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Abstract 19 

Heavy metal pollution is one of the main problems of the Baltic Sea, caused by the inflow of large 20 

loads with river waters. Heavy metals can enter rivers i.a. from point sources such as wastewater 21 

treatment plants and industrial plants with inadequately-treated wastewater. The present article 22 

examines (i) the impact of WWTPs and industrial facilities on the pollution of the Pilica River, (ii) 23 

heavy metal loads along its continuum, and (iii) the identification of common pollution patterns 24 

in wastewater and river water, and the effect of their physicochemical properties.  25 

Among WWTPs, the highest heavy metal concentrations are generated by the smallest plants, 26 

and the highest loads by the largest ones, which is related to the size of their flow. In addition, 27 

industrial plants are significant sources of point pollution of rivers, with arsenic, tin, zinc, cobalt, 28 

copper, molybdenum, nickel, lead, chromium, mercury and barium being detected in wastewater. 29 

The most common heavy metal in the Pilica was found to be Barium, with the highest loads 30 

observed in winter (66.29-216.98 kg/day). In addition to Ba, depending on the season, arsenic, 31 

copper and nickel were also detected. 32 

The article takes an innovative approach employing two data calculation variants, which allowed 33 

for a comprehensive analysis that captured both typical and less predictable scenarios of river 34 

pollution. It also presents an example of modification of the sedimentation-filtration system as a 35 

sustainable solution for removing heavy metals from treated wastewater.   36 

Key words: heavy metals, wastewater, wastewater treatment plants, industrial plants, river 37 

catchment, ecohydrology 38 
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Environmental Implication 39 

Heavy metal loads generated from municipal and industrial wastewater treatment plants located 40 

in the Pilica river catchment (seasonally 2022-2023) included As, Ba, Sn, Zn, Co, Cu, Mo, Ni, Pb, 41 

Hg and Cr. Among these, As (u.d.l.-1.94 kg/day), Ba (19.98-216.98 kg/day), Cu (u.d.l.-29.18 42 

kg/day) and Ni (u.d.l.-2.29 kg/day) were identified in the Pilica river itself. As even slight elevations 43 

in metal levels within ecosystems can have toxic impacts on the food chain and human health, it 44 

is essential to quantify the contamination of river systems from point sources and to develop 45 

modern, environmentally-friendly solutions for their elimination. 46 

Graphical abstract 47 

 48 

 49 

Contents 50 

1. Introduction .......................................................................................................................... 4 51 

2. Materials and methods ........................................................................................................... 7 52 

2.1 Characteristics of the case study ............................................................................................ 7 53 

2.2. Sampling of wastewater and riverine water ............................................................................... 9 54 

2.3 Physical and chemical analysis ............................................................................................. 11 55 

2.4 Analysis of heavy metals ...................................................................................................... 12 56 

2.5 Statistical analysis .............................................................................................................. 13 57 

3 Results ................................................................................................................................ 13 58 

3.1. Concentrations of heavy metals in wastewater and river ......................................................... 13 59 



4 
 

3.1.1. Municipal wastewater – analysis of pollutant co-occurrence patterns .................................... 15 60 

3.1.2. Industrial wastewater – analysis of pollutant co-occurrence patterns ..................................... 18 61 

3.1.3. River Water – analysis of pollutant co-occurrence patterns ................................................... 20 62 

3.2. Export of heavy metal loads with wastewater effluents ........................................................... 22 63 

3.2.1. Heavy metal loads entering the river from municipal wastewater treatment plants ................. 22 64 

3.2.2. Heavy metal loads entering the river from industrial plants .................................................. 24 65 

3.3 Transport of heavy metal loads along the river continuum within a catchment ........................... 25 66 

4 Discussion ........................................................................................................................... 27 67 

4.1 Wastewater as sources of heavy metals in river water ............................................................ 27 68 

4.1.1 Municipal WWTPs............................................................................................................. 27 69 

4.1.2. Wastewater from fruit-vegetable industry .......................................................................... 29 70 

4.1.3. Wastewater from the dairy industry ................................................................................... 30 71 

4.1.4. Wastewater from the furniture industry ............................................................................. 31 72 

4.2 Seasonal changes in heavy metal concentrations ................................................................... 31 73 

4.3 The relationships between heavy metal levels and the physico-chemical properties of wastewater 74 
and river water ......................................................................................................................... 33 75 

4.4 Transport of heavy metals along the river continuum and river self-purification ........................ 35 76 

4.5 Different approaches to environmental data analysis ............................................................. 38 77 

4.6 The sedimentation-biofiltration system as a solution supporting the elimination of heavy metals 78 
from the aquatic environment.................................................................................................... 39 79 

5. Conclusions ......................................................................................................................... 42 80 

6. Acknowledgments ............................................................................................................... 43 81 

7. References .......................................................................................................................... 44 82 

 83 

1. Introduction 84 

In 2024, six of the nine planetary boundaries exceeded their safe limits. These included changes 85 

in the aquatic environment and the amounts of “Novel Entities”, understood as artificial 86 

substances introduced into the environment without prior comprehensive research (Caesar, et 87 

al., 2024). Well-known sources of such emissions are sewage treatment plants. It is estimated 88 

that in 2022 alone, 268 billion m³ of domestic sewage was generated worldwide, of which only 89 

58% was delivered to treatment plants and treated safely. Of the remainder,  a significant portion 90 

arose from a lack of sewer connections or septic tanks (45%) or their inadequate emptying (24%); 91 
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in addition, approximately a fifth of sewage was subjected only to pre-treatment failing to meet 92 

discharge standards (19%) (The United Nations Human Settlements Programme, 2024). 93 

One common group of pollutants is represented by the heavy metals. Their concentration in the 94 

environment has increased with urbanization, extraction of fossil fuels, development of 95 

motorization and intensification of various industries (Rodríguez Martín et al., 2015). In addition 96 

to natural sources of occurrence, such as weathering of rocks or soil erosion, heavy metals are 97 

increasingly identified as components of municipal and industrial sewage (Piwowarska et al., 98 

2024).  99 

The heavy metal loads carried with river waters from the area of Poland are received by the Baltic 100 

Sea, with a total of 5.7 t of cadmium, 49.7 t of lead and 2.5 t of mercury flowing from the Polish 101 

part of the Baltic Sea basin in the years 2012-2021. In 2021 alone, the input was 0.37 t of Cd, 13.4 102 

t of Pb, 0.44 t of Hg; these values constituted 7.1%, 15.7% and 36.7%, respectively, of the total 103 

loads of Cd, Pb and Hg flowing into the Baltic Sea from the entire basin in this year. The transport 104 

of heavy metal loads to the Baltic Sea mainly takes place via large rivers such as the Vistula 105 

(HELCOM, 2021, 2024).  106 

Due to their toxic properties, heavy metals pose a significant threat to both the functioning of 107 

ecosystems and human health. Although cadmium, lead, mercury, and arsenic are widespread 108 

pollutants with toxic effects, chromium, copper and zinc can also be toxic, despite being necessary 109 

for the proper functioning of living organisms in trace amounts; their toxicity is intensified by their 110 

high persistence in the environment and a tendency to bioaccumulate (Abd Elnabi et al., 2023; 111 

Walker et al., 2019).  112 

Exposure to heavy metals has a range of negative effects, such as oxidative stress, DNA damage, 113 

neurological disorders (Jomova et al., 2025) and metabolic disorders, which result in increased 114 

mortality. Overexposure can thus disturb population structures and disrupt entire aquatic 115 
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ecosystems (Mukherjee et al., 2022; Sierra-Marquez et al., 2019; Guo et al., 2018; Pandey & 116 

Madhuri, 2014). As these substances pose a serious threat to human and animal health, and 117 

freshwater and marine ecosystems, there is a need for interdisciplinary studies aimed at better 118 

understanding the sources of heavy metal pollution and the process of their transport, 119 

accumulation and blocking in the hard-to-access pool, and their degradation (Morin-Crini et al., 120 

2022).  121 

To fully understand the nature and extent of heavy metal pollution, there is a need for 122 

comprehensive analyses of pollutant transport in the catchment area, with a particular emphasis 123 

on the impact of municipal and industrial wastewater treatment plants. These analyses should 124 

include the identification of problem areas that significantly contribute to the deterioration of 125 

water quality in river ecosystems, and determine the effectiveness of existing treatment 126 

technologies with regard to emissions of pollutants, including heavy metals. Such catchment 127 

approaches to understanding problems occurring in ecosystems represent a key focus of 128 

Ecohydrology: a systemic framework for the use of ecosystem processes in Integrated Water 129 

Resources Management (IWRM) that acts as a complement to technical hydrological solutions 130 

and ecological engineering (Kiedrzyńska et al., 2014). This framework can serve as a foundation 131 

for the application of ecohydrological biotechnologies and Nature-Based Solutions for the 132 

elimination of pollutants such as heavy metals from aquatic ecosystems (Piwowarska et al., 2024). 133 

The aim of the study was to quantify the scale of pollution with heavy metals from point sources 134 

in the Pilica River catchment. To this end, it takes a tripartite approach: i) an analysis of the role 135 

of municipal and industrial wastewater treatment plants in the pollution of the Pilica River, ii) an 136 

analysis of heavy metal loads carried along the Pilica River continuum from the source section to 137 

the mouth, as well as iii) a search for common patterns of pollutant occurrence in the analyzed 138 

samples with regard to the physicochemical factors characterizing the studied matrices (river 139 
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water, wastewater). Moreover, the publication presents an approach for eliminating heavy metals 140 

from sewage based on a modified sedimentation-filtration system.  141 

An innovative element of the presented article is its use of two separate data calculation variants. 142 

This approach not only yields a more comprehensive data analysis, but also provides a clearer 143 

picture of the full spectrum of the potential events and reactions occurring in the environment; 144 

it captures both the most probable and less typical variants of river pollution from point sources, 145 

in addition to any possible alternatives. The comprehensive nature of the analysis plays an 146 

important part in modeling the transport of heavy metals in the catchment. The obtained data 147 

can enable accurate prediction of surface water pollution scenarios, and the implementation of 148 

appropriate methods for mitigating the release of these pollutants into the environment. 149 

2. Materials and methods 150 

2.1 Characteristics of the case study 151 

The study was conducted in the Pilica River catchment located in central Poland (Fig.1). The Pilica 152 

is the largest left-bank tributary of the Vistula River, with a length of 342 km, and a catchment 153 

area covering 9258 km2 (Kiedrzyńska et al., 2014). In the Pilica catchment, 88% of the total sewage 154 

outflow is derived from 50 municipal WWTPs (Kiedrzyńska et al., 2014). The dominant type of 155 

land cover in the catchment is arable land, constituting over 60%, followed by forests (31%), and 156 

then a mixture of urban, industrial, and other types of land use (9%) (Harnisz et al., 2020). 157 

Importantly, out of 70 surface water bodies in the Pilica catchment, analyzed in terms of the 158 

implementation of the Water Framework Directive, 12 were classified as parts strongly modified 159 

by humans (Izydorczyk et al., 2019). This indicates strong anthropogenic pressure on the 160 

catchment. 161 
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The Pilica River begins near the town of Pilica, at an altitude of about 350 m above sea level, and 162 

flows into the Vistula at 457 km of its course. Due to the fact that the Pilica catchment area has a 163 

heterogeneous morphological structure and terrain, runoff from the catchment area is also 164 

diversified and ranges from 3 to 6 L/s/km² (Urbaniak et al., 2014). The river flows though twelve 165 

cities: Szczekociny, Koniecpol, Przedbórz, Sulejów, Tomaszów Mazowiecki, Piotrków Trybunalski, 166 

Spała, Inowłódz, Nowe Miasto, Wyśmierzyce, Białobrzegi and Warka. Of these, Tomaszów 167 

Mazowiecki has a developed textile, ceramic, machine, metal and leather industry and Warka a 168 

developed brewing and fruit and vegetable industry (Urbaniak et al., 2014). There are 143 169 

municipal wastewater treatment plants in the catchment area. It is estimated that on average, 170 

59% of the population in the entire catchment area is connected to a sewage treatment plant, 171 

however, this value varies from 51.3 to 70.5% depending on the region (Kiedrzyńska et al., 2014). 172 

Due to the numerous industrial plants in the catchment area, the river also receives a high level 173 

of polluted from many anthropogenic sources (Szklarek et al., 2021; Kiedrzyńska et al., 2014). 174 

Domestic sewage constitutes 4% of the total sewage discharge, and industrial sewage 8%. It is 175 

estimated that the mean discharge of treated sewage in the Pilica River catchment from all 143 176 

treatment plants is 18,341,875 m³/year (Kiedrzyńska et al., 2014). 177 
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 178 
Fig.1 Location of the Pilica River catchment (Poland) and location of WWTP monitoring stations (W1–W17), industrial 179 
plants (I1-I4) and riverine monitoring stations (R1–R7) along the Pilica River continuum. 180 
 181 
2.2. Sampling of wastewater and riverine water 182 

Samples of treated sewage were taken directly from the outlets of 17 municipal sewage 183 

treatment plants of different sizes located in the Pilica River catchment area. These WWTPs were 184 

selected due to their dispersion throughout the entire river basin. The treatment plants (WWTPs) 185 

were divided into three size categories based on population equivalent (PE): small WWTPs (class 186 

I, <2,000 PE), medium WWTPs (class II, 2,000-9,999 PE) and large WWTPs (class IV, 15,000-99,999 187 

PE) (W1-W17) (Tab.1). Samples of treated wastewater were collected at the outflow from the 188 

WWTP. Additionally, samples of treated sewage were also collected directly from the outlets of 189 

four industrial plants (I1- I4). These plants represented the dairy industry (I1), the fruit and 190 

vegetable industry (I2, I3) and the furniture industry (I4) (Tab.1). 191 

Water samples were also collected from seven points along the Pilica River continuum. Samples 192 

were collected from bridges (sites R1, R2, R4, R5, R6, R7) and from a site located just below the 193 
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Sulejów Reservoir dam (R3) (Tab.1). The R1-R6 river monitoring sites (except R7) were located at 194 

the water gauge posts belonging to the Polish Institute of Meteorology and Water Management. 195 

Sampling points were located throughout the catchment area. Sampling was carried out 196 

seasonally – spring (09-10.05.2022), summer (18-19.07.2022), autumn (05-06.12.2022), winter 197 

(27-28.02.2023), in the years 2022-2023. This gave a total of 68 samples of treated wastewater 198 

from municipal treatment plants, 16 samples of treated wastewater from industrial plants and 28 199 

samples of river water from Pilica. All samples were subjected to physicochemical analyses and 200 

the concentration of heavy metals was determined. 201 

Tab.1 Characteristics of the monitored municipal and industrial WWTPs in the Pilica River catchment. The letter 202 
designations mean respectively: W – municipal wastewater treatment plants; I – industrial plants; R – points located 203 
along the Pilica River continuum). 204 

Municipal WWTPs monitoring stations 

 Location of WWTPs WWTPs size class 
Population equivalent 

of WWTPs 

Average flow [m³/s for river 

and m³/day for WWTPs] 

W1 Koniecpol I 600 447.3 

W2 Rozprza I 500 101.0 

W3 Spała I 350 103.5 

W4 Wielgomłyny I 1000 67.0 

W5 Gorzkowice I 700 425.9 

W6 Wolbórz I 800 399.0 

W7 Ujazd I 1500 628.3 

W8 Przedbórz II 2000 839.5 

W9 Tuszyn II 4000 788.0 

W10 Drzewica II 6000 828.3 

W11 Sulejów II 7500 1613.8 

W12 
Nowe Miasto nad 

Pilicą 
II 2583 217.3 

W13 Białobrzegi IV 58,400 2148.5 

W14 Opoczno IV 75,000 4405.3 

W15 Warka IV 99,000 4187.5 

W16 
Tomaszów 

Mazowiecki 
IV 80,000 9736.0 

W17 
Piotrków 

Trybunalski 
IV 80,000 10243.0 

Industrial plants monitoring stations 

 
Location of 

industrial plant 
Type of industry  

Average flow [m³/s for river 

and m³/day for WWTPs] 
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I2 Szczekociny dairy industry  146.75 

I1 Szczekociny 
fruit and vegetable 

industry 
 589.25 

I3 Kozietuły Nowe 
fruit and vegetable 

industry 
 1533.53 

I4 Inowłódz furniture industry  32.5 

Riverine monitoring stations 

Station 
Town name of a 

station 

Station type in the 

river continuum 

Km of the river (from 

the estuary) 

Average flow [m³/s for river 

and m³/day for WWTPs] 

R1 Przedbórz River 201.2 15.02 

R2 Sulejów 
River (inflow to 

Sulejów Reservoir) 
161.3 21.48 

R3 Smardzewice 
Sulejów Reservoir 

(outflow) 
136.3 26.58 

R4 Spała River 119.4 31.35 

R5 Nowe Miasto River 78.8 34.65 

R6 Białobrzegi River 45.3 42.05 

R7 Warka River 17.0 no data 

 205 

2.3 Physical and chemical analysis 206 

The obtained samples were first subjected to in situ physical analysis comprising water 207 

temperature, pH, conductivity (SPC), total dissolved solids (TDS), salinity, oxygenation, and redox 208 

potential (ORP) using a YSI-6050000 Professional Plus multiparameter meter. They were then 209 

transported to the laboratory and kept at 5°C for further analysis. In the laboratory, the samples 210 

were filtered through GF/F filters and analyzed using an ion chromatography system (DIONEX, ICS 211 

1000) to quantify their ion content: the analysis included fluoride (F¯), chloride (Cl¯), nitrate 212 

(NO3¯), phosphate (PO4³¯) and sulphate anions (SO4²¯), and lithium (Li+), sodium (Na+), potassium 213 

(K+), magnesium (Mg²+) and calcium cations (Ca²+),.  214 

The total suspended solids (TSS) value was determined for each sample by filtering a known 215 

volume of water (V) through a Whatman GF/F filter of known mass. The filter was then dried at 216 

105 °C for about 1.5 hours and weighed on a Mettler electronic balance. Unfiltered river water 217 

and treated wastewater samples were analyzed for total phosphorus (TP) by the ascorbic acid 218 

method using the oxidative decomposition reagent Oxisolv (Merck) in a MV500 microwave 219 
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system (Merck) (Kiedrzyńska et al., 2014). Total nitrogen (TN) analyses were performed using 220 

commercially-available tests with a measuring range of 0-25 mg/L (method 10071,TNT) (Hach).  221 

Chemical oxygen demand (COD) in the samples was determined using an AQUALYTIC® COD VARIO 222 

photometer using commercially-available cuvette tests with a measuring range of 0-1500 mg/L 223 

(Tintometer GmbH). The tubes with added samples were mineralized in the AL125 thermoreactor 224 

and then analyzed according to the manufacturer's instructions. 225 

The respirometric method was used to determine the biochemical oxygen demand (BOD5) in 226 

treated wastewater and river water. The bottles with the analyzed samples were incubated for 227 

five days using the Lovibond BD 600 measuring system (Tintometer group). The bottles with the 228 

samples were hermetically sealed with heads with sensors, and the BOD5 result was calculated 229 

automatically by the system based on the monitored pressure changes. The samples were 230 

incubated in the dark in a Pol-ST3 Basic (POL-EKO) thermostatic cabinet at a temperature of 21 231 

°C. 232 

2.4 Analysis of heavy metals 233 

The samples were tested for the presence and quantity of 11 heavy metals: arsenic (As), barium 234 

(Ba), tin (Sn), zinc (Zn), cobalt (Co), copper (Cu), molybdenum (Mo), nickel (Ni), lead (Pb), 235 

chromium (Cr) and mercury (Hg). However, as the levels of mercury were below the detection 236 

limit in many samples, it was not included in each analyses. The concentrations were determined 237 

using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) by an accredited analytical 238 

laboratorium, in accordance with the PN-EN ISO 17294-2:2016-11 standard.  239 

To objectively estimate the impact of the wastewater treatment plant on heavy metal supply and  240 

reduction in water quality of the Pilica River, two scenarios (versions) were assumed for the 241 

analysis:  242 
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(I) Variant 1 – the analysis included data below the detection limit, in accordance with 243 

Article 5 of COMMISSION DIRECTIVE 2009/90/EC of 31 July 2009 establishing, under 244 

Directive 2000/60/EC of the European Parliament and of the Council, technical 245 

specifications for the analysis and monitoring of chemical water – LOQ/2. 246 

(II) Variant 2 - data below the quantification limit was replaced with the value "0" (Cantoni 247 

et al., 2020). 248 

Heavy metal loads were calculated based on the outflow of sewage from WWTPs (m³/day) and 249 

river flows (m³/s) at particular river gauge stations. However, no load or flow data were calculated 250 

at point R7 as no water gauge was present. 251 

2.5 Statistical analysis 252 

The data points were independent from each other, and the Shapiro–Wilk test confirmed them 253 

to have non-normal distributions. Correlations between heavy metal concentrations (As, Ba, Sn, 254 

Zn, Co, Cu, Mo, Ni, Pb, Hg, Cr) and other physico-chemical factors were assessed using Spearman’s 255 

correlation. Principal Component Analysis (PCA) was used to investigate relationships between 256 

group of samples and physico-chemical factors. PCA and biplot visualizations were conducted 257 

using PAST 4.03. Before the correlations and PCA analysis, the data were first normalized. A chart 258 

illustrating the characteristics of heavy metal concentrations entering the Pilica River from various 259 

sources was created using Statistica ver. 13.3 (StatSoft Poland). 260 

3 Results 261 

3.1. Concentrations of heavy metals in wastewater and river  262 

The median concentration values of all heavy metals identified in the analyzed samples differ 263 

depending on the adopted variant (Fig. 2A-F). In Variant 1, the highest median values of As, Sn, 264 

Mo and Pb were noted in small wastewater treatment plants (WWTPs), and the highest Cr values 265 
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in small and large WWTPs (Fig. 2A); values for these metals were significantly lower in Variant 2 266 

(Fig. 2B). In both variants, the highest median Ba values were observed in medium-sized WWTPs 267 

(Fig. 2C,D), and the highest Zn in small WWTPs (Fig. 2E,F). Among the remaining heavy metals 268 

detected in municipal wastewater, the median values were slightly lower in Variant 2 or did not 269 

differ from Variant 1. In Variant 1, industrial wastewater had similar ranges of heavy metal 270 

concentrations to wastewater from large municipal WWTPs (except for Sn and Cr), with the 271 

lowest median values being observed in river samples (except for Ba; Fig.2 A, C, E). In Variant 2, 272 

the median values for industrial wastewater and river water were lower than the medians for 273 

Variant 1 or close to these values (Fig.2B,D,F). 274 
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  275 

Fig.2 Median heavy metal (A-F) concentrations identified in the treated municipal wastewater (small, medium-size, 276 
large WWTPs) throughout the sampling period (May 2022-Feb.2023) compared to industrial wastewater and riverine 277 
water. Charts for Variant 1 – A, C, E; charts for Variant 2 – B, D, F. 278 

3.1.1. Municipal wastewater – analysis of pollutant co-occurrence patterns 279 

Spatial and temporal patterns of pollutant concentration were presented using PCA ordination, 280 

which was based on normalized data for heavy metal concentrations analyzed during seasonal 281 

sampling. In both variants, sewage treatment plants were arranged along the first axis (PC1), 282 

explaining 48.42% of variability in Variant 1 (Fig.3A) and 54.67% in Variant 2 (Fig.3B).  283 
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In Variant 1, samples collected in spring and autumn, regardless of the class of the treatment 284 

plant, were associated with high loads of Cr, Pb, Sn, Mo, Co, Hg and As. Only two samples from 285 

summer and winter, belonging to class I (small) WWTPs, are associated with high concentrations 286 

of Ba, Cu, Zn, Ni. The remaining samples of treated wastewater from winter and summer are 287 

located on the opposite side of the PC1 axis (Fig.3A).  288 

In Variant 2, all samples from summer, and individual samples from winter, indicate high 289 

concentrations of Mo, Cu, Pb, Sn, Cr, and Ba. In contract small numbers of samples of treated 290 

wastewater from summer (one sample - class I WWTPs), winter (one sample - class IV WWTPs) 291 

and spring (one sample - class I WWTPs) were associated with Ni, Zn, Hg and As. The positions of 292 

samples from spring, autumn and winter in the PCA ordination space are driven by high Co loads 293 

with a stronger correlation with the second axis (PC2; Fig.3B). 294 

 295 

Fig.3 PCA analysis of samples of municipal wastewater collected according to season, based on normalized heavy 296 
metal data. (A) Variant 1 – data below LOQ included in analyses as LOQ/2 (B) Variant 2 - data below LOQ included in 297 
analyses as “0”; triangle – class I WWTPs, square – class II WWTPs, dot – class IV WWTPs, green elements – spring, 298 
yellow elements – summer, red elements – autumn, , blue elements – winter.  Ellipses were drawn manually to 299 
illustrate groupings and do not represent statistical confidence intervals. 300 
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The physicochemical factors influencing the concentrations of the analyzed heavy metals were 301 

determined based on Spearman’s correlation analysis. It was found that in the case of Variant 1 302 

(Fig.4A), the presence of certain ions (Li+, F-, Cl-, PO4
3- and SO4

2-) significantly influenced the 303 

concentration of the analyzed heavy metals in municipal sewage. For many heavy metals (As, Ba, 304 

Sn, Cu, Mo, Ni, Pb), strong correlations were also demonstrated with the presence of TSS. Inverse 305 

correlations were demonstrated between redox (ORP) values and the concentrations of As, Sn, 306 

Cu, Pb, Cr (Fig.4A).  307 

In Variant 2, only some correlations overlap with Variant 1; Ba level demonstrated positive 308 

correlations with ORP, turbidity, TN, TP and BOD5; Zn level positively correlated with TP, K+, NO3
- 309 

and PO4
3- content; Co negatively correlated with pH. A significant number of analyzed metals (Sn, 310 

Cu, Mo, Ni, Pb, Cr) demonstrated a positive correlation with temperature and COD. In addition, 311 

Variant 2 exhibited more negative correlations of metals with physicochemical factors than in 312 

Variant 1 (Fig.4B).   313 

 314 

Fig.4 Spearman’s correlation matrix between heavy metal concentrations in treated sewage from municipal 315 
wastewater treatment plants and physico-chemical parameters. Statistically significant values (p>0.05) are marked 316 
in frames. (A) Variant 1, (B) Variant 2 317 
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3.1.2. Industrial wastewater – analysis of pollutant co-occurrence patterns 318 

The heavy metal concentrations of the outflow from industrial plants were also subjected to PCA 319 

analysis. In Variant 1, the analyzed samples arranged along PC 1 (55.09%) indicate high loads of 320 

Co, Ni, Mo, Cr, Hg and As in industrial wastewater from spring and autumn. In particular, 321 

arrowheads of Pb, Sn, Zn, Ba and Cu, indicating increasing concentrations, are directed towards 322 

spring wastewater associated with the furniture industry (plant I4). Samples collected in summer 323 

and winter are arranged on the opposite side of the PC 1 axis (Fig.5A).  324 

In Variant 2, the samples exhibit a different orientation with respect to PCA ordination space. The 325 

PC 1 axis explains 41.76% of the variance. The arrows of Ba, Ni, As, Sn, and Cr, indicating increased 326 

concentrations, are directed towards samples collected in summer from plant I3 dealing with the 327 

fruit and vegetable industry. For Pb, Zn, Cu and Mo, the arrowheads are directed towards the 328 

remaining samples collected in summer, and the sample collected in spring from the furniture 329 

industry (I4). The remaining samples from autumn and winter are located on the opposite side of 330 

the PC 1 axis (Fig. 5B). 331 
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 332 

Fig.5 PCA analysis of industrial wastewater samples with regard to season of collection, based on normalized physico-333 
chemical data. (A) Variant 1 – data below LOQ included in analyses as LOQ/2 (B) Variant 2 - data below LOQ included 334 
in analyses as “0”; square – dairy industrial plant I1, diamond – fruit and vegetable industrial plant I2, dot – fruit and 335 
vegetable industrial plant I3, triangle – furniture industrial plant I4, green elements – spring, yellow elements – 336 
summer, red elements – autumn, blue elements – winter.  Ellipses were drawn manually to illustrate groupings and 337 
do not represent statistical confidence intervals. 338 

The treated wastewater from industrial plants was also subjected to Spearman’s correlation 339 

analysis. In Variant 1 (Fig. 6A), a significant positive correlation was observed between TSS and Ba 340 

level, and between F- anions and Mo and Co level. Negative correlations were also found between 341 

the redox potential and the concentrations of Zn, Cu, total phosphorus and Mo, and between Ca2+ 342 

ion content and the concentrations of Co, Mo and Pb (Fig.6A).  343 

Variant 2 presents more statistically significant correlations, both positive and negative. TP 344 

concentrations were positively correlated with As, Ba, Sn and Cr level; TN correlated with As, Ba 345 

and Zn level; Ca2+ ion content correlated with Zn and Ni level;  NO3
- and PO4

3- correlated with As 346 

and Cr level; pH with Sn level, and temperature with Cr level. In contrast, oxygen content 347 
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correlated negatively with Pb and Cr level; pH with Co level; redox state with Cu level; TSS with 348 

Co level; BOD5 with Cr level; Li+ and F-  content with Ba level, and NO3
- content with Co level 349 

(Fig.6B).  350 

 351 

Fig.6 Spearman’s correlation matrix between heavy metal concentrations and physico-chemical parameters of 352 
treated sewage from industrial wastewater treatment plants. Statistically significant values (p>0.05) are marked in 353 
frames. (A) Variant 1, (B) Variant 2  354 

3.1.3. River Water – analysis of pollutant co-occurrence patterns 355 

The heavy metal concentrations identified in river water for each season were also subjected to 356 

PCA analysis. The first PCA axis explained 51.83% of the variance in Variant 1 (Fig.7A) and 56.93% 357 

in Variant 2 (Fig.7B); the second axis explained 34.45% (Variant 1) and 28.95% (Variant 2). The 358 

vectors representing Cu are directed towards winter samples, and those representing Ba and As 359 

towards summer samples. Samples from the spring and autumn seasons lie on the opposite side 360 

of the PC1 axis (Fig.7A, B).  361 
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 362 

Fig.7 PCA analysis of river water samples according to season of collection based on normalized physico-chemical 363 
data. (A) Variant 1 – data below LOQ included in analyses as LOQ/2 (B) Variant 2 - data below LOQ included in 364 
analyses as “0”;  plus – R1 sampling point, cross – R2, dot – R3, diamond – R4, star – R5, square – R6, triangle – R7, 365 
green elements – spring, yellow elements – summer, red elements – autumn, blue elements – winter.  Ellipses were 366 
drawn manually to illustrate groupings and do not represent statistical confidence intervals. 367 

For both variants, the Spearman’s correlation analysis revealed the following correlations in river 368 

water: As level with temperature, O2, pH, flows, TN, BOD5, Ca2+ , NO3
- and SO4

2- level; Ba level with 369 

Na+, Mg2+ ion level; Cu level with SPC, salinity, ORP, TSS, BOD5 , Li+, Mg2+, F-, Cl- and SO4
2- level; Ni 370 

level with temperature. In Variant 2, Ni level was negatively correlated with redox potential and 371 

TN concentration (Fig.8A, B). 372 
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 373 

Fig.8 Spearman’s correlation matrix between heavy metal concentrations in riverine water and physico-chemical 374 
parameters measured for the collected samples. Statistically significant values (p>0.05) were marked in frames. (A) 375 
Variant 1, (B) Variant 2 376 

3.2. Export of heavy metal loads with wastewater effluents 377 

3.2.1. Heavy metal loads entering the river from municipal wastewater treatment plants 378 

Regarding the heavy metals entering the Pilica River with municipal sewage, the highest mean 379 

daily loads (g/day) were generated from large (class IV) wastewater treatment plants, for both 380 

Variant 1 (Fig.9A) and 2 (Fig.9B). This could be attributed to the high daily sewage outflows from 381 

this class of WWTPs: the mean flows in the analyzed class IV WWTPs were 5890.5 m³/day in 382 

spring, 5730.9 m³/day in summer, 6401.0 m³/day in autumn, and 6553.9 m³/day in winter. In 383 

contrast, the average flows were 357.7 m³/day (spring), 277.2 m³/day (summer), 262.7 m³/day 384 

(autumn), 343.4 m³/day (winter) in class I WWTPs, and 772.4 m³/day in spring, 819.0 m³/day in 385 

summer, 743.8 m³/day in autumn, and 1094.2 m³/day in winter in class II WWTPs.  386 

The highest average daily load was observed for cobalt (12730.63 g/day), and occurred in autumn 387 

in class IV WWTPs; however, the data from autumn and spring also demonstrated the highest 388 
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number of values below the detection limit (Fig.9B). Significant differences in average load were 389 

noted between variants 1 and 2, especially in the case of class IV (large) WWTPs (Table 2). 390 

 391 

Fig.9 Mean seasonal loads of heavy metals [g/day] entering the Pilica River from WWTPs during the period 2022-392 
2023. 393 

Tab.2 Mean heavy metal loads [g/day] from wastewater treatment plants: values presenting the difference between 394 
variants 1 and 2 (based on the data presented on the Fig.9). 395 

 spring summer autumn winter 

WWTP size 

 small  medium  large  small  medium  large  small  medium  large  small  medium  large  

The difference between mean heavy metal loads [g/day] in variants 1 and 2 

As 1.8 3.9 29.5 0.1 0.4 2.9 1.3 3.7 32.0 0.1 0.4 2.9 

Ba 5.9 12.8 147.3 0.0 0.0 5.0 3.8 11.1 129.5 0.0 0.0 0.0 
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Sn 1.8 3.9 29.5 0.0 0.0 0.8 1.3 3.7 32.0 0.1 0.4 3.3 

Zn 11.3 38.6 155.6 0.0 0.0 0.0 7.9 29.5 259.0 0.0 0.0 0.0 

Co 1.8 3.9 29.5 0.1 0.4 2.0 0.0 0.0 0.0 0.1 0.5 1.6 

Cu 0.9 3.9 29.5 0.0 0.0 0.0 1.0 3.7 25.9 0.0 0.2 1.4 

Mo 1.8 3.9 29.5 0.0 0.3 0.2 1.3 3.7 32.0 0.1 0.4 3.3 

Ni 1.5 3.9 15.9 0.0 0.1 0.0 1.0 3.7 18.4 0.0 0.4 0.2 

Pb 1.8 3.9 29.5 0.0 0.0 0.0 1.3 3.7 32.0 0.1 0.4 2.9 

Hg 0.2 0.4 2.9 0.0 0.0 0.3 0.1 0.4 3.2 0.0 0.1 0.3 

Cr 1.8 3.9 29.5 0.0 0.0 0.0 1.3 3.7 32.0 0.0 0.4 0.5 

 396 

3.2.2. Heavy metal loads entering the river from industrial plants 397 

The analysis of industrial WWTP discharge (Fig. 10) found that in summer and winter, the highest 398 

metal loads were observed in wastewater from the fruit and vegetable industry (I3) and in sewage 399 

from one of the fruit and vegetable plants (I2) (Fig. 10). The loads depend not only on the metal 400 

concentrations but also on the volume of treated wastewater discharges, which are influenced to 401 

a large extent by the size of the industrial plant. Flows in fruit and vegetable plant I2 ranged from 402 

315 to 838 m³/day depending on the season, with the lowest flow being recorded in summer and 403 

the highest in autumn. In contrast the flow rate ranged from to 803 to 2109 m³/day in fruit and 404 

vegetable plant I3, with the lowest flow recorded in winter and the highest in autumn. Also, flow 405 

rates of 30 to 35 m³/day were noted in the furniture plant (the lowest flow was recorded in spring 406 

and the highest in summer), and 139 to 163 m³/day in the dairy plant (the lowest flow was 407 

recorded in autumn and the highest in winter). While these flow rates differ from the received 408 

heavy metal loads, it is worth noting that the characteristics of the wastewater and its 409 

physicochemical properties also have a great influence on the composition of the grab samples, 410 

which also have a significant impact on the generated concentrations. 411 
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  412 

Fig.10 Loads [g/day]of selected heavy metals identified in samples of industrial wastewaters; I1 – dairy industry, I2 413 
and I3 – fruit and vegetable industry, I4 – furniture industry. 414 

3.3 Transport of heavy metal loads along the river continuum within a catchment  415 

In all seasons, the most common heavy metal identified in river samples was barium. These loads 416 

increased along the river continuum, with the highest loads in all seasons detected at point R6. 417 
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The highest Ba loads were observed in winter (66.29-216.98 kg/day). In winter, copper was also 418 

present in the analyzed samples, and its concentrations also increased along the river continuum 419 

(10.42-29.18 kg/day). In spring, in addition to Ba, high Cu and Ni loads were also observed; 420 

however, no upward or downward trend was observed. In summer, increasing loads of As (u.d.l.-421 

1.94 kg/day) and Cu (1.33-3.39 kg/day) were also observed, while in autumn, only Ba was 422 

observed, whose loads ranged from 22.95 to 89.36 kg/day (Fig.11). The highest mean flows in the 423 

river were recorded in winter (57.2 m³/s) and the lowest in summer (13.0 m³/s). Similar flow rates 424 

were observed in spring and autumn, viz. 21.5 m³/s and 22.3 m³/s, respectively. 425 

  426 
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Fig.11 Loads of heavy metals from riverine sampling points [kg/day] identified seasonally during the years 2022-427 
2023 428 

4 Discussion 429 

Many of the aquatic environments around the world are polluted with non-biodegradable and 430 

toxic heavy metal residues. As metals do not decompose, the pollutants  not only accumulate in 431 

aquatic organisms, but also biomagnify along the trophic chain (Ahmad et al., 2010). Two 432 

significant sources of environmental heavy metal pollution are the development of industry, and 433 

progressive urbanization, which is also associated with increased population density. Wastewater 434 

from industrialized areas is characterized by higher concentrations of heavy metals than sewage 435 

from less industrialized areas, due to its higher content of municipal, industrial and hospital 436 

sewage (Hubeny et al., 2021). However, the scale of pollution of the aquatic environment and 437 

sewage remains difficult to understand due to data gaps and varying levels of determinations; 438 

furthermore, much of the data may be overestimated or underestimated. Therefore, this article 439 

takes a different approach by processing the data through two calculation variants. This 440 

procedure yielded different variants of pollution, allowing for an objective assessment of the scale 441 

of heavy metal pollution of the Pilica catchment area. 442 

4.1 Wastewater as sources of heavy metals in river water 443 

4.1.1 Municipal WWTPs 444 

The presented analyses confirm the presence of heavy metals in treated wastewater from both 445 

municipal wastewater treatment plants and industrial plants. Regardless of the calculation 446 

variant, heavy metals were detected in sewage every season, with the highest median values 447 

observed in sewage from small sewage treatment plants, i.e. those with PE below 2000. These 448 

findings are consistent with previous observations indicating that the highest concentrations of 449 
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TN and TP reaching the Pilica River with treated wastewater also derived from small WWTPs 450 

(Kiedrzyńska et al., 2014).  451 

In addition, high loads of these pollutants also reach the Pilica River from class IV (large) WWTPs 452 

(Fig.9 A,B), which is related to the high flows occurring in these plants (Tab.1). Importantly, these 453 

sewages are discharged into surface waters: the rivers in Lodz receive water runoffs from WWTPs 454 

as well as from rainwater systems and combined sewers. Sakson et al. (2017) report that 455 

approximately 48% of annual Zn, 38% Cu, 61% Pb and 40% Cd loads discharged into the studied 456 

water receivers came from separation systems, 4% Zn and Cu, 10% Pb and 11% Cd from combined 457 

sewers and the rest from wastewater treatment plants, which indicates that treatment plants 458 

have a significant impact on the quality of surface waters in this region. 459 

The nature of the discharged sewage is also important. Analyses conducted on wastewater sludge 460 

samples from municipal and rural Polish WWTPs confirmed the presence of heavy metals. The 461 

sludge from the rural treatment plants was found to contain 0.6–9.5 mg Cd/kg of sludge, 9.3–524 462 

mg Cu/kg, 48–90.0 mg Ni/kg, 8.8–275.2 mg Pb/kg, 575–1732 mg Zn/kg, 7.5–170.0 mg Cr/kg and 463 

0–3.8 mg Hg/kg of dry sludge mass. In contrast, the sludge from the municipal plants contained 464 

1.07–16.7 mg Cd/kg, 32–195 mg Cu/kg, 1.3–128.9 mg Ni/kg, 21.2–322.4 mg Pb/kg, 20–5351.1 465 

mg Zn/kg, 12.7–2759.8 mg Cr/kg and 0.1–1.55 mg Hg/kg (Olejnik, 2024). Similar analyses carried 466 

out on sludge from the WWTP in Bytom (Poland) found the following heavy metal profile: 1.8-4.1 467 

mg Cd/kg of sludge, 34.9-68.3 mg Cr/kg, 104.1-194.0 mg Cu/kg, 51.2-98.1 mg Ni/kg, 97.6-189.2 468 

mg Pb/kg, 1092.2-1851.6 mg Zn/kg, and 0.3-1.1 mg Hg/kg of sludge (Tytła, 2019). 469 

Sewage was also found to influence water quality in the Changjiang River. High concentrations of 470 

As, Cd, Zn, Pb, Hg and Cr were detected in places where the sources of river pollution were 471 

municipal and industrial sewage (Wang et al., 2011). According to Sörme and Lagerkvist (2002), 472 

sources of Cu in wastewater may be runoff from roofs and tap water, Zn-galvanized utility 473 
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materials and car washes, which are also significant sources of Pb, Cr and Cd, and Ni may come 474 

from chemicals used in WWTPs. Analyses of wastewater sludge from Shanxi Province in China 475 

showed that 35.7% of the total amount of identified heavy metals came from the smelting 476 

industry, coking plants and road traffic, 29% from households and the water supply, and 16.2% 477 

from industries such as leather tanning, textile production and chemical industry (Duan et al., 478 

2015). All this indicates a worldwide problem related to the discharge of wastewater into surface 479 

waters. 480 

4.1.2. Wastewater from fruit-vegetable industry 481 

Our analyses confirm the presence of heavy metals in the wastewater of the fruit and vegetable 482 

industry. The highest loads of metals, viz. Ba (120.41 g/day), Zn (114.90 g/day) and Cu (19.99 483 

g/day), were observed in summer in plant I3, together with high loads of Sn, Ni, Pb, Cr and As. 484 

These metals were also present in plant I2, but their loads were much lower (Fig.10). The 485 

presence of heavy metals in the wastewater of the fruit and vegetable industry may be caused by 486 

the transfer of these compounds from the environment to the fruits and vegetables, and then to 487 

wastewater during their processing. The key role in the initial contamination of the plant products 488 

is no doubt played by the fertilizers, ripening agents, fungicides and pesticides used in their 489 

cultivation during the flowering and growth periods (Fang & Zhu, 2014).  490 

The use of fertilizers results in the occurrence of Cd, Cu and Zn in greenhouse soils (Wei, 2020). 491 

Both Cr and Ni, as well as Zn, Cd and Pb show strong correlations with nitrogen fertilizer use, 492 

where their levels range from 3.2 to 19 µg Cr/g of fertilizer, from 7 to 34 µg Ni/g, from 1 to 42 µg 493 

Zn/g, from 0.05 to 8.5 µg Cd/g and from 2 to 120 µg Pb/g; they can also be present in phosphate 494 

fertilizers at concentrations of 66–245 µg Cr/g, 7–38 µg Ni/g, 50-1450 µg Zn/g, 0.1-190 µg Cd/g 495 

and 4-1000 µg Pb/g (Sandeep et al., 2019). Phosphate fertilizers have also been identified by the 496 
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European Parliament and the Council of the European Union as a potential source of cadmium, 497 

and their use has hence been subject to special legal regulations (European Union, 2019).  498 

The dynamics of heavy metals in the soil and their potential to accumulate in fruits and vegetables 499 

are significantly influenced by the properties of soil, such as the presence of organic and inorganic 500 

matter, soil type, pH, mineral content, or the type of crop (Zwolak et al., 2019). Different fruits 501 

also have different accumulation potential: berries have the potential to accumulate Cu, Ni and 502 

Sb, stone fruits to accumulate Cu and Sb, pome fruits to accumulate Cu, Ni and Sb, and shell fruits 503 

to accumulate Cu (Gruszecka-Kosowska, 2019).  504 

4.1.3. Wastewater from the dairy industry  505 

The wastewater entering the Pilica also derives from the dairy industry. It was found to carry 506 

negligible loads of some metals, such as Zn, Cu, Ni, Pb and Cr; however, an increased cobalt load 507 

was noted in the autumn, amounting to 335.96 g/day. Cobalt is a component of vitamin B12, 508 

where it occurs as Co(III). It is an essential trace element for both ruminants and horses, which 509 

can synthesize vitamin B12 in their digestive tracts through the action of microorganisms. In 510 

addition to meeting the demand for vitamin B12 synthesis, cobalt also takes part in fermentation 511 

in ruminants, where it increases the efficiency of digestion of low-quality feed fibers. Co is 512 

excreted from animal organisms in urine or feces, or with milk (EFSA, 2009). In 2023, the EU 513 

Commission Implementing Regulation came into force, with an urgent provisional authorisation 514 

of the use of cobalt(II) acetate tetrahydrate, cobalt(II) carbonate, cobalt(II) carbonate hydroxide 515 

monohydrate (2:3) and cobalt(II) sulphate heptahydrate as feed additives for ruminants with a 516 

developed rumen, equines and lagomorphs (European Union, 2023). It has been found that heavy 517 

metals such as Pb, Cr and Co in milk persist in dairy products, although with some reduction in 518 

their level; for example, it was found that Pb content was 0.6% lower in yogurt than the original 519 
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cow's milk, while Cr 0.8% was lower and Co 1.9% lower (Al-Naemi, 2018). Hence, it is highly likely 520 

that these metals may also occur in wastewater from dairy production units. 521 

4.1.4. Wastewater from the furniture industry  522 

In the wastewater from the furniture industry, the highest load was observed in spring for Zn 523 

(6.06 g/day), although this was accompanied by Cu, Ba, Sn, Pb and Co. Many of these heavy 524 

metals may derive from the use of pigments, dyes and resins contained in putties and paints: such 525 

products are known to include lead, cadmium, mercury and chromium in their composition (Yuan 526 

et al., 2014). One study of the air in paint factories found Pb concentrations to range from 38 to 527 

360 ng/m³, Ni from 5 to 41 ng/m³, Cu 10-24 ng/m³, Cr 1-7 ng/m³ and Zn from 0.01 to 316 ng/m³; 528 

this indicates the presence of heavy metals in both the production processes and the paints 529 

themselves (Yaghi & Abdul-Wahab, 2003). Interestingly, heavy metals are also identified in wood 530 

chips generated during wood processing and in post-industrial wastewater, suggesting that heavy 531 

metals can accumulate in trees and are leached during processing. In wood chips, after digestion, 532 

the concentrations of Cu can range from 1.11-1.21 mg/L, Zn 37.7-40.2 mg/L, Cd, 0.859-0.913 533 

mg/L, Mn 80.9-88.1 mg/L, Pb 1.56-3.44 mg/L, and Al 28.2-30.7 mg/L, with higher concentrations 534 

noted in wastewater than in chips (Ayob et al., 2022).  535 

4.2 Seasonal changes in heavy metal concentrations 536 

Seasonality was found to have differing effects on heavy metal pollution depending on the 537 

calculation method: PCA analysis of data from municipal and industrial sewage confirmed strong 538 

relationships between heavy metals and the spring and autumn seasons (Variant 1), or between 539 

heavy metals and the summer and partially winter seasons (Variant 2). Hence, the obtained 540 

results indicate an extremely different picture of seasonality depending on the calculating 541 

method. It is also important to remember about the temporary nature of sampling.  542 
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However, a number of studies have reported seasonal variations in the levels of heavy metals in 543 

sewage. Renuka et al. (2014) report the presence of various heavy metals including Cr, Co, Pb, As 544 

and Cd in sewage. While Cr was observed throughout the year, Cd was observed in all months 545 

except December, with the concentrations peaking in September and November. While Cr, Co, Pb 546 

and As peaked in December, their values were also high in March, September, October and 547 

December; this indicates the relationship between the winter period and the occurrence of heavy 548 

metals in wastewater (Renuka et al., 2014). Seasonal analyses of treated wastewater from Manisa 549 

city identified the highest concentrations of chromium (3.44 ug/L), nickel (0.218 ug/L), arsenic 550 

(27.7 ug/L), barium (107.129 ug/L), mercury (0.027 ug/L) in winter, manganese (8.35 ug/L), 551 

cadmium (0.04 ug/L) in spring, and lead (0.533 ug/L) in summer (Sadiq et al., 2019). Seasonal 552 

variability was also observed in sewage sludge from Greece, with the highest concentrations of 553 

Cd and Cr observed in spring and the lowest in winter (in two out of three WWTPs), and Cu, Ni 554 

and Pb being highest in winter and lowest in summer (Spanos et al., 2016). This demonstrates the 555 

diversity of the composition of the analyzed matrices and the fact that the occurrence of heavy 556 

metals in a given season is influenced by co-occurring physicochemical parameters. 557 

Our present analysis of heavy metal loads found the highest Ba (66.29-216.98 kg/day) and Cu 558 

loads in river water (10.42-29.18 kg/day) occurred in winter. Arsenic was recorded in summer 559 

(1.76-1.94 kg/day), and Ni in spring (1.13-2.29 kg/day) and summer (1.28-1.78 kg/day). During 560 

rainy seasons, pollutants may be diluted, resulting in lower levels in the aquatic environment; 561 

conversely, studies on the Han River by Li and Zhang (2010) identified the highest total heavy 562 

metal concentrations in June (1195.92 µg/L), which the authors attribute to increased water 563 

evaporation and greater anthropogenic activity.  564 

The dry season is also characterized by reduced water flows in rivers and, consequently, higher 565 

pollutant concentrations. Eliku and Leta (2018) report higher iron concentrations during the rainy 566 
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season, which the authors attribute to the high runoff occurring at this time, resulting in soil 567 

erosion and release of iron. A study of the Karnaphuli River in Bangladesh found the water to 568 

contain 13.31 to 53.87 µg As/L, 46.09 to 112.43 µg Cr/L, 2.54 to 18.34 µg Cd/L and 5.29 to 27.45 569 

µg Pb/L. The values in the sediments were 11.56-35.48 mg As/kg, 37.23-160.32 mg Cr/kg, 0.63-570 

3.56 mg Cd/kg and 21.98-73.42 mg Pb/kg. Higher concentrations of these metals were identified 571 

in winter. Potential sources included municipal sewage discharges (Cd, Pb), waste from the 572 

petroleum and textile industries (Cr), fertilizer and pesticide production, wood processing, 573 

tanning and runoff from mountain areas (As), atmospheric deposition, leaded gasoline, crude oil, 574 

production of chemicals, electronics, tires, and the presence of a steel mill near the studied river 575 

(Pb) (Ali et al., 2016). 576 

In the present analysis, the barium could have been re-emitted in the winter period through inter 577 

alia release from river sediments. Although Ba constitutes only 0.05% of the Earth's crust, and 578 

naturally-occurring forms are rare, it is used in a range of commercial processes (Aziz et al., 2017) 579 

including the plastics, textile, paper, electronics, pharmaceutical, cosmetic, dye and tanning 580 

industries, as well as pesticide production (Kravchenko et al., 2014). All this means that Ba can 581 

occur in large quantities in the environment. As a result, it is a commonly found in the 582 

environment. 583 

4.3 The relationships between heavy metal levels and the physico-chemical properties of 584 

wastewater and river water  585 

In the aquatic environment, heavy metals are distributed between the water phase and bottom 586 

sediments. As such, their fate is influenced by inter alia precipitation, sorption or dissolution, as 587 

well as pH, temperature, mixing of water masses, the amount of oxygen dissolved in water, redox 588 

potential and ionic strength (Piwowarska et al., 2024; Yu et al., 2001). Among the binding fractions 589 

in sediments, heavy metals can be found in exchangeable fractions, bound to carbonates, Mn-590 
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oxides, Fe-oxides, organic matter, sulphides, and residues. Interestingly, the amount of heavy 591 

metals bound to organic matter does not always increase with the increase in the binding sites of 592 

the matter; this indicates that other factors such as the extent of contamination, binding 593 

competition between metals, and the type of organic matter may play a role (Yu et al., 2001). 594 

In the treated sewage samples, zinc and copper levels were found to correlate positively with 595 

temperature and negatively with oxygen. In addition, As, Ba, Sn, Cu, Mo, Ni and Pb levels 596 

correlated positively with the presence of suspended solids, and Ba, Sn and Cu with turbidity. Ni 597 

and Cr levels correlated positively with conductivity, total dissolved solids and salinity. In contrast, 598 

As, Sn, Cu, Pb and Cr levels correlated negatively with redox potential. Positive Significant 599 

correlations were also shown between Ba and total nitrogen, between Ba, Zn and Cu and total 600 

phosphorus (TP) content, between Ba and BOD5, and between Cu and COD.  601 

Many positive and negative correlations were also detected between heavy metal content and 602 

the anions and cations present in the samples. For industrial plants, a positive correlation was 603 

shown only for TSS and Ba concentrations, and for fluoride ions and molybdenum. Conversely,  604 

Zn and Cu demonstrated significant negative correlations with redox index; Mo with TP content; 605 

Co, Mo and Pb with calcium ion level.  606 

In the river samples, As and Ni had positive correlations with temperature, As with pH, and Ba 607 

with sodium and magnesium ion levels. In turn, As concentrations in water were negatively 608 

correlated with certain physicochemical parameters (oxygen, flow, TN, BOD5, calcium ion, nitrates 609 

and sulfates), and Cu content with conductivity, salinity, TSS, lithium, magnesium, fluorine, 610 

chlorine and sulfate ion levels. Similarly, Wei et al., (2018) found Cu, Cd, As and Zn to be influenced 611 

by inter alia F-, TP, E.coli content and CODCr. The authors attribute the presence of Cu, Zn and As 612 

in the samples to industrial activity and to livestock and domestic sewage production (Wei et al., 613 

2018). Arsenic levels has also been found to correlate with BOD (Chung et al., 2016). 614 
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The physicochemical status of surface waters significantly affect metal concentrations. Lower pH 615 

and higher temperature have been found to promote the release of heavy metals into the aquatic 616 

environment, while higher pH promotes their precipitation and their adsorption on the sediment 617 

surface (Li et al., 2013). pH has a significant influence on the form of heavy metals in the 618 

environment; for example, the hydroxide sediments of most heavy metals exhibit poor solubility 619 

under standard water pH conditions, and these complexes become soluble only at lower pH 620 

(Elder, 1988). Under conditions of lower water pH but higher salinity and temperature, the 621 

amount of Cu and Zn released from sediments increases. In contrast, an increase in pH can lead 622 

to changes in the solid fraction of Zn, such as an increase in the residual fraction and a decrease 623 

in organic matter and sulfides. An increase in temperature and salinity, on the other hand, can 624 

reverse these changes in the fraction distribution (Zhao et al., 2024). 625 

Another important factor is the amount of dissolved oxygen, which affects the rate of release of 626 

metals into surface waters by influencing the rate of oxidation of organic matter (Li et al., 2013). 627 

Importantly, the formation of sediments is also strongly influenced by the presence of sulphides. 628 

Both forms are influenced by redox potential: the dominant heavy metal sediments are oxides in 629 

oxidation conditions, and sulfides in anaerobic conditions (Elder, 1988). In conditions of increased 630 

redox potential, reduced sulfur compounds can be oxidized to SO4
2- with an efficiency as high as 631 

40-80%. While many heavy metals in sediments become more soluble at higher redox potentials, 632 

higher concentrations of As can be observed in highly-contaminated sediments under low redox 633 

potentials (Popenda, 2014). 634 

4.4 Transport of heavy metals along the river continuum and river self-purification   635 

Our findings indicate that barium loads increased along the river continuum in all seasons; this 636 

may indicate a constant inflow of Ba to the waters of the Pilica River, and thus a higher 637 

concentration of pollutants. At the final measurement point located before the entry of the Pilica 638 
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into the Vistula, the highest load was observed in winter (216.98 kg Ba/day). The same season 639 

was found have the highest Cu loads, with the highest value noted at point R6 (29.18 kg/day). In 640 

the remaining seasons, Ni and As were also present, with their loads increasing along the river; 641 

however, no change in Ni level was observed in the spring. The presence of heavy metals in the 642 

Pilica may be caused by their entry into the ecosystem from both diffuse and point sources.  643 

Hydrological conditions also have a strong influence on the conditions of surface waters. High Ba 644 

and Cu loads were calculated for winter, and these may be related to the increased mean flow 645 

noted during this period (57.23 m³/s). The levels of organic pollutants present in water are further 646 

increased by intensive atmospheric precipitation, which washes out the soil and organic matter 647 

from the river basin. Therefore, diffuse sources of pollution based mainly on water runoff from 648 

urban and agricultural areas play an important role in river pollution during periods of intensive 649 

rainfall and floods (Urbaniak et al., 2014). Importantly, due to the processes of adsorption, 650 

hydrolysis and co-precipitation occurring in water, only small amounts of metals are soluble, the 651 

rest is deposited in sediments. It is estimated that 30-98% of the total loads of heavy metals found 652 

in the river can be transported in a form associated with sediment. Moreover, if such sediments 653 

settle on the banks of a riverbed or floodplain, they will again become a potential diffuse source 654 

of environmental pollution (Piwowarska et al., 2024). 655 

Barium can enter the atmosphere via industrial emissions, and then be passed to the aquatic 656 

environment by deposition. It can also be taken up by agricultural soils by the application of 657 

fertilizers and soil additives. Furthermore, industrial sewage and runoff from soils contaminated 658 

with fly ash are also known sources of Ba (Verbruggen et al., 2020).  659 

Barium is released in the aquatic environment by ion exchange with solid particles. In important 660 

part in these processes is also played by salinity level, with a large part of molecular barium being 661 

desorbed within 60 minutes at salinity values above 1.7. At low salinity, water mixing and co-662 
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precipitation processes with iron and manganese hydroxides influence the release of barium from 663 

river suspensions (Coffey et al., 1997). Interestingly, during the mixing processes of fresh and salt 664 

water, the adsorbed Ba should be simultaneously displaced by cations such as Na+, K+, Ca2+ and 665 

Mg2+ (Hanor & Chan, 1977). Our correlation analysis indicates a positive correlation between the 666 

presence of Ba in the river and Na+ and Mg2+ ions. Moreover, previous analyses of heavy metal 667 

(Pb, Cu, Zn, Cd, Ba) adsorption to biofilm found Ba to have the weakest bonds, resulting in easier 668 

release; this weak bond formation could be explained by its characteristic standard electrode 669 

potential, covalent radius and atomic radius (Dong et al., 2003).  670 

Heavy metals are also widely distributed in other rivers around the world. One example is the 671 

Ona River in Nigeria was found to contain 9.2 mg/L Zn, 0.4 mg/L Cr, 0.2 mg/L Pb, 0.4 mg/L Cu, 0.1 672 

mg/L Ni and 5.3 mg/L Fe, which are believed to derive from both human activities such as the use 673 

of chemicals and zinc-based fertilizers, and natural geological conditions (Adefemi & Awokunmi, 674 

2010). The Turkish Dipsiz stream, which is polluted by inter alia the Yatagan Thermal Power Plant, 675 

contains 0.17 µg Cd/L, 0.37 µg Cu/L, 0.41 µg Pb/L, 1.05 µg Zn/L, 0.09 µg Cr/L (Demirak et al., 676 

2006). The Powa River, Poland, was found to carry 0.28-0.62 mg Cr/kg, 0.33-0.61 mg Ni/kg, 0.41-677 

1.23 mg Cu/kg, 3.05-6.18 mg Zn/kg, 0.16-0.39 mg Cd/kg, 0.64-1.03 mg Pb/kg of sediment (Sojka 678 

et al., 2018). In Italian rivers (Angitola, Mesima, Crati, Esaro) the mean annual heavy metal 679 

concentrations ranged from 0.9 to 6.3 µg As/L, 0.014 to 0.045 µg Cd/L, 0.25 to 1.09 µg Pb/L, 0.31 680 

to 0.53 µg Hg/L in river water, and from 9.3 to 20.9 mg As/kg sediment, 0.1 to 0.22 mg Cd/kg, 681 

7.41 to 13.10 mg Pb/kg, 0.006 to 0.044 mg Hg/kg in the sediments (Protano et al., 2014).  682 

Studies of the Tembi River found differences in the concentrations of metals between its upper 683 

and lower reaches. The mean concentrations were 0.17 mg Cd/L, 0.19 mg Cr/L, 0.47 mg Cu/L, 684 

0.45 mg Mn/L, 0.48 mg Ni/L, 1.13 mg Pb/L and 0.2 mg Zn/L in the upper section of the river, and 685 

0.25 mg Cd/L, 0.29 mg Cr/L, 0.57 mg Cu/L, 0.94 mg Mn/L, 0.68 mg Ni/L, 1.4 mg Pb/L and 0.35 mg 686 
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Zn/L in the lower section, i.e. the concentrations increased along the river continuum 687 

(Shanbehzadeh et al., 2014). 688 

4.5 Different approaches to environmental data analysis 689 

The quality of data obtained in environmental studies is influenced by a range of variable factors, 690 

such as changing environmental conditions or differences in the equipment used. In addition, 691 

matrix effects, the concentrations of contaminants, such as heavy metals, in the samples, and 692 

miscellaneous factors such as instrument sensitivity and purity of the reagents used, can further 693 

complicate analyte detection and quantification (Saadati et al., 2013).  694 

Studies of environmental pollution commonly obtain data sets containing values lower than the 695 

limit of quantification (LOQ). According to the European Union (2009) the quantification limit 696 

refers to a defined multiple of the detection limit at a given concentration of the analyte, which 697 

can be determined with acceptable accuracy and precision. Therefore, it is necessary to establish 698 

an appropriate approach to account for this censored data during the analysis.  699 

Two such approaches were used in the present article: replacing a data point without a value with 700 

half of the LOQ value (Variant 1) and replacing the LOQ value with the value "0" (Variant 2). These 701 

methods have their advantages and disadvantages, and thus influence the obtained research 702 

results. The use of Variant 2 means that the calculated values are lower than the actual values 703 

due to the use of sets of artificially low numbers. In the case of Variant 1, the conversion error is 704 

lower (Cantoni et al., 2020).  705 

Variant 1 was used, among others, in data analyses of the presence of contaminants (including 706 

heavy metals) in humans urine and complements (Becker et al., 2003), as well as during creation 707 

and validation the method for detecting 24 analytes representing a broad spectrum of illicit drugs 708 

and several of their key urinary metabolites in wastewater samples (González-Mariño et al., 709 

2012). Variant 1  also has been used in, inter alia, assays of PFAS compounds in water, sediments 710 
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and organisms collected in Beibu Bay in southern China for the values between LOD and LOQ (Pan 711 

et al., 2021) and in studies of estrogenic activity of water from freshwater ponds and water 712 

reservoirs affected by blooms (Procházková et al., 2018). The approach based on Variant 1 is also 713 

recommended by the European Commission and is included in Commission Directive 2009/90/EC 714 

(European Union, 2009). The Variant 2 approach has been used in, inter alia, calculations 715 

conducted during a clinical trial on the concomitant use of atorvastatin and ximelagatran (Sarich 716 

et al., 2004), as well as  in evaluation of the cefiderocol pharmacokinetics  in clinically stable 717 

subjects with mild, moderate, and severe renal impairment and in subjects undergoing 718 

hemodialysis (Katsube et al., 2017). 719 

The combination of variants (1 and 2) in parallel with other calculation methods was used in the 720 

analysis of databases on water quality monitoring in 28 drinking water treatment plants. 19 721 

pollutants, including metals, volatile organic compounds, pesticides and perfluorinated 722 

compounds, were analyzed. The authors emphasized that the use of the method of conversions 723 

with the value "0" causes the obtained results to be underestimated, and conversions from LOQ/2 724 

give overestimated results; as such, caution should be exercised in assessing the obtained results 725 

(Cantoni et al., 2020). 726 

4.6 The sedimentation-biofiltration system as a solution supporting the elimination of 727 

heavy metals from the aquatic environment 728 

Due to the widespread pollution of the aquatic environment from point sources, it is important 729 

to limit these pollutants before they reach aquatic ecosystems. An increasingly popular solution 730 

is the use of ecohydrological biotechnologies and nature-based solutions (NBS); these 731 

approaches are cheap and environmentally friendly, and are currently included in various 732 

programs of the European Commission (e.g. Horizon Europe), as well as within the framework of 733 

the IX phase of the UNESCO Hydrological Program (Piwowarska et al., 2024). Nature-Based 734 
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Solutions are a group of biotechnological and ecohydrological tools aimed at increasing the 735 

potential of sustainable development. Since NBS are based on processes naturally occurring in 736 

ecosystems and their properties, they can be used both on a micro scale (e.g. in the areas of 737 

individual households) and on a macro scale (e.g. on the scale of the entire landscape) 738 

(Piwowarska & Kiedrzyńska, 2022). Implementing the concepts of ecohydrological 739 

biotechnologies to reduce anthropogenic pollution from WWTPs has been demonstrated to 740 

increase the sustainable development of surface waters; in addition, due to their low cost and 741 

non-invasive nature, such approaches represent a promising natural solution which is attractive 742 

to society (Kiedrzyńska et al., 2014; Kiedrzyńska et al. 2017).  743 

One attractive group of solutions close to nature are sequential sedimentation-biofiltration 744 

systems (SSBS), which combine various processes such as sedimentation, filtration and 745 

adsorption, as well as phytoaccumulation and rhizofiltration (Jarosiewicz et al., 2024).  746 

A good example of a functioning SSBS system with a horizontal arrangement was constructed in 747 

a ditch discharging purified sewage from the municipal WWTP in Rozprza (central Poland) to the 748 

Dąbrówka River, a tributary of the Pilica. The Rozprza WWTP is a small treatment plant with 500 749 

PE, whose mean daily, multi-year wastewater outflow is 107 m³. The SSBS system was constructed 750 

on a slope, so that the sewage flows through individual barriers by gravity (Kiedrzyńska et al., 751 

2017). While this system was found to be effective, we propose a modification (Fig.12) based on 752 

present results concerning the presence of heavy metals in sewage and literature data (Tab.3). 753 

Tab.3 Examples of effective elimination of heavy metals with the use of selected geochemical and biological elements 754 
of the proposed modification of sequential biofiltration system. 755 

Element of the system 
Heavy 

metal 
Removal efficiency Reference 

dolomite 

 

As Up to 92% in concentration Shah et al., 2019 

Cu Up to 97% in concentration Sočo et al., 2023 

Co Up to 80% in concentration Ivanets et al., 2016 
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zeolite 

Ba Up to 40.3% in concentration  Baldermann et al., 2020 

Cu Up to 86% in concentration 

Filatova et al., 2021 Ni Up to 89% in concentration 

Zn Up to 85% in concentration 

Cr Up to 82% in concentration Álvarez et al., 2021 

limestone 

Cu Up to 100%  in concentration 

Yao et al., 2009 Ni Up to 47.8% in concentration 

Zn Up to 36.8% in concentration 

Limnocharis flava Hg Up to 90% in concentration Marrugo-Negrete et al., 2017 

Limnocharis flava + Typha 

angustifolia 

Cu Up to 79.07% in concentration 

Syukor et al., 2016 

Cr Up to 69.17% in concentration 

Ni Up to 74.87% in concentration 

Pb Up to 62.07% in concentration 

Zn Up to 63% in concentration 

Phragmites australis + Typha 

latifolia 

Pb Up to 61% in concentration 

Kumari & Tripathi, 2015 

Cu Up to 78% in concentration 

Cr Up to 68.1% in concentration 

Ni Up to 73.8% in concentration 

Zn Up to 61% in concentration 

Phragmites australis 

 

Mo 0.5-2.1% in concentration Hua et al., 2019 

Hg Up to 79.8% in concentration Soto-Ríos et al., 2018 

Cu 68-87% in concentration 

Guzman et al., 2022 Zn 53-95% in concentration 

Pb 20-55% in concentration 

Salvinia natans 

Zn Up to 84.8% in concentration 

Dhir & Srivastava, 2011 Cu Up to 73.8% in concentration 

Ni Up to 56.8% in concentration 

Cr Up to 41.4% in concentration 

 756 
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 757 

Fig.12 Modification proposal of the sequential biofiltration system built at the wastewater treatment plant in Rozprza 758 
(Kiedrzyńska et al., 2017, modified). 759 

5. Conclusions 760 

The article presents the results of physicochemical analyses of river water and treated sewage 761 

originating from point sources of pollution located in one of the largest sub-basins of the Vistula 762 

River: the Pilica River basin. Both the Vistula and the Pilica flow through some of the most 763 

industrialized and polluted areas in Europe (Kiedrzyńska, et al., 2014). In order to stop the 764 

transport of heavy metals to such large water bodies as the Baltic Sea, it is important to identify 765 

their the sources. Our findings indicate that: 766 

• Both wastewater treatment plants and industrial plants discharging treated effluents 767 

directly into rivers constitute significant point sources of pollution of aquatic ecosystems 768 

such as the Pilica River; 769 

• An objective analysis of the case is complicated by the choice of calculation variant: this 770 

decision will influence the data obtained on the relationship between heavy metals and 771 

seasonality, with the results potentially being overestimated or underestimated; 772 

• The loads of heavy metals entering the river from point sources of pollution and 773 

transported along the river continuum depend primarily on the size of the flows; 774 
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• The distribution of heavy metals in the aquatic environment and in wastewater samples 775 

is determined by the physicochemical properties of the matrix, which determine both the 776 

form of occurrence and the potential mobility and toxicity of these elements. 777 

The obtained results can be a basis for understanding the participation of point sources of 778 

pollution in the contamination of river ecosystems and the transport of pollutants in the areas of 779 

entire catchments; therefore, these results article can be interpreted on both the local and 780 

international scale. As our research indicates, sustainable management of point sources of 781 

pollution should be based on frequent, more complex analysis of the efficiency of eliminating 782 

heavy metals and other compounds from both municipal and industrial wastewater. As the 783 

physical, chemical and biological methods used by treatment plants are insufficient to obtain 784 

purified wastewater completely free of toxic compounds, it is recommended to support them 785 

with technologies of increased pollutant capture, such as the sequential biofiltration system 786 

indicated in the article. In the face of increasing anthropogenic pressure and thus increased 787 

pollutant production, there is a need to integrate modern wastewater treatment technologies 788 

with ecohydrological solutions based on phytoremediation to inhibit environmental degradation 789 

and improve the quality of inland waters.  790 
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27. González-Mariño, I., Quintana, J. B., Rodriguez, I., Gonzalez-Diez, M., & Cela, R. (2012). Screening and 872 
selective quantification of illicit drugs in wastewater by mixed-mode solid-phase extraction and quadrupole-873 
time-of-flight liquid chromatography–mass spectrometry. Analytical Chemistry, 84(3), 1708-1717. DOI: 874 
10.1021/ac202989e  875 

28. Gruszecka-Kosowska, A. (2019). Human health risk assessment and potentially harmful element contents in 876 
the fruits cultivated in the southern Poland. International Journal of Environmental Research and Public 877 
Health, 16(24), 5096. https://doi.org/10.3390/ijerph16245096 878 

29. Guo, S.-N., Zheng, J.-L., Yuan, S.-S., & Zhu, Q.-L. (2018). Effects of heat and cadmium exposure on stress-879 
related responses in the liver of female zebrafish: Heat increases cadmium toxicity. The Science of the Total 880 
Environment, 618, 1363–1370. https://doi.org/10.1016/j.scitotenv.2017.09.264 881 

30. Guzman, M., Arribasplata, M. B. R., Obispo, M. I. F., & Thais, S. C. B. (2022). Removal of heavy metals using 882 
a wetland batch system with carrizo (phragmites australis (cav.) trin. ex steud.): A laboratory assessment.  883 
Acta Ecologica Sinica, 42(1), 102-109. DOI: 10.1016/j.chnaes.2021.08.001 884 

31. Hanor, J. S., & Chan, L. H. (1977). Non-conservative behavior of barium during mixing of Mississippi River 885 
and Gulf of Mexico waters. Earth and Planetary Science Letters, 37(2), 242-250. 886 
https://doi.org/10.1016/0012-821X(77)90169-8 887 

32. Harnisz, M., Kiedrzyńska, E., Kiedrzyński, M., Korzeniewska, E., Czatzkowska, M., Koniuszewska, I., Jóźwik, 888 
A., Szklarek, S., Niestępski, S., & Zalewski, M. (2020). The impact of WWTP size and sampling season on the 889 
prevalence of antibiotic resistance genes in wastewater and the river system. Science of the Total 890 
Environment, 741, 140466. DOI: 10.1016/j.scitotenv.2020.140466  891 

33. HELCOM. (2021). Inputs of hazardous substances to the Baltic Sea. Baltic Sea Environment Proceedings No. 892 
179 893 

34. HELCOM. (2024). Inputs of hazardous substances to the Baltic Sea (PLC-8). Baltic Sea Environment 894 
Proceedings n°196.  895 

https://doi.org/10.3390/ijerph121215022
http://www.efsa.europa.eu/
https://doi.org/10.1007/s13201-018-0803-x
https://doi.org/10.1016/j.foodcont.2013.10.039
http://dx.doi.org/10.1088/1755-1315/666/4/042034
https://doi.org/10.1021/ac202989e
https://doi.org/10.3390/ijerph16245096
https://doi.org/10.1016/j.scitotenv.2017.09.264
https://ui.adsabs.harvard.edu/link_gateway/2022AcEcS..42..102G/doi:10.1016/j.chnaes.2021.08.001
https://doi.org/10.1016/0012-821X(77)90169-8
https://doi.org/10.1016/j.scitotenv.2020.140466


46 
 

35. Hua, T., Haynes, R. J., & Zhou, Y. F. (2019). Removal of Al, Ga, As, V and Mo from alkaline wastewater using 896 
pilot-scale constructed wetlands. Environmental Science and Pollution Research, 26(34), 35121-35130. DOI: 897 
10.1007/s11356-019-06490-3  898 

36. Hubeny, J., Harnisz, M., Korzeniewska, E., Buta, M., Zieliński, W., Rolbiecki, D., Giebułtowicz, J., Nałęcz-899 
Jawecki G., & Płaza, G. (2021). Industrialization as a source of heavy metals and antibiotics which can 900 
enhance the antibiotic resistance in wastewater, sewage sludge and river water. PloS one, 16(6), e0252691. 901 
DOI: 10.1371/journal.pone.0252691  902 

37. Ivanets, A. I., Shashkova, I. L., Kitikova, N. V., & Morozov, Y. (2016). The kinetic studies of the cobalt ion 903 
removal from aqueous solutions by dolomite-based sorbent. International Journal of Environmental Science 904 
and Technology, 13, 2561-2568. DOI:10.1007/s13762-016-1089-x 905 

38. Izydorczyk, K., Piniewski, M., Krauze, K., Courseau, L., Czyż, P., Giełczewski, M., Kardel, I., Marcinkowski, P., 906 
Szuwart, M., Zalewski, M. & Frątczak, W. (2019). The ecohydrological approach, SWAT modelling, and multi-907 
stakeholder engagement–A system solution to diffuse pollution in the Pilica basin, Poland. Journal of 908 
Environmental Management, 248, 109329. DOI: 10.1016/j.jenvman.2019.109329  909 

39. Jarosiewicz, P., Font-Najera, A., Mankiewicz-Boczek, J., Chamerska, A., Amalfitano, S., Fazi, S., & Jurczak, T. 910 
(2024). Stormwater treatment in constrained urban spaces through a hybrid Sequential Sedimentation 911 
Biofiltration System. Chemosphere, 367, 143696. DOI:10.1016/j.chemosphere.2024.143696 912 

40. Jomova, K., Alomar, S. Y., Nepovimova, E., Kuca, K., & Valko, M. (2025). Heavy metals: toxicity and human 913 
health effects. Archives of toxicology, 99(1), 153-209. DOI: 10.1007/s00204-024-03903-2  914 

41. Katsube, T., Echols, R., Arjona Ferreira, J. C., Krenz, H. K., Berg, J. K., & Galloway, C. (2017). Cefiderocol, a 915 
siderophore cephalosporin for gram-negative bacterial infections: pharmacokinetics and safety in subjects 916 
with renal impairment. The Journal of Clinical Pharmacology, 57(5), 584-591.   DOI: 10.1002/jcph.841  917 

42. Kiedrzyńska, E., Kiedrzyński, M., Urbaniak, M., Magnuszewski, A., Skłodowski, M., Wyrwicka, A., & Zalewski, 918 
M. (2014). Point sources of nutrient pollution in the lowland river catchment in the context of the Baltic Sea 919 
eutrophication. Ecological engineering. 70. 337-348. DOI:10.1016/j.ecoleng.2014.06.010 920 

43. Kiedrzyńska, E., Urbaniak, M., Kiedrzyński, M., Jóźwik, A., Bednarek, A., Gągała, I., & Zalewski, M. (2017). 921 
The use of a hybrid Sequential Biofiltration System for the improvement of nutrient removal and PCB control 922 
in municipal wastewater. Scientific reports, 7(1), 5477. DOI: 10.1038/s41598-017-05555-y  923 

44. Kravchenko, J., Darrah, T. H., Miller, R. K., Lyerly, H. K., & Vengosh, A. (2014). A review of the health impacts 924 
of barium from natural and anthropogenic exposure. Environmental geochemistry and health, 36, 797-814.   925 
DOI: 10.1007/s10653-014-9622-7  926 

45. Kumari, M., & Tripathi, B. D. (2015). Efficiency of Phragmites australis and Typha latifolia for heavy metal 927 
removal from wastewater. Ecotoxicology and environmental safety, 112, 80-86. DOI: 928 
10.1016/j.ecoenv.2014.10.034  929 

46. Li, S., & Zhang, Q. (2010). Risk assessment and seasonal variations of dissolved trace elements and heavy 930 
metals in the Upper Han River, China. Journal of hazardous materials, 181(1-3), 1051-1058. DOI: 931 
10.1016/j.jhazmat.2010.05.120  932 

47. Li, H., Shi, A., Li, M., & Zhang, X. (2013). Effect of pH, temperature, dissolved oxygen, and flow rate of 933 
overlying water on heavy metals release from storm sewer sediments. Journal of Chemistry, 2013, 1–11. 934 
https://doi.org/10.1155/2013/434012  935 

48. Marrugo-Negrete, J., Enamorado-Montes, G., Durango-Hernández, J., Pinedo-Hernández, J., & Díez, S. 936 
(2017). Removal of mercury from gold mine effluents using Limnocharis flava in constructed wetlands. 937 
Chemosphere, 167, 188–192. https://doi.org/10.1016/j.chemosphere.2016.09.130 938 

49. Morin-Crini, N., Lichtfouse, E., Liu, G., Balaram, V., Ribeiro, A. R. L., Lu, Z., Stock, F., Carmona, E., Ribau 939 
Teixeira M., Picos-Corrales, L.A., Moreno-Piraján, J.C., Giraldo, L., Li, C., Pandey, A., Hocquet, D., Torri, G., & 940 
Crini, G. (2022). Worldwide cases of water pollution by emerging contaminants: a review. Environmental 941 
Chemistry Letters. 20(4). 2311-2338. DOI:10.1007/s10311-022-01447-4 942 

50. Mukherjee, A. G., Wanjari, U. R., Renu, K., Vellingiri, B., & Gopalakrishnan, A. V. (2022). Heavy metal and 943 
metalloid-induced reproductive toxicity. Environmental Toxicology and Pharmacology, 92, 103859. DOI: 944 
10.1016/j.etap.2022.103859  945 

https://doi.org/10.1007/s11356-019-06490-3
https://doi.org/10.1371/journal.pone.0252691
http://dx.doi.org/10.1007/s13762-016-1089-x
https://doi.org/10.1016/j.jenvman.2019.109329
http://dx.doi.org/10.1016/j.chemosphere.2024.143696
https://doi.org/10.1007/s00204-024-03903-2
https://doi.org/10.1002/jcph.841
http://dx.doi.org/10.1016/j.ecoleng.2014.06.010
https://doi.org/10.1038/s41598-017-05555-y
https://doi.org/10.1007/s10653-014-9622-7
https://doi.org/10.1016/j.ecoenv.2014.10.034
https://doi.org/10.1016/j.jhazmat.2010.05.120
https://doi.org/10.1155/2013/434012
https://doi.org/10.1016/j.chemosphere.2016.09.130
http://dx.doi.org/10.1007/s10311-022-01447-4
https://doi.org/10.1016/j.etap.2022.103859


47 
 

51. Olejnik, D. (2024). Evaluation of the heavy metals content in sewage sludge from selected rural and urban 946 
wastewater treatment plants in Poland in terms of its suitability for agricultural use. Sustainability, 16(12), 947 
5198. https://doi.org/10.3390/su16125198 948 

52. Pan, C. G., Xiao, S. K., Yu, K. F., Wu, Q., & Wang, Y. H. (2021). Legacy and alternative per-and polyfluoroalkyl 949 
substances in a subtropical marine food web from the Beibu Gulf, South China: Fate, trophic transfer and 950 
health risk assessment. Journal of Hazardous Materials, 403, 123618. DOI: 10.1016/j.jhazmat.2020.123618  951 

53. Pandey, G., & Madhuri, S. (2014). Heavy metals causing toxicity in animals and fishes. Research Journal of 952 
Animal, Veterinary and Fishery Sciences, 2(2), 17-23. 953 

54. Piwowarska, D., Kiedrzyńska, E., & Jaszczyszyn, K. (2024). A global perspective on the nature and fate of 954 
heavy metals polluting water ecosystems, and their impact and remediation. Critical Reviews in 955 
Environmental Science and Technology, 54(19), 1436-1458. 956 
https://doi.org/10.1080/10643389.2024.2317112 957 

55. Piwowarska, D., & Kiedrzyńska, E. (2022). Xenobiotics as a contemporary threat to surface waters. 958 
Ecohydrology & Hydrobiology, vol.2, Issue 2, p.337-354 https://doi.org/10.1016/j.ecohyd.2021.09.003 959 

56. Popenda, A. (2014). Effect of redox potential on heavy metals and As behavior in dredged sediments. 960 
Desalina Water Treat 52: 3918–3927. https://doi.org/10.1080/19443994.2014.887449 961 
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