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Influence of different flow conditions on the
occurrence and behavior of potentially hazardous
organic xenobiotics in the influent and effluent of
a municipal sewage treatment plant in Germany:
an effect-directed approach
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Abstract

Background: Flow conditions in the sewer systems are particularly important for the chemical and toxicological

characteristics of raw and treated wastewater. Nevertheless, this topic has not been thoroughly investigated to

date. In this study, composite wastewater samples were taken daily from the influent and effluent of a municipal

sewage treatment plant. Polarity-based fractionation of the samples was carried out through sequential solid phase

extractions. Biological testing of single and recombinant fractions was performed using bioluminescence inhibition

assay according to DIN EN ISO 11348-2. Selected compounds (pharmaceuticals and polycyclic aromatic

hydrocarbons) were also included in the chemical analysis by liquid chromatography coupled with tandem mass

spectrometry and gas chromatography coupled with mass spectrometry. By analyzing different flow conditions,

this study clarifies how these fractions contribute to the total toxicity of organic substances in wastewater.

Additionally, it demonstrates the extent to which the potentially hazardous effects of the fractions can be reduced

at the examined sewage treatment plant.

Results: Summarizing, medium to highly polar organic compounds were particularly relevant for the total toxicity

of organic xenobiotics. For rising wastewater flow under wet weather conditions, we observed a significant

decrease in the overall toxicity of the organic pollutants and specifically in the toxic effects of the moderately polar

fraction 2.

Conclusions: The results provide the starting point for an important risk assessment regarding the occurrence and

behavior of potentially toxic xenobiotics by differentiated polarity in municipal wastewater for varying flow

conditions.
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Background

As a result of the high standard of urban drainage sys-

tem and the permanent development of wastewater

treatment technology in municipal sewage treatment

plants [STPs], the quality of receiving waters has been

markedly improved in recent years. Due to a significant

reduction in nutrient levels and, mainly, the elimination

of the content of dissolved organic carbon in waste-

water, traditional environmental problems in receiving

waters such as oxygen depletion and eutrophication

could be significantly diminished [1]. Nevertheless, the

incomplete retention of especially polar organic xeno-

biotics in conventional STPs is a main challenge for

urban water management today. Although the technical

requirements to increase the removal efficiency of polar

organic substances by advanced treatment steps such as
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ozonation, nanofiltration, or activated carbon already

exist, these facilities have not been applied in most STPs

so far due to their high costs [2]. Treated wastewater

effluents are therefore still the main contributors to the

contamination of receiving waters by potentially hazar-

dous organic xenobiotics [3].

In this context, flow conditions of wastewater are

important factors for the occurrence and the behavior

of dissolved and particle-bound organic pollutants in

raw and treated wastewater (Figure 1). Precipitation

runoff from urban areas can be recorded by an

increase of total wastewater flow in combined sewer

systems. This is important as precipitation runoff

modifies the chemical and toxicological characteristics

of wastewater in dependence on the spatial and tem-

poral patterns of the respective rainfall events. Further-

more, the attending increase of wastewater volume

causes alterations in hydraulics. This may lead to an

enhanced toxicity as a result of the remobilization and

release of particle-bound and dissolved toxic sub-

stances from in-sewer deposits [4]. These highly toxic

substances in wastewater can negatively affect the puri-

fication efficiency of the STP by inhibiting the meta-

bolic processes of the microorganisms in the biological

treatment step [5]. Toxicity in the influent can there-

fore affect the quality of treated wastewater. On the

contrary, the additional water in the sewer network

may lead to a dilution of domestic raw sewage

Figure 1 Importance of flow conditions for wastewater quality. Schematic representation of the impact of different flow conditions on the

occurrence and behavior of dissolved and particle-bound organic pollutants in raw and treated wastewater.
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resulting in lower concentrations of pharmaceuticals

and other wastewater constituents [6]. The purification

efficiency of the STPs depends strongly on the hydrau-

lic retention of organic xenobiotics in the several treat-

ment steps and thus varies directly as a function of

flow conditions [6,7]. Because alterations in flow con-

ditions affect the chemical composition of wastewater

in the influent and effluent of the STP in a number of

ways, a significant impact on wastewater toxicity can

be assumed, too. Nevertheless, the effects of flow con-

ditions on the ecotoxicity of raw and treated waste-

water have not been investigated in detail so far.

Commonly, effect-directed analysis [EDA] has been

used as a powerful tool for the investigation of poten-

tially toxic xenobiotics in complex matrices such as

wastewater [8-12]. This approach integrates biotesting

with physicochemical fractionation procedures and

chemical analysis. Complex environmental samples

with their multitude of potentially toxic substances are

reduced by this to a few fractions that can be surveyed

in the following quantitative and qualitative chemical

analyses [13,14]. An effect-directed approach was

therefore used in the present study. In contrast to

most recent research activities concerning EDA, an

explicit identification of toxicologically relevant xeno-

biotics in the different fractions was not a primary

objective of this survey. Instead, the organic substances

in the wastewater of a municipal STP were fractio-

nated by polarity using a sequential solid phase extrac-

tion [SSPE] procedure and were then examined with

regard to their acute toxicity in the standardized biolu-

minescence inhibition assay. The aim of this study was

to clarify the contribution of the different fractions to

the total toxicity of organic substances in wastewater

with particular emphasis on different flow conditions.

In this context, it was additionally outlined to what

extent toxicity of the different fractions could be

reduced within the treatment steps of the examined

STP. In order to draw conclusions about the general

behavior of similar classes of substances in wastewater,

some selected organic compounds (pharmaceuticals

and polycyclic aromatic hydrocarbons [PAHs]) were

included in the chemical analysis and determined by

liquid chromatography coupled with tandem mass

spectrometry [LC-MS/MS] and gas chromatography

coupled with mass spectrometry [GC-MS], respectively.

The investigation of these compounds contributed to a

better description of the different wastewater fractions.

The present study provides the starting point for a

necessary risk assessment in terms of the occurrence

and behavior of potentially toxic xenobiotics of differ-

entiated polarity in municipal wastewater for different

flow conditions.

Results and discussion

Sampling site

During the sampling period, daily wastewater inflow of

the STP Trier ranged from 14,907 to 42,828 m3 with a

median of 20,694 m3 . The relationship between precipi-

tation and wastewater flow is given in Figure 2. Using a

cross-correlation, it could be determined that, taking

into account a delayed response by one day, wastewater

flow was highly significantly correlated with precipita-

tion (R = 0.66). The total load of wastewater with

organic matter as a major characteristic of water quality

was determined by the amount of total organic carbon

[TOC]. TOC content in the influent of the STP Trier

was in the range of 80.0 to 293.0 mg L-1 (median 169.0

mg L-1) and correlated significantly with the flow rate of

wastewater (R = -0.48). This indicates a decreasing

organic pollution of raw sewage under wet weather con-

ditions. In the effluent, TOC was about 6.5 to 75.0 mg

L-1 with a median of 10.0 mg L-1. Thus, the investigated

STP could reduce TOC contents in most instances to a

high degree by up to 97.3% (median 94.0%). Over the

entire study period, the efficiency of the treatment plant

to decrease TOC levels was not dependent on the was-

tewater flow.

Extraction and fractionation

The extraction procedure as a part of the EDA should

be made as broad as possible for capturing almost all of

the relevant xenobiotics with potentially hazardous

effects [15]. In general, compound-specific extraction

efficiency depends on the physicochemical characteris-

tics of the solid phase extraction [SPE] sorbents, the

analytes, and the solvents used for elution. Polarity of

organic xenobiotics in wastewater varies widely and is

crucial for the extraction efficiency [16]. Multicompo-

nent methods for simultaneous extraction of several

groups of substances of different polarity are therefore

always to be understood as a compromise as the extrac-

tion conditions cannot be optimal for all organic com-

pounds. As a consequence, recoveries for individual

substances are often markedly reduced [17]. Some SPE

methods, especially for the EDA of organic xenobiotics

in wastewater, are described in earlier literature

[11,12,18], but there are continuous advancement and

simplification of wide-spectrum SPE procedures due to

the development of new polymeric sorbents. In the mul-

ticomponent methods of recent work, Oasis HLB from

Waters (Milford, MA, USA) is commonly applied as it

is able to extract many different organic environmental

chemicals at neutral pH to equally high efficiencies

[16,19-21]. Comparative studies of Oasis HLB with

other polymeric sorbents such as LiChrolut EN, Strata-

X, Isolute ENV+ [22], Oasis MCX [16], Chromabond
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C18ec, Chromabond EASY, and Bond Elut [23] pointed

out that Oasis HLB, as a whole, provides the highest

recoveries for a simultaneous extraction of different

groups of organic substances. However, it must be

noted that in the case of more lipophilic xenobiotics

such as PAHs, the extraction efficiency of Oasis HLB is

reduced compared with the C18 sorbents [21,24]. The

approach of SPE and fractionation in the present study

(Figure 3) relies on the survey by Kern et al. [25]. The

combination of Oasis HLB with a cation and an anion

exchanger provides the extraction of numerous polar

and ionic xenobiotics without any ion-pairing agents.

The Isolute ENV+ polymer, which is additionally used

by Kern et al. [25] to extract the X-ray contrast media,

was omitted in the present study because of the critical

results given by Pinnekamp et al. [26]. The general

approach of Kern et al. [25] was extended by the appli-

cation of a C18ec sorbent in order to realize greater effi-

ciencies for the extraction of hydrophobic xenobiotics,

which can be of high impact for wastewater toxicity

[12]. By combining these SPE sorbents, a broad extrac-

tion of organic xenobiotics could be realized at neutral

pH whereas the focus was primarily on the SPE of more

polar substances. Due to the sequential arrangement of

Oasis HLB and C18ec in the SSPE design, there is a sig-

nificant overlap in the extraction spectra of fractions 1

and 2 because Oasis HLB and Chromabond C18ec are

partially able to extract the same classes of organic

xenobiotics [23,24]. A pilot study with spiked ultrapure

water showed that this overlap affects the low molecular

PAHs and, to a lesser extent, the more lipophilic phar-

maceuticals (e.g., naproxen, diclofenac, ibuprofen). Thus,

it must be assumed that there are additional xenobiotics

in native wastewater samples that occur in both frac-

tions. This may complicate the interpretations of the

biological effects of these fractions. On the other hand,

this SSPE procedure ensures that there are no gaps in

the extraction spectrum which may occur by a parallel

arrangement of the SPE sorbents. A pilot study with

spiked samples of raw sewage additionally showed that

the recoveries for the PAHs were highest in fraction 1,

whereas the recoveries for pharmaceuticals were best in

fraction 2. The absolute recoveries for PAHs in waste-

water in fraction 1 ranged from 20.7% (standard

Figure 2 Impact of precipitation on wastewater flow. Summary of the relationship between the daily amount of precipitation in the area of

Trier and the wastewater flow per day in the influent of the STP Trier.
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deviation8.7) to 84.5% (4.0), whereas the relative recov-

eries were between 32.7% (17.0) and 162.0% (6.0). Nota-

bly, the high molecular weight PAHs were lost during

sample preparation, causing low recoveries. The abso-

lute recoveries for the pharmaceuticals diclofenac and

carbamazepine in fraction 2 were about 42.0% (7.0) and

48.8% (3.0), respectively. The relative recoveries were

89.0% (13.0) for diclofenac and 105.2% (3.1) for carba-

mazepine. Chemical analysis of the different compounds

was therefore based on these results.

This study focused on the liquid phase of wastewater

and did not include suspended matter in the chemical

Figure 3 Sequential solid phase extraction procedure. Scheme of the SSPE procedure used in the present study (with DCM, dichlormethane;

EA, ethyl acetate; MeOH, methanol; FA, formic acid; NH3, ammonia).
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and biological analyses. Therefore, toxicity of total was-

tewater (liquid and particulate phases) might be higher

than that reported in this paper.

Pharmaceuticals and PAHs

The selection of the analyzed organic wastewater pollu-

tants was based on their toxicological relevance in envir-

onmental studies and the different nature of their

occurrence and behavior in municipal wastewater

[21,27]. The physicochemical properties of the investi-

gated pollutants of the two groups differ greatly from

each other. Hence, PAHs and pharmaceuticals show dif-

ferent elimination rates within the various treatment

facilities of the STP [24,28-30]. The results of chemical

analysis in this study allowed to draw some conclusions

about the general behavior of similar groups of sub-

stances in raw sewage and treated wastewater during

the entire sampling period.

The antiepileptic drug carbamazepine [CBZ] was

detected at concentrations ranging from 1.76 to 5.37 μg

L-1 (median 2.54 μg L-1) in the influent of the STP

Trier. In treated wastewater, the amount of CBZ ranged

from 0.99 to 8.73 μg L-1 (median 2.82 μg L-1). This

means, in general, an increase of CBZ in the effluent

within the whole treatment process. Similar findings for

CBZ are mentioned in the literature [6]. At this point,

there is no information about the relevant metabolites

of CBZ in raw and treated wastewater. Therefore, it

could not be clarified whether the significantly increased

concentrations of CBZ in the effluent of the STP are

caused by the microbial cleavage of conjugates and

metabolites in the biological treatment facility [31], or

whether this peculiarity is caused by another reason.

Since mecoprop-d3 was used as the only internal stan-

dard for quantitation of the pharmaceuticals, corrections

for matrix-related ion suppression might not be optimal

for all analytes. Higher ion suppression in the influent

samples might therefore result in lower concentrations

compared with that in the treated wastewater samples.

Based on the present results, a corresponding negative

retention of -7.1% (median) was calculated. According

to its high persistence against microbial degradation and

its low sorption coefficient, the reported retention of

CBZ by municipal STPs ranges from 7% to 10% [7,32].

The analgesic diclofenac [DCL] was detected at con-

centrations ranging from 1.05 to 6.23 μg L-1 (median

2.61 μg L-1) in the influent of the STP Trier. The mea-

sured effluent concentrations ranging from 0.72 to 4.44

μg L-1 (median 1.94 μg L-1) imply a notable overall

reduction. Removal efficiencies of DCL are differently

reported in the literature. Without the use of any

advanced technologies, the retention of DCL ranges

from 17% [32] to 69% [7]. For the STP Trier, the

removal of the analgesic DCL could be calculated as

18.8% (median). The concentration levels of both ana-

lyzed pharmaceuticals in the influent of the treatment

plant were significantly correlated with TOC. Addition-

ally, a significant correlation was found between CBZ

and DCL, suggesting similar entry characteristics into

wastewater and a similar behavior in urban drainage sys-

tem. High concentrations of the investigated drugs are

primarily flushed into the STP via domestic wastewater

under dry weather conditions. Concentrations of CBZ

and DCL were reduced after precipitation events due to

the dilution effect of the additional runoff water in the

combined sewer system causing significant negative cor-

relation values with wastewater flow (R = -0.41 and R =

-0.44). Hydraulic retention time [HRT] and sludge

retention time [SRT] are known to affect elimination

rates of selected pharmaceuticals. In general, shorter

HRT and SRT tend to decrease the removal efficiency

of an STP [33]. A significant impact of flow conditions

on the elimination efficiency, as described in literature

[6,7], could not be confirmed in the present study.

Changes in HRT during the campaign were not of rele-

vance for the removal of CBZ and DCL.

To quantify the amount of ΣPAHs, only those PAHs

with single concentration levels above the limit of quan-

titation [LOQ] were considered. In the influent of the

treatment plant, levels of ΣPAHs ranged from 0.07 to

0.87 μg L-1 (median 0.13 μg L-1), whereas no correlation

with the content of TOC could be confirmed. The con-

centrations found here were lower than those given by

Vogelsang et al. (0.2 to 1.3 μg L-1) [28]. The low mole-

cular weight PAHs such as fluorene, phenanthrene,

fluoranthene, and pyrene were determined at levels well

above their LOQ in the majority of influent samples,

whereas the high molecular weight PAHs were expected

to adsorb onto the suspended matter [28,34] and could

therefore rarely be detected. The pollution of wastewater

with PAHs was reduced to a high extent by the treat-

ment process, leading to retention efficiencies of >

59.4% to > 84.2% (median 73.5%). Similar findings were

verified by Vogelsang et al. [28]. The concentration of

ΣPAHs in the effluent could only be quantified for five

sampling days with a maximum value of 0.03 μg L-1. A

significant impact of wastewater flow on the concentra-

tion of ΣPAHs in raw sewage as well as on the retention

efficiency of the STP was not found. PAHs are known

to be mainly introduced into wastewater by precipitation

runoff resulting in higher concentrations in raw sewage

under wet weather conditions [34]. By rising wastewater

flow, PAHs can additionally be resuspended and

released from in-sewer deposits [4]. Nevertheless, there

are no obvious results in this study confirming that

PAHs are mainly discharged into municipal wastewater

at higher flow rates. This might be due to another

source of PAHs such as industrial discharge of process
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water [21] that is not related to precipitation events and

thus to wastewater flow.

Acute toxicity to Vibrio fischeri

The bioluminescence inhibition test with Vibrio fischeri

has been proven to be a sensitive test for the effects of

organic xenobiotics in wastewater [8,35,36]. It is a stan-

dardized short-time bioassay with a high degree of relia-

bility. A major advantage of this test system is the

required low sample volume. Moreover, V. fischeri toler-

ates a content of methanol of up to 10% and is therefore

well suited for the combination with chemical fractiona-

tion [12,35]. The bioluminescence inhibition assay relies

on baseline toxicity (narcosis) and is suitable for the

general screening of environmental samples as it does

not focus on any specific toxicological class of pollutants

[36]. On the whole, the bioluminescence inhibition assay

correlates very well with other bioassays and represents,

therefore, a plausible endpoint for a risk assessment to

aquatic organisms [8]. In the following text, the term

toxicity is used as a synonym for the percentage inhibi-

tion of bioluminescence of V. fischeri, whereas only

those inhibitions higher than 20% are significant and

indicate a toxic effect of the sample. The inhibition of

the positive controls ranged from 40.0% to 50.8%. The

time correction factor (fk) was calculated with values

from 0.89 to 1.2. According to DIN EN ISO 11348-2,

the validity criteria were given in all test series.

Due to the high complexity of urban wastewater, pre-

vious surveys showed that potentially all fractions of a

toxic wastewater sample contribute to the biological

effect [11]. This could be endorsed in the present study

(Figure 4). In summary, the polar fraction 3 exhibited,

in comparison with the other remaining wastewater

fractions, the highest inhibition values in the influent of

the STP, whereas the more lipophilic fraction 1 showed

the lowest toxicity although it was tested with a higher

concentration than the other fractions. The lipophilic

xenobiotics of fraction 1 were believed to be mainly

adsorbed onto the suspended matter of wastewater. Due

to the mostly high removal efficiencies of the STP, toxi-

city of the nonpolar to moderately polar fractions 1, 2,

and 3 could be markedly reduced by the treatment facil-

ities. These fractions of effluent samples rarely caused

significant inhibition of V. fischeri. In contrast, the was-

tewater compounds which were largely responsible for

the harmful effects of the highly polar fraction 4 could

only be slightly removed by the treatment plant. In

accordance with this, fraction 4 showed, in many cases,

significant inhibitions and was ascertained to be the

most toxic fraction of treated wastewater. For this rea-

son, the medium (influent) to highly polar (effluent)

organic compounds are assumed to be of particular

importance for assessing the toxicity of municipal waste-

water. A significant impact of TOC and hence of the

overall pollution of wastewater with organic xenobiotics

on the toxicity pattern of the various fractions could

only be proven in raw sewage for the polar fraction 3 (R

= 0.62). A significant difference in the toxicity pattern

for the months of May and June as mentioned by Cas-

tillo and Barceló [11] could not be confirmed. By com-

paring the four wastewater fractions, a highly significant

dependence between the toxicities of fractions 1 and 2

(R = 0.64) was observed. This is plausible since there is

Figure 4 Toxicity of single wastewater fractions. Summary of the toxicity pattern of several fractions of raw (black) and treated (light gray)

wastewater with particular emphasis on the wastewater flow (blue).
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an overlap in the SPE spectra of the two fractions as

already mentioned. This means that some classes of

potentially hazardous xenobiotics could occur equally in

both fractions. Furthermore, influent toxicity of fraction

1 correlated significantly (R = 0.66) with the total con-

centration of PAHs in raw sewage, whereas the toxicity

of fraction 2 in the influent of the STP Trier was signifi-

cantly correlated with the contents of diclofenac (R =

0.59) and carbamazepine (R = 0.48) in raw wastewater.

It can therefore be assumed that the toxicity of fractions

1 and 2 in raw sewage is caused by toxic classes of

organic pollutants with similar entry characteristics and

environmental behavior as the PAHs (fraction 1) and

pharmaceuticals (fraction 2), respectively. The insuffi-

cient retention of especially polar, moderately to poorly

degradable organic xenobiotics in conventional STPs as

mentioned by other working groups [28,32], can be sub-

stantially confirmed by the results of this study. The

toxic compounds of fraction 4 were only slightly

removed from wastewater by the treatment process due

to a low sorption tendency and a poor biodegradability

of many highly polar xenobiotics. Furthermore, an

increase of inhibition in the effluent of the investigated

STP could be emphasized with rising polarity of the

four wastewater fractions. Similarly, the efficiency of the

STP Trier to retain the analyzed polar pharmaceutical

compounds was significantly lower than that recorded

for the more lipophilic PAHs. Indications of a reduced

efficiency to retain the analyzed compounds and to

reduce toxicity of the wastewater fractions due to a pos-

sible disturbance of the biological treatment step in

consequence of high toxicity levels in the influent of the

STP were not given as there was no significant negative

correlation between influent toxicity and purification

efficiency.

Under the assumption of a broad and most complete

extraction of the organic wastewater pollutants by the

SSPE and fractionation protocol used in this study,

total toxicity caused by organic xenobiotics in waste-

water could approximately be ascertained by testing

the recombinant fractions (Figure 5). Inhibitions of the

recombinant fractions in the influent of the STP Trier

were significantly toxic (median 36.9%) on 12 of 14

days, with the highest inhibition on June 7th. More-

over, total influent toxicity of the organic pollutants

correlated significantly (R = 0.59) with the content of

TOC. Due to the additivity of baseline toxicity, this

means an enhanced adverse effect with increasing

organic pollution. In the effluent of the treatment

plant, the recombinant wastewater fractions did not

show any significant inhibition. Although there were

notable inhibitions by fraction 4, no significant toxic

effects could be proven for treated wastewater. This

indicated a good general performance of the whole

treatment process. As the results have shown, total

toxicity of the organic matter in wastewater cannot be

directly calculated from the toxicity data of the various

fractions and vice versa due to possible mixture effects.

Wastewater samples were therefore not necessarily the

most toxic when their fractions exhibited the highest

inhibitory effects. Nonetheless, these mixing effects

could be estimated in total by comparing the results of

Figure 5 Toxicity of recombinant wastewater fractions. Summary of the total toxicity caused by organic xenobiotics in the influent (black)

and effluent (light gray) of the investigated STP Trier with particular emphasis on the wastewater flow (blue).The total toxicity was determined

after recombination of the individual fractions.
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the fractions to the recombinant samples. Toxicity of

the recombinant fractions in raw sewage correlated

significantly with the inhibition values of fractions 2 (R

= 0.65) and 3 (R = 0.84). Hence, total organic toxicity

seemed to be primarily dominated by the organic

xenobiotics of medium polarity that might mask the

toxicity of the other fractions. In general, the high

decrease in the overall toxicity of the organic pollu-

tants in wastewater by the treatment facilities of the

STP was primarily caused by the reducing toxicity of

fractions 2 and 3.

Impact of different wastewater flow

A significant impact of wastewater flow conditions on

the influent toxicity of the organic fractions could not

be confirmed in general. Only the inhibitory effects of

fraction 2 in raw sewage indicated a significant negative

correlation (R = -0.46) with the amount of wastewater.

The decrease in the toxicity of fraction 2 by the increas-

ing wastewater flow pointed to an evident dilution of

the moderately polar, toxic xenobiotics in consequence

of additional runoff in the combined sewer system after

precipitation events. It can be concluded that the eco-

toxicological relevant organic xenobiotics of fraction 2

were mainly introduced into the sewage treatment plant

via domestic wastewater under dry weather conditions.

This assumption is supported by the already demon-

strated significant correlation between the toxicity of

fraction 2 with the concentration levels of the pharma-

ceuticals diclofenac and carbamazepine. In contrast, the

toxicity of fractions 1, 3, and 4 was probably caused by

organic contaminants in additional precipitation runoff

as well as in domestic sewage as it cannot be derived as

a function of wastewater flow conditions in the present

data. Similar to that of the influent toxicity of fraction 2,

this study indicated also a highly significant negative

impact (R = -0.62) of wastewater flow on the inhibitory

effects of the recombinant fractions in raw sewage.

Once more, the decrease in the overall toxicity of the

organic xenobiotics with rising wastewater flow was pri-

marily attributed to a dilution effect. This finding could

indicate a dominant influence of wastewater constituents

on the toxicity of the recombinant samples under dry

weather conditions. An influence of flow conditions on

the substance- and toxicity-related removal efficiency of

the STP and thus on the harmful effects of treated was-

tewater in the effluent by changing the HRT could not

be confirmed.

Conclusions

The results of this study revealed the contribution of

different wastewater fractions to the total toxicity of

organic xenobiotics in raw and treated wastewater of

the municipal STP Trier. Additionally, they showed to

what extent the potential hazardous effects of the frac-

tions could be reduced within the whole treatment pro-

cess. Consequently, this study identified for both the

influent and effluent of the STP Trier those fractions

which require further investigations because of their

potentially adverse effects. Fractions 3 and 4 were of

particular importance for wastewater toxicity but have

not been included in chemical analysis. The impact of

flow conditions on the toxicity pattern of the polarity-

differentiated classes of toxic xenobiotics in the influent

and effluent of the STP Trier could however not be

fully understood. Due to a dilution effect caused by a

rising wastewater flow after precipitation events, a sig-

nificant decrease in the overall toxicity of the organic

xenobiotics - determined after recombination of the

individual fractions - and in particular in the toxic

effects of the moderately polar fraction 2 were observed

in the influent of the investigated STP. A significant

impact of wastewater flow on the toxicity of the remain-

ing fractions as well as on the efficiency of the STP to

remove harmful wastewater pollutants could not be con-

firmed during the entire study. Further investigations

are therefore required to extend the knowledge about

the occurrence and behavior of potentially toxic organic

xenobiotics in raw sewage and treated wastewater at dif-

ferent flow conditions.

Methods

Chemicals and reagents

High purity chemical standards (≥98.00%) of diclofenac,

carbamazepine, and PAH-Mix 25 (containing 16 Envir-

onmental Protection Agency [EPA] PAHs) as well as the

isotopically labeled compounds used as surrogate stan-

dards (mecoprop-d3, acenaphthene-d10, phenanthrene-

d10, chrysene-d12, and perylene-d12) were purchased

from Dr. Ehrenstorfer (Augsburg, Germany). All sol-

vents used in this study (n-hexane, dichlormethane,

ethyl acetate, methanol, and water) were of HPLC-grade

and were obtained either from Roth (Karlsruhe, Ger-

many) or LGC Promochem (Wesel, Germany). Hydro-

chloric acid [HCl], sodium hydroxide [NaOH],

ammonium acetate, and formic acid were supplied from

Merck (Darmstadt, Germany), Bernd Kraft (Duisburg,

Germany) and J.T. Baker (Deventer, The Netherlands).

For chemical analysis, standard stock solutions of the

analytes and the internal standards were prepared both

in methanol and hexane and stored at 7°C. The working

standard solutions were prepared by further diluting the

stock standard solutions with 3:1 (v/v) water-methanol

and hexane, respectively.

Sampling

The city of Trier with a population of 105,260 inhabi-

tants (as of 2010) is one of the largest cities in the
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Rhineland-Palatinate region in Germany. The public

sewer network of Trier connects up to 99.9% of all

households and consists mainly of a combined sewer

system (approximately 77%), which means that precipi-

tation runoff is chiefly discharged with domestic waste-

water altogether in the area of Trier. This study focused

on the main STP that has a design capacity of 170,000

population equivalents treating averagely 8.5 mio m3 of

wastewater per year. Treated wastewater is afterwards

discharged to the river Moselle. In addition to a

mechanical and biological treatment step, the investi-

gated STP consists of a third chemical treatment step

for the removal of phosphate and nitrogen. However, an

auxiliary facility for selective retention of organic xeno-

biotics such as ozonation or nanofiltration is not imple-

mented [37]. The SRT was about 12 to 14 days. The

HRT of the whole treatment plant was up to 36 h for

dry weather flow, whereas under wet weather condi-

tions, the HRT was about 18 h. Composite samples (24

h) were taken daily by a time proportional automatic

sampler from influent (raw sewage) and effluent (treated

wastewater) of the main STP Trier during the period

from 25 May to 20 June 2010. The samples were stored

at 4°C and processed within 3 days. In addition, data on

the quantity of wastewater (measured every 2 h) and on

the content of TOC were provided by Stadtwerke Trier

wastewater laboratory on each date of the sampling per-

iod. The corresponding amounts of precipitation in the

area of Trier were obtained from the German Weather

Service [38].

Extraction and fractionation

The collected wastewater samples were immediately fil-

tered (0.7 μm; Whatman GF/F, Maidstone, UK) and, if

necessary, adjusted with HCl (1 mol L-1) or NaOH (1

mol L-1) to a pH of 7. The sequential SPE procedure in

the present study was based on the commercially avail-

able prepackaged Oasis HLB (60 mg; Waters, Milford,

MA, USA) and Chromabond C18ec (200 mg; Macherey-

Nagel, Düren, Germany). In addition, a self-made

mixed-bed cartridge was used. For this purpose, 50 mg

of the weak cation exchanger Dowex 50 WX8 and 50

mg of the weak anion exchanger Dowex 1 × 8 (both

from Serva, Heidelberg, Germany) were packed together

in a Bakerbond glass cartridge (3 mL; JT Baker, Deven-

ter, The Netherlands) between two Teflon frits. The dif-

ferent cartridges were previously activated and

conditioned with 3 mL MeOH followed by 3 mL H2O.

Extraction of raw sewage (150 mL) and treated waste-

water (200 mL) was conducted after adding the isotopi-

cally labeled internal standards to the native samples.

The spiked wastewater samples were sequentially passed

through the cartridges at a flow rate of about 5 mL min-

1 using a solid phase extraction unit (Supelco Visiprep

DL, Taufkirchen, Germany) and a peristaltic pump (IPS

Ismatec, Glattbrugg, Switzerland). After loading, the car-

tridges were frozen at -18°C for at least 5 h and were

subsequently freeze-dried (AMSCO Finn-Aqua Lyovac

GT 2, Hurth, Germany). As shown in Figure 3, elution

of the different SPE cartridges was performed automati-

cally by the SPE unit Aspec XL (Gilson, Villiers-le-Bel,

France) with a solvent volume of 2.5 mL at a flow rate

of 0.5 mL min-1. A volume of 2.5 mL seemed to be sui-

table as the recovery of the analytes could not be mark-

edly improved by doubling the elution volume.

Nevertheless, important wastewater components that

were not included in chemical analysis might remain

partially on the SPE cartridge. Following the elution, 2.5

mL of air were blown through the SPE cartridges at a

flow rate of 3 mL min-1 to transfer any remaining sol-

vents into the elution vials. For the sequential elution of

Oasis HLB, this cartridge was sucked dry between the

two different elution steps using vacuum for about 30

min. By implementing this SSPE procedure, four differ-

ent fractions of each wastewater sample from influent

and effluent of the examined STP were finally obtained.

For chemical analysis of fraction 1, the hexane/dichlor-

methane (3:1, v/v) extracts were concentrated under a

gentle stream of nitrogen at 30°C to a volume of

approximately 100 μL. For chemical analysis of fraction

2 and for biological analysis of all fractions, the eluates

were evaporated to dryness under a gentle stream of

nitrogen at 30°C and reconstituted with 2 × 500 μL

H2O/methanol (3:1, v/v). All fractions were stored in

the dark at a temperature of 7°C.

Chemical analysis

Fraction 1 was analyzed for the 16 PAH priority pollu-

tants (ΣPAHs; except for naphthalene) listed by US EPA

with an HP 5890 Series II gas chromatograph coupled

to the quadrupole mass selective detector HP 5970 Ser-

ies (Agilent, Waldbronn, Germany). Separation was per-

formed using 30 m × 0.25 mm (0.25 μm) of Zebron ZB-

50 capillary column (Phenomenex Ltd., Aschaffenburg,

Germany) with helium as the carrier gas. Injection was

performed in a splitless mode at an injection tempera-

ture of 280°C. Injection volume was 1 μL. The oven

temperature was programmed from 90°C (held for 1

min) to 220°C at 15°C min-1 (held for 1 min) and finally

to 280°C at 6°C min-1, keeping the final temperature for

30 min. Mass spectra were obtained in electron-impact

mode (electron energy 70 eV). Detection was performed

in single ion monitoring with characteristic ions for

each of the investigated PAH compounds. System con-

trol and data evaluation were done on a GC/MSD

ChemStation (Agilent, Waldbronn, Germany).

The determination of the pharmaceuticals (diclofenac

and carbamazepine) in fraction 2 was achieved on a
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Finnigan LC triple-quadrupole MSD system (Thermo

Electron Corporation, San José, CA, USA) consisting of

the HTC PAL autosampler (CTC Analytics AG, Zwin-

gen, Switzerland), the Finnigan Surveyor LC pump plus,

the Finnigan Surveyor PDA plus detector, and the Finni-

gan TSQ Quantum Discovery Max mass spectrometer

with the Finnigan Surveyor MS pump plus. LC separa-

tions were performed with a 100 × 2.1-mm (3 μm)

Hypersil Gold aQ column (Thermo Scientific, Bonn,

Germany) and an injection volume of 50 μL. The mobile

phase consisted of water and methanol containing 0.1%

formic acid. Separation started isocratic with 70% water

for 0 to 5 min, followed by a linear gradient to 50%

water within 1 to 5 min, and held for another 3 min.

Afterwards, the mobile phase changed to 35% water

within 6 min (held for 2 min) and then turned to 0%

water within 6 min (held for 3 min). Finally, the mobile

phase changed back to the initial adjustment within 1

min. Flow rate was set constantly at 0.2 mL min-1. The

detection of the investigated analytes and the internal

standard was carried out with electrospray ionization in

positive and negative ion modes. Mass spectra were

obtained in multiple reaction monitoring with character-

istic ions for each of the investigated compounds. Sys-

tem control and data evaluation were done with an LC-

MS/MS Xcalibur software (Thermo Electron Corpora-

tion, San José, CA, USA).

Many previous studies demonstrated that the analyti-

cal procedure of highly complex environmental samples

such as wastewater can be negatively affected by matrix

impurities leading to significantly reduced recoveries for

many classes of analytes [39,40]. Quantitative analysis of

the investigated pharmaceuticals and PAHs were there-

fore carried out using appropriate isotopically labeled

surrogate standards to compensate for matrix effects

and methodological losses of analytes. For the quantita-

tion of the analytes, a 5-point (PAHs) and a 7-point

(pharmaceuticals) internal standard calibration was used.

The limit of detection and the LOQ were calculated on

the basis of signal-to-noise ratios of 3 and 10, respec-

tively. Methodological blanks were created to exclude

any contamination of the samples throughout the whole

analytical procedure.

For estimating the elimination efficiency for the differ-

ent analytes, we used the concentration values of the

corresponding influent and effluent samples. In case of a

concentration below the LOQ, we calculated a value of

‘LOQ/2’ instead of using ‘0’ to avoid an overestimation

of the removal efficiencies.

Biotest

The bioluminescence inhibition assay for acute toxicity of

the wastewater fractions was performed using the liquid-

dried marine bacterium V. fischeri (bacteria strain NRRL

B-11177) according to DIN EN ISO 11348-2 (LCK 480,

Dr. Lange GmbH, Düsseldorf, Germany). The bacteria

were de-frozen in a water bath (288 K) for 2 min and then

reconstituted with 1 mL of the reactivation reagent (Dr.

Lange GmbH, Düsseldorf, Germany) by a temperature of

288 K for 15 min. Prior to testing, the resuspended bac-

teria were mixed with the remaining reactivation solution

and tempered (288 K) for another 15 min. The selection

of the fractions to be tested was based on representative

samples at different flow conditions. Following Reemtsma

et al. [12], fractions 2, 3, and 4 were diluted with 2% NaCl

solution (pH 7) prior to testing so that the test solutions

were tenfold enriched in comparison with the native was-

tewater sample. Due to the relatively low toxicity of frac-

tion 1, this fraction was tested in a 20-fold enrichment.

The pH of fraction 4 was adjusted with NaOH to a value

of 7 ± 0.5 as it was outside the required range of 6 to 8. In

addition to the single fractions, effects of recombinant

fractions were tested in order to get an overview of the

total toxicity of organic xenobiotics in wastewater. To this

purpose, the four fractions of each tested day were pooled

and subsequently diluted with 2% NaCl (pH 7) so that the

recombinant samples were present in the same concentra-

tion level as the native wastewater samples before extrac-

tion. The content of methanol in the test solutions did not

exceed 1.7% at any time. The luminescence inhibition of

V. fischeri was measured prior to addition of the different

fractions and recombinant samples and after an incubation

time of 30 min at 15°C using the luminometer Lumat LB

9507 (Berthold Technologies, Bad Wildbad, Germany) in

combination with a water bath (MT/2, Lauda, Königsho-

fen, Germany). Results were given in relative light units.

Finally, the inhibition of bioluminescence was calculated

as described in the DIN EN ISO 11348-2 standard

method. At the beginning of each test series, a negative

control (2% NaCl solution, pH 7) and a positive control

(7.5% NaCl solution, pH 7) were carried out for quality

assurance. The negative controls documented the altera-

tions in the bioluminescence intensity of the tested bac-

teria in the absence of any toxicant during incubation. The

inhibition of the positive controls should be in the range

of 40% to 60% after an incubation time of 30 min. In addi-

tion, method blank values of the four fractions were car-

ried out to exclude methodological artifacts which could

influence the toxicity results. Toxicity of the internal stan-

dards was evaluated by testing samples of spiked ultrapure

water and could be neglected (inhibition < 2%).

Statistical evaluation

Any relationships between the different test parameters

and results were carried out using Pearson’s product-

moment correlation test. At the level of a = 0.05 (one-

sided), the significant correlation coefficients (R) are

described as significant, while being highly significant at
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the level of a = 0.01 (one-sided). Even in the case of a

high correlation, it should be noted that no cause-effect

relationship can be implicitly assumed. All significant

results of correlation analysis were therefore checked for

plausibility.
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