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A fully automated online solid phase extraction–liquid chromatography–tandem mass spectrometry (SPE–LC–MS/MS) instrumenta
been developed for the quantification of sulfonamide antibiotics and pesticides in natural water. The direct coupling of an online s
extraction cartridge (Oasis HLB) to LC–MS/MS was accomplished using column switching techniques. High sensitivity in the low ng/L r
achieved by large volume injections of 18 mL with a combination of a tri-directional autosampler and a dispenser system. This setup al
sample throughput with a minimum of investment costs. Special emphasis was placed on low cross contamination. The chosen approa
for research as well as for monitoring applications. The flexible instrumental setup was successfully optimised for different importa
of bioactive chemicals resulting in three trace analytical methods for quantification of (i) sulfonamide antibiotics and their acetyl me
(ii) neutral pesticides (triazines, phenylureas, amides, chloracetanilides) and (iii) acidic pesticides (phenoxyacetic acids and triketoneAbsolute
extraction recoveries from 85 to 112% were obtained for the different analytes. More than 500 samples could be analyzed with one
cartridge. The inter-day precision of the method was excellent indicated by relative standard deviations between 1 and 6%. High ac
achieved by the developed methods resulting in maximum deviation relative to the spiked amount of 8–15% for the different analytes
limits for various environmental samples were between 0.5 and 5 ng/L. Matrix induced ion suppression was in general smaller than
performance of the online methods was demonstrated with measurements of concentration dynamics of sulfonamide antibiotics an
concentrations in a little creek during rain fall events.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Bioactive compounds, such as antibiotics and pesticides rep-
resent water contaminants of particular interest because of their
potential unwanted side effects to humans and aquatic organ-
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isms. Both groups are used in agriculture as well as in pr
households. Antibiotics enter the environment due to the
spreading of antibiotic-containing manure in agriculture[1],
or by input from waste water treatment plants after us
human medicals[2]. Pesticides are introduced into the en
ronment intentionally for crop protection in agricultural or n
agricultural use in urban areas. Many different antibiotics (
[3–5]) and pesticides (e.g.,[6–8]) have been found in surface a
ground water. Antibiotics including�-lactams, tetracycline
sulfonamides, macrolides and fluoroquinolons are often ad
istered in veterinary and human medicine. The sulfonam
are of special interest due to their high excretion rate[9] and
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their persistence in the environment[10] or during waste water
treatment[11]. Their high mobility increases the leaching poten-
tial from agricultural fields where manure from medicated live
stock was applied. Widely used pesticide groups are the tri-
azines, phenylureas, amides, chloracetanilides, phenoxyacetic
acids and the recently introduced triketone pesticides, sulcotri-
one and mesotrione, which are increasingly used[8]. Even
though modern pesticides are fairly degradable high concentra-
tion 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 men-
tioned above represent low octanol–water partitioning coeffi-
cients (logKow < 3) and high water solubilities (mg/L to g/L)
because of their functional groups with H-donor/-acceptor prop-
erties. Furthermore, most of them show pKa-values in the envi-
ronmentally relevant range and are typically anionic in natural
waters. Physico-chemical properties of the sulfonamides are
given inTable 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 measuring range over several orders of mag-
nitudes are imperative needs for the reliable quantification of
the load or the concentration dynamic of these substances in
catchment studies for mass balance or risk assessment pur-
poses. To this end, analytical methods exhibiting sensitivity in
t tivity
i nts.
P On

of the major advantages of using liquid chromatography instead
of gas chromatography is that there is no need for derivatization
of polar analytes[14]. 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[15]. The simplest approach
to automation is generally a “single cartridge approach”[16].
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[17].
In addition, procedural errors are reduced. In contrast to applica-
tions 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 10 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 sensitivities of some 10 pg.

Online SPE-methods using manual loop injections[18] or a
LC pump[19] for sample delivery are not compatible for routine
analysis. Applications designed for multiple sample handling –
but without autosampler – either use a multi-port valve[20] or
a solvent delivery system[21–23]. They are well suited for all
applications where only a restricted number of samples have to
be analyzed, e.g., to investigate degradation processes of pesti-
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he low ng/L-range are necessary. In addition, high selec
s required in order to avoid interference by matrix constitue
resently, LC–MS/MS has become the method of choice.

able 1
tructure and substance properties of the sulfonamide antibiotics and th

R Sulfa- (SA)

CAS pKa1

pKa2 [38

Diazine [68-35-9] 2.0[40]
6.4

Thiazole [72-14-0] 2.4[40]
7.1

Methazine [57-68-1] 2.4[40]
7.4

Methoxazole [723-46-6] 1.8[41]
6.0

Dimethoxine [122-11-2] 1.9[41]

6.1

a Calculated values using Advanced Chemistry Development (ACD/Labs) S
e

ides in water over time in the same solution[24,25]. The main
rawback of these systems for routine analysis is the lim
umber of individual samples which can be processed.

etyl metabolites

Acetylsulfa- (Ac SA)

Kow (exp) [39] CAS pKa
a Kow (calc)

a

Kow (calc)
a

0.8 [127-74-2] 6.3± 0.3 3
1

1 [127-76-4] 7.0± 0.1 7
2

2 [100-90-3] 7.2± 0.5 21
6

8 [21312-10-7] 5.6± 0.5 30
8

40 [555-25-9] 6.0± 0.5 111

28

oftware Solaris V4.67.
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erally, a maximum of 22 samples could be analyzed without
manual interaction by combining several valves[26]. This pre-
cludes “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 rou-
tine analysis.

However, conventional LC-autosamplers are designed to typ-
ically inject 10–100�L 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 anal-
ysis of different pesticides with a injection volume up to 4.3 ml
[27–30], respectively 10 mL[31]. Overall, the dispensable sam-
ple volume which can be handled by the autosampler is the key
factor for method sensitivity. The amount of available vial posi-
tions is limiting the sample throughput. To date, the maximum
capacity for high volume vials is 24[31].

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 instrumen-
tal approach (i) incorporates all the advantages of the different
existing online SPE methods: large volume injection, unat-
tended 24 h/7 days operation, low risk for contamination, par-
allel extraction and separation for high sample throughput and
(ii) is applicable for very polar analytes, such as sulfonamide
antibiotics and triketone pesticides. Furthermore, the flexible
instrumental setup allows the transfer of established offline SPE
p om-
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Table 2
Substance specific MS/MS parameters for the sulfonamides: precursor,
quantifier-product, qualifier-product, collision energy (in parentheses)

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 40 bar, auxil-
iary gas 5 bar, ion transfer capillary temperature 350◦C.

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 positions for 20-mL vials (BGB Analytik, B̈ockten Switzer-
land) 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 hydrophilic-
lipophilic balance (HLB) extraction cartridge 20 mm× 2.1 mm
I.D., 25�m 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 quater-
nary low pressure mixing gradient pump (elution pump), an iso-
cratic pump (precolumn addition pump) (all Rheos 2000, Flux
instruments, Switzerland) and a column oven (Jones, Omnilab,
Mettmenstetten, Switzerland). Two different analytical columns
equipped with guard columns were used: A Nucleodur C18Grav-
ity 125 mm× 2 mm I.D., 5�m (Macherey&Nagel, Oensingen,
Switzerland) for the sulfonamides and the neutral pesticides and
a GromSil ODS 3 CP, 125 mm× 2 mm I.D., 3�m (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 monitor-
ing (SRM) mode. Details of the substance specific parameters
for the ionization and detection of the sulfonamides are given
in Table 2; those for the pesticides are published elsewhere
[
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rocedures into online SPE–LC–MS/MS applications. A c
ination of commercially available components was used, w
ere added to a standard LC–MS/MS using column switc

echniques. By combining a standard tri-directional autosam
ith a large-volume dispenser system, it was possible to ac
igh sensitivity using standard chromatographic and dete
quipment at low investment costs.

The efficiency and applicability of the developed setu
emonstrated with three analytical methods for (i) the

onamides: sulfadiazine, sulfadimethoxine, sulfamethazine
amethoxazole, sulfathiazole including their acetyl metabo
ii) the neutral pesticides: atrazine and its desethyl me
ite, dimethenamide, diuron, isoproturon, metolachlor, sima
ebutam and terbuthylazine and (iii) the acidic pesticides:
, dimethenamide-ethanesulfonic acid (ESA) and oxanilic

OXA), MCPA, mecoprop, mesotrione, metolachlor-ESA a
XA and sulcotrione. To the authors’ best knowledge, this i
rst online SPE method developed for the quantification of
onamide antibiotics including their acetyl metabolites as we
or the triketone pesticides (i.e., mesotrione and sulcotrion
mbient waters. The three analytical methods were succes
pplied for a field study of sulfonamide antibiotics, neutral
cidic pesticides in an agricultural region within the catchm
rea of LakeGreifensee near Zurich, Switzerland.

. Experimental

.1. Hardware

A tri-directional autosampler (HTC PAL, CTC Analytic
wingen, Switzerland) with 80-�L side-port syringe (80-mm
8].

.2. Online SPE–LC setup

The setup of the online SPE–LC coupling with the
witching valves is shown inFig. 1. The dispenser syste
onsisted of a large volume dispenser syringe connect
he autosampler syringe and to a wash solution via disp
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Fig. 1. Schematic view of the online SPE–LC–MS/MS setup during the three SPE steps: (I) “loading”; (II) “enrichment”; (III) “elution”, according toTable 3. L1:
dispenser loop; L2: sample loop; H2O: HPLC grade water; AcN: HPLC grade acetonitrile; composition of eluents A, B and C, seeTable 4.

valve. An additional loop was inserted between dispenser valve
and autosampler syringe to avoid contamination of the dis-
penser 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 pump and the extraction cartridge where
attached. The precolumn addition pump was placed between
valve 2 and the analytical column using a mixing tee (Omni-

lab, Mettmenstetten, Switzerland). The whole procedure was
controlled through Xcalibur software version 1.4 (Thermo
Electron).

The online SPE procedure consists of three main steps: load-
ing, enrichment and elution (Fig. 1, Table 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 buffered
water from the precolumn addition pump prior to the analytical

Table 3
Actions of the different components during the SPE-steps

SPE-step Time Valve 1 Valve 2 Dispenser Load pump Elution + precolumn addition
pump

III SPE-Elution samplen 0 Switch
LC-gradient elution
samplen

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

I Loading samplen + 1 10.5 Switch Switch Charge dispenser and
sample loop with
samplen + 1

LC-gradient elution
samplen (continued)

10.5–15 Wash SPE cartridge with AcN
15–22.5 Conditioning SPE with H2O

II Enrichment samplen + 1 22.5 Switch LC-gradient elution
samplen (continued)22.5–33 Wash diluter system Extract samplen + 1

Note: the three SPE-steps are arranged according to chromatographic time schedule which is different from the order inFig. 1. Eluents and gradients for elution and
L mplen, th
C, seeTable 4. During SPE-elution and LC-gradient elution of a given sa
 e next samplen + 1 is loaded and extracted.
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Table 4
Gradients for the three different methods, all flow rates in�L/min

Time Sulfonamidesa Neutral pesticidesb Acidic pesticidesc

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

0 5 5 90 400 0 40 60 200 0 40 60 150
4 5 5 90 400
4.1 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, seeFig. 1. Different steps of the online SPE, seeTable 3.
a A: water, 20 mM formic acid, pH 2.7; B: methanol; C: water, 10 mM ammonia acetat, pH 7.
b A: not used; B: methanol, 20 mM formic acid; C: water, 20 mM formic acid, pH 2.7.
c A: not used; B: methanol, 120 mM formic acid; C: water, 120 mM formic acid, pH 2.3.

column. The high pressure gradient for the analytical separation
was achieved by changing 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 differ-
ent analytical methods. The composition of the eluents and the
gradient tables for the three different analyte groups are shown
in Table 4.

2.3. Chemicals

N4-Acetylsulfamethazine, sulfadiazine, sulfadimethox-
ine, sulfamethazine, sulfamethoxazole and sulfathiazole
were supplied by Fluka (Buchs, Switzerland); the iso-
tope labelled internal standards D5-acetylsulfamethoxazole,
D5-acetylsulfathiazole, D4-sulfadiazine, D4-sulfadimethoxine,
D4-sulfamethoxazole and D4-sulfathiazole by Toronto Research
Chemicals (North York, Canada) and13C6-sulfamethazine by
Cambridge Isotope laboratories (Andover, MA, USA). Suppli-
ers of the pesticides are published elsewhere[8]. N4-Acetylated
analogues of sulfonamides other than sulfamethazine were
synthesized by acetylating the sulfonamides with acetic acid
anhydride[32].

Individual stock solutions for all compounds and internal
standards were prepared in methanol with concentrations of
1�g/�L. Aqueous mixture solutions for the different groups
of analytes were prepared in concentrations of 0.1 and 1 ng/�L.
T mple
f ter-
n m 0.
t

used
( p.a
q any
a gon
( MS
a ).
N high

purity nitrogen generator (NM30L, Peak Scientific Instruments,
Renfrew, UK).

2.4. Environmental samples

Mass flux studies of veterinary sulfonamide antibiotics on
grasslands and pesticides in crop protection were carried out
during spring/summer 2003 in the basin of LakeGreifensee,
near Zurich, Switzerland. An automatic water sampling station
was installed in the creek at the outlet of a sub-catchment of
0.7 km2; which is characterised by intensive agricultural pro-
duction, 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 recov-
ery determinations were collected from the outflow of Lake
Greifensee on 22nd January and from the creek at the outlet
of the investigated sub-catchment on 26th February 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 stabil-
ity was proven by repetitive analysis of one fortified sample.

2.5. Sample preparation

Samples were filtered at room temperature in the laboratory
with a 250 mL bottle-top filtration unit, using 50 mm diame-
t ian,
G for-
t % for
a

sam-
p ding
8 M
s ed a
c creek
l ffer-
i

he latter solutions were used as spiking solutions for sa
ortification and for the development of calibration curves. In
al standard solutions, prepared in methanol, contained fro

o 2.5 ng/�L of each substance.
HPLC grade acetonitrile, methanol and water were

Scharlau, Barcelona, Spain). All other chemicals were of
uality and were purchased from Merck (Darmstadt, Germ
nd Fluka (Buchs, Switzerland), respectively. High purity ar
>99.998%) for use as collision gas (1.5 mTorr) in LC–MS/
nalyses was supplied by Carbagas (Rümlang, Switzerland
itrogen gas for the ESI was generated online using a
5

.
)

er 0.45�m pore size cellulose nitrate membrane filters (Mil
eneva, Switzerland). Filtration recoveries – validated using

ified lake and creek water samples – were higher than 95
ll substances.

For reproducible trapping on the extraction cartridge the
le pH (ranging from 6.5 to 8.5) was adjusted to 4 by ad
0�L of 5 M acetate buffer (composition: 5 M acetic acid/5
odium acetate 4:1 (v/v)) via the autosampler. This yield
oncentration of 20 mM acetate in the sample (nanopure,
ake and groundwater), which was sufficient for adequate bu
ng of the different environmental water samples.
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2.6. Quantification quality assurance validation and
extraction recovery

For analysis of water samples, 10�L 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 concentra-
tions. We used corresponding isotope labelled internal stan-
dards for quantification of all substances except for acetylsulfa-
diazine, acetylsulfadimethoxine, acetylsulfamethazine, ethane-
sulfonic acid ESA- and OXA- metabolites of dimethenamide
and metolachlor. In this case structurally related compounds
with respect to the elution in liquid chromatography were used
instead: D4-sulfadimethoxine for acetylsulfadimethoxine, D5-
acetylsulfathiazole for acetylsulfadiazine and acetylsulfamet-
hazine, acetochlor ESA and OXA for the corresponding metabo-
lites of dimethenamide and metolachlor. Calibration curves from
extracted nanopure water standards spiked at 2.5, 5, 10, 25,
50, 100, 250, 500, 1000, and 2500 ng/L were used for sam-
ple quantification (i.e., extracted 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.

tion
o very
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w 500
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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 surveillance on-site.

A sorbent for enrichment should combine a large specific
surface area and hydrophilicity in order to have maximum inter-
actions with (bi)-polar analytes[33]. Different copolymer phases
designed for that purpose are commercially available. We used a
macroporous poly(N-vinylpyrrolidone-divinylbenzene) copoly-
mer 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 substances (e.g.,[8,34,35]). 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 pro-
tocol (i.e., washing, conditioning, enrichment) were automated
and executed by the load pump (details seeTable 3). A satisfac-
tory 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
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a elu-
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The following parameters were determined during valida
f the three analytical methods: absolute extraction reco
atrix effects, limits of quantification (LOQ) and detect

LOD), linearity, precision and accuracy. Absolute extrac
ecovery was determined in nanopure water and natural su
ater at six concentration levels (100, 250, 500, 1000, 2
nd 5000 ng/L). Therefore, the SPE elution step (ten min
as collected, spiked with internal standard solution and
ured by 20�L loop injection without further pre-concentrati
o avoid another pathway of potential losses and quantified
tandards in nanopure water (i.e., external calibration, lev
, 10, 20, 50, and 100 ng/mL). The absolute extraction reco
f each analyte resulted from calculating the ratio betwee
lope of the extracted calibration curve (nanopure or matrix
he slope of the external calibration. Additionally, breakthro
amples were collected by sampling the waste line of va
uring enrichment.

. Results and discussion

.1. Instrumental setup development

The instrumental setup for the online SPE–LC coupling
ccomplished by several upgrades to a conventional LC–MS
ystem: a dispenser syringe, two loops, two LC pumps,
ix-port valves and an online extraction cartridge. The fina
nvestment for the upgrade was 25 k$.

The required sensitivity of a few ng/L was achieved w
nrichment of 18 mL realized by dual injection with the d
enser syringe. The combination with the free programm
utosampler allowed automatic sample buffering and could
,

e
,
)
-

,

l

o

eluents A and B) with buffered water (eluent C) was perfor
y the insertion of the pre column addition pump with a
iece followed by a low volume (4�L) mixing chamber. Thi
nabled the trapping and refocusing of the eluted analytes o
nalytical column and allowed the readjustment of pH for
eparation.

The applied column switching approach has two m
dvantages: (i) the gradient formation with two pumps (i.e.,

ion and precolumn addition pump) is very flexible for the on
PE of very different compounds enabling to adjust organic
ent content and pH for SPE elution and LC separation an
nalysis time was cut in half because sample enrichment of
le (n + 1) took place at the same time as the previously enri
ample (n) was separated and detected by LC–MS/MS (ana
ime of 2 samples/h).

.2. Realization of the elution-trapping for the different
nalytical methods

The sulfonamide antibiotics represent the most polar of t
nvestigated compound classes. In order to trap these an
n the analytical column, the initial conditions for LC
estricted to very low organic solvent content. Minimum acc
ble organic solvent content of the elution mixture and

nfluence of pH were evaluated to determine optimal elu
onditions. The addition of formic acid resulted in sharper
ion profiles compared to neutral or basic elution, likely du
he higher water solubility of the cation of the sulfonamid

1:1 mixture of formic acid (pH 2.7, 20 mM in water) a
ethanol proved to be the best solvent for complete elution

he SPE cartridge in less than 4 min. The pH of the SPE e
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Fig. 2. Illustrative online SPE–LC–MS/MS chromatogram of a 10 ng/L standard
for the sulfonamides and their acetylmetabolites.

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 addition
pump was applied at the beginning of the chromatographic run to
reduce the methanol content to 5% in order to trap the most pola
sulfonamides, i.e., sulfadiazine and sulfathiazole. An illustrative
chromatogram of the sulfonamides and their acetyl metabolite
is shown inFig. 2.

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

The elution of theacidic pesticides from the extraction car-
tridge was achieved with acidic methanol (120 mM formic acid).
Acidic conditions were required to protonate the acidic pes-
ticides (pKa between 2.6 and 3.1) for optimal trapping and
separation on the analytical column. This was realized by pre
column addition of acidic water (pH 2.3, 120 mM formic acid).
Ionization in the positive ESI-mode (ESI+) is unfavourable for

the acidic pesticides because of their electron 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, 10 mM Tris:MeOH 50:50)
[8], which was also used here.

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 concentration 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
cartridge 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 cartridge, where the analyte concentrations are high-
est. 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 dis-
tilled water prior to enrichment of the next sample to make
sure no organic solvent was left in the online SPE system. Ini-
tial experiments with methanol as washing solution resulted in
carry-over of several percent for the less polar substances meto-
lachlor and tebutam. By replacing the washing solution with
a nces.
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cetonitrile, carry-over was reduced for the critical substa
aximum carry-over rates of less than 0.1% were determ
hen we measured blanks, arranged directly after highly
entrated samples in a sequence. For the more polar pest
ulfonamides and acidic pesticides, no carry-over problems
etected even at concentrations of several 1000 ng/L.

The additional loop inserted between the dispenser sy
nd the autosampler syringe prevented contamination of th
enser syringe with sample. Hence, the dispenser syring
ever in contact with any sample. A small air bubble was pl
etween sample and wash solution in the dispenser loop t
ent contamination of the washing solution with any samp

.4. Performance and validation of the online
PE–LC–MS/MS method

.4.1. Extraction recovery
High extraction recoveries were achieved for all of the c

ounds: sulfonamides 85–104% (average: 91± 5)%, neutra
esticides 95–111% (102± 4)%, acidic pesticides 99–112
105± 3)% (analyte specific details seeTable 5). There were n
ignificant differences in extraction recoveries between na
re and surface water for any of the three analyte gro
he recoveries for the substances without corresponding
al standard were not significantly different (two-sided,
roscedastict-test,p > 5%) from the ones with isotope-labell

nternal standard within the substance group. No breakthr
as observed for most of the substances, except for the s
mides and dimethenamide OXA, where breakthrough <5

he enriched amount was detected. This is much lower than
he published offline procedure[8]. We ascribe this improve
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Table 5
Validation parameters for the three different methods: absolute extraction recov-
ery (%) in nanopure and surface water (in parentheses: combined relative
standard uncertainty (%)) and LODs in environmental sample matrix

Substance Absolute extraction recovery (%) LOD (ng/L)

Nanopure (n = 6) Surface (n = 6)

Acetylsulfadiazine 94 (2) 104 (3) 5
Acetylsulfadimethoxine 85 (1) 92 (2) 5
Acetylsulfamethazine 96 (1) 95 (2) 5
Acetylsulfamethoxazolea 87 (2) 91 (2) 5
Acetylsulfathiazolea 95 (3) 97 (3) 5
Sulfadiazinea 87 (2) 92 (2) 1
Sulfadimethoxinea 85 (1) 87 (1) 1
Sulfamethazinea 86 (1) 93 (1) 1
Sulfamethoxazolea 91 (1) 87 (1) 3
Sulfathiazolea 89 (1) 91 (2) 1

Atrazinea 103 (1) 111 (2) 0.5
Desethylatrazinea 101 (2) 105 (1) 0.5
Dimethenamidea 101 (3) 107 (1) 0.5
Diurona 97 (2) 101 (1) 0.5
Isoproturona 100 (2) 104 (1) 0.5
Metolachlora 95 (1) 106 (1) 0.5
Simazinea 99 (3) 104 (1) 0.5
Tebutama 102 (2) 106 (1) 0.5
Terbuthylazinea 96 (2) 104 (1) 0.5

2,4-Da 106 (2) 108 (2) 1
Dimethenamide ESA 110 (5) 102 (3) 3
Dimethenamide OXA 103 (5) 103 (6) 3
MCPAa 102 (3) 103 (3) 1
Mecopropa 105 (3) 106 (4) 1
Mesotrionea 99 (3) 105 (5) 2
Metolachlor ESA 112 (6) 100 (3) 3
Metolachlor OXA 107 (5) 107 (4%) 3
Sulcotrionea 102 (3) 104 (4) 2

Note: matrices for extraction recoveries in surface water are creek water for th
sulfonamides and lake water for the pesticides.

a Isotope-labelled internal standards were used.

ment to the 15 times higher sorbent to sample volume ratio o
the online method compared to offline SPE.

3.4.2. Matrix effects
Matrix effects were evaluated during analysis of several hun-

dred environmental samples from a broad range of differen
matrices, i.e., creek water from agricultural area, lake water and
groundwater, by monitoring the change of the area of the isotop
labelled standard, which was spiked at the same concentratio
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 recoverie
were observed between nanopure and matrix water. Howeve
for selected samples and substances matrix effects were muc
larger. Maximal ion suppression of up to 70% was observed
for the sulfonamides in creek water samples during discharg
events. For the neutral pesticides maximum ion suppressio
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 addi-
tion, signal enhancements up to 30–60% for sulfonamides wer

noticed in groundwater samples. This effect has been reported
previously in the analysis of various environmental samples
[36,37].

These observations reveal that matrix can affect sensitivity in
both directions: signal reduction due to ion suppression as well
as signal enhancement. Nevertheless, these matrix effects had no
effect on the quantification of analytes – except a slight decrease
in sensitivity – when using corresponding isotope labelled inter-
nal standard. Analytes without corresponding isotope labelled
internal standards were quantified with structural analogues,
closely eluting internal standards.

3.4.3. 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 quantification, 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.
Nevertheless, quantification was possible for the metabolites
above 15 ng/L in surface water samples. The limit of detec-
tion, i.e., 3:1 signal-to-noise, for the neutral pesticides (LOD
0.5 ng/L) were slightly lower than for the sulfonamide antibiotics
(LOD 1 ng/L, except sulfamethoxazole 3 ng/L, acetyl metabo-
lites 5 ng/L) and the acidic pesticides (phenoxyacids LOD
1 ng/L, triketones LOD 2 ng/L, OXA/ESA metabolites 3 ng/L),
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espectively (Table 5). This is probably due to lower ioniz
ion yield in the spray compared to the neutral pesticides.
hough sensitivity was satisfactory for our purpose, it co
e increased by introducing a larger loop charged by rep

njection. Calibration curves were linear over three order
agnitude – up to 2500 ng/L – in more than 10 extracted cal

ion curves, indicating the high reliability of the whole proced
or various conditions.

.4.4. Precision and accuracy
Precision: Run-to-run variation (i.e., intra day precisio

ithin one sequence and day-to-day variation (i.e., inter
recision) were investigated with environmental samples.

atter includes additional effects, such as different operators
brations and cartridges. Replicate extraction (n = 10) of aliquots
f one environmental sample was used to check the intra
recision. The relative standard deviation of the average
entration was less than 1.5% (level 25–100 ng/L). Inter
recision was determined by repeated analysis of aliquots

he same sample over 6 months. Relative standard deviat
he average was 3 to 6% for the sulfonamides (level 250 n
= 5), 1–3% for the neutral (level 50 ng/Ln = 4) and 2–5% fo

he acidic pesticides (level 50 ng/L,n = 4).
Accuracy: Due to lack of reference material the accur

f the method was determined as recovery of spiked ana
elative to their internal standard. The ratio between the q
ified amount (background subtraction, if necessary) and
piked amount is defined as relative recovery. Environm
amples were spiked at concentration 40–50 ng/L and tr
ike samples (see Section2.6) in different sequences. Relati
ecoveries were in the range of 91–109% for the sulfonam



146 K. Stoob et al. / J. Chromatogr. A 1097 (2005) 138–147

Fig. 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 0.7 km2 catchment after manure and
pesticide application (marked with arrows). Enlarged section of sulfamethazine
samples measured in June 2003 (open circle) and July 2003 (closed circle).

(n = 2), 92–115% for the neutral (n = 4) and 88–114% for acidic
pesticides (n = 4) indicating fairly high accuracy.

3.5. Application to environmental samples in catchment
studies

The method was used for mass flux studies of sulfonamide
antibiotics and pesticides in a small agricultural catchment
(0.7 km2). Sulfamethazine containing manure and pesticides
were each applied on several fields with areas of 0.5–1.5 h
in spring 2003. An overview of the temporal variation of ana-
lyte concentrations measured in the creek is given inFig. 3.
Generally, the concentrations for each analyte follow discharge
dynamics of the creek, which was already shown for neutra
pesticides in an earlier study in the same catchment[13]. Mea-
sured 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 con-
centrations” 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 different extrac-
tion cartridges and different calibration standards. The perfect
congruency of the time course of the measured concentrations
illustrates the reliability of the employed analytical procedure
(seeFig. 3B). 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 quan-
tification of sulfonamides and pesticides in the highly dynamic
creek water system—an absolute must for in mass balance stud-
ies.

4. Conclusions

The fully automated online SPE–LC–MS/MS approach
introduced in this paper, based on the combination of com-
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chieve high sensitivity and high sample throughput in the
g/L range with low financial investment (<25 k$). Manual s
le preparation was reduced to sample filtration and spikin

he internal standard solution, which decreases expensive l
ime by more than a factor of five. More than 500 samples c
e analyzed with one extraction cartridge. The costs for ex

ion material are reduced by more than 75% compared to o
PE, where SPE cartridges are for single use only.
Tailor-made analytical methods for the quantification of

onamide antibiotics, neutral pesticides and acidic pestic
ere validated and successfully applied in different proje
.g., catchment studies of agricultural chemicals or lake
round water monitoring. The flexibility of the instrumen
etup is supporting the tailor-made optimization according
ubstance-specific properties at every step of the procedu
nd solvent composition can be adjusted for enrichment, elu
eparation and ionization. This allows applying the instrum
al setup to many other polar substances within a broad
f physico-chemical properties, such as other antibiotic cla
e.g., macrolides), pesticides (e.g., glyphosate) or biocides
enzotriazoles).
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