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ABSTRACT

In this study, the fate of four common anti-inflammatory drugs (ketoprofen, naproxen, diclofenac and ibuprofen) within
a wastewater treatment plant was investigated. A previously developed direct hollow fiber liquid phase microextraction
method was applied to water as well as sludge samples collected from the primary, secondary and tertiary treatment
respectively and the final analysis was performed by liquid chromatography quadropole time of flight tandem mass
spectrometry. Enrichment factors ranged from 1400 to 3900 times depending on analyte and matrix. Method detection
limits ranged from 0.3 to 14 ng/L for the different analytes and matrices. The overall sludge removal was 9%, 3%, 13%
and 1% for ketoprofen, naproxen, diclofenac and ibuprofen respectively, thus indicating that of the studied compounds,
ketoprofen and diclofenac to the largest extent partition into the sludge. For both substances, the largest fraction was
found in secondary sludge (60% and 80% respectively of the total amount detected in the sludge). For naproxen and
ibuprofen, the largest fraction were on the other hand detected in primary and tertiary sludge respectively, indicating
that the affinity to the different sludge types might vary among the four drugs. The overall low sludge removal confirms
existing theories that partitioning into sludge is only a minor removal mechanism for the investigated compounds. Nev-
ertheless, naproxen and ibuprofen are still efficiently removed from the water during treatment (100% and 97 % total
removal respectively) suggesting that these compounds are highly susceptible to biodegradation while ketoprofen and
diclofenac (66% and 67% total removal respectively) appear more persistent.
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1. Introduction reach WWTPs [8-10]. The fate of these compounds dur-
ing the wastewater treatment process thereby becomes a
key factor governing to what extent and via which path-
ways they are released into the environment. If the re-
moval from the water is incomplete during treatment,
pharmaceuticals will be released into the aquatic recip-
ent [8] and if significant partitioning into the sewage
sludge occurs, they might end up in the terrestrial envi-
ronment via the application of sludge as a fertilizer onto
farmland [8,11].

The overall removal of NSAIDs during wastewater
treatment has been investigated in a number of studies,
some of which are summarized in Table 1. In general,

Nonsteroidal anti-inflammatory drugs (NSAIDs) is a
group of pharmaceuticals characterized by extensive use
and high detection frequencies in aquatic environments
throughout the world [1-3]. Only in Sweden, approxi-
mately 11 tonnes of ketoprofen, 12 tonnes of naproxen, 8
tonnes of diclofenac and 100 tonnes of ibuprofen were
sold during 2010 [4]. Several studies have shown evi-
dence of adverse effects on aquatic species of these
compounds [5-7]. Today, consensus exists within the
scientific community that the main pathway via which
these substances reach the environment is through mu-

nicipal wastewater treatment plant (WWTP) effluents
since pharmaceuticals consumed and later excreted by
humans will end up in the wastewater stream and thus

“Corresponding author.
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high removal is obtained for ibuprofen and naproxen,
intermediate for ketoprofen and low for diclofenac. It is,
however, evident that there are variations between differ-
ent WWTPs, most likely due to dissimilarities in the op-
erational parameters [12].
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Table 1. Literature values of overall removal efficiences of
NSAIDs in WWTPs applying conventional active sludge
treatment.

Reference
Analyte
(8] [12] [13] [14] [15]
Ketprofen 34%* 86%" 60% n.i. 55%
Naproxen 55%" 93%" 80% 99% 72%
Diclofenac 25%" 57%" 5% 72% 22%
Ibuprofen 83%* 100%° 90% 91% 99%

*Average of five WWTPs. "Average of two WWTPs; n.i. not investigated.

NSAIDs are all acids with pK, values of approxima-
tely 4, which means that they exist more than 90% as
their deprotonated, anionic species in wastewater. The
general assumption is therefore that the contribution of
partitioning into sludge to the overall removal is very
small, partly due to the high water solubility of the ion-
ized species and partly because they are electrostatically
repelled by the overall negative charge of sludge parti-
cles [16,17]. However, up till now, only a few investiga-
tions have been performed to experimentally test this
theory by measurements in the individual primary, sec-
ondary and tertiary sludge collected directly from within
the wastewater treatment process. This is mainly attrib-
uted to the challenges associated with the extensive sam-
ple preparation procedures required for this type of semi-
solid matrices. A few studies have nevertheless been
performed, showing the presence of ketoprofen, napro-
xen, ibuprofen and diclofenac in samples of primary and
secondary sludge from different WWTPs [8,15,18] al-
though not all compounds are found in all samples. In all
cases, extensive sample preparation was required con-
sisting of lyophilisation or air-drying followed by pres-
surized or ultrasonic extraction and finally solid phase
extraction clean-up. However, the amounts present in the
sludge also have to be related to the overall amounts
reaching the WWTP. In a study by Jeli¢ et al., it was
shown that the total mass load of naproxen and ketopro-
fen removed via sludge was more or less zero and for
diclofenac < 5% in three different WWTPs [19]. Sludge
water distribution coefficients (Kg) for ketoprofen, nap-
roxen and ibuprofen in different WWTPs have also been
determined and are presented in Table 2. K4 values <
500 L/kg are considered low and indicate that the parti-
tioning into sludge can be considered negligible [20].
Thus, the reported Ky values in most cases confirm the
theory that only a minor fraction of these compounds are
removed via sludge. However, it also becomes evident
that large variations are seen between different WWTPs
and between different studies and that no clear trend can
be observed when primary and secondary sludge are
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compared. Martin et al. [8] also suggest that the unex-
pectedly high Ky values obtained in their study could be
attributed to a fast biodegradation resulting in low con-
centrations in the aqueous phase rather than a large parti-
tioning into the sludge phases. It is also noteworthy that
to the best of our knowledge, no studies of the partition-
ing of NSAIDs into tertiary sludge have been performed,
most likely due to that tertiary treatment (most often
chemical phosphate precipitation) is a less common prac-
tice in WWTPs.

In a previous study, we developed a hollow fiber lig-
uid phase membrane extraction (HF-LPME) method for
direct extraction of NSAIDs from aqueous suspensions
of digested sewage sludge [21]. With this method, time
consuming preparations, such as lyophilisation, as well
as post-extraction clean up are avoided. The sample is
simply suspended in or diluted with ultra pure water be-
fore the hollow fiber is immersed. The obtained extract
can be directly injected into an HPLC or LC-MS system.
Similar set-ups have been developed also by other re-
searchers for different compounds in digested sewage
sludge although in those cases the sludge is removed
from the suspension prior to the extraction [23,24] or the
purpose of the hollow fiber is mainly to protect a solid
phase microextraction fiber into which the actual extrac-
tion is carried out [25].

The aim of this study was to investigate the fate of ke-
toprofen, naproxen, diclofenac and ibuprofen in a Swed-
ish WWTP, using the previously developed HF-LPME
method.

2. Methods and Materials
2.1. Chemicals and Reagents

Ibuprofen, ketoprofen and naproxen (all 98% pure), am-
monium carbonate (containing 30% - 33% NH;) and
ammonium acetate were obtained from Sigma Aldrich
Chemie GmbH (Steinheim, Germany). Diclofenac so-
dium salt and di-n-hexyl ether was purchased from
Sigma Aldrich Inc. (St Louis, MO, USA). Sulphuric acid
(Trace select for trace analysis, >95%) was obtained
from Sigma Aldrich (Buchs, Switzerland). Methanol
(HPLC gradient grade) was purchased from Honeywell
Speciality Chemicals (Seelze, Germany) and acetic acid
(100%, glacial) from Merck (Darmstadt, Germany). Ultra
pure water from a MilliQ water purification system (Mil-
lipore, MA, Billerica, USA) was used.

Individual analyte stock solutions were prepared in
methanol and mixed working stock solutions containing
1 or 10 mg/L of each of the four analytes were diluted in
ultra pure water. The acceptor buffer consisted of 0.1 M
ammonium carbonate solution at pH 9. Calibration solu-
tions were prepared from the mixed stock solution by
dilution with acceptor buffer.
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Table 2. Literature Ky values (L/kg) of NSAIDs detected in primary and secondary sludge from WWTPs applying conven-

tional active sludge treatment.

Reference [8]

[15] [22]

Primary sludge Secondary sludge

Primary sludge

Secondary sludge  Primary sludge  Secondary sludge

Ketoprofen n.d. 200
Naproxen 15 n.r.
Ibuprofen 79* 17
Diclofenac n.d. 794

226 16 40 200
n.i. n.i 501 n.r.
9.5 0 n.r. 17
194 118 794 794

“average of four WWTPs; n.d. not detected; n.r. not reported; n.i. not investigated.

2.2. Sampling and Studied WWTP

Killby WWTP is situated in the southwestern part of
Lund city in southern Sweden and treats the wastewater
from Lund as well as surrounding villages with a total of
approximately 86,000 people connected [26]. The plant
consists of an initial bar screen, grit removal, primary
settling, secondary conventional active sludge (CAS) treat-
ment with anoxic pre-denitrification and tertiary phos-
phate precipitation with ferric chloride (Figure 1).

For method evaluation experiments, grab sampling of
water and sludge from the different treatment steps was
performed. Samples were homogenized using an Ultra-
Turrax T25 homogenizer from IKA Werke (Staufen,
Germany). Prior to the extraction, the samples were di-
luted with ultra pure water and pH was adjusted to 2 with
concentrated sulphuric acid.

For the final analysis, grab samples were collected of
influent water (In) and water and sludge leaving the pri-
mary treatment (P out and PS) on the 26" September
2011. Samples were homogenized and diluted 10 times

with ultra pure water whereafter the pH was adjusted to 2.

The homogenizer was carefully washed with detergent,
followed by methanol and reagent water between the
different samples to avoid cross contamination. All sam-
ples were extracted within the same week. Grab samples
of water and sludge leaving the secondary (S out and SS)
and tertiary treatment (Out and TS) were collected on the
3 of October 2011 and treated in the same way apart
from that all samples except the secondary sludge were
instead diluted 5 times. The dilution factors were opti-
mized by preliminary experiments. Water and sludge
from the secondary treatment were extracted during the
same week and tertiary sludge as well as effluent water
in the beginning of the following week. Additional sam-
pling of influent water was also performed on the 31* of
January and 18" of February 2013.

2.3. HF-LPME

The extraction procedure was described earlier [21].
Briefly, PP50/280 Accurel® polypropylene hollow fiber
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membranes, wall thickness of 50 um, 0.1 pm pore size
and i.d. of 280 um (Membrana GmbH, Wuppertal, Ger-
many), were cut into 20 cm long pieces, washed in
methanol and air dried prior to the extraction. The lumen
of each fiber was filled with acceptor buffer using a sy-
ringe with 0.3 mm needle diameter (BD Micro-Fine™ +
Demi, Becton, Dickinson and Company, USA). Thereaf-
ter the porous wall was impregnated by dipping the fiber
into di-n-hexyl ether for 1 minute. The fiber was then
quickly immersed into ultra pure water to wash off sur-
plus di-n-hexyl ether. Fresh acceptor buffer was pushed
through the fiber with the syringe to ensure it was totally
filled and the ends were sealed. The fiber was then coiled
into a loop and a piece of copper wire was attached
around it as a weight before it was immersed into the
sample. Extraction was performed under the conditions
optimized in the previous study [21] using 50 mL sample
volume, 4 hours extraction time and stirring at 660 rpm
using a magnetic stirrer (RO10 Power, IKA Werke).

After extraction, the fiber was removed from the sam-
ple, the ends cut open with a scalpel and carefully wiped
off with a Kleenex tissue before an air-filled syringe was
attached to the fiber and the acceptor solution was
pushed out into a 2 mL vial with a pL insert. The volume
of the collected acceptor was determined by weighing the
vial before and after filling it. The volumes were ap-
proximately 10 pL. To increase the volume of the extract
before LC injection to permit duplicate injections if
needed, it was then diluted two times by addition of ultra
pure water and sonicated for a few minutes to ensure
complete mixing before it was injected into the LC-
MS/MS.

2.4. LC-MS/MS Analysis

Analysis was performed on an APl Q-Star Pulsar I
quadropole time of flight mass spectrometer with a Tur-
boion electrospray interface from Applied Biosystems
(Carlsbad, California, USA) coupled to an Ultimate
pump and Famos autosampler originally from LC Pack-
ings (Thermo Scientific, Waltham, MA, USA) and a CSI
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Figure 1. The treatment process at Kiillby WWTP. After passing the screen and grit chamber, the water undergoes primary
treatment (pre-sedimentation), secondary treatment (CAS) and tertiary treatment (chemical phosphate precipitation). Sam-
pling points for the study (abbreviations in bold) are marked with stars.

6150 vacuum degasser (Cambridge Scientific Instru-
ments, Cambridge, UK). The injection volume was 4 pL
and the injection was performed in pL pick-up mode.

Chromatographic separation was performed on an
XDB C-18 column (particle size 5 pm, 4.6 x 140 mm)
protected by a Security Guard KJ0-4282 pre-column with
Cyg sorbent from Phenomenex (Torrance, CA, USA). The
mobile phase liquids employed were 10 mM ammonium
acetate (adjusted to pH 4 with 100% acetic acid) and
100% methanol. Gradient elution was performed, starting
with 70% methanol and increasing to 95% in 3.5 min
followed by isocratic elution to 10 min and return to ini-
tial conditions in 1 min. An equilibration time of 5 min
was used prior to next injection. Prior to each analysis
batch of sample extracts, a standard solution of 500 pg/L
was injected several times to determine the instrument
repeatability followed by injection of six standard solu-
tions with concentrations of 0, 250, 500, 1000, 1500 and
2000 pg/L respectively for construction of a calibration
curve.

For the MS/MS analysis the ion spray voltage was set
to —4500 V and the ion source temperature to 400°C. Fo-
cusing potential and declustering potential 2 were set to
—220 and —10 V respectively and a collision gas setting
of 5 units was used. Other parameters were optimized for
each target ion and are presented in Table 3.

2.5. Standard Addition and Calculations

The theory behind HF-LPME from aqueous samples has
been extensively reviewed elsewhere [27-29]. In short,
the principle for extraction of acidic analytes, such as
NSAIDs, is based on acidification of the sample to pro-
tonate the analytes. These thereby become uncharged and
diffuse via an organic solvent immobilized in the porous
wall of a polypropylene hollow fiber into a basic accep-
tor solution held in the lumen of the fiber. In the acceptor,
the analytes are deprotonated and hence charged which

Copyright © 2013 SciRes.

Table 3. Analyte dependent mass spectrometry parameters.

MS/MS parameters
Analyte Collision  Declustering  Precursor  Product
Energy (eV) Potential (V) ion ion
Ketoprofen -12 —40 253 209.10
Naproxen -10 —20 229 185.10
Diclofenac -10 -20 294 250.02
Ibuprofen -10 -20 205 106.13

means that they cannot diffuse back through the solvent
and are thereby trapped. The extraction can be evaluated
based on the enrichment factor, E,, (Equation (1)) where
Cs is the initial concentration in the sample and c, is the
measured concentration in the acceptor after the extrac-
tion.

E, == (1)

Extraction from suspensions of solid and semi-solid
matrices is a rather new development and requires a
somewhat different quantification procedure since two
interconnected equilibria exist, presented in Equation (2)
where Apoung is the analyte sorbed to the solid particles or
associated with dissolved organic matter in the sample,
Agiss 1s the freely dissolved analyte in the sample and Ay
is the analyte extracted into the acceptor.

Abound = Adiss - Aext (2)

In an earlier study, a modified standard addition ap-
proach for the quantification of extractable analytes in
such systems was developed and discussed [21]. The
same approach was applied in this study. For each matrix,
50 mL samples were spiked with 0, 0.25, 0.50 and 0.75
ug/L of each analyte (n = 3) prior to extraction. The
measured concentration in the acceptor was then plotted
versus the concentration added to the sample and the
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initial concentration in the sample was determined as the
intercept of the obtained regression line with the x-axis.
Matrix specific E, values were determined as the slope of
the regression line for each single analyte and matrix. By
comparison with pressurized hot water extraction it was
earlier shown both for NSAIDs [30] and for antidepres-
sants [31] in digested sludge that the HF-LPME extrac-
tion technique gives results equivalent with exhaustive
extraction.

The limit of detection (LOD) and limit of quantifica-
tion (LOQ) of the chromatographic analysis were esti-
mated as 3 and 10 times the baseline noise, respectively.
The overall method detection limit (MDL) was then de-
termined by division of the LOD with E, for each spe-
cific matrix.

3. Results

The applied HF-LPME method provided enrichment
factors >1000 times for all matrices and analytes (Figure
2).

The LOD values for ketoprofen, naproxen, ibuprofen
and diclofenac were 2, 17, 17 and 20 pg/L respectively,
and the LOQ values 3.3 times higher. The linearity of the
standard addition curves and the overall method detec-
tion limit (MDL) for each analyte and sample are pre-
sented in Table 4. Concentrations in each sample were
calculated from the standard addition curves and are pre-
sented together with flow data from the WWTP for the
sampling dates in Table 4.

The calculated concentrations were then multiplied by
the current flow of the different sludge and water streams
to obtain the load of each analyte in g/day. The flow-
corrected amounts of the four NSAIDs found in each
sample are presented in Figure 3. The relative standard
deviation of the calculated amounts ranged between 7%
and 16%. An example of a standard addition curve (ke-
toprofen in influent water) is presented in Figure 4.

m ;gg E i W K etoprofen
L & Naproxen
2000 E | E B Diclofenac
1500 E 8 3 Tbuprofen
ool I
soof [}

Figure 2. Enrichment factors (E.) for the different analytes
and samples. In the PS and P out samples, no ibuprofen was
detected. Due to instrumental errors, enrichment factors
could not be calculated for S out. Error bars denote the
standard deviation (n = 3).

Copyright © 2013 SciRes.
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Figure 3. Detected amounts of the four NSAIDs in the dif-
ferent phases in the wastewater treatment process. Error
bars denote the standard deviation (n = 3). In the PS and P
out samples, no ibuprofen was detected.
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Figure 4. Standard addition curve for ketoprofen in influent
water diluted 10 times with the added concentrations of 0,
0.25, 0.50 and 0.75 pg/L. Error bars denote the standard
deviation (n = 3).

The obtained values were applied for calculations of a
mass balance for each analyte, which is presented in Fig-
ure 5. This was performed by division of the flow cor-
rected amount in each sample with the amount present in
influent water. Percentage values are rounded off to the
nearest integer.

A comparison of the detected concentrations in influ-
ent water between the 26™ September 2011 and 31%
January as well as 18" February 2013 is presented in
Figure 6.

4. Discussion

This study shows the presence of all four NSAIDs in the
WWTP influent at all three sampling occasions with the
highest amounts detected of ibuprofen in all cases. This
is in accordance with the sales data, showing that ibu-
profen is the most heavily consumed of the four NSAIDs
in Sweden.

Regarding the overall removal, a similar pattern is ob-
served as in previous studies, i.e. ibuprofen and naproxen
express high removal efficiencies (97% and 100% re-
moval respectively) whereas diclofenac and ketoprofen
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Table 4. Performance of the method for quantification of analytes in the samples expressed as the linearity of the standard
addition curve (R?), the determined initial concentration in each sample (C;) and the overall method detection limit (MDL).
Data based on standard addition with the spiking concentrations 0, 0.25, 0.50 and 0.75 pg/L, triplicates analyzed for all con-
centrations for all matrices.

Analyte Matrix
In PS P out SS S out TS Out
Ketoprofen
Linearity(R?) 0.979 0.972 0.935 0.897 0.960 0.824 0.952
ci (ug/L) 2.4 22 0.8 3.0 0.4 1.9 0.8
Flow (m’*/day) 23,174 352 24,708 930 23,967 950 23,017
MDL (ng/L) 0.6 0.8 0.6 1.1 0.3 1.3 0.8
Naproxen
Linearity(R%) 0.980 0.834 0.676 0.964 0.977 0.776 0.988
ci (ng/L) 8.2 10.6 5.6 0.36 0.19 L5 0.03
Flow (m’/day) 23,174 352 24,708 930 23,967 950 23,017
MDL (ng/L) 4.4 6.5 6.0 5.9 2.1 11.5 6.1
Diclofenac
Linearity(R%) 0.965 0.971 0.969 0.905 0.970 0.036 0.971
ci (ug/L) 0.30 0.24 0.20 0.78 0.30 0.14 0.10
Flow (m’/day) 23,174 352 24,708 930 23,967 950 23,017
MDL (ng/L) 7.3 4.8 5.9 10.8 2.4 7.6 6.2
Ibuprofen
Linearity(R%) 0.783 dan .d.n 0.977 0.922 0.817 0.933
ci (ug/L) 14.8 dan .dn 0.04 9.6 72 0.38
Flow (m’/day) 23,174 352 24,708 930 23,967 950 23,017
MDL (ng/L) 7.0 .d.n. .d.n 6.7 43 14.3 8.4
Ketoprofen 60 g/day Naproxen 200 g/day
e T
OPrim. sludge (1%) \ OPrim. sludge (2%)
mSec. sludge (5%) mSec. sludge (02%)
oTert. sludge (3%) aTert. sludge (1%)
BEffluent (34%) BEffluent (0.4%)
OTransform. (57%) oTransform. (97%)
Diclofenac 10 g/day Ibuprofen 350 g/day
e T

OPrimary sludge (1%)
mSec. sludge (10%)
aTert. sludge (2%)
BEffluent (33%)

oTransform. (55%)

OPrim. sludge (0%)
mSec. sludge (001%)
@Tert. sludge (1%)
mEffluent (3%)

oTransform. (96%)

Figure 5. The fraction of the different NSAIDs present in the influent detected in the different sludge phases and the effluent
respectively. The fraction not detected in the sludge or the effluent is considered to be transformed into other compounds. All
values > 1 % are rounded off to the nearest integer.
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Figure 6. Detected concentrations in the influent in Sep-
tember 2011 as well as January and February 2013. Error
bars denote the standard deviation (n = 3).

are removed to a lesser extent (67% and 66% respec-
tively). Thus, ketoprofen is the most abundant substance
in the effluent (19 g/day) even though naproxen and ibu-
profen are both present in much higher amounts in the
influent water.

Two major removal mechanisms are present in a
WWTP: a) partitioning into sludge, and b) biological
transformation or degradation [32]. The results obtained
in this study confirm existing theories that only a minor
fraction of all four of the NSAIDs reaching the WWTP
partition into and are thus removed via the sludge. In this
work, we wanted to investigate, not only the total sludge
removal, but also the partitioning into each individual
sludge type obtained in the investigated WWTP. Primary,
secondary and tertiary sludge possess different physical
as well as chemical properties such as particle size, spe-
cific surface, water content and chemical composition
which could potentially lead to different affinities for the
NSAIDs [33,34]. The results from this study could, how-
ever, not verify such differences. It’s true that for both
ketoprofen and diclofenac, the largest partitioning took
place into secondary sludge (5% and 10% respectively),
but both for naproxen and ibuprofen less than 1% ended
up in the secondary sludge. Thus, secondary sludge can-
not, in general, be considered to possess a higher affinity
for NSAIDs than the other sludge types. The mechanisms
behind sorption of polar ionics to different types of solid
matrices is still not completely understood and the find-
ing that the partitioning into the same sludge type (sec-
ondary sludge) varies between 10% and <1% for the dif-
ferent NSAIDs even though they possess such structural
similarities is highly interesting and should be further
investigated. It is, however, clear that it is not hydropho-
bicity alone, which governs this process. Diclofenac,
which exhibits the largest partitioning into sludge (sec-
ondary sludge as well as total), is also the most hydro-
phobic of the four NSAIDs (log D = 1.77 at pH 7), which

Copyright © 2013 SciRes.

could be considered the explanation for its larger sludge
partitioning. However, ketoprofen has by far the lowest
log D value of the four NSAIDs (0.19), but still ex-
presses a larger sludge partitioning (9% in total) than
naproxen (log D = 0.73, 3% overall sludge removal) and
ibuprofen (log D = 0.94, 1% overall sludge removal)
which contradicts the theory that hydrophobicity alone
governs the sorption process. It has been suggested that
mechanisms such as hydrogen bonding, n-n interactions
and cation bridging also plays important parts in the
sorption of polar ionic substances to different solid ma-
trices although these mechanisms are still not thouroghly
investigated and further studies on this matter are needed
[35]. Log D values for the NSAIDs at pH 7 were ob-
tained from the SciFinder database (© 2006 American
Chemical Society).

The percentage values do, however, not provide the
whole picture due to the large differences in concentra-
tions between the compounds in the influent. When con-
sidering the absolute amounts, the highest detected
amount was found for naproxen in primary sludge (4
g/day) followed by ketoprofen in secondary sludge (3
g/day). Even though only a minor fraction of these com-
pounds partitions into the sludge, detectable amounts are
found of all NSAIDs in at least two of the sludge types.
This corresponds well with previous studies where we
have shown the presence of all four NSAIDs in di-
gested sludge from the same WWTP at the ng/g level at
repated sampling occasions [21,30]. In a previous study,
we have also shown that after six months storage, which
proceeds the application onto farmland, ketprofen and
naproxen are no longer detected in the digested sludge
and the concentrations of diclofenac and ibuprofen are
decreased [36]. When this sludge was used for fertiliza-
tion of wheat and soybean in a greenhouse experiment,
no uptake into crops of neither diclofenac nor ibuprofen
could be detected. However, the toxicity of NSAIDs as
well as other pharmaceuticals to terrestrial organisms is
still to a great extent unkown and since detectable amounts
are present in the final, digested sludge, potential risks to
the terrestrial environment cannot be fully ruled out.

In spite of the small partitioning into sludge, two of the
analytes, naproxen and ibuprofen, were still efficiently
removed during the wastewater treatment and in both
cases the major removal took place during the secondary
treatment, thus indicating an efficient biological degrada-
tion during the CAS process. The degradation is usually
divided into mineralization which denotes the total deg-
radation to inorganic species such as CO,, H,O or HCl
and transformation which describes the incomplete deg-
radation to other organic compounds which could in turn
partition into the sludge or be released via the effluent
[37]. Laboratory batch studies have shown that naproxen
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is degraded during active sludge treatment under the
formation of 0-desmethoxynaproxen (2-(6-hydroxyna-
phtalen-2-yl)propionic acid) which is also a human
naproxen metabolite [38,39]. Further, the formation of
the human ibuprofen metabolites 1- and 2-hydroxyibu-
profen has been shown in similar experiments [38]. Thus
it is likely to assume that these compounds could be
formed during CAS treatment also in real WWTPs and
be released via the effluent. The toxicity of these trans-
formation products are to a great extent still unknown,
although estimations performed by Leinert et al. suggest
that transformation of ibuprofen into its main metabolites
decreases the toxicity towards freshwater organisms [40].
On the other hand, studies have shown that certain pho-
totransformation products of NSAIDs might actually
have a higher aquatic toxicity than the parent compound
themselves [41,42]. Thus, the transformation during
wastewater treatment and potential release of transforma-
tion products into the environment is an important aspect
to study.

The obtained results for ketoprofen and diclofenac
showed only partial overall removal for both of these
substances (approx. 65% overall removal during the treat-
ment). These compounds expressed the largest sludge
partitioning, which means that the low overall removal
must be associated with limited biodegradability. Previ-
ous studies have shown the persistence of diclofenac
during aerobic as well as anaerobic biodegradation ex-
periments [39], although hydroxylated transformation
products have been found in some cases [43]. Quintana
et al. [38] have also shown the formation of two keto-
profen transformation products during active sludge batch
experiments: 3-(hydroxy-carboxymethyl) hydratopic acid
and 3-(keto-carboxymethyl)hydratopic acid.

This study was performed on samples collected from
inside an actual WWTP. The advantage of such a study is
that the behaviour of the substances is studied under real
conditions, which could never be totally mimicked in the
laboratory. However, it also possesses a few disadvan-
tages. The number of sample types analyzed (totally
seven different) provides an overview of the whole water
treatment process, but also reduces the number of repli-
cates possible to analyze due to time limits. This means
that samples are collected for real analysis only once, i.e.
the study will provide a snapshot of the processes in this
specific WWTP at one single occasion. The consumption
of NSAIDs as well as the inflow to the WWTP might
vary over the year. Also samples are collected from the
first steps at one occasion and from the latter ones one
week later based on the assumption that the variation in
concentrations in incoming water is negligible over this
period of time. To test this assumption, additional sam-
pling and analysis of influent water are performed in

Copyright © 2013 SciRes.

January and February 2013. In all three cases, all four
substances are found in the influent in the same propor-
tions. The higher amounts detected in February could be
due to the Swedish flu season, usually peaking at this
time of the year. It is our opinion that the study shows
that sludge removal of NSAIDs is of minor importance
and the major part of the total removal is caused by other
mechanisms, all in agreement with existing theories.

The study also shows that the applied direct HF-LPME
method is applicable for all these matrices. It is cheap,
simple, environmental friendly and results in efficient
enrichment and clean-up. The method provides high en-
richment factors (>1000 times) for even the most com-
plex matrices, such as primary sludge, contributing to its
applicability also on very particulate or even solid sam-
ples. This is also illustrated by the low method detection
limits. Up till now, rather few measurements have been
performed on sludge samples from within WWTPs due
to the complex analytical procedures required. The de-
veloped HF-LPME method can facilitate future meas-
urements in WWTPs to increase the understanding of the
fate of pharmaceuticals as well as other polar pollutants
during wastewater treatment.
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