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The aim of this research was to determine the effect of thermal conversion temperature and plant material addi-
tion to sewage sludge on the PAHs content and the activity of selected γ-radionuclides in biochars, and to conduct 
an ecotoxicological assessment. The pyrolysis of the mixtures of sewage sludge and plant materials at 300°C and 
such temperature caused an increase in the contents of 2- and 3-ring hydrocarbons. During the pyrolysis of or-
ganic materials at 600°C, the amount of the following compounds was reduced in biochars: benzo[b]fl uoranthene, 
benzo[k]fl uoranthene, benzo[a]pyrene, indeno[1,2,3c,d]pyrene, dibenzo[a,h]anthracene, and benzo[g,h,i]perylene. 
Among γ-radioisotopes of the elements, natural radiogenic isotopes were dominant. 137Cs was the only artifi cial 
radioactive isotope. The pyrolysis of the mixtures of municipal sewage sludge and plant materials revealed that 
isotope 40K had the highest radioactive activity. In the case of other analysed nuclides, activities of 212Pb, 214Pb, 
214Bi, and 137Cs were determined after the sample pyrolysis. The extracts from the mixtures of sewage sludge and 
plant materials were non-toxic to Vibrio fi scheri.
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INTRODUCTION

In recent years, signifi cant changes in Europe have 
taken place in both the infrastructure related to water 
and sewage management, and the structure of munici-
pal waste (including sewage sludge) management. The 
systematically growing amount of sewage sludge forces 
some changes in the administration of their resources, 
and, thereby, induces the search for alternative methods 
of their transformation, ensuring maximum safety to 
the environment1, 2. Sewage sludge contains a lot of 
valuable substances which have a positive effect on the 
soil properties. However, it also contains various, and 
often, organic contaminants, which can signifi cantly 
affect its management3, 4. Polycyclic aromatic hydrocar-
bons (PAHs) are one of the most common groups of 
organic contaminants in sewage sludge. Most of them 
are mutagenic, toxic and carcinogenic substances which, 
due to their considerable stability in the environment, 
belong to the group of persistent organic pollutants 
(POPs). Introduction of sewage sludge with these pol-
lutants into soil may pose a risk of their accumulation 
in plant biomass or their movement into the soil profi le. 
This is dangerous to the underground water purity and, 
in consequence, may have a negative effect on living 
organisms, including humans5.

One of the methods to limit the leaching of contami-
nants from sewage sludge is thermal conversion through 
pyrolysis. This method entails multidirectional physical 
and chemical changes of these materials, which result 
in the formation of, inter alia, biochar6. The research 

results published hitherto indicate that specifi c properties 
of biochar (such as microporosity, large specifi c surface 
area, and presence of functional groups) make the ma-
terial prone to organic contaminants. Despite numerous 
advantages of biochar in limiting the bioavailability, toxi-
city, and mobility of many organic contaminants7, 8, there 
are also hazards connected with its production process 
itself and the later use of the material. The possibility 
of introducing considerable amounts of PAHs into soil is 
one of the most frequently listed hazards related to the 
application of biochar. The amount of PAHs in biochar 
depends mainly on the pyrolysis parameters and the 
content of these compounds in feedstocks used in the 
process. One should bear in mind that thermal conversion 
of materials with greatly diversifi ed chemical composition, 
such as sewage sludge, may produce extremely varied 
effects. On one hand, pyrolysis may lead to decompo-
sition of organic compounds and, on the other, there 
is a synthesis of strongly condensed aromatic structures 
which may cause the formation of other compounds 
with aromatic structure, or lead to an increase in their 
content9. The natural use of the biochar was a determi-
ning factor when choosing the temperature of 300°C. It 
is assumed that the natural, including agricultural, use 
of biochar requires the pyrolysis temperature of 300°C, 
since biochar obtained in this way has a higher cation 
exchange capacity and higher stable carbon content10. 
On the other hand, the temperature of 600oC was se-
lected with the aim to verify the hypothesis that higher 
temperatures have greater effi ciency in removing PAHs. 
According to Oleszczuk et al.5, limited effi ciency of lower 
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temperatures in removing PAHs is due to the fact that 
particles of these compounds are retained in the biochar 
pores. These authors argued that increase in the process 
temperature should result in a gradual release of water 
and volatile compounds and, in consequence, open the 
pores and release PAHs. 

The available literature lacks information on changes 
in radioactivity, including γ-radionuclides which will 
affect living organisms after the introduction of biochar 
thus produced into the environment). Depending on its 
parameters and materials subjected to processing, ther-
mal conversion may activate isotopes of some elements.

Given the possibility of natural use of organic mate-
rials, it is essential to evaluate the contents of polycyclic 
aromatic hydrocarbons and nuclides in these materials. 
Thermal conversion of sewage sludge may create an 
immediate risk of both the presence and creation of 
new organic compounds with hydrocarbon character, 
and radioactive elements10, 11. Therefore, the presence 
of some contaminants calls the safe use of biochar into 
question, especially in the case of soils used for culti-
vation of plants for food purposes.

Compared to thermally converted sewage sludge 
alone, better environmental and technological effects 
can be achieved after mixing sewage sludge with plant 
waste materials, such as cereal straw, sawdust or bark. 
The research results proved that the addition of plant 
materials to sewage sludge leads to dilution of, e.g. the 
trace elements content. It also improves the conditions 
for thermal process by affecting the structure of the 
mass converted12.

Based on the results of studies on the polycyclic aro-
matic hydrocarbon content in biochars of different origin, 
it must be stated that there are still only a few papers 
concerning the effect of feedstock or the pyrolysis method 

on the PAHs content. However, there is no information 
on these factors’ effect on radioactivity of γ-radionuclides 
in biochars. The aim of this research was to determine 
the effect of thermal conversion temperature and plant 
material addition to sewage sludge on the PAHs content 
and the activity of selected γ-radionuclides in biochars. 
This research also presents the evaluation of ecotoxicity 
of extracts from sewage sludge and mixtures of sewage 
sludge and plant materials to Vibrio fi scheri.

MATERIAL AND METHODOLOGY

Characteristics of sewage sludge and plant materials 
used in the research

The research material was anaerobically stabilised, 
dehydrated sewage sludge collected at the water treat-
ment plant in Krakow. The plant utilises the mechanical 
and biological system for waste water treatment. Sludge 
digestion time in separate digesters was 19 days. The 
digested sludge was then dehydrated on a belt press.

The materials used in the preparation of mixtures 
with sewage sludge were selected based on their avail-
ability, possible management, as well as effectiveness in 
improving physical properties of sewage sludge. Wheat 
straw used in the research came from an agricultural 
holding. Sawdust and bark of conifers were obtained 
as waste products of industrial processing of timber. 
The plant materials used in the research came from the 
Małopolska Province (southern Poland).

Selected chemical properties of sewage sludge and 
plant materials are presented in Tables 1, 2 and 3.

Preparation of mixtures and their thermal conversion
In order to improve its physical properties, sewage 

sludge was mixed with plant materials. Before mixing 

Table 1. The properties (dry matter and ash, C, N, S contents) of initial materials and mixtures before thermal treatment

Table 2. The content of macroelements in sewage sludge and plant materials used in the experiment

Table 3. The content of trace elements in sewage sludge and plant materials used in the experiment
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The macropore volume (Vmac) was calculated using the 
following equation:
Vmac = Vtot

0.99 – (Vmic
T + Vmes

BJH)
Textural parameters of organic materials are presented 

in Table 4.

Chemical analyses and activity of γ-radionuclides
The initial materials (sewage sludge, wheat straw, 

sawdust, bark) and the unconverted mixtures of sewage 
sludge and plant materials were dried at 105oC for 12 
hours in order to determine the dry matter content17. 
The research materials and mixtures before and after 
thermal conversion were ground in a laboratory mill 
and 1 mm sieved. The ash content in the prepared ma-
terials was determined after incinerating the sample in 
a chamber furnace at 600oC for 8 hours18. The carbon, 
nitrogen and sulphur contents were determined on the 
Vario MAX Cube analyser (manufactured by Elementar) 
equipped with a thermal conductivity detector (Vario 
MAX cube CNS, Elementar Analysensysteme GmbH, 
Hanau, Germany). Activity of γ-radionuclides in sewage 
sludge and plant materials used in the experiment are 
presented in Table 5.

The content of polycyclic aromatic hydrocarbons in ther-
mally unconverted sewage sludge and converted mixtures

The procedure of PAH determination (16 compounds 
from US EPA list) was adopted from Maliszewska-
Kordybach et al.19. Biochars (5–10 g) were spiked with 
mixture of fi ve deuterated PAH standards (naphthalene-
d8, fl uorene-d10, phenanthrene-d10, chrysene-d12 and 
perylene-d12) and then extracted with dichloromethane 
(two extraction cycles, temperature of 100oC and pressure 
of 1500 psi) in accelerated solvent extraction system (ASE 
200, Dionex). Extracts were concentrated on the rotary 
evaporator (Bűchi Rotavapor R-200) to a volume of 1 
mL and cleaned-up on glass mini-columns fi lled with 1 
g of silica gel and then evaporated to obtain 1 mL of 

with sewage sludge, wheat straw and bark of conifers 
were ground and 5 mm sieved. Sawdust of conifers 
was used in the form obtained from the manufacturer. 
The materials were mixed at 1:1 by weight calculated 
on the dry matter. The experimental design included: 
sewage sludge + wheat straw (SS + WS), sewage sludge 
+ bark (SS + B), sewage sludge + sawdust (SS + S). 
The contents of dry matter, ash as well as N, C and S 
in unconverted mixtures are presented in Table 1.

Thermal conversion of mixtures of sewage sludge and 
various plant additions was conducted under laboratory 
conditions, at a station designed for thermal conversion 
of biomass under a limited supply of air (1–2%)6. The 
combustion chamber was closed, located under a fume 
cupboard for extracting fumes. Dimensions of the work-
ing chamber [mm]: (W × L × D) 290 × 220 × 350. 
The samples of mixtures were placed in the combustion 
chamber, and two temperature procedures were applied: 
300oC and 600oC. The exposure time was 15 minutes. The 
rate of heating the combustion chamber was 10oC min–1. 
The pyrolysis time and temperature were established on 
the basis of our preliminary examinations and results 
reported in the literature12, 13.

Textural parameters of organic materials
The specifi c surface area and porosity were deter-

mined from N2 gas adsorption/desorption isotherms at 
77 K using an ASAP 2420 apparatus (Micromeritics). 
The samples were outgassed for 24 h at 378 K. The 
BET equation was used for the specifi c surface area 
calculations (SBET)14. The total pore volume (Vtot

0.99) was 
calculated from the amount of N2 adsorbed at a relative 
vapor pressure (P/P0) ~0.99. The volume of micropores 
(Vmic

T) was calculated by applying the t-plot method. 
Mesopore volume (Vmes

BJH) was determined from the 
adsorption branch of the isotherms using the BJH me-
thod15 in the mesopore range proposed by Dubinin16. 

Table 5. Activity of γ-radionuclides in sewage sludge and plant materials used in the experiment

Table 4. Textural parameters of organic materials
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NB – counts (peak area) of quanta of a given energy 
in the background spectrum,

TS – time of sample measurement [s],
TB – time of background measurement [s],
eff – effi ciency of recording gamma quanta of a given 

energy,
I – percentage effi ciency of the emission of gamma 

quanta of a given energy.
Detection limits, which then were calculated and 

expressed as Minimum Detectable Activity (MDA), were 
established using the Currie equation22:

where:
LD – counts corresponding to the detection limit,
B – background, background counts under the peak 

in the sample spectrum,
I – interference, counts (peak area corresponding to 

a given energy) in the background spectrum.

Ecotoxicity of sewage sludge and mixtures after thermal 
conversion

Toxicity of extracts from sewage sludge and of their 
mixtures after thermal conversion was determined us-
ing the Microtox bioassay. The extracts were prepared 
by mixing 1 volume of the material with 20 volumes of 
redistilled water and shaking mechanically for 24 hours. 
After that time, the samples were centrifuged for 10 
minutes at 3000 rpm and fi ltered. In the Microtox® 

bioassay, the toxicity level of samples was determined 
by a decrease in Vibrio fi scheri luminescence, which is 
an effect of metabolic inhibition in the bacteria after 
exposure to a toxic substance. The standard test proce-
dure was applied for extract samples: 81.9% Screening 
Test. Luminescence was measured on a Microtox M500 
analyser before and after 15-minute incubation of the 
bacterial suspension with the studied samples23. Samples 
were tested in three replicates.

Statistical calculations
The materials were analysed in three replicates in 

order to exclude analytical errors. Such experimental 
arrangement prevented an objective analysis of variance 
for the results of chemical analyses; therefore, only the 
values of standard deviation were calculated.

extract in n-hexane. PAHs were determined on Agilent 
6890N gas chromatograph equipped with Agilent 5973 
Network mass spectrometer (70 eV) and 7683 B series 
autosampler. The resolution of PAH compounds was 
achieved with DB-5 MS+DG fused-silica capillary col-
umn (30 m x 0.25 mm I.D. with a fi lm thickness of 0.25 
μm), constant helium fl ow of 30 cm/sec–1, the splitless 
injection system at a temperature of 250oC and the fol-
lowing GC oven programme: 60oC for 2 min, followed 
by 30oC/min–1 ramp to 120oC and then with a ramp of 
5oC/min–1 to the fi nal temperature of 290oC (10 min 
hold). Selected ion monitoring (SIM) system was ap-
plied for PAH molecular ion detection. The precision 
of the method for single PAH compounds was < 24%. 
The blank sample procedure was applied for all ana-
lytical series. PAH content in biochars was determined 
in three replications19. The generally accepted toxicity 
equivalency factors (TEF)20 were used to calculate the 
TEF equivalent as the sum of products of the contents 
of individual PAHs and TEF coeffi cients. The content 
of polycyclic aromatic hydrocarbons in plant materials 
used in the experiment are presented in Table 6.

Analysis of γ-radionuclide activity in thermally uncon-
verted sewage sludge and converted mixtures

The analysis of γ-radionuclide activity was conducted 
using high-purity germanium detectors (HPGe), as well as 
Ortec HPGe PopTop and Ortec HPGe P-Type detectors 
ensuring high energy resolution21. The measurement chain 
had electronic equipment manufactured by Canberra 
Packard (amplifi er + multichannel amplitude analysers 
with Multiport II memory buffer); the software used to 
record the spectra was Genie 2000. Based on the ana-
lysis of the spectra obtained during the measurements, 
activities of individual elements were calculated:

whe re:
A – isotope activity in the sample [Bq],
NS – counts (peak area) of quanta of a given energy 

in the sample spectrum,

Table 6. The content of individual PAHs in sewage sludge and plant materials used in the experiment
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RESULTS AND DISCUSSION

Chemical composition of the materials used
Materials used in the research differed not only in 

their origin but also in chemical parameters (Table 1–4). 
Sewage sludge had the lowest contents of dry matter and 
carbon, and the highest ash content of all the materials 
used in the research. Wheat straw, sawdust, and bark 
used in the preparation of mixtures with sewage sludge, 
had a small water content, which was an important factor 
improving physical properties of the mixtures obtained24. 
This was refl ected in the dry matter content in these 
mixtures. Plant materials used to prepare the mixtures 
had a large carbon content – 486 g kg–1 DM on average 
(Table 1). A relatively lower ash content was determined 
in those materials. Sewage sludge had higher nitrogen 
and sulphur contents than other materials used to form 
the mixtures (Table 1). It manifested itself in the content 
of these elements in the mixtures. The contents of the 
analysed components determined in the plant materials 
used in the preparation of mixtures did not differ from 
the values recorded by other authors25.

Textural parameters of organic materials
The specifi c surface area (SBET) of SS+B was 2.9 m2 g–1 

and the total pore volume (Vtot
0.99) was 0.016 cm3 g–1 

(Table 4). The thermal conversion of the mixtures at 
300°C had no infl uence on the textural parameters. Until 
thermal conversion the mixtures at 600°C had signifi cant 
infl uence on the specifi c surface area and total pore 
volume. The SBET and Vtot

0.99
 were 20.6 m2 g–1 and 0.026 

cm3 g–1, respectively. The specifi c surface area (SBET) of 
SS+WS was 2.8 m2 g–1 and the total pore volume (Vtot

0.99) 
was 0.014 cm3 g–1 (Table 4). The thermal conversion of 
the mixtures at 300°C, resulted in an insignifi cant in-
creasing of the textural parameters (SBET = 3.1 m2 g–1, 
Vtot

0.99 = 0.017). A signifi cant increase was observed 
after thermal conversion of the mixtures at 600°C (SBET 
= 58.3 m2 g–1, Vtot

0.99 = 0.038). The lowest value was 
noted for the SS+S. The specifi c surface area and the 
total pore volume of initial material was 2.2 m2 g–1 and 
0.012 cm3 g–1, respectively. The thermal conversion of 
the mixtures at 300°C had no infl uence on the textural 
parameters. The thermal conversion of the mixtures at 
600°C caused an increase SBET to 12.9 m2 g–1 and Vtot

0.99 

to 0.032. In almost all samples, unmodifi ed and modifi ed, 
mesopore volumes prevails over the macropore volume 
and micropore volume. The thermal conversion of the 
mixtures caused a decrease the value Vmes

 /Vtot and Vmac
 

/Vtot and an increase the value Vmic
 /Vtot.   

The PAH content in the mixtures of sewage sludge and 
plant materials, and in the biochar obtained

The content of polycyclic aromatic hydrocarbons in 
biochars varies depending on the feedstock used, as well 
as on the pyrolysis conditions26, 27. It is possible that high 
concentrations of these compounds will cause the intro-
duction of high amounts of organic contaminants into 
soil, even at low doses of biochar. This poses a risk of 
toxic effect of polycyclic aromatic hydrocarbons on soil 
microorganisms, e.g. inhibition of biochemical processes 
related to changes in nutrients28, 29.

When comparing the content of polycyclic aromatic 
hydrocarbons in the studied biochars with their content in 
unconverted plant materials (Table 6), sewage sludge and 
mixtures with sewage sludge, a decrease in the contents of 
naphthalene, acenaphthene, fl uorene, and phenanthrene, 
as well as of other compounds was observed (Table 7). 
The addition of plant materials (straw, bark, sawdust) 
to municipal sewage sludge diluted the contents of most 
of the studied compounds. Increase in the contents of 
these four PAHs in the mixtures prepared for pyrolysis 
resulted from the load of these substances introduced 
with plant materials. It should be noted that the PAH 
content in plants is conditioned by the chemical properties 
of a compound (the number of aromatic rings), plant 
species, and soil properties30. The above compounds are 
2- and 3-ring PAHs, which suggests that plant materials 
added to sludge contained these contaminants.

The pyrolysis of mixtures of sewage sludge and plant 
materials changed the studied compound contents de-
pending on the plant material added (wheat straw, bark, 
sawdust) and the temperature applied (300oC, 600oC). 
Regardless of the type of plant material added, ther-
mal conversion of the mixtures at 300oC increased the 
contents of naphthalene, acenaphthene, and fl uorene 
(Table 8) compared to their contents determined in 
unconverted municipal sewage sludge (Table 7). Increase 
in the conversion temperature to 600oC decreased the 
contents of: benzo[b]fl uoranthene, benzo[k]fl uoranthene, 

Table 7. The content of individual PAHs in mixtures before thermal treatment
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benzo[a]pyrene, indeno[1,2,3c,d]pyrene, dibenzo[a,h]
anthracene, and benzo[g,h,i]perylene in the mixtures of 
municipal sewage sludge and wheat straw (SS + WS) 
and sawdust (SS + S) below the method quantifi cation 
limit. Compared to the initial materials, an increase in 
the compound content was observed for the mixture 
of municipal sewage sludge and bark (SS + B). In the 
course of the analysis it was found that, regardless of 
the plant material added, the total content of the sixteen 
determined compounds decreased between over 2-fold 
and over 5-fold compared to their total content in un-
converted municipal sewage sludge (5.55 ±0.04 mg kg–1 
dry matter) (Table 7). It should be highlighted that, in 
general, the temperature of 300oC was more effi cient 
in reducing the contents of the studied PAHs. The re-
sults published by Kołtowski and Oleszczuk27 indicate 
that the temperature of biomass conversion is of great 
importance for thermodesorption and decrease in the 
PAH content. The literature lacks information on the 
thermodesorption of polycyclic aromatic hydrocarbons. 
According to Masto et al.31, the formation and release 
of PAHs depend on the conditions of the process, and 
the type of material converted. These compounds can 
be released in the gaseous phase, emitted or adsorbed 
as a solid residue of the process when the temperature 
drops. The results of our study showed that, among the 
sixteen compounds determined, naphthalene was domi-
nant in the mixtures processed at 300oC. This is refl ected 
in the results of Masto et al.31 who proved that PAHs 
with a small molecular mass, mainly naphthalene, were 
dominant in the ash obtained. Van den Heuvel and Van 
Noort32 also suggested that the process temperature is 
a decisive factor for the reduction of PAHs. Our results 
do not fully confi rm this observation. Although a re-
duction in contents of benzo[b]fl uoranthene, benzo[k]
fl uoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
dibenzo[a,h]anthracene, and benzo[g,h,i]terylene was 
obtained at 600oC in the mixtures of municipal sewage 
sludge and wheat straw (SS + WS), and municipal 
sewage sludge and sawdust (SS + S), these compound 
contents increased in the mixture of sewage sludge and 
bark (SS + B) compared to the material processed at 

300oC. According to Guilloteau et al.33, the smaller ef-
fi ciency of lower temperatures in the reduction of PAHs 
results from the retention of the compound particles in 
biochar pores. As stated by these authors, increase in 
the process temperature should cause a gradual release 
of water and volatile components and, in consequence, 
opening of pores and release of PAHs. Kołtowski and 
Oleszczuk27 argued that differences between the contents 
of the studied PAHs in individual biochars may result 
from the type and strength of the interaction between 
these compounds and biochar. These authors emphasised 
that lower temperatures lead to the release of PAHs from 
biochar surface, whereas higher temperatures result in 
the release of these compounds from pores. This theory 
was not fully confi rmed in our research.

Evaluation of the PAH toxicity in the biochar obtained
Epidemiological studies were conducted with the aim 

to assess the relationship between PAHs and frequency 
of carcinogenic symptoms20. A dose-response relationship 
was found between the concentration of B(a)P admini-
stered in food and the frequency of stomach cancers 
in male and female mice. Our research attempted to 
determine the level of toxicity of materials subjected to 
pyrolysis at the proposed temperatures, using relative 
carcinogenic potencies TEF (toxic equivalence factor20. 
Being aware of the elaboration of TEFs for conditions 
of direct exposure, absolute values were multiplied with 
an attempt to estimate (based on the sum of products) 
the potential level of risk in materials that could possibly 
enter the environment during their natural use, without 
taking into account the effect of soil-biochar dilution. 
Values calculated in this way are presented in Table 8 
with TEF as an equivalent. These values confi rm the 
previous observations. For sewage sludge mixed with 
straw and sawdust, there was a 23.5-fold reduction in 
the sum of relative toxicity products when the pyrolysis 
temperature was increased from 300oC to 600oC. The 
mixture of bark and sewage sludge (SS + B) showed 
a reverse relationship under the same thermal condi-
tions, since the above factor increased 4.7 times. These 
observations suggest great differences in the internal 

Table 8. The content of individual PAHs in biochars after thermal treatment 
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structure of plant materials, which may pose risks during 
their conversion.

Activity of γ-radionuclides in the mixtures of sewage 
sludge and plant materials, and in the biochar obtained

The available literature on biochar contains no reports 
on the activity of γ-radionuclides. Thermal conversion 
of biomass entails a series of changes in the properties 
of the solid product of the process – biochar12, 27, 29, 31. 
Thermal conversion of organic materials can reduce the 
self-absorption of gamma radiation, which, in turn, may 
lower the limits of detection of the activity of the studied 
radioactive isotopes. Out of the nine studied radionu-
clides, only low contents of natural radioactive isotopes 
212Pb (0.15 ±0.02 Bq g–1 DM) and 40K (0.47 ±0.04 Bq g–1 
DM) were determined in municipal sewage sludge used 
to prepare the mixtures (Table 9). Only the mixture of 
municipal sewage sludge and wheat straw (SS + WS) 
before pyrolysis showed low activity of isotopes 234Th, 
137Cs, and 40K. The artifi cial isotope 137Cs, as a fi ssion 
product, is present in the environment due to releases 
from nuclear facilities and nuclear weapon testing (global 
fallout). Given its half-time of 31.17 y and high bioavail-
ability caused by chemical analogy to potassium, it can 
accumulate in plant biomass. Interactions with potassium 
are an important issue which must be addressed when it 
comes to caesium accumulation in plant biomass34. Iso-
tope 40K is the dominant radionuclide in tissues of living 
organisms, and its occurrence is not related to biological 
changes35. Since its abundance reaches 0.0117% (half-life 
period equal to approx. 1.3 109 y), it is present in living 
organisms as a result of physiological uptake of potas-
sium from soils or food. According to Rosik-Dulewska 
and Dulewski36, 40K constitutes 98% of the total activity 
of natural radionuclides in plants. The content of iso-
tope 234Th in the mixture of sewage sludge and straw 

amounted to 0.18 ±0.02 Bq g–1 DM, which could also 
result from the amount of this nuclide added to sludge 
together with plant materials. Thermal conversion of the 
mixture of sewage sludge and wheat straw (SS + WS) 
increased the concentration of isotope 40K (Table 9). In 
the case of mixtures of sewage sludge and bark (SS + 
B), and sewage sludge and sawdust (SS + S), the activity 
of isotope 40K was also observed, at a level comparable 
to the one determined for unconverted sewage sludge. 
It should be noted that in both unconverted mixtures, 
the results obtained were below the detection limit. In 
addition to isotope 40K, activities of isotopes of lead, 
212Pb and 214Pb, were noted in the mixtures subjected to 
pyrolysis. The activity of both isotopes was recorded in the 
mixture of sewage sludge and wheat straw (SS + WS), 
after converting the material at 600oC. In the case of 
mixtures of sewage sludge and bark (SS + B), and sew-
age sludge and sawdust (SS + S), 212Pb was detectable 
after pyrolysis at 300oC (Table 9). In addition, there 
were observed the activity of isotope 137Cs in thermally 
converted mixture of sewage sludge and bark (SS + B), 
and the activity of isotope 214Bi in the mixture of sewage 
sludge and wheat straw (SS + WS) (Table 9). Neither of 
these activities was noted before pyrolysis. The apparent 
lack of activity of the studied radionuclides in sewage 
sludge, except for 212Pb and 40K, suggests that they can 
be used in the production of biochar without the risk 
of contaminating the fi nal product37.

Ecotoxicity of sewage sludge and mixtures after thermal 
conversion

Bioassays were demonstrated to be useful for detecting 
potentially ecotoxicological effects of biochar, not captu-
red by the physicochemical limit values set in different, 
currently available biochar quality standards which do 
not provide guidance for application rates specific to 
soil or crop types. That is why ecotoxicological tests are 
proposed as important criteria to develop management 
recommendations. The stimulation of Vibrio fi scheri 
luminescence was found (Fig. 1). The extract samples 
showed negative mean values of toxicity. The inhibition 
of V. fi scheri luminescence was –12 and –18% (SS + B); 
–25 and –22% (SS + WS), and –21 and –20% (SS + S). 
This means that the intensity of V. fi scheri luminescen-
ce increased after exposure to the extracts, which can 
be attributed to their lower toxicity compared to the 
reference medium. The extracts from the mixtures of 
sewage sludge and plant materials will be non-toxic to 
Vibrio fi scheri. In the literature, the stimulatory effect 
of sublethal or low concentrations of toxic chemicals 

Table 10.  Activities of γ-radionuclides in biochars

Table 9. Activity of γ-radionuclides in the mixtures of sewage 
sludge and plant materials prior to thermal processing 
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Figure 1. Luminescence stimulation of Vibrio fi scheri – notox-
icity of extracts from sewage sludge and mixtures 
sewage sludge and plant materials

on organism metabolism is referred to as hormesis38. 
Hormesis was found to be common in the widely used 
Vibrio fi scheri luminescence bioassay39, 40.

CONCLUSIONS

The results of our research indicate that during the 
pyrolysis of organic materials at 600oC, the contents 
of the following compounds were reduced in biochars: 
benzo[b]fl uoranthene, benzo[k]fl uoranthene, benzo[a]
pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, 
and benzo[g,h,i]perylene. Among γ-radioisotopes of the 
elements, natural radiogenic isotopes were dominant. 
137Cs was the only artifi cial radioactive isotope. The 
pyrolysis of the mixtures of municipal sewage sludge 
and plant materials revealed that isotope 40K had the 
highest radioactive activity. In the case of other analysed 
nuclides, activities of 212Pb, 214Pb, 214Bi, and 137Cs were 
determined after the sample pyrolysis. The extracts from 
the mixtures of sewage sludge and plant materials will 
be non-toxic to Vibrio fi scheri.
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