing the fate of sulfonamides
applied to the field, as well as their transport to surface water, rainfall was
recorded directly on the field. The period of the field study fell into the extra-
ordinarily dry spring/summer of 2003, with only about 60 % of the average
rainfall. However, the period directly following application II was rather wet.
Figure 4.2 depicts the time course of the rain intensity and discharge into the
brook. 
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The discharge in the brook was highly dynamic with little – if any – discharge
during dry periods. The rainfall, the discharge amount as well as the discharge
ratios for the different events are given in Table 4-3. 

Figure 4-2: Time course of rain intensity (bright blue) and discharge (dark blue) at the outlet of
the catchment. The two manure applications are marked with dashed lines.



The fields were quite dry prior to both manure applications, since there was no
rain during 11 and 5 days before the applications I and II, respectively. The me-
teorological situation after the spreading of manure, however, was very diffe-
rent for the two applications. Application I was followed by a dry week and the
first rainfall occurred after 7 days. It caused some discharge in the brook (event
I -1), which was completely dry before. The period following application II was
rather wet, starting with an intensive storm in the night right after application
(event II -1). The subsequent week was dominated by several rain events lead-
ing to low matric potential in soil (soil temperature, water content, soil matric
potential and water table in the piezometers are shown in Figure A-2, Appen-
dix) and three further discharge events (events II-2 to II- 4). The wettest period
of the investigation time was about two weeks after application II with the sub-
sequent discharge event II-5 lasting over an entire week. Due to these wet con-
ditions and more runoff after application II, higher losses to the brook could be
expected. 

4.3.2 Manure application

The amount applied by manuring is the starting point to quantify the fate of
sulfonamides in the two fields. The mixing of the marker sulfonamides with the
manure was reasonably complete as indicated by small variations in the ratio
between the markers and sulfamethazine in the application samples: Relative
standard deviations from average were less than 10% as determined in 6 diffe-
rent samples from each application and each field. Concentrations of sulfon-
amides were in the range of 10 to 20 mg/kg liquid manure with low standard
deviations of less than 10 % for triplicate analysis of the truck samples (Figure 
A-3, Appendix). The amount applied of sulfamethazine was similar for both
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Table 4-3: Rain-discharge events with defined period (DaA = Days after Application),
cumulative rain and discharge amounts and runoff ratio

Event No. Start (DaA) End (DaA) Rain (mm) Discharge (mm) Runoff ratio

II -1 6.3 8.6 22.3 2.9 13 %

II -2 8.6 15.3 22.3 8.7 39 %

II -3 15.3 23.8 5.1 2.2 42 %

II -1 0.2 1.1 17.2 1.2 07 %

II -2 1.1 2.3 6.6 0.8 12 %

II -3 2.3 5.1 14.1 2.7 19 %

II - 4 5.1 11.1 16.4 6.4 39 %

II -5 11.1 28.3 46.7 33.2 71 %

II - 6 28.3 32.1 30.8 5.1 17 %

II -7 32.1 42.3 54.2 13.3 24 %



fields and applications (Table 4-2). Such loads of several hundred g/ha are high
but realistic for manure originating from intensive pig farming (4, 9, 24).

4.3.3 Dissipation in the soil

Background levels of sulfonamides could not be detected on any of the two
fields even with the drastic extraction conditions of the PLE method (detection
limit see Chapter 3). This was to be expected based on knowledge about the
previous management of these fields, i.e., no manure from antibiotic intensive
farming has been applied during the last decade. 

The amounts applied as well as the changes in content of sulfonamides in
the top soil over the whole investigation period are shown in Figure 4-3. 
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Figure 4-3: Temporal development of the sulfonamide content in soil (extracted by PLE). 
Average of triplicates with standard deviation, Bars: applied rates by manuring.



The general pattern was dominated by a fast initial decrease of the concentra-
tion leading to a half life of a few days. However, the dissipation later on was
much slower and residuals 3 months after application amounted to more than
15 % of the marker of application I. The trigger-value for registration of new
veterinary pharmaceuticals of 100 µg/kg (25) applied to a sampling depth of 
5 cm corresponds to a concentration of 75 g/ha (assuming a of bulk density 
1.5 kg/L). This value was exceeded in this study for almost all of the applied sul-
fonamides for months. The concentration of sulfamethazine was comparable
on both fields. In spite of the very different weather conditions after the two
applications (higher rain intensity and higher temperature for application II),
the fate in soil was very similar. The amount recovered one day after appliction
was about 30 to 60 % of the amount applied on both fields and after both appli-
cations (Figure A-3, Appendix) – except for sulfamethoxazole. Compared to the
initial fast dissipation, the further dissipation was quite slow as can be seen
clearly from the concentration of the markers of the application I (sulfadiazine
and sulfathiazole). A first order kinetic described the data during the first two
weeks after application quite well, but did not match the later points in time 
(> 45 days) (Figure A-4, Appendix). This indicates that different processes deter-
mined the dissipation of sulfonamides in soil at short and longer time scales.
Due to the decelerated dissipation over time, the stability of sulfonamides on
these fields was much higher than reported in another study (13). One main
reason for this observation is probably the efficient extraction procedure used
in this study. Without the harsh conditions using elevated extraction tem-
perature the apparent dissipation would have been much more pronounced.
The only exception was sulfamethoxazole (marker for application II, Field 1):
The amount recovered was very small (8 %, Figure A-3, Appendix) and the con-
centrations fell below detection limits within a few days. Since homogeneity of
the application was confirmed by the constant ratio of sulfamethoxazole and
sulfamethazine in the manure collected on the field (application samples), this
behavior must be due to degradation in the field or during extraction or to the
formation of non-extractable residues. Smaller recoveries of sulfamethoxazole
compared to the other investigated sulfonamides were already observed in
spike experiments with soil (see Chapter 3). 

The content of the sulfonamide in pore water was assumed to be the frac-
tion that is essentially available for transport to surface water. The samples
which were extracted by PLE were also analyzed for their pore water concentra-
tion in order to compare the mobile fraction with the total «reservoir» in the
soil. Figure 4-4 depicts the time course of sulfonamides found in pore water of
the top 5 cm of the soil profile. 
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The concentration detected in pore water one day after application were about
a factor of 15 to 30 lower than the extractable mass determined with PLE and
account for a few percentages of the applied amount only. The latter is also
valid for sulfamethoxazole (marker Field 2 application II), which showed a low
concentration extracted by PLE and led to a content in the pore water of more
than 50% of the amount extracted by PLE. The spatial variability of the pore
water concentration was rather small as indicated by similar values of sulfa-
methazine pore water concentrations found on both fields after application I.
Whereas the PLE extraction revealed that the sulfonamides remained in soil in
substantial amounts over more than 3 months, the dissipation in pore water
was much faster. Concentrations of the markers of application I in pore water
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Figure 4-4: Temporal development of the sulfonamide content in pore water 
(ultracentrifugation). The two manure applications are marked with the dashed lines.



had fallen below quantification limit 40 days after application. The dissipation
followed a first order kinetic during the first two weeks after application. As for
the extractable soil content, this kinetic could not properly describe the data
for longer periods. This effect was even more pronounced for the pore water
content compared to the PLE extractable amounts and it was observed on both
fields after both applications and for all substances (Figure A-5, Appendix). 

4.3.4 Distribution between soil matrix and pore water

As a measure for sorption of the sulfonamides to the soil matrix, the distribu-
tion between soil matrix and pore water (Dsw) was calculated. This distribution
ratio increased with time for all the substances (Figure A-6, Appendix): Dsw

ranged from about 10 to 15 L/kg one the day after application and reached
values of 50 to 125 eleven days after application and of 100 (sulfadiazine, sulfa-
dimethoxine and sulfamethazine) to 250 (sulfathiazole) several weeks later. The
exception was sulfamethoxazole, which showed a very small distribution ratio
based on this data (Dsw = 0.4 L/kg). However, sulfamethoxazole showed smaller
extractability from soil compared to the other sulfonamides (see Chapter 3) and
therefore this distribution ratio is hardly an evidence for smaller sorption. 

The sorption of sulfonamides varies with pH (26,27). Therefore, one might
argue that the sulfonamides were more mobile right after the manure appli-
cation due its high pH. The increase of Dsw could then be explained by pH-
re-equilibration and decrease with time. However, the temporal evolution of
pH and Dsw demonstrate that pH changes were not the main causes for the
increasing sorption. The pH-value of the applied manure and the soil before
manuring were 7.7 and 5.8, respectively. The pH-value of the top mm of soil was
increased by the manure by 0.7 ± 0.3 units. pH-values were decreasing over the
following days and eight days after manuring the influence of the manure was
no longer observable. 

The increase of Dsw over time could be due to a non-linear sorption iso-
therm since concentrations are decreasing in the field. The relationship be-
tween sulfonamide concentration in pore water and the soil matrix could be
described with a Freundlich isotherm (Figure A-7, Appenix) indicating strong
non-linearity (n ≤ 0.31, see Table A-1, Appendix). Non-linearity of the sorption
of sulfonamides has actually been observed in batch experiments with 14C-
sulfadiazine using the same soil (non-dried) (28). However, the non-linearity
that we observed in the field was much more pronounced than in those studies
(n = 0.65). This suggests that increasing Dsw were mainly due to non-equilibri-
um: The dissipation in pore water was faster than in soil matrix and equilibrium
was not maintained likely because of the slow desorption, which was observed
in laboratory studies (28). 
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The Dsw from the first days after application were compared to sorption
coefficients (Kd) of sulfonamides from different short-term laboratory experi-
ments, which ranged from 0.1 to 10 L/kg in different soils with comparable pHs
(14). These studies yielded lower values than those found in this study even for
the first day after manure application. This observation holds despite the fact
that our values represent a minimal estimate of sorption constants. In case the
PLE method employed was not exhaustive, the actual soil-water partition co-
efficient would be expected to be even higher. However, our values are in good
agreement with apparent Kd values of 10 to 20 L/kg estimated from plot studies
on Field 1 with a equilibrium time of one day (12). Overall, our data suggest that
sulfonamides are not as mobile as sometimes suggested in the literature (5,14).

4.3.5 Possible processes responsible for the dissipation

The developing of the concentration in soil as well as in pore water indicates a
two stage process determining dissipation. A comparable dissipation kinetic
was found in laboratory experiments with sulfachloropyridazine (29). However,
the different transformation processes suggested in the literature showed no
evidence for such a behavior of sulfonamides in soil. Transformation processes
for sulfonamides reported so far include abiotic and biotic processes, such as
photolytic transformation on soil (30) or surface water (31, 32), manganese di-
oxide catalyzed transformation and phenoloxidase mediated cross-coupling of
sulfonamides with humic monomers (33). Photolysis could have taken place at
the soil surface only and therefore is probably of minor importance in field. To
which extent pedogenic oxides or phenoloxidases were involved in the dissi-
pation in field remains unclear. In phenomenological laboratory degradation
studies differences between sterilized and biologically active soil spiked with
sulfadiazine containing manure were observed (34) supporting biological
transformation or degradation. Mineralization was found to account only for
very few percentages of the total dissipation. A combination of a fast cross-
coupling of sulfonamides with soil and increasing sorption with time due to
diffusion of sulfonamides into pores of organic substances could explain the
observed two stage dissipation.

4.3.6 Transport to surface water 

Only the fraction of the sulfonamides that was found in pore water was as-
sumed to be relevant for transport from the fields to the brook since desorption
from the soil matrix was shown to be very slow for sulfonamides (28). Because
of the fast decrease of the sulfonamide content in the pore water, losses to sur-

Krispin Stoob    Veterinary Sulfonamide Antibiotics in the Environment

86



face water were expected to decrease rapidly as well. Higher peak concentra-
tions were expected during the discharge events after application II due to the
shorter time span between manuring and the first rainfall. This was confirmed
by our data: The concentrations of sulfamethazine in the brook increased dur-
ing discharge events (Figure 4-5). Concentrations of sulfamethazine were high-
est in the first events after both applications. The peak concentrations in the
subsequent events never reached these values.

We observed pronounced differences regarding the input of sulfametha-
zine in the brook due to the different weather conditions following the two 
applications. Maximal sulfamethazine concentrations were about a factor of 20
higher in the first event following application II compared to the application I.
Up to 3300 ng/L were determined in event II-1 whereas peak concentration

4  Field Study

87

Figure 4-5: Time course of discharge (A), concentration (B) and cumulative load of sulfametha-
zine (C) in the brook after application I. The second manure application is marked with the
dashed line.



reached 150 ng/L during the first event after application I. The total input into
the brook under wet conditions after application II (2.77 g) was about a factor
of 15 higher than in the dry period after application I (0.18 g). The rain-dis-
charge events contributed to different extent to the total input due to variable
hydrology and the sulfonamide amount present in pore water during the parti-
cular event. In general, the events following application II led to higher (cumu-
lative) loads than the events following application I (Table 4-4). For applica-
tion II, not only the first rain events during the days after the application, but 
also event II -5 taking place two weeks later led to a substantial input into the
brook. 
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In order to take into account the dissipation on the fields for the losses to the
brook the cumulative loads were normalized to the amount present in pore wa-
ter right before the particular discharge event referred to as normalized losses
(Table 4-4). In general, the normalized losses after application II (3.5 to 16 %)
were much higher than after application I (0.7 to 3.2 %). For event II-5 an out-
standing normalized loss of more than 50 % was calculated. Hence, more than
half of the amount present in the pore water was transported into the brook
during this event. This event showed a very high discharge ratio of about 70 %
(Table 4-3) and led also to large losses of the herbicides applied to the neigh-
boring fields a few days before (11).

A closer comparison of application I and II was possible for event I-2 and
event II-4 since virtually identical soil moisture conditions, rain intensity, and

Table 4-4: Cumulative load and normalized losses of sulfamethazine and marker for Field 1
(sulfamethoxazole) and Field 2 (sulfadimethoxine) during the different rain events

cumulative load (g) normalized losses*

Sulfa- Marker Marker Sulfa- Marker Marker Marker 
Event methazine Field 1 Field 2 methazine Field 1 Field 2 Average

I-1 0.07 n.a n.a 1.8% n.a n.a

I-2 0.09 n.a. n.a. 3.2% n.a. n.a.

I-3 0.01 n.a. n.a. 0.7% n.a. n.a.

Sum I 0.18

II-1 0.96 1.05 0.14 8.7% 13.4% 4.0% 8.7%

II-2 0.25 0.26 0.06 3.5% 4.8% 2.4% 3.6%

II-3 0.55 0.25 0.26 12.2% 7.1% 16.6% 11.9%

II-4 0.32 0.12 0.12 16.2% 7.5% 18.8% 13.2%

II-5 0.58 0.18 0.13 50.9% 26.7% 50.5% 38.6%

II-6 0.03 n.d. n.d. 4.5% n.d. n.d.

II-7 0.06 n.d. n.d. 10.1% n.d. n.d.

Sum II 2.77 1.87 0.72
* Normalized losses were determined by division of the cumulative load by the amount present in pore water before 

the particular rain event.



runoff ratio were recorded for these events. In addition, they took place after
very similar period after application. For these reasons, the normalized losses to
surface water were expected to be similar during these events. However, even
during these two events, the normalized loss of sulfamethazine was about 5
times higher for event II-4 than for I-2. Obviously the dry period after appli-
cation I led to lower mobilization even under comparable hydrological condi-
tions. This highlights the influence of the importance of the weather conditions
after application for the transport to the brook. 

The sequence of the events following application II allow for a comparison
of the two fields. Due to (i) the similar behavior of the marker substances in soil
particularly in pore water, and (ii) a reasonable agreement of the normalized
losses of sulfamethazine and the average of those of the of the two markers
(Table 4-4), they can be used as «tracers» of the corresponding fields. Different
input characteristics were observed for the markers of the two fields regarding:
peak concentration, peak dynamics as well as relative contribution to the diffe-
rent events. The peak concentrations of the marker of Field 1 (sulfamethoxa-
zole) were higher than those of Field 2 (sulfadimethoxine) during the first three
events (Figure A-8, Appendix). Furthermore, the concentration dynamics of the
two marker substances were different: sulfamethoxazole followed discharge
dynamics very closely, whereas sulfadimethoxine was retarded with 1 to 2 hours
during events II-1 and II-2, respectively. These differences were even more pro-
nounced during event II-3: Sulfamethoxazole still reached the maximum with
peak discharge while sulfadimethoxine was even delayed 8 to 12 hours. This is
evidence for a different hydrological response of the two fields. A comparison
of the normalized losses of the marker substances for the two fields supported
this hypothesis. The normalized losses of sulfamethoxazole (Field 1) were high-
er during the first events (II-1 and II-2), whereas for the following events (II-3 
to V) the situation switched towards higher normalized losses of sulfadimetho-
xine (Table 4-4). Accordingly, the input of sulfamethazine into the brook was
dominated by Field 1 during the events with smaller discharge ratio (Table 4-3).
On the other hand, mobilization from Field 2 was higher during events with
larger discharge ratio. This is in good accordance with observations during
daily field control: Field 2 showed evidence for perched water tables during
longer rain events. In addition, the water table fluctuation were much more
pronounced on Field 2, whereas the saturated zone on Field 1 remained below
the observation depth of the piezometers (1.2 m) over the whole investigation
period except for the very wet conditions after event II-5 (Figure A-2, Appen-
dix). The assessment of the influence of a possible drainage system is hardly
possible since farmers installed drains in a nonsystematic way and no infor-
mation of drained areas as well as the efficiency of the drains is available. 

In contrast, the markers of application I could hardly be quantified in the
brook due to concentrations near the detection limit of 1 ng/L (Chapter 2). This
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was surprising, because the concentration of sulfamethazine and of the tracer
substances in the pore water were in the same order of magnitude during these
events. Sulfadiazine (marker Field 1) was detected in concentrations of maxi-
mally 4 ng/L in single samples during event I-1 and I-2 whereas sulfathiazole
(tracer Field 2) could only be detected in a few samples of event I-2 with maxi-
mal concentrations of 3 ng/L. This points towards a much lower mobilization of
sulfadiazine and sulfathiazole, compared to sulfamethazine. A similar behavior
was already reported from plot experiments (12). Obviously, the dry conditions
after the application I led to a different fate of the tracers compared to sulfa-
methazine. An explanation could be a slightly but crucial different vertical dis-
tribution in top soil pore water for the spiked tracer compared to sulfametha-
zine associated with manure leading to a lower mobilization of the tracers at
low mixing depth during the dry conditions following application I. Overall, the
concentration in pore water was a useless predictor for the losses in surface
water during the dry conditions following application I. 

4.3.7 Comparison with other studies

The fate of the sulfonamide antibiotics after manure application was domina-
ted by fast initial dissipation from pore water as well as moderate recoveries
from soil. However, remarkable (about 15 % for the tracers of application I)
amounts of sulfonamides could be extracted from soil even 86 days after ap-
plication. This is much more than for different herbicides applied in the same
catchment during the same season (11). This indicates a moderate stability of
the investigated sulfonamides in soil, which stands in contradiction to findings
from another field study (13). 

The observed losses of 0.61% relative to the applied amount under wet con-
ditions (application II) were close to the losses of 0.78 ± 0.62 % determined in
previous plot experiments with one day contact time carried out during wet
conditions on the same field (12). Since the amount present in pore water did
not exceed 5 % on the day after application in this study, losses in the range of
up to 28 % of the amount applied reported from plot studies (15) could not be
confirmed on the field scale even if rain intensities had been much higher after
application. However, losses up to 50 % normalized to the amount present in
the pore water were determined during intense rain events. 

Under wet conditions the relative losses of sulfonamide antibiotics are very
similar to herbicides applied in crop protection in the same catchment in two
different years with very different weather conditions (11, 35). However, the
weather conditions shortly after application seemed to be much more crucial
for the sulfonamide antibiotics due to the fast dissipation from pore water.
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5
General Conclusions



This work aimed at investigating the fate of a group of veterinary antibiotics,
i.e, the sulfonamides, present in manure applied to grassland fields. With con-
trolled field applications using newly developed analytical methods for an accu-
rate and rational quantification of the sulfonamides in soils as well as in am-
bient waters, some important insights into the behavior of the compounds
could be gained. The persistence of veterinary sulfonamides was found to be
much higher than reported in previous studies. More than 15 % of the applied
amount was still present in the soil 3 months after application, although the ini-
tial dissipation was fast. The persistence of the sulfonamides found in this work
can be explained – at least partially – by using an optimized PLE extraction pro-
cedure at elevated temperatures (Chapter 3). Extractions at lower temperature
would have resulted in substantially (up to six fold) lower recoveries and the
persistence of sulfonamides would be judged to be fairly low. This demon-
strates the crucial role of analytical techniques in an even qualitative assess-
ment of the behavior of chemicals in the environment. 

The dissipation in pore water was faster than in the soil matrix. The process
determining this dissipation in pore water could not be clarified in this work
and needs further investigation. Due to a slow desorption of the sulfonamides
once sorbed to soil, the risk of loss to surface water are limited to a short period
of a few weeks after application. As for other agrochemicals the input pattern
of sulfonamides was highly dynamic making the development of an automated
online SPE method (Chapter 2) necessary. Due to the fast disappearance of the
sulfonamides in the soil solution the weather conditions after the application
were found to be even more critical than for herbicides investigated in the
same catchment. This can be illustrated by the 15 times lower losses to surface
water from the same fields during the extraordinary dry spring (application I)
compared to the wet conditions of May (application II) the same year. During
the wet period, the losses amounted to about 0.5 % of the applied mass. This
number is in good agreement with previous studies on plot scale on the same
fields that were carried out under wet conditions as well. These relative losses
are also in the same order of magnitude as those of herbicides applied in crop
protection on neighboring fields in the same catchment. 

In order to put the results of the field experiments into a broader context,
we investigated the occurrence of sulfonamide antibiotics in the catchment of
Lake Sempachersee. This area is characterized by one of the highest pig stocking
density in Switzerland and one may expect a high usage of sulfonamides in that
region. Samples of the main tributaries to the lake confirmed the presence of
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sulfamethazine and sulfathiazole even during base flow. In agreement with the
findings of the experimental study, elevated concentrations were found during
discharge events in all the investigated catchments (see Appendix, Figure A-9).
Their occurrence was very plausible since these two substances have been
identified as being the most widely applied medical feeds for pigs in a survey
from another region within Switzerland.

The sulfonamides were not only detected in the tributaries but in the lake
and even in ground water as well. However, the concentrations in these water
bodies of a few ng/L were very low. Single contaminations of groundwater wells
were also found within the Swiss groundwater quality monitoring network
(NAQUA). This shows that diffuse losses from agricultural field may contribute
to the contamination of ambient waters with sulfonamide antibiotics. Never-
theless, it is questionable whether the low concentrations are of concern or not.

Interestingly, the presence of the most widely used human sulfonamide, sul-
famethoxazole, was found at slightly higher concentrations in Lake Sempacher-
see and was detected with higher frequency in groundwater in Switzerland.
This indicates that even within a rural area with intensive animal production
the human use of antibiotics may cause contaminations of water bodies that
are more important than those originating from farming. 

By spreading manure on the fields, farmers may not only bring antibiotics
into the environment but they may distribute directly resistant bacteria that
have developed in the manure tank before. Whether this effect could be detec-
ted in our field experiment was tested by a joint experiment with Heike Schmitt
(RIVM, Utrecht, the Netherlands). For that purpose, the occurrence of 14 resis-
tance genes against sulfonamide and tetracycline antibiotics was simulta-
neously investigated on the study fields. First qualitative results indicated high
prevalence of most of theses genes on the investigated fields even before ma-
nure application. This was surprising since no manure from antibiotic intensive
farming had been applied for decades. As expected, the applied manure con-
tained most of the investigated resistance gene in high quantities. Due to the
manure applications these genes were transferred to the fields and increased
qualitatively their occurrence to a large degree. After each application, they
persisted for several weeks in the soils of both fields (see Appendix, A-10). Whe-
ther this persistence was influenced by the antibiotic residues in soil or not, is
not clear yet. Quantitative analysis of the same samples with real-time PCR is
underway and should give a better picture. 

Overall, the data of this study suggest that the environmental compartment
most at risk due to the use of veterinary antibiotics is the soil of agricultural
fields that receive high loadings of manure. Losses to water bodies do occur
but seem to be limited. Although the content in soil was important information
for the fate of the sulfonamide antibiotics, it gives only limited information
about the availability of these substances for bacteria, which are target organ-
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isms in the ecosystem of prior concern. The bioavailability of these residues in
soil for bacteria is a topic which needs further research in order to assess their
contribution to the resistance problematic. 

Therefore, it is hardly possible to give clear answers regarding the risk of
spreading antibiotic resistance due to their veterinary use. Reasons for not
being able to do so are first the lack of understanding regarding the bioavaila-
bility of residues antibiotics in soils, and second the lack of knowledge regar-
ding the fate of resistant bacteria and their genetic material that are brought
into the environment with the manure. Given this situation, the precautionary
principle calls for a prudent usage of veterinary antibiotics. 
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Appendix



Estimation of the enthalpy of sorption (∆H) as a function of the distribution constant (Kd) 
at two different temperatures (T1 , T2):

∆G  =   ∆H – T∆S (Gibbs energy function) (1)

∆G =   – RT  ln Kd (Related to mass action low, equilibrium) (2)

d ln Kd                   ∆H
––––––––– =   –  –––– (Combination of (1) and (2), assuming constant ∆H and ∆S) (3)

1 Rd ––
T

∆H           1
d ln Kd = –  –––– d ––

R T

T2 ∆H    T2 1
d ln Kd =   –   –––– d ––

R             T
T1 T1

∆H        1         1
ln Kd(T2) –  ln Kd (T1) =   – –––– . (––– – –––)

R T2 T1

Kd(T2) ∆H      T1 – T2
ln ––––––– =   – –––– .  (––––––––)

Kd(T1) R T1 . T2

T1 .  T2 Kd (T2)
∆H = –  R .  –––––––– .  ln   ––––––––

T1 – T2 Kd (T1)

T1 .  T2 Kd (T1)
∆H = –  R .  –––––––– .  ln   –––––––– (4)

T2 – T1 Kd (T2)

With T1 as lower temperature, T2 as higher temperature and R as the universal gas constant 
(8.31 ·10-3 kJ/mol/K). 
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Estimation of the ratio (r) of the distribution constants (Kd) as a function of temperature:

Cs
Kd =   ––––– �  Cs =   Kd . Cw (Mass action law phase equilibrium) (5)

Cw

Mtot =   Cs . Vs   + Cw . Vw (Mass balance) (6)

Mtot =   Kd . Cw . Vs   + Cw . Vw (Insertion of (5) into (6))

Mtot –  Cw . Vw
Kd =   –––––––––– ––––– ––––– (7)

Cw . Vs

Mtot –  Cw (T1) . Vw (T1)
Kd (T1)   =   –––––––––– ––––– –––––––– ––––– 

Cw (T1)  . Vs (T1)

Mtot –  Cw (T2) . Vw (T2)
Kd (T2)   =   –––––––––– ––––– –––––––– ––––– 

Cw (T2)  . Vs (T2)

Mtot –  Cw (T1) . Vw (T1)
––––––––  ––––––  ––––––––  –––––– 

Kd (T1)   Cw (T1)  . Vs (T1)
––––––– = ––––––––  ––––––  ––––––––  –––––– (8)
Kd (T2) Mtot –  Cw (T2) . Vw (T2)

––––––––  ––––––  ––––––––  –––––– 
Cw (T2)  . Vs (T2)

With  Vs (T1) =  Vs (T2)  =  Vs (neglecting volume expansion of soil)

Kd (T1)   Cw (T2)       Mtot  – Cw (T1) . Vw(T1)
––––––– = ––––––––  . –––––  ––––––––––  –––––  ––––––  
Kd (T2) Cw (T1)       Mtot – Cw (T2) . Vw(T2)

Since the total amount of an aged field sample (i.e., reference soil) is unknown, the ratio of the
distribution coefficient is at least as high as the factor of increase in the water phase (r)

Kd (T1)   Cw(T2)       
––––––– > ––––––––  =  r (9)
Kd (T2) Cw(T1)

Because  Mtot > Cw(T1) . Vw(T1)   and   Cw(T2) . Vw(T2)  >  Cw(T1) . Vw(T1)

Therefore the enthalpy calculated with the ratio between the extracted concentrations is a mini-
mal estimate of the absolute value of the sorption enthalpy:

T1 .  T2 1
∆H < R .  –––––––– .  ln   ––– (Insertion of (9) into (4)) (10)

T2 – T1 r
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Locations of the piezometers

Figure A-1: Detailed view of the experimental fields with the location of the piezometers.
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Soils moisture status during field study

Figure A-2: Time course of rain intensity (A), soil temperature (B), soil water content (C), 
soil matric potential (D) and level in piezometers on the two fields (E) during the whole investi-
gation period with the two manure applications marked with dashed lines.



Manure application
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Figure A-3: Sulfamethazine and marker sulfonamide concentration in manure (A) and recovered
amount from soil one day after the application (B), average with standard deviation. 

The amount of sulfamethazine recovered after application II was determined as the difference of
the amount extracted in the samples taken one day after application and those taken one day
before application II.



Dissipation kinetics in soil and pore water
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Figure A-5: Dissipation
kinetics in pore water 
after application I 
(closed symbols) 
and application II 
(open symbols).

Figure A-4: Dissipation
kinetics in soil (PLE ex-
tracts) after application I
(closed symbols) 
and application II 
(open symbols).



Distribution ratios
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Calculation of Dsw

The distribution ratio Dsw was defined as the sorbed concentration in soil (Cs) divided 
by the concentration in pore water (Cw):

Cs (ng · g-1)            fw
-1 –1

Dsw =   –––– ––––––––––––– =  –––––––––
Cw (ng · mL-1)         0-w

-1–1

The distribution ratio were determined from the amount extracted from a particular soil sample
with PLE (mPLE) and the amount in the pore water of the same sample (m porewater):

mw mporewater Mw
fw =  ––––––––– =  ––––––––––––– 0-w

= –––––
ms + mw mPLE and Mm

fw is the fraction of the sulfonamide in pore water with mporewater and mPLE beeing the amounts
determined in pore water and by PLE, respectively.  0-w is the gravimetric water content of the soil
with Mw and Mm beeing the masses of soil water and wet soil, respectively.

Figure A-6: Distribution ratios (Dsw) between pore water and soil matrix of the different sulfon-
amides on the two fields over time.



Sorption isotherms
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Table A-1: Parameters of the Freundlich Fit

Substance Kf n R2

Sulfadiazine 233 0.20 0.95

Sulfathiazole 219 0.19 0.76

Sulfamethazine (Field 1) 298 0.20 0.89

Sulfamethazine (Field 2) 279 0.21 0.77

Sulfamethoxazole n.a. n.a. n.a.

Sulfadimethoxine 080 0.31 0.99

Figure A-7: Sorption isotherms for different sulfonamides, fitted with a Freundlich approach.



Losses to surface water after application II
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Fig. A-8: Discharge and concentration of the sulfonamides after the application II.
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Sulfonamide concentrations in the two main tributaries of Lake Sempachersee

Fig. A-9: Discharge and occurrence of sulfonamide antibiotics in the main tributaries 
of Lake Sempachersee. Lines represent concentration determined in flow proportional samples,
dots are grab samples.
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Persistence of resistance genes in soil

Fig. A-10: Concentration of sulfamethazine and bacterial resistance against sulfonamide 
and tetracycline on the two fields.
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