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Abstract

Pressurized liquid extraction (PLE) was optimized and validated for the determination of sulfonamide and macrolide antimicrobials and
trimethoprim in sewage sludge samples. A mixture of water/methanol (50:50, v/v) was found as the most efficient extraction solvent. A
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emperature of 100C and a pressure of 100 bar were chosen for extraction. Two cycles of 5 min each efficiently extracted at least 9
otal extractable amount of all studied analytes from activated sludge. The limits of quantification (S/N= 10) varied between 3 and 41�g/kg
ry weight (dw) and the relative recoveries ranged between 78 and 142%. Additionally, the influence of pH and different LC/MS/MS
n the absolute recoveries was assessed. Of the investigated antimicrobials sulfapyridin, sulfamethoxazole, trimethoprim, az
larithromycin and roxithromycin were detected in municipal sewage sludge samples. Concentrations in activated sludge ra
97�g/kg dw. In comparison, results obtained by ultrasonic solvent extraction were significantly lower for sulfonamides and in

ower for macrolides.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Antimicrobial agents are widely used in human and veteri-
ary medicine. The overall human consumption of antimicro-
ials amounts to over 30 t per annum (t/a) in Switzerland and
ver 400 t/a in Germany – resulting in a similar consumption
f approximately 5 g per person and year in both countries

1–3]. Sulfonamides (16–21% of the total human consump-
ion) and macrolides (9–12%) are the most important groups
f antimicrobials used by humans, following the beta lactams
50–60%).

Human-use pharmaceuticals, including antimicrobial
gents, are excreted unchanged or metabolized from the
atients’ body. Therefore, they mainly reach wastewater

reatment plants (WWTPs) through household wastewater.

∗ Corresponding author. Tel.: +41 44 823 5483; fax: +41 44 823 5311.
E-mail address:mcardell@eawag.ch (C.S. McArdell).

The occurrence and fate of pharmaceuticals in WWTPs
receiving surface waters has hence been of increasing
est in recent years[4–10]. In the case of antimicrobials, th
is also motivated by the possible maintenance and sp
of resistance caused by the constant input of low conce
tions of antimicrobials. They have been detected in WW
effluents and receiving surface waters illustrating the im
tance of WWTPs as point sources and the almost ubiqu
presence of these emerging contaminants[11–17]. The occur
rence of macrolides and sulfonamides in WWTP efflu
also indicates an incomplete removal during conventi
wastewater treatment. No distinction between sorption
degradation can be made since the studies performed
focus on the fate and occurrence in the aqueous phase,
for fluoroquinolones. Golet et al.[18] showed that specifi
sorption to sludge is the main removal route of the hig
polar fluoroquinolones in wastewater treatment. This cle
illustrates the need for analytical methods for sewage sl
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when assessing the fate and occurrence of contaminants in
wastewater treatment. Methods published so far for the deter-
mination of other antimicrobials in environmental biosolids
focus on the veterinary use and on the spread of contaminated
manure onto soil. Analytical methods and studies performed
range from animal food products[19] to manure[20–22]and
to soil [23–29]. Additionally river sediments[30] and meat
from production animals[31,32] were analyzed for sulfon-
amide and/or macrolides. A review on part of the literature
available can be found in[33]. In most cases the compounds
of interest were extracted from the samples by ultrasonic
solvent extraction (USE) or blending with a suitable sol-
vent. USE represents a simple and relatively low priced
approach. In a few cases, pressurized liquid extraction (PLE),
also known as accelerated solvent extraction (Dionex), was
applied[18,26]. Using PLE the sample is extracted under high
pressure and high temperature to enhance solubility and mass
transfer[34]. Further advantages of PLE are the minimal sol-
vent usage and automation, which enables the simultaneous
extraction of a high number of samples.

In this study we aimed at developing a sensitive and reli-
able method for the extraction of macrolides, sulfonamides
and trimethoprim (Fig. 1) from activated and digested sewage
sludge. By comparing different extraction procedures (PLE
and USE) and the application of different analytical meth-
ods in two different laboratories, an expanded validation of
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Pfizer (Zurich, Switzerland). Azithromycin is also available
from Sigma-Aldrich (Buchs, Switzerland). Standard solu-
tions for dehydro-erythromycin (ERY-H2O) were prepared
from erythromycin as described by McArdell et al.[16]. The
acidic solution was readjusted to pH 6 after 4 h using 1M
NaOH to ensure stability during storage.

2.2. Sample collection

Grab samples were taken from the end of the nitrifica-
tion compartment at different municipal WWTPs in Germany
and Switzerland (activated sludge). All plants consist of pri-
mary clarification and a denitrification – nitrification cascade
with an internal recirculation of sludge as secondary treat-
ment. Phosphate removal is performed by the addition of
iron salts to different treatment steps. In WWTP-W, located
at Wiesbaden, Germany, serving 350,000 population equiva-
lents (PE), Fe(II)Cl2 is added to the final clarification. Simul-
taneous precipitation with Fe3+ in secondary treatment is
performed at WWTP-K, located in Kloten-Opfikon, Switzer-
land, near the international airport of Zurich (55,000 PE), and
at WWTP-A, located in Altenrhein, Switzerland, close to the
border with Austria (40,000 PE). Additionally, a grab sample
was collected from the outlet of the anaerobic, mesophilic
digester at WWTP-K containing a mixture of primary and
secondary sludges (digested sludge).
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he method is achieved. Results from the analysis of m
pal activated and digested sludge samples from Germ
nd Switzerland are given to show the applicability of
ethods presented.

. Experimental section

.1. Chemicals and reagents

HPLC-grade methanol, acetonitrile, and water were
hased from Scharlau (Barcelona, Spain). Analytical g
thyl acetate, acetone, ammonia solution, 25% sulfuric
odium chloride, sodium hydroxide, ammonium ace
nd formic acid were obtained from Merck (Darmst
ermany).
Sulfamethazine (SMZ), sulfamethoxazole (SMX), s

adiazine (SDZ), oleandomycin (OLE) and roxithromy
ROX) were purchased from Sigma-Aldrich (Buchs, Swit
and). Sulfathiazole (STZ), sulfapyridine (SPY), trimet
rim (TMP), tylosin (TYL), and erythromycin (ERY
ere obtained from Fluka Chemicals (Buchs, Swit

and). Sulfamethazine-phenyl-13C6 (13C6SMZ) was pur
hased from Cambridge Isotope Laboratories (Ando
A, USA) and sulfamethoxazole-d4 (d4SMX), sulfadiazine

4 (d4SDZ), sulfathiazole-d4 (d4STZ) as well asN4-
cetylsulfamethoxazole-d5 (d5N4AcSMX) were purchase

rom Toronto Research Chemicals (North York, O
anada). Clarithromycin (CLA) was kindly supplied
bbott (Wiesbaden, Germany) and azithromycin (AZI)
Activated sludge samples were filtered through glass
lters (GF8, Whatman) and the solid fraction was froz
igested sludge was directly frozen without filtration. S
les were subsequently freeze-dried and finely ground
ortar. The dry sludge samples were stored in amber
ottles at−25◦C until analysis. Consequently, the res
btained for activated sludge are given in�g/kg dry weigh
dw), while those for digested sludge, including the aqu
hase, are given in�g/L. The concentration of solids in t

reeze-dried digested sludge was determined to be 17± 6 g/L.

.3. Sample preparation

For USE an aliquot (500 mg) of freeze-dried sludge
uccessively extracted with 4 and 2 mL methanol and
wo times with 2 mL acetone (Table 1). In each extractio
tep, the sample slurry was ultrasonicated for 5 min. S
ate standards (see Section2.4) were spiked into the slur
f the first methanol extraction before ultrasonication.
lurries were centrifuged at 3000 rpm for 5 min after e
xtraction step and the supernatants collected. The so
f the combined supernatants was evaporated to a vo
f ∼200�L, which was then diluted with 150 mL of loc
roundwater for solid phase extraction as a clean-up st

For PLE samples of freeze-dried sludge were weig
200 mg) and transferred into 11-mL extraction c
Dionex) partly filled with quartz sand (Table 1). During
ixing, more sand was added until the cell was comple

lled. For extraction an automated Dionex ASE 200 acc
ted solvent extractor (Sunnyvale, CA, USA) equipped
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Fig. 1. Chemical structures of the investigated sulfonamides, macrolides and trimethoprim.

a solvent controller was used. A methanol–water mixture
(50/50, v/v) proved to be optimal as extraction solvent. An
extraction temperature of 100◦C and an extraction pressure
of 100 bar were chosen as operating conditions. Preheating
time and static time were set to 5 min each. A total flush

volume of 120% the cell volume and a purge time of 60 s
with nitrogen was used. The final extraction volume was
∼22 mL with three extraction cycles for activated sludge and
two for digested sludge. The PLE extracts were completely
transferred to 500 mL amber glass bottles by rinsing the col-
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Table 1
Extraction procedures for sulfonamides, macrolides and trimethoprim from
activated sludge

Parameter Pressurized liquid
extraction (PLE)

Ultrasonic solvent
extraction (USE)

Sample amount 200 mg 500 mg
Solvent methanol:water (1:1, v/v) methanol

acetone
Time three cycles of 5 min four times for 5 min

(preheating time 5 min) (4 mL methanol, 2 mL
methanol,
2 mL acetone, 2 mL
acetone)

Temperature 100◦C –
Pressure 100 bar –
Flush 120% of cell volume –

for all three cycles
Nitrogen purge 60 s –

lection vial with∼100 mL of de-ionized water in three steps.
They were further diluted with∼350 mL de-ionized or local
groundwater to reduce the methanol content of the sample
for solid-phase extraction to below 5%. Surrogate standard
(see Section2.4) was spiked directly on the sludge in the
extraction cell (method 2 and method 1 during method devel-
opment) or in the PLE extract prior to dilution (method 1).

The respective extracts of both extraction methods (USE
and PLE) were adjusted to pH 4 with sulfuric acid or
directly enriched without pH adjustment (pH 7). Solid-phase
extraction was performed on 6 mL Oasis HLB sorbent car-

tridges (200 mg) (Waters, Bergen op Zoom, The Nether-
lands). Detailed information on solid-phase extraction can
be found in G̈obel et al.[17].

2.4. LC tandem MS analysis

Different methods were used at two different laboratories
for the separation and detection of sulfonamide and macrolide
antimicrobials in sludge extracts (Fig. 2), both based on meth-
ods published for aqueous wastewater samples[17,35]. In
method 1, separation was achieved using a 150 mm× 2 mm
YMC Pro C18 column (120̊A, 3 �m, Stagroma, Reinach,
Switzerland) and a mobile phase of methanol–water contain-
ing 1% (v/v) formic acid. Gradient elution was used at a flow
rate of 150�L/min. A triple quadrupole mass spectrometer,
TSQ Quantum Discovery (Thermo Finnigan, San Jose, CA,
USA), equipped with electrospray ionization was used for
detection. A spray voltage of 3500 V and a capillary tem-
perature of 350◦C were applied. Analyses were performed
in the positive multiple reaction mode using two transitions
per analyte. An external calibration curve in de-ionized water
was used for quantification. For accurate amounts the results
were corrected with the corresponding relative recovery rates
(over SPE and measurement) obtained from spike experi-
ments in the same matrix. Therefore, the following substances
(100 ng) were added to the PLE extracts: d4SDZ, d4STZ,
d ides
a
a

Fig. 2. Scheme for extraction and analysis of sulfona
4SMX, 13C6SMZ as surrogate standards for sulfonam
nd TYL as surrogate standard for macrolides.13C6SMZ was
lso used as surrogate standard for trimethoprim.
mides, macrolides and trimethoprim in sewage sludge.
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In method 2, separation was achieved on a 100 mm×
4.6 mm Chromolith Performance RP-18e column at a flow
rate of 400�L/min and a total run time of 50 min. Gradi-
ent elution was performed with solvent A (water containing
10% acetonitrile and ammoniumacetat (10 mM)) and solvent
B being a mixture of 80% acetonitrile and 20% solvent A.
Initial conditions were set to 100% A. After 10 min the per-
centage of B was increased to 26% within 5 min and to 38%
in the following 2 min. After 7 min of 38% B, the percentage
of B amounts to 100% in a time span of 6 min, where it was
kept for 4 min. Within 2 min initial conditions were restored
and run for another 14 min. Detection was performed using
a triple quadrupole mass spectrometer, API 4000 (Applied
Biosystems, Foster City, CA, USA), equipped with electro-
spray ionization. An ion source voltage of 5.000 V and a
temperature of 750◦C were applied, while the declustering
potential was compound dependent and ranged between 56
and 106 V. Analyses were performed in the positive multiple
reaction mode using two transitions per analyte. Quantifica-
tion was performed using an internal calibration curve in local
groundwater. Surrogate standards (100 ng) were added prior
to USE or PLE extraction. d4SMX was used as surrogate stan-
dard for all sulfonamides and trimethoprim and OLE for all
macrolides. No surrogate standard was used for azithromycin
and sulfapyridine, which were subsequently quantified by
comparing peak areas of the samples and the calibration. In
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lected separately. As with all extraction methods, so called
“bound residues” are not assessed with the sequential extrac-
tion. The maximum extractable amount was defined as the
sum of the amounts measured in the four cycles. The amount
recovered in each cycle was expressed as a percentage of this
sum (extraction yield). To assess the stability of the com-
pounds investigated during PLE extraction, quartz sand as
inert matrix was spiked with analytes (100 ng) and extracted
(n= 2) as described.

In the case of the USE method, parameters generally suit-
able for the extraction of sewage sludge were chosen (Table 1)
[36]. Exhaustive extraction under the given conditions was
tested by prolonged extraction of activated sludge with ace-
tone.

2.6. Method validation

Accuracy was assessed by relative recovery studies using
area ratios (analyte/surrogate standard) for quantification.
Freeze-dried activated sludge was spiked prior to extraction
in the extraction cell with analytes (50–100 ng) in methanol
and surrogate standard and subsequently analyzed (n= 2–3).
Therefore, the surrogate standard is only used to account for
experimental losses during extraction and enrichment of the
sample as well as for matrix effects (e.g. ion suppression)
during measurement. It cannot account for the interactions of
t over
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he case of sulfapyridine, all results obtained were addi
lly corrected by the respective absolute recoveries obt
sing a matrix spike recovery for each sample.

In both methods, the SPE extracts were mostly dil
p to 10-fold with de-ionized water prior to measurem
iltration of the final extracts prior to measurement le
ignificant losses of the analytes, especially in the case
acrolide antimicrobials.

.5. Extraction development

For PLE method development, an additional activ
ludge sample from WWTP-K was filtered and the s
raction was spiked with an aqueous solution raising
oncentration of analytes by approximately 400�g/kg dw.
he mixture was stirred manually for (1/2) h and sub
uently freeze-dried. This was considered to be the
ubstitute for native sludge where the interaction betw
ompounds and sludge may be different due to aging ef
piking was necessary since not all compounds inv
ated were present in the sludge sample taken. By va
xtracting conditions the following parameters were o
ized by duplicate analyses in the order given: extrac

olvent (nine solvents and mixtures), extraction temp
ure (60/80/100/150/200◦C), cycle time (1/3/5/10/20 min
xtraction pressure (60/80/100/120/150 bar) and sa
mount (100/200/400 mg). Multiple sequential extrac
4× 5 min, n= 2) of the same sludge sample (activated
igested) was performed to ensure quantitative extrac
herefore, the extracts of the individual cycles were
he analyte with the sludge itself. For relative recoveries
olid-phase extraction and measurement, activated s
xtracts were spiked with analytes (50–100 ng) and surro
tandards prior to solid-phase extraction (n= 2). The calcu
ated amount of antimicrobials minus the amount alre
resent before spiking (n= 2–3) was related to the spiked co
entration. Absolute recoveries were obtained using abs
reas instead of area ratios. The areas obtained in spike
ated sludge (50–100 ng, prior to or after extraction) m
he areas obtained in the respective non-spiked samples
ompared to the areas obtained from an external standar
he same concentration as the spike.

Breakthrough of the analytes on the SPE cartridges
etermined by the enrichment of spiked activated slu
400�g/kg dw) in duplicate analyses using two stacked
ridges. A breakthrough on the first cartridge triggered
nrichment on the consecutive cartridge, which was
luted separately. Complete elution of the cartridges
erified by eluting cartridges for a second time with 1.5
cetone as a stronger solvent (n= 2). The acetone extract w

hen treated as a separate sample. The precision of the
ethod was determined by extracting replicates (n= 3–6) of

piked activated sludge (90–500�g/kg dw). It was defined a
he relative standard deviation of the amount measured.
ts of quantification (LOQ) were defined by two metho
n the case of PLE, the LOQ was defined as concentra
n a sample matrix resulting in signals with signal-to-no
S/N) ratios of 10. The concentration corresponding to
efinedS/Nwas determined by scaling down, using the m
ured concentration and the assignedS/N ratio of the pea
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– assuming a linear correlation through zero. Results from
several samples (n= 6) were used to yield an average value.
In the case of USE, the second lowest concentration in the
linear range of the internal calibration curve in local ground-
water with aS/N ratio exceeding 10 was used to estimate the
LOQ.

3. Results and discussion

3.1. Method development

For PLE the effect of the different extraction parameters
on the extraction efficiency was evaluated to obtain optimal
relative extraction conditions for sulfonamides, macrolides
and trimethoprim from activated sludge (Table 1). Various
solvents and mixtures were tested first. Once the optimum
solvent mixture was determined, other extraction parameters
such as extraction temperature and pressure, cycle time, num-
ber of cycles and sample amount, were investigated.

3.1.1. Extraction solvent
Table 2 shows the results obtained from using water,

organic solvents and various mixtures as extraction sol-
vents. A total of 10 substances was investigated. However,
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a lysis:
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macrolides the highest extraction efficiencies were observed
using a mixture of water and organic solvent at a ratio of
1:1. This is in accordance with previous findings of Sal-
vatore and Katz[37] that reported increasing solubility of
macrolides to a maximum with increasing solvent polarity.
Mixtures of water with organic solvents other than methanol
(1:1) showed similar results for most analytes but resulted in
lower extraction efficiencies for sulfapyridine and trimetho-
prim. Methanol–water at a ratio of 1:1 was finally chosen
as extraction solvent representing the best compromise for
all compounds investigated. With a pKa of ∼9 macrolides
are weak bases that are positively charged at neutral pH.
Since the surface of most particles in sewage sludge are
negatively charged[38] ionic interactions may play a role
in the sorption of macrolides to sewage sludge. Therefore,
the effect of the pH of the chosen extraction solvent was
investigated. No significant change in extraction efficiency
for any of the analytes was observed when the pH of the water
used was adjusted to 10 with sodium hydroxide. This may be
caused by the buffer capacity of the sludge or indicate that
hydrophobic interactions are predominantly responsible for
the sorption of macrolides to activated sludge. Similar con-
clusions for the macrolide tylosin were made by Tolls[29],
when investigating the sorption of veterinary pharmaceuticals
in soil.
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e ct of
t 0%)
f tho-
nly the results of the compounds mainly found in a
ated sludge samples are presented: sulfamethoxazol
apyridine, azithromycin, clarithromycin, roxithromycin a
rimethoprim.

Lower extraction efficiencies were observed for all c
ounds investigated, especially macrolides, when mixtur
ethanol and other organic solvents (acetone or aceton
:1) were used. Water itself proved to be a good extra
olvent for the sulfonamides but resulted in low extrac
fficiencies for macrolides. More trimethoprim seems t
xtracted with increasing amounts of methanol, wherea
ignificant influence on the sulfonamides was observed

able 2
olvent influence on the extraction of sulfonamides, macrolides

rimethoprim from activated sludgea

xtraction solvent Concentrationb (�g/kg dw)

SPY SMX TMP AZI CLA ROX

ethanol/acetone (1:1) 116 527 138 113 42 1
ethanol/acetonitrile (1:1) 120 572 139 133 74 1
ethanol 268 594 321 252 180 19
ethanol/water (3:1) 282 635 295 260 219 25
ethanol/water (1:1) 287 667 225 368 337 351
ethanol/water (1:3) 289 663 217 103 339 36
ater 291 667 228 33 211 23
ater/acetone (1:1) 125 652 144 485 341 3
ater/acetonitrile (1:1) 214 698 222 375 314 3
a Selected operating condition in bold letters.
b Mean of duplicate analyses using pressurized liquid extraction. E

ion parameters: 100◦C, 100 bar, one cycle of 10 min, 150% flush. Extra
djusted to pH 4 prior to solid phase extraction. Chemical ana
ethod 1.
- .1.2. Extraction temperature and pressure
The effect of extraction temperature on the extraction

iencies of the analytes turned out to be less profound
ot shown). An extraction temperature of 100◦C was selecte
s operating condition. Slightly lower extraction efficienc
10–20%) were observed for all analytes at tempera
elow 100◦C. However, if the extraction temperature w

ncreased above 100◦C, the extracted amounts decrea
rastically. Compared to the chosen extraction tempera
nly 60–80% of most sulfonamides and trimethoprim w
easured at an extraction temperature of 200◦C. For sul-

amethoxazole a reduction by 95% and for the macro
nvestigated a reduction by 60–90% was observed. T
ndings may be ascribed to a thermal degradation o
nalytes at temperatures above 100◦C. Additionally, it was
bserved that increasingly darker extracts were obtain
igher extraction temperatures, indicating a larger extra
f soluble organic matter. This resulted in problems du
olid-phase extraction due to the clogging of the cartrid
n identical effect was observed when increasing the ex

ion pressure from 60 to 150 bar. However, no signifi
mpact of increasing extraction pressure was observed o
xtraction efficiencies of the compounds investigated (
ot shown).

.1.3. Cycle time and sample amount
A cycle time of 5 min resulted in maximum extracti

fficiencies for almost all compounds. However, the effe
he extraction time observed was low (variations below 2
or the investigated sulfonamides, macrolides and trime
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prim (data not shown). An influence of the cycle time on
the extraction efficiencies may be expected due to the higher
extraction temperature used in PLE resulting in a reduction
of the viscosity of the solvent. It may therefore, penetrate
further into the sample matrix, a process also facilitated by
the increased pressure. The extraction efficiencies may fur-
thermore be enhanced by the swelling of the matrix while in
contact with the solvent. These processes can also be influ-
enced by the ratio of sample matrix to extraction solvent.
However, no significant influence on the extraction efficiency
of the analytes from varying sample amounts was observed
(data not shown).

3.1.4. Number of cycles
Multiple sequential extractions of the same sample (acti-

vated and digested sludge) were performed to evaluate the
ability of the method to quantitatively extract sulfonamides,
macrolides and trimethoprim from the matrices investigated.
For all analytes, except azithromycin, no significant amounts
(<2%) were recovered from activated or digested sludge after
the first cycle. As shown inFig. 3 approximately 90% of
azithromycin was recovered from activated sludge in the
first cycle. Another 7% were recovered in the second cycle,
whereas the amounts present in the last two cycles were not
quantifiable. Therefore, three cycles were performed in the
a ction.
I cov-
e ycle.
E third
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f lete
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l ging
o when
m indi-
c ith
t plete

method development for PLE was performed only for acti-
vated sludge.

Also in the case of ultrasonic solvent extraction, exhaus-
tive extraction of activated sludge was achieved with the
chosen parameters (Table 1), since no significant amounts of
analyte could be detected in the acetone extract of an already
extracted sample.

3.1.5. Thermal degradation
Since thermal degradation seems to occur at elevated

temperatures, the stability of the analytes under the cho-
sen extraction conditions for PLE was of potential concern.
However, recoveries from spiked quartz sand (n= 2) varied
around 100% for all substances giving no evidence of thermal
instability. Deviating results were obtained for trimethoprim
(150%) and azithromycin (81%) and are probably due to a
different behavior of these analytes and the respective sur-
rogate standards (13C6SMZ and TYL) during solid phase
extraction.

3.2. Method validation

3.2.1. Accuracy
The accuracy of the method, expressed by relative recov-

eries, is influenced by different parameters, e.g. the suitability
o d for
c olid
p and
d 06%
f and
1 r
d over
t lid-
p tion).
T . The
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t ion.

F ns of ac s.
P d to pH xtraction
y e four c
nalyses of activated sludge to assure quantitative extra
n the case of digested sludge 82% of azithromycin was re
red in the first cycle and another 12% in the second c
ven though small amounts could still be detected in the

4%) and forth (2%) cycle, two extraction cycles were cho
or the extraction of digested sludge. The slightly incomp
xtraction of azithromycin was neglected since severe p

ems were encountered in solid-phase extraction (clog
f the cartridges) and measurement (bad peak shape)
ore than two cycles were performed. These findings

ate that the extraction efficiency of azithromycin varies w
he sample matrix. It has to be noted however, that com

ig. 3. Results for azithromycin from the multiple sequential extractio
ressurized liquid extraction: parameters ofTable 1. Extracts were adjuste
ields are displayed as percentage of the total amount extracted in th
f the surrogate standard used or the method applie
hemical analysis. For pressurized liquid extraction, s
hase extraction at pH 4 and method 1 for separation
etection the relative recovery ranged between 78 and 1

or the sulfonamides and trimethoprim and between 91
42% for the macrolides (Table 4). In that case no majo
ifferences were observed between relative recoveries

he entire method (including extraction) and over so
hase extraction and measurement (excluding extrac
he results from both studies were therefore combined
mall variations obtained when combining both, illust
he thermal stability of the compounds during extract

tivated and digested sludge. Error bars represent the range of duplicate analyse
4 prior to solid phase extraction. Chemical analysis: method 1. The e
ycles.
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Additionally, they indicate that the analytes spiked on the
freeze-dried activated sludge are extracted quantitatively with
the selected extraction conditions. Since spiked analytes are
not exposed to the same active sites as native pollutants this
result cannot be extrapolated to native activated sludge sam-
ples. However, quantitative extraction of native sulfonamides,
macrolides and trimethoprim was shown for activated sludge
with the developed method by performing multiple sequen-
tial extraction experiments.

In the case of absolute recoveries no correction by using
surrogate standards is performed. Therefore, they mirror
possible losses during extraction, sample preparation and
variations in measurement due to matrix effects. From the
results obtained during method development and valida-
tion it seems that matrix effects, e.g. ion suppression, are
the most important factor. Absolute recoveries were deter-
mined using two different methods for chemical analysis
(see Section2.4), but the same method for sample prepa-
ration. In both cases PLE with identical parameters was
used and the extracts were adjusted to pH 4 prior to SPE.
Results obtained for method 1 are given inTable 4, while
those for method 2 are included inTable 5(PLE, pH 4).
Similar absolute recoveries were obtained with both meth-
ods for sulfonamides and trimethoprim. In the case of the
macrolides, significantly lower values, and therefore, higher
ion suppression, were obtained for method 1 compared to
m ation
o i.e.
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samples were reduced to a lesser extent than expected by the
respective dilution factor. In method 1, for example, absolute
recoveries in undiluted samples were 26–50% lower than in
six-fold diluted samples for sulfonamides. For macrolides
and trimethoprim the reduction ranged between 40 and 80%
compared to diluted samples.

3.2.2. Breakthrough and complete elution
Due to the simultaneous extraction of significant amounts

of soluble organic matter during extraction of sewage sludge,
breakthrough of the analytes from the cartridges and com-
plete elution from the cartridges were investigated. No quan-
tifiable amounts of the analytes could be detected on the
second cartridge, which was eluted separately. When testing
for complete elution, also no quantifiable amounts of analytes
could be measured in the acetone eluates of already eluted
cartridges. Thus, the analytes are quantitatively enriched by
one cartridge and exhaustively eluted in the case of activated
sludge extracts by the procedure applied.

3.2.3. Precision
Precision was characterized as the relative standard devia-

tion determined from extracting replicates of spiked activated
sludge. It ranged between 2 and 8% for pressurized liquid
extraction and between 7 and 20% for ultrasonic solvent
e are
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ethod 2. This could be caused by a different separ
f matrix and analytes during liquid chromatography,
y the choice of column and gradient. Differences in
ration are also mirrored by the varying retention time

he compounds in the two methods. Additionally, two dif
nt mass spectrometers were used, which may also infl

he ionization efficiency of macrolides in the samples. E
ially, the differences in temperature applied and the am
f in-source fragmentation may lead to different ioniza
fficiencies for the two methods. Further on, the abso
ecoveries were obtained from the analysis of different
ated sludge samples, which also has an effect on the m
resent.

Additionally, the influence of the sample pH during so
hase extraction (SPE) on the absolute recoveries was

igated. No distinct influence was observed on the abs
ecoveries for the investigated antimicrobials (Table 5). The
trong pH dependence of the sulfonamide interaction wit
PE cartridge, as described for aqueous wastewater sa

17], seems not to occur in sewage sludge extracts. Mo
ess comparable absolute recoveries were also observ
he investigated compounds at both pH values independ
f the extraction method used. However, a significantly hi
elative standard deviation, of up to 33%, was observed
H of the sample was adjusted to 4 prior to SPE. Th
aused by an increased clogging of the SPE cartridges
ower pH, which made the enrichment of the total sam
olume in some cases impossible.

A dilution of the samples prior to analysis lead to
ecrease of matrix effects, since the areas obtained in d
s

xtraction (data not shown). The higher values for USE
robably caused by a higher amount of matrix extracted

he solvents used for ultrasonic solvent extraction. Ano
eason may lay in the series of manual extraction steps n
ary compared to the fully automated extraction during P

.2.4. Limits of quantification
The limits of quantification for the analytes in ac

ated sludge were defined using two different approa
or pressurized liquid and ultrasonic solvent extract
espectively (Table 3). Overall, it ranges between 3 a

able 3
imits of quantification for sulfonamides, macrolides and trimethopri
ctivated sludge

ompound Limits of quantification (�g/kg dw)

Pressurized liquid extractiona Ultrasonic solven
extractionb

Average Range

DZ 4 3–7 4
TZ 41 31–51 –
MZ 16 12–20 4
PY 29 21–36 4
MX 15 10–23 4
MP 14 9–17 10
ZI 3 2–4 40
RY-H2O 6 5–8 –
LA 4 3–6 10
OX 3 2–4 10
a Concentration estimated from measured samples (method 1) for a

o-noise of 10 (n= 6).
b Defined as the second lowest linear concentration (S/N> 10) of the inter
al calibration curve in local groundwater (method 2).
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Table 4
Relative and absolute recoveries for sulfonamides, macrolides and trimetho-
prim in activated sludge using method 1 for chemical analysisa

Compound Retention
time (min)

Relative
recoveryb (%)

Absolute
recoveryc (%)

Average % SD Average % SD

SDZ 10.3 106 7 63 6
STZ 12.7 99 5 55 7
SMZ 17.6 97 5 64 17
SPY 12.6 79 5 64 8
SMX 20.4 100 3 64 3
TMP 17.1 78 3 51 4
AZI 21.1 91 10 29 7
ERY-H2O 30.1 112 9 37 14
CLA 31.5 110 13 33 24
ROX 31.6 142 16 45 27

a Pressurized liquid extraction: parameters seeTable 1. Extracts adjusted
to pH 4 prior to solid phase extraction. Chemical analysis: method 1.

b Relative recoveries were determined using area ratios of analyte to sur-
rogate standard. Average and standard deviation (% SD) combing results
from experiments with surrogate standard added prior to and after sludge
extraction (n= 4).

c Absolute recoveries were determined using areas. Average and relative
standard deviation (% SD) combing results from experiments with surrogate
standard added prior to and after sludge extraction (n= 4).

41�g/kg dw for the investigated antimicrobials. The differ-
ences observed result from a combination of various factors.
Next to the different approaches applied for the estimation
of the LOQ, the higher sample amount used in USE com-
pared to PLE plays a role. Additionally, differences in the
methods used for separation and detection have an influ-
ence, e.g. via peak shape and matrix effects. The results
clearly indicate that the limits of quantification given can
only be considered as rough estimates. In routine analysis all

peaks with aS/N above 10 were therefore considered valid
results.

3.3. Application to sewage sludge samples

The developed methods were applied to selected acti-
vated and digested sludge samples from different waste-
water treatment plants in Germany and Switzerland (Table 6).
The results for the most commonly detected sulfon-
amides, sulfapyridine and sulfamethoxazole, and macrolides,
azithromycin, clarithromycin and roxithromycin, are given.
Additionally results for trimethoprim, used almost exclu-
sively in combination with sulfonamides, are included. The
occurrence of antimicrobials in activated sludge generally
correlates well with the respective aqueous phase[11,17].
Higher concentrations were generally determined in Ger-
man activated sludge samples (WWTP-W), ranging up to
197�g/kg dw for sulfapyridine, indicating a lower waste-
water dilution compared to Switzerland. A maximum con-
centration of 73�g/kg dw was found for sulfamethoxazole in
Swiss samples (WWTP-K and WWTP-A). A more detailed
discussion on the occurrence of sulfonamides, macrolides
and trimethoprim in Swiss municipal wastewater treatment
is given elsewhere[39].

Overall, similar results were obtained in activated and
d e pH
a
e tions
d lfon-
a ides.
T ions,
e ed liq-
u sed

Table 5
Absolute recoveries for sulfonamides, macrolides and trimethoprim in activa

Compound Retention time (min) Absolute recoverya (%)

PLEb

pH 4 pH 7

Average %SD Ave SD

SDZ 8.6 83 12 5
SMX 20.4 37 19 4
TMP 20.0 47 7 4
d4SMXd 20.4 37 15 4
CLA 33.4 74 21 9
ROX 33.9 91 33 8
OLEd 25.3 93 9 9

a Absolute recoveries were determined using areas. Average and relative be
c gate s

djuste pH 7).
C

adjuste pH 7).
C

alculated from the absolute recovery ratio of the analyte and its surro
b Pressurized liquid extraction (PLE): parameters seeTable 1. Extracts a
hemical analysis: method 2.
c Ultrasonic solvent extraction (USE): parameters seeTable 1. Extracts
hemical analysis: method 2.
d Used as surrogate standard.
igested sludge using PLE, independently of the sampl
nd the method used for chemical analysis (Table 6). How-
ver, using ultrasonic solvent extraction, the concentra
etermined are generally lower for the investigated su
mides and in tendency lower for the investigated macrol
his may be caused by the less radical extraction condit
.g. temperature and pressure, compared to pressuriz
id extraction. Additionally, the extraction conditions u

ted sludge using method 2 for chemical analysis

USEc

pH 4 pH 7

rage %SD Average %SD Average %

4 6 41 13 53 11
1 4 16 16 62 7
4 3 25 10 31 8
4 4 16 11 62 8
0 5 55 8 59 15
8 3 73 10 76 8
5 3 67 5 57 14

standard deviation (%SD) is given (n= 3) Respective relative recoveries can
tandard.
d to pH 4 prior to solid-phase extraction (pH 4) or directly enriched (

d to pH 4 prior to solid-phase extraction (pH 4) or directly enriched (
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Table 6
Concentrations of sulfonamides, macrolides and trimethoprim in activated and digested sewage sludge from different wastewater treatment plants in Germany
(WWTP Wiesbaden) and Switzerland (WWTP Kloten-Opfikon and WWTP Altenrhein)

Concentrationa (�g/kg dw)b

SPY SMX TMP AZI CLA ROX

Activated sludges
WWTP-W PLE + pH 4c 57 113 91 127 34 46
Sample 1 PLE + pH 7d 51 100 87 158 41 61

USE + pH 7e 26 41 79 127 34 45
WWTP-W PLE + pH 4 197 41 107 151 27 131
Sample 2 PLE + pH 7 160 37 133 115 16 83

USE + pH 7 85 18 96 47 (9)f 50
WWTP-K PLE + pH 4 29 73 30 52 30 ndg

PLE + pH 7 24 51 (18)f (7)f 25 nd
USE + pH 7 nag 20 14 (21)f 12 nd

WWTP-A PLE + pH 4 (11)f 60 21 56 63 nd
PLE + pH 7 nd 34 13 (5)f 32 nd
USE + pH 7 nd 27 nd 48 41 nd

Concentration (�g/L)h

Digested sludges
WWTP-K PLE + pH 4 1.0 nd (0.1)f 2.3 0.8 nd

PLE + pH 7 0.8 nd nd 1.6 0.3 nd
USE + pH 7 1.2 nd nd 1.3 0.3 nd

a Mean of duplicate analyses for pressurized liquid extraction (PLE) and single analysis for ultrasonic solvent extraction (USE).
b Separation of solid and aqueous phase through filtration before freeze-drying.
c Pressurized liquid extraction: parameters seeTable 1. Extracts adjusted to pH 4 prior to solid-phase extraction. Chemical analysis: method 1.
d PLE (Table 1). Extracts not pH-adjusted prior to solid-phase extraction. Chemical analysis: method 2.
e Ultrasonic solvent extraction: parametersTable 1. Extracts not pH-adjusted prior to solid-phase extraction. Chemical analysis: method 2.
f Estimated concentrations below the limit of quantification (S/N< 10).
g nd: Not detected (S/N< 3), na: not analysed.
h No separation of solid (15–18 g/L) and aqueous phase through filtration before freeze-drying.

for USE, especially the choice of solvent, were not optimized
particularly for the extraction of sulfonamide and macrolide
antimicrobials.

4. Conclusions

A robust and selective method for the pressurized liq-
uid extraction of sulfonamides, macrolides and trimethoprim
from sewage sludge was developed and validated. Several
extraction parameters were investigated and the optimized
procedure is summarized inTable 1. The method was suc-
cessfully applied to activated and digested sewage sludge.
Even though comparable results were obtained for different
sample pHs, it is suggested to not adjust the pH of the extracts
prior to solid-phase extraction, to minimize the clogging of
the cartridges. The method presented can be used to investi-
gate the occurrence and fate of sulfonamides, macrolides and
trimethoprim in wastewater treatment, including the sorption
to sewage sludge. Additionally, it may serve as the basis for
the determination of pharmaceuticals in general in sewage
sludge and other biosolids. Ultrasonic solvent extraction
seems to be equally or slightly less efficient for the extraction
of macrolides and trimethoprim, while significantly lower
extraction efficiencies seem to result for sulfonamides com-
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