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Abstract: In this study, the occurrence, fractionation, and potential ecological risk associated with
seven heavy metals (HMs), i.e., Cd, Cr, Cu, Ni, Pb, Zn and Hg in sewage sludge (SS) were investi-
gated. The main aim of the study was to conduct the first comprehensive analysis of the potential
ecological risk of HMs in SS collected from two municipal wastewater treatment plants (WWTPs)
using ultrasonic disintegration (UD) of thickened excess sludge aimed at improving the effects of
anaerobic digestion (AD). In order to assess the level of potential ecological risk, two groups of indices
related to the total content of HMs and their chemical forms were used. For this purpose, a modified
BCR sequential extraction was conducted. The obtained results revealed that according to the values
of total indices, the highest potential ecological risk was posed by Cd, Cu and Zn (and to a lesser
extent by Ni and Cr), while in relation to speciation indices by Ni, Zn, Cd (and in some cases by
Cr). In general, the highest risk was indicated at the beginning (primary and excess SS) and the two
final stages of sludge processing (digested and dewatered SS). This means that the level of ecological
risk may strongly depend on the processes used in WWTPs and especially on AD, dehydration and
the activated sludge process, as well as on the characteristics of raw wastewater. The results of the
statistical analysis and balance sheets revealed that the key factors which may influence the way that
HMs bind in SS are: pH, TOC, OM and Eh. The obtained results showed that UD does not cause any
significant changes in the total HMs concentrations in SS, and their release into supernatant in the
mobile forms. This proves that UD is a safe and environmentally friendly method of sewage sludge
pretreatment.

Keywords: sewage sludge; sequential extraction; fractionation; heavy metals binding; potential
ecological risk; balance sheet; ultrasonic disintegration

1. Introduction

Sewage sludge (SS) is a solid, semi-solid, or liquid waste produced in a wastewater
treatment plant (WWTP) as a by-product of wastewater treatment processes [1–3]. In recent
decades, SS production has rapidly increased around the world, especially in developing
countries. The main reasons for the increased volume of SS are population growth, new
wastewater treatment technologies and the development of industry [2,4,5].

Sewage sludge is characterized by a large amount of organic compounds and nutrients
necessary for plant growth [4,6,7]. For this reason, sludge can be used as an organic fertilizer.
However, it also contains pollutants which can have a negative impact on soil properties
and plant growth, i.e., hazardous pathogens, toxic organic compounds and potentially
bio accumulative, toxic and carcinogenic heavy metals (HMs) [8–10]. One of the most
important parameters which limits the use of SS for agricultural purposes is heavy metals
content [7]. The permissible levels of HMs in the application of SS in Poland and European
Union (EU) countries are regulated by relevant legal acts [11,12]. However, agricultural
applications of SS are still the most ecological and sustainable way of managing of this
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waste [1,9]. However, the presence of HMs in sludge may pose a potential ecological
risk. Therefore, in order to minimize the negative impact of sludge on soil and water
environments, as well as on plant growth, it should be properly stabilized before use [8].
This is crucial, bearing in mind that through the consumption of plants grown on fields
fertilized with sewage sludge the HMs enter the food chain, which may result in negative
health effects [5,10].

Anaerobic digestion (AD) is one of the most important and commonly used processes
for sewage sludge stabilization, in which microorganisms break down the organic matter
(OM) under anaerobic conditions [4,13]. The crucial goal of AD is to generate environmen-
tally friendly and safe waste which can be used for agricultural purposes [13]. Moreover,
one of the positive effects of AD is the production of biogas which can be a source of re-
newable energy [14]. This is an important aspect, due to the fact that according to Directive
(EU) 2018/2001 [15], at least 32% of gross final energy consumption in the EU is required
to come from renewable energy sources (RES) by 2030. As a part of the EU community,
Poland has declared that it aims to achieve 21–23% of RES share in gross final energy
consumption by 2030 [16]. However, AD may also have disadvantages which include
the biodegradability of sludge, high hydraulic retention time, low pathogen inactivation,
etc. Therefore, it is necessary to use appropriate processes to improve the effects of AD
on sludge [13]. Currently, the growing interest in green technologies is encouraging the
use of alternative and environmentally friendly methods of sludge pretreatment. One of
them is ultrasonic disintegration (UD) [17]. UD is based on the cavitation phenomenon.
As a result of cavitation, microbubbles are formed, the implosion of which generates in-
creased shear forces. These forces disrupt the sludge structure, which increases the amount
of biodegradable matter available as a substrate to the microorganisms involved in the
subsequent phases of the AD process [17,18]. UD shortens the rate-limiting phase of AD,
i.e., hydrolytic phase, and increases the efficiency of the process [19]. The effects of UD are
mainly affected by sonication parameters (power, intensity, frequency, energy supplied)
and sludge characteristics [4,18]. According to literature data, the successful, full-scale
application of UD technology increases biogas production by up to 50% [4,14]. Moreover,
while maintaining an optimal input to output energy ratio, the full-scale application of UD
results in the lowest impacts on climate change, greenhouse gas emissions, fossil fuel deple-
tion and stratospheric ozone depletion [17]. The main advantages of UD pretreatment of
sludge are the absence of byproducts, the absence of additional reagents and the possibility
to intervene at any stage of the process [18,20]. UD installations are used on a full-scale
around the world, e.g., in Austria, the United Kingdom, France, Germany, Italy, Japan, the
Netherlands, Sweden, etc. [19]. For comparison, in Poland, the ultrasound pretreatment
of sewage sludge in not that common. There are several WWTPs which use UD at scale,
e.g., in Masovian (in Polish Mazowieckie), Greater Poland (Wielkopolskie), Subcarpathian
(Podkarpackie), Lubelskie (Lubelskie) and Kuyavian-Pomeranian (Kujawsko-Pomorskie)
Voivodeships, etc. The main reason why WWTPs have stopped or have decided not to
use UD is the fact that SS has undergone changes during the process [18] which, in turn,
may affect its final physicochemical characteristics. However, this problem can be easily
eliminated by systematically controlling the parameters of sludge subjected to UD.

Considering the above mentioned data and also the fact that the content of HMs in
sewage sludge depends on the origin of the raw wastewater and the treatment methods,
it was decided to carry out the first comprehensive assessment of the potential ecological
risk (balance) in relation to WWTPs conducting UD (non-conventional) pretreatment of
sewage sludge prior to AD. The presented approach is a novelty and can be an important
contribution to further research in this direction. For this purpose, several sludge sam-
ples from the two selected WWTPs were collected throughout the processing line. The
assessment of potential ecological risk was based on the two groups of indices, and refers
to the total content and chemical forms (fractions) of HMs in the sludge samples. This
approach results from the fact that knowledge of the total concentrations of HMs in sewage
sludge only gives information on overall pollution levels, while their toxicity, mobility
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and bioavailability depend strongly on their chemical (speciation) forms [5,21,22]. For this
purpose, the modified three-step BCR sequential extraction proposed by the Community
Bureau of Reference (BCR, now the Standards, Measurements and Testing Program) was
used [5,23,24]. This method allows to determine the components of sludge that particular
metals are associated with. Unfortunately, so far there is no legislation concerning the
analysis of speciation forms of HMs in sewage sludge. Therefore, there is a need to conduct
further research in this area to search for factors influencing the way that HMs bind in
sewage sludge and their potential mobility, as well as bioavailability in the environment.
All of the above mentioned arguments justify undertaking the research in question.

The aims of this study are: (1) to determine the content of HMs (Cd, Cr, Cu, Ni, Pb, Zn
and Hg) and their chemical forms in SS samples collected from the two WWTPs conducting
UD; (2) to evaluate the degree and effects of full-scale UD sludge processing; (3) to assess
the potential ecological risk of HMs in SS samples using two groups of indices; (4) to
define the relationship between HMs and other parameters of SS, and indicate the factors
influencing their binding and mobility; (5) to determine the first balance of ecological risk
based on total concentrations of HMs and their chemical forms.

2. Materials and Methods
2.1. Study Area and Sampling

The sewage sludge samples were collected from two mechanical-biological wastewater
treatment plants (WWTPs) located in Eastern Poland (Central Europe). The first WWTP is
located in the Lubelskie Voivodeship (WWTP1), while the second one is in the Masovian
Voivodeship (WWTP2) (Figure 1). They are located approximately 110 km apart and
both accept municipal and industrial wastewater. The WWTPs are both equipped with a
VTA-GSD installation (VTA Technologie GmbH) for the ultrasonic disintegration of excess
sludge, which is aimed at increasing the effectiveness of anaerobic digestion, one of the
most important processes of sludge treatment.
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Figure 1. Location map of study area. The map on the left shows the Europe with borders of Poland;
(the original source file from: https://www.google.pl/maps/@55.1360109,21.7839944,4z (accessed
on 21 November 2022)) [25].

The research was conducted in 2021. Sludge samples were collected at every stage of
processing twice per year, i.e., in the winter and summer season. Seven sludge samples
(weighing about 3 kg each) were collected at each WWTP, i.e., the primary sludge (after
thickening—WWTP1; mixture of primary and flotated sludge—WWTP2) (S1), excess sludge

https://www.google.pl/maps/@55.1360109,21.7839944,4z
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(S2), thickened excess sludge (S3), disintegrated sludge (S4), mixed sludge (thickened
primary sludge + thickened excess sludge + disintegrated sludge—WWTP1; primary and
flotated sludge + disintegrated sludge—WWTP2) (S5), digested sludge (S6), dewatered
sludge (S7). In both cases, samples of digested and dewatered sludge were collected after
the completion of the AD time, characteristic for a given WWTP. SS samples were kept in
polypropylene containers and stored in a refrigerator at 4 ◦C until laboratory analysis. The
basic operational parameters of the WWTPs are shown in Table 1.

Table 1. The operational parameters of the WWTPs.

Parameter WWTP1 WWTP2

Population equivalent (P.E.) 694,833 41,250
Average daily flow 71,906 m3·d−1 5500 m3·d−1

Wastewater treatment method activated sludge activated sludge
Phosphorus precipitant agent PIX 113 PIX 113

% share of industrial wastewater 18% 13–20%
% of sludge disintegrated 80% 100%

Method of sludge dewatering mechanical mechanical
Stabilization time 21–23 d 24 d

Stabilization temperature 37 ◦C 37 ◦C
Data obtained from WWTPs.

2.2. Physicochemical Analysis
Basic Parameters of Sewage Sludge

Physicochemical properties of the sludge samples were determined by dry matter (DM)
(PN–EN 12880:2004) [26] and organic matter (OM) content (PN–EN 12879:2004) [27], total
organic carbon (TOC) (PN-EN 13137:2004) [28], pH and redox potential (Eh) (potentiometric
method; according to manufacturer instructions). DM and OM were examined by using
a laboratory dryer SUP-100G (Wamed, Warszawa, Poland) and oven SM-2002 (Czylok,
Jastrzębie-Zdrój, Poland), while TOC using a TOC analyzer 5000A (Shimadzu, Kyoto,
Japan). The values of pH and Eh were measured by using a digital CPR-411 m (Elmetron,
Zabrze, Poland) equipped with two electrodes IJ-44A and ERS-2, respectively.

2.3. Assessment of the Sewage Sludge Disintegration Degree

The disintegration degree (DDCOD) was determined based on an indicator proposed
by Müller (1996) [29] (Equation (1)). The chemical oxygen demand (COD) was determined
by using a photometer NANOCOLOR 500 D (Macherey-Nagel, Düren, Germany) according
to PN-ISO 15705:2005 [30] (NANOCOLOR tube test, Düren, Germany).

DDCOD =
SCODUD − SCOD0

SCODNaOH − SCOD0
× 100 (%) (1)

where:
DDCOD—disintegration degree (%), SCODUD—supernatant COD of the sonicated sam-

ple (mg·L−1); SCOD0—supernatant COD of the original sample (mg·L−1); SCODNaOH—COD
release in the supernatant after alkaline hydrolysis of sludge with 0.5 M NaOH (POCH, Gli-
wice, Poland), ratio of 1:1 for 22 h at 20 ◦C (mg·L−1) [18,29,31].

Evaluation of the disintegration effects also included determination of changes in
the content of total organic carbon in excess sludge supernatant, as well as excess sludge
susceptibility to dewatering by using the capillary suction time (CST) test. TOC content in
sludge supernatant was determined using a TOC analyzer 5000A (Shimadzu, Kyoto, Japan),
and CST with a capillary suction timer (Envolab, Długomiłowice, Poland). TOC and CST
were measured according to Internal Research Procedure PB4 (Issue 6, 10 July 2019) [32]
and PN–EN 14701–1:2007 [33], respectively.
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2.4. Heavy Metal Determination

Prior to HMs analysis, the sludge samples were dried in a laboratory dryer (SUP-100G,
Wamed) to a constant mass at 105 ◦C. In the next step, samples were ground in a mortar
(Mortar Grinder Pulverisette 2, Fritsch, Idar-Oberstein, Germany) and sieved through a
0.2 mm sieve. The only SS which was difficult to grind and sieve was the primary sludge.
This was due to the fact that primary sludge is characterized by high moisture content, and
during drying formed a thick and hard layer. Therefore, after drying, the primary sludge
samples were divided into small particles with Teflon scissors and milled [5].

Afterwards, the sludge samples underwent microwave-assisted acid digestion (min-
eralization). For this purpose, 0.2 g of sample was placed in a Teflon flask, and a mixture
of 15 mL 35–38% hydrochloric acid (HCl) and 5 mL 65% nitric acid (HNO3) was then
added carefully. In the next step, the Teflon flask was placed in a Multiwave 3000 digestion
system (Anton Paar GmbH, Graz, Austria). After cooling, the obtained solution was filtered
through quantitative filter papers with a medium pore size (grade 390; Filtrak-Munktell,
Ahlstrom-Munksjö, Helsinki, Finland/Sweden) and diluted with 5% HNO3 to a volume of
50 mL. Distilled-deionized water (HLP 10UV, Hydrolab, Straszyn, Poland) and analysis-
pure (a.p.) hydrochloric and nitric acids (POCH, Gliwice, Poland) were used to prepare
sludge samples and standards.

Heavy metals analysis in the obtained solutions was conducted using inductively
coupled plasma atomic emission spectroscopy (ICP-OES; Avio 200 ICP-OES, PerkinElmer,
Inc., Waltham, MA, USA). Determination of the mercury concentration was carried out with
cold vapor atomic absorption spectrometry (CVAAS). Identical procedures were applied
for the analysis of HMs content in the leachate (L) and obtained extracts. The operating
parameters for ICP-OES, wavelengths, and limits of detection (LOD) for the analyzed HMs
are presented in Table 2.

Table 2. Operating parameters for ICP-OES.

Instrument Conditions Unit ICP-OES

Manufacturer - PerkinElmer, Inc.
Model - Avio 200

RF power W 1400
Auxiliary gas flow L·min−1 0.2
Nebulizer gas flow L·min−1 0.7

Plasma gas flow L·min−1 12
Pump flow rate mL·min−1 1

Parameter Unit
Heavy metals determination

Cd Cr Cu Ni Pb Zn Hg

Wavelength nm 214.440 267.716 324.752 231.604 220.353 213.857 253.652
LOD mg·L−1 0.004 0.006 0.005 0.007 0.009 0.008 0.0001

2.5. Quality Control

In order to verify the precision and accuracy of the method used for total heavy metals
determination, quality control was conducted. For this purpose, the ERM-CC144 (Joint
Research Center; JRC), a certified reference material (CRM) was used. All analysis was
carried out in triplicate with a reagent blank. The corrections to dry mass were carried out
with the manufacturer’s instructions. The recovery rates (R) for HMs in the CRM were in
the range of 87.4–101.0%, while the average values of the relative standard deviation (RSD)
amounted to less than 10% for each of the analyzed HMs and ranged from 0.3% to 2.9%.
The data on quality control originate from our previous study [5], which is an integral part
of the discussed research.
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2.6. Sequential Extraction and Heavy Metals Chemical Speciation

BCR sequential extraction is the three-step (SI-SIII) procedure proposed by the Com-
munity Bureau of Reference (now the Standards, Measurements and Testing Program)
for chemical fractionation of heavy metals. However, there is also a fourth step which
is optional [23,24,34]. The BCR sequential extraction allowed the determination of three
main chemical speciation forms of HMs based on their migration capacity, i.e., acid solu-
ble/exchangeable fraction—bound to carbonates (F1), reducible fraction—bound to Mn
and Fe oxides (F2), oxidizable fraction—bound to organic matter and sulfides (F3), and the
last optional step—the residual fraction (F4). The first two fractions are mobile, while the
third and fourth are immobile. The most mobile fraction is F1 [3,10].

In this study, the modified, ultrasound assisted BCR sequential extraction procedure
was used [5]. This was aimed at reducing the extraction time from a dozen to several hours.
The flowchart for the BCR sequential extraction method used in this study is shown in
Figure 2.
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The ultrasound treatment was carried out in an ultrasonic bath (Sonic 5, Polsonic,
Warszawa, Poland) for 30 min and was repeated after each extraction step (except for
the fourth step). The extraction tubes were placed in a special basket equipped with a
stainless steel plate which ensures a stable tubes position throughout the process conducting.
The working parameters of the ultrasonic bath were 2 × 320 W and 40 kHz. The water
temperature in the ultrasonic bath was kept constant at a level of 30 ◦C ± 5 ◦C. However,
in order to thoroughly mix the sludge with the reagent before ultrasound treatment, the
sample was shaken for 30 min. For comparison, in the classical procedure the sample is
shaken for 16 h. After completion of centrifuging, the obtained solution was taken for
analysis while the residue was washed with deionized water, and then the next regent
was added. The effectiveness of the ultrasound-assisted extraction procedure has been
confirmed by other scientists, who indicated that this method gives comparable results as
conventional method [5,35]. The chemical reagents used in the sequential extraction were as
follows: acetic acid; 99.5–99.9% a.p. (CH3COOH; POCH, Gliwice, Poland), hydroxylamine
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hydrochloride a.p. (NH2OH·HCl; Chempur, Piekary Śląskie, Poland), hydrogen peroxide;
30% a.p.; (H2O2; Chempur, Piekary Śląskie, Poland), hydrochloric acid; 35–38% a.p. (POCH,
Gliwice, Poland) and acetic acid; 65% a.p. (POCH, Gliwice, Poland).

One should note that the use of ultrasonic waves in the sequential extraction procedure
should not be equated with the process of ultrasonic disintegration used in WWTPs. In
sequential extraction, the sample is placed in the extraction tube; therefore, ultrasonic
waves do not directly affect the sludge structure, but only support the action of individ-
ual extractants.

2.7. Potential Ecological Risk Assessment

The potential ecological risk assessment of HMs (Cd, Cr, Cu, Ni, Pb, Zn and Hg) in
sludge samples from two WWTPs was carried out by using two different groups of indices,
i.e., total content and speciation indices. The obtained results make the first balance sheet
of the level of potential ecological risk posed by HMs, as a function of sludge processing.
The authors also proposed two new indices. The ecological risk criteria for heavy metals
are shown in Table 3.

Table 3. Potential ecological risk indices.

Indices Equation Class Description

Total Content Indices

Enrichment factor;
single-metal [36]

EF =
(Cx /Cre f )sample

(Bx /Bre f )background
Cx and Cref—the concentrations
of metal x and reference element

(Fe) in the sample; Bx and
Bref—the concentrations of metal
x and reference element (Fe) in the

background (earth crust)
(mg·kg−1) [37,38]

EF < 1
1 < EF < 3
3 < EF < 5
5 < EF <10

10 < EF < 25
25 < EF < 50

EF > 50

No enrichment
Minor enrichment

Moderate enrichment
Moderately severe enrichment

Severe enrichment
Very severe enrichment

Extremely severe enrichment

Potential Ecological Risk
Index; single-metal [39]

ER = Ti
f CF

CF—Contamination Factor [39];
T—the “toxic response” factor for

the individual metal

ER < 40
40 ≤ ER < 80

80 ≤ ER < 160
160 ≤ ER < 320

ER ≥ 320

Low risk
Moderate risk

Considerable risk
High risk

Very high risk

Risk Index;
Multi-metal [39]

RI = ∑ ER
ER—Potential Ecological Risk

Factor

RI < 150
150 ≤ RI < 300
300 ≤ RI < 600

RI ≥ 600

Low risk
Moderate risk

Considerable risk
High risk

Ecological Risk of Total Metal;
authors’ index; single-metal

[This study]

ERTOT = TM2
TM1

TM1 and TM2—the total content
of metal (mg·kg−1) in sludge at

the beginning and the final stage
of its processing, respectively

ERTOT ≤ 1
ERTOT ≥ 1.5
ERTOT ≥ 2

No risk
Considerable risk

Very high risk

Speciation indices

Risk Assessment Code;
single-metal [40]

RAC = F1
F1—the percentage share of metal

in acid soluble/exchangeable
fraction

RAC ≤ 1%
1% < RAC ≤ 10%

10% < RAC ≤ 30%
30% < RAC ≤ 50%

RAC > 50%

No risk
Low risk

Medium risk
High risk

Very high risk

Individual
Ecological Risk; single-metal

[34]

IER = F1+F2
F3+F4 × 100

IER—Individual Ecological Risk;
F1–F4—the content of metal

(mg·kg−1) in chemical fractions

ER ≤ 50%
50% < IER ≤ 100%

100% < IER ≤ 250%
IER > 250%

Low risk
Moderate risk

High risk
Very high risk
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Table 3. Cont.

Indices Equation Class Description

Global Ecological Risk;
multi-metal [34]

GER = ∑ IER
GER—Global Ecological Risk

GER ≤ 100%
100% < GER ≤ 250%
250% < GER ≤ 500%

GER > 500%

Low risk
Moderate risk

High risk
Very high risk

Ecological Risk of Metal
Mobile Forms; authors’ index;

single-metal [This study]

ERMF = MFs2
MFs1

MFs1 and MFs2—the content of
metal (mg·kg−1) in mobile forms
(F1 + F2) at the beginning and the

final stage of its processing,
respectively

ERMF ≤ 1
ERMF ≥ 1.5
ERMF ≥ 2

No risk
Considerable risk

Very high risk

2.8. Statistical Analysis

A comprehensive statistical analysis was conducted to evaluate the obtained results.
The confidence interval of statistical analyses was selected as 95% (p < 0.05). The nor-
mality of the distribution was examined using the Shapiro-Wilk test. To determine the
relationship between groups of analyzed variables (HMs, pH, Eh, DM, OM, TOC) the
Pearson’s correlation coefficients (r) were calculated. To check the differences in the mean
values of specific parameters of the thickened excess sludge before and after its ultrasonic
disintegration (TOC, CST), the Student’s t-test correlation coefficient was applied. All
calculations and analyses were performed using MS Excel ver. 2211 (Microsoft 365) and
Statistica ver. 12.0 (StatSoft).

3. Results and Discussion
3.1. Basic Physicochemical Parameters of Sewage Sludge

The basic parameters of sewage sludge at successive stages of its processing are
presented in Table 4.

The physicochemical characteristics of SS samples collected at WWTP1 and WWTP2
indicate low fluctuations of individual parameters in the considered seasons. In accordance
with the literature data, the above-presented values of SS parameters are typical [3,7,9,41].
Sludge samples collected at the beginning of the processing line (S1) were characterized
by the lowest pH values, while at the final stage (S7) by the highest. It can be assumed
that lower pH values in primary SS compared to those at other points results from the
characteristics of raw wastewater. Moreover, the lowest Eh values were observed in
digested sludge (S6). Considering the fact that one of the main requirements for the proper
course of the AD is to provide reducing conditions, low Eh values in the above-mentioned
SS are typical. Moreover, the sludge samples at sampling point S7 were characterized by
the highest DM content. It was caused by the reduction of water content in SS as a result of
the dewatering process. In both WWTPs, the lowest OM content and TOC were indicated
in digested sludge samples (S6). However, despite the similar content of OM in the raw SS
samples, the digested sludge from WWTP1 was characterized by a lower content of OM
in comparison with the sludge from WWTP2. This means that SS from the first WWTP
was better stabilized. Taking into account that the pH value of sludge and temperature
during AD in WWTP2 are within the acceptable ranges, i.e., 6.8–7.4 and 33–37 ◦C [41], the
reason for the higher organic matter content might be too short of a stabilization time or
the composition of the mixed sludge subjected to AD. Moreover, in both cases, the redox
potential should be lower, because the limit value of this parameter in the AD process is
within the range of −490 mV to −550 mV [41].
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Table 4. Physicochemical properties of sewage sludge from two WWTPs.

WWTP1

Season Parameter Unit S1 S2 S3 S4 S5 S6 S7

Winter
pH -

6.4 7.1 6.8 6.7 6.7 6.8 8.0
Summer 6.5 7.3 6.8 6.6 6.7 7.2 8.5

x 6.5 7.2 6.8 6.7 6.7 7.0 8.3
Winter

Eh mV
−180 −115 −101 −120 −163 −228 −115

Summer −189 −76 −157 −195 −177 −240 −112
x −185 −96 −129 −157 −170 −234 −114

Winter
DM %

4.8 0.7 5.3 5.3 5.1 3.2 24.2
Summer 3.3 0.6 5.0 5.2 4.7 3.3 26.9

x 4.0 0.6 5.2 5.2 4.9 3.3 25.6
Winter

OM %DM

73.3 72.2 78.7 78.6 77.3 61.2 61.8
Summer 74.9 69.0 77.4 77.3 76.8 57.5 57.3

x 74.1 70.6 78.0 77.9 77.0 59.3 59.5
Winter

TOC %
37.9 30.5 34.6 34.6 34.8 27.6 29.5

Summer 36.9 29.3 33.7 33.6 35.0 26.1 28.2
x 36.9 29.3 34.1 34.1 35.0 26.1 28.2

WWTP2

Winter
pH -

6.6 7.4 7.0 7.3 6.8 6.7 7.9
Summer 5.7 7.2 6.9 6.9 6.4 7.0 7.5

x 6.2 7.3 7.0 7.1 6.6 6.9 7.7
Winter

Eh mV
−206 −124 −227 −225 −201 −218 −134

Summer −146 −122 −192 −206 −171 −259 −168
x −176 −123 −209 −216 −186 −239 −151

Winter
DM %

4.3 2.6 3.4 3.5 4.0 2.5 16.5
Summer 3.2 2.1 4.5 4.0 3.5 2.5 16.7

x 3.7 2.3 4.0 3.7 3.7 2.5 16.6
Winter

OM %DM

81.6 80.6 80.7 80.5 81.2 68.6 71.4
Summer 69.2 77.5 79.2 79.1 79.0 70.8 72.4

x 75.4 79.0 80.0 79.8 80.1 69.7 71.9
Winter

TOC %
40.7 34.7 34.4 34.8 38.9 32.0 34.9

Summer 39.6 35.8 35.6 34.9 38.0 33.7 34.9
x 39.6 35.8 35.0 34.8 38.0 33.7 34.9

3.2. Degree of Disintegration

Generally, the conducted research indicated that the process of ultrasonic disintegra-
tion did not negatively affect the basic parameters of thickened excess sludge (pH, Eh, DM,
OM, TOC). Similar observations were made by other scientists who analyzed the effect of
ultrasound treatment on selected sludge parameters when conducting the full-scale process
in one of Singapore’s WWTPs [42]. In accordance with the literature data, the application of
UD requires the constant control of several parameters, such as ultrasonic frequency, power
and intensity, DM content, pH, and temperature [18,19]. In practice, the most important
parameter is DM content. According to scientific data, the DM should be in the range of
2.3–3.2%. This avoids decreasing the UD efficiency and eliminates the increases in energy
consumption [17]. Unfortunately, this fact is often neglected by exploiters of WWTPs. In
the discussed research, in both of the analyzed WWTPs, the mean content of DM in the
thickened excess sludge samples (S3) were higher than allowed, i.e., 5.2% (WWTP1) and
4.0% (WWTP2). This could negatively affect the efficiency of the process.

The disintegration degree (DDCOD) of thickened excess sludge from WWTP1 and
WWTP2 amounted to 0.7% to 1.5% (average 1.1%) and from 0.8% to 2.2% (average 1.4%),
respectively. While considering the ratio of SCOD content in the sludge samples before and
after UD, the multiplicity of this parameter increase was the same for both WWTPs and
amounted to 1.7 (increase in SCOD concentrations by 66%). It is important to note that
the presented results concern the UD of thickened excess SS in the full-scale installation.
Therefore, the DDCOD will not be as high as in the bench-scale, where the power and
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intensity of ultrasound are much higher, and the volume of SS is incomparably smaller. This
parameter was only used to confirm that the UD process is running correctly. Moreover, the
degree of disintegration would also be higher if the DM concentrations of SS samples were
lower. However, the DDCOD is one of the most commonly used indices for the assessment
of disintegration degree while conducting the process at bench-scale and semi-technical
scale [18,43–45].

Further proof that UD treatment went flawlessly, there were also changes observed
in the sewage sludge characteristics after the process was completed, i.e., the increase in
the capillary suction time and in the content of total organic carbon in the supernatant
liquids. The obtained results indicated that CST increased from 131 s to 565 s, and from
26 s to 66 s for thickened excess sludge samples collected from the WWTP1 and WWTP2,
which gives an increase of 331% and 154%, respectively. A similar trend was noted in
relation to the content of TOC in sludge supernatant after SS sonication. The content of
TOC increased from 60.2 mg·L−1 to 109.0 mg·L−1, and from 60.0 mg·L−1 to 95.3 mg·L−1 for
sludge samples collected from WWTP1 and WWTP2, which gives 81% and 59% increases,
respectively. Similar conclusions were also presented in our previous research [18,46,47].
Despite the lower content of DM in the sludge collected from WWTP1, the disintegration
effects were weaker. This may be due to the use of different frequencies, intensity or power
during the process in the two WWTPs. However, the dependent sample t-test confirmed
that in both cases, the observed changes were statistically significant. The results of the
t-test are shown in Figures 3A,B and 4A,B.
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3.3. Total Content of Heavy Metals

The concentrations of heavy metals in sewage sludge samples from two WWTPs
are presented in Table 5. The content of HMs showed no significant variability in the
considered seasons. The only exceptions were the content of Pb and Cr at WWTP1, as
well as Cr and Zn at WWTP2. The dominant HM in sludge samples was Zn, while Hg
presented the lowest concentrations. In general, the total content of HMs did not exceed
the permissible levels in sewage sludge used for agricultural purposes, both in Poland [11]
and in the European Union [12].

Table 5. Heavy metals concentrations in sewage sludge from two WWTPs.

WWTP1

Season HM
S1 S2 S3 S4 S5 S6 S7

mg·kg−1

Winter
Cd

3.7 2.9 2.9 2.8 2.9 5.4 4.1
Summer 5.0 2.3 3.1 2.8 3.8 4.9 5.2

x 4.3 2.6 3.2 2.8 3.3 5.1 4.6
Winter

Cr
35.5 39.3 26.6 31.2 28.2 42.3 42.6

Summer 31.7 22.6 27.5 26.0 30.9 55.6 54.7
x 33.6 30.9 29.3 28.6 29.5 49.0 48.6

Winter
Cu

195.5 337.7 359.3 362.2 309.0 373.9 339.0
Summer 238.6 300.8 352.2 341.3 329.1 415.2 338.1

x 217.1 319.3 384.8 351.8 319.0 394.5 338.5
Winter

Ni
49.6 76.4 89.2 72.9 68.3 80.0 78.5

Summer 68.2 79.5 80.5 89.7 90.9 118.0 117.6
x 58.9 77.9 84.0 81.3 79.6 99.0 98.1

Winter
Pb

7.4 4.7 4.3 3.7 3.3 7.5 7.7
Summer 10.2 6.0 6.9 7.2 9.0 17.8 12.1

x 8.8 5.4 5.6 5.5 6.2 12.7 9.9
Winter

Zn
777.7 672.6 778.4 719.2 746.7 925.6 912.9

Summer 642.4 667.7 757.4 769.5 829.8 1083.1 1047.2
x 710.1 670.2 796.3 744.4 788.2 1004.3 980.0

Winter
Hg

0.04 0.02 0.02 0.02 0.03 0.06 0.06
Summer 0.08 0.02 0.02 0.02 0.05 0.05 0.05

x 0.06 0.02 0.02 0.02 0.04 0.06 0.05

WWTP2

Winter
Cd

1.5 2.4 2.4 2.7 2.3 3.0 3.0
Summer 1.3 2.0 2.5 2.0 1.9 2.2 2.2

x 1.4 2.2 2.4 2.4 2.1 2.6 2.6
Winter

Cr
75.0 101.8 117.2 133.8 93.1 187.4 206.9

Summer 166.8 178.8 205.6 195.0 178.5 219.5 212.1
x 120.9 140.3 161.4 164.4 135.8 203.4 209.5

Winter
Cu

112.3 128.3 122.5 126.3 106.3 154.2 160.5
Summer 146.0 142.7 154.3 146.5 137.0 170.3 158.2

x 129.1 135.5 138.4 136.4 121.6 162.3 159.3
Winter

Ni
17.0 19.2 24.2 26.6 20.5 27.3 32.7

Summer 21.1 23.2 24.7 24.8 22.5 21.7 27.0
x 19.1 21.2 24.4 25.7 21.5 24.5 29.8

Winter
Pb

11.9 9.7 9.9 10.1 10.8 12.7 13.7
Summer 13.8 11.2 13.0 13.1 13.0 15.5 15.5

x 12.9 10.4 11.4 11.6 11.9 14.1 14.6
Winter

Zn
377.7 364.7 362.3 395.1 352.1 595.4 592.8

Summer 518.6 493.0 525.3 466.5 456.6 553.6 551.4
x 448.2 428.9 443.8 430.8 404.3 574.5 572.1

Winter
Hg

0.07 0.01 0.02 0.01 0.06 0.05 0.04
Summer 0.05 0.04 0.04 0.04 0.05 0.04 0.05

x 0.06 0.02 0.03 0.03 0.06 0.04 0.05



Water 2023, 15, 666 12 of 28

The mean concentrations of HMs in the sludge samples, in the entire processing line,
were as follows: Zn > Cu > Ni > Cr > Pb > Cd > Hg and Zn > Cr > Cu > Ni > Pb > Cd > Hg
for WWTP1 and WWTP2, respectively. A similar series of HMs were also presented by
other scientists, e.g., Zn > Cr > Cu > Pb > Ni > Cd [1], Zn > Cu > Cr > Ni > Pb > Cd [48]
and Zn > Cu > Pb > Cr > Ni [49]. The scientific literature presents information about the
high adsorption ability of activated sludge (AS), for example in relation to Cu or Zn [50,51].
In this study the AS is represented by excess sludge, which is an excess of activated sludge
that goes to the secondary tank (S2). This relationship was observed only to a certain
extent in this research. It was indicated that the summary content of HMs in excess sludge
slightly increased in comparison with the primary sludge (S1). However, in both cases,
the highest concentration of each of the analyzed HMs was found at the last two stages
of the processing line, i.e., in the digested (S6) and dewatered sludge (S7) samples. The
literature data report that increasing pH favors the adsorption of HM ions (as a result of
less competition between H+ and HM ions for adsorption sites) [51]. Comparing the slight
variations in pH, Eh (except for S1–S2 and S6–S7), OM and TOC values with fluctuation
with regard to DM content, most likely, the key factor of changes in the total content of
HMs in sludge were the dry matter content. The value of this parameter was subjected
to dynamic changes in subsequent processes used in the WWTPs (especially at sampling
points S2, S3 and S6). However, considering the high concentrations of HMs in the digested
sludge, and considering the decrease in the content of DM, OM and TOC, the reason
for the increase of heavy metals content was probably their adsorption on the surface of
sludge flocs.

In summary, the total content of all analyzed HMs in sewage sludge samples exhibited
a similar order, i.e., S6 > S7 > S3 > S5 > S4 > S2 > S1 (WWTP1) and S7 > S6 > S3 > S4 >
S2 > S1 > S5 (WWTP2). Small differences may result from changes in the parameters of
the conducted processes or temporary disturbances in their courses. Understanding the
processes used in WWTPs is one of the most crucial factors in explaining the mechanisms
of HMs migration in sewage sludge. Unfortunately, in the scientific literature there are only
a few studies of the distribution of chemical forms of HMs and their trends of migration in
WWTP [3,7,51,52].

Considering the data presented in Table 5, it can be also stated that the process of
ultrasonic disintegration does not strongly affect the HMs concentration in the thickened
excess sludge. Moreover, a slight decrease in the content of HMs in SS after UD was
observed (except for Hg). However, this is also further proof that ultrasonic disintegration
is an environmentally friendly method of SS pretreatment.

To determine whether there is a relationship between the analyzed HMs, the Pearson’s
correlation matrixes were prepared. Considering the obtained results, the existence of
a correlation between analyzed heavy metals, with a few exceptions, can be confirmed.
However, this relationship is statistically significant only between some of them. The
strong correlation means that HMs probably had the same behavior during transport
and even source of origin [53,54]. Similar conclusions have also been drawn by other
scientists [54–56]. The obtained results are presented in Table 6.

Table 6. Pearson’s correlation matrix of heavy metals concentrations in sewage sludge from
two WWTPs.

WWTP1 WWTP2

Cd Cr Cu Ni Pb Zn Hg Cd Cr Cu Ni Pb Zn Hg

Cd 1.00 Cd 1.00
Cr 0.88 * 1.00 Cr 0.86 * 1.00
Cu −0.01 0.26 1.00 Cu 0.71 0.94 * 1.00
Ni 0.37 0.68 0.84 * 1.00 Ni 0.83 * 0.88 * 0.72 1.00
Pb 0.97 * 0.92 * 0.10 0.46 1.00 Pb 0.25 0.69 0.71 0.51 1.00
Zn 0.79 * 0.89 * 0.54 0.85 * 0.80 * 1.00 Zn 0.55 0.88 * 0.96 * 0.64 0.88 * 1.00
Hg 0.92 * 0.74 −0.33 0.12 0.86 * 0.59 1.00 Hg −0.46 −0.12 −0.11 −0.23 0.58 0.18 1.00

* Bold—significant correlations at p < 0.05.
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3.4. Heavy Metals Balance

In order to indicate at which sampling points the greatest differences in the summary
HMs content occurred, simplified balance sheets were prepared (Figure 5A,B). The balances
do not include the concentrations of heavy metals in the leachate due to their small impact
on the overall HMs content in the SS. In the WWTP1, leachates are generated during
thickening of primary (L1) and excess sludge (L2) as well as during dewatering of digested
sludge (L3), while in the WWTP2 during thickening of excess sludge (L2) and dewatering
(L3). In general, the measured levels of HMs are below the limits of detection, which means
that the leachate stream returned to the processing line of the WWTPs does not pose a
threat. The percentage shares of individual HMs in leachate, in comparison with their
total content in sludge samples, are low, with some exceptions, i.e., Cd (27.9%; L3), Ni
(42.4%; L1) and Pb (31.3%; L1) in the WWTP1, as well as Pb (32.3%; L2 and 17.4%; L3) in
the WWTP2. However, it should be noted that the volume of leachate generated during
sludge processing constitutes a small percentage of the volume of SS produced.

Water 2023, 15, x FOR PEER REVIEW 13 of 29 
 

 

3.4. Heavy Metals Balance 
In order to indicate at which sampling points the greatest differences in the summary 

HMs content occurred, simplified balance sheets were prepared (Figure 5A,B). The 
balances do not include the concentrations of heavy metals in the leachate due to their 
small impact on the overall HMs content in the SS. In the WWTP1, leachates are generated 
during thickening of primary (L1) and excess sludge (L2) as well as during dewatering of 
digested sludge (L3), while in the WWTP2 during thickening of excess sludge (L2) and 
dewatering (L3). In general, the measured levels of HMs are below the limits of detection, 
which means that the leachate stream returned to the processing line of the WWTPs does 
not pose a threat. The percentage shares of individual HMs in leachate, in comparison 
with their total content in sludge samples, are low, with some exceptions, i.e., Cd (27.9%; 
L3), Ni (42.4%; L1) and Pb (31.3%; L1) in the WWTP1, as well as Pb (32.3%; L2 and 17.4%; 
L3) in the WWTP2. However, it should be noted that the volume of leachate generated 
during sludge processing constitutes a small percentage of the volume of SS produced. 

  
(A) (B) 

Figure 5. (A,B). The balance sheets of HMs at successive stages of sludge processing in WWTP1 (A) 
and WWTP2 (B). 

The idea of a simple HMs balance results from the fact that in order to make a full 
balance, it is necessary to know, i.e., the concentrations of HMs in raw wastewater, flow 
rates and the mass of sludge produced [50,57]. The publication of such data depends on 
the decision of the given WWTP. The obtained results indicated that, in total, the highest 
content of heavy metals was found in the stabilized (S6) and dewatered (S7) sludge 
samples, i.e., 1564.7 mg·kg−1 and 1479.8 mg·kg−1 (WWTP1), and also 981.4 mg·kg−1 and 
988.0 mg·kg−1 (WWTP2). However, the balance prepared for WWTP1 shows that the 
greatest differences in HMs content in SS were reported between sampling points S2 and 
S3 (17.8%), as well as between S5 and S6 (27.6%), while in the WWTP2 between S5 and S6 
(40.7%). The above mentioned changes probably resulted from the processes used at the 
individual WWTP, i.e., thickening and stabilization. While the increase in the 
concentrations of heavy metals between excess and thickened excess sludge can be 
explained by an increase of the dry matter content, in the case of digested sludge it is not 
so obvious. It was indicated that despite the decrease in DM content, the concentrations 
of HMs in digested sludge increased. Anaerobic digestion is a very complex process 
during which a number of transformations (phases) occur that may contribute to the 
accumulation of HMs by the microorganisms conducting the process. The high 
concentrations of HMs could be related to their good binding to the solid particles of SS, 
and also to the changes in its characteristics during the process (pH, Eh, OM, etc.). The 
results described above partly confirm the authors’ previous observations [3,7]. 

Figure 5. (A,B). The balance sheets of HMs at successive stages of sludge processing in WWTP1
(A) and WWTP2 (B).

The idea of a simple HMs balance results from the fact that in order to make a full
balance, it is necessary to know, i.e., the concentrations of HMs in raw wastewater, flow
rates and the mass of sludge produced [50,57]. The publication of such data depends on the
decision of the given WWTP. The obtained results indicated that, in total, the highest content
of heavy metals was found in the stabilized (S6) and dewatered (S7) sludge samples, i.e.,
1564.7 mg·kg−1 and 1479.8 mg·kg−1 (WWTP1), and also 981.4 mg·kg−1 and 988.0 mg·kg−1

(WWTP2). However, the balance prepared for WWTP1 shows that the greatest differences
in HMs content in SS were reported between sampling points S2 and S3 (17.8%), as well as
between S5 and S6 (27.6%), while in the WWTP2 between S5 and S6 (40.7%). The above
mentioned changes probably resulted from the processes used at the individual WWTP,
i.e., thickening and stabilization. While the increase in the concentrations of heavy metals
between excess and thickened excess sludge can be explained by an increase of the dry
matter content, in the case of digested sludge it is not so obvious. It was indicated that
despite the decrease in DM content, the concentrations of HMs in digested sludge increased.
Anaerobic digestion is a very complex process during which a number of transformations
(phases) occur that may contribute to the accumulation of HMs by the microorganisms
conducting the process. The high concentrations of HMs could be related to their good
binding to the solid particles of SS, and also to the changes in its characteristics during
the process (pH, Eh, OM, etc.). The results described above partly confirm the authors’
previous observations [3,7].
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3.5. Chemical Speciation of Heavy Metals

The mean concentrations of heavy metals in sewage sludge at successive stages of its
processing are presented in Tables 7 and 8. The recovery rate (RM) (excluding Hg) ranged
from 85% to 133% and 87% to 132%, for WWTP1 and WWTP2, respectively. Similar values
of RM were presented by other scientists, i.e., 90–131% [53]; 103–123% [58] and 46–108% [59].
In relation to mercury, lower recoveries were achieved, most probably since each extraction
step influences volatilization of this element and its removal from the sludge [34]. A similar
tendency was also observed in previous research [3,7,34]. Moreover, the concentrations of
selected HMs in different chemical fractions were below the limit of detection for particular
elements, i.e., Cd, Pb and Hg (WWTP1), as well as Cd and Hg (WWTP2). Most of the
analyzed HMs were mainly bound to the oxidizable (F3) fraction. Heavy metals bound to
immobile fractions should not pose a threat in the case of the agricultural use of sewage
sludge [2]. However, according to literature data, HMs bounded to organic and sulfide
material are supposed to remain in the sludge for longer periods in comparison to the acid
soluble/exchangeable and reducible fractions but may also be mobilized by decomposition
processes [21,60]. In general, the mean concentrations of HMs in different chemical fractions
followed the orders:

Table 7. Chemical speciation of heavy metals in sewage sludge from WWTP1—mean values.

HM F
S1 S2 S3 S4 S5 S6 S7

mg·kg−1

Cd

F1 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 BLOD 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1
F2 0.5 ± 0.1 0.8 ± 0.4 0.8 ± 0.6 0.7 ± 0.4 0.8 ± 0.4 0.6 ± 0.4 0.7 ± 0.4
F3 4.0 ± 0.4 1.2 ± 0.5 1.7 ± 0.1 1.7 ± 0.04 2.1 ± 0.5 4.0 ± 0.4 2.6 ± 1.3
F4 0.1 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.5 1.2 ± 0.3 1.1 ± 0.2

RM 112% 106% 104% 109% 113% 114% 102%

Cr

F1 0.4 ± 0.03 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.6 ± 0.1
F2 1.0 ± 0.1 0.5 ± 0.03 0.5 ± 0.03 0.4 ± 0.02 0.5 ± 0.03 0.3 ± 0.04 0.5 ± 0.1
F3 24.5 ± 6.8 15.6 ± 8.2 17.6 ± 7.4 20.6 ± 8.0 18.5 ± 2.8 32.5 ± 7.2 26.4 ± 14.3
F4 10.4 ± 1.7 9.5 ± 0.2 11.4 ± 0.4 11.4 ± 1.3 10.9 ± 1.5 23.0 ± 2.9 21.0 ± 3.0

RM 108% 85% 102% 114% 102% 115% 100%

Cu

F1 11.6 ± 5.0 7.2 ± 1.8 5.5 ± 3.0 3.9 ± 0.4 7.4 ± 3.0 4.1 ± 1.9 15.3 ± 2.0
F2 10.9 ± 0.9 4.7 ± 1.4 4.8 ± 0.7 4.3 ± 2.9 5.9 ± 0.9 1.4 ± 1.2 3.0 ± 0.4
F3 195.8 ± 12.3 296.6 ± 139.5 350.1 ± 117.0 359.5 ± 91.7 319.5 ± 28.6 450.0 ± 9.9 307.4 ± 68.7
F4 7.2 ± 1.0 15.8 ± 1.7 19.8 ± 4.3 17.8 ± 3.3 13.0 ± 3.8 29.3 ± 1.2 24.4 ± 1.9

RM 104% 102% 99% 129% 108% 123% 103%

Ni

F1 20.8 ± 3.2 35.5 ± 3.3 38.2 ± 10.2 33.7 ± 13.0 28.6±11.8 39.4 ± 19.2 46.4 ± 16.0
F2 9.3 ± 2.9 15.6 ± 2.1 17.6 ± 0.7 20.4 ± 1.2 16.0±2.8 16.2 ± 3.6 13.2 ± 2.19
F3 34.7 ± 2.9 29.1 ± 5.4 32.7 ± 5.5 34.8 ± 1.8 33.0±2.1 58.6 ± 10.2 44.8 ± 26.0
F4 4.1 ± 0.4 4.4 ± 0.2 4.8 ± 0.6 4.6 ± 0.6 4.6±1.9 10.5 ± 1.9 8.4 ± 0.2

RM 117% 108% 112% 115% 103% 126% 115%

Pb

F1 BLOD BLOD BLOD BLOD 0.1±0.1 0.1 ± 0.1 BLOD
F2 BLOD BLOD BLOD 0.4 ± 0.3 BLOD 0.1 ± 0.2 BLOD
F3 5.0 ± 1.4 0.1 ± 0.1 0.3 ± 0.5 0.6 ± 0.8 0.5 ± 0.7 1.1 ± 1.5 1.4 ± 1.9
F4 4.9 ± 2.4 4.9 ± 0.7 5.3 ± 1.5 4.8 ± 0.9 5.5 ± 1.8 10.2 ± 2.3 9.8 ± 2.1

RM 113% 94% 100% 107% 97% 91% 113%

Zn

F1 257.2 ± 75.5 128.1 ± 5.4 103.4 ± 14.4 93.3 ± 43.9 140.2 ± 30.7 130.0 ± 13.6 214.3 ± 32.1
F2 281.6 ± 57.1 347.8 ± 15.3 344.7 ± 9.2 326.8 ± 39.7 387.4 ± 10.2 342.8 ± 35.0 411.2 ± 10.9
F3 342.5 ± 71.0 271.6 ± 117.2 394.1 ± 98.9 413.5 ± 98.7 323.0 ± 42.7 774.4 ± 96.6 466.5 ± 134.1
F4 9.9 ± 1.1 38.3 ± 8.2 56.1 ± 1.9 52.4 ± 3.3 32.4 ± 12.8 84.6 ± 14.8 64.3 ± 9.1

RM 126% 117% 114% 119% 112% 133% 118%

Hg

F1 BLOD BLOD BLOD BLOD BLOD BLOD BLOD
F2 BLOD BLOD BLOD BLOD BLOD BLOD BLOD
F3 BLOD BLOD BLOD BLOD BLOD BLOD BLOD
F4 0.05 ± 0.013 0.02 ± 0.001 0.02 ± 0.003 0.02 ± 0.001 0.03 ± 0.014 0.06 ± 0.008 0.05 ± 0.004

RM 81% 85% 99% 81% 80% 101% 97%

Results are expressed as the mean ± standard deviation (SD).
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Table 8. Chemical speciation of heavy metals in sewage sludge from WWTP2—mean values.

HM F
S1 S2 S3 S4 S5 S6 S7

mg·kg−1

Cd

F1 BLOD BLOD BLOD BLOD 0.2 ± 0.1 BLOD 0.2 ± 0.1
F2 0.3 ± 0.04 0.3 ± 0.03 0.3 ± 0.03 0.3 ± 0.02 0.3 ± 0.04 0.3 ± 0.1 0.4 ± 0.04
F3 1.1 ± 0.1 1.0 ± 0.0 1.0 ± 0.02 1.0 ± 0.1 1.1 ± 0.2 1.2 ± 0.6 1.0 ± 0.1
F4 0.2 ± 0.1 0.9 ± 1.0 0.9 ± 0.02 0.8 ± 0.1 0.7 ± 0.2 1.0 ± 0.0 0.8 ± 0.1

RM 110% 102% 91% 92% 111% 97% 87%

Cr

F1 0.5 ± 0.1 0.5 ± 0.1 0.6 ± 0.04 0.6 ± 0.01 0.7 ± 0.2 0.8 ± 0.03 0.8 ± 0.1
F2 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.02 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.7 ± 0.1
F3 127.8 ± 78.2 134.6 ± 68.0 158.5 ± 63.0 160.6 ± 22.6 134.6 ± 64.8 179.9 ± 19.4 198.6 ± 2.7
F4 18.3 ± 12.6 26.9 ± 13.6 33.2 ± 7.3 37.4 ± 7.2 26.8 ± 14.4 35.8 ± 5.7 40.6 ± 1.5

RM 122% 116% 119% 121% 120% 107% 115%

Cu

F1 5.0 ± 2.8 3.2 ± 2.1 2.6 ± 0.4 2.7 ± 1.2 3.5 ± 1.1 3.8 ± 0.9 4.9 ± 1.6
F2 6.7 ± 2.7 3.6 ± 2.0 2.8 ± 0.8 2.5 ± 1.0 2.6 ± 1.0 2.6 ± 0.04 3.2 ± 1.3
F3 137.7 ± 49.7 139.8 ± 48.4 163.4 ± 6.6 153.1 ± 6.1 131.3 ± 18.6 160.5 ± 11.0 173.8 ± 7.0
F4 4.3 ± 5.4 6.4 ± 3.1 6.5 ± 2.5 6.9 ± 1.7 5.8 ± 3.9 8.3 ± 0.4 8.0 ± 2.9

RM 119% 113% 127% 121% 118% 108% 119%

Ni

F1 4.7 ± 0.5 6.4 ± 2.6 6.8 ± 1.4 7.4 ± 0.8 6.5 ± 0.2 6.7 ± 1.0 7.4 ± 0.3
F2 2.8 ± 0.04 3.3 ± 0.3 3.4 ± 0.6 3.5 ± 0.04 2.9 ± 0.04 3.1 ± 0.5 3.9 ± 0.6
F3 7.6 ± 2.7 8.9 ± 1.9 10.0 ± 2.4 10.2 ± 2.5 8.7 ± 1.0 9.6 ± 3.6 10.3 ± 0.4
F4 3.3 ± 1.3 2.8 ± 1.5 2.9 ± 0.1 4.1 ± 1.6 3.2 ± 1.6 4.6 ± 1.7 4.5 ± 0.8

RM 97% 101% 95% 97% 99% 98% 88%

Pb

F1 0.2 ± 0.2 0.1 ± 0.2 0.3 ± 0.2 0.4 ± 0.1 0.3 ± 0.4 0.5 ± 0.2 BLOD
F2 0.3 ± 0.4 0.5 ± 0.2 0.4 ± 0.01 0.4 ± 0.1 0.4 ± 0.2 0.5 ± 0.1 0.1 ± 0.2
F3 5.8 ± 0.9 2.0 ± 0.2 1.5 ± 0.2 1.6 ± 0.1 2.6 ± 0.8 1.9 ± 0.6 2.2 ± 0.1
F4 6.9 ± 4.4 9.4 ± 4.0 9.1 ± 3.9 9.7 ± 3.5 9.9 ± 4.8 11.1 ± 0.8 12.3 ± 0.7

RM 102% 115% 99% 104% 111% 99% 101%

Zn

F1 155.5 ± 23.4 103.5 ± 8.9 114.2 ± 14.4 126.8 ± 21.0 142.2 ± 3.6 158.1 ± 26.7 234.1 ± 50.0
F2 184.9 ± 17.2 162.1 ± 12.9 154.6 ± 9.0 165.0 ± 25.1 157.2 ± 2.0 195.0 ± 28.2 252.8 ± 25.9
F3 203.4 ± 112.9 232.7 ± 102.6 239.8 ± 44.1 246.3 ± 17.5 208.9 ± 81.8 278.7 ± 108.6 234.7 ± 22.1
F4 9.4 ± 6.7 30.0 ± 5.1 33.1 ± 13.7 28.1 ± 3.0 27.4 ± 19.5 34.0 ± 7.2 23.8 ± 10.8

RM 123% 123% 122% 131% 132% 116% 130%

Hg

F1 BLOD BLOD BLOD BLOD BLOD BLOD BLOD
F2 BLOD BLOD BLOD BLOD BLOD BLOD BLOD
F3 BLOD BLOD BLOD BLOD BLOD BLOD BLOD
F4 0.02 ± 0.007 0.02 ± 0.006 0.03 ± 0.009 0.03 ± 0.014 0.02 ± 0.002 0.04 ± 0.011 0.04 ± 0.013

RM 36% 87% 94% 105% 42% 83% 90%

Results are expressed as the mean ± standard deviation (SD).

Cd: F3 > F2 > F4 > F1 (WWTP1) and F3 > F4 > F2 > F1 (WWTP2)
Cr: F3 > F4 > F2 > F1 (WWTP1 and WWTP2)
Cu: F3 > F4 > F2 > F1 (WWTP1 and WWTP2)
Ni: F3 > F1 > F2 > F4 (WWTP1 and WWTP2)
Pb: F4 > F3 > F2 > F1 (WWTP1 and WWTP2)
Zn: F3 > F2 > F1 > F4 (WWTP1 and WWTP2)
Hg: F4 (WWTP1 and WWTP2)
The obtained results indicate that the percentage share of particular heavy metals in

sewage sludge at successive stages of its processing showed some fluctuation (Figures 6
and 7). Cadmium in sludge mainly existed in the oxidizable fraction within the range of
42–81% and 40–70%, for WWTP1 and WWTP2, respectively. However, the percentage share
of this element in the mobile fractions (F1 + F2) was also noticeable, i.e., 12–40% (WWTP1)
and 12–20% (WWTP2). The main occurring form of Cr, Cu, Ni, Pb and Zn was the same
as for cadmium and amounted to 67%; 93%; 51%; 51%; 58% (WWTP1) and to 87%; 93%;
43%; 47%; 44% (WWTP2), respectively. In turn, mercury was found only in the residual
fraction, which was reported to be stable and hardly affected by environmental factors
(pH, Eh, etc.) [21,61]. However, in the case of Ni and Zn, it was found that they were also
strongly bound with acid soluble/exchangeable (F1) and reducible (F2) fractions, which
are more readily released into the environment and might pose a threat both for plants and
animals, and even for humans, as a result of entering the food chain [2]. The percentage
share of these two elements in mobile fractions ranged from 43% to 60% (Ni) and 36% to
61% (Zn), and also from 42% to 45% (Ni) and 50% to 65% (Zn), for SS from the WWTP1
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and WWTP2, respectively. The above presented data are in good agreement with those
reported in the other scientific papers [1,3,7,10].
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The biggest differences between the distribution of selected HMs (Cd, Ni and Zn)
in the sum of mobile fractions were noted between the sludge samples at the following
points: S1 and S2; S5 and S6; S6 and S7. With regard to SS from WWTP1, the differences
amounted to +25%, −16%, +12% (Cd); +17%, −10%, +10% (Ni); +1%, −24%, +18% (Zn),
for S1–S2, S5–S6 and S6–S7 sampling points, respectively. In turn, in relation to SS from
WWTP2, the differences were: −7%, −4%, +6% (Cd); +3%, −3%, +1% (Ni), −12%, −3%,
+11% (Zn), respectively. The differences were more visible in relation to sewage sludge from
WWTP1. Similar observations with regard to Zn in digested and dewatered sludge were
made by other researchers [52]. Moreover, this tendency was also shown in the authors’
previous study [3,7]. According to literature data, HMs in SS can be released mainly due to
changes in pH, Eh, dissolved oxygen content and OM content [62]. Taking into account
that the activated sludge process is conducted in aerated reactors, the dissolved oxygen
underwent changes. Moreover, simultaneously, an increase of the pH and Eh values in
excess sludge was observed. It is possible that these parameters have significantly affected
the distribution of HMs fractions in excess sludge. However, this was observed only in
excess sludge from WWTP1. In general, the changes in species distribution of HMs in
WWTP2 were less noticeable than in WWTP1. As was previously mentioned, the second
biggest difference in relation to the content of HMs in mobile fractions was noted between
the mixed (S5) and digested sludge (S6) samples. Considering that during stabilization,
the organic matter underwent reduction, as a result of decomposition by microorganisms
conducting the process [62], automatically, heavy metals that were bound to organic matter
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are released, which results in an increase in the share of HMs in the non-mobile fraction
(F3) in relation to the mobile ones (F1 + F2). In turn, it is difficult to explain why, after
dewatering, the concentrations of HMs in mobile forms rose again. So far, the authors of
this paper and other scientists have not observed this trend in their research [3,52] or noted
it but to a lesser extend [7]. It may possibly related to changes in pH and Eh values. In
addition, in the dewatering process, polyelectrolytes can also be added, which can also
cause an increase in the share of heavy metals in mobile forms. The possible mechanisms of
the influences of the dewatering process on the distribution of acid soluble/exchangeable
and reducible fractions of heavy metals in sewage sludge will be studied in the future.

Given the fact that in both WWTPs conducting ultrasonic disintegration of thickened
excess sludge, the impact of this process on the distribution of HMs in chemical forms
(especially in mobile ones) of SS was also investigated (Tables 7 and 8). The obtained
results indicated that there was no direct effect of the disintegration on the increase in
concentrations of particular heavy metals in mobile forms (F1 + F2). Moreover, the UD
also did not change the way that HMs bind in sewage sludge. The HMs concentrations in
mobile forms of SS before and after UD were at the comparable level (Figures 6 and 7).

Pearson’s correlation coefficient was calculated to assess the strength of the correlations
between the basic physicochemical parameters of sewage sludge (in the processing line
of the studied WWTPs) and the concentrations of chemical forms of the HMs (Table 9).
The results of a statistical analysis indicated that some of the parameters of sewage sludge
correlated with the concentrations of individual heavy metals in certain chemical fractions,
i.e., pH values correlated significantly with the concentrations of Cr and Ni (WWTP1), and
Ni (WWTP2) in the fractions F1, F2 and F3 (WWTP2), and also Cr and Pb (WWTP2) in
the fraction F4. There were also strong or moderate correlations in relation to other HMs
but they were statistically insignificant. However, it is well-known that pH is one of the
key parameters (factors) that affect the HMs distribution [62,63]. A strong, statistically
significant correlation existed between Eh and the content of Cr and Cd (WWTP1) in the
fractions F1 and F3, respectively, as well as of Pb (WWTP2) in the fraction F1. Another
parameter which correlated with HMs is the dry matter content. The DM content in the
sludge samples from WWTP2 correlated with the content of Zn in the fraction F1, and
with the content of almost all of the analyzed HMs (except Cu) in the fraction F2. For
comparison, this tendency was not observed in relation to sewage sludge from WWTP1.
Also, the authors’ previous research did not show such a relationship [3,7]. In turn, the
organic matter content in sewage sludge from WWTP2 correlated strongly with the content
of Zn in the fraction F1, and with all analyzed HMs (except Cu) in the fraction F2. Similar
observations in relation to Cr, Cu and Pb in the sum of mobile fractions [52], as well as to Pb
and Zn in the fraction F2 [53] were made by other scientists. As in the case of DM content,
this tendency was not observed in the case of sludge samples from WWTP1. A strong,
negative and statistically significant correlation existed between TOC and the content of
all HMs in sludge from WWTP1, as well as Cd, Cr, Cu and Zn in sludge from WWTP2,
in the fraction F4. Moreover, a similar tendency was observed in relation to HMs in the
fraction F3, however, in this case only a few correlations were statistically significant. The
results of statistical analysis confirmed that the content of organic substances (OM and
TOC) and pH values are the key parameters that affected the distribution of heavy metals
in sewage sludge. However, it should be noted that changes in the content of heavy metals
in the individual chemical fractions, in sewage sludge is associated with the processes
used in WWTPs. As a result of these processes, the physicochemical parameters of sewage
sludge undergo changes, which have a direct impact on the distribution of heavy metals in
individual chemical fractions.
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Table 9. Pearson’s correlation matrix of chemical forms of HMs and basic parameters of sewage
sludge from two WWTPs.

WWTP1 Cd_F1 Cr_F1 Cu_F1 Ni_F1 Pb_F1 Zn_F1 WWTP2 Cd_F1 Cr_F1 Cu_F1 Ni_F1 Pb_F1 Zn_F1

pH 0.56 0.86 * 0.62 0.80 * −0.16 0.24 pH 0.27 0.42 −0.17 0.81 * −0.32 0.31
Eh 0.36 0.77 * 0.34 0.33 −0.75 −0.07 Eh 0.30 −0.36 0.33 −0.19 −0.86 * 0.11

DM 0.34 0.67 0.75 0.59 −0.24 0.43 DM 0.67 0.51 0.54 0.40 −0.67 0.88 *
OM 0.28 0.64 0.73 0.56 −0.27 0.41 OM 0.68 0.50 0.52 0.40 −0.67 0.87 *
TOC −0.30 −0.41 0.03 −0.80 * −0.38 0.20 TOC 0.21 −0.56 0.43 −0.76 * −0.32 −0.03

Cd_F2 Cr_F2 Cu_F2 Ni_F2 Pb_F2 Zn_F2 Cd_F2 Cr_F2 Cu_F2 Ni_F2 Pb_F2 Zn_F2

pH 0.28 −0.36 −0.50 −0.15 −0.26 0.75 pH 0.65 0.52 −0.57 0.91 * −0.17 0.46
Eh 0.72 0.00 −0.01 0.07 −0.28 0.37 Eh −0.21 0.19 0.35 0.20 −0.13 0.21

DM 0.10 −0.13 −0.25 −0.24 −0.16 0.65 DM 0.78 * 0.88 * −0.05 0.76 * −0.82 * 0.87 *
OM 0.12 −0.12 −0.22 −0.21 −0.13 0.64 OM 0.78 * 0.86 * −0.06 0.76 * −0.83 * 0.85 *
TOC −0.12 0.70 0.84 * −0.17 −0.01 −0.50 TOC −0.47 −0.29 0.72 −0.56 −0.27 −0.20

Cd_F3 Cr_F3 Cu_F3 Ni_F3 Pb_F3 Zn_F3 Cd_F3 Cr_F3 Cu_F3 Ni_F3 Pb_F3 Zn_F3
pH −0.11 0.24 0.08 0.32 −0.23 0.16 pH −0.52 0.69 0.67 0.81 * −0.72 0.42
Eh −0.77 * −0.70 −0.36 −0.64 −0.35 −0.68 Eh −0.53 −0.25 −0.24 −0.27 0.20 −0.54

DM 0.06 0.31 −0.09 0.28 0.05 0.12 DM −0.41 0.69 0.63 0.45 −0.06 −0.07
OM 0.03 0.27 −0.10 0.23 0.04 0.08 OM −0.44 0.67 0.62 0.45 −0.07 −0.09
TOC −0.06 −0.47 −0.64 −0.69 0.45 −0.64 TOC −0.05 −0.72 −0.71 −0.81 * 0.83 * −0.94 *

Cd_F4 Cr_F4 Cu_F4 Ni_F4 Pb_F4 Zn_F4 Cd_F4 Cr_F4 Cu_F4 Ni_F4 Pb_F4 Zn_F4

pH 0.58 0.59 0.54 0.53 0.66 0.45 pH 0.64 0.80 * 0.74 0.37 0.77 * 0.49
Eh −0.26 −0.38 −0.15 −0.43 −0.32 −0.18 Eh −0.18 −0.30 −0.26 −0.37 −0.05 −0.32

DM 0.50 0.54 0.36 0.41 0.57 0.29 DM −0.06 0.52 0.40 0.51 0.61 −0.19
OM 0.48 0.49 0.32 0.36 0.52 0.26 OM −0.06 0.52 0.39 0.48 0.60 −0.19
TOC −0.77 * −0.77 * −0.86 * −0.82 * −0.80 * −0.81 * TOC −0.86 * −0.82 * −0.92 * −0.50 −0.69 −0.81 *

* Bold—significant correlations at p < 0.05.

3.6. Assessment of Potential Ecological Risk of Heavy Metals
3.6.1. Assessment of Potential Ecological Risk Using Total Content Indices

The values of enrichment factor (EF) for analyzed heavy metals are shown in Figure 8.
The EF according to Sakan et al. (2009) [36] was calculated to evaluate the possible impact
of anthropogenic activity [9]. Fe was selected as a reference element for geochemical
normalization. The EF values for HMs undergo fluctuation at successive stages of sludge
processing. The highest values of this index were indicated with regard to Cd and Zn, and
to a lesser extent to Cu and Ni. EF values for Cd and Zn were in the following ranges:
51.3–119.0; 17.4–30.2 (WWTP1) and 16.1–20.6; 4.3–8.5 (WWTP2), respectively. With regard
to Cu and Ni, only in the SS from WWTP1, the severe enrichment was indicated with
these metals. For other HMs, the EF values were lower than 5 which indicate a moderate
enrichment. The conducted analysis revealed that if the dewatered sewage sludge from the
two analyzed WWTPs is used as a fertilizer, this may result in soil enrichment mainly with
Cd and Zn, and to a much lesser extent with Cu and Ni. This is associated with a potential
risk related to the possibility of secondary contamination of the water and soil environment
with these elements. Similar observations in relation to Cd and Zn were reported by other
researchers who analyzed sludge samples from industrial and non-industrial cities in
Haryana located along the Western Yamuna Canal (China). Moreover, they also indicated
that EFs for Ni and Cr were found to be extremely severe for sewage sludge from selected
WWTPs, while for Mn there was minor or no enrichment [64].

The potential ecological risk index (ER) was calculated based on Hakanson’s (1980) [39]
to assess the toxicity risk associated with the analyzed HMs. It is a monomial, potential
ecological risk coefficient of the individual heavy metal [65]. The values of ER are presented
in Figure 9. The obtained results indicated that for both WWTPs, the highest potential
ecological risk was indicated with regard to Cd and Cu. Cadmium posed a considerable
to very high risk (ER = 279.9–551.5 for WWTP1; and ER = 149.5–278.8 for WWTP2), while
copper a low to considerable risk (ER = 62.7–114.0 for WWTP1; and ER = 35.2–46.9 for
WWTP2). ER values for other HMs were below 40, which mean that they pose a low risk.
The average ER values of heavy metals were in the decreasing order of Cd > Cu > Hg > Zn
> Ni > Pb > Cr and Cd > Cu > Hg > Zn > Ni > Cr > Pb, for SS from WWTP1 and WWTP2,
respectively. The obtained results are in good agreement with those obtained by other
researchers who conducted the study in four municipal WWTPs, and indicated that Cd
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posed the highest potential ecological risk (ER = 145.04), while Cr the lowest (ER = 0.66) [2].
A similar trend was observed by Yakamercan and Aygün (2021) [9].
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In this study, the risk index (RI) was calculated based on Hakanson’s (1980) [39]
approach. RI, just like the ER, considers the accumulation, toxicity, and environmental
behavior of heavy metals, but, above all, presents the overall potential ecological risk and
sensitivity associated with all of the analyzed elements [65]. The values of RI for HMs
are shown in Figure 10. The calculations made revealed that RI values for HMs undergo
fluctuations during successive stages of sludge processing. The average RI values of all
of the HMs in sludge samples at different sampling points were in the decreasing order
of S6 > S7 > S1 > S5 > S3 > S4 > S2 and S7 > S6 > S3 > S4 > S5 > S2 > S1, for WWTP1 and
WWTP2, respectively. The highest RI values were noted in the digested (S6) and dewatered
(S7) sludge samples, i.e., RI = 733.2 and RI = 661.1 (WWTP1), as well as RI = 371.7 and
RI = 374.0 (WWTP2), respectively. In general, HMs in SS posed a considerable to high
risk (RI = 405.6–733.2), and also from a moderate to considerable risk (RI = 237.3–374.0),
for WWTP1 and WWTP2, respectively. Similar observations were also reported by other
researchers who revealed that RI values for all of the analyzed elements (As, Cd, Cr, Cu, Pb,
Zn, and Hg) in sludge samples collected from different WWTPs (central Shanxi Province,
China) ranged from 244.77 to 1438.39 [65]. In turn, other scientists indicated that the values
of RI for sludge samples collected from eight WWTPs (southeastern Anhui Province, China)
ranged from 25.91 to 790.01, thus, posed a low to high ecological risk [54].
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Figure 10. The RI of heavy metals in sewage sludge from two WWTPs.

In order to compare the level of potential ecological risk of individual heavy metal in
sewage sludge at the beginning and at the end of the WWTP process, the authors proposed
a new index, i.e., the ecological risk of total metal (ERTOT). The obtained results indicated
that HMs posed from moderate to high risk (Figure 11). The values of ERTOT ranged from
1.1 to 1.7, and from 0.8 to 1.9, for HMs from WWTP1 and WWTP2, respectively. All of
the analyzed heavy metals, except Hg in SS samples at WWTP2, reached ERTOT above
1. The highest values were obtained for Ni and Cu (WWTP1), as well as for Cd, Cr and
Ni (WWTP2). The values of ERTOT for the above-mentioned metals were higher than 1.5,
which means that these elements may pose a considerable risk. Moreover, the obtained
results confirmed that the concentrations of HMs in the whole processing line undergo
changes, which may increase or reduce the level of a potential ecological risk. It was also
indicated that the content of heavy metals in sewage sludge and the levels of potential
ecological risk that they pose depends, to a large extent, on the characteristics of wastewater
entering a given WWTP.
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3.6.2. Assessment of Potential Ecological Risk Using Speciation Indices

The risk assessment code (RAC) introduced by Perin et al. (1985) [40], is a quantitative
method for determining the mobility and bioavailability of heavy metals. This index
includes the content of individual heavy metals in acid soluble/exchangeable fraction (F1),
which is the most mobile fraction. The values of RAC for HMs analyzed in this study are
shown in Figure 12. The obtained results revealed that the highest values of RAC were
present with regard to Ni and Zn, i.e., RAC = 30.1–42.0% (Ni) and RAC = 9.8–28.6% (Zn),
and also RAC = 26.3–30.0% (Ni) and RAC = 20.2–31.3% (Zn), for sludge samples from
WWTP1 and WWTP2, respectively. This means that Ni and Zn posed low to high risk. The
obtained results are in good agreement with the author’s previous research [3]. Contrary to
our study, scientists from Poland indicated that the highest percentage share in the fraction
F1 was reported for Cd (RAC = 25%), but it did not reach the high-risk level [10]. In turn,
other researchers from China found that, the average values of RAC of seven heavy metals
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in sludge from different WWTPs are As (26.38%) > Ni (17.42%) > Zn (14.42%) > Pb (14.14%)
> Cd (13.28%) > Cu (11.18%) > Cr (1.99%) [2].
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Figure 12. The RAC of heavy metals in sewage sludge from two WWTPs.

The individual ecological risk (IER) and global ecological risk (GER) indices were
presented in the author’s previous study [34]. IER is an alternative to the RAC index.
This is due to the fact that RAC includes only the content of individual heavy metal in
the first mobile fraction, while IER considers both mobile fractions and compares them
to the content of HM in immobile ones. In turn, GER is the sum of IER, and relates to
all of the analyzed HMs. The values of IER for analyzed HMs are shown in Figure 13,
while GER is presented in Figure 14. The highest values of IER were reported regarding
Zn, Ni and Cd, i.e., IER = 55.0–153.6%; IER = 77.3–152.6%; IER = 14.8–68.5% (WWTP1),
and IER = 98.5–188.3%; IER = 69.4–82.0%; IER = 13.3–30.3% (WWTP2), respectively. In
conclusion, according to IER values Zn and Ni may pose moderate to high risk, while
Cd low to high risk. However, the values of IER for Cd in SS samples from WWTP2 did
not reach high risk levels. Similar results were obtained in the author’s previous research,
where Zn, Cd and Ni in the dewatered sludge from five WWTPs in Poland (Upper-Silesian
region) posed high to very high (Zn and Cd) and moderate to high risks (Ni) [34].
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Figure 14. The GER of heavy metals in sewage sludge from two WWTPs.

The average GER values of all of the HMs varied in the range of 154.9–382.7% and
204.4–301.0% for SS samples from WWTP1 and WWTP2, respectively (Figure 14). The
obtained results indicated that analyzed HMs posed from moderate to high risk. However,
if we look at these results more closely, we can see that the levels of ecological risk at the
beginning (S1) and the final stage (S7) are comparable. Similar outcomes were presented
in another author’s work, where GER values for the same HMs ranged from 438.1% to
723.7% [34].

As in the case of total indices, we also proposed another authors’ index named eco-
logical risk of metal mobile forms (ERMF). The new index includes the concentration of
individual heavy metal in the sum of two mobile forms (F1 + F2), in the sludge samples
collected at the beginning and the final stage of the processing line. This is crucial in the
assessment of potential ecological risk, in the view of the whole WWTP processing line.
The obtained results are presented in Figure 15. The values of ERMF ranged from 0.8 to
2, and 0.3 to 2, for HMs from WWTP1 and WWTP2, respectively. The highest values of
the discussed index were noted for Ni and in the less extent for Cd (WWTP1), and also
for Cd, Cr and Ni (WWTP2). In both cases, the content of the above mentioned elements
in mobile fractions may pose a considerable risk. The obtained results indicate that the
content of individual HM in the mobile fractions undergo changes in the processes used in
WWTPs, which can have an impact on the level of the potential ecological risk posed by
these elements.
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In conclusion, according to values obtained for speciation indices, an increase in the
mobility of HMs in sewage sludge, in successive stages of its processing, may cause an
increase in the level of potential ecological risk that these elements pose to the environment,
plants and living organisms. It was confirmed that chemical forms in which heavy metals
occur in sewage sludge determine the level of potential ecological risk more precisely than
their total concentrations. Therefore, the content of HMs in the mobile fractions should be
monitored, as is the case with the total metal content.
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3.7. Potential Ecological Risk Balance

The preparation of a simple balance sheet of the potential ecological risk requires a
choice of the most relevant risk indices. In our opinion, the most suitable for this purpose
are RI and ER (Figure 16A,B and Figure 17A,B), as well as GER and IER (Figure 18A,B and
Figure 19A,B). The balance sheets based on concentration of an individual heavy metal or
its chemical forms in different sewage sludge samples were prepared only for elements
that pose the highest potential ecological risk.
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The obtained results indicate that according to simple balance sheets created based on
RI values (Figure 16A,B), in both WWTPs, the biggest differences in the levels of potential
ecological risk posed by the sum of the total concentrations of the analyzed HMs occur
between the sampling points S5 and S6 (47.7%—WWTP1 and 21.2%—WWTP2), as well as
S1 and S2 ((−30.7%)—WWTP1; 26.3%—WWTP2). Moreover, in the case of points S1–S2,
the RI value in WWTP1 decreased, while in WWTP2 increased. It can also be seen that
there are considerable differences between sampling points S2 and S3 (19.9%—WWTP1;
11.8%—WWTP2), especially in the case of the WWTP1, which means that the process
of sludge thickening could affect the characteristics of sludge, and at the same time also
the level of ecological risk posed by the analyzed HMs. The above presented data partly
correspond with the results obtained from the HMs balance sheets (Figure 5A,B), where the
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biggest difference between the sum of the HMs content were reported between sampling
points S5 and S6. In turn, there was no relationship between the changes in the level of
potential risk at sampling points S1 and S2, and the sum of the total HMs content at these
two points. These incompatibilities may result from the fact that the RI index includes the
toxicity of analyzed HMs, which affects the level of potential ecological risk.
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The balance sheets of potential ecological risk based on the ER values were prepared for
Zn, Cu and Cd (Figure 17A,B). The Zn was included due to the high enrichment of analyzed
sludge samples with this element. On the other hand, we omitted Ni and Cr, as only one
index indicated their significant share in the ecological risk assessment. The balance sheets
for selected HMs in sludge samples from the two WWTPs shows that the biggest differences
in the levels of potential ecological risk for individual HM occurs between the sampling
points S5–S6, S1–S2 and S2–S3; i.e., for Zn—S5S6 and S2–S3; Cd—S5–S6, S1–S2, S2–S3;
Cu—S1–S2, S5–S6, S2–S3, as well as Zn—S5–S6; Cd—S1–S2 and S5–S6; Cu—S5–S6, for
WWTP1 and WWTP2, respectively. The obtained results are in good agreement with the
conclusion made based on the balance sheets with regard to the RI index. In relation to
some of the considered HMs, the level of risk posed by these elements has been reduced
compared to those at the previous sampling point. This may indicate a positive impact of
the use of individual treatment processes on changes in the characteristics of sludge, which
may reduce the potential ecological risk associated with the presence of heavy metals.
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The simple balance sheets created based on the values of the speciation index, i.e.,
GER, show that the biggest differences in the levels of potential ecological risk posed by
all of the analyzed HMs occur between the sampling points S6 and S7 (72.1%), S5 and S6
(−50.1%), S1–S2 (45.6%), and also between S6–S7 (44.8%), S1–S2 (−21.1%), S4–S5 and S5–S6
(+/−13.8%), for WWTP1 and WWTP2, respectively (Figure 18A,B). GER does not include
the toxicity of individual HM, but only the ratio of its content in mobile forms to immobile
forms. The obtained results clearly indicate that processes applied in the WWTPs may
cause the changes in the content of HMs in mobile forms. Some of them, like anaerobic
digestion or activated sludge process, have a positive impact on the reduction of the level
of potential ecological risk posed by heavy metals.

The balance sheets based on IER values were prepared in relation to the presence of
Cd, Ni and Zn in the sludge samples (Figure 19A,B). The biggest differences in the levels of
potential ecological risk for individual elements were noted between the sampling points
S1–S2, S6–S7 and S5–S6; i.e., Cd—S1–S2 and S6–S7; Ni—S1–S2 and S6–S7; Zn—S6–S7,
as well as Cd—S6–S7, S5–S6, S1–S2; Ni—S1–S2; Zn—S6–S7 and S1–S2, for WWTP1 and
WWTP2, respectively. A similar tendency was presented in the balance sheets created
based on GER values. Once again, we observed that certain processes used in WWTPs may
increase the level of potential ecological risk of individual heavy metals and some of them
reduce the risk, i.e., the activated sludge process and dehydration (increase the level of
risk) and anaerobic digestion (decreases the level of risk). Moreover, some processes both
increase and decrease the level of potential risk associated with individual metals, like the
activated sludge process.

4. Conclusions

The main aim of this study was to conduct the first comprehensive analysis of the po-
tential ecological risk of seven heavy metals in sewage sludge collected from the processing
line of two WWTPs conducting non-conventional process, i.e., ultrasonic disintegration of
thickened excess sludge aimed at improving the effects of anaerobic digestion.

It was indicated that the concentrations of HMs in SS samples were ordered by their
mean concentrations as Zn > Cu > Ni > Cr > Pb > Cd > Hg and Zn > Cr > Cu > Ni > Pb
> Cd > Hg for WWTP1 and WWTP2, respectively. All of the elements were within the
standard limits. The highest concentrations of heavy metals were noted in digested (S6)
and dewatered (S7) sludge samples. It is very likely that the key factors for the changes in
the total concentrations of HMs in sewage sludge were the DM content and their ability to
adsorb on the surface of sludge flocs. The above mentioned findings were confirmed by
the simple balance sheets of HMs created for both of the analyzed WWTPs.

The results of the sequential extraction indicate that most of the analyzed HMs, in-
cluding Cd, Cr, Cu, Ni, Pb and Zn, were mainly bound to the oxidizable (F3) fraction,
while Hg was bound to the residual (F4) one. Despite this, the values of speciation indices
indicated that Ni, Zn, Cd, and in some cases Cr, posed the greatest ecological threat. In
turn, analysis conducted according to total indices revealed that the highest risk was posed
by Cd, Cu and Zn and to a less extent by Ni and Cr. The statistical analysis revealed that
the key factors that may influence the way heavy metals bind in sewage sludge are pH,
TOC, OM and Eh. Moreover, the mobility of HMs and the level of potential ecological
risk that they pose may also strongly depend on the processes used in WWTPs, especially
from anaerobic digestion, dehydration and the activated sludge process, as well as on
characteristics of raw wastewater. The results of potential ecological risk analysis based on
the two different groups of indices confirm that the chemical forms in which HMs occur in
sewage sludge determine the level of risk more precisely than their total concentrations.
Moreover, the obtained results also indicate that ultrasonic disintegration of thickened
excess sludge enables lysis of microorganisms’ cells without increasing the total heavy
metals concentrations in SS, and their release into the supernatant in the mobile forms. The
above findings prove that UD is a safe and environmentally friendly method of sewage
sludge pretreatment.
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The obtained results are an important source of information about the HMs in sewage
sludge, both for WWTPs operators and representatives of institutions involved in the
creation of legal acts in the field of environmental protection and waste management.
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