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Antibiotics (sulfonamides and tetracyclines) have attractive increasing attention due to their persistence
for a long time, which lead to concern of widespread antibiotic resistant bacteria and resistance genes in
the aquatic environment. Investigation of the occurrence and elimination of antibiotics in the wastewater
treatment plant (WWTP) effluent is thus imperative. This paper presents the method development of the
liquid chromatography–ion-trap mass spectrometer (IT-MS)–time-of-flight mass spectrometer in series
(LC-IT–ToF/MS) hybrid technique to determine concentrations of sulfonamides and tetracyclines in the
effluent of animal WWTP. Detection limits of the developed method were 22.8, 23.0, 25.8, 23.6, and
9.8 ng L�1 for sulfathiazole, sulfamethazine, sulfamethoxazole, oxytetracycline, and chlortetracycline,
respectively. Average recovery efficiencies of the method for sulfonamides fortified in effluent samples
of ananimal WWTP at 1.0, and 4.0 lg L�1 were 73–95%, and 89–104%, respectively, while that of the
method for tetracyclines fortified at 0.4 and 4.0 lg L�1 was 76–104%, and 101–107%, respectively. The
analysis of effluent of the WWTP showed that more than 90% of analyzed antibiotics were removed by
the treatment consisted of biological, a UF membrane, and a coagulation process. The maximum concen-
trations of sulfonamide and tetracycline in the WWTP were 49.5 and 4.1 lg L�1, respectively.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

There has been increasing administer of antibiotics worldwide
in order to prevent diseases to animals (Zhang and Li, 2011). Vet-
erinary antibiotics are commonly applied to prevent livestock dis-
eases, to treat infections and to promote animal growth in animal
farms (Huber, 1971). Sulfonamides, which are structurally similar
to p-aminobenzoic acid, oppress a production of dihydrofolic acid
and impede proliferation of germs (Marzo and Bo, 1998). In Korea,
antibiotics containing these two chemical groups accounts for
more than 60% of total pharmaceuticals used for animals (Lim
et al., 2009). These antibiotics can be released to the environment
via various routes; the most common route is via wastewater from
animal housings (Kümmerer, 2009; Oberlé et al., 2012). Wastewa-
ter from animal farms can then be directly released to surface
water, e.g., rivers and lakes. Because antibiotics cannot be usually
removed completely in a conventional wastewater treatment plant
(WWTP), residues of antibiotics have been found in surface water
(Hirsch et al., 1999). This has caused concern of widespread antibi-
otic resistant bacteria and antibiotic resistance genes in the aquatic
environment (Liu et al., 2012; Luo et al., 2011). Therefore, in the
last decade, several studies have been carried out to determine
concentrations of antibiotics in rivers and wastewater effluents
(Kolpin et al., 2002; Wei et al., 2011; Du and Liu, 2012; Li et al.,
2012; Gao et al., 2012).

Chromatographic techniques are commonly applied to deter-
mine low levels of antibiotics in water samples. Gas chromatogra-
phy (GC)–mass spectrometry (MS) (GC–MS) or GC–MS/MS
techniques are widely used due to their high selectivity and low
detection limits (Ternes et al., 2002; Boyd et al., 2003). Because
most pharmaceutical chemicals are polar and non-volatile, labor-
demanding derivatization of hydroxyl or carboxyl groups is re-
quired prior to the quantitation step using GC–MS or GC–MS/MS
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(Hao et al., 2007). This tedious derivatization step in the GC analy-
sis has recently made liquid chromatography (LC)–MS or LC–MS/
MS (especially, triple quadrupole MS) prevalent (Meyer et al.,
2000; Ternes, 2001; Ternes et al., 2001; Cahill et al., 2004; USEPA,
2007). However, application of these techniques is challenging
when the sample matrix under study is complex, for examples,
wastewater, swine slurry, and sludge. In these matrices, peaks
from other molecules generally super impose each other and inter-
fere with the identification of target molecules (Cole, 1997).

The identification of drug candidates or metabolites usually in-
volves the application of MS or MS/MS systems. The triple quadru-
pole (QqQ) MS gives excellent quantitative ability, but has poor
mass accuracy and resolution compared to other configurations.
The ion trap (IT) MS provides the utility of MSn analysis. However,
its usability is limited because of poor mass accuracy and resolu-
tion. Comparatively, the time of flight (ToF) MS offers the high
mass accuracy and resolution power. This high resolution power
(e.g., >10000) can accurately measure masses of target analytes
with a wide range of molecular weight at a very high rate without
deterioration of sensitivity, and can thus differentiate isobaric spe-
cies (Ferrer and Thurman, 2009). LC–ToF/MS can also show the
same resolving power both in the full scan and in the selected
ion modes. The unique feature of QqQ/MS is to identify parent
compounds or metabolites by using neutral-loss and precursor
ion scans. However, the sensitivity of its full-scan mode may not
be adequate in certain situations. Therefore, IT MS and ToF MS
are required for some applications. Moreover, a hybrid IT–ToF/
MS has the potential to provide high resolution and high accuracy
mass spectra in the MS and the MSn modes.

This paper thus demonstrates the development of the analytical
method for the first time to analyze sulfonamides and tetracyclines
in the animal WWTP using a hybrid tandem MS system consisting
of an IT/MS and a ToF/MS in series (i.e., IT–ToF/MS). The objectives
of the papers are two folds: (i) develop and validate the method for
complex matrix of effluent of the WWTP to quantify sulfonamides
(sulfathiazole, sulfamethazine, and sulfamethoxazole) and tetracy-
clines (oxytetracycline, and chlortetracycline), and (ii) apply the
method to determine concentration levels of target antibiotics in
order to assess the removal efficiency of the treatment processes
applied in a WWTP.
2. Materials and methods

2.1. Standards and reagents

High-purity reference materials for tetracyclines and sulfona-
mides were purchased from Sigma–Aldrich (MO, USA). Terbuthyl-
azine (Fluka, Germany) and 13C3-sulfamethazine (Cambridge
Isotope Laboratories, MA, USA) were used as an internal standard,
and as a surrogate, respectively. Na2EDTA�2H2O, NH4OH, and CH3-

COONH3 of high purity used in the sample pre-treatment were also
purchased from Sigma–Aldrich (MO, USA). Solvents, such as meth-
anol and acetonitrile used in this study, were all of HPLC grade (Ba-
ker, NJ, USA). The purchased reference materials and internal
reference materials were diluted with methanol to produce stock
solutions of 1000 lg mL�1.

Hydrophilic-lipophilic balance (HLB; 200 mg, 6 mL) and mixed-
mode cation exchange (MCX; 150 mg, 6 mL) SPE cartridges were pur-
chased from Supelco (PA, USA) and Waters (MA, USA), respectively.
GF/C filters (Whatman, UK) were used for sample pre-filtration.
2.2. Instrumental analysis

Quantitation of target pharmaceuticals were performed using
an LC (LC-20A, Shimadzu, Kyoto, Japan) and a high resolution tan-
dem IT–ToF/MS system (Shimadzu, Kyoto, Japan) with an electro-
spray ionization (ESI) probe. The separation of target analytes in
samples was done using a Shim-pack FC-ODS (length:
75 � 3.0 mm; particle size: 3 lm; Shimadzu, Kyoto, Japan) column
at 40 �C. Two mobile phases were used to separate target analytes.
One (A) consisted of a mixture of 0.3% (v/v) formic acid and 0.1%
(w/v) ammonium acetate in water, and the other (B) contained a
mixture of methanol and acetonitrile (50:50, v/v). The linear gradi-
ent elution was as followed: initial composition of the mobile
phases A and B was set at 90:10. Mobile phase B was then in-
creased to 100% in 4.5 min. The injection volume of a sample was
5 lL. ESI probe capillary’s voltage was set at +4.5 kV, and the tem-
perature of MS interface was set at 250 �C. The accumulation time
of the IT for quantitative analysis was adjusted to 30 ms, and mass
ions within the range of m/z 100–1000 were scanned by the ToF/
MS.

Suspended solids (SS) concentration was measured according to
the Standard Methods 2540 D (APHA, 2005). Total organic carbon
was measured using a TOC analyzer (TOC-V, Shimadzu, Kyoto,
Japan).

2.3. Sample pre-treatment procedure

The tandem SPE method with an HLB cartridge and an MCX to
selectively extract sulfonamides and tetracyclines is briefly de-
scribed below. The schematic of the extraction procedure is pre-
sented in Fig. SI-1.

Particles in wastewater samples were centrifuged at 10000 rpm
and filtered through a GF/C filter. 20 lL 13C3-sulfamethazine of
10 mg L�1 was added to a 0.5 L filtered sample, along with 5 mL
Na2-EDTA of 0.1 mg mL�1 as a chelating agent. Sample pH was then
adjusted to pH 3.0 by adding 3.5 M sulfuric acid. The addition of
Na2-EDTA and the acid was performed to prevent the chelation
of metals by tetracyclines in samples. Prior to extracting target
chemicals, the SPE cartridge was conditioned with 2 mL pure
water, 2 mL methanol, and 2 mL distilled water of pH 3.0. Then, a
sample underwent the loading process under approximately
3 kPa to allow target analytes to be adsorbed onto an HLB car-
tridge. The HLB cartridge was then mounted on a vacuum mani-
fold, washed with 2 mL water, and eluted with 2 mL methanol
for the subsequent extraction of the adsorbed target analytes.
The washed HLB cartridge was reconnected to an MCX, and re-
eluted with 6 mL methanol to extract residual target compounds.
Afterwards, the HLB cartridge was destroyed and the remaining
MCX was eluted with 4 mL ammonium hydroxide of 5% (w/w).
The eluted sample was enriched to below 0.5 mL using a nitrogen
concentrator (MGS-2200, Eyela, Japan). Then, 20 lL terbuthylazine
of 10 mg L�1 was added to the remaining solution, the final volume
of which was subsequently adjusted to 2.0 mL by adding 20 mM
ammonium acetate. Lastly, the sample was filtered with a 0.2 lm
polytetrafluoroethylene filter (Advantec, Tokyo, Japan), and in-
jected into the LC-IT–ToF/MS for quantification of target
compounds.

2.4. Validation of analytical method

In order to evaluate the effectiveness of the developed analyti-
cal method, method detection limit (MDL) and recovery efficiency
of the method for each compound were determined. In order to
determine the MDLs of the method for sulfonamides and tetracy-
clines, each analyte was spiked to effluent samples collected from
a local domestic WWTP to make final concentration of 0.20 lg L�1.
SSs and total organic carbons (TOCs) concentrations of the treated
wastewater samples were 5 ± 1 mg L�1, 19.7 ± 0.2 mg L�1, respec-
tively (n = 7). The spiked sample was then analyzed 7 times in a
row to determine MDLs.
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The recovery efficiency of the developed method was evaluated
with the same wastewater samples. Reference materials for sulfon-
amides were added to the effluent samples at two concentration
levels of 1.0, and 4.0 lg L�1, while those for tetracyclines were
added to the levels of 0.4, and 4.0 lg L�1. For real sample analysis,
the average of the surrogate recovery efficiency was 95%. The pre-
pared samples were then analyzed 10 times in a row with the pro-
posed method, and the standard deviations of the repeated
analyses were calculated to determine the method recovery
efficiency.
2.5. Application of method to water samples from animal WWTP

The analytical method developed in this study was applied to
quantitation of sulfonamides and tetracyclines in water samples
collected from each unit processes of a local WWTP for livestock
wastewater. This plant used biological process, a UF membrane,
and a coagulation process (Fig. SI-2). The WWTP consists of a series
of the first denitrification/nitrification process (r and s in Fig. SI-
2) and their sedimentation (t in Fig. SI-2), the second denitrifica-
tion/nitrification process (u and v in Fig. SI-2), ultra-filtration (UF,
w in Fig. SI-2), and a coagulation/sedimentation (x in Fig. SI-2).
Especially, the WWTP is operating the UF process to remove small
particulate organic materials. For removing dissolved organic sub-
stances in the effluent of the UF process, activated carbons are
added to the coagulation/sedimentation process (i.e., x in Fig. SI-
2).
3. Results and discussion

3.1. Physico-chemical characteristics of antibiotics

Physico-chemical characteristics of sulfonamides and tetracy-
clines are presented in Table 1. Since the pKOW, water solubility,
and half-life in water for the target compounds are not readily
Table 1
Physico-chemical properties of sulfonamides and tetracyclines under study.

Sulfonamides Sulfathiazole

Structure

S
N
H

O O S

N

H2N

Molecular formula C9H9N3O2S2

Molecular weight 255.3
Accurate mass 255.014
pKa 7.2
pKOW

a 0.72
Water solubilitya (mg mL�1) 20.0
Half-life in watera (h) 900
Tetracyclines Chlortetracycline
Structure

Cl

OH O OH
OH

O

NH2

O

OH

N
H

H3C CH3
CH3HO
H

Molecular formula C22H23ClN2O8

Molecular weight 478.9
Accurate mass 478.114
pKa

b 3.33/7.55/9.33
pKOW

a �0.68
Water solubilitya (mg mL�1) 0.6
Half-life in watera (h) 4320

a pKOW, water solubility, and half-life values were estimated in water by EPI Suite™ p
b pKa values were measured in water by potentiometric method [29].
available, they were estimated with the EPI Suite (USEPA, 2012).
There was a large difference in the predicted water solubility of
the analytes under study; from 0.6 to 20 mg mL�1. However, the
solubility of chemicals is much higher than the levels detected in
the aquatic environment (Halling-Sørensen et al., 1998; Ternes,
1998). Values of pKOW of the pharmaceuticals range from �2.87
to 0.76, characterizing relatively high hydrophilicity. A hydrophilic
organic chemical was thus easily extracted with the SPE pretreat-
ment in our study.

Tetracyclines consist of a total of 4 rings in a hydronaphtacene
form. Both tetracyclines under study have 3 different pKas depend-
ing on deprotonation of hydroxyl and of dimethylammonium func-
tional groups, and easily can get affected by the solution pH.
Solution pH can result in different forms of tetracycline epimers
(Halling-Sørensen et al., 2002; Søeberg et al., 2004); the presence
of epimers often makes the peaks of tetracycline chromatograms
split in an LC analysis, which was also observed in our study.
3.2. Chromatogram from analysis of sulfonamides and tetracyclines

A chromatogram and a mass spectrum for a mixture of sulfona-
mides and tetracyclines are presented in Figs. 1 and 2, respectively.
Peaks of sulfathiazole, sulfamethazine, and sulfamethoxazole were
observed at the RTs of 1.72, 2.04, and 2.35 min, respectively (Fig. 1).
Peaks of oxytetracycline and chlortetracycline subsequently occurred
at the RTs of 3.53 and 4.05 min. On the other hand, the peak of the
internal standard, terbuthylazine was detected at the RT of
2.10 min (Fig. 1). As shown in the figures, all the peaks for the com-
pounds are very clear except for chlortetracycline; which was split
into two. A split of chlortetracycline chromatogram is not uncommon,
since chlortetracycline reference materials often contain epimers
(Lindsey et al., 2001). Therefore, chlortetracycline concentration
was determined with the total area of the two split peaks.

Nonetheless, each of target compounds could be easily ionized
to a [M + H]+ form using the ESI probe (Fig. 2).
Sulfamethazine Sulfamethoxazole

H2N

S
N
H

O O

N

N

CH3

CH3

H2N

S
N
H

O O
ON

CH3

C12H14N4O2S C10H11N3O3S
278.3 253.3
278.084 253.052
7.4 6.9
0.76 0.48
11.3 3.9
900 900
Oxytetracycline

NH

OH

OH O

OH

OH

H

OH
O

N

O

CH3H3C

H
CH3

2

HO

C22H24N2O9

460.4
460.148
3.22/7.46/8.94
�2.87
1.4
1440

rogram.
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3.3. Development of calibration curves for antibiotics

Prior to the determination of sulfonamides and tetracyclines in
real animal wastewater samples, the calibration curves of the
chemicals were prepared. The calibration curve for each analyte
was performed within the concentration range of 10–1000 lg L�1,
and is presented in Fig. 3. All the curves show good linearity within
the calibration ranges (R2 > 0.99), which indicate that the newly
developed method can be reliably applied to the quantitation of
sulfonamides and tetracyclines in wastewater samples.



Table 2
Result from recovery test of proposed method (n = 10).

Compounds Fortified
level

Recovery
efficiency

Average
recovery

Standard
deviation

RSD
(%)
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3.4. Determination of method detection limits

For the determination of MDLs of the proposed method for sul-
fonamides and tetracyclines, a total of 7 samples were prepared
with WWTP effluent samples, each of which was added with stan-
dard sulfonamides and tetracyclines to the final concentration of
0.2 lg L�1. The samples were then analyzed with the proposed
method to calculate MDLs. The obtained MDLs for the compounds
were within the range of 9–25 ng L�1. For comparison, the more
conventional quantitation method using an LC–MS/MS consisting
of an LC (LC-20A, Shimadzu, Kyoto, Japan) and a triple quadruple
mass spectrometer (API-3200, AB-Sciex, MA, USA) was applied,
and similar or slightly higher MDL values (i.e., 10–34 ng L�1) were
obtained. The MDLs obtained with the LC-IT–ToF/MS were also
compared with those reported by others. Karthikeyan and Meyer
(2006) utilized an LC–MS to quantitate sulfonamides and tetracy-
clines in the effluent of a WWTP. The MDLs of their method for
the compounds were all within the range of 50–100 ng L�1, which
are about four times higher than those determined using our meth-
ods. Those of USEPA’s method using an LC–MS/MS system for
stream water samples were 0.4–2.1 ng L�1 (USEPA, 2007). How-
ever, the method proposed by Yang et al. (2005) showed slightly
higher MDLs; i.e., 30–70 ng L�1. They used an LC–IT-MS system
to analyze 5 sulfonamides and 6 tetracyclines in river samples.
Considering that the MDLs of the developed method in our study
were estimated with WWTP effluent samples and the concentra-
tion levels of the analytes frequently detected from surface waters
are within the range from 10 to 500 ng L�1 (Ternes, 2006), the ana-
lytical method will be readily applicable to the quantitation of the
target analytes in surface water samples.
(lg L�1) (%) efficiency
(%)

(lg L�1)

Sulfathiazole 4.0 94–102 98 2 3
1.0 81–102 89 6 7

Sulfamethazine 4.0 110–117 113 2 2
1.0 89–98 94 3 3

Sulfamethoxazole 4.0 92–108 104 5 5
1.0 63–81 73 6 9

Oxytetracycline 4.0 96–114 107 8 7
0.4 68–82 76 7 9

Chlortetracycline 4.0 98–105 101 4 4
0.4 85–118 104 13 13
3.5. Determining recovery efficiency of proposed method

For evaluating the recovery efficiency of the proposed method,
standard sulfonamide and tetracycline materials were mixed with
WWTP effluent samples. In summary, average recovery efficiency
of the method for sulfonamides fortified in the effluent samples
at 1.0, and 4.0 lg L�1 was 73–95%, and 89–104%, respectively,
while that of the method for tetracyclines fortified at 0.4, and
4.0 lg L�1 was 76–104%, and 101–107%, respectively (Table 2).
R2 = 0.9995
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The reproducibility of the proposed method for each compound
was within 10% except for chlortetracycline at the low level (Ta-
ble 2). For comparison, the average recovery efficiency and repro-
ducibility for the effluent samples at 4.0 lg L�1 obtained using an
LC–MS/MS in our laboratory were 105%, and 4%, respectively.
3.6. Analysis of sulfonamides and tetracycline in samples collected
from livestock WWTP

Concentrations of sulfonamides and tetracyclines in water sam-
ples collected from each unit process of a WWTP for livestock
wastewater were determined using the developed method. The re-
sults from the analysis of the effluent from each unit process of the
plant using the proposed method are summarized in Table 3. All
five target chemicals were detected from each unit process. Sulfat-
hiazole and sulfamethazine were detected at concentrations more
than 30 lg L�1 in the 1st denitrification process (r in Fig. SI-2),
while sulfamethoxazole was less than 1 lg L�1. In the case of tetra-
cyclines, the concentration of chlortetracycline (i.e., 4.0 lg L�1)
was higher than that of oxytetracycline (i.e., 0.8 lg L�1). Interest-
ingly, the levels of sulfonamides and tetracyclines in the first and
the second biological processes (i.e., r through v in Fig. SI-2)
did not change much except sulfathiazole and sulfamethazine;
indicating they are quite resistant to biological processes. In the
Tetracyclines, µg mL-1 
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Table 3
Concentrations of sulfonamides and tetracyclines in samples collected from livestock WWTP (unit: lg L�1, n = 3).

Sulfathiazole Sulfamethoxazole Sulfamethazine Oxytetracycline Chlortetracycline

1st Denitrification 34.3 (±1.7) 0.2 (±0.0) 41.8 (±2.2) 0.8 (±0.0) 4.0 (±0.7)
1st Nitrification 31.9 (±1.3) 0.4 (±0.0) 49.5 (±2.7) 0.2 (±0.0) 4.1 (±0.5)
Sedimentation 22.9 (±0.8) 0.3 (±0.0) 38.9 (±1.3) 1.1 (±0.0) 4.0 (±0.6)
2nd Denitrification 8.7 (±0.2) 0.1 (±0.0) 24.1 (±1.9) 0.2 (±0.0) 3.4 (±0.4)
2nd Nitrification 7.8 (±0.3) 0.1 (±0.0) 20.5 (±1.4) 0.9 (±0.0) 4.0 (±0.5)
UF treatment 5.1 (±0.2) 0.1 (±0.0) 12.4 (±1.1) 0.1 (±0.0) 0.2 (±0.0)
Effluent 0.4 (±0.1) 0.0 (±0.0) 0.8 (±0.2) n.d.a (±0.0) 0.1 (±0.0)

a n.d.: not detected.
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second biological processes, the levels of sulfathiazole and sulfa-
methazine were lowered to about half of those observed in the first
denitrification process.

Significantly, more than 97% of sulfonamides and tetracyclines
detected in the very first process could be removed while they
underwent through the whole treatment processes of the WWTP.
Each unit process contributed to the removal of sulfonamides;
their concentration was gradually decreasing at each unit process.
Noticeably, sulfonamides were effectively removed in the coagula-
tion/sedimentation process, indicating dissolved sulfa-chemicals
were well adsorbed onto activated carbons. Adams et al. (2002)
also reported effective removal of sulfonamides from water using
activated carbon. Most tetracyclines were, however, removed by
the UF process. It has been reported that tetracyclines could be re-
moved together with total suspended solids (Kim et al., 2005). Sev-
eral hydroxyl functional groups of tetracyclines (Table 1) might
facilitate these compounds to adhere to the surface of suspended
solids. Importantly, it was confirmed that the proposed analytical
method could be applied to a study on fates of the target analytes
in an animal WWTP.
4. Conclusions

The developed method using a high resolution LC-IT–ToF/MS
system could be applied successfully to quantitate residual sulfon-
amides and tetracyclines in samples from an animal WWTP. The
calibration curves developed with this method showed a good lin-
earity (R2 > 0.99) for all the target antibiotics. The MDLs and recov-
ery efficiencies of the method, determined for the selected analytes
in effluent samples, collected from a domestic WWTP, were 9–
25 ng L�1, and 73–113%, respectively, which were equal to or bet-
ter than those obtainable with a conventional LC–MS/MS system.
The MDLs and recovery efficiencies of the proposed method were
comparable to those obtained with conventional methods using
an LC–MS/MS for stream water samples. The developed method
showed the removal of more than 97% of sulfonamides and tetra-
cyclines in the treatment processes for livestock wastewater. The
potential benefit of the developed analytical method using LC-IT–
ToF/MS system includes qualitative analysis of intermediates from
any degradation reaction involving antibiotics. Therefore, the
method can contribute to the design of a process to monitor resid-
ual sulfonamides and tetracyclines from wastewater by potentially
evaluate fates of the target compounds.
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