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a b s t r a c t
The waste generated in the processes of thermal disposal of sewage sludge introduced into the envi­
ronment, for example, in the storage process, is subjected to the influence of rainwater, the result of 
which may be the leaching of many, often hazardous, components therefrom. Hazardous substances 
in eluates pose a risk of migration thereof into the ground and water environment and can also have 
a toxic effect on the biosphere. The water leaching test, used in Poland to evaluate environmental 
risk caused by waste, only shows the capacity to release substances contained in waste under spe­
cific conditions without the inclusion of their impact on the biosphere. In contrast, the evaluation of 
waste bio-toxicity is conducted using bioassays. The undertaken research aimed to examine whether 
the expansion of environmental risk assessment to include biotests with respect to potentially leach­
able components from waste would be a better tool for the evaluation of their toxicity. The research 
included bioassays with the usage of Lepidium sativum, and Avena sativa plants and the Microtox 
screening test with the participation of Vibrio fischeri bacteria. The analyzed eluates from the ashes 
obtained through sewage sludge incineration and waste from the treatment of flue gas were char­
acterized by alkaline reaction as well as high levels of chlorides and sulfates. The eluates from fly 
ashes demonstrated a varied bio-toxicity depending on the type of the test organism. In the case of 
Lepidium sativum, the inhibition of root growth was observed while Avena sativa was stimulated. With 
respect to the Vibrio fischeri bacteria, a toxic effect of eluates was not noted. The eluates from waste 
obtained through the treatment of flue gas had a toxic effect on every biotest. The usage of bioas­
says as supplementation of chemical research for the assessment of the influence of leachates from 
waste on the ground and water environment may significantly raise the effectiveness of monitoring 
and the quality management of water resources.
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1. Introduction

The formation of sewage sludge is an integral part of the 
sewage treatment process. The development of methods used 
to treat sewage translates onto the growth of the quantity 
of produced sewage sludge. For example, in Poland, in the 
years 2000–2017, the amount of produced municipal sewage 

sludge increased by 63%. In accordance with the binding legal 
norms, the untreated sewage sludge cannot be stored at land­
fill sites, and their amount is determined by the usage of effi­
cient methods of management. The usage of thermal meth­
ods of sewage sludge conversion is one of the more beneficial 
solutions because it ensures not only a significant reduction 
of its mass and volume but also the recovery of the energy 
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contained therein. At most sewage sludge incineration plants 
operating in Poland, fluidized bed incineration processes are 
used. Research is also being conducted on the possibility of 
the vitrification process usage to dispose of the sludge and 
ashes formed in this process [1,2]. An adverse phenomenon, 
accompanying the incineration processes, is the generation of 
a secondary waste stream, that is, fly ashes and waste formed 
in flue gas treatment processes. The composition of ashes 
obtained through incineration is variable, dependent on the 
properties of the incinerated sewage sludge. Ashes from the 
incineration of sludge may be appropriately managed [3–5], 
and the presence of, inter alia, a significant amount of phos­
phorus therein as a biogenic component creates an alterna­
tive direction of their usage [6–8]. However, the frequent 
presence of heavy metals in ashes may pose a serious eco­
toxicological risk in the case of application thereof into the 
environment [9]. In the storing process, ashes are subjected to 
the influence of rainwater, the result of which may be leach­
ing of hazardous components therefrom [10]. The aging of 
ashes (CO2 absorption) facilitates the leaching of heavy met­
als, such as Zn and Pb [5]. Hazardous substances present 
in eluates (including heavy metals) pose a risk of entering 
the ground and water environment and consequently, they 
may have a toxic impact on the biosphere by becoming, for 
example, an element of the human biological life cycle [11]. 
For this reason, rational waste management, incorporating 
itself in the closed-loop cycle, should be conducted with the 
inclusion of ecotoxicological risk assessment, connected with 
the disposal and conversion of waste [12,13].

The water leaching test, used in Poland to evaluate envi­
ronmental risk caused by waste, is carried out in accordance 
with the PN-EN 12457-2 norm [14]. This test only indi­
cates the capacity to release substances contained in waste 
under specific conditions. However, according to research 
conducted by Tsiridis et al. [15], it proved to be better than 
the leaching method called toxicity characteristic leaching 
procedure method 1311, recommended by the American 
Environmental Protection Agency [16]. The results of the 
test are compared with the limit values included in the pro­
visions pertaining to the classification of waste which is 
acceptable for disposal at landfills of a specific type [17].

The level of leaching of metals from ashes depends on, 
that is, their content in the analyzed waste, chemical form, 
the degree of oxidation [11,18,19], and the introduced leach­
ing procedure [15,20–22]. The complex leachate compo­
sition, in which many harmful substances appear in trace 
quantities, does not allow for precise determination which 
is thus responsible for the highest toxic effect in the envi­
ronment. It results from the fact that as a mixture they can 
act additively or synergistically [23,24]. The concentrations 
of leached heavy metals, determined in eluates, show the 
level of their content in waste, however, they do not provide 
information on their impact on the biosphere. Information 
on the bioavailability of metals may be obtained by using 
sequential analysis methods. In contrast, bioassays are used 
to evaluate the biotoxicity of eluates [15,20,21,25]. The usage 
of bioassays together with the chemical analysis of eluates is 
deemed as necessary to appropriately assess waste toxicity 
[26,27]. However, according to Tsiridis et al. [20], a situation 
may occur where the toxicity of eluates towards selected 
organisms may be high at a relatively low concentration of 

metals or vice versa. Therefore, the harmful impact of toxic 
compounds on organisms may take place at a significantly 
lower concentration than it would result from chemical 
analyses. Due to this fact, while determining the bioavail­
ability of xenobiotics, the usage of ecotoxicological tests is 
already recommended at very low levels thereof [28,29].

Toxicity bioassays may be a tool used for the classification 
determining whether given ash is a waste or secondary raw 
material [30]. These tests are characterized by an adequately 
sensitive toxicological endpoint that may be obtained within 
a short period (≤24 h) [31]. Live organisms, whose reaction is 
the basis for the evaluation of the general activity of a given 
system [32], are used as bioindication markers. As a general 
rule, to classify waste, it is recommended to use sets of tests 
[33,34]. The set of toxicity tests should cover test organisms 
from different trophic levels, as the toxicity of eluates may 
vary depending on the type of a test organism due to the 
variable sensitivity of indicator organisms to harmful factors 
[35]. For this reason, the presented research includes bioas­
says that use Lepidium sativum, and Avena sativa plants and 
the Microtox screening test with the participation of Vibrio 
fischeri bacteria.

The standard Lepidium test and the measurement of root 
growth inhibition is very useful to assess the phytotoxicity of 
a ground and water medium contaminated by heavy metals 
[36], and the reactions of this plant, in comparison to other 
test plants, are deemed to be most representative due to its 
high sensitivity to the presence of toxic substances [37–39]. 
This test is recommended due to its simplicity, high sensi­
tivity, speed of execution and efficiency in view of costs [40–
43]. It is stated [44] that heavy metal ions have an inhibiting 
effect on the germination of seeds of Lepidium sativum, while 
root development is influenced by both the ion type and its 
concentration.

The Microtox screening test is applied in the evaluation 
of an environmental condition within the scope of assess­
ment of the degree of the negative impact of a wide range of 
pollutants, especially as the first indicator showing the pres­
ence of pollutants in the analyzed ecosystem. It detects over 
1300 chemical compounds, including PAH, PCB, active sub­
stances of herbicides, pesticides, and explosives, as well as 
heavy metals [45–47]. The basic advantages of the Microtox 
screening test are repetitiveness, speed, and ease of use of the 
test system [48], and its sensitivity is generally comparable to 
the sensitivity of higher organisms, such as crustaceans and 
fish. The Microtox test may be also used to evaluate chronic 
toxicity [49]. Another favorable feature is connected with 
minimum requirements pertaining to the size of the sample 
in comparison to other standard tools for bioassays [50].

The results of the previously conducted research [25,51] 
confirm the correlation between the chemical characteristic 
of eluates from ash and their toxicity observed while carry­
ing out biotests. However, other research within this scope 
[15,20,21,27,30] did not confirm those correlations and 
showed non-conformity of ecotoxicological tests with find­
ings from physicochemical analyses of eluates. The usage of 
bioassays in connection with the required chemical tests of 
harmful substances significantly increases the efficiency of 
monitoring of the environment [52].

The evaluation of eluates exclusively in light of ecotox­
icity may lead to findings on the lack of toxicity, while the 
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connection of evaluation in the direction of ecotoxicity and 
chemical characteristics allows for the recognition of eluates 
as toxic [53].

For this reason, the aim of the presented research was 
linked to the toxicity evaluation of eluates from ash after the 
incineration of sewage sludge by means of the leaching test 
and selected biotests. Moreover, the correlation was checked 
between chemical characteristics and biotoxicity of the 
analyzed eluates.

2. Materials and methods

2.1. Solid samples

For the purpose of research, fly ash (3 samples – A1, 
A2, A3) was used, which was taken from the fluidized bed 
installations operating in Poland that incinerate municipal 
sewage sludge and waste from flue gas treatment processes 
(2 samples – W1, W2). Sewage sludge comes from the treat­
ment of municipal sewage that is supplied to the treatment 
plant through a combined sewer system. Before incineration 
in the fluidized bed furnace, sewage sludge is dried to a dry 
matter content of approximately 35% for ashes denoted as 
A1 and A2, and approximately 60% for A3. Drying time is 
determined by the specific characteristics of the equipment 
used in this process. As a product of transformation at 
850–900°C, ash does not contain moisture, although storage 
conditions may cause a small amount of moisture to appear. 
Before the experiments, the ashes were dried at 105°C to 
eliminate this effect.

The content of metals in solid samples (after prior min­
eralization by means of Berghof high-pressure microwave 
digester) and in eluates prepared therefrom, was determined 
by the spectrophotometric method, by using the inductively 
coupled plasma emission spectrometer (ICP-OES) Thermo 
Elemental IRIS INTREPID II XSP DUO. Cu, Zn, Pb, Cr, Ca, 
Na concentrations were determined in the solid samples and 
eluates. Other parameters of water eluates, that is, pH, total 
dissolved solids (TDS), and EC were determined by using 
a multiparameter meter made by HANNA INSTRUMENTS 
- modelHI 9828. The concentration of chlorides and sul­
fates were determined by means of the RIGOL L-3000 liq­
uid ion-exchange chromatography system HPLC. The 
concentrations of metals obtained in the ICP analysis were 
converted from mg dm–3 to mg kg–1.

2.2. Leaching tests

For the purposes of chemical analyses and biotests, 
eluates from solid samples were prepared according to the 
PN-EN 12457-2 norm [14]. In compliance with the norm, 
100 g of a solid sample and 1 L of distilled water was mixed in 
closed glass vessels for 24 h at 10 rpm, at room temperature. 
The obtained eluate was centrifuged and additionally filtered 
through filter paper.

2.3. Toxicity tests

The toxicity of eluates prepared from solid samples 
was studied by using Lepidium sativum, and Avena sativa 
plant organisms and Vibrio fischeri bacteria. The Lepidium 

sativum test was carried out on the basis of the methodology 
described by [54]. The test was conducted on water extracts 
(eluates) from solid samples and the control sample (distilled 
water). Twenty seeds of Lepidium sativum were placed on Petri 
dishes with filter paper, impregnated with 5 ml of every elu­
ate. A Petri dish with filter paper impregnated with 5 ml of 
distilled water was used as a control. The dishes were placed 
in an incubator, at a constant temperature and air humidity, 
appropriate for seed germination.

Test performance conditions were as follows:

•	 test type: static
•	 temperature: 25°C
•	 humidity: 40%–50%
•	 test vessel: 9  cm diameter culture dish, Whatman No 3 

filter paper
•	 light: no
•	 test volume: 5 ml/dish
•	 N0 seeds: 20/dish
•	 replicate: 3
•	 test duration: 48 h

In the case of the test carried out with Avena sativa, 5 
seeds were used which were treated in the same manner as 
Lepidium sativum seeds, only extending the duration of incu­
bation to 144 h. After completing the tests, the number of ger­
minated seeds was calculated and the length of the longest 
root was measured. These data were used to calculate the 
percentages of relative seed germination (RSG) (1), relative 
root growth (RRG) (2) and the germination index (GI) (3) on 
the basis of equations given by Walter et al. [54].

RSG number of seeds germinated in extract
number of seeds germin

%( ) =
aated in control

×100 	 (1)

RRG mean root length in extract
mean root length in control

%( ) = ×100 	 (2)

GI RSG RRG%( ) = ×
100

	 (3)

Toxicity tests with the luminescent strain of marine bac­
teria Vibrio fischeri were performed by means of the Microtox 
analyzer (Model 500). The research included the perfor­
mance of screening tests, having the duration of exposure 
of 5 and 15  min, on the basis of the standard procedure 
provided by the producer (81.9% Screening Test). Due to 
the fact that the pH range recommended by the manufac­
turer is 6–8, it was established that pH in the experiment 
would be maintained at a constant level equal to 7.0. When 
required, pH was corrected by using HCl 0.1  mol  dm–3 or 
NaOH 0.2  mol  dm–3. The toxicity of eluates was analyzed 
on the basis of a luminescence measurement with respect 
to the indicator bacteria Vibrio fischeri that emit light as a 
result of metabolic processes. The disturbance of metabolic 
processes, resulting from contact with a sample, causes 
changes in the light emission intensity of these organisms 
[55]. The presence of toxic substances in the studied sam­
ple leads to inhibition and reduction of bioluminescence of 
the bacteria [56,57]. The degree of change of light output in 
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relation to the control sample is directly proportional to the 
toxicity level in the test samples.

2.4. Statistical analysis

IBM SPSS Statistics 25 package was used for the pur­
pose of statistical analysis. Spearman’s correlation analy­
sis was implemented to evaluate the importance of mutual 
dependencies between the content of metals, chlorides and 
sulfates, and the indicators RSG, RRG and GI with respect to 
test plants Lepidium sativum and Avena sativa. The Wilcoxon 
test was used to check whether there are significant statisti­
cal differences between the loss of luminescence of the Vibrio 
fischeri bacteria, and the content of the analyzed metals, chlo­
rides and sulfates in eluates with reference to two periods of 
incubation time (screening test of 5 and 15 min). The mean 
and standard deviation were calculated during the statistical 
analysis of findings. It was determined that the statistically 
significant level is the value p < 0.05.

3. Results

3.1. Characteristics of solid samples

The content of selected metals in ashes and waste from 
the treatment of flue gas is presented in Table 1.

Fly ashes from the fluidized bed incineration of sewage 
sludge (A1, A2, A3) were characterized by a high content 
of Cu, Zn and Pb. These metals are part of the substance 
group that is seen as the cause of the toxicity of a wide 
array of materials [15,51,58,59]. During wastewater treat­
ment, heavy metal ions are mainly adsorbed on the surface 
of suspensions and on activated sludge flocs. During the 
biochemical treatment of sediments, only a small portion 
of metals can be released to the supernatant liquid, while 
a significant amount remains in the sludge. The processes 
of drying and incineration of sewage sludge do not funda­
mentally modify the metal content in the sludge, especially 
during incineration at temperatures of up to 900°C. Due to 
the decrease in organic matter content, higher metal con­
centrations are quantified in the ashes. The highest concen­
trations of Cu, Zn, Pb and Cr were found for the substrate 
A2. The high content of heavy metals found in this substrate 
may be caused by the fact that the wastewater discharged 
into the treatment plant is produced in a large industrial 

agglomeration. The highest concentrations of Cu, Zn, Pb 
and Cr were indicated in the substrate A2, which may be 
caused by high participation of industrial sewage delivered 
to a sewage treatment plant, from which the sludge inciner­
ated at a fluidized bed incineration plant originates. The fly 
ashes were also characterized by a high content of Ca, which 
may be the result of CaO usage in the hygienization of sew­
age sludge. In ashes deriving from the process of waste gas 
treatment (W1, W2), very high concentrations of Na were 
indicated, exceeding 2,00,000  mg  kg–1 in the W2 material. 
Higher content of Ca, Zn, Pb and Cu were determined in the 
W1 substrate in comparison to the W2 material that, in con­
trast, was characterized by a higher content of Cr. The high 
concentration of Na in the W1 and W2 waste is determined 
by the usage of its compounds (NaHCO3) in the processes of 
flue gas treatment.

3.2. Characteristic of eluates

Eluates formed from fly ashes (EA1, EA2, EA3) and waste 
from the process of flue gas treatment (EW1, EW2) were sub­
jected to the physicochemical analyses, the results of which 
are presented in Tables 2 and 3. The obtained findings were 
compared with the limit values included in the national pro­
visions allowing for the disposal of waste at landfills of a 
given type [17].

All eluates were characterized by an alkaline reaction 
within the range pH = 9.35 ÷ 11.51, which is connected with 
the presence of Ca in the analyzed samples [15]. The level 
of pH of eluates is the most significant factor influencing 
their toxicity, inter alia, as a result of the possibility of metal 
transformation into forms available to organisms [21,22]. 
Important parameters of eluate quality are chlorides, sul­
fates and chromium [59]. The conducted analysis of eluates 
showed that the authorized concentrations of sulfates in 
EW1 and EW2 water extracts were exceeded, which con­
firms the classification of the waste as hazardous (Table 2). 
In the case of these eluates, the concentrations of chlorides 
did not exceed the limit values. In EA1, EA2, EA3 eluates, 
the concentrations of chlorides and sulfates were indicated 
at a lower level, not exceeding the limit values.

EW1 and EW2 eluates were characterized by high con­
ductivity values at the level of 54.5 ÷ 70.3 mS cm–1. In terms of 
the eluates from fly ashes (EA1, EA2, EA3), the conductivity 

Table 1
Content of selected metals in ashes from the incineration of sewage sludge and waste from the processes of flue gas treatment

Metal  
mg kg–1

Fly ash and waste samples

A1 A2 A3 W1 W2

Cu 601.6 ± 22.6 696.4 ± 29.5 890.7 ± 16.8 241.8 ± 2.5 39.2 ± 20.6
Zn 5,002 ± 183 6,180 ± 20 5,685 ± 25 1,769 ± 60 22 ± 12
Pb 181 ± 17 350 ± 38 171 ± 36 177 ± 7 78 ± 35
Cr 56.1 ± 16.2 903.8 ± 63.9 80.8 ± 50.2 <0.005 148.8 ± 17.4
Ca 1,30,400 ± 3444 1,03,400 ± 768 1,62,100 ± 454 42,420 ± 274 1,839 ± 147
Na <0.005 <0.005 <0.005 1,99,800 ± 7965 2,75,100 ± 6,232

A1, A3, A3 – fly ashes.
W1, W2 – waste from the processes of flue gas treatment.
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value was within the range of 1.6 to 2.2 mS cm–1. According 
to the literature [21], conductivity values reaching 10 mS cm–1 

indicated potential phytotoxic impact of leachates. In the 
case of EW1 and EW2 eluates, this level was significantly 
exceeded. The observed dependencies confirmed the indi­
cated TDS values (Table 2).

The analysis of metal concentrations in eluates did not 
show that the limit values provided for in the provisions 
of the law were exceeded [17]. Water extracts made from 
substrates from the process of flue gas treatment (EW1 and 
EW2) were characterized by the highest concentrations of 
Na, which are not regulated by provisions. In the case of Ca 
content, its level was dependent on the technology of sewage 
sludge and flue gas treatment.

3.3. Biotest with plants

The results of biotests carried out with the use of Lepidium 
sativum and Avena sativa showed that EW1 and EW2 eluates 
were characterized by high toxicity, because no germina­
tion of test plants was found as opposed to EA1, EA2 and 
EA3. This is likely to have been caused by the high contents 
of chlorides, sulfates and sodium in EW1 and EW2 eluates 
compared to the concentrations of these components in 
EA1, EA2 and EA3. Analysis of the contents of heavy metals 
determined in the EW1 and EW2 eluates revealed no effect 
of these elements on the germination of test plants because 
in most cases, their contents were lower than in EA1, EA2 
and EA3. The observed total lack of germination of both 
test plants in the case of EW1 and EW2 eluates was also not 
caused by the effect of the pH of these eluates (pH was 10.8 
for EW1 and 10.30 for EW2), because for EA1, with a higher 
pH value (11.51), germination and growth of the test plants 
was obtained. The obtained findings in the form of RSG and 
RRG indicators, calculated in accordance with Eqs. (1) and 
(2), are shown in Figs. 1 and 2.

The biotoxicity tests performed with respect to EA1, EA2 
and EA3 eluates showed differences in their impact on par­
ticular test plants. These eluates proved to be less toxic to 
Avena sativa in comparison to Lepidium sativum. With respect 
to both test plants, the RSG indicator of EA2 and EA3 eluates 
exceeded the value by 100%, indicating a stimulating effect. 
In contrast, with regard to the EA1 eluate, this indicator was 

Table 2
Selected properties of eluates from ashes and waste from flue gas treatment

Parameter Unit Fly ash and waste samples Permissible 
contentsa

Permissible 
contentsb

EA1 EA2 EA3 EW1 EW2

pH (–) 11.51 9.35 9.81 10.80 10.30 – –
Chlorides mg kg–1 66 56 30 10,000 11,000 15,000 25,000
Sulfates mg kg–1 12,000 9,500 9,900 4,50,000 4,30,000 20,000 50,000
Conductivity mS cm–1 2.2 1.6 1.6 54.5 70.3 – –
TDS mg kg–1 11,300 7,900 8,100 2,72,400 3,51,700 60,000 1,00,000

EA1, EA2, EA3 – eluates from fly ashes.
EW1, EW2 – eluates from waste from flue gas treatment.
aAcceptable boundary limits for leaching concerning storage of waste other than dangerous and neutral waste calculated per dry matter of 
waste [17, Appendix 3].
bAcceptable boundary limits for leaching concerning storage of dangerous waste calculated per dry matter of waste [17, Appendix 5].
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Fig. 1. RSG indicator for the biotest with Lepidium sativum and 
Avena sativa.
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Fig. 2. RRG indicator for the biotest with Lepidium sativum and 
Avena sativa.
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equal to 93.33% for Lepidium sativum, and 88.9% for Avena 
sativa. The analysis of the characteristics of eluates (Table 3) 
shows differences in Cu and Cr contents in the EA1 eluate 
compared to EA2 and EA3. This may have been caused by 
the RSG value for this eluate (below 100%).

In the case of RRG, a clear difference was observed in 
its value between the plants used in biotests. For Lepidium 
sativum, the value of RRG did not exceed 78%, whereas, for 
Avena sativa, it was over 100%. Similarly, as in the case of 
the RSG index, the highest values of RRG (max. stimulation) 
obtained for Avena sativa were obtained for the EA3 eluate, 
which was characterized by the highest content of Cu and 
Cr. Therefore, the EA1, EA2, EA3 eluates allow Lepidium 
sativum to germinate, however, they have an inhibiting effect 
on root growth. According to many authors [60–62], cyto­
toxic compounds present in eluates may inhibit the meriste­
matic cell division processes of roots, causing the inhibition 
of their growth.

The GI was calculated on the basis of the obtained 
RRG and RSG values according to Eq. (3). The findings are 
presented in Fig. 3.

The value of the GI confirmed the observed depen­
dencies. It did not achieve the value of the control sam­
ple (100%) with respect to Lepidium sativum, and its max­
imum value was obtained in relation to the EA2 eluate 
(87.87%). A different dependency was observed in the 
case of Avena sativa, where the GI value for EA2 and EA3 
eluates significantly exceeded the value regarding the 
control sample. It confirms the stimulating effect of these 
eluates. By comparing the GI values for Avena sativa and 
Lepidium sativum in the case of the EA1 eluate, the lowest 
values of this indicator were obtained, which suggests the 
highest toxicity of this eluate in relation to the test plants.

3.4. Biotests with Vibrio fischeri bacteria

The research was conducted with Vibrio fischeri bacteria 
using the Microtox test. During the study, a screening test 
was performed in accordance with the standard procedure 
of the manufacturer. The analysis of the findings (Fig. 4) 
indicates that a substantial toxicity effect (level of lumines­
cence reduction over 50%) was observed after the lapse of 
5 min only in the case of EW1 and EW2 eluates. The exten­
sion of exposure time to 15 min caused a further increase 
in the toxicity of these eluates. In contrast, EA1, EA2, EA3 
eluates did not show a toxic effect because the luminescence 
of the test bacteria increased both after 5 and 15  min of 
exposure. This effect may be caused by the presence of sub­
stances in eluates that create good conditions for the devel­
opment of the test bacteria. The Microtox test procedure 
adjusts the pH to the required level (pH 6–8) to exclude any 
possible effect of the pH on the test results. Therefore, this 
factor did not affect the results obtained for toxicity to the 
test organism. The high toxicity of EW1 and EW2 was prob­
ably due to their high content of Na, chlorides and sulfates.

In the case of eluates EA1, EA2 and EA3, the contents of 
Na and Ca are at levels that do not cause a toxic but rather 
stimulating effect. For these eluates, the hormesis process 
was likely to have occurred [63]. In the case of the EA1, EA2, 
EA3 eluates, the phenomenon of hormesis likely occurred 
[63]. A stimulating effect might have occurred as a result Ta
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of the activity of nutrients or toxic substances but which 
were present in sublethal concentrations. Tsiridis et al. [20] 
indicated that a high concentration of Ca may increase the 
hormesis effect and reduce the toxicity of various metals, 
which was confirmed in relation to EA1, EA2 and EA3 

eluates that were characterized by a high content of this ele­
ment. This is confirmed by the observed differences in the 
luminescence effect of bacteria for these eluates. The greatest 
effect of stimulation was obtained for EA1, characterized by 
the highest Ca content in the group of the eluates discussed.

3.5. Statistical analysis

To evaluate the existence of dependencies between the 
content of the analyzed metals, chlorides and sulfates and the 
values of the RSG, RRG and GI indicators of the studied test 
plants (Lepidium sativum and Avena sativa), the Spearman’s 
correlation test was used. The results of the test are presented 
in Tables 4 and 5.

The results of the test showed significant statistical 
relations between the content of Cu, Cr and Na in elu­
ates and the value of indicators depicting the germination 
and root growth capacity (Table 4) of the test plants. The 
increase of the content of Cu and Cr in eluates increased 
the value of the RSG and GI indicator. This dependency 
was not observed with respect to the RRG indicator in 
the case of testing with Lepidium sativum because at a spe­
cific concentration of heavy metals, germination of seeds 
is possible, while the root growth is inhibited. It is con­
firmed by data from literature, where, that is, Gondek et 
al. [64] showed the dependency of metal impact (Cr, Ni, 
Cu, Zn) on the inhibition of root growth. The content of 
Na proved to be a significant statistical factor (strong cor­
relation) because when the content of this element in elu­
ates was increased it resulted in the reduction of values of 
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Fig. 3. Germination indicator (GI) for the biotest with Lepidium 
sativum and Avena sativa.
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Fig. 4. Change of the Vibrio fischeri bacteria luminescence after 5 
and 15 min of exposure of the studied eluates.

Table 4
Relation between the content of metals and the indicators RSG, RRG and GI for the biotest with Lepidium sativum and Avena sativa

Metal RSG RRG GI

Lepidium sativum Avena sativa Lepidium sativum Avena sativa Lepidium sativum Avena sativa
Cu 0.75** 0.51* 0.27 0.61* 0.58* 0.57*
Zn 0.14 0.37 0.04 0.4 –0.03 0.4
Pb 0.05 0.09 –0.04 0.24 0.04 0.12
Cr 0.73** 0.71** 0.41 0.63* 0.66** 0,74**
Ca –0.002 0.1 0.27 0.19 0.02 0.08
Na –0.9*** –0.85*** –0.63* –0.91*** –0.79** –0.89***

*p < 0.05; **p < 0.01; ***p < 0.001

Table 5
The relation between the content of chlorides and sulfates and 
the indicators RSG, RRG and GI for the biotest with Lepidium 
sativum and Avena sativa

Indicator Chlorides Sulfates

Lepidium 
sativum

Avena 
sativa

Lepidium 
sativum

Avena 
sativa

RSG –0.85*** –0.89*** –0.89*** –0.87***
RRG –0.65** –0.9*** –0.78** –0.77**
GI –0.76** –0.93*** –0.92*** –0.86***

*p < 0.05; **p < 0.01; ***p < 0.001.
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RSG, RRG and GI indicators especially in the case of RRG 
in relation to Avena sativa (very strong correlation >0.9).

Statistical analysis was also performed with regard to the 
impact of chlorides and sulfates in eluates on the RSG, RRG 
and GI indicators in view of both test plants (Table 5).

All the obtained correlations have a negative value which 
means that the increase of the content of chlorides and sul­
fates results in lower values of germination and growth indi­
cators. The strongest relation (very strong correlation >0.9) 
pertained to the impact of sulphate concentration on the GI 
value for Lepidium sativum and of chloride concentration on 
the GI value for Avena sativa.

The Wilcoxon test was used to perform statistical anal­
ysis of dependencies between the loss of luminescence and 
the content of the analyzed metals, chlorides and sulfates in 
eluates. The findings from testing are presented in Table 6.

The findings obtained through the statistical analysis 
showed that Na was the only element in the group of the 
analyzed metals that was characterized by a strong cor­
relation between its concentration and the inhibition of the 
Vibrio fischeri bacteria luminescence. It is confirmed by the 
toxic influence of this component of the eluate. A stronger 

correlation occurred in the case of the 5  min exposure. A 
strong correlation was also observed in the case of dependen­
cies between the content of chlorides and sulfates in eluates 
and the inhibition of Vibrio fischeri luminescence at the expo­
sure time of 5 min. Reduction of correlation strength was also 
noted when exposure time was increased. Analysis by means 
of the Wilcoxon test did not show the occurrence of statisti­
cally significant differences between the two time periods of 
luminescence.

The statistical analysis was also used to determine the 
relations between the inhibition of Vibrio fischeri lumines­
cence and the values of indicators depicting the germination 
and growth capacity of Lepidium sativum and Avena sativa 
test plants (Table 7).

The analysis of correlation showed the occurrence of 
negative relations between the inhibition of the Vibrio fischeri 
bacteria luminescence after 5 and 15 min and RSG, RRG and 
GI indicators with respect to both test plants. The increase 
of values of RSG, RRG and GI indicators influences the 
conditions favourable for the development of bacteria and 
thus the limitation of luminescence inhibition, probably as a 
result of hormesis. The strongest correlation was noted with 
respect to Avena sativa after 5 min of exposure. The results 
of the statistical analysis confirmed the lack of toxicity of 
EA1, EA2, EA3 eluates in relation to both the Vibrio fischeri 
bacteria and the plants used in biotests.

4. Conclusion

Characteristics of the pollution type present in waste 
does not fully reflect the toxic impact of those pollutants 
on live organisms. Therefore, it is important to supplement 
chemical analyses with bioassays. Such tests are a measure 
of impact of various types of pollutants on particular ele­
ments of the environment and allow for both risk assess­
ment, meaning the probability of harmful influence of a 
given factor on a live organism, and the determination of 
its toxicity. Chemical characteristic of eluates only covers 
the determination of concentration of selected components, 
however, according to literature [15], part of toxic influences 
may be an effect of the presence of substances appearing in 
low concentrations, and the toxicity of multicomponent mix­
tures does not always reflect the amount of toxic components 

Table 6
Relation between the content of heavy metals, chlorides, sulfates 
in eluates and the luminescence of the Vibrio fischeri bacteria 
after 5 and 15 min of exposure

Parameter Decrease in 
luminescence after 
5 min of exposure

Decrease in 
luminescence after 
15 min of exposure

Cu –0.36 –0.09
Zn –0.2 –0.11
Pb 0.18 0.15
Cr –0.45 –0.26
Ca –0.28 –0.48
Na 0.77** 0.58*
Chlorides 0.76** 0.57*
Sulfates 0.75** 0.62*

*p < 0.05; **p < 0.01; ***p < 0.001

Table 7
The relation between the inhibition of the Vibrio fischeri bacteria luminescence after 5 and 15 min of exposure and RSG, RRG and GI 
indicators for the biotest with Lepidium sativum and Avena sativa

Indicator Decrease in the luminescence  
of the Vibrio fischeri bacteria  
after 5 min of exposure

Decrease in the luminescence 
of the Vibrio fischeri bacteria 
after 15 min of exposure

RSG
Lepidium sativum –0.74** –0.62*
Avena sativa –0.87*** –0.72*

RRG
Lepidium sativum –0.64* –0.76**
Avena sativa –0.63* –0.57*

GI
Lepidium sativum –0.72** –0.67**
Avena sativa –0.84*** –0.67**

*p < 0.05; **p < 0.01; ***p < 0.001.
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contained therein. Biotoxicological tests of direct contact 
allow for the simultaneous determination of the harmful 
impact of all harmful substances contained in the tested 
material on selected live organisms. They simultaneously 
include interactions taking place among all elements of the 
studied system. The toxic effect of a material is connected 
with the type of the test organism and its sensitivity to par­
ticular pollutants, including heavy metals.

The findings obtained during the tests evaluating the 
impact of eluates from wastes from fluidised bed incinera­
tion of sewage sludge on the ground and water environment 
allow for the formulation of the following conclusions.

•	 Eluates, which were classified as hazardous on the basis 
of chemical tests due to the fact that the authorised sul­
phate concentrations were exceeded (EW1 and EW2), 
were toxic to the test plants and bacteria. Their phytotoxic 
impact is also proven by the high values of conductivity. 
In relation to the test plants (Lepidium sativum and Avena 
sativa) it was total toxicity manifested as the lack of seed 
germination and growth. Toxicity to Vibrio fischeri bac­
teria was high (over 50% of luminescence inhibition) 
where the highest values were observed with respect 
to the EW2 eluate, which was connected with the high 
content of Na.

•	 In tests with the plants, seed germination and root growth 
were noted with regard to EA1, EA2 and EA3 eluates for 
both test plants, where these eluates were less toxic to 
Avena sativa in comparison to Lepidium sativum. The RSG 
indicator for EA2 and EA3 exceeded the value of 100%, 
which proves their stimulating effect. The analysis of the 
RRG indicator for Lepidium sativum results in findings 
that all eluates from ashes allow for the germination of 
this plant, simultaneously inhibiting the root growth. In 
contrast, in the case of Avena sativa, all eluates showed 
a stimulating effect in relation to root growth. The most 
favourable values of the RSG, RRG and GI indicators 
were observed with respect to EA2 and EA3 eluates, 
which were simultaneously characterized by the lowest 
concentrations of chlorides, sulfates and TDS as well as 
Na and Ca.

•	 By comparing the GI values for Lepidium sativum and 
Avena sativa in the case of the EA1 eluate, the lowest 
values of this indicator were obtained, which indicates 
the highest toxicity to the test plants. This eluate was 
characterized by the highest content of Ca, which had 
impact on the pH value. Due to the fact that pH correc­
tion was conducted in the Microtox test to neutral values, 
an inverse dependency was observed – the EA1 eluate 
showed the lowest toxicity to Vibrio fischeri bacteria from 
all that were tested.

•	 During the Microtox test, a significant toxic effect 
occurred after 5  min in the case of EW1 and EW2 elu­
ates, and the extension of exposure time caused a further 
increase of toxicity. In contrast, toxic effects of eluates 
from ashes were not observed – in fact, an increase of 
bacteria luminescence was noted, probably due to the 
presence of substances facilitating their development, for 
example, Ca (hormesis).

•	 All the studied eluates were characterized by alkaline 
reaction. During the Microtox test, the pH of eluates was 

corrected to neutral, which could have had impact on the 
bioavailability of particular components and eliminated 
the toxic effect of this parameter, leading to false toxicity 
test results with respect to bacteria. For this reason, find­
ings obtained by means of this test should be interpreted 
with utmost caution.

•	 The lack of germination observed for both test plants 
in the case of EW1 and EW2 eluates was probably not 
caused by the effect of the pH of these eluates (which was 
10.8 for EW1 and 10.30 for EW2), because the higher pH 
value (11.51) measured in EA1 allowed for germination 
and growth of the test plants.

In conclusion of the results obtained, it was found that 
toxic factors in the eluates analyzed were high concentra­
tions of chlorides, sulfates and the Na content rather than 
the concentration of heavy metals and pH. Furthermore, the 
results of the research presented in this paper confirmed 
that the physicochemical and physical characteristics of 
the eluates in terms of their potential toxicity are consistent 
with the results of the biotests. The eluates obtained from 
the waste from flue gas cleaning processes (EW1, EW2), 
characterized by a high concentration of sulfates, Na, high 
pH and high conductivity value, were toxic for plants (no 
germination) and bacteria. However, the eluates prepared 
from fly ashes after incineration of sewage sludge showed 
a stimulating effect on test organisms. This confirms a cor­
relation between the chemical characteristics of the eluates 
and the effects obtained for the biotests. It therefore appears 
that the use of biological tests in addition to chemical exam­
inations to assess the environmental impact of eluates from 
waste can be an excellent supplementation to their chemical 
characterization and thus improve the effectiveness of mon­
itoring and quality management of the ground and water 
environment.
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