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Abstract: Environmental contamination by potentially toxic elements (PTEs) poses a significant
challenge, particularly in the metropolitan regions of developing countries. This issue arises from the
high levels of pollution driven by industrial growth and the increased traffic from fossil fuel-powered
vehicles. Even after the wastewater treatment in treatment plants, PTEs often persist, posing risks
to stream structure and function. This form of pollution is persistent, long-term, and irreversible,
presenting a significant challenge in terms of freshwater conservation. This study aimed to assess the
water quality and PTE concentrations in urban streams in Santo André, SP, Brazil, to identify the PTEs
relevant to stream pollution. We analyzed the water quality in seven catchments in the Santo André
municipality, in the metropolitan region of Sao Paulo, Brazil. The samples were collected during
the dry (2021) and rainy periods (2022), and the concentrations of potentially toxic elements (PTEs)
were analyzed via inductively coupled plasma—mass spectrometry (ICP-MS). The results showed
elevated electrical conductivity (429 &+ 211 uS-cm) and low dissolved oxygen concentrations in the
streams (2.3 &= 0.95 ug-L), indicating potential problems such as eutrophication and toxicity to aquatic
organisms. PTE concentrations, particularly those of Mn (30.8 & 22.3 pug-L), Fe (91.1 £ 72.1 pg-L), and
Zn (38.1 £ 28.7 ug-L), were among the highest concentrations. Seasonal variations affected the PTE
concentrations, with Cr and Fe predominating during the dry season and Zn increasing during the
rainy season. Associations were found between the PTE concentrations and the water pH, indicating
the importance of continuous monitoring and remediation efforts.

Keywords: heavy metals; tropical streams; urbanization; pollution; metropolitan region; Sao Paulo;
ABC region

1. Introduction

The metropolitan region of Sao Paulo has experienced accelerated growth, which has
increased the degradation of natural resources and has affected aquatic ecosystems due
to changes in the land use [1,2]. Among the main pollutants found in aquatic ecosystems,
potentially toxic elements (PTEs) stand out in urban centers due to industrial activities
and transportation. PTEs can cause harm to human health if they contaminate the air,
water, soil, or food [3,4]. Additionally, PTEs can be neurotoxic to the aquatic biota and
interfere with the synthesis, secretion, transportation, binding, or elimination of natural
hormones [5]. Thus, evaluating the PTE contamination in urban aquatic ecosystems is
extremely important for ensuring the environmental quality of these ecosystems.
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The concentrations of PTEs and their environmental impacts can be significantly
altered through interactions with the natural components of water [4]. Under certain envi-
ronmental conditions, PTEs can accumulate at toxic levels and cause significant impacts
and problems for human health and the environment [6]. PTEs are particularly important
in ecotoxicology due to their prolonged persistence, bioaccumulation, and biomagnification
in the food chain [7]. Contamination by PTEs in urban aquatic environments can pose
significant challenges, especially in densely populated urban areas. Nevertheless, few
studies have sought to assess the concentrations of these elements in urban rivers and
streams in Brazil. Studies conducted in urban areas in the country have demonstrated the
relationships between the PTE concentrations and industrial areas, untreated sewage dis-
charge, impermeable areas, and high vehicle traffic [8,9]. Considering that the metropolitan
region of Sao Paulo has all these characteristics, known as “urban stream syndrome” [10],
it is extremely important to understand how and at what concentrations PTEs occur in the
region. Despite their importance, data regarding the PTE concentrations in the Sao Paulo
metropolitan region are solely provided by the Sao Paulo State Environmental Company
and generally focus on the main large rivers in the region [11].

The Tamanduatei River is one of the main rivers in the metropolitan region of Sao
Paulo. This river originates in the Maua municipality, passes through the cities of Santo
André, Sao Caetano do Sul, and Sao Paulo, and flows into the Tieté River [12]. This
river is an important tributary of the Tieté River and drains several heavily polluted soils
and streams [13,14]. It has an industrial classification and thus is more susceptible to
contamination by PTEs due to industrial effluents, in addition to the naturally occurring
elements in the soil [11]. In one of its stretches, the Tamanduatei River traverses the
municipality of Santo André, SP, which represents an important industrial hub in the
Sao Paulo metropolitan region. Several catchments draining urban streams flow into the
Tamanduatei River, which has different classifications, such as industrial, residential, and
commercial. However, the urban streams of the municipality have been poorly studied,
making it extremely important to understand the main contaminants and the degree of
contamination in these environments.

Given that many of these headwater stream-draining catchments are important tribu-
taries of the Tamanduatei River, and that there is limited information on the PTE concentra-
tions in the urban streams of Santo André, the present study aimed to (i) determine the
concentrations of the PTEs (chromium, manganese, iron, cobalt, nickel, copper, zinc, ar-
senic, cadmium, and lead) in catchments in the Santo André region of Sao Paulo, (ii) assess
whether seasonality influences the concentrations of the PTEs, and (iii) evaluate the rela-
tionship between the water quality and the PTE concentrations in urban streams.

2. Materials and Methods
2.1. Study Area

This study was conducted in the municipality of Santo André, SP, which comprises
38.10% of the urban areas, 55.10% of the environmental protection area in the Billings
Reservoir watershed, and 6.80% of the environmental protection area in the Mogi River
watershed. The total area of this municipality is 174.38 km? [15]. It is situated at an average
elevation of 760 m above sea level. The terrain is rugged and is located within the plateaus
and ranges of the east-southeast Atlantic [16]. This municipality features environmental
preservation areas and parks, predominantly covered by Atlantic Forest. The climate is
classified as subtropical humid mesothermal [16], with high levels of rainfall throughout
the year [17].

The samples were collected from 7 urban streams in the municipality of Santo André
(Figure 1) based on the feasibility of collection, as many water bodies in the region were
either channelized or inaccessible. The delineated catchments were within the urban area
of Santo André, SP, and were demarcated using the Geographic Information System (GIS),
which integrates information such as the terrain, hydrography, municipality delineation,
and land use to create maps. The Universal Transverse Mercator projection—UTM 235—
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and the SIRGAS 2000 DATUM were utilized [18]. The catchments were delineated using
QGIS software (version 3.34 LTR) [19], in the free version, utilizing shapefiles of hydrogra-
phy, municipal demarcation, and land use and occupation from the IBGE website [20], and
shapefiles of land use in the urban macrozone of the Santo André Geographic Information
System. Figure 1 displays the map of the city of Santo André, SP, showing the land use
in each region, the rivers, the collection points, and the catchments associated with each
collection point.
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Figure 1. Map of Santo André municipality in Sao Paulo state (Brazil), with sampling stations, namely
(1) the Comprido stream; (2) the Guaixaya stream; (3) the Jundiai stream; (4) the Beraldo stream;
(5) the G.E. stream; (6) the Carapetuba stream; and (7) the Apiai stream.

With the map created, it was possible to quantify the amount of green area and
urbanized area in each of the catchments. The catchments of the G.E. stream and Carapetuba
stream have the highest percentage of green area, mainly due to the presence of Celso
Daniel Park in the G.E. stream catchment and Central Park in the Carapetuba stream
catchment (Table 1).
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Table 1. Total area (km?) and percentage of main land uses in the studied catchments in the munici-
pality of Santo André. Ind = industrial areas. Urb = urban areas. Gre = green areas.

Catchment Number Catchment Name Coordinates Ind (%) Urb (%) Gre (%) Total Area
1 Comprido 23°38/29.7"" S 46°3118.3"" W 0.00 98.06 1.94 247
2 Guaixaya 23°37'53.5"" S 46°30'11.5" W 0.00 96.68 3.32 2.67
3 Jundiai 23°37'52.7"" S 46°31'45.1" W 0.16 99.03 0.81 2.87
4 Beraldo 23°38/28.6" S 46°32/16.2" W 0.76 96.39 2.85 1.93
5 G.E. 23°38/44.1" S 46°32/07.0" W 1.08 90.32 8.60 0.99
6 Carapetuba 23°39/59.4" S 46°31'55.6" W 0.03 84.03 15.94 2.83
7 Apiai 23°40/35.0" S 46°3110.1" W 0.00 97.75 2.25 2.96

2.2. Sampling Design

The samples were collected during the two seasonal periods on three different days
per period. Sampling during the dry season took place on 19 June 2021; 26 June 2021; and
3 July 2021. Sampling during the rainy season occurred on 1 March 2022; 2 March 2022;
and 15 March 2022. The precipitation records collected by eleven meteorological stations
in the municipality of Santo André, SP, showed a total of 12.6 mm of rainfall in June 2021
and 31.5 mm in July of the same year. During the rainy season, a total of 244.1 mm of
precipitation was recorded in March.

For the water sample collection, we sampled using two 50 mL Falcon tubes with screw
caps made of polypropylene plastic in each stream (with 3 replicates) and during each
seasonal period (with 3 replicates), totaling 84 water samples. Before collecting the samples,
the collection tubes were immersed in a solution of water and 10% concentrated nitric
acid (65% PA Nitric Acid, Qhemis, Jundiai, Brazil, 2021) for 24 h, rinsed three times with
deionized water, and allowed to air dry. The collections were made using a bucket and
rope, directly dipping the bucket into the streams. This method had to be used due to
the impossibility of collecting samples directly from the deep stream channels. The water
samples were filtered in duplicate using a 40 mL syringe and a 25 mm 0.45 um PTFE filter
(Chromastore, Sao Paulo, Brazil). At the sampling site, the dissolved oxygen content, water
temperature, pH, and electrical conductivity were measured using a probe (HI9829, Hanna
Instruments, Barueri, Brazil). The samples were immediately stored in Styrofoam with ice
and kept in the laboratory freezer at —20 °C on the same day, remaining there until the day
of the laboratory analysis.

2.3. Sample Preparation and Analysis

The samples (in duplicate per sampling point) were placed in Falcon conical tubes
and acidified to 0.5% (10 mL of the sample plus 0.05 mL of 14 M sub-distilled HNOs3, Synth,
Sao Paulo, Brazil). Five blanks (10 mL of type 1 water samples, Master System All, Gehaka,
Sao Paulo, Brazil) were prepared in the same way using the same acid and the same Falcon
tubes. Twenty-four hours later (at 25 °C), the samples were analyzed. Using inductively
coupled plasma-mass spectrometry (ICP-MS 7900, Agilent, Hachioji, Japan), 10 analytes
(chromium, manganese, iron, cobalt, nickel, copper, zinc, arsenic, cadmium, and lead) were
detected [21]. A stock solution containing the elements of interest was used (10 mg/L,
Perkin Elmer, Waltham, MA, USA). The calibration standard solutions were prepared at
the following concentrations: 0, 0.1, 0.5, 1, 5, 10, 20, 50, 100, and 200 pg/L. The calibration
curves for the PTEs exhibited R? values equal to or greater than 0.9998.

A water reference material containing the elements (NIST 1640A Trace Elements in
Natural Water—certified by the National Institute of Standards and Technology, USA)
was used for quality control and the verification of the accuracy of the method used. The
recovery percentage was greater than 80% for all the elements. The results showed that the
certified values were consistent and demonstrated the accuracy of the method.

Ten elements (chromium, manganese, iron, cobalt, nickel, copper, zinc, arsenic, cad-
mium, and lead) were measured following the procedure for superficial /drinking water
from the U.S. EPA [21]. For this purpose, 10 mL of the filtered sample (0.22 um cellulose
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filter, Sartorius, Gottingen, Germany), in duplicate per sampling point, was placed in
Falcon conical tubes and acidified to 0.5% by the addition of 0.05 mL of 14 M sub-distilled
HNOj3 (Synth, Sao Paulo, Brazil). Five different blanks were made by combining 10 mL
of type 1 water (Master System All, Gehaka, Sao Paulo, Brazil) and 0.05 mL of 14 M sub-
distilled HNOj3. After 24 h at 25 °C, the samples were analyzed by inductively coupled
plasma-mass spectrometer (ICP-MS 7900, Agilent, Hachioji, Japan). The analysis was
carried out using a stock solution containing the elements at a concentration of 10 mg/L
(Perkin Elmer, Waltham, MA, USA). The calibration standard solutions were prepared at
the following concentrations: 0, 0.1, 0.5, 1, 5, 10, 20, 50, 100, and 200 pg/L. The calibration
curves for the PTEs exhibited R? values > 0.9998 and adequate limits of detection (LODs)
and quantifications (LOQs) for the determined elements. For quality control purposes, a
certified standard reference material of natural water was used (NIST 1640A Trace Elements
in Natural Water—certified by the National Institute of Standards and Technology (NIST),
USA). The recoveries for the NIST 1640A were between 80 and 105% for all elements,
showing the satisfactory accuracy of the method.

2.4. Statistical Analyses

The concentrations of the potentially toxic elements (chromium, manganese, iron,
cobalt, nickel, copper, zinc, arsenic, cadmium, and lead) were compared using the Kruskal—-
Wallis test to assess the significant differences (p < 0.05) among the different sampled
streams and were plotted as boxplots representing the minimum values, first quartile (Q1),
median quartile (Q2), third quartile (Q3), and maximum values. The Mann-Whitney test
was used to determine if there was a significant difference (p < 0.05) between the different
seasons studied.

To assess the relationships between the different potentially toxic elements and the
physical and chemical characteristics of the water, as well as the relationships of these
variables with the different seasonal periods, a principal component analysis (PCA) was
employed. All analyses were conducted using R (version 4.4.0) and RStudio software
(version 2024.04.2+764) [22], utilizing the packages “factoextra” [23] and “ggplot2” [24]. R
is a programming language and software environment used for statistical computing, data
analysis, and visualization.

3. Results
3.1. Physical and Chemical Characteristics of the Water

For the water temperature, no significant differences were found among the streams;
however, there was a significant difference between the seasons (p < 0.05), with the rainy
period being the warmest (Figure 2A,B). Regarding the pH, significant differences were
found among the streams, with the Comprido stream having the lowest pH and the Apiai
stream having the highest pH; however, no significant differences were found between the
seasons (Figure 2C,D). For the electrical conductivity, significant differences were observed
among the streams (p < 0.05), with the Jundiai and Apiai streams exhibiting the highest
conductivities (Figure 2E). There were no significant differences between the dry and rainy
periods among the streams (Figure 2F). Finally, for the dissolved oxygen, only the Comprido
stream exhibited significant differences (p < 0.05) compared to the Apiai stream, with the
Guaixaya and Comprido streams exhibiting the highest concentrations of dissolved oxygen
(Figure 2G). No significant differences were found between the dry and rainy periods
(Figure 2H).

3.2. Potentially Toxic Elements

The presence of various potentially toxic elements (PTEs) was evaluated in the studied
urban streams (Figure 3), and their variations were evaluated during dry and rainy periods
(Figure 4). According to the Kruskal-Wallis test, none of the evaluated PTEs exhibited
significant differences among the studied streams. Despite these results, higher medians
and variations in some PTEs can be observed, especially in the Apiai, Carapetuba, Com-
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prido, and Jundiai streams. Regarding the seasonal differences, the PTEs that exhibited
significant differences (p < 0.05) were Cr (Figure 4A) and Fe (Figure 4C), which had higher
concentrations during the dry period, and Zn (Figure 4G), which had higher concentrations
during the rainy period. In terms of the risk to freshwater biota, according to the National
Recommended Water Quality Criteria—Aquatic Life from the United States Environmental
Protection Agency (EPA) for dissolved metals, the concentrations of Zn (EPA 0.9 ug/L,
study 38.1 + 28.7 ug/L), Cd (EPA 0.04 pug/L, study 0.06 & 0.1 ug/L), Cu (EPA 0.960 ug/L,
study 2.89 £ 1.41 pug/L), and Pb (EPA 0.14 ug/L, study 0.30 £ 0.54 pg/L) were above the
established limits for chronic exposure (CCC—Criterion Continuous Concentration).
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Figure 2. Boxplots representing the median and variation in water temperature, pH, electrical con-
ductivity, and dissolved oxygen in urban streams (1 = 12 per stream), and during different seasonal
periods (1 = 42 per season) located in the municipality of Santo André, SP, Brazil. (A) Water tempera-
ture among streams; (B) Water temperature among seasons; (C) pH among streams; (D) pH among
seasons; (E) Water electrical conductivity among streams; (F) Water electrical conductivity among sea-
sons; (G) Dissolved oxygen concentrations among streams and (H) Dissolved oxygen concentrations
among seasons. Outliers are represented by dots. (****) = p < 0.001; n.s. = non significative.

3.3. Relationships between Potentially Toxic Elements (PTEs) and Physical and Chemical Water
Characteristics

A principal component analysis (PCA) was also conducted to investigate the cor-
relation among various variables, including the potentially toxic elements (PTEs) and
environmental parameters such as the temperature, pH, and dissolved oxygen concentra-
tion (Figure 5). The first two principal components explained 43.2% of the data variation.
The results indicated high overlap among the studied streams concerning their environ-
mental characteristics. However, the PTEs Pb, Ni, As, Cu, Fe, and Cr were associated
with the Carapetuba and Jundiai streams (Figure 5A). Additionally, the Jundiai stream
showed relationships with Co, Zn, and Mn (Figure 5A). Regarding the seasonal periods,
the concentrations of the PTEs Pb, Ni, As, Cu, Fe, and Cr were associated with the dry
period, and these concentrations were also correlated with pH levels (Figure 5B). The rainy
period showed no correlation with any of the evaluated PTEs; it was correlated only with
the ORP, the DO concentration, and the water temperature (Figure 5B).
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Water 2024, 16, 2681

8 of 12

Each season is represented by the results of 42 samples. (A) Cr concentrations among seasons; (B) Mn
concentrations among seasons; (C) Fe concentrations among seasons; (D) Co concentrations among
seasons; (E) Ni concentrations among seasons; (F) Cu concentrations among seasons; (G) Zn concen-
trations among seasons; (H) As concentrations among seasons; (I) Cd concentrations among seasons;
(J) Hg concentrations among seasons and (K) Pb concentrations among seasons. (**) =p <0.05;
(****) = p < 0.001; n.s. = non significative.
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Figure 5. Principal component analysis demonstrating the association between physical and chemical
characteristics of water (temperature, electrical conductivity, dissolved oxygen, and pH) and PTEs in
the studied streams (A) and during different seasonal periods (B).

4. Discussion

Environmental contamination by potentially toxic elements (PTEs) is a serious issue,
particularly in the metropolitan regions of developing countries. This is often driven by
the high levels of pollution stemming from industrial growth and the increased traffic
from fossil fuel-powered vehicles. Industrial emissions are a significant contributor to this
pollution [25]. Even after wastewater treatment in treatment plants, the PTEs often persist,
posing risks to the soil and the food chain and consequently to human and animal health.
This form of pollution is persistent and long-term, posing a significant challenge in terms
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of food security and environmental preservation, as the PTE pollution impacts the air and
water quality [25]. High concentrations of PTEs can have various negative effects on human
health and the environment. For example, cadmium is toxic to plants and animals, nickel
can be toxic to plants, and zinc is extremely toxic and bioaccumulative [4,26].

The first objective of this study was to analyze the water quality and the PTE concen-
trations in catchments in the Santo André region, SP, Brazil, to determine the most relevant
PTEs for stream pollution. The water quality assessment has shown that the Apiai, Cara-
petuba, and Jundiai streams have high electrical conductivity (above 500 puS-cm), indicating
high salt concentrations that can cause problems such as eutrophication and toxicity to
aquatic organisms [27,28]. Additionally, all the streams exhibited low dissolved oxygen
concentrations, which are crucial for aquatic organisms. Low dissolved oxygen levels can
increase greenhouse gas emissions in aquatic environments [29,30]. The PTE concentrations
did not significantly differ among the streams, possibly because the drainage catchments
of the studied streams exhibit similar urbanization characteristics. Despite the lack of
significance, the Apiai, Carapetuba, Comprido, and Jundiai streams had higher means
and concentrations of the PTEs. The concentrations of Zn, Cd, Cu, and Pb are particularly
concerning because they far exceed the concentrations of the National Recommended Water
Quality Criteria—Aquatic Life Criteria from the United States Environmental Protection
Agency (EPA). The Aquatic Life Criteria for toxic chemicals are the maximum pollutant
levels in water that will not harm most species or a description of desired water conditions
free from harmful effects. Therefore, the exceeded concentrations of Zn, Cd, Cu, and Pb can
lead to adverse effects on aquatic life, such as histopathological changes in fish gills and
alterations in aquatic insect communities [31-33]. Therefore, reducing the concentrations of
these PTEs is crucial for preventing potential harm to freshwater ecosystems.

The second objective of this study was to assess whether seasonality impacts the
concentrations of potentially toxic elements (PTEs) in urban catchments. The results of
this study demonstrated that the concentrations of the PTEs Cr, Fe, and Zn were affected
by seasonality, with Cr and Fe being more prevalent in the dry season and Zn being
more prevalent in the rainy season. In other words, Cr and Fe accumulate in streams
during the dry period due to a lack of rain and reduced water volume, while Zn increases
during the rainy period and rain events. The main sources of Cr are associated with the
metallurgical industry, and in the case of Fe, Cr is present in the metallurgical industry
and in various other components of urban structures and vehicles. Like those of Mn and
Zn mentioned above, Cr concentrations also cause histopathological changes in fish [31].
Concentrations of Fe cause alterations in aquatic insect communities [27]. Therefore, the
results of this study demonstrated that PTEs behave in different ways according to seasonal
cycles, with potential negative impacts especially during the dry period by Cr and Fe, when
the volume of water in urban streams is reduced. In the case of Zn, the opposite occurs,
i.e., this element is carried by rainwater, potentially due to the aggregation of this metal
in the sediment of urban streams, which is carried by the increase in streamflow. In this
sense, it is recommended that PTE concentrations be continuously monitored to prevent
potential damage to the aquatic environment, as impacts can be observed during both
seasonal periods. The use of macrophytes can be a remediation measure for bodies of water
contaminated with PTEs since they are associated worldwide with water body remediation,
especially for those contaminated with PTEs, due to the efficiency of this method [7,34]. A
study demonstrated the high capacity of aquatic macrophytes to remove Zn, Fe, and Cr
from water [34], indicating that the installation of constructed wetlands in the evaluated
streams could be a possible solution for reducing these PTEs in their waters.

The third objective of this study was to assess the relationships between PTE concen-
trations and water quality parameters, aiming to determine whether any specific parameter
may be related to the PTE concentrations in urban streams. The results of this study demon-
strated that the PTEs Pb, Ni, As, Cu, Fe, and Cr were strongly associated with the pH of
urban stream water, as observed in the first axis of the principal component analysis. The
relationships between water pH and PTE concentrations are well known, as the availability
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of PTEs can be controlled by water pH [35,36]. Additionally, when the water pH is high,
heavy metals can precipitate and cause toxicity to aquatic organisms, while a low water pH
can increase the solubility of these components in water [35,36]. Despite the importance of
water pH in urban streams, controlling the pH is extremely difficult, as this parameter is
linked to a series of other water quality parameters, biological activity, and biogeochemical
cycles [35,37,38]. Therefore, attempting to reduce the PTE concentrations in urban streams
may be a much simpler task than attempting to control the pH of these environments.

5. Conclusions

Based on the results of this study; it is evident that the water quality in catchments in
the metropolitan region of Sao Paulo is compromised, especially due to the high concentra-
tions of PTEs. The analysis revealed that the studied streams exhibit high concentrations of
PTEs such as Zn, Cd, Cu, and Pb that exceed the maximum concentrations of the National
Recommended Water Quality Criteria—Aquatic Life Criteria from the United States En-
vironmental Protection Agency (EPA). These elevated concentrations can impact aquatic
biodiversity, as evidenced by histopathological alterations in fish and changes in the aquatic
insect community. Additionally, seasonality has been shown to impact the concentrations
of several PTEs, such as Cr and Fe, which are more prevalent in the dry season, while Zn
is more prevalent in the rainy season. High concentrations of PTEs are also associated
with the water pH, further complicating pollution control efforts. Therefore, continuous
monitoring of PTE concentrations and an integrated approach to addressing these complex
environmental challenges are crucial.
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