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Abstract

:

Sewage sludge, a by-product of wastewater treatment, is garnering increasing attention in the pursuit of closed-loop economy practices due to its highly beneficial fertilizing properties. However, like any technique, using sewage sludge as fertilizer has potential and limitations. Heavy metals within sewage sludge are a primary limitation curtailing its application as a fertilizer. This study collected sewage sludge samples from four wastewater treatment plants and soil from potential application sites. The mobility of heavy metals was then examined using a sequential BCR analysis. Furthermore, a comprehensive environmental risk assessment associated with the agricultural use of sewage sludge was conducted, using various risk indicators such as Igeo and Nemerov, to compare the cumulative metal concentrations in the sewage sludge and soil. Additionally, risk assessment codes, ecological risk indices of metal mobility, and environmental risk indices were calculated, specifically focusing on the mobility of metals in the soil environment. This research demonstrates that sewage sludge failing to meet conventional criteria for agricultural use based on total metal content does not necessarily pose a high-risk application. Understanding the mobility forms of metals in sewage sludge is crucial, influencing the analysis of their potential utilization. Importantly, sewage sludge from wastewater treatment plants utilizing biological bed technology tends to exhibit a higher tendency of heavy metals to exist in mobile forms, migrating within the soil environment.
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1. Introduction


Sewage sludge, a residual product of wastewater treatment procedures, has seen a significant increase in global production driven by growing population numbers and economic advancements. Managing this escalating volume of sewage sludge poses a challenge, particularly in urban settings where available space for its disposal is limited [1,2].



Renowned for its rich content of organic compounds and essential nutrients crucial for plant growth, sewage sludge is a potential resource for agricultural use, offering a natural solution to its management predicament [3,4]. However, the presence of pathogens, heavy metals, and other toxic substances in sewage sludge presents a risk to human health and the environment if not managed properly.



One of the critical elements of a closed-loop economy is the use of sludge in a closed resource cycle process. A closed-loop economy is based on the idea of minimizing waste by reusing resources in the production cycle. In this context, sludge, usually a waste, can be transformed into a valuable product.



Appropriate treatment and technologies can transform sludge into a sustainable and useful product, e.g., as a natural fertilizer, land reclamation material, or energy source. In this way, instead of treating sludge solely as an environmental problem, it becomes a valuable resource that can be reused in various sectors of the economy.



However, in order for sludge to be used in a closed-loop economy, it is necessary to maintain strict standards regarding its quality and safety. Appropriate treatment, chemical composition monitoring, and pollution control are key to ensuring that the transformed sludge becomes a safe and effective resource for the closed loop economy.



Recognizing the pressing need for sewage sludge management, the Municipal Sewage Sludge Management Strategy [5] emphasizes the encouragement of its natural utilization, bolstered by economic and environmental considerations [6,7]. Despite its potential benefits, this method also has its constraints and prerequisites. Adhering to the Ministry of the Environment Regulation of 6 February 2015 on municipal sewage sludge [8], it can only be applied to land if it meets specific requirements to ensure its safe use for human health, life, and environmental welfare.



The primary hindrance to the agricultural use of sewage sludge lies in its heavy metal content [9]. While average concentrations of trace elements offer some insight, they are insufficient for a comprehensive risk assessment concerning the natural use of sewage sludge. This inadequacy stems from the ability of heavy metals to migrate between soil layers, potentially infiltrating groundwater and surface water, posing contamination risks to plants, and potentially harming humans [10,11,12]. The mobility of heavy metals predominantly hinges on their chemical composition within the environment [13].



In Figure 1, we depict diverse strategies employed by several EU nations for managing sewage sludge. Concurrently, Table 1 delineates the prescribed thresholds governing the viability of utilizing sewage sludge for ecological purposes.



An essential consideration regarding heavy metals involves the capacity of living organisms to accumulate these substances within their bodily tissues. Within this context, two distinct processes, bioaccumulation and biomagnification, emerge. Bioaccumulation commences at the base of the food chain, where pollutant concentrations gradually increase from the environment to the initial consumer, such as from plankton to a primary consumer organism in the ecosystem [22]. Conversely, biomagnification entails the progressive elevation of pollutant concentrations at each food chain level, culminating in the highest concentration within organisms situated at the chain’s end.



For biomagnification, toxins must possess specific attributes like longevity, mobility, fat solubility, and biological activity. In sufficiently high doses, these harmful substances can lead to severe health issues in marine life and humans [23].



Heavy metals fall into two distinct groups. The first group includes cadmium, lead, and mercury, known for their high toxicity to humans and animals, although their impact on plant growth and development is relatively lower. The second group comprises copper, nickel, and zinc, which become more toxic to plants when present in increased quantities. Elevated concentrations of heavy metals can adversely affect soil biological properties, disrupt the food chain, harm plant health, and cause groundwater contamination [12,24,25]. Exceeding the permissible level of heavy metal content can reduce soil fertility, inhibit soil enzymatic activity, and alter soil acidity [26].



This study analyzed the heavy metal content in sewage sludge obtained from four wastewater treatment plants using different technologies and the soils at their potential application sites. The objective was establishing a reliable indicator to assess the potential risk of heavy metal contamination associated with introducing sewage sludge. Two indicators were explored: those based solely on total metal content and those incorporating heavy metal mobility. The sampling locations for the tests are shown in Figure 2 and the characteristics of the wastewater treatment plant in Table 2.



Samples of soil were gathered using an Egner’s stick from locations identified for the possible agricultural use of sludge, with depths reaching up to 0.3 m. These soils have a various glanurometric composition, consisting of medium to heavy compacted textures, sometimes experiencing prolonged periods of moisture in some cases persisting throughout the year. Despite their potential fertility and nutrient richness, akin to soils suitable for wheat and notably suitable for rye, these soils do exhibit certain deficiencies. For a detailed account of these soils, please refer to Table 3.




2. Heavy Metals in the Human Environment


2.1. Sources of Heavy Metals


Sewage sludge originates from a blend of household and industrial wastewater, encompassing chemicals found in household products like detergents, cleaning agents, and cosmetics, as well as substances from industrial processes. Agricultural wastewater commonly carries pesticides, fertilizers, and other chemicals applied to crops, which can enter sludge through soil flushing from rainfall or irrigation. Healthcare facilities contribute to the mix with chemicals used in treatment, disinfection, or laboratory testing potentially finding their way into wastewater and subsequently into sludge. The unlawful disposal of municipal and industrial waste in improper landfills can also introduce contaminants into sewage systems, contributing to sludge pollution [27,28,29].



Presently, the most significant environmental exposure to toxic heavy metals results from human activities. Anthropogenic sources of heavy metal contamination in the environment include various industrial sectors, transportation, municipal management, energy production, fertilizer use, and waste disposal. Table 4 outlines the origins of heavy metal pollution [30,31].



Disparities in soil characteristics, such as permeability and depth to groundwater, play a pivotal role in determining the risk of water contamination by leached metals after the application of sludge as a fertilizer. In soils with high permeability, water effortlessly infiltrates through the layers, facilitating the rapid transport of metals to deeper soil layers or groundwater [32]. This situation escalates the potential for groundwater contamination, especially when metals are not adequately retained and bound within the soil layer. Soils with low permeability hinder water movement, slowing down the transport of metals into the deeper soil. However, during conditions of excessive irrigation or heavy rainfall, there remains a risk of metals entering groundwater, even in low-permeability soils [33].



The soil type, whether sandy, loamy, or clay, influences the soil’s capacity to retain metals. For instance, clay soils may exhibit higher metal-retention capabilities than sandy soils, impacting the availability and mobility of metals. The presence of soil organic matter is crucial for metal fixation, with organic-rich soils acting as ‘traps’ for metals, diminishing their mobility and the risk of entering groundwater. Proximity to the groundwater surface increases the risk of metals entering groundwater. Shallow groundwater creates a direct connection between applied sludge and water resources, heightening the potential for contamination [32,34]. In soils with substantial depth between the surface and groundwater, the processes of metal leaching may be limited, reducing the risk of groundwater contamination. Nevertheless, even in deep soil layers, the intensive use of sludge can influence the chemical composition of groundwater over time [35].




2.2. Impact of Wastewater Treatment Technology on the Heavy Metal Content of Sewage Sludge


Distinct wastewater treatment technologies have a significant impact on the metal composition of sludge, influencing both the quantity of metals and their chemical forms. Biological processes, encompassing both aerobic and anaerobic methods, exert their influence through the activities of microorganisms. Certain bacteria have the capability to reduce or oxidize metals, thereby modifying their chemical speciation and solubility. Specific microorganisms can adsorb metals or form complexes, extracting them from the aqueous phase [36,37]. Phytoremediation, a biological process utilizing plants to absorb metals from soil or sludge, is among the techniques employed. The phosphorisation process, designed for phosphorus removal from water, can also impact heavy metals. Apatite phosphate, a byproduct of phosphorisation, can form complexes with certain metals, diminishing their mobility. Coagulation and flocculation techniques, employed for the removal of suspended solids and colloidal substances from wastewater, may concurrently lead to the accumulation of heavy metals [38]. The coagulants used in these processes can contribute to the formation of sludge-containing metals. The settling process in settling tanks aids in segregating sludge containing heavy metals. Different types of settling tanks, such as gravity or floating tanks, can influence the chemical composition of the resulting sludge. Filtration processes, both conventional and advanced, prove effective in eliminating suspended solids and heavy metals from wastewater. The choice of suitable filters plays a crucial role in determining the efficacy of metal removal [38,39]. Within wastewater treatment, membrane technologies like ultrafiltration and reverse osmosis effectively retain particles, including heavy metals. Advanced oxidation processes, such as ozonation or Fenton oxidation, can alter the chemical forms of metals, enhancing their removability from wastewater. In certain instances, modern treatment technologies enable the recovery of metals from sludge, offering potential benefits from a raw material recovery standpoint [40].



Various wastewater treatment technologies influence the metal content of sludge through a combination of biological, chemical, and physical processes, as well as advanced treatment methods. It is important to note that the effectiveness of metal removal is contingent on several factors, including the type of metal, environmental conditions, and the specifics of the treatment technology employed [41].




2.3. Heavy Metal Speciation


The best results for sewage sludge samples were obtained using a four-step procedure developed by the European Community Bureau of Reference, abbreviated BCR [42,43]. Initially, classical BCR was a three-step process. Nowadays, after modifying the method by introducing royal water mineralization, four fractions of heavy metals can be separated: ion-exchangeable (carbonate), bound to iron and manganese oxides (reducible), bound to organic matter (oxidizable), and residual matter [44,45,46]. The BCR method has been applied in many studies on the quality of sewage sludge and heavy metal-contaminated soils. The technique makes it possible to assess the mobility of metals in the studied matrix and estimate the risk of spreading contaminants into the environment [47]. The course of the BCR procedure is shown in Figure 3. Digestion with aqua regia (HCl + HNO3) was used in the soil samples to determine the total heavy metal content.




2.4. Heavy Metal Accumulation Risk Indicators


By evaluating the presence of heavy metals in relation to established threshold values documented in the existing literature, it provides only generalized estimations of metal content within the soil, potentially limiting a comprehensive understanding of soil quality. Employing pollution indicators becomes imperative to gauge the extent of heavy metal contamination within soil efficiently. Early indices pioneered by Muller [48] and Hakanson [49] laid the groundwork in this field. These pollution indices are increasingly recognized as essential tools for the geochemical evaluations of soil environments. Furthermore, these contaminant indices are crucial in monitoring soil quality, particularly within agroecosystems. Their utilization provides a more nuanced understanding of the soil’s health and potential risks associated with heavy metal contamination.



2.4.1. Geoaccumulation Index of Heavy Metal in Soil (Igeo)


The method introduced by Muller [48] makes it possible to determine and classify the state of contamination of sediment and soil at five levels, from uncontaminated to highly contaminated. The geoaccumulation index (Igeo) depends mainly on the heavy metal content of the soil substrate at the site of potential introduction of the polluting agent. Igeo is defined by the following equation [50]:


   I geo  =   l o g   2       C   n     1.5 ·   B   n      



(1)




where:



Cn—the concentration of individual heavy metals, [mg/kg d.m.]



Bn—geochemical background value, [mg/kg d.m.]



The heavy metals’ geoaccumulation index and risk assessment code are presented in Table 5.




2.4.2. Nemerow Pollution Index (PINemerow)


By considering the content of all analyzed heavy metals, the Nemerov pollution index (PINemerow) evaluates the overall degree of soil contamination [51,52]. Compared to the Igeo index, the Nemerov method is a more comprehensive approach to assessing soil quality, which emphasizes the most polluting factors while taking into account the contribution of other factors in the evaluation system [53]. It determines the soil/sediment quality category by calculating a pollution index, which is a weighted multifactor index of environmental quality that accounts for extreme values or highlights maximum values [39]. It is calculated in the following way:


   PI Nemerow  =    (   1   n     ∑  i − 1   n      P I )   2   +   P I   m a x   2       n     



(2)




where:



PI—calculated values for the single pollution index,



PImax—maximum value for the single pollution index of all heavy metals and



n—the number of heavy metals.



The single pollution index (PI) is described below [48].


  PI =     C   n       B   n      



(3)




where:



Cn—the concentration of individual heavy metals,



Bn—the value of the geochemical background.




2.4.3. Risk Assessment Code (RAC)


By considering both the total metal concentration and chemical speciation, the risk assessment code (RAC) offers a quantitative approach to evaluate the degree of bioavailability of heavy metals. The indicator was introduced by Perin and co-authors in 1985 [54]; it was assumed that the FI fraction, associated with carbonates, which are the most mobile compounds and result in the highest risk of heavy metal contamination of the ground. This indicator only partially reflects the actual risk of migration of metals in the soil matrix, due to the fact that heavy metals found in the reducible and oxidizable fraction also tend to migrate in the soil medium. The risk assessment code is calculated using the following formula:


  R A C =   F I   H M   · 100 %  



(4)




where:



FI—metals’ content in fraction I, [mg/kg d.m.]



HM—overall concentration of heavy metals, [mg/kg d.m.]




2.4.4. Environmental Risk Determinant (ERD)


The ERD index considers the unique tendency of each fraction to release heavy metals into the soil environment and assigns a weight between 0 and 1 to each fraction. The authors of this study introduced the ERD index as it takes into account the individual scale of each fraction, which is not addressed by any of the indices that consider the mobility issue [43]. The scales used were derived from the evaluation of other indices. The ERD index is determined using the following equation [43,49]:


ERD = Fp1 + Fp2 + Fp3



(5)




where:



Fp1 = F1; F1—Metal load in the FI fraction, measured on a scale ranging from 0 to 1,



Fp2 = F22; F2—Metal load in the FI fraction, measured on a scale ranging from 0 to 1,



Fp3 = F33; F3—Metal load in the FI fraction, measured on a scale ranging from 0 to 1.



The risk level is classified into 4 categories as shown in Table 6.




2.4.5. Indicator of Ecological Risk of Metal Mobility (EMR)


By taking into account the mobility of heavy metals, it becomes apparent that solely fraction IV remains entirely stable within the soil. In contrast, the FI and FII fractions are the most mobile, while the FIII fraction may become mobile under some circumstances, i.e., when organic matter in the soil is treated by microorganisms or fungi, and rainwater may contain dissolved ozone as a result of lightning. The EMR determines the content of heavy metal group elements according to their content in four fractions. Each fraction is assigned an appropriate weight. The authors of this study proposed the following index to fully capture the essence of the issue of heavy metal mobility in risk analysis. It wis represented by the following formula:


  EMR =   F I + 0.7   ·   F I I + 0.3   ·   F I I I     ∑ F I ÷ F I V    



(6)










3. Results


Table 7 summarizes the results of heavy metal speciation in sewage sludge, as well as the total metal content of the soil.



Table 8 shows the results of heavy metal content in soil and sewage sludge.



The concentration of heavy metals at the potential site significantly influences the Igeo index. In the case of sludge extracted from WWTP1 and WWTP3, the Igeo index indicated notably high levels of contamination, particularly for copper, zinc, cadmium (in WWTP1), and nickel (in WWTP3). Conversely, for WWTP2 and WWTP4, lead and nickel were the only heavy metals that did not contribute to contamination (as depicted in Figure 4). Notably, the Igeo values for nickel from WWTP2 and lead from WWTP4 registered as negative, indicating that the sewage sludge metal content was lower than that found at the intended site of use. This underscores the difference in metal concentrations, emphasizing lower levels within the sediments than expected at the site of potential application.



The Nemerov index scrutinized the risk associated with the cumulative heavy metal value by juxtaposing it with the metallic content present in the soil. Notably, the most substantial contamination risk was observed, akin to the findings of the Igeo index, at WWTP3 (as indicated in Figure 5). This heightened risk is primarily attributed to the specific site (Ss3) designated for potential sewage sludge utilization, which exhibits an exceptionally low heavy metal content in the soil. Conversely, other scenarios did not present a pronounced risk of soil contamination upon introducing sewage sludge.



The RAC index is the first indicator that considers the speciation of heavy metals, but it only considers the content in the FI fraction and the total content of the element in question. RAC reached a medium risk value for nickel in all cases and for zinc in cases of sludge taken from WWTP3 and WWTP4 (Figure 6). None of the heavy metals reached a high risk of pollution due to the low concentration of metals within the FI fraction.



In contrast to RAC, the ERD and EMR indices consider the mobility of metals in fraction I and fractions II and III. Among these indices, the ERD index emerged as a more comprehensive assessment of the analyzed sewage sludge. Specifically, the ERD index highlighted a notable risk of contamination primarily associated with copper (at WWTP1 and WWTP3) and zinc (at WWTP3) (as depicted in Figure 7). Conversely, according to the EMR index, the high-risk threshold was surpassed solely by zinc in the sewage sludge obtained from WWTP3 (as illustrated in Figure 8).



Table 9 indicating non-fulfillment of the heavy metal toxicity criteria was prepared for all the risk analysis indicators. The heavy metals mentioned in the table failed to satisfy the criteria needed to consider the sludge for potential environmental use based on the analyzed indicators.



The requirements placed on sewage sludge are related to the content of heavy metals and parasite eggs. Heavy metals are released from wastewater during wastewater treatment processes and then accumulate in sewage sludge. Differences in treatment technologies can affect the total content of heavy metals in sewage sludge. However, more information on the total content of metals is needed to determine the risks associated with their use. The toxicity of heavy metals depends on their speciation form. They can exist in four different forms of mobility, depending on their tendency to migrate deep into the geochemical substrate. All regulations on sediment use worldwide focus only on the total amount of heavy metals found in sediments. This paper shows that the total heavy metal content, when assessing risk, is not an objective criterion. Many research teams have conducted risk analyses on the use of sewage sludge for natural purposes using various indicators. An extensive review of the available indicators of heavy metal contamination was conducted. However, although most considered the concept of heavy metal mobility, none provided accurate information on their tendency to migrate. The total heavy metal content did not exceed the legislative limits for all sampled sludge, except for cadmium at WWTP1, which was 38.42 mg/kg. The Igeo index based only on total metal content showed high risk for most metals, with only nickel and lead showing low risk.



The Nemerov index, on the other hand, showed high risk only at WWTP3, which was the smallest WWTP with a p.e. of 1400. Nickel and zinc were the metals that showed the highest risk level for the RAC index, suggesting the high concentration of these elements in the FI fraction. The ERD and EMR indices showed different results even though they accounted for the mobility of each fraction identically. For ERD, copper and zinc were the heavy metals that could cause the highest migration risk, while for EMR, zinc and nickel were the heavy metals that could cause the highest migration risk. For both indicators, the sludge taken from WWTP4 had the lowest aggregate mobility while the highest was from WWTP3. The critical fact here is that WWTP3 was a small treatment plant serving a small rural agglomeration, while WWTP4 was a large treatment plant receiving wastewater from the entire city. Another important fact is that cadmium, which in the case of WWTP1 exceeded the maximum permissible value to qualify for environmental use, showed low risk for all indicators considering the issue of heavy metal mobility.



For most of the available indicators, treated equally, the FI ÷ FIII fractions are considered mobile. This is a flawed approach because while the metals associated with the FI fraction have the highest propensity to move, those in the conditionally mobile FIII fraction only become mobile under certain conditions, such as in the presence of ozone created by lightning. Some indicators did not use information on the metal content of the FIII fraction in determining the risk of contamination, while the RAC indicator only considered the FI fraction. Two new indicators based on mobility, ERD and ERM, have been proposed. These indices are based on the metal content of the FI ÷ FIII fractions and introduce weight steps for each of these fractions. In this way, FIII is not entirely ignored, but at the same time, it is not treated equally to the FI and FII fractions.




4. Conclusions


This study shows that in risk assessment, the total content of heavy metals is not an objective criterion. The Igeo index, which only analyzes heavy metals using their total content in the soil, proved to be the most rigorous. However, this index can be a questionable indicator because metals in stable combinations do not tend to migrate through the soil and do not pose an ecological threat; rather, they only enrich the soil with valuable compounds such as nitrogen or phosphorus. The Nemerov index analyzed the total value of heavy metals in the sediments. Only sludge removed from wastewater treatment plant 3 was excluded based on the Nemerov index, mainly due to the low content of heavy metals in the soil for potential use. The RAC index only considered the heavy metal content of the FI fraction, which has a greater tendency to migrate in the soil. Zinc and nickel metals did not meet the RAC index criteria. The ERD and EMR indices were the most accurate because they considered the heavy metal content in all fractions except the FIV fraction, which is very stable in the soil. According to these indicators, sewage sludge from the Pacanow wastewater treatment plant, which operates with biobed technology, presented the most significant risk. Thus, these results indicate that sewage treatment plants operating with this type of technology generate sewage sludge containing more significant amounts of heavy metals in mobile forms compared to other technologies.



Considering the mobility of heavy metals is extremely important in the context of the natural application of sewage sludge, demanding its inclusion in the legal regulations that govern its use. Future research could improve risk assessment models such as the Igeo index, Nemerov index, RAC index, ERD, and EMR. These models can be refined to consider specific environmental conditions, incorporating the interaction between different fractions of heavy metals and resulting in greater accuracy in predicting environmental risks.
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Figure 1. Percentage representation of sludge handling in EU countries as of 2020 [14]. 
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Figure 2. Map of the locations of wastewater treatment plants and the potential areas for agricultural use of sludge (own study). 
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Figure 3. Sequence diagram of heavy metal speciation analysis by BCR method. (own study). 
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Figure 4. Igeo indicator of heavy metals in sewage sludge and soil. 
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Figure 5. Nemerov pollution index for the analysis of the introduction of sewage sludge into the soil. 
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Figure 6. RAC of heavy metals in sewage sludge. 
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Figure 7. The ERD indicator of heavy metals in sewage sludge. 
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Figure 8. The EMR indicator of heavy metals in sewage sludge. 
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Table 1. The allowable upper limits for heavy metal concentrations in sewage sludge intended for natural applications are indicated in milligrams per kilogram of dry matter (mg/kg d.m.).
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Heavy Metal

	
The Permissible Levels of Heavy Metal Content in Sewage Sludge Intended for Natural Use




	
Poland

[8]

	
EU [15]

	
Chinese [16]

	
United States [17]

	
South African [18]

	
Netherlands

[19]

	
Ireland

[20]

	
Malta

[21]




	
pH < 6.5

	
pH > 6.5






	
Cd

	
20

	
20–40

	
5

	
20

	
39

	
40

	
1.25

	
20

	
5




	
Ni

	
300

	
300–400

	
100

	
200

	
420

	
420

	
30

	
300

	
200




	
Cr

	
500

	
-

	
600

	
1000

	
-

	
1200

	
75

	
-

	
800




	
Pb

	
750

	
750–1200

	
300

	
1000

	
300

	
300

	
100

	
750

	
500




	
Cu

	
1000

	
1000–1750

	
250

	
500

	
1500

	
1500

	
75

	
1000

	
800




	
Zn

	
2500

	
2500–4000

	
500

	
1000

	
2800

	
2800

	
300

	
2500

	
2000











 





Table 2. Description of sludge sampling sites.
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	Object
	WWTP1
	WWTP2
	WWTP3
	WWTP4





	Location
	Swieta Katarzyna
	Sobkow
	Pacanow
	Opatow



	Wastewater treatment plant type
	MBR
	SBR
	EvU-Perl
	Activated sludge



	Form of sludge treatment
	Oxygen stabilization of sludge
	System Draimad
	Oxygen stabilization of sludge
	Fermentation



	Equivalent number of inhabitants p.e. *
	2626
	3725
	1446
	15,355







Note(s): * population equivalents.













 





Table 3. Description of soil sampling sites.
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Location

	
Distance from WWTP

	
Soil Taxonomy

	
pH (KCl)

	
Organic Matter Content

	
Organic Carbon

	
Nitrogen Total

	
C/N Ratio

	
Absorbable Phosphorus

	
Calcium

Content

	
Soil Sorption Capacity




	
-

	
km

	
-

	
pH

	
%

	
%

	
%

	
-

	
mg P2O5 × 100 g−1

	
Cmol × kg−1

	
Cmol × kg−1






	
Wola Kopcowa—P1

	
15.2

	
Spodosols

	
5.8

	
3.28

	
1.83

	
0.08

	
20.84

	
6

	
1.3

	
6.83




	
Dyminy—P2

	
25.4

	
Spodosols

	
6.5

	
3.19

	
1.86

	
0.13

	
15.43

	
1.7

	
5.2

	
11.82




	
Niedzialki—P3

	
17.3

	
Inceptisols

	
7.6

	
0.76

	
0.52

	
0.07

	
4.15

	
10

	
0.13

	
45.31




	
Cmielow—P4

	
13.8

	
Dystric Eutrudepts

	
5.3

	
2.64

	
1.54

	
0.14

	
10.5

	
5.3

	
5.1

	
10.12











 





Table 4. Sources of heavy metal pollution caused by human activity [28,29,31].
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	Heavy Metal
	Sources of Metals in Sewage Sludge





	Cadmium (Cd)
	Electroplating plants, production of dyes, batteries, accumulators, paints and plastics, polymer stabilizers, chemical industry, production of plant protection products, graphic arts, printing industries



	Lead (Pb)
	Production of dyes, batteries, fertilizers, automotive, energy industry, plant protection products, electrochemical



	Chromium (Cr)
	Electroplating industry, tanning industry, wood impregnation, textile, dye and plastic production, printing and graphic arts industries



	Copper (Cu)
	Metallurgical industry, dye industry, textile industry, production of plant protection products and fertilizers



	Mercury (Hg)
	Production of batteries, phosphoric acid, caustic soda, pulp mills, production of plant protection products and mercury, metallic mercury



	Nickel (Ni)
	Electroplating industry, paper industry, refineries, steel plants,

fertilizer plants



	Zinc (Zn)
	Battery manufacture, paints, textile industry, plastics, polymer stabilizers, printing and graphic arts industries, printing and graphic arts










 





Table 5. Igeo index categorization [48,49].
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	Igeo
	Contamination Value





	Igeo ≤ 0
	Lack of pollution



	0 < Igeo ≤ 1
	Low pollution



	1 < Igeo ≤ 3
	Average pollution



	3 < Igeo ≤ 5
	High pollution



	5 < Igeo
	Extreme pollution










 





Table 6. Classification of the Nemerov index [52,53].
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	Nemerow Pollution Index (PINemerow)
	Pollution Value





	0 < PINemerow ≤ 35
	low risk



	35 < PINemerow ≤ 100
	medium risk



	100 < PINemerow
	High risk










 





Table 7. ERD and EMR indicator classification [43,49].
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	EMR
	ERD
	Risk Value





	0 < EMR ≤ 0.3
	0 < ERD ≤ 0.35
	low risk



	0.3 < EMR ≤ 0.5
	0.35 < ERD ≤ 0.6
	medium risk



	0.5 < EMR
	0.6 < ERD
	High risk










 





Table 8. Content of heavy metals (HMs) in sewage sludge (Ss) and soil (s) [mg/kg s.m.].
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Heavy Metal Content [mg/kg s.m.]




	
Fraction

	
Cu

	
Cr

	
Cd

	
Ni

	
Pb

	
Zn






	
Sewage sludge—Ss1




	
F I

	
7.51 ± 0.1

	
0.42 ± 0.1

	
1.22 ± 0.1

	
4.61 ± 0.1

	
8.03 ± 0.4

	
26.28 ± 0.6




	
F II

	
0.52 ± 0.1

	
0.21 ± 0.1

	
0.21 ± 0.1

	
0.33 ± 0.1

	
0.81 ± 0.1

	
8.44 ± 0.3




	
F III

	
101.95 ± 5.5

	
17.83 ± 0.1

	
3.54 ± 0.1

	
10.31 ± 0.1

	
17.02 ± 0.6

	
795.91 ± 23




	
F IV

	
15.11 ± 0.6

	
82.21 ± 0.6

	
33.56 ± 0.1

	
25.01 ± 0.2

	
62.24 ± 0.9

	
176.13 ± 8




	
ΣFI ÷ IV

	
125.03 ± 5.5

	
100.62 ± 0.6

	
38.42 ± 0.2

	
40.21 ± 0.3

	
88.02 ± 1.2

	
1006.61 ± 24.4




	
Sewage sludge—Ss2




	
F I

	
1.52 ± 0.1

	
0.31 ± 0.2

	
0.00 ± 0.1

	
2.01 ± 0.1

	
5.71 ± 0.5

	
111.61 ± 2.0




	
F II

	
1.01 ± 0.1

	
0.01 ± 0.0

	
0.24 ± 0.1

	
1.45 ± 0.1

	
4.62 ± 0.6

	
215.24 ± 3.5




	
F III

	
79.54 ± 0.4

	
11.23 ± 0.2

	
1.06 ± 0.1

	
2.74 ± 0.1

	
4.33 ± 0.2

	
556.65 ± 4.8




	
F IV

	
23.03 ± 0.2

	
17.18 ± 0.4

	
1.54 ± 0.2

	
3.13 ± 0.1

	
49.84 ± 0.5

	
457.93 ± 4.0




	
ΣFI ÷ IV

	
105.04 ± 0.3

	
28.64 ± 0.5

	
2.81 ± 0.3

	
9.25 ± 0.2

	
64.41 ± 1.3

	
1341.22 ± 7.4




	
Sewage sludge—Ss3




	
F I

	
1.51 ± 0.1

	
0.04 ± 0.1

	
0.01 ± 0.1

	
2.63 ± 0.1

	
3.77 ± 0.4

	
328.91 ± 0.9




	
F II

	
25.63 ± 0.2

	
24.13 ± 0.2

	
4.24 ± 0.1

	
19.62 ± 0.3

	
14.04 ± 2.3

	
743.25 ± 2.3




	
F III

	
551.44 ± 0.9

	
45.11 ± 0.3

	
5.15 ± 0.1

	
57.01 ± 0.6

	
6.01 ± 0.7

	
152.32 ± 0.9




	
F IV

	
4.72 ± 0.1

	
4.73 ± 0.1

	
0.83 ± 0.1

	
4.38 ± 0.2

	
26.74 ± 3.1

	
3.14 ± 0.1




	
ΣFI ÷ IV

	
583.31 ± 0.9

	
74.03 ± 0.6

	
10.11 ± 0.2

	
83.53 ± 0.7

	
50.23 ± 3.6

	
1228.01 ± 2.6




	
Sewage sludge—Ss4




	
F I

	
3.36 ± 0.2

	
2.01 ± 0.3

	
0.32 ± 0.1

	
3.51 ± 0.1

	
5.21 ± 0.3

	
79.44 ± 0.9




	
F II

	
1.82 ± 0.1

	
1.15 ± 0.2

	
0.37 ± 0.1

	
1.44 ± 0.4

	
0.57 ± 0.3

	
122.82 ± 1.3




	
F III

	
57.13 ± 1.5

	
16.13 ± 0.4

	
1.92 ± 0.2

	
5.96 ± 0.2

	
7.82 ± 0.8

	
323.82 ± 3.1




	
F IV

	
22.84 ± 0.8

	
22.06 ± 0.6

	
1.13 ± 0.6

	
9.22 ± 0.2

	
54.74 ± 8.5

	
170.81 ± 3.7




	
ΣFI ÷ IV

	
85.02 ± 1.7

	
41.27± 0.8

	
3.61± 0.6

	
20.01 ± 0.3

	
68.22 ± 8.2

	
696.85 ± 4.3




	
Soil—s1




	
ΣHM

	
3.81 ± 0.1

	
8.01 ± 0.2

	
0.5 ± 0.1

	
4.39 ± 0.1

	
16.73 ± 0.2

	
27.71 ± 0.3




	
Soil—s2




	
ΣHM

	
5.59 ± 0.1

	
9.67 ± 0.3

	
0.64 ± 0.1

	
7.77 ± 0.2

	
36.52 ± 0.3

	
65.01 ± 0.3




	
Soil—s3




	
ΣHM

	
2.01 ± 0.1

	
3.41 ± 0.1

	
0.55 ± 0.1

	
2.74 ± 0.1

	
5.85 ± 0.1

	
11.22 ± 0.2




	
Soil—s4




	
ΣHM

	
6.84 ± 0.2

	
13.3 ± 0.2

	
0.5 ± 0.1

	
9.32 ± 0.1

	
54.4 ± 0.3

	
33.31 ± 0.2











 





Table 9. Schedule of non-fulfillment of the heavy metal toxicity criteria for all four contamination indices.
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	WWTP
	Igeo
	RAC
	ERD
	EMR





	1
	Cu, Zn, Cd, Cr
	Ni
	Cu, Zn
	—



	2
	Cu, Zn
	Ni
	Cu
	Ni



	3
	Cr, Cu, Cd, Zn, Ni
	Zn
	Cu, Ni, Zn
	Cu, Cr, Cd, Ni, Zn



	4
	Cu, Zn
	Ni, Zn
	—
	Ni, Zn
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