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ABSTRACT

Trace organic contaminants (TOCs) correspond to a broad range of molecules generated either directly or indirectly by human

activity. Even though TOCs are found at low concentrations in the environment, they often accumulate by biomagnification and

bioaccumulation into biological organisms and cause irreversible damages in biological systems through direct or indirect toxic effects

such as endocrine disruption and tumour initiation. This manuscript presents the main findings of over fifteen years of research

focusing on biological removal of various TOCs found in sewage sludge from urban treatment plants. A special focus of the research

was made on microbial processes in complex anaerobic ecosystems. Four families of compounds mostly retrieved in urban plants were

studied: the polycyclic aromatic hydrocarbons (PAHs), the polychlorobiphenyls (PCBs), the phthalic acid esters (PAEs), and the

nonylphenol ethoxylates (NPEs). It was observed that the microbial capability for removing low amounts of TOCs required a long

adaptation time and was often limited by the bioavailability of these compounds. In fact, the overall biodegradation resulted from the

numerous interactions existing between the matrix (organic matter) and the microbial ecosystems according to the physico-chemical

sorption properties of these compounds. Mechanistic aspects were also tackled in depth and specific models were developed for better

understanding the network of interactions between TOCs, microorganisms, and organic matter. These findings could be extrapolated

to other ecosystems such as soils and sediments. Finally, it was shown that microbial cometabolism was essential for TOC removal,

and the concept of bioavailability was not only dependent on the nature, the level, and the sorption properties of TOCs but was also

strongly dependent on the nature and the concentration of the sludge organic matter. Specific parameters were proposed for better

evaluating the fate of TOCs in microbial anaerobic processes and technological solutions for efficient removal of these compounds were

also proposed.
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INTRODUCTION

A broad range of natural and man-made trace

organic contaminants (TOCs) enter the environment

through sewage treatment plants (STPs). During the

last two decades, many research projects have focused

on i) the improvement of analytical methods for the

determination of TOCs and their by-product metabo-

lites in wastewaters and sludge, i.e., in complex media

(Celiz et al., 2009); ii) the presence of these TOCs in

raw sewage, treated water, and various environmen-

tal matrices (Jensen, 1999; Bolz et al., 2001; Monteiro

and Boxall, 2010); iii) the assessment and prediction

of their harmful effects on ecosystems (Jobling and

Sumpter, 1993; Desbrow et al., 1998; Servos, 1999)

and the data acquisition for environmental and hu-

man risk assessment (Wild and Jones, 1992; Darbre,

1998; Mackay and Fraser, 2000; Martin and Voulvoulis,

2009); and iv) the evaluation of conventional waste-

water and upgraded processes to remove some priority

and emerging TOCs (Muller et al., 2008; Gabet-Giraud

et al., 2010).

Since biological processes are extensively used in

urban wastewater treatment plants, many studies

have focused on the efficiency of biological treat-

ments and the influence of the operating parameters

associated with these systems (e.g., solids retention

time, hydraulic retention time, and fixed or suspended

biomass) (Clara et al., 2005). As it was demonstrated

that removal of TOCs was related to their biodegrada-



bility (Joss et al., 2006), sorption is one of the main

mechanisms that drive their fate in STPs, particu-

larly for hydrophobic TOCs (Fauser et al., 2003; Gadd,

2009). The results of the French National Amperes

Project (2005–2008) fully support these assumptions.

It was demonstrated that among the substances re-

moved from water by conventional activated sludge

(with an average removal efficiency > 30%), 65% of

TOCs are transferred from the liquid to the solid phase

of the mixed liquor.

Simultaneously to the studies in STPs, many in-

vestigations have focussed on TOC occurrence in

sewage sludge, particularly on the analytical develop-

ment from such complex organic matrices (Magoarou,

2000). A broad variation of the levels found in the lite-

rature is due to the diverse analytical methodologies

and the variability of the wastewater and sludge treat-

ment processes. However, it seems that some TOCs,

e.g., detergents and plasticizers, are characterized by

very high levels of contamination, from g to mg kg−1

dry matter (DM), and some others such as hydrocar-

bons, pesticides, flame retardants, and pharmaceuti-

cals by low (100–1000 µg kg−1 DM) to very low (<

100 µg kg−1 DM) levels of contamination.

As a consequence, several countries have already

implemented cut-off values for these contaminants

found in sewage sludge, and the European Union (EU)

proposed in 2000 a draft for modifying the Sewage

Sludge Directive of 1986. In this draft, limit values

of TOC concentrations in sludge and annual amounts

prior to reuse in agriculture were proposed: 2 600 mg

kg−1 DM for linear alkylbenzene sulfonates, 100 mg

kg−1 DM for diethylhexylphthalates, 50 mg kg−1 DM

for nonylphenol polyethoxylates (NPEs), 100 ng toxic

equivalent quantity (TEQ) kg−1 DM for dioxins and

furans, 500 mg kg−1 DM for organohalogens, 0.8

mg kg−1 DM for polychlorobiphenyls (PCBs), and 6

mg kg−1 DM for polycyclic aromatic hydrocarbons

(PAHs). Some European countries have already ap-

plied such limits: Germany since 1992, Denmark since

1997, and France since 1998 (Magoarou, 2000).

For sludge stabilisation, biological processes have

been considered as standard treatment methods in the

EU for several decades. While liquid aerobic stabilisa-

tion is normally preferred in small wastewater treat-

ment plants, medium or large treatment plants nor-

mally use anaerobic stabilization, also called sludge di-

gestion. This latter process is known to be more attrac-

tive with respect to energy considerations. It requires

less energy than aerobic treatments and produces a re-

newable and storable energy source in the form of bio-

gas. Nonetheless, aerobic treatments and their associ-

ated microbial populations and metabolic pathways of

TOC removal have been largely studied and well ap-

plied at real scale (waste and wastewater treatment

and bioremediation technologies). One of the most

studied anaerobic metabolic pathways is the reductive

dehalogenation occurring with organohalogenic com-

pounds like perchloroethylenes, PCBs, or hexachloro-

cyclohexanes (Smidt and de Vos, 2004). Many studies

have also dealt with the anaerobic biodegradation of

aromatic compounds like benzene, toluene, ethylben-

zene, and xylene (Gibson and Harwood, 2002). All

these studies were usually conducted on highly con-

taminated ecosystems such as lake sediments, anthro-

pogenic soils, or industrial wastewaters. However, only

little is known about low contaminated environments

such as sewage sludge. Fifteen years ago, the knowle-

dge in the field of TOC fate during anaerobic sludge

stabilisation was very poor. At this time, it was re-

ally challenging to get data on their fate, their removal

optimization, the implied microbial population, and

the key parameters and mechanisms driving their fate

in order to reduce their further impact on soils after

sludge spreading. All these research topics are detailed

in the present paper with emphasis on the main re-

sults obtained from the past 15 years of research. Some

TOCs were chosen as model compounds according to

their variability in their chemical structures, fate in

STP (degradation/sorption/volatilisation), persistence

and toxicity in the environment, and existence of cut-

off values in EU policies. Four families were thus stu-

died: PAHs, PCBs, phthalic acid esters (PAEs), and

NPEs.

MATERIALS AND METHODS

Biological reactors fed with long-term TOC-contami-

nated sewage sludge

Four (aerobic) or 5-L (anaerobic) continuous stir-

red tank reactors (CRTR) were used and operated at

laboratory scale. Magnetic stirring was used for re-

actor mixing and pH was not regulated but main-

tained around 7.6 ± 0.1. Reactors were operated at

mesophilic (35 ◦C), intermediate (45 ◦C), and ther-

mophilic (55 ◦C) conditions, and fed with long-term

TOC-contaminated sewage sludge (contamination in

either PAHs, PCBs, or NPEs). TOC removals were

assessed at the steady state, i.e., after 4–5 hydraulic

retention times under continuous operation. To assess

TOC abiotic losses, a sterilizing chemical (100 mmol

L−1 sodium azide) was added to control reactors ope-



rated under similar conditions to biological ones. Total

solids (TS) and volatile solids (VS) were determined by

drying 20 mL of the sludge sample in an oven at 110
◦C for 24 h and at 550 ◦C overnight, respectively.

For the anaerobic digesters, the operating condi-

tions were similar to those of the industrial digesters

with a hydraulic retention time ranging from 20 to

40 d and a maximum daily organic load (in terms of

chemical oxygen demand (COD)) of 1 kg COD m−3

d−1. At the start, the reactors were inoculated with

methanogenic ecosystems either adapted to TOC con-

tamination for a long time, or confronted for the first

time to TOC (non-adapted ecosystem). In addition,

ozonation was combined to the anaerobic reactor as a

post-treatment in order to assess the efficiency of such

a combination. The digested sludge was ozonized in a

1-L fed batch reactor as detailed in Bernal-Mart́ınez et

al. (2005). Biogas composition and flow measurement

were estimated according to Trably et al. (2003).

Alternatively, the aerobic reactors were operated

with a hydraulic retention time of 20 d and a maxi-

mum daily organic load of 1.2 kg COD m−3 d−1. They

were fed with the same long-term TOC-contaminated

sewage sludge. The air flow rate was 0.3 L L−1 min−1.

Aerobic reactors were operated according to Trably

and Patureau (2006).

Biological reactors fed with TOC-spiked sewage sludge

In order to assess the impact of various types of

sludge on the fate of TOCs under anaerobic condi-

tions, similar anaerobic digesters were operated as de-

scribed above, except that they were fed with primary,

secondary, and thermally pretreated (165 ◦C, 30 min)

sludge spiked with nonylphenol at 100 µg g−1 DM,

each PCB at 5 µg g−1 DM, and each PAH at 5 µg

g−1 DM except for indeno(1,2,3-cd)pyrene at 1 µg g−1

DM (Barret et al., 2010a). Thus, the TOC loads on

the digesters were similar for various types of sludge.

Centrifugation of sludge (12 000 × g, 20 min, 35 ◦C)

followed by filtration at 1.2 mm (GF/C filter, What-

man) were carried out to separate the particles from

the supernatant containing the dissolved and colloidal

matter (DCM). TS and VS of the total sludge and the

DCM fraction were measured by weighing the samples

after heating at 105 ◦C for 24 h and further heating

at 550 ◦C overnight. Chemical oxygen demand, pro-

teins, carbohydrates, volatile fatty acids, mineral den-

sity, low-molecular-weight DCM fraction (< 1 kDa),

and organic carbon in particles and in DCM were de-

termined in the inlet and outlet of the reactors at a

steady state according to Barret et al. (2010b).

TOC enrichment cultures

In order to identify and characterise the anaerobic

microbial population implied in TOC degradation, en-

richment cultures on PAEs and nonylphenol at high

concentrations (between 10 and 500 mg L−1) were

carried out in 250-mL serum bottles. These enriched

anaerobic continuous reactors, operated at 37 ◦C with

a hydraulic retention time of 20 d, were inoculated with

an anaerobic digested sludge and fed with a synthetic

medium supplemented with PAEs or nonylphenol. The

microbial communities were analysed by DNA finger-

prints and sequences according to Trably et al. (2005,

2008).

Assessment of TOC sorption equilibrium in sludge

TOC partition coefficients in sludge (Kd) were de-

termined in the various types of sludge by varying

the DCM concentration. Variations of DCM concen-

trations were obtained by diluting each sludge with

its own supernatant previously separated (centrifuga-

tion and filtration at 1.2 mm), and with water in dif-

ferent proportions. Dependence of Kd on DCM con-

centration was measured for each sludge and each

TOC. A non-linear regression Levenberg-Marquardt

algorithm (Marquardt, 1963) was used to minimise

the sum of square errors and to estimate Kpart and

KDCM, the equilibrium constants of sorption to parti-

cles and DCM, respectively, as shown in Barret et al.

(2010b, c).

TOC analysis

In order to determine the total TOC concentra-

tion, sludge samples were dried and sieved. The PAHs

(fluorene, phenanthrene, anthracene, fluoranthene,

pyrene, benzo(a)anthracene, chrysene, benzo(b)fluora-

nthene, benzo(k)fluoranthene, benzo(a)pyrene, dibe-

nzo(a,h)anthracene, benzo(g,h,i)perylene, indeno(1,2,

3-cd)pyrene), NPEs (nonylphenol, nonylphenol-mono-

ethoxylate, and nonylphenol-di-ethoxylate) and PCBs

(28, 52, 101, 118, 138, 153, and 180) were solvent-

extracted from 0.5 g of dry sludge samples using the

ASE-200 system (DionexTM-Moduleware V. 3.01 Bios

30.0, Dionex Corporation, USA) as described previ-

ously by Trably et al. (2004) and Hernandez-Raquet et

al. (2007). PAHs and NPEs were analysed using high

performance liquid chromatography coupled to fluo-

rescence detection according to the respective meth-

ods previously described (Trably et al., 2004; Patureau

et al., 2007). The PCBs were quantified by gas chro-

matography coupled to an electron capture detector

equipped with a capillary column, according to Pa-



tureau and Trably (2006). The PAEs were determined

as described in Trably et al. (2008), briefly consisting of

liquid-liquid extraction and gas chromatography-mass

spectrometry (GC-MS) analysis.

Statistical analysis

TOC removals were compared using a Student’s t

test. For all tests, P = 0.05 was used to denote statis-

tical significance..

RESULTS AND DISCUSSION

TOC dynamic during sewage sludge anaerobic diges-

tion

In this study, several biological reactors were fed

with long-term TOC-contaminated sewage sludge. In-

deed, according to Eggen and Majcherczyk (1998),

the addition of contaminants could modify their re-

moval assessment because of the modification of the

interactions occurring between contaminants and or-

ganic matter. TOC abiotic losses were also estimated

with chemically sterilized reactors using sodium azide

(100 mmol L−1) under the same conditions.

Under mesophilic methanogenic conditions (35
◦C), we clearly observed significant removal of 13 PAHs

(Trably et al., 2003), 7 PCBs (Patureau and Trably,

2006), and NPEs (Patureau et al., 2008) with aver-

age removals of 46%±4%, 40%±5%, and 25%±6%, re-

spectively. PAH and PCB abiotic losses were strictly

limited to the lightest compounds such as fluorene,

phenanthrene, anthracene, PCB 52, PCB 101, and

PCB 118, and remained below 20%. NPE abiotic losses

were limited to very low amounts, around 4%±7%.

Fig. 1 illustrated the abiotic losses and biological anaer-

obic removals of 13 PAHs.

Different removals were observed according to the

molecular weight and the type of molecule: the ligh-

test PAHs were better degraded than heavier ones.

In contrast, the highly chlorinated PCBs were de-

graded faster. These results are consistent with the

published literature (Chang et al., 1999, 2005), even

with data obtained under highly simplified and ac-

climated/enriched batch systems, synthetically spiked

with the targeted compounds, and not offering a com-

parison with abiotic conditions. For example, biodegra-

dation of the lightest PAHs was reported under sulfate-

reducing conditions in the case of highly contami-

nated sediment (Rockne and Strand, 1998) and under

methanogenic conditions with an enriched adapted cul-

ture coming from a long-term highly polluted sediment

(Chang et al., 2002). Our work was thus the first to

Fig. 1 Removal of polycyclic aromatic hydrocarbons (PAH)

including fluorene (Fluo), phenanthrene (Phen), anthracene

(Anth), fluoranthene (Fluor), pyrene (Pyr), benzo(a)anthracene

(B(a)anth), chrysene (Chrys), benzo(b)fluoranthene (B(b)fluor),

benzo(k)fluoranthene (B(k)fluor), benzo(a)pyrene (B(a)pyr), di-

benzo(a,h)anthracene (DB), benzo(g,h,i)perylene (B(ghi)p), and

indeno(1,2,3-cd)pyrene) (Indeno) in abiotic reactors (CTRL)

and biological reactors (BIOR) under anaerobic mesophilic co-

nditions (35 ◦C) in 5-L continuous stirred tank reactors with a

hydraulic retention time of 40 d.

fully simulate the real environment found in anaerobic

treatment systems.

In this study with the low contaminated sludge,

all TOC removals were closely related to TS removals.

This meant that TOC transfer and diffusion are in-

volved in such a process and that bioavailability re-

mained an important limiting factor. In order to en-

hance the mass transfer and thus TOC removals, we

tested various operating conditions such as an in-

crease of temperature and the addition of surfactant

or methanol (Trably, 2002). In the case of PAHs, re-

movals were enhanced under thermophilic conditions

(55 ◦C). For the lightest PAHs, the removal enhance-

ment was due to a significant increase in abiotic losses.

However, for the heaviest PAHs, it was concluded that

the increase of removal performances was due to an

increase in PAH diffusion from solids to a more ex-

tractable compartment (Trably et al., 2003).

We also compared anaerobic versus aerobic condi-

tions. This latter condition was always better in terms

of TOC removal: at 45 ◦C, around 80% of PAH re-

moval was observed with 41% of total solid reduction

(Trably and Patureau, 2006). Similar results were ob-

served for NPE removal with the highest efficiency for

the aerobic mesophilic (Hernandez-Raquet et al., 2007)

and thermophilic (Patureau et al., 2008) processes.

At the same time, a combination of anaerobic pro-

cess and chemical process such as ozonation was also



tested in order to increase TOC removal. This combi-

nation increased NPE (Patureau et al., 2008) and PAH

(Bernal-Martinez et al., 2005) removals by almost a

factor of 2 with regard to the performances observed

in the one-step anaerobic reactors. By using a partial

least square regression, PAH removal by ozonation was

found to be correlated to PAH solubility and the num-

ber of 5-carbon rings (Carrère et al., 2006). The pres-

ence of soluble organic matter in the sludge was also a

limiting factor for ozone attack on PAHs.

The results previously presented emphasized on

one hand the potential of technological solutions for re-

ducing the contents of such refractory TOCs in sewage

sludge, and, on the other hand, the probable exis-

tence of anaerobic microorganisms able to degrade such

TOCs. However, to this point, the anaerobic diges-

tion processes were only studied empirically, following

a black box approach. To go further and improve our

understanding on the driving mechanisms, we develo-

ped a mechanistic and conceptual approach in which

a complex network of interactions between the three

actors of the system, i.e., TOC, microorganisms, and

matrix, must be considered (Fig. 2). The structure of

the microbial consortium, with respect to each TOC,

defines a microbial potential throughout the presence

and abundance of the active microorganisms. In ad-

dition, the interactions between the microbial ecosys-

tem and the matrix define the basal metabolism of

the system, which can influence the biodegradation of

TOCs throughout cometabolism processes. Finally, the

physico-chemical interactions between TOC and ma-

trix, in terms of sorption, are likely to determine the

bioavailability of TOCs towards the microorganisms,

and consequently the biodegradation activity. Several

Fig. 2 Network of interactions between the three factors (trace

organic contaminant (TOC), matrix, and microorganisms) in-

fluencing the biodegradation of TOCs during anaerobic digestion

of contaminated sludge.

approaches were developed in order to evidence, under-

stand, and model each link of this conceptual network,

either individually or following an integrated way of

investigation.

Microbial processes involved in TOC removal

Over the past ten years, various experiments were

conducted for better understanding the microbial pro-

cesses involved in TOC removal. More particularly, the

role of specific microbial populations was investigated

in anaerobic mixed cultures removing biologically vari-

ous TOCs sorbed onto sewage sludge. With regard

to a non-adapted anaerobic ecosystem sampled from

a mesophilic digester treating uncontaminated sewage

sludge, PAH removal was observed only when the mi-

crobial ecosystem had been adapted for several years to

a low but persistent level of contamination (Trably et

al., 2003). In fact, the adapted ecosystem corresponded

to the outlet of an industrial anaerobic digester trea-

ting sewage sludge persistently contaminated by PAHs

concentrated at an order of magnitude of few mg per kg

of dry matter. PAH removal performances were com-

pared between the adapted and non-adapted ecosys-

tems. Lower removals were observed with the non-

adapted ecosystem (ranging from 5% to 25% according

to PAH molecular weights) than the adapted ecosys-

tem (ranging from 40% to 60%). Moreover, the heavier

the PAH, the higher the difference. This result evi-

denced the importance of a long period of contami-

nation for adapting the microbial ecosystem. These

performances were significantly enhanced by bioaug-

mention of the inoculum. In fact, when using as ini-

tial inoculum a sludge mixture composed of 10% and

90% of adapted and non-adapted microbial consor-

tia, respectively, similar removal performances were

observed for the lightest PAHs, but slightly lower re-

moval performances for the heavier ones (Trably et al.,

2003). It was concluded that a long term adaptation

of the methanogenic microbial ecosystem was required

for efficiently removing PAHs and more specifically the

heavier ones. In addition, the rates of PAH removal

for both the non-adapted and bioaugmented reactors

were significantly lower than the TS reduction rates.

Therefore, PAH removal in the adapted reactor was

mainly due to an effective biological activity and did

not only result from an abiotic phenomenon of physi-

cal transfer, i.e., non-specific PAH incorporation into

the non-extractable fraction of the solid particles. In

this context, the archaeal population from the adapted

ecosystem was characterized and several members of

the methanogenic genera were identified. It was shown



that methanogenic activity was essential for effective

PAH removal, likely due to the thermodynamic limita-

tions of the anaerobic pathways (Trably, 2002). More-

over, a specific pattern of the microbial population

was observed, suggesting that the adaptation of the

ecosystem implied the presence of adapted archaeal

methanogens as well as adapted bacterial species.

To better understand the microbial processes in-

volved in such anaerobic degradation pathways, 14C-

benzo(a)pyrene was used. Although a significant part

(about 10%) of the molecules were incorporated into

the non-extractable fraction of the solids, it was defi-

nitely concluded that PAH biodegradation occurred

under anaerobic conditions and corresponded to ap-

proximately 40% of PAH removal for all compounds

(data not shown).

In order to identify specifically the microorgan-

isms potentially involved in TOC removal, enrichment

procedures were performed from adapted ecosystems

in continuous stirred tank reactors fed with a syn-

thetic medium supplemented with each contaminant

(dibutyl phthalate (DBP) or nonylphenol). This proce-

dure rapidly selected simplified microbial populations

with a high capacity of degradation. During the enrich-

ment, the TOC removal was higher than 90% and the

microbial population was characterized. The dominant

bacterial species in the DBP-degrading culture was af-

filiated to Soehngenia saccharolytica, a microorganism

described previously as an anaerobic benzaldehyde de-

grader (Trably et al., 2008). Within the archaeal com-

munity, there was a shift between two different species

of the genus Methanosaeta, indicating a highly specific

impact of DBP or degradation products on archaeal

species. This was consistent with previous results, sug-

gesting that the populations of archaeal methanogens

were very specific to TOC either because the presence

of TOC caused less inhibition of these populations

or, more likely, because methanogens favoured the lo-

cal conditions through specific syntrophic relationships

with bacterial degraders. To better understand the

spatial relationships between microorganisms, DNA

probes targeting mRNA were designed from molecu-

lar fingerprint characterization of the enriched popula-

tions. Spatial repartition of the dominant microorga-

nisms was observed by fluorescent in-situ hybridization

and showed that they were mainly present in well struc-

tured flocs, suggesting the occurrence of physiological

as well as energetic interactions/synergies between ar-

chaeal and bacterial populations.

Similar results were observed in nonylphenol-

degrading enrichment cultures. The dominant bacte-

rial species were affiliated to the genera Pseudomonas

and Alcaligenes, previously described as p-cresol and

phenol degraders, respectively. This suggested that

phenol may be a probable by-product of nonylphenol

degradation pathway. From these enrichments, several

microorganisms were isolated and physiologically and

phylogenetically characterised. Some of them were in-

teresting because hybridization revealed the presence

of bacterial/archaeal consortia which were so closely

associated that they were impossible to dissociate, sug-

gesting that tight interactions occurred.

Hypothesis of cometabolism: experimental evidence

and modelling

Although certain TOCs such as low-molecular-

weight PAHs and nonylphenol can be used as sole car-

bon sources by methanogenic consortia (Trably et al.,

2005b; Chang et al., 2006, 2008), it has not been shown

for high-molecular-weight PAHs. In the case of highly

recalcitrant TOCs for which biodegradation is not

thermodynamically favoured, the metabolic activity

that leads to their removal is possible when combined

to other metabolic routes. Indeed, the metabolism of

co-substrates can generate carbon and energy fluxes

in the cells. This physiological state might stimulate

the metabolic pathway of TOC degradation. One ex-

perimental evidence for this interaction is the increase

of TOC biodegradation when a readily biodegrada-

ble substrate such as acetate, yeast extract or cel-

lulose is added (Chang et al., 2004; Dionisi et al.,

2006). However, in some cases, no effect was reported

(Bertin et al., 2007). This discrepancy in the liter-

ature might emphasize the need for an integrated

approach to study the implication of cometabolism

in the fate of TOCs during the anaerobic diges-

tion of contaminated sludge. Indeed, adding a readily

biodegradable substrate into sludge may modify not

only the basal metabolism of the methanogenic con-

sortium and thereby the cometabolism, but it is also

likely to influence the microbiological potential since

the structure of the ecosystem established in the pro-

cess depends on the characteristics of the feed. In ad-

dition, the bioavailability of the pollutants towards

the active microorganisms may change when the ma-

trix composition and thus its sorption ability is modi-

fied. No study which took all these mechanisms into ac-

count had been performed when we published a paper

in which an integrated approach was developed (Barret

et al., 2010a). This research demonstrated that indeed,

cometabolism was one of the driving mechanisms. It

was also shown that other mechanisms did concomi-

tantly influence the biodegradation of TOCs and had

to be included in the modelling of pollutant fate.



In addition, Delgadillo-Mirquez et al. (2011) com-

pared the metabolism with the cometabolism for PAH

degradation modelling during anaerobic digestion of

contaminated sludge. In this study, metabolism was

modelled on the basis of Monod-type kinetics with

specific PAH-degraders and cometabolism kinetics was

adapted from the Criddle (1993) equation that con-

siders cometabolism and bioavailability. This modi-

fied equation enhances the cometabolic degradation

with generation of reductants from biodegradation

of a growth substrate and in its absence, the TOC

transformation is linked to endogenous decay. PAH

degradation with a specific microorganism resulted

in an overestimation of experimental data while the

cometabolism model closely followed the dynamic evo-

lution of the PAH compounds (Fig. 3). The results sug-

gested that a cometabolism pathway could be the main

mechanism for hydrophobic pollutant removal. An eco-

logical explanation of cometabolism is that the removal

of compounds present only in trace levels (ng L−1 or µg

L−1) does not result in any significant biomass growth

(Clara et al., 2005). Indeed, such a mechanism was de-

fined (Horvath, 1972) as the ability of the organism

to attack a pollutant without a necessary assimilation

of the metabolic by-products generated from its oxida-

tion.

Physico-chemical processes involved in TOC removal:

towards the bioavailability concept

Bioavailability, defined as the concentration avai-

lable for degradation by the microorganisms, is usually

assumed to govern the biodegradation of hydrophobic

TOCs in sludge (Chang et al., 2003; Patureau and Tra-

bly, 2006). Several assumptions can be found in the

literature concerning the bioavailable fraction of con-

taminants. The most widespread one considers that

the aqueous contaminants are bioavailable (Artola-

Garicano et al., 2003; Urase and Kikuta, 2005). Howe-

ver, the aqueous fraction includes not only free TOCs

but also TOCs sorbed to dissolved and colloidal mat-

ter (DCM). Indeed, the DCM compartment of sludge

is defined as the centrifugation supernatant (12 000

g, 20 min, 35 ◦C) filtered at 1.2 mm (Barret et al.,

2010c). The two sludge compartments have not usu-

ally been differentiated in the literature even though

the existing interactions between TOCs and DCM

are likely to modulate their bioavailability (Permi-

nova et al., 2001; Smith et al., 2009). Further research

was thus needed to clearly establish the link between

bioavailability and sorption phenomena and demon-

strate whether bioavailability is really one of the mec-

hanisms which drive the fate of TOCs.

A new procedure was developed to assess the equi-

librium constants of sorption in sludge which is con-

sidered as a three-compartment matrix where TOCs

coexist in three states (Fig. 4): freely dissolved, sorbed

to DCM, and sorbed to particles (Barret et al.,

2010c). This methodology was applied to a wide range

of TOCs and sludge samples (Barret et al., 2010b). The

data obtained were used to build a model in which

equilibrium constants were expressed as a function of

compounds and sludge characteristics (Barret et al.,

2010b).

This work made it possible to classify the influence

Fig. 3 Pyrene behaviour in primary (a–e) and secondary (f–j) sludge reactors: influent concentration of pyrene (a and f), effluent

concentration of pyrene (b and g), freely dissolved pyrene (c and h), pyrene sorbed to dissolved and colloidal matter (d and i), and

pyrene sorbed to particles (e and j). Grey line: influent concentration; black circle: experimental data; white circle: values estimated

from two equilibrium constants; black line: model with cometabolism; dashed line: model with Monod-type metabolism (considering

the aqueous phase as the bioavailable compartment).



Fig. 4 Representation of the three-compartment model of a

trace organic contaminant (TOC) in sludge (Barret et al.,

2010c). Cfree (mg mL−1): concentration of freely dissolved

TOC; CDCM (mg g−1): concentration of TOC sorbed to di-

ssolved and colloidal matter (DCM); Cpart (mg g−1): concentra-

tion of TOC sorbed to particles; Kpart: the equilibrium constant

of TOC sorption to particles (mL g−1); KDCM: the equilibrium

constant of sorption to DCM (mL g−1).

ences of the TOC properties and the sludge charac-

teristics on TOC sorption. One meaningful result was

that the physical and chemical properties of sludge had

a higher influence than TOC characteristics, contrary

to what is commonly admitted in other environmen-

tal matrices such as soil and sediments (Karickhoff et

al., 1979). One other outcome of this study was the

use of the model as a predictive tool. This option was

exploited to assess the distribution of TOCs within

the three compartments in anaerobic continuous biore-

actors, and link these data to the microbial activity

of biodegradation (Barret et al., 2010a). Hence, the

widespread assumption that aqueous contaminants are

bioavailable was experimentally validated. Evidence

was also provided for the link between bioavailabilty

and biodegradation, and a formalism was proposed

to model the combined effects of bioavailability and

cometabolism:

rTOC

CTOC,aqu

=
TTOC,TS

KTOC

(rTS − r0) (1)

where rTOC is the removal rate of a TOC (µg L−1

d−1); CTOC,aqu is the volumetric concentration of the

TOC in the aqueous phase, including freely dissolved

and sorbed-to-DCM compounds (µg L−1); TTOC,TS

is the TOC transformation capacity with TS as the

cometabolic substrate (µg g−1 TS); KTOC is the half-

saturation constant of the TOC in the Monod-type for-

malism (µg L−1); rTS is the removal rate of TS (g L−1

d−1); and r0 is the threshold value for the removal

rate of TS (g L−1 d−1). Using this equation and con-

sidering the various distributions of pollutants in the

sludge compartments, Delgadillo-Mirquez et al. (2011)

developed a model for the behaviour of PAHs in anaer-

obic reactors. This model allowed to test various hy-

potheses, like determining which compartment is the

bioavailable one. To this purpose, bioavailability of hy-

drophobic TOCs was evaluated in the freely dissolved

fraction, aqueous fraction (including freely dissolved

and sorbed-to-DCM compounds), and all fractions

(aqueous fraction and sorbed-to-particles fraction) as

proposed by Fountoulakis et al. (2006). Simulation

results (Delgadillo-Mirquez et al., 2011) confirmed

that the aqueous fraction was the main bioavailable

compartment. Considering this, the cometabolism ki-

netic parameters were lower than those of substrate

metabolism supporting the microbial growth (Chang

et al., 1993; Alvarez-Cohen and Speitel, 2001; Haws et

al., 2006).

CONCLUSIONS

The results of this study showed the anaerobic po-

tential of low contaminated environments to remove

TOCs. It was also highlighted that technological solu-

tions can be applied to enhance this potential, by en-

hancing the temperature or combining biological and

physico-chemical processes. Such enhancement strate-

gies can be empirically elaborated by modifying the

operational parameters or, more thinkable, by deeply

understanding the mechanisms driving the fate of the

TOCs. Our proposed conceptual and mechanistic ap-

proach considering the network of interactions be-

tween the matrix, the TOCs, and the microorganisms

helped us to better understand which compartment

was bioavailable and underlined the importance of con-

sidering cometabolism when studying the biodegrada-

tion of such contaminants. Moreover, this approach,

developed on anaerobic processes, can be transposed

to other types of matrices such as activated sludge,

sediments, and soils. The main idea was to observe the

repartition of the TOCs in organic matter that could

be separated by particle size or biochemical affinity or a

combination of both. It could be particularly relevant

to adopt such an approach in the context of sewage

sludge which is usually spread onto agricultural soils

after stabilization by anaerobic digestion or compos-

ting. The nature, the level, and the sorption behaviour

of the pollutants in the stabilized sludge and, as a re-

sult, the risks associated with their use on agricultural

soils would depend on the raw materials, their final

load, and their evolution over time. Each sludge sta-

bilization process thus induced a particular dissipation

of the TOCs, including their transformation and/or

their association to various matter compartments of

the considered matrix; this dissipation process likely

interacted with the TOC fate after sludge spreading.

It is thus important to improve the overview of sludge

quality in terms of the content and fraction localisation



(speciation) of TOCs and to link their fate in processes

to their fate in soil.
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