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a b s t r a c t

This article provides data on the contamination of different kinds of sludge (raw, centrifuged, digested,
thermally dried sludge and sludge cake) from Paris conurbation by 71 various pollutants including phar-
maceutical products (PHPs), hormones, perfluorinated acids (PFAs), linear alkylbenzene sulfonate (LAS),
alkylphenols (APs), phthalates (PAEs), polycyclic aromatic hydrocarbons (PAHs) and polychlorobiphenyls
(PCBs).
Very high contents of LAS (0.1–10g/kg dry matter - DM) compared to other compounds were found in

all types of sludge followed by DEHP (10–100 mg/kg DM) and fluoroquinolones (1–100 mg/kg DM). APs
were measured at intermediary contents in Parisian sludge, lying in the 2–20 mg/kg DM range. Finally,
hormones, PAHs, PCBs, PAEs, PFAs and the remaining PHPs were all found at contents lower than
1 mg/kg DM.
For most compounds (PHPs, PFOS, DEHP, PAHs), no significant differences in the micropollutant con-

tents were found for similar types of sludge from different WWTP in Paris, highlighting the homogeneity
of sludge contamination in downstream Paris catchment.
The variability of concentration is rather high (coefficient of variation >100%) for several PHPs, PFAs

or PCBs while it is moderate (<100%) or low (<50%) for fluoroquinolones, hormones, PAHs, APs or LAS.
In addition, digestion seems to have a buffer effect as variabilities are lower in digested sludge for
PHPs, PFAs, APs and PCBs. During sludge treatment (centrifugation, digestion, thermal drying, sludge
conditioning + press filtration), the hormones, LAS, APs, PAHs, DEHP and PCBs concentrations increased,
while those of PHPs and PFAs decreased. In the case of digestion, the increase of content can be
explained by no pollutant removal or a lower removal than DM removal (concentration phenomenon)
whereas the decrease underlines that the compound is more removed than the DM. In any case, these
concentration variations presuppose the mechanisms of dissipation that could be attributed to
volatilization, biotic or abiotic transformation (complete or with metabolites production), bound
residues formation.
In addition, data on sludge liquors - centrifuged (CW) and condensed (TDW) waters - from respec-

tively centrifugation and thermal drying were collected. Several hormones, PHPs, PFAs, LAS, PAEs, APs,
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Abbreviations: AC, alumina column purification; APs, alkylphenols; ASE, accelerated solvent extraction; CS, centrifuged sludge; CV, coefficient of variation; CW, residual
water from centrifugation; DM, dry matter; DS, digested sludge; FDG, freeze drying and grinding; GC-HRMS, gas chromatography coupled to high resolution mass
spectrometer; GC-MS, gas chromatography coupled to a mass spectrometer; ISA, Institute of Analytical Sciences; LAS, linear alkylbenzene sulfonates; LBE, laboratory of
environmental biotechnology; LC-FLD, liquid chromatography coupled to a fluorescence detector; LC-MS/MS, liquid chromatography coupled to a tandem mass
spectrometer; LCPP, central laboratory of the Paris police prefecture; LOQ, limit of quantification; PAEs, phthalates; PAHs, polycyclic aromatic hydrocarbons; PCBs,
polybromobiphenyls; PFAs, perfluorinated acids; PHPs, pharmaceutical products; QuEChERS, quick, easy, cheap, effective, rugged and safe procedure; RS, raw sludge; S,
sonication; SC, sludge cake; SIAAP, Paris public sanitation service; SPE, solid phase extraction; dSPE, dispersive solid phase extraction; SRT, sludge retention time; STP, sludge
treatment plant; TDW, residual water from thermal drying; TS, thermally dried sludge; TSS, total suspended solids; VM, volatile matter; WWTP, wastewater treatment plant.
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PCBs and PAHs were quantified in CW and TDW, displaying a transfer through the water removal. The
concentrations observed are rather comparable to those found in wastewater.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

A wide range of micropollutants, particularly hydrophobic com-
pounds, are eliminated during primary and biological treatments
in wastewater treatment plants (WWTP), through sorption to
sewage sludge (Clara et al., 2007; Mailler et al., 2014b; Ruel
et al., 2012). This leads to the contamination of sewage sludge by
various priority and emerging pollutants, such as alkylphenols
(APs), phthalates (PAEs), polycyclic aromatic hydrocarbons (PAHs),
pharmaceuticals (PHPs) and hormones or organotins (Bergé et al.,
2012, 2013; Clarke and Smith, 2011; Mailler et al., 2014a; Meng
et al., 2016).

The production of sewage sludge is estimated to be about 11
million tons of dry matter (DM) in Europe, including 1 million
for France only (Kelessidis and Stasinakis, 2012). Sludge are treated
and conditioned before land application, incineration or land filling
(Fytili and Zabaniotou, 2008). In France (>70% of the DM mass), as
well as in Europe in general (>50%), the main pathway for sludge
management is land application. In this context, the presence of
micropollutants in sludge is of concern, especially considering
the transfer from sludge to soil of some pollutants such as metals
(Chipasa, 2003), organotins (Craig, 2003) or polychlorobiphenyls
(PCBs) (Stevens et al., 2002). In addition, the presence of several
organic micropollutants in sludge used as soil amendment repre-
sents a potential environmental risk (Thomaidi et al., 2016). To
limit contamination of the environment by micropollutants,
European (EC, 1986) and national (French order of 8th January of
1998) regulations have been established to progressively forbid
sludge disposal and regulate land farming. In addition, the Waste
European Directive is currently under revision. Such regulations
concern principally heavy metals, PAHs and PCBs. In particular,
the Urban Wastewater Treatment Directive (EC, 1986), amended
by (91/271/EEC) (EC, 1991), states maximum thresholds and
maximum annual flux to land farm for metals. Moreover, other
compounds could possibly be added to the watch lists of these
regulations.

However, the studies displaying micropollutant contents in
sewage sludge are still scarce compared to those for wastewater,
in particular for emerging compounds such as PHPs or perfluori-
nated acids (PFAs) (Bossi et al., 2008; Jelić et al., 2012; Jones
et al., 2014; Peysson and Vulliet, 2013; Radjenović et al., 2009;
Stasinakis et al., 2013; Subedi et al., 2014). In addition, the impact
of sludge treatments on micropollutant concentrations is difficult
to evaluate considering that most studies do not distinguish differ-
ent types of sludge from a given sludge treatment plant (STP); they
just aimed at characterizing the contamination of raw and/or final
treated sludge disregarding the type of sludge treatment. Finally,
data about French sludge are very partial since only a dozen
references are today available (Besnault et al., 2015; Blanchard
et al., 2004; Gay and Dalvai, 2014; Ghanem et al., 2007; Mailler
et al., 2014a; Muller et al., 2010, 2007; Peysson and Vulliet, 2013).

In this context, a research project about sewage sludge quality
and treatment has been initiated in collaboration with the Paris
public sanitation service (SIAAP), which treats wastewater and
sewage sludge from about 9 million inhabitants. This project aims
at (i) featuring micropollutant pattern of the different types of
sludge and (ii) assessing the efficiency of four sludge treatments
to remove/decrease these contaminations. Therefore, raw sludge,

centrifuged sludge, digested sludge, thermally dried sludge and
sludge cake were studied and centrifugation, anaerobic digestion,
thermal drying and sludge conditioning + press filtration were
considered. The results of a first study performed through this
project on Wastewater Framework Directive priority pollutants
and pesticides were already published (Mailler et al., 2014a). This
second study is focused on new or emerging pollutants by
investigating the fate of a total of 71 compounds, including 59
new molecules, i.e. PHPs, hormones, PFAs, other APs, PAEs or linear
alkyl benzene sulfonates (LAS), and 12 molecules in common with
(Mailler et al., 2014a).

This study also aims at establishing mass balances at the scale
of sludge treatments, i.e. centrifugation, anaerobic digestion, ther-
mal drying and sludge cake process, to have both a large (impact of
the treatment at STPs scale) and a process engineering view
(removals and transfers at processes scale). Therefore, micropollu-
tants in sludge liquors from thermal drying and centrifugation
were investigated too, in order to precisely establish the mass bal-
ance of the process and the quantity release into these aqueous
phases that are usually mixed with the raw wastewater. Such data
are among the first to be published.

In order to deeply assess the fate of micropollutants during
sludge treatments, the presentation and interpretation of the
results obtained in this study are divided in two papers. This first
paper aims at describing the contamination of the different types
of Parisian sewage sludge and sludge liquors by emerging microp-
ollutants and comparing it to the literature data according to a
mini review furnished in supporting material. This is particularly
interesting as a wide range of emerging pollutants are monitored
in the same samples and this paper is to authors’ knowledge the
first to study the micropollutant concentrations in sludge liquors.
In addition, this paper furnishes data about several poorly docu-
mented pollutants in French sludge (fluoroquinolones, several
other PHPs, PFAs, PAEs, LAS).

A second paper will soon assess the removals and transfer path-
ways of these emerging micropollutants. For that purpose, the
establishment of mass balances and the study of removal pathways
will be possible for the different processes as sludge liquors are
also monitored.

2. Materials and methods

2.1. Sludge treatment plants (STPs) description

The three STPs monitored are the same as described in (Mailler
et al., 2014a) - Seine Aval, Seine Centre and Seine Grésillons. They
are supervised by SIAAP and treat sludge produced by three
WWTPs fed with wastewater from the same catchment (down-
stream Paris conurbation). The characteristics of each WWTP and
STP are given in Supporting material - Table S1, as well as the full
layout of each STP (Supporting material - Table S2).

The Seine Centre plant treats 240,000 m3 of wastewater per day.
Sludge produced is first centrifuged to achieve a volume reduction,
resulting in a production of almost 21,000 tons DM of centrifuged
sludge per year (SIAAP source). Then, sludge is incinerated produc-
ing ash and smoke, which is specifically treated to minimize odors.
The Seine Aval plant receives 1,700,000 m3 of wastewater per day
(biggest in Europe) and produces >55,000 tons DM of treated
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