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Abstract This study aimed to assess the potential 
risks posed by heavy metals in sewage sludge (SS) 
produced by municipal wastewater treatment plants 
(WWTPs) in the most industrialized region in Poland, 
the Silesian Voivodeship. The ecological risk was 
assessed using three indices: the Geoaccumulation 
Index (Igeo), Potential Ecological Risk Factor (ER), 
and Risk Assessment Code (RAC), while the health 
risk was estimated by using carcinogenic and non-
carcinogenic risk indices. The average concentrations 
of metals in the sludge samples were determined 
revealing that Zn was the predominant element, 
whereas Cd and Hg were present in the lowest con-
centrations. The study showed that the processes used 
in wastewater treatment plants influenced the overall 
metal content and chemical speciation. According to 
Igeo values, the dewatered sludge samples exhibited 
higher contamination levels of Cd and Zn, while Cu 
and Pb were upon to a lesser extent. The ER values 
suggest that Cd and Hg present the highest ecologi-
cal risk. Considering the chemical forms and RAC 
values, Ni (26.8–37.2%) and Zn (19.8–27.0%) were 
identified to cause the most significant risks. The non-
carcinogenic risk for adults and children was below 

acceptable levels. However, the carcinogenic risk 
associated with Ni (WWTP1) for both demographic 
groups and Cr and Cd (WWTP2), specifically for 
children, exceeded the acceptable threshold. Inges-
tion was the primary route of exposure. Although the 
dewatered SS met the standards for agricultural use, 
there is still a risk of secondary pollution to the envi-
ronment and possible adverse health effects.
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Introduction

Silesian Voivodeship is one of the sixteen provinces 
in Poland (Central Europe), located in the southern 
part of the country. This region is one of the small-
est voivodeships but, due to its high industrialization, 
population density, and urbanization, belongs to the 
areas with the greatest anthropopressure (Statistics 
Poland, LDB, 2022). This region hosts the highest 
concentration of industries in the country, including 
metallurgy, hard coal mining, electric power, coking 
plants, building materials transportation, and chemi-
cal and metal industries (Baran et  al., 2016). It can 
therefore be stated that Silesian Voivodeship consti-
tutes the most important industrial region in Poland 
and also in Europe, the so-called hotspot (Tytła et al., 
2016). According to the data of the Eurostat Statistics 
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Database (Eurostat, 2021), Poland stands out with one 
of the highest production of municipal sewage sludge 
(SS) in Europe. This waste is produced as a by-prod-
uct of wastewater treatment in municipal wastewater 
treatment plants (WWTPs) (Espinoza-Guillen et  al., 
2022). The largest amount of municipal SS  (in dry 
substance (d.s.)) in the last few years is generated in 
Germany and France, i.e., 1 749.86 thousand tonnes 
d.s. (Eurostat, 2019) and 1 092.90 thousand tonnes 
d.s. (Eurostat, 2020), respectively.

In 2022, the number of municipal WWTPs in 
Poland amounted to 3,260, of which 201 are in the 
Silesian Voivodeship. The total mass of municipal 
SS generated per year amounted to 580.659 thou-
sand tonnes d.s. of which 63.296 thousand tonnes d.s. 
were produced in Silesian Voivodeship. Moreover, 
the number of industrial WWTPs in the country is 
854 of which 124 are located in the Silesian region 
(Statistics Poland, LDB, 2022). Therefore, particular 
emphasis should be placed on wastewater generated 
by various industrial sectors. This is due to the fact 
that these effluents substantially impact the compo-
sition of raw wastewater discharged into municipal 
WWTPs. This directly affects the chemical character-
istics of the resulting sludge (Tytła et al., 2019).

From the economic and environmental point of 
view, the most attractive method for sewage sludge 
disposal is its land application, as a fertilizer or 
conditioner. This way of sludge management is not 
as expensive as others and characterized by high 
efficiency (Geng et  al., 2020; Xuan et  al., 2023). 
Moreover, it also seems very beneficial, especially 
for developing countries (Yakamercan et al., 2021). 
However, one of the great concerns is the presence 
of heavy metals (HMs) (Espinoza-Guillen et  al., 
2022). The main sources of these elements in sew-
age sludge are industrial and domestic wastewater 
and to a lesser extent the corrosion of sewage pipes 
and surface runoff from roads and urbanized areas 
(Tytła, 2019; Yakamercan et al., 2021). Taking into 
account the fact that 26.7% of SS produced in Polish 
municipal WWTPs is used for agricultural purposes, 
the presence of HMs from industrial effluents may 
pose a serious threat, both in the environmental and 
human health dimensions (Bochenek et al., 2022). In 
recent years great scientific attention has also been 
put on the chemical speciation forms of HMs occur-
rence in sludge, which gives information on their 
toxicity, mobility, and bioavailability (Nkinahamira 

et  al., 2019; You et  al., 2021). This fact was very 
often ignored since the quantitative analysis of the 
total HM content was rather expensive.

The only way to identify and eliminate the poten-
tial threats associated with HMs contained in munic-
ipal sewage sludge, before its land application, is to 
assess the ecological and human health risks. The 
analysis of potential ecological risk is crucial for 
safeguarding the water and soil environment against 
potential secondary pollution caused by the pres-
ence of heavy metals (Yakamercan et al., 2021). On 
the other hand, absorption of HMs via accidental 
ingestion, inhalation, or dermal contact with sew-
age sludge leads to their accumulation in the human 
fatty tissues and may negatively influence their nerv-
ous system, immune and endocrine systems, and 
their hematopoietic function (Zhang et  al., 2020; 
Yakamercan & Aygün 2023). Therefore, it is highly 
recommended to conduct a full risk assessment.

In the scientific literature, there are several arti-
cles that focus on evaluating the potential ecologi-
cal risk associated with HMs in SS used for agri-
cultural purposes. However, there is a scarcity of 
research that would focus on binding these elements 
in sludge and its influence on the level of the final 
ecological risks (i.e., Wang et  al., 2006; Gwebu 
et al., 2017; Tytła et al., 2023). There are also very 
few studies that specifically focus on the assessment 
of human health risks of HMs in sewage sludge 
(i.e., Kendir et  al., 2015; Duan et  al., 2017; Duan 
& Feng, 2021; Yakamercan et al., 2021; Espinoza-
Guillen et al., 2022; Qayoom et al., 2022; Yakamer-
can & Aygün 2023); however, none of them deals 
with SS produced in the municipal WWTPs located 
in Poland. This research generates new knowledge 
about the potential risks associated with HMs in 
sewage sludge in this country.

The main objectives of this study are (a) to deter-
mine the total concentrations of Cd, Cr, Cu, Ni, 
Pb, Zn, and Hg in SS samples collected from two 
municipal wastewater treatment plants in Silesian 
Voivodeship (Poland) and their distribution in par-
ticular chemical speciation fractions; (b) to assess 
the potential ecological risk posed by analyzed 
HMs; and (c) to estimate the non-carcinogenic and 
carcinogenic human health risks from HMs contam-
inants in the sludge used for agricultural purposes, 
via accidental ingestion, inhalation, or dermal con-
tact exposure.
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Materials and methods

Study area and sampling

The study area for this research is the Silesian Voivode-
ship, located in the southwestern part of Poland. Fig. 1 
illustrates the geographical location of the study area 
and the wastewater treatment plants under investiga-
tion. We also present the amount of sewage sludge (in 

thousand tonnes d.s.) produced in selected European 
countries, including Poland (Eurostat, 2021). The 
WWTPs considered in this study were located a short 
distance from each other, approximately 25 km. Each 
of the WWTPs collects wastewater which was dis-
charged from the neighboring towns.

In the study, sludge samples were collected from 
two municipal WWTPs at every stage of process-
ing throughout the technological line. The sampling 

Fig. 1  The location of the study area. The source file of the maps placed on the top is Google Maps, (n.d.) (https:// www. google. pl/ 
maps/), while the map placed on the bottom is Eurostat (https:// ec. europa. eu/ euros tat/)
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was conducted in two seasons, namely, winter and 
summer, in 2021. The main operating parameters of 
the WWTPs are presented in Table  1. The distance 
between the WWTPs is small, so the characteris-
tics of their catchment areas are similar. During the 
field research, seven sludge samples were gathered 
(every time), i.e., the primary sludge (S1), thickened 
primary sludge (S2), excess sludge (S3), thickened 
excess sludge (S4), mixed sludge (thickened primary 
and thickened excess sludge) (S5), anaerobically 
digested (stabilized) sludge (S6), and the dewatered 
sludge (S7). Each sample consisted of several sub-
samples collected at regular intervals. The collected 
SS samples were carefully placed in pre-cleaned 
polypropylene and then stored in a portable refrigera-
tor at a temperature of 4 °C. After completion of the 
field research, collected samples were transported to a 
laboratory for further analysis.

Sewage sludge analysis

In this study, several physicochemical parameters were 
analyzed in the collected sewage sludge samples. To 
measure pH and Eh, a digital CPR-411 meter (Elmet-
ron, Poland) equipped with IJ-44A and ERS-2 electrodes 
(Elmetron, Poland) was used. The potentiometric method 
was used for these measurements. The determination of 
DM (dry matte) and OM (organic matter) content fol-
lowed the Polish standards: PN-EN 12880:2004 (2004a) 
and PN-EN 12879:2004 (2004b), respectively. For the 
determination of TOC (total organic carbon) content, the 
standard PN-EN 13137:2004 (2004c) was applied, using 
the TOC analyzer 5000A (Shimadzu, Japan).

These analytical methods and instruments were 
utilized to assess the specified physicochemical 
parameters, enabling a comprehensive understanding 
of the characteristics and composition of the sewage 
sludge samples in this study.

Determination of heavy metals

Heavy metals for chemical analysis were selected 
based on the requirements for sewage sludge intended 
for agricultural purposes and/or for reclamation, which 
have been defined in the national (Regulation of the 
Minister of Environment of 6th February 2015 on the 
Municipal Sewage Sludge) and the European Union 
(EU) (Council Directive of 12th June 1986) acts. The 
overall concentrations of heavy metals in different SS 
samples were determined according to the following 
steps. In the first place, the sludge sample was dried 
in a laboratory dryer SUP-100G at 105 °C (Wamed, 
Poland), then ground in a mortar grinder Pulverisette 
2 (Fritsch, Germany), and sieved through sieves with 
a diameter of 0.2 mm. In the next step of the analysis, 
a 0.2-g sludge sample was subjected to microwave-
assisted digestion, also known as mineralization. The 
digestion process was carried out using 15-mL hydro-
chloric acid (HCl) with a concentration of 35–38% and 
5-mL nitric acid  (HNO3) with a concentration of 65%. 
The mineralization process was performed in the Mul-
tiwave 3000 digestion system by Anton Paar GmbH 
(Austria). In the third step, the total concentrations of 
the HMs in the obtained solution were determined. The 
analysis was performed using two different techniques: 
inductively coupled plasma atomic emission spectros-
copy (ICP-OES) with the Avio 200 system by Perki-
nElmer, Inc. (USA) and cold vapor atomic absorption 
spectrometry (CVAAS). The detection limits (LODs) 
for the studied HMs were as follows: 0.004 mg  L−1 
for Cd, 0.006 mg  L−1 for Cr, 0.005 mg  L−1 for Cu, 
0.007 mg  L−1 for Ni, 0.009 mg  L−1 for Pb, 0.008 mg 
 L−1 for Zn, and 0.0001 mg  L−1 for Hg. These values 
indicate the lowest concentration of each element that 
can be reliably detected and quantified by the analyti-
cal instruments used in the study. The recovery rates 
(R) for analyzed HMs in ERM-CC144, a certified 

Table 1  The crucial 
operational parameters 
of municipal wastewater 
treatment plants

Data obtained from the WWTPs

Parameter Unit WWTP1 WWTP2

Population equivalent (P.E.) - 156,627 218,950
Wastewater treatment method - Activated sludge Activated sludge
Average daily flow m3·day-1 35,601 31,139
Share of industrial wastewater % 10 7
Stabilization time day 25–26 40–42
Stabilization temperature °C 36 37
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reference material (CRM) by the Joint Research Center 
(JRC, Belgium), were in the range of 87 to 101%. The 
values of the relative standard deviation (RSD) for 
analyzed HMs did not exceed 3%. The operational 
parameters for ICP-OES were described in detail, in 
the previous study (Tytła et  al., 2023). All chemical 
reagents used in this study, except reference materials, 
were manufactured by Avantor Performance Materials 
Poland S.A. (formerly POCH; Poland).

Sequential extraction procedure

To determine the chemical speciation forms of HMs 
in different types of sewage sludge samples, the study 
utilized the ultrasound-assisted BCR sequential extrac-
tion method, which was described in the previous work 

(Tytła et al., 2022). The original extraction procedure 
was recommended by the Community Bureau of Ref-
erence, now the Standards, Measurements and Testing 
Programme, and was based on the method developed 
by Tessier et  al. (1979). Moreover, this procedure is 
well-known and widely used for assessing the fraction-
ation of metals in various environmental matrices (Ure 
et al., 1993; Álvarez et al., 2002). That was the main 
reason why we used this method in our study.

In this study, all analyses were performed in 
duplicate with reagent blanks. The content of HMs 
in the extracts was determined using a similar 
approach as in the case of solutions obtained from 
microwave digestion. The ultrasound-assisted pro-
cedure of BCR sequential extraction is shown in 
Fig. 2.

Fig. 2  The procedure of the ultrasound-assisted BCR sequential extraction (Tessier et al., 1979; Tytła et al. 2022)
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Assessment of potential ecological risk

The potential ecological risk of heavy metals in sew-
age sludge samples was assessed using three differ-
ent risk indices that were initially developed for the 
evaluation of ecological risk in sediments and soils.

Geoaccumulation Index   (Igeo)

The Geoaccumulation Index (Igeo) was proposed 
by Müller (1969). This index is used as a quantita-
tive measure to assess the degree of contamination 
or enrichment of metals that are present in a specific 
environment (Xuan et al., 2023) (Eq. 1):

where Cn is the measured concentration of individual 
metal in a sample; Bn is the concentration of individual 
metal in the geochemical background (earth crust) or in 
the reference environment (soil) (Kabata-Pendias, 2011).

Igeo ≤ 0 — practically uncontaminated (PUC); 0 < 
Igeo ≤ 1 — uncontaminated to moderately contami-
nated (U-MC); 1 < Igeo ≤ 2 — moderately contam-
inated (MC); 2 < Igeo ≤ 3 — moderately to heavily 
contaminated (M-HC); 3 < Igeo ≤ 4 — heavily con-
taminated (HC); 4 < Igeo ≤ 5 — heavily to extremely 
contaminated (H-EC); Igeo > 5 — extremely contami-
nated (EC) (Müller, 1969).

Potential Ecological Risk Factor

The Potential Ecological Risk Factor (ER) was pro-
posed by Håkanson (1980). This method is used to 
assess the ecological risk for a given metal in the 
various environmental matrices. ER includes both 
the concentration of a particular metal and its toxicity 
(Duan & Feng, 2022) (Eq. 2):

where CF — Contamination Factor — the quotient 
of the concentration of metal in a sample and in the 
reference or baseline (Bn) (Håkanson, 1980); T is the 
toxic response factor: Cd = 30, Cr = 2, Cu = 5, Pb = 
5, Zn = 1, and Hg = 40.

ER ≤  40 — low risk (LR); 40 < ER ≤  80 — mod-
erate risk (MR); 80 < ER ≤  160 — considerable risk 

(1)Igeo = log2

(

Cn

1.5Bn

)

(2)ER = Ti
f
CF

(CR); 160 < ER ≤  320 — high risk (HR); ER > 320 
— very high risk (VHR) (Håkanson, 1980).

Risk Assessment Code

The Risk Assessment Code (RAC) was introduced by 
Perin et  al. (1985). This index defines the risk level 
based on the percentage share of individual metals 
in the most mobile of speciation fractions (Kowalik 
et al., 2021) (Eq. 3):

where F1 — is the percentage concentration of metal 
in the fraction F1.

RAC ≤ 1% — no risk (NR); 1% < RAC ≤ 10% — 
low risk (LR); 10% < RAC ≤ 30% — medium risk 
(MR); 30% < RAC ≤ 50% — high risk (HR); RAC > 
50% — very high risk (VHR) (Perin et al., 1985).

Assessment of human health risk

The heavy metals considered in this research were 
described as potentially hazardous pollutants. The 
United States Environmental Protection Agency 
(USEPA) established the ceiling concentration lim-
its for ten metal(loid)s in biosolids (sewage sludge) 
applied to land, i.e., to condition the soil or fertilize 
crops and other vegetation (As, Cd, Cr, Cu, Hg, Mo, 
Ni, Se, and Zn). All elements discussed in this study 
were listed in the “EPA Part 503 Biosolids Rule” 
(USEPA, 1995). Moreover, both the exposure and the 
non-carcinogenic and carcinogenic health risks were 
assessed based on the mean concentrations of HMs in 
the dewatered sewage sludge samples collected from 
two WWTPs, in two seasons.

Exposure assessment

The main pathways through which the heavy met-
als contained in sewage sludge can enter the human 
body are accidental ingestion, inhalation, and dermal 
contact. Calculations of the average daily dose for 
the individual exposure route (ADDing, ADDinh, and 
ADDdermal) and the average daily total exposure dose 
(ADD) can be performed using the equations listed 
below (Eqs. 4–7) (USEPA, 1989):

(3)RAC = F1(%)
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where ADDing, ADinh, and ADDdermal are the average 
daily dose (mg  kg−1  day−1) for ingestion, inhalation, 
and dermal contact, respectively; ADD is the aver-
age daily total exposure dose (mg  kg−1  day−1). The 
parameters applied to estimation of the ADDs are 
shown in Table 2.

Risk characterization

In accordance to the International Agency for 
Research on Cancer (IARC), among the analyzed 
metals: Cd, Cr, Ni, and Pb are classified as carcino-
genic pollutants, where Cd, Cr  (Cr+6), and Ni belong 
to group 1 while Pb to group 2A (IARC, 2012). 
Therefore, the carcinogenic risk was assessed only for 
the above-mentioned heavy metals, whereas for the 
rest of the analyzed elements (Cu, Zn, Hg), the non-
carcinogenic risk was estimated.

(4)ADDing =
C × IRing × EF × ED

BW × AT
× CF

(5)ADDinh =
C × IRinh × EF × ED

PEF × BW × AT

(6)

ADDdermal =
C × SA × AF × ABS × EF × ED

BW × AT
× CF

(7)ADD = ADDing + ADDinh + ADDdermal

Non-carcinogenic risk assessment

To assess the non-carcinogenic risk posed by each of 
the exposure pathways and evaluate the overall non-
carcinogenic effects of the analyzed HMs, the hazard 
quotient (HQ) and hazard index (HI) were calculated 
(Eqs. 8 and 9) (USEPA, 1989; USEPA, 2001):

 where RfD is the reference dose of individual metal 
(mg  kg−1·day−1), to which a human can be exposed 
(per day), during his lifetime without harm (Table 3).

If the HQ or HI value exceeds 1, there may be 
potential non-carcinogenic effects, while if the HQ or 
HI value is less than 1, there is no experience of any 
health risks for exposure to non-carcinogenic heavy 
metals (USEPA, 1989; USEPA, 2001).

Carcinogenic risk assessment

To assess the carcinogenic risk posed by each of the 
exposure pathways and evaluate the overall carcino-
genic effects of the studied HMs, the carcinogenic 
risk (CR) and total carcinogenic risk (TCR) were 

(8)HQij =
ADDij

RfDij

(9)HI =
∑

HQij

Table 2  The parameters applied to the estimation of ADDs

Parameter Symbol Unit Parameter value
Adults/Children

References

Concentration of HM in SS C mg  kg−1 - This study
Ingestion rate IRing mg  day−1 100/200 USEPA (1991) USEPA (2002)
Inhalation rate IRinh m3  day−1 20/7.6 USEPA (2002) Espinoza-

Guillen et al. (2022)
Exposure frequency EF day  year−1 350 USEPA (1991) USEPA (2002)
Exposure duration ED year 30/6 USEPA (2002)
Exposed skin area SA cm2 5700/2800 USEPA (2002)
Skin adherence factor AF (soil) mg  cm−2 0.07/0.2 USEPA (2002)
Dermal absorption factor ABS - 0.001 USEPA (2002)
Particulate emission factor PEF m3  kg−1 1.36 ×  109 USEPA (2002)
Body weight BW kg 70/16 USEPA (1989)
Averaging time AT days 70 × 365/carcinogens ED × 

365/non-carcinogens
USEPA (1989)

Conversion factor CF kg  mg−1 10−6 USEPA (1989)
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estimated (Eqs. 10 and 11) (USEPA, 1989; USEPA, 
2001):

where SF is the cancer slope factor (mg  kg−1·day−1) 
through ingestion, inhalation, and dermal contact of 
individual heavy metal (Table 3).

If the CR or TCR values are greater than 1 ×  10−4, 
the carcinogenic risk occurs; if the values are between 
1 ×  10−6 and 1 ×  10−4, the carcinogenic risk is 
acceptable; if the values are below 1 ×  10−6, the risk 
is not carcinogenic (USEPA, 1989; USEPA, 2001).

Statistical analysis

Risk assessments and statistical analyses were con-
ducted using two software programs: MS Excel 
by Microsoft and Statistica ver. 12.0 by StatSoft, 
which provides tools and functions for data analysis, 

(10)CRij = ADDij × SF

(11)TCR =
∑

CRij

visualization, and statistical calculations. The statisti-
cal analyses were performed with a confidence inter-
val of 95% and a significance level of α = 0.05.

Results and discussion

Sewage sludge characteristics

The results presented in the scientific studies have 
shown that the total content and chemical forms of 
HMs in sewage sludge are strongly influenced by vari-
ous characteristics of the sludge itself. These character-
istics include pH, TOC, OM, and Eh. Moreover, these 
properties can change at the different stages of sewage 
sludge processing (Wang et al., 2006; Tytła et al., 2016). 
This in turn can significantly influence the assessment 
of ecological and human health risks, particularly when 
the dewatered sludge is utilized for agricultural pur-
poses. The physicochemical parameters of sludge sam-
ples are shown in Table 4. Based on the presented data, 
it can be stated that sludge samples from two municipal 

Table 3  The RfD and SF 
values of heavy metals 
(Yakamercan et al., 2021; 
Miletić et al., 2023; RAIS, 
2023)

Metal RfDing RfDinh RfDdermal SFing SFinh SFdermal

mg·kg−1·day−1 kg·day·mg−1

Cd - - - 6.30 6.30 -
Cr - - - 5.00 ×  10-1 42.0 20.0
Cu 4.00 ×  10-2 4.02 ×  10-2 1.20 ×  10-2 - - -
Ni - - - 1.70 8.40 ×  10-1 42.5
Pb - - - 8.50 ×  10-3 4.20 ×  10-2 8.50
Zn 3.00 ×  10-1 3.00 ×  10-1 6.00 ×  10-2 - - -
Hg 3.00 ×  10-4 3.00 ×  10-4 1.84 ×  10-3 - - -

Table 4  Characteristics of sludge samples from two WWTPs

S pH Eh DM DOM TOC

- mV % %DM %

WWTP1 WWTP2 WWTP1 WWTP2 WWTP1 WWTP2 WWTP1 WWTP2 WWTP1 WWTP2

S1 6.8 7.0 − 210 − 263 2.5 0.3 63.4 40.5 36.0 29.9
S2 6.1 6.7 − 221 − 268 3.2 3.6 71.9 73.9 34.9 39.0
S3 7.1 6.9 − 90 − 112 0.9 1.0 66.4 65.7 29.9 28.7
S4 6.9 6.8 − 103 − 111 3.6 3.1 70.3 68.9 31.5 33.5
S5 6.3 5.6 − 185 − 181 3.5 4.3 70.2 73.0 32.8 36.9
S6 6.7 7.0 − 234 − 288 2.2 2.6 60.2 58.6 27.3 27.2
S7 7.6 7.7 − 164 − 174 20.7 19.4 61.0 59.8 29.6 28.8
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WWTPs have similar characteristics. The values of par-
ticular sludge parameters are typical and comparable to 
those presented in other scientific works (Gusiatin et al., 
2018; You et  al., 2021; Xuan et  al., 2023). Moreover, 
the pH values of digested SS samples and temperature 
during anaerobic digestion were rather within the lev-
els considered optimal for this process. The optimal pH 
values and temperature during anaerobic digestion are 
6.8 to 7.4 and 33 to 37 °C, respectively (Cieślik et al., 
2015). In this study, the only exception was the values 
of Eh. The redox potential of digested sludge samples 
is typically maintained at lower values. According to 
literature data, the optimal range for this parameter 
in anaerobic digestion is around − 520 to − 530 mV 
(Cieślik et al., 2015). This is essential for the activity of 
anaerobic microorganisms involved in the degradation 
of organic matter. In this case, the stabilization time was 
too short or there are some factors causing disturbances 
in the process. All these factors may have influenced the 
final HM concentrations. That is why, it is so important 
to monitor changes in HM content throughout the pro-
cessing line of WWTP.

Heavy metal concentrations

Based on the obtained results, there were no nota-
ble seasonal variations in the total concentrations of 

heavy metals in municipal sewage sludge produced at 
WWTPs. The only exception is concerning Zn levels 
at S1 during the summer season at WWTP1, and at 
points S3 and S4 during the winter season at WWTP2. 
The concentrations of this element at these points were 
slightly higher compared to the entire measurement 
period. Therefore, the mean values of HMs concentra-
tions were used for further calculations (Table 5).

The average levels of heavy metals concentrations 
in the sewage sludge samples collected throughout 
the processing line of the studied municipal waste-
water treatment plants were as follows: Zn > Cu > 
Ni > Cr > Pb > Cd > Hg (WWTP1) and Zn > Pb > 
Cu > Cr > Ni > Cd > Hg (WWTP2). The differences 
observed in the concentrations of HMs in sludge 
samples result from different characteristics of 
wastewater that enter a given wastewater treatment 
plant. However, sludges were characterized with 
higher concentrations of Zn (WWTP1 and WWTP2) 
and Cu (WWTP1) or Pb (WWTP2) while in both 
cases with lower for Cd and Hg. A similar tendency 
was noted in a previous study, where HM concentra-
tions were as follows: Zn > Cu > Pb > Ni > Cr > Cd 
> Hg (Tytła, 2019). The obtained results are in line 
with findings reported in other scientific studies. For 
example, in the research by Duan and Feng (2021) 
and by Qayoom et al. (2022) conducted in China and 

Table 5  Mean 
concentrations of heavy 
metals in sludge samples 
from two WWTPs

HMs S1 S2 S3 S4 S5 S6 S7
WWTP1
mg·kg−1

Cd 3.0 2.8 3.1 3.6 3.4 3.7 4.8
Cr 51.1 107.2 58.3 65.6 59.0 77.9 78.9
Cu 185.1 172.7 197.3 216.9 208.1 234.1 240.1
Ni 94.0 94.3 100.6 113.9 88.7 126.1 136.5
Pb 48.3 61.8 48.5 58.1 54.9 63.9 71.8
Zn 1971.4 850.9 818.8 933.1 824.9 1059.0 1109.6
Hg 0.33 0.34 0.21 0.25 0.20 0.27 0.28

WWTP2
mg·kg−1

Cd 6.6 7.3 12.7 15.7 11.9 15.6 17.3
Cr 47.9 61.0 193.4 296.6 199.9 226.3 263.3
Cu 97.8 127.7 187.7 258.4 167.6 230.4 249.5
Ni 12.3 16.1 22.7 28.8 26.0 46.2 49.5
Pb 88.9 129.9 180.8 227.9 176.7 266.6 290.3
Zn 866.3 1096.8 1721.4 1870.9 1419.3 1978.8 2062.8
Hg 0.04 0.09 0.10 0.08 0.05 0.09 0.09

Environ Monit Assess (2023) 195:1373 Page 9 of 20    1373



 

1 3
Vol:. (1234567890)

India, respectively, zinc consistently appears as the 
element with the highest mean concentration, while 
the order of other HMs differs between the two stud-
ies. Also, other group of scientists, who studied SS 
from 10 WWTPs in China, indicated that Zn and Cu 
appear in the highest concentrations (Zn > Cu > Cr 
> Ni > Pb > As > Hg > Cd) (Li et al., 2019). How-
ever, in this research, the highest concentrations of 
metals were found at sampling points S6 (digested 
sewage sludge) and S7 (dewatered sewage sludge). 
In the case of digested SS, the probable cause of the 
increase of HMs concentrations was their adsorp-
tion on the flocs surface, whereas, for the dewa-
tered one, the main cause was the increase of DM 
content, as a result of the dehydration process (Tytła 
et  al., 2023). It was also revealed that the concen-
trations of HMs in the dewatered sludge (S7) from 
the studied WWTPs are higher than those from 
WWTPs, located in other regions of the country, 
e.g., in the Pomeranian Voivodeship (north Poland) 
(Milik et  al., 2017), Warmian-Masurian Voivode-
ship (north-east Poland) (Gusiatin et al., 2018), and 
Świętokrzyskie Voivodeship (southern part of cen-
tral Poland) (Kowalik et al., 2021). Furthermore, the 
results of this study indicate that the total contents 
of heavy metals in the dewatered sludge samples are 

within the acceptable range for land application in 
Poland (J. L. 2015, Item 257) and European Union 
(Directive 86/278/EEC). However, the fact that the 
permissible limits are not exceeded does not imply 
that these metals cannot pose potential threats to the 
environment and human health.

Table  6 shows the outcomes of the statistical 
analysis, specifically Pearson’s correlation analy-
sis, performed for the studied HMs. In the case of 
sludge samples from WWTP1, significant posi-
tive correlations were found between Cd–Cu (0.90), 
Cd–Ni (0.88), Cd–Pb (0.77), Cu–Ni (0.86), and 
Ni–Pb (0.77). In turn, in the case of WWTP2, strong 
correlations were found between all of the analyzed 
HMs, except Ni–Cr, whereas Hg did not correlate 
significantly with other elements. The research find-
ings are consistent with those presented by other sci-
entists (Zhang et al., 2020; Yakamercan et al., 2021). 
The strong correlations between HMs indicate that 
their presence and distribution in sewage sludge are 
influenced by similar factors. This could be due to 
similar chemical properties, common sources of con-
tamination, or similar transport mechanisms within 
the wastewater treatment processes (Nkinahamira 
et al., 2019; Espinoza-Guillen et al., 2022). To verify 
the above-presented assumptions, in-depth statistical 

Table 6  Correlation matrix 
of heavy metals content 
in sludge samples from 
WWTPs

*Significant correlation at p < 0.05

Cd Cr Cu Ni Pb Zn Hg
WWTP1
 Cd 1.00
 Cr 0.05 1.00
 Cu 0.90* − 0.11 1.00
 Ni 0.88* 0.21 0.86* 1.00
 Pb 0.77* 0.66 0.62 0.77* 1.00
 Zn − 0.09 − 0.40 − 0.17 − 0.06 − 0.29 1.00
 Hg − 0.15 0.52 − 0.37 0.03 0.24 0.55 1.00
WWTP2
 Cd 1.00
 Cr 0.96* 1.00
 Cu 0.98* 0.96* 1.00
 Ni 0.89* 0.75 0.83* 1.00
 Pb 0.97* 0.88* 0.94* 0.96* 1.00
 Zn 0.98* 0.92* 0.97* 0.88* 0.97* 1.00
 Hg 0.52 0.43 0.57 0.45 0.56 0.66 1.00
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analysis should be applied (principal component anal-
ysis; PCA), but this requires a larger sample size.

However, last year in Poland, the amount of indus-
trial wastewater discharged into the sewer system 
amounted to 103,180  dam3 of which 8,711  dam3 was 
discharged in the Silesian Voivodeship (Statistics 
Poland, LDB, 2022). Moreover, currently, in Poland, 
there are 2,040 plants of which 1,149 do not have 
their own WWTP and discharge industrial wastewater 
directly into the sewer system. Even though the Sile-
sian region is one of the smallest voivodeships in the 
country, the number of such plants amounted here to 
197 of which 79 discharge wastewater directly to the 
sewage system. This puts the Silesian region in third 
place in the country, in this regard, after the Masovian 
Voivodship and Greater Poland Voivodeship which 
are the largest provinces in Poland (Statistics Poland, 
LDB, 2022). Therefore, presumably, the primary 
source of heavy metals in analyzed municipal sewage 
sludges is untreated wastewater produced by various 
industry branches.

Heavy metal speciation

The BCR sequential extraction assisted with ultra-
sound allows for the separation of four specia-
tion fractions of heavy metals from sewage sludge 
(Tytła et al., 2022). The four fractions are as follows: 
acid  soluble/exchangeable fraction (F1), a reduc-
ible fraction (F2), an oxidizable fraction (F3), and 
a residual fraction (F4) (optional one). These frac-
tions provide insights into the forms, in which met-
als are bound within the sewage sludge. Fraction F1 
is often associated with HMs bound to carbonates; F2 

is typically associated with HMs bound to manganese 
(Mn) and iron (Fe) oxides; F3 comprises HMs that are 
bound to organic matter and sulfides, while F4 repre-
sents the fraction of HMs that are strongly bound to 
the solid matrix and are not easily extractable under 
the conditions of the sequential extraction procedure 
(Ure et al., 1993; Álvarez et al., 2002). Among them, 
the F1 fraction is characterized by the highest mobil-
ity and potential bioavailability, and it is of particular 
concern because it has the potential to directly impact 
the quality of water and soil, especially when sewage 
sludge is used for agricultural purposes (Nkinahamira 
et al., 2019; You et al., 2021). The second fraction is 
also mobile, but not as much as the first one, while F3 
and F4 are both immobile. The obtained results were 
presented as the percentage of total concentrations of 
HMs in sludge samples (Figs. 3 and 4). Considering 
the share of individual HM in the most mobile frac-
tion, in both cases, Zn and Ni had the most potential 
for migration, while Cd was to a lesser extent. The 
share of Zn and Ni in F1 accounted for 15.9 to 27.0% 
(WWTP1) and 14.0 to 39.1% (WWTP2), as well as 
from 33.2 to 42.6% (WWTP2) and 22.2 to 36.1% 
(WWTP2), respectively, whereas for Cd from 3.6 to 
15.4% (WWTP1) and 3.7 to 10.5% (WWTP2). Com-
parable results were obtained by Li et al. (2015) who 
showed that the contribution of Zn, Ni, and Cd in the 
first fraction was approx. 40–50%; 40%, and 20%, 
respectively. The high potential for migration of Zn 
and Ni was also confirmed by other scientists (Gusi-
atin et al., 2018; Kowalik et al., 2021). In turn, con-
sidering the summarized percentage concentrations 
of Zn, Ni, and Cd in fractions F1 and F2, their share 
was in the range of 46.6 to 73.2% (Zn); 49.0 to 59.6% 

Fig. 3  Distribution of heavy metals in different speciation fractions of sludge samples from WWTP1
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(Ni); 21.1 to 44.4% (Cd), and 42.3 to 65.2% (Zn); 
32.3 to 50.2% (Ni); 24.6 to 54.4% (Cd), for WWTP1 
and WWTP2, respectively. Based on the above-pre-
sented data, the real level of environmental risk for a 
given metal can be higher. Moreover, Cr and Cu were 
found to be principally distributed in fractions F3 and 
F4, regardless of at which point, in the processing 
line, the individual sludge sample was taken, while 
Hg was found only in residual fraction. This means 
that Cr, Cu, and Hg should not constitute a threat to 
the natural environment. Moreover, the recovery rates 
(R) for the HMs (excluding Hg) investigated in this 
study were in the range from 70 to 132% (WWTP1) 
and 95 to 133% (WWTP2).

In the discussed study, we noticed that SS at dif-
ferent stages of its treatment demonstrated higher 
contents of HMs that were predominantly bound to 
the immobile fractions. However, there were a few 
exceptions observed for Zn and Ni concentrations. 
It was also found that the main processes that can 
influence the binding of heavy metals and conse-
quently the level of potential ecological risk that 
these contaminants pose to the natural environment 
are the activated sludge process (S3) and anaero-
bic digestion (S6). As it is commonly known, the 
activated sludge process is carried out in aerated 
biological reactors, where the dissolved oxygen 
concentration undergoes substantial fluctuations 
(Tytła et  al., 2023). In the WWTP1 and WWTP2, 
the excess sludge samples (S3), which had previ-
ously undergone the activated sludge process, dis-
played an elevation in both pH and redox potential 
values. All these factors may result in a reduction 
of HM mobility. The reduction of heavy metals 

mobility resulted from the activated sludge process 
was noted in relation to Cd, Pb, and Zn (WWTP1) 
and to Cd, Cr, Cu, Ni, Pb, and Zn (WWTP2). Simi-
lar observations were also reported in previous 
research (Tytła, 2019). In turn, during anaerobic 
digestion, where the organic matter content under-
goes reduction, metals bound to OM are released. 
This may increase the share of these elements in 
immobile fractions, especially in fraction F3 which 
was observed in previous work (Tytła et al., 2023). 
We observed the above-mentioned tendency only in 
relation to Cd, Cu, Ni, and Zn (WWTP1) and to Cd, 
Ni, and Zn (WWTP2). We found a similar tendency 
in previous study (Tytła et  al., 2016). The reduc-
tion of the HMs mobility is a positive phenomenon 
concerning the environmental protection against its 
secondary pollution with toxic metals.

Risk assessment

Assessment of the potential ecological and human 
health risks in the conducted study was applied to the 
dewatered sewage sludge (S7). This type of SS refers 
to the final product or waste generated after the vari-
ous wastewater treatment processes have been com-
pleted. Therefore, the assessment of potential risks 
associated with dewatered sewage sludge is crucial to 
ensure that its disposal does not pose adverse effects 
on the natural environment or human health. In the 
absence of significant seasonal changes in the con-
centrations of HMs in the dewatered sludge samples, 
except for Zn, the average concentrations of HMs 
were used for the evaluation of potential risks.

Fig. 4  Distribution of heavy metals in different speciation fractions of sludge samples from WWTP2
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Potential ecological risk assessment

One of the key issues in the process of ecological 
risk assessment is the choice of the appropriate ref-
erence concentrations for the particular element. In 
the case of sewage sludge, the most reference back-
ground values are mainly the concentrations of HMs 
in the earth’s crust or the soil (Zhang et  al., 2020; 
Yakamercan et al., 2021; Sundha et al., 2022). How-
ever, these values depend on the geological context, 
climate, and also other local factors and may differ for 
different metals. Therefore, it is crucial to consider 
various types of background values when conducting 
environmental assessments. In this study, to calculate 
the Geoaccumulation Index (Igeo) and Potential Eco-
logical Risk Factor (ER) values, we used the concen-
trations of HMs in the earth’s crust and the top soils 
of Europe (as background values), given by Kabata-
Pendias (2011). The decision for using average values 
of HMs in top soils of Europe was made due to the 
lack of specific guidelines for soils in the area under 
consideration. Table 7 presents the results of the eco-
logical risk assessment conducted for the HMs in the 
dewatered sludge samples.

The values of Igeo showed that dewatered sludge 
samples are more or less contaminated (enriched) in 
most of the analyzed heavy metals, which may also 
prove their anthropogenic origin. The Igeo values 
of HMs in SS samples, ranked from highest to low-
est, were found to be Cd > Zn > Ni > Pb > Cu > 
Hg > Cr and Cd > Zn > Cu > Hg > Ni > Pb > Cr 
(WWTP1), as well as Cd > Zn > Pb > Cu > Cr > 
Ni > Hg and Cd > Zn > Cu > Pb > Cr > Hg > Ni 

(WWTP2). In the first case, the values of Igeo were 
calculated taking into account the concentrations of 
HMs in the earth’s crust, while in the second one, 
in the top soils of Europe. Despite the differences 
between the concentrations of individual HMs in two 
different reference backgrounds, the sludge samples 
were high to extremely and extremely contaminated 
with Cd and Zn, respectively, and to a lesser extent 
with Cu and Pb. The above-presented results are 
similar to those achieved by other researchers. For 
example, Li et al. (2015) indicate that sewage sludge 
from several WWTPs was highly contaminated with 
Cd (Igeo = 3.3.) and moderately to highly contami-
nated with Zn (Igeo = 2.7). Also, other scientists con-
firmed that cadmium can be the main pollutant in 
SS and indicate that the Igeo values of analyzed ele-
ments were in the decreasing order: Cd > Pb > Hg 
> Cr > As (Zhang et al. 2020). Similar results were 
presented by Sundha et  al. (2022), who showed that 
sludge samples were high to extremely contaminated 
with cadmium (Igeo = 4.1 to 4.12) and moderately to 
highly and highly to extremely polluted with zinc (Igeo 
= 2.4 to 4.7). In contrary to our research, Kowalik 
et al. (2022) indicated that SS from four WWTPs in 
Poland (Świętokrzyskie Voivodeship) were heavily to 
extremely and extremely contaminated with Zn, and 
heavily to heavily to extremely with Cd.

The ER values for the analyzed elements in the 
dewatered sludges were in the order as follows: Cd > 
Hg > Ni > Pb > Cu > Zn > Cr and Cd > Hg > Cu 
> Ni > Zn > Pb > Cr (WWTP1) and Cd > Pb > Hg 
> Zn > Cu > Ni > Cr and Cd > Cu > Hg > Pb > 
Zn > Ni > Cr (WWTP2). The obtained results refer 

Table 7  Ecological risk of the heavy metals in the dewatered sludge from two WWTPs

*In reference to the Earth’s crust; ** in reference to the top soils of Europe (Kabata-Pendias, 2011)

WWTP Index Cd Cr Cu Ni Pb Zn Hg

WWTP1 *Igeo 5.0 (H-EC) − 0.9 (PUC) 1.5 (MC) 2.2 (M-HC) 1.7 (MC) 3.4 (HC) 1.4 (MC)
**Igeo 3.5 (HC) − 0.9 (PUC) 3.2 (HC) 1.3 (MC) 0.6 (U-MC) 3.4 (HC) 1.6 (MC)
*ER 1427.9 (VHR) 1.6 (LR) 21.8 (LR) 34.1 (LR) 23.9 (LR) 15.9 (LR) 160.1 (HR)
**ER 510.0 (VHR) 1.7 (LR) 69.4 (MR) 18.4 (LR) 11.2 (LR) 16.3 (LR) 183.7 (HR)
RAC;% 8.9 (LR) 1.2 (LR) 1.4 (LR) 37.2 (HR) 0.6 (NR) 27.0 (MR) 0.0 (NR)

WWTP2 *Igeo 6.9 (EC) 0.8 (U-MC) 1.6 (MC) 0.7 (U-MC) 3.7 (HC) 4.3 (H-EC) − 0.2 (PUC)
**Igeo 5.4 (EC) 0.9 (U-MC) 3.3 (HC) − 0.2 (PUC) 2.6 (M-HC) 4.3 (H-EC) − 0.05 (PUC)
*ER 5203.0 (VHR) 5.3 (LR) 22.7 (LR) 12.4 (LR) 96.8 (CR) 29.5 (LR) 50.7 (MR)
**ER 1858.2 (VHR) 5.6 (LR) 72.1 (MR) 6.7 (LR) 45.4 (MR) 30.3 (LR) 58.1 (MR)
RAC;% 8.1 (LR) 0.8 (NR) 1.2 (LR) 26.8 (MR) 0.3 (NR) 19.8 (MR) 0.0 (NR)
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to the concentration levels of metals in the Earth’s 
crust and in the top soils of Europe, respectively. It 
was found that Cd posed a very high environmental 
risk (WWTP1 and WWTP2), Hg posed a moderate 
(WWTP2) to high risk (WWTP1), and Pb a consider-
able risk (WWTP2), whereas other HMs presented a 
moderate or low risk. The high ER values with cad-
mium and mercury are most probably associated with 
the high values of the toxic response factor, which 
are 30 and 40, for Cd and Hg, respectively, whereas 
for the rest of the analyzed metals from 1 to 5. The 
observed tendency (levels of risk) was similar, despite 
some differences in the values of HMs (especially for 
Cd and Cu) in the earth’s crust and in the top soils of 
Europe. The obtained results are consistent with those 
presented by other scientists who collected sludge 
samples from the three WWTPs, located at different 
sites in urban areas and found that Cd (ER = 662.9) 
and Hg (ER = 529.7) posed a very high risk (Li et al., 
2015). Similar results were presented by research-
ers from China (Zhang et  al., 2020), who indicated 
that ER values of elements analyzed in sludge sam-
ples from eight WWTPs, were found in the following 
order Cd > Hg > As > Pb > Cr. They also indicate 
that among the discussed elements, only Cd posed a 
serious ecological risk. Therefore, it can be assumed 
that toxic HMs can pose a serious ecological risk, 
even when present in low concentrations. Moreover, 
Espinoza-Guillen et al. (2022) who examined sludge 
samples from several WWTPs located in Peru indi-
cated that Pb poses a low (ER = 19.6) to high (ER = 
80.8) ecological risk. Thus, it can be concluded that 
the outcomes described in the abovementioned works 
are well corresponding with the results obtained in 
our study.

According to the values of the Risk Assessment 
Code (RAC) index, the mean percentages of HMs in 
the dewatered sludges associated with the fraction 
F1 ranked in the decreasing order: Ni > Zn > Cd > 
Cu > Cr > Pb > Hg, for both WWTPs. It was found 
that Ni posed medium (RAC = 26.7%; WWTP2) 
to high risk (RAC = 37.2%; WWTP1) while Zn 
medium risk (RAC = 27.0% for WWTP1; RAC = 
19.8% for WWTP2). Other metals posed low risk 
(Cd, Cr, and Cu) or did not pose an ecological risk 
at all (Pb and Hg). Similar results to those obtained 
in this study were described by researchers from 
China (You et  al., 2021), who collected SS sam-
ples from WWTPs situated in different locations of 

Huainan City (an urban area). They ranked the aver-
age values of RAC for the analyzed HMs in the fol-
lowing order: As > Ni(17.4%) > Zn(14.4%) > Pb > 
Cd > Cu > Cr, where Ni and Zn were in second and 
third place, right after As. The dominant share of 
Zn (RAC = 63.5%) in the most mobile fraction was 
also indicated by Kowalik et al. (2021) who studied 
sludge samples from a couple of WWTPs, located 
in the southern part of central Poland.

Human health risk assessment

Exposure assessment

The mean values of the average daily exposure dose 
(ADD) of HMs in SS samples are shown in Table 8. 
The obtained results indicate that the dominant 
pathway, through which HMs can enter the human 
body, was ingestion, for both demographical groups 
(adults and children). The above findings well cor-
respond with the results presented by other scientists 
(Duan et  al., 2017; Duan & Feng, 2021; Espinoza-
Guillen et  al., 2022; Yakamercan & Aygün, 2023). 
The highest values of ADDing, ADDinh, and ADD‑
dermal to non-carcinogenic HMs for adults and chil-
dren were indicated to Zn (WWTP1 and WWTP2) 
while for carcinogenic ones to Ni and Cr (WWTP1) 
and to Pb and Cr (WWTP2). Moreover, the mean 
values of average daily doses (ADDs) taken through 
accidental ingestion, inhalation, and dermal con-
tact, posed by all non-carcinogenic HMs for adults 
were 6.19 ×  10−4 mg·kg−1·day−1 (WWTP1) and 
1.06 ×  10−3 mg·kg−1·day−1 (WWTP2) while for 
children 5.41 ×  10−3 mg·kg−1·day−1 (WWTP1) 
and 9.27 ×  10−3 mg·kg−1·day−1 (WWTP2), respec-
tively. In turn, mean values of ADDs posed by 
all carcinogenic HMs for adults were 4.30 × 
 10−5 mg·kg−1·day−1 (WWTP1) and 9.14 ×  10−5 
mg·kg−1·day−1 (WWTP2) whereas for children 7.52 
×  10−5 mg·kg−1·day−1 (WWTP1) and 1.60 ×  10−4 
mg·kg−1·day−1 (WWTP2). The obtained results indi-
cating that the magnitude of exposure rates for chil-
dren was greater than for adults suggest that children 
may be more vulnerable to the health risks associ-
ated with exposure to HMs in sewage sludge. A 
similar tendency was also noted by other researchers 
(Duan et  al., 2017; Yakamercan et  al., 2021; Espi-
noza-Guillen et al., 2022).
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Non‑carcinogenic and carcinogenic risk assessment

Potential human health risks for non-carcinogenic and 
carcinogenic heavy metals present in the analyzed 
sewage sludge samples are shown in Table 9. For the 
assessment of non-carcinogenic risk for adults and 
children exposed to metals contained in sludge sam-
ples, the values of hazard quotient (HQ) and hazard 
index (HI) were used. The obtained results indicated 
that the mean values of HQs for non-carcinogenic 
HMs followed the order: ingestion > dermal contact 
> inhalation. The presented tendency is consistent 
with the literature data (Agoro et al., 2020; Yakamer-
can et  al., 2021). The highest values for HQing, 
HQdermal, and HQinh were caused by Cu (WWTP1) 
and Zn (WWTP2), both for adults and children. The 
above findings were confirmed by the values of HI. 
Moreover, also other scientists confirmed that Cu was 
the most prevailing component for HI (Duan et  al., 
2017; Nyashanu et al., 2023). However, in any case, 
the values of HI and HQ for analyzed HMs did not 
exceed the threshold value (1). Therefore, it can be 
stated that in the case of the dewatered sludges from 
the discussed WWTPs, there is no potential human 
health risk associated with the presence of non-carci-
nogenic HMs (Cu, Zn, and Hg), if the sludge samples 
were used for agricultural purposes.

To assess the carcinogenic risk for both demo-
graphic groups exposed to HMs in the sludge sam-
ples, the values of carcinogenic risk (CR) and total 
carcinogenic risk (TCR) were applied. The con-
ducted calculations revealed that for considered 
WWTPs, the mean values of CRs for carcinogenic 
HMs decreased in the following order: ingestion 
> dermal contact > inhalation. The highest values 
for CRing and CRdermal for adults were indicated to 
Ni (WWTP1) and Cr (WWTP2), while for CRinh to 
Cr (WWTP1 and WWTP2), in turn, for children to 
Ni (WWTP1) and Cr/Cd (WWTP2); Ni (WWTP1) 
and Cr (WWTP2) and Cr (WWTP1 and WWTP2), 
respectively. The values of CRing indicate that there is 
a carcinogenic risk of exposure to Ni in the dewatered 
SS from WWTP1, both for adults and children, while 
in the case of sludge samples from WWTP2 regard-
ing Cr and Cd, but only for children. In both cases, 
the values of CRing are higher than 1 ×  10−4. Moreo-
ver, also the values of TCR confirmed that in the case 
of Ni (WWTP1), there is a carcinogenic risk, both 
for adults (1.50 ×  10−4) and children (2.55 ×  10−4), 
while in the case of Cr and Cd (WWTP2), only for 
children, i.e., 1.51 ×  10−4 and 1.12 ×  10−4, respec-
tively. This means, that the agricultural use of the 
analyzed sludges may cause carcinogenic risk to both 
demographic groups; however, higher risk occurs for 

Table 8  The mean values of average daily exposure doses (ADDs) of heavy metals in the dewatered sludges from two WWTPs

WWTP Life range Index Cd Cr Cu Ni Pb Zn Hg
mg·kg−1·day−1

WWTP1 Adults ADDing 2.79 ×  10-6 4.63 ×  10-5 3.29 ×  10-4 8.01 ×  10-5 4.22 ×  10-5 1.52 ×  10-3 3.84 ×  10-7

ADDinh 4.11 ×  10-10 6.81 ×  10-9 4.84 ×  10-8 1.18 ×  10-8 6.20 ×  10-9 2.24 ×  10-7 5.64 ×  10-11

ADDdermal 1.11 ×  10-8 1.85 ×  10-7 1.31 ×  10-6 3.20 ×  10-7 1.68 ×  10-7 6.06 ×  10-6 1.53 ×  10-9

ADD 2.81 ×  10-6 4.65 ×  10-5 3.30 ×  10-4 8.04 ×  10-5 4.23 ×  10-5 1.53 ×  10-3 3.85 ×  10-7

Children ADDing 4.89 ×  10-6 8.10 ×  10-5 2.88 ×  10-3 1.40 ×  10-4 7.38 ×  10-5 1.33 ×  10-2 3.36 ×  10-6

ADDinh 1.37 ×  10-10 2.26 ×  10-9 8.04 ×  10-8 3.92 ×  10-9 2.06 ×  10-9 3.72 ×  10-7 9.38 ×  10-11

ADDdermal 1.37 ×  10-8 2.27 ×  10-7 8.06 ×  10-6 3.93 ×  10-7 2.07 ×  10-7 3.72 ×  10-5 9.40 ×  10-9

ADD 4.90 ×  10-6 8.13 ×  10-5 2.89 ×  10-3 1.41 ×  10-4 7.40 ×  10-5 1.33 ×  10-2 3.37 ×  10-6

WWTP2 Adults ADDing 1.02 ×  10-5 1.55 ×  10-4 3.42 ×  10-4 2.90 ×  10-5 1.70 ×  10-4 2.83 ×  10-3 1.21 ×  10-7

ADDinh 1.50 ×  10-9 2.27 ×  10-8 5.03 ×  10-8 4.27 ×  10-9 2.51 ×  10-8 4.16 ×  10-7 1.79 ×  10-11

ADDdermal 4.06 ×  10-8 6.17 ×  10-7 1.36 ×  10-6 1.16 ×  10-7 6.80 ×  10-7 1.13 ×  10-5 4.84 ×  10-10

ADD 1.02 ×  10-5 1.55 ×  10-4 3.43 ×  10-4 2.92 ×  10-5 1.71 ×  10-4 2.84 ×  10-3 1.22 ×  10-7

Children ADDing 1.78 ×  10-5 2.71 ×  10-4 2.99 ×  10-3 5.08 ×  10-5 2.98 ×  10-4 2.47 ×  10-2 1.06 ×  10-6

ADDinh 4.98 ×  10-10 7.56 ×  10-9 8.36 ×  10-8 1.42 ×  10-9 8.33 ×  10-9 6.91 ×  10-7 2.97 ×  10-11

ADDdermal 4.99 ×  10-8 7.58 ×  10-7 8.37 ×  10-6 1.42 ×  10-7 8.35 ×  10-7 6.92 ×  10-5 2.97 ×  10-9

ADD 1.79 ×  10-5 2.71 ×  10-4 3.00 ×  10-3 5.10 ×  10-5 2.99 ×  10-4 2.48 ×  10-2 1.07 ×  10-6
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children. Similar observations were made by other 
researchers (Duan & Feng, 2021; Espinoza-Guillen 
et  al., 2022; Qayoom et  al., 2022). The conducted 
studies also indicate that for Cd, Cr, and Pb (adults 
and children; WWTP1); Cd, Cr, Ni, and Pb (adults; 
WWTP2); and Ni and Pb (children; WWTP2), the 
TCRs are acceptable (1 ×  10−4–1 ×  10−6). Therefore, 
both for the HMs that pose carcinogenic risk, and for 
those elements that pose acceptable risk, it is recom-
mended to take appropriate steps to reduce the con-
centrations of HMs in sewage sludge intended for 
agricultural purposes, to minimize the level of poten-
tial human health risk. As it is commonly known, 
the processes used in WWTPs do not guarantee that 
heavy metals will be removed from sewage sludge. 
However, there are groups of techniques, which may 
reduce the concentrations of these elements, for 
example, the chemical (acidification, alkalization, and 
ion exchange treatment), physical (heat treatment and 
electroremediation), and biological (vermicompost-
ing, application of biosurfactant, and bioleaching) 
ones. Unfortunately, methods which belong to the first 
two groups are expensive and may pose a threat to the 
natural environment, while biological techniques are 
promising but also time-consuming, and still were not 
tested on a full scale (Camargo et al., 2016).

Conclusions

This study represents a comprehensive assessment 
of both ecological and human health risks posed 
by heavy metals in sewage sludge from munici-
pal WWTPs situated in Silesian Voivodeship, the 
most industrialized region in Poland. The conducted 
research showed that Zn, Cu, and Pb are present in 
the highest concentrations in various types of sludges, 
while Cd and Hg are in the lowest. Moreover, posi-
tive significant correlations of most of the examined 
elements were found which means that they may have 
the same source of origin. Taking into account the 
characteristic of the study area, it is highly probable 
that the main source of these metals in sewage sludge 
is wastewater from the industry. Despite the fact that 
dewatered sludge samples analyzed in this study meet 
standards for their use for agricultural purposes, the 
values of Igeo revealed that they are mainly contami-
nated with Cd, Zn, and to a lesser extent with Cu and 
Pb. This means that the presence of these elements in 

sewage sludge may result in soil contamination and 
even secondary environmental pollution. Assessment 
of the ecological risk, based on the values of the ER 
index, which also includes the toxicity of elements, 
revealed that the most serious risk is being posed by 
Cd and Hg, which are present in the lowest concentra-
tions. On the contrary, based on the RAC values and 
the chemical speciation forms in which heavy metals 
are present, it was found that Ni and Zn pose a signifi-
cant ecological risk. As it was mentioned, the occur-
rence of HMs in sewage sludge is often attributed to 
anthropogenic activities, particularly those related to 
chemical or heavy industries. The obtained results 
indicate that the total content of heavy metals and 
their speciation forms in the sewage sludge are insep-
arable elements of the ecological risk assessment. 
Moreover, for a precise interpretation of the obtained 
results, it is crucial to consider various types of back-
ground values. The results of non-carcinogenic and 
carcinogenic risks analysis revealed that the dominant 
route of HMs exposure was ingestion. It was revealed 
that for both WWTPs, there is no potential human 
health risk associated with the presence of non-carci-
nogenic HMs (Cu, Zn, and Hg) in the analyzed sludge 
samples. However, it was indicated that in the case of 
Ni (WWTP1), there is a carcinogenic risk, both for 
adults and children, while in the case of Cr and Cd 
(WWTP2), only for children.

In summary, the obtained results proved that 
municipal sewage sludge produced in Poland may 
pose potential risks. Therefore, to avoid secondary 
pollution of the natural environment and harmful 
human health effects, decisive action to reduce the 
concentrations of heavy metals in sewage sludge must 
be taken. It should also be stated that the assessment 
of the suitability of sewage sludge for agricultural 
purposes should be supplemented with a comprehen-
sive risk analysis.
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