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bstract

The LUMISTox® toxicity test was employed to assess the removal of municipal wastewater toxicity during the biological treatment with
ctivated sludge in the wastewater treatment plant of Thessaloniki, Greece. Possible associations of toxicity data with chemical parameters of
rganic pollution of wastewaters, namely BOD5, COD, DOC, SS and persistent organic pollutants (POPs) were also investigated. Toxicity and
hemical parameters were concurrently measured at three sampling points of the treatment plant, the entrance of the unit (raw wastewater, RW),
he effluent of the secondary sedimentation tank (SSE), and the final sewage sludge (FS).

Substantial reduction of toxicity was observed from RW to SSE (mean ± S.D. of bioluminescence inhibition 36 ± 9.4% and 13 ± 4.0%, respec-
ively) indicating removal of toxicants during primary and secondary clarification, also suggesting that a large part of the toxicity measured is
ttributed to the biodegradable fraction of the organic content of wastewater.

Significant positive correlations were observed between % inhibition values and wastewater parameters (BOD, COD, SS). In sludge, correlations
ere in general poor. Negative strong correlation was observed between EC20/15 and TOC suggesting that the organic content of sludge contributes
o the toxicity measured. Toxicity was positively correlated with the concentrations of certain POPs in RW, while weaker negative correlations
ere observed in SSE. Correlations in sewage sludge were less significant.
It was concluded that toxicity testing is a useful tool supplementing chemical analyses in the evaluation of the potential hazard from effluent

ischarges and disposal of waste sludge.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Wastewater treatment plants (WWTPs), especially those
ocated in industrial areas, face discharges containing a complex
ixture of various organic and inorganic substances [1–5]. In
urope, recent guidelines [6,7] have been based in the detection
f specific pollutants included in a list of priority organic pollu-
ants [8]. Despite the fact that the effluents of WWTPs contain

hese pollutants at trace levels, they appear to have toxic effect to
iving organisms and therefore classic chemical analysis seems
o be inadequate for their characterization. Thus, use of bioassay-
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rganic pollutants

ed marine environmental monitoring approaches can complete
he characterization of such discharges. Several bioassays can be
sed to examine the toxicity of wastewater [9]. Organisms used
s bio-indicators include the bioluminescence emitting marine
acterium Vibrio Fisceri (LUMISTox®, Microtox®, Toxalert®),
he aquatic microorganism Daphnia Magna (Daphnokit FTM),
he Selenastrum capricornutum (Algaltoxkit FTM), the Nitellop-
is obtuse (Charatox), the Thamnocephalus platyurus (Thamno-
oxkit FTM), the Tetrahymena thermophila (Protoxkit FTM), etc.
1,10–14].

Persistent organic pollutants (POPs) constitute a wide group
f compounds which are either intentionally produced, such
s polychlorinated biphenyls (PCBs) and organochlorine pes-
icides (OCs), or unintentionally or accidentally formed as

yproducts of industrial or other human activities, for instance
ibenzo-p-dioxins and furans (PCDDs/Fs) and polycyclic aro-
atic hydrocarbons (PAHs). Some POPs belong to more than

ne source category [15]. These compounds are characterized
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Fig. 1. Flow chart of t

y pronounced persistence against chemical/biological degra-
ation, high environmental mobility, strong tendency for bioac-
umulation in human and animal tissues, significant impacts on
uman health and the environment even at extremely low con-
entrations. Their low biodegradability makes them refractory
o the biological treatment of wastewater [3]. PCBs and OCs
ere interdicted in the USA and Europe in mid 70 s; however,

ome of them were still being used till lately in developing coun-
ries. In 2001, the Stockholm Convention on POPs banned the
roduction and use of these chemicals worldwide.

This study aimed at investigating the toxicity of the waste-
aters and sludge of the WWTP of Thessaloniki, a plant that

eceives mainly urban wastewaters, and to compare this data
ith other WWTPs around the world. Another objective of

his study was to examine whether this toxicity is attributed to
OPs by correlating toxicity with POPs and typical chemical
arameters of wastewaters (BOD, COD, TOC, SS). Finally, it
imed at evaluating the wastewater treatment process, in terms
f toxicity, by assessing the difference in toxicity between the
nlet and the outlet of the plant.

The evaluation of the levels of toxicity of the specific waste-
aters is of great importance for the area of Thessaloniki, since

he outlet of the plant is being disposed in the Thermaikos gulf,
nly few kilometres away from the delta of Axios river, an
rea protected by the Ramsar convention, and where, extensive
ultivation of mussels takes place.

. Materials and methods

.1. Plant description

The WWTP of the city of Thessaloniki serves about 1 million
esidents by treating daily 120 000–150 000 m3 of raw wastew-
ters. About 5–10% of the total flow is contributed by industry.
he plant also receives the greatest part of the local urban runoff,
hich is maily composed of atmospheric deposition, and traffic-

elated emissions deposited on the road surface. The treatment
rocess includes screening, grid removal, primary sedimenta-
ion without use of chemical coagulants, conventional activated
ludge treatment and effluent disinfection using chlorine gas

Cl2). The treated wastewater is discharged in Thermaikos Gulf
ia a channel. Sewage sludge (primary plus excess activated)
s anaerobically digested, thickened, and dewatered [16]. The
reatest amount of this sludge is deposited in a municipal land-

s
r
m
w

TP of Thessaloniki.

ll, while its use as soil amendment is also under consideration
y the local authorities. The flow chart of the plant is shown in
ig. 1.

.2. Sampling

Sampling was conducted during the period November
001–December 2002. Twenty-four hours composite, flow-
roportioned samples of wastewater were collected from the
nfluent of the plant (raw wastewater, RW), and the effluent of
he secondary sedimentation tanks (SSE), and grab samples of
he final sludge (FS). All samples were collected in brown glass
essels with Teflon caps, pre-cleaned with acetone and n-hexane,
nd were kept refrigerated (4 ◦C). The toxicity measurements
ere carried out within 24 h from sampling, while the storage
eriod for extraction/ analysis of POPs did not exceed 10 days.

.3. Sample processing and analysis

The LUMISTox® acute toxicity test was performed accord-
ng to the standard procedures for liquid and solid samples
utlined in Lange [17]. The instrumentation used included a
UMISTox 300 luminometer, a LUMISTherm incubator, and

he non-pathogenic bacteria Vibrio Fisceri LCK 480 (liquid
ried), all obtained from Lange GmbH, Duesseldorf, Germany.
riefly, wastewater samples were filtered through a 0.45 �m
olysulphone membrane and their pH and salinity values were
djusted to 7.0 ± 0.2 and 2–4%, respectively. Aqueous sludge
lutriates were obtained according to the “Dr. Lange LUMIS-
erra” procedure [17]. Briefly, 10 g of fresh material was mixed
ith 40 ml 2% NaCl solution in Milli-Q water and vigorously

gitated on a magnetic stirrer for 30 min. After the suspension
as settled, the liquid phase was separated by filtration through a
.45 polysulphone membrane and pH and salinity were adjusted
s above [18].

Initially a screening procedure was conducted to estimate
he toxicity of each sample [17–19]. Samples that inhibited
acterial luminescence by more than 15% were subsequently
ested to quantify their acute toxicity in terms of EC20 (%)
r EC50 (%), that is the effective concentration (%) of tested

olution causing a 20% or 50% reduction of bioluminescence,
espectively. The reduction of bacteria bioluminescence was
easured after 15 and 30 min incubation times. EC values
ere calculated by the instrument software. One blank (Milli-Q
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Table 1
Summary statistics of bioluminescense inhibition (N = 13)

Mean S.D. Median Maximum Minimum

RW 36 9.4 33 60 25
SSE 13 4.0 14 20 6.0
FS 59 15 64 85 35
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ater containing 2% NaCl) was measured with each sample.
ontrol solutions (K2Cr2O7: 4.0 mg/L and NaCl: 7.5%) were
lso used to verify the quality of bacteria and of the reagents.

The experimental procedure employed for sample process-
ng and analysis for POPs has been described in detail elsewhere
20]. Briefly, wastewater and sludge samples were liquid–liquid
nd ultrasonically extracted, respectively, using n-hexane and
leaned-up through solid phase extraction Florisil cartridges.
urified extracts were solvent exchanged to iso-octane and
nalyzed by gas chromatography coupled to electron cap-
ure detection (GC–ECD). The gas chromatography system
mployed was a HP-5890 series II chromatograph, equipped
ith a DB-5 column (50 m × 0.32 mm × 0.17 �m) and an on-

olumn injection port. Carrier and make-up gas was nitro-
en (99.999% purity). The system was calibrated using the
esticide-Mix 33 (Dr Ehrenstorfer, standard mixture) which
ontained 7 PCBs (IUPAC #s 28, 52, 101, 118, 153, 138
nd 180) and 19 OCs (Hexachlorobutadine, Dichlobenil, Quin-
ozene, Heptachlor, Aldrin, Isobenzan, Isodrin, Heptachlor-
xo-epoxide (HexE), Heptachlor-endo-epoxide, a-Endosulfan,
,p′-DDE, Dieldrin, Endrin, p,p′-DDD, p,p′-DDT, �-HCH, �-
CH and �-HCH). Reagent blanks, duplicate samples and the
ethod of standard additions were employed for the data quality

ontrol. The certified reference material, CRM-481 (industrial
oil containing PCB-101, 118, 128, 149, 153, 156, 170 and
80) obtained from BCR, Brussels, Belgium was also used for
ethod validation. Recoveries obtained from the analysis of

he CRM 481 ranged between 90% and 105% for all contained
nalytes.

The total organic carbon content of sludge (TOC) was
etermined in dried subsamples by the Wakley–Black method,
dopted and modified by Jackson [21]. The dissolved organic
arbon content of wastewater (DOC) was measured by a Shi-
adzu TOC-VCSH Analyzer in subsambles filtrated through
.45 �m nitrate cellulose membranes (Schleicher&Schuell).
ther classical wastewater parameters such as BOD5, COD and
S were measured according to the standard methods for the
nalysis of water and wastewater [22].
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able 2
C20/50 values for 15 and 30 min incubation time

RW SSE

EC20/15

(%)
EC20/30

(%)
EC50/15

(%)
EC50/30

(%)
EC20/15

(%)
EC
(%

0 December 2001 16 12 ND ND ND ND
1 December 2001 14 ND 51 42 ND ND
2 December 2001 19 ND 45 29 ND ND
3 December 2001 13 10 41 27 ND ND
4 December 2001 22 ND ND 31 ND ND
5 September 2002 19 8.0 ND ND 90 12
0 October 2002 ND ND ND ND ND ND
1 November 2002 50 38 ND ND ND ND
5 November 2002 19 15 62 57 ND ND
2 November 2002 13 12 36 34 ND ND
8 November 02 ND ND ND ND 19 16
4 December 02 ND ND ND ND ND ND
3 December 02 14 ND ND ND ND ND

D: not determined.
ig. 2. Bacteria bioluminescence inhibition (%) caused by raw wastewater
RW), secondary sedimentation effluent (SSE) and final sludge (FS).

. Results and discussion

.1. Toxicity of wastewater and sludge samples

Summary statistics of bacterial bioluminescense inhibition
incubation time 15 min) are presented in Table 1. All sam-
les examined caused bioluminescence inhibition, and, as
xpected, the sewage sludge elutriates exhibited the highest val-
es (35–85% versus 25–60% in RW and 6–20% in SSE).

In Fig. 2, a comparison between the inhibition of biolumi-
escence caused by the RW and the respective SSE samples is
resented. As seen, in all days the toxicity of RW was higher
hat that of SSE, indicating that toxicants are removed during

rimary and secondary clarification, also suggesting that a large
art of the toxicity measured is attributed to the biodegradable
raction of the organic content of wastewater. Bioluminescence

FS

20/30

)
EC50/15

(%)
EC50/30

(%)
EC20/15

(%)
EC20/30

(%)
EC50/15

(%)
EC50/30

(%)

ND ND 7.2 9.1 90 90
ND ND 6.5 4.4 75 69
ND ND 8.5 6.1 90 90
ND ND 7.3 3.2 43 23
ND ND 2.4 2.2 4.6 4.4
ND ND 0.65 0.79 2.6 4.1
ND ND 3.9 2 13 10
ND ND 5 3.6 90 90
ND ND 2.1 1.8 12 15
ND ND 6.1 2.6 90 90
40 39 10 1.9 45 70
ND ND 2.3 1.9 90 90
ND ND 90 90 90 90
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Table 3
Toxicity of various wastewaters, as reported in literature

% inhibition EC 50/30 Instrument Type of wastewater Reference

Untreated textile 100 0.54–0.62 Microtox Textile industry [37]
Porto influent 100 28.2 ± 1.47 Microtox Textile industry [37]
Porto effluent 29 – Microtox Textile industry [37]
Piera influent 100 4.27 ± 0.31 Microtox Urban WWTP [37]
Piera effuent <20 – Microtox Urban WWTP [37]
Igualada influent 100 0.81 ± 0.04 Microtox Industrial WWTP [37]
Igualada effluent 68 75 ± 5.3 Microtox Industrial WWTP [37]
Igualda influent 81.2–81.5 25.8 Toxalert 100 Industrial WWTP [25]
Igualada effluent after primary settlement 97.8 5.4 Toxalert 100 Industrial WWTP [25]
Igualada effluent 39.3–42.6 n.m. Toxalert 100 Industrial WWTP [25]
La Llagosta influent 51.9–53.5 74.7 Toxalert 100 Industrial WWTP [25]
La Llagosta effluent after primary settlement 66.3–66.5 59.3 Toxalert 100 Industrial WWTP [25]
La Llagosta effluent 35.0 n.m. Toxalert 100 Industrial WWTP [25]
Calaf influent 50 100 ± 9.8 Microtox Industrial and urban WWTP [37]
Calaf effuent <20 – Microtox Industrial and urban WWTP [37]
Porto influent 100 13 ± 0.07 Microtox Textile industry WWTP [37]
Sweden 20–100 – Toxalert Tannery WWTP [38]
Barcelona 100 – Toxalert Tannery WWTP [38]
Barcelona influent 70 – Toxalert Industrial and urban WWTP [38]
Barcelona effluent 15 – Toxalert Industrial and urban WWTP [38]
Berlin 0–22 – Toxalert Cement industry WWTP [38]
Basf 1 n.m. – Toxalert Industrial WWTP [38]
Basf 2 n.m. – Toxalert Industrial WWTP [38]
Manresa. Spain 21–36 – Toxalert Industrial and urban WWTP [39]
Terrassa. Spain 55.8 – Toxalert Industrial and urban WWTP [39]
Myslenice influent – 10.1 Microtox Small municipal WWTP [40]
Myslenice effluent – >98 Microtox Small municipal WWTP [40]
Plaszow influent – 12.5 Microtox Large municipal WWTP [40]
Plaszow effluent 1 – 78.1 Microtox Small municipal WWTP [40]
Plaszow effluent 2 – >98 Microtox Small municipal WWTP [40]
Nowa Huta influent – >98 Microtox Metallurgical–industrial WWTP [40]
Nowa Huta effluent – >98 Microtox Metallurgical–industrial WWTP [40]
Camacari, Brasil—influents – 0.43–5.25% Microtox Industrial WWTP [31]
C >82%
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amacari, Brasil–effluents – 6.58–
zone-treated wastewater. Thessaloniki −5 < I% < −15 –

.m.: not measured.

nhibition never reached 100% as has been observed by other
nvestigators (Table 3), nor dropped to negative values (indi-
ating stimulation of bacteria according to Wong et al. [23])
s reported by Anasontzis et al. [24]. Farre et al. [25] noticed
n increase in the % bioluminescence inhibition between raw
nfluent and primary sedimentation effluent, attributable to the
ddition of chemicals during primary sedimentation step. In the
resent study, toxicity was not measured in primary sedimenta-
ion effluents, also because there is no use of chemical coagulants
n the primary sedimentation tank at the WWTP of Thessaloniki,
o such an observation could not be verified.

Effective concentration values (EC20 and EC50) for 15 and
0 min incubation times could be calculated only in some
f the wastewater samples. EC values exceeding 90% can-
ot be calculated by the software of LUMISTox®. EC values
igher than 100% have been reported by other researchers
lthough they have no physical meaning [14,26]. Sludge elu-
riates exhibited measurable EC values in all sampling days

Table 2). Based on the EC values of Table 2, toxicity unit
TU) and the toxicity index (TI) values were calculated from
he formula TU/TI = (EC50/EC20) − 1 × 100 [27]. Persoone et
l. [28] proposed that samples can be classified as non-toxic

o

b
A

Microtox Industrial WWTP [31]
Microtox Urban WWTP [24]

hen TU = 0 (Vengris et al. [29] proposed TU < 0.4); slightly
oxic when 0 < TU < 1, toxic when 1 < TU < 10, very toxic when
1 < TU < 100, and extremely toxic when 100 < TU. In the
resent study, assuming that samples for which EC values could
ot be calculated have TU > 1, 7 out of the 13 RW samples
54%) were classified as slightly toxic and 6 (46%) were clas-
ified as toxic. In addition, 12 out of the 13 SSE samples (92%)
ere classified as slightly toxic and only 1 (8%) was classi-
ed as toxic. Similar TU levels in wastewater samples have
een reported by other investigators (0-471 TU [13]; 0-237 TU
30]). Although the above classification has been proposed for
quatic samples, it was here performed on the aqueous elutri-
tes of sewage sludge samples. Higher toxicity was observed
or sewage sludge in comparison to wastewaters, since 6 sam-
les (46%) were slightly toxic, 5 (38%) were toxic and 2 (15%)
ere very toxic. The higher toxicity of sludge in comparison to
astewater is attributable to the fact that a myriad of organic and

norganic wastewater contaminants are removed due to sorption

n particles and accumulated in wasted sludge.

The wastewater toxicity of the WWTP of Thessaloniki can
e compared with the toxicity of other WWTPs (Table 3).
s seen, literature values for bioluminescence inhibition vary
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Table 4
Summary data of POPs concentrations encountered at various stages of Thessa-
loniki WWTP

POPs RW (mean)
(ng l−1)

SSE (mean)
(ng l−1)

FS (mean)
(ng l−1) (dw)

Hexachlorobutadine ND ND ND
Dichlobenil ND ND ND
Hexachlorobenzene 20 1.7 6.8
Quintozene 60 14 20
Isobenzan ND 0.23 15
a-Endosulfan 51 2.7 6.4
�-HCH 39 6.2 5.0
�-HCH 26 6.3 8.2
�-HCH 1.4 0.57 10
Aldrin 10 ND ND
Isodrin ND ND ND
Dieldrin 27 8.9 15
Endrin 1.8 2.8 ND
Heptachlor 46 6.4 40
Heptachlor-exo-epoxide 330 25 270
Heptachlor-endo-epoxide ND ND ND
p,p′-DDE 12 0.23 27
p,p′-DDD 22 6 78
p,p′-DDT 6.9 ND ND
PCB-28 4.8 3.3 6.8
PCB-52 390 110 160
PCB-101 260 45 91
PCB-118 15 5.9 30
PCB-153 14 0.98 22
PCB-138 11 2.9 22
PCB-180 340 74 210∑

PCBs 1000 250 550
BOD (mg l−1) 650 11
COD (mg l−1) 1400 48
SS (mg l−1) 1100 11 22%
DOC (mg l−1) 72 19
T

(
o
9
r

T
C

%
E
E
E
E
D
B
C
S

C

ig. 3. Removal of POPs and typical pollution parameters during the wastewater
reatment process.

etween −15% and 100%, suggesting that toxicity depends
reatly on the type of wastewater each plant receives. In general,
he % bioluminescence inhibition and the EC values reported
n literature reveal higher toxicity than that observed in the

WTP of Thessaloniki.

.2. POPs concentrations in the WWTP of Thessaloniki

The total (dissolved plus adsorbed) concentrations of the
6 targeted POPs and their removal rates are presented in
etail in [2]. A summary of these data is given in Table 4.
riefly, 22 POPs were found at detectable concentrations at

he various treatment stages. Most abundant pollutants were
CB-52; PCB-101; PCB-180 and HexE. For all POPs, for all
ampling days, concentrations in RW were higher than SSE
nes. Table 4 presents also the concentration levels of typical
ollution parameters of wastewater and sludge.

.3. Toxicity reduction during the treatment process

The removal efficiency of chemical pollution parameters and
oxicity during the wastewater treatment process was evaluated
y using the general formula:

% = [(CRW − CSSE) × 100]/CRW

here CRW and CSSE are the concentrations or the biolumines-
ence inhibition in untreated effluent and the secondary sedi-
entation effluent, respectively.
The removal efficiency of POPs and conventional wastewater
arameters are shown in Fig. 3. As seen, the removal efficiency
as 98% for BOD, 97% for COD, and 99% for SS. Lower values
ere obtained for DOC (67%) and individual POPs (65–91%)

2].

m
o
C
l

able 5
orrelation coefficients between toxicity and chemistry data (conventional parameter

% inhibition EC20/15 EC20/30 EC50

inhibition 1
C20/15 1
C20/30 1
C50/15 0.997 1
C50/30 −0.514 0.995 0.99
OC
OD 0.730 −0.642 −0.60
OD 0.730 −0.643 −0.60
S 0.751 −0.590 −0.59

orrelation coefficients significant at the 95% are italicized, correlation coefficients s
OC (% O.M.a) 40

a O.M.: organic matter.

The removal of toxicity varied between 48.3% and 78.6%
mean: 63.9%; median: 61.1%; S.D.: 10%). Araujo et al. [31]
bserved higher toxicity reduction (75.6–99.6%, mean value:
2.7%) in the WWTP of Camacari (Brasil), although the COD
emoval was lower than those in the Thessaloniki WWTP. This

ay be attributed to differences in the toxic load composition

f wastewater in the two WWTPs. Note that the WWTP of
amacari is receiving industrial wastewater with higher toxic

oad and organic content in comparison to the Thessaloniki

s of organic pollution) for RW and SSE

/15 EC50/30 DOC BOD COD SS

4 1
1

7 −0.577 0.514 1
7 −0.577 0.512 0.999 1
2 −0.560 0.518 0.983 0.983 1

ignificant at the 99% are bold-faced.
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Table 6
Correlation coefficients between toxicity and chemistry data (conventional parameters of organic pollution) for FS

% inhibition EC20/15 EC20/30 EC50/15 EC50/30 SS TOC

% inhibtion 1
EC20/15 −0.795 1
EC20/30 −0.660 1
EC50/15 −0.835 0.756 1
EC50/30 −0.863 0.519 0.737 0.997 1
T 3
T
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duce no evidence of acute toxicity. For this purpose, tandem
use of acute toxicity and genotoxicity screening tests are sug-
gested to broaden the scope of environmental risk assessment.
Given that POPs are long-living environmental contaminants

Table 7
Correlation coefficients between % bioluminescence inhibition and POPs in the
WWTP of Thessaloniki

% inhibition
RW

% inhibition
SSE

% inhibition
FS

Hexachlorobutadine
Dichlobenil
Quintozene 0.91 −0.80
Hexachlorobenzene 0.68
a-HCH −0.66
b-HCH 0.81 −0.66
�-HCH
Isobenzan
Heptachlor
Heptachlor-exo-epoxide −0.70
Heptachlor-endo-epoxide
a-Endosulfan −0.83
Aldrin
Isodrin
Dieldrin 0.65 −0.76
Endrin
0,10
p,p′-DDE 0.79
p,p′-DDD −0.73
p,p′-DDT
PCB-28 −0.60
PCB-52 −0.76
PCB-101 0.88 −0.80
PCB-118
PCB-153 0.57
SS −0.559 0.67
OC 0.586 −0.804

orrelation coefficients significant at the 95% are italicized, correlation coeffici

WTP that receives municipal wastewater. Effluents, gener-
lly, present variable combination and their toxic effects vary
ependent on the interaction of their components [32].

.4. Correlation analysis between toxicity and wastewater
arameters

Tables 5 and 6 present Pearson linear correlation coefficients
or wastewater and sludge samples, respectively. In wastewater
amples, strong positive correlations were observed for biolumi-
escence inhibition with BOD, COD and SS (0.730, 0.730 and
.751, respectively). EC values were accordingly negatively cor-
elated with these parameters. The significant correlation found
or toxicity with BOD and COD suggests that a large part of the
oxic load of wastewater is due to the organic load. Significant
orrelations between EC and COD have been observed by other
nvestigators [31,33]. Nonetheless, absence or even poor corre-
ation has been found in other cases [31,34,35] suggesting that
n complex samples, where a big number of pollutants can be
ound, COD may not provide good correlations with the high
oxicity [36].

In sludge samples, strong negative correlation was observed
etween EC20/15 and TOC (−0.804) suggesting significant con-
ribution of TOC to the overall toxicity of sludge. Statistically
ignificant, yet weaker positive correlation was also observed
etween EC20/30 and TSS (0.673).

The results of the correlation analysis between toxicity
ata and POPs (Table 7) are quite controversial. In RW, %
ioluminescence inhibition exhibited significant positive corre-
ation with six POPs, suggesting that these pollutants may play
mportant role to the measured toxicity of untreated wastewater.
owever, in SSE, the % bioluminescence inhibition exhibited
egative correlation with POPs. Such a result could only be
onsidered as random, indicating that the concentrations of
ndividual POPs in treated wastewater are quite low to affect
heir toxicity. Finally, in the final sludge, correlations with tox-
city were insignificant for almost all POPs and only PCB-138
xhibited correlation significant at the P < 0.01 level. The lack of
orrelation may be a consequence of the fact that the hundreds
f different chemicals accumulated in sludge act individually
r interacting with each other, thus resulting in antagonistic and

ynergistic effects, which are difficult to predict. In addition,
ludge contaminants that are below detection limit for chemical
nalyses, may still have a toxicological effect, which is again
ifficult to predict. PCBs and other sludge contaminants

P
P

C
c

1
1

ignificant at the 99% are bold-faced.

PAHs, non-ylphenol and non-ylphenol carboxylates) have
een reported to be the most toxic fractions contributing to the
oxicity of sludge [1]. Previous examination of the ecotoxicity of
he sludge from the Thessaloniki’s WWTP indicated significant
orrelation of the LUMISTox® acute toxicity of sludge elutriates
ith PAHs, but correlation with PCBs was less significant [41].
It is important to note that acute toxicity measurements may

ot reflect the spectrum of toxicity, or the hazard, associated
ith the exposure to a chemical contaminant. Contaminants
ay have carcinogenic or mutagenic effects at doses that pro-
CB-138 −0.83 0.72
CB-180 −0.56

orrelation coefficients significant at the 95% are italicized, correlation coeffi-
ients significant at the 99% are bold-faced.
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ith strong tendency for bioconcentration and biomagnifica-
ion, the use of wet chronic bioassays on eukaryotes would also
e useful in order to assess the effects of these pollutants on a
ulti-generational basis.

. Conclusions

Wastewater and sludge samples collected from the Thessa-
oniki municipal WWTP exhibited bioluminescence inhibition
hat varied between 6% for SSE and 85% for FS individual sam-
les. In all sampling dates, % inhibition was higher in the RW
han in the SSE samples, thus verifying the effective operation
f the WWTP. Negative inhibition was never observed. Toxicity
eduction varied between 48.3% and 78.6%. EC20 and EC50
alues could be calculated for all FS samples and only for a few
W and SSE samples, due to relatively low toxicity. Significant
orrelation was observed between % inhibition and wastewater
arameters, such as BOD, COD and SS. In FS samples, cor-
elations found, were in general poor, however good negative
orrelation between TOC and EC20/15 was observed, suggesting
hat the organic content of sludge contributes to the measured
oxicity. Correlation between bioluminescence inhibition and
OPs concentrations was found to be quite poor, and only in
W some POPs may contribute to the measured toxicity.
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