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Preface

Heavy metals are not consistently defined across scientific and engineering disci-
plines; their definitions vary depending on the specific field of study and intended
application [1]. Generally, the term refers to metallic elements with a density exceed-
ing 5 g/cm?, including elements such as chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), molybdenum (Mo), cadmium
(Cd), mercury (Hg), and lead (Pb). Many of these elements are integral to industrial
processes and are also essential to human life as micronutrient metals (e.g., Cr, Mn,
Fe, Co, Mo, Ni, and Zn). However, when exposure surpasses safe thresholds, these
elements can exhibit toxic effects, posing significant risks to human health and eco-
system in the environment. Environmental contamination caused by heavy metals,
often due to mining and industrial activities, necessitates effective countermeasures
and remediation strategies. The issue is particularly pronounced in economically
developing countries, where rapid industrialization and mining activities are central
to economic advancement but frequently lead to severe environmental challenges.

The book “Heavy Metals in the Environment — Contamination, Risk, and Remediation”
presents a comprehensive synthesis of contemporary research on heavy metal con-
tamination, associated risks, and remediation strategies. This volume is a valuable
resource for experts and researchers across diverse fields, including environmental
science, chemistry, engineering, ecology, and public health.

The book is structured into three parts comprising 13 chapters:
Section 1: Contamination of Heavy Metals

The first section focuses on heavy metals’ migration, contamination, and transfor-
mation within various environmental compartments. It elucidates the chemical,
physical, and biological processes governing the behavior of heavy metals in natural
systems. Heavy metals migrate through multiple media, including air, water, and soil,
undergoing complex transformations influenced by specific environmental condi-
tions. This section critically reviews existing research while presenting case studies to
provide a detailed understanding of these mechanisms.

* Chapter 1: Takalani Terry Phungela et al. examine the relationship between metal
concentrations in river water and climate change, using the Kaapmuiden River as
a case study. The authors discuss that climate variability, such as fluctuations in
precipitation patterns and temperature, can impact metal concentration levels in
water resources.

¢ Chapter 2: Sevda Fatullayeva et al. review current knowledge on the distribution,
toxicity, and removal of heavy metals from the environment and living organ-
isms, focusing on novel sorbents.



* Chapter 3: Mitsuo Yoshida investigates mercury methylation and its increasing
toxicity based on studies of mercury-contaminated river wetlands in Uruguay.

Section 2: Risks of Heavy Metals

The second section explores the risks posed by heavy metals to public health and
ecosystems. Empbhasis is placed on the toxicological effects of heavy metals, particu-
larly in economically developing regions and areas with high industrial activity. The
section also discusses bioaccumulation processes and their impacts on ecosystem
services from multiple perspectives.

* Chapter 4: Mahdi Banaee investigates heavy metals’ sources, pathways, and
toxicological impacts in aquatic ecosystems based on literature review.

* Chapter 5: Timea Brazova et al. demonstrate the utility of fish parasites as bioin-
dicators of heavy metal contamination in aquatic environments.

* Chapter 6: Femi Peter Adesina assesses the ecological risks and toxicity of heavy
metals in various aquatic organisms.

* Chapter 7: Rayori Douglas Mosoti et al. discussed that phytoplankton could con-
tribute to wastewater polishing by converting nutrients into their biomass and
removing heavy metals from the wastewater through bioaccumulation, based on
the analysis of phytoplankton community structure in a wastewater treatment
plant in Kenya.

* Chapter 8: Motsamai Tjakata and Fisseha Itanna study the risks associated with
sorghum and pearl millet cultivated in soils contaminated by heavy metals near
diamond mining sites.

* Chapter 9: Hamid Ullah et al. (Pakistan, Saudi Arabia) discuss heavy metal
contamination in food, its associated health risks, and policy recommendations

for public safety.

* Chapter 10: Angelica A. Chacon and Carlos R. Cabrera examine uranium’s dual
role as a valuable resource and a potential environmental hazard, emphasizing
the need for balanced management strategies.

Section 3: Remediation of Heavy Metals Pollution

The final section addresses remediation technologies and countermeasures for heavy
metal contamination. It highlights innovative approaches integrating physical, chemi-
cal, and biological techniques while promoting sustainable solutions through resource
recovery and policy frameworks.

* Chapter 11: Tsenbeni N. Lotha et al. review the development of activated carbon
derived from biowaste for treating heavy metal-contaminated wastewater.

* Chapter 12: Robert Birundu Onyancha discusses the efficacy of agricultural
waste adsorbents as cost-effective, environmentally safe solutions for heavy
metal decontamination.

XIvV



* Chapter 13: Yimer Seid Ali et al. provide an overview of advanced nanotechnol-
ogy-based heavy metal remediation and analysis approaches.

The chapters included in this volume were carefully selected following a rigorous
peer review process. Out of 50 initial proposals, 13 chapters authored by researchers
and practitioners from 15 countries—Azerbaijan, China, Ethiopia, India, Iran, Japan,
Kenya, Lesotho, Nigeria, Pakistan, Saudi Arabia, Slovakia, South Africa, Tunisia,
and the United States (in alphabetical order of country names)—were chosen for
publication.

The editor extends our deepest gratitude to the contributing authors, reviewers, and
others who supported the editing and publication processes. I hope this book will
serve as a valuable reference for researchers, policymakers, and practitioners engaged
in addressing heavy metal pollution and will foster further discourse and innovative
action toward environmental conservation and sustainable development.

Mitsuo Yoshida

General Director/CEO of International Network for International Network for
Environmental and Humanitarian Cooperation,

Nonprofit Inc.,

Tokyo, Japan

Senior Advisor,

Global Environmental Department,

Japan International Cooperation Agency (JICA),
Tokyo, Japan
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Chapter1

Implication of Climate Variability
and Seasonality on Metal
Concentrations in Water Resources

Takalani Terry Phungela, Babalwa Gqomfa,

Karabo Concelia Malakane, Xolisiwe Sinalo Grangxabe,
Benett Siyabonga Madonsela, Boredi Silas Chidi

and Thabang Maphanga

Abstract

The exploitation of resources and industrialized and societal activities has resulted
in global freshwater contamination, which is a serious environmental concern.
Climate variability exerts a significant influence on the metal concentrations in water
sources. The monitoring of metal concentrations in surface water systems amidst
climate change and variability has received limited attention, especially in southern
Africa. Therefore, the objective of this study is to evaluate temporal variations and
seasonal patterns that impact metal levels in the Kaapmuiden River. The results show
that the river observed higher iron in the autumn season of 2021 and 2016, recording
0.90 mg/land 0.64 mg/l, respectively. Manganese was high in two different seasons:
spring (2016) recording 0.060 mg/1 and winter (2021) recording 0.053 mg/l. The
result of this study shows that iron concentration was within the acceptable level
of approximately 0.5-1 mg/1 set for the ecological health of the river. Subsequently,
results show high levels of aluminium in autumn for 2017 and 2021 with a concentra-
tion of 0.59 mg/1 and 1.10 mg/1, respectively. High concentrations of manganese and
aluminium in water resources have an ecotoxicological effect on aquatic biota; hence,
adequate measures should be placed to minimize the introduction of these metals
from anthropogenic activities.

Keywords: climate change, rainfall, surface water, spatio-temporal, seasonal variations

1. Introduction

Climate change poses a serious threat to water resource availability and health,
and long-term changes in temperature and rainfall patterns present shifts in stress
that can affect water resource availability and quality [1-3]. The interaction between
surface water resource quality and climate change is well documented [4-6],
investigating the prevalence of certain constituents in water resources and their

3 IntechOpen



Heavy Metals in the Environment — Contamination, Risk, and Remediation

relationship with climate variability and seasonality. Most of the research has focused
mainly on conventional parameters, such as the impact of seasonality on ammonia,
nitrate, phosphate, and pH in rivers. The long-term shifts in average temperatures
and weather patterns that influence micro- and macroclimates on Earth, coupled
with anthropogenic activities, play a major role in the process of metal concentration
enrichment in rivers. Moreover, this directly or indirectly influences the chemical
composition of water because of the complex multi-stage progressions in streams,
reservoirs, and rivers. Furthermore, climate change and variability in the effects of
contaminant dynamics involve higher nutrient and sediment runoff to surface water
bodies during the rainy season.

Heavy metals are present in trace amounts in aquatic environments; however,
their concentrations have increased significantly due to anthropogenic activities, such
as industrial, rapid urbanisation, and mining activities [7]. The increase in heavy
metals due to anthropogenic activities affects the physiochemical characteristics of
water resources, thus affecting aquatic fauna and flora [8]. The presence of heavy
metals in potable water also has a detrimental impact on human health. Hence, a
study is needed to understand the influence of seasonality and climate variability on
the occurrence of heavy metals in water resources [9]. It is anticipated that climate
change will lead to an increase in the occurrence of extreme weather events, thereby
exerting direct and indirect impacts on the dynamics of pollutants within aquatic
ecosystems [10]. An illustration may be observed in the alterations occurring within
the physical and geochemical characteristics of the soil-contaminant water system
[4]. The influence of climate change on river water quality has been investigated by
several researchers [4-6, 8, 9]. Several studies have examined the correlation between
temperature and water quality, whereas others have focused on the effects of surface
runoff [11, 12]. These studies provide evidence that climate change exerts both direct
and indirect impacts on surface water quality [5, 13]. As a consequence of climate
change, the magnitude of the effects associated with elevated temperatures has
increased [14, 15].

A multitude of scholarly publications in the scientific realm have explored
heavy metal contamination, toxicity, and methods for remediation. For instance,
Maphanga et al. [16] examined the potential impact of long-term shifts in average
temperatures and weather patterns, as well as human activities, on the accumulation
of metal contaminants in rivers. Their study aimed to determine the extent to which
these factors contribute to the formation of such contaminants in both micro- and
macroclimates on Earth. However, Maphanga et al. [16] investigated the relationship
between physicochemical parameters (pH and EC) and a broader range of metals,
including iron, aluminium, manganese, and arsenic. The current study examines the
temporal variations and seasonal patterns that impact the levels of specific metals in
the Kaapmuiden River. This research is crucial for understanding the relationship and
patterns between climate change and the presence of heavy metals in South African
water resources, an area that has not been extensively studied. In addition, this study
specifically examined three metals: iron, manganese, and aluminium.

The study conducted by Schiedek et al. [17] investigated the qualitative effects of
climate change on heavy metal contamination of marine ecosystems. Climate change
has the potential to elevate the likelihood of flood occurrences, thereby amplifying
the probability of toxins being reactivated within floodwater and then contaminat-
ing sediment and water, which ultimately makes their way into both freshwater and
marine ecosystems [18]. Iron, as a crucial transition metal with redox activity, can
regulate the geochemical cycle of trace elements [19]. Moreover, this nutrient plays a
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vital role in marine ecosystems by restricting primary productivity in many oceanic
regions and intensifying issues related to cyanobacterial blooms. Comprehension of
the temporal fluctuations and factors influencing manganese (Mn) levels in runoff
from upland catchments facilitates the capacity to forecast undesirable Mn concentra-
tions in water sources as well as the recognition of water supply catchments that are
vulnerable to elevated Mn levels [11]. Although manganese (Mn) is abundant in the
natural environment, it has received limited attention in comprehensive hydrological
studies of mountainous catchments. The presence of iron in water is predominantly in
the form of ferrous iron, which exhibits solubility, or ferric iron, which demonstrates
insolubility. Because of the complete degradation of iron, water containing ferrous
iron exhibits clarity and lacks discernible colour. Therefore, the objective of this study
was to evaluate the temporal variations and seasonal patterns affecting the levels of
certain metals in the Kaapmuiden River, which is of utmost importance in order to
understand the relationship and patterns between changing climate and the presence
of heavy metals in South African water resources where studies of such nature have
not been undertaken extensively.

2. Materials and method
2.1 Study area

Kaapmuiden is a small farming town situated in the Lowveld region, approxi-
mately 40 km east of Mbombela (previously known as Nelspruit) at the confluence of
the Kaap River and Crocodile River in Mpumalanga, South Africa. The area is charac-
terised by sub-tropical climate conditions and fertile farmlands used for cultivating
sugarcane and other subtropical fruits and vegetables. The Kaap River is one of the
largest tributaries of the Crocodile River system, with a catchment of a total surface
area of 1640 km?, flowing and draining past areas dominated by mining activities
(active mines, defunct mines, and decanting mines) and agricultural activities before
joining the Crocodile River at Kaapmuiden. After its confluence with Kaap River,
Crocodile River water quality is generally characterised by high metal contamina-
tion, specifically manganese and arsenic, as well as high sulphates arising from
mining activities in the Kaap River sub-catchment [16]. The sub-catchment plays a
pivotal role in the region mainly because it fosters socioeconomic development and,
furthermore, forms part of water resources of international importance, flowing into
Mozambique. The riverbanks are densely covered with marginal vegetation (reeds)
and the river is broad and braided. On each bank of the river intensive citrus is grown.
The weir acts as a barrier to fish migration under normal flows as the height of the
weir is six metres.

The water quality around this vicinity should indicate the effects of the intensive
sugarcane farming in the lower reaches of the Crocodile River as well as the sum of all
the developments within the Crocodile River catchment upstream.

2.2 Field data collection and analysis

Water samples were collected and analysed for metals such as iron, manganese,
and aluminium to evaluate their concentrations in the Crocodile River relative to sea-
sonality and climate in a study area where prevalent land use activities are dominantly
farmlands dedicated to sugarcane, subtropical fruit, and vegetables, and a tributary
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to the river confluence at the area flows through historic mine workings. Moreover,
the study forms part of a continuous project within the Crocodile River whereby
some research has been published such as Maphanga et al’s study [16]. To determine
the influence of seasonal and temporal variations on heavy metal concentrations,
three sampling stations were selected from the Kaap River f (see Figure 1) based on
their proximity to activities such as agriculture, runoff from old mine workings and
other anthropogenic activities with potential to impact the water resource. Sampling
was conducted between 2016 and 2022 throughout all seasons (wet and dry seasons)
at three strategic points downstream, midstream and upstream of the confluence

of the Crocodile and Kaap Rivers using the grab sampling technique. Sampling

was conducted during clear weather conditions with minimal or no precipitation,

or turbulence in order to minimise the sampling of highly turbid river water, and
acid-rinsed polyethylene bottles were used for sample collection, and the sampling
dates and times were marked with a marker. The samples were taken in duplicates and
then placed in a cooler and transported to a laboratory accredited in accordance with
the South African National Accreditation System (SANAS) for the determination of
Al, Iron and Mn. Atomic Absorption Spectrometer was utilised to analyse metals (Fe,
Al and Mn), and the analytical approach is on the Beer Lambert’s law which asserts
that the absorbance of light emitted by a light to a detector is directly proportional to
the concentration. A sample containing a metal to be analysed is exposed to the light
at the characteristic wavelength of that metal, and its atoms will absorb the light. A
series of standard solutions of studied metals (Fe, Al and Mn) from commercially
available metal standards were prepared, diluting these standards to appropriate
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Figure 1.

The sampling site in the Crocodile River tributary.
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concentrations using deionised water and nitric acid solvents. The calibration curve
was then generated by running the standard solutions though the AAS for each metal,
and the curve was used to relate the absorbance to the metal concentration in the
sample. Samples were then run in the AAS instrument, with appropriate wavelength
set for each metal, recording the absorbance reading. Reagents and standards that
were utilised were handled with care, stored, and disposed of as per the material
safety data sheet information. Running reagent blanks, analysing duplicate samples,
and adding known quantities of the study metals and then analysing them to check
recovery rates were undertaken as an effort for quality control and validation.

2.3 Statistical analysis

Since this current study dealt with large data set, the Seaborn software was used to
do the statistical analysis using a python that is a popular programming language that
offers numerous data analysis and visualisation tools and libraries. Water quality data
sets were analysed using Seaborn (Python), including plotting and analysing the dis-
tribution and correlation of variables with Matplotlib libraries since correlation aids
in measuring and identifying relationships between variables. To better understand
the data and spot trends and patterns, heatmaps are frequently used in data analysis.

3. Results and discussion

Figure 2a—c depicts a time series analysis for iron (Fe), manganese (Mn) and alu-
minium (Al) concentration within the Kaapmuiden sampling site, indicating a spatio-
temporal variation of both metals in the Crocodile River. An average concentration of
0.14 mg/1 was observed for iron over the study period (2016-2022). Contrary to this
study, a study carried out in Moradabad district, India, where the inductively coupled
plasma atomic emission spectroscopy (ICP-OES) technique has been used to evaluate
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Figure 2.
Iron (a), manganese (b), and aluminium (c) time series analysis.
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the metal concentration in surface and groundwater water quality, showed that over
50% of the samples had iron concentrations that were over the maximum permitted
level. The maximum amount of iron found in surface water and groundwater samples
was 6294 and 3820 ppb, respectively, when the allowable limit is 300 ppb [20]. This,
when converted, is way higher than this study. The concentrations of iron in water
resources can vary depending on the intensity and pattern of precipitation. High
precipitation can cause an increase in runoff, which can mobilise sediments rich in
iron, thus increasing the iron concentrations in water bodies [21]. On the other hand,
less precipitation can result in less runoff, which can lower the concentration of iron.
Temperature also plays a significant role in influencing the iron concentrations in
water resources. Higher temperatures can increase the solubility of iron, resulting in
increased quantities of iron in water [22]. This is because iron dissolves more readily
in warmer water due to its increased solubility [23]. On the other hand, cooler tem-
peratures can result in lower iron concentrations.

The results shown in Figure 2 demonstrates the fluctuation of Al concentrations
between the years 2016 and 2022. Notably, the greatest levels of Al concentrations
were seen in 2017 and 2021, with recorded values of 1.15 and 1.75 mg/l, respectively.
The highest peak of 0.9 mg/1 was, however, noted during 2021, which can be attrib-
uted to land use activities correlating with the area. However, this study showed that
the iron concentration was within an acceptable level of approximately 0.5-1.0 mg/1
set for the ecological health of the river. An average of 0.01 mg/l was observed during
the study period for Manganese, with major peaks observed during 2016 (0.06 mg/1)
and 2021 (0.053 mg/1). Senze et al. [24] found that Nysa Szalona and Strzegomka
rivers had the largest concentrations of aluminium (Al), while the Bystrzyca River
had the lowest concentrations. During a four-year cycle, Senze et al. [24] concluded
that aluminium concentrations were influenced by modernisation efforts under-
taken in riverbeds rather than environmental changes. This finding corroborates the
observation documented in the aforementioned study, which highlights a significant
fluctuation in the concentrations of manganese (Mn) and aluminium (Al) through-
out the period spanning from 2016 to 2022. The issue with the detrimental impact of
aluminium on living creatures has been apparent due to the intensified human activi-
ties mostly linked with industrial and agricultural growth [24-26]. Aluminium (Al)
has been widely acknowledged as a hazardous substance for freshwater creatures in
significant quantities. This assertion has particular validity in cases when industrial
point sources release process water containing substantial amounts of aluminium.

Figure 3a—c depicts the seasonal and temporal analysis of manganese and alumin-
ium, showing the highest concentration of manganese noted (0.06 mg/l) during the
spring season of 2016. The second highest concentration noted (0.053 mg/1) was dur-
ing the winter of 2021. Figure shows the highest aluminium concentration recorded
(1.10 mg/1) during autumn in 2021, which was not consistent with the overall average
Al concentration within the studied site over time (2016-2022). This phenomenon
may suggest a potential anthropogenic activity taking place within the catchment and
high aluminium concentrations are introduced through stormwater runoff during
rainy seasons, causing a rapid spike in aluminium concentration. Literature has shown
that metal and metalloids present bioavailability, potential toxic effects and envi-
ronmental persistence. The concentrations of Mn exhibited an upward trend in the
following sequence: winter, fall, spring and summer. In the year 2016, the manganese
concentration in river water exhibited a significantly elevated level, hence posing pos-
sible risks to human health and necessitating immediate environmental remediation
measures. Significant fluctuations in the amounts of aluminium (Al) were observed
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Figure 3.

Seasonal and temporal analysis of Fe (a), Mn (b) and Al (c).

across all four seasons and during the research period spanning from 2016 to 2022.
The concentrations of aluminium exhibited a significant increase in all four seasons
of the year 2021, as compared to the corresponding periods of the previous year. The
presence of aluminium was observed in all samples evaluated over the seven-year
study period (2016-2022), owing to the significant abundance of this element in the
Earth’s highest crustal layer. In comparison with the above results of 2016-2022 which
focused on all seasons, another study on seasonal variation of heavy metals and their
potential ecological risk in Nzhelele River, South Africa, revealed that the rainy season
in the river had higher quantities of Al (10.565 mg/1) than the dry season (2.963 mg/1).
For both seasons, the mean difference in Al in the water varied significantly (p < 0.05)
[27]. Climate variability, including variations in precipitation patterns and tempera-
ture, can affect the concentrations of aluminium in water resources. For example,
rising temperatures can cause aluminium to become more soluble, leading to higher
concentrations in water sources [28]. Furthermore, variations in precipitation pat-
terns may affect the transportation of aluminium from soil to water bodies, resulting
in variations in the aluminium concentrations. Seasonality can also affect the con-
centrations of aluminium in water resources. For instance, heavy rains may transport
aluminjum-rich soil particles into water bodies, thus increasing the concentration of
aluminium. Conversely, reduced runoff and sediment transport during periods of
drought may result in lower aluminium concentrations [16, 29]. As part of a monitor-
ing program in a similar study of a watershed in Korea, 11 heavy metal species were
measured during dry and wet weather conditions in the YS River, where Gwangju City
(GJ), a subcatchment of the YS River, was further monitored to clarify the responsibil-
ity of different metal species discharged into the mainstream. The most abundant
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metal species discharged from GJ were manganese, aluminium and iron with different
contributions of wet and dry weather flows to the total discharge load. Wet weather
flow was a significant contributor to the annual dissolved metal loads, accounting for
44-93% of the annual load depending on the metal species, except for chromium and
cadmium (9 and 27%, respectively) [30]. Human activities, such as acid deposition
and land use changes, can also affect aluminium concentrations in water resources.
For example, increased soil erosion and sediment transportation resulting from
urbanisation and deforestation can increase the aluminium concentrations in water
resources. Furthermore, acid deposition can increase aluminium solubility, leading to
increased aluminium concentrations in water resources [31].

Climate variability and seasonality on aluminium concentrations in water
resources can significantly impact water quality. Increased aluminium concentrations
can have detrimental effects on human health and aquatic ecosystems. Consequently,
to protect aquatic ecosystems and human health, it is crucial that the aluminium
concentrations in water sources be monitored and managed [32].

Figure 3a—c illustrates the variations in concentrations of manganese, and alu-
minium throughout different years and seasons within the time frame of 2016-2022.
The findings indicate that the river exhibited elevated iron concentrations during the
fall seasons of 2021 and 2016, with recorded values of 0.90 and 0.64 mg/l, respec-
tively. Manganese levels were found to be elevated throughout two distinct seasons:
spring (2016) with a recorded concentration of 0.060 mg/l and winter (2021) with
arecorded concentration of 0.053 mg/l. The subsequent findings indicate elevated
amounts of aluminium throughout the fall seasons of 2017 and 2021, with concentra-
tions of 0.59 and 1.10 mg/1, respectively. The long-term shifts in average temperatures
and weather patterns that influence micro- and macroclimates on Earth coupled with
anthropogenic activities play a major role in in the process of metal contaminants in
rivers. Moreover, this directly or indirectly influences the chemical composition of
water because of complex multi-stage progressions transpiring in streams, reservoirs
and rivers or catchment areas. It is also plausible that the precipitation throughout the
summer season facilitated the transportation of metallic substances from the neigh-
bouring agricultural lands and mining sites into the river, so augmenting the river’s
elevated levels of metal concentrations. As the water’ acidity level rises, the release
of aluminium (Al) into the water occurs, reaching concentrations of up to 5 mg/1.
Kaap River is a significant tributary within the Crocodile River system, characterised
by a catchment region primarily influenced by mining operations (both active and
inactive) as well as intense agricultural practices. These activities have perhaps had a
role in the introduction of manganese (Mn) pollution into the river.

According to the study conducted by Nhantumbo et al. [33], the high concentra-
tion of Fe and Mn can be attributed to the mining operations that are taking place
there. Several studies have shown that mining activities have significant negative
environmental and water resource effects worldwide. To extract certain minerals
from ore, mining firms commonly use chemical substances, such as sulphuric acid
or cyanide. Nhantumbo et al. [33] describe contamination as a result of leaching,
leaks, spills and infiltration of aforementioned chemicals into nearby water bodies.
Moreover, mining operations have been found to significantly degrade the qual-
ity of water through sand extraction [34]. Manganese (Mn) is considered to be an
important element for human health. However, the occurrence of manganese short-
age is deemed rare due to the presence of reasonable amounts of this element in the
lithosphere, soil and various dietary sources [35, 36]. On the other hand, heightened
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amounts of manganese have been linked to harmful effects [37, 38]. According to
Matveeva et al. [39], Russia has set standards for soil stability and mobility specifi-
cally for the chemical element Mn. These recommendations are based on variations in
humus content, acidity and precipitation. When the concentration of water exceeds
the established threshold of 0.3 mg/l, it results in changes in turbidity, colour and
taste [40]. The occurrence of Mn might potentially be ascribed to the development
of metal complexes, which serve to augment the solubility of metals [41, 42]. Several
variables, including air and water temperatures, water levels, wind directions, and
speeds, can affect seasonal manganese contamination in rivers. Peng et al. [43]
assessed reservoir contamination using numerical models. In contrast to low air
temperature, low water level and high wind speed, which alleviate pollution, hot air
temperature, high water level and low wind speed intensify it.

4, Conclusion and recommendations

Fluctuation of heavy metal concentrations were noted through different season
during the period of the study. However, in 2016, manganese concentration was above
the average concentration throughout all season, which indicates a possible land use
activity significantly altering the concentration in the water resource. Spring, how-
ever, had the highest peak which can be attributed to high surface runoff associated
with the rainy season. Major peaks were also noted for Mn and Al during 2021 study
period. High concentrations of manganese and aluminium in water resources have an
ecotoxicological effect since they are highly bioaccumulated, affecting both humans
and aquatic biota. As a result, persisting deterioration of surface water quality in the
region will decrease its potential usability for socioeconomic development and will
require immediate management and control measures. In addition, the number of
heavy metals exceeding the threshold values set by both the World Health Organisation
(WHO) and the United States Environmental Protection Agency (USEPA) standards
varied among the five continents: two in North America, six in Europe, seven in South
America, nine in Asia and ten in Africa. Climate variability, such as fluctuations in
precipitation patterns and temperature, can impact the levels of aluminium in water
resources. Increasing temperatures can result in greater solubility of aluminium, result-
ing in elevated concentrations in water sources. Moreover, changes in precipitation
patterns can impact the movement of aluminium from soil to water bodies, leading to
fluctuations in aluminium concentrations. Fluctuations in the levels of aluminium in
water resources can also be influenced by seasonal changes. For example, intense rain-
fall can carry soil particles containing high levels of aluminium into bodies of water,
thereby raising the concentration of aluminium. Among the recommendations are that
sediments on the benthic zone should also be tested, in addition to water, when doing
sampling. Investigations on the relationship between PH and metal precipitates are also
necessary. Metals can linger in sediments for extended periods of time, so technology
that could help remove the metals from the sediments has to be investigated.

Acknowledgements

Our sincere gratitude is extended the department of water and sanitation in
Mpumalanga province.

11



Heavy Metals in the Environment — Contamination, Risk, and Remediation

Funding

This study received no internal or external funding.

Conflict of interests

The authors declare no conflict of interest.

Data availability

All data generated or analysed during this study are included in this published
article.
Consent for publication

We certify that the manuscript you have received has not been published else-
where or is under consideration by any other journals.
Ethics approval

We are solely responsible for the manuscript’s veracity, validity and originality,

and we are the sole owners of its contents. Additionally, we certify that this manu-
script is our original work and has not been plagiarised.

12



Implication of Climate Variability and Seasonality on Metal Concentrations in Water Resources
DOI: http://dx.doi.org/10.5772/intechopen.1006129

Author details

Takalani Terry Phungelal’z, Babalwa qumfal, Karabo Concelia Malakane®,
Xolisiwe Sinalo Grangxabe', Benett Siyabonga Madonsela', Boredi Silas Chidi**
and Thabang Maphanga'

1 Department of Environmental and Occupational Studies, Faculty of Applied
Sciences, Cape Peninsula University of Technology, Zonnebloem, Cape Town,
South Africa

2 Department of Water and Sanitation, Mbombela, South Africa

3 Department of Biodiversity, Faculty of Science and Agriculture, University of
Limpopo, Polokwane, South Africa

4 Bioresource Engineering Research Group (BioERG), Cape Peninsula University
of Technology, Cape Town, South Africa

*Address all correspondence to: chidib@cput.ac.za

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

13



Heavy Metals in the Environment — Contamination, Risk, and Remediation

References

[1] Nijhawan A, Howard G. Associations
between climate variables and water
quality in low- and middle-income
countries: A scoping review. Water
Research. 2022;210(4):117996

[2] D6ll P, Fritsche M, Eicker A, Miller
Schmied H. Seasonal water storage
variations as impacted by water
abstractions: Comparing the output of a
global hydrological model with GRACE
and GPS observations. Surveys in
Geophysics. 2014;35:1311-1331

[3] IPCC. Climate Change 2021: The
Physical Science Basis. 2021. Available
from: https://www.ipcc.ch/report/ar6/
wgl/

[4] Fan M, Shibata H. Simulation of
watershed hydrology and stream water
quality under land use and climate
change scenarios in Teshio River

watershed, Northern Japan. Ecological
Indicators. 2015;50:79-89

[5] Rostami S, He J, Hassan QK. Riverine
water quality response to precipitation
and its change. Environments.
2018;5(1):8

[6] Xia XH, Wu Q, Mou XL, Lai Y].
Potential impacts of climate change
on the water quality of different water
bodies. Journal of Environmental
Informatics. 2015;25(2):85-98

[7] Zeitoun MM, Mehana E, E. Impact of
water pollution with heavy metals on fish
health: Overview and updates. Global
Veterinaria. 2014;12(2):219-231

[8] Tu J. Combined impact of climate
and land use changes on streamflow and
water quality in eastern Massachusetts,
USA. Journal of Hydrology.
2009;379(3-4):268-283

14

[9] Bae S, Hwang YS, Lee Y], Lee SK.
Effects of water chemistry on
aggregation and soil adsorption of silver
nanoparticles. Environmental Health
and Toxicology. 2013;28:e2013006

[10] Okamoto S, Eltis LD. The biological
occurrence and trafficking of cobalt.
Metallomics. 2011;3(10):963-970

[11] Horner TJ, Little SH, Conway TM,
Farmer JR, Hertzberg JE, Janssen D],
et al. Bioactive trace metals and their
isotopes as paleoproductivity proxies:
An assessment using GEOTRACES-era
data. Global Biogeochemical Cycles.
2021;35(11):e2020GB006814

[12] Horner RM, Harto CB, Murphy D],
Clark CE, Shupryt JP. Water Use and
Mangement in the Bakken Shale Oil Play.
Argonne, IL, United States: Argonne
National Lab (ANL); 2014

[13] Moyo NAG, Rapatsa MM,

Mbokane EM. Evaluation of

Heavy Metals and Microbiological
Contamination and Assessment of the
Suitability of the Sand River Water for
Irrigation in the Limpopo Province. WRC
Report No. TT 835/20. 2020

[14] Doll P, Jiménez-Cisneros B, Oki T,
Arnell NW, Benito G, Cogley ]G, et al.
Integrating risks of climate change
into water management. Hydrological
Sciences Journal. 2014;60(1):4-13.
DOI: 10.1080/02626667.2014.967250

[15] Luo Y, Rao ], Jia Q. Heavy metal
pollution and environmental risks in the
water of Rongna River caused by natural
AMD around Tiegelongnan copper
deposit, Northern Tibet, China. PLoS
One. 2022;17(14):¢0266700

[16] Maphanga T, Chidi BS, Phungela TT,
etal. The interplay between temporal



Implication of Climate Variability and Seasonality on Metal Concentrations in Water Resources

DOI: http://dx.doi.org/10.5772/intechopen.1006129

and seasonal distribution of heavy
metals and physiochemical properties
in Kaap River. International Journal of
Environmental Science and Technology.
2024;21:6053-6064. DOI: 10.1007/
s13762-023-05401-x

[17] Schiedek D, Sundelin B,
Readman JW, Macdonald RW.
Interactions between climate change and

contaminants. Marine Pollution Bulletin.

2007;54(12):1845-1856

[18] Lenborg C, Carreira C, Jickells T,
Alvarez-Salgado XA. Impacts of global
change on ocean dissolved organic
carbon (DOC) cycling. Frontiers in
Marine Science. 2020;7:466

[19] Pagano T, Bida M, Kenny JE. Trends
in levels of allochthonous dissolved
organic carbon in natural water:

A review of potential mechanisms

under a changing climate. Water.
2014;6(10):2862-2897

[20] Kumar V, Bharti PK, Talwar M,
Tyagi AK, Kumar P. Studies on high iron
content in water resources of Moradabad
district (UP), India. Water Science.
2017;31(1):44-51

[21] Bjorneras C, Persson P,
Weyhenmeyer GA, Hammarlund D,
Kritzberg ES. The lake as an iron
sink - new insights on the role of
iron speciation. Chemical Geology.
2021;584:1-11

[22] Félix-Bermudez A, Delgadillo-
Hinojosa F, Torres-Delgado EV, Mufioz-
Barbosa A. Does seasurface temperature
affect solubility of iron in mineral dust?
The Gulf of California as a case study.

Journal of Geophysical Research: Oceans.

2020;125:1-18

[23] Kritzberg ES, Ekstrom SM.
Increasing iron concentrations
in surface waters—A factor behind

15

brownification? Biogeosciences.
2012;9:1465-1478

[24] Senze M, Kowalska-Géralska M,
Czyz K. Availability of Aluminium

in river water supplying dam
reservoirs in lower Silesia considering
the hydrochemical conditions.
Environmental Nanotechnology,
Monitoring & Management.
2021;16:100535

[25] Botté A, Zaidi M, Guery ],

Fichet D, Leignel V. Aluminium in
aquatic environments: Abundance
and ecotoxicological impacts. Aquatic

Ecology. 2022;56(3):751-773

[26] Rosseland BO, Eldhuset TD,
Staurnes M. Environmental effects

of aluminium. Environmental
Geochemistry and Health. 1990;12(1-
2):17-27. DOI: 10.1007/BF01734045

[27] Edokpayi JN, Odiyo JO,

Popoola EOM, Msagati TAM.
Evaluation of temporary seasonal
variation of heavy metals and their
potential ecological risk in Nzhelele
River, South Africa. Open Chemistry.
2017;15(1):272-282

[28] Trueman BF, Bleasdale-Pollowy A,
Locsin JA, Bennett JL, KrkoSek WH,
Gagnon GA. Seasonal lead release

into drinking water and the effect

of aluminium. ACS ES T Water.
2022;2(5):710-720

[29] Zhou L, Tan Y, Huang L, Fortin C,
Campbell PGC. Aluminium effects on
marine phytoplankton: Implications
for a revised iron hypothesis
(iron—Aluminium hypothesis).
Biogeochemistry. 2018;139(2):123-137

[30] Kang JH, Lee YS, Ki §J, Lee YG,
Cha SM, Cho KH, et al. Characteristics
of wet and dry weather heavy metal
discharges in the Yeongsan Watershed,



Heavy Metals in the Environment — Contamination, Risk, and Remediation

Korea. Science of the Total Environment.
2009;407(11):3482-3493

[31] Munasinghe M. Sustainable
development: Basic concepts and
application to energy. In: Cleveland CJ,
editor. Encyclopedia of Energy. Elsevier;
2004. pp. 789-808. DOI: 10.1016/B0-12-
176480-X/00441-1. Available from:
https://www.sciencedirect.com/science/
article/pii/B012176480X004411. ISBN
9780121764807

[32] Alasfar RH, Isaifan R]. Aluminium
environmental pollution: The silent killer.
Environmental Science and Pollution
Research. 2021;28:44587-44597

[33] Nhantumbo C, Pondja E, Juizo D,
Cumbane A, Matsinhe N, Paqueleque B,
et al. Effect of mining to water quality in
Chua and Revué Rivers, Mozambique.
In: International Mine Water
Association Congress New Zealand
2020. Christchurch, New Zealand:
International Mine Water Association
Mine Water Solutions; 2020. p. 57. ISBN
978-3-00-067297-2

[34] Rentier ES, Cammeraat LH.
The environmental impacts of river
sand mining. Science of the Total
Environment. 2022;838:155877

[35] Goss MJ, Carvalho MJGPR,

Cosimini V, Fearnhead ML. An approach
to the identification of potentially toxic
concentrations of manganese in soils. Soil
Use and Management. 1992;8(1):40-43

[36] Semenkov IN, Koroleva TV.
Guideline values for the content of
chemical elements in soils of urban
functional zones: A review. Eurasian Soil
Science. 2022;55(1):81-89

[37] Crossgrove ], Zheng W. Manganese
toxicity upon overexposure. NMR in
Biomedicine: An International Journal
Devoted to the Development and

16

Application of Magnetic Resonance In
Vivo. 2004;17(8):544-553

[38] Luo X, Ren B, Hursthouse AS,
Thacker JR, Wang Z. Soil from an
abandoned manganese mining area
(Hunan, China): Significance of health
risk from potentially toxic element
pollution and its spatial context.
International Journal of Environmental
Research and Public Health.
2020;17(18):6554

[39] Matveeva VA, Alekseenko AV,
Karthe D, Puzanov AV. Manganese
pollution in mining-influenced rivers and
lakes: Current state and forecast under

climate change in the Russian Arctic.
Water. 2022;14(7):1091

[40] WHO. Guidelines for Drinking-
Water Quality. 4th ed. Vol. 1. Geneva,
Switzerland: World Health Organization;
2011

[41] Adeyeye O, Xiao C, Zhang Z,

Liang X. State, source and triggering
mechanism of iron and manganese
pollution in groundwater of Changchun,
Northeastern China. Environmental
Monitoring and Assessment.
2020;192:1-15

[42] Gerringa LJA, Slagter HA, Bown ],
van Haren H, Laan P, De Baar HJW, et al.
Dissolved Fe and Fe-binding organic
ligands in the Mediterranean Sea—
GEOTRACES G04. Marine Chemistry.
2017;194:100-113

[43] Peng H, Zheng X, Chen L, et al.
Analysis of numerical simulations
and influencing factors of seasonal
manganese pollution in reservoirs.
Environmental Science and Pollution
Research. 2016;23:14362-14372



Chapter?2

Perspective Chapter: Heavy

Metals — Sources of Releasing into
Ecosystems, Biological Importance,
Toxicity, and Sorption Methods

Sevda Fatullayeva, Dilgam Tagiyev, Nizami Zeynalov
and Shamil Tagiyev

Abstract

Environmental pollution with heavy metals is one of the most important
environmental problems of this century. Bioaccumulating in the food chain, heavy
metals exhibit high toxicity toward living organisms. To prevent serious risks to
human health, eliminating the toxicity of these metals in air, soil, and water is of great
importance. The chapter reviews modern data on the distribution of heavy metals
in the environment, living organisms, their toxicity, and the development of new
effective sorbents for their removal from the environment and living organisms. A
large number of studies are devoted to the synthesis, modification, and properties of
new effective sorption materials toward heavy metals. New information is presented
in the field of application of the enterosorption method as one of the promising areas
for removing heavy metals from the living organism, as well as in the prophylaxis and
treatment of various diseases.

Keywords: heavy metal, environmental pollution, sorption, living organism, toxicity,
concentration, disease

1. Introduction

At the present time, the environmental situation in the world is one of the most
important problems of modern society. The release of huge amounts of toxic sub-
stances into nature due to anthropogenic impact leads to negative consequences
affecting the health of all living beings on the planet. Environmental pollution leads
to ozone depletion, emissions of greenhouse gases, the formation of acid rain, the
death of flora and fauna, and an increase in natural disasters, which have dire con-
sequences for all living things. The impact of soil, water, and air pollution on human
health is very great, causing serious diseases and pathological processes [1]. Thus,
the problem of environmental protection is becoming increasingly serious, requiring
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urgent action in order to reduce environmental pollution and decrease the influence
of adverse conditions on living organisms [2].

Heavy metals are considered persistent environmental pollutants that can lead to
irreversible processes and represent a threat to living organisms [3]. Despite the fact
that heavy metals are necessary in certain quantities for the normal biochemical and
physiological functioning of living organisms, they can be dangerous at accumulating
in the body [4]. Deviations in their concentrations from the norm can lead to some
changes in the organism and certain diseases. Minimization and removal of exces-
sive amount of heavy metal ions (in these concentrations the metal ion passes into
the category of toxic substances) from the organism is an important area of modern
research [5].

To avoid serious problems for human health, heavy metal ions should be removed
from the environment. It is necessary to find effective methods for removing heavy
metals and eliminating the toxicity of these metals in air, soil, and water and to
develop eco-friendly and low cost-effective removal techniques for sorption of heavy
metal contaminants [6].

2. Heavy metals

Heavy metals (mostly transition elements) are a group of metals with relatively
high density (above 5 g/cm?), atomic weights in the range of 63.5-200.6 g/mol and
showing toxicity at low concentrations (even at trace ppb level) [7]. Heavy metals,
due to bioaccumulation in the food chain, cause destabilization of the ecosystem [8].
There are essential (with known biological functions: Mn, Fe, Co, Ni, Cu, Zn, Mo,
etc.) and non-essential (Cd, Hg, Pb) heavy metals.

We focused on information about the sources of heavy metals, their distribution in
nature and in living organisms, indicated the toxic effects of these metals on human
health when accumulated in excess, and reviewed some international regulations
regarding their maximum permissible concentrations. We searched for review and
research articles published mainly between 2019 and 2024 and extracted data from 86
articles through literature review and laboratory experiments.

2.1 Distribution of heavy metals in nature

Distribution of heavy metals in the environment is possible in different ways.
Heavy metals are deposited in the soil and spread through air and water. The presence
of heavy metal pollutants in the environment is mainly found in various natural (e.g.
rocks, soils, and water) and anthropogenic (sewage discharges, industrial wastes,
mining, and agricultural activities) sources, which have a great influence on their
accumulation in nature and contribute to a negative impact on the ecosystem and the
health of living organisms [9-11]. The content of heavy metals, which are considered
environmental pollutants and exhibit toxic effects, resistance, non-biodegradability,
and bioaccumulation, must be constantly monitored [12, 13]. The circulation of
heavy metals in the environment occurs as a result of human activity and biogeo-
chemical processes. Depending on the flow power, particle size and physicochemical
parameters of the aquatic environment, flowing water plays a significant role in the
distribution of heavy metals in the water-soil-plant-animal-human system [14].

In the earth’s crust, heavy metals are found in the form of ores and minerals.
Thus, some of them (Fe, Zn, Co, Ni, Pb) occur in most ores in sulfide forms, others
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(Mn, Al, Cr) are found in the form of oxides. In addition, industrial products (bat-
teries, coatings, cosmetics, and paints) consist of heavy metals, which are sources
of heavy metal exposure to living organisms. Heavy metals are ultimately absorbed
by plants, animals, and assimilated by humans through food consumption [15, 16].
Taking into account the health risks associated with the spread of heavy metals in
water resources, it is very important to control their presence and study their impact
on crops through irrigation (Table 1) [21].

It has been studied the bioaccumulation of heavy metals (Cu, Cr, Ni, Hg, Cd,

As, Pb, and Zn) in soil-crop ecosystems and used machine learning algorithms to
identify the transfer process and controlling factors [17]. Increased uptake of heavy
metals by aquatic medium affects food quality and safety, causing a health threat

to humans and animals in the ecosystem as a whole [22]. Heavy metal contamina-
tion can pose a potential threat to the food chain and human health. Environmental
pollution by heavy metals is being investigated, and the impact of natural conditions,
various types of industries, and the development of road traffic in various regions

on human health is being studied [23]. Thus, rural, suburban, and urban areas were
studied according to the main physical-chemical parameters and the content of
heavy metals in soils. Soil samples were evaluated using a variance analysis (ANOVA)
(Table 2) [24].

The results of the research presented in Tables 1 and 2 showed that in most cases
the average content of heavy metals (e.g., copper, chromium, cadmium, and cobalt)
exceeds the maximum permissible levels, recommended by the Food and Agricultural
Organization (FAO) and the World Health Organization (WHO) (FAO/WHO), which

Crop type Heavy metals Concentrations
Barley Cd, Co, Cr, Cu, 0.1-1 mg Cd/kg, 0.1-18 mg Co/kg,
Fe, Mn, Mo, 3-85 mg Cr/kg, 2-48 mg Cu/kg,
Ni, Pb, Zn 121-11,165 mg Fe/kg, 0.4-538 mg Mn/kg,

1-5 mg Mo/kg, 0.3-42 mg Ni/kg,
0.1-5 mg Pb/kg, 6-194 mg Zn/kg

Cauliflower Cd, Cr, Cu, 0.001-1.290 mg Cd/kg, 0.104-12.580 mg Cr/kg,
Fe, Mn, Zn 0.313-11.450 mg Cu/kg, 2.649-22.840 mg Fe/kg,
2.073-26.750 mg Mn/kg, 1.640-25.820 mg Zn/kg

Grass, Nettle Cd, Cu, Pb, Zn 11. 5 mg Cd/kg, 60 mg Cu/kg,
130 mg Pb/kg, 475 mg Zn/kg in nettle;
10 mg Cd/kg, 217 mg Pb/kg,

633 for mg Zn/kg in grass
Rice Cd 0.021-0.33 mg Cd/kg
Sunflowers Cd, Ni, Pb, Zn 79.54 mg Cd/kg, 33.89 mg Ni/kg,
141.63 mg Pb/kg, 324.65 mg Zn/kg
Water lettuce Cd, Cu, Fe, 0.204 mg Cd/kg, 0.788 mg Cu/kg,
Pb, Mn, Zn 14.83 mg Fe/kg, 0.297 mg Pb/kg,
10.351 mg Mn/kg, 4.181 mg Zn/kg
Wheat Cd, Cr, Cu, Hg, 0.07-0.55 mg Cd/kg, 6.55-26.57 mg Cr/kg,
Mn, Ni, Pb, Zn, 6.21-26.2 mg Cu/kg, 0.57-4.64 mg Hg/kg,

164.0-1087.0 mg Mn/kg, 5.24-16.7 mg Ni/kg,
13.27-471 mg Pb/kg, 21.00-100.70 mg Zn/kg

Table 1.
Estimation of heavy metal concentrations in agricultural crops [17-20].
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Elements Studied areas (average * standard deviation, mg/kg)
Rural Suburban Urban
Cd 16+01 1501 1401
Co 77 +0.7 74+03 55+0.2
Cr 19+1 19+1 151
Cu 25+3 39+3 492
Mn 623+72 553 £22 464 +19
Ni 28 +2 26+1 20+1
Pb 25+ 4 36+3 798
Zn 78 £7 88+3 130 £5
Parameters Rural Suburban Urban
pH 7101 78+0.1 75+ 0.1
Electrical conductivity, pS/cm’ 372+91 931+73 516 + 67
Moisture content, % 35+3 28+ 4 22+3
Organic matter, % 127+ 0.8 123+ 0.5 10.0 + 2.6
Calcium carbonate, % 67+23 78+13 6.0+1.5
Plasticity index 36+4 43+ 4 41+3
Soil texture Sandy loam Clay loam Loam

Table 2.

Concentration of some heavy metals (mg/kg) in the soil samples and physical-chemical chavacteristics of soil

along the urbanization gradient.

poses a risk to human health. Thus, the recommended maximum concentration for
copper is 10 mg/kg in plants, 20 mg/kg in soil, and 0.55 mg/kg in water; for chro-
mium, it is 1.3 mg/kg in plants, 100 mg/kg in soil, and 0.017 mg/kg in water; for
cadmium, it is 0.02 mg/kg in plants, 0.03 mg/kg in soil, and 0.02 mg/kg in water; for
cobalt, it is 50 mg/kg in plants, 8 mg/kg in soil, and 0.05 mg/kg in water [25-27]. It
should also be noted that maximum permissible levels vary depending on the kind of
food, water (drinking and irrigation), and soil (commercial, residential, and agri-
cultural) [28]. The influence of heavy metals on a living organism and the toxicity of
these metals will be discussed below (see Section 2.2.).
The distribution of various chemical forms of heavy metals (determining their
possible toxic effects) in suspended atmospheric substances is different and may
vary depending on the territory (Table 3). Thus, in rural areas, the majority of heavy
metal pollutants are Cd, Co, Mn, and Ni, possibly resulting from soil changes. High
levels of Pb pollution have been identified in urban areas as a result of incomplete

combustion in automobile engines and from industrial branches.

(Information on permissible levels of heavy metals can be found in the docu-
ments: Economic Commission for Europe Executive Body for the Convention on
Long-range Transboundary Air Pollution 1998 Protocol on Heavy Metals, as amended
on December 13, 2012; Directive 2008/50/EC; Directive 2004/107/EC; Commission
Directive (EU) 2015/1480; 2011/850/EU Commission Implementing Decisions of
the European Parliament and of the Council as regards the reporting on ambient air

quality)
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City Pb v As Mn Ni Cr Cd
China, average of major cities 304.2 18.7 46.6 1517 337 974 129
Tokyo, Japan 125 0.06 — 40.1 5.63 6.09 —
Agra, India 1100 21 — 900 200 300 —
Lahore, Pakistan 4400 1.4 22 300 18 30 77
Islamabad, Pakistan 144 — — 79 24 10 4
Ankara, Turkey 71 39 15 49 31 32 0.11
Vienna, Austria 11 14 09 13 57 5.5 0.5
Bern, Switzerland 49 29 0.8 25 3 — 0.26
Budapest, Hungary 24 — 1.4 30 32 89 —
Seoul, South Korea 96.4 — — 39 19.6 137 —
California, USA 39 33 6 17 12 15 43
Toulouse, France 9.7 — — 75 35.22 35.97 0.25
New York, USA 79 92 — — 10 27 0.34
Ile-Ife, Nigeria 2762.9 — — 11237 3236 33 7318
Durban, South Africa 77 — — 49 — — —
Table 3.

Heavy metal concentrations in aerosols in some wovld cities (ng/m’) [29].

To assess the state of pollution, regular monitoring of the content of heavy metals
in ecosystems is necessary, since in concentrations above the limit norm they are
dangerous to human health. Oral ingestion, inhalation, and skin contact are the main
routes of entry of heavy metals into the human body. Circulating in the blood and
accumulating in various organs and tissues, they can cause mutations, lead to various
carcinogenic and other chronic diseases, regardless of age and gender [8].

2.2 Influence of heavy metals on the vital activity of organisms and toxicity

Some heavy metals are related to “essential in traces” bioelements that occur in
living organisms in very low concentrations. In a certain amount, heavy metals such
as iron, zinc, copper, manganese, and cobalt participate in various physiological,
metabolic processes, enzymatic reactions, and transport of substances [30].

Thus, iron is indispensable in the processes of hematopoiesis and intracellular
metabolism. It plays an important role in the processes of energy release and res-
piration, in enzymatic and redox reactions, in ensuring immune functions, and in
cholesterol metabolism. The daily requirement of an adult healthy person for iron is
10-20 mg and is replenished with a regular balanced diet.

The adult human organism contains about 100 mg of copper (liver, bones, brain),
which increases the activity of a number of enzymes. It is involved in hematopoiesis,
enzymatic oxidation, tissue respiration, and immune processes. The human require-
ment for copper is 2-3 mg per day. The main function of copper is catalytic. It is
known that copper ions, compared to other ions, react more actively with amino
acids and proteins; therefore, copper forms the most stable complex compounds with
biologically active substances.
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The human organism weighing 70 kg contains about 14 mg of cobalt. The main
places where cobalt accumulates in the human body are liver, blood, spleen, bone tis-
sue, thyroid gland, and pituitary gland. The biological activity of cobalt is determined
by its participation in the construction of the vitamin By, molecule. It is necessary
for the activity of a number of enzymes, affects the synthesis of proteins and nucleic
acids, the metabolism of carbohydrates and fats, and redox reactions. Cobaltis a
powerful activator of hematopoiesis, actively participates in the formation of thyroid
hormones, promotes the excretion of water by the kidneys, and increases the absorp-
tion of iron and hemoglobin synthesis. It has been established that the process of
hematopoiesis in animals and humans can only occur with the normal interaction of
cobalt, copper, and iron ions [31].

Molybdenum accumulates mainly in the liver, kidneys, endocrine glands, and

skin. It is evenly distributed in the blood between the formed elements and plasma.
It is part of the enzymes involved in purine metabolism, participates in the synthesis
of vitamins By, and E, and various redox processes. Molybdenum affects the activity
of the enzyme xanthine oxidase, catalyzing the oxidation of xanthine by oxygen into
uric acid, and prevents the development of dental caries.

Zinc is found in all human organs and tissues. The human body (weighing 70 kg)
contains up to 3 g of zinc. It is part of the most important enzymes, participates
in protein metabolism, in the synthesis of mRNA molecules in the corresponding
sections of DNA (transcription), and in stabilizing the structures of ribosomes and
biopolymers (RNA, DNA, and some proteins). Zinc is an essential part of blood
enzymes. It is necessary for maintaining normal skin, hair, and nail growth and
also for wound healing, since it is involved in protein synthesis. This metal is part of
insulin, a pancreatic hormone that regulates blood sugar levels. Zinc activates the
biosynthesis of vitamins C and B.

Manganese is found in many human tissues and organs (liver, skeleton, and thy-
roid gland are richest in manganese). It actively affects the metabolism of proteins,
carbohydrates, and fats. It is a catalyst for metabolism and participates in the forma-
tion of bone tissue. It is also necessary for the functioning of enzyme systems and the
regulation of vitamin metabolism, and maintains a certain level of cholesterol in the
blood. Furthermore, Mn?* ions stabilize the structure of nucleic acids, affect hema-
topoietic processes, accelerate the formation of antibodies, act on the central nervous
system, affect the ability to reproduce, and strengthen the immune system. The daily
human need is about 3-8 milligrams of manganese.

Chromium (III) is involved in carbohydrate and lipid metabolism and in the
proper functioning of the immune system [32]. Nickel is involved in the metabolism
of glucose, hormones, lipids, adrenaline, and cell membranes and is also responsible
for the absorption of iron and the synthesis of red blood cells [33].

As can be seen from the abovementioned, heavy metals in a certain amount are
necessary for the normal functioning of the organism [34]. However, literature data
show that any heavy metals present above safe levels can lead to various physiological
abnormalities and genetic mutations (according to Paracelsus, “the dose makes the
poison”) [35]. Their concentrations being higher than normal are toxic because heavy
metals do not decompose but accumulate and cause pathological processes in the body
(liver, kidney diseases, respiratory and vision problems, decreased energy levels, fail-
ure in brain processes, etc.) [36]. Gastrointestinal and immune system dysfunction,
nervous system disorders, vascular lesions, congenital malformations, and cancer are
examples of complications of heavy metal toxicity. Heavy metals destroy cell mem-
branes, increase the permeability of biological barriers, bind to proteins, changing
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secondary and tertiary structures, block many enzyme systems, which ultimately
leads to changes and disorders in the organism.

Each heavy metal has its own mechanism of toxicity, such as inhibiting enzymatic
activity, weakening antioxidant defenses, altering the functioning of the central
nervous system, and changing important organ functions, which leads to various
diseases. As a result of simultaneous exposure to several metals, the toxic effect may
increase [37].

Mercury, lead, and cadmium (non-essential heavy metals) are the most dangerous
to human health, having a toxic effect on various tissues and organs [38]. These three
metals are related to global environmental pollution.

It should be noted that any heavy metal quickly enters the body’s bloodstream and
then passes into internal tissues and organs. It was found that the places of maximum
accumulation of metals in the body are the skeletal system, liver, and kidneys. Heavy
metals entering the human body with food are absorbed through the gastrointestinal
tract (for example, lead is more efficiently absorbed on an empty stomach). Distributed
throughout the body, heavy metals have a toxic effect on certain organs and tissues.

Pathologies caused by the toxic effects of heavy metals on the human body are
presented in Figure 1, obtained from literature data on the study of excess content of
some heavy metals in the organism [2, 39].

Cadmium and hexavalent chromium enter the body into the bloodstream through
the lungs, inhibit enzyme activity, damage DNA, and cause genetic abnormalities.
Cadmium enhances its toxic effects when it competes with zinc for binding to a
protein responsible for regulating zinc homeostasis. Chromium (VI) compounds are
very toxic (capable of easily penetrating biological membranes and causing damage to
cell membranes); they cause lung cancer and various allergic diseases.
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Figure 1.
Various pathologies of the ovganisms connected with excess amounts of some heavy metals.
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Mercury and lead can penetrate the skin barrier and enter the bloodstream.
Mercury causes neurological toxicity, affecting the brain, and central nervous system.
Lead accumulates in bones and can persist for years, displacing calcium ions, and
impairing neurotransmission and muscle function.

Molybdenum excess leads to anemia, gout, endemic goiter (with simultaneous
iodine deficiency), joint diseases, and intestinal dysfunction.

Some heavy metals lead to the formation of excess amounts of reactive oxygen
species, thereby suppressing the body’s antioxidant defenses.

As can be seen from the literature data, in-depth knowledge of heavy metals is
essential in order to provide protection against excessive exposure [40, 41]. Therefore,
more in-depth research in this area can be aimed at developing new effective and
environment-friendly methods and sorbents for the removal of heavy metals [42, 43].

3. Sorption of heavy metals

In order to prevent serious risks to human health, the development of effective
methods for the removal of heavy metals and to eliminate the toxicity of these metals
in air, soil, and water is of great importance. Among the known methods (chemical
precipitation, complexation, ion exchange, electrodialysis, reverse osmosis, elec-
trocoagulation, solvent extraction, ultrafiltration, photocatalysis, and others) for
removing metal ions, sorption is considered the most promising due to its easy appli-
cability, high removal efficiency over a wide pH range and low cost, and therefore,
it is preferable to develop highly effective, practical, economical, and environment-
friendly sorbents [44]. It should be noted that the sorption method proceeds without
introducing any additional substances into the system to be purified [45]. The main
difficulties of sorption methods are the simultaneous removal of different kinds of
ions, high retention times, and regenerating and recycling ability of sorbents [46].

Sorption of metals is carried out by the following mechanisms: coordination, pre-
cipitation, ion exchange, Van der Waals, and electrostatic interactions. The interac-
tion of the sorbent and sorbate is observed both on the surface and in the volume due
to the porous structure of the sorbent. Accumulation of adsorbed substances around
the sorbent occurs due to physical and chemical forces, replacement of sorbent ions
with sorbate ions takes place (Figure 2).

The sorption process, in which the polluting heavy metal ion is bound to a solid
sorbent, includes three main stages: transport of heavy metal ions to the sorbent
surface from an aqueous solution, sorption on a solid surface, and transport inside the
sorbent particle (absorption). The presence of pores and cavities increases the surface
area available for sorption, providing more opportunities for the interaction of metal
ions with the sorbent and their retention by it. There is physical sorption and chemi-
sorption. Physical sorption (a reversible process) between the sorbate and the sorbent
occurs as a result of a weak Van der Waals force independent of the nature of the
material, while chemisorption (an irreversible process) forms strong ionic or cova-
lent bonds through chemical reactions. Electrostatic attraction leads to the fact that
positively charged heavy metal ions are adsorbed on negatively charged functional
groups of the adsorbent, since heavy metals have a strong affinity for the surface of
the sorbent. In addition, hydrophobic interactions as well as hydrogen bonds can be
involved in the process of metal sorption on the surface of sorbents [43].

Precipitation is considered one of the most effective methods of removing
heavy metal ions, converting dissolved metal ions into solid insoluble particles, and
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Figure 2.
A schematic representation of possible sorption mechanisms of heavy metals.

precipitating them by changing pH, electrooxidation potential, etc. The ion exchange
method is a reversible chemical reaction used to replace an undesirable heavy metal
ion with a harmless and environmentally friendly one. Coordination interaction
describes the ability of heavy metal ions (Lewis acids) to interact or enter into a
coordination bond with ligands (Lewis bases) and shows that this depends on the
availability of their outer electrons and empty molecular orbitals.

The sorption process depends on many factors, such as the physicochemical prop-
erties of the sorbent and heavy metals, as well as the process conditions (temperature,
solution pH, contact time, initial concentration of metal ions, sorbent dosage, ionic
strength, the type of active centers on the surface of the sorbent, the point of zero
charge of the sorbent, etc.) [47].

Information about the reactive centers of the sorbent participating in the bind-
ing of heavy metal ions can be obtained using physicochemical analytical methods,
including nuclear magnetic resonance spectroscopy (NMR) for determining the
molecular structure and chemical composition of the sorbent; atomic absorption
spectroscopy (AAS) and inductively coupled plasma (ICP) for determining the
metal concentration in an aqueous solution; Fourier-transform infrared spectroscopy
(FTIR) for identifying the functional groups of the sorbent; UV-visible spectro-
photometry for determining the metal concentration by measuring the intensity of

25



Heavy Metals in the Environment — Contamination, Risk, and Remediation

its color in the aqueous medium; energy-dispersive X-ray spectroscopy (EDS) for
elemental analysis; X-ray diffraction spectroscopy (XRD) for determining of crystal
structure, phase, structural parameters and chemical composition of the sorbent;
X-ray photoelectron spectroscopy (XPS) for determining the oxidation state of the
metal bound to the sorbent; scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) for analysis of the surface and internal morphology

of the sorbent, respectively; thermogravimetry (TGA), differential scanning calo-
rimetry (DSC) for evaluating the correlation between chemical structure, thermal
transitions and stability of sorbent and others.

3.1 Types of sorbents for removal of heavy metals

Nowadays, different types of sorbents for removal of heavy metal ions have been
developed: polymer materials, natural zeolites, clays, bio-adsorbents, activated carbon,
organic, and inorganic mesoporous silica [48]. Some of them are presented below.

Carbon-based sorbents. These sorbents have properties, such as high sorption
capacity, ability to surface modification, distinctive chemical properties, thermal
stability as well. Graphene and carbon nanotubes have found greater use in sorption
methods due to simple preparation and functionalization techniques compared to
other carbon sorbents, such as activated carbon, fullerenes, carbon nanofibers, and
graphitic carbon nitride. Numerous carbon-containing materials, such as wood,
peat, coal, coconut shells, and biomass waste from pulp production, are used to
develop activated carbons, which are considered effective sorbents for the removal
of heavy metals (Pb**, Cu*, Co**, Ni*", and Cd**) due to the presence of transport
and adsorption pores for restoring natural infrastructure [49]. The porous structure
of carbon-based sorbents, small particle size, large surface area, surface functional
groups, and the ability to adsorb various substances make them a valuable material
for the effective removal of heavy metals. The absorption capacity of these sorbents is
limited by several factors, including loss of adsorption efficiency during regeneration
and the possibility of secondary contamination. The modification process can lead
to the emergence of new sources of pollution (it is necessary to assess their impact on
the environment), create problems with cost, yield, and operational practicality.

Polymer-based sorbents. Recently, hybrid polymer sorbents consisting of organic—
inorganic components have gained popularity. Due to its high selectivity, high
thermal stability and complete insolubility in water, the hybrid polymer has found
use as an effective sorbent for Cd**, Pb**, Co**, Ni**, and Hg2+ ions. The thermostable
inorganic component and the presence of organic fragments with various functional
groups determine the high sorption capacity of the sorbent and increase the prob-
ability of binding certain heavy metal ions [50]. Molecularly imprinted polymers
obtained as a result of polymerization reactions between the target matrix and mono-
mers with reactive functional groups were used. Due to their stability, selectivity,
resistance to acids and bases, low cost, and simple preparation method, these polymer
materials have proven themselves to be highly effective sorbents for drinking and
wastewater purification [51]. A new type with improved mechanical and morphologi-
cal properties of submicrometric hyperbranched poly(B-cyclodextrin) fibers forming
molecular inclusion complexes with various organic and inorganic compounds was
prepared and characterized as effective sorbents of heavy metals (Pb**, Ni*", and
Cd™) [52]. Despite its unique properties, chitosan is difficult to use in powder or
flake form due to its low porosity, small surface area, and resistance to mass transfer.
Therefore, structural and chemical modifications (cross-linking, grafting) have been
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proposed to overcome these drawbacks. It has been proposed to combine chitosan
with other adsorption materials to improve the adsorption capacity for heavy metal
ions, mechanical strength and thermal stability.

Mineral sorbents (zeolite, silica, and clay). Diatomite and its modified (sulfuric acid)
form have been used as adsorbents to remove heavy metal ions from aqueous solu-
tions. Diatomite treated with sulfuric acid (which led to an increase in specific surface
area by 23%) showed higher sorption capacity results as an adsorbent of heavy metals
[53]. Natural clay minerals including bentonite, volcanic ash, and red soil were used
to remove copper, zinc, and nickel ions from acid mine drainage. The experimental
results showed that the percentage of removal of heavy metals by bentonite was
89-99.9%. The volcanic ash mineral was characterized by simplicity of operation,
low sediment formation, and suitability for low concentrations [54]. Natural and
synthetic aluminosilicate minerals, in particular zeolites, due to their unique physical
and chemical properties, are considered to be highly effective, inexpensive and envi-
ronmentally friendly sorbents in the purification processes of water, contaminated
with heavy metals, various environmental pollutants as well [55]. Mineral sorbents
are considered effective materials for the sorption of different kinds of pollutants.
Modification methods (calcination, impregnation) have been proposed to increase
the versatility and efficiency of removing heavy metals using these sorbents after
several cycles of application. Although, as the literature data show, these modifica-
tions entailed additional costs for the technological process and the release of new
chemicals into the environment.

Magnetic sorbents. Magnetic sorbents are produced by incorporating magnetic
nanoparticles into adsorbent materials. A method of magnetic solid-phase microex-
traction has been proposed, in which magnetic nanoparticles coated or modified with
various materials (carbon, organometallic, and silica) are used as sorbents for the extrac-
tion of heavy metals from food samples. The presence of high surface area, adsorption
capacity, thermal stability, and other qualities increases the efficiency and sensitivity of
the process. After contact with food samples, the sorbents are separated by a magnetic
field and analyzed. This makes them ideal for continuous water treatment, as they can
be recovered and reused multiple times [56, 57]. Magnetic sorbents have shown low cost
and simplicity of synthesis. However, their sorption properties strongly depend on the
structure of the sorbent, the amount of active hydroxyl groups on the surface of Fe;0,
particles and reactive functional groups. The adsorbents obtained did not have sufficient
cyclic stability, which is an obstacle to industrial use.

Biosorbents (fungi, algae, and bacteria). Biosorbents obtained from plant, animal and
marine origin wastes, and modified to enhance adsorption properties, have proven to be
highly effective sorbents in relation to various pollutants, including heavy metals [58].
Fruit peel, leaves, bark, roots, husk, sawdust, biofertilizers, peat, bone gelatin mass, and
their modifications, due to the presence of organic compounds bearing polar functional
groups (hydroxyl, carbonyl, carboxyl, amino, etc.) show a high complex capacity toward
ions of heavy metals [59]. These agricultural waste materials, considered as natural
organic sorbents due to their wide availability, environmental friendliness, and easy
processing into biosorbents using simple preparation methods, such as washing, dry-
ing, and grinding, are an efficient candidate for removing heavy metal pollutants [60].
Despite the fact that biosorbents are readily available, environment-friendly, and can be
regenerated, their sorption capacity and selectivity toward heavy metal ions may vary
depending on the production and processing methods.

Nanomaterials. Nanomaterials are promising sorbents for efficient removal of heavy
metals from waste water due to their special properties such as small size, large specific
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surface area and morphological structure. It was found that the sorption capacity of
these nanomaterials increases due to certain reactions carried out on their surface (oxi-
dation, modification, and others) [61]. Materials based on carbon, metals, metal oxides,
dendrimers (particle sizes ranging from less than 10 nm to several hundred nanometers),
and nanocomposites have been studied. Studies have been conducted depending on the
type of nanoparticles, kind and concentration of the metal in the aqueous solution, and
it has been shown that carbon-based nanoparticles are less effective than other sorbents
applicable for the removal of heavy metal ions [62]. Nanomaterials made of metal oxides
(iron, manganese, etc.) as effective sorbents have attracted wide attention due to their
ease of production, a wider range of raw materials and less environmental impact. The
redox process, complex precipitation, electrostatic attraction, and ion exchange have
been proposed as mechanisms for removing heavy metals from an aqueous solution.
Improved production methods have been developed to increase the number of surface
functional groups, the specific surface area and the stability of the nanosorbent for

the removal of heavy metals [63]. Nanomaterials have the greatest advantages for the
sorption of heavy metals due to their small size, large surface area and high reactivity.
An improvement in their adsorption capacity, the possibility of recycling and reuse have
been shown due to the modifications carried out (introduction of magnetic particles,
various functional groups). However, issues regarding environmental impact and
maintaining stability in various media require more in-depth study.

Metal-organic framework sorbents. Metal-organic frameworks are porous, extensive
crystalline structures with molecular-sized channels and voids with metal-containing
nodes and organic fragments. Having a large surface area and capable of being modified
by various functional (amine, sulfate, hydroxyl, and alkyl) groups, these structures
exhibit high adsorption activity toward heavy metal ions (Cu*, Pb*, and Zn**) [64].
Metal-organic frameworks are promising sorbents due to their controlled properties,
large surface area, and sustainable performance compared to traditional materials such
as activated carbon and zeolites. The features of these materials that influence their
sorption characteristics, such as pore size, surface area, the presence of functional
groups, and the possibility of recycling and regeneration, structural diversity, and
simple functionalization, are considered. The important role of ligands and metal nodes
in tailoring the properties of metal-organic frameworks for heavy metals removal is
indicated [65, 66]. Due to the introduction of some functional groups into the structure,
metal-organic frameworks are promising materials for the sorption of heavy metals.
However, despite the good ability to remove heavy metal ions, they have micropores
that are inaccessible to some target metals. It has been observed that most of the organic
ligands used to form many metal-organic frameworks are very expensive and toxic.
Most of them have low stability in water. Therefore, further research is still needed to
adjust, improve the stability of the metal-organic framework structure, and implement
these materials in industrial heavy metal sorption processes.

In addition, the development of effective decisions on desorption is crucial to
ensure complete utilization and reuse of sorbents. Also, additional research should
be directed to the development of effective sorbents for the simultaneous removal of
several heavy metal ions.

3.2 Sorption of heavy metals by polymer-based materials

In connection with growing problems of ecosystems and, as a consequence,
its negative impact on the health of living organisms, intensive scientific research
is required in the field of creating new generations of sorbents with improved
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properties. A change in porosity, the introduction of reactive groups into the struc-
ture of the sorbent, a change and increase in reaction sites contribute to an increase

in adsorbing and complexing activity toward heavy metals. Among the variety of
sorbents, polymer-based materials and their derivatives are of particular interest [47].

It has been proposed to introduce certain functional groups into the polymer struc-
ture in order to increase the surface area of the polymer available for the sorption of
heavy metal ions and provide a stronger interaction with pollutants. Polymer/polymer
and polymer/inorganic hybrids (copolymer composites, polymer/carbon composites,
polymer/clay composites, mineral composites, magnetic polymer composites, and
polymer/metal composites) have been synthesized using various polymers and also by
introducing inorganic nanoparticles inside the polymer skeleton. The hybrid polymer
materials produced by this method, in addition to retaining their properties, also showed
improved properties such as higher processability and high chemical stability [67].
Research has shown that the properties of these materials depend both on the physico-
chemical properties of the individual fragments and the structure of the polymer.

Hydrogels, cross-linked polymers that form a three-dimensional network struc-
ture, have been proposed for water purification. Due to properties such as biodegrad-
ability, swelling, and modification, they have proven to be excellent sorbents for the
removal of heavy metals [68]. Polysaccharide-based hydrogels have been prepared by
crosslinking polymer chains with either metal ions, metal oxides, or covalent bond-
ing and then used as effective adsorbents for numerous metal ions (Cr**, Zn**, and
Mn?*). Recent advances in the development of sorbent materials based on (cellulose,
chitosan, agar, and hyaluronic acid) hydrogels used for wastewater treatment, in
particular the mechanisms of synthesis and adsorption, the study of properties, as well
as their classification, have been studied in detail [69]. The research results showed
that polysaccharide-based hydrogels exhibit chemical and physical stability, polymer
community flexibility, the possibility of reuse, and multifunctionality [70]. Methods
involving the use of molecularly imprinted polymers for the detection of heavy metals
were discussed. Adsorption properties, sensitivity, low cost, and simplicity of prepara-
tion enhance their applicability for the removal of many environmental pollutants,
indicating their potential future as excellent sorbents for removal of heavy metals [51].

The new Schiff base polymer poly-2,2'-hexamethylenebis(oxybenzaldehyde)-4,4'-
diiminophenylsulfone (PoHOBD) was obtained by the polycondensation reaction
of 2,2’-hexamethylenebis(oxybenzaldehyde) and diamine. POHOBD was used as a
sorbent for the removal of Co**(78%), Cu**(99%), and Au**(98%) ions from con-
taminated wastewater. The results indicated the chemisorption/ion exchange nature
of adsorption [71].

Owing to high ability to reduce the concentration of transition metal ions, bio-
polymers (agar, pectin, starch, cellulose, chitosan, alginic acid, carrageenan, xanthan,
dextran, gelatin, guar gum, etc.), being renewable and biodegradable, have attracted
the attention of many scientists. Among biopolymers and a variety of sorbents, spe-
cial attention is paid to chitosan and its derivatives, as the most promising group of
substances, which, due to their unique properties, such as biocompatibility, stability
in the natural environment, non-toxicity, high biological activity, economic availabil-
ity, chelation of metal ions, have found wide application in various fields of science
and industries [72].

Chitosan is a natural polymer possessing sorption properties and affinity toward
pollutants due to the presence of reactive amino (-NH,) and hydroxyl (-OH) groups.
Due to the large number of binding sites, this polymer can chelate with metal ions and
is able to adsorb metal ions (Pb**, Cu®* and Cd**) with a maximum removal capacity
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of 176.50 mg/g, which proves its excellent effect on the adsorption of heavy metals
[73]. A series of modifications of chitosan such as cross-linking, grafting, combining
with other adsorption materials (carbon nanotubes, minerals, polymers, etc.) were
carried out, which led to the formation of structures with much higher adsorp-

tion properties and hydrogels, nanoparticles and nanofibers were obtained, which
significantly improved its adsorption properties toward heavy metal ions [74]. New
synthesized sodium tripolyphosphate (TPP) and vanillin (V)-modified chitosan-
based magnetic nanosorbents (TPP-CMN and V-CMN) nanosorbents were used for
treatment of wastewater, containing Cd(II), Co(II), Cu(II) and Pb(II) ions both in
laboratory and industrial conditions. The obtained results show high adsorption rate
(>80%) of metals due to the large number of active sites on the sorbent surface and
which was maintained even after fourfold recycling of these sorbents. The synthe-
sized nanosorbents also have a high ability to remove other metal ions (Cr (II), Zn
(1), Mn (I1), As (I1), etc.) [75].

The methods for the preparation of magnetic chitosan nanoparticles (M-Ch-NPs)
using magnetite to increase the mechanical strength, reusability opportunities, and
minimize the difficulty of separating chitosan nanoparticles from aqueous medium
are described. The results of the study indicate that M-Ch-NPs is an effective bio-
sorbent for the removal of Cr(VI) from industrial wastewater. Improved physicom-
echanical and thermal parameters facilitate the possibility of recycling and reuse of
M-Ch-NPs as biosorbents for the removal of Cr(VI), which will significantly reduce
the cost of industrial wastewater treatment [76]. Based on the publications of recent
years, in which chitosan and chitosan-based magnetic nanocomposites are used as
sorbents for removal of heavy metal ions, it can be concluded that chitosan and its
derivatives can be used as effective sorbents for environmental purposes in order to
adsorb Cr(IIT), Co(II), Ni(II), Cu(II), and Pb(II) ions from aqueous media [77].

The properties of chitosan and its numerous advantages, including adsorption
properties, availability, ease of modification, and relatively low costs (of acquisition
and use), have led to an increase in the interest of scientists in polymer-based adsorp-
tion materials and, consequently, the development of new, sustainable, environmen-
tally friendly effective sorption methods intended to meet global environmental goals
and ensure the long-term viability of biopolymer sorbents for removal of heavy metal
ions from the environment [78-80].

3.3 Enterosorption as a method of removal of toxic metals from organisms

Environmental pollution with heavy metals affects the health of living organisms,
leading to various pathologies and the occurrence of various diseases. As a result of
the accumulation of heavy metals in the human body, intoxication of the organism is
observed, causing disturbances in its functioning. There is a need for research aimed
at developing methods to protect and treat their adverse effects, including through
enterosorption method. Enterosorption is an effective method of binding and remov-
ing from the body various exogenous (heavy metal ions, bacterial toxins, chemical
warfare agents, drugs, etc.) and endogenous (metabolism products) toxic substances
using enterosorbents (oral sorbents) [81]. These sorbents are drugs (“smart sponge”)
that can absorb various toxic substances in the lumen of the gastrointestinal tract
and are used in the prevention and treatment of certain diseases, poisoning and
correction of pathological conditions associated with endo- and exotoxicosis [82].
Currently, enterosorbents are used in toxicology, allergology, dermatology, gastro-
enterology, narcology, and oncology to prevent toxic-allergic reactions, intoxication,
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reduce the metabolic load on the excretory and detoxifying organs. The World Health
Organization included enterosorbents in the anatomical-therapeutic-chemical clas-
sification as “Intestinal adsorbents” of group A07B. It should be noted that enterosor-
bents must have a large active surface area, high sorption capacity in relation to heavy
metal ions, absence of toxic and allergic properties, neutral taste, selectivity of action
with minimal loss of essential micronutrients, and appropriate pharmacokinetics [2].
The study of the effectiveness of enterosorbents of various chemical structures that
can be used to remove excessive amounts of heavy metals from the organism, and
their selectivity in relation to a specific xenobiotic, seems to be a relevant issue [83].
A large number of enterosorbents, based on carbon sorbents, polymers, zeolites, and
various composites, have been proposed to remove heavy metals and radionuclides
from the organism. Compounds based on polysaccharides are of great interest among
enterosorbents aimed at cleaning the internal environment of the organism and bind-
ing heavy metals. These compounds (alginates, pectin, chitin, and their derivatives)
are used as enterosorbents and, in addition, have a wide range of pharmacological
properties [82].

The mechanisms of action of enterosorbents are still a subject of discussion. The
method of sorption detoxification of the organism is based on scientifically substanti-
ated mechanisms for reducing the concentration of toxic substances. The presence of
ionized polar groups that bind heavy metal ions by ion exchange; functional groups
(with high affinity for specific heavy metal) capable of complex formation with heavy
metal ions; and molecular adsorption of species containing heavy metal determine
the binding capacity of enterosorbents toward heavy metal ions [84].

Enterosorbents based on natural polymers or inorganic minerals contain various
functional groups. Thus, polysaccharides have -OH and -COOH, chitosan has -OH
and -NHj, lignin has phenolic groups, inorganic minerals contain hydroxyl groups
bound with Si, Al, or Mg. In natural minerals, partial replacement of hydrogen by Na
and Caions is observed. Inorganic enterosorbents (based on zeolites and clays) have
ion-exchange groups capable of binding a number of heavy metal ions. Literature
data have been obtained describing the removal of lead and the prevention of cad-
mium accumulation using zeolite-based enterosorbents. Thus, the use of zeolite
normalized the mineral balance in children, a decrease in the concentration of Cr, As,
and Ni and an increase in the amount of Mg and Ca in tissues, bringing them closer to
normal concentration, were observed. However, it was suggested that enterosorbents
obtained on the basis of natural minerals should be subjected to additional purifica-
tion before oral administration due to the possible presence of traces of heavy metals
as natural impurities. The experiments carried out showed that the retention of heavy
metals predominates and prevents their release into the organism [85]. “Enterosgel”
is used as a synthetic sorbent based on highly dispersed silica. The presence of surface
hydroxyl groups in the structure capable of binding heavy metal ions contributed to
a decrease in the level of lead, cadmium and some other heavy metals in the blood
and tissues of animals, normalized their biochemical metabolism. Oral administra-
tion of enterosorbents based on natural biopolymers, such as alginates and pectins,
for 2-4 weeks can reduce the amount of Pb in the blood by an average of 161%, and
lead excretion in the urine will increase by an average of 132%. Experimental data on
the use of citrus pectin in patients with various diseases were presented, where after
treatment a decrease in amount of heavy metals by 74% was observed. Modified and
composite sorbents based on activated carbons have demonstrated selectivity for
heavy metals due to the presence of a porous structure and functional groups on the
surface of the material and have shown high efficiency in the treatment of patients
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with chronic intoxication with cadmium, mercury and lead [86]. Chitosan, compared
to other enterosorbents, is superior in the efficiency of binding heavy metal ions.
Furthermore, chitosan has an antioxidant property, fixing Cu’*, Zn?**, Ni**, and Fe**
ions, which are catalysts for oxidative processes. Chitosan, in addition to reducing
the level of lead by 64.4%, nickel by 68.55%, and iron by 35.3%, also improves the
hematological indices of the organism.

Thus, the research results show that the prophylactic use of enterosorption
effectively prevents the accumulation of heavy metals and radioactive elements in
the organism as a result of industrial activities or man-made and natural disasters,
thereby reducing the negative impact of heavy metals on human health.

4, Conclusion

Heavy metals are found in the environment and very important for our lives,
but they can become dangerous when they accumulate in living organisms.
Environmental pollution with heavy metals is one of the most important environ-
mental problems of this century and poses a serious threat to living organisms for
normal functioning. In order to prevent serious risks to human health, the develop-
ment of effective methods for the removal of heavy metals and to eliminate the
toxicity of these metals in air, soil, and water is of great importance.

The chapter reviewed the literature data of recent years in the field of using new
sorbents for removing heavy metals, and also provides information on heavy metals,
their distribution in the environment and living organisms, as well as their toxicity. A
large number of studies have been devoted to the synthesis, modification, and study
of the properties of new effective sorption materials toward heavy metals. The syn-
thesized materials contribute to the development of the field of sorption processes,
studying the mechanisms of this process. As can be seen from the literature data, the
possibilities of the enterosorption method are far from exhausted. Its further develop-
ment is considered as one of the promising directions in the removal of heavy metals
from the living organism, as well as in the treatment and prevention of diseases of
various etiologies.

Moreover, the growth of industrial production, the introduction of nanotechnol-
ogy in the production process, and the deterioration of the environmental situation
in the world make it relevant to create new materials and methods for the prevention
and treatment of chronic intoxications caused by heavy metals. The literature data of
recent years show that a large number of enterosorbents approved for use in clini-
cal practice have been developed on the basis of various both natural and synthetic
materials. However, there are a number of issues that require further study and
should be considered in future research. These issues include the study of enterosor-
bent selectivity to a certain metal to be eliminated from the human organism; dose
and frequency of usage; the presence or absence of adverse effects with prolonged
use of enterosorbent, and others. In general, further research is also needed to reduce
the overall cost of pretreatment or to develop new effective and cheap methods for
removing heavy metals.
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Chapter 3

Microbial Methylation of Mercury
in Wetlands and Its Environmental
Risks

Mitsuo Yoshida

Abstract

Global mercury contamination presents a substantial threat to ecosystems and
human health, primarily due to the conversion of inorganic mercury from anthropo-
genic sources into methylmercury by microorganisms in the environment. Wetlands
are especially prone to this transformation due to their anaerobic conditions, abun-
dant organic matter, and the prevalence of metal-reducing bacteria. This chapter
explores the mechanisms of inorganic mercury methylation and the subsequent
diffusion and accumulation of methylmercury in organisms and ecosystems, using a
case study of mercury contamination in the Santa Lucia River wetlands in Uruguay.
In this case, high concentrations of mercury were detected in the sediments over a
15,000 square meter area, exceeding regulated limits. The contamination was linked
to the discharge of untreated wastewater containing inorganic mercury from a chlor-
alkali plant. Although a wastewater treatment system was later installed, significant
mercury contamination and hotspots persisted in the wetlands. These areas contained
methylmercury in both the sediments and the biota, including reeds, shellfish, earth-
worms, and fish. Microbial analysis revealed the presence of Geobacter sulfurreducens
and Geobacter metalliveducens, bacteria known to methylate inorganic mercury. The
existence of these microbial communities in areas of high mercury contamination
poses serious risks at four levels to public health and ecosystems due to ongoing in situ
methylation.

Keywords: chlor-alkali plant, mercury contamination, wetlands, microbial
methylation, Geobacter

1. Introduction

Mercury, a naturally occurring heavy metal, becomes a significant environmental
pollutant when its concentration is increased by anthropogenic activities, particularly
mining and industrial processes. The rapid industrialization has led to a substantial
increase in the release of harmful heavy metals, including copper, lead, nickel, cad-
mium, chromium, selenium, vanadium, zinc, silver, and mercury, into the environ-
ment. These discharges have raised considerable concerns regarding their adverse

4 IntechOpen



Heavy Metals in the Environment — Contamination, Risk, and Remediation

effects on the natural environment and ecosystems, as well as on human health [1].
Mercury is released into the environment from both natural sources, such as volcanic
activity, and anthropogenic emissions. It is distributed across various environmental
compartments, including the hydrosphere, atmosphere, and terrestrial soils and
sediments. Mercury is transported through the water cycle, leading to contamina-
tion of rivers and oceans, while gaseous mercury disperses through the atmosphere,
contributing to global environmental pollution [2-4].

Figure 1 illustrates the global mercury cycle based on estimates from the United
Nations Environment Programme (UNEP) [5, 6]. According to these estimates, global
anthropogenic emissions of mercury range between 2000 and 3000 tons per year
into the atmosphere, with an additional 600 tons per year emitted onto terrestrial
areas, including rivers and lakes. Mercury released into the atmosphere, whether
from anthropogenic or from natural sources such as volcanic eruptions, is dispersed
globally. However, mercury emitted onto land, primarily in the form of solid waste or
industrial wastewater, results in localized contamination of rivers, lakes, and soils. It
is imperative to control these anthropogenic emissions of mercury to prevent further
environmental degradation.

Mercury poses a severe toxic threat to human health, particularly to the develop-
ment of the fetus and young children. It exists in various forms, each with different
levels of toxicity: elemental mercury (metallic), inorganic mercury (e.g., mercuric
chloride), and organic mercury (e.g., methylmercury). These forms of mercury
present distinct health risks and require different preventive measures [7]. The World
Health Organization (WHO) has established guideline values for mercury pollution,
including a limit of 6 pg/liter for inorganic mercury in water [8], 1 pg/m’ (annual
average) for mercury in air [9], a tolerable concentration of 0.2 pg/m’ for long-term
inhalation of elemental mercury vapor, and a tolerable intake of 2 pg/kg body weight
per day for total mercury [10]. While most mercury is discharged in inorganic forms,
it can be transformed into the highly toxic methylmercury (MeHg) upon entering
aquatic environments. Methylmercury is notorious for causing Minamata disease,

a severe neurological disorder resulting from the consumption of fish and shellfish
contaminated with MeHg [11-13].

To address the global mercury pollution issue, the Minamata Convention on

Mercury was adopted in 2013 and came into force in 2017 [14]. The Convention

Atmosphere Atmosphere
2,100t 2,000-3,000t
Natural sources Anthropogenic Deposition to Deposition to Net evasion to
(Volcanos, Biomass emissions Land Ocean Gaseous Hg
burning, Seil, and 3,600t 3,800t 3,400t
Vegetation)
Terrestrial Rivers Marine water
600t 300t Ocean basins

Figure 1.
Outline of the global mercury cycle (estimated amounts of mercury were based on UNEP Global Mercury Report
2018) [5, 6].
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outlines three immediate actions: (1) phasing out mercury-using plants and promot-
ing mercury-free industrial processes through cleaner production methods, (2)
assessing and mitigating environmental pollution caused by mercury-using plants,
with a focus on public health and environmental conservation, and (3) dismantling
mercury-contaminated facilities and properly treating and disposing of contaminated
sludge and waste. The closure and conversion of chlor-alkali plants using mercury are
mandated to be completed by 2025 under this Convention.

This chapter examines the case of inorganic mercury contamination from a chlor-
alkali plant in Uruguay, detailing the microbial methylation processes occurring in
mercury-contaminated wetlands and the resultant environmental risks. The chapter
further discusses the necessary countermeasures and cooperation to mitigate these
risks. The microbial methylation of mercury is of significant environmental concern
due to the production of methylmercury, a highly toxic compound that bioaccumu-
lates and biomagnifies through food webs, posing serious threats to both human
health and wildlife. Given the global distribution and persistence of methylmercury, it
is critical to engage in comprehensive monitoring, regulation, and remediation efforts.

2. Mercury pollution in river wetlands - A case history

Between 2015 and 2017, the Direccién Nacional de Medio Ambiente (DINAMA),
now known as the Ministry of Environment of Uruguay, in collaboration with the
Japan International Cooperation Agency (JICA), conducted a technical cooperation
project focused on monitoring mercury contamination and developing countermea-
sures in the lower Santa Lucia basin in southern Uruguay [15]. This region includes
both industrial and agricultural zones, as well as wetlands along the river. Since the
1950s, a chlor-alkali plant in the area, utilizing mercury electrode cells, had been
discharging untreated industrial wastewater into the river wetlands, resulting in
significant environmental risks associated with mercury contamination [16, 17].

Environmental monitoring by DINAMA indicated that mercury levels in the wet-
land sediments near the industrial wastewater discharge outlet significantly exceeded
the regulatory standards, with total mercury concentrations reaching or exceeding
68 mg/kg. The primary objectives of this project were to build capacity for organic
mercury analysis, conduct a comprehensive investigation of mercury contamination
in the Santa Lucia River wetlands, assess the associated environmental risks, and
develop appropriate countermeasures. This project was a collaborative effort between
DINAMA and JICA experts, including the author, during the period from 2015 to 2017.
The findings were subsequently published in the DINAMA-JICA report [15].

During the field survey, the author collected sediment samples from mercury-
contaminated areas within the wetlands for trace element analysis and to study the
microbial communities present in the sediments and water.

2.1 Methodology for mercury contamination analysis
2.1.1 Sample collections
As part of the DINAMA-JICA project, sediment samples from the river wetlands

were systematically collected using a five-point sampling method along a predefined
50-meter grid. In addition to sediment samples, fish and shellfish residing in the
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river wetlands were also collected during the 2015 and 2016 field campaigns. A total
of 57 sediment samples (sites) and 235 specimens were obtained. Furthermore, 12
additional biota samples, including crabs, mollusks, earthworms, and plants, were
collected within the study area.

2.1.2 Chemical analysis

The original analytical data reported in this paper are ICP-MS analysis and micro-
bial analysis, but other chemical analysis data including total mercury analysis and
methylmercury analysis were reported by the DINAMA-JICA Project in 2017 [15].

1. Total mercury analysis

The collected samples were analyzed for total mercury (T-Hg) using atomic
absorption spectrometry (AAS) by cold vapor generation with a flow injec-
tion system in the Environmental Analysis Laboratory of DINAMA (now the
Ministry of Environment), Montevideo, Uruguay. The analysis was carried
out as part of the DINAMA-JICA project. Analytical methodologies are used as
follows:

i. Pretreatment: The samples collected were stored in a low-temperature storage
(<6°C) until chemical analysis. Prior to drying, remove from the sample any
foreign component. The sediment samples were individually homogenized and
dried at room temperature in the lab. Digestion of solids was performed in a
closed system applying the method of National Reference 3262UY [18] based on
the USEPA Method 3051A [19] with a microwave Anton Paar Multiwave 3000.

ii. Determination of total mercury: The method of National Reference 3141UY
[20] based on the international reference ISO 12846 [21] was applied for the
total mercury (T-Hg) analysis. Equipment used was a Perkin Elmer FIMS-100
Flow Injection Mercury system. The mercury content in the sample is deter-
mined by means of a calibration curve defined by standard sample.

iii. Analytical quality control was performed based on the procedure of Article
13 of 3141UY [20], where measurement of the reference materials, sample
duplication, and blank control were performed.

Detailed information regarding the sample processing methods and data can
be found in DINAMA-JICA [15]. Additionally, the author conducted induc-
tively coupled plasma mass spectrometry (ICP-MS) analysis to supplement
the AAS results. The ICP-MS pretreatment involved an aqua regia extraction
method, which utilized a mixture of nitric acid and hydrochloric acid.

2. Methylmercury analysis

Methylmercury analysis was conducted using gas chromatography with an
electron capture detector (GC-ECD) at the DINAMA laboratory in Montevideo,
Uruguay. Pretreatment and accuracy control were executed based on the method
of National Reference 3262UY [18]. Analytical method of methylmercury

is developed based on the Mercury Analysis Manual issued by the National
Institute of Minamata Disease (NIMD), Japan [22]. Extraction and cleanup of
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organic mercury compounds were applied based on the formation of complexes
with dithizone/toluene. The subsequent determination was done by GC-ECD.
An important original feature developed by the DINAMA-JICA Project was the
incorporation of a 2-cm packed NaCl head column within the GC. The detailed
conditions and process for methylmercury analysis applied were documented in
the Annex 3 of DINAMA-JICA Technical Cooperation Project report [15].

2.2 State of mercury pollution

Figure 2 presents the contour map illustrating the total mercury concentrations
in the wetland sediments as determined by the survey. The analysis revealed that
areas with elevated total mercury concentrations radiate in a fan-like pattern from the
factory drain outlet toward the marsh, forming multiple hotspot zones with concen-
trations reaching up to 64 mg/kg. The contamination spans over an area of 15,000
square meters, exceeding regulated limits. Additionally, mercury was predominantly
found in the fine sediments (bottom sediment) on the surface of the wetland, sug-
gesting that the contamination likely originated from inorganic mercury adsorbed
onto the surface of these sediment particles.

Analysis of organic mercury (methylmercury) content in the sediments from
the high-concentration hotspot area revealed that methylmercury constituted up to
approximately 0.17% of the total mercury present. In contrast, methylmercury levels
in biota collected from the marsh showed significantly higher concentrations, with up
to 0.5 mg/kg detected in shellfish and small fish, and up to 0.8 mg/kg in plants such as
reeds. The ratio of methylmercury to total mercury in these biological samples ranged
from 68 to 100%, indicating a high degree of selective absorption and bioaccumula-
tion of methylmercury within the organisms.

Although plankton were not analyzed in this study, the small fish, carb and
shellfish examined are preyed upon by larger predators higher up the food chain, such

Wastewater
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Figure 2.
Index map (Left) and the contour map of the concentvation of total mevcury (T-Hg) of sediments in the river
wetland. The colored parts are above the vegulated value (> 15 mg/kg T-Hg) (Source: DINAMA-JICA Project [15] ).
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as larger fish species, potentially leading to further biomagnification of methylmer-
cury. For example, the Corvina, a large fish known to migrate around the estuary of
the Santa Lucia River and the Atlantic coast, is commonly caught, consumed by local
residents, and sold in markets. If this situation remains unaddressed, the continued
consumption of such large fish poses a significant risk of mercury poisoning due to
the bioaccumulation of methylmercury.

According to the results of the trace element analysis conducted using ICP-MS
on the wetland sediment, as presented in Table 1, the total mercury concentration
in the sediment is notably high, measuring 29.1 mg/kg. This finding is consistent
with the previous data of total mercury concentrations of the wetland sediments
obtained through AAS analysis given by the DINAMA-JICA Project (Table 2).

Element Mo Cu Pb Zn Ag Ni Co Mn Fe As
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mglkg % mg/kg
DTL 0.1 0.1 0.1 1 0.1 0.1 0.1 1 0.01 0.5
C3 0.5 20.7 9.9 46 0.2 10.7 6.2 133 147 33
Element Au Th Sr Cd Sb Bi A% Ca P La
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mgkg mg/kg % % mg/kg
DTL 0.5 01 1 01 01 0.1 2 0.01 0.001 1
C3 6.9 4.3 39 0.2 01 01 35 0.23 0.049 18
Element Cr Mg Ba Ti B Al Na K w Hg
Unit mg/kg % mg/kg % mg/kg % % % mg/kg  mg/kg
DTL 1 0.01 1 0.001 20 0.01 0.001 0.01 0.1 0.01
C3 20 0.35 56 0.024 <20 1.45 0.156 0.27 <0.1 291
Element Sc Tl S Ga Se Te
Unit mg/kg  mg/kg % mg/kg  mg/kg mg/kg
DTL 01 01 0.05 1 0.5 0.2
Cc3 46 0.2 0.28 4 <0.5 <0.2

Table 1.

Trace element composition of the wetland sediment collected from the location C3, analyzed by ICP-MS. DTL:
Detection Limit.

SampleID T-Hg(mg/kg) SampleID T-Hg(mg/kg) SampleID T-Hg(mg/kg) SampleID T-Hg (mg/kg)

A0 18 Al 17 A2 12 A3 0.74
A4 38 A5 18 A6 0.38 BO 40
Bl 57 B2 23 B3 66 B4 23
B5S 1.9 B6A 0.42 co 34 c1 56
c2 2 c3 20 c4 63 c5 25
c6 11 DO 38 D1 35 D2 36
D3 18 D4 37 D5 22 D6 14
EO 28 E1 33 E2 28 E3 78
E4 31 E5 18 E6 14 FO 21
F1 53 G1 18 H1 76 Qo 2.0
Q 21 Q 24 Q3 11 PO 35
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SampleID T-Hg(mg/kg) SampleID T-Hg(mg/kg) SampleID T-Hg(mg/kg) SampleID T-Hg(mg/kg)

P1 5.9 P2 9.7 P3 8.0 P4 1.9
P5 0.5 Vi 0.071 W1 0.10 w2 0.095
X1 0.22 X2 0.12 Y1 0.076 Y2 0.17
S1-00 3.0

Table 2.

Result of total mercury (T-Hg, dry basis) analysis of wetland/river sediment samples (collected in 2015 and 2016)
analyzed by the DINAMA Laboratory, Uruguay (Source: DINAMA-JICA Project, 2017, Project Final Report [15]).

Sample ID T-Hg (mg/kg) Methylmercury (mg/kg) Ratio of methylmercury (%)
Bl 57 LD<x<LC 0.05<x<0.1
B3 66 110 0.17
C1 56 LD<x<LC 0.05<x<0.1
D2 36 <LD <0.08
Table 3.

Comparison between T-Hg and methyl mercury concentrations (dry basis) in wetland sediments, 2016, analyzed
by the DINAMA Labovatory, Uruguay (Source: DINAMA-JICA Project, 2017, Project Final Report [15]).

Sample ID Type T-Hg (mg/kg) Sampling date

A4-Wb mollusca 0.38 2015/11/20

C1-Sp earthworm 047 2016/09/20

C1-3mNb crab 045 2015/11/20

D1-Nb crab 0.25 2016/11/20
Table 4.

Result of T-Hg analysis of biota (mollusca, earthworm and crab) samples in the wetland, analyzed by the
DINAMA Laboratory, Uruguay (Source: DINAMA-JICA Project, 2017, Project Final Report [15]).

Additionally, the sediment exhibits relatively high levels of iron, manganese and
sulfur. These elevated concentrations suggest conditions that are conducive to the
presence and activity of iron-reducing and sulfur-reducing bacteria. A comparison
of the total mercury (T-Hg) and methylmercury contents in the wetland sediments
is compiled in Table 3, the T-Hg concentrations in individual organisms (mollusca,
earthworm and crab) living in the wetland are summarized in Table 4, and T-Hg con-
centrations in plants (leaves and roots of reeds) growing in the wetland are given in
Table 5. These analytical data were also reported by the DINAMA-JICA Project [15].
LD = 0.03 mg/kg, LC = 0.1 mg/kg.

3. Microbial community in the mercury-contaminated wetland

The microbial community analysis of samples from the mercury-contaminated
wetlands, as described above, was conducted at the laboratory of Tropical Technology
Plus Inc., Okinawa, Japan. The results were compiled and analyzed by the authors.
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Sample ID Type Sampling date T-Hg (mg/kg)
C1-3mWL/1 Reed leaves 2015/09/09 <0.02
C1-3mWL/2 Reed leaves 2015/09/09 <0.02
C1-3mWL/3 Reed leaves 2015/09/09 <0.02
C1-3mWL/4 Reed leaves 2015/09/09 0.038
C1-3mNW Mud of the base of the reed C1-3mWL 2015/09/09 35
H1-90mEL/1 Reed leaves 2015/09/09 <0.02
H1-90mEL/2 Reed leaves 2015/09/09 <0.02
H1-90mEL/3 Reed leaves 2015/09/09 <0.02
H1-90mEL/4 Reed leaves 2015/09/09 <0.02
H1-90mEL/5 Reed leaves 2015/09/09 <0.02
H1-90mE Mud of the base of the reed H1-90mEL 2015/09/09 87
H1-90mEP Reed roots 2015/09/09 0.81
Tables.

Result of T-Hg analysis of wetland plants (veed leaves, roots, associated sediments) analyzed by the DINAMA
Laboratory, Uruguay (Source: DINAMA-JICA Project, 2017, Project Final Report [15] ).

3.1 Methodology for microbial analysis
3.1.1 DNA extraction

Deoxyribonucleic acid (DNA) extraction was carried out using the FastDNA SPIN
Kit for Soil (Q-BioGene), following the standard environmental DNA (eDNA) analy-
sis protocol established by the National Institute for Agro-Environmental Sciences
[23]. The samples were homogenized in a homogenizer at 1500 rpm for 60 seconds to
ensure efficient DNA extraction.

3.1.2 PCR

The extracted DNA was subjected to gene amplification through polymerase
chain reaction (PCR). The PCR process was conducted using a PCR Thermal Cycler
SP (Takara), with reaction conditions based on protocols outlined by the National
Institute for Agro-Environmental Sciences, Japan, as well as those described by
Muyzer et al. and Yasumoto-Hirose et al. [23-25].

3.1.3 DGGE

DGGE was performed using the D-code system from Bio-Rad. The prepara-
tion of the gel plate followed the methods specified by the National Institute for
Agro-Environmental Sciences, Japan, Muyzer et al., and Yasumoto-Hirose et al.
[23-25]. For the electrophoresis, 10 pL of the PCR-amplified sample was mixed
with an equal volume of 2x loading buffer and loaded into the wells of the gel
plate. The electrophoresis was carried out under the following conditions: tank
temperature of 58°C, voltage of 50 V and an electrophoresis duration of 18 hours.
To facilitate pattern comparison, a marker lane (DGGE Marker III, Nippon Gene)
and a negative control (without template DNA) were included. The gel was
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Figure 3.
Six bands obtained by DGGE. M indicates the marker, while A represents the DGGE result of the sample. The
numbers (1 to 6) correspond to the identified bands.

stained with SYBR Green and imaged using a luminescent image analyzer LAS-
3000 (FUJIFILM). The bands observed in the DGGE were excised with a scalpel,
placed into sterilized 1.5-mL tubes, and 100 pL of TE buffer (Tris/EDTA buffer)
was added. The tubes were then shaken overnight at 30°C to elute the DNA. The
eluted DNA was transferred to new tubes, purified and extracted using ethanol
precipitation to prepare the samples (Figure 3).

3.1.4 Gene amplification and sequencing

The DNA purified from the excised DGGE bands was subjected to further gene
amplification by PCR. This was accomplished using the Takara PCR Thermal Cycler
SP with a primer set (F984, R1378) to amplify the target DNA fragments. A negative
control, containing no template DNA, was included in the procedure. After amplifica-
tion and confirmation of the target gene region, the DNA was prepared for sequence
analysis. Sequencing was performed using the ABI PRISM 3130x1 Genetic Analyzer
(Applied Biosystems). The obtained sequences were then compared against available
databases using the Basic Local Alignment Search Tool (BLAST) to identify similar
sequence groups exceeding a certain threshold score.

3.2 Microbial community
3.2.1 Results of BLAST search

Out of the six bands analyzed, bands 1, 4, 5, and 6 were poorly preserved, making
it impossible to perform a BLAST search on their DNA. Consequently, only bands 2
and 3 were successfully subjected to BLAST analysis. Table 6 presents the results of
the BLAST search, which identified sequences with a homology of 92% or higher.
The results indicate that the sequences from bands 2 and 3 exhibit very similar
genetic profiles.
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Genus/species Homology Accession number
<Band 2>

Geobacter sulfurreducens subsp. ethanolicus strain OSK2A 93% NR_132673
Geobacter sulfurreducens strain PCA 93% NR_075009
Geobacter metalliveducens strain GS-15 92% NR_075011
Geobacter psychrophilus strain P35 92% NR_043075
Geobacter luticola strain OSK6 92% NR_114303
<Band 3>

Geobacter sulfurreducens subsp. ethanolicus strain OSK2A 92% NR_132673
Geobacter sulfurreducens strain PCA 92% NR_075009
Desulfuromonas svalbardensis strain 112 92% NR_043213
Geobacter psychrophilus strain P35 92% NR_043075
Nitrospina gracilis strain 3/211 92% NR_104821

Table 6.

Result of basic local alignment search tool (BLAST) search.
3.2.2 Microbial methylation potential

Analysis of surface sediments from the mercury-contaminated wetland indicated
the possible presence of a microbial community primarily composed of six species, as
detailed in Table 6:

Geobacter sulfurreducens belongs to the Geobacteraceae family, which is known
for its iron-reducing capabilities [26, 27]. This bacterium plays a significant role in
the methylation of mercury, particularly in iron-rich, anoxic environments such as
sediments, wetlands, and groundwater systems. It is capable of reducing various met-
als and has been identified as a key organism in the conversion of inorganic mercury
(Hg(II)) to methylmercury (MeHg) through its possession of the hgcA and hgcB
genes, which are essential for this enzymatic process [28]. Additionally, the presence
of algae has been shown to enhance Hg methylation by G. sulfurreducens PCA, with
increased algal organic matter and thiols contributing to elevated MeHg production,
even with the presence of dead algae [29]. The proliferation of algae observed in the
rivers surveyed in this study may similarly contribute to mercury methylation.

Geobacter metallireducens, another member of the Geobacter genus, is known
for its ability to reduce metals such as iron and manganese under anoxic condi-
tions [29, 30]. While traditionally not recognized as a primary mercury methylator,
recent studies have shown that G. metalliveducens possesses the genetic capability to
methylate mercury under specific environmental conditions. G. metallireducens is a
motile, nitrogen-fixing, gram-negative anaerobe that oxidizes short-chain fatty acids,
alcohols and monoaromatic compounds to carbon dioxide, transferring electrons to
various extracellular electron acceptors, including Hg(II) [31].

Geobacter psychrophilus is another metal-reducing bacterium within the Geobacter
genus, adapted to cold environments (4-30°C) [32]. While its role in mercury meth-
ylation is not as well-documented as that of other Geobacter species, it may contribute
to this process in colder environments, such as the Earth’s polar regions where mer-
cury deposition occurs.

Geobacter luticola is known for its role in metal reduction, particularly of iron
and manganese, in anaerobic, sediment-rich environments [33]. However, specific
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information regarding its involvement in mercury methylation is limited and not
well-established.

Desulfuromonas svalbardensis, part of the Desulfuromonas genus, is capable of
reducing sulfur compounds and metals in anaerobic environments [34]. Closely
related to the Geobacter genus, D. svalbardensis was isolated from Arctic Ocean
sediments and is adapted to cold, anaerobic conditions. However, its specific role in
mercury methylation remains poorly documented.

Nitrospina gracilis is a marine bacterium involved in the nitrogen cycle, particu-
larly in the oxidation of nitrite to nitrate [35]. This species is primarily found in
oceanic environments, and its main metabolic functions do not relate to mercury
methylation. Therefore, N. gracilis is unlikely to contribute directly or significantly to
mercury methylation in the marine or estuary wetlands studied.

Based on the microbial community analysis, it is suggested that mercury meth-
ylation in the wetlands occurred predominantly through the metabolic activities
of Geobacter sulfurreducens and Geobacter metalliveducens. These species are likely
responsible for the conversion of inorganic mercury to methylmercury in this envi-
ronment. Analysis of surface sediments from a mercury-contaminated wetland sug-
gested possible presence of a microbial community mainly consisting of six species as
follows: (see Table 2).

3.3 Mechanism of mercury contamination and methylation in the wetland

The microbial methylation of mercury in wetland environments is a critical
process, leading to the formation of methylmercury (MeHg), a highly toxic form
of mercury that can bioaccumulate within aquatic food webs. Wetlands, with their
abundant organic matter and low redox potential, offer ideal conditions for this
process. The following outlines the estimated mechanism of mercury methylation in
the wetland (refer to Figure 4).

3.3.1 Contamination of inovganic mevcury

Mercury enters the wetland primarily through industrial wastewater discharged
from the chlor-alkali plant. In the environment, mercury mainly exists in inorganic

Ecosystem Wetland Chlor-alkali plant

Emission of gaseous mercury and methylmercury

T i ) i1
Accumulation of Industrial
methylmercury & Migration and Dispersion of Hg contaminated water & wastewater
Invasion of b, I\ ) :
large fishes Methylation of inorganic mercury
Decomposition of organic matters, algae
Depletion of oxygen, Insufficient oxygen supply
Methylation by bacteria (Geobacter sulfurreducens, Geobacter metallireducens)
Santa Lucia
River
Figure 4.

A schematic model of mercury methylation in wetlands.
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forms, such as mercuric ion (Hg(II)) and elemental mercury (Hg(0)), which are the
primary precursors for methylmercury (MeHg) production. In the river wetland near
the river mouths to the Atlantic Sea, thick growths of reeds and accumulated organic
sediments are characteristic, with fluctuating water levels creating alternating
anaerobic and aerobic conditions. Seasonal climatic changes between cold and warm
temperatures also influence these conditions. The repetition of aerobic and anaerobic
states, driven by fluctuating river water levels, has contributed to the formation of
mercury-contaminated hotspots in the sediment. These conditions facilitate the
release, leaching, migration and fixation of mercury, leading to the gradual expansion
of mercury contamination within the wetland.

3.3.2 Microbial community involvement

Anaerobic microorganisms, particularly Geobacter sulfurreducens and Geobacter
metalliveducens, are likely the key agents responsible for mercury methylation in the
wetland. These microorganisms uptake inorganic mercury (Hg(II)) from their envi-
ronment and convert it into methylmercury (MeHg) through enzymatic processes.
Once formed, MeHg is released from microbial cells into the surrounding environ-
ment. Due to its higher solubility and mobility compared to inorganic mercury, MeHg
readily binds to organic and inorganic particles in the water and sediments, leading to
its accumulation in wetland sediments and biota.

3.3.3 Methylmercury absorption by biota

Methylmercury is readily absorbed by living organisms and tends to bioaccumu-
late, particularly in higher trophic levels through the food chain. As MeHg accumu-
lates in predators, including fish consumed by humans, it poses a significant risk of
organic mercury poisoning, especially in top predators like humans. This bioaccumu-
lation highlights the critical public health risks associated with mercury methylation
in contaminated wetlands.

3.3.4 Environmental factors influencing methylation

The availability of organic matter is one of the most critical factors influencing
mercury methylation in wetland environments. Wetlands rich in organic matter,
such as those with dense reed growth, provide a substantial carbon source for
microbial metabolism. This organic matter not only supports microbial activity
but also affects the redox conditions, thereby promoting methylation. Wetlands
typically exhibit anoxic conditions, which are favorable for the activity of anaero-
bic microbes responsible for mercury methylation. The river wetland in Uruguay
exemplifies these conditions, making it particularly conducive to methylmercury
production.

In addition to methylation, demethylation processes also occur, reducing the levels
of methylmercury (MeHg) in wetlands and other environments. Demethylation
can occur through biotic processes, such as microbial activity, or through abiotic
processes, including photo-demethylation (mediated by sunlight) and non-photo-
chemical mechanisms [36]. It has been reported that the ligands of MeHg species
and dissolved organic matter are key factors influencing the photo-demethylation of
MeHg. These factors play a crucial role in determining the overall balance between
methylation and demethylation in wetland ecosystems.
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4, Environmental risks

Environmental risk refers to the actual or potential threat of adverse effects
on living organisms, ecosystems, and the environment due to pollutants such as
effluents, emissions, and solid wastes generated by industrial activities. In the
case history of the mercury-contaminated wetland, based on field surveys and
chemical analyses, several environmental risks associated with the discharge of
inorganic mercury from the chlor-alkali plant were identified. These risks can be
categorized into four main types: exposure risk, inhalation risk, intake risk and
ecosystem risk (see Figure 5).

* Exposure risk: This risk involves direct exposure of living organisms, including
local residents, to contaminated sediments and soils. It also includes indirect
exposure through the use of contaminated reeds and sediments as construction
materials.

* Inhalation risk: This risk arises from the inhalation of fine particulate matter
suspended in the air, which originates from dried, contaminated sediments or
soils. Additionally, sublimated mercury or gas-phase methylmercury emitted
from the contaminated wetland, especially under microbial metabolic activity,
poses a significant inhalation risk.

* Intake risk: This risk is related to the consumption of fish and other organisms
that have accumulated mercury through the process of biomagnification within
the food chain.

* Ecosystem risk: This risk pertains to the direct disruption of ecosystems, impact-
ing all plants, animals and ecosystem in and around the wetland, beyond just the
human population.

Effluents from chlor- | e—— Exposure and
x Factory workers s =
alkaliplant L " 1 Inhalation risks
Water contamination Dilution and diffusion to
by effluents hydrosphere (river, lake, sea) coyTieml’s

Contamination of Emission of gaseous % s
i Inhalation risk
wetland sediments mercury, methylmercury

Absorption of

Microbial methylation ﬁ
of mercury methylmercury by 4-{ Exposurerisk

biota (plant, crab, fish)

Methylmercury Bioaccumulation W'
absorption by biota through food-chain

Figure 5.
Environmental risks associated with mevrcury contamination in the wetland in the case study, categorized into
exposure visk, inhalation visk, intake risk and ecosystem risk.
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5. Countermeasures taken in the case of uruguay

The environmental risks posed by mercury-contaminated river wetlands extend
to local residents who may come into contact with or inhale contaminated particles
within these areas. Additionally, the formation of methylmercury by microorganisms
in the wetland significantly increases the risk of mercury entering the food chain
[37-39]. Methylmercury, once absorbed and accumulated by fish and shellfish, can
bio-magnify through the food chain, potentially leading to human consumption,
especially in larger fish that serve as top predators.

To mitigate these risks, measures were implemented in Uruguay to restrict access
to contaminated areas and prevent the harvesting of fish and shellfish from the
wetlands. A fence net was installed around the wetlands with high concentrations of
total mercury (see Figure 2). Moreover, steps were taken to prevent large fishes from
entering the contaminated wetlands, thereby disrupting the food chain and reducing
the risk of methylmercury entering higher trophic levels. Specifically, the mercury-
contaminated zones were enclosed with both underwater and above-water fences.
The costs associated with these measures were borne by the chlor-alkali plant, in
accordance with the polluter-pays principle (PPP) [15]. The Ministry of Environment
of Uruguay continues to monitor the wetlands and, if deemed necessary, additional
actions, such as covering contaminated areas with clean soil, may be considered to
further mitigate the risks [15].

6. Conclusions

This chapter presents a case study of mercury contamination in river wetlands
in Uruguay, emphasizing the role of wetland-dwelling bacteria, such as Geobacter
sulfurreducens and Geobacter metallireducens, in the methylation of inorganic mercury.
Although the initial production of methylmercury through this bacterial process is
small, the compound’s potential for bioaccumulation greatly amplifies the associated
environmental risks. When wetlands are hydrologically connected to open water
bodies, this bioaccumulation can propagate further through the food chain, leading to
increased levels of methylmercury.

The methylation of mercury in wetland environments is a critical environmental
issue due to its toxicity, bio-accumulative properties, and the consequent ecological
and human health risks [37-39]. Wetlands can act as both conduits and sinks for
mercury, with their overall impact determined by the balance between microbial
methylation and demethylation processes [40]. These processes are influenced by
various environmental factors and are mediated by specific anaerobic bacteria, mak-
ing it essential to understand these controlling factors to manage mercury pollution
effectively and protect wetland ecosystems.

Given the dual role of wetlands as repositories for mercury contamination
and as sites conducive to methylation, comprehensive environmental monitor-
ing is crucial. This includes mapping the distribution of wetlands in riverine and
lacustrine systems and focusing on monitoring organic mercury levels within these
wetlands and their surrounding ecosystems. Upon detecting anomalies in organic
mercury concentrations, it is necessary to investigate the underlying contamination
mechanisms and implement appropriate measures to mitigate environmental risks.
Such measures may include preventing the inflow of inorganic mercury, inhibiting
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methylmercury formation and disrupting the food chain within the ecosystem.
Additionally, raising awareness among industries and local communities that rely on
wetland ecosystem services is vital for promoting the understanding and reduction
of environmental risks.

Particularly in South America, Asia and Africa, artisanal and small-scale gold
mining (ASGM) is a significant source of inorganic mercury contamination [41-44],
with wetlands often located in river basins that receive mercury discharges. In
response to the mercury contamination case in Uruguay, the Uruguayan Ministry of
Environment is collaborating with South American countries through South-South
cooperation to share knowledge and information on mercury contamination in
wetlands. However, addressing this persistent issue of mercury contamination in
wetlands will require international collaboration and action [40].
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Chapter 4

Perspective Chapter:
Exploring the Toxicity Effect
of Heavy Metals on Aquatic
Organisms — A Comprehensive
Analysis

Mahdi Banaee

Abstract

Heavy metals are naturally occurring elements with high atomic weight and
density, and they are toxic to aquatic species even at low concentrations. They enter
aquatic ecosystems through natural processes like rock weathering and volcanic erup-
tions, as well as human activities such as industrial processes and the use of fertilizers.
Due to their non-biodegradable nature, heavy metals accumulate in the environment,
affecting their reactivity, bioavailability, and toxicity. These metals can cause oxidative
stress, enzyme inhibition, and DNA damage in aquatic organisms, leading to bioaccu-
mulation, histopathological changes, reproductive toxicity, and behavioral alterations.
This chapter explores heavy metals’ sources, pathways, and toxicological effects in
aquatic ecosystems, aiming to understand their ecological and health impacts.

Keywords: heavy metals, aquatic organisms, oxidative stress, bioaccumulation, toxicity

1. Introduction

Heavy metals, such as mercury (Hg), cadmium (Cd), lead (Pb), arsenic (As),
chromium (Cr), and zinc (Zn) [1], are natural elements with high atomic weight
and density [2, 3]. In low concentrations, they can be toxic to various aquatic species
[4, 5]. Studies have shown that these pollutants may enter aquatic ecosystems through
various natural and human activities. Rock weathering, volcanic eruptions, and
natural forest fires are among the most important natural sources of heavy metals.
In contrast, mining, smelting, and refining activities, use of pesticides and fertilizers
containing heavy metals, leaching from waste dumps and landfills, and emissions
from fossil fuel combustion and incineration are known as anthropogenic sources
[6, 7]. Heavy metals are non-biodegradable and can accumulate in the environment
and organisms, leading to long-term toxic effects. They can be found in various
chemical forms, influencing their reactivity, bioavailability, and toxicity. They may
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interact with sediments, organic matter, and colloidal particles and be translocated by
water currents, sedimentation, and resuspension. The physicochemical parameters,
including pH, redox potential, water hardness, and the presence of other ions and
organic matter, can affect their bio-availabilities and toxicities [8]. Therefore, under-
standing their sources, concentration, behavior, and effect on water environments
and aquatic health is essential in evaluating their toxicity effects on aquatic organ-
isms. In this chapter, we will discuss heavy metal sources, waterborne heavy metals,
and the effects of heavy metal pollution on water ecosystems and aquatic health.

2. Sources of heavy metal pollution

Heavy metal pollution in aquatic systems may originate from natural processes
and human activities. These sources introduce metals into the environment, where
they can persist, accumulate, and exert toxic effects on aquatic organisms and eco-
systems [9-11]. Water currents, wave actions, runoff, and floods can break down and
erode rocks and release many elements, including heavy metals, into water bodies.

A volcanic eruption can emit a lot of ash containing metals such as mercury, arsenic,
and lead. Forest fires sometimes lead to the release of metals into the atmosphere,
which can be deposited into water systems through rainfall. Moreover, metals from
soils and sediments enter water bodies through leaching and erosion [4, 11]. However,
human activities significantly release heavy metals and pollute water ecosystems
compared to natural processes. Anthropogenic sources of heavy metals include
industrial activities, agriculture practices, combustion of fossil fuels, traffic and
transport industries, waste dumps and landfills, and war [12]. Finally, heavy metals
are carried by waste water, sewage effluents, surface runoff, garbage leachate, and
acid rainfall and enter water ecosystems. Therefore, heavy metals may enter water
bodies from different sources, including point and non-point sources. We can moni-
tor and manage point sources of heavy metals. At the same time, we may not control
and assay the risks of non-point sources of heavy metals that are penetrated into
aquatic environments [12, 13].

3. Mechanisms of heavy metal toxicity

Heavy metals have toxic effects on aquatic organisms through various biochemi-
cal and physiological mechanisms. These mechanisms can disrupt cellular functions,
leading to adverse health effects and ecological imbalances [6, 14]. Heavy metals can
bind to sulfhydryl groups in proteins and enzymes, inhibiting their normal function.
Some trace elements, such as mercury, bind to thiol groups, disrupting enzymatic
activity [15]. Some heavy metals can replace essential metals in biomolecules,
impairing their function. For instance, cadmium can replace zinc in metalloproteins,
affecting their structural integrity and activity [16]. Heavy metals can trigger a range
of biochemical and physiological responses in organisms, including oxidative stress,
changes in enzymatic activities, and alterations in metal accumulation and detoxifica-
tion pathways. Studies have shown that heavy metals can induce the generation of
reactive oxygen species [17], such as superoxide radicals, hydrogen peroxide, and
hydroxyl radicals. Increasing cell ROS levels leads to oxidative stress, damaging cel-
lular components like lipids, proteins, and DNA. Moreover, ROS can cause the per-
oxidation of membrane lipids, resulting in loss of membrane integrity and function
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[18]. Finally, cell membrane destruction leads to cell necrosis and pathological tissue
damage. Heavy metals exposure may deplete cellular antioxidants such as glutathione,
reducing the cell’s ability to neutralize ROS. Furthermore, Turan et al. [19] showed
that some trace elements could inhibit antioxidant enzyme activities such as superox-
ide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), exacerbat-
ing oxidative stress in Clarias gariepinus. Abdel-Gawad et al. [20] found that exposure
to heavy metals could change oxidative biomarkers in Oreochromis niloticus. Oxidative
stress in fish exposed to heavy metals could cause an imbalance in different physi-
ological functions [21]. Heavy metals can inhibit key metabolic enzymes involved in
processes such as carbohydrate metabolism, protein synthesis, and energy production.
Depending on the metal and concentration, heavy metal exposure can lead to changes
in enzyme activity, such as increased or decreased activity. The interaction of heavy
metals with DNA can lead to strand breaks, DNA adducts, and mutations. ROS gener-
ated by metal exposure can also cause oxidative damage to DNA, leading to mutations
and chromosomal aberrations. Toxicogenic damage was reported in European eels,
Anguilla anguilla, exposed to heavy metals [22]. El-Agri et al. [23] found that exposure
to heavy metals could induce genotoxicity in Solea aegyptiaca. Studies have shown that
exposure to heavy metals could disrupt cellular membrane functions. They can affect
cell membrane permeability, disrupting ion gradients and homeostasis. Moreover,
trace elements may interfere with the function of membrane transport proteins,
affecting nutrient uptake and waste excretion [24]. Penetrating heavy metals into
cellular organelles can disrupt their biological functions. Shahjahan et al. [3] indicated
that metals can disrupt the mitochondrial membrane potential, impairing energy
metabolism and inducing apoptosis. They can also inhibit components of the mito-
chondrial electron transport chain, leading to reduced ATP production and increased
ROS generation [14]. Research has revealed that heavy metals can potentially interfere
with cellular signaling pathways. Some metals such as lead and cadmium can interfere
with calcium signaling pathways, affecting processes such as muscle contraction,
neurotransmission, and cell proliferation [25]. Moreover, they can often activate stress
response pathways, such as heat shock and unfolded protein responses, leading to
altered gene expression and cellular stress [6]. Therefore, histopathological damages
in aquatic animals exposed to heavy metals are critical biomarkers in assaying metals’
toxicity effects [26]. The histopathological damages were reported in various tissues of
Catla catla exposed to heavy metals [27]. Exposure to heavy metals can suppress the
immune response in aquatic animals, making organisms more susceptible to infections
[28, 29]. Metals can induce inflammation by activating immune cells and promoting
the release of pro-inflammatory cytokines [5, 30, 31]. Di Paola et al. [17] found that
heavy metals can disrupt endocrine systems in aquatic animals. Some heavy metals
can mimic or inhibit hormones, disrupting endocrine functions. Sometimes, trace
elements can bind to hormone receptors, altering their normal signaling pathways.
Moreover, heavy metals can hurt endocrine tissues and organs [1]. Studies have

shown that aquatic organisms can accumulate heavy metals in various tissues, such

as the liver, kidneys, and bones. Accumulation often depends on the metal’s chemical
properties and the organismss ability to uptake and store it [2]. Metals can be preferen-
tially stored in specific tissues. For example, cadmium often accumulates in the liver
and kidneys, while lead tends to accumulate in bones. Like other organisms, aquatic
animals use metal-binding proteins to sequester and detoxify heavy metals. Moreover,
specific transport proteins facilitate heavy metal uptake, distribution, and excretion.
Finally, they can excrete heavy metals through urine, feces, and sweat. Efficient excre-
tion helps minimize metal accumulation and toxicity [2].
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4. Heavy metal toxicity in different aquatic organisms

Heavy metal toxicity affects various aquatic organisms differently, depending on
species, ecological position, behavioral and nutritional characteristics, habitat type,
developmental stage, exposure duration, and the specific heavy metal involved [32].
Therefore, we have examined each group separately to understand better the toxic
effect of heavy metals on different aquatic species.

4.1 Impact of heavy metals on fish species

Heavy metal toxicity affects fish species at multiple levels, including physiologi-
cal, biochemical, behavioral, genetic, and reproductive aspects [33]. The extent
and nature of these effects can vary based on the type of heavy metal, exposure
concentration, duration, and fish species [34-37]. Fish may uptake heavy metals
through their gills, skin, and digestive systems. These metals can cause physical
damage to gill tissues, leading to lamellar edema, necrosis, and hypertrophy. This
impairs respiration and reduces the efficiency of gas exchange [38]. Moreover,
heavy metals can interfere with ion transport mechanisms, leading to imbalances
in essential ions like sodium, potassium, and calcium. Therefore, exposure to heavy
metals can cause osmoregulatory dysfunction, affecting overall homeostasis in fish
[39, 40]. Saglam et al. [41] and Jasim et al. [42] found that exposure to heavy metals
could induce histopathological damage to gills, change Na+/K + -ATPase activity
in the gills, increase cortisol and glucose levels, and decrease the triiodothyronine
(T3) and thyroxine (T4) levels in fish plasma. In this situation, fish cannot manage
the osmoregulation process. Although the detoxification mechanisms try to omit a
significant portion of heavy metals from fish’s bodies, heavy metals may accumulate
in vital organs such as the liver, which can cause oxidative stress by generating ROS
[43, 44]. Furthermore, metals such as mercury and lead impair the liver’s detoxifica-
tion enzymes, such as cytochrome P450, reducing the fish’s ability to metabolize and
excrete toxins. Increasing ROS rate production in the hepatocytes of fish exposed to
heavy metals can lead to oxidative damage to lipids, proteins, and DNA. At the same
time, the depletion of antioxidants such as glutathione and inhibition of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase (CAT) may lead to the
collapse of antioxidant defense mechanisms [45]. Histopathological damage in in the
liver, including hepatocyte vacuolation, fibrosis, and necrosis following exposure
to heavy metal, can disrupt physiological and metabolically dysfunctions in fish. At
the cellular level, heavy metals can inhibit enzymes crucial for metabolic processes
and disrupt biochemical hemostasis [46]. Eroglu et al. [47] found that disruption of
glutathione metabolism in the hepatocyte of O. niloticus exposed to heavy metals can
lead to the collapse of the detoxification system and antioxidant defense. The bioac-
cumulation of some metals in the kidneys can induce nephrotoxicity and impair the
excretion of metabolic wastes. Studies have shown that exposure to heavy metals can
damage renal tubules, impairing reabsorption and secretion functions [3]. Rahman
et al. [48] showed that increased creatinine and urea levels could be bioindicators of
nephrotoxicity in O. niloticus exposed to heavy metals. Exposure to heavy metals can
induce neurotoxicity due to inhibiting essential enzymes involved in the metabolism
of neurotransmitters such as acetylcholine and destruction of central and peripheral
nervous tissue [49]. Thus, alteration in swimming patterns in fish exposed to heavy
metals can be related to neurotoxicity [50]. Inhibiting cholinesterase activities and
damaging the nervous systems can result in erratic, reduced swimming activity,
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Species Typeof heavymetals ~ Changes observed References
Rainbow Trout Heavy metals Ovarian deformities, apoptosis, oxidative [54]
(Oncorhynchus mykiss) stress, hormonal changes, DNA damage.

Various fish species Heavy metals Heavy metals cause reduced GSI, fecundity,  [21]

and hatching rates; abnormalities in
reproductive organs.

Zebrafish (Danio rerio) Heavy metals Damage to zebrafish reproductive organs, [58]
affecting overall reproductive health

Spotted Snakehead Mercuric chloride Oxidative stress, genotoxicity, [59]
(Channa punctatus) (HgCI2) hematological and histopathological
changes in liver and kidney tissues

Various fish species Hg, Pb, Cr, Cd Endocrine disruption, reproductive [60]
impairment, altered gene expression
related to reproduction

Table1.
Example of heavy metal accumulation and biological effects in fish species.

a change in feeding behavior, and a decrease in fish appetite. LeFauve and Connaughton
[51], Heffern et al. [52], and Volz et al. [53] showed that damage to the olfactory,
visual, and gustatory systems and reduced ability to evade predators can affect fish
survival.

Taslima et al. [21] and Bhat et al. [54] found that heavy metal exposure can
decrease fish fertility potential. The bioaccumulation of trace elements in gonads can
affect endocrine functions, leading to altered levels of sex hormones such as estrogen
and testosterone. Moreover, they can induce damage and impair gamete production.
Decreased hatching success, increased mortality rates, and developmental abnormali-
ties were observed in the fish embryos and larvae exposed to heavy metals. Moreover,
reduced reproductive success and increased mortality rates can result in population
declines and affect the overall biodiversity of aquatic ecosystems. Sfakianakis et al.
[55] and Green et al. [49] showed that acute and chronic exposure to heavy metals can
lead to increased mortality in fish populations. Moreover, Chen et al. [56] and Jiaxin
etal. [57] reported immunosuppression and inflammatory response in Cyprinus
carpio exposed to cadmium. Exposure to heavy metals can increase fish’s susceptibil-
ity to infections and diseases (Table 1) [29].

4.2 Effects of heavy metals on crustaceans

Studies have indicated that heavy metal toxicity significantly impacts crusta-
ceans, affecting their growth, development, behavior, immune system, and overall
survival. The degree of these effects can vary based on the type and concentration
of the heavy metal, the duration of exposure, and the specific species of crustacean
[54, 55]. Some trace elements such as zinc, cadmium, and lead can interfere with
molting, which is crucial for crustaceans’ growth and development. A disrup-
tion in molting can lead to incomplete or abnormal molts, hindering growth and
leading to mortality. Exposure to heavy metals can affect the endocrine system that
regulates molting by altering hormone levels, such as ecdysteroids [61, 62]. A sig-
nificant decrease in the hemolymph osmotic pressure of white shrimp, Litopenacus
vannamei was reported after exposure to cadmium and zinc by Wu and Chen
[63]. Brooks and Mills [64] found that exposure to copper could decrease Na+/K+
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ATPase activity in gills and sodium levels in the hemolymph of Gammarus pulex.
Studies have shown that exposure to heavy metals can lead to physical deformities,
such as malformed appendages and carapaces, and decrease growth performance.
Developmental delays, abnormalities, and reduced survival rates were reported

in the larvae of crustaceans exposed to heavy metals [58]. Oxidative damage and
collapse of antioxidant defense systems were reported in crustaceans exposed to
heavy metals [59]. Genotoxicity, including DNA strand breaks, DNA adducts, and
mutations, was also found in the Scylla paramamosain and Talitrus saltator exposed
to heavy metals such as cadmium and lead [60, 65]. Heavy metals can suppress

the immune system, reducing crustaceans’ ability to fight infections and diseases.
Moreover, metals can impair the function and viability of hemocytes, which are
critical for crustaceans’ immune responses (Table 2) [71].

Exposure to heavy metals can induce chronic inflammation, leading to tissue
damage and impaired physiological functions [61]. Feeding behavior, including
decreasing appetites, ability to find feed, reduced feeding rates, and changing
foraging behavior of crustaceans, was observed after exposure to heavy metals [62].
Heavy metals can affect the neuromuscular system, leading to reduced or erratic
movement and impaired ability to escape predators. Furthermore, exposure to trace
elements can cause changes in social behaviors, mating behaviors, and predator-prey
interactions [54]. The bioaccumulation of heavy metals in the reproductive organs
of crustaceans can reduce fecundity, fertility potential, and quality of egg and
sperm and decrease fertilization success [63, 64, 66]. Histopathological damage was
reported in the gonad tissues of crustaceans exposed to heavy metals [31, 54]. The
larvae and embryos of crustaceans exposed to heavy metals showed reduced survival
and viability of offspring, and embryotoxic effects, such as abnormality development
and decreased chances of survival [67-69]. Wang et al. [72] found that exposure to
mercury, cadmium, and lead could affect embryogenesis in Meretrix meretrix, and
decrease survival chance, growth performance rate, and disrupt in metamorphosis of
larvae. The disruption in parthenogenesis was reported in Daphnia magna exposed to
cadmium by Djekoun et al. [73].

Species Type of heavymetals  Changes observed References
Crayfish Heavy metals Increased antioxidant enzyme activity and [66]
(Procambarus clarkii) metallothionein intensity in crayfish from

more polluted areas

Isopod (Porcellio Cd, Zn Significant hepatopancreas alterations due to [67]
laevis) Cd and Zn exposure

Mud crab (Scylla Cd Intestinal damage and oxidative stress [68]
paramamosain) increased with cadmium exposure; altered

microbial diversity and gene expression

Crabs (Ucides Heavy metals Elevated enzymes and histological differences  [69]
cordatus) in crabs from more polluted areas
Crayfish Pb Pb exposure caused dose-dependent [70]
(Procambarus clarkit) damage to the hepatopancreas and intestine,
disrupted gut microbiota, and increased
pathogenic bacteria
Table 2.

Example of heavy metal accumulation and its biological impact on crustaceans.
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4.3 Influence of heavy metals on mollusks

Mollusks, including bivalves (e.g., clams, oysters, and mussels) and gastropods
(e.g., snails), are particularly sensitive to heavy metal pollution. Heavy metals can
affect mollusks’ physiological, biochemical, reproductive, and behavioral processes,
leading to adverse health effects and ecological consequences [70, 74, 75]. Although
Mollusks can biotransform and execrate a significant portion of heavy metals, studies
have shown that mollusks can accumulate heavy metals in their soft tissues and shells
[76]. Therefore, they are important in transiting heavy metals throughout the food
chain. They usually use metallothioneins to bind heavy metals and remove their
bodies [77, 78]. Moreover, they can store metals in intracellular granules, which are
then excreted or remain in the organism’s tissues [79]. Documents have indicated that
a significant portion of heavy metals are also reserved in their shells [78]. Exposure
to various metals can induce histopathological changes in the gills (e.g., epithelial
lifting, necrosis, and lamellar fusion) and in the hepatopancreas (e.g., vacuolation,
necrosis, and fibrosis) of mollusks [80]. Lipid peroxidation, protein oxidation,

DNA damage, and cellular antioxidant defense reactions were reported in mollusks
exposed to heavy metals [81]. Studies have shown that trace elements can induce
genotoxicity and cause direct DNA damage, leading to mutations, strand breaks, and
chromosomal aberrations in mollusks [82, 83]. The embryotoxicity and genotoxicity
were observed in the Pacific oyster, Crassostrea gigas, exposed to cadmium and copper
by Mai et al. [84]. Accumulation of heavy metals in the gonads can induce histological
damage and reproductive toxicity [85, 86]. Studies have shown that heavy metals can
interfere with endocrine functions, leading to altered levels of reproductive hormones
[87]. Decreasing fecundity, gamete quality, and fertility rates are common signs
reported in the mollusks inhabiting polluted sites [72]. Exposure to heavy metals can
change spawning cycles and hatching success [73]. Developmental abnormalities and
increased mortality in embryos and larvae are reported in mollusks exposed to heavy
metals [88]. Sawasdee and Kohler [89] studied the survival rate, formation of tenta-
cles and eyes, heart rate, hatching rate, and weight of Marisa cornuarietis larvae after
exposure to heavy metals. They found that heavy metals could induce embryotoxicity
in the ramshorn snail.

Exposure to metals can reduce feeding rates due to damage to sensory organs and
alterations in foraging behavior [90]. Metals can affect the neuromuscular system,
reducing mobility and altering behaviors such as burrowing and shell closure [91].
Furthermore, metals can impair digestive enzyme activity, reducing nutrient absorp-
tion and assimilation. Studies have shown that exposure to heavy metals can induce
chronic inflammatory responses, suppress the immune system, and change the
hemocytes and their functions, making mollusks more susceptible to infections and
diseases (Table 3) [96, 98].

4.4 Impact of heavy metal on amphibians

Heavy metal contamination significantly impacts amphibians, affecting
their growth, development, behavior, immune system, and reproductive health.
Amphibians are particularly vulnerable due to their permeable skin, complex life
cycles, and dependence on both aquatic and terrestrial habitats [99]. Amphibians
directly absorb water and dissolved substances, including trace elements, through their
skin, which can lead to metal accumulation and toxicity. Therefore, heavy metals can
damage skin and gill tissues, impair respiration, and lead to hypoxia. The accumulation
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Species Type of heavy metals Changes observed References

Ruditapes philippinarum, Cu, Pb, Zn, Cd, Cr, Concentrations varied among [92]

Paphia undulata, Meretrix Hg, As species; carcinogenic risks

mevetrix, Sinonovacula from Cd and Cr; non-

constricta, Meretrix lyrata carcinogenic risks were low.

Various bivalve mollusks As, Cd, Cr, Hg, Ni, Pb Accumulation of heavy [93]
metals; Cd posed a potential
cancer risk

Various bivalve mollusks Heavy metals Hemocytes used to assess [94]
toxicity

Magallana bilineata, Perna Trace metals Histological alterations in [95]

viridis, Villorita cyprinoides digestive glands and gills;

higher histopathological
indices in post-monsoon
season and regions with higher
metal pollution

Unio tigridis Cu, Zn, Cd, Pb Histopathological lesions [96]
(necrosis, atrophy, etc.) in
digestive glands

Crassostrea sp. (oysters) Various metals Changes in enzymatic activity [97]
(GST and CAT); histological
alterations in gills

Table 3.
Example of heavy metal accumulation and biological effects in mollusks.

of heavy metals in amphibians’ vital organs can lead to oxidative stress, histopathologi-
cal damage, and physiological dysfunctions [100]. Some heavy metals, such as mer-
cury and cadmium, can cause developmental abnormalities and increased mortality
rates in amphibian embryos. Studies showed that exposure to heavy metals can delay
hatching and metamorphosis, leading to prolonged larval stages and reduced survival
rates [100, 101]. Heavy metals can impair growth by disrupting nutrient uptake and
metabolism, leading to inhibited growth and smaller body size. Studies showed that
exposure to metals can result in physical deformities, such as malformed limbs and
skeletal abnormalities in the Egyptian toad Sclerophrys regularis [102]. Increasing the
production of ROS was reported in the amphibians after exposure to heavy metals.
Therefore, any change in the oxidative biomarkers, including depletion of non-enzyme
antioxidants such as glutathione and disruption in SOD, GPx, GR, and CAT activi-
ties, exacerbates oxidative stress and causes oxidative damage to lipids, proteins, and
DNA [103]. The genotoxic effects, including DNA strand breaks and mutations, were
observed in the amphibians exposed to heavy metals (Table 4) [103, 109-111].

Taiwo et al. [112] reported oxidative damage in the liver of wild African tiger
frogs, Hoplobatrachus occipitalis, after exposure to various heavy metals. The immu-
notoxicity was observed in the Indian green frog, Euphlyctis hexadactylus, exposed
to heavy metals [113]. Jayawardena et al. [114] found that exposure to heavy metals
could change micronucleus and comet rates in E. hexadactylus. Exposure to heavy
metals can reduce feeding rates and alter foraging behavior, impacting growth and
energy reserves. Heavy metals can affect taste and smell, leading to changes in food
preference and reduced dietary intake [109]. Studies have shown that heavy metals
can affect the neuromuscular system, leading to reduced mobility and altered behav-
iors such as reduced escape responses and impaired predator avoidance [84, 115, 116].
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Species Type of heavy metals ~ Changes observed References

Various frog species As, Cd, Cr, Pb Accumulation of heavy metals in muscles, [104]
bioaccumulation factors (BAFs), potential
human health risks via frog consumption

Pelophylax ridibundus, Pb*, Hg2*, cd* Changes in sulfur metabolism-related [105]
Xenopus laevis, Xenopus enzymes, antioxidant response, gene
tropicalis expression changes, oxidative stress
indicators
Sclerophrys regularis Fe, Pb, Cd, Cr Genotoxicity (micronucleated erythrocytes),  [106]

fluctuating asymmetry in limbs, and
regional differences in pollution impact

Pelophylax bedriagae Zn*, Hg* Accumulation of microplastics and heavy [107]
metals in the upper gastrointestinal tract,
correlation between MPs and heavy metals

Pelophylax ridibundus Heavy metals Nuclear abnormalities in erythrocytes [108]
(micronuclei, notched nuclei, nuclear buds,
and blebbed nuclei), cyto- and genotoxicity

Table 4.
Example of heavy metal toxicity and biological effects in different amphibian species.

Metals can cause changes in social behaviors, mating behaviors, and predator-prey
interactions [117]. Metals accumulate in reproductive organs, causing histological
damage and affecting gamete production [118]. Furthermore, heavy metals can
interfere with endocrine functions, leading to altered levels of reproductive hormones
[101]. Yee-Duarte et al. [116] found that heavy metals could cause developmental
abnormalities and increased mortality in embryos, larvae, and Bufo raddei tadpoles.
After exposure to heavy metals, reduced fecundity, altered spawning cycles, and
lower hatching success were reported in various amphibians [116]. Studies have
shown that heavy metals can suppress the immune system, making amphibians more
susceptible to infections and diseases. Persistent exposure to heavy metals can induce
chronic inflammatory responses, leading to tissue damage and impaired physiological
functions [115].

4.5 Effect of heavy metals on reptiles

Heavy metal contamination in their habitats affects reptiles, including turtles,
lizards, snakes, and crocodilians [119, 120]. Heavy metals can accumulate in their
tissues, leading to various physiological, biochemical, reproductive, and behavioral
effects [121-123]. Ma and Wang [124] showed that aquatic reptiles are good bioindi-
cators for studying environmental pollution. The bioaccumulation of heavy metals
was reported in different species of reptiles that live in water ecosystems. Studies have
shown that metals can be stored in their tissues, particularly in the liver, kidneys, and
bones, for long periods, leading to chronic exposure and potential biomagnification
up the food chain. However, reptiles can detoxify heavy metals using metallothio-
neins [89]. These proteins bind heavy metals, reducing their toxicity by sequestering
them away from vital cellular processes. Furthermore, they can excrete some metals
through feces, urine, and shedding of skin. Liu et al. [125] and Yee-Duarte et al. [120]
showed that heavy metals can accumulate in turtles and Caretta caretta livers, caus-
ing oxidative stress and impairing detoxification functions. Moreover, exposure to
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heavy metals can induce structural damage in the kidneys and impair the excretion of
metabolic wastes [126]. The bioaccumulation of heavy metals in bones causes struc-
tural weakness and affects locomotion. Weng et al. [127] and Huiping [128] reported
the bioaccumulation of heavy metals and shell deformities in the skeletal muscles of
softshell and hard-shell freshwater and marine turtles. Oxidative stress was reported
in various species of aquatic reptiles inhabited at polluted sites with heavy metals
[92]. Studies have shown that heavy metals could induce the production of ROS, caus-
ing oxidative damage to lipids, proteins, and DNA [93, 124]. Moreover, trace elements
can cause direct DNA damage, leading to mutations, strand breaks, and chromosomal
aberrations (Table 5) [94, 143].

The accumulation of heavy metals in reproductive organs can cause histological
damage and affect gamete production [95]. They also can interfere with endocrine
functions, leading to altered levels of reproductive hormones in aquatic reptiles
[97, 144]. Exposure to some trace elements can cause developmental abnormalities
and increased mortality in embryos and hatchlings. Reduced fecundity, altered nest-
ing behaviors, and lower hatching success were observed in various species exposed to
heavy metals [145]. Exposure to heavy metals can reduce feeding rates and alter forag-
ing behavior, impacting growth and energy reserves in aquatic reptiles. Furthermore,
metals can affect taste and smell, leading to changes in food preference and reduced
dietary intake [144]. Metals can cause changes in social behaviors, mating behaviors,

Species Typeof heavy metals  Changes observed References
Loggerhead Sea Turtle  As, Cd, Fe, Zn, Higher bioaccumulation in the liver, [129, 130]
(Caretta caretta) Barium, Boron, Cu worrying levels of Asand Cd in kidneys and

liver, and different metal dominance in eggs

and tissues.
Freshwater Turtles, Heavy metals Bioaccumulation of heavy metals in the [131-136]
Crocodilians blood of turtles and crocodilians
Broad-Snouted Fe, Cu, Cr, Cd, Pb, Bioaccumulation of heavy metals in the [137]
Caiman (Caiman Ni, Al blood
latirostris), Testudines
Neotropical Aquatic Cd, Cr, Pb Bioaccumulation of heavy metalsin theliver ~ [138]
Snake (Helicops and muscle
pastazae)
Freshwater Turtle Al, Cd, Co, Cr, Cu, Fe,  Bioaccumulation of heavy metals in the [139]
(Phrynops geoffroanus) ~ Mn, Mo, Ni, Pb, Zn serum, muscle, liver, and kidney
Sea Snakes (Hydrophis  Al, Cd, Pb, Cr, Mn, Bioaccumulation of heavy metals in the [140]
species) Fe, Ni, Cu, Zn serum, muscle, liver, and kidney
Khorat Snail-Eating Fe, Mn, Zn, Cu, Cr, Bioaccumulation of heavy metals in the [141]
Turtle (Malayemys Ni, As, Pb, Cd, Hg serum, muscle, liver, and kidney
khoratensis)
Softshell and Hard- Cu, Zn, Cd, Ni, Co, Bioaccumulation of heavy metals in the [142]
shell Freshwater Pb, Cr skeletal muscles
Turtles
Mugger Crocodile Cd, Pb, As, Hg, Cu, Bioaccumulation of heavy metals in the [119]
(Crocodylus palustris) Cr, Fe blood serum and feces

Table 5.

Example of heavy metal toxicity and biological effects in different veptile species.
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and predator-prey interactions between aquatic reptiles. They can also affect the neu-
romuscular system, leading to reduced mobility and altered behaviors such as reduced
escape responses and impaired predator avoidance. Studies have shown that exposure
to heavy metals can induce chronic inflammatory reactions, leading to tissue damage
and impaired physiological functions in aquatic reptiles [144, 146, 147]. Heavy metals
can suppress the immune system, making reptiles more susceptible to infections and
diseases [106, 148].

4.6 Impact of heavy metals on aquatic plants and algae

Aquatic plants, including algae, macrophytes, and submerged vegetation, are
primary producers and play a crucial role in aquatic ecosystems. Furthermore, they
provide habitat and shelter for various aquatic organisms. Aquatic plants contribute
to nutrient cycling and sediment stabilization. Also, healthy aquatic plants contribute
to water oxygenation through photosynthesis. Heavy metals can significantly affect
plant growth, physiological processes, reproduction, and overall ecosystem health
[149-152]. Heavy metal-induced growth and photosynthesis reduction can impact
primary production and food web dynamics. Studies have shown that heavy metals
can inhibit the growth of aquatic plants by disrupting key physiological processes
[114]. Moreover, they can interfere with the uptake and assimilation of essential
nutrients, leading to nutrient deficiencies and stunted growth. Exposure to heavy
metals can cause morphological abnormalities such as reduced leaf size, deformed
stems, and abnormal root growth. Furthermore, they can impair root development
and branching, affecting the plant’s ability to anchor and absorb water and nutrients
[153]. Heavy metals can damage chlorophyll, reducing photosynthetic efficiency and
overall plant health. Moreover, metals may inhibit key enzymes involved in metabolic
processes, such as those involved in carbon fixation and respiration. Thus, changes in
these enzyme activities can lead to altered metabolic pathways and reduced efficiency
in energy production [4, 112, 153].

Oxidative stress, DNA damage, and harm to roots and leaves can interfere with
the uptake of essential nutrients, leading to nutrient imbalances and deficiencies in
aquatic plants exposed to heavy metals. Therefore, heavy metals can alter the avail-
ability of nutrients in the surrounding water or sediment, affecting plant growth
and health. Studies have shown that the bioaccumulation of heavy metals in specific
tissues depends on the plant species and metal type [112, 113]. Exposure to heavy
metals can disrupt reproductive functions in aquatic plants. Heavy metals can affect
the development of flowers and seeds, leading to reduced reproductive success and
lower seed viability. Moreover, they can impact the health of pollinators and the
process of pollination, affecting plant reproduction. Also, heavy metal contamination
can reduce seed germination rates and seedling survival [4, 16, 28, 112, 153].

4.7 Impact of heavy metals on microorganisms

Heavy metals can profoundly affect microorganisms, including bacteria, fungi,
and protozoa, which play crucial roles in ecosystems, such as nutrient cycling,
decomposition, and disease regulation. The impact of heavy metals on microorgan-
isms can affect their growth, metabolism, community structure, and ecological
functions [104]. Some trace elements such as mercury, cadmium, and lead can inhibit
the growth and reproduction of microorganisms by interfering with essential cellular
processes [154-160]. Moreover, they can inhibit key enzymes involved in metabolic
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pathways, affecting energy production and other cellular functions [104, 105, 107].
Studies have shown that exposure to sub-lethal concentrations can reduce micro-
organisms’ viability and functional activity. Metals induce the production of ROS,
leading to oxidative damage to lipids, proteins, and DNA [108]. Heavy metal contami-
nation can exert selective pressure, leading to shifts in microbial community structure
and reduced diversity [107]. Heavy metals can affect microorganisms involved in
decomposition and nutrient cycling, impacting water fertility and ecosystem health.
Moreover, heavy metals can affect the growth and pathogenicity of microorganisms,
including potential pathogens in sediment and water environments. Thus, some trace
elements can enhance the virulence of pathogenic microorganisms by promoting
their survival and proliferation [108, 161]. Heavy metal exposure can promote hori-
zontal gene transfer, spreading resistance genes among microbial populations [162].
Microorganisms exposed to heavy metals may develop resistance mechanisms that
can also confer resistance to antibiotics, complicating treatment efforts and public
health concerns [161, 163].

5. Conclusion

The study showed that heavy metal pollution poses significant risks to aquatic
ecosystems, affecting a wide range of organisms, from fish and crustaceans to mol-
lusks, amphibians, reptiles, and aquatic plants. These metals, introduced through
natural processes and human activities, can persist in the environment and lead to
bioaccumulation and long-term ecological consequences. Mechanisms of toxicity are
complex, including oxidative stress, enzyme dysfunction, DNA damage, and interfer-
ence with reproductive and immune systems. Effects vary among species, depending
on factors such as duration of exposure, type of metal, and physiology of the organ-
ism. For example, fish experience osmotic dysregulation, neurotoxicity, and impaired
reproductive success, while crustaceans face challenges in molting, immunosuppres-
sion, and behavioral changes. Mollusks accumulate metals in their tissues, leading to
physiological and reproductive damage, while amphibians and reptiles suffer from
developmental abnormalities, oxidative stress, and compromised immune responses.
Aquatic plants and algae, which are critical to ecosystem health, are not immune, and
exposure to metals leads to reduced growth, photosynthetic efficiency, and overall
productivity. As a result, heavy metal pollution is a serious threat to aquatic ecosys-
tems, affecting a wide range of organisms and leading to ecological imbalance. This
study emphasizes the importance of monitoring, managing, and reducing heavy metal
pollution to protect aquatic health and biodiversity. Therefore, the persistence and
accumulation of heavy metals in aquatic environments emphasizes the need for careful
monitoring and management strategies to reduce their impact. Protection of aquatic
health is necessary not only for the survival of these species, but also for maintaining
biodiversity and ecological balance of water bodies. As heavy metals continue to be a
global environmental challenge, more research and more effective pollution control
measures are necessary to protect aquatic ecosystems and their dependent organisms.
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Abstract

Certain parasitic species may enhance fish fitness in contaminated environments
by bioaccumulating pollutants from their hosts. The fate of trace elements and the
combined effects of parasitism and pollution were studied in European perch infected
with acanthocephalans Acanthocephalus lucii and cestodes Proteocephalus percae from
the water reservoir Ruzin in Slovakia. Most trace elements were found at higher levels
in parasites than in fish matrices, except for mercury, with the highest levels in the
fish muscle. The concentration of toxic mercury in fish muscle exceeded the maxi-
mum level allowed in European foodstuffs by more than twice. Notably, higher levels
of certain elements in both parasite species corresponded to lower element concentra-
tions in the fish. Similarly, concentrations of certain essential elements were lower at
high infection intensities in both parasite species, indicating competitive interactions
within the host-parasite system. The high percentage of morphological malforma-
tions in the tapeworms suggests a negative impact of toxic elements on parasites.
These findings support the idea that intestinal fish parasites may provide benefits to
their hosts in dealing with trace elements. Moreover, using fish intestinal parasites as
bioindicators of trace element contamination can help identify environmental issues
and highlight the relationship between parasitism and ecological conditions.

Keywords: pollution, fish, parasites, aquatic environment, Slovakia

1. Introduction

The global increase in heavy-metal pollution in nature represents a growing
concern. Both natural processes and human activities, such as urbanization, mining,
ore processing, and industrialization, contribute to heightened concentrations of
metals in the environment, posing significant threats to living organisms [1]. This
includes disrupting metabolic functions, displacing essential minerals, causing cell
damage, and increasing mortality rates [2, 3].

Aquatic environments can be evaluated for pollutants using water and sediment
monitoring or bioindicators, such as phytoplankton, macrophytes, invertebrates,
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and fish [4]. However, recent studies have suggested that certain parasitic species can
also be valuable for environmental biomonitoring [5]. Certain parasites can indicate
the chemical condition of the environment based on their presence or absence, while
others can accumulate pollutants in their tissues, absorbing significantly higher levels
of contaminants than their host.

Host-parasite relationships are complex and not well understood, especially
in contaminated environments, where pollutants may affect various biological
factors, that is, parasitism [6]. While parasites are generally considered burden-
some to their hosts, several studies suggest that in polluted environments, parasites
can detoxify their hosts by removing contaminants from their tissues [7, 8]. This
phenomenon arises from the sequestering of toxic trace elements like cadmium
and lead instead of essential elements like calcium, copper, magnesium, and zinc
[9, 10] as a consequence of chemical similarities among these elements, leading
to competition between the fish hosts and their parasites [9]. Such heightened
absorption of toxic metals from host tissues is sometimes perceived as a beneficial
aspect of parasitism [11-14].

However, the potential impacts of this capability on the survival and morphologi-
cal abnormalities in parasites due to pollution have not been extensively investigated
[15, 16] and data on morphological deformities in fish parasites resulting from field
contamination are limited [17, 18].

To elucidate the host-parasite relationships in a contaminated environment, we
used perch (Perca fluviatilis) and their predominant intestinal parasites (acantho-
cephalan Acanthocephalus lucii and cestode Proteocephalus percae) as a model. We
examined the distribution of heavy metals in specific matrices of perch and parasites
based on the type of infection (single versus mixed infections). We also studied the
competitive interactions in the accumulation of trace elements between the fish and
parasites and the size of parasitic populations. Additionally, we investigated the
potential occurrence and frequency of morphological abnormalities in the tapeworm
P, percae in a polluted environment.

2. Material and methods
2.1 Study area

The RuZin water reservoir in eastern Slovakia (48°40°N, 20°53'E) covers 3.9 km?
with a volume of 59 million m® (Figure 1). Created by dams on the Hornad River
in 1967 and 1972, it is fed by the Hornad and Hnilec Rivers from the Spi$-Gemer
Rudohorie Mountains. The region’s intensive mining and ore processing history has
led to sediment accumulation with high heavy metal concentrations, particularly
near river inflows [19]. These pollutants originate from the geological environment
and the processing of ores and mining materials sourced from nearby areas such as
Krompachy, Rudnany, Spisska Nova Ves, and Smolnik.

The map (Figure 1) was created using the program Quantum GIS 3.16 [20] and
visualized on georeferenced raster base topographic maps provided by the Geodetic
and Cartographic Institute in Bratislava, freely available on the ZBGIS map portal
[21]. The background map layer was imported into the QGIS program in the S-JTSK/
Krovak East-North coordinate system (EPSG:5514).
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Figure 1.

Location of the sampling site (yellow dot) of European perch (Perca fluviatilis) from the Ruzin reservoir. The
origin of pollution and the pathway of heavy metals entering the reservoir are indicated by pictograms and blue
arrows.

2.2 Collection of samples and elemental analysis

A total of 43 specimens of perch (P, fluviatilis) were collected from the vicin-
ity of Jaklovce, where the Hnilec River flows into the reservoir (Figure 1). The
fish were live-transferred to the laboratory, euthanized, and dissected. Matrices
(muscle, kidney, liver, brain, hard or soft roe, and adipose tissue) were frozen and
stored individually for trace element analysis. Parasites found in the gastrointesti-
nal tracts of fish included acanthocephalans (Acanthocephalus lucii) and cestodes
(Proteocephalus percae). The prevalence (82.3%) and mean intensity of infection
(17.5 £ 13.3) were determined for the adult intestinal acanthocephalan A. lucii.
Similarly, for the cestode P. percae, the prevalence (64.7%) and mean intensity of
infection (6.03 + 1.63) were calculated. All parasites were carefully isolated from the
fish intestines, washed in ultrapure water, and individually frozen in preparation
for further trace element analysis. Of the 43 examined fish, 25 infected perch were
selected for further study and categorized into three groups based on their parasitic
infections: those infected exclusively with acanthocephalans (9), exclusively with
tapeworms (6), and those harboring both parasite species simultaneously (10). The
size of the parasitic infrapopulation (i.e., the number of parasites of a single species
within an individual fish host) was assessed according to the methodology outlined
by Bush et al. [22]. Fish and parasite samples were analyzed for nine trace elements
(As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, and Zn) using an inductively coupled plasma mass
spectrometer according to Brazova et al. [23]. The analysis included standard refer-
ence materials and blanks for quality control. The concentrations of all measured
elements are reported in pg g~ wet weight.
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Fish sampling
from the
reservoir

Figure 2.
Schematic diagram of prepavation of biological samples from sampling to analysis.

2.3 Morphological analysis of Proteocephalus percae

Adult tapeworms (P, percae, N — 144) were examined for morphological abnor-
malities, with specimens prepared and stained for detailed examination, according to
Oros et al. [24]. Morphological deviations were assessed in mature proglottids using
light microscopy.

Mature proglottids are characterized by the presence of both male and female
genital systems, with the uterus, if present, not predominating over the gonads.
Terminologies “proglottization” (development of proglottids) and “strobilation”
(somatic compartmentalization of the proglottids) were as defined by Olson et al. [25].

Typical mature proglottids have numerous testes in a single layer, an irregularly
opening cirrus sac, a bilobed ovary near the posterior margin, lateral vitelline fol-
licles, and a uterus with lateral diverticula. The strobila consists of proglottids that
vary in shape, predominantly wider than long, with marked segmentation [26].

2.4 Data analysis

Bioconcentration factors (BCFs) were calculated as the ratio of each trace ele-
ment’s concentration in the parasite to that in the fish host matrix (BCF = c[parasite]/
c[host matrix]) for each infection group, following Sures et al. [9]. Differences in
element concentrations between parasites and fish matrices were assessed using
the Kruskal-Wallis ANOVA with post-hoc Neményi multiple comparisons [27, 28].
Spearman’s rank correlation was used to examine associations between element
concentrations in fish vs. parasite tissues/parasite infrapopulations and element
concentrations in parasites vs. parasite infrapopulation size, considering only nega-
tive significant correlations. The significance level was set at « = 0.05, and analyzes
were conducted using Statistica 12.0 [29].

Figure 2 illustrates material acquisition and processing methods.

3. Results and discussion
3.1 Distribution of trace elements in fish and parasites

Figure 3 presents the concentrations of various elements in perch and their
parasites.

Trace element concentrations exhibited variability across different matrices, with
the kidney showing the highest levels, followed by the liver, adipose tissue, hard
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Figure 3.

Heavy metal concentrations (mean + standard deviation) measured in the internal organs (ug.g™ wet weight) of
perch and parasites.

roe, brain, muscle, and soft roe. Statistical analysis revealed significant differences
among tissue samples (P < 0.001). Nickel and zinc concentrations reached the highest
amounts in the kidney (Ni = 1.103, Zn = 281 pg.g~ wet weight, Figure 3). Cadmium
was detected in the highest levels in the liver and kidney. Copper primarily accumu-
lated in the liver, while arsenic, chromium, manganese, and lead were predominantly
found in adipose tissue. Mercury levels in muscle were higher (1.05 pg.g™' wet weight)
than in other matrices (e.g., hard roe = 0.087 ug.g~ wet weight, Figure 3).

Several studies have confirmed the preferential accumulation of heavy metals in
different fish organs [30, 31]. The liver and kidney, being metabolically active organs,
play a significant role in storing, redistributing, detoxifying, and eliminating heavy
metals and other harmful substances in the body [32]. In contrast, fish muscle typi-
cally contains the lowest metal levels compared to other matrices, yet it is important
to monitor due to its role as an essential human protein source [33, 34].

Mercury is a significant human and animal toxin, with fish consumption being a
major source of Hg [35]. This study found that perch muscle from the Ruzin reservoir
had mercury levels (1.05 ug g”* wet wt) exceeding European food safety limits [36],
highlighting potential health risks for local fish consumers. Similar findings in other
studies, like those by Farkas et al. [34], suggest that muscle’s high protein content,
which binds mercury, may explain these elevated levels [37].

Recent studies have demonstrated that intestinal fish parasites accumulate trace
elements at significantly higher concentrations than their fish hosts [38, 39]. Our
findings support previous statements as most trace elements were found to be pri-
marily accumulated by parasites. The most pronounced disparity was observed in
cadmium accumulation between fish muscle and the parasites acanthocephalan A.
lucii and cestode P. percae, with the parasites exhibiting 270-fold and 120-fold higher
cadmium concentrations, respectively, compared to fish muscle.

Parasites similarly to fish matrices, expressed distinct elemental preferences.
Cestodes contained higher concentrations of arsenic and manganese, whereas acan-
thocephalans accumulated cadmium, copper, chromium, lead, nickel, and mercury.

Consistent with our findings, Turcekova et al. [13] reported higher concentrations
of arsenic in the cestode P, percae and cadmium in A. lucii. However, contrary to our
results, they observed that copper and lead concentrations were higher in cestodes
than in acanthocephalans. They attributed these differences in element absorption
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capacities to the specific properties of the cestode and acanthocephalan tegument or
the unique aspects of their life cycles.

3.2 Bioconcentration factors (BCFs)

Trace element concentrations in perch matrices were significantly lower than in
parasites across different infection types, except mercury, which was predominantly
concentrated in fish muscle (Table1).

Notably, the liver and kidney accumulated elements in amounts often comparable
to those found in parasites, with bioconcentration factors (Table 1) showing no
significant differences between the heavy metal concentrations in parasites and these
organs in most cases. Conversely, muscle exhibited the lowest concentrations of
heavy metals than parasites (see Table 1), serving as the primary host matrix for our
comparative analyzes.

Statistical analyzes confirmed significant differences in trace element concentra-
tions between fish (muscle) and parasites for each infection type, except for mercury
and nickel in parasite monoinfections and chromium in cestode monoinfections
(Kruskal-Wallis ANOVA; P < 0.01; Table1).

Muscle As Cd Cr Cu Hg Mn Ni Pb Zn
AL 12.6*** 502** 104** 118*** 0.909 2917 6.4 93.7** 10.4***
PP 354 234** 2.54 20.4%* 0.364" 188*** 8.39 67.3"* 11.4**
ALPP 75.55** 571 9427+ 93.6"** 113 201* 90.4"** 180*** 18.2***
Liver

AL 3.06 1.93 10.4** 7.83 139 315 11 120** 371
PP 716 0.775 241 0.75 0.487 124 5.66 65.9* 2.76
ALPP 117 197 5.97*** 4.67 151 13 151 86.6™* 4.27
Kidney

AL 23 1.23 6.87 117 111 3.84 0.907 144 0.3
PP 544 0.653 1.65 1.98 0.437 16.6 1.06 719 0.271
ALPP 12.8 2.03 6.11 9.8 143 26.9** 8.61 211 0.424
Hard roe

AL 10.9*** 255 11.1* 797 9.7* 6.32 331 370™** 543
PP 25** 791 244 9.63 4.03 219 32 24.4* 391
ALPP 50.4"** 225 8.83 33.5"** 134 35.8** 217 157*** 777*
Brain

AL 643 227 7.01 23.9** 2.69 23.5%* 6.1 259*** 6.27**
PP 24.8* 794 1.93 361 0.918 111 1.76 36™* 5.25
ALPP 29.4** 228** 6.82 15.3* 296" 116*** 7.36 116*** 913

The asterisk (*) indicates significant differences between the calculated ratio and the threshold value of 1. *p = 0.05,
**p = 0.01, ***p = 0.001 from Kruskal-Wallis analysis of variation with multiple comparisons of mean vanks for all
groups. AL — Acanthocephalus lucii monoinfection, PP — Proteocephalus percae monoinfection, ALPP — A. lucii, P
percae mixed infections.

Table 1.
Bioconcentration factors of heavy metals in pavasites relative to perch matrices (BF = c[parasite]/c[host matrix]).
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Among all types of infections, the highest bioconcentration factors (BCFs)
were observed for cadmium. Notably, BCF values for arsenic, nickel, lead, and
zinc were higher in mixed infections than in monoinfections (see Table 1). The
most pronounced difference was observed for nickel, showing a more than tenfold
increase between mixed- and monoinfections (BCF_Ni values of 90.4, 6.40, and 8.39,
respectively).

Conversely, BCFs for cadmium, chromium, and copper in A. lucii, and manganese
in P, percae, did not exhibit significant differences between monoinfections and
mixed infections (Table1).

In the present study, nickel concentrations in A. lucii and P. percae were notably
higher in mixed infections than in monoinfections. Ni is essential for blood formation
and various enzyme activities but can cause chromosomal aberrations and morpho-
logical transformations in cells. It can also alter hemoglobin properties, reducing
oxygen affinity and making erythrocytes more fragile and permeable [40, 41].
Consequently, the competition for Ni between fish and parasites, resulting in
decreased Ni concentration in host tissues, might positively affect fish health, though
further investigation is needed.

Bioconcentration factors (BCFs) for Cd, Cr, and Cu in A. lucii and Mn in P, percae
were similar between mono- and mixed infections. This indicates that species-specific
element preference is not influenced by infection type. However, As was more inten-
sively stored in cestodes when A. lucii was present, and A. lucii concentrated Ni more
when P. percae was present. Studies involving mixed infections are limited and include
parasitic organisms at different developmental stages (adult vs. larvae) or occupying
different sites (intestine, body cavity, etc.) within the host, making it difficult to
compare with our results [8, 42].

3.3 Competitive interactions

Certain significant negative associations were observed between concentrations in
fish matrices and parasites. Specifically, for A. lucii, negative correlations were found
in cases of monoinfection (e.g., with nickel in the hard roe; r = —0.723, p = 0.05)
and mixed infections (e.g., with nickel in the liver, r = —0.77, p = 0.01, and kidney,

r = —0.673, p = 0.05; and zinc in the hard roe, r = —0.663, p = 0.05). Additional
significant negative associations were noted between chromium concentrations in
fish muscle (r = —0.729, p = 0.05) and hard roe (r = —0.72, p = 0.05) and the infra-
population size of A. lucii in mixed infections, as well as between lead in muscle and
Proteocephalus percae in monoinfections (r = —0.926, p = 0.01).

Furthermore, we observed that a higher intensity of infection with
Acanthocephalans A. lucii in monoinfections was associated with lower concentra-
tions of Cr (r = —0.95, p = 0.001) and Mn (r = —0.783, p = 0.01) in the parasites. In
mixed infections, an increased infrapopulation size of the tapeworm P, percae was
negatively correlated with Mn (r = —0.762, p = 0.01) and Cr (r = —0.667, p = 0.05)
levels in the parasites. Additionally, an increasing number of A. lucii negatively
correlated with Mn concentrations in the cestode P. percae (r = —0.644, p = 0.05). In
contrast, a higher number of P. percae was associated with lower Cr concentrations in
A. lucii (r = —0.793, p = 0.01).

In our analysis, we identified several significant positive and negative correlations.
We focused on the negative correlations because they suggest a reduction in heavy
metal burden in infected fish hosts, potentially indicating a beneficial aspect of the
host-parasite relationship in a polluted environment.
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Lower Pb concentrations were observed in fish muscles harboring tapeworms,
possibly due to parasites absorbing bile-bound metals, preventing their reabsorption
and distribution in the host [43].

Our results also revealed significant negative associations between parasite
element concentrations and infection intensity. Cr and Mn concentrations in
parasites decreased with higher A. lucii or P. percae incidence in the host intestine.
Similarly to our findings, Sures [11] demonstrated strong competitive interactions
among essential elements (Ba, Ca, Fe, Mn, Sr., Zn) in parasites and their infra-
population size. The levels of these elements in parasites decreased as the number
of acanthocephalans increased. The authors suggest that since these elements are
of physiological importance for living organisms, it is possible that competition
among parasites for these elements could result in increased absorption of other,
non-essential, or even toxic elements such as lead and cadmium as long as they can
be detoxified.

We found that the intensity of acanthocephalan infection was higher than that of
cestodes. Negative associations may help us understand the parasitological effects
of crowding in definitive hosts, as the availability of minerals can influence the size
of parasite populations. This suggests that one parasite species can reduce the abun-
dance of others by competing for host resources [11, 44]. Therefore, we suppose that
the lower population size of cestodes compared to acanthocephalans may be due to
competition for minerals between parasites.

3.4 Morphological abnormalities of Proteocephalus percae
Most tapeworms exhibited normal development (Figure 4a), however, approxi-
mately 30% of specimens displayed abnormal proglottid structures.
The observed anomalies of the proglottids included:
1. Structural abnormalities:
* Duplicated ovary, with one typically underdeveloped - 2 cases (Figure 4b).
* Partially developed single ovary — 2 cases (Figure 4c).

* Two cirrus sacs within the same proglottid - 5 cases (Figure 4d).

* Ovary located on the opposite side (anterior margin) of the proglottid -3
cases (Figure 4e).

* Presence of an additional ovarian lobe alongside a fully developed ovary — 7
cases (Figure 4f).

* Absence of an ovary — 1 case (Figure 4g).
2.Incomplete strobilation:

* The process of strobilation did not always correspond to proglottization.
During the segmentation and growth of the strobila, a proglottid with typical
morphology was connected to another proglottid possessing an incompletely
developed ovary, along with the cirrus sac (Figure 4h).
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a b

Figure 4.

Microphotography and schematic illustrations of the morphology of the normal mature proglottid (a) and the
malformed proglottids (b-h) of tapeworm Proteocephalus percae b—doubled ovary, c—single ovarian lobe,
d—two cirrus sacs within the same proglottid, e—misplaced ovary, f—three-lobed ovary (extra ovarian lobe),
g—missed ovary, h—incomplete strobilation; cs — cirrus sac, t — testes, ov — ovary, vf — vitelline follicles.

Among all abnormalities observed in the entire sample of Proteocephalus percae
individuals, incomplete strobilation was the most frequent, occurring 23 times
(Figure 4h).

In aquatic environments, high concentrations of pollutants persist for long
periods, leading to frequent changes in the structure and function of living organisms
[45, 46]. Several studies have noted pollution-induced anatomical and physiological
defects in fish and amphibians, attributed to toxic trace elements exposure [47-49].

Regarding parasites, certain parasitologists [50-52] provided numerous abnor-
malities in the cestodes, such as the duplication or partial absence of female and male
reproductive organs, the lack of male genital canals, abnormal segmentation, and
several variants of unusual positions of the ovary and testes, but not linked to envi-
ronmental stress.
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In the present study, we have confirmed the great ability of P. percae to absorb
and store toxic trace elements, mainly arsenic and cadmium. Cadmium and arsenic
are known for their teratogenic and cytotoxic effects [53, 54]. We assume that the
elevated levels of these two elements in parasites may play a significant role in the
development of the morphological deformities observed in tapeworms. However,
other factors such as developmental instability during the cestode’s ontogeny, genetic
disorders of the parasites, or detrimental ecological factors, cannot be ruled out.

4, Conclusions

The results of the present study indicate that the Ruzin water reservoir remains
highly contaminated due to historical pollution from intensive mining and ore pro-
cessing. The elevated levels of mercury detected in perch muscle exceeded European
food safety limits, highlighting potential health risks for local consumers. Therefore,
we strongly recommend the establishment of routine monitoring of heavy metal
concentrations in this area. Trace element concentrations varied across different fish
matrices, with the highest levels found in the kidney and liver. From a bioindication
perspective, comprehensive heavy metal risk assessments should include matrices
beyond muscle. Parasites, particularly in mixed infections, exhibited higher bio-
concentration factors for certain elements than fish matrices. Significant negative
correlations between heavy metal concentrations in fish matrices and the presence of
parasites suggest that parasites may help reduce the metal burden in their fish hosts,
potentially offering a protective effect in polluted environments. A high percentage of
tapeworm specimens exhibited abnormal proglottid development, including struc-
tural deformities and incomplete strobilation, likely influenced by elevated levels of
toxic elements in the parasites. The frequency of these malformations in tapeworms
could serve as an alternative indicator for monitoring aquatic contamination. Fish
intestinal parasites, due to their efficient accumulation of contaminants, provide
a more accurate reflection of the current state of environmental contamination.
Additionally, they can influence the levels of pollutants in their hosts. Therefore, we
propose that fish intestinal parasites should considered in assessments of aquatic
environmental conditions.
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Chapter 6

Impacts of Heavy Metals on
Aquatic Dwellers: A Literature
Review

Femi Peter Adesina

Abstract

Heavy metals are one of the key contaminants and pollutants of the aquatic
ecosystem, that are not only posing a life threat to aquatic dwellers, but also they are
of a serious concern for human health. Humans are at risk because man depends on
aquatic resources for food and medicines. Although heavy metals can be naturally
released into the aquatic environment, their presence is majorly attributed to anthro-
pogenic activities such as the indiscriminate disposal of household and industrial
wastes, mining, fertilizer, and pesticide application. Heavy metals are metals that
are greater than 5 g/cm’ in density and additionally, highly soluble and persist in the
environment for a long period of time, and therefore easily accumulate in a food
chain. Due to the close contact between aquatic organisms and water bodies, aquatic
organisms easily take up heavy metals in dissolved form. Therefore, this paper reveals
different kinds of aquatic dwellers, the ecological risk assessment and the toxicity
effects of heavy metals in aquatic ecosystems. Furthermore, the bioaccumulation of
heavy metals on man as a final consumer was discussed and the affected body organs
were revealed. Finally, there are discussions on some the bioindicators of heavy
metals and their remediation from the aquatic environment.

Keywords: bioindicator, heavy metals, risk assessment, remediation, parasites, insects

1. Introduction

Urbanization, rapid industrialization, and advancement in technology comes with
environmental pollution, and this has been the present-day challenges in society [1].
Heavy metals are one of the key contaminants and pollutants that pose a life threat
and are of serious concern to human health [2, 3]. Heavy metals are made available in
the environment through natural occurrences such as weathering of rocks and volca-
nic eruptions, and largely by anthropogenic activities such as mining, smelting, fertil-
izer and pesticide application, and industrial emissions (Figure 1). They are defined
as metals greater than 5 g/cm’ in density and additionally, highly soluble and persist in
the environment for a long period of time, and therefore easily accumulate in a food
chain. Though the presence of some of the metals (such as copper, cobalt, manganese,
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Figure 1.
Sources of heavy metals in aquatic envivonment (Source: By the author).

iron, and zinc) at alow concentration aids in biochemical and physiological processes
in a biological system, their aggravation above acceptable threshold concentrations is
lethal and a threat to life [4].

Above 75% of the Earth’s surface is composed of aquatic regions, while approxi-
mately 2.5% is distributed among the soil, glaciers, polar ice caps, subsurface,
and atmosphere. The aquatic environment receives a heavy load of contaminants
and pollutants that disgorge heavy metals such as plastics, chemicals, spill oils,
sewages, and refuges from surroundings. Seepage, runoff water, and gullies take
toxic metals from hillsides, streams, lakes, and rivers, gather them together, and
then channel them into the ocean and sea. While this does not exclude the most
developed countries in the world, it is also prominent in developing countries. Tao
etal. [5] reported heavy metals in seawater and sediment from Daya Bay, South
China. According to European Environmental Agency [6], 96% of the assessed area
of the Baltic Sea was contaminated with harmful chemicals or metals, 91% of the
Black Sea, 87% of the Mediterranean, and 75% of the North-East Atlantic Ocean.
Likewise, Akinnifesi et al. [7] revealed the occurrence of heavy metals from water
bodies across the Southwestern of Nigeria. Addo-Bediako et al. [8] investigated
heavy metals and metalloids in the sediments of the Spekboom River, South Africa,
and found high concentrations of Cr and Ni, among other metals at all the sites
examined. Cd, Ni, Zn, and Co were also detected by Al-Ghanim et al. [9] at the Indus
River, in the Mianwali district of Pakistan. The most commonly found heavy metals
in water include cadmium, chromium, cobalt, copper, lead, mecury, nickel, and zinc
[10]. It is a point to note that aquatic ecosystems hold a diverse number of organ-
isms, including microorganisms, invertebrates, insects, plants, and fishes [11]. The
presence of heavy metals is one of the main types of pollution that may stress the
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biotic community in aquatic ecosystems. Even, at low concentrations heavy metals
can be absorbed by aquatic organisms, plants and into the sediment [12], and then
accumulate over time. This can lead to a decrease in productivity, loss of biological
diversity, alteration of habitats, and risks for human health. Humans are at risk
because of man dependent on aquatic resources for food, medicines, and materials
as well as for recreational and commercial purposes such as fishing and tourism [13].
Therefore, maintaining a good aquatic environment, free from contaminants (such
as heavy metals and other stressors) is crucial for human health, socioeconomics,
and sustainability reasons.

2. Methods

The following search engines were searched: ScienceDirect, Medline/PubMed,
and Google Scholar to retrieve literature with the keywords heavy metals, aquatic
environment, bioindicator, and remediation. Specifically, papers that were published
from 2000 to 2024 were examined. In order to ensure that the literature dataset is
specifically centered on the topic of the chapter, a thorough manual screening process
was conducted. Initially, a total of 167 articles were collected, and ultimately, 116 were
selected for usage. Therefore, papers that did not mainly focus on heavy metals in the
aquatic ecosystem were not included.

3. What are aquatic dwellers?

Aquatic dwellers are organisms that inhabit the aquatic environment such as phy-
toplankton, zooplankton, aquatic plants, insects, fish, birds, mammals, and others.
Biodiversity in an aquatic environment depends on the types of aquatic ecosystems.
There is a freshwater ecosystem that comprises rivers, lakes, ponds, streams, reser-
viors, wetlands, and groundwater, and a marine ecosystem that includes estuaries,
coral reefs, mangroves, and oceans. In addition, many factors regulate the presence
and distribution of dwellers in an aquatic environment such as temperature, pH, cur-
rent, dissolved oxygen, available food, altitude, season, vegetation, and competition
[14, 15]. Different kinds of dwellers in aquatic ecosystems can be microorganisms,
plants, insects, and animals.

Microorganisms encompass organisms from the plant kingdom, protozoa, bacte-
ria, and fungi. These organisms are very small in size, so they cannot be seen with the
naked eye, except through the aid of a microscope. Though some colonies are visible
to the naked eye. Microorganisms are present in vast quantities everywhere and can
survive extreme physical and chemical conditions. Microorganisms are an important
part of aquatic ecosystems because of the many roles they play, such as their role in
decomposition, releasing nutrients stored in organic tissue, capturing the sun’s energy
through photosynthesis, and being a source of food and nutrients for other organ-
isms, present in the aquatic ecosystem such as protozoa [16]. These microorganisms
also play a critical job in remineralizing and restoring the nutrients which influence
the materials circulation in aquatic ecosystems [17].

Aquatic plants or macrophytes primarily grow in water and can be grouped into
classes based on the positioning of their root and leaves; algae, floating plants, sub-
merged plants, and emerged plants. They are primary producer just like land plants
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but different in terms of developing adaptable features such as air sacs, flat leaves,
and hollow roots that make them survive the aquatic environment. They require light,
water, and carbon dioxide for photosynthesis, oxygen to respire, and micro- and
macronutrients [18]. Aquatic macrophytes act as a source of food, provide shelter and
refuge for small animals, influence water flow, help in biogeochemical cycles, provide
habitat structural complexity, and affect the conservation ecology and the diversity
and composition of other biotic assemblages [19-21].

Insects represent more than half of animal biodiversity on the earth and represent
90% of the aquatic invertebrate fauna. Some species of insects inhabit or live at a
particular stage of their life in aquatic environments [22]. The majority of aquatic
insects are found in freshwater habitats such as springs, streams, rivers, lakes, ponds,
wetlands, and bogs, while few of them dwell in marine habitats [23]. Aquatic insects
may primarily dwell in aquatic habitats or move from terrestrial to aquatic habitats
and there are up to 100,000 species of them, from 13 orders [24, 25], with over 200
identified species that are edible [26]. Some of the orders are Coleoptera (5000
species of beetle are considered to be aquatic), Collembola (Springtails), Diptera
(Craneflies, mosquitoes, non-biting midges, blackflies), Ephemeroptera (Mayfly),
Hemiptera (there are around 3800 known species of aquatic and semiaquatic, such
as giant water bugs, water strider, backswimmer), Hymenoptera (diving wasps),
Lepidoptera (butterflies and moths), Neuroptera (alderflies, dobsonflies, and
spongillaflies), Odonata (damselflies and dragonfly), Plecoptera (stone flies), and
Trichoptera (caddisflies). They are at the bottom of the food, serving as a food source
for other aquatic animals and their presence in a water body is a good indicator of a
healthy environment.

Aquatic animals are diverse and it is estimated that about 1.4-1.6 million marine
species exist on earth but 24,000 species are known. Account of animals in fresh-
water is yet to be well documented, but there are more than 10,000 fish species and
5778 identified species of amphibian’s phylum, in freshwater habitat [27, 28]. Based
on internal structure there are vertebrate and invertebrate types that may reside in
fresh or marine water. Vertebrate types are fishes (bony and cartilaginous such as
groupers, tuna, sharks, and rays), reptiles (crocodiles, sea turtles, sea snakes, and
marine iguanas), birds (penguins, pelicans, seagulls, and herons) and mammals
(whales, dolphin, beluga, hippo, rhinoceros, manatee, dugong, seal, sea elephants,
sea lions, walrus, and rodents such as otter and capybara). Examples of invertebrates
are marine worms, jellyfish, hydra, coral, polyps, sponges, leechs, mussel, octo-
puses, cuttlefish, sea anemones, sea cucumbers, sea snails, limpets, clams, starfish,
sea urchins, ofiura, sand dollars, crayfish, barnacles, lobsters, crabs, and shrimp.
They serve as sources of nutrients and food for man and other predatory animals.
Therefore, aquatic animals are an essential component of the aquatic ecosystem.

4. Ecological risk assessment of heavy metals

Ecological risk assessment is the process of evaluating how likely and the degree
of effects that exposure to environmental stressors (such as heavy metals, other
chemicals, or diseases) which result from human activities, have on organisms or
ecosystems. Many methodologies and models (Table 1) have been developed to assess
the ecological risks of heavy metals.
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Procedures/ Functions Formula
Models
Contamination For monitoring CF= Mc [29]
factors (CF) the heavy metal Bc
enrichment in Mc - sample metal concentration.
sediment over a period Bc - background metal concentration.
of time. CF > 1is moderate to very high
contamination.
Geoaccumulation To determine the Csample [30]
index method heavy metal pollution Igeo=log2 [W
load, i.e. the degree of
contamination. Csample represents the heavy metal sediment
concentration.
Cbackground represents the heavy metal
geochemical background concentration
(mg kg —1).
If Igeo > 1 is moderately to extremely
polluted
Enrichment To determine the ( M) [30]
. —- |sample
factor metal abundance in EF = Fe
the sediment. M
(—)baeground
Fe
M - metal investigated
Fe - iron, a reference metal (Mn or Al can also
be used).
EF < 2 is deficiency to minimal enrichment
Pollution load A sediment quality PLI = (/CFl xCF2xCF3x [29, 30]
Index (PLI) assessment index. It
is a geometric mean n- re.pre.sents metal numtTer .
of the n number of a CF - indicates the contamination factor.
metal’s CF values at a PLI > 1 is progressive deterioration.
particular site
f:gif‘g;; Risk E . To determine the RI= ZEj (29, 30]
single metal-mediated =
ecological risk in the E =T.C}
sediment.
RI - To evaluate the } = Lrnple
combined pollution Cbackground
risk of an ecological E . . o .
system. ’ is the potential ec?loglcal risk associated
with the heavy metal i.
T s the toxic response factor for a given
metali.
RI > 150 is moderate to very high risk
Bioconcentration To assess the effects of Corganism [30]

ratio (BCR)

toxic heavy metals on
biotic organisms.

BCR=

Corganism is the metal concentration (mg/kg) in

the organism.

Copater/sediment 18 the elemental concentration
(mg/L) in the sample H,O/sediment.
BCR value >1 indicates bioaccumulation.

" Cwater | sediment
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Procedures/ Functions Formula
Models
Bioaccumulation To assess the effects of BAC = C plant [30]
coefficient (BAC) toxic heavy metals on Cuwater [ sediment
plant.

Cplant is the concentration of metal in the plant
Cpater/sediment 18 the metal concentration in
sediment/water.

BAC value >1 indicates bioaccumulation.

Probabilistic The software estimates Utilizing ecotoxicity or dose-response data. [31]
risk assessment of the hazardous

model, concentrations of

AQUARISK. metals in sediments or

water likely to affect
a certain percent of
species at a chosen
confidence level can

be made.
mean Sediment For assessing the
Quality potential effects of
Guidelines contaminant mixtures
(SQG) quotient in sediments and biota
(mSQGQs)
Table 1.

Different procedures for assessing the ecological visk of heavy metals in an aquatic ecosystem.

5. Effects of heavy metals on aquatic animals

Due to the close contact between aquatic organisms and water bodies, aquatic
organisms easily take up heavy metals in dissolved form. Uptake of heavy metals
from the water body by aquatic organisms can take place through gills, their digestive
tracts, or subcutaneous layers [32, 33]. Then metal ions bind to specific proteins when
entered into the bloodstream, transported to various organs or parts in the organism
body (digestive gland, muscle, intestine, kidney, and liver) [34] through the facili-
tated diffusion across their cell membrane or by active transport or carrier-mediated
pathways for utilization, storage, and release. Ali et al. [3] stated that gills, liver, and
kidneys (metabolically active tissues) accumulate heavy metals higher than other
tissues such as skin and muscles. Heavy metals dissolution, availability, uptake, and
toxicity depend on water-dissolved organics, temperature, pH, salinity, ionic strength
and hardness, sedimentary load, metal speciation and distribution in water, the
organism?’ size, age, assimilation efficiency, feeding strategies, digestion efficiency,
intestinal transit time, and reproductive stage [35-38]. For instance, Vajargah [39]
revealed that larger and older fish accumulate high concentrations of heavy metals
in marine areas with a high density of phytoplankton compared to areas where the
amount of phytoplankton is lower. Many researchers have investigated the uptake
and bioaccumulation of heavy metals in various aquatic animals and this is shown in
Table 2.

Likewise, many researchers have documented the effects of heavy metals in
aquatic animals at different levels of biological organization, both in a review and
original research studies (Table 3). Furthermore, it is also a point to note that
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Aquatic animal Part Heavy metals Location Authors
Crocodile Muscle As, Pb, Hg, Tl, Mo, Olifants River [40]
Cu, Ba, Zn, U, Au, of the Kruger
Ag, Ni, Co, Fe, Pt. National Park
(KNP), South
Africa.
Alligators (Alligator Liver As, Cd, Cu, Fe, Pb, Louisiana and [41]
mississippiensis) Se, and Zn. Florida (legally
harvested).
Sharks Muscle tissues Cr, Fe, Cu, Zn, As, Sea area between [42]
Se, Sn, Sb, Pb, Hg, Gapa Island and
and MeHg. Mara Island.
(“As” detected was
above the regulatory
maximum limits of
many organizations,
including the Codex
standard).
Blood Hg and As (at levels South Africa [43]
considered toxic in (Algoa Bay, False
other vertebrates). Bay, Gansbaai,
Mossel Bay, and
Struisbaai).
Muscle tissue Cd, Pb, Cr, Mn, Bahamas region [44]
Co, Cu, Zn, As,
Ag, and THg. The
concentrations
detected are
considered toxic for
human consumption.
Whales Humpback skin Elevated levels of Gulf of Maine [45]
biopsies. Al, Cr, Fe, Mg, Ni,
and Zn.
Striped dolphins Internal tissues Hg showed Murcia Region [46]
(Stenella coeruleoalba) the highest
concentration,
followed by Se, Cd,
As, and Pb.
Freshwater fish Wallago Muscles, skin, Cd, Ni, Zn, and Co Indus River in the [9]
attu (lanchi) gills, and liver Mianwali district
of Pakistan.
Fish Clarias gariepinus, Muscle Fe, Zn, Mn, Cu, Cr, Chanchaga River [47]
Tilapia zillii, and and Pb. in Minna, Niger
Raimas nigeriensis State, Nigeria.
Benthic cyprinid fish Muscle, liver, As, Cu, Fe, Mn, Se, The Vaal Dam. [48]
(Labeo umbratus) kidney, gill, and Sr., Zn Cd, Cr, Hg, South Africa.
spinal cord and Ni.
Cultured freshwater Muscle Zn, Cd, Cr, Pb, Ni, A commercial [49]

fishes (Labeo rohita,
Cirrhinus mrigala,
Hypophthalmicthys
molitrix, Labeo bata,
Puntius savana)

and As.

fish farm,
Natore district,
Bangladesh.
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Aquatic animal Part Heavy metals Location Authors
The Pontic shad fish Muscle tissue Cd, As, Cu, Zn, Pb, Danube River at [50]
(Alosa immaculate) Fe, Mg, Ni, Hg, Fe, Romania, and

and Cr. Serbia. The Black

Sea in Bulgaria,
Romania, and

Turkey.
Painted turtles Liver and Hg (tHg) Lake Michigan [51]
(Chrysemys picta) muscle tissue (USA) coastal
wetlands.
Nase (Chondrostoma Muscle, gill, Pb, Cd, Cr, Cu, Mn, Szamos River, [52]
nasus), Barbel (Barbus and liver Sr., Fe, and Zn. Hungary.
barbus), Chub (Squalius
cephalus)
Table 2.
Instances of heavy metal accumulation in aquatic animals.
Reported effects Authors
It causes cellular and molecular stress (on proteins, redox homeostasis, cytoskeleton [53]
rearrangement, metabolism reshuffle, cellular energy and mitochondrial metabolism, and
immunity).
At the embryonic, alevin, and larvae stages of organisms, they can potentially react with [33, 54-56]

nucleic acids, enzymes, vitamins, hormones, and other substances in the organisms and
change chemical structures and biological activities. Leading to the susceptibility to predators
(impaired locomotor performance), vertebral deformities, disease, and death, and therefore
reduces the survival and growth of fish larvae.

Exposure to copper inhibited skeletal ossification, while lead caused scoliosis. [57]

Cd alters the reproductive and physiological behaviors of freshwater organisms. It causes [58-63]
cell DNA synthesis inhibition, interferes with many protein and carbohydrate metabolism

by inhibiting the enzymes involved in the processes, perturb the ion balance, interacts with

calcium metabolism, and causes abnormally low calcium levels (hypocalcemia) in fish. Induces

both hepatic and renal injuries in mammals and fish.

Sub-lethal and teratogenic deformities such as growth retardation, lack of tail development, [64]
lack of eye lens (placode), yolk sac edema, pericardial edema, hemorrhages, shrinkage of the
chorion, and scoliosis were observed in metal-treated embryos (zebrafish embryos).

Ni exposure promoted the formation and phagocytosis of superoxide anions in the hemolymph [65]
of crab but significantly inhibited phenoloxidase activities.

Hg competes with other substances in the body of an organism. [33]
Chromium produces malformation effects on organisms at higher concentrations. [66]
Table 3.

Effects of heavy metals on aquatic animals.

reactions resulting from a combination of metals may pose more effects on an organ-
ism compared to the effect of an individual metal. In support of this, Zhou et al. [67]
investigated the combine toxicity of eight heavy metals and found that their mixture
arrested JB6 cells at the S phase, and also induced the generation of ROS and cell
apoptosis. Likewise, this was also highlighted by Li et al. [68] when revealing the
cocktail effects in risk assessment of metal toxicity.
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6. Effects of heavy metals on aquatic plants

It is commonly recognized that aquatic plants may concentrate and accumulate
large amounts of a variety of chemicals, including metals. Their uptake of metal from
the environment, concentrates it on the trophic chains with an accumulative effect.
Multiple studies have demonstrated that aquatic plants serve as storage for heavy met-
als in aquatic ecosystems. In 2018, Bai et al. [69] investigated heavy metals accumula-
tion in aquatic plants in rivers and lakes in the Taihu Basin, China, and Ti, V, Cr, Mn,
Fe, Co, Cu, Zn, and Ni were detected in P. malaianus, E. crassipes, and H. verticillata
and N. peltata. Heavy metals were also detected in samples of the aquatic plant species
P. crispus and S. natans collected from four rivers in Linyi City, China by Xiuling et al.
[70]. Likewise, in the plant, the specificity of metal, concentration, chemical form,
pH, and plant species determine the heavy metal toxicity in the plant. Though the
plant root is the primary contact site, the whole plant body is exposed to metal ions
in the aquatic system [71]. The toxicity of heavy metals may be felt in the physical
and biochemical properties, and cellular level of aquatic plants, causing reduction,
inhibition, and impairment of growth, enzymes, and mineral nutrients or initiating
the formation of free radical and reactive oxygen species or even plant death [72].

Table 4 shows the toxic effects of excessive amounts of metals on aquatic plant.

Metals Effects
Cadmium (Cd) * It disorganizes chloroplast causing the damage of photosynthetic [73]
pigments.

It has an adverse influence on the enzymatic systems of cells, oxidative
stress, and inducing nutritional deficiency in plants.

It reduces protein content.

Thereby causes growth inhibition or complete death.

Iron (Fe) It inhibits the synthesis of chlorophyll and protein as well as carbohy- [74]

drates and the uptake of phosphate and nitrogen.

Nickel (Ni)

It reduces protein content. [75]

It causes chlorosis and necrosis in different plant species.

Impairment of nutrient balance and resulted in disorder of cell mem-
brane functions.

It decreases the chlorophyll contents and growth.

Arsenic It inhibited photosynthesis, hence impeding the plant’s growth. [76]

Zinc (Zn)

It reduces chlorophyll content. [771

It reduces protein content.

It also causes chlorosis, a purplish-red color appearance in the leaves, and
enhances the shedding of older leaves.

Browning and decaying of roots could be observed.

It results in retarded growth and causes senescence.

Copper (Cu) It inhibits the synthesis of chlorophyll and protein as well as carbohy- [74, 78]

drates and the uptake of phosphate and nitrogen.

Withering of roots, chlorosis, necrosis, and lower leaves gets decayed.

It significantly slowed or stopped the growth.
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Metals Effects

Mercury (Hg) It decreases the chlorophyll content of the aquatic plant. [79, 80]

It binds to water channel proteins, thus inducing leaf stomata to close and
physically obstructing water flow in plants.

It leads to the disruption of biomembrane lipids and cellular metabolism
in plants

It causes developmental and behavioral abnormalities, impaired repro-
duction and survival, and in some cases direct mortality.

Lead (Pb)

It reduces the uptake of essential elements such as magnesium and iron [81]

by plants.

Thereby, powerfully inhibits the vital enzyme of chlorophyll biosynthe-
sis, a-amino levulinate dehydrogenase, and nitrate reductase.

Strongly limits the development and sprouting of seedlings.

It inhibits the growth of roots and aerial plant parts (even in low
amounts).

Cobalt (Co)

It restricted the concentration of Fe, chlorophyll, protein, and catalase [82]
activity.

Significantly decreased water potential and transpiration rate.

It affected the translocation of P, S, Mn, Zn, and Cu from roots to tops.

Manganese (Mn) It causes a reduction of photosynthetic rate, and necrotic brown spotting [82]

on leaves, petioles, and stems.

Chromium (Cr) It severely affects the physiological and biochemical processes of the [83]
plant; causing a reduction in root growth, enzymes (catalase, peroxidase,
and cytochrome oxidase), nutrient imbalance, leaf chlorosis, inhibition

of seed germination, and depressed biomass.

Table 4.
Toxicity effects of excessive amounts of metals on aquatic plants.

7. Man as a final consumer

Man is a heterotrophic and therefore also rely on aquatic plants and animals for
feeding. Aquatic animals play an essential role in feeding the world’s growing popula-
tion. Out of the world population, 3.3 billion people (approximately 42%) depend on
aquatic animals for their protein resources. It is estimated to have 20% daily intake
among other protein sources that humans consume [84]. Through the food chain,
there is a transfer of heavy metals from prey into the predators and finally to man
(Figure 2). Some of the predators are larger species with a longer life span and can be
able to accumulate larger amounts of heavy metals as long as they live. According to
Vajargah [39], they lived up to 25 years or even more. If it is not the whole body of the
animal that will be consumed (such as crayfish, prawn, small fish, and crab), among
the body parts of the aquatic animal that stored heavy metals which human beings
generally consume is the muscle tissue or fillet. Although liver, kidney, and bone also
stored heavy metals, Mohammadi et al. [85], Forouhar et al. [86], and Sattari et al.
[87] opined that some people do not usually consume them. It is a fact that heavy
metals are of serious threat to human health and cannot be easily removed from
the human body when consumed, thereby accumulating over time. Papp et al. [88]
revealed that individuals can be exposed to synergistic health risks of Hg with other
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Figure 2.
Bioaccumulation of heavy metals and affected ovgans in human beings (Source: By the author).

metals like Al, Cu, Pb, Cd, and Mn when shark meat is consumed. Such accumulation
and combination can result in acute, chronic, or long-term hazardous effects such as
physiological, structural changes, teratogenic, damaging organs (brain, liver, kidney,
lungs, and blood composition), and poisoning effects, once the physiological load of
the human body is exceeded [33, 89].

8. Bioindicator of heavy metals

Bioindicators are living organisms or species that are used to evaluate the health
condition of the natural ecosystem in the environment [90]. Citing from literature,
plants, animals, and microorganisms have been identified to serve as an indicator
of pollution in an ecosystem. Such as fungi, bacteria, algae, Zooplankton, lichen,
earthworm, frog and toads, insects, date mussles as well as parasites [90-92]. Their
availability, abundance, toxin and enzymes produced, appearance, physiology,
and cellular alterations have served as parameters to presume contamination in the
environment. Any bioindicators that reflect the aforementioned parameters are called
effect bioindicators while those that show no deleterious outcomes even after effec-
tively accumulating heavy metals or other chemicals into their body system more than
the available concentration in their surroundings are called accumulation bioindica-
tors (sentinels) [93]. For instance, no negative effects on shark health parameters have
been reported yet on heavy metal intakes, but they are vulnerable to bioaccumulation
of heavy metals.

8.1 Insects as bioindicator

Heavy metal bioaccumulation on the aquatic insect body, their abundance and
diversity can serve as bioindication of heavy metal contamination of an aquatic
ecosystem. Some of them have a high tolerance to environmental pollutants
(Chironomidae - chironomids and Hydropsychidae - caddistlies) while others are
relatively less tolerant. Mohd Rasdi et al. [94], Starr and Wallace [23] also identified
the order Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (cad-
dies flies) to be very sensitive to pollution and only inhabit an aquatic ecosystem with
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good water quality. Similarly, Odonata are important insects for assessing the quality
of aquatic habitats, particularly in evaluating the overall health of water bodies. They
undergo a larval stage in water and live in adult form on land near freshwater, which
makes them a potent tool for assessment. Dragonfly larvae have a vast distribution
within waters, an extended lifespan, a predatory nature, and a role as prey in aquatic
ecosystems. Consequently, they have the ability to acquire and transport substantial
quantities of heavy metals within the food chain. An index quantifying the propor-
tion of heavy metal present in the aquatic population can be established by collect-
ing a sufficient number of dragonfly larvae samples. Adults may contain less metal
because, during the molting process to adulthood, the larvae shed their exoskeletons
(exuviae) and lose the metals that were present in them. Dragonflies have been
identified to be the most sensitive to habitat disturbance, as their presence confirms
such water is free of pollution [95]. Many researchers have studied and confirmed the
potentiality of dragonflies and damselflies as a bioindicator of environmental metallic
elements [96-98]. Moreover, instead of using chemicals to check for heavy metals
pollution, insects are readily available, accessible, cheap, and provide a more accurate
understanding and useful ways to bio-monitor aquatic systems [99].

8.2 Fish as bioindicator

Fish consume metals dissolved or usable and can therefore function in a water
ecosystem as a reliable metal contamination indicator. Atlantic mackerel (Scomber
scombrus), due to its feeding activity and bottom-feeding habits, was considered an
excellent research organism for heavy metal contamination [100]. The most suscep-
tible to contaminants is commonly regarded as fish embryos and larvae, so they are
widely used as bioindicators for water quality assessment [101].

8.3 Plant as bioindicator

Plants in the aquatic environment, accumulate dissolved metals through their
roots, stems, and leaves into their body system. So, they are also a good bioindicator
for metals monitoring in an aquatic ecosystem. Ceratophyllum demersium has been
identified by many researchers to be a useful plant for biomonitoring of heavy metals
in a water environment [102-104]. Likewise, P. crispus, Salvinia natans, Typha latifolia
L., Lemna sp, Hydrilla verticillata, Elodea canadensis, Hyrocotyle ranocloides, Azolla

filiculoides, Pistia stratoites, Spivodela polyrhhiza, Wolffia globose, Potamogeton pectina-
tus, Najas armata, and Eichhornia crassipes are also suitable as bioindicator of heavy
metal pollution [69, 70, 80, 105].

8.4 Parasites as bioindicator

Recently, research has focused on using parasites to check the health status
of an aquatic system. As parasites react differently to a variety of stressors in the
environment, their presence or absence in a host signals the contamination of the
host environment [106-108]. In fish, trematodes, nematodes, cestodes, and acan-
thocephalans have been studied to indicate heavy metal contamination in an aquatic
environment [107, 109]. Keke et al. [47] reviewed that the presence of aforementioned
helminth parasites helps their host to survive the metal toxicity by taking up the
higher concentration of the heavy metal absorbed by their host; serving as a metal
sink. The research of Tellez and Merchant [41] conformed to this, as the parasites in

116



Impacts of Heavy Metals on Aquatic Dwellers: A Literature Review
DOI: http://dx.doi.org/10.5772/intechopen.1008328

the alligator stomach, lung and intestine accumulated a higher amount of As, Cu, Se,
and Zn out of the other metals investigated than the amount found in its liver. Keke
etal. [47] further established that zinc has the closest relationship with most of the
fish parasites, and therefore, the parasites could be used to indicate metal pollution
and as well as zinc detection in the water signal parasitic infestation in fish. Therefore,
research has to look more at the relationship that exists between heavy metals and
some parasites, the effects of heavy metals on host parasites, and the resistant
mechanism against metal toxicity.

9. Remediation of heavy metals in aquatic

Remediation is the removal or the cleanup of contaminants from the environment.
Different methods have been introduced and tested to remove heavy metals from
the water body. The efficiency of each method differs from one another and also the
application of these methods in a wide-open aquatic system, and without having a
negative effect on the dwellers is another research area that is of interest. Some of
these methods are:

Phytoremediation, is the use of plants to remove, detoxify, or immobilize heavy
metals from the environment. Such plant species must be fast-growing, highly
resistant, and have a high capacity to bioaccumulate heavy metals. There are associ-
ated microbes that may likely work hand in hand with such a plant for the cleanup.
This method is a low-cost solution, environmentally friendly, and useful for a wide
range of metals [110]. The limitation is that the process may take a longer time, may
not be efficient where there is heavy contamination, or becomes an invasive species as
suggested by Ansari et al. [111].

Bacteria, fungi, and algae have been used in several researches to demonstrate
the remediation ability of microorganisms. Microorganisms are everywhere inter-
acting with the environment either positively or negatively. Some of the beneficial
consequences of microbes are their involvement in biodegradation, elemental bio-
geochemical cycles of metal transformations, and full mineralization of heavy metals
[112, 113]. Their ability to remediate depends on water pH, temperature, oxygen,
bioavailability and concentration of metal, presence of other ions, osmotic pressure,
and electron acceptors [114].

Nanobioremediation, is a bionanotechnology that uses nanoparticles to enhance
microbial activity in order to remove toxic metals from the environment. This has
been reported that nanobioremediation is very effective for a wide range of heavy
metals removal than conventional methods [115]. Genomics is another explorable
aspect for the remediation of heavy metals in the aquatic environment.

Conventional methods like adsorption, electro-dialysis, chemical precipitation,
ion exchange, chemical oxidation or reduction reactions evaporative recovery, reverse
osmosis, and sludge filtration [116] are also in use for the removal of heavy metals in
an environment but are expensive and sometimes impracticable in local conditions.

10. Conclusion

Different kinds of dwellers in aquatic ecosystems can be microorganisms,
plants, insects, and animals. From this review, biodiversity in an aquatic environ-
ment depends on the type of aquatic ecosystem. In addition, many factors regulate
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the presence and distribution of dwellers in an aquatic environment. Meanwhile,
alterations in the environment and human-induced actions are causing an elevated
discharge of some metals from their natural storage locations back into the water
body. It was revealed that aquatic organisms serve as storage for heavy metals through
bioaccumulation, and the accumulation of heavy metals in organisms depends on
body parts, size, age, environment, and other factors. A combination of heavy metals
may pose more risk than individual effects. Heavy metals have a deleterious impact
on the vital growth processes of aquatic species, and the effects worsen as the con-
centration of pollutants increases with time. Contamination factors (CF), the geoac-
cumulation index method, the enrichment factor, the ecological risk index (RI), and
so on are notable ecological risk assessment methods used in evaluating the likelihood
and degree of the effects of exposure to environmental stressors. Man, depending on
aquatic dwellers as a source of food, is significantly impacted by the synergetic health
risk of this accumulation, thereby leading to acute or chronic health issues, poison-
ing, and damaging vital body organs in man. Given the significant role that aquatic
species play in the food chain, the relatively small amounts of heavy metals in these
organisms, even if they are below permissible maximum limits, need to be taken into
consideration. Further study is required due to the possibility of heavy metal deposi-
tion and transfer through food chains in aquatic environments, as it will shed light on
potential risks to human health.

Among the many bioindicators discussed, insects, particularly dragonflies and
damselflies, are quick and useful indicators of whether or not aquatic habitats are
contaminated with heavy metals. In addition to conventional approaches, plants and
microorganisms serve as very efficient biological agents for eliminating heavy metals
from severely contaminated settings. However, the choice of using either plants or
microorganisms depends on the specific type of contaminant and its concentration
in the environment. It is crucial to consistently assess the levels of contaminants in
aquatic organisms in order to gain a deeper comprehension and forecast the impact
of evolving aquatic ecosystems on human health and the ecosystem. Therefore,
controlling heavy metal contamination in the environment should be prioritized
by the government and other environmental organizations. Future research should
prioritize the investigation of factors that contribute to enhancing in situ bioreme-
diation methods. Additionally, it is crucial to examine the feasibility and flexibility
of these methods in many challenging settings, including unfavorable and heav-
ily contaminated environments with multiple heavy metals. Future studies could
potentially further understand the combined toxicity and the underlying mechanisms
of multi-heavy metal contamination.
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Phytoplankton Diversity and
Heavy Metal Accumulation: A Case
of Suneka Wastewater Treatment
Plant, Kenya
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Abstract

Knowledge of the nature and composition of wastewater is critical in wastewater
treatment, reuse, and disposal. Suneka wastewater treatment plant (Suneka WWTP)
treats wastewater from Kisii municipality. The treated effluent is discharged into river
Riana. The Suneka WWTP does not have adequate capacity to treat all the wastewater
from the municipality fully. The discharge of partially or untreated wastewater into
the Riana River, particularly during system breakdown, is of great concern due to the
potential health risks it poses to the environment, humans, and animals. This chapter
discusses phytoplankton community structure in the Suneka WWTP and their roles
in wastewater treatment, especially in heavy metal accumulation. Phytoplankton
species identified belonged to Bacillariophyceae, Chlorophyceae, Cyanophyceae,
Euglenaphyceae, Zygnematophyceae, and Dinophyceae. The total phytoplankton
biovolume recorded was 680.99 mm’L . The phytoplankton also contributed to
wastewater polishing by converting nutrients into their biomass and removing heavy
metals from the wastewater column through bioaccumulation.

Keywords: wastewater, phytoplankton diversity, heavy metals, accumulation,
Suneka wastewater treatment plant

1. Introduction

Wastewater is of poor quality as it is rich in pathogenic microorganisms [1, 2],
heavy metals [3-5], organic and inorganic chemicals, and toxic substances [6-8].
Therefore, wastewater is unsuitable for domestic, agricultural, and industrial uses
and pollutes the environment [9-11]. The effects associated with release of untreated
or partially treated wastewater from domestic and industrial sources include the deg-
radation of aquatic ecosystems and pollution of surface waters resulting in outbreaks
of food poisoning, and water-borne diseases [1, 9, 12].
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Phytoplankton are free-floating microscopic plants in water, and they are the primary
producers providing food to aquatic organisms [13, 14]. The species commonly found
in most aquatic environments include Cyanophytes (blue-green algae), Bacillariophytes
(diatoms), Chlorophytes (green algae), and Pyrrophytes (desmids). Fauna and flora
community structures in aquatic environments are normally disrupted with pollution
[15]. Recent studies in Kisumu Bay, polluted with sewage discharge, showed that cyano-
phyte predominate [15]. Also, a study in treated wastewater maturation ponds showed
that physico-chemical parameters affect the dominance of Cyanophyta, Chlorophyta,
and Euglenaphyta. Atlow N:P ratio < 10, Cyanophyta predominate [16]. Therefore,
phytoplankton community structure can be used as a bio-indicator of the health status
of wastewater during the treatment process in the ponds [14, 16, 17].

In this study, the phytoplankton community structure of Suneka WWTP is
discussed including their role in wastewater polishing especially heavy metals
accumulation, evaluated. Comprehensively, the objective of this research was to
investigate the diversity of phytoplankton and the accumulation of heavy metals in
the context of the Suneka WWTP in Kenya. The study aimed to explore the variety
of phytoplankton species present in the wastewater treatment environment and to
understand how these organisms interact with and potentially accumulate heavy
metals. By examining both the biodiversity of phytoplankton and the levels of heavy
metals within these organisms, the research seeks to elucidate the ecological impacts
of wastewater treatment processes and the potential implications on environmental

and public health.

2. Materials and methods
2.1 Study area

The study was conducted in Suneka WWTP in Kisii County, Kenya. Physically,
it is located at Suneka at latitude 0039'30“S and Longitude 34042°30”E. The plan is
a lagoon system with functional ponds through which wastewater passes for polish-
ing. The effluent is discharged into River Riana, which eventually discharges into
River Kuja, a large river in Southwest Kenya, emptying its water into Lake Victoria
(Figure 1). The WWTP’s design capacity is 15,000 m’/day following renovation
from the previous design, which had a capacity of 8000 m*/day. The intent of
renovation was to improve the wastewater treatment capacity and its efficiency due
to increased domestic, institutional, and agricultural wastewater resulting from
an increased population within the municipality. The current design has addi-
tional ponds with enhanced capacity. The WWTP serves Kisii Municipality and its
environs.

2.2 Sampling

Field sampling was done during morning hours between 8:00 am and 10:00 am
once every month during May-August 2021. Nine sampling points were identi-
fied, including the Influent (inlet point when wastewater enters the WWTP), two
anaerobic ponds, one facultative, and two maturation ponds. The effluent before
discharge into the river besides to three points in the river, that is, at the confluent
and 100 meters up and downstream at the effluent discharge point into River Riana
(Figure1).
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Figure 1.

The study area map. Wheve: The sketch shows the Suneka WWTP design; the star indicates the sampling points.
The alphabet letters indicates: I-Influent; A-Anaerobic pond; F-Facultative pond; M1-Maturation pond 1;
M2-Maturation pond 2; E-Effluent; U-Upstream; C-Confluent; D-Downstream.

2.2.1 Phytoplankton sampling procedure

Field sampling was done during morning hours between 8:00 am and 10:00 am
once every month during May to August 2021. Nine sampling points were identi-
fied, including the Influent (inlet point when wastewater enters the WWTP), two
anaerobic ponds, one facultative, and two maturation ponds. The effluent before
discharge into the river besides to three points in the river, that is, at the confluent
and 100 meters up and downstream at the effluent discharge point into river Riana
(Figure1).

2.2.2 Phytoplankton identification and enumeration

Phytoplankton samples were collected at sub-surface level in triplicate by filtering
20 liters of wastewater through 20 pm mesh size plankton net and then the net con-
tents were poured into pre-cleaned well-labeled 500 ml plastic bottles at each sam-
pling station. The collected samples were immediately preserved by adding 2-3 drops
of 1% acidic Lugol’s iodine solution, and were then kept in a cool box and transported
to Kenya Marine and Fisheries Research Institute (KMFRI), Kisumu Centre labora-
tory for analysis. For heavy metals analysis, the phytoplankton samples collected
were preserved by adding 1 ml of concentrated nitric acid. The samples were then
clearly labeled, packed, put into an ice-cool box, and transported to the laboratory for
analysis. Quality control in laboratory analyses involves various measures to ensure
accuracy, proper calibration, and appropriate handling of samples. Accuracy was
maintained using certified reference materials, standard additions, and participation
in inter-laboratory proficiency testing. Calibration of instruments included regular
use of calibration standards, adherence to manufacturer guidelines, and routine
maintenance checks. Proper sample handling involved strict protocols for collection,
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labeling, storage, and processing to prevent contamination and degradation, along
with chain-of-custody documentation.

2.2.3 Determination of phytoplankton biomass

The phytoplankton biomass was determined as biovolume (mm’L™). For each
taxonomic group identified, the cell dimensions such as cell length, width, and depth
were measured from at least 20 specimen samples, which were randomly selected.
The geometric approximation method was used to calculate biovolume. Algal cell
density per unit of the projection area of the colony was estimated at a higher mag-
nification (400X) except for Microcystis colonies, which were measured at a lower
magnification of 40X. To estimate the depth of each colony, we used the fine adjust-
ment of the microscope to focus on the top and bottom of each colony. Biovolume was
calculated using the formula below [14]:

Biovolume (41g | L) = Geometric shapex Number of countsx Factor (1)

where Factor is the dimensions of the counting chamber and the microscope at
magnification level, that is, 400X.

2.2.4 Phytoplankton diversity indices

To determine the phytoplankton diversity and abundance across the different
sampling stations, four diversity indices were computed that is Shannon-Wiener (H'),
Margalef’s Index (d), Dominance (D), and species evenness) by following formulas
according to [18, 19].

Shannon-Weiner diversity index in a given habitat is the uncertainty of identity of
unknown individual calculated using the formula below;

Shannon — Wiener Index H' = ziPiLniPi )

where Pi is the proportion (n/N) of all the phytoplankton which belong to the ith
species, Ln is the natural log and } is the sum of the calculation.

In the Shannon-Wiener Diversity Index computation, it is assumed that all species
are represented in a sample and are randomly selected. Also, it accounts for both the
abundance and evenness of the species present. After calculation, the value obtained
normally ranges between 0 and 4. If the index value obtained after calculation is high,
then it indicates greater number complexity that is a diverse number of species within
a community in the sampling site.

Species richness is the number of species in a species list and is calculated using the
following equation [14];

Mavrgalef’s Index (d) determined as;

_s—1
~ Ln(N)

3)

Where S is the total number of species, Ln is the Natural log and N is the total
number of individuals.

Species evenness is the closeness in numbers of each species in a given habitat.
Calculated as follows [14];
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Evenness (E) was given as;
— H’
log$S

4)

where H' is the Shannon-Wiener diversity index and S is the total number of
species.

2.2.5 Heavy metal analysis

The heavy metals that were analyzed include zinc (Zn), lead (Pb), copper (Cu),
and cadmium (Cd).

In the laboratory, each phytoplankton sample was filtered through a pre-weighed
42 Whatman GF/C filter paper. The filter papers and the samples were then dried in a
horizontal flow oven (Model: Wisd-SWOF 50, 250VAC, 750 W) to a constant weight.
The weight of the dried filter paper with sample was then determined using an elec-
tronic analytical balance with an accuracy of 0.1 mg (Model: Shimadzu-ATX224). To
obtain the phytoplankton’s dry weight, the filter paper’s initial weight was subtracted
from the final weight of the dried filter paper with the sample. The dried filter papers
with the samples were then ground into a fine powder using a mortar and pestle. Each
obtained powder was then put into separate pre-cleaned beakers.

Wet digestion was conducted using Aquaregia (a mixture of HNO;/HCl in the
ratio 3:1). The digested samples were then filtered using Whatman No. 42 filter
paper. The obtained filtrate was transferred into a separate 100 ml volumetric flask.
The solution was diluted to the mark with distilled water, and then the samples were
transferred into separate plastic bottles, which were clearly labeled and awaiting
heavy metal analysis. The blank was prepared identically using plain filter paper
following similar steps above, and distilled water was used in the place of a sample.
Heavy metal concentration analysis was done using the atomic absorption spectro-
photometer model AA 7000 Shimadzu, Japan.

To validate the method used for heavy metal analysis and ascertain the accuracy
of the AAS analytical procedure, samples with unknown heavy metal concentra-
tions were spiked with standards of known concentrations, and percentage recovery
was determined for the respective heavy metals. Briefly, a sample with an unknown
metal concentration was spiked with a known standard metal concentration and
then digested. Then, the amount of spiked metal recovered after digestion of the
spiked sample was used to calculate the percentage recovery using the formula
below:

Conc.of spiked sample — conc.of unspiked sample

Percentage recovery = (

a x100 (5)
Conc.of spike added

If the calculated values were within 80-120%, they indicated good accuracy for
the analysis procedure [20].
2.3 Physico-chemical parameters sampling and analyses

2.3.1 Physical parameters

Wastewater temperature (°C), pH, electrical conductivity ( pScm™?), dissolved oxygen
concentrations (DO) (mgL’l), and total dissolved solids (TDS) (mgL’l) were measured
in situ using a calibrated portable professional series (YSI) multi-parameter meter model
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35C at sub-surface level. After each measurement, the probes were rinsed thoroughly
with deionized water. The readings were taken in triplicates at each sampling station.

2.3.2 Total suspended solids (TSS)

For total suspended solids (TSS) and nutrients (namely nitrites, nitrates, ammo-
nium-nitrogen, total nitrogen, soluble reactive phosphorous, total phosphorous, and
Silicates, wastewater samples were collected at sub-surface level in triplicate using
pre-washed 500 ml polypropylene plastic bottles rinsed with double distilled water.
The filled bottles with wastewater were labeled and immediately kept in a cooler
boxer at 4°C and transported to the laboratory for analysis.

For TSS analysis, the filters used to determine TSS were pre-weighed using analyt-
ical balance (Model: Shimadzu-ATX224). The filter paper was then transferred to the
top of filtration flask, followed by the screwing in of the filtration cap. Wastewater
sample measuring 100 ml was put into the filtration flask, followed by switching on
the vacuum pump to initiate the filtration process. After filtration process, the filter
papers were carefully removed from filtration apparatus using forceps, transferred
to a glass weighing dish as a support and dried for 1 hour at 110°C to constant weight
in drying oven. This was followed by removing the filter from the petridish and
reweighing it. The TSS was calculated using the following formula:

ss( 8 ) - (Residue + Filter ) (mg ) — Filter (mg )
L) Sample filtered (mL)

mL
X X 1000(Tj 6)

2.3.3 Chemical pavameters

Nutrient analysis was done using the spectrophotometric method to determine
water and wastewater as described in APHA (2014). The analyzed nutrients included
total nitrogen (TN), and total phosphorous (TP).

2.4 Data analyses

Microsoft Excel version 2010 was used to organize the phytoplankton and physico-
chemical data obtained from the different sampling stations. Paleontological Statistics
(PAST) software was used to determine phytoplankton diversity indices. Spatial varia-
tions in the physico-chemical parameters were determined by two-way analysis of
variance (ANOVA) at a pre-determined alpha value of 0.05 to test for significant differ-
ences. Where the variations in means were significant, post hoc analysis was done using
the Tukey pairwise comparisons under SPSS version 22 to establish where the differences
existed between the sampling stations. To handle potential confounding factors, random
sampling ensured representative data, and multiple samples per station provided reliable
estimates, minimizing selection bias and accounting for natural variability.

3. Results
3.1 Phytoplankton diversity and species composition

A summary of phytoplankton species recorded in the Suneka WWTP are pre-
sented in Table 1. The family Bacillariophyceae had the highest number of species
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(37), consisting of 33% by species composition, followed by Chlorophyceae, which
was represented by 29 species consisting of 26% by species composition. The fam-
ily Cyanophyceae was represented by 22 species, which led to a 20% species com-
position. Other taxonomic families included Zygnemophyceae, Euglenaphyceae,
and Dinophyceae represented by 11 (10%), 10 (9%), and 3 (3%) species, respec-

tively (Table 1).

Chlorophyceae

Cyanophyceae

Bacillariophyceae

Ankistrodesmus falcatus

Anabaena flos-aquae

Amphora ovaris

Botryococcus braunii

Anabaenopsis tanganyikae

Amphora sp.

Coelastrum microporum

Aphanocapsa pulchra

Aulacoseira ambigua

Crucigenia sp

Aphanocapsa rivularis

Aulacoseira nyasensis

Dictyosphaerium reniforme

Aphanothece sp

Aulacoseira schroidera

Kirchnella contorta

Chodatella armata

Chodatella subsalsa

Kirchnella lunaris

Chroococcus dispersus

Chodatella armata

Monoraphidium sp Chroococcus limnetica Cyclotella kutzinghiana
Qocystis parva Chroococcus turgidus Cymbella sp
Pediastrum boryanum Cylindrospermopsis africana Cymbella cistula

Pediastrum duplex

Merismopedia tennuissima

Diatoma elongatum

Scenedesmus curvatus

Micvocystis aeruginosa

Diatoma hemiale

Scenedesmus acuminatus

Microcystis wasenbergii

Diatoma vulgare

Scenedesmus obliquus

Oscillatoria tenuis

Navicula sp

Schroidera setigeva

Plankolyngbya tallingii

Navicula contenta

Tetraedron arthromisforme

Planktolyngbya circumcreta

Navicula exicilis

Tetraedron trigonum

Planktolyngbya limnetica

Nitzschia dissipata

Planktolyngbya talingii

Nitzschia lacustris

Dinophyceae

Romeria ankensis

Nitzschia palea

Ceratinium branchycerous

Romeria elegans

Nitzschia recta

Glenodinium pernardii

Nitzschia sub acicularis

Glenodinium pulvastitus

Stephanodiscus astraca

Zygnematophyceae

Stephanodiscus sp

Euglenaphyceae

Coelomoron merostoides

Surirella affins

Euglena acus

Cosmarium sp

Surirella ovalis

Euglena virids

Closterium navicula

Surirella sp

Euglenaphytalena acus

Cosmarium menenghiana

Synedra cunningtonii

Euglenaphytalena virids

Crucigenia menenghiana

Synedra ulna

Phacus longicauda

Cosmarium connatum

Phacus sp

Cosmarium cunningtonii

Strombomonas sp.

Strauvastrum dickiei

Trachelomonas armata

Trachelomonas volvocina

Table 1.

A list of phytoplankton taxa found in the current Suneka WWTP,
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Shannon-Wiener diversity index (H’) ranged from 1.18 at the effluent station
to 3.31 at the downstream sampling station. The maximum dominant index (D) of
0.63 was recorded at the effluent station while the downstream sampling station
had the least (0.05). In terms of Margalef’s diversity, that is, species richness
(d), the effluent was richer (with a value of 5.09), while the facultative pond had
the least (3.96). On the other hand, the Evenness (E), ranged from 0.07 to 0.61
(Table2).

3.2 Phytoplankton abundance

The total phytoplankton biovolume for the WWTP was 680.99 mm’L ™" with a
mean of 113.5 + 127.8 mm’L™". The family Chlorophyceae was contributing to 45.7%
while Dinophyceae contributed the least with 0.4% of the total phytoplankton biovol-
ume. The family Euglenaphyceae contributed to 33.9%, followed by Bacillariophyceae
(12.9%), then Zygnematophyceae with 4.2% of the total phytoplankton biovolume.
The family Cyanophyceae contributed with 3.0% of the total phytoplankton biovol-
ume (Table 3).

3.3 Spatial variation

The results obtained on the total phytoplankton biovolume depicted variation
between the sampling stations in the WWTP pond series. The facultative pond had
the highest total phytoplankton biovolume by composition with 21.01%, followed
by anaerobic pond with 8.47%. The effluent had a slightly higher total phytoplank-
ton biovolume with 6.12% compared with the influent sampling station (4.33%)
(Table 4). The systematic increase in the total algal biovolume from the influent to
the facultative pond indicates availability of nutrients as a result of biological break-
down of nutrients, which in turn promotes algal growth.

The results of each family’s composition in the WWTP sampling stations are
shown in Figure 2. Bacillariophyceae dominated the maturation of pond 1 and
downstream sampling stations, indicating better water quality resulting from waste-
water polishing. Chlorophyceae dominated the upstream sampling station, while
Cyanophyceae recorded a low total phytoplankton biovolume in most of the sampling
stations. Similarly, Dinophyceae was only recorded in facultative pond, maturation
pond 2, effluent, and downstream sampling stations with low total biovolume.
Euglenaphyceae family recorded the highest biovolume at the facultative pond com-
pared to other sampling stations.

Spatial changes in the composition of the different algal taxa in the WWTP pond
series are evidence of progressive wastewater polishing in the WWTP pond series.
Also, nutrients are available in the water column for algae to utilize for growth follow-
ing the degradation of organic matter and other substances in wastewater. Moreover,
changes in the environmental conditions within the WWTP pond series encouraged
the growth and dominance of different algal taxa. In the WWTP ponds, algal blooms
with different colors were observed on the water surface but were more pronounced
in the facultative pond. Algal blooms have been associated with the presence of algal
toxins. Moreover, Cyanophytes, especially the Anabaena sp. and Microcystis sp., attest
to this fact and release algal toxins that are toxic to animals, consequently of great
concern.
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Taxonomic group Phytoplankton biovolume (mm3L™) Percentage biovolume (%)
Bacillariophyceae 87.56 12.7
Chlorophyceae 310.96 457
Cyanophyceae 20.44 3.0
Dinophyceae 2.57 04
Euglenaphyceae 230.90 33.9
Zygnematophyceae 28.55 4.2

Grand Total 680.99 100

Table 3.

Phytoplankton biovolume of water samples from the Suneka WWTP,

Sampling stations Phytoplankton Biovolume (mm’L™) Percentage (%)
Influent 2949 4.33
Anaerobic pond 57.71 8.47
Facultative pond 143.04 21.01
Maturation pond 1 32.25 4.74
Maturation pond 2 34.39 5.05
Effluent 4167 6.12
Confluent 29.84 4.38
Upstream 278.09 40.84
Downstream 34.52 5.07
Table 4.

Spatial variations of phytoplankton biovolume of water samples from the Suneka WWTP,
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Figure 2.

Relative abundance of phytoplankton taxa in sampling stations in the Suneka WWTP,
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3.4 Heavy metal concentrations in phytoplankton

Figure 3 shows the mean (+ SE) spatial variation of heavy metal concentrations
(in ppm) in phytoplankton samples collected from the WWTP including three
sampling stations along river Riana.

Throughout the study period, Cd concentrations were below the detection limit
(<BDL) in all phytoplankton samples analyzed.

The mean Cu concentration in phytoplankton from the sampling stations ranged
from 0.25 + 0.07 ppm to 0.38 + 0.05 ppm. The phytoplankton collected from the
upstream sampling station had the highest mean Cu concentration while the anaero-
bic pond had the least mean concentration. One-way ANOVA test showed that the
mean Cu concentrations in phytoplankton were not significantly different among the
sampling stations (F (g 27) = 0.648; p = 0.731).

For Zn, the average phytoplankton concentration range was between
0.33 + 0.04 ppm and 0.21 + 0.03 ppm. The confluent sampling station’s concentra-
tion was below the detection limit (<BDL) in the phytoplankton samples. One-way
ANOVA test for the Zn mean concentration difference in phytoplankton samples was
insignificant among the sampling stations (F (g = 1.489; p = 0.293).

The mean Pb concentration ranged from 1.17 + 0.01 ppm to 0.27 + 0.004 ppm.
The downstream had the highest Pb mean concentration (1.17 + 0.01 ppm) while the
influent had the least mean Pb concentration (0.27 + 0.00 ppm). Moreover, Pb mean
concentration was below the detection limit in the influent sampling station. One-
way ANOVA test showed that mean Pb concentrations were significantly different
among the sampling stations (F (7 5) = 21.731; p = 0.000). Post hoc Tukey Pairwise
Comparisons revealed that the mean Pb concentration for phytoplankton samples
from the anaerobic station was lower by 0.45 ppm, 0.41 ppm, and 0.5 ppm than
those in the effluent, upstream, and downstream sampling stations, respectively
(Table5).
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Figure 3.

Spatial variation of heavy metal concentrations (in ppm,) in phytoplankton samples from Suneka WWTP.
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3.5 Physico-chemical parameters

The mean pH values recorded ranged from weakly acidic to alkaline level that is
from 6.58 to 8.40. The influent sampling station had a neutral mean PH of 7.33 + 0.08,
which was lower than the effluent station (7.77 + 0.06), indicating an improvement in
wastewater polishing. Among the wastewater stabilizing ponds, the facultative pond
had the highest mean pH of 7.77 + 0.13. There was a general increase in the mean pH
as the wastewater underwent polishing between the influent and effluent, a further
indication of an improvement in wastewater quality.

The mean (+ SE) conductivity value recorded was 568.24 pScm'1 + 34,97, and the
recorded values ranged between 99.0 and 2134.0 pScm ', with the influent sam-
pling station recording the highest mean value of 1097.75 pScm ™" + 128.92 while the
upstream point recorded the least mean value of 115.75 pScm ™" + 2.27. These results
indicate a considerable declining trend in the mean conductivity from the influent
to effluent as the wastewater underwent polishing. Two-factor ANOVA showed that
differences in the mean conductivity at different sampling stations were statisti-
cally significant (F g, 108) = 210.15; p = 0.000). Post hoc Tukey Pairwise Comparisons
revealed that the conductivity mean for the influent (1097.75 + 128.92 pScm ™) station
was significantly higher than that of the anaerobic station (752.75 + 83.95 pScm ™).
However, anaerobic pond sampling station mean conductivity was not significantly
different from that of facultative (704.92 + 48.92 uScm™"), maturation pond 1
(676.83 + 46.79 pScm ™), maturation pond 2 (658.25 + 46.92 pScm ™), and effluent
(665.58 + 41.17 pScm™*) stations.

For temperature, the mean value recorded was 24.36°C + 0.21 with a minimum
value of 20.0°C and maximum value of 28.5°C. The maturation pond 2 had the high-
est mean temperature of 27.36 + 0.3°C closely followed by maturation pond 1 with
26.1 + 0.21°C then by effluent sampling station with 26.09 + 0.16°C. Like pH, there
was an increase in the mean temperature from the influent to the effluent as waste-
water underwent polishing through the WWTP. Two-factor ANOVA showed that the
mean temperature among the sampling stations differed significantly (F(s 105y = 73.21;
p =0.000). Post hoc Tukey Pairwise Comparisons revealed that the mean temperature
of the maturation pond 2 (27.4 + 0.3°C) was significantly higher than that of the other
sampling stations. The influent station’s mean temperature did not differ significantly
from that of the confluent, upstream, and downstream sampling stations. Similarly,
the mean temperature of the anaerobic station did not differ significantly from that of
the facultative, maturation pond 1, and effluent sampling stations.

The recorded mean (+ SE) DO was 2.45 mgL™" + 0.24 with a minimum value of
0.1 mgL ™! and maximum value of 10.0 mgL™.). In terms of trend, in general, there
was an increase in the mean of dissolved oxygen concentration between the influent
through the WWTP system to the effluent sampling station similar with the trends
for pH, and temperature. Two way ANOVA indicated there were significant differ-
ences between the sampling stations in the mean dissolved oxygen concentrations
(F(s,108) = 227.8; p = 0.000). Post hoc Tukey Pairwise Comparisons revealed that the
mean dissolved oxygen of the influent (0.23 + 0.2 mgL™") was significantly lower
compared with those of other sampling stations.

The mean (+ SE) TSS concentration recorded for the sampling stations was
61.45 + 3.14 mgL ™" with a minimum and maximum values of 7.76 and 132.0 mgL ™"
respectively. The highest mean of TSS was recorded in the downstream sampling
station with 79.78 + 13.2 mgL ™. The confluent sampling station had the lowest mean
of 35.22 + 2.62 mgL™". In terms of trend, TSS mean concentrations fluctuated with
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no significant trend between the inlet and effluent. Two way ANOVA indicated
significant differences in the mean TSS values between the sampling stations (F (g,

108) = 551.5; p = 0.000). Post hoc Tukey Pairwise Comparisons revealed that the mean
TSS of the influent station (65.34 + 7.4 mgL™") was significantly lower from that of the
effluent (7716 + 6.0 mgL™), but the latter mean TSS was not significantly different
from that of the downstream sampling station (79.78 + 13.2 mgL™").

The mean (+ SE) TDS recorded was 230.3 + 18.35 mgL ™" with minimum and maxi-
mum values of 18.9 and 10.68 mgL ™" respectively. The influent and anaerobic sampling
stations had the highest mean values of 438.3 + 79.5 and 400.3 + 57.0 mgL ™" respectively.
The downstream and upstream stations had the lowest mean values of 67.1 + 6.7 and
59.9 + 1.9 mgL " respectively. In terms of trend, there was a steady decline in mean TDS
concentration between the influent and effluent sampling stations, indicating wastewa-
ter polishing. Two-way ANOVA indicated significant differences between the sampling
stations (F (g 105) = 32.48; p = 0.000). Post hoc Tukey Pairwise Comparisons revealed
that the mean of the influent station (438.3 + 79.5 mgL ") was higher and significantly
different from that of the effluent (259.0 + 42.5 mgL ). The latter had no significant
difference with that of maturation ponds 1 and 2.

The mean TN concentration recorded was 233.1 + 17.83 pgL ™! with minimum and
maximum values of 22.0 and 745.2 pgL™". The effluent sampling station had the highest
mean TN concentration of 390.7 + 64.88 pgL ™" while the downstream sampling station
had the lowest mean of 110.1 + 21.93 pgL™". In terms of trend, the mean TN concentra-
tion showed no spatial trend between the influent and effluent sampling stations.
Two-way ANOVA showed that TN significantly differed among the sampled stations (F
8,108) = 344.62; p = 0.000). Post hoc Tukey Pairwise Comparisons revealed that the mean
TN concentration of influent station (236.2 + 28.84 pgL™) differed significantly from
the effluent station (390.7 + 64.88 ng’l), while the upstream station (226.6 + 39.7 ugL’l)
differed significantly with the downstream (110.1 + 21.93 pgL ™) station.

The mean TP concentration recorded was 2064 + 114.10 pgL ™" with minimum and
maximum values of 20.69 and 3710.20 pgL ™. The anaerobic station had the highest
mean TP concentration of 2742 + 206.26 pgL™" while the influent had the least mean of
801 + 300.12 pgL ™" which was lower compared to the effluent station which had mean
of 2557 + 172.55 pgL ™. In terms of trend, there was fluctuation in mean TP concentra-
tions with no significant trend spatially similar to the mean trends for TSS, silicates,
nitrate-nitrogen, and TN. Two-way ANOVA showed that TP concentrations significantly
differed among the sampling stations (F (g 108 = 32.23; p = 0.000). Post hoc Tukey
Pairwise Comparisons revealed that the mean TP concentration of influent station
(801 + 300.12 pgL™) differed significantly with the effluent station (2557 + 172.55 pgL ™).

4. Discussions
4.1 Phytoplankton
4.1.1 Phytoplankton diversity and species composition

Phytoplankton are aquatic plants and primary producers providing food to other
aquatic organisms [13]. However, their community structure is affected by water
quality; as a result, they have been used as bio-indicators in water quality monitoring.
The cyanobacteria Microcystis sp. and the Diatom Nitzchia sp. are good indicators
of polluted water. Chlamydomonas, Euglena, Scenedesmus, and Microcystis are good
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indicators of eutrophic waters. Wastewater is of poor quality as it is rich in pollut-
ants, and phytoplankton plays an important role in wastewater treatment through
the utilization of nutrients and the conversion of them into biomass [9, 16, 21]. In
addition, they bioconcentrate and bioaccumulate heavy metals, thus contributing to
their removal from the water column [22]. The current study showed a considerable
spatial variation in the phytoplankton abundance and diversity between the sampling
stations. These variations were linked to physical, chemical, and biological environ-
mental changes as the wastewater underwent treatment.

During this study, a total of 112 phytoplankton species were recorded, unlike
previous study carried out at the plant by Rayori et al. [17], who recorded a total
of 124 phytoplankton species. Nevertheless, the identified species in both studies
belonged to six taxonomic groups: Euglenaphyceae, Bacillariophyceae, Dinophyceae,
Cyanophyceae, Chlorophyceae, and Zygnematophyceae despite changes in the waste-
water capacity of the Suneka WWTP. Moreover, the families Bacillariophyceae,
Chlorophyceae, and Cyanophyceae generally dominated the phytoplankton species by
composition in both studies. The differences in the total number of species recorded
between the studies can be attributed to the difference in the wastewater treatment
plant designs due to the renovation and expansion of the WWTP, environmental
conditions, and seasonality. Also, human activities during renovation disturbed the
establishment of phytoplankton species in the latter design. These findings cor-
roborate the findings obtained by Babu et al. [23] in L. victoria and Omondi [14] in L.
Naivasha where both showed that algal community structures are affected by varying
physico-chemical parameters.

The Euglenaphyceae was dominant in the influent, facultative, and the effluent
while the Bacillariophyceae dominated in the anaerobic pond. The dominance of
Euglenaphyceae can be attributed to organic load from the municipal wastewater.

On the other hand, the cyanophytes were moderate in all stations, which could be
attributed to their tolerance to variable changes in the environmental conditions. For
instance, this was seen in Microcystis aeruginosa and Anabaena spp. which were found
in the sampling stations. The low diversity was attributed to extreme environmental
conditions observed in the sampling stations, in line with similar studies in polluted
aquatic environments [23, 24].

The different sampling stations recorded variations in phytoplankton diversity
indices. In the current study, the Shannon-Wiener diversity index was higher than in
the previous design, indicating an improvement in biodiversity. The low diversity of
species in the initial design can be associated with the fact that the well establishment
species competed with other species leading to dominance of some as depicted by the
dominance indices. The phytoplankton species diversity index (H’) during this study
was generally low, indicating low diversity but with a few taxa dominating. Species
Evenness (E), values ranged between 0.07 and 0.61, depicting a significant differ-
ence and an improvement of the species evenness in the WWTP. Generally, the low
evenness values recorded in the WWTP that a few species dominated in the sampling
stations, can be linked to harsh conditions in the wastewater treatment lagoons; hence
the species were not evenly distributed in the sampling stations.

4.1.2 Phytoplankton biomass and distribution

In terms of total phytoplankton biovolume percentage, the Euglenaphyceae
and Dinophyceae were dominant before the WWTP was renovated [17] while
Chlorophyceae and Euglenaphyceae were the most dominant after renovation of the
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WWTP. Therefore, it appears that phytoflagellate and zooflagellates were the most
dominant taxa in the WWTP. These are indicators of poor-quality water. This domi-
nance can be attributed to favorable environmental conditions favoring optimum
survival of the two taxa. This seemingly led to competitive exclusion of other species.
Moreover, there were changes in the composition of different algal taxa in the lagoon
pond series, indication of progressive wastewater polishing in the WWTPs. Evidence
that the WWTPs polished the effluent was discerned by comparing the algal composi-
tion within the WWTP pond series with that of upstream sampling station along river
Riana, which in this case served as the control and indicated that Bacillariophyceae
were the dominate taxa there. Bacillariophyceae are indicators of good water quality.
The increasing representativeness of Bacillariophyceae along the pond treatment
series toward the effluent attests to the fact that ponds were treating the wastewater.
This also indicates the progressive degradation of organic matter in wastewater thus
releasing nutrients into the water column. Other breakdowns of organic substances
lead to variation in the environmental conditions within the water treatment pond
series. The environmental variation encourages dominance of different algal taxa in
the different ponds that is from anaerobic, facultative, and maturation ponds.

The anaerobic pond had the highest total phytoplankton biovolume by composi-
tion of Dinophyceae, with the dominant species being Ceratium branchyceros. This was
attributed to extended mixing periods and resident time in the anaerobic pond. In
the facultative pond, Euglenaphyceae and Dinophyceae groups had a higher biovolume.
Euglenaphyceae, Euglena virids, and Euglenaphyta lena acus recorded the highest
biovolume while for Dinophyceae, only Ceratium branchyceros species were recorded.
This could be attributed to the availability of nutrients that were dislodged from the
organic load, hence making them available for utilization, and reduced turbidity,
which enhances transparency and leads to higher photosynthetic activity in the pond.
The least phytoplankton total biovolume was recorded in the downstream sampling
station. This can be attributed to the washing down of the species by water currents,
increased turbidity leading to elevated temperature, and an aspect of competition
leading to mutual exclusion. This could further be due to the dilution effect of the
large volume of water in River Riana, which changed the physical and chemical
parameters such as nutrient concentrations and transparency, which therefore could
encourage a change in species composition.

The highest phytoplankton total biovolume was recorded in the facultative pond
sampling station. The algal composition was dominated by Euglenaphyceae by bio-
volume, among other groups, of which Euglena acus species was the most abundant.
Moreover, Euglenaphyceae dominated the influent, anaerobic pond, and maturation
pond 2, of which Euglena acus species accounted for the highest biovolume. The
dominance of Euglenaphyceae (Euglena acus) can be attributed to higher organic and
inorganic loads in the sampling ponds. The differences in the total phytoplankton
biomass and species distribution in the sampling stations were attributed to the
variable unfavorable conditions in the lagoons and operational and design differences
of the WWTP [14, 23, 24]. This corroborates the study findings by Babu et al. [23],
which showed significant levels of Euglenaphyta in Kisumu Bay in which receives a
large volume of semi-treated sewage wastewater from both the traditional wastewater
treatment trickling filter plant adjacent to Kasat River, and the WWTP at Nyalenda.
Due to this, the water quality in Kisumu Bay has rapidly declined in the last three
decades, between 1990 and the present, and the physical and chemical environment
there is very close to that existing in the WWTPs. The algal composition in the inner
Kisumu Bay is dominated by Cyanophyceae, mainly by Anabaena sp., and Microcystis
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aeruginosa species, and presently, Euglenaphyceae have started to appear there. In
general, the results obtained from this study indicate that the phytoplankton com-
munity structure was influenced by the variation in the physico-chemical parameters
in line with findings in other studies [14, 23-25].

During the study, algal blooms with different colors throughout the ponds on the
water surface were observed. These algal blooms are an indicator of the presence of
algal toxins in the WWTP. The predominant algae species observed in this study such
as Microcystis aeruginosa and Anabaena sp. together with other species from other
taxa are known to produce potent algal toxins known as microcystins. The produced
algal toxins can cause serious illness or death to humans, wildlife, livestock, and other
forms of life in aquatic ecosystems. Babu et al. [23], in their study at Kisumu Bay in
Lake Victoria, observed algal toxins were in high concentration where algal blooms
were present. Therefore, there is a need for other studies to be conducted in the Kisii
municipality WWTP to assess the presence, concentrations, and types of algal toxins.

4.1.3 Phytoplankton heavy metals accumulation

This study revealed the presence of Cu, Pb, and Zn, but Cd was not recorded
throughout the study period. Moreover, the study revealed accumulation of heavy
metals in phytoplankton which might lead to biomagnification of heavy metals in the
food web, posing health hazards [26].

In phytoplankton samples, the order of dominance of the assessed heavy metals
followed Pb > Cu > Zn. This could be associated with the phytoplankton’s preferential
uptake and utilization of the respective constituents. These findings are similar to
other studies showing significant variations in metal levels in water column, sedi-
ments, and plankton. The bioaccumulation of heavy metals by phytoplankton reduced
the heavy metal concentration in wastewater column similar to other studies [22].

4.2 Physico-chemical parameters
4.2.1pH

The recorded mean pH values of the effluent were significantly higher than that of
the influent; that is, the influent pH was more acidic than that of effluent which was
more alkaline. The low pH value was attributed to the high organic load in the sew-
age wastewater, and the process of bio-treatment led to pH increase in the effluent.
For instance, dense algal growth increases pH due to the assimilation of nitrates and
carbon dioxide. This holds as during the study, there was increase in algal biomass
in the lagoons. These findings are in agreement with observations by Ronoh [27] in a
study conducted at Moi University WWTP and Wanjohi et al. [8] in his study con-
ducted at the University of Eldoret WWTP, where they both observed an increase in
pH between the influent and the effluent. Effluent discharge with extreme pH ranges
can harm aquatic organisms as most biochemical reactions are catalyzed by enzymes
that act within small pH ranges.

4.2.2 Conductivity

The mean conductivity values for the influent were higher than those of the
effluent; that is, it depicted a general declining trend from the influent point to the
discharge point. This was attributed to decline in dissolved salts and heavy metals
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concentrations responsible for conductance as the wastewater underwent treatment.
Also, the higher conductivity value recorded in the influent can be attributed to high
inorganic load as the water enters the ponds. On the other hand, the low conductiv-
ity value recorded at the effluent can be attributed to the utilization of dissolved
nutrients by phytoplankton found in the lagoons. This is evidenced by the increasing
trends of algal biovolume from the inlet to maturation ponds. These findings cor-
roborate well with those obtained from the University of Eldoret WWTP [8]. The
upstream sampling point on River Riana recorded a lower mean conductivity value
during the entire sampling period than the downstream sampling point. This can be
attributed to minimal human activity upstream while the downstream can be attrib-
uted to the treatment plant, which acts as a source of pollution. This corroborates
well with the studies done by Omondi [14] and Babu et al. [23] in L. Naivashaand L.
Victoria, respectively, whereby they observed polluted sampling sites in the respec-
tive lakes recorded higher conductivity.

4.2.3 Temperature

The recorded mean temperature of discharged effluent into Riana River was
within the ranges suitable for wastewater treatment and within the optimal ranges
of microbial activities responsible for organic and inorganic substance breakdown.

In addition, the recorded temperature ranges were optimal for algal growth; hence,
lagoons had diverse communities of algae. In turn, the algae convert the nutrients into
biomass, thus polishing the wastewater in the lagoons. The temperature recorded for
WWTP, showed a slight increase in the mean temperature from the influent to efflu-
ent sampling stations. These changes were attributed to harsh environmental condi-
tions (in the anaerobic ponds), sampling time, and the dimensions of the stabilization
ponds with shallow mean depth of the ponds. Moreover, the increasing trends of algal
biovolume in the lagoons contributed to increased suspended solids that absorb solar
energy and retain their heat for longer periods.

The increase in temperature in wastewater in the sampling stations also influenced
the solubility of compounds, which was evidenced by the spatial variation of heavy
metal concentrations in wastewater during the study. Ronoh [27], in his study at
Moi University wastewater treatment plant, and Wanjohi et al. [8], in the University
of Eldoret wastewater treatment plant both observed decline in mean temperature
between the influent and the effluent sampling points. The high temperatures were
attributed to exothermic reactions during breakdown of organic and inorganic matter
in the wastewater.

Also, domestic wastewater has a higher temperature than that of maturation and
tertiary ponds because large institutions within Kisii such as hospitals, schools and
polytechniques could be discharging effluents with high temperature due to their
cooking ventures. Also, domestic households with domestic hot water instant showers
contribute to effluent with high temperatures at the influent at the WWTP. High tem-
perature is suitable for organic matter decomposition in the ponds as they are shallow.

4.2.4 Dissolved oxygen (DO)

Dissolved oxygen percentage increase in wastewater indicated that the quality
of wastewater improved as it underwent polishing through the lagoons before being
discharged as expected. Anaerobic ponds had least mean DO. The significantly low
levels of DO in the influent and anaerobic pond were attributed to the decomposition
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of sewage rich in organic matter by microbes that required oxygen. The increase of
DO concentrations in the facultative pond was linked to photosynthetic algal activi-
ties. The high level of DO in the effluent was linked to the reduction of organic matter
in the maturation ponds and exposure of wastewater in the ponds to atmospheric
oxygen resulting from mixing brought about by strong winds blowing above the
ponds. With reference to Riana River, for both initial and current designs, higher DO
mean levels recorded at the upstream sampling station can be attributed to lower
temperature levels and lower organic matter while the lower levels at the downstream
stations can be attributed to higher organic loads from the treatment plant, and
higher sediments; thus absorbing solar radiation leading to higher temperature result-
ing low DO concentrations. The current findings corroborate the findings of Ronoh
[27] in the Moi University sewage treatment plant and other similar studies [23, 28].
Monthly, the mean DO showed a significant difference between the sampling months
for both wastewater treatment plant designs. These differences were attributed to
seasonality, where water temperature plays a role in DO solubility [14, 29, 30]. Also,
low DO concentrations can be attributed to variable levels of organic matter and
differential flow rates of sewage water from the municipality.

4.2.5 Total suspended solids (TSS)

The recorded mean TSS concentrations for the influent were relatively higher
than in the effluent. The reduction was attributed to removal of suspended solids in
wastewater column by algae and microorganisms and sedimentation of settleable
solids forming sludge. On the other hand, the availability of nutrients in the lagoons
promoted algae growth, which, in turn, contributed to increased suspended solids
in the lagoons, including the effluent discharged. The upstream sampling station
had lower mean TSS concentrations than the downstream sampling station, which
was attributed to lower suspended particulate matter. However, the higher mean TSS
concentrations at the downstream sampling station can be attributed to the treat-
ment plant’s organic load discharge into the river. The study findings corroborate well
with findings by Ronoh [27], who noted in their study that there was a significant
difference in mean TSS values of samples collected from influent compared with
effluent from the sewage treatment plant, and the outlet did not meet NEMA and Moi
University effluent discharge standards. Also, surface runoff contribute to increased
amount of inorganic and organic matter in rivers, leading to increased TSS levels [31].

4.2.6 Total dissolved solids (TDS)

Total dissolved solids steadily declined in mean concentration between the influ-
ent and effluent stations in the WWTP. This reduction indicates significant polishing
of wastewater by the WWTP. High mean TDS concentrations recorded at the influent
sampling stations were linked to higher organic and inorganic materials load from
municipal wastes. In the anaerobic pond, progressive decomposition of organic and
inorganic matter in wastewater resulted in simpler, harmless soluble substances
(TDS). Reduction in the mean TDS levels through the WWTP pond series toward
the effluent sampling station was associated with phytoplankton nutrient uptake and
utilization and settlement of both organic and inorganic particulate matter forming
sludge. This is in line with previous studies showing that settling the inorganic and
organic substances in the stabilization ponds results in TDS concentration reduc-
tion while the substances form part of sludge [27]. The higher rates of evaporation
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reduced the volume of wastewater in the WWTP, thus concentrating dissolved solids
in wastewater into smaller volumes. This study’s findings are consistent with other
findings [27, 30].

4.2.7 Nutrient concentrvations

The Suneka WWTP did not attenuate TN between the influent and the effluent.
The influent had lower mean TN concentrations than the effluent, and these study
findings were contrary to Ronoh et al’s [27] in Moi University WWTP. The low
levels of TN in the influent were attributed to raw sewage rich in lodged nitrogen
compounds in organic material yet to be broken down. The upstream sampling
station recorded a higher mean TN (223.3 + 39.70 pgL ™) than that of the downstream
sampling station (110.1 + 21.93 pgL™), an indication that the river had other sources
of TN in addition to the WWTP. The discharged effluent means for TN concentra-
tions did not exceed the allowable limits by EPA standards. Therefore, improvement
should be geared toward increasing the number of ponds so that the WWTP can
be effective in TN removal. TN is important in eutrophication and water quality
assessment.

The mean value of TP in the effluent (2557.0 + 172.55 pgL™") was higher than
that of the influent (801.0 + 300.12 pgL™"), recording a 219% increase in mean TP
concentration and this implied inefficiency of TP removal from wastewater during
treatment. Consequently, the discharged effluent mean TP concentrations exceeded
NEMA maximum set standards. Increase in TP concentrations in the WWTP pond
series can be associated with conversion of the organic and inorganic phosphorous in
the sediment through biogeochemical processes.

In general, these results indicate that the wastewater treatment plant was a
point source of nutrient enrichment (eutrophication) to river Riana for TP due to
its incomplete removal. The continued discharge of TP into river Riana will lead to
eutrophication, eventually affecting species diversity and river water quality [27, 32].
To improve TP removal efficiency, algal cells harvesting can be done, water retention
period increased to enhance sedimentation.

5. Conclusions and recommendations
5.1 Conclusions

Suneka WWTP is crucial in polishing wastewater from Kisii municipality and its
environs. Based on the results obtained from the current study, the following conclu-
sions have been drawn:

1. This study revealed spatial variation in terms of diversity and distribution in
phytoplankton community structure. In terms of taxonomic groups, the phy-
toplankton species that were identified belonged to six broad taxonomic groups
which include: Bacillariophyceae, Chlorophyceae, Cyanophyceae, Euglenaphyceae,
Zygnematophyceae, and Dinophyceae. Moreover, the phytoplankton contributed
to wastewater polishing by converting nutrients into their biomass. In addition,
they played a significant role in heavy metals removal from the wastewater col-
umn through bioaccumulation.
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2.The population densities and species composition of the phytoplankton commu-
nities in the lagoon were influenced by the physico-chemical parameters.

3. There was an improvement in the levels of selected physico-chemical parameters
after wastewater treatment by Suneka WWTP, indication of wastewater polishing.

5.2 Recommendations and future studies

The collected data forms a baseline for future studies. Gaps were identified based
on the current study findings for further research. Therefore, the following recom-
mendations have been drawn:

1. There is a need for further research in the Suneka WWTP to identify plankton
community structures using other methods like molecular techniques in addition
to microscopic techniques using standard identification keys. Moreover, algal
toxins found in the WWTP need to be identified and characterized following the
observation of cyanobacteria blooms known to produce toxins.

2.During this study, only four heavy metals were analyzed. Therefore, this study
recommends that more studies be conducted to include other heavy metals not
covered during this study.

3.To address the issue of nutrient enrichment in the effluent-receiving waters,
this study proposes construction of a wetland with appropriate macrophytes for
further polishing of effluent. Moreover, plants will also contribute to the removal
of heavy metals through phytoremediation, but the extent to which they can
mitigate the pollutants needs to be determined.

4. Investigate the seasonal variations in phytoplankton community structure and
their impact on wastewater polishing efficiency. Conducting sampling through-
out different seasons will provide insights into how environmental factors such
as temperature and precipitation influence phytoplankton composition and their
ability to contribute to wastewater treatment.

5. Assess the long-term ecological impacts of the Suneka WWTP effluent on the receiv-
ing water bodies. This should include monitoring changes in water quality param-
eters downstream of the discharge point over an extended period. Long-term studies
can reveal trends in water quality improvement or degradation, helping to refine
wastewater treatment processes and mitigate potential environmental impacts.
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Chapter 8

Heavy Metal Uptake by Pearl
Millet and Sorghum Grown on
Contaminated Soils from Letseng
and Kao Village in Lesotho

Motsamai Tjakata and Fisseha Itanna

Abstract

The aim of the study was to determine the level of heavy metals in sorghum and
Pearl millet and plant responses to heavy metals in contaminated soils close to Letseng
and Kao diamond mining sites in Lesotho. A number of plant parameters were
measured, namely, height, chlorophyll content, plant morphology, and heavy metal
contents in plants to find out how heavy metals affect plant growth and the food
chain around Kao and Letseng. The samples were collected from three sites, two of
which are from contaminated sites (Letseng and Kao village) and one from a nearby
uncontaminated control site (Mokhotlong Agricultural Research Station) in Lesotho.
A wet digestion method was used to determine the composition of each crop using
strong acids and oxidizing agents. Plant heavy metals were later determined using an
AAS 500 model. The results indicated that there are higher concentrations of heavy
metals in Pear] millet and sorghum in Letseng Village from pot experiment in the
order of Pb > Cr > Cd > Ni > Fe > Mn > Cu > Co > Zn. Around the Kao Village, three
metals were in the toxic range, in the order of Cd > Pb > Cr. Sorghum absorbs more
heavy metals than Pearl millet in all study sites from pot experiments in glass houses,
indicating that the health of humans and animals in the community is at risk. Results
of this study indicate that the heavy metal risk around the mining sites is alarming
and hence appropriate measures need to be taken to rectify the situation.

Keywords: heavy metals, plant morphology, wet digestion, contaminated soils, health
threat, plant response

1. Introduction

Metal toxicity decreases the uptake and translocation of nutrients and water
and allows oxidative damage, thus restricting plant growth [1]. The concentra-
tion of heavy metals can differ in plants and soils depending on the seasons. For
instance, concentrations of Cd, Cu, and Mn in soils are positively correlated with
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concentrations of Cd, Cu, and Mn in plants only during summer [2]. Zinc and nickel
are essential metals [3], but increased concentrations pose a risk to plants and their
roots, whereby there will be stunted growth and oxidative damage in plants [4]. An
increased level of heavy metals in plants could cause the following symptoms in
plants; chlorosis, necrosis, damage to plant organs, and plant phenotype changes [5].

Heavy metal accumulation and dispersion in plants vary based on plant species,
element species, chemistry and bioavailability, redox, pH, CEC, dissolved oxygen,
temperature, and root secretion [6]. Irrigating Pearl millet with contaminated water
increases the heavy metal concentration in the plants mostly when applied directly,
and the effects on the crop could be easily seen [7].

High concentrations of heavy metals have an impact on plant growth, photosyn-
thesis, and phytoaccumulation efficiency. Root elongation for absorption of heavy
metals can be inhibited by heavy metals such as Mn due to its meristematic cell
division potential [8]. The level and amount of heavy metal accumulation in plants
rely on soil type, pH, humidity, and micronutrient content as well as the time of
crop harvest. For example, in alkaline soils, leaching and bioavailability of heavy
metals to plants are lower. The presence of organic matter can also restrict metal
uptake from soil solution [9]. The mobility of heavy metals is decreased when soil
pH is above 5. Thus, plant growth is weakened, and deficiencies of Fe and Mn will
be there [10].

High metal contamination in plants decreases leaf production rate and reduces plant
mass, and there is a high chance of delayed phenological development [11]. The late and
decreased reproduction may have large effects at population, community, and ecosystem
levels, even if the effect of low metal levels on plant growth may be small and attributed
to increased evolution of metal tolerance. Flowering phenology is considered very active
in response to metals. Advanced seed ripening due to heavy metals causes leaf life span to
be decreased at the highest and the lowest degree of metals [12].

High levels of Cd (>3 mg/kg) in soils affect plant height, stem diameter, plant
biomass, root volume, root surface area, and root biomass, as well as soil enzyme
activities and microbial biomass [13]. Cd availability exponentially reduces the shoot
of the plant. Cd has several effects on plant photosynthesis [14]. The aim of this study
is to find out the levels of heavy metals (mild, toxic, or sufficient) in Pearl millet and
sorghum and determine plant response to the extent of heavy metals from contami-
nated soils around Letseng and Kao Village in Lesotho.

2. Materials and methods
2.1 Study site

The study was conducted in a pot experiment in Roma village on contaminated
soils collected from Kao village (29°00°56”S and 28°37°19”E at 2378 m elevation)
and Letseng village near Letseng Diamond Mining (29°00°45” S and 28°52’39” E at
2885 m elevation) and Mokhotlong Agricultural Research Station (29°17°14” S and
29°04°45” E at 2153 m elevation) as reference point. The soils from the contaminated
sites were collected along wastewater drainage lines at the mines’ outlets. Kao village
is affected by the wastewater from the Kimberlite Diamond mine, while Letseng
mining is the largest mining site in Lesotho, with a cold climate and frequent snow-
fall. The research aimed to understand the impact of contaminants on agricultural
fields and environment (Figure1).
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Figure 1.
Map of Lesotho showing three study sites of interest. Letseng Village and Kao village are of interest and focus area
since there are mining activities nearby.

2.2 Pot experiment

The pot experiment was conducted to observe the effect of heavy metals on
the crop plants (Pear] millet and sorghum) from soils obtained from Mokhotlong
Agricultural Research, Letseng, and Kao in the glass house at the National University
of Lesotho. Three replications of sorghum and three replications of Pearl millet were
grown in pots filled with soils collected from different spots at all three sites. Soils
from the Mokhotlong Research Station were the control samples, while soils from
the two villages sites (Letseng Village and Kao Village) represent the contaminated
soils. Plants were watered regularly to maintain the required optimum moisture, and
the growing plants were monitored daily to assess plant changes in leaves and overall
growth.

2.3 Plant analyses

Plant samples of Pearl millet and sorghum from the pot experiment were analyzed
in the Soil Science Laboratory of NUL. For heavy metal determination in plants,
plants were ground using a leaf powder grinding machine. A 0.5 g of ground plant
samples were weighed in Erlenmeyer flask for analysis. A combination of different
reagents such as H,SO4, HCl, and H,0, were added in glass tubes for solubilization of
minerals. The samples were then evaporated on a hot plate at 320°C to reduce contam-
ination of the sample with substance in air, vessel walls, and the local environment,
and the solution was cooled at room temperature. Lastly, deionized water was added.
AAS 500 model was used to read all heavy metals in plant tissues.

2.4 Analysis of data

Data was analyzed using SPSS software. Linear regression analysis was computed
to assess the relationship between individual heavy metal concentrations in the Pearl
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Name of metal FAO/CODEX [15,16] WHO [17]
Zn 60 30-100
Ni 15 10
Cu 30 10
Mn 5 15-100
Cd 1 0.02
Pb 2 2
Cr 1 13
Fe 48 500-640
Co 50
Table 1.

Allowable heavy metal levels in crops.

millet and sorghum samples and in the soil. Means, standard deviation, and coef-
ficient of variation (CV %) were determined for each treatment:

cV - standard deviation

@

mean

Significant differences between treatments from the mining sites and control were
estimated, where p values less than 0.05 were considered as significant (P < 0.05),
allowing only a 5% chance error in the results (Table 1).

3. Results
3.1 Plant analyses of sorghum and pearl millet

All plants sampled show that the amount of copper in the plants is less than the
permissible limit (Table 2); therefore, there is no contamination of copper in the three
different study sites. The amount of zinc from all plants is also less than the allowable
limit, and it may even be deficient for plants (Table 2). At all sites, the amount of iron
in crop samples was very low, implying a deficiency of iron in all soils (Table 2). Lead
in the crop samples, on the other hand, exceeded the allowable limits for plants. Crops
contained high amounts of chromium as well (Table 2).

The permissible level of cobalt is 50 mg/kg; therefore, plants are not contaminated
with cobalt. Cadmium is high in the crops grown on soils from contaminated sites
(Table 2), while it is not detectable in the crop samples grown on soils from MAR, the
control site.

4. Discussion
4.1 Concentration of essential metals in pearl millet and sorghum

In Table 2, the statistical values show the overall performance or response of
sorghum and Pearl millet to heavy metals, while Figures 2-4 show how sorghum
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Cu Zn Fe Pb Ni Co Cr Mn Cd
mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/kg
kg kg kg kg kg kg kg kg
Method detection 0.008 0.089 0320 0.069 0105 0.064 0.072 0.042  0.016
limit
Sorghumfor Mean 843 2623 1053 700 643 1433 1363 773 2.86
Letseng Std. 542 185 5687 285 123 080 153 181 090
Dev
Pearlmillet ~ Mean  2.03 2320 8583 853 643 1320 10.06 453 210
forLetseng gy 080 217 125 110 066 081 092 110 010
Dev
Sorghum for ~ Mean 1.88 28.88 181.6 5.86 8.88 12.46 15.84 21.42 1.62
Kao Std. 154 505 1236 058 160 065 658 2260 025
Dev
Sorghumfor Mean 217 2667 2174  8.05 72 1280 280 8.90 0.00
MAR Std. 0.59 157 7639 288 146 092 066 343 0.00
Dev
Pearlmillet ~ Mean 080 2944  180.0 822 856 1198 772 9.16 122
forKao Std. 043 204 8803 090 074 062 190 461 019
Dev
Pearl millet ~ Mean 175 2600 1495 870 8.07 1015 295 755 0.00
for MAR Std 079 242 4766 032 079 368 140 148  0.00
Dev
Table 2.
Heavy metal contents in sorghum and Pearl millet grown on soils from the three study sites under a pot
experiment.
Concentration of Cu, Zn, Ni, Co and Mn in crops from pot
experiment —Cumgrkg
705 Zn mg/kg
60 ——Nimg/kg
- 0 ——Co mg/kg
S 40
%n ——Mn mg/kg
‘;‘:; 30
o
o
20
10
0

Figure 2.

Concentrations of essential metals in the crops studied (LV, KF, and MAR represent Letseng Village, Kao
Farmlands, and Mokhotlong Agricultural Research, vespectively) while S and P represent Sorghum and Pearl

millet.
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Figure 3.

Concentration of iron found in different crops sampled per three sites (LV;, KE, and MAR represent Letseng
Village, Kao Farmlands, and Mokhotlong Agricultural Research, respectively) while S and P represent Sorghum
and Pearl millet.
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Figure 4.

Concentrations of toxic heavy metals in the cvops studied (LV, KE, and MAR represent Letseng Village, Kao
Farmlands, and Mokhotlong Agricultural Research, vespectively) while S and P are representing Sovghum and
Pearl millet.

and Pear] millet respond to heavy metals at different spots where soils were collected
and pot experiments were done. None of the crops tested from the pot experiment
exceeded the allowable limit of Cu in plants (Table 2). Cu levels in sorghum grown
on soils from the Letseng Village, Kao Village, and MAR have similar amounts of Cu
in plants, which is close to the permissible level. Copper assists in controlling plant
diseases. The ingestion of copper through the food chain in plants can bring chronic
exposure [18, 19].

All crops tested had Zn concentrations below the recommended concentration of
Zn in plants (Table 2). The plant molecular regulators are very sensitive in controlling
the adaptation of plants when Zn is in excess, and plants also adapt to a shortage of
zinc supply by enhancing the zinc uptake capacity [20]. Zinc affinity becomes strong
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with soil pH. Thus, the adsorption also increases with increasing Zn to become more
available to plants [21].

Zn is essential in the physiology and biochemistry of plants. However, excessive
amounts could cause oxidative damage by allowing the levels of reactive radicals [22].
Sorghum has a high potential of absorbing more essential nutrients than Pear]

millet, as can be seen from Figure 2.

Nickel was found to be lower than the maximum permissible level in the plants,
thus imposing no risk to any plants grown in the environments. Nickel strongly
plays an essential role in metabolic reactions in plants. In cases where nickel exceeds
permissible values in plants, its effects are reduced or inhibited growth, chlorosis,
necrosis, and wilting. The plant height on soils from the control site (MAR) per-
formed well compared to Letseng Village and Kao Village.

All sites and plants tested showed that cobalt is below the range expected in healthy
plants based on the permissible level of cobalt in the plant, which is 15-25 mg/kg in the
plants [23]. The level of cobalt is low in soils from Kao Village and Letseng Village. Cobalt
in the roots and leaves cannot disrupt a range of metabolic processes due to less competi-
tive interactions with other micronutrient cations [24].

The level of manganese in plants is way too low in the studied sites. The highest
Mn content in the crops was 21.4 mg/kg for sorghum in the Kao village farm and
low (4.53 mg/kg) in the Pearl millet sample that was taken from a pot experiment on
Letseng Village soil. Manganese is very important in chloroplast formation, photo-
synthesis, and nitrogen metabolism. When manganese is low in the plant, the plant
growth and quality are hindered. It is essential mostly in the catalyst of the oxygen-
evolving complex (OEC) of photosystem II (PSII); thus, the amount of Mn should be
increased in soil for plant root uptake [25].

Iron is high in sorghum because MAR, Kao Village, and Letseng Village soils
have 217, 180, and 105 mg/kg in the plant, respectively. Iron plays many roles in
plant enzymes such as cytochromes, mainly in the transport chain through electrons.
It is needed in higher amounts by plants, and its deficiency will cause plants to
trample [26].

4.2 Concentration of toxic heavy metals in sorghum and Pearl millet

It appears that the sorghum and Pearl millet experiments under a pot trial have
both similar lead (>2 mg/kg) concentrations in the plants, and it should be noted that
the permissible concentration of Pb in the plant is 2 mg/kg according to WHO [17].
Letseng had soil contamination of lead that could have a significant contribution in
affecting the crop directly, since the Pb level was above the allowable limit in soils.

It should be noted that lead in Figure 4, unlike other heavy metals, is easily
absorbed by plants, and this has a very big effect on plant growth. Plants, to protect
themselves, should have strong cell wall to prevent the accumulation of lead inside
the cell [27].

Chromium in the soils of the Kao Village and Letseng Village was high, and its
concentration in the plants also shows that the plants are contaminated with chro-
mium (Table 2). Chromium is a serious threat to plants because, at certain stages, it
has totally killed the plants besides restricting the germination of seeds by triggering
protease activity [28]. Chromium in the environment should be controlled totally.

Pearl millet and sorghum had high amounts of Cd, way above the allowable
0.02 mg/kg of Cd in their tissues, unlike other heavy metals discussed (Table 2). Cd
toxicity in crop plants has the potential to decrease the uptake and translocation of
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nutrients and water. There are also other effects that cadmium toxicity could cause
on crops such as higher oxidative damage, plant metabolism interruption, and plant
morphology and physiology restrictions [29].

Cadmium in water is highly soluble, and this makes it even more harmful to
plants, even at lower concentrations [30]. The symptoms that have been observed
in the plant samples from Kao village as well as those from the pot experiment are
stunting and chlorosis of plants, indicating the effect of Cd toxicity. The main reason
for stunting in growth and chlorosis is due to Cd restricting the plant roots to absorb
nutrients that they require for growth [31].

4.3 Plant height and chlorophyll content in Pearl millet and sorghum

The bar chart in Figure 5, clearly gives an indication of how contaminants have
affected the plants in the pot experiment. Crops grown on the soils of the control site
MAR outperformed the crops grown on soils of the contaminated sites during the
three-month growth period. Both crops tested on soils of the mining sites performed
badly because their plant height was increasing but very slowly because of the low
chlorophyll measured since was very low to allow the plant to grow to the optimum.
Heavy metals in the soil compete with other needed nutrients; therefore, the growth
of the plants is affected, as this could clearly be seen with the soils from Kao and
Letseng Villages. With plants grown on soils from MAR, the growth is high and rapid
due to the fact that there were no contaminants in the soils.

Heavy metals present in plants in larger quantities are considered to be toxic and
could also affect human life by entering the food chain. The plant height of plants
grown in the soils of Kao Village is very small, which is indicative of the severe

Sorghum and Pearl| millet plant height
and chlorophyll content

70
B Sorghum height in
60 ) plants )
B Chlorophyll content in
Sorghum
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Figure 5.

Plant height and Chlorophyll analyses in pot experiment for 3 sited LV, KF and MAR represents Letseng village,
Kao Farmlands and Mokhotlong agricultural research respectively.
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contamination of cadmium and other heavy metals that affect plant growth and
photosynthesis. With crops grown in a pot experiment on soils of the Letseng Village,
chromium, lead, and cadmium are apparently the ones restricting plant growth and
height. It should be noted that at low concentrations, non-essential heavy metals truly
affect plant growth, ecosystems, microorganisms as well as human life [32].

These non-essential elements affect plant growth because plants are inhibited
from absorbing the nutrients in the soil, and growth is highly affected at that
moment. In both Letseng and Kao Diamond Mining, the chlorophyll content is very
low, implying that the synthesis of glucose and oxygen is very low, which results in the
plants not growing to the needed optimum growth due to the effects of heavy metal
concentrations in the soil [33]. The soil content of these metals (Cr, Cd, and Pb) was
also in the toxic range, hence why the plant contents are also high.

5. Conclusion

Sorghum and Pearl millet have absorbed significant levels of heavy metals from
the soils into their roots. Kao Village is highly contaminated with chromium, cad-
mium, and lead, and stunted growth and chlorosis are observed in the plants.

There are higher concentrations of heavy metals in Pearl millet and sorghum in
Letseng Village from the pot experiment in the order of Pb > Cr > Cd > Ni > Fe > M
n > Cu > Co > Zn. Around the Kao Village, three metals were in the toxic range in the
order of Cd > Pb > Cr. Sorghum absorbed more heavy metals than Pear] millet in all
study sites from pot experiments in glass houses. The health of humans and animals
consuming sorghum could be at risk.
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Abstract

Environmental contamination is one of the great challenges worldwide. It is
exponentially increasing through natural and non-natural sources, particularly
through anthropogenic activities. Pollutants such as heavy metals, SO,, CO, nitrogen
oxides, biological contaminants, ozone, etc., are serious threats to the environment.
Among others, the heavy metals exploration through mining, their natural addition
to the various vegetables/foods from the soil, and their presence in air and water are
recognized as the riskiest factors contributing to environmental contamination. The
presence of heavy metals in the environment, particularly in foodstuffs poses highly
toxic effects on human health which compel the scientist to identify the levels of
these heavy metals in the foodstuffs as well as to design green strategies to overcome
the health-related challenges with the used of the heavy metals contaminated foods.
The present chapter focuses on the heavy metals presence in different foods through
dietary intake, sources of these metals, the associated risks, and reported heavy met-
als remediation strategies for foods including physical, chemical, bioremediation, and
others.

Keywords: environment contamination types, heavy metals in foodstuffs, heavy
metals associated risks, remediation strategies, human health
1. Introduction
1.1 Background of the chapter

Contamination is the basic term used when we discuss about the environment and
environmental science. Although the present chapter focuses on the contamination

caused by heavy metals in foods, sources of these heavy metals, the associated health
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risks, and remediation strategies, however an understanding of the basic terms such
as environment, environmental science, contaminations, and its types are highly
necessary to describe the topic in the more understandable way. Thus, the mentioned
terms will be discussed in the initial sections followed by the topic under focus.

1.2 Environment and environmental science

The environment generally refers to the surroundings or conditions in which a
person, animals, or plants live, operate, and influence each other. More explicitly
an environment is recognized as the circumstances, objects, physical, chemical,
biotic factors, and conditions in one’s surroundings that influence an organism, or
an ecological community that ultimately determine its survival [1]. The physical and
chemical factors include but not limited to light, temperature, color, hydrology (such
as rainfall, soil moisture, flow rates, and sea level), pH, nutrients, level of oxygen,
all toxic gases and compounds, organic and inorganic pollutants and others [2]. For
example, light directly influences the process of photosynthesis in plants which is
essential for their survival. The biotic factor includes all biological conditions/compo-
nents/contaminants of biological and microbial origin, e.g. animals, microbes, plants,
human beings, and others. These conditions/components interact in various ways and
predict the level of survival and overall ecological balance [3]. The ecological com-
munity includes a group of species, living and interacting in the same area thereby
determining the survival of each other. Surrounding conditions (climate or presence
of other species or human activity) is also an important factor in defining the envi-
ronment as it includes all external conditions affecting organisms.

Environmental science deals with the physical, chemical, and biological interaction
of living organisms with their environment. In other words, environmental science
is an interdisciplinary field that studies the interactions between the natural environ-
ment and human activities. It encompasses various scientific disciplines, including
biology, chemistry, geology, and physics, to understand the processes that shape the
Earth’s ecosystems, the impact of human actions on the environment, and the methods
for mitigating environmental issues. In addition, this branch of science discusses how
the natural phenomena take place and the changes that occur in the climate, as well
as the impact of human/living being activities on these natural phenomena creating
various environmental problems. Furthermore, environmental sciences deal with all
the challenges related to the environment and find and suggest solutions to how to
overcome the different environmental problems in a sustainable manner [4].

1.3 Environmental contamination and its types

There are various contaminants present in the environment that badly affect the
human health by causing or contributing to different diseases [2, 3, 5-6]. Although
the different types of pollutants are responsible for more than one type of contamina-
tion but still based on these different types of pollutants/contaminants, the environ-
mental contamination can be [7], but not limited to the following 7 major types:

1.3.1 Biological contamination

Biological pollution is caused by the presence or introduction of adequate quanti-
ties of non-indigenous or invasive species, such as pathogenic bacterial strains,
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viruses, algae, protozoa, fungi, insect pupae, animal dander and their saliva, house
dust, mites, cockroaches, pollen, and others. These biological contaminants pollute
water, air, food, etc., which ultimately cause various diseases such as typhoid, cholera,
polio, hepatitis, and others, and subsequently affect humans’ activities [7-8]. This
kind of contamination could be managed via adopting various approaches, includ-
ing bioremediation through the use of indigenous microbes, chemicals, changes in
growth conditions for the microorganisms, and others [8].

1.3.2 Air contamination

Air contamination refers to the introduction of harmful substances such as volatile
organic substances, particulate matter, and toxic gases like CO,, CH,4, CO, SO,, NO,
05, and others. The sources of these toxic gases are diverse including power-producing
stations, gas stations, automobiles, combustion engines, burning of fossil fuels,
furnaces, agricultural activities, volcanic and soil eruptions, and others. Air pollution
carries a serious threat not only to climate change but also directly affects human
health since the exposure of the individual to air pollution has caused suffering from
various diseases such as respiratory diseases, cancer, cardiovascular diseases, and

others [7, 9].
1.3.3 Radioactive pollution

Radioactive contamination generally refers to the release of radiation into the
environment, i.e., air, soil, and water, and ultimately contaminate it. It originates
usually from the mining of radioactive substances, their uses and deposition, nuclear
tests, nuclear accidents, managing nuclear wastes, diagnostic tests using radiation,
nuclear medicines, and others [7, 10, 11]. Common radioactive substances include
uranium, radon gas, cesium, and others. As a result of the radioactive pollution,
the whole ecosystem is badly affected and various health issues are observed in the
surrounding inhabits, ranging from simple illness till mortality [10-14].

1.3.4 Water contamination

Water is one of the essential requirements of living beings. Water contamina-
tion is one of the most highlighted problem worldwide among the different type of
contamination. It refers to the presence of chemicals beyond the acceptable limit
and pathogens in the water systems, including rivers, oceans, storage tanks, and
others, deteriorating these systems and ultimately causing health issues in humans
and other inhabitants. The microbial contaminants include pathogenic bacteria,
viruses, microscopic protozoa, and worms which are spread by human and ani-
mal wastes. The chemical (organic and inorganic) or microorganisms are added
unintentionally to the water sources both drinking and underground water from
the natural mineral deposits or from industrial processes and their effluents. The
chemical contaminants include heavy metals, paints, detergents, solvents, batter-
ies, medicines, disinfectants, pesticides, oil and petrochemicals, and others. The
UN report 2003 (UN WWAP 2003) reveals that 2 million tons of sewage, industrial
effluent, and agricultural wastes are discharged into the world’s water each day.
Radiological contamination of water is also one the types of water contamination
[7, 12, 15-20].
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1.3.5 Soil contamination

Soil contamination is among the major types of contamination which is caused by
the natural or non-natural introduction/presence of the toxic xenobiotic chemicals/syn-
thesized substances. The different types of soil contaminants include paints, industrial
byproducts, pesticides, herbicides, medical waste, animal waste, heavy metals/metal-
loids, microplastics, antibiotic resistance genes, increase in salt contents, acidic nature
of the soil, and others. These contaminants degrade the soil quality. Literature reveals
that the increased levels of multiple soil contaminants are associated with changes in
microbial traits including genes associated with environmental stress resistance, nutrient
cycling, crop growth, and pathogenesis. Furthermore, these contaminants accumulate
in crops, fruits, and vegetables and ultimately cause serious threat to the human’s health
[7, 21, 22]. Various strategies have been reported to be considered to minimize the level of
the aforementioned containments in solid or in other words to manage soil contamina-
tions. These strategies include identification of the sources of contaminants, reduction
of heavy metal phytoavailability in soil with liming or other immobilizing materials,
cultivation of low accumulating crops, use of clean water, fertilizer management such
as utilization of natural fertilizers, bioremediation, and others. Other remediation
strategies to overcome soil contamination include, the use of physicochemical processes/
physical barrier application via capping water surface to limit the infiltration of the
uncontaminated water, Separation/concentration processes in which the pollutants are
treated with other substances to reduce the related hazards, Chemical treatments that
reduce the bioavailability/mobility of contaminants upon reaction with specific reagents,
polymer encapsulation, phytoextraction (extraction of both metallic and organic
constituents through direct uptake by plants) and phytovolatalization processes (involve
specialized enzymes that can transform and volatilize contaminants in the plant-
microbe—soil system), soil amelioration/amendments via lime, phosphate, and organic
matter e.g., the addition of lime reduce the bioavailability of heavy metals [22, 23].

1.3.6 Contamination by medical wastes

The contamination caused by medical waste is a serious threat to the environment,
which is directly affecting human beings and other living organisms, particularly in
developing countries where biomedical waste management is very poor. The riskiest
of medical waste includes injections, syringes, needles, blades, scalpels, and others.
The hospitals, clinics, and diagnostic centers generate medical waste, and improper
deposition, causes various fatal diseases. It is reported that 16,000 hepatitis C infec-
tions, 66,000 hepatitis B infections, and about 1000 human immunodeficiency
(HIV) infections are caused by mismanagement of medical waste, which led to
approximately 1100 deaths and significant disability [6, 24, 25]. The medical waste
contains toxic and radioactive substances. It is reported that 15% of the total amount
of medical waste is hazardous and can be infectious and hazardous. Among the
careful management strategies, a massive volume of medical waste is mostly treated
through incineration, but this process may release toxic gases and solid waste with
contents of heavy metals and other toxic substances. It is therefore other strategies
such as steam autoclave disinfection, microwave disinfection, mechanical/chemical
disinfection, recycling, and others, may be adopted to reduce medical waste to the
maximum. However, careful background knowledge is necessary about the type/
nature or composition of the medical waste before adopting any of the mentioned
management strategies to avoid any incident [26, 27].
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1.3.7 Chemical contamination

As previously mentioned at the start of the chapter that the vast nature of the
topic “environmental contaminations, associated risk and remediation strategies” is
almost impossible to cover each type of contamination. In addition, since food safety
is one of the global challenges, therefore the present chapter greatly focuses on one of
the major types of contamination, i.e., chemical contamination mediated via heavy
metals in foods. Furthermore, the associated health risks of the contaminated food-
stuff via heavy metals and remediation techniques are also a main focus of the present
chapter.

Chemical contamination encompasses a vast category of contaminants that occurs
either by waste of toxic chemicals, heavy metals, and others that are not intentionally
added to the ecosystem and pose a serious threat to plants, animals, humans, and all
living things. Origins of chemical contaminants are diverse, namely soil, environ-
ment, disinfection byproducts, personal care products, packaging material, air, and
water. Food and water contamination by chemicals is one of the serious global issues.
The chemicals that contaminate food include but are not limited to metals/metalloids,
aromatic compounds, persistent organic pollutants, perfluorinated compounds, phar-
maceuticals, undesired edible colors, radioactive elements, electronic waste, plastics,
and others [20, 28-31].

The contamination of food happened due to multiple reasons, such as contamina-
tion during long-chain processing of foods, baking, roasting, heating, fermentation,
or hydrolysis, transportation of foods, deliberate mixing of additives to the foods
for improving the shelf life of a food product, packaging of the foods, and others.
Chemical contaminants enter the food chain naturally as well as via pathogens.
Chemical contaminants of foods typically include environmental contaminants, food
processing contaminants, unapproved food additives, migrants from packaging mate-
rials, etc. Among the environmental contaminants, the toxic heavy metals entered
foods via anthropogenic activities and/or naturally through water, air, or soil.

The remediation strategies to mitigate the level of these containments and their
hazardous impact on humans’ health may vary, which depends on the sources as well
as the nature of the containments. These strategies include bioremediation, chemical
oxidation, electrokinetic remediation, precipitation, flocculation, adsorption, and
others [32].

2. Heavy metals-derived contamination

Heavy metals are naturally occurring elements that have high atomic weight,
high density (>5 g/cm®), even more than water, usually having an atomic weight over
63.5, and the majority are toxic at ppb levels. Examples of heavy metals include lead
(Pb), iron (Fe), mercury (Hg), cadmium (Cd), zinc (Zn), arsenic (Ar), copper (Cu),
chromium (Cr), and others. Heavy metals have the characteristics of environmental
persistence and bioaccumulation and are added to the environment in various ways
(through multiple industrial, domestic, agricultural, medical, and technological
applications), thus causing “heavy metals derived contamination” [33]. Itis a type
of chemical contamination in which the undesired presence of inorganic pollutants,
“heavy metals,” exceeds the permissible limit in the environment, i.e., in the air, water,
soil, food, and others. As a result, an undesirable alteration in the natural environment
occurs that affects both flora and fauna badly. The heavy metals may be considered
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Figure 1.

Number of articles published regarding heavy metals toxicity to human health.

as one of the major types of environmental pollutants that originate from natural or
anthropogenic activities [33, 34]. Heavy metals pollute the environment in various
aspects, such as directly accumulating and badly affecting soil, air, water, food, sedi-
ments, and biota (plants, animals, and aquatic life), thus degrading the overall quality
of these components and resultantly making the environment unpleasant for the living
systems. Numerous research have been done regarding the heavy metals toxic effect on
humans, and the PubMed [34] survey regarding this is shown in Figure 1.

The graph given in Figure 1 was generated by entering the combination of the
terms “heavy metal toxicity effect on human health” to gather the literature data
published from 2000 to 2024, which reflects the main concept of the chapter.

2.1 Heavy metals in foods

Various biological contaminants (bacteria, viruses, fungi, and others), chemical
contaminants, and physiological factors are involved in contaminating foodstuffs, i.e.,
cake, bread, beans, fish, meat, fruits, milk, herbal drinks, alcoholic and non-alcoholic
beverages, etc. Among the chemical contaminants, heavy metals in foods (of both
plant and animal origin) are one of the major causes of food contamination, which
leads to foodborne diseases, and thus food safety becomes a global issue [34, 35]. The
most toxic among the heavy metals that occur in foodstuffs are Pb, Cd, As, and Hg.

2.1.1 Factors influencing the heavy metal contents in foods, their sources, and
associated visks

Various factors influence the presence and concentration of these toxic metals in
foods, which range from soil type and environmental conditions during the growth of
the fruits providing plants and post-harvesting stages such as handling, processing,
packaging, cooking/preparation, and others. These factors are responsible for either
an increase or decrease in the toxic heavy metal contents in the respective food, e.g.,
washing after post-harvesting may reduce the metal contents but can be increased if
the water itself has heavy metal contaminants. Cooking may reduce metal contents in
foods, while processing equipment and packaging may contribute to the heavy metal
contents of foods [35, 36].
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2.1.2 Heavy metal possibility in foods, their sources, and associated risks

Heavy metals are found in different foods in the form of different species. The
most toxic one is arsenic, which may be present in foods in the form of arsenocholine,
in organic arsenic, arsenite, arsenate, dimethylarsinate, dimethylarsenate, methyl-
arsonate, methylarsonite, arsenobetaine, arsenosugar, trimethylarsonio, propionate,
and trimethylarsine oxid [35, 37-40].

Heavy metals may be classified into essential and non-essential elements on the
basis of their demand by the plant-animal-human system. For example, Iron (Fe),
Molybdenum (Mo), Copper (Cu), Manganese (Mn), and Zinc (Zn) are important
for plants, animals, and human beings. Selenium (Se) and Cobalt (Co) are important
to animal-human beings. Nickel (Ni) and Chromium (Cr) are important to plants,
human beings. Lead (Pb), Mercury (Hg), Cadmium (Cd), and Arsenic (As) are not
needed by any one organism and serve as toxic metals for all the living organisms.
Despite the fact that some of the mentioned essential heavy metals are necessary for
the animals, and plants, their presence more than permissible limits is highly toxic to
the growth of the living beings [41].

The detailed information about the types of heavy metals present in the food, their
possible sources, and associated toxicity are shown in the following Table 1.

Heavy Foods having Possible sources of the Potential References
metals respective metals respective heavy metalsfrom  associate health
which itis added to the foods risks
Arsenic Rice (mostly arsenic In crop-based foods and fruits, The first most [35, 37-41]
is found in highest it is added from soil and the toxic among
concentration contaminated water that is the heavy
inrice), fish, used for cultivation. Also, metals causes
meat, poultry, it is added from pesticides genetic toxicity,
dairy products, (e.g., calcium arsenite and reproductive
cereal grains like copper acetoarsenite-Paris toxicity, cellular
wheat, vegetables, Green) and from herbicides toxicity, chronic
fruits, and certain (e.g., methylarsenic acid and kidney diseases,
mushrooms. dimethylarsenic acid). diabetes, obesity,
Seafood directly absorbs and others.
it from the contaminated
seawater and in seafoods,
it is found in the form
of Arsencholine and
Trimethylarsine oxide.
In dairy products, poultry, and
other meat, it is more possibly
added from the contaminated
water used by the animals and
poultry.
Lead Mostly in Exposure to lead can occur The second most [35, 42]
plant-based foods. through contaminated air, toxic among the
water, dust, food, or consumer heavy metals,
products that contain inorganic it decreases the
lead. Organic Pb (Tetra-ethyl growth rate of
Pb) is predominantly found in children and
leaded gasoline. affects the nervous
system and
metabolism.
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Heavy Foods having Possible sources of the Potential References
metals respective metals respective heavy metalsfrom  associate health
which it is added to the foods risks
Cadmium The major food Major sources are Osteoporosis, [35, 43-45]
groups that anthropogenic activities such kidney diseases,
contribute to the as the application of phosphate cardiovascular
most Cd exposure fertilizers, wastewater, sewage diseases, cancer,
are rice and grains, sludge, and manures. and others.
seafood, meat, and
vegetables.
Mercury Marine foods, e.g., Contaminated water, industrial ~ Causes damage to [35, 46-48]
shark, swordfish, effluents, and mercury the fetus, brain,
redfish, etc. contents in low-quality and kidney.
Fish protein binds cigarettes and medicines.
more than 90%
of the consumed
methylmercury.
Antimony Cereals, vegetables, Plant-based foods near Cardiotoxicity [35, 49, 50]
fruits, meat, poultry, antimony mines. Antimony, (49% of patients),
seafood, and dairy usually in the form of pancreatitis,
products. antimony trioxide, enters the visceral
environment mainly as a result leishmaniasis
of industrial activities and via co-infections.
weathering of rocks and runoff ~ Itis also reported
from soils. as carcinogenic.
Chromium Grain products, Chromium is a naturally Chromium (IIT) [35, 51-53]

fruits, broccoli,

nuts, spices, brewer’s

yeast, grape juices,
and others.

occurring element. Chromium
compounds are stable in the
trivalent (III) state. The most
common exposure routes

of chromium in humans are
ingestion, dermal contact, and
inhalation.

Chromium may get into our
food chain through stainless
steel, metals, and pottery
when they are used as food
containers.

is an essential
nutrient. Humans
and animals’
exposure to this
metal in excess or
even deficiency
is associated

with lung cancer,
carcinogenicity,
respiratory,
cardiovascular,
gastrointestinal,
and
musculoskeletal
diseases.

*The intensity of toxicity is associated with, (a) type of metals, as the order is As>Pb > Hg > Cd.

Table 1.

Most toxic heavy metals, their dietary intake, and associated health risks.*

The possible mechanisms of action of the heavy metals toxicity to the human body
are that they involve the production of reactive oxygen species, the inactivation of
enzymes/enzymes getting inactivated, and the development of oxidative stress in the
human body. Moreover, the heavy metals generate free radicals that promote oxida-
tive stress that subsequently damages the important biomolecules inside the living
body, including proteins, lipids, and DNA [54-56]. The heavy metals such as iron,
cobalt, copper, manganese, molybdenum, and zinc are required by humans. These
are considered biocompatible; however, they are toxic to living organisms at higher
concentrations (Table 2).
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Heavy metals Sources Associated risks References

Cobalt Red meats, shellfish, fish, leafy green Excessive exposure shows [35, 41, 57]
vegetables, legumes, nuts, and cereals. adverse effects like hearing
Foods high in vitamin B-12 are the only and visual impairment,
source of cobalt used by the body. Cobalt cardiovascular disease, and
metal enters into the soil environment from others.
phosphate fertilizers, industrial wastewater,
and sewage sludge. This ultimately entered
into foods.

Cupper Mining, pesticides, chemical industry, and Liver and renal dysfunction, [35, 58]
piping. anemia, intestinal irritation,

and stomach problems.

Zinc Refineries, brass manufacture, metal Skin irritation and nervous [35, 59]
plating, and plumbing. system disturbances.

Manganese It is an essential nutrient. Reports about In high concentration, it is [35, 58, 60]
dietary intake of manganese are very rare; a potent neurotoxicant but
mainly, it is added to the human body via least among all the essential
drinking water and inhalation. However, heavy metals/nutrients.
its dietary intake has been reported in the It shares a contribution to
following foods: Grains and grain-based neurological disorders such
products, vegetables, sugar plants, oilseeds as Parkinson’s disease.
and spices, fruits, peanuts, juices, meat, fish,
dairy products, eggs, and others.

Iron Iron is an essential element for human life Anemia is one of the major [35, 58,
since it participates in many functions diseases caused by iron 61, 62]
in the human body, including oxygen deficiency. It may cause
transport, immunity, cell division and cancer via free radical
differentiation, and energy metabolism. generation.

Taking in excess of the heme iron (present
in animal products such as meat, fish, and
poultry) and nonheme iron, which is found
in fruits, vegetables, dried beans, nuts, grain
products, and meat. Apple has the highest
content of iron.

Molybdenum Itis a trace element functioning asa cofactor It is an essential element [61-63]
in four enzymes, i.e., sulfite oxidase, having no known profound
aldehyde oxidase, xanthine oxidase, and toxicity effects due to
mitochondrial amidoxime-reducing its excess or deficiency
components. Legumes, grains, and nuts are because the body regulates it
the main dietary sources of molybdenum in efficiently.
humans.

Nickel It enters into the environment from Allergy, cardiovascular [61, 64-66]
anthropogenic activity and natural sources and kidney diseases, lung
and is ubiquitous in the environment. fibrosis, lung and nasal
Monovalent, divalent, and trivalent forms cancer in humans are
of nickel occur in living organisms. The associated to some extent
Food and Drug Administration has not with the nickel.
established daily values for nickel to be used
for food and dietary supplement labeling
purposes. Chocolate, nuts, dried beans
and peas, and grains are considered rich in
nickel.

Table 2.

Biocompatible heavy metals that ave toxic at high concentrations.
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Elements such as aluminum, beryllium, barium, silver, gold, thallium, tellurium,
tin, titanium, vanadium, and uranium have no known biological functions. These
elements may be toxic at very high concentrations in the body, but not to the same
extent as arsenic and other toxic metals listed in Table 1. The permissible limits of all
the toxic heavy metals in different foods are given in the literature [35, 58, 67].

Considering the global perspectives of the heavy metals-mediated contamination
in foodstuffs, recent studies revealed that the vegetables grown by using contami-
nated irrigation water in China were found with the highest levels of Pb and Cr
among the other heavy metals. The vegetables grown in Bangladesh have shown the
highest contents of Cu, Cd, and Pb. Among the European countries, the vegetables
cultivated in mining-affected areas of Romania have shown high levels of heavy
metals, including Pb, Cu, and Cd. Tomatoes from Romania have shown very high con-
tents of Cu. The contamination of foods in these regions poses long-term health risks
to the connected populations. The detailed data reported in the literature [68, 69] is
presented in Table 3.

Country Vegetable/food item Heavy metal Contamination level mg/kg
Bangladesh Spinach Cu 5.59
Radish 4.45
Carrot 535
Brinjal 6.69
Spinach Pb 0.98
Brinjal 0.83
Cabbage 0.60
Turnip Cd 0.06
Radish 0.65
Carrot 0.06
China Spinach Pb 4.5
Lettuce 5.8
Turnip 5.2
Maize Cr 0.08-0.38
Spain Lettuce Ni** <0.02
Brazil Brinjal Pb 0.44
Romania Lettuce cd* 0.97-1.52
Tomato Cu™ 32.5-46.0
Florida, USA Lettuce As* 273
Egypt Orange Cu* 0.36-2.2
Table 3.

Global overview of the level of different toxic heavy metals demonstrating the contamination of different
vegetables/food items.
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2.2 Remediation techniques to reduce the heavy metals-based contamination
in foods

There are a number of remediation strategies reported to mitigate the heavy
metals in foods and subsequently ensure the safety of human health from their
toxicity. Majority of the reported techniques focus on a single point in eliminating
these elements from foods, which is to target the root causes/sources of these heavy
metals from where they enter into foods and subsequently affect human health and
the environment. A report generated from PubMed [70] about remediation strategies
to mitigate the heavy metal contaminants from foods is given in Figure 2. The data
was generated by entering a combination of the specific keywords (heavy metals
remediation foods in the PubMed), which presented the number of published papers
focusing on the keywords and gave an overview of the interest of the scientists during
the mentioned span of time.

The various adopted remediation techniques can be classified broadly into physi-
cal, chemical, biological, and integrated approaches [71, 72].

2.2.1 Physical remediation

The physical remediation techniques in foodstuffs via targeting their source
material/soil may include washing of soil, soil extraction, soil solidification, and
soil stabilization of the heavy metals [73]. The physical remediation approach also
includes thermal desorption. In thermal desorption, pollutants are separated from
the soil by their volatilization through direct or indirect heating from the soil. In this
process, steam, microwave, or infrared radiations are used to volatilize the heavy
metal pollutants from the soil, such as mercury, arsenic, and others [74]. Soil replace-
ment is also used as a heavy metals treatment method for soil. It is a short-distance
replacement method for moderate quantities of extremely contaminated shallow soil,
replacing the contaminated soil with uncontaminated soil to reduce the heavy metal
content in the soil [72].
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Figure 2.
Number of papers published about remediation techniques applied for heavy metals veduction from foods.
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Zhou and his team categorized the physical remediation method into three types:
soil substitution, sweeping of soil, and the importation of land from uncontaminated
sites. Among these, the substitution of the soil technique is very suitable for land in
a small area with contamination. Despite the advantages of the physical remediation
techniques for heavy metals from the soil, the physical heavy metals remediation
methods are associated with some disadvantages, such as being time-consuming,
laborious, and not economically viable methods [73, 75].

2.2.2 Chemical remediation

Chemical remediation approach involves the decrease in mobility, availability, and
toxicity of heavy metals in soil by injecting chemical remediation agents and applying
the functions of adsorption, precipitation, and oxidation [72]. An example is the use
of a chelating agent to improve metal accumulation and its detoxification in different
plant parts without influencing plant growth. Chelators usually have functional groups
that may coordinate through their lone pairs, e.g., S, N, and O atoms are commonly
used as ligand atoms in chemical groups such as —SH, —-S-S, -NH,, =NH, -OH, ~OPO;H,
or > C=0. Peptides are the best chelators among others. The application of the use of
chelating agents in the soil site is also reported; however, this approach can also be
applied directly to the human body, which results in complex formation with the respec-
tive chelator, e.g., EDTA complexes and others. The chelation complexes are formed
non-toxic and aid in their excretion from the site of deposition [76]. In the last few years,
nanotechnological approaches have been increasingly used in heavy metal remediation
from soil, solid waste, and wastewater, which are the main sources of heavy metals-
mediated contamination in foods. The nanosubstances reported for the mentioned
purpose are iron oxide nanoparticles, ferrite nanoparticles, magnetic multiwall carbon
nanotubes, nanoclays, nanomembranes, and others. These substances serve as direct or
indirect agents for heavy metals remediation from foods or food sources [77, 78].

2.2.3 Bioremediation

Bioremediation is a broad category and is one of the most attractive to eliminate or
degrade heavy metals from the soil or directly from the organism through conversion
of the contaminant into less toxic substances or through reduction of the pollutant
toxicity via metabolic activity of the organism. This remediation approach can be
subclassified into microbial remediation, the nanobioremediation approach, the
carbon-based biochar approach, phytoremediation strategies, and others [79]. In
the microbial remediation approach, heavy metal-tolerable microbes are applied in
the field for advanced genetic development [79, 80]. The nanobioremediation is one
of the most efficient approaches to overcoming organic contamination in soils. NPs
transform or absorb the HMs present in the soil, therefore minimizing their bioavail-
ability as well as their mobility. For instance, the mobility of cadmium was reported to
be decreased with the application of Fe304 NPs [81].

The carbon-based biochar approach is used as an ideal adsorbent applied to heavy
metals-enriched sites to mitigate the heavy metals level. For effective sorption, some
factors like the addition of organic additives, variation in temperature, and redox
complexation are taken into consideration. Recently a new modified biochar with
earthworms called “vermibiochar” has been introduced to the contaminated soil
and water sites to mitigate the heavy metals concentration, and subsequently their
concentration in respective foods and juices reduced [79, 81].

178



Perspective Chapter: Heavy Metals-Mediated Chemical Contamination in Foods, Associated...
DOI: http://dx.doi.org/10.5772/intechopen.1007943

Phytoremediation of heavy metals is a cheaper and greener approach that is used
widely to overcome the heavy metals-derived contamination. According to this
approach, plants having high heavy metal accumulation capacity are grown on the
sites having high contentment of heavy metals. For example, a novel arsenic-hyperac-
cumulating fern (Pteris vittata) is widely reported as a sustainable phytoremediation
tool for the reclamation of arsenic-contaminated soils. The phytoremediation tech-
niques work through the implementation of various processes such as phytoextraction,
phytostabilization, phytovolatilization, rhizofiltration, and phytofiltration [79, 82].

Compared to the physicochemical method, bioremediation of toxic heavy metals
in food chain contamination through soils is the most advantageous approach with
respect to environmental safety, field scale application, and economical approaches.
Some disadvantages include the practical and technical challenges faced during the
field scale application [83].

In addition to the remediation approaches listed above, there could be others,
some of which are currently being developed, to address the problem posed by the
toxicity of heavy metals in foods and human health, as these toxic metals pose a major
risk to the environment as a whole and human beings in particular.

3. Conclusion

Majority of the heavy metals, even in trace quantities, while the biocompatible
heavy metals (iron, cobalt, copper, manganese, molybdenum, and zinc) in high
concentrations can cause diverse health problems, including neuro disorders, skin
problems, diabetes, chronic kidney diseases, cardiovascular diseases, cancer, and
others. The research publications trend and the literature review presented in the
chapter indicate the alarming situation of the issues related to the heavy metals-based
contamination in foods. It can be inferred that different methods, including physical,
chemical, and bioremediation methods, can be adopted to overcome the risk factor
associated with the toxicity of heavy metals from foodstuffs. Among these methods,
the different bioremediation methods are highly applied to address the mentioned
health problem caused by heavy metals toxicity.

Despite the effective methods, the complexity of foods may be a challenge for
the successful application or result-oriented application of the mentioned strategies.
Different global standards regarding the permissible limits and adaptation of the
advanced method due to the low economic strength of the developing countries may
also be a great challenge in adopting a uniform and advanced strategy to combat the
heavy metals associated risks.

In addition to the effective remediation strategies, and even after their application
to address the ongoing challenges associated with the heavy metals-mediated con-
tamination in foods, the following recommendations are made:

a.Balanced diet is needed to maintain the level of heavy metals within the permis-
sible limits or which is required by a human body.

b.Minimize the anthropogenic activities that are responsible for heavy metals
contamination in soil or directly contaminating foods.

c. More plantation is needed of those plants that have the capacity to contribute to
phytoremediation.
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d.Bioremediation approaches, among others, are highly recommended due to their
less costly and more living-being-friendly nature.

e. Maximum awareness of the public about the heavy metals toxicity is needed.

f. Advocating for adopting uniform global standards is recommended.

g.More investment in the research and development sector in the related research
area is needed, and particularly global organizations like WHO should provide
financial support to developing countries for this purpose.

The present chapter discussed the foodstuff-based heavy metals associated toxic-
ity effects on human health and remediation strategy in detail, but still, the chapter
has some limitations. Although a reference (having a table) about the data about
permissible limits of the heavy metals from foodstuff is given, however, the data in
the form of the table within the chapter is lacking. Lack of separate tables about the

comparison of the foodstuffs enriched in toxic heavy metals as well as the comparison
of the remediation strategies are some limitations of the present chapter.
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Chapter 10

Perspective Chapter: The Dual
Nature and Applications of
Uranium

Angelica A. Chacon and Carlos R. Cabrera

Abstract

Uranium is a unique element, characterized by its dual role as a valuable resource
and a source of significant hazards. Widely used in industry, research, and medicine,
uranium has played a pivotal role in shaping modern science and technology. Since
the discovery of its fission properties in the early twentieth century, uranium has
gained attention as a powerful and influential element. Historically, uranium’s role
in the discovery of radioactivity marked a turning point in scientific research, and
its ability to release immense energy through nuclear fission has transformed human
history. From its destructive potential in warfare to its peaceful applications in
electricity generation via nuclear power plants, uranium has had a profound impact.
Furthermore, it has advanced medical science through the production of isotopes
for diagnostic imaging and therapeutic treatments. However, increased demand for
uranium has led to expanded mining and milling processes, which pose public health
risks due to environmental contamination. This chapter explores uranium’s legacy,
highlighting its scientific significance while balancing the potential benefits with the
inherent risks associated with its use. The discussion underscores the need for careful
consideration and management of uranium’ dual nature as both a powerful resource
and potential source of harm.

Keywords: uranium, use of uranium, duality, environment, health effects

1. Introduction

Uranium, the heaviest naturally occurring element, stands at the intersection of
immense potential and significant risk. With an atomic weight surpassing those of all
other naturally occurring elements, uranium contains 92 protons and 92 electrons,
including 6 valence electrons [1]. As an alpha particle emitter, uranium undergoes a
complex decay process, with its decay chain beginning with Uranium-238 (U-238)
culminating in stable Lead-206 (Pb-206) [2]. Discovered in 1789 by the German
chemist Martin Heinrich Klaproth in a pitchblende specimen and named after the
planet “Uranus,” uranium initially gained attention for its ability to create vibrant pig-
ments [3]. However, its radioactive properties later unveiled far deeper significance,
leading to transformative events in history, science, and medicine.
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Uranium’s evolution from a material used in decorative arts to cornerstone of
scientific discovery exemplifies the complex interplay of beauty, power, and scien-
tific importance [4]. It is most widely recognized today for its critical role in fueling
nuclear reactors, providing a powerful source of energy that drives electricity genera-
tion around the world [4]. This potent energy offers an alternative to fossil fuels and
contributing to the global push for cleaner energy.

However, as the world transitions toward sustainable energy solutions, the global
demand for uranium is expected to rise, driving a surge in mining activities [5]. This,
coupled with other anthropogenic factors such as waste and the use of agricultural
fertilizers, is contributing to higher uranium levels in the environment, thereby
heightening environmental and health concerns [6].

This duality presents a profound challenge: how to maximize the benefits of
uranium while minimizing its dangers. As the global demand for energy and medical
advancements continues to increase, so too does the need for uranium. This chapter
explores the dual nature of uranium, tracing its historical significance, scientific
contributions, and environmental implications of its use. By understanding both the
opportunities and the risks associated with uranium, we can better navigate the path
forward in managing this powerful yet perilous element.

2. Uranium in nature and its evolution

Uranium is a naturally occurring element that is ubiquitously found in soils, min-
erals, and water bodies across the earth [7]. It ranks as the 49th most abundant ele-
ment in Earth’s crust and is lithophile, radioactive, and one of the heaviest naturally
occurring elements [7]. Uranium is considered one of the primordial elements that
were present in the Earth’s formation [8]. Its significant role in the planet’s natural
radioactivity is largely influenced by the long half-lives of its isotopes [8]. Uranium’s
abundance is approximately four parts per million (ppm), making it relatively com-
mon and widely distributed in the Earth’s crust [9]. Uranium is typically found in
minerals, such as carnotite, uraninite, and autunite [9].

The geological evolution of uranium, along with thorium, began approximately
4.5-3.5 billion years ago (Ga), a critical era in Earth’s history characterized by sig-
nificant transformations within the planet’s crust [10]. During this period, the Earth
transitioned from its initial molten state to a more solidified form as it cooled. This
cooling process led to the reduction of magmatic materials in the crust, which in turn
facilitated the formation of early tetravalent actinide minerals. Notable among these
early minerals are uraninite (UO,), thorianite (ThO,), and coffinite (USiO,), which
began to precipitate as the Earth’s crust began to solidify [10].

These early minerals, in particular uraninite, are indicators of the redox conditions
prevalent during the planet’s formative years. The oxidation states of uranium found
in these minerals—such as IV**, V**, and VI®*—reflect the changing environment con-
ditions driven by interactions with microorganisms [10]. These interactions between
geological and biological process not only influenced the mineral composition but
also played a significant role in shaping oxidative states of uranium emerging from
redox conditions of the time.

Containing 92 protons, uranium is the element with the highest atomic number
naturally occurring in the periodic table. The primary isotopes of uranium are
Uranium-238 (U-238) with a half-life of 4.51 x 10° years and Uranium-235 (U-235),
with a half-life of 713 x 108 years [11]. These isotopes differ in the number of neutrons,
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affecting their stability and radioactivity. U-238 is the most abundant isotope, com-
prising about 99.3% of natural uranium, while U-235 accounts for approximately 0.7%
[11]. Although these isotopes are chemically identical, they exhibit different behaviors
in nuclear reactions. U-235, with 143 neutrons, is capable of undergoing fission when

it absorbs a neutron, releasing energy in the process. In contrast, U-238, with 146 neu-
trons, absorbs a neutron to transform into Uranium-239. Uranium-239 subsequently
undergoes two beta decays to become Plutonium-239, which is also a fissionable mate-
rial [12]. The different nuclear behaviors of these isotopes play a significant role in their
applications and the understanding of uranium’ role in natural radioactivity.

Both U-238 and U-235 isotopes are alpha emitters, meaning they emit alpha
particles during radioactive decay [12]. The decay series of uranium ultimately result
in stable, non-radioactive lead isotopes: Lead-206 (Pb-206) from U-238 and Lead-207
(Pb-207) from U-235 [12]. The alpha decay process involves the emission of helium
nuclei (alpha particles), reducing the mass and atomic mass and atomic numbers of
the parent isotopes, and is a critical aspect of uranium?’ radioactivity [12].

Uranium came into the spotlight with the discovery of nuclear fission in 1938
and subsequent demands of the nuclear industry [13]. Uranium has become, and
remains, an ideal nuclear fuel due to its high density and excellent conductivity [13].
Controlling these properties was a key focus during the years 1943-1955, leading to
worldwide efforts in several laboratories to separate single crystals of uranium to dis-
tinguish its intrinsic properties from extrinsic ones [13]. This challenge was ultimately
met by the Argonne National Laboratory [ANL), demonstrating that uranium’s
fundamental characteristics were indeed intrinsic [13].

In conclusion, uranium’s role in natural radioactivity underscores its dual nature.
The long half-lives of U-238 and U-235 contribute to the planet’s sustained natural
radioactivity, influencing various geological and environmental processes, such as
the generation of heat within the Earth’s crust and the radiometric dating of rock and
minerals. Uranium’s radioactive decay is a key factor in understanding Earth’s geologi-
cal history and the evolution of its crust.

Uranium’s duality is a product of its chemical consistency and its varied nuclear
properties, alongside its significant roles in both geological and biological contexts.
This duality illustrates the complex and multifaceted nature of uranium, encompass-
ing its chemical uniformity, divergent nuclear behaviors, and influential interactions
in natural systems.

3. Uranium: From artistic medium to powerhouse of nuclear science

Uranium has been used as a colorant in glass and ceramic glazes since ancient
times, long before its radioactive properties were understood. Initially, uranium’s
primary applications were artistic, particularly in glassmaking, ceramics, and glazes
[14]. However, as scientific understanding advanced, uranium’ role extended far
beyond esthetics. The groundwork for this transformation was laid by the French
chemist Eugeéne-Melchior Péligot in 1841, when he first successfully isolated metal-
lic uranium, marking a significant advancement in uranium chemistry [8]. Péligot’s
work transitioned uranium from a material prized for its decorative use to a substance
with potential scientific significance, a potential that would soon be realized with the
discovery of radioactivity.

In 1896, French physicist Henri Becquerel’s groundbreaking discovery of uranium’s
natural radioactivity unveiled uranium’s true scientific importance [8]. Becquerel
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observed that uranium salts emitted rays capable of exposing photographic plates,
even in the absence of light [8]. This discovery marked the beginning of a new era for
uranium, connecting its earlier artistic applications to its pivotal role in the develop-
ment of nuclear science. Uranium was no longer just a medium for vibrant glassware;
it became a fundamental element in the understanding of atomic structure and the
development of nuclear energy.

This discovery marked the birth of our understanding of radioactivity, a term later
coined by Marie Curie. Curie, along with her husband Pierre, developed quantitative
techniques to measure the radioactivity of uranium, further unraveling its mysterious
nature. Through their meticulous research, they identified and isolated other radioac-
tive elements within uranium ores, such as thorium, polonium, and radium, laying
the foundation for modern nuclear science [8].

The Curies’ recognition about the high radioactivity of uranium ores spurred
further discoveries by radiochemists, leading to the identification of new radioactive
elements and their chemical and nuclear compositions. The luminescent properties
of radium created a demand for uranium ores in the medical field. It 1939, uranium
became a central focus in the field of nuclear energy research following the discov-
ery of nuclear fission by Otto Hahn and Fritz Strassman. The naturally occurring fis-
sionable materials, such as Uranium-235, Uranium-238, and Uranium-233 (U-233),
have since become of great scientific and technical importance in the pursuit of
nuclear energy [8].

The past and present applications of uranium highlight its dual nature: on one
hand, a source of vivid color in artistic creations, and on the other, a powerful source
of penetrating radiation that would revolutionize science and medicine. This duality,
where uranium transitions from an esthetic material to a critical element in the study
of atomic structure and energy, underscores its complex and multifaceted nature.

4. Uranium applications

Uranium’s diverse properties make it indispensable across a wide range of
fields, from energy production to medical advancements and industrial processes.
Its ability to undergo nuclear fission has made it a key component in clean energy
alternatives, while its radioactive isotopes are crucial in medical diagnostics and
treatments. Additionally, uranium plays a significant role in research and agri-
cultural studies, underscoring its far-reaching impact. This section explores the
various applications of uranium, highlighting its contributions to energy, medicine,
and industry.

4.1 Clean energy using uranium

Nuclear energy is regarded as one of the safest and most sustainable methods for
producing electricity, playing a critical role in the global transition to clean energy
[15]. At the heart of nuclear power is uranium, the primary fuel of nuclear reactors
[15]. Uranium’s unique properties, particularly the fissile U-235, make it the only
naturally occurring element capable of sustaining a chain reaction necessary for
nuclear fission [15].

The potential of nuclear energy as a long-term renewable source is immense. It is
estimated that with advancements in nuclear technology and more efficient fuel cycles,
nuclear power could provide up to 9000 years of renewable energy [16]. This future
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includes the potential for reusing nuclear waste as fuel for advanced reactors, signifi-
cantly reducing the overall waste produced by current nuclear technologies [16].

In addition to reducing carbon emissions, nuclear energy offers a stable and
reliable electricity source, as it is not dependent on weather conditions like solar or
wind energy [17]. With ongoing innovations in nuclear technology, including next-
generation reactors and improved safety protocols, uranium-based nuclear energy
remains a key component in achieving global energy sustainability. This clean energy
source has the potential to balance the growing demand for electricity [17].

4.2 Uranium in medicine

Uranium and its isotopes play a pivotal role in the field of nuclear medicine.
Particularly, Uranium-230 (U-230) that has emerged along with Thorium-226 as
critical elements in cancer therapy through their applications in “targeted alpha
therapy” [18]. These isotopes decay by emitting alpha particles, which are highly
effective in destroying cancer cells due to their high-energy and short-range penetra-
tion [19]. This makes them ideal for delivering precise and potent doses of radiation to
tumors while minimizing damage to the surrounding healthy tissues [19, 20].

Uranium-230’ therapeutic potential extends beyond targeted alpha therapy.

It serves as a valuable source to produce several important radionuclides, such
Iodine-131, Molybdenum-99, Strontium-89, and Xenon-133 [21]. Iodine-131 is
extensively used in the treatment of thyroid diseases, including thyroid cancer [22].
Molybdenum-99 is essential for generating Technetium-99 m (Tc-99 m), a widely
employed diagnostic tool in medical imaging [23]. Strontium-89 has been utilized
since 1993 to alleviate pain in patients with bone metastasis, [24] while Xenon-133 is
used in lung imaging to aid in the diagnosis of respiratory conditions [25].

When combined with targeted delivery mechanisms, such as antibodies, these
alpha-emitting isotopes can potentially offer a promising approach for treating
challenging and resistant cancer type [19]. In clinical settings, the alpha particles
emitted during decay of Uranium-230 and Thorium-226 provide substantial
localized radiation that can more effectively destroy cancer cells compared to
conventional beta or gamma radiation treatments [21]. These advancements are
part of a broader initiative in nuclear medicine to develop more effective and
less invasive cancer treatments, building on the unique radioactive properties of
isotope like uranium.

4.3 Uranium in industry

Uraniums’s versatility extends far beyond its well-known applications in medicine
and energys; it also plays a significant role in various industrial processes due to its
unique properties, which make it valuable in several sectors:

4.3.1 Research and development

Uranium is central in advancing research into nuclear science and materials. In
particular, studies involving uranium have significantly contributed to our under-
standing of organo-actinide chemistry, which explores the bonding, reactivity, and
molecular structures of uranium-containing organic compounds [26]. Research
into uranium is essential to refining technologies related to nuclear energy and
materials [27].
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4.3.2 Agriculture

Uranium has applications in agriculture, particularly in soil and water studies.
Uranium isotopes, such as Uranium-238, can be used as tracers to study water move-
ment [28, 29]. Additionally, uranium?’ radioactive properties can be employed to
study the effects of uranium on plant growth [30] and fauna [31], examining poten-
tial effects on biodiversity and ecosystems.

Overall, uranium’s role industry extends well beyond the nuclear sector, under-
scoring its diverse applications in research, agriculture, and environmental science.

5. Uranium in the environment

While uranium is naturally present as a part of the Earth’s crust, its mobility in
the environment is influenced by factors, such as pH levels, redox conditions, and the
presence of other minerals and organic matter [2]. These conditions can either immo-
bilize uranium in sediments and soils or increase its solubility, allowing it to migrate
into water systems [2]. In aquatic environments, uranium can exist in both dissolved
and particulate forms [2]. Groundwater in certain regions, particularly those with
uranium-rich geological formations, may exhibit elevated levels of uranium due to
the natural leaching of the element from rocks [2].

Typically, concentrations of naturally occurring uranium that are found in the
environment are low, posing minimal risk to human health under normal circum-
stances [32]. In the Earth’s crust, uranium concentration ranges from 1 to 4 mg/kg.
Surface uranium strongly binds to oxygen forming hexavalent uranium (UO,™"),
which is highly stable, soluble, and mobile [32]. Uranium can be detected in various
water bodies, with concentrations in rivers, seawater, and groundwater typically
being <4, 3.3, and < 5 pg/L, respectively [7]. In soils, uranium concentrations vary
from 0.7 to 10.7 mg/kg [33].

However, uranium’ radioactive nature raises concerns about environmental con-
tamination and health risks, particularly in areas affected by human activities, such as
oil extraction, mining, nuclear energy production, and agriculture [34]. In these sec-
tors, uranium can become more concentrated in waste products, increasing the risks
of environmental contamination and public health hazards, if not properly managed
[34]. The persistence of uranium in the environment, along with its radioactive decay
products, necessitates careful monitoring and regulation to prevent harmful exposure
and contamination [34].

Uranium-238, a naturally occurring radioactive material (NORM), is particularly
problematic in industries such as oil and gas, where extraction processes generate
waste like sludge, scales, and produced water [35]. These byproducts contain radioac-
tive elements, including uranium, which can contaminate soil, surface water, and
groundwater [35]. In regions like the Permian Basin in the U.S,, studies have shown
elevated levels of uranium in groundwater near drilling sites, with uranium concen-
trations sometimes exceeding safe drinking water limits [36]. These contaminants
pose long-term risks, as the radioisotopes from uranium have half-lives extending
millions of years, contributing to persistent environmental hazards [36].

Uranium mining, the first step in nuclear power generation, also poses signifi-
cant environmental and health risks [37]. Mining operations generate dust and
use large volumes of water for dust control and uranium extraction, both of which
can spread long-lived radioisotopes into the surrounding environment [37]. Dust
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particles containing uranium and its decay products can be inhaled, ingested, or
absorbed through the skin [38]. Gamma-ray emissions from radioactive materials
present in mining waste further elevate exposure risks, particularly for workers [38].
Occupational exposure in mining regions, such as in Namibia, has been linked to
increased cases of lung cancer and other radiation-induced illnesses [39].

To illustrate the scale of uranium’ environmental impact, a case study from the
Navajo Nation in the U.S. provides a sobering example [40]. Over 500 abandoned
uranium mines have contaminated local water supplies, leading to uranium con-
centrations in excess of the U.S. Environmental Protection Agency’s (EPA%) 30 pg/L
drinking water limit [41]. As a result, there has been a documented increase in health
complications among residents, including kidney disease and cancer [38]. This high-
lights the profound and complex health implications of uranium exposure, especially
in communities living near mining operations.

Recent research into uranium’s environmental effects has revealed long-term
contamination pathways, including groundwater transport, soil accumulation, and
bioaccumulation in plants and animals [38]. Once mobilized into water systems,
uranium contamination can spread across vast distances, potentially impacting
downstream ecosystems and human populations [7, 38]. Furthermore, phosphate
fertilizers, a significant source of uranium contamination, exacerbate these issues.

In countries like Brazil, uranium concentrations in fertilizers have been recorded at
levels ranging from 5.17 to 54.3 pg/g, which pose a substantial risk for groundwater
contamination [2].

Addressing these challenges requires a multifaceted approach, including advance-
ments in remediation technologies. Emerging techniques, such as bioremediation,
where microbes are used to immobilize uranium in contaminated soils and water, have
shown promise [42]. Current research is focusing on remediation strategies, which
leverage microbial processes to immobilize uranium and use electrochemical methods
and adsorbent materials that can capture and remove uranium from contaminated
water [43-47]. Additionally, new adsorbent materials, like modified biochars [48]
and metal-organic frameworks (MOFs) [49], are being explored to efficiently remove
uranium from contaminated water. These innovative strategies offer hope for manag-
ing uranium’s environmental footprint more effectively.

In conclusion, uranium embodies a duality of immense potential and significant
risk. Its role in nuclear energy underscores its values, but the environmental and
health risks associated with its radioactive nature and industrial activities demand
vigilant management. The balance between harnessing uranium’ benefits and
mitigating its dangers remains a critical challenge for the future.

6. Uranium demand and economy

Uranium, with its exceptional energy potential, lies at the heart of one of the most
powerful energy sources: nuclear power. As countries move toward adopting sustain-
able energy solutions and committing to carbon-free emissions, the demand for
uranium remains fundamental fuel that powers nuclear reactors.

6.1 Uranium demand in nuclear energy

The demand for uranium is mainly determined by its use in nuclear reactors. In
2020, several countries relied heavily on uranium-based nuclear energy, with France
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generating 69.11%, Sweden 31.24%, and United States 18.72% of their electricity
from nuclear power plants [47]. As of 2023, there were approximately 450 nuclear
reactors operating globally, supplying approximately 10% of the world’s electric-

ity [50]. Major uranium consumers included the United States, France, China, and
Russia, as these countries depended significantly on nuclear power for their electric-
ity generation needs [50].

The International Energy Agency (IEA) projects that global uranium consumption
will rise by 39% by 2050 as nuclear energy continues to be integrated into low-carbon
energy strategies [51]. This surge is driven by the increasing global demand for elec-
tricity and the need to meet climate goals while reducing greenhouse gas emissions
from fossil fuels [51].

6.2 Geopolitical and economic influences on uranium demand

Geopolitical factors also play a crucial role in shaping uranium demand. In
response to the growing urgency of climate change, countries like the United States
have committed to reduce reliance on fossil fuels. Legislation efforts are underway
to develop the next generation of nuclear power plants, further boosting uranium
demand [51]. This shift toward nuclear energy, however, brings with it challenges
related to the environmental agreement.

Historically, the uranium industry has contributed to significant environmental
pollution, especially in regions where mining has been extensive [52]. New legisla-
tion in the United States seeks to balance the need for uranium with environmental
stewardship by exploring the opening of new mines and the potential reopening of
old ones [52]. Despite these initiatives, ongoing pollution issues persist, particularly
in states like Arizona and New Mexico, which have historically supplied much of the
country’s uranium [52].

The challenge moving forward lies in balancing uranium’s critical role in reducing
carbon emissions with environmental and ethical responsibilities that come with its
extraction and use. As the demand for uranium rises alongside the global transition
to sustainable energy, efforts to minimize its environmental impact and ensure safe,
regulated use will become more crucial.

7. Conclusion

Uranium remains a critical resource, essential not only for energy generation but
also for its applications in technological advancements across industry, research, and
medicine. Its role in the global energy landscape is complex and multifaceted. On
one hand, uranium fuels nuclear reactors, providing a low-carbon energy source that
helps to meet the rising global demand for electricity. On the other hand, its extrac-
tion, radioactive properties, and waste management pose significant environmental
and health risks, raising important concerns about the sustainability and safety of its
continued use.

As the global energy transition unfolds, the duality of uranium—as both a valu-
able source and a potential hazard—will become even more pronounced. The future
of uranium demand will depend on how the world balances the need for clean energy
with the imperative of minimizing environmental and public health risks. Sustainable
mining practices, innovative nuclear technologies, and international cooperation will
be key to navigating the challenges and opportunities associated with uranium in the
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twenty-first century. By navigating this delicate balance, we can harness uranium’s
potential while mitigating its dangers, ensuring that its dual nature is managed
responsibly for future generations.

Looking ahead, technological advancements in nuclear waste management, such
as more efficient containment systems and recycling methods, will be critical to
minimizing uranium’ environmental footprint. Additionally, research into alterna-
tive energy systems may provide new pathways to harnessing nuclear power while
reducing dependency on traditional uranium-based technologies.

In conclusion, uranium’ dual role as both a key resource and a potential hazard
must be managed responsibly. By adopting forward-looking strategies and fostering
international collaboration, we can harness uranium’ potential while mitigating
its dangers, ensuring that future generations can benefit from its energy potential
without compromising environmental and public health.
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Abstract

Industrial human activities have resulted in the release of significant quantities of
heavy metals into the environment. The contamination of water by heavy metals such
as lead (Pb), cadmium (Cd), copper (Cu), zinc (Zn), chromium (Cr), and nickel (Ni)
poses a serious threat due to their toxicity. Increasingly stringent discharge regulations
on heavy metals have hastened the search for highly efficient yet economically feasible
or alternative methods for their removal. Utilizing low-cost biowaste as biosorbents
for the removal of dissolved metal ions has demonstrated potential to offer economical
solutions to this environmental issue. The use of activated carbon (AC) for wastewater
remediation is gaining significant attention among researchers, as it not only reduces
production costs but also improves the efficiency of biowaste disposal. This chapter
reviews recent developments and findings on the use of AC derived from biowaste
for treating wastewater contaminated with heavy metals. The origins and toxicity of
heavy metal ions are discussed, highlighting that utilizing biowaste to remove these
metals is environmentally beneficial. This approach addresses the issues of incinera-
tion and promotes recycling, aligning with the principles of circular economy.

Keywords: heavy metal, biowaste, toxicity, activated carbon, reusability, wastewater

1. Introduction

Wastewater pollution from industrial activities is a global issue, posing severe risks
to aquatic environments. Uncontrolled pollutant release leads to chronic and acute
toxicity for aquatic plants and animals, ecology accumulation, loss of biodiversity, and
health hazards for humans [1]. Industrial wastewater contains heavy metals like Cu,
Fe, Cr, Ni, Cd, Zn and Pb. These non-biodegradable metals accumulate in streams and
lakes, leading to bioaccumulation in living organisms causing various health issues
that include metabolic acidosis, kidney failure, oral ulcers, stomach damage in rodents,
and cancer [2]. It is deemed harmful when their concentrations reach or exceed 5 mg/L
as the ions can pass in water, soil, and air. The immediate environmental impact
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includes the destruction of marine habitats and soil degradation, leading to lower crop
yields [3]. Cu**, Ni**, Zn**, Pb*, and Cd** are extensively utilized in industries such

as chemical production, electroplating, mining, metallurgy, and tanning. Toxic heavy
metals such as Cd*", Pb*", and Cr** also persist in the atmosphere, leading to bioaccu-
mulation in the livers and kidneys of both vertebrates and invertebrates, thus causing
cancers in the kidneys, colon, brain, rectum, and bladder [4].

In recent decades, various methods have been developed to devise efficient
techniques for removing heavy metals, including ion exchange [5], photocatalytic
degradation [6], chemical precipitation [1], electrochemistry [7], membrane filtra-
tion [8], and adsorption [9]. Among these approaches, carbon-based adsorption is
widely employed in environmental protection, where activated carbon (AC) derived
from biomass is recognized as highly cost-effective and promising for removing
heavy metals. To enhance the adsorption capability of AC for removing toxic con-
taminants, a range of physical, chemical, and biological treatments are used [10].
The development of surface functional groups is crucial in the adsorption process.
Chemical modifications of AC with alkali or acid treatments have been shown to
greatly improve the efficiency of heavy metal removal compared to alternative meth-
ods. To remove heavy metals from diverse wastewater sources, zeolites, commercial
AC, and biomass-derived adsorbents like sawdust, banana peel, coconut shells,
animal horn, cow dung, eggshell, fish scales, and animal hooves have been utilized.
Therefore, this chapter explores recent progress in the preparation of AC derived
from biomass and its use in removing heavy metals from wastewater. It covers the
processes of carbonization, activation, and modification of AC, along with pertinent
research on its efficacy in heavy metal adsorption. Moreover, it outlines the critical
factors influencing the adsorption process and addresses the challenges encountered
by biomass-derived AC in this application.

2. Heavy metal sources and its toxicity

The excessive release of these metals into the environment poses significant health
hazards to water, soil, and organisms that primarily originate from gases and dust

Impact on heavy metals on human health
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Figure 1.
Impact of heavy metals on human health.
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emitted by energy production, metallurgical processes, and the production of con-
struction materials. Industrial and mining effluent is often discharged directly into
sewers, where it mixes with domestic wastewater without any prior treatment. This
unregulated discharge has led to a gradual increase in heavy metal content in the soil
of areas irrigated with this sewage over time. While pesticides, chemical fertilizers,
and plastics are essential for agricultural development, their excessive and prolonged
use can result in soil pollution from heavy metals. Essential metals can promote
growth and improve feed utilization in many species, but surpassing their maximum
allowable limits can disrupt normal physiological and ecological balance in aquatic
environments [11]. Most heavy metals are highly carcinogenic and can lead to severe
health issues such as liver disorders, cardiovascular problems, kidney dysfunction,

Heavy metal Main source Health impacts Target organs Reference
Arsenic Industrial activities, Respiratory and Liver, heart, and [14]
particularly mining, cardiovascular kidney
smelting, pesticides, and problems, liver and

herbicides. kidney failure

Iron Iron and steel Nausea, vomiting, Cardiovascular [15]
production, use of iron- diarrhea, and system, liver,
containing products such abdominal pain and kidney
asinfrastructure.

Lead Steel and battery Brain damage, muscle Bones, brain, [16]
production and paint and joint pain, and kidney, and
manufacturing kidney and nervous digestive system

disorder

Manganese Industrial activities Headache, anxiety, Brain, kidney, [17]
such as mining, steel and memory loss and digestive
production, and battery system
manufacturing

Mercury Smelting of precious Liver and neural Liver and brain [18]
metals, lighting fixtures, injury, gastrointestinal
and dental materials toxicity

Cadmium Plastic stabilizers, Renal disorder, Itai-Itai Liver, kidney, [19]
waste batteries, coating disease, cancer, weight lung, and brain
corrosion, and pigments loss, and kidney

damage

Zinc Organic synthesis, Nausea, diarrhea, and Respiratory and [12]
galvanizing, and bone damage hematological
papermaking system

Chromium Steel and textile industry Carcinogenic, nausea, Respiratory and [20]

vomiting, and diarrhea digestive system

Nickel Chemical, food, and Chronic bronchitis, Respiratory and [21]
metallurgical industries lung cancer, and immune system

dermatitis

Copper Copper cooking pots, Neurotoxicity, Liver and [19]
copper jewelry, water dizziness, diarrhea, nervous system
pipes, and pesticides Wilson disease, and

liver damage
Table 1.

Origins and health impacts of several hazardous heavy metals.
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and, in extreme cases, death (Figure 1). Heavy metal pollution significantly impacts
the physiology of many aquatic organisms, particularly fish [12, 13].

Table 1 displays the origins and health impacts of several hazardous heavy metals.
Exposure to heavy metals can result in a range of health issues such as headaches,
dizziness, insomnia, memory loss, nervous disorders, joint pain, kidney stones, and
cancer [10]. For instance, Pb** is primarily ingested by humans through meat, fruits,
fish, shrimp, and eggs. In the environment, Cu®" is crucial for the advancement of
industrial and urban development, required by over 90% of modern industrial enter-
prises. However, Cu**-smelting operations have led to severe pollution. For instance,
the farmland adjacent to China’s largest non-ferrous metal smelters has been contami-
nated, spanning more than 130 hectares [22]. Cr®* poisoning can result in numbness
in limbs and mental abnormalities, whereas Zn** poisoning is characterized by
symptoms such as diarrhea, vomiting, loss of appetite, tiredness, and exhaustion.

3. Process of heavy metal adsorption

Adsorption mechanisms of heavy metals by AC include ion exchange, chemi-
cal precipitation, electrochemical interactions, and adsorption (Figure 2). Table 2
outlines frequently used methods for heavy metal removal with their benefits.

Ion exchange between protonated oxygen-containing functional groups
(e.g., —OH, —~COOH) and divalent metal cations (M**) depends on the cation’s
ion exchange capacity. According to Yuan and co-workers [27], it is the primary
mechanism for heavy metal adsorption by carbon-based adsorbents. Electrostatic
interaction happens when the surface of the adsorbent, which carries a charge,
attracts metal ions that have an opposite charge. Studies on heavy metal removal by
AC have identified electrostatic interaction as a promising adsorption mechanism.
Notably, carbon materials can exhibit surfaces with different electrical charges.
Furthermore, electrostatic interaction is influenced by pH levels and the zero-point
charge (pHzpc). For instance, scientists have noted electrostatic interactions amid
different protonated or deprotonated functional groups on carbon-based adsorbents
and metal ions with opposite charges, such as NH** with HCrO*". Surface com-
plexation refers to interactions between heavy metal ions (M**) or complexes (e.g.,

Physical adsorption  (Ca?*, Mg®*, K*, Na*)

Heavy metals

Functional group

C/fgg s ¢ o - Q lon exchange
complexation \—@-0 ._ : ) J k

.-IP.
k Precipitation

Figure 2.
Adsorption mechanism of heavy metals.
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Methods Benefits Reference

Ion exchange High removal rates, upfront equipment, effective control, and easy [23]
operation

Electrochemical Equipment is compact with a small footprint; require no oxidants, [24]

flocculants, or additional chemicals, ensuring no secondary pollution.
Flexible and convenient operation, low operating costs, and excellent
removal efficiency

Chemical Simple and easy to operate, minimal investment in equipment [25]
precipitation
Adsorption High stability, good selectivity, simple installation, reusability, and [26]

minimal material replacement

Table 2.
Benefits of various techniques for removing metal ions.

Pb(OH)", Cd(OH)") and functional groups such as -OH, -CO-NH-, and -COOH.
Consequently, these interactions enable the creation of complex structures via
surface complexation reactions. Multiple studies have observed possible complex-
ation reactions between metal cations and oxygen-containing functional groups
such as -OH and ~COOH. Solid precipitates or coprecipitates can be generated
through the reaction of heavy metal ions with functional groups present on the
surface of adsorbent materials. This phenomenon typically occurs in aqueous solu-
tions containing high concentrations of heavy metal ions. In certain instances, the
reduction process can greatly impact the removal of heavy metals. Some heavy metal
ions of high valence may undergo initial reduction to lower valence states before
being extracted from solutions via complexation or ion exchange mechanisms. The
efficiency of adsorption depends largely on the distribution of pore sizes and the
surface area of the adsorbent material. A greater number of mesopores and a larger
surface area facilitate better dispersion of pollutants, thereby speeding up physi-
cal adsorption and its associated kinetics. Physical adsorption entails heavy metal
ions being deposited into the pores of adsorbent materials through purely physical
mechanisms, devoid of chemical bond binding forces.

4. AC for environmental pollutant remediation

Carbon materials are esteemed for their exceptional properties, such as resistance
to acids and bases, corrosion, and stability in varying temperatures, alongside their
biocompatibility, making them highly regarded as some of nature’s most remarkable
materials. Furthermore, carbon can adopt diverse forms and exhibit a wide range of
properties through sp. electron orbital hybridization such as being an excellent electri-
cal conductor, semiconductor, or insulator, as well as appearing as opaque black or
remarkably transparent material. With the expansion of coal, oil, and modern industry,
various types of AC have been developed and are widely utilized in manufacturing raw
materials. Due to its favorable physicochemical properties, AC finds extensive use in
environmental remediation across various industries such as pharmaceuticals, automo-
biles, and fabrics. It also finds widespread applications in gas adsorption, solvent recov-
ery, and wastewater treatment, particularly for the removal of organic dyesand asa
catalyst in the production of biodiesel. Irwan and co-workers [28] synthesized AC from
coconut shells to remove methylene blue with an adsorption capacity of 79.31 mg/g.
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Xiaoli and co-workers [29] produced AC from tea residue and effectively applied it to
treat wastewater containing 16 organophosphorus pesticides as the main pollutant.
Similarly, Joseph and co-workers [30] synthesized AC from rice husks for removing
organic pollutants like phenol from wastewater. The literature indicates that AC isa
highly cost-effective material that can be easily prepared and has extensive applications
in environmental remediation. Biomass stands out among various raw materials for its
notable advantages in producing AC, which effectively controls environmental pollu-
tion, improves rural environments, and protects the environment through waste reuse.

4.1 Biomass carbonization

Advancements in producing AC from biomass include a carbonization process,
where it is heated in an oxygen-free environment typically between 400 and 600°C,
thereby removing O, H,, N, and other elements, resulting in materials with high
carbon content. It undergoes thermochemical transformation to create a carbon-rich
solid known as biomass-derived AC, with carbonization occurring in three stages.
Initially, at temperatures below 110°C, the raw material undergoes gradual water loss
without significant internal molecular changes. Subsequently, heating to 350°C causes
the temperature of -CHO and -COOH functional groups to reach 400°C, leading to the
breakage of numerous chemical bonds like O-H, C-H, and C-O bonds, as well as ben-
zene rings and ether bonds. During the carbonization process, chemical bonds rear-
range, leading to decarboxylation, dehydration, and polycondensation, which generate
minor molecular gases and molecular groups, such as -OH, CH;, CH,OH, and OCH;.
These small molecular groups eventually combine to form H,0, CH,, and CH;0H.
Additionally, a significant number of benzene-free radicals lead to the formation of
polycyclic aromatic compounds. And between 450 and 500°C, volatile substances are
removed to increase the proportion of fixed carbon in the carbonized products.

4.2 Activating biomass-derived AC

Carbon materials are frequently subjected to activation through physical and
chemical methods. Chemical activation methods are classified into two types depend-
ing on the procedure involved. In one approach, the activator is blended with the
biomass in a precise ratio, followed by simultaneous carbonization and activation
at high temperatures. Li and co-workers [4] prepared corncob AC by a one-step
chemical activation method using H;PO,. Under these conditions, Cr® exceeded 98%
removal, with 9.99 mg/g adsorption capacity. In another approach, the carbonized
material is activated at a high temperature in a specific ratio to create specific surface
porosity, significantly enhancing the adsorptive potential of AC. Thus, the type of
biological reagent and the impregnation duration influence the physical and chemical
properties of AC. The influence of ZnCl, and KOH on lignocellulose AC was individu-
ally investigated [31] to produce micropores and wide pore size distribution by ZnCl,
and KOH impregnation. Both activation methods yielded a large specific surface area
of the AC, primarily composed of mesopores and micropores.

5. AC modification for better adsorption of heavy metals

AC, a highly promising adsorbent material, renowned for its high porosity,
specific surface area, significant pore volume, and surface properties, including
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morphology and functional groups, finds wide application in various fields, par-
ticularly in water treatment [32]. The raw material, processing conditions, and
manufacturing technique significantly influence the efficiency of AC adsorption. It
has uniformly distributed functional groups and pore sizes that are more effective

in adsorbing specific types of heavy metals. The choice of precursor material for AC
depends on factors such as availability, safety, and cost of production. Numerous
studies have noted improved structural and textural qualities when using materials
with high fixed carbon and low ash [33, 34]. The surface area of AC generally falls
between 150 and 1500 m?/g, but this can vary depending on their specific properties
[35]. Various surface functional groups, including -CHO and -COOH, enhance AC’s
ability to adsorb pollutants from aqueous solutions [33]. Recent research has dem-
onstrated that the adsorption capacity can be enhanced through many modification
approaches. Surface functional group properties of AC are determined by the precur-
sor material, activation process, and post-treatment and are typically conducted after
carbon activation, with various methods explored in the literature, including physi-
cal, chemical, and biological approaches [10].

5.1 Physical activation methods

Physical activation methods such as microwave heating, ultraviolet treatment,
and steam modification have been employed to modify AC as it enhances the physical
characteristics by increasing its BET surface area and pore volume [36]. Ultrasound
irradiation acts as a driving force for chemical processes by accelerating mass trans-
fer through acoustic cavitation, ultimately resulting in the generation of acoustic
streaming. Sonic waves create microscopic turbulence inside the AC, significantly
increasing the identified diffusion coefficient value regardless of the carbon’s shape
[37]. Microwave heating has also garnered significant interest for preparing AC and
has been employed to produce mesoporous AC with a higher specific surface area. For
instance, Shuheng and co-workers [38] modified AC with HNO3 under microwave
heating to remove Pb2+ from water. Li and co-workers [39] prepared AC by using
microwave activation for high removal of Hg. Steam activation is also employed
to alter AC, boosting its pore surface to improve the adsorption of heavy metals.
Similarly, Shim and co-workers [32] revealed that steam activation at 800°C signifi-
cantly enhanced the Cu®* adsorption capacity of Miscanthus AC compared to the
original material produced through slow pyrolysis at 500°C.

5.2 Chemical modification methods

Surface functional groups on AC impart a degree of polarity, alkalinity, and acidity
that significantly influence the adsorption capacity and the types of pollutants that
can be adsorbed. Chemical modification of AC involves altering its surface functional
groups to create adsorbents with tailored adsorption properties. Typical chemical
modification methods include plasma treatment and alkali and acid treatment. Acid
modification involves oxidizing AC with agents like HNOs, H,SO4, or C¢HgO,. Surface
functional groups on AC like -OH, -COOH, and -C=0 are typically introduced
through oxidation processes. Li and co-workers [40] used in-situ modification of
AC with H3PO, and disodium EDTA salts to enhance Ni** adsorption. The Ni** were
adsorbed through cation exchange, electrostatic interaction, and surface complex-
ation mechanisms, with the adsorption amount proportional to the surface functional
groups under suitable conditions with an increase in adsorption capacity from 15.4 to
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279 mg/g. In another experiment, spent coffee grounds were utilized as a precursor
for producing AC modified with H;PO,4, which increased the specific surface area

to 720 m*/g and the pore volume to 0.334 cm’/g. The resulting carbons all featured
acidic (primarily -COOH) groups and displayed an amorphous structure [41]. The
findings suggest that AC with -COOH groups holds great promise for adsorption
applications. Li and co-workers [42] studied the efficacy of carbonized sewage sludge
at 500°C modified with HNO; to remove metal ions like Cu** and Zn?* at removal
rates of 98.9%, and 42.6%, respectively. Functional group complexation with metal
ions not only reduced adsorption time but also improved removal efficiency. Alkali
modification of AC involves using alkalis like NaOH, KOH, or NH; [43]. For example,
ZnO-AC nanocomposites were synthesized by activating sugarcane bagasse-derived
AC with NaOH, followed by carbonization using the hydrothermal method, result-
ing in the removal of 97% of Cr®* [44]. Wei and co-workers [45] also synthesized a
biomass-derived AC with a Schiff base structure by NH;-assisted hydrothermal treat-
ment. This AC was employed for the adsorption of Cr®*, showing a high adsorption
capacity of 349.6 mg/g [46]. Jiang and co-workers [47] also studied the removal of
Pb** using polyethyleneimine-loaded AC, which increased the Pb** removal rate from
32.6 to 214 mg/g. Plasma modification is an effective, user-friendly, and environmen-
tally conscious surface alteration method that has emerged as a key technology for
modifying AC by altering its pore structure and creating surface functional groups
like -OH, -CHO, and -COOH groups [48]. For instance, peat soil-derived AC particles
were modified using a flying jet plasma torch by drying at 70°C for 48 h, followed by
carbonization at 800°C for 4 h. This treatment significantly altered surface morphol-
ogy and chemical composition, increasing the mass oxygen percentage and carbonyl
C=0 group content with enhanced polarity and solubility in polar liquids [49].

5.3 Microbial modification

In recent years, scientists have discovered that the unique structure of AC surfaces
creates a favorable atmosphere for the colonization and proliferation of microorgan-
isms [50, 51]. Microbial modification of AC involves adsorbing microorganisms onto
its surface to alter its adsorption characteristics and offers numerous advantages in
applications, including high activity, rapid reaction rates, robust toxicity resistance,
easy product separation, and the ability for continuous operation. As a result,
microbial modification technology has seen rapid development and widespread use
in water treatment. Microorganisms adhering to AC surfaces can pre-oxidize certain
organic substances, minimizing contact amid organic matter and adsorption sites on
the AC. This process helps extend the AC service life [52]. Yet, microbial-modified
AC has drawbacks, like microorganism proliferation on its surface and membrane
thickening, which can impede the diffusion of adsorbed substances within its pores,
lowering adsorption efficiency [10].

6. Adsorption process

Adsorption techniques utilizing solid sorbents are frequently employed to elimi-
nate diverse chemical pollutants from water, especially those that are not effectively
treated by biological wastewater methods. Among all the sorbent materials studied,
AC is the most highly recommended for removing pollutants from wastewater
(Table 3). It can be created by the thermochemical conversion of organic molecules at
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AC Heavy metal Adsorption capacity Adsorption pH Reference
(mg/g) isotherm
Olive stones Cu? 0.27 Langmuir 5 [53]
Ni** 0.40
Goat teeth Pb™* 62.32 Langmuir 5 [13]
Coconut shell Zn** — Langmuir 7 [54]
Plum stones Pb* 17243 Langmuir 6 [55]
cd* 112.74
Ni** 63.74
Chicken bone Pb 263.2 Langmuir 5 [16]
Chicken feather cd* 763 Langmuir 5.5 [56]
Cu’* 56.5
Pb* 1133
Ni** 326
Zn™ 455
Pig bone Pb* 120 Langmuir 6 [57]
cu* 30
Bovine bone Cu® 83.71 Elovich 5.5 [58]
kenaf fiber Pb* 127 Freundlich 6 [59]
Cu* 12.0
Cow dung cd* 5.8800 — — [60]
Eggshell Pb™ 25.189 Langmuir 5 [15]
Cow manure Cu?* 78.63 Langmuir 6 [61]
Chicken feather cr® 90.90 Langmuir 2 [62]
Bovine bone Ccd* 78.969 Langmuir — [63]
Table 3.

Adsorption capacity of AC for heavy metal removal.

high temperatures in the absence of oxygen. The raw material, production technique,
and conditions all have a considerable impact on the adsorption efficacy [64].

7. Adsorption isotherm, kinetics, and thermodynamic studies

Different isotherm modeling has been proposed for heavy metal sorption stud-
ies onto AC. Majority of the studies stated the Langmuir and Freundlich isotherm
as the best fit. Freundlich isotherm was reported for Cu** adsorption with R? = 0.93
[65], Cr® with R? = 0.992 [66], and Cr®* with R? = 0.9886 using H;PO, as activating
agent [67] as the best fit. Several studies have also shown Langmuir isotherm as the
best fit in the uptake of Cu** with R? of 0.992 [68], Cd** with R? of 0.9982 [56], Cu**
with R of 0.999, Pb** with R” of 0.993 [69], and Cr®* with R” of 0.912 [66]. Uptake
of Pb** using goat hair, human hair, and sheep wool with R?0f 0.09, 0.87, and 0.58,
respectively, was also observed. Ibrahim and co-workers [70] have also synthesized AC
from marine macroalga Ulva lactuca, showing maximum removal efficiency of 64.5
and 84.7 mg/g for Cu™", 62.5 and 84.6 mg/g for Cd**, 60.9 and 82 mg/g for Cr**, and
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68.9 and 83.3 mg/g for Pb** following Langmuir isotherm. Various kinetic models were
used for studying the equilibrium isotherm and kinetic modeling of Cu**, Cd**, Ni*’,
Pb**, and Zn”" adsorptions. Among the many models used, PSO revealed better fits of
the experimental results based on statistical indices such as Xz (Chi square), R? values,
and the HYBRID values, which evaluate the goodness of fit for adsorption models by
combining multiple error metrics into a single value, reflecting how well the model
matches experimental data [56]. Maria and co-workers [69] studied AC synthesized
from cow bones for Pb** adsorption. Both the Langmuir and Freundlich models were
utilized, showing correlations, but the Langmuir model provided a more accurate
description of the equilibrium, signifying a higher R value. Initial Pb** concentrations
were tested using the pseudo-second-order (PSO) kinetic model. Desorption using
HCl achieved a maximum recovery rate of about 50%, reaching equilibrium in just 3 h.
Efficient cationic exchange was attributed to the presence of acid functional groups on
the AC surface [69]. Tonetti and co-workers [68] utilized AC derived from thermally-
treated “horn-hoof” powder for the removal of Cu** ions. The Langmuir model was
used to calculate the adsorption isotherm, while thermodynamic and kinetic data
suggested a pseudo-second-order (PSO) model, indicating an endothermic process.
Thermodynamic studies can be employed to examine various aspects of the adsorption
process, such as changes in enthalpy, Gibbs-free energy (AG), and entropy (AS). The
change in enthalpy (AH) reveals the thermal nature of the adsorption process, indicat-
ing whether it is exothermic or endothermic, while the change in Gibbs-free energy
(AG) signifies the spontaneity of the process. Additionally, the change in entropy (AS)
reflects the system’s level of disorder or its reversibility [71]. A negative AG value indi-
cates that the adsorption process at higher temperatures is spontaneous, feasible, and
therefore more favorable [56]. C. Tonetti and co-workers [68] investigated the uptake
of Cu”* using horn-hoof powder, whereas J.O. Tijani and co-workers [72] studied on
the feasible yet non-spontaneous (positive AG) uptake of Ni**, Mn**, and Cd*" using
AC derived from cow horns. Spontaneity in a system indicates that a process occurs
without any external input, which means that the sorption of the pollutant happens
naturally upon introducing the biosorbent into the pollutant solution, even withouta
catalyst or additional chemical, p ysmal or thermal intervention. Thus, spontaneity
was observed for the uptake of Cu”* [57] and for heavy metal ions like Cd**, Pb*, Zn®",
and Ni** [56]. When adsorption occurs more readily at lower temperatures, it indicates
an exothermic process or a negative enthalpy change (AH). Conversely, if adsorption is
more favorable at higher temperatures, it suggests an endothermic sorption with a posi-
tive AH. Uptake of Mn** and Cr®* [66] was demonstrated to occur through an exother-
mic adsorption process. Endothermic sorption was observed for uptake of Mn** [72],
Cr® [62], and metal ions like Cd**, Pb**, Zn?*, Ni** [56], and Cu®* [68]. Also, a positive
entropy change (AS) indicates increased disorder at the solid/solution interface, sug-
gesting a stronger affinity between adsorbate and biosorbent. Conversely, a negative
entropy change (AS) suggests that the sorption process is driven by enthalpy [71].

8. Key factors for regulating the adsorption of heavy metals by
biomass-derived AC
8.1 Specific surface area and pore structure

A large specific surface area typically indicates better adsorption performance
for any adsorbent, as it provides ample space for adsorption during the process.
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Yu and co-workers [73] analyzed N, adsorption-desorption curves for four samples
with ultra-high specific surface areas: 1348, 2004, 1324, and 1974 m*/g. The find-
ings suggest that a high specific surface area improves the wettability amid the
electrode material and the electrolyte, leading to excellent adsorption capacity for
pollutant removal. Zhang and co-workers [74] carbonized rape straw powder using
a hydrothermal method to create magnetized AC, which was modified to achieve a
high specific surface area of 553 m*/g demonstrating maximum adsorption capaci-
ties of 253 mg/g and 73.3 mg/g for Pb** and Cd™, respectively. Several techniques are
commonly employed to modify carbon adsorbents and enhance their surface area,
including heat, acid alkali, microwave, ozone, and plasma treatment. An example

is the successful synthesis of humic acid-coated, N,-doped magnetic porous carbon
using lignin extracted from black liquor as the primary carbon source [75], which
exhibited a remarkable adsorption capacity of 131 mg/g for Cr®*, with a BET-specific
surface area of 748 m*/g. This high surface area is expected to provide numerous
adsorption sites for metal ions. Additionally, the adsorption material, produced by
impregnating zeolite with Fe”* salt, possessed a high specific surface area of 1358 m*/g
and removal rate of 99% for Pb** within 20 minutes. Its maximum adsorption capac-
ity of 790 mg/g far exceeded that of most previously reported unmodified zeolites
[76]. The porous nature of biomass-derived AC makes it an effective adsorbent,

with its morphological structure, particularly the distribution of pore sizes, playing
a crucial role in determining its heavy metal adsorption capacity [77]. It features a
range of pore sizes under an optical microscope, with the smallest comparable to the
size of the adsorbed molecules (Figure 3). Micropores serve as the main adsorption
sites, while mesopores facilitate intraparticle diffusion, reducing adsorption time. The
pore size of biomass-derived AC can influence its heavy metal adsorption capac-

ity. The macropores, also known as transport pores, function as transport channels
during the adsorption process. Adsorbed molecules initially enter the macropores,
then move through the mesopores, and finally reach the micropores, where they are
adsorbed within the AC particles [78]. Mesopores, also known as transition pores, are
smaller than macropores but significantly larger than the adsorbed molecules. The
adsorption process begins with a single molecular layer, followed by the formation of

/ Micro and macro
pollutants

Macropore

Mesopore

Micropore

\ Activated carbon /

Figure 3.
Pore structure of AC.
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a multi-molecular layer, creating a continuous adsorption layer and the smallest pores
in carbon, known as micropores that have a very small effective radius [79].

8.2 Functional groups

0,- and N,-containing functional groups serve as adsorption sites on AC [33].
Pollutants attach to the adsorbent’s surface through ion exchange, electrostatic inter-
actions, hydrogen bonding, acid-base interactions, and complexation. The adsorp-
tion of heavy metals by carbon adsorbents encompasses both physical and chemical
processes. Consequently, along with the morphological structure of the carbon, the
surface chemical functional groups are crucial for heavy metal adsorption. These fac-
tors depend not only on the biomass source but also on the activation or modification
method employed. Surface functional groups on carbon, including O, and N,, play
a critical role in determining surface chemistry and are particularly significant for
adsorption on porous carbon.

9. Factors affecting adsorption capacity

The diverse characteristics and conditions of water sources impact the effective-
ness of adsorbents in removing heavy metals, which can be equally threatening [80].
Compounds like acids, carboxyl groups, nitrogen, halogens, and bacteria in waste-
water can inhibit adsorption. Accurate assessment of adsorption capacity requires
considering heavy metal and adsorbent properties in various physiochemical condi-
tions of the water source, including pH, temperature, and ionic strength.

9.1Ionic strength

The ionic strength of water can significantly impact the behavior of heavy metals
and their interaction with adsorbents during treatment. High CI” concentrations can
lead to the formation of water-soluble heavy metal- CI” complexes that are harder to
remove [81]. Thuan and co-workers [82] reported that the adsorption effectiveness
of Ni** and Cu”* decreased with an increase in ionic strength due to the formation
of heavy metal- CI” complexes, reducing the adsorbents’ affinity for the metal ions.
Wang and co-workers [83] investigated trace metals in river estuaries, which had a
significant positive correlation between salinity and dissolved concentrations of Cu*’,
Cd*, and Zn*". Increased ionic strength in aqueous solutions can enhance electro-
static interactions between heavy metals and adsorbent surfaces, altering heavy metal
behavior and adsorption capacity. This can reduce the electric double layer, affecting
the overall adsorption process [84]. Similarly, Yang and co-workers [85] noted that
increasing the solution’s ionic strength from 0.01 to 1.0 M improved the removal of
Ni** and As’* by up to 25%.

9.2 Coexisting ions

The binding affinity of adsorbent surface sites for heavy metal ions in multi-
component systems is affected by the competing cations’ behavior [86]. In multi-
component systems, coexisting heavy metal ions compete for a limited number
of adsorption sites, reducing the adsorption effectiveness of the same adsorbent
compared to a single-ion system. Park and co-workers [87] noted that the adsorption
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capacity in a mixed solution containing both Pb** and Cd** is lower than in a system
with only one of these components. Higher concentrations of Na*, K*, Mg**, and Ca”*
in the aqueous solution directly compete with heavy metal ions, leading to a decrease
in overall adsorption efficiency. The presence of SO,*~ promotes the precipitation of
Cr®, while HCO* reduces the efficiency of Cr® removal and the valence transition of
Fe. SO,” also reduces the adsorption of Cr®* by AC due to increased competition and
lower attraction compared to CI” and NO* [88].

9.3 Initial concentration

Higher initial concentrations can enhance the ability of absorbents as they increase
the attraction force that pulls metal ions onto the surface of the AC [89]. Once a
certain threshold is crossed, higher initial concentrations hinder further adsorption
because there are fewer accessible binding sites on the adsorbent surface. This limits
the efficacy of the adsorbent as the operation progresses. Additionally, the initial
heavy metal concentration affects the fitness of the selected adsorption isotherm
model. As the initial concentration increases, the best-fit model might shift from
single to multimolecular layer adsorption.

9.4 pH level

The pH, which determines the concentration of H in the solution, significantly
influences ion exchange and electrostatic interactions during adsorption. The pH,,.
values, representing the pH at which the zeta potential of adsorbents is zero, can vary
depending on the nature of the AC. When the pH is lower than the pHzpc, the higher
H" concentration facilitates stronger ion exchange and promotes the protonation of
functional groups (-NH,, -OH) on the adsorbent surface, leading to a more positively
charged surface. This enhances the adsorption of anions (e.g., HCrO,") but repels
heavy metal cations due to electrostatic repulsion [80]. In contrast to lower pH values,
pH levels over pHzpc allow the return of negative charges to functional groups, which
has an inverse effect on cations and anions [36]. The pHzpc of an adsorbent should
be more acidic or alkaline depending on whether it removes cations or anions from
aqueous solutions. Heavy metal ions can interact with H*, forming different ionic
forms with varying degrees of attraction for surface functional groups, thereby
affecting overall adsorption effectiveness. Studies on higher pH solutions have shown
that -COOH plays a role in the adsorption of heavy metal ions onto the surface of AC
[36, 90]. -COOH groups on the surface of AC aid in acidic dissociation, leading to the
formation of chelating agents in complexes formed by heavy metal ions interacting
with surface functional groups.

9.5 Temperature

Temperature significantly affects the adsorption process. Higher temperatures
lead to lower solution viscosity, allowing better dispersion of adsorbate molecules on
the adsorbent surface, thereby enhancing adsorption capacity. However, this capacity
can decrease at elevated temperatures in an exothermic process, with the opposite
true for endothermic reactions. Higher temperatures can also destabilize metal ions
bound to the adsorbent surface, reducing the amount of metal ions that can be effec-
tively connected to AC. Additionally, in exothermic adsorption processes, electro-
static attraction between the adsorbent and ions decreases at high temperatures 4.
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10. Challenges and future prospects

AC stands out among current treatment methods for its exceptional ability
to adsorb and its cost-effectiveness in removing significant water contaminants.
Numerous potential applications have been explored and validated through labora-
tory studies; however, there is a pressing need for additional research on scaling up
production and exploring commercial applications of AC. One potential drawback of
using AC as adsorbents is that some contaminants, such as sodium, nitrate, fluoride,
and bacterial pathogens, may not be effectively targeted by the attractive forces of
carbon atoms. Future research could explore the modification processes to improve
the efficiency of AC against these challenging pollutants. Once AC becomes satu-
rated with contaminants, it reaches the end of its operational lifespan and requires
either replacement or regeneration. Furthermore, there is a need for more research
into the regeneration to mitigate secondary pollution. Hence, it is crucial to conduct
comprehensive evaluations of the long-term applications of AC to assess its efficacy
in wastewater treatment strategies. Most of the research conducted thus far, both
current and historical, has focused on the adsorption capacity of individual heavy
metals by AC. Given the diversity of heavy metal pollutants found in potentially
contaminated water sources, future research should explore how AC behaves in
systems where multiple metals are present. This is crucial because interactions among
different metal ions may occur, affecting their adsorption behavior. Research might
investigate the feasibility of employing various types of adsorbents. Moreover, cur-
rent optimization studies on the activation process of AC have traditionally focused
on one parameter individually, which can be difficult and time-intensive given the
requirement for multiple iterations. Response surface methodology could potentially
address these technical challenges by providing optimal conditions for multiple
variables when treating AC with pollutants. Until recently, the majority of studies
on heavy metal removal has concentrated exclusively on batch adsorption. Experts
predict that as AC gains recognition as a highly efficient adsorbent, future research
will increasingly shift toward column studies and industrial-scale bed adsorption.
Present circumstances favor the large-scale production and utilization of AC derived
from diverse biomass wastes. Despite significant challenges and obstacles in research,
development, and application, continued advancement is warranted due to recent
breakthroughs in the field. Utilizing biomass waste as feedstock for AC production
contributes to waste reduction. Additionally, developing various modified AC-based
adsorbents is essential for effectively removing heavy metals from aqueous solutions.

11. Conclusion

Human activities have caused heavy metals to accumulate faster than they can
be effectively treated or managed. Over the past five years, challenges in addressing
heavy metal pollution have included raising public awareness about environmental
protection and identifying appropriate sorbents for removal. While numerous meth-
ods for heavy metal removal have been proposed, many are unsuitable for commercial
use due to inefficiency, high energy use, or lack of selectivity. Biomass-derived acti-
vated carbon stands out for its promising potential because of its extensive specific
surface area, abundant pore structure, excellent stability, and relatively low produc-
tion cost. In this chapter, the sources of heavy metals, their removal approaches,
and the production techniques for biomass-based AC are reviewed. The key factors
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influencing heavy metal adsorption include adsorbent characteristics, heavy metal
properties, and adsorption conditions. The type of biomass, carbonization method,
and activation process affect the carbon’s porosity and surface area. With suitable
conditions or modifications, most biomass-derived AC exhibit high heavy metal
adsorption capacity, influenced by their physical form and chemical functional
groups. Generally, larger specific surface areas and smaller pore sizes enhance
adsorption, while conditions like temperature and pH significantly impact heavy
metal uptake. With the increasing focus on “green” solutions, biomass-derived AC is
showing great promise in wastewater treatment. Despite this, there are knowledge
gaps that need to be addressed to enhance the adsorption capacity of biomass-AC for
heavy metals in complex samples. Currently, most modifications of AC are limited to
laboratory studies, making commercial reproducibility challenging. However, future
advancements are expected to simplify and streamline the preparation process.
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Chapter 12

Sustainable Remediation of Heavy
Metals through Agricultural
Waste-Derived Adsorbents

Robert Birundu Onyancha

Abstract

Heavy metals (HMs) are known to be non-biodegradable and non-metabolic
agents, hence detrimental to human health. Then, innovative and novel techniques
must be formulated to mitigate and remove these contaminants. Several HMs removal
techniques are expensive, have low removal efficiency, produce secondary pollutants,
and require high operational energy. The adsorption technique has solved these
drawbacks, especially when low-cost and naturally available adsorbents derived from
agricultural wastes are used. Reviewed papers show that the adsorption of HMs by
these adsorbents depends on pH, contact time, temperature, adsorbent dosage,
adsorbent particle size, HM ion concentration, agitation speed, and interfering ions.
Removal efficiency ranged between 61 and 100% with contact time between 20 and
240 min and pH of 3-10. The adsorption process was well described by pseudo-
second-order and Langmuir models. Also, thermodynamic studies revealed endother-
mic or exothermic processes depending on the type of agricultural waste material,
adsorption factors, and adsorption conditions.

Keywords: adsorption, heavy metals, remediation, isotherms, kinetics, regeneration,
wastewater, agricultural waste adsorbent (AWA)

1. Introduction

Generally, heavy metals (HMs) can be classified using atomic weight, density,
chemical properties, and toxicity [1]. According to [2], HMs represent elements
whose atomic weights range from 33.5 to 222.5 g mol " with a specific weight greater
than 5.2 g cm . Thus, on the period table, HM can be grouped into transition metals,
rare earth metals, and some metals from group P. They can be toxic, radioactive,
pseudo-metals, and essential metals for metabolism, as shown in Figure 1. Of partic-
ular interest here are the toxic HMs like lead, cadmium, chromium, mercury, arsenic,
nickel, copper, and zinc. Despite being categorized as toxic, copper, Magnesium,
Nickel, selenium, Zinc, molybdenum, manganese, iron, chromium, and cobalt are
vital nutrients when consumed within allowable levels since they are necessary for
diverse physiological and biochemical roles in the human body [3]. The World Health
Organization and the Occupational Safety and Health Administration Agency report
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Figure 1.
Classification of HM based on atomic weights, toxicity, and chemical properties.

that Cd, As, Hg, Cr, Be, and Pb are highly toxic even at low concentrations and
cautiously indicating that other HMs cannot be overlooked [3].

Primarily, HMs can enter the human body by inhaling polluted air and consuming
contaminated food and water. Once inside the body, they form ions that react with
bioparticles to generate harmful substances whose properties rely on concentration
and biomagnification [4]. Chronic exposure and consumption of above permissible
limits of these metals can lead to respiratory issues, neurological disorders, kidney
damage, cancer, reproductive system disorders, brain damage, skin irritation, and
immune dysfunction, among many more (Figure 2) [3]. In aquatic systems, HM can
interrupt marine life, collect in the food chain, lead to oxygen deficiency, and inter-
fere with biodiversity by modifying water’s essential biological and chemical proper-
ties. They can cause plant impairment, lead to a reduction in agricultural production,
and contaminate crops while in the soil [5].

It is imperative to note that HMs are introduced into the environment via diverse
natural sources like geological breaking of rocks, volcanoes, soil erosion, forest fires,
and biological activities coupled with industrial activities such as mining, chemical
processing, construction, transport, pesticides, and fertilizer applications, households
discharge, and animal and medical wastes (Figure 2) [3]. These activities discharge
raw HMs-ridden materials and effluents to water systems like oceans, lakes, rivers,
and streams, leading to wastewater that is unfit for human and aquatic life. Notably,
freshwater usage in various essential sectors such as agriculture, industries, and
households has increased by 70%, 22%, and 8%, respectively, leading to massive
wastewater discharge, hence aggravating the situation even more [6].

As a scarce resource, the continuous obliteration of water, which has been avail-
able freely over time, signals the danger to the human community [7]. According to
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Sources, effects on humans, and removal techniques of HMs.

the statistical calculations on global water scarcity, it is estimated that in one year,
more than two-thirds of the worldwide population does not have access to clean water
for more than 30 days, with China and India representing 50% of this population.
Overall, the report indicates that a total of 0.5 billion human beings are adversely
affected annually by this problem [8].

Therefore, with a rapidly increasing global population and industrialization, an
increase in demand for freshwater consumption and converse contamination from
HMs is a reality. As a result of this, there is an urgent need for more diverse and
effective remedial measures to decontaminate wastewater. This can be attested by the
ever-increasing yearly research publications on HMs emphasizing their dangers, mit-
igation, and removal (Figure 3). Notably, conventional methods such as ion
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Figure 3.
Representation of yearly published articles with the word ‘heavy metals’ published between 2014 and June 2024
obtained from “Scopus”.
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exchange, precipitation, coalescence, filtration, evaporation, biological treatment,
coagulation, and flocculation have been employed for HM removal [5].

Nevertheless, these strategies are inherently expensive to assemble, have high
operational costs, produce secondary pollutants and sludge, require expertise to oper-
ate, and often do not attain complete removal, specifically at low concentrations of
contaminants. Imperatively, the adsorption method leverages the natural capabilities
of certain materials to capture and bind HMs, thereby naturally purifying contami-
nated water. The technique is popular since it is simple, efficient, cost-effective, and
eco-friendly and offers the potential to regenerate and reuse adsorbents [9].

The ideal adsorbent should be environmentally benign, have superior selectivity,
be easily recyclable, have outstanding adsorption capacity, and be extremely efficient
even at low concentrations of HMs contaminants. Adsorbents like metal oxides,
carbon-derived materials, dendrimers, and nanocomposites with the particle size
range of micro-nano range, have been found to be effective [10-12]. However, they
are inherently expensive and produce secondary chemicals which pollute the envi-
ronment. Alternatively, adsorbents derived from agricultural waste materials, biolog-
ical materials, and natural clay have been proven to address these drawbacks.

Research studies show that clove leaves, sunflower leaves, guava leaves, mandarin
garden grass, orange peels, sugar cane waster, maize residues, onion skin, sesame hull,
wood biomass, groundnut shell, cotton shells, lobeira fruit, neem bark, mustard
waste, eggshell [13-20], among others have successfully been synthesized and utilized
in the adsorption process to remove contaminants from water [9]. They are abun-
dantly available, low-cost alternatives to commercial adsorbents, biodegradable,
environmentally friendly, and exhibit high adsorption capacity. Furthermore, they
can undergo surface modification and functionalization to enhance selectivity and
affinity, hence increasing removal capacity [3].

Consequently, confiscating HMs from aqueous systems via the adsorption tech-
nique remains the ideal solution that harnesses natural processes and materials to
tackle major environmental contamination from HMs. Therefore, this book chapter
endeavors to review the available studies on the adsorption of HMs. The chapter
provides concise reviews of recent developments in the use of adsorbents produced
from agricultural waste materials, which are naturally biodegradable, effective, bio-
compatible, non-sludge generators, and inexpensive. Discussion on the adsorption
process, suitability of these materials, mechanisms of adsorption through isotherm
and kinetics models, factors affecting adsorption, thermodynamics, and regeneration
are well articulated.

2. Adsorption mechanisms for sustainable HMs remediation

Adsorption involves molecule transfer from the bulk aqueous system to the solid
surface due to a difference in concentration gradient. The transfer process depends on
the molecular weight, the shape, and the adsorbent polarity, which is responsible for
binding adsorbate and necessitating easier separation with the binding rate propor-
tional to the square root of the contact time [21]. Notably, the outer surface molecules
do not fully occupy the adsorbent surface hence it is capable of binding adsorbate
molecules. The adsorbate molecules in the bulk solution have lower energies com-
pared to adsorbent surface molecules, resulting in residual attractive forces. Conse-
quently, it is this surface energy (attractive force per unit surface area) that is
responsible for adsorbent-adsorbate adsorption.
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The adsorption experiments can be conducted as batch, continuous, or semi-batch.
In batch, a fixed amount of adsorbent is mixed with a known adsorbate concentration,
and an HM decrease in concentration is measured over time. On the other hand,
continuous involves feeding a system with the adsorbent and adsorbent mixture
coupled with continuous removal of the treated solution. A semi-batch is simply a
hybrid of batch and continuous processes where one component is fixed, and the
other is continuously fed [22]. How an adsorbate is attracted to the adsorbent
surface is determined by an attraction force, which can be either physisorption or
chemisorption.

Physisorption adsorption (Figure 4a) is realized when the adsorbate materials
attach to the surface due to feeble Van-der-Waals interactions. This process is char-
acterized by dependence on temperatures and adsorbent surface area. Its low heat of
adsorption implies that activation energy is not required, the multilayer adsorption is
reversible, and the adsorption enthalpy is significantly low (20-40 kJ/mol). The
implication on the surface area is that the rate of adsorption increases with the
increase of the surface [23].

Chemisorption adsorption (Figure 4a) occurs when the attractive force between
the pollutant and the adsorbent surface is due to covalent or ionic bonds. It occurs at
high temperatures and hence demands activation energy. Also, new compounds are
formed with the process accompanied by elevated enthalpy, rendering the process
irreversible. This process is equally dependent on temperature and surface area [23].

Imperatively, the mechanisms of adsorption of HMs on the surface of the adsor-
bent can be through ion exchange, chelation, precipitation, complexation, reduction,
or a combination of different mechanisms operating concomitantly [3]. The mecha-
nisms are governed by parameters such as pH, temperature, adsorbent mass, volume,
and type of adsorption [24].

* The study of adsorption mechanisms using banana peels as an adsorbent in the
uptake of Cu(II) and Pb(II) is through ion exchange where acid groups are
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deprotonated leading to a negatively charged adsorbent surface, which
necessitates HMs uptake via electrostatic repulsive interactions [25].

* A similar reversible ion exchange mechanism was noted in the adsorption of
33.04% of Cd(II) compounded with a non-reversible precipitation mechanism in
the removal of 66.97% of Ca(II) ions using an eggshell [26].

* A combination of precipitation and complexation mechanisms has been ascribed
to the adsorption of Cd(II) on Turkish Coffee Grounds [27].

* Also, complexation and ion exchange mechanisms have been involved in the
sequestration of Pb(II) by cotton shell biomass with several surface moieties of
functional groups [28].

* The elimination of Cr(II) and Cu(II) by soybean meal waste material was through
ion exchange, chelation, and precipitation by hydroxyl and carboxyl groups [29].

* The ion exchange process in the acid pH and physisorption mechanism in the
alkaline pH have also been identified in Pb(II) removal by rice husk [30].

It is so evident that these mechanisms work independently or synergically, in that
way, they enhance adsorption efficiency.

3. Low-Cost agricultural waste adsorbents (AWA) for HMs removal

The need to develop an environmentally friendly, inexpensive, effective, and
readily available adsorbent to decontaminate HMs from wastewater systems is on the
rise due to the commercially expensive adsorbents. The AWA are produced from
freely available agricultural waste materials through modification, treatment, and
transformation to activated carbon, which has high affinity and selectivity to HMs
[31]. Also, they are characterized by high porosity, small pore diameter, enhanced
adsorption rate, large surface area, and ease of regeneration and retrieval hence,
guaranteeing high HMs adsorption capacity [32]. Table 1 compares AWA with com-
mercial activated carbon and synthetic adsorbents in terms of surface area, cost,
adsorption capacity, efficiency, environmental impact, and regeneration.

Waste from agricultural materials contains cellulose, lignin, water, starch, lipids,
proteins, hemicellulose, hydrocarbons, and simple sugar [50]. They also have surface
functional groups such as amide, alcohols, carboxyl, acetamido, esters, sulfhydryl, and
phenolics with high attractions and selectivity for HMs species, thus capable of bind-
ing and safely sequestrating them from aqueous solution [51].

The synthesis or conversion of agricultural wastes into an adsorbent undergoes
many steps which include selection of raw material, pre-treatment, carbonization,
activation, characterization, and application, as explained in Figure 5.

Reports on the removal of HMs from contaminated water and effluents by
employing AWA is well documented in Table 2. For example, biochar produced from
wood biomass was used to remediate lead-polluted water. With a dose of 5 g/L and
contact time of 4-h, the Pb(II) percentage removal observed was 100%, and the
adsorption process was well fitted by the pseudo-second-order (PSO) and Langmuir
(LMR) models [22].
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Parameter AWA Activated carbon Synthetic adsorbents
Surface area 500-1200 [33, 34] 900-1500 [35, 36] 400-1000 [37]
Cost Low ($0.1-$1)/kg [38] Medium-High High ($10-$30)/kg [37, 40]
($2-$5)/kg [39]

HMs adsorption 100-250 [38, 41] 200-450 [39] 100-300 [42]
capacity (mg/g)
Dye adsorption 150-476.19 [43] 250-600 [44] 100-1000 [45]
capacity (mg/g)
Efficiency (%) 60-100 [46] 80-95 [9] 70-90 [37, 40]
Environmental Impact Low [46] Medium [47] High [37]
Method of Thermal, Washing Thermal, chemical Thermal, pressure change
Regeneration [48] [49] [40]
Regeneration cost Low [46, 48] Medium [47] High [40]

Table 1.

Various Pavameters for AWA, Activated Carbon, and Synthetic Adsorbents.

Selection of Raw Material —, Involvesselection of agricultural wastes depending on cost, availability
and the adsorption prospective

Entails washing, drying and grinding to enhance surface area by

AL reducing particle size. Drying temperature between 100-1100 Celsius.
= Conversion of biomass into carbon through heating in the absence of
Carbonization =" air . Heating temperature between 300-800 Celsius under inert
h
‘Aottvation Usg of activating agents like carbo_n dioxide and potassium hydroxide
to increase surface area and porosity.
Determination of functional groups, pore size, surface area by using

3 —_—
Characterization y analytical methodologies such as BET, SEM, FTIR etc.

Use of adsorbent for HMs removal by optimizing adsorption
Application —_—
/ parameters such as pH, adsorbent dosage, contact time etc.

Figure 5.
Steps of converting agricultural wastes into adsorbent [52, 53].

Similar studies on the elimination of Pb(II) from an aqueous system of 20 mg/L
of concentration, with a pH of 3, contact time of 210 min, and temperature of
50°C using adsorbent from pomelo peels demonstrated 99.9% removal of Pb(II).
Equilibrium adsorption studies on kinetics were well represented by PFO with
monolayer adsorption mechanisms attributed to chemical bonding and physical
adsorption [69].

Through batch conditions, an adsorbent produced by a modified sesame hull was
employed to eradicate Cr(VI) from aqueous solutions. Tartaric acid was used to alter
the sesame hull to enhance the exposure of cellulose constituents responsible for
improved adsorption. With set parameters of pH, contact time, initial concentration,
and adsorbent dosage, 3, 120 min, 23.23 mg/L, and 4.94 g/L respectively, the modeled
data exhibited high correlation with experimental data as attested by high R* (0.9763).
Adsorption mechanisms were well described by LMR isotherm and kinetics fitted
with the PSO [50].
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A set of batch and column biosorption experiments employing neem bark powder
to decontaminate As(III) was investigated. A desirable performance (R* = 0.961 and
0.954) modeled from an artificial neural network was realized. Biosorption removal of
89.96% was obtained with optimized individual parameters such as flow rate of
3.0 mL/min, initial concentration of 2000.0 pg/L, and adsorbent dosage of 2.0 g. The
thermodynamic analysis revealed an endothermic reaction process. The adsorption
rate was determined to rely on the square of unoccupied adsorbent sites [64].

Preparation of rice husk through incineration at 800°C for 6 h followed by 0.5 M
HCl activation to produce biosorbent for Pb(II) removal has been reported. Batch
experiments were performed at a pH of 3 with LMR and the PFO describing the
experimental data. The removal efficiency was temperature-dependent, and the
adsorption mechanism was attributed to ion exchange. Thermodynamic study analy-
sis disclosed that the process was both exothermic and spontaneous [30].

Activated TETA-PP biosorbent produced from pea peels activated with triethyle-
netetramine was used in Cr(VI) adsorption. The absorbent showed a pH dependence
with a maximum removal of 99% experience with a pH of 1.6. LMR and PSO deter-
mined and discussed the 312.50 mg/g biosorption capacity. The electrostatic attraction
mechanism resulting from surface protonation of TETA-PP sites was identified to be
responsible for the biosorption of Cr(VI) [8].

Biochar of a specific surface area of 12.26 m?/g and total pore volume of 0.012 cm?/
g was formed from watermelon peels and employed in removing Cu(II) ions. The
adsorption process was identified as chemisorption and dependent on pH, with opti-
mal removal of Cu(II) obtained at 5.6. LMR and PSO models were used to describe the
adsorption process with correlation coefficient values of 0.99 and < 0.99. The adsor-
bent’s adsorption capacity was 140.85 mg/g and six regeneration cycles, which clearly
shows that this adsorbent is effective, cost-effective, and eco-friendly for Cu(II) [16].

An investigation was conducted on the efficacy of adsorbent derived from modi-
fied rice straw for eliminating Cr(VI) and Pb(II) from wastewater. SEM, FTIR, XRD,
and EDX realized the determination of the morphology and functional group of the
biochar produced. The ideal pH, contact time, initial concentration, and biosorbent
dose of 2, 50 min, 20 mg/L, and 2 g/L, respectively, were determined. The efficiency
removal of Cr(VI) and Pb(II) was 95.57% and 85.68%, respectively. A multilayer
adsorption process on heterogeneous surfaces was witnessed with thermodynamic
studies revealing a spontaneous and endothermic system [72].

Similarly, magnetically activated orange peel composite with surface area, volume
of pores, and mean pore diameter of 155.09 m*/g, 0.1768 cm>/g, and 4.5604 nm,
respectively, was fabricated and used to confiscate Cr(VI) from wastewater. Contact
time, pH, the Cr(VI) starting concentration ions, and adsorbent dose were found to
influence the uptake of Cr(VI). The process was identified as a monolayer with LMR
isotherm, determining an adsorption capacity of 277.8 mg/g and a correlation coeffi-
cient range between 0.992 and 1 achieved through PSO [73].

Sorghum bagasse activated by NaOH (SB-NaOH) was produced and employed to
absorb Cd(II) from an aqueous system. An impressive adsorption percentage removal
of 96.48 was realized with optimal conditions of pH of 5, contact time of 70 min,
initial concentration of 100 mg/L, and temperature of 30°C. LMR and PSO models
described the adsorption mechanism. Thermodynamic studies obtained a positive
Gibbs free energy and a negative enthalpy, thus indicating an exothermic
process [74].

From Table 2, it is evident that these adsorbents exhibit remarkable removal
efficiencies ranging between 61 and 100% and the capability to target a wide range of
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HMs owing to their distinctive properties, including a high surface area, environmen-
tal friendliness, large surface area, high affinity, and selectivity. In addition, they are
inexpensive and readily available, rendering them extremely appealing for large-scale
HM sequestration. The promising adsorption results coupled with consistent HM
removal underscore the possibility of utilizing these adsorbents as efficient remedies
for mitigating HMs pollution.

4. Adsorption kinetics and equilibrium studies
4.1 Adsorption isotherm

Isotherm models are designed to descriptively examine the adsorbate accumula-
tion on the adsorbent at equilibrium adsorbate concentration and constant tempera-
ture. At the equilibrium of the sorption system, the isotherm models explain the
distribution of adsorbate molecules in bulk aqueous solution and solid phases [46].

Establishing dynamic equilibrium is realized once the desorption and adsorption
rates are similar. Likewise, when the adsorbate molecules bind on the adsorbent
interface and are dynamically at equilibrium with the adsorbate concentration, sorp-
tion equilibrium is established. This results in the determination of absorbent-
adsorbate interaction, thus guiding optimum utilization of the adsorbent material.
Many isotherm models are employed to explain the adsorption mechanisms of HMs,
including LMR, Dubinin-Radushkevich, Freundlich, Sips, Redlich-Peterson, Henry,
and Temkin [5].

The models can predictably give information on uptake capacity, adsorption
mechanisms, sorbent surface properties, selectivity, and affinity of adsorbate mole-
cules. Table 3 provides some of the predominantly used isotherm models (Figure 6).

A comprehensive summary of the reviewed studies shown in Table 2 regularly
demonstrated the following:

* that LMR isotherm provides the best description of the adsorption mechanisms of
the AWA. It indicates that the adsorption in these AWA systems is
predominantly monolayer on a homogeneous surface with a restricted number of
sites. The adsorption occurs evenly on the active adsorbent sites, and the
adsorption process is only complete when adsorbate molecules fill all active sites.

* a few studies exhibited some degree of heterogeneous and multilayer types of
adsorptions which is well-explained by the Freundlich model.

4.2 Adsorption kinetic studies

The adsorption kinetic studies examine the rate at which pollutants are adsorbed
onto an adsorbent surface, giving important information on the efficiency and mech-
anisms of the adsorption. Generally, the studies entail examining the concentration of
pollutants over time and providing an analytical assessment of data to establish
adsorption rates and the parameters/factors affecting them [75]. Therefore, the sig-
nificance of these studies rests on the capability to advise on the design and imple-
mentation of efficient approaches to control pollution. Efficient removal of pollutants
can be achieved through the development of accurate kinetic models that inform the
ideal adsorbent and set the operational parameters. Equally, the studies contribute to
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Kinetic Equation Definition of = Model assumptions Ref.
Model Terms
Pseudo-first- % —kpy(q, - q,) kp;: PFOrate  The derivation of this model presumes that  [5, 75]
order constant the rate of reaction is directly proportional

t: reaction time  to the number of freely active binding sites

q,: Adsorption  on the adsorbent, and the reaction is

capacity at reversible at equilibrium.

time t The model describes physisorption

q,: Adsorption ~ adsorption.

capacity at

equilibrium
Pseudo- % =kp, (qe _ q:)z kp,: Rate This mode assumes that the rate of [5, 75]
second- constant for adsorption is proportional to the square of
order PSO many binding sites on the adsorbent surface.

The model explains chemisorption

Elovich % — xexp(—Bq,) Initial The model assumes that the active [5,75]

adsorption rate adsorption sites increase exponentially with

p: Desorption  adsorption.

constant Used to explain systems that do not follow

PFO or PSO models.

Intraparticle q = kigt¥2 + C kig: The model is used to describe the diffusion  [5, 75]
diffusion Intraparticle in the adsorption process.

diffusion rate

constant

C: Intercept

Table 4.

Kinetic study models.

the discovery and establishment of new adsorbent materials, which will be essential
for the advancement of environmentally sustainable practices [5].

The adsorption of HMs by porous materials like AWA can be characterized by the
three most widely adopted models, namely PFO, PSO, and Elovich, as represented in
Table 4. However, the intraparticle diffusion model is always invoked to interpret the
diffusion of contaminants into the adsorbent surface before concluding the nature of
the adsorption mechanisms [5].

Based on Table 2, the adsorption kinetic studies show that;

* the PSO model precisely fits and describes the adsorption mechanism of a large
number of these adsorbents. This implies that the adsorption process and
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mechanisms are largely managed by chemisorption involving the sharing or
exchange of electrons between the AWA and HMs ions.

* equally, some studies have shown an involvement of the physisorption process
which is well described by the PFO model.

5. Factors influencing adsorption efficiency

HMs removal from wastewater via the adsorption method is influenced by several
important factors, including pH, adsorbent dosage, contact time, ion concentration,
temperature, agitation speed, adsorbent particle size, and interfering ions. Studying
and understanding these factors is important for optimizing the adsorption process
which leads to optimum removal efficiency and enhanced cost-effectiveness. Also,
this helps in continuous modification, reengineering, and development of novel
adsorbents with superior characteristics.

5.1 Contact time

The duration of contact between the adsorbent and adsorbate species influences
the adsorption process. It has been reported that the maximum uptake of adsorbate
and reaching of equilibrium is proportional to shaking time [76]. The implication is
that inadequate contact time leads to incomplete adsorption, while prolonged time
shows a saturation in the adsorption process owing to exhaustion of the active adsor-
bent binding sites [77].

For instance, the adsorption kinetics data for Pb(II) by pomelo peels at a pH of 3
and temperature of 45°C established three time-dependent distinct stages. A quick
increase in adsorption at the initial stage between 0 and 30 min, a gradual increase
between 30 and 120 min, and an equilibrium adsorption value at 210 min. The
equilibrium value of 210 min was then employed during the set of experiments as the
optimal contact time [69]. Also, the use of cotton biomass powder for the removal of
Pb(II) showed a steady increase of adsorption for 60 min, then slowed and eventually
attained equilibrium after 90 min because of the saturation of active binding adsorp-
tion sites.

Equally, the influence of contact time on the sequestration As(III) was studied by
varying time between 10 and 30 min. The study showed a steady increase in the
removal of As(III) as temperature increased up to 20 min, and there was no substan-
tial change with a further increase in time, thereby setting 20 min as the equilibrium
time. The faster adsorption rate was attributed to abundance in the actively available
binding sites [64].

5.2 The pH

The acidity (H+) or alkalinity (OH-) in aqueous systems influences the adsorbent
uptake of HMs. It characteristically impacts the speciation of HMs, surface charge on
the adsorbent, and degree of ionization [78]. It also leads to the modification of HMs
distribution, hence influencing electrostatic interaction between HMs and the adsor-
bent surface [75].

The removal of Hg(II) using an adsorbent derived from maize plant wastes was
conducted on varying pH (2-14). The sequestration of Hg(II) ions and uptake
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capacity increased with a decrease in pH for monocomponent adsorbent due to the
absence of precipitation of hydroxyl ions hence minimizing competition for binding
sites. Conversely, the removal increased at higher pH values for the bicomponent
adsorbent since the pH solution assisted the Hg(II) ions in being attracted to the
existing functional groups on the HGAC adsorbent surface. The HGAC active sites
deprotonated as the pH increased, thereby creating negative charges in the adsorbent
with a high affinity for the contaminants [54].

Similarly, Cd(II) sequestration using shea fruit shell biomass as an
adsorbent showed similar trends of increased removal with an increase in pH values.
It has been reported that at higher pH, fewer H* ions were bordered by the
adsorbent, necessitating Cd(II) to be attracted to available sites, thus attaining
removal of 74.06% at a pH of 5. Conversely, at lower pH values, the H" ions compete
actively with Cd(II) ions for the active binding sites, hence resulting in low removal
efficiency [55].

Studies on the dependence of pH in removing Cr(VI) using an adsorbent derived
from Pisum sativum peels showed a decrease in removal efficiency (from 99-34%)
with an increase in pH levels. The optimum pH of 1.6 resulted in the efficiency
removal of 99%. Notably, Cr(VI) exists in different permutations at varied pH values
of an anionic nature, so at a pH of 1.6, the sorption was attributed to electrostatic force
existing between positively charged adsorbent binding sites and negatively charged on
Cr,0,”~ (monovalent chromate). With an increase in pH > 6.5, CrO,% becomes
predominant, increasing the competition between OH- and CrO,*~ which are
negatively charged hence leading to repulsion which signals reduced removal
efficiency [8].

5.3 Temperature

Thermodynamically, the adsorption process can be categorized as exothermic or
endothermic and it has been demonstrated to depend on the solution temperature [8].
The change in solution temperature affects the solubility of HMs in solution systems,
HMs diffusion rate, and impacts the sorbent functional groups [79]. Studies have
shown elevated temperatures enhance adsorption kinetic energy and increase HMs
removal efficiency [23].

Studies on the influence of temperature on removing Cd(II) from aqueous solution
using shea fruit shell biomass were conducted at different temperatures with other
parameters held constants. An improvement in removal efficiency from 25% to
62.93% was recorded with an increase in temperature up until 40 0C, which regis-
tered an optimum efficiency removal of 66.93%. This has been attributed to the
enhanced diffusion rate of the adsorbate [55].

Likewise, the effect of temperature on the removal of Cu(II) by sawdust was
carried out by adjusting the temperature from 15 to 60°C. An increase in Cu(II) ion
uptake with an increase in temperature until a maximum was attained at 30°C. Any
further increase in temperature showed a gradual reduction in efficiency rate and
eventually attained the equilibrium state. A decrease in ion uptake was also recorded
due to a rise in the desorption rate [80].

5.4 HM ion concentration

Initial HM ion concentration is a powerful parameter that determines the uptake
capacity and decontamination of HMs by AWA. It has been established that adsorbent
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capacity quickly reduces when the initial HM concentration is increased [81]. This has
been attributed to the limited adsorption sites, and any increase in concentration
renders the available sites fully saturated. Conversely, at lower concentrations, high
uptake capacity and removal of HMs are experienced due to the high ratio of binding
sites to the available adsorbate molecules [82].

Also, studies have shown that concentration gradient facilitates HMs transporta-
tion from the aqueous medium to the adsorbent surface with high uptake capacity
witnessed when initial concentration is increased [83]. This has been experienced in
the study on the removal of Cd(II) on the dependence on ion concentration where
removal efficiency and capacity increased with an increase in concentration between
20 and 100 mg/L and decreased thereafter due to the availability of adsorption sites
and the presence of surface area which decreases at high concentrations [27]. Similar
ion concentration dependence results have been reported in the depolluting Cd(II)
using shea fruit shell biomass [55].

5.5 Interfering ions/ionic strength

Anions such as nitrates(NO53 ), chlorides (Cl™), phosphates (PO?[), bicarbonates
(HCOy3), and sulfates (SO‘Z[) influence the removal of HMs from aqueous solutions.
The progression of inhibition in the removal of HMs is shown as HCO; — SO~
— CI". Whereas NO;, CI, and SOif have little effect on the removal of HMs, HCO;
has been found to greatly lower the uptake capacity of HMs due to competition for the
adsorbent’s active binding sites, thereby lowering the overall removal efficiency [84].

Similarly, reports indicate that the removal of HMs is inversely proportional to
ionic strength; therefore, any decrease in removal is experienced with an upsurge of
the ionic strength because of the increase of competitive cationic amount available in
aqueous systems, which affects the binding force between the adsorbent and adsor-
bate [75, 85].

5.6 Adsorbent particle size

The adsorbent particle size plays a fundamental role in the uptake of the HMs
during the adsorption process since it significantly alters the uptake capacity and
removal rate. Studies show an enhancement in the uptake capacity of HMs with a
reduction in particle size due to a greater surface area [86]. Also, large particle size
implies a reduced intraparticle diffusion due to an increased resistance to mass trans-
fer of adsorbate molecules, leading to incomplete utilization of adsorbent surface area
and reduced uptake [87].

5.7 Adsorbent dosage

It has been determined that a rise in adsorbent concentration results in the creation
of more active binding sites, causing improved removal of HMs from aqueous solu-
tions. This has been attributed to improved surface area and enhanced pore volume
availability due to higher dosages [88]. A detailed analysis of the dependence of
adsorbent dose on Cr(VI) reveals an increase in the percentage removal of Cr(VI)
with a rise in dose up to 14 g/L. The enhanced removal with dosage is due to the
availability of exchangeable sites [60].
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5.8 Agitation speed

Agitation speed has been established to accelerate or retard the adsorption of HMs
from aqueous systems [89]. The determination of the maximum agitation speed is
realized through the repetition of a set of experiments.

6. Thermodynamics studies

Thermodynamic studies are conducted to analyze various parameters and draw
inferences on spontaneity, feasibility, and the characteristics of the adsorption pro-
cess, thus underscoring fundamental areas optimizing to ensure the sustainability and
effectiveness of HM removal [75]. The studies analyze factors such as temperature,
Gibbs free energy change (AG), enthalpy change (AH), and entropy (AS).

The Gibbs energy change provides a measure of the natural occurrence of the
adsorption process. A negative value indicates that the process is spontaneous:

AG = AH — TAS 1)

Enthalpy change provides information on whether the adsorption is endothermic
or exothermic. The negative and positive values of AH indicate exothermic and
endothermic adsorption processes, respectively.

AH AS
InK=——+— 2
n TR (2)

Entropy change provides insights into the randomness at the solid-liquid interface
during adsorption. When the AS is positive, it designates increased randomness often
connected to endothermic processes.

By plotting /K against 1/T, the slope (AH/R) and intercept (AS/R) are used to
extract(AH and (AS respectively.

where K, R, and T are constants known as the thermodynamic equilibrium, uni-
versal gas, and absolute temperature.

Based on the articles reviewed, the thermodynamic process is both exothermic and
endothermic depending on the type of AWA, type of HMs, and specific adsorption
conditions [30, 71]. An endothermic process implies an increased efficiency at higher
temperatures, whereas an exothermic process reveals that the adsorption process is
more efficient at lower temperatures [64, 66]. Knowing thermodynamic characteris-
tics is important during material optimization, selection of appropriate AWA, and
optimization of adsorption parameters to enhance effectiveness and efficiency.

7. Regeneration

Regeneration involves retrieving and restoring the adsorbent’s adsorptive proper-
ties after use, ensuring continued application for several cycles. The regeneration of
AWA not only reduces the cost associated with sourcing or producing new adsorbents
but mitigates waste management through adsorbent lifecycle extension.

Therefore, a good choice of AWA should have both economic and environmental
benefits. For example, biochar-NH 2, with a maximum removal of 99% of Cu(II),
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underwent a regeneration procedure by employing 0.10 of HCI and NaOH coupled
with rinsing in hot and distilled water to recharge the already depleted adsorbent. The
regeneration abilities of biochar-NH 2 were demonstrated after six regeneration cycles
with a maximum removal of 90.23%, which compares well with the before regenera-
tion value and fulfills the economic and environmental benefits [17].

Also, desorption studies on adsorbent derived from exhausted rice straw were
performed using 0.3 HCI, and an analysis was conducted after numerous cycles. A
high recovery, which decreased with a recovery time resulted in a recovery of 74.17%
and 63.29% for Cr(VI) and Pb(II), respectively. These values compare well with the
optimal removal efficiency of 95.57% for Cr(VI) and 85.68% for Pb(II), this adsorbent
material [72].

A desorption attributed to a reversible mechanism of Cd(II) on the eggshell adsorbent
using CaCl, has been reported. Studies reveal a desorption variation of 45.6% to 33.04%
when 1 mol/L of CaCl, is employed compared to 66.97% adsorbed through non-reversible
tendencies like precipitation and chemisorption [26]. With these examples among many,
it is evident that this approach not only minimizes the cost related to purchasing new
commercially available adsorbent but also reduces the environmental impact through the
reduction of wastes, thus ensuring natural resource conservation.

8. Conclusion and future perspectives

This chapter demonstrates that the adsorption technique and use of AWA have
numerous benefits in decontaminating HMs from wastewater. It has been established
that employing these adsorbents derived from agricultural wastes in the adsorption of
HMs is reliable, inexpensive, highly efficient, and environmentally safe; hence, it
should often be used to reduce decontamination costs while maximizing HM removal.
Reviewed studies show that HM removal from wastewater relies heavily on the pH,
temperature, contact time, adsorbent dosage, adsorbent particle size, HM ion con-
centration, agitation speed, and interfering ions. Based on the reviewed data, the
removal efficiency of HMs of the low-cost AWA ranged from 61 to 100%, with a
contact time range of 20-240 and an optimum pH of 3-10.

The kinetic and isotherm studies were best described by the PSO model and LMR
isotherm. Furthermore, thermodynamic studies demonstrated that the adsorption process
was endothermic and exothermic depending on the type of AWA materials and adsorp-
tion factors and conditions. Also, the high removal capacity and regeneration imply that
these natural and engineered adsorbents offer a promising solution for effectively seques-
trating HMs and protecting the environment, thereby ensuring natural resource sustain-
ability for future generations. Therefore, leveraging simplicity, cost-effectiveness, eco-
friendliness, and effectiveness, the adsorption technique using AWA materials can be the
solution to HMs mitigation and removal from aqueous solutions.

Future research using AWA should be centered on enhancing efficiency, selectiv-
ity, and reusability through functionalization or chemical modification thus making
them more competitive with commercial adsorbents. Also, scaling up through opti-
mization of AWA toward industrial applications should be encouraged by consistently
producing quality adsorbents at large volumes. This will culminate in their integration
into existing treatment and purification in HMs-ridden water systems, hence reducing
operational costs while enhancing environmental safety. Furthermore, for widespread
acceptance in commercial markets, a clear framework for proper standardization,
examination, and certification must be developed.
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Chapter 13

Perspective Chapter: Advanced
Nanotechnology Approach for
Heavy Metal Toxicity — Analysis,
Treatment, and Removal

Yimer Seid Ali, Ibrahim Shaw, Yang Liu and Chuanpin Chen

Abstract

Heavy metal pollution is the contamination of the environment by toxic metals,
which can lead to life-threatening diseases such as lung cancer, infertility, cardio-
vascular diseases, and nervous system disruptions. Monitoring and eliminating
heavy metal residues from food, water, and environmental samples is crucial for
public health safety. Nanomaterials have emerged as promising tools in dealing with
heavy toxicity in the environment, offering numerous advantages over traditional
methods. This chapter provides a comprehensive overview of nanotechnology-based
approaches to heavy metal toxicity and assesses the environmental impacts of toxic
HMs on health. It explores the use of various nanomaterials to detect and safely
eliminate heavy metal pollution and discusses different nanotechnology-based
methods for monitoring HMs in environmental sources. The chapter is designed to be
engaging and informative for a broad audience while providing technical depth for
expert readers.

Keywords: heavy metal, nanotechnology, heavy metal analysis,
heavy metal remediation, heavy metal toxicity

1. Introduction

Naturally, heavy metals (HMs) are a class of transitional metal and metalloid
group with a density of 4 g/mL or higher, relative to water [1, 2]. Heavy metal
pollution caused by human activities, such as mining, agriculture, and indus-
trial processes, poses significant environmental threats to humans, ecosystems,
and the global environment. Accordingly, the Agency for Toxic Substances and
Disease Registry (ATSDR) ranks HMs from 1 to 10th as As>Pb > Hg > Cd > Cr
(VI) > Co > Ni > Cu > Zn,> Ag, respectively. This ranking is based on potential toxic-
ity, frequency of occurrence, and human exposure [2-5].

Toxic HMs are greatly solubilized in aqueous environments, contaminate the
soil and atmosphere, and are harmful, even at low concentrations [6]. Ingestion of
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HMs, dust particulate exposure, and contamination near industrial facilities increase
the risk of exposure to trace concentrations, thereby posing various health risks to
humans. As shown in Figure 1, heavy metal toxicity includes kidney damage [7],
liver toxicity [8, 9], brain damage [10], cancer [11], respiratory problems [12, 13],
infertility [14], cardiovascular diseases [7, 15], and nervous system interruptions [16].
Therefore, toxic metals above permissible levels usually lead to potential toxic out-
comes in humans, other living organisms, and the global environment [6]. Low health
hazards are linked to permitted acceptable levels of HMs in food and drink samples.
Conventional methods for detecting and removing heavy metals from the
environment are often inadequate due to their low sensitivity, cost, not mobile,
and inefficiency. Nanotechnology, with its unique properties, offers a transforma-
tive approach to overcome these limitations. It is believed to be more sensitive,
selective, and efficient in monitoring and eliminating heavy metals from various
environmental matrices, protecting public health and the environment. Therefore,
this chapter is intended to explore and present a comprehensive overview of
the available literature on monitoring toxic HMs from main scientific databases
including Google Scholar, PubMed, Web of Science, and Scopus. The literature
was searched for nano-based detection, analysis, treatment, and removal of toxic
heavy metals and any related nanomaterial for monitoring of heavy metals. The
search terms included “Heavy metal,” “Heavy metal treatment,” “Heavy metal

Brain toxicity - Al, Mn,
Cu, As, Cd, Hg, Pb

Figure 1.

Health implications of HMs on vital body organs. This figure highlights the diverse and harmful effects of various
heavy metals on different human organ or system. The diagram maps out specific toxicities associated with
individual metals, linking them to the affected organs or systems within the human body. Heavy metal pollution
is known to cause damage to several vital organs, and tissues. Commonly affected organs include those of the
nervous, reproductive, respivatory, digestive, and immune systems. It can also cause toxicity to the skin, cells, and
genes.
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removal” “Carbon nanomaterial,” “Metal nanomaterial,” “colorimetric nano

» <« » «

analysis,” “fluorescence nano analysis,” “electrochemical nano analysis,” “nano
heavy metal remediation,” “nano heavy metal treatment,” and “nano heavy metal
removal.” Unpublished data, publications unrelated to the topic, and non-English
language publications were excluded. Nano-based toxic heavy metal analysis was
extracted from the literature, and their similarities and differences regarding
sensitivity and selectivity were documented and compared.

This chapter review has six parts. The first explores important details on the
causes of harmful heavy metal pollution, as well as its effects on the environment
and health risks. The second section focused on principles and nanomaterials used in
nanotechnology for controlling heavy metal toxicities. Moreover, it described nano-
material classification, synthesis, and its application for heavy metal monitoring. The
third section aimed at nano-based analytical methods used for heavy metal analysis
and pinpoint the sensitivity and selectivity of such methods in practical applications.
The fourth section focused on nano-based methods for the remediation of toxic heavy
metals from complex environmental samples. Finally, the fifth and sixth section
provides future direction and conclusion, respectively.

Heavy metal pollution is a pressing issue requiring innovative solutions.
Nanotechnology offers precision, reusability, and effectiveness in detecting and
removing toxic pollutants. It can address the immediate crisis and redefine environ-
mental protection in complex global challenges. Future researchers should focus on
these promising methods to achieve a cleaner environment and healthier future for all.

1.1 Impacts of HMs on environment

HMs can enter the human body by ingestion, skin contact, or inhalation. Once
within the biological system, they accumulate and can be fatal if exposed to for an
extended period of time. The quantity, rate of emissions, and duration of exposure to
these metals can greatly influence human health. As a result, such toxicity has become
a significant ecological concern, posing significant risks to both humans and the
environment [17-19]. HMs are naturally less accessible to humans and plants because
of their existence in geochemical state [20]. However, as shown in Figure 2, heavy
metal pollution in the environment is rapidly increasing due to the following human
activities:

* The rapid growth of industries and urbanization has resulted in the increased
release of chemicals into the atmosphere, lithosphere, hydrosphere, and bio-
sphere, causes high risky for humans and other living organisms [21].

* Anthropogenic activities such as mining, smelting, and other metal-based
industries have led to rise in the release of HMs particles, thereby increasing
environmental pollution [22];

¢ Metals leach from various sources, such as HMs in fertilizers, herbicides, and
other agricultural products.

* Natural processes, including volcanic eruptions, metal evaporation from soil and
water, and rock weathering, can led to a significant escalation in HMs pollution
[2, 23, 24]. Consequently, heavy metal toxicity has become an environmental
issue that poses a major risk to both humans and the environment.
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Figure 2.

Origins of heavy metal ions and their pathway from pollutions to human and environmental toxicity. This
diagram illustrates the complex intevactions between heavy metals (HMs) in the environment and their impacts
on ecosystem and human health. (A) The core of the diagram represents heavy metals in their geochemical state,
existing naturally in the Earth’s lithosphere. (B) Through various natural and anthropogenic activities, these
metals are mobilized into other spheves. Activities such as industrialization, agriculture, urbanization, and
mining play a significant role in the vedistribution of heavy metals. These activities often lead to the release of
heavy metals into the environment, shifting them from being less accessible to move bioavailable forms, thereby
increasing the potential for contamination. (C) This section shows how these heavy metals spread into various
components of the environment, including the lithosphere, hydrosphere, biosphere, and atmosphere, leading to
environmental contamination. This contamination can result in unsafe conditions for humans, animals, and
plants. (D) Humans ave exposed to heavy metals through various voutes, prominently including Ingestion and
Inhalation (E) Once inside the body, these heavy metals can lead to toxicity, causing adverse health effects.
Chronic exposure can affect multiple organs and systems, with symptoms ranging from gastrointestinal distress to
more severe effects such as neurological damage, depending on the specific metal and level of exposure.

1.2 Heavy metal limit of standards

International regulatory organizations such as the WHO, the US EPA, and CDC
are investigating the harmful effects of HMs on public health. The US EPA describe
HMs are potentially harmful owing to their lack of biodegradable properties and per-
sistence in the environment [25]. Even essential elements, such as sodium, iron, zinc,
copper, cobalt, and chromium, are toxic at higher concentrations. Accurate and pre-
cise analytical techniques are required for detecting and removing these HMs [26, 27].
To control such unintended rise of heavy metal concentration in the environment,
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regulatory bodies have established acceptable limits of standard for several heavy
metal ions that vary from ppb to ppm, as shown in Table1 [6, 28, 29].

1.3 Health impact of heavy metals on human

The presence and accumulation of HMs in the ecosystem have detrimental effects
on humans, animals, and plants. Humans are exposed to these metals through bodily
contact, oral consumption, and atmospheric inhalation. As shown in Figure 1, large
concentrations of these metals have hazardous effects on health and environment
[27]. Toxic heavy metal complications such as diabetics, cardiovascular disorder,
neurological problems, developmental defects, immunologic diseases, hematologic
problems, and various malignancies have negative impacts on human beings. For
example, inorganic arsenic compound is well known carcinogenic element. Lead
metal ion can increase reactive oxygen species (ROS) in cell and lead to disrupt the
function of nucleic acids, cells, proteins resulting in a stressed conditions at cel-
lular level. Beside to organ toxicity, mercury metal ion mainly methyl mercury is
neurotoxic, which impairs nerve and muscle functions. In addition to cellular and
genotoxicity, cadmium also reported to have organ toxicities such as kidney, liver, and
reproductive system toxicities. Chromium exists in two forms: Cr (III) and Cr (VI).
Hexavalent chromium, Cr (VI) is water soluble and found to be toxic to humans. Cr
(VI) can easily cross the cell membrane and react with biological reductants like thi-
ols lead to production of ROS that disrupts the cellular function. Due to its mutagenic
property, it is reported to cause cancer indifferent part of the body. The severity of
such adverse effects depends on specific metal exposure, property of chemical, period
of exposure, and the amounts. Some research reports have shown that the extents of
HMs exceed the upper limits set by international regulations, leading to unwanted
complications in vital organs [3, 21, 33-35]. Effective detection and controlling of
the levels of such heavy metals are necessary to protect the human health. Failure to
monitoring the level HMs exposure will result in severe health complications due to
the adverse effects imposed by heavy metals.

1.4 Health risk index for heavy metal pollution

The process of determining the possibility that a person may be negatively
impacted by chemicals in a contaminated environment is known as human health risk
assessment. Carcinogenic risk (CR) and noncarcinogenic risk (NCR) are two types
of hazards to human health that are assessed using the US EPA health risk assessment
(HRA) model [17, 36]. CR assesses the probability that an individual will develop
cancer because of extended exposure to a certain pollutant or combination of pol-
lutants. NCR is associated with individual chronic exposure, including genetic and
teratogenic effects [24, 37].

1.4.1 Non-carcinogenic risk assessment

NCRs were examined by means of the hazard quotient (HQ ), which is the propor-
tion of chronic daily intake or dosage to the reference dose (RfD), the greatest amount
at which no detrimental health consequences are anticipated [23, 24, 38]. The HQ of a
single element is calculated using the following the equation:
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where ADI is the average daily intake per day (mg/kg-day); RfD is the chronic
reference dose for the metal element (mg/kg-day).

The potential NCR consequences of numerous substances can be assessed using
the Hazard Index (HI) technique [17, 24, 37]. For a multiple of pollutants, HI is
calculated using the following equation:

HQ

()

HI:ZHQZ':Z(ADHJ

RfDi

1.4.2 Carcinogenic visk evaluation

CR is used to evaluate the possible risk connected with carcinogenic agents’
exposure during the lifetime period. The slope factor (SF) measures the incremental
risk of an individual developing cancer based on the estimated daily intake of a toxin
over a lifetime [24, 37].

CR=ADIx SF 3)
where CR refers to the likelihood of an individual developing cancer over their

lifetime, and SF is the carcinogenicity slope factor (per mg/kg-day). NCR and CR
value were summarized as shown in Figure 3 [17, 21].

Non carcinogenic risk (NCR):
1

HQ or HI<1
No risk

SUar +ve value

—ve value

Carcinogenic risk (CR) value:

108 10~

Risk of cancer

Figure 3.

De%cription of carcinogenic and noncarcinogenic visk value of heavy metal and other carcinogenic agents.
This figure presents the scales used to assess the risk associated with exposure to hazardous substances: For
non-carcinogenic risk (NCR), The Hazard Quotient (HQ ) or Hagard Index (HI) is used to evaluate non-
carcinogenic risks. An HQ or HI value of 1 or less indicates “No Risk,” while values greater than 1 indicate a
“High Risk” of non-carcinogenic effects. For carcinogenic risk (CR), the scale assesses the likelihood of cancer
development. A CR lower value indicates “No Risk of Cancer,” while high values suggest a “Risk of Cancer”
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2. Nanotechnology-based detection and removal of heavy metal
contamination

2.1 Introduction to nanomaterial

In 1959, Richard Feynman predicted the rapid development of an objects and
molecules on a small scale [39]. Then after, in 1974, Norio Taniguchi coined the term
nanotechnology, which refers to the processing of materials by one atom/molecule [40].
Nanotechnology, according to National Nanotechnology Initiative, is defined as the
study and application of science, engineering, and technology at the nanoscale, which
allows novel applications in various fields [39, 41]. Hence, a class of materials having
dimensions that range, at least in one dimension, from 1 to 100 nm is known as nano-
materials (NMs). The design of sensors for the detection and removal of heavy metals
uses a range of metal nanomaterials such as gold, copper, silver, iron, and biological
including aptamer, antibodies, as well as carbon-based materials such as graphite, carbon
nanotubes, and graphene. The nanomaterials utilized in heavy metal immobilization
from complex sample matrices. In such advanced nanotechnology system, there isan
enhancement in the sensitivity and selectivity of HM ion detection and removal due to a
high surface-to-volume ratio and greater accessibility to the active surface. In accordance
with the kind of nanosensor, it significantly raises sensitivity and specificity [42].

2.1.1 Classification of nanomaterials

As shown in Figure 4, NMs are categorized by structural makeup: (organic, inor-
ganic, carbon-based, and composite); dimension: (0D,1D,2D, 3D); pore size: (micro,
meso, macro); and origin: natural and artificial [43, 44].

Dimensional based:
+ odimension
i

Based on pore size:

b » . :icmporous Based on origin:
. * Mesoporous « Artificial type

= 2dimansion * Macro porous = Naturaltype

(B) NMs
Classification

Nano Materials
(NMs)

Figure 4.

General properties, classification, synthesis, and application of nanomaterial. This figure provides a
comprehensive summary of NMs, focusing on four key areas. (A) The advantages of NMs include their unique
size, tunable optical, electrical, and magnetic characteristics, biocompatibility, and increased stability. (B)
Classification based on dimensionality (oD, 1D, 2D, 3D), structure (carbon-based, organic, inorganic), pore sige
(microporous, mesoporous, macroporous), and origin (artificial or natural). (C) Synthesis methods (top-down
and bottom-up approaches). (D) Finally, their applications.
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Carbon nanotubes, graphene, fullerenes, and carbon nanofibers are the primary
components of carbon-based NMs. Graphene and carbon nanotubes are highly
desirable for heavy metal detection owing to their remarkable thermal, electrical,
optical, and mechanical properties as well as their high surface-area, ease of func-
tionalization, and strong adsorption capabilities for effective detection and removal
of HMs. Graphene is a two-dimensional (2D) carbon atom sheet with a large surface
area that rapidly absorbs a wide range of chemicals. Owing to its strong electrical
conductivity, graphene has been modified to create graphene oxide (GO) or reduced
graphene oxide (rGO), which are commonly employed in electrochemical and opti-
cal sensors for analysis of toxic heavy metal ions [45-47]. Carbon nanotubes (CNTs)
are cylindrical in shape, and the layer of geometrical structure determines the clas-
sification as single- and multi-walled carbon nanotubes, SWCNTs and MWCNTs,
respectively [45, 48].

Metal nanoparticles (NPs) are composed of metal and metal oxide precursors
and exhibit distinctive environmental pollution- and health-monitoring properties.
Metal-based nanoparticles, such as AgNPs, ZnONPs, AuNPs, FeNPs, and CuNPs,
have excellent nano-dimension, large surface area, optical, electrical, catalytic,
photochemical, molecular recognition, and antibacterial characteristics. Metal oxide
nanoparticles, composed of positive metallic ions and negative oxygen ions, have
remarkable properties such as fluorescence and optical sensors [49, 50]. On top of
that metal and metal oxide nanomaterials are developed for the elimination of con-
taminants from wastewater owing to their well-defined shapes, large specific surface
areas, and effective adsorbents for removing HMs and other pollutants [41, 51].

Organic substances such as polymers, proteins, and lipids are used for vesicular
(liposomes) and lipid nanoparticles production, which are sensitive to light and heat.
However, they serve as carriers in drug delivery as well as flavors in pharmaceutical
nanotechnology systems. For example, dendrimers are employed in drug delivery,
molecular recognition, and nanosensors in electrochemical detection systems due to
their multiple chain ends [52, 53].

2.1.2 Synthesis of nanomaterials

Nanomaterials synthesis involves chemical as well as physical methods to detect
HM ions. Feynman’s discovery of nanostructure synthesis sparked interest in two
manufacturing approaches: top-down and bottom-up approaches [39]. The top-
down technique of nanomaterials production involves mechanical ball milling,
sonication, mechanical attrition, etc., whereas the bottom-up protocol uses sol-gel
method, colloidal dispersion, precipitation, chemical vapor deposition, plasma
process, and flame process. Bottom-up methods involve constructing materials by
atomic particle-by-atomic particle, particle cluster-by-particle cluster, and molecular
cluster-by-molecular cluster. The top-down approach has limitations such as dam-
age to the crystalline structure, nanoparticles (NPs) defects, and internal stress
during etching, making the bottom-up method the most used approach (Figure 4)
[39, 41, 43, 54, 55]. Green synthesis is a sustainable and environmentally friendly
method that uses biological materials, such as plant extracts, bacteria, or fungi,
to create nanomaterials, reduce the use of hazardous chemicals, and promote
sustainability, although it may result in less control over the nanoparticle size and
morphology [55]. The advantage of the both approaches is producing smaller-sized
nanomaterials with uniform size and increasing the surface-to-volume ratio to
achieve better performance for detecting heavy metals.
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2.1.3 Application of nanomaterial

Nowadays, the concept of nanotechnology has brought about a dynamic shift
in the modern world by connecting various sectors and industries. In all sectors
(Figure 4), nanotechnology utilizes nanoscale sensors with excellent electri-
cal, mechanical, thermal, and optical properties. It is beneficial in various fields,
including pharmaceutical, agricultural, medical, biotechnology, food, military,
and electrical fields, owing to its unique physicochemical properties. With rapid
industrialization and urbanization, increasing environmental pollution will
increase the demand for nanomaterials to monitor released chemicals and heavy
metal pollution. Nanosensors offer smart chemical, physical, and mechanical
performance that improves selectivity and reactivity compared to their bulk
materials owing to their high surface-to-volume ratio, catalytic activity, and
affinity [49, 50, 56].

2.2 Conventional method for heavy metal detection and removal

Globally human, natural process and anthropological activities cause the release
of toxic substances into the environment, polluting water, soil, and the atmosphere.
These pollutants, including release of noxious gases and suspended particles such
as HMs and organic materials, pose significant ecological and health-related issues.
As shown in Figure 5, conventional analytical methods used for HM ions detection
include atomic absorption/emission spectroscopy [57], neutron activation analysis
[58], X-ray fluorescence spectrometry [59], inductively coupled plasma mass spec-
troscopy (ICPMS) [60], ICP atomic/optical emission spectroscopy [61], and flame
atomic absorption spectrometry [62]. Although such methods have acceptable detec-
tion sensitivity, they have unavoidable challenges (expensive, heavy equipment, fixed
at lab, and require skilled personnel for operation) [63, 64]. Physicochemical methods
such as chemical based precipitation, ion exchange, membrane-based filtration, and
adsorption are used for environmental remediations. However, these conventional

Opticat method Chromatographic method
Atomic absorption spectroscopy lon chromatography
Inductively coupled plasma

spectrometry

UV-VIS spectroscopy
Neutron activation analysis

Conventional Method of
Heavy Metal Analysis

Electrochemical method Fluorescence method
Potentiometric technique Chemiluminescence techniques
Voltammetric technique rface pl. r e

Conductometric technique
Impedimetric technique

S

Figure 5.

Ex%sting analytical method for detection of Heavy metal in environmental samples (food, water, air). This

figure categorizes the traditional techniques used for analyzing heavy metals into four main methods: Optical,
Electrochemical, Chromatography, and Fluorescence Methods. These methods represent the established approaches
for detecting and quantifying heavy metals in various samples, each offering unique advantages depending on the
analytical needs.
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methods have limitations, such as high operation costs, inefficiency, high energy
demands, pH sensitivity, and expensive analytical instruments [65, 66].

To date, owing to advancements in science and invention, nanomaterials have
been carefully designed and fabricated for heavy-metal detection and removal,
and they provide numerous benefits compared to previous analytical methods. The
potential uses of nanomaterials have been investigated in several domains, includ-
ing the detection and monitoring of environmental contamination using various
nanotechnology systems. This is due to the progress of nanotechnology, and diverse
types of nanomaterials for adsorption and detection [67, 68]. Heavy metal detection
and removal are critical biological and environmental issues, with research focusing
on user-friendly, sensitive, selective, feasible, and efficient methods. Recent studies
have also focused on NMs development, synthesis, and fabrication as reliable tools for
analysis, treatment, and removing HMs from environmental samples [18, 66, 69].

3. Nanotechnology-based method for heavy metal analysis

Nanomaterial sensors are small matter with scales ranging from 1 to 100 nm and
dimension as zero D, one D, two D, and three D nanostructures [70]. Commonly
used nanosensors for heavy metal analysis are organic (carbon nanotube, graphene),
inorganic (metal and metal oxide), organic-inorganic (metal organic framework),
and silica nanoparticles (Figure 6) [70, 71]. Therefore, nanoparticles with a high
surface-to-volume ratio, functionalization, and detection characteristics are used in
sensor design for heavy metal analysis owing to their high sensitivity and selectivity.

CNTs (SWCNTs & MWCNTSs)
Graphene, GO & rGO
Carbon based o =
| Nano-Materials Jli sl Ll
Fullerenes,
T Carbon nanospheres
o "
) y s
i 2 Colorimetric Nano sensor L
ol - - Metal oxide NPs.
<3 Electrochemical Nano sensor Metallic i
%5 nanomaterials J§i§ R T
S E Organic - Fluorescence nano sensor :
% = inorganic - Noble metal NPs
©
g2 R siticonbased | e
Zz nanomaterial
Method of =
Classification of detection i WHiDla S8l
Nanomaterial Biological s
nanomaterials Antigody
- Aptamer
Nature of Speli s
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nanosensor

Figure 6.

Nagnotethnology—based HM analysis in food, Water and biological samples. This figure outlines the different
categories and methods used in nanotechnology for heavy metal analysis, organized into four main sections
including Classification of Nanomaterial, Method of Detection, Nature of Nanomaterial, and Specific
Nanosensor. This diagram further highlights the integration of nanotechnology in the detection and analysis of
heavy metals.
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A sensor/probe is a tool that reacts to matter and produces a signal that can be
measured. Hence, the main purpose of heavy metal ion detection with nanosensors is
to create metal ion identification probes, enhance sensor detection performance, and
develop signal transduction pathways [72]. Generally, abiotic chemosensors exhibit
changes in physical characteristics, such as color (colorimetric sensors), fluorescence
(fluorescent sensors), or redox reaction (electrode-based sensors), when they interact
with other species. Therefore, as shown in Figure 6, nanomaterials used to detect
HMs in the environment include fluorescence, colorimetric, and electrochemical
nanosensors [42, 73, 74].

3.1 Electrochemical nanosensors for heavy metal analysis

Water and soil pollution by HMs is a global problem [26, 27]. Tracking of HMs in
food samples, drinking water, and other environmental samples by electrochemical
(EC) method is preferred due to good sensitivity and selectivity [62]. In addition, EC
approach is accurate, direct, inexpensive, and it is a great instrument for detecting
HM ions. Nanomaterials such as carbon-based, metallic, and silicon-based materials
are utilized to functionalize the electrode as sensors to improve catalysis reaction,
conductivity, and fast electrode kinetics for HMs detection [25, 62].

The integration of electrochemical sensors with NMs (Figure 7) has become a
powerful analytical method for detecting heavy metal ions. Such electrochemical
cells use ultra-sensitive sensors to detect redox reactions; conducting wires to collect
the signal; signal output transducers to measure electrical properties; and amplifiers
to multiply signals, and computer systems for recording. EC cell with three electrode
system, Working electrode (WE), Reference electrode (RE), and Auxiliary electrode
(AE), is used to detect HMIs. In this system, nanomaterials can be used to modify
the WE where the electrochemical reaction occurs on working electrode interface,
causing a measurable change in impedance, current, charge and/or resistance. The AE
serves to complete the electrical circuit, whereas the RE provide constant potential for
accurate recording of the WE potential. Voltammetry, potentiometry, impedemetry,
and amperometry are typical examples of analytical detector used for EC detection
systems [75-77]. Amperometric detector is commonly used due to high sensitivity,
linearity, and low interference, whereas potentiometric detector provides better
sensitivity and stability for low concentration detection. Various kinds of voltam-
metric detector such as differential pulse voltammetry (DPV), cyclic voltammetry
(CV), anode/cathode stripping voltammetry (A/CSV), or square wave voltammetry
(SWV) are frequently used for online detection of heavy metal contamination due to
extraordinary sensitivity and selectivity [77].

Organic, inorganic, and silicon-based nanosensor integrated electrodes offer
advantages such as a large surface area, fast electron and mass transfer rates, and
reduced NPs aggregation via functionalization. NPs functionalization improves col-
loidal dispersion stability making it a smart alternative method for HM electrochemi-
cal detection platform design [78-80]. The distinct electrical, chemical, and physical
features of NP-modified electrodes in electrochemical cells have gained important
attention for the detection of trace HMs [81, 82]. Electrochemical systems rapidly
collect real-time data on heavy metal concentrations in real-world samples, providing
valuable dynamic data for biogeochemical research efforts, enabling online monitor-
ing in just a few minutes. Selecting the most appropriate electrochemical detector
platform for the target sensor nanomaterials is a crucial step in creating the ideal
heavy metal detection system.
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Schematic representation of nanomodified electrochemical cell for detection of heavy metal ions (HMIs). This
diagram illustrates the process of analyzing environmental samples (such as water, food, and soil) using a
nano-modified electrochemical cell. The sample containing various heavy metal ions (Pb, As, Cr, Hg, Cd, Co,
Ni, Ag) is introduced into the cell where redox reactions occur on nanoelectrode surface. The cell is equipped with
nano-particle modified electrodes, including a working electrode, a reference electrode, and a counter electrode.
These electrodes facilitate the redox reactions of the heavy metal ions. The electrochemical signals generated are
captured by a transducer and amplified. These signals are displayed and measured in terms of current (1), voltage
(E), electrochemical impedance, and charge (Q ). Various electrochemical techniques are employed to analyze
heavy metal include potentiostatic method, galvanostatic method, impedance measurement (using Electrochemical
Impedance Spectroscopy (EIS) and voltammetry), and electrochemiluminescence method. These techniques allow
for the precise measurement and identification of heavy metal ions in the environmental samples, providing
valuable data for monitoring and managing environmental pollution.

3.1.1 Organic/carbon-based nanosensors

Owing to their superior electrical and optical qualities, carbon-based sensors
such as carbon nanotubes (CNTs), carbon nanofibers, fullerenes, graphene, and
graphitic substances represent potential options for the detection of HMs [25]. Food
and aquatic samples are usually treated using organic-based nanoelectrodes to detect
metal ions, due to their surface functional groups (Table1).

Inorganic As is carcinogenic, whereas arsenite (As*?) is the most toxic, causing
irreversible health problems [83]. Gautam et al. developed a screen-printed carbon
electrode (SPE) functionalized with a reduced graphene oxide gold nanoparticle
(rGO/AuNP) sensor to detect low concentrations of arsenite (As*>) ion in human
serum, with a low detection limit using cyclic and differential pulse voltammetry
[84]. In this detection protocol, GO produced through the oxidation of GR, oxygen-
containing hydroxyl, carboxyl, and epoxy functional groups. Then, GO is reduced to
rGO using a modified Hummers method [85] and AuNPs were synthesized using the
Turkevich method [86]. rGO/AuNPs functionalized screen printed carbon electrode
(SPCE) was synthesized by sonicating rGO added to citrate-capped AuNPs solution,
and finally, rGO/AuNP composite was casted on SPE via deposition and ultrasonic
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irradiation (Figure 8) [84]. The rGO/AuNP @SPCE electrochemical sensor exhibited
a significant response to As*, with a detection limit of 10 g/L in standard serum
samples and 100 g/L in spiked human serum samples. As* adsorption is improved
by citrate-capped AuNPs, and the porous structure of rGO improves the electrode
adsorption and conductivity [84]. Forensic analysis and other applications benefit
greatly from the low-cost, sensitive, and selective detection of As*? offered by the
rGO/AuNP@SPE sensing platform in human blood assays. Similarly, Ismail et al.
developed electrochemical method for detection of As** ion using silica nanoparticles
chemically modified screen-printed carbon electrodes (SiNP/SPCE) (Figure 8).
The electrochemical responses toward arsenic detection were measured using Cyclic
Voltammetry (CV) and linear sweep anodic stripping voltammetry/LSASV/tech-
niques. This method was effective for testing As’ ion in real aquatic samples, with
good repeatability and consistency [87].

For highly toxic mercury ion detection, Xia et al. discovered a Ti3C2Tx MXene
nanoribbon/carbon nanotube/glass carbon electrode (Ti3C2TxR/CNT/GCE) hybrid
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Figure 8.

Sc%ematic representation of rGO/AuNPs modified and APTES modified SiNps coated on SPCE for Arsenite
Detection. Schematic illustration of the production and detection process of rGO/AuNPs/SPCE. This figure
illustrates the step-by-step preparation and application of a reduced graphene oxide (rGO) and gold
nanoparticles (AuNPs) composite on a screen-printed carbon electrode (SPCE) for the detection of arsenite
(As(1I1) ) ions. The steps involved Graphene Oxide Preparation, Reduction to rGO, Composite Formation,
Activation and Modification of SPCE, Arsenite Detection, and Electrochemical Measurement. This
comprehensive method enhances the sensitivity and selectivity of arsenite ion detection in environmental samples,
demonstrating the application of advanced nanocomposite materials in environmental monitoring (adapted
with permission [87]) (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://
creativecommons.ovg/licenses/by/4.0/).).
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using anodic stripping voltammetry (ASV) as the detection method. During the
analysis, Hg”* was preconcentrated on the Ti3C2TxR surface and reduced to Hg"
because of the electrostatic attraction of Hg** and the reducing power of Ti3C2TxR
toward metal ions. Consequently, the low LOD, potential linearity range, and good
sensitivity of the Ti3C2TxR/CNT/GCE sensor demonstrated the effectiveness of the
developed method for the sensitive detection of mercury ions without electrodeposi-
tion in real water samples [88].

3.1.2 Inorganic nanosensors

The significant health and environmental dangers associated with HMs pollution
have led to the development of highly selective and sensitive electrochemical sensors
for heavy-metal ions. Metal nanocomposite such as noble metals (gold (Au), silver
(Ag), platinum (Pt)) and metal oxides (titanium dioxide (TiO,), ferric oxide (Fe,03),
nickel oxide (NiO), and copper oxide (CuO)) are good candidates for electrochemical
sensor construction owing to their excellent properties such as superior conductivity,
catalytic effect, mechanical constancy, and biocompatibility. These characteristics
are highly dependent on the shape and size of the NPs, which contribute to the design
of sensitive electrochemical sensors [89]. As shown in Table 2, various studies have
investigated novel sensor designs using diverse materials to achieve excellent detec-
tion capabilities. For example, ion-imprinted polymers (IIPs) have demonstrated
promising outcomes in sensor design, with a sensitivity five orders of magnitude
higher than that of nonimprinted polymeric films [94].

Narouei et al. discovered poly(aniline-co-o-aminophenol) nanofiber decorated
with gold nanoparticles to promote sensitivity of mercury ion detection. The sensor
has a good detection limit and linear range for the selective determination of Hg** and
monitoring HMs contamination in water and food samples [96]. Additionally, the
utilization of innovative nanomaterials such as yttrium porous coordination polymers
for lead ion detection (Y-BTC) [90] and heterostructure composite MIL-53 (iron)/sil-
ver dichromate/glass carbon electrode (MIL-53(Fe)/Ag,CrO,4/GCE) has been proven
for the simultaneous detection of Pb** and Cu®* metal ions in tap and river water
samples [91].

Naseri et al. developed simultaneous determination of Ccd*, Pb*, Cu**, and Hg2+
ion using a combination of semiconductor device and transition metal oxides. The
design of silver nanostructures on screen-printed carbon electrodes (AgNS/SPCE) has
led to the discovery of highly efficient sensors for the concurrent analysis of cd*, pb*,
Cu*", and Hg”" in water samples [92]. These advancements emphasize the significance
of noble metal-based materials for producing efficient electrochemical sensors for the
detection of HMISs, paving the way for improved water quality control and environ-
mental monitoring. Similarly, Durai and Badhulika reported a step solid-state process
for the production of ANC (AI2NiCoO5) nanoflakes for the simultaneous determina-
tion of Cu®*, Pb**, Hg*", and Cd*" ions in aqueous and simulated blood serum samples.
ASDPV analysis revealed that ANC-functionalized GCE (ANC/GCE) sensors showed
a low sensitivity and excellent selectivity for HMIs detection in the existence of various
interfering contaminants [93]. The sensor’s effectively trace low-level detection of
HMIs in various water samples and blood serum samples renders it a potential detec-
tion technique for various environmental and bioanalytical applications.

Cadmium is a toxic HMs with cancerogenic effects, and this necessitates sensitive
sensors to detect trace amounts. Costa et al. reported a convenient electrochemical
sensor for Cd** determination using an ion-imprinted polymer film (IIPs). Using
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4-aminophenylacetic acid (4-APA) electropolymerization on screen-printed carbon
electrodes, the sensor allowed for selective detection of Cd** ions in water matri-
ces via CV. As a result, the IIP sensor potentially allows for water quality control
and heavy metal monitoring owing to its high sensitivity and selectivity for Cd**
detection [94].

Wei et al. discovered a-Fe,05/NiO nanocomposites to cover glassy carbon
electrodes (GCEs) in order to detect lead ions with high sensitivity and selectivity.
Compared to other HMIs, the low diffusion energy barrier of Pb atoms at the elec-
trode interface permits Pb(II) to flow to the electrode surface and produce elevated
stripping signals. The efficiency of this electrochemical sensor in detecting lead ions
is due to its insensitivity to other heavy metal interference and shows strong potential
for environmental and biological sample analysis [95].

3.1.3 Metal: organic frameworks/MOFs/based nanosensors

Although GCEs are frequently utilized as WE in electrochemical approaches to
measure HMIs, their slow enzymatic activity and poor charge-transfer kinetics limit
their specificity and selectivity [97]. Thus, MOFs can increase the conductivity as
surface modifiers by offering additional active areas for the interaction between
the metal and the electrode. By using hydrogen bonding and electrostatic forces to
interact with the target analytes, MOF-based electrochemical sensors can enhance
their specificity and selectivity. MOFs have limited conductivity because of their bulk
organic linkers and micro-size. To improve the conductivity and signal reproduc-
ibility, they are combined with highly conductive materials, such as metal oxides or
carbon materials, or MOF functionalization, and the size is controlled to the nano
level [82, 97]. The different MOFs nanosensors used for the detection of toxic HMs
are summarized in Table 3.

3.2 Colorimetric analysis

Selection of appropriate molecules as metal-ion-specific receptors is essential
for the production of heavy-metal-ion sensors to ensure selectivity, sensitivity,
and reproducibility. Green and biochemically synthesized colorimetric nanosen-
sors work by affinity or electrostatic interactions between sensors and HMIs,
bringing a change in absorbance. As shown in Figure 9, the block diagram of
colorimetric sensors uses aggregation or etching approaches to change the color
of the noble metal NPs. Colorimetric nanosensors of the noble metal type have a
unique absorption band due to the localized surface plasmon resonance (LSPR)
processes, making them useful for the selective and sensitive detection of HMIs.
Additionally, nanozyme assisted colorimetric sensors use nanosize materials with
catalytic properties (activation or inhibition owing to the binding of HMs to nano-
zymes) to detect trace levels of HMIs [104, 105]. Thus, several colorimetric sensor
types for detection of HMs were examined in this section and are summerized in
Table 4.

To detect As(III) ions in aqueous solutions using LSPR, Ge et al. discovered a
dithiothreitol-capped Au nanorod (DTT-AuNR) colorimetric sensor. The detection
of As®* ions by the probe was optimized for influencing parameters, such as DTT
concentration, pH, reaction time, and NaCl concentration. Under optimized analyti-
cal conditions, the probe showed high sensitivity and successfully determined As’*
ions in environmental water samples [106].
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Schematic representation of chromophoric nanoparticle-based detection systems. This figure illustrates the
mechanism of chromophoric nanoparticle-based detection systems. The process highlights the excitation and/or
oscillation of electrons in response to light energy, demonstrating the principle behind qualitative and quantitative
tests in nanoparticle-based detection technologies. The diagram shows the interaction between metal analytes and
various chromophore systems, including chromophore ligand, chromophore-receptor systems, and chromophore-
spacer-receptor systems. Upon binding with the ligand, a change in the n-system occurs, which can be detected
visually or through a transducer that converts light energy into electrical energy. This electrical signal is then
amplified for colovimetric detection of highly conjugated compounds.

Peng et al. develop a colorimetric assay method using gold nanoparticles to detect
Pb** and Cu®* ions in water sample, providing a reference for monitoring metal ions.
When Pb** is added to a solution with a low L-cysteine concentration, it induces Au-S
aggregation of nanoparticles due to the interaction of Pb** and L-cystine. Conversely,
Cu”" ions can catalyze the oxidation of L-cysteine, inhibiting the aggregation of
AuNPs. Such aggregation and disaggregation of AuNps results in a change in the color
of the solution, which can be detected by a colorimetric assay. The UV-vis spectrum
of AuNPs is closely related to their aggregation status, allowing the analysis of Cu**
and Pb*" ions in real water samples with good sensitivity and selectivity [107].

Sedghi et al. introduced a colorimetric sensor using Dithizone @titanium dioxide/
poly (tert-Butyl acrylate-acrylic acid (DTZ@TiO2/TBA -AA) nanoparticle for fast
detection of Hg **, Pb**, and Cd** in water. Owing to its excellent reproducibility
without capacity loss, the sensor provides an economical and effective way to identify
heavy metal contamination in water. To create a polymeric nanocomposite, DTZ was
included as a chromoionophore in a polymeric membrane containing TBA as a leaving
group [108]. This work shows that, under ideal conditions, DTZ in a sensor function
as a chromophoric group that enables selective detection of multiple ions of Hg*",
Pb**, and Cd*" ions in the presence of other interfering metal ions. The colorimetric
sensor detection of Hg**, Pb**, and Cd** ions relied on changes in the UV-vis spectrum
measurement or detection via the color change of the water solution after treatment.

Samuel and Rao investigated the use of cysteine-coated silver nanoparticles
(Cys-AgNPs) for individual and combined colorimetric detection of Pb** and Hg**
ions in water samples. They discovered that the absorption spectrum shifted to
shorter wavelengths with decreased intensity when Hg”" ions were complexed with
Cys-AgNPs, whereas the absorption spectrum shifted to longer wavelengths with
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increased absorbance intensity with Pb** ions [109]. In another study, they developed
a colorimetric method for detecting Hg ** ions using poly allylamine hydrochloride
(PAH)-modified silver nanoparticles (AgNPs). Following the addition of Hg** ions,
the yellowish-brown color of the synthesized AgNPs changed to a colorless suspen-
sion, which was directly proportional to the Hg** ion concentration. This probe has a
low detection limit of 1 nM, making it suitable for real-time analysis [110].

Zhang et al. develop a method for detection of Cr’* using 4-nitrobenzenethiol
(4-NBT) and 4-mercaptobenzoic acid (4-MBA) co-functionalized AgNPs. The existence
of Cr’* ion brings cooperative metal-ligand interactions to induce AgNP aggregation,
developed a purple color from yellow and such color change was controlled using UV-vis
spectroscopy or the naked eye. The co-functionalized AgNPs were highly sensitive, and
the absorbance ratio was linear with the Cr** ion concentration. The sensor was tested in
drinking water and showed good correlation with ICP-MS results [111].

Chen et al. developed a colorimetric assay for Cd** ion detection using gold
nanoparticles modified with DL-mercapto-succinic acid (MSA-AuNPs). Through
aggregation-induced color shift, the probe can detect Cd** in aqueous solutions with
high selectivity [112].

3.3 Fluorescent nanosensors

As shown in Figure 10, fluorescence nanosensors can be categorized as fluorescent
ligands with identical binding sites and signal sources, fluorescent material conju-
gated with ligand, fluorescent material combined via spacer to ligand systems [113].
The change in intramolecular geometry due to the binding of an analyte (metal) toa

3 Exitation
Fluorescent nanoparticles ] P energy
/ Fluomphuh

ystem.

Emission
energy

Fluorescent ligand

L N

Light energy Electrical energy

Amplifier

Transducer

Signal processor
(Spectroflorometry)

@ Metal Analyte ) Receptor g Spacer m Fluorophore x system

Figure 10.

Schematic representation of fluorescent nanoparticle signal detection system. The figure illustrates the mechanism
of fluorescent nanoparticle-based detection systems. The left side of the image depicts three types of fluorescent
nanoparticles: fluorophore 7-system, fluorophore + receptor systems, and fluovophore + spacer-veceptor systems.
Each system is represented as a civcular entity with labeled components. The right side of the image shows the
process flow from excitation energy to emission energy, involving a transducer, an amplifier, and a signal processor
(spectrophotometry). This figure highlights the intricate processes involved in fluorescence-based detection and
analysis, emphasiging the role of various nanoparticle configurations in enhancing specificity and sensitivity in
assays.
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receptor results in a significant increase (turn-on) or quenching (turn-off) in fluo-
rescent intensity, indicating the need for an ideal fluorescent nanosensor with strong
binding selectivity and signal to avoid environmental interference. The low detection
limits and ease of use of fluorescence sensors have drawn considerable attention to
their development in recent years [113]. The different fluorescent nanosensors applied
for the measuring of toxic HMs are summarized in Table 5.

Pyrene-functionalized silica nanoparticles (Pyr-NH@SiO, NPs) were reported
by Ali et al. as fluorescent chemosensors for measuring Hg*" ions in seawater. After
being created and evaluated for Hg*" ion detection, the Pyr-NH@SiO, NPs demon-
strated excellent selectivity and sensitivity for monitoring environmental pollution.
Three steps were involved in the synthesis of Pyr-NH@SiO, NPs: First, silica NPs
were created by monitoring hydrolysis reaction of tetraethanolorthosilane (TEOS) in
ethanol [121]; next, amino-functionalized silica nanoparticles (NH,@SiO, NPs) were
produced by condensation with 3-aminopropyltriethoxysilane (APTES); and finally,
capped by 1-pyrenecarboxylic acid. The sensor’s performance was assessed by evalu-
ating its fluorescence properties in deionized water under ultraviolet light interac-
tion, and its selectivity and sensitivity were determined through photoluminescence
spectroscopy [114]. The study highlighted the benefits of using fluorescence-based
sensors to detect environmental contaminants, especially mercury ions, due to its
quick analysis, high sensitivity, low detection limit, and selectivity. Similarly, Mansha
etal. created a highly sensitive mercury detector using a fluorescent chemosensor
based on naphthalene-silica nanoparticles in seawater samples. The wide linear
detection range (0.5-5 ppb) and sensitivity proved that it accurately detected mercury
content in environmental contamination [119].

In another study, Hu et al. discovered fluorometric and colorimetric nanosen-
sors based on rhodamine hydrazide and 9-anthraldehyde (RA) for the effective
co-detection of Hg** and Cu®* ions in environmental samples. A single rhodamine
derivative colorimetric sensor was used to assess Cu** and fluorescently recognize
Hg”', providing a simultaneous detection method for two metal ions. After adding
Cu™, the RA probe exhibited UV-vis absorption at 560 nm, demonstrating a appear-
ance of purple-red color from colorless solution. The fluorescent sensor demonstrated
excellent sensitivity to mercury ions, reaching an ultrasensitive level [115].

El-Bindary et al. investigated a fluorescent sensor for the detection of As®* ions
in actual water samples by employing a Schiff base reaction and covalent bonding
of an amine-functionalized metal (Al) organic framework (NH,-AI-MOF) and
2-hydroxyacetophenone ligand. The results show that in the presence of interfer-
ing species, the fluorescence sensor can quantify As> ions in a environmetal water
sample with excellent LOD and LOQ [116]. In this fluorescent probe’s detection
of As® in real sample water, the fluorescence intensity decreased with increasing
As’ ion concentration due to fluorescence quenching. Therefore, the hypochromic
shift of the fluorescence signal produced was directly proportional to the arsenic
concentration, revealing the accurate quantification of arsenic levels in environ-
mental samples.

Chen et al. discovered a unique fluorescent “OFF-ON” quantum dot (QDs) sen-
sor to detect Cd**ions by etching cadmium telluride/cadmium sulfide/silcon oxide
(CdTe/CdS/Si0O,) cores with ammonium pyrrolidine dithiocarbamate (APDC). In
the absence of external Cd** ions, APDC disrupts the Cd-S bond on the QDs and
takes Cd to form the APDC-CD complex, which decreases the fluorescence intensity
(OFF QDs). APDC-etched CdTe/CdS/SiO2 showed an excellent sensor response,
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with increased fluorescence intensity associated with increased Cd*" ions amount
(ON QDs) due to the reversal of the disrupted Cd-S bond by forming the APDS-Cd
complex from the sample Cd ion concentration. Fluorescent QDs detect Cd*" ion
concentrations in seawater, freshwater, and milk samples [117].

Tan et al. reported a luminescence method for detecting cadmium and mercury
ions in food samples using carbon dots (CDs) as fluorescent detector probes. The
probe was synthesized using a hydrothermal method to synthesize nitrogen-doped
CDs (N-CDs) for measurement of Cd** and Hg**ions. Sodium diphosphate and phytic
acid were used as coating agents to detect each ion selectively by avoiding d interfer-
ing ions, allowing the sensor to be slaked with Cd** and Hg** ions within a short time.
Owing to its high selectivity and sensitivity, this sensor has been successfully applied
for Cd** and Hg*" ion detection in fruits and vegetables, providing an innovative assay
method for heavy metal ions in foods [118].

Li et al. investigate the fluorescence biosensor, comprised of magnetite/titanium
dioxide (Fe;0,@Ti0,) core-shell nanosensor modified with a carboxyl fluorescein
labeled DNA for effective detection of lead ion (Pb*") in polluted water and biologi-
cal samples. Fluorescence biosensors are a potential novel class of biocompatible
sensors for measuring HMIs in biological and environmental samples because of
their outstanding linearity range, sensitivity, accuracy, recovery, and high adsorbent
capacity [119].

4. Approaches to remediation of heavy metal pollution

HMs pollution poses significant environmental and public health risks due to its
persistence, bioaccumulation, and toxicity. Effective remediation techniques require
innovative, multidisciplinary technologies that combine environmental chemistry
and toxicology. As industrialization has increased with the release of HMs, vari-
ous remediation strategies have been developed, including chemical and biological
approaches and subcategories, such as adsorption, coagulation, electrodialysis,
oxidation, biological treatment, membrane filtration, ion exchange, photocatalysis,
and nanotechnology [122].

Heavy metal contamination is a chemical issue, making conventional physico-
chemical treatment methods expensive, environmentally damaging, and generat-
ing hazardous waste [123]. Biological approaches, including phytoremediation
and bioremediation, have emerged as sustainable and eco-friendly solutions.
Phytoremediation involves various mechanisms, such as phytoaccumulation,
phytostabilization, phytodegradation, phytovolatilization, and hydraulic
control, which use the inherent capabilities of plants to mitigate, immobilize,
transform, or remove contaminants from the environment. This “green” tech-
nology is cost-effective, preserves the local ecosystem, and does not produce
large volumes of hazardous waste. The efficiency of phytoremediation can be
enhanced using plant growth-promoting rhizobacteria (PGPR), which convert
HMs into more soluble and bioavailable forms, making them more accessible for
plant uptake [124-126]. Bioremediation approaches that use microorganisms to
degrade or transform HMs are preferred to chemical treatments because of their
environmental sustainability. Nanomaterials, which are efficient and versatile,
have emerged as promising solutions to these problems, making them promising
alternatives to conventional methods [126].
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4.1 Advanced nanotechnology approach for heavy metal treatment and removal

Researchers have developed nanomaterials with unique physicochemical proper-
ties and ease of surface functionalization for heavy metal remediation with the aim
of removing or reducing environmental pollution to WHO-accepted levels. These
nanomaterials effectively eliminate pollutants like HMs, dyes, and chlorinated
organic compounds [19, 127-130].

Research has shown the effectiveness of various nanomaterials, dendrimers, and
nanocomposites for heavy metal remediation in wastewater, soil, and other environ-
ments [131, 132]. Nanomaterials have high adsorption capabilities and can be easily
tailored to target specific contaminants [132]. Magnetite-chitosan composite nanoma-
terials have shown excellent adsorption for cadmium and copper ion removal [133].
Metal-organic frameworks (MOFs) have also been studied for their ability to remove
HMs from aqueous environments [134]. Nanomaterials’ high-energy adsorption sites
and strong binding ability make them efficient adsorbents. They can also be separated
and reused as raw materials, contributing to sustainability and affordability [131].

Nano-adsorbents have shown significant efficiency in heavy metal remediation,
with adsorption trends determined by factors such as the ionic radius, mass, and elec-
tronegativity [135]. Various methods including chemical precipitation, adsorption,
ion exchange, and membrane filtration have been used to remove HMs from aqueous
environments. These methods utilize the inherent properties of nano-adsorbents to
target and eliminate toxic metal ions, thereby ensuring water safety and quality. The
demand for efficient and cost-effective heavy-metal removal solutions is increasing,
with research potentially leading to the development of innovative nanomaterials
with improved selectivity, regeneration, and scalability, ultimately reducing heavy
metal pollution.

4.2 Types of nanomaterials for heavy metal remediation

Nanomaterials are versatile tools for HMs removal, with various categories includ-
ing organic, polymeric, metal-based, biological, and hybrid materials. Organic
nanomaterials offer a high surface area and reactivity, while polymeric nanomaterials
provide flexible structures for specific pollutants. Metal-based nanomaterials are
known for their catalytic and adsorptive properties. Biological nanomaterials are bio-
degradable and environment-friendly. Hybrid nanomaterials combine the advantages
of different materials to enhance their performance and reduce environmental impact
[136]. Combining nanoremediation with transgenic biotechnological approaches can
reduce heavy metal contamination in vegetables and the food chain. Nanomaterials,
including oxides of various metals, exhibit high selectivity and removal efficacy for
heavy-metal pollutants [137, 138].

4.2.1 Carbon-based nanomaterials

Carbon-based nanomaterials such as CNTs and graphene have become effective
for removing HMs from the environment because of their large surface area, ease of
chemical modification, and strong adsorption capabilities [139]. Surface functional-
ization enhances their performance; however, potential toxicity and environmental
impact must be considered for safe and sustainable use. Activated carbon (AC),
produced from coal, wood, and agricultural residues, has a high surface area and
mechanical strength, making it suitable for various applications, including catalyst
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supports, capacitors, electrodes, and adsorbents for removing metal ions, organic
pollutants, and gases from water [140].

4.2.1.1 Carbon nanotubes

Carbon nanotubes (CNTs) are cylindrical nanostructures made of graphene
sheets, which are known for their tensile strength, electrical conductivity, and chemi-
cal stability. They have been used to remove HMs, such as Pb*, Hg2+, Cd**, and As*
ions from aqueous solutions. CNTs’ large surface area of CNTs provides numerous
adsorption sites, making them suitable for environmental remediation, particularly
for water treatment. Multiwall carbon nanotubes (MWCNTs) have also emerged
with exceptional properties, including a high surface area and conductivity. They
effectively adsorb heavy metal ions, such as chromium, lead, and cadmium, through
chemical interactions with their functional groups. Plasma-oxidized MWCNTs
are particularly effective because of their higher number of oxygenated functional
groups. MWCNT composites with compounds such as iron oxide and manganese
oxide exhibited enhanced adsorption performance. Functionalized MWCNTs are up
to 20 times more effective for metal ion adsorption than unoxidized MWCNTs, mak-
ing them highly promising for heavy metal remediation in water [139].

4.2.1.2 Graphene nanomaterials

Graphene, a two-dimensional honeycomb lattice with a single layer of carbon
atoms, is a powerful material for the removal of HMs from contaminated water. Its
derivatives, such as GO and rGO, adsorb HMs via surface complexation, electrostatic
attraction, and ion exchange processes. The oxygen-containing functional groups
on graphene oxide enhance its adsorption capability. Graphene-based materials are
effective in removing HMs such as Cr®*, Pb*, and Hg** from polluted water and can
be engineered to increase selectivity and adsorption capacity [122, 141, 142]. Research
has shown that graphene oxide can remove up to 98% of lead ions from water within a
short contact time. Reduced graphene oxide (rGO) has high adsorption capacities for
silver and chromium ions, making it a promising material for heavy metal remedia-
tion. The removal mechanism involves surface complexation, electrostatic attraction,
and hydrogen bonding, which facilitate the removal of HMs from contaminated
environments [122, 141-143].

4.2.2 Inorganic nanoparticles

Inorganic nanoparticles, such as metal oxides and zero-valent metals, are widely
used in heavy metal remediation because of their high reactivity and specificity
toward heavy metal ions [144]. Metal oxide nanoparticles, such as TiO;, ZnO, and
Fe;04, have significant adsorption capacities and can form stable complexes with
HMs, facilitating their removal from contaminated environments [145, 146]. These
nanoparticles operate through surface complexation and redox reactions to adsorb
and immobilize HMs such as As**, Pb**, Cd**, and Cr®". Iron oxide nanoparticles,
particularly magnetite, have shown exceptional efficacy in removing arsenic from
groundwater, with removal efficiencies exceeding 90% [147-149]. Zero-valent iron
nanoparticles (NZVI) are distinguished by their high reactivity, which enables them
to reduce and immobilize a broad spectrum of HMs. They have a large surface area
and can reduce metal ions to elemental or less toxic forms, which is important for
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the remediation of contaminated groundwater and soil. NZVI particles have been
particularly successful in addressing hexavalent chromium contamination, reducing
it to Cr**, and precipitating as Cr(OH); [144, 150-154].

4.3 Factors influencing nanomaterials’ effectiveness in heavy metal removal

The efficiency of nanomaterials in removing HMs from contaminated environ-
ments is influenced by various factors, which can be optimized to improve the
remediation performance [138].

4.3.1 pH of the solution environment

PH impacts the nanomaterial surface charge and heavy metal ionization. Low
pH increases the number of metal cations and enhances adsorption onto negatively
charged surfaces. Iron oxide nanoparticles adsorb optimally at pH levels where the
metal hydroxides are less soluble [138]. The adsorption mechanisms of metal ions
on functionalized nano-adsorbents depend on pH of the solution environment.

For example, in acidic pH there is competition between metal ions with hydronium
ions (H;0") for binding sites on the carboxylate groups (COO —). On protonated
functional groups (COOH") at low pH conditions, which reduces the availability

of binding sites for metal ions. At a high pH, hydroxylated complexes of functional
groups form enhancing the adsorption capacity for metal ions owing to the increased
availability of negatively charged sites [138]. Adjusting the pH to promote favorable
interactions can improve the adsorption efficiency.

4.3.2 Temperature

Temperature significantly impacts the adsorption and desorption processes,
with higher temperatures potentially increasing metal ion mobility and improv-
ing adsorption rates. It is crucial to identify the optimal temperature range for
the maximum adsorption capacity. For example, lead ion adsorption on CNTs
increases with increasing temperature, while endothermic processes, such as
Hg’*adsorption on chitosan-alginate nanoparticles (CANPs), show a peak at an
optimal temperature (30°C) before declining because of increased metal ion
mobility and weakened electrostatic interactions. Endothermic processes, such
as Pb(II) adsorption on Fe;0, nano-adsorbents, show improved efficiency with
increasing temperature, owing to greater ionic mobility. Understanding these
temperature effects is essential for optimizing the adsorption conditions and
enhancing the process efficiency [155].

4.3.3 Contact time

Equilibrium adsorption is crucial for efficient removal of HMs from nanomateri-
als. The rate of adsorption varies depending on the type of nanomaterial and heavy
metal involved. The optimal contact time ensures the maximum removal efficiency.
Studies have shown that cadmium adsorption on graphene oxide occurs quickly, with
the efficiency increasing during the initial phase. The adsorption kinetics of Pb**
and Cd** ions showed that within the first 20 min, the process achieved completion
rates of 100 and 91% for Pb”* and Cd™" ions, respectively. Beyond this initial period,
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the adsorption rate plateaus indicate the importance of optimizing contact time for
effective adsorption [156].

4.3.4 Dosage of nano-adsorbent

The amount of nano-adsorbent in a solution affects its capacity for metal-ion
removal. A higher dosage provides more active sites but may also lead to aggregation,
reducing the surface area. Balancing the dosage is crucial for efficient remediation
and cost-effectiveness. For example, increasing the dosage of nanoscale zero-valent
iron (NZVI) particles enhances arsenic removal, but requires careful management
to prevent particle agglomeration. The adsorbent dose plays a critical role in the
adsorption processes, with an initial increase in enhancing efficiency owing to the
greater number of active sites. However, an excessive dosage can lead to nanoparticle
agglomeration, reducing the effective surface area and number of accessible active
sites, and diminishing the adsorption efficiency. Empirical studies have shown that an
optimal dosage threshold exists, and beyond this threshold, the efficiency diminishes
owing to nanoparticle agglomeration. Therefore, optimizing the adsorbent dosage is
essential for maximizing the adsorption efficiency [157, 158].

4.3.5 Regeneration of adsorbents

Remediation of contaminants involves the regeneration and reuse of nano-adsor-
bents, reducing costs and ensuring sustainable use. The main approaches include
desorption, thermal treatment, and electrochemical methods. Desorption techniques
use acids, bases, or chelating agents to desorb HMs from nano-adsorbents, whereas
thermal treatment involves heating the nano-adsorbents to desorb and volatilize
HMs. Electrochemical methods induce metal ion desorption from the surface of
nanomaterials, which is particularly useful for metal nanoparticle (MNP) regenera-
tion. Stability and reusability are crucial for large-scale remediation projects, as they
ensure consistent performance and prolong the lifespan of the adsorbents. Research
has shown graphene oxide and NZVI particles can be reused for various adsorption
and desorption cycles [159].

However, the lifecycle and disposal challenges of nanomaterial-based adsorbents
remain unresolved, limiting their commercial application. Successful regeneration
requires the appropriate selection of regeneration agents, which must be safe, cost-
effective, and nondamaging to the nanomaterial structure. Eluents selectivity depends
on the type of nanomaterial and its adsorption mechanism. Effective regeneration uses
acids, salts, alkalis, buffer solutions, chelating agents, and deionized water [138].

The recovery rate of the adsorbent (%Ra) and desorption percentage (%D) were
determined using the following equations.

%Ra =4 x100% (4)
m

0

Where: m, = initial mass; m; = dry weight of the adsorbent.

%D = Ccd x100% (5)

0

where Cgesis the concentration after desorption and C, isthe concentration before
desorption.
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5. Future prospectives

In this chapter, we gave a comprehensive overview of the advanced state of
nanotechnology-based approaches to heavy metal remediation and the application in
heavy metal analysis, but they still face challenges in trace detection of specific target
ions in complex matrices. Advanced functionalization of nanomaterials (biofunc-
tionalization) has shown potential for improving specific metal analysis. The devel-
opment of novel solid supports with high stability, and specific adsorption requires
optimization of synthesis scheme, surface properties, and geometric arrangement.
Hybridization of different types of nanomaterials is a good approach. Future
nanomaterial-based metal analysis may integrate in situ detection and miniaturiza-
tion like microfluidics device requiring interdisciplinary research fields are needed to
advance new nanomaterial for both laboratory and commercial applications. Besides,
nanotechnology holds great promise but requires considerations like scalability, cost,
environmental impact, and regulatory approval. Integrating nanotechnology into
environmental monitoring and remediation strategies is a significant step toward
addressing heavy metal toxicity. Continued research and development are needed to
refine effective, cheap, reusable, safe, and sustainable approaches.

6. Conclusion

Heavy metal pollution represents a profound environmental and public health
challenge, exacerbated by industrialization and human activities. Monitoring heavy
metal concentrations is crucial for environmental preservation and human health
protection, necessitating the development of selective and sensitive detection
methods.

The urgency of addressing this issue has driven advancements in both detection
and remediation technologies and among them nanotechnology is being explored as
a new strategy in the fight against heavy metal contamination, offering innovative
solutions that surpass traditional methods in sensitivity, selectivity, and efficiency.
Nanomaterials have high surface-area-to-volume ratios, catalytic activities, and
affinities for HMs. They are also comprised of nanosensors and nano-removers with
excellent sensitivity, selectivity, and reactivity.

In summary, researchers have made significant progress in designing nanomateri-
als capable of detecting heavy metal pollutants in real-world samples. This advanced
nanotechnology-based HMI analysis and remediation hold great promise for routine
environmental and agricultural sample analysis. Hence, the chapter review serves
as a foundation for policy makers, researchers, chemists, and material scientists
for designing next-generation nanomaterial sensor for various environmental
applications.
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