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IntroductIon

Sewage sludge, as by-product of the wastewa-
ter treatment process, is formed during series of 
stages of the wastewater treatment. The physical-
chemical composition of sewage sludge is diver-
sified and depends on the type of sewage and the 
applied methods of treatment (Kelessidis et al., 
2012). The construction of new and moderniza-
tion of the existing wastewater treatment plants 
as well as the application of highly effective 
treatment methods results in the increase of the 
amount of sewage sludge (Statistical yearbook, 
2020). Municipal and industrial sewage sludge 
can be distinguished depending on the type of 
treated wastewater. According to the current 
regulations, it is necessary to treat sewage sludge 
in order to achieve well-decomposed organic 
compounds. Therefore, methane fermentation or 
aerobic stabilization of sewage sludge process 

can usually be applied. However, it should be 
noted that not only easily biodegradable pollut-
ants are present in sewage sludge. Municipal and 
industrial sewage sludge contains both organic 
and inorganic compounds classified as hardly de-
gradable pollutants as well as toxic contaminants. 
Heavy metals are listed among inorganic com-
pounds, whereas, polycyclic aromatic hydrocar-
bons (PAHs), polychlorinated biphenyls (PCBs), 
active halogens adsorbed on activated carbon, 
expressed by the AOX index, organic halogen or 
polychlorinated dibenzodioxins or dibenzofurans 
(PCDD/PCDF) should be mentioned among or-
ganic ones (Fijałkowski et al., 2017, Haddaoui et 
al., 2016, Qu et l., 2019, Petersen et al., 2003). 
Polycyclic aromatic hydrocarbons belong to the 
group of persistent organic pollutants (POPs) 
and their presence in sewage sludge has been 
confirmed both in literature sources and former 
studies of co-authors (Fijałkowski et al., 2017, 
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Haddaoui et al., 2016, Qu et al., 2019, Petersen et 
al., 2003, Zennegg et al., 2013, Liu et al., 2013, 
Wlodarczyk-Makuła et al., 2015). It should be 
highlighted that in most studies the PAHs con-
tent in reject water is omitted; thus, the previous 
co-authors’ research considered the presence of 
polyaromatic hydrocarbons in reject water. This 
problem is of high importance because the reject 
water coming from sewage sludge treatment is 
disposed together with raw wastewater into the 
technological wastewater treatment process. A 
significant amount of PAHs in wastewater can 
be found in sewage sludge due to their physical 
and chemical properties as well as due to the easy 
adsorption by solids (Dat et al., 2017). The char-
acteristic of selected PAHs is included in Table 1.

Although the water solubility of PAHs is low, 
they can also be found in reject water, oils film 
and fats surrounding sludge particles (Fijałkowski 
et al., 2017). These compounds are highly toxic to 
organisms. Depending on the number of aromatic 
rings in molecule, PAHs can be classified as light 
and heavy. The hydrocarbons of 2 to 3 rings are 
classified as light, and volatile due to high vapor 
pressure. The hydrocarbons containing 4 and 
more rings in molecule are identified as heavy 
ones (Rubio-Clemente et al., 2014, Kozak et al., 
2018, Abdel-Shafy et al., 2016, Lawal, 2017).

In aerobic stabilization of sewage sludge 
process, the supplied oxygen is consumed by 
microorganisms to oxidize organic compounds. 
The presence of oxygen results in sufficient mix-
ing of sewage sludge and counteracts the process 
of putrefaction. Generally, PAHs are resistant to 
degradation due to their low bioavailability. It is 
known that under aerobic conditions, PAHs are 
biodegraded by various strains of bacteria, algae 
or fungi, which use different types of oxygen-
ases, including: monooxygenase, cytochrome-
dependent oxygenase and dioxygenase (Liu et al., 
2017, Gupte et al., 2016, Abbasian et al., 2015). 
Among others, Rhodococcus, Acinetobacter, My-
cobacterium spp., Haemophilus spp., Rhodococ-
cus spp., Paenibacillus spp. and Pseudomonas are 
involved in the process and use PAHs as a sole 
source of carbon and energy. Due to the presence 
of oxygen and bacteria, the organic compounds 
are biodegradable, forming final simple inorganic 
products. It should be pointed out that the bio-
degradation process can lead to the production 
of toxic by-products difficult to identify. Taking 
into considerations biodegradation of PAH the 
process is more efficient for light hydrocarbons 

than for higher molecular weight compounds 
(Haritash et al., 2009).

The concentrations of PAH in sewage sludge 
may limit its application e.g. in agriculture. Fur-
thermore, high concentrations of PAH in reject 
water may negatively affect raw wastewater with 
an additional amount of these toxic compounds.

Directive of EU 1986/278/ EEC (Council Di-
rective 86/278/EEC, 1986), proposes the permis-
sible content of 11 PAHs (acenaphthene, fenan-
threne, fluorene, fluoranthene, pyrene, benzo(b)
fluoranthene, benzo(j)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, benzo(g,h,i)per-
ylene, indeno(1,2,3-c,d)pyrene) at 6 mg/kg dry 
mass of sewage sludge. Therefore, the sewage 
sludge treatment processes enabling to efficiently 
remove PAHs are of increasing importance. The 
literature sources state that the PAHs decrease un-
der aerobic conditions is higher than that under 
anaerobic conditions and that biodegradation oc-
curs to a greater degree under aerobic conditions. 
Other studies prove that sorption is the dominant 
process in PAHs degradation in biochemical pro-
cesses. However, the experiments were carried 
out using individual hydrocarbons or their mix-
tures added to the water or soil samples in known 
amount. The studies on PAHs removal from in-
dustrial sewage sludge under aerobic conditions 
are also very limited. Therefore, the aim of the 
studies was to analyze the changes in the concen-
tration of selected aromatic hydrocarbons in the 
aerobic stabilization of sewage sludge process.

Methodology

Materials

The experiment was carried out using two 
types of sewage sludge: excessive sewage sludge 
originating from a municipal treatment plant (Sl1) 
and the sewage sludge coming from an industrial 
treatment plant (Sl2).

Municipal sewage sludge was sampled from 
recirculation from a secondary settling tanks of a 
municipal treatment plant of 100 000 PE (equiva-
lent population). In the technological process, 
denitrification and nitrification along with the 
oxidation of organic pollutants are carried out in 
the activated sludge chambers. Industrial sewage 
sludge (Sl2) was taken from the reservoir of ex-
cessive sludge. The wastewater in this treatment 
plant is destined for biological treatment (denitri-
fication, carbon oxidation, and nitrification).
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experimental

Aerobic stabilization was carried out in 
two open reactors (volume of each reactor was 
equal to 14 dm3) with continuous air supply 
(Q = 60 dm3/h) to maintain the excess of the oxy-
gen in the reactors. The aquarium stone diffusers 
made of quartzite sand were placed in the bottom 
of both reactors. The process was carried out un-
der laboratory conditions, at ambient temperature 
that varied in the range of 18–22 °C (average 
temperature was equal to 20 °C) (Fig. 1). Munici-
pal sewage sludge (Sl1) was treated as a control 
sample, whereas another reactor was filled with a 
mixture of municipal sewage sludge and industri-
al sewage sludge (Sl2) (3:1 v/v). Both municipal 
sewage sludge as well as a mixture of municipal 
sewage sludge and industrial sewage sludge were 
continuously aerated over 21 days. The time of 
aeration and volume of sewage sludge were cho-
sen based on literature data (Macherzyński et al., 
2018). The samples of reject water to be analyzed 
for PAHs content were taken at the beginning of 
experiment (day 0), and then in seven-day inter-
vals: after 7, 14 and 21 days of conducting the 
experiment.

PAhs analysis

The PAHs concentration in reject water sam-
ple was determined after centrifuging the freshly 
taken sewage sludge (15000 rpm over 10 min). 
Extraction of organic compounds was carried 
out using the liquid-liquid method by adding the 
mixture of cyclohexane and dichloromethane 
(5/1 v/v) to the reject water. The samples were 
shaken using a laboratory shaker for 60 minutes. 
Afterwards, the separated extracts were dried 

using anhydrous aluminum sulfate and purified 
under vacuum on silica gel. Then, the purified 
extract was concentrated under a stream of ni-
trogen to a volume of 2 cm3. Finally, qualitative 
and quantitative analysis of PAHs using GC-MS 
system was conducted. Helium was used (flow 
rate of 1.08 cm3/min) as a carrier gas. Subse-
quently, 2 mm3 of the concentrated sample was 
injected into DB-5 column (length 30 m, diameter 
0.25 mm, thickness 0.25 µm). MS 800 spectrom-
eter was used for the detection and identification 
step, containing an EI type ion source with the 
ionization energy of 70 eV. Selective ion monitor-
ing (SIM) m/z was applied. Three representative 
ions were chosen for each PAH. The temperature 
program was as follows: 40°C/min, heating 5 to 
120°C, and the final temperature was 280°C for 
60 minutes. The following PAHs listed by US 
EPA were determined: naphthalene, acenaph-
thylene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, benzo(a)an-
thracene and chrysene. The selected PAH param-
eters are included in Table 1.

results

The total concentration of PAHs in reject 
water of the control chamber (Sl1) containing 
the sewage sludge from the municipal waste-
water treatment plant was equal to 46 µg/dm3 
at the beginning of the experiment (day 0). The 
PAHs content in reject water from the mixture of 
municipal sewage sludge and industrial sewage 
sludge (Sl2) (3:1 v/v) was much higher and equal 
to 5387 µg/dm3 at the same time. Figure 2 shows 
the changes in the concentration of naphthalene 
in reject water during aerobic sewage sludge 

table 1. Characteristic of selected PAHs (Dat et al., 2017, Rubio-Clemente et al., 2014)

No. PAHs Symbol Number 
of rings Formula Recovery [%]

Limit of 
detection 
[μg/dm3]

log K0w

Solubility
in water in 25 °C 

[μg/dm3]
1 Naphthalene NAP 2 C10H 102.2 11.1 3.37 31700
2 Acenaphthylene ACY

3

C16H10 51.5 20.1 4.07 3930
3 Acenaphthene ACP C12H10 91.3 9.9 4.33 3900
4 Fluorene FLT C13H10 83.2 0.2 4.18 1980
5 Phenanthrene FHE C14H10 85.3 0.2 4.57 1290
6 Anthracene ANT C14H10 76.1 0.1 4.54 73
7 Fluoranthene FLR

4

C16H10 98.1 0.1 5,16 265
8 Pyrene PYR C16H10 102.9 0.1 5.32 135
9 Benzo(a)anthracene BaA C18H12 65 0.1 5.61 14
10 Chrysene CHR C18H12 65 0.1 5.63 2.0
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stabilization process. The initial concentration 
of naphthalene (day 0) in reject water (Sl1) was 
equal to 1.85 µg/dm3, whereas in the sample (Sl2) 
was equal to 95.2 µg/dm3, respectively. The high-
est decrease in the concentration of naphthalene 
in reject water (Sl1) was observed after 21 days 
of carrying the experiment, whereas in (Sl2) after 
14 days of the process. The percentage loss of the 
studied hydrocarbon was 32% (1.25 µg/dm3) and 
over 99% (0.43 µg/dm3), respectively.

Figure 2 shows the changes in the concen-
tration of naphthalene and 3-ring hydrocarbons 
during the aerobic sewage sludge stabilization 
process. Phenanthrene was the most dominant 
3-ring hydrocarbon in the sample containing the 
sewage sludge from the municipal wastewater 
treatment (Sl1) with the initial concentration of 
12.53 µg/dm3, whereas acenaphthene occurred 
in the highest amount in reject water of sewage 

sludge (Sl2) with the initial concentration of 
2276.52 µg/dm3 (Fig. 3).

The initial concentration of acenaphthylene 
(day 0) in the reject water from sewage sludge 
coming from the municipal wastewater treatment 
(Sl1) – was equal to 0.19 µg/dm3 (Fig. 2), where-
as in the reject water of sewage sludge (Sl2) – it 
was equal to 67.6 µg/dm3 (Fig. 3). At the end of 
aerobic sewage sludge stabilization process (af-
ter 21 days) a decrease in the concentration of 
acenaphthylene in the reject water coming from 
both control sewage sludge (Sl1) and (Sl2) was 
observed. The percentage loss of the afore men-
tioned hydrocarbon was: 36% (0.12 µg/dm3) and 
99.8% (0.11 µg/dm3) after 21 days of aerobic 
sewage sludge stabilization process, respectively. 

Among 3-ring hydrocarbons acenaphthene 
was also determined during the aerobic sewage 
sludge stabilization experiment (Fig. 2 and 3). 
The initial concentration of acenaphthene (day 
0) in the reject water coming from the municipal 
sewage sludge (Sl1) was equal to 7.12 µg/dm3, 
whereas in the reject water of sewage sludge 
(Sl2), it reached the value of 2276.5 µg/dm3. Af-
ter 7 days of conducting aerobic sewage sludge 
stabilization process, almost a six-fold increase 
in the concentration of acenaphthene was ob-
served, while after 14 days of carrying process, 
a large drop of concentration in the reject water 
from sewage sludge (Sl1) appeared. Extending 
the stabilization time to 21 days did not improve 
the effect of decomposition significantly. In the 
reject water originating from sewage sludge (Sl2) 
a decrease in acenaphthene concentration was no-
ticed. The percentage loss of the studied hydro-
carbon in the reject water of the sewage sludge 
(Sl1) was 66% 2.4 µg/dm3 and 99.9% in the sew-
age sludge (Sl2) 2.7 µg/dm3, respectively.

The initial concentration of fluorene (day 0) 
in the reject water originating from the municipal 
sewage sludge (Sl1) was equal to 7.34 µg/dm3, 
whereas in the reject water coming from the sew-
age sludge (Sl2) it amounted to 1364.76 µg/dm3 
(Fig. 2 and Fig. 3). The highest decrease in con-
centration of fluorene in the reject water from the 
municipal sewage sludge (Sl1) was noted after 
21 days of the stabilization process (1.96 µg/dm3). 
The most efficient aeration time for the reject wa-
ter from the sewage sludge (Sl2) was 14 days and 
allowed reducing the concentration of fluorene of 
99.2% to the value of 9.68 µg/dm3.

The initial concentration of phenanthrene 
(day 0) in the reject water from the municipal 

Fig. 1. Research scheme: 1 – pump, 2 – flowmeter, 3 – 
reactor SI1, 4 – reactor SI2, 5 – samples, 6 – centrifuge, 
7 – organic solvents, 8 – PAHs extraction, 9 – GC-MS
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sewage sludge (Sl1) was 12.54 µg/dm3, whereas 
in the reject water from the sewage sludge (Sl2) 
ranged the value of 1447.12 µg/dm3, respectively 
(Fig. 2 and Fig. 3). After 21 days of conducting 
the aerobic sewage sludge stabilization experi-
ment, the highest decrease in the concentration 
of phenanthrene in the reject water from the mu-
nicipal sewage sludge (Sl1) occurred, while af-
ter 7 days of aerobic sewage sludge stabilization 
a slight increase in the concentration of the stud-
ied hydrocarbon was noticed. In the reject water 
of the sewage sludge (Sl2) the highest decrease 
in the concentration was noticed after 14 days 
of the experiment, while extension of the aero-
bic sewage sludge stabilization process resulted 
in a slight increase in the phenanthrene concen-
tration. The percentage reduction of the inves-
tigated hydrocarbon was 55.7% (5.55 µg/dm3) 
and 99.8% (2.26 µg/dm3), respectively. Among 
3-ring PAHs, anthracene was also considered, 
but the determined concentrations of this hydro-
carbon were below the detection limit in all the 
samples taken from the sewage sludge during 
the whole experiment.

Summarizing the changes in the concentration 
of 3-ring PAHs, the fluctuating concentrations of 
individual hydrocarbons in the reject water were 
observed. Taking into considerations the sum of 
3-ring PAHs in the reject water originating from 
the municipal sewage sludge after 7 days of the 
experiment, it should be noted that an increase in 
concentration compared to the initial one was ob-
served. It is probably due to the process of forma-
tion the afore mentioned products from more com-
plex compounds. During the experiment, a gradual 
decrease in the concentration of sum of 3-ring 
PAHs in the reject water was observed. In the re-
ject water coming from the sewage sludge (Sl1), 
the highest decrease of 3-ring PAHs appeared after 
14 days of the aerobic sewage sludge stabilization 
process. The extension of the process did not re-
sult in significant changes in PAH concentrations. 
After 21 days of the aerobic sewage sludge stabi-
lization process in the reject water from the mu-
nicipal sewage sludge (Sl1), the decrease in PAHs 
concentration was 60% on average, whereas in the 
reject water of the sewage sludge (Sl2), decrease 
reached 99% after 14 days of the experiment, 

Fig. 2. Concentration of naphthalene and 3-ring PAHs during aerobic sewage sludge stabilization (reactor Sl1)

Fig. 3. Concentration of naphthalene and 3-ring PAHs during aerobic sewage sludge stabilization (reactor Sl2)



32

Journal of Ecological Engineering 2021, 22(4), 27–35

respectively. The total PAHs concentration in the 
reject water from the municipal sewage sludge 
(Sl1) was 10.08 µg/dm3 after 21 days, whereas in 
the reject water coming from the sewage sludge 
(Sl2) 19.74 µg/dm3, respectively.

In Figures 4 and 5, changes in the concentra-
tion of 4-ring hydrocarbons during aerobic sewage 
sludge stabilization process is shown. The sum 
of 4-ring hydrocarbons in the reject water from 
municipal sludge (Sl1) was 17.1 µg/dm3, whereas 
in the sewage sludge (Sl2) ranged the value of 
136.44 µg/dm3, respectively. Fluoranthene was 
the dominant hydrocarbon in the reject water both 
in the sewage sludge (Sl1) (6.26 µg/dm3) and in 
the sewage sludge (Sl2), (72.44 µg/dm3), respec-
tively. Irregular changes in the fluoranthene con-
centration in the reject water coming from both 
municipal sewage sludge and mixed sewage 
sludge was observed during the aerobic sewage 
sludge stabilization process.

After 21 days of the experiment, the highest 
decrease in the fluoranthene concentration in the 
reject water from the municipal sewage sludge was 
observed. The highest decrease in the fluoranthene 
concentration was noted in the reject water originat-
ing from (Sl2) after 14 days of aerobic stabilization 
(Fig. 5). These changes were 54.5% (2.85 µg/dm3) 
and 78.2% (15.82 µg/dm3) respectively

Pyrene was another studied hydrocarbon. 
The initial concentration of this compound in the 
reject water from the municipal sewage sludge 
(Sl1) was equal to 4.29 µg/dm3, whereas in the 
reject water from the sewage sludge (Sl2) it 
reached the value of 43.03 µg/dm3, respectively 
(Fig. 4 and Fig. 5). In the reject water originat-
ing from the sewage sludge (Sl2) the most sig-
nificant decrease was found after 14 days of the 

process; however, the increase in concentration 
of this compound was noticed after 21 days. The 
highest decrease in the concentration of pyrene 
was 63.4% (Sl1) 1.57 µg/dm3 and 77.4% (Sl2) 
9.69 µg/dm3, respectively.

Considering benzo(a)anthracene, the initial 
concentration in reject water from the municipal 
sewage sludge (Sl1) was 2.34 µg/dm3, whereas in 
the supernatant from the sewage sludge (Sl2) it 
was equal to 8.9 µg/dm3 (Fig. 4 and Fig. 5, re-
spectively). The highest decrease of benzo(a)an-
thracene concentration in the reject water from 
the municipal sewage sludge occurred at the 
end of the experiment (after 21 days), whereas a 
slight increase in the concentration of the afore 
mentioned hydrocarbon was noticed after 7 days 
of aerobic sewage sludge stabilization process. In 
the reject water from the sewage sludge (Sl1) the 
highest decrease in concentration occurred after 
14 days of the stabilization, and at the end of the 
process a higher concentration was noticed. The 
highest decrease in the benzo(a)anthracene con-
centration was: 73.5% (0.6 µg/dm3) and 44.8% 
(4.91 µg/dm3), respectively.

Considering the concentration of chrysene in 
the reject water coming from the municipal sew-
age sludge (Sl1) it decreased by 79.6% reaching 
the value of 0.86 µg/dm3 compared to the initial 
value of 4.22 µg/dm3 after 21 days of the experi-
ment. In the reject water coming from the mix-
ture of municipal sewage sludge and industrial 
sewage sludge (Sl2), the highest decrease in the 
chrysene concentration was noted after 14 days of 
the aerobic sewage sludge stabilization process. 
The percentage loss was 62%, with the concentra-
tion dropping from 12.06 µg/dm3 to 4.58 µg/dm3 
(Fig. 4 and Fig. 5).

Fig. 4. Concentration of 4-ring PAHs during aerobic sewage sludge stabilization (reactor Sl1)
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Taking into considerations the total concentra-
tion of 4-ring PAHs, it can be noticed that in the 
reject water originating from the municipal sew-
age sludge (Sl1) an increase in concentration com-
pared to the initial concentration was observed 
after 7 days of the process. This observation is 
analogous to the results describe above with re-
spect to 3-ring hydrocarbons. A gradual decrease 
in the concentration of the afore mentioned com-
pounds was found after 14 days of aerobic sew-
age sludge stabilization process. The highest effi-
ciency of PAHs reduction took place in the reject 
water from the sewage sludge (Sl2) after 14 days 
of the process, whereas higher concentrations of 
studied PAHs were observed after 21 days. The to-
tal concentration of analyzed PAHs was equal to 
5.89 µg/dm3 in the sample of sewage sludge (Sl1) 
after 21 days of the experiment and the reduction 
of 65.4% was achieved. The highest reduction of 
PAHs equal to 74.34% (35.01 µg/dm3) occurred in 
the sewage sludge (Sl2) after 14 days of the aero-
bic sewage sludge stabilization process.

Considering the changes in PAHs concentra-
tion in the reject water separated from the sewage 
sludge (Sl2) containing 2 and 3 aromatic rings in 
molecules, it can be concluded that a decrease in 
the content was higher than those in 4-ring hydro-
carbons. Naphthalene and 3-ring hydrocarbons are 
characterized by high volatility; therefore, the larg-
er decrease in the concentration result most prob-
ably due to their volatilization during the aerobic 
sewage sludge stabilization process. The decrease 
of hydrocarbon removal from the reject water of 
the sewage sludge (Sl2) was higher than that from 
the sewage sludge (Sl1) which indicates that the 
microorganisms present in the coke sewage sludge 
are able to degrade PAHs. Most likely, this ability 

may result from the fact that they are adapted to 
the presence of these compounds in the wastewater 
treated in the coking plant.

It should be highlighted that the comparison of 
the obtained results with the data available in the 
literary sources is difficult due to various research 
methodologies, applied experimental conditions 
as well as characteristics of the investigated ma-
terial. In addition, the data on the effectiveness of 
PAH removal from the municipal and industrial 
sewage sludge under the aerobic sewage sludge 
stabilization process is insufficient. The available 
results focus on using individual hydrocarbons or 
PAHs mixture with the known concentration add-
ed to the water or to the soil samples. Under the 
technological conditions, sewage sludge contains 
various pollutants affecting the efficiency of the 
process. The aerobic sewage sludge stabilization 
process is usually used for a small amount of sew-
age sludge (up to 10 000 PE). Conventional aer-
obic sewage sludge stabilization process can be 
modified using aerobic thermophilic stabilization 
(Antolin et al., 2010, Cheng et al., 2015, Cheng et 
al., 2015, Layden et al., 2007, De la Rubia et al., 
2013. The aim of the aerobic sewage sludge sta-
bilization process is to obtain a biologically stable 
sewage sludge, reduce the amount of putrefac-
tive and bacteria and preliminary hygienisation 
of the sewage sludge. Other advantages include: 
reducing the amount of organic compounds and 
dry matter and enriching the sewage sludge with 
humic substances, which improves its fertilizing 
properties. On the other hand, aerobic stabilization 
is regarded as an energy-consuming method due 
to the continuous supply of oxygen. Another dis-
advantage of aerobic stabilization is that a biogas 
production does not take place in the process. In 

Fig. 5. Concentration of 4-ring PAHs during aerobic stabilization (reactor Sl2)
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the anaerobic processes carried out in closed fer-
mentation chambers, biogas is generated, which 
is a source of additional benefits, such as heat and 
electricity (Li et al., 2019). This may be the reason 
that most of the research described in the litera-
ture focuses mainly on the investigations carrying 
under anaerobic conditions (Macherzyński et al., 
2014). Boruszko investigated the sewage sludge 
coming from dairy sewage treatment plants using 
anaerobic sewage sludge stabilization process. 
He inoculated the sewage sludge with strains of 
effective microorganisms (EM). He noticed that 
in both with EM and without EM in the samples, 
a significant increase in the total PAHs content in 
the first phase of fermentation (acid fermentation) 
was observed after 7 days of the process. The de-
crease in total PAHs was observed after 14 days 
of fermentation compared to the value after one 
week of carrying the experiment (except post-flo-
tation sewage sludge). In the following weeks, the 
concentration of 16 PAHs continued to decrease 
in all types of sewage sludge. However, in the 
samples without EM it was lower than in the sew-
age sludge with EM inoculation. The loss of the 
majority of hydrocarbons studied was noticed in 
the final phase of fermentation (Boruszko, 2017). 
Another study was carried out by co-authors on 
the determination of PAH changes in the sewage 
sludge and reject water samples during methane 
fermentation carried out under sulfates or nitrates 
reducing conditions. The concentration of 16 
PAHs in sewage sludge was reduced by 30% on 
average and under nitrate-reducing conditions by 
32% on average after 20 days of the fermenta-
tion process (Włodarczyk-Makuła, 2011). Other 
studies focused on optimizing the PAH removal 
from sewage sludge during anaerobic fermenta-
tion process. It was shown that the increase in 
temperature between 35°C and 55°C influenced 
the removal of the heaviest PAHs significantly. 
Finally, it was shown that the effectiveness of 
PAHs removal and methanogenic efficiency were 
closely related. The rate of biogas production can 
be used as an indicator of bacterial activity in 
the removal of PAHs (Trably et al., 2003). The 
changes of PAHs in the chemically stabilized 
municipal sewage sludge with the use of Fenton 
reagent or calcium oxide were also investigated 
(Wiśniowska, 2008). As already stated, the num-
ber of data describing the effectiveness of PAH 
removal from sewage sludge using the aeration 
process is limited, which suggests the necessity 
to continue the research.

conclusIons

The total concentration of naphthalene as well 
as 3- and 4-ring PAHs was significantly higher in 
the reject water coming from the industrial sewage 
sludge compared to municipal sewage sludge that 
indicates a significant load of industrial sewage 
sludge with hydrocarbons. The control of hydro-
carbons content during aerobic stabilization pro-
cess of sewage sludge showed fluctuations in con-
centration of reject water, but after the process they 
were lower than the initial ones. In the reject water 
originating from the municipal sewage sludge the 
decrease in concentration of sum of hydrocarbons 
grouped according to the number of rings in mol-
ecule was in the range of 11–65%, whereas in the 
reject water originating from the mixture of munic-
ipal sewage sludge and industrial sewage sludge, 
it was in the range of 55–99%. This confirms the 
presence of the microorganisms able to decompose 
PAHs in the sewage sludge coming from coking 
wastewater. The removal efficiency of 3-ring hy-
drocarbons under aerobic conditions was higher 
compared to 4-ring PAHs. In the further studies, 
it is planned to continue the research using vari-
ous types of sludge (municipal and industrial) and 
it is also important to establish the proportions of 
sludge dose in order to optimize the efficiency of 
the aerobic stabilization of sewage sludge process.
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