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Anaerobic degradation of polycyclic aromatic hydrocarbons has been brought to the fore, but information on removal kinetics
and anaerobic degrading bacteria is still lacking. In order to explore the organic micropollutants removal kinetics under anaerobic
conditions in regard to the methane production kinetics, the removal rate of 12 polycyclic aromatic hydrocarbons was measured
in two anaerobic batch reactors series fed with a highly loaded secondary sludge as growth substrate. The results underscore
that organic micropollutants removal is coupled to the initial stages of anaerobic digestion (acidogenesis and acetogenesis). In
addition, the organic micropollutants kinetics suggest that the main removal mechanisms of these hydrophobic compounds are
biodegradation and/or sequestration depending on the compounds.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are nowadays con-
sidered as environmental pollutants by environmental and
health agencies because of their toxic, mutagenic, and car-
cinogenic effects on living organisms [1]. PAHs are mainly
formed during human activities such as crude oil spillage,
fossil fuel combustion, and gasoline leakage. Through the air
and runoff after rainy events, the PAHs can deposit to soil,
water bodies, and sewage system [2, 3]. Due to their low
water solubility and high octanol-water partition coefficients,
these organic micropollutants (𝜇P) are mainly associated
with hydrophobic compartments such as the organic matter
in sewage sludge and river sediments or the lipids in biota,
with levels between 0.001 and 10𝜇g/gDM for PAHs [4–6].
𝜇P can be also sorbed irreversibly in a short time scale to
the organic matter. This phenomenon named sequestration
has been reported by different authors as one of the abiotic
mechanisms of 𝜇P removal in digested sewage sludge and
soils [7–9].

PAHs are known to be biodegraded under aerobic con-
ditions [10, 11]. However, most contaminated environments
are anaerobic. In these environments, the anaerobic digestion
can occur. Anaerobic digestion is a process whereby organic

matter is broken down in the absence of oxygen intomethane
and carbon dioxide by naturally occurring microorganisms.
The anaerobic digestion consists of four stageswhere different
microbial populations participate: (1) hydrolysis, (2) acidoge-
nesis, (3) acetogenesis, and (4)methanogenesis.Thedigestion
process begins with the hydrolysis of insoluble organic poly-
mers into monomers that are available for microorganisms.
Acidogenesis is the stepwhere thesemonomers are converted
to carbon dioxide, hydrogen, and volatile fatty acids (acetic,
propionic, butyric acids, etc.) by fermentative bacteria and
then, in the acetogenesis stage, these metabolites are con-
verted to acetic acid, hydrogen, and carbon dioxide by three
different groups of bacteria (hydrogenic, homoacetogenic,
and sulfatoreductive). Finally, the methanogenic microor-
ganisms (strict anaerobic archaea) convert the acetic acid,
hydrogen,d and carbon dioxide into methane [12, 13].

Recent results demonstrated that some PAHs [14–17] can
be degraded under anaerobic conditions. It appears that this
biodegradation is mainly coupled to methanogenic terminal
oxidation processes [18, 19]. A recent thermodynamic land-
scape study showed that the biodegradation of PAHs under
methanogenic conditions is an exergonic process; it indi-
cated also that PAHs could be degraded to acetate and H

2

coupled to the conversion of these substrates to methane
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Table 1: Batch experiment setup. HLSS reactors series A and B with their respective nonspiked control HLSS reactors and the abiotic
experiment.

HLSS reactors series A HLSS reactors series B HLSS abiotic reactors
Number of reactors at day 0 6 reactors + 1 control 10 reactors + 1 control 4 reactors

Date of analysis (number of reactors analyzed)

Day 0 (2) Day 0 (2) Day 0 (2)
Day 26 (1) Day 8 (2) Day 54 (2)
Day 39 (1) Day 13 (2)
Day 45 (1) Day 18 (2)

Day 54 (1 + 1 control) Day 34 (2 + 1 control)

as the optimal pathway [20]. In addition, observations that
bromoethanesulfonic acid, an inhibitor of methanogene-
sis, inhibited partially the degradation of naphthalene and
phenanthrene with the total elimination of methanogenic
archaea and some bacteria, suggesting that the PAHs degra-
dation could be associated not only to the methanogenesis
stage but also to the first stages of anaerobic digestion [18].

On the other hand, microbial population and cometab-
olism pathway were found to influence 𝜇P removal. Indeed,
an adapted inoculum is favorable to quantify 𝜇P degradation
[17], suggesting that the abundance and diversity of 𝜇P
degrading microorganisms and their associated metabolic
routes are essential. PAHs are recalcitrant compounds, but
their biodegradation is possible if combined with other sub-
strate degradation and if syntrophic interactions occur.These
interactions can thus be stimulated by the addition of a
readily biodegradable growth substrate [16, 21]. In fact, in the
case where the sewage sludge is the growth substrate, it was
demonstrated that the removal of PAHs by anaerobic diges-
tion strongly varies as a function of sludge characteristics [7].

In order to further explore the 𝜇P biodegradation kinetics
under anaerobic conditions in regard to themethane produc-
tion kinetics, both total removal and removal rate of 12 PAHs
were measured in different batch reactors series fed with
secondary sludge as growth substrate.

2. Materials and Methods

2.1. Chemicals. All solvents were purchased from J.T.Baker.
Fluorene (Fluo), phenanthrene (Phe), fluoranthene (Fluor),
pyrene (Pyr), benzo(a)anthracene (B(a)A), Chrysene
(Chrys), benzo(b)fluoranthene (B(b)F), benzo(k)fluoranthe-
ne (B(k)F), benzo(a)pyrene (B(a)P), dibenzo(a,h)anthracene
(DBA), benzo(g,h,i)perylene (B(ghi)P), and indeno(1,2,3,c,
d)pyrene (Ind) were obtained from Dr. Ehrenstorfer GmbH.
The spiking mix at 100mg/L was prepared in acetonitrile
except for indeno(1,2,3,c,d)pyrene (20mg/L). The 10mg/L
HPLC standard solution of PAHs in acetonitrile was provided
by Dr. Ehrenstorfer GmbH. For quantification, the standard
solutions were diluted to obtain 6 calibration levels from 10
to 1000 𝜇g/L in acetonitrile. Standards were stored at −20∘C.

2.2. Sludge Samples. The experiments were carried out using
a highly loaded secondary sludge sample (HLSS) which was
sampled in the biological aerobic unit of an urban plant

treating 250000 person equivalent (PE)with a very low sludge
retention time (0.4 day); it was, therefore, not stabilized. Prior
to its direct use, HLSS was stored at −20∘C.

2.3. 𝜇P-Adapted Anaerobic Inoculum. The inoculum (bio-
mass adapted to 𝜇P) was produced in a semicontinuous
stirred lab-scale reactor of 5 L. It was fed with HLSS diluted
with deionized water to reach 24 ± 5 gCOD/L which was
spiked with a mix of 12 PAHs (Section 2.1) at 5𝜇g/gDM for
each PAH except for indeno(1,2,3,c,d)pyrene (1𝜇g/gDM).This
reactor was inoculated with a digested sludge coming from
a mesophilic anaerobic industrial reactor adapted to PAH-
polluted sludge. Temperature was regulated at 35∘C using hot
water circulation in the external jacket. The feed was stored
at 4∘C. The reactor was operated at a retention time of 20
days and an organic load of 1.2 ± 0.2 gCOD/L/day.The pH and
the biogas volumetric production were monitored on line.
Once a week, composite samples were taken from the feeding
and outlet tanks to measure the chemical parameters and 𝜇P
concentrations. The adapted-to-𝜇P digested sludge was kept
at 35∘C until its use for batch experiments as inoculum.

2.4. Batch Experiments. The anaerobic digestion of HLSS in
batch conditions was performed using 300mL plasma bottles
containing 250mL of a defined mixture of sewage sludge
(substrate) and inoculum (biomass). The bottles were stirred
(100 rpm) andmaintained at 35∘C. For these experiments, the
sludge to inoculum ratio was equal to 0.5 gCOD/gOrganicMatter.
The inoculum was concentrated from 8 to 18 g/L of dry
matter (DM) to obtain a mixture with a total DM of 20 g/L.
The mixture was spiked at 15 𝜇g/gDM for each PAH and
3 𝜇g/gDM for Ind. Two reactors series (A and B) were carried
out (Table 1). The series A was performed in order to observe
the overall activities with DM removal, biogas production,
and 𝜇P removal. Based on the results of series A, indicating
that𝜇P removals occur before the production ofmethane, the
series B was later performed. This series was carried out in
duplicate to accurately analyze the concomitant evolution
of 𝜇P and acetate during the first steps of the anaerobic
digestion. At different reaction times, one reactor (series A)
or two reactors (series B) were stopped to measure the total
𝜇P concentration over time (Table 1). Indeed, to quantify the
𝜇P, it is necessary to get a large amount of drymatter to extract
them in duplicate. The two series were conducted under
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the same initial conditions, but for the series B, sampling fre-
quency was higher in order to observe more precisely the
𝜇P kinetics and the anaerobic digestion kinetics. The initial
𝜇P concentration was determined also in duplicate for both
series. In parallel, several control reactors were realized:
nonspiked HLSS reactors (one per series) and HLSS abiotic
reactors (Table 1). These abiotic control reactors were pre-
pared by autoclaving the mixture-containing plasma bottles
at 121∘C for 20min.

Biogas volume was measured by liquid displacement and
its composition was measured by gas chromatography. For
all reactors, volumes of biogas were reported to the COD
introduced in the bottle. In addition, volatile fatty acids
((VFAs), g/L) production was followed in all reactors series.

2.5. Analytical Methods. Chemical oxygen demand ((COD),
gO
2

/L), drymatter ((DM), gDM/L) and organic/volatilematter
((OM), gOM/L) were determined both at the beginning and
end of the experiments. DM in total mixtures was measured
by weighing the sample after heating at 105∘C during 24 h
and the OM after heating at 550∘C during 2 h. The chemical
oxygen demandCODwas determined thanks toMerck Spec-
troquant kits, according to the ISO 15705. The samples were
diluted to be in the range 0–1500mgCOD/L.TheVFAs acetate,
propionate, isobutyrate, butyrate, isovalerate, and valerate
concentrations were determined in dissolved/colloidal phase
by gas chromatography (GC800, Fisons Instruments).

At different reaction time, the total volume of each reactor
(series A and B) was freeze-dried in order to extract the PAHs
according to the method developed by Trably et al. [22]. The
extractions were done in duplicate. The PAHs quantification
in the extracts was previously described [22].These measure-
ments gave the total 𝜇P concentration in 𝜇g

𝜇P/gDM.

2.6. Data Analysis. The 𝜇P removal rates and the accumula-
tion rates of methane and acetate were used to correlate the
𝜇P removal kinetics to the anaerobic digestion steps. 𝜇P re-
moval rates (𝑟

𝜇P) were calculated using discrete points by
difference of concentrations between two reactors (series A)
or two pairs of reactors (series B) and divided by their respec-
tive difference of reaction times. These parameters were
expressed in 𝜇g/L/day. In the case of series B, the 𝑟

𝜇P were
plotted in a boxplot graph which is a descriptive represen-
tation of independent data. Methane production rate (𝑟CH

4

)

and acetate accumulation rate (𝑟acetate) were calculated with
the production of methane or accumulation of acetate in
a range of time expressed in mLCH

4

/gCOD/day and g/L/day,
respectively.Themethane production first-order kinetic con-
stant (𝑘CH

4

, day−1) was determined as following:

𝑉CH
4
(𝑡) = 𝑉CH

4

(𝑡
𝑓
) (1 − exp (−𝑘CH

4

𝑡)) , (1)

where (𝑉CH
4

(𝑡) is methane volume; 𝑉CH
4

(𝑡
𝑓
) is maximum

methane production; 𝑘CH
4

is first-order constant; 𝑡 is time).

The total 𝜇P concentrations (𝜇g/L) were calculated using
the measured concentrations (𝜇g/gDM) and the DM con-
centrations of each reactor. For the abiotic reactors, the 𝜇P
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Figure 1: Methane production over time in un-spiked and spiked
HLSS reactors. (∙) nonspiked HLSS, 𝑘CH4 0.12 day−1. (∘) spiked
HLSS, 𝑘CH4 0.067 ± 0.003 day

−1.

removals were calculated on the basis of mass balance be-
tween the initial concentration of 𝜇P in reactors (day 0) and
the concentration in reactors stopped at the end of incuba-
tion.

3. Results and Discussion

3.1. Production of 𝜇P-Adapted Anaerobic Digested Sludge.
The semicontinuous anaerobic digestion of spiked HLSS was
carried out to produce a homogeneous 𝜇P-adapted inoculum
for the batch experiments, as previously described in the
Section 2.3. All the results were previously published by
Barret et al. [7]. During the anaerobic digestion, total COD
and DMwere reduced by 67 ± 7% and 58 ± 10%, respectively.
𝜇P removals for all compounds ranged from 48% (Ind) to
85% (Fluo). Since 𝜇P volatilization was undetectable in the
reactor, it was assumed that the calculated removals included
biodegradation and sequestration [7, 9]; therefore, a 𝜇P-
adapted inoculum was obtained.

3.2. Removal of 𝜇P in HLSS Anaerobic Batch Reactors. In
order to describe the 𝜇P removal kinetics under anaerobic
conditions, the total 𝜇P concentrations, DMandOMconcen-
trations, biogas production and composition were measured
over time in one of the HLSS batch reactors series (series A)
and its corresponding nonspiked HLSS reactor.

In both reactors, the anaerobic digestion was stable with
methane content in biogas at about 80% and pH 7. In the case
of spiked reactors series, the lag phase lasted approximately
twice as long as the lag phase of nonspiked reactors (Figure 1).
This could indicate that there was an effect of the 𝜇P concen-
trations on the microbial population adaptation. However,
the maximum volume of biogas was similar in both spiked
reactors series and nonspiked reactor, whichmeans that there
was no inhibitory effect of the 𝜇P on the overall metabo-
lismof anaerobic digestion. In contrast, a recent study showed
that the anaerobic digestion in continuous reactors of wast-
ewaters from industrial processes that contain very high
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Table 2: 𝜇P maximum removal rates in biotic and spiked HLSS
reactors (seriesA). Comparisonwith the𝜇P removal rates calculated
in the semicontinuous reactor at steady states [7].

Compound
HLSS maximum
removal rates
(𝜇g/L/day)

Semicontinuous
reactor removal
rates (𝜇g/L/day )

Fluorene 1.8 ± 0.1 1.8 ± 1.1
Phenanthrene 3.0 ± 0.3 4.0 ± 1.4
Fluoranthene 2.7 ± 0.7 3.1 ± 0.9
Pyrene 2.2 ± 0.5 3.6 ± 1.1
Benzo(a)anthracene 2.2 ± 0.7 4.4 ± 1.4
Chrysene 2.1 ± 0.8 3.3 ± 0.9
Benzo(b)fluoranthene 2.7 ± 1.0 3.9 ± 1.4
Benzo(k)fluoranthene 3.0 ± 0.8 3.5 ± 0.9
Benzo(a)pyrene 1.7 ± 1.1 1.7 ± 0.6
Dibenzo(a,h)anthracene 2.8 ± 1.0 3.3 ± 0.7
Benzo(g,h,i)perylene 1.6 ± 0.7 3.3 ± 1.0
Indeno(1,2,3,c,d)pyrene 0.4 ± 0.2 0.4 ± 0.2

concentrations of 𝜇P (included PAHs) is inhibited with con-
centrations around 16 gCOD, 𝜇P/L [23].This result suggests that
a certain 𝜇P level could have an inhibitory effect on the anaer-
obic digestion. To compare, in our case, the initial COD
concentration was 0.001 gCOD,PAH/L, which is much lower
than the 𝜇P level of Puyol et al. [23].

Therefore, even if no inhibition occurred on the over-
all metabolism, the methane first-order constant (𝑘CH

4

)

decreased by 44% in the case of spiked reactors (Figure 1).
The 𝑘CH

4

values of the nonspiked reactors are 40% lower
than those calculated using the methane produced from a
secondary sludge in batch conditions published by Mottet et
al. [24]. These lower 𝑘CH

4

values of the nonspiked reactors
may be explained by either our initial conditions with a lower
sludge to inoculum ratio and a highDM initial concentration,
or a lowermethanogenic activity of our𝜇P-adapted inoculum
that was maintained a long time without feeding before
use. However, these results show that the presence of 𝜇P
slows down the overall anaerobic digestion kinetic but leads
to the same methane potential. This may be due to either
the expression of different metabolic routes to degrade the
substrate and the 𝜇P, or to the deviation of electron fluxes
towards𝜇P, or to the𝜇P toxicity/inhibition on somemicrobial
groups.
𝑟
𝜇P are presented in Table 2 and compared with the values

obtained in the semicontinuous reactor. The 𝑟
𝜇P are similar

between the two culture conditions except for B(a)A and
B(ghi)P with higher values under a semicontinuous condi-
tion. This means that the microbial potential developed to
remove the 𝜇P in the semicontinuous reactor wasmaintained
and expressed itself during the batch experiment.

Fluor andDBA removals rates (𝑟Fluor, 𝑟DBA) togetherwith
methane production rate (−𝑟CH

4

) over time are presented in
Figure 2. In all cases, the 𝜇P removal rates increase during
the first 39 days of reaction, including the lag phase and the
beginning of the exponential phase, and then decrease to
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Figure 2: Removal kinetics of Fluor and DBA coupled to methane
production kinetic in HLSS reactors (series A). The initial 𝜇P
concentration was measured in duplicate. One reactor was stopped
at different sampling times.

zero.This behavior was also found for the other 10 PAHs, and
most of them have the same profile as fluor, where the 𝑟

𝜇P
decreased to zero after 45 days. However, negative values of
𝑟
𝜇P were obtained at 45 and 53 days. This could be due to
concentration variability between each reactor.

These results suggest that the reduction of 𝜇P concen-
tration is not only linked to methanogenesis, but it may be
also due to abiotic processes at the beginning of the lag phase
such as volatilization, adsorption to internal glass surface
of the bottles, and/or sequestration [9, 25]. Considering
these results, abiotic reactors and a second HLSS reactors
series (series B) were carried out to precisely describe the
𝜇P degradation kinetics during the early stages of anaerobic
digestion.

3.3. 𝜇P Degradation Kinetics during HLSS Anaerobic Batch
Reactors. A second HLSS reactors series (series B) was
carried out according to Section 2.4 to better describe the 𝜇P
removal kinetics until the beginning of the exponential phase
of methane production.

The VFAs concentration and methane production were
followed in each reactor. Both VFAs and methane kinetics
were similar in all reactors. For most of the 𝜇P, their con-
centrations were approximately constant until day 8 with no
significant differences between the two values of concentra-
tions of each pair of reactors, finding the highest differences
for Chrys (4%) and B(ghi)P (5%). In the case of Fluo, Phe,
and Fluor, important losses were found during the first 8 days
mainly at day 1 of incubation. In this period, no important
acetate and methane productions were observed, indicating
that these compounds could have been removed by abiotic
processes like volatilization, sequestration in the sludge ma-
trix, and adsorption on glass bottles. This behavior was
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confirmed by the abiotic reactors results. All abiotic controls
had a very low methane and VFAs production, indicating
no microbial activity. The most important abiotic losses were
found for Fluo, Phe, and Fluor (33±0.6, 8±1, and 3±2) after 54
days. These results are similar with those of Chang et al. [15],
who found abiotic losses after 60 and 84 days of incubation
with spiked batch reactors of 7% Fluo and 5% Phe.

Regarding the physicochemical characteristics of these
compounds and according to the model proposed by Barret
et al. [26], in the cases of Fluo, Phe, and Fluor, their highest
volatility and lowest logKow (4.18, 4.57, and 5.1) suggest that
the main removal mechanism at day 1 of incubation could
be the volatilization. However, the methane production at
day 1 is negligible, and thus the liquid-gas transfer is low.
This suggests that the drop in the concentration is not only
due to volatilization but also to sludge sequestration or glass
adsorption.

Different 𝑟
𝜇P, 𝑟CH

4

, and 𝑟acetate were calculated according
to Section 2.6. 𝑟

𝜇P ranged from 4 ± 2 𝜇g/L/day (Fluo) to 1 ±
0.5 𝜇g/L/day (Ind) for PAHs. Maximal 𝑟acetate were 0.039 ±
0.006 gCOD/L/day and are comparable to the values found in
the literature [24]. Figure 3 shows that the kinetic of 𝑟DBA is
coupled to that of 𝑟acetate and 𝑟CH

4

. Indeed, 𝑟DBA increases
when 𝑟acetate increases.When acetate is consumed to produce
methane with a sharp decrease of 𝑟acetate, the 𝑟DBA decreases
also. This behavior was also found for Fluo, B(b)F, B(k)F,
and B(ghi)P and in the other six compounds, although with
different kinetics. In the case of Pyr, 𝑟

𝜇P started to increase
after 18 days. Furthermore, Fluor, Phe, Chrys, B(a)A, B(a)P,
and Ind maintained maximum values of 𝑟

𝜇P even at the
beginning of the exponential phase (18 and 34 days). These
results reveal a relation between the first stages of anaerobic
digestion (acidogenesis/acetogenesis) and the removal of 𝜇P.

4. Conclusions

The anaerobic degradation of PAHs in sewage sludge has
already been studied but mainly under simplified batch
experiments or using complex medium in continuous reac-
tors. Unlike the continuous reactors, ourmethodology allows
to observe the different steps of anaerobic digestion and
to link these steps to the removal of 𝜇P. The results show
a strong evidence of relation between the initial stages of
anaerobic digestion (acidogenesis and acetogenesis) and 𝜇P
removal in HLSS reactors.This relation was demonstrated by
concomitant evolution of 𝑟

𝜇P and 𝑟acetate. On the other hand,
no complete inhibition of anaerobic digestion was observed
in the presence of 𝜇Pwith a production of methane similar to
the production without 𝜇P, but lag phases occurred implying
microorganisms adaptation to the 𝜇P load and also the
methane production kinetic was slowed down. The evidence
of microorganisms adaptation to 𝜇P concentrations supports
the results that linked the first stages of anaerobic digestion
with the 𝜇P removal. In addition, the results show that the 𝜇P
removals are also linked to two important abiotic processes
depending on the compounds: volatilization (mainly the low-
molecular-weight PAHs) and sequestration. This work pro-
vided important outcomes to better understand the PAHs
anaerobic removal, to know its kinetics, and to identify the
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Figure 3: Removal kinetic of DBA coupled to methane production
kinetic and acetate accumulation kinetic during the anaerobic
digestion of HLSS (series B). The initial 𝜇P concentrations were
measured in duplicate. Two reactors were stopped at different
sampling times.

most important parameters, such as cometabolic activity, for
optimizing their depletion.
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