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Abstract:
Wastewater pollution is a growing threat to global water resources and public health. Traditional wastewater treatment

methods often struggle with efficiency and sustainability. They face high operational costs and cannot effectively remove
new contaminants. This paper reviews recent advancements in sustainable wastewater treatment technologies. It
summarizes key findings from current literature on both standard and innovative methods, including membrane bioreactors
(MBR), advanced oxidation processes (AOPs), bio electrochemical systems (BES), and the use of mathematical modeling.
The review also looks at the challenges of implementing these technologies, especially in developing regions, and points
out important research gaps. It concludes by stressing the need for future research to focus on resource recovery, cost-
effectiveness, and integrating these technologies into decentralized, sustainable systems.

The increasing scarcity of fresh water, along with rising population growth and industrialization, makes effective wastewater
management a global priority. Traditional wastewater treatment plants mainly aim to remove solids and organic matter, but
they often fall short in dealing with the complex mix of new contaminants, such as pharmaceuticals, pesticides, and
industrial chemicals. There is a critical need for innovative and sustainable technologies that not only treat wastewater but
also recover valuable resources like clean water, energy, and nutrients. This paper offers a detailed review of the current
state of wastewater treatment technologies, moving beyond standard methods to highlight innovative approaches that

promise better efficiency and sustainability.
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Introduction

Traffic growing scarcity of fresh water, along with increasing population and industrialization, has made effective
wastewater management a global priority. Traditional wastewater treatment plants mainly remove solids and organic matter
but often fall short in dealing with complex emerging contaminants like pharmaceuticals, pesticides, and industrial
chemicals. This gap creates a critical need for new, sustainable technologies that can treat wastewater and recover valuable
resources such as clean water, energy, and nutrients. This transition is more than just a technological update; it represents a

fundamental change towards a circular economy model, where waste is seen as a resource.

113|Page




International Journal of Innovative Research in Science and Engineering
Volume 11, Issue 10, 2025

WWW.1JIrse.com ISSN: 2454-9665

This paper offers a detailed review of current wastewater treatment technologies. It moves beyond conventional methods to
focus on innovative approaches that promise better efficiency and sustainability. It references various recent studies

to compare different technological solutions, looking at their mechanisms, applications, and limitations. For example, it
examines the unique challenges faced by regions like the USA, which has strong infrastructure and supportive regulations,
compared to Africa, where limited resources and varied regulations create distinct hurdles. The paper also emphasizes the
growing role of mathematical modeling and computer simulations to optimize and control these complex processes. By
bringing together these different findings, this review aims to provide a clear roadmap for researchers, policymakers, and
engineers working towards a more resilient and circular water economy. The motivation for this review comes from the
dual pressures of environmental damage and a rapidly growing global population. A review of past, present, and future
trends in wastewater treatment shows that the field is undergoing a significant transformation. The traditional "end-of-pipe"
approach, which focuses only on treating and discharging wastewater, is being replaced by an integrated "resource-
recovery" mindset. This change is essential for lessening the environmental impact of industrialization and ensuring water
security for future generations. Additionally, the paper discusses specific challenges related to different types of wastewater,
like grey water and industrial effluents, which require specialized treatment methods. This thorough approach is necessary
to cover the entire scope of wastewater management and find practical, long-term solutions that are both environmentally

friendly and economically viable.
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Figure 1: Process Of Treating A Gray Water
Literature Review
The evolution of wastewater treatment has progressed from basic sanitation to advanced, multi-stage systems. Many recent
studies have explored innovative ways to address this challenge. A review of past, present, and future trends in wastewater

treatment reveals the shift from conventional techniques to better solutions, Angelakis et al. (2015) [1]. This change is vital
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for tackling the increasing problem of water pollution, particularly linked to industrialization and urban expansion David
(2016) [4].

Membrane Bioreactors (MBR): MBR technology is frequently recognized for its effectiveness in treating wastewater and
making it available for reuse Moll (2023) [6]. These systems combine biological treatment with membrane filtration,
resulting

in high-quality effluent and a smaller footprint compared to traditional methods. The MBR process is central to modern
wastewater engineering lorhemen et al. (2016) [7]. It offers notable advantages but also faces ongoing issues like membrane
fouling and high energy requirements. A thorough review of this technology highlights its benefits for wastewater treatment
and reclamation, emphasizing its capability to produce high-quality effluent and effectively remove a wide array of
pollutants. The application of this technology

in the Middle East and North Africa (MENA) region, particularly in Lebanon, showcases its effectiveness in addressing
local water issues and encouraging water reuse.

Advanced Oxidation Processes (AOPs) AOPs are powerful tools for breaking down stubborn pollutants that biological
treatment does not remove Shamshad et al. (2025) [9]. These processes use highly reactive species, such as hydroxyl
radicals, to dismantle complex organic compounds. One study by the United States Environmental Protection Agency
discusses various emerging technologies for wastewater management and highlights AOPs as a central area for future
growth The use of biochar-aided AOPs is also seen as a promising hybrid technology for eliminating emerging dye
contaminants, showing potential for both effectiveness and sustainability.

Bio electrochemical Systems (BES): BES, which includes microbial fuel cells (MFCs) and microbial electrolysis cells
(MECs), are explored as a means to treat wastewater while generating renewable energy. One study suggests a hybrid system
that utilizes MFCs and MECs for simultaneous wastewater treatment and the production of electricity or hydrogen Khaturia
et al. (2023) [8]. It also highlights resource recovery as a major benefit of this technology.

Dairy industry wastewater contains high concentrations of Biochemical Oxygen Demand (BODs), Chemical Oxygen
Demand (COD), and Total Suspended Solids (TSS), requiring effective treatment before disposal. The electrocoagulation
(EC) process has emerged as an efficient method due to its simplicity and reduced sludge production. Studies using stainless
steel electrodes with sodium chloride as an electrolyte have shown that treatment efficiency increases with voltage,
achieving up to 96% COD, 93% BODs, and 94% TSS removal at 30 V. The use of 0.5 mm thick SS—SS electrodes was
found to be most effective, providing high removal efficiency with lower energy consumption Priyankashri and Mahadeva
(2023) [9].

Specialized Treatment of Specific Waste Streams: The literature addresses the need for specialized technologies for various
types of wastewaters. A review of industrial wastewater treatment processes examines the effectiveness of aerobic,
anaerobic, and combined anaerobic-aerobic systems for complex effluents, noting their specific applications in different
industries. Another study presents a comprehensive review of technologies for treating grey water, a major part of household

wastewater, suggesting methods like adsorption and membrane filtration Awasthi et al. (2023) [2]. A key factor
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for adopting these technologies is their eco-innovative nature, as seen in regions like Lebanon, where they help tackle local
water issues and support water reuse. Mathematical Modeling and Simulation: Using mathematical models is crucial for
optimizing and controlling wastewater treatment processes. Research indicates that these models are important for managing
complex systems like activated sludge and for simulating nitrogen and phosphorus removal, which helps boost efficiency
and cut the carbon footprint Drewnowski et al. (2023) [4]. These models can analyze and improve the efficiency of different
treatment stages, ensuring innovative technologies are used effectively. Regional and Sustainable Approaches: The global
perspective on wastewater treatment is further examined through a comparison of advanced technologies in the USA and
Africa. This analysis highlights challenges

like limited resources and varying regulatory frameworks in developing areas Sikhakhane et al. (2024) [11]. A
comprehensive approach to sustainable wastewater resource management focuses on innovation and the integration of
various methods Chowdhury et al. (2024) [4]. This approach corresponds with the move towards a circular economy and
away from the traditional linear model of wastewater disposal. The need for a more sustainable and circular strategy is a

central theme in many of the reviewed studies.

Research Gap
® Despite the progress made with innovative technologies, several key challenges and research gaps remain:

® Cost and Energy Barriers: While effective, many advanced technologies, especially MBRs and AOPs, come with high
initial and operating costs and energy needs. Future research must aim to lower these barriers to enhance economic
viability.

® Implementation in Developing Regions: There is a significant gap in the adoption of advanced technologies, with African
countries facing obstacles such as limited resources, varying regulations, and inadequate infrastructure. Future solutions

should focus on decentralized, lowcost systems tailored to these specific contexts.

® Scaling from Lab to Field: Much of the existing research is based on lab-scale studies and simulations. There is a pressing
need for more pilot projects and field tests to demonstrate the long-term reliability and scalability of these innovative

systems in real environments.

Implementations

The implementation of an innovative wastewater treatment system requires a phased, integrated approach that moves
beyond simple linear purification to a multi-barrier, resource-focused process. This conceptual flow, synthesized from the
analysis of the provided literature, is designed to handle varied inflows and maximize resource recovery.

This approach highlights the connection between physical, chemical, and biological treatment units. It ensures that each
stage supports the next to improve the system's overall efficiency. The use of monitoring and control mechanisms makes
the system more adaptable to changing load conditions. By including energy recovery, nutrient recycling, and sludge

valorization, the framework turns wastewater from a waste product into a valuable resource. Additionally, this system
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encourages long-term environmental sustainability by decreasing reliance on outside resources and reducing the carbon

footprint of treatment operations.
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Figure 2: Flowchart On Advanced Wastewater Treatment and Resource Recovery.

The flowchart shows how to integrate treatment barriers for resource recovery. The process begins with separating different
wastewater streams for specific pre-treatment. This is followed by standard primary treatment to lower the solid load. The
main cleaning happens during the advanced biological treatment stage, where high-efficiency MBRs or energy-producing
BES technologies are used. Next, tertiary treatment occurs, employing AOPs to break down persistent micro-pollutants and
ensure high-purity water. A quality control and optimization layer manages the entire operation, using modeling to promote
maximum efficiency and energy savings. The final step is disinfection, leading to resource recovery and reuse. This results
in safe reclaimed water, bio energy, and valuable nutrients, completing the shift to a circular water economy.

Case Studies

Case Study 1: Decentralized Treatment and Reuse in the MENA Region (Lebanon)

This case study looks at the need and use of eco-friendly technology in the Middle East and North Africa (MENA) region,
particularly in Lebanon.

Context: The MENA region faces serious water shortages. Reusing treated wastewater is crucial for sustainable solutions.

Lebanon, like other Mediterranean countries, deals with water shortages, inadequate sanitation, and water pollution.
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Technology Focus: The main solution discussed is decentralization using eco-friendly technologies. This method
emphasizes treating wastewater on-site and recycling resources found in domestic wastewater. Application: The goal is to
produce high-quality treated wastewater suitable for reuse, mainly in agriculture. This supports the circular economy and
addresses regional issues like limited resources and pollution.

Case Study 2: Combined Anaerobic-Aerobic System for Textile Wastewater

This case study explores a specific solution for tough industrial wastewater, showing how hybrid biological systems work
effectively.

Context: Industrial wastewater, especially from textile industries, is hard to treat due to high pollutant concentrations, toxic
materials, strong colour , and often low biodegradability.

Technology Focus: The research examined a combined system of anaerobic and aerobic treatment for textile wastewater.
This step-by-step method is often needed for industrial waste to achieve high removal rates.

Application: In a 2007 study from Malaysia (reviewed in the paper), a combined anaerobic-aerobic system was applied to
textile wastewater. This method uses the anaerobic stage to break down complex, high-strength organics and produce energy
(biogas). The aerobic stage then polishes the effluent, removes leftover pollutants, and meets strict discharge standards.
Case Study 3: Hybrid Bio electrochemical Systems (BES) for Dual Resource Production

This case study showcases a new technology that goes beyond purification to also produce renewable energy.

Context: There is a global demand for technologies that can effectively treat wastewater while also recovering resources to
enhance sustainability. Wastewater is increasingly seen as a source of nutrients, water, and energy.

Technology Focus: The focus here is on Hybrid Bio electrochemical Systems (BES), which mix the principles of Microbial
Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs). These systems use bacteria that act electrically to treat water.
Application: The hybrid system is suggested as an innovative approach for wastewater treatment while producing valuable
resources. It generates renewable electricity (MFCs) and hydrogen (MECs). Although current uses may involve powering
small sensor devices, the research highlights the potential to scale up this technology to compete with and be more cost-

effective than traditional wastewater treatment plants.

Conclusion

The shift from traditional to innovative wastewater treatment technologies is crucial for tackling the growing issues of
global water scarcity and environmental harm. The review shows that new methods, especially the use of high-efficiency
MBRs, the effectiveness of AOPs in removing emerging contaminants, and the energy-generating potential of BES, provide
clear benefits over traditional systems. The path to sustainable progress involves a holistic approach based on a circular
economy. This idea is supported by the need for mathematical modeling and control systems to improve complex, multistage
operations. By addressing key research gaps, specifically the high costs and energy barriers, creating scalable decentralized
solutions for developing areas, and making resource recovery (water, energy, nutrients) commercially viable, the wastewater
sector can change from a costly burden into a resource-generating industry. Future efforts should concentrate on designing

integrated, flexible systems and taking local contexts into account to ensure a resilient and circular water future for everyone.
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