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Abstract

Nonylphenol polyethoxylates (NPnEOs) constitute a significant portion of the non-ionic surfactant market. The presence of nonylphenol
( nd sewage
t in sewage
s as evaluated
a s than 5%.
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NP) in the aquatic environment is often a product of the microbial breakdown of NPEOs through discharge of industrial effluents a
reatment plants. The aim of this work is to develop the microwave-assisted extraction for the determination of the NP and NPEO
ludge and compare this method with more traditional methods such as Soxhlet extraction and sonication. The method efficiency w
s to the linearity, repeatability, accuracy, and sensitivity. Recoveries were 61.4% for NPEO and 91.4% for NP with repeatability les
he detection limit was 1.82�g/g for NPEO and 2.86�g/g for NP. The developed method was applied on sewage sludge samples f
ewage treatment plants of three Greek cities: Athens, Patras and Heraklion and were ranged 12.8–233.5 mg/kg for NPEO and 3
or NP.
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. Introduction

Nonylphenol ethoxylates (NPEO) are common non-ionic
urfactants (Fig. 1) and are still used in many applications.
n particular, because of their favorable physicochemical
haracteristics. they have been used commercially as emulsi-
ers and solubilizers in pharmaceutical[1] and agrochemical
2] formulations, in cosmetics[3], as well as in various
iotechnological processes[4]. Furthermore, polyethoxy-

ated nonylphenols are used in the industrial production
f cleaning products, textiles, petroleum, pulp and paper
nd pesticides formulation[5]. During biological wastew-
ter treatment they are partially converted to more persistent
nd toxic metabolites (nonylphenol mono or di ethoxylates,

∗ Corresponding author. Tel.: +30 2610 997858; fax: +30 2610 993070.
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NPEO1,2 or nonylphenol NP)[6]. Additionally, NP is a raw
material for the production of NPEO as well as other che
cals such as phosphate antioxidants, modified phenolic r
additives to machine oils and metallurgical oils.

The toxic effect of NPEO metabolites has been attrib
to the ability of these compounds to mimic natural hormo
(estrogens) inducing endocrine disruption of aquatic or
isms[7]. Since NPEOs and their metabolites are discha
to the environment directly or indirectly, through the wast
ater treatment plant effluents, they have been detect
sediments and soil[8,9] and in aquatic organisms[10–12],
raising a significant concern about the long-term impa
these compounds on human health.

In recent years, sewage sludge has been used as an o
fertilizer in agriculture. Current trends in waste mana
ment policies favor land applications (Council Direct
1999/31/EC). It has become clear that organic contamin

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.05.109
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Fig. 1. Chemical structures and acronyms of the target compounds.

like NPEO and NP may accumulate in sludge, especially
during anaerobic processing[13,14]. Therefore, it is impor-
tant to develop methods, which allow routine measurements
of sludge matrices. Usually, the nature and the amounts of
organic contaminants in solid or semi-solid environmental
samples, such as sludges, are determined by an exhaustive
extraction of the target compounds into an appropriate sol-
vent and subsequent analysis of the so-obtained extracts
[15,16]. This approach generally involves the application
of liquid (solvent, or gas) extraction techniques, such as
Soxhlet extraction[17,18], sonication[19,20] microwave
assisted extraction (MAE)[21,22], pressurized liquid extrac-
tion (PLE)[17,23–25]and supercritical fluid extraction (SFE)
[15,26–28].

In spite of important drawbacks, Soxhlet extraction is still
in routine use in many laboratories. The need for low-cost
and less solvent- and time-consuming extraction techniques,
amenable to automation, has generated significant research
effort for the development of new techniques. As a result,
Soxhlet extraction and steam-distillation, used almost exclu-
sively in the 1980s and 1990s, have been partially replaced by
more versatile sonicated extraction systems, and SFE, MAE
and PLE.

Microwave-assisted extraction (MAE) is based on the non-
ionising radiation that causes molecular motion by migration
of ions and rotation of dipoles, without changing the molec-
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Sewage sludge is considered as one of the most difficult
environmental matrices to extract specific compounds from,
because it contains a large variety of contaminants. The main
goal of this work was to develop and optimize the MAE
method for the extraction of NP and NPEO from sewage
sludge samples specifically. The method is quick and suit-
able for the routine determination of NP and NPEO in sludge
samples. It is based on microwave-assisted extraction of NP
and NPEO from sewage sludge, followed by HPLC coupled
with fluorescence detector. The effect of important param-
eters, such as the type of solvent, temperature and pressure
was investigated, in order to achieve the best performance
of the method. The developed method was compared with
other more traditional methods such as Soxhlet extraction
and ultrasonication. Finally, it was applied for the determi-
nation of NP and NPEO concentrations in sewage sludge
samples, originating from different sewage treatment plants
in Greece.

2. Experimental

2.1. Reagents

Analytical standards of 4-nonylphenol (NP) were obtained
from Fluka (74430) and of nonylphenol ethoxylates (NPEO,
x
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lar structure. This technique has several advantages[29].
ne important advantage is that small volumes of solv
re needed for the extraction. Minimization of the requ
xtraction time is another advantage of MAE; as microw
nergy heats the samples and the solvents in a closed
urized extraction vessel, the temperature can be ra
ncreased, allowing the extraction of samples in minute
ontrast with traditional methods, for which hours are nee

Microwave-assisted extraction has been used for the d
ination of triazine and chloroacetanilide herbicides in s

30,31]. There are a few publications reporting the ap
ation of MAE for the determination of pesticides in so
32–35]and plant matrices[36–38], whereas there are on
few reporting the use of MAE for the determination of s

actants in solid samples, mainly soil and sediment[39–42].
icrowave assisted-extraction is a novel method rece
roposed for the extraction of NP and NPEO. To our kno
dge, MAE has not been used for the determinatio
onylphenolic compounds in sewage sludge[39].
-

x

∼ 2) from Aldrich (23,863-5). The standard of NPEOx was
ctually a mixture of homologues with different ethoxy un
hich will be simply referred to further in the present w
s NPEO. All organic solvents were of analytical or HP
rade from Merck. Water was prepared on Milli-Q purifi

ion system (Millipore).

.2. Sample collection and preparation

The sludge samples used for the development o
ethods were from the sewage treatment plant of the
f Patras, Greece. The concentrated secondary sludg
as used for the development of the method was comp
haracterised, some of the most important character
re: TSS: 33.49 g/l, VSS: 25.6 g/l, d-COD: 5208 mg/l
-COD: 36245 mg/l. The methods were also applied for
ypes of sludge: (I) primary, (II) secondary, (III) concentra
rimary and (IV) concentrated secondary. Environme
amples were collected from the sewage treatment pla
hree main Greek cities: Athens, Patras and Heraklion.
TP of Athens (4,000,000 inhabitants) is a new biolog

reatment plant, which treats daily 750,000 m3 of sewage
rom the greater area of Athens and has a nominal
apacity of 1,000,000 m3. The STP in Patras, Western Gre
istrict, serves a population of approx. 180,000 and rec
omestic sewage from Patras and Ovria (a small municip
ear Patras). The annual treated volume is 5.1 Mm3 with
n average influent BOD5 of about 300 mgO2 l−1. Finally,

he STP of Heraklion, Crete, Southern Greece district,
econdary treatment plant (including nitrogen removal)
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chlorine disinfection of the effluent and anaerobic digestion
of the sludge for the production of biogas. The STP of Her-
aklion has a daily capacity of 28,000 m3 and treats mainly
domestic discharges from the city of Heraklion (150,000
inhabitants).

The samples were conserved by the immediate addition
of 1% formaldehyde and, when not immediately analysed,
were stored in the dark at 4◦C. Prior to the analysis of the NP
and NPEO, the samples were filtered (10 ml of aliquot were
filtered via 0.7�m) and dried in the oven at 35◦C, and the
resulting solids were grinded. As the compounds of interest
are highly hydrophobic, they are expected to be completely
adsorbed on the solid matrix. Tests had proved that NPEO
and NP are mainly present in the solid fraction and very little
amounts are present in the liquid phase, where after SPE with
HLB cartridges, the concentrations were below the detection
limit.

2.3. Sample extraction

2.3.1. Microwave-assisted solvent extraction
A dried sample (0.03–0.3 g, depending on the type of

sludge sample) was transferred to the PFA Teflon lined extrac-
tion vessel of 100 and 20 ml of solvent were added. Two
different mixtures of solvents were tested: (i) hexane/acetone:
1/1 (v/v) and (ii) dichloromethane/methanol: 3/7 (v/v). The
e tem-
p he
e
a e
e 1 ml,
u n-up
w PLC
w ribed
l d and
t after
fi D.

2
ied

s sol-
v and
a g to
P to
a and
r

2
eex-

t eex-
t rom
t ere
e l for
1 ed to
5 -up”
s

2.3.4. Clean-up
An SPE (solid phase extraction) method was used for

clean-up and preconcentration of extracts, when this was
needed. The sludge extracts were loaded to a Water Oasis
HLB Vac RC 60 mg Extraction cartridge from Waters, which
had previously been conditioned with methanol and HPLC
water. The elution of the compounds was performed by
adding 2 ml× 5 ml of acetonitrile.

2.4. Instrumentation

Microwave-assisted extraction was carried out using a
microwave accelerated reaction system for extraction; model
MARS 5 from CEM (North Carolina, USA). Although this
model is able to extract 14 samples simultaneously in per-
fluoroalkoxy (PFA) copolymer resin Teflon-lined extraction
vessels of 100 ml under the same conditions, the present
work was performed with six samples being extracted at the
same time. A standard Millipore filtration apparatus from
Supelco was used for SPE extraction when needed. The
sonication had been performed in a Vibracell 130 apparatus
of Sonics & Materials, Inc. The HPLC system consisted
of a Star 9010/9001 Solvent Delivery System from Varian
connected with a variable wavelength UV–vis detector
and a Prostar 363 Fluorescence detector, both from Varian.
Chromatographic conditions were different for each group of
c
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xtractions were performed also at various conditions of
erature (100 and 120◦C) and power (600 and 1200 W). T
xtraction time was 17 min (ramp to 100 or 120◦C in 2 min
nd then hold at 100 or 120◦C for 15 min). After cooling, th
xtracts were concentrated to an approximate volume of
sing a rotary vacuum evaporator. In case a further clea
as needed, the extract was redissolved in 100 ml of H
ater and the clean-up procedure was followed, as desc

ater. For our samples, no further clean-up was neede
hus the extract was redissolved in 10 ml acetonitrile and
ltration, 20�l were used for the analysis in the HPLC-F

.3.2. Ultrasonic extraction
Twenty millilitres of solvent mixture were added to dr

ludge and were sonicated for 20 min. Two mixtures of
ents were used, a mixture of hexane/methanol: 1/1
mixture of dichloromethane/methanol: 3/7, accordin

etrovic and Barcelo[20]. The extract was transferred
flask, evaporated to an approximate volume of 1 ml,

edissolved in 10 ml of acetonitrile.

.3.3. Soxhlet extraction
Two grams of dried sludge were transferred to a pr

racted paper thimble. The thimbles were covered with pr
racted cotton in order to prevent transfer of fine powder f
he thimble into the extracting solvent. The samples w
xtracted in a Soxhlet apparatus with 100 mL of methano
8 h. The extracts were evaporated to 5 mL and then dilut
0 mL with water and treated as described in the “Clean
ection.
ompounds.
For the analysis of the NP and NPEO, the chromatogra

eparation was done using a reversed-phase XTerra® RP-18
nalytical column of 250 mm× 4.6 mm and 5�m particle
iameter, preceded by a guard column (20 mm× 3.9 mm) of

he same packing material, both from Waters. The mo
hase started with a 3 min isocratic step at 50% aceton
nd 50% water, followed by a 17 min linear gradient to 6
cetonitrile and 34% water, and another 8 min isocratic
t the final mobile phase ratio. The detection was carrie
sing the fluorescence detector atλex: 222 nm and atλem:
05 nm.

. Results and discussion

.1. Extraction methods

In order to determine the most appropriate method fo
xtraction and the analysis of nonylphenol and nonylph
thoxylates in sludge samples, several preliminary ex
ents were run.
For method selection, a concentrated secondary s

ample, from the STP of Patras, was spiked with a
ure of the test compounds in known concentrations and
nalyzed as described in Section2. A blank (non-spiked
ample was subjected to the same extraction procedure
he spiked sample, in order to quantify the sludge backgr
hich was very low. The extracted amount of the test c
ounds was compared to the amount added in the s
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Fig. 2. Efficiency of different extraction methods: (1) SNC: hexane/acetone:
1/1, (2) SNC: DCM/MeOH: 3/7, (3) MAE: hexane/acetone: 1/1, (4) MAE:
DCM/MeOH: 3/7, (5) Soxhlet: MeOH.

sample and parameters, such as recovery, method detection
limit and repeatability were estimated.

Fig. 2 shows the average recovery percentages obtained
from triplicate analysis with different extraction methods.
The recovery for each analyte was calculated as the ratio
of the measured concentration during the analysis of the
sludge sample over the concentration obtained by direct chro-
matographic injection of equivalent amounts of the standard
mixtures in acetonitrile, multiplied by 100.

As it can be seen, the methods showed different extrac-
tion efficiency. Sonication with hexane/acetone: 1/1 had
the lowest extraction efficiency: 15.1% for the NP and
24.6% for the NPEO. Changing the extraction solvent to
dichloromethane/methanol: 3/7, according to Petrovic and
Barcelo[20], the extraction efficiency was almost doubled
(NP: 30.7% and NPEO: 37.7%).

Higher recoveries were obtained by MAE. Using hex-
ane/acetone: 1/1 as the extraction solvent, the recoveries were
42.8 and 44.1% for the NP and NPEO, respectively. The
change of the solvent to DCM/MeOH: 3/7 had no significant
effect on the recovery of the NPEO (48.9%), but increased
dramatically the recovery of the NP (167.9%). The power
selected was 1200 W and the temperature was 120◦C.

During this study, Soxhlet extraction was also tested, as it
is a standard method for analysis of solid samples, like sedi-
ments and sludge. The recoveries obtained for NP and NPEO
b cov-
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Fig. 3. Efficiency of the MAE with hexane/acetone: 1/1, on the extraction
of the NP/NPEO at different operation conditions.

The increase in extraction power from 600 to 1200 W, at
100◦C, did not have a significant effect on the recoveries
of the target compounds, which ranged between 20 and 28%.
In contrast, increasing the extraction temperature, at 1200 W,
increased the recoveries for both NP and NPEO. The recov-
eries at 100◦C were 21.5 and 26.2% for the NP and NPEO,
respectively, and they almost doubled when the temperature
was increased to 120◦C (NP: 42.8%, NPEO: 44.1%).

It was also noted during this study, that whenever the
sludge was not dried before the extraction, the recoveries of
the MAE at 1200 W and 100◦C were much higher (NP: 67%,
NPEO: 62%). This is consistent with other studies that also
verified the extraction power of water when present at traces
in medium polar solvents[44–46]. Therefore, 1 ml of water
was added to the dried sample and the extraction efficiency
was tested at 100 and 120◦C, and at 1200 W extraction power.
As seen inFig. 3, higher extraction recoveries were obtained
at both 100 and 120◦C compared with the ones without the
water addition. The recoveries of both NP and NPEO were
almost 60%, instead of 21.5 and 26.2%, respectively, when
determined without water addition at an extraction tempera-
ture of 100◦C. The results for the extraction at 120◦C and
1200 W with the addition of 1 ml of water were similar. The
recovery for NP was 91.4% instead of 42.8% without water
and the recovery of NPEO increased to from 44.1 to 61.4%,
respectively.

ture
o
t O in
t were
o
p EO
o 0
a sig-
n EO
( tage
o oba-
b the
s ly be
a cted
s wer.
y Soxhlet were 66.2 and 87.7%, respectively. These re
ries are comparable with those reported by other aut
.g. Shang et al. 65–93%[43] and Croce et al. 79–82%[40].

.2. Optimization of MAE

Several experiments were run, in order to determine
ptimal conditions of MAE that result in high recovery of
nalytes from sludge, with the least requirements in po
nd temperature.

Two different extraction mixture solvents (DCM/MeO
/7 and hexane/acetone: 1/1) were tested under various
tion conditions.Fig. 3 shows the recovery percentag
btained by MAE using hexane/acetone: 1/1 as the ex

ion solvent at different extraction powers and temperat
-

Similar experiments were performed using a mix
f DCM/MeOH: 3/7 as extraction solvent.Fig. 4 shows

he recovery percentages obtained for NP and NPE
hree different operating conditions. The poorest results
btained when the temperature was set at 100◦C and the
ower was at 600 W, with recoveries for both NP and NP
f about 50%. Increasing the extraction temperature to 12◦C
nd the extraction power to 1200 W did not lead to a
ificant change in the efficiency of the extraction of NP
48.9%), but increased dramatically the recovery percen
f NP (168%), a number exceeding 100% attributed pr
ly to the co-extraction of other compounds, contained in
ludge. This dramatic increase in recovery can probab
ttributed to the enhanced extraction efficiency of the sele
olvent, exhibited at high temperature and extraction po
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Fig. 4. Efficiency of the MAE with DCM/MeOH: 3/7, on the extraction of
the NP/NPEO at different operation conditions.

The addition of 1 ml of water under the same conditions did
not have an important effect on the efficiency of extraction
(NP: 138%, NPEO: 53%) and thus this mixture of solvents
for the MAE was rejected, as it was shown that the extraction
was too strong and it was not possible to achieve a satisfactory
separation of NP from the other compounds.

As it is apparent from the above discussion, the best results
were achieved using hexane/acetone: 1/1 as the extraction
solvent with the addition of 1 ml of water to the dried sample
at 120◦C and 1200 W.

3.3. Method performance

The performance of the method was evaluated through
the estimation of the linearity, repeatability and sensitiv-
ity, according to Standard Methods[47]. For quantification,
five-point calibration curves were constructed, using a least-
square linear regression analysis, from the HPLC-FD analysis
of standard solutions of NP/NPEO in acetonitrile at concen-
trations ranging from 0.1 to 5�g/ml. The calibration curves
were linear with correlation coefficients (R2) higher than
0.999 for both target compounds (seeTable 1).

The overall method repeatability, calculated as the rela-
tive standard deviation (RSD) of the replicate (n= 6) analysis
of secondary sludge spiked with a standard mixture of the
a al-
u ively
(
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n cases
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s
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N

we had to use it. Two different volumes of extraction sol-
vent were tested 5 and 10 ml. In both extraction volumes the
recoveries were above 70% for both NP and NPEO. Slightly
higher were the recoveries with 10 ml of extraction solvent,
about 90%.

The limits of detection (LOD) and quantification (LOQ)
of the method were experimentally estimated from the anal-
ysis of secondary sludge at the minimum concentration of
each analyte, giving a signal to noise ratio of 3 and 8,
respectively. As shown inTable 1, the LODs obtained for
NP and NPEO were 2.86 and 1.82�g/g d.w., respectively,
using an injection volume of 20�l. In case a bigger loop
(during this study we could inject up to 100�l) was used,
these concentrations could be much lower. The LOQs, which
were approximately 2.7 times higher than the corresponding
LODs, were determined 7.72 and 4.90�g/g d.w. for NP and
NPEO, respectively. Although the minimum concentrations
that can be detected are relatively high, compared with the
ones reported using different methods, during this study the
concentrations determined were rather high, and so we did
not try to improve detection limits further. It should also be
noted that the LODs determined in the water samples were
55 and 35�g/l for NP and NPEO respectively.

3.4. Environmental samples
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EO,
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3 kg in
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d tions
w tains
p n of
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both
N atras
nalytes at 13.7�g/g d.w., was satisfactory, with RSD v
es of 4.69 for the NP and 3.62 for the NPEO, respect
Table 1).

Although for most samples, no further clean-up
eeded, the recovery of SPE was determined for the

able 1
inearity of the calibration curves (R2), repeatability as relative standa
eviations (RSD), and limits of detection (LOD) and quantification (LO
haracterizing the MAE-HPLC-FD analysis of the target compound
ludge

R2 Repeatability
(%RSD)

LOD
(�g/g d.w.)

LOQ
(�g/g d.w.)

LOD
(�g/l)

P 0.99 4.69 2.86 7.72 55
PEO 0.99 3.62 1.82 4.90 35
The developed analytical method was used to monito
resence of NP and NPEO in sludge samples collected
ifferent sewage treatment plants and to evaluate the fa

hese compounds at different stages in a particular se
reatment plant, that of the city of Patras, in order to eval
he removal efficiency of the treatment applied.

Table 2lists the concentrations of NP and NPEO obtai
n this study at the different sewage treatment plants an
haracteristics of each STP. The use of NPEO in the G
ousehold detergent formulation is evident, despite the

hat its use has been discontinued in many countries, be
f the toxicity of their biodegradation products[48], The
ighest concentrations were determined in the primary sl

rom the STP of Heraklion (233.5 mg/kg) and the lowes
he secondary sludge at the STP of Patras (12.8 mg/kg)

Nonylphenol, the main degradation product of NP
as detected in all samples at concentrations ranging
.6 mg/kg in the secondary sludge from Patras to 93 mg/

he primary sludge from Heraklion. As it is well known, t
oncentration level of these xenobiotics in the sludge dep
n various factors, such as the discharge of industrial wa
ters in the STP influent, the population size of the area b
erved by the STP, and the type of sludge, i.e. wheth
s primary, secondary, mixed, composted or anaerobi
igested. It was no surprise that the highest concentra
ere detected in the primary sludge, as this sludge con
articulate organics that serve well as a matrix for retentio
dsorbed xenobiotics, especially the most hydrophobic

Another observation was the higher concentrations of
P and NPEO measured in the sludge from the STP of P
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Table 2
Characterization of sludges from different STPs and the levels of the NP/NPEO determined on these samples

Parameter (type of sludge) Athens (07/2004)
(concentrated primary)

Heraklion (07/2004)
(primary)

Patras (02/2004)
(concentrated secondary)

Patras (07/2004)
(concentrated secondary)

TSS (g/l) 53.8 24.1 39.6 39.1
TS (g/l) 55.8 30.0 44.3 46.6
VSS (g/l) 33.3 15.7 26.9 24.7
VS (g/l) 34.4 19.5 30.1 31
d-COD (mg/l) 875.3 1290 980 1100
Total-COD (g/l) 30.9 34.1 34.8 35.5
Alkalinity (mgCaCO3/l) 1750 1875 4500 5062
pH 6.32 6.68 6.8 6.83

NP (mg/kg) 27.6 93 59 3.6
NPEO (mg/kg) 90.5 233.5 45 12.8

during winter, compared with the ones determined during the
summer of the same year (last column ofTable 2). This could
indicate a seasonal variation on the profile of the concen-
trations of the nonylphenolic compounds, although further
monitoring is needed in order to come to a confident conclu-
sion.

Although there are numerous reviews and research
papers that have reported concentrations of nonylphenol and
nonylphenol ethoxylates, this information concerns the envi-
ronmental fate of these compounds mostly in water, sed-
iments or soil and little is known about their occurrence
in sludge. Additionally, as the presence of the NP/NPEO
depends on various factors, as mentioned above, and on many
occasions these factors are not reported, the comparison of
the results becomes a rather difficult if not impossible under-
taking.

Generally, the measured concentrations were relatively
high, but comparable with some that have been reported
previously. Petrovic and Barcelo[20] determined NP and
NPEO in dehydrated sludge from various STPs at the
region of Catalunya, in Spain (NP: 172–601 mg/kg, NPEO:
21–135 mg/kg), at Porto, Portugal (NP: 234 mg/kg, NPEO:
2.1 mg/kg) and at Dresden, Germany (NP: 25.5 mg/kg,
NPEO: 21 mg/kg). De Voogt et al.[49] determined NP lev-
els of: 6.822�g/g and NPEO: 40.16�g/g in a sludge sam-
ple from an industrial wastewater treatment plant in the
N the
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t
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ent
t . The
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p ed
f the

Table 3
The effect of the treatment on the presence of the NP/NPEO, in the STP of
Patras

NP (mg/l) NPEO (mg/l)

Influent of STP 0.56 0.074
Influent to activated sludge 0.44 0.057
Concentrated activated sludge (mg/kg TS) 1.28 2.69
Dehydrated sludge <LOD <LOD
Effluent of STP <LOD <LOD

<LOD: below the method detection limit.

influent to the secondary treatment stage (activated sludge).
A significant decrease in the concentrations was observed
during the aerobic treatment; the concentration of NP from
476 mg/kg TS (corresponded to 0.44 mg/l) to 1.28 mg/kg TS
and the concentration of NPEO from 61.5 mg/kg TS (corre-
sponded to 0.06 mg/l) to 2.7 mg/kg TS, leading to an almost
100% removal of these compounds in the concentrated sec-
ondary sludge. This is in agreement with previous studies
[51,52], where it was reported that both NP and NPEO are
degraded under aerobic conditions. Finally, at the dehydrated
sludge as well as in the STP effluent, the concentration of both
NP and NPEO was below the detection limit of the method.

4. Conclusions

Microwave assisted extraction (MAE) extraction for deter-
mination of NP and NPEO in sewage sludge was devel-
oped and optimized. Various conditions were tested in order
to obtain the maximum sensitivity and selectivity. This
study allowed optimization of the extraction conditions: hex-
ane/acetone: 1/1 as extraction solvent with the addition of
1 ml of water to the dried sample at 120◦C and 1200 W. The
developed method provides good performance in terms of
precision, linearity, LODs and LOQs.

The comparative study with Soxhlet and sonication meth-
o trac-
t age
s

dif-
f e fate
etherlands, which are relatively low, compared with
nes reported by Petrovic and Barcelo and the conce

ions determined during this work. Another example is f
jergmarken STP, a plant for Roskilde (Denmark), wh

he concentrations of the NP and NPEO1–2 were 0.675
nd 23.723 mg/kg, respectively[50]. The occurrence of th
onylphenolic compounds in Southern Europe at higher
entrations compared with the ones reported in Nort
urope is in agreement with the fact that, in Northern Eur

he use of NP and NPEO was forbidden several years a
During this work, the fate of NP and NPEO at differ

reatment stages within the same plant was also studied
rofile followed by the measured concentrations along
lant is illustrated inTable 3. A slight decrease was observ

or both NP and NPEO from the influent of the STP to
ds demonstrated that MAE is a suitable alternative ex
ion method for NP and NPEO determination in sew
ludge.

The method was applied on real sewage sludge from
erent STPs in Greece and also was used to study th
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of NP and NPEO in the various stages of the wastewater
treatment in the STP of Patras. The analysis of sludge from
the different STPs showed that the concentrations of NP and
NPEO ranged between 12.8 and 233.5 mg/kg for NPEO and
between 3.6 and 93 mg/kg for NP. The study for the fate of
NP and NPEO in the STPs indicates aerobic biodegradation
of these compounds.
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