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INTRODUCTION

One of the main factors of negative human 
impact on the natural environment is the release 
of heavy metals, which pose a serious threat to 
living organisms. Their origin is natural and an-
thropogenic. They easily infiltrate into the air, 
water and soil as a result of combustion of fossil 
fuels, ore processing, etc., and then into the food 
chain of plants and animals [Gruca-Królikowska 
et al, 2006, Li et, 2008]. They exert toxic, muta-
genic and carcinogenic effect on the human body 
[Bień, 2002]. Their content and paths of migra-
tion in the environment as well as waste products 
produced by man are being examined more and 
more often [Rosik-Dulewska, 2009]. The most 
important legal act in Poland regarding waste 
management is the Waste Act of 14 December 
2012, as amended from 24 November 2017. Ac-
cording to the literature and legal acts in force, it 

can be said that “recovery” is a preferred way of 
waste management for ecological and economic 
reasons [Sadecka et al. 2011]. Wastes can be a 
valuable and relatively cheap source of nutrients 
necessary for the plant; moreover, they can favor-
ably affect certain soil properties under the condi-
tion that certain standards are met, including the 
heavy metal content not only in general form, but 
also by determining their fractions on the basis of 
which the rate of heavy metals originating from 
waste can be determined. This is very important 
information for agricultural practice, it allows to 
assess the rate of transfer of these elements to 
the soil solution and, as a result, their uptake by 
plants. While applying the waste to the soil, ex-
cess heavy metals can cause changes in soil fertil-
ity and reduce the size and quality of crop plants 
[Siuta, 2013, Kalembasa et al. 2003]. The aim of 
the study was to evaluate the available waste in 
terms of the heavy metals and fractions thereof.
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ABSTRACT
The aim of the study was to evaluate the available waste in view of the heavy metals and fractions thereof. Three 
waste materials were analyzed in the work, namely dried, granular sludge, digestate from agricultural biogas plant 
and ash after combustion of biomass from the combined heat and power plant, in terms of the content of heavy 
metals in them. Their mobility through fractional analysis was determined and the possibilities of their agricultural 
use were assessed. The analyzed waste was varied due to the pH. Biomass ashes had the highest pH and it was 
alkaline. The pH of the dried precipitate was neutral and digestate was slightly alkaline. In the analyzed wastes, 
the content of permissible concentrations of heavy metals determined in the Regulation of the Minister of the En-
vironment was not exceeded. The content of individual elements varied and depends on the type of waste tested. 
The conducted sequential analysis showed that various metal fractions are present in the tested wastes. The content 
of heavy metals in individual factions was varied and the content of mobile and potentially mobile fractions, i.e. 
metals of fractions I and II, was lower compared to the non-mobile fractions III and IV.
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MATERIALS AND METHODS 

Three types of waste were selected for the study: 
 • Dried sewage sludge from municipal waste-

water treatment plants
 • Digestate from an agricultural biogas plant
 • Ash from biomass burning from a combined 

heat and power plant 

The dried sludge in the form of granules was 
taken from a mechanical and biological wastewa-
ter treatment plant where the actual P.E. (popula-
tion equivalent) of the facility is around 360,000, 
out of which 56,200 are in the industry. The 
maximum treatment plant can handle the P.E of 
450,000. The projected capacity of the facility is 
100,000 m3/d. The reduction of incoming pollut-
ants is estimated at 95% BOD5, 90% total nitro-
gen, 96.8% total phosphorus and 85% total sus-
pension. Operation of the sewage treatment plant 
is based on activated sludge technology with a 
division into three nodes: mechanical, biologi-
cal and processing of sludge. Sewage sludges are 
subjected to concentration and subsequent fer-
mentation in four Separated Fermentation Cham-
bers. The process takes place over 25–30 days at 
a temperature of 35–37°C. The sewage treatment 
plant is able to process about 400÷700 m3 of sedi-
ment after compaction and uses the biogas pro-
duced in the process of methane fermentation in 
the form of electric current. Finally, the sediments 
are dewatered and some are thermally dried and 
transformed into granules which are used for fer-
tilizing and soil remediation. Every year, 6800 
tons of dry sludge mass is produced in the sew-
age. In 2012, the granules from the Treatment 
Plant obtained an appropriate certificate on the 
basis of a decision issued by the Ministry of Ag-
riculture and Rural Development, which allows 
the placing an organic fertilizer under the name 
„Granbial” on the market. The granulate pro-
duced in the treatment plant can be used for fertil-
izing agricultural plants, such as: cereals, maize, 
rape, industrial plants. It can also be applied for 
fertilizing lawns, ornamental plants such as trees, 
shrubs and flowers [Wiater 2014].

The digestate was taken from an agricultural 
biogas plant with an installed electrical capacity 
of 1 MW and an annual capacity of an installation 
for the production of agricultural biogas equal 
to 4 380 000 m3 / year. The biogas plant oper-
ates in a continuous system and was established 
on 20/01/2014. The substrate consists mainly of 

maize silage, slurry as well as poultry manure 
and potato industry waste. The first two substrates 
come from local farms with an area of 556 hect-
ares (cultivation and breeding pigs) and from the 
ownership land of biogas plants with an area of 
321 hectares (cultivation: maize, rapeseed and 
grain). The potato pulp is produced by PEPEES 
potato processing plants; the company processes 
about 200,000 tons of starch and edible potatoes 
annually. The input to the biogas plant can be en-
riched with vegetable products and by-products 
of the meat and fruit industry. It is assumed that 
the daily system demand is about 42–44 tons of 
substrate. The substrate composition can be mod-
ified every day, but the materials used must have 
the appropriate energy characteristics. The batch 
is fermented in fermenters at 38–43°C, which re-
sults in the production of biogas. The heat gener-
ated is used for the biogas plant own needs, which 
account for about 8% of total production, while 
the electricity is switched on to the grid. [Wiater 
2017, Szatyłowicz et al. 2016]

The ash from the biomass combustion was 
taken from the municipal heat and power plant. 
Generation of electricity is carried out using 
steam boilers, two coal-fired and two biomass 
ones. Annually, the heat and power plant produc-
es approximately 3.8 million GJ of heat. Biomass 
boilers are new devices of the combined heat 
and power plant because the first one started to 
work in 2008, and the second in 2012. Specially 
designed hearths, so-called fluidized beds (BFB) 
are the basic element of the biomass boiler, which 
was created as a result of the conversion of the 
existing OP-140 boiler. The boiler burns raw bio-
mass, the humidity of which varies in the range 
of 30–55%. The composition of the biomass was 
80% wood chips and the remaining 20% was agro 
biomass, consisting mainly of energy willow. 

The samples was taken three times from May 
to July 2018 and their basic properties were de-
termined, using:
 • pH – potentiometric method
 • dry mass – weight method
 • dry organic mass – loss on ignition

In the waste, the contents of heavy metals 
and their fractions were determined with the ASA 
method on the atomic absorption spectrometer 
Thermo Scientific iCE3400 with electrothermal 
atomization. In order to determine the content 
of heavy metals, the samples were subjected to 
mineralization in concentrated nitric acid using 
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a Milestone Ethos Easy microwave mineralizer, 
in order to determine the metal fraction, the BCR 
modified sequential extraction was used:
 • Fraction I: the sample was extracted with 

0.11 M acetic acid CH3COOH. In this way, the 
fractions of metals that are available and asso-
ciated with carbonates were obtained.

 • Fraction II: the sample was extracted with a 
0.5 molar solution of hydroxylamine hydro-
chloride NH 2 OH • HCl. This gave fractions 
reducible metals associated with amorphous 
iron and manganese oxides (Fraction II).

 • Fraction III: the sample was extracted with 
30% hydrogen peroxide H2O2 and 1 molar 
ammonium CH3COONH4. The metal fractions 
associated with the organic substance were 
thus extracted.

 • Fraction IV: the residual fraction was calcu-
lated as the difference of the sum of three frac-
tions from the general form.

The analyses were carried out in accordance 
with the current standards or based on the ana-
lytical methodology commonly used and recom-
mended by the scientific literature. Each determi-
nation was performed three times and the result 
was averaged.

RESULTS 

The obtained test results are presented in 
Tables 1–3. The analyzed waste is varied due to 
the pH. The highest pH characterized ash from 
biomass and it was alkaline. The pH of the dried 
precipitate was neutral, and digestate was slightly 
alkaline (Table 1).

Due to the drying and combustion process, 
sludge and ash deposits were characterized by a 
very high dry matter content above 95%, while the 
digestate, due to its liquid consistency, had only 
7% of dry matter. The lowest content of organic 
matter was recorded in the digestate 23.40% d.m, 
ash from incineration plants had 31.58% d.m. 
and the highest value was found in dried sludge, 
42.02% d.m. The content of organic matter in the 
sediments was lower than reported by Milik et al. 

[2016] and Kazanowska and Szaciło [2012]. An 
organic substance has a significant impact on the 
binding of heavy metals in waste samples and can 
decide on their mobility. The ash from biomass 
combustion contained over 30% d.m. organic 
substance. Rajczyk et al. [2013], report that the 
loss of ash incineration, as a rule, exceeds 10% 
which predisposes it to natural use, and limits its 
use in construction.

Table 2 and 3 shows the content of the metals 
studied per kg of dry weight of waste. 

The admissible content of heavy metals in the 
analyzed wastes, determined in the Regulation of 
the Minister of Environment of February 6, 2015 
was not exceeded. The content of individual ele-
ments varied and depends on the type of waste 
tested; therefore, it can be stated that the exam-
ined waste materials can be used for fertilization 
soils and plants, land reclamation, production 
of compost and plants for energy purposes. The 
sewage sludge contained the most marked met-
als except for lead and cadmium, most of which 
was in the Digestate. The content of metals in the 
tested sediment was arranged according to the se-
ries of Cd <Pb, Ni, Cr <Zn. It is consistent with 
the value provided by Wilk and Gworek [2009]. 

Analyzing the composition of digestate in 
terms of the Cd, Pb, Cu, Zn content, as com-
pared to the composition of digestate produced 
in Swedish biogas plants from pig and bovine 
slurry, where the content of these elements was: 
0.3 Cd mg/kg d.m., 4.1 Pb mg/kg d.m., 113.0 Cu 
mg/kg d.m., 375 Zn mg/kg d.m. [Szymańska et al, 
2011], it can be concluded that only the content 
of copper and chromium was lower in the exam-
ined post-ferment, while the lead content was ten 
times higher. Differences may be due to the type 
of charge used to produce biogas. 

The conducted sequential analysis showed 
that various metal fractions are present in the 
tested wastes. The content of heavy metals in in-
dividual fractions varied. Zinc in the dried sludge 
and ash were evenly distributed in the mobile and 
non-mobile fractions in a percentage ratio of 50 to 
50. Similar results were also obtained by Borusz-
ko [2013] while investigating sewage sludge. On 

Table 1. Basic parameters of waste
Parameter The dried sludge Digestate Ash Unit

pH 7,39 8,12 12,87 -
Dry mass 95,42 7,09 97,84 % D

Dry organic mass 42,02 23,68 31,58 % s.m.
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the other hand, in the digestate from the agricul-
tural biogas plant, zinc was found mainly in frac-
tion II, which accounted for 58.66% of the total. 

In the case of copper, its distribution in frac-
tions was varied into a particular one waste. In 
dried sewage sludge, the share of copper predom-
inant in non-mobile fractions was mainly concen-
trated in fraction III, which amounted to 45.91% 
of the total content. The highest content of copper 
in the second fraction was found at 56.05% and 
the lowest content was recorded in the first frac-
tion. Mobile copper fractions predominated in 
the ash, about 65%, and non-mobile fractions ac-
counted for 35% of the total content. In the case of 
chromium, its largest content was found in dried 

sludge and ash. Chromium was mainly found in 
fraction IV and III, non-mobile fraction, and their 
percentage was 91.40% and 57.32% of the total 
content, respectively. Nickel, with respect to the 
other analyzed elements, was characterized by a 
higher share of the mobile fraction I, but its high-
er percentage was recorded in non-mobile frac-
tions. In ash and dried sludge, the highest percent-
age was recorded in fraction IV and the share was 
35.44% and 40.66%, respectively. Lead in dried 
sewage sludge was found in 85% in the IV frac-
tion. The highest content of lead in fraction IV 
was similarly observed in the case of ash; howev-
er, this waste was characterized by a significantly 
different share of individual fractions. Another 

Table 2. Content of the general form of heavy metals
Element studied The dried sludge Digestate Ash Unit

Zn 1524,85 424,70 852,88 mg/kg s.m.
Cu 201,54 60,38 49,93 mg/kg s.m.
Cr 56,83 20,30 8,30 mg/kg s.m.
Ni 28,04 16,93 9,73 mg/kg s.m.
Pb 20,86 56,15 3,04 mg/kg s.m.
Cd 0,54 1,26 0,38 mg/kg s.m.

Table 3. Content of heavy metal fractions

The element and its 
fractions studied

The dried sludge Digestate Ash

mg/kg d.m. percentage 
share mg/kg d.m. percentage 

share mg/kg d.m. percentage 
share

Zn

fraction I 189,41 12,42 68,59 16,15 104,39 12,24
fraction II 503,21 33,00 249,14 58,66 270,40 31,70
fraction III 525,63 34,47 88,36 20,81 277,51 32,54
fraction IV 306,60 20,11 18,61 4,38 200,59 23,52

Cu

fraction I 15,47 7,68 4,63 7,67 8,08 16,18
fraction II 34,67 17,20 33,84 56,05 9,33 18,68
fraction III 92,52 45,91 16,51 27,35 16,86 33,77
fraction IV 58,88 29,22 5,40 8,94 15,66 31,37

Cr

fraction I 1,91 3,36 1,01 4,98 0,90 10,79
fraction II 1,42 2,50 5,47 26,95 0,71 8,50
fraction III 1,56 2,75 8,41 41,43 1,94 23,39
fraction IV 51,94 91,40 5,41 26,65 4,76 57,32

Ni

fraction I 6,35 22,65 2,36 13,94 2,78 28,60
fraction II 5,08 18,12 5,87 34,68 0,41 4,22
fraction III 5,21 18,58 3,49 20,62 3,09 31,73
fraction IV 11,40 40,66 5,21 30,75 3,45 35,44

Pb

fraction I 0,52 2,49 6,32 11,26 0,46 15,01
fraction II 0,85 4,07 31,45 56,01 0,40 12,99
fraction III 1,84 8,82 17,56 31,27 0,96 31,51
fraction IV 17,65 84,61 0,82 1,46 1,23 40,49

Cd

fraction I 0,07 13,52 0,36 28,41 0,01 3,78
fraction II 0,06 10,55 0,64 50,72 0,02 5,69
fraction III 0,13 24,13 0,14 10,90 0,07 17,71
fraction IV 0,28 51,80 0,13 9,98 0,27 72,82
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distribution of lead occurred in the case of diges-
tate from agricultural biogas plants. A larger, 67% 
share of this element occurred in the mobile form, 
i.e. fraction I and II. In the case of cadmium in the 
mobile fraction, it corresponds up to 80% of the 
total content. However, in dried sludge and ash, 
cadmium occurred mainly in non-mobile frac-
tions, approximately 76% and 90% of the total 
content, respectively. In the analyzed wastes of 
mobile and potentially mobile fractions, i.e. frac-
tions I and II were fewer compared to non-mobile 
fractions III and IV. The largest share of mobile 
fractions in the analyzed wastes occurred in the 
case of digestate. In the case of the dried sew-
age sludge and ash from the combustion of bio-
mass heavy metals was present in immobile form 
compounds. The highest content of heavy metals 
in the residual fraction occurred in the case of 
cadmium, lead and chromium. Similar relations 
were obtained by Gawdzik [2012] in the case of 
sewage sludge in which lead in fraction IV con-
stituted as much as 75.6% share. The content of 
chromium and cadmium in this fraction was also 
high, 73.4% and 72.8%, respectively.

CONCLUSIONS 

On the basis on the analysis of selected 
wastes, the following conclusions can be drawn: 
1. All analyzed waste was characterized by alka-

line pH and therefore it can be used on light 
and acidic soils.

2. High content of organic matter in waste predis-
poses them for fertilization.

3. Low total metal content is a positive feature of 
waste and is classified for use in nature includ-
ing agriculture.

4. The share of investigated metals in individual 
fractions depended on the type of waste. In the 
digestate, most of the metals were concentrat-
ed in the I and II (mobile) fractions and in the 
dried sludge and ashes in the III and IV (non-
mobile) fractions. It can be concluded that the 
thermal treatment of waste alters the mobility 
of these elements. 
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