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Aim: This review explores advanced strategies of water contamination mitigation by
integrated chemical and ecological solutions, assessing their efficiency in surface and
groundwater treatment of harmful pollutants such as bromides and chlorides. The study
aims to assess the value of these integrated approaches and their potentials to ensuring
water quality improvement and increased protection of public health.

Study Design: This study involves a review of literature on combined chemical treatment
and ecological methods of water body contamination that takes into account the period from
2019 through 2024. The empirical evidences from the reviewed literature showcased the
efficiency and limitation of such integrated strategies in different environmental
perspectives.

Methodology: The research was based on a comprehensive literature review from
databases such as Google Scholar, PubMed, Scopus, and Web of Science. It focused on
those studies that assessed the application of chemical methods like advanced oxidation
processes and nanomaterials along with ecological solutions such as constructed wetlands
and phytoremediation. Various case studies have been reviewed from different regions like
the U.S. and other industrialized countries concerning the scalability and generalizability of
these approaches.

Results: This review identified 12 relevant studies concerning the successful integration of
chemical and ecological strategies in mitigating water contamination. This study points to
some of the key findings which include the synergy between the chemical methods,
advanced oxidation processes for fast contaminant degradation, and ecological solutions
such as phytoremediation, which ensures the long-term sustainability of such approach.
These integrated systems have been efficient in treating pollutants like bromides, chlorides,
and heavy metals, besides observing remarkable improvements in water quality in several
case studies.

Conclusions: Integrated chemical and ecological approaches are highly effective in
addressing water contamination challenges. These strategies not only provide immediate
improvements in water quality but also offer long-term environmental sustainability.
However, issues such as cost, scalability, and the need for specialized monitoring systems
remain significant challenges. Further research is needed to optimize these systems and to
explore their applicability in varying geographical and economic contexts.
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1. INTRODUCTION

Water contamination remains one of the most pressing global challenges, affecting public
health, economic stability, and the health of aquatic ecosystems [1]. The increasing presence
of both organic and inorganic pollutants, such as heavy metals, pharmaceuticals, pesticides,
and industrial by-products, has raised concerns about the capacity of existing water treatment
technologies to provide sustainable solutions [2, 3]. There is a surge in water pollution globally
due to industrialization, urbanization, and poor wastewater management practices, especially
in developing regions [1, 4]. Consequently, surface and groundwater systems are under
increased contamination, hence the necessity for effective advanced and sustainable water
treatment technologies.

Water contamination results from several anthropogenic activities, with agricultural runoff and
industrial discharge contributing significantly to contamination levels. Pesticides, fertilizers,
and heavy metals from agriculture often enter water bodies, where they persist and
accumulate [5]. Industrial activities, particularly in the chemical, pharmaceutical, and textile
sectors, release complex pollutants into aquatic ecosystems, which are difficult to remove
using conventional water treatment methods [3]. Besides, conventional water treatment
methods, like coagulation, flocculation, and chlorination, generally work well in removing big
particulates and pathogens but are inefficient in the removal of emerging contaminants such
as pharmaceuticals, endocrine-disrupting chemicals, and heavy metals [6, 7]. These
deficiencies therefore necessitate the upgrading of water treatment systems that are more
advanced and capable of removing a wide range of contaminants more effectively and in an
environmentally friendly way.

To address these challenges, researchers have begun to turn to integrated chemical and
ecological solutions that merge the strengths of both chemical treatments and ecological
remediation techniques. The strategy will involve bridging gaps between the speed and
precision of chemical treatments and the sustainability and cost-effectiveness of ecological
solutions. Chemical treatments, such as advanced oxidation processes, adsorption, and
membrane filtration, are widely recognized for their effectiveness in degrading or removing
organic pollutants and heavy metals. Advanced Oxidation Processes (AOPs) generating
hydroxyl radicals, which may decompose even persistent pollutants, have demonstrated
significant potency in degrading those contaminants that up to now are hard to decompose
[8]. The adsorption techniques based on activated carbon, biochar, and various hanomaterials
proved efficient in removing toxic compounds from contaminated water [1]. However, while
these chemical treatments are effective, most of them have a number of disadvantages,
including high energy consumption, generation of secondary pollutants, and operational costs.
Besides, some of the chemical treatment methods may require special infrastructure that could
not be economically feasible in every community, let alone in developing regions [9]. This has
raised concern about developing integrated approaches, since current chemical treatment
cannot provide long-lasting effective ecological solutions alone and may propose newer
systems for water treatments, sustainable and low cost with an environment-friendly attitude.
Recently, some ecological technologies including phytoremediation, bioremediation, and
artificial wetlands have gained much attention as supplemental technologies to clean water.
Phytoremediation involves the use of plants to remove or degrade contaminants from water,
and it has been particularly successful in removing heavy metals and organic pollutants [10].
Bioremediation, on the other hand, utilizes microorganisms to degrade harmful substances in
water, offering a low-cost, sustainable method for water purification [11]. Constructed
wetlands, which function by mimicking the natural filtration processes of wetlands, have also
been very successful in wastewater treatment and water quality improvement in both urban
and rural settings [12].



While ecological methods offer many advantages, including low cost, sustainability, and
minimal energy use, they often are slower and less efficient at high contaminant
concentrations. For example, constructed wetlands may not provide immediate relief in cases
of heavy contamination, and the removal of certain pollutants, such as pharmaceuticals and
endocrine disruptors, can be challenging [1]. As a result, integrating chemical methods that
offer rapid and efficient pollutant removal with ecological processes that provide long-term
water quality improvement presents an ideal solution. Constructed wetlands using the
biofiltering action of plants, microorganisms, and soil have also been quite effective in
polishing wastewater and improving water quality in both urban and rural settings [12].
However, despite these advantages, ecological solutions generally have more slow-acting
action and may be of limited efficiency against complex or high-concentration contaminants.
A combination of chemical and ecological methods thus has the potential to provide a
promising strategy that would link rapid pollutant removal through chemical treatments to the
long-term sustainability provided by ecological approaches. The integrated approach will not
only offer better treatment solutions for a wide range of emerging contaminants but also
contribute to the circular economy by minimizing chemical inputs and enhancing natural
recovery processes of aquatic ecosystems [13, 14]. Hence, there is an urgent need to develop
integrated strategies for these emerging contaminants, especially in regions with limited
resources for advanced chemical treatments or where water scarcity is a concern.

In addition, the integration of chemical and ecological approaches is in line with global
concepts of sustainability; for instance, the United Nations Sustainable Development Goals
(SDGs), particularly goal number 6, which focuses on clean water and sanitation. Integrated
solutions involving technology acting in synergy with natural processes of purification provide
an effective method for water treatment, which is equally sustainable and thus with minimal
environmental impacts in the future, and conservational of this ideal resource [15]. Although
the number of studies dealing with integrated chemical and ecological water treatment is on
the rise, there is still a considerable gap in understanding practical applicability at large-scale
levels. Whereas small-scale studies and pilot projects have shown feasibility and effectiveness
in integrated approaches, the upscale of solutions to meet the demands of larger urban or
industrial areas is a challenge of its own. Issues such as cost, system design, operational
efficiency, and regulatory frameworks need to be addressed for these integrated systems to
be widely adopted [14]. Moreover, more studies should be conducted on the long-term viability
of such integrated methods and their ecological consequences regarding how they will affect
local ecosystems and the associated risk with the introduction of by-products into the
environment due to chemical use.

2. METHODOLOGY

This study employs a comprehensive methodology that involves the discussion of advanced
strategies in water contamination mitigation using integrated chemical and ecological
solutions. The aim is to systematically identify, evaluate, and analyze the most current and
relevant research on novel, effective approaches in addressing water contamination. The
search will focus on works published from 2019 to 2024 to capture the current state-of-the-art
trends and developments in environmental science that are vital in providing effective solutions
to the ever-growing global challenge of water pollution.

Literature Search Strategy

A systematic literature search was made in four major academic databases, namely Google
Scholar, PubMed, Scopus, and Web of Science, noted for their wide coverage of
environmental science, chemical engineering, and ecological studies. Following a preliminary
screening process, 238 records (see Figure 1) were obtained based on the main search



strings derived from the research question. This was followed by the elimination of duplicate
records, which reduced them to 170 unique entries, screened through titles and abstracts.
This step was necessary because only those studies specifically addressing the very topic of
interest in this review, integrated chemical and ecological solutions for water contamination,
can be selected. Those that were not relevant, dealing with other forms of environmental
contamination, such as air or soil, or published before 2019, were excluded.

Records identified through database searching (n=238)
+ Google Scholar (n=85)

+ PubMed (n=70)

» Scopus (n=55)

+ Web of Science (n= 28)

Records after duplicates removed (n= 170)

F

Titles and abstracts screened (n= 170) Records excluded (n=130)
r
Full-text articles assessed for eligibility Reasons for Full-Text Arficles Exclusion
(n= 40) >
» Lack of focus onintegrated

chemical and ecological solution
» Focused on unrelated
environmental issues (e.g., airor
soil contamination)
» Published in non-English journals

r

Studies included in qualitative analysis
(n=12)

Figure 1: Flow Diagram of the Literature Search and Study Selection for the Review

Also, non-original research, such as reviews and opinions, were excluded because they
cannot provide empirical data or findings of their own. Following this screening, 40 full-text
articles were reviewed for eligibility in the study. The key inclusion criteria for this phase of the
process were that the study had to address integrated chemical and ecological solutions,
presented either original empirical data or substantial methodological advancement, and dealt



with water contamination caused by well-defined pollutants like heavy metals, pesticides, or
bromides. It was preferred if the articles were written in English for easier consistency and
access in analysis. After full evaluation, 12 studies were included in the final qualitative
analysis.

A few articles had to be excluded from this review at the full-text review stage, for several
reasons. Many of these did not relate to integrating chemical and ecological methodologies, a
critical focus of this review question. Other papers reviewed unrelated environmental issues-
air or soil contamination-that are out of scope for this review. Further exclusion was made for
studies whose publication was in non-English journals, for easy understanding and analysis
within the context of the research.

Though the methodology used in this study is systematic and rigorous, there are a number of
limitations which should be mentioned. First among these is the exclusion of the non-English
language articles, which might have resulted in the exclusion of quality research reports
published in a language other than English. The chosen studies contribute to a better
understanding of challenges and opportunities but also point at areas that need further
research and development. This review, therefore, gives a broad overview of the present state
of knowledge on water contamination mitigation and informs future efforts toward developing
scalable and sustainable solutions for improving water quality around the world.

3. RESULTS AND DISCUSSION

The review identified 12 studies that specifically focus on an integrated chemical and
ecological approaches to abatement of water pollution. Evidence was found combining
Advanced Oxidation Processes (AOPs,) nanotechnology, and ecological interventions, such
as constructed wetlands and phytoremediation, were effective methods. Key findings are
outlined below.



Figure 2: Strategies for Mitigating Water Contamination
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Advanced Oxidation Processes and Constructed Wetlands

Studies showed that advanced oxidation processes, including photocatalysis, ozonation, and
Fenton-based reactions, are effective and rapid means of decomposing pollutants such as
bromides and chlorides [17]...167. This greatly increases the efficiency of pollutant removal
when coupled with constructed wetlands. Smith et al. [16]...177 noted an 85% reduction in
the concentration of bromide and chloride in industrial wastewater. The same observations
have been documented by Liu et al. [18], in some similar urban wastewater treatments, as
nearly the same removal rates.
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Figure 3: Types of oxidation processes used in the treatment of wastewater [19]
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Nanomaterials and Phytoremediation

The efficiency of various types of nanomaterials applied such as zero-valent iron nanoparticles
(nZV1); and titanium oxide (TiO,) promises excellent improvements within the areas tested
for reducing levels of heavy metals and organics [19]. Based on results derived from these
trials, a large reduction as large as 70 and 90% with regard to reductions, respectively-has
been evidenced concerning lead-level exposure and hydrocarbons contaminated through
chlorination to groundwater samples using plant-medium increases in such setups [20]. Above
synergism developed enhancing pollutant degradations was also observed by Singh et al [21],
as such cadmium showed a reduction to 75% when combined with Eichhornia crassipes.
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Figure 4: Synergistic use of Nanomaterials and Phytoremediation for Enhanced
Contaminant Removal
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Phytoremediation and Wetland Systems

Constructed wetlands integrated with phytoremediation systems have been effective in
removing pollutants, especially nitrates and heavy metals. Several studies have reported
about 78% reduction in nitrate levels and 63% in cadmium concentrations in agricultural runoff
using different plant species in different regions, showcasing the versatility of these systems
across diverse environmental conditions [22, 23].

Public Health-Related Contaminant Reductions

Several studies evaluated these integrated systems regarding their impact on public health.
Kim and Park [24] reported that the water treated from these systems met guidelines as
provided by the World Health Organization (WHO) for safe drinking water, relating to the
removal of heavy metals and nitrates. Literature also reported significant reductions in
waterborne diseases from the technologies applied to areas where these techniques were
employed, further reaffirming their potential health benefits [7,13, 25].

Geographical Applications

Studies from industrialized nations, especially in the U.S., showed how these integrated
systems could be successfully implemented in urban and industrial settings [26]. However,
scalability in developing regions is still an uncertainty, with challenges such as cost and
infrastructure limitations. On the other hand, studies in developing regions suggested that with
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appropriate local adaptations, these technologies could be implemented successfully in
smaller-scale operations [25].

Efficiency and Limitations

The combination of chemical and ecological approaches always resulted in higher removal
efficiencies compared to the application of one or the other. However, the performance of
these systems depended on local water chemistry and environmental conditions. Several
studies mentioned that while chemical methods were effective in fast degradation, ecological
solutions contributed to long-term sustainability due to the continuous removal of residual
pollutants. However, several limitations were found, including system design complexity and
the need for ongoing maintenance, as stated by Jones et al. [23]. The combination of chemical
and eco-strategies for the abatement of water pollution represents a hopeful route toward a
solution to environmental pollution. Results obtained by the review indicated the possibility of
coupling advanced oxidation processes, nanotechnology, and ecological remediation, such
as constructed wetlands and phytoremediation. These combined approaches offer
enhancement in the efficiencies of pollutant removal along with adaptability of the system
under consideration to diverse environmental contexts.

The application of AOPs with constructed wetlands has proved very effective in the
degradation of pollutants such as bromides and chlorides. Ponnusami et al. [27], and Liu et
al. [20] give enough proof that the synergy of AOPs and wetlands can result in high removal
efficiencies, hence reducing the environmental impact of industrial and urban wastewater.
AOPs are known for their rapid degradation of pollutants either through photocatalysis or
ozonation processes; in any case, however, the introduction of constructed wetlands will be
of vital importance to maintain such effects by means of natural filtration to complement rapid
chemical decomposition.

Recently, the application of nanotechnology has been forwarded with zero-valent iron
nanoparticles (nZVI) and titanium dioxide (TiOz) for water remediation against heavy metals
and organic pollutants. Zafar et al. [19] explained the role of nZVI in reducing lead and
chlorinated hydrocarbon levels in groundwater, while Singh et al. [21] extend further in
indicating its combined advantages with phytoremediation. This synergy is particularly
important because plants are able to enhance the bioavailability of contaminants, hence
further facilitating pollutant degradation. Evidence indicates that nanomaterials, while effective
in isolation, achieve even higher levels of pollutant removal when combined with plant-based
solutions and perhaps offer a more sustainable, longer-term approach to water purification.

Phytoremediation, when integrated with constructed wetland systems, has also been quite an
effective way for nitrates and heavy metals to be removed. Rao et al. [26] showed promising
nitrate and cadmium level reductions using Typha latifolia and Eichhornia crassipes, which
have long been recognized for their phytoremediation capabilities. The flexibility of these
systems is evident, with similar results being achieved across different regions and
environmental conditions found by Jones et al. [23]. This versatility indicates the possibility of
the implementation of such systems in various geographical contexts, hence offering
appropriate, flexible, and cost-effective solutions to the challenges of water contamination.

From the perspective of public health, the integration of these systems into communities
stands to greatly improve the quality of water, especially for communities with high records of
waterborne diseases. The findings of Kim and Park [24] and Chen et al. [25] indicated that
integrated chemical and ecological approaches can bring water quality in line with the WHO
guidelines, mainly through the removal of heavy metals and nitrates. This is an important
finding in view of the fact that access to clean and safe drinking water is a major challenge in



most regions of the world, especially in developing countries. The potential of such integrated
systems to supply safe drinking water in such regions is a sure pointer to the possibilities of
such technologies making a meaningful public health impact.

Challenges and limitations

Chemical and ecological strategies for water contamination mitigation face significant
challenges and limitations. These include variability in water chemistry, system complexity,
high costs, and energy requirements [1]. Some pollutants are effectively degraded through
chemical methods, while others require slower and less effective processes like
phytoremediation. In addition, ecological systems have further limiting factors, such as plant
health, species selected, and environmental conditions. In addition, there is a general lack of
technical expertise to regulate barriers for public acceptance that complicate the
implementation, especially in resource-poor regions. Overcoming these challenges will require
further research, innovation, and collaboration across sectors in finding effective and
sustainable solutions.

Future Research Directions

Despite the promising results, several areas require further research. Future research should
focus on optimizing nanomaterials for broader pollutant removal, developing hybrid systems
that combine chemical and ecological methods, and incorporating renewable energy sources
for sustainability. Efforts should also prioritize low-cost, scalable solutions for developing
regions, with a focus on local plant species for phytoremediation. The system effectiveness
will be further enhanced through real-time monitoring tools and circular economy approaches
for resource recovery. Additionally, investigation of the public health impacts will support the
adoption process and enable better global water management policies.

4. CONCLUSIONS

The integration of chemical and ecological approaches offers a transformative strategy for
addressing water contamination, balancing immediate effectiveness with long-term
sustainability.

While challenges related to cost, scalability, and regional adaptation remain, the findings
underscore the importance of combining innovative chemical treatments with ecological
restoration techniques to create resilient water management systems.

| recommend replacing this paragraph with:

While challenges remain related to overcoming the barriers posed by costs, scalability, and
regional adaptation to implement these strategies; The findings underscore the importance of
combining innovative chemical treatments with ecological restoration techniques to create
resilient water management systems.

Continued research and collaboration will be key to overcoming these challenges and
ensuring the widespread adoption of these strategies in diverse geographical and economic
contexts.
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