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Access to clean water is under threat due to population growth, climate change, and pollution, emphasizing
the need for effective wastewater treatment. Wastewater pollutants pose risks to public health and
ecosystems, necessitating proper treatment methods. This paper outlines both conventional and emerging
technologies for wastewater treatment. Established techniques, such as activated sludge processing,
chlorination, and constructed wetlands, are discussed alongside newer methods, such as advanced
oxidation, ultraviolet disinfection, membrane bioreactors, reverse osmosis, artificial intelligence
optimization, and nanofiltration, which enhance contaminant removal but may incur high costs and energy
demands. Integration of renewable energy sources, such as solar, wind, and biomass, into treatment
facilities improves efficiency and reduces emissions. The process efficiency can be possibly enhanced
through real-time monitoring and automation, while a sustainable and resource-efficient method involves
integrating bio-electrochemical systems with constructed wetlands. There are still challenges in sludge
handling, land requirements, and long-term system maintenance. Balancing technological solutions,
environmental protection, and economic feasibility is essential for sustainable wastewater management,

which can ensure continuous access to clean water in the face of increasing demand for this vital resource.

Environmental significance

This work titled “Innovative Approaches to Sustainable Wastewater Treatment: A Comprehensive Exploration of the Conventional and Emerging Technologies”
addresses pressing environmental concerns about wastewater treatment and its implications on sustainability. In the face of escalating threats to clean water
access due to population growth, climate change, and pollution, effective wastewater treatment has become imperative to safeguard public health and preserve
ecosystems. This comprehensive review provides a critical examination of a wide range of wastewater treatment technologies, spanning from established
conventional methods to cutting-edge emerging approaches. By exploring techniques, such as activated sludge processing, chlorination, constructed wetlands,
advanced oxidation, ultraviolet disinfection, membrane bioreactors, and reverse osmosis, this study illustrates the diverse landscape of options available for
contaminant removal. In particular, this study highlights the integration of renewable energy sources, including solar, wind, and biomass, into treatment
facilities as a means to enhance the efficiency and reduce environmental impacts. Furthermore, the discussion on real-time monitoring, automation, and
controls underscores the role of digital integration in promoting sustainability, water quality, and cost-effectiveness in wastewater treatment processes. Despite
the progress made in technological innovation, this study acknowledges persistent challenges in sludge handling, land requirements, and long-term system
maintenance. These challenges underscore the need for a balanced approach to wastewater treatment management, which prioritizes environmental preser-
vation, technological advancement, and economic feasibility. Overall, this study provides valuable insights into the discourse on sustainable wastewater
management. By synthesizing technological advancements with environmental preservation strategies and economically viable solutions, it offers a holistic
understanding of the challenges and opportunities in wastewater treatment. The findings presented in this study hold significance for environmental scientists,
policymakers, and practitioners alike, as we collectively strive towards a more sustainable future.

Introduction

constitutes 71% of the Earth's surface, only 2.5% is pure, with

Water, crucial for life on Earth, is gaining global recognition as
a valuable economic and social resource." Although water
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merely 1% being easily accessible.> Freshwater resources that
are vital for sustaining life are at risk of being depleted due to
population growth, industrialization, climate change, and its
role in energy production.® This scarcity poses a pressing envi-
ronmental challenge, emphasizing the need for sustainable
water management practices.* Water quality is one of the 17
goals of the Sustainable Development Agenda 2030, high-
lighting the necessity of addressing this issue.®

Wastewater originating from domestic, commercial, agri-
cultural, and run-off sources due to human activities primarily
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consists of 99.9% water content and some solids.® The compo-
sition of wastewater, influenced by chemical components and
flow conditions, is crucial in designing wastewater treatment
plants, with seasonal variations impacting the flow condi-
tions.”® The evaluation of wastewater quality involves the
analysis of various chemical and material components, such as
organic and inorganic substances.” Key parameters assessed
include BOD (biological oxygen demand), TSSs (total suspended
solids), COD (chemical oxygen demand), TSs (total solids), VSs
(volatile solids), TN (total nitrogen), TP (total phosphorus), pH,
and alkalinity.*

Although access to sufficient quantities of high-quality water
is fundamental to human survival, the escalating global pop-
ulation is putting immense strain on the planet's already scarce
freshwater resources." It is anticipated that by 2050, there will
be nine billion people on the planet, leading to elevated pres-
sures on water and food resources."* However, current urbani-
zation and population increase faster than the measures taken
to enhance the drinking water quality and wastewater treat-
ment.”> The growing economy and population have increased
water use and wastewater discharge, which has significantly
increased pollution.*

Water pollution has far-reaching impacts on freshwater
availability, ecology, and human health, necessitating compre-
hensive solutions. Human activities, even in modest doses,
significantly alter landscapes, vegetation, and water quality
processes, affecting the entire drainage basins.” Managing
materials released into land, water, and air requires proactive
techniques due to lengthy removal timelines.*®

Water scarcity and pollution have become urgent global
issues, demanding innovative and sustainable strategies in
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managing wastewater.'” While traditional wastewater treatment
methods are effective at removing certain contaminants, they
often face challenges related to energy consumption, sludge
production, and the treatment of new pollutants.* As a result,
there is a growing motivation to explore and adopt advanced
technologies that can overcome these obstacles and promote
environmental sustainability.™®

Wastewater treatment is pivotal in maintaining high water
quality standards, safeguarding human health, and preventing
waterborne illnesses.” By removing pollutants and toxins,
treatment plants contribute significantly to public sanitation
and safe drinking water.”>** Additionally, wastewater treatment
is crucial for preserving the ecological balance of aquatic envi-
ronments.”” The repercussions extend beyond aquatic ecosys-
tems, potentially harming land ecosystems through the water
cycle.>***

Although wastewater treatment technologies are a widely
researched topic, there are still research gaps in the utilization
of emerging technologies in sustainable wastewater treatment
systems. While membrane filtration,**® advanced oxidation
processes,””*® and biological treatment systems® are under
investigation for wastewater reclamation, there is limited
systematic research on their combined effectiveness in evolving
wastewater treatment scenarios, as noted by Singh et al*
Furthermore, exploring these technologies in decentralized
wastewater treatment systems to address sanitation needs in
rural and remote communities requires more attention.’*"*?
Additionally, Wang Yi, and colleagues have highlighted the lack
of comprehensive utilization of artificial intelligence algorithms
in wastewater treatment, particularly in conjunction with
machine learning for real-time process optimization
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modeling.*®* Addressing these knowledge gaps is crucial for
developing innovative and efficient wastewater treatment
plants.

This review examines a range of traditional and emerging
wastewater treatment technologies, offering a thorough eval-
uation of their effectiveness, efficiency, and environmental
impacts. The goal is to present a comprehensive view of the
latest advancements in wastewater treatment, emphasizing
the potential of novel approaches in achieving sustainable
water management objectives. Through a detailed analysis of
the strengths, weaknesses, and opportunities of various
technologies, this review aims to educate policymakers,
researchers, and industry professionals on the most prom-
ising solutions for addressing the complexities of wastewater
treatment and resource recovery. Ultimately, the fusion of
conventional and emerging technologies, supported by robust
policy frameworks and sustainable practices, is crucial to
ensure the long-term availability of water resources for future
generations. The exploration of integrating new fields such as
nanotechnology, artificial intelligence optimization, and
biotechnology with traditional methods is crucial in this
context. The review further presents an updated and distinc-
tive outlook on sustainable wastewater management, exam-
ining factors such as environmental considerations, economic
implications, and the challenges posed by emerging contam-
inants. Furthermore, the incorporation of examples show-
casing successful applications of innovative techniques
enhances the uniqueness of this work.

A4 A HE
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2. Research methodology

A systematic literature review methodology is used in this
research project. An exhaustive computer-based search of
academic databases was conducted to pinpoint studies dis-
cussing both traditional and cutting-edge wastewater treatment
systems. Studies were selected based on the technology used
and inclusion and exclusion criteria and were rigorously
assessed for quality. Essential information was extracted from
the technology table, including technology type, performance
indicators, environmental considerations, and economic
viability. Further, the compiled data were analyzed to identify
the trends and potential areas for improvement through a crit-
ical evaluation against other effective practices. This systematic
process aimed to conduct a thorough and evidence-based
examination of sustainable wastewater treatment options.

3. Traditional wastewater treatment
methods

3.1. Overview of conventional treatment technologies

Conventional techniques for treating wastewater, such as
preliminary, primary, secondary, and tertiary treatment, are
commonly used to remove pollutants from wastewater.** These
approaches serve the common goal of mitigating diverse
contaminants including heavy metals, inorganic metallic
materials, organic matter, residues from disinfection, and
microbiological chemicals present in wastewater.”® Some
applications of treated wastewater are shown in Fig. 1.

S

wastewater

waste resource
recovery facility

energy

Fig. 1 Stages and applications of wastewater treatment (ref. 36).
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Fig. 2 Overview of wastewater treatment processes.

Following steps are taken to purify water in the conventional
wastewater treatment process, as shown in Fig. 2.

(1) Preliminary treatment (screening): preliminary treatment
involves the initial removal of large solids and debris from the
wastewater, typically through processes such as screening and
grit removal. This stage aims to protect downstream treatment
processes and equipment from damage or clogging.

(2) Primary treatment: primary treatment removes sus-
pended solids and organic matter from wastewater via
processes such as sedimentation and flotation, which allow the
solids to settle or float to the surface for removal. Primary
treatment also helps to reduce the organic load and turbidity of
the wastewater before further treatment.

(3) Secondary treatment (activated sludge process and
trickling filters): secondary treatment includes biological treat-
ment techniques such as sequencing batch reactors, trickling
filters, and activated sludge processes.’” By using microbes to
decompose organic materials, these methods significantly
enhance the removal of pollutants.®®

Tertiary treatment (chlorination and filtration): some
wastewater treatment plants use tertiary treatment to further
purify water quality.*® Filtration, chemical treatment, and
advanced biological treatment technologies are used in this
step. Using disinfection techniques including ozonation, UV

192 | Environ. Sci.: Adv,, 2025, 4, 189-222

6. Membrane Filtration (Reverse
Osmosis)

irradiation, and chlorination, remaining germs and bacteria are
removed.*® For hygienic, safe wastewater production, digestion,
dewatering, and incineration techniques are important to
reduce sludge and improve disposal or reuse.**

A cost-effective approach to wastewater treatment includes
separating solid waste and sludge, purifying water through
aeration and sedimentation, and employing constructed
wetlands.*” These natural systems are highly effective in
removing pollutants, and the treated water can be used for
irrigation and agricultural purposes, especially in regions prone
to drought.** For a comparative analysis of traditional waste-
water treatment methods, see Table 1.

3.2. Limitations of traditional methods

Primary methods may not achieve complete eradication of
contaminants including microbial compounds, heavy metals,
inorganic metallic debris, and disinfection byproducts found in
wastewater.>**” Furthermore, these conventional techniques
require substantial space for the establishment of treatment
plants and can incur considerable costs.*®* Conventional
methods have failed in the separation of emerging contami-
nants, persistent organic pollutants, and certain recalcitrant
substances.* Concerns arise over the impacts of conventional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of conventional methods for treating wastewater
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Energy
consumption and Sludge
Method Description Advantages Disadvantages cost production Ref.
Primary Screening and Simple, low cost, Poor performance for Low High 44
treatment sedimentation to remove removes large solids  dissolved pollutants,
large solids residuals sludge generation
Secondary Biological treatment to High removal Requires skilled Moderate to high High 45
treatment remove organic matter and efficiency for operation, susceptible
suspended solids. Includes  organic matter, to shock loads, sludge
activated sludge, trickling nutrient removal production
filter, and lagoon systems
Tertiary Advanced treatment to High effluent High cost, energy High Moderate 46
treatment remove remaining quality, removal of intensive, complex

nutrients, pathogens, and
suspended solids. Includes
filtration, disinfection, and
chemical precipitation

specific pollutants

technologies on the environment like the energy-intensive
aeration in activated sludge systems.*® The adaptability of
conventional treatment methods is crucial to handle varying in-
fluent compositions, especially potential strain from fluctua-
tions in industrial discharges.®® The reliance on large-scale
infrastructure and substantial land requirements limits their
suitability in densely populated urban areas. Dealing with
potential large volumes of residual sludge requires proper
disposal or resource recovery strategies.>?

3.3. Need for technology advancements

The evolving range of contaminants in wastewater emphasizes
the need for continuous innovation and the integration of
advanced treatment methods.>® Prioritizing research and
development in the ongoing discourse on wastewater manage-
ment is essential to overcome these limitations and ensure
treatment systems' resilience in response to emerging envi-
ronmental concerns.®® Consequently, there is a growing
demand for alternative methods that offer enhanced efficiency,
cost-effectiveness, and environmental sustainability.*® Stringent
regulations and hefty fines for violating wastewater discharge
limits drive the advancement of cutting-edge treatment
methods in the industrial sector.>®

4. Role of technology in wastewater
treatment

Technology is crucial in treating wastewater by offering effective
and sustainable approaches to eliminate impurities and
contaminants from water sources.’* Numerous techniques
including chemical, physical, and biological processes are
utilized in wastewater treatment.>” One such technique involves
the utilization of algae for phytoremediation, whereby algae are
cultivated in wastewater to eradicate contaminants and
generate biomass for the production of biofuel.*® Moreover, the
utilization of biochar and green nanoparticles derived from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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agricultural waste exhibits promising potential in eliminating
persistent pollutants from water and wastewater.*> Membrane
technology and nanotechnology offer promising prospects in
wastewater treatment including carbon nanostructures and
nanofilters.®® Surface-modified carbon nanotubes improve
heavy metal adsorption in wastewater treatment, where tech-
nology selection depends on parameters such as chemical
oxygen demand (COD), total solids (TSs), volatile solids (VSs),
and customized solutions to address specific issues.'®'* Simi-
larly, wastewater that contains metal and cyanide compounds
goes through a single oxidation phase that is carefully planned
and executed using an alkaline reagent and a chlorine
solution.*

Anaerobic and aerobic methods, known for their eco-
friendliness and cost-effectiveness, particularly the low-energy-
consuming anaerobic technologies, have gained popularity for
treating organic wastewater.” Various alternatives including
membrane-based procedures, ion exchange, electrochemical
treatment, adsorption, biological treatment, Fenton processes,
coagulation, flocculation, and UV-based processes have been
strategically employed to address these inherent limitations.**
While these modern methods present promising solutions for
the removal of pollutants from wastewater, it is imperative to
acknowledge and systematically address the remaining chal-
lenges and limitations associated with their applications.*

Novel approaches for wastewater treatment encompass
a range of methods, including the generation of ozone through
water electrolysis or corona discharge, electrocoagulation,
hybrid techniques, nanotechnology, and membrane tech-
nology.®* The primary goal of these technologies is the elimi-
nation of toxic contaminants and pollutants in wastewater,
such as viruses, bacteria, heavy metals, pharmaceuticals,
hormones, synthetic dyes, and flame retardants.> This involves
employing physical, chemical, and biological methods such as
membrane filtration, adsorption, coagulation-flocculation,
solvent extraction, ion exchange, photo degradation, catalytic
oxidation, electrochemical oxidation, and precipitation, as

Environ. Sci.: Adv,, 2025, 4,189-222 | 193
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Fig. 3 Advanced wastewater treatment technologies.

shown in Fig. 3.%° The integration of nanomaterials into these
methods has efficiently eliminated various contaminants.*
However, the significant energy consumption associated with
these technologies can lead to substantial costs.®® The true
objective is to develop wastewater treatment plants capable of
completely and effectively eliminating emerging contaminants
(ECs). Ongoing research is dedicated to enhancing the effi-
ciency, effectiveness, and sustainability of these treatment
methods.>*?7?8

Innovative initiatives have resulted in the development of
a wastewater treatment method that combines biological
treatment with aerobic microorganisms and ozone sterilization
seamlessly.®® Although these approaches have great potential
for treating wastewater and removing pollutants, it is crucial to
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recognize that the unique approach has different benefits and
drawbacks. In summary, technology is a critical driver in
advancing sustainable and practical approaches to wastewater
treatment.

4.1. Membrane technologies

A membrane is a semi-permeable barrier that controls the
transport of substances between two adjacent phases.®” Due to
their intrinsic properties, membranes are playing an important
role in the separation of science and new engineering
approaches toward industry.®® Membrane technology is an
advanced separation process that utilizes semi-permeable
membranes to selectively transport or reject substances
between different phases such as liquids or gases.®® This tech-
nology has gained prominence across various industries
including water treatment, pharmaceuticals, biotechnology,
and environmental protection.””* Operating on the principle of
filtration, membrane technology allows for the separation of
particles based on size, where the membrane's pore size is
smaller than the contaminants to be removed, such as micro-
organisms or pollutants.”” This process is often more energy-
efficient than the traditional thermal separation methods
such as distillation and can operate effectively at lower
temperatures, making it suitable for heat-sensitive materials.”

There are several types of membrane processes, each tailored
to specific applications.””* Microfiltration (MF) is designed to
remove larger particles such as suspended solids and bacteria,
while ultrafiltration (UF) targets smaller particles including
proteins and colloids.”*”” Nanofiltration (NF) is effective for

n
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Illustrating the role of membrane technologies in wastewater treatment (Copyright Nordic membrane 2012-2019).5°
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divalent ions and small organic molecules, and reverse osmosis
(RO) can eliminate nearly all contaminants, including mono-
valent ions and small molecules, requiring high pressure for
effective separation.”® The choice of membrane process
depends on the desired purity of the permeate and the char-
acteristics of the feed solution.” Fig. 4 illustrates the types of
membranes on the basis of pore size for specific removal
applications.

In the realm of water and wastewater treatment, membrane
technology has emerged as a preferred method for reclaiming
water and treating wastewater.®" Its high separation efficiency
allows for the effective removal of contaminants, making
treated water suitable for various applications including agri-
cultural and industrial uses.*»** Additionally, membrane tech-
nology is instrumental in producing drinking water via
processes such as reverse osmosis, which ensures the removal
of harmful substances.®

Beyond water treatment, membrane technology plays
a crucial role in environmental protection, particularly in
reducing pollutants.®® It is employed in applications such as air
pollution control and the treatment of gas-phase organic
pollutants.®® The ability to operate without chemical additives
makes membrane technology an environmentally friendly
option compared to conventional methods, contributing to
sustainable practices.®” In medical applications, membrane
technology is vital for processes such as hemodialysis, where it
is used to remove toxins from the blood. Furthermore, artificial
lungs utilize membranes to facilitate oxygen transfer without
the formation of bubbles, highlighting the technology's
importance in healthcare and its potential to improve patient
outcomes.?®® Despite its numerous advantages, membrane
technology faces challenges, particularly related to membrane
fouling, which can reduce efficiency and increase operational
costs.*” Ongoing research aims to develop fouling-resistant
membranes and improve cleaning techniques to enhance the
longevity and performance of membrane systems.”® Addition-
ally, there is a growing focus on integrating membrane
processes with other treatment technologies to create hybrid
systems that maximize efficiency and effectiveness in waste-
water treatment.”* Overall, membrane technology is a versatile
and efficient method for separation processes, with significant
potential for addressing environmental -challenges and
improving water management practices.”

A driving force, such as a semipermeable barrier, controls
the rate of component movement through fractional perme-
ation and rejection via pores of varying sizes in a typical
membrane mechanism.®” This approach is frequently used in
mechanical processes for separating gas or liquid streams.
Membranes function as thin barriers for size differential sepa-
ration, often integrated with chemical and biological treat-
ments or utilized as standalone systems in secondary
wastewater treatment.*>**

Extensive research has been conducted to investigate the
application of membrane technology for wastewater treatment.
Studies®**® have identified the potential of various membrane
technologies, such as RO, MF, UF, and NF, in treating water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produced by oil fields and refineries, as well as in removing
pollutants from wastewater.

Various advanced wastewater treatment technologies have
emerged, encompassing membrane technology,’® along with
adsorption, coagulation, advanced oxidation, and magnetiza-
tion-biomimetic enzyme condensation.” The utilization of
nanotechnology, as explored by,”® has further contributed to
enhance the treatment efficiency. Within the chemical industry,
prevalent methods include physio-chemical and biological
processes, constructed wetlands, and advanced oxidation
processes.” These diverse technologies present promising
solutions for wastewater treatment.

Gray water, textile effluents, paper mill wastewater, phar-
maceutical wastewater, and hospital effluents are a few indus-
trial wastewater streams treated efficiently by membrane
technologies.'® These advanced treatment methods can also
remove a wide range of contaminants and clean the water for
potential discharge.*”*

The gray water, which is slightly polluted wastewater from
sinks, showers, and washing machines, can be effectively
treated using a combination of membrane bioreactors (MBRs)
and plastic tube ultrasonic welding machine of reverse osmosis
(RO).'> After treatment, the water is separated from biomass
through a membrane filtration process in MBR.'™ Subse-
quently, the purified water undergoes further treatment to
remove salts and organic matter using RO.'™ This hybrid setup
ensures that the water meets strict quality standards suitable for
various reuse options such as toilet flushing, irrigation, and
other non-potable uses.'*®

Membrane technology combinations are also employed to
treat textile industry effluents containing high color, COD, and
toxicity.'® The textile industry is a large contributor to water
pollution because of the dyes and dangerous chemicals that are
dumped into local rivers during production. These contami-
nants are not easily removed by conventional treatment
methods resulting in the exploration of alternative materials
such nanofibers. Nanofiltration (NF) and reverse osmosis (RO)
processes are utilized to remove dyes, salts, and organic
compounds from the textile effluent.*®” The implementation of
pretreatment procedures such as coagulation or adsorption can
help decrease the membrane fouling potential and enhance the
overall treatment efficiency.'”® The high surface area and easy
adsorption nature of nanofibers are considered excellent for
treating textile wastewater.’® A study has shown the potential of
this approach, where electrospun nanofibers made from ther-
moresponsive polymers have localized adsorption sites for
hydrophobic organic compounds and removed over 90% dyes
from distinct populations by selecting sub-optimal dye
concentrations.'® Although this technique is versatile, and it
allows the production of nanofibers with diameters from 300 to
500 nm, which can be prepared using different polymers such
as polyacrylonitrile (PAN) or even incorporating TiO, in their
structure for better dye degradation under UV light, they are
frequently linked to electrostatic issues during fiber extension
leading unwanted branches on very uniform fibers interfering
mainly at interfacial region dye interaction causing adsorption
promotion.”° The dual responsivity exhibited by these polymers

Environ. Sci.: Adv,, 2025, 4,189-222 | 195
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allows for receptor adaptations to the surrounding conditions,
such as temperature or pH."'* The dye removal process can be
further accentuated through tuning polymer properties. A
copolymer of N-isopropylacrylamide and dimethylaminoethyl
methacrylate efficiently removes acidic as well as basic dyes
from waste water, which is highly applicable for textile effluent
treatment.”* The application of nanofibers for textile waste-
water is encouraging in that it enhances the efficiency level of
dye removal and aids water resource sustainability.'** By intro-
ducing nanofiber technology within the current treatment
systems, textile manufacturers reduce their environmental
footprint substantially while enabling them to comply with
strict regulations on wastewater discharge.'™* Moreover, the
possible reuse of nanopowders for dye adsorption is economi-
cally important because this helps it in providing a low-cost
solution, which can be useful for wastewater management
among textile industries."*

Another study presents the development and application of
novel smart composite materials for the simultaneous removal
of organic impurities and toxic heavy metals from industrial
wastewater."'® These materials demonstrate high removal effi-
ciencies, reusability, and significant reduction in chemical
oxygen demand (COD) levels, making them promising candi-
dates for industrial water remediation and reuse. The smart
composite materials are fabricated using a combination of
synthetic and natural polymers such as pullulan, which exhibit
a temperature-responsive behavior. The materials can effi-
ciently extract organic contaminants such as phenols, anhy-
drides, textile dyes, pesticides, herbicides, and antibiotics, as
well as inorganic heavy metals, from wastewater. The removal
efficiency exceeds 90% at optimal concentrations. The high
reproducibility in synthesis, properties, and elimination spec-
trum of these smart composite materials sets them apart as
innovative solutions for industrial wastewater treatment. The
established 4-cycle reusability and substantial reduction in
COD levels further highlight their potential for practical appli-
cations in water reuse.

Regarding wastewater from the paper industry, it is charac-
terized by high concentrations of organic matter, suspended
solids, and nutrients, which can be effectively treated using
a combination of membrane filtration and biological
processes.'”"*® Ultrafiltration (UF) is responsible for the
removal of suspended solids and colloidal matter, while reverse
osmosis acts as a post-treatment process to remove dissolved
salts and organic compounds.****** The treated water can then
be reused in various processes within the paper mill to elimi-
nate freshwater usage and reduce the environmental
footprint.**

Advanced treatment methods are necessary for the removal
of contaminants found in pharmaceutical and hospital waste-
waters, which include organic micro pollutants, antibiotics and
pathogens.”” These methods typically involve membrane tech-
nologies (such as UF or RO), advanced oxidation processes
(AOPs), and/or activated carbon adsorption.*** The treated water
can then be discharged or reused in compliance with specific
requirements and regulations.'

196 | Environ. Sci.; Adv,, 2025, 4, 189-222

View Article Online

Critical Review

Additionally, some scientists”***** have highlighted the
advantages of membrane bioreactors, which integrate activated
sludge treatment with membrane filtration for biomass reten-
tion. This approach proves beneficial in the treatment of
industrial, domestic, and food processing waste. Collectively,
these studies emphasize the promising role of membrane
technology in enhancing the efficiency and sustainability of
wastewater treatment processes.

4.1.1. Reverse osmosis. Wastewater treatment utilizes RO
technologies to eliminate impurities and contaminants."*® RO
membranes play a crucial role in this process, but their effi-
ciency can be compromised b