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Department of Chemistry, Water and Wastewater Technology, Czestochowa University of Technology, Dąbrowskiego 69 Str,
42-200 Częstochowa, Poland, Tel. +48 34 325 04 96; email: dabrowska@is.pcz.czest.pl (L. Dąbrowska)
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ABSTRACT

Two digestion processes were conducted: the mesophilic one (as reference system) and the
mesophilic one preceded by thermophilic hydrolysis. The production of biogas (methane),
was evaluated, as well as the changes in the content of chlorinated biphenyls with codes:
28, 52, 101, 118, 138, 153, and 180, and the changes of heavy metal forms (Zn, Cu, Ni, Pb,
Cd, and Cr) in sewage sludge. Higher biogas production, amounted to 1.15 L g−1 of
removed dry organic matter was obtained during thermophilic–mesophilic digestion,
whereas during mesophilic digestion it amounted to 0.78 L g−1; quantity of methane in bio-
gas during both digestions maintained within the range of 61–65%. Sludge hydrolysis accel-
erated transitions of polychlorinated biphenyls during the mesophilic methane digestion.
Twenty-five percent reduction in the indicator polychlorinated biphenyls (PCB) content after
the mesophilic digestion was obtained, whereas after digestion preceded by thermophilic
hydrolysis—93% decrease in PCB concentration. Lower chlorinated congeners were domi-
nant in fermented sludge. Proceeding sludge digestion promoted the creation of stable
chemical forms of heavy metals. Regardless of applied stabilization process, the highest
increase in zinc, copper, nickel, cadmium, and chromium content was demonstrated in
organic–sulfide fraction, whereas for lead—in the residue fraction.
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1. Introduction

The final management of sewage sludge generated
in wastewater treatment plants in many countries,
including Poland, still constitutes a problem for
plants operators. One of the factors that may disqual-
ify sewage sludge from further use, besides heavy
metals, is the presence of toxic organic substances,

e.g. polychlorinated biphenyls (PCB). Most commonly
used technology for neutralization of PCB in sewage
sludge is aerobic and anaerobic stabilization [1].
During these processes some transformations of PBC
take place, which lead to a decrease in PCB content
in sludge. In anaerobic conditions reductive de
chlorination of PCB proceeds for higher chlorinated
congeners (HCB), with the generation of lower chlori-
nated biphenyls (LCB). During anaerobic degradation
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micro-organisms cause selective elimination of chlo-
rine atoms substituted mostly in meta- and para-
positions, therefore, decreasing toxicity of PCB [2–4].

Within the scope of modification of sewage sludge
stabilization, dual stage systems are applied: anaerobic–
anaerobic and aerobic–anaerobic. Anaerobic–anaerobic
stabilization is performed in two chambers connected
in line, out of which the first one is highly loaded (acidic
digestion), and the other one is low-loaded (acetic and
methane digestion). Thanks to this solution, optimal
conditions for development of hydrolytic, acidogenic,
and methanogenic bacteria are created. Conducting the
first stage of digestion in thermophilic range of
temperature is favorable in the case of requisite sludge
disinfection. Thermophilic–mesophilic digestion also
enables obtaining higher amount of methane in
biogas [5].

Literature data indicate that in sewage sludge
heavy metals can occur in different forms, which deter-
mine their bioavailability. Evaluation of the content of
various forms is possible by means of metal speciation
analysis [6]. Conducting speciation analysis of metals
in biochemically stabilized sludge is, especially,
important when agricultural application is considered.
Familiarity with fraction in which metals occur allows
one to evaluate the rate at which metals pass into soil
solution. Some of heavy metals in trace amounts
(microelements) are essential for plant and animal
metabolisms; however, in concentrations above certain
level they can demonstrate some toxic effect and pose
a threat to plants, animals, and also humans [7].

The aim of this research was to evaluate usefulness
of the methane digestion process preceded by thermo-
philic hydrolysis for reduction of PCB content in
sludge, and to demonstrate whether advantageous
transformations of heavy metals in sludge occur by
means of increasing their concentration in non-mobile
fractions.

2. Material and methods

2.1. Materials and anaerobic digestion

As a substrate, preliminary and excess sludge was
used, sampled from mechanical–biological wastewater
treatment plant that treats sewage in which the
amount of industrial sewage is no more than 20%.
The capacity of the WWTP is 48,000 m3/d. Inoculum
for digestion was fermented sludge taken from a well-
operating mesophilic digester.

To conduct sludge stabilization process, glass biore-
actors with volume of 1 L were used. The first hydroly-
sis process of the mixture of preliminary and excess
sludge (P + E) was executed. The hydrolysis stage

included single filling of 10 bioreactors with 0.65 L of
sludge, and then incubation of hermetically closed reac-
tors in a laboratory incubator at temperature of 55˚C for
4 d. During the second stage, hydrolyzed sludge
(P + E)H was inoculated with mesophilic digestion
sludge (D) at volumetric ratio of 1:2. Assumed mix ratio
was a result of the necessity to adjust amount of
methanogenic microflora to the amount of substrate.
Ten bioreactors with 0.65 L of sludge were refilled with
obtained sludge mixture ((P + E)H+D). After the
removal of air, mesophilic methanogenesis was
enforced at temperature of 37˚C for 15 d. Moreover, in
10 bioreactors control culture was proceeded—meso-
philic digestion of non-hydrolyzed sludge (P + E +D).

2.2. Analysis procedure

Manometric measurement of the amount of
produced biogas was conducted every 24 h. Biogas
composition was verified every 48 h, by means of
gas chromatography with thermal conductivity
detector (gas chromatograph Agilent 6890N, Agilent
Technologies).

Before digestion and on 1st, 3rd, 7th, 10th, and
15th day of the process selected sludge properties
were determined: hydration, total and volatile solids.
Liquid separated from sludge by means of centrifuga-
tion (rotational speed—6,000 rpm, time—10 min), the
following parameters were evaluated: pH, alkalinity,
volatile fatty acids VFA, total organic carbon TOC
according to accepted methods [8], and heavy metal
ions concentration (Zn, Cu, Ni, Pb, Cd, and Cr) by
means of atomic absorption spectrometry (spectrome-
ter novAA 400, Analytik Jena). Each analysis was
repeated three times. Before and after digestion the
total content was evaluated as well as heavy metal
chemical forms in sludge specified in BCR procedure.
In the first stage, in order to extract exchangeable met-
als, metals bound to carbonates (F1) 0.11 M
CH3COOH was used; in the second stage (extraction
of metals bound to hydrated iron and manganese oxi-
des—F2) 0.5 M NH2OH HCl (pH 2) was used. During
the following stage, in order to extract metals bound
to organic matter and sulfides (F3), 8.8 M H2O2 (pH
2–3) and 1 M·CH3COONH4 were used; in the last
stage (residual fraction—F4)—HNO3 (65%) and HCl
(37%) were used. Detailed specification of performed
procedure was described elsewhere [9]. The corre-
spondence of sum of the metal content in particular
fractions, and its total amount estimated indepen-
dently was verified.

PCB indicator marked with codes: 28, 52, 101, 118,
138, 153, and 180 were evaluated before, during, and
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after the methane digestion process, according to the
procedure described, elsewhere [10], with the use of
PCB separation from sludge with hexane and sonica-
tion as the extraction method. The extract was con-
densed in vacuum and then subject to qualitative and
quantitative analysis by capillary gas chromatography.
The separation was made by a DB-5 column (30 m ×
32 mm × 1 µm). The quadrupole mass spectrometer MS
800 working in a selective mode of ion monitoring
was used for detection. The analysis was conducted
according to programmed temperature values: 40˚C—
40˚C min−1, 120˚C—5˚C min−1, and 280˚C—15 min.
The carrier gas flow was set at 70 kPa. The quantifica-
tion of PCBs was obtained through the single ion
monitoring (SIM) m/z. For each PCB, three represen-
tative ions were selected. The determination of PCBs
was performed for each sample and each four injec-
tions of the obtained extract.

3. Results and discussion

3.1. Physicochemical properties of sewage sludge

Values of physicochemical parameters of sludge
during mesophilic digestion, and mesophilic digestion
preceded by thermophilic hydrolysis are presented in
Table 1.

It was demonstrated that the hydrolysis process of
substrate conducted at temperature of 55˚C, contrib-
uted to organic polymers liquefaction into substrate
available for micro-organisms. It was confirmed by an
increase in TOC content by the factor 7 in a liquid
phase of initially hydrolyzed sludge (P + E)H.

Concentration of TOC in liquid sludge ((P + E)H+D)
amounted to 1,630 mg L−1. During digestion of sludge
((P + E)H+ D) at temperature of 37˚C, TOC content ini-
tially went up to 1,795 mg L−1, and subsequently it
went down to 612 mg L−1 on the 7th day of the process,

which indicates rapid consumption of easily available
organic substrate—Table 1. TOC content on the 15th
day of digestion amounted to 452 mg L−1. During
processes of hydrolysis and digestion a decrease in
organic substance concentration in sludge was
obtained, which is equal to 41%. During digestion of
non-hydrolyzed sludge (P + E +D), 37% reduction of
organic substances was obtained. Therefore, some
difference in the process of digestion of initially hydro-
lyzed sludge and of non-hydrolyzed sludge was dem-
onstrated in higher reduction of organic substance
concentration in sludge.

During proceeded digestion, pH values of a liquid
phase of sludge were within range of 7.84–7.94, which
is acceptable for methane digestion [11]. The amount
of produced VFA did not exceed the limit value of
2,000 mg CH3COOHL−1, which shows that digestion
proceeded correctly.

3.2. Biogas

It was demonstrated that the amount of produced
biogas was regularly increasing by significant volumes
in the initial days of sludge (P + E +D) digestion, and
it amounted to 986 mL L−1 of sludge on the 5th day—
Fig. 1.

During digestion of pre-hydrolyzed sludge
((P + E)H+D), up until 3rd day of the process, almost
stable amount of biogas production was observed—
910–940 mL L−1 of sludge. The highest quantity was
produced on the 4th day of the process—1,180 mL L−1.
The total biogas production over mesophilic digestion
of sludge (P + E +D) and ((P + E)H+D) amounted to
6,185 and 7,260 mL, respectively. The difference in
obtained amount of biogas, especially on the initial days
of digestion was due to higher concentration of organic
substrate in a liquid phase of initially hydrolyzed
sludge. Unitary production of biogas amounted to

Table 1
Chosen physicochemical indexes of sludge before and during mesophilic (sludge P + E + D) and thermophilic–mesophilic
(sludge (P + E)H + D) digestion

Indexes

Digestion of sludge P + E + D Digestion of sludge (P + E)H + D

Before 3rd d 7th d 10th d 15th d Before 3rd d 7th d 10th d 15th d

pH 7.88 7.91 7.94 7.92 7.88 7.84 7.92 7.90 7.88 7.86
Alkalinity (mgCaCO3 L

−1) 2,510 2,720 4,130 4,250 4,380 2,840 3,350 4,090 4,230 4,410
TOC (mg L−1) 583 870 533 467 390 1,630 1,795 612 530 452
VFA (mgCH3COOH L−1) 565 930 394 282 256 1,250 1,990 343 274 225
Hydration (%) 96.82 97.11 97.41 97.60 97.71 97.03 97.31 97.46 97.58 97.68
Total solids (g L−1) 31.79 28.92 25.90 24.01 22.88 29.68 26.90 25.38 24.20 23.21
Volatile solids (g L−1) 21.11 18.39 15.59 14.02 13.22 19.44 16.92 15.01 13.90 13.102
Volatile/total solids (%) 66.4 63.6 60.2 58.4 57.8 65.5 62.9 59.1 57.4 56.4
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1.15 L g−1 of removed dry organic matter of sludge
((P + E)H+D), and 0.78 L g−1 of removed dry organic
matter of sludge (P + E +D). Quantity of methane in
biogas, apart from 1st day, during both digestions,
maintained within the range of 61–65%.

3.3. PCB

In sludge (P + E), before the thermophilic hydroly-
sis process, the presence of all indicator congeners
was observed. Eighty-one percent accounted for
higher chlorinated PCB (HCB) containing from 5 to 7
chlorine atoms in particle. After the thermophilic
hydrolysis process, 55% decrease in aggregate concen-
tration of PCB was obtained. The highest reduction
was demonstrated for PCB 153 and 180, due to a
decrease of approximately 70%.

The results of qualitative and quantitative changes
of the indicator PCB in sludge (P + E +D) and
((P + E)H+D) are presented in Table 2. The changes in
PCB concentration in sludge during methane digestion
were calculated based on conducted quality control of
the results, and statistic analysis with the assumption
that possible difference, in particular PCB congener
concentration above 25%, was statistically significant.

In sludge (P + E + D) and ((P + E)H + D) before the
digestion process, the presence of all indicator PCB
congeners was observed (Table 2). In sludge
(P + E + D), HCB concentration was higher that LCB
(Fig. 2(A)). In sludge ((P + E)H + D), HCB also domi-
nated (Fig. 2(B)), which was mainly caused by the
presence of PCB marked with codes 153 and 118.

On the 7th day of the mesophilic digestion process
some significant changes of PCB 118, 153, and 180
were appeared, whose concentrations went down
from 31 to more than 50%. LCB content in sludge
(P + E + D) increased, whereas HCB contribution

decreased. During mesophilic digestion preceded by
thermophilic hydrolysis, on the 7th day of the process,
83% decrease of PCB 118 concentration was obtained.
In sludge ((P + E)H + D) PCB 138 and 153, which rep-
resent HCB did not occur, whereas LCB (PCB 28 and
52) and PCB 101 content went up. Those changes
resulted in rising LCB concentration, and significant
HCB reduction whose content in sludge went down
by 84%.

On the 10th day of mesophilic digestion PCB 52
concentration increased by 52%, while PCB 118, 153,
and 180 content decreased by 47, 54, and 65%, respec-
tively. With respect to data obtained before the pro-
cess LCB concentration in sludge (P + E + D) went up
by 42%, HCB—went down by 37%. On that day of the
mesophilic digestion process preceded by thermo-
philic hydrolysis, further decreasing of PCB concentra-
tion in sludge ((P + E)H + D) was stated. Some
significant changes (with respect to data before the
process) were observed for PCB 118 and PCB 180,
whose concentration decreased by 91–94%. At the
same time PCB 101 content went up by 52%. In com-
parison to data before process, LCB and HCB concen-
tration went down by 25 and 86%, respectively.

After mesophilic digestion in sludge (P + E + D)
still all indicator of PCB congeners were present; how-
ever, their aggregated content decreased by 25%. After
mesophilic digestion preceded by thermophilic hydro-
lysis in sludge ((P + E)H + D), the presence of only
two PCB congeners, marked with codes 52 and 101
was observed (Table 2). Aggregated PCB concentration
in sludge decreased by 93%. In sludge after meso-
philic digestion, as before, elevated LCB concentration
maintained (Fig. 2(A)). An increase in LCB by 42%
and a decrease in HCB by 37% in comparison with
the concentration of these compounds before digestion
were demonstrated. In sludge ((P + E)H + D) after
mesophilic digestion preceded by thermophilic hydro-
lysis, the concentration of LCB and HCB decreased
(Fig. 2(B)) by 88 and 93%, respectively.

After mesophilic digestion preceded by thermo-
philic hydrolysis, the highest decrease in aggregate
concentration of indicator PCB was demonstrated in
comparison with results obtained during mesophilic
digestion. Lowering of PCB content in sludge was due
to complete biodegradation of congeners marked with
codes: 28, 118, 138, 153, and 180. The obtained results
suggest that thermophilic hydrolysis accelerated PCB
transformations in sewage sludge. During mesophilic
digestion, significant quantitative changes of LCB and
HCB occurred on the 10th day, while during meso-
philic digestion preceded by thermophilic hydrolysis
those changes were observed on the 7th day of the
process, when LCB content was higher than that of
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Fig. 1. Production of biogas during mesophilic and
thermophilic–mesophilic digestion.
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HCB. Literature data confirm that after the end of
mesophilic digestion process, a decrease in PCB con-
centration in sludge can be obtained [1,12,13]. In pre-
viously mentioned research, after anaerobic sludge
stabilization process, authors obtained a decrease in
PCB content by 40% [1], and by 47% [13].

Research results confirmed literature data regard-
ing biodegradation of HCB to LCB in anaerobic condi-
tions. However, it must be emphasized that the
periodic increase in lower chlorinated PCB concentra-
tion not only due to biodegradation of HCB to LCB
[1,12,14], but also their desorption, indicated by degra-
dation of organic matter in the digestion process dur-
ing which it is possible to obtain the elevated amount
of PCB, which was previously adsorbed [15].
According to some literature references, HCB show
high values of n-octanol/water partition coefficient
Kow and n-octanol/carbon Koc partition coefficient
[16]. Due to these properties PCBs with higher num-
ber of chlorine atoms in a molecule are strongly
adsorbed by the organic fraction of sewage sludge w
comparatively LCB. Research confirmed that in a
liquid phase of sludge with increased PCB content, up
until the 14th day of mesophilic digestion process, a
gradual increase in amount and sorts of indicator PCB
congeners was observed. LCB were released into
sludge liquid first [17].

The low content of HCB in sludge after methane
digestion can be explained by their capability to bioac-
cumulation, which the stronger is the more chlorine
atoms are in biphenyl molecule. The results showed a
significant decrease in PCB 180 concentration in
sludge, which can be explained by, previously sug-
gested in literature, biodegradation of heptachlorobi-
phenyl to tri- and tetrachlorobiphenyl [18,19].

Table 2
Concentration of PCBs (μg kg −1 d m) in sludge before and during mesophilic (sludge P + E + D) and thermophilic–
mesophilic (sludge (P + E)H + D) digestion (mean ± standard deviation, n = 5)

Congeners

Day of process

Before 7th 10th 15th

P + E + D (P + E)H + D P + E + D (P + E)H+D P + E + D (P + E)H + D P + E + D (P + E)H + D

PCB 28 6.4 ± 1.2 0.4 ± 0.1 7.3 ± 1.4 0.6 ± 0.1 9.6 ± 1.6 0.3 ± 0.1 6.1 ± 1.3 nd
PCB 52 4.5 ± 1.6 1.9 ± 0.4 6.8 ± 1.1 2.4 ± 0.2 9.4 ± 2.1 1.2 ± 0.3 6.3 ± 1.4 0.2 ± 0.1
PCB 101 4.6 ± 1.2 0.7 ± 0.3 5.1 ± 1.0 1.6 ± 0.5 4.4 ± 0.8 1.4 ± 0.3 2.9 ± 0.5 1.4 ± 0.3
PCB 118 3.5 ± 1.6 6.7 ± 1.5 2.4 ± 0.9 1.2 ± 0.4 1.9 ± 0.5 0.6 ± 0.4 1.9 ± 0.8 nd
PCB 138 3.3 ± 1.7 1.1 ± 0.4 3.0 ± 1.3 nd 2.4 ± 0.7 nd 2.2 ± 0.6 nd
PCB 153 4.8 ± 1.1 10.4 ±1.7 3.3 ± 0.8 nd 2.2 ± 0.7 nd 1.9 ± 0.5 nd
PCB 180 2.8 ± 1.4 0.5 ± 0.1 1.2 ± 0.7 0.2 ± 0.1 1.0 ± 0.4 0.2 ± 0.1 1.2 ± 0.6 nd
∑PCB 29.9 21.6 29.1 6.0 30.8 3.6 22.5 1.6

Note: nd—not detected.
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Fig. 2. LCB and HCB content before and during: (A) meso-
philic digestion of sewage sludge (P + E + D); (B) thermo-
philic–mesophilic digestion of sewage sludge (P + E)H+D.
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3.4. Heavy metals

Over hydrolysis, zinc concentration in liquid
sludge (P + E)H increased by the factor 5 in compari-
son with its initial content equal to 0.41 mg L−1,
whereas for copper—by the factor 4 (from approx.
0.06 up to 0.22 mg L−1). In the case of other metals
changes the concentration values were not that high.
The concentration of nickel and chromium went up by
the factor 1.8, lead—1.5.

During digestion of preliminary hydrolyzed sludge
((P + E)H + D), it was determined that heavy metal
concentration in a liquid phase of sludge was decreas-
ing, zinc and chromium until 10th day, nickel, copper,
and cadmium until 7th day of digestion (Table 3).
During the further process, concentration remained at
nearly constant level. In the case of zinc concentration
amounted to approx. 0.8 mg L−1, copper, nickel, and
chromium approx. 0.12 mg L−1, lead 0.08 mg L−1,
cadmium 0.02 mg L−1. Within digestion of non-hydro-
lyzed sludge (P + E + D), zinc and copper concentra-
tions were slightly lower than in a liquid phase of
hydrolyzed sludge, while other metal content was at a
comparable level (Table 3).

An average content of examined heavy metals in
chemical fractions of sludge ((P + E)H + D) and
(P + E + D), before and after digestion are presented
in Table 4. The aggregate amount of metal concentra-
tion in four analyzed fractions was equal to 91–108%
of its total quantity in sludge determined without
fractionation.

After sludge digestion, heavy metal concentration
in exchangeable and carbonate fractions remained at
the level comparable to values prior to digestion (in the
case of nickel, lead, and cadmium), or it was slightly
(copper and chromium) or highly (zinc) reduced. The
highest increase in lead concentration, after stabiliza-
tion both in ((P + E)H + D) and (P + E + D) sludge was
obtained in the residue fraction. The lead content in

this fraction amounted to 88–89% of its total quantity
in stabilized sludge. This was confirmed by [20,21].
With respect to zinc, copper, nickel, cadmium, and
chromium, their concentrations increased mainly in
organic–sulfide fraction. Thereby after the digestion
process, percentage proportion of this fraction in bond-
ing of zinc, copper, nickel, cadmium, and chromium
was, respectively, as follows: 71; 84; 46; 46; and 78% for
((P + E)H + D) sludge. A similar percentage of metal
content in this fraction was obtained after digestion of
(P + E + D) sludge—72; 84; 49; 43; and 81%. The pres-
ence of zinc, copper, and chromium, mainly in an
organic–sulfide fraction was confirmed in analyses of
other sludge stabilized by means of mesophilic diges-
tion conducted by [20–22]. A dominant role of an
organic–sulfide fraction in binding chromium was also
demonstrated by [23]. While, in the case of cadmium
[24] its occurrence was confirmed mainly in the residue
fraction.

In an exchangeable-carbonate fraction, the highest
content of nickel was confirmed (30–31%). With
respect to other metals, zinc, copper, lead, cadmium,
and chromium, their concentrations in this fraction
amounted, respectively, to: 1.9; 0.2; 4.2; 10.3; and 0.6%
for (P + E + D) sludge, and 2.1; 0.3; 4.5; 9.2; and 0.7%
for ((P + E)H + D) sludge. High nickel concentration in
an exchangeable-carbonate fraction of sludge stabi-
lized by mesophilic digestion was stated by [23,25].
Nickel enrichment in all fractions during the digestion
process was observed by [26].

After digestion of both ((P + E)H + D) and
(P + E + D) sludge the following distribution of metals in
the fraction was determined: Zn: organic/sulfides >
reducible ~ residual > exchangeable/carbonates; Cu:
organic/sulfides > residual > reducible ~ exchangeable/
carbonates; Ni: organic/sulfides > exchangeable/carbon-
ates > reducible ~ residual; Pb: residual > organic/sul-
fides ~ exchangeable/carbonates > reducible; Cd:

Table 3
Concentration of heavy metal ions (mg L−1) in sludge liquid before and during mesophilic (sludge P + E + D) and
thermophilic–mesophilic (sludge (P + E)H + D) digestion

Metal
In liquid phase of sludge during digestion

P + E + D (P + E)H + D

Before 1st d 3rd d 7th d 10th d 15th d Before 1st d 3rd d 7th d 10th d 15th d

Zn 0.51 0.61 0.63 0.63 0.68 0.71 1.29 0.99 0.97 0.84 0.76 0.77
Cu 0.09 0.09 0.09 0.09 0.10 0.11 0.16 0.14 0.13 0.12 0.12 0.12
Ni 0.16 0.14 0.13 0.13 0.12 0.12 0.23 0.15 0.14 0.12 0.12 0.12
Pb 0.08 0.08 0.09 0.08 0.09 0.08 0.10 0.09 0.09 0.08 0.08 0.08
Cd 0.03 0.03 0.03 0.03 0.02 0.02 0.04 0.03 0.03 0.02 0.02 0.02
Cr 0.21 0.22 0.17 0.18 0.15 0.13 0.25 0.22 0.21 0.16 0.12 0.12
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organic/sulfides > residual > reducible > exchangeable/
carbonates; and Cr: organic/sulfides > residual >
exchangeable/carbonates ~ reducible.

The residue fraction is considered to be chemically
stable and biologically inactive. It contains metals
incorporated in crystal lattice of primary and second-
ary minerals which constitute sludge. It consists
mostly of metals of silicate and aluminum silicate min-
erals. In natural conditions, metals in this fraction can
be considered as permanently immobilized. As more
mobile, therefore, they easily pass into soil solution
and are collected by plants. They are considered
exchangeable and bounded to carbonates metal forms.
The digestion process, for both pre-hydrolyzed and
non-hydrolyzed sludge, did not result in an increase
in the metal content in this mobile fraction.

4. Conclusions

Based on the conducted experiment the following
conclusions can be drawn:

(1) Subjecting the sludge to temperature of 55˚C,
accelerated hydrolysis of organic substrate,
which enabled obtaining higher biogas
amount during mesophilic digestion, in com-
parison with digestion of non-hydrolyzed
sludge (1.15 L and 0.78 L g−1 of removed dry
organic matter of sludge, respectively).

(2) Sludge hydrolysis accelerated transitions of
PCB during mesophilic methane digestion.
Twenty-five percent reduction of the indicator
PCB content after mesophilic digestion was

Table 4
Chemical fractionation of heavy metals (mg kg−1 d m) in sludge before and after mesophilic and thermophilic–mesophilic
digestion (mean ± standard deviation, n = 5)

Metal Fraction

Sewage sludge

Before digestion After digestion

P + E + D (P + E)H + D P + E + D (P + E)H + D

Zn F1 385 ± 8 206 ± 4 65 ± 4 67 ± 2
F2 555 ± 11 596 ± 6 476 ± 7 454 ± 6
F3 1,436 ± 17 1,516 ± 19 2,498 ± 12 2,208 ± 16
F4 211 ± 4 96 ± 4 410 ± 6 390 ± 14
Sum 2,587 2,414 3,449 3,119

Cu F1 6.2 ± 0.2 5.8 ± 0.4 0.8 ± 0.2 1.2 ± 0.1
F2 2.7 ± 0.3 1.6 ± 0.1 0.7 ± 0.1 0.8 ± 0.1
F3 246 ± 3.0 250 ± 1.6 301 ± 3.6 316 ± 2.2
F4 41.2 ± 1.7 37.4 ± 0.4 55.0 ± 0.9 56.9 ± 0.3
Sum 296.1 294.8 357.5 374.9

Ni F1 50.1 ± 0.8 46.3 ± 0.2 51.2 ± 0.4 54.5 ± 0.9
F2 16.3 ± 1.1 14.6 ± 0.4 18.9 ± 0.6 22.5 ± 0.1
F3 52.0 ± 1.8 50.9 ± 1.1 84.5 ± 1.5 81.8 ± 0.5
F4 13.5 ± 0.5 10.8 ± 0.2 18.4 ± 0.7 17.7 ± 0.3
Sum 131.9 122.6 173.0 176.5

Pb F1 4.0 ± 0.2 3.9 ± 0.5 3.8 ± 0.3 4.1 ± 0.3
F2 3.6 ± 0.2 3.6 ± 0.5 2.3 ± 0.2 2.7 ± 0.2
F3 4.3 ± 0.8 5.0 ± 0.4 4.2 ± 0.3 4.2 ± 0.2
F4 55.1 ± 2.5 54.9 ± 1.4 80.7 ± 2.5 80.1 ± 0.6

Cd F1 0.31 ± 0.05 0.49 ± 0.07 0.60 ± 0.06 0.46 ± 0.05
F2 0.82 ± 0.07 0.97 ± 0.04 1.20 ± 0.05 0.72 ± 0.06
F3 1.58 ± 0.11 1.45 ± 0.12 2.49 ± 0.14 2.33 ± 0.18
F4 0.95 ± 0.10 1.11 ± 0.10 1.56 ± 0.10 1.52 ± 0.06
Sum 3.66 4.02 5.85 5.03

Cr F1 7.9 ± 1.1 3.5 ± 0.3 2.4 ± 0.7 3.1 ± 0.3
F2 2.9 ± 0.7 2.5 ± 0.3 2.2 ± 0.2 2.0 ± 0.3
F3 263 ± 8 287 ± 3 336 ± 8 326 ± 7
F4 45.2 ± 2.5 26.5 ± 0.4 76.2 ± 3.6 88.2 ± 1.1
Sum 319.0 319.5 416.8 419.3

Notes: Fraction: F1—exchangeable/carbonates, F2—Fe/Mn oxides, F3—organic matter/sulfides, and F4—residual.
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obtained, whereas after digestion preceded by
thermophilic hydrolysis—93% decrease in
PCB concentration.

(3) During the methane digestion process, some
intensive quantitative changes of higher and
lower chlorinated PCB congeners were dem-
onstrated. LCB were dominant in fermented
sludge.

(4) Proceeding sludge digestion promoted crea-
tion of stable chemical forms of heavy metals.
Regardless of the applied stabilization process,
the highest increase in zinc, copper, nickel,
cadmium, and chromium content was demon-
strated in an organic-sulfide fraction, whereas
for lead—in the residue fraction.
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