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ABSTRACT: There is a vast water problem worldwide, denoted by increasing water pollution and a scarcity of clean water sources, which need
innovative and long-term solutions-utilizing seaweed and micro-algae species for wastewater treatment and biological remediation. Algae are
known to have unique physiological and biochemical characteristics since they showed effective removal of a wide variety of pollutants from
different water systems, including other heavy metals: lead, cadmium, chromium, and mercury. Also, aquatic algal species can grow in various
aquatic ecosystems due to their adsorption, ion exchange, and intracellular sequestration abilities to reduce toxic metals from surrounding
habitats. In addition to heavy metal removal, algae-based systems have shown promising uses in treating a wide range of wastewater treatment,
including municipal, industrial, and agricultural effluents, by removing organic debris, nutrients, and potentially dangerous microorganisms such
as systems. Integrating algae-based systems into standard water management processes can provide a more environmentally friendly and
sustainable technique, resulting in usable clean water, which overcomes the shortage of clean water supply.
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1. INTRODUCTION

Bioremediation, employing living organisms to
remove or neutralize environmental toxins, and
wastewater treatment are vital for sustainable
environmental management, particularly as
industrialization and urbanization rise (Magsood et
al., 2023). When untreated or inadequately treated
effluents are discharged, they threaten aquatic life
Bioremediation, employing living organisms to
remove or neutralize environmental toxins, and
wastewater treatment are vital for sustainable
environmental management, particularly as
industrialization and urbanization rise, public health,
and environmental quality (Bala et al., 2022). Toxic
metal accumulation in humans, such as Hg, Cu, Cd, Cr,
and Zn, has several repercussions, including growth
and developmental abnormalities, carcinogenesis,
neuromuscular  control deficits, intellectual
disabilities, renal dysfunction, and other diseases.
Elevated quantities of these metal ions are often
poisonous and cause significant harm to the cell
(Inouhe et al.,1996). Traditional wastewater
treatment procedures are resource-expensive and
may not be sufficient to eliminate all pollutants found
in today's discharges.

Furthermore, most of these approaches are based on
a physical displacement or chemical replacement,
causing another difficulty in the shape of hazardous
sludge, whose disposal places a further load on the
techno-economic feasibility of the treatment process
(Dwivedi 2012). This has led to a quest for more
methods to manage wastewater more sustainably
(Mora-Ravelo, 2017; Singh et al., 2023). Among these
methods, algae-based technologies have garnered
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significant attention due to their efficiency and
versatility.

Among the novel approaches, algal bioremediation
and wastewater treatment are potential and
adaptable tools. Algae, a physiologically and
biochemically diverse group of photosynthetic
organisms, have proved excellent in reducing a wide
range of waste and pollutants, including excess
nutrients, heavy metals, and organic contaminants
(Chugh et al., 2022). Their photosynthetic apparatus
captures carbon emissions from industry factories,
which reduces greenhouse gases while providing
considerable algal biomass production. Their ability to
grow successfully under harsh environmental
conditions makes them more suitable for large-scale
wastewater biological remedy techniques
(Molazadeh et al.,, 2019; Onyeaka et al., 2021).
Furthermore, algae are a promising sustainable water
biological remediation, severe environmental
condition caused by nutrient overloading various
aquatic habitats (Lopez-Sanchez et al., 2022). This
technique not only improves water quality but also
allows the recuperation of valuable resources from
treated wastewater and affects successful algal
growth, which may be utilized in biofuel production,
animal feed, and biofertilizers (Mata et al.,, 2010,
Ugwuanyi et al.,, 2024). Thus, they considered
sustainable solutions for energy safety and
environmental pollution.

The information discussed in this review clearly shows
the promising uses of various algal species in
biological remediation and wastewater processing, as
well as investigating their mechanisms, advantages,
and current situation, which have been documented
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by recent research and several case studies. These
include wastewater cultivation and how it has been
used in practical applications. The use of algae for
bioremediation and wastewater treatment combines
environmental sustainability, economic feasibility,
and scientific innovation. This review also provides
ideas that can aid in setting up a more resilient and
sustainable wastewater management method.
Furthermore, the economic and environmental
ramifications of employing algae in bioremediation
systems are highlighted, as are potential future
techniques and upgrades to boost efficacy and
scalability.

2. ALGAE: A PROMISING TOOL FOR BIOREMEDIATION
2.1 Characteristics and diversity of algae

Algae may live in various habitats, including
freshwater, marine, and terrestrial. Many species may
grow in severe settings, including thermophiles and
halophiles. Their cells have various photosynthetic
pigments, including chlorophylls, carotenoids, and
phycobilins, which allow for various metabolic modes
of life, including photoautotrophic, mixotrophic, and
heterotrophic. Algae can reproduce sexually or
asexually. They show highly efficient nutrient
absorption systems for nitrogen, phosphate, and
heavy metals (Wehr and Sheath 2015). Because they
are the principal producers in all aquatic food chains,
they play a key role in maintaining oxygen levels in
such ecosystems. Their biotechnological potential is
enormous in biofuel production, medicine, and
bioplastics. However, their growth is affected by all
environmental factors, including light, temperature,
and nutrient supply (Chankaew et al., 2019; Nguyen
et al., 2022).

2.2 Algae metabolism and its role in bioremediation

Algae have proven effective in bioremediation due to
their high metabolic activity and ability to absorb
pollutants (Chugh et al., 2022). Algal metabolism is
essential to bioremediation because it degrades
contaminants through photosynthesis and nutrient
intake. The metabolic channels allow for the
enzymatic degradation of organic pollutants and the
absorption and accumulation of heavy metals.
Environmental factors regulate these, and various
algae species have been proven to break down
contaminants at varying rates (Sarma et al., 2024).
This ability has been improved by utilizing modern
genetic and metabolic engineering techniques. As
revealed in several recent studies, there are some
sorts of interaction between metabolic processes in
algal cells with some microbial species to enhance the
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degradation of diverse types of pollutants (Ugwuanyi
et al., 2024)

2.3 Advantages of using algae in bioremediation and
wastewater treatment

Bioremediation of wastewater using algae has
notable benefits, making them a promising technique
for environmental contamination management.

2.3.1 Efficient nutrient removal

Many algal species can absorb and metabolize
enormous amounts of nutrients, such as nitrogen and
phosphorus, from wastewater ecosystems (Amaro et
al., 2023). As a result, they have been utilized to
mitigate  eutrophication in  various aquatic
ecosystems, a term referring to the overabundance of
nutrients that lead to harmful algal blooms and
subsequent water quality deterioration. Certain
chlorophycean and some cyanophycean species have
proven effective in removing pollutants from
contaminated aquatic environments (Mata et al.,
2010; Reddy et al., 2021).

2.3.2 Adaptation and variation

Algae can overcome a variety of harsh environments,
a wide range of temperatures, light intensities, and pH
levels. This adaptability enables many algal species to
grow in diverse types of wastewater systems, from
industrial effluents to domestic sewage, reflecting
their efficiency and versatility for bioremediation
(Lopez-Sanchez et al., 2022).

2.3.3 Valued biomass yield

Using algae species to treat polluted aquatic systems
has resulted in massive algal biomass that may be
used in bioenergy production, animal feed, and the
manufacture of nutritional supplements (in this case,
it is necessary to ensure that the polluted water is free
of heavy metals). Several algal species' unique ability
to remove pollutants and produce substantial algal
biomass increases the economic value of wastewater
treatment techniques (Mata et al., 2010).

2.3.4 Environmentally friendly and sustainability

Algal-based wastewater treatment is often more
sustainable than traditional wastewater treatment
procedures. They need less energy and chemicals,
consequently lowering the environmental negative
footprint. Moreover, algae can utilize carbon dioxide
from the atmosphere, significantly assisting the
mitigation of greenhouse gas production (Liu et al.,
2017).
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2.3.5 Boost oxygen production

Microalgae photosynthesis oxygen supports life for
most living organisms in all aquatic habitats. This
oxygenation process enhances the quality of aquatic
ecosystems and increases the overall effectiveness of
wastewater treatment (Kumar and Kumar, 2019).

2.3.6 Cost reduction

Usually, biological remediation systems could be more
cost-effective than traditional methods. The low
operating and maintaining costs and the potential for
income from algal biomass by-products make these
systems economically desirable (Reddy et al., 2021).

2.3.7 Sludge reduction

Algal biological remediation technologies created less
sludge than conventional and other biological
treatment methods. The low sludge content of
biological systems simplifies the treatment process
and reduces accumulated sludge's management and
disposal costs (Mata et al., 2010).

2.3.8 Combining with other treatment methods

Merging algal remedy techniques with other
traditional  wastewater treatment, such as
constructed swamps or photobioreactors, can
enhance the efficiency of total treatment and
management processes (Lopez-Sanchez et al., 2022).

2.3.9 Heavy metal removal capability

Many algal species showed their potential to adsorb,
absorb, and accumulate heavy metals in
contaminated waterways. This capability makes algae
bioremediation a valuable technique for purifying
industrial effluents that contain toxic heavy metals
(Liu et al., 2017).

2.3.10 Dispense with the existence of a large land.

Successful growth of algae in non-cultivable ground,
and even in vertical or high-density farming systems,
might lessen competition with food crops for land
usage to overcome the limited agricultural land
(Kumar and Kumar 2019).

2.4 Limitations and challenges of algal bioremediation

Although uses of a variety of algal species in biological
remediation and wastewater treatment have various
advantages, it also has a few restrictions that must be
taken into consideration for its applicability in
polluted aquatic ecosystems (Abdelfattah et al., 2023;
Kadri et al., 2023). Expanding the scope of algal
bioremediation from laboratory trials to large-scale
production can be challenging. Laboratory results
frequently do not immediately apply to a large-scale
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system because of changes in operating parameters,
such as nutrient levels, light availability, and
temperature fluctuations. The type of algal species,
wastewater system, and environmental
circumstances can impact the applicability of the algal
bioremediation technique since certain algal species
may lack the ability to eliminate specific contaminants
or have lower growth rates under certain unfavorable
conditions (Reddy et al., 2021). Algae also requires a
regular supply of nutrients for optimal growth. In
wastewater treatment, gaining and delivering such
stability can be problematic, mainly if the aquatic
polluted systems are characterized by fluctuating
concentrations of nutrients or other pollutants (Liu et
al., 2017). Some species can produce toxins, while
others can become contaminated with undesirable
microbes, which reduces their growth and metabolic
features. Managing these challenges frequently
needs additional regulating preparations and
sophisticated supplies (Gouveia et al., 2012). The
application of algae bioremediation techniques may
face considerable public acceptability issues. Policies
governing the discharge and use of treated polluted
wastewater and the potential dangers associated with
employing algae in various applications must be
authorized (Kumar and Kumar 2019). Other issues
arise from biomass gathering and processing, as well
as legislative restraints, which limit the extent to
which this technology is applied (Jalilian et al., 2020;
Saeeda et al.,, 2020). Moreover, shortages of
understanding of the long-term ecological effects and
sustainability of algae bioremediation systems
represent another problem, so a clear understanding
of this issue is required to evaluate these polluted
systems' overall safety and efficacy (Bala et al., 2022).

2.5 Mechanisms of algal bioremediation
2.5.1 Nutrient uptake and removal

Algae contributes to wastewater bioremediation by
concentrating on essential nutrients such as nitrogen,
phosphorus, and heavy metals. The sophisticated
biochemical processes require algal absorption of the
abovementioned nutrients, which are subsequently
transformed into biomass and other by-products. As
a result, the concentration of these nutrients
influences algal development and the efficiency with
which they are removed. The efficiency with which
algae species absorb nutrients varies (Chugh et al.,
2022; Sarma et al., 2024). Various variables, including
light, temperature, and pH, impact nutrient
absorption effectiveness. Some strategies for
improving nutrient intake include genetic engineering
and co-culture. Nutrient removal methods must be
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monitored, but maintaining consistent performance is
difficult; hence, it should be integrated with other
wastewater treatment processes (Stevenson et al.,
2006; Farid et al., 2023)

2.5.2 Heavy metal sequestration

Toxic metal accumulation in humans, such as Hg, Cu,
Cd, Cr, and Zn, has several negative consequences,
including growth and developmental abnormalities,
carcinogenesis, neuromuscular regulatory errors,
mental blockage, renal failure, and many other
disorders. Meanwhile, excessive doses of these metal
ions are often poisonous and cause significant harm
to cells (Inouhe et al., 1996). Thus, heavy metal
retention is essential for detoxifying wastewater's
most common hazardous metals, and cleaning
activities remain necessary. Traditional heavy metal
removal treatments have proved ineffective and
unreasonably expensive. Most of these procedures
are based on physical dislocation or chemical spare,
generating a second difficulty in the form of
hazardous sludge, which imposes a new weight (for
its removal) on the techno-economic practicability of
the treatment process (Dwivedi 2012). Many algal
species have recently received much attention
because of their inherent propensity to absorb heavy
metals through biosorption and bioaccumulation
(Gutiérrez et al., 2015; Akbar and Khairunnisa, 2024).
The effectiveness of the algal sequestration process is
influenced by pH, temperature, and metal
concentration. Recent advances in genetic
engineering have helped to improve these talents. On
this view, the integration of algal sequestration into
existing wastewater treatment systems to boost
removal efficiency is envisaged. At the same time, an
intervention is presented with indisputable economic
and environmental benefits for more sustainable
bioremediation methods (Srimongkol et al., 2022).

2.5.3 Degradation of organic pollutants

Organic contaminants, with their complex and varied
chemical structures, provide one of the most critical
difficulties to successful wastewater treatment. Their
destruction frequently relies on metabolic activity by
microorganisms that use unique biochemical
pathways to break down the pollutant (Bala et al.,
2022; Abdelfattah et al. 2023). Several algae species
have been tested for efficacy in degrading such
contaminants, and they frequently profited from
synergistic interactions with bacteria. Temperature
and pH are two of the most essential abiotic variables.
As a result, circumstances that might maximize
deterioration efficiency become a primary emphasis,
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and progress is constantly monitored. Case studies
have proven successful in degradations and biomass
availability for natural products, indicating strategies
for further study (Dar and Singh 2022; Yusriyyah et al.,
2021). For example, a case study of the soda ash
industry in India showed a potential bioremediation
of the effluent and a significant impact on phyco-
colloid availability and yield (Jadeja, et al., 2012).

2.5.4 Algal-bacterial interactions in bioremediation

Symbiotic connections between algae and bacteria
are helpful in bioremediation systems, improving
pollutant breakdown effectiveness by many orders of
magnitude (Sun et al., 2022; Fuentes et al., 2016).
Bacteria helps them by enabling nutrient exchange
and boosting algal growth and health in various ways.
The interactions that result in pollutant degradation
improve the system's overall efficacy. Specific algal-
bacterial consortia have been found to have
bioremediation capabilities, and optimization tactics
are constantly being developed to improve these
systems. While the challenges and limitations of
integrating these interactions have yet to be
presented, genetic engineering has the potential to
enhance algal-bacterial synergy further, resulting in
significant environmental benefits in terms of
wastewater treatment applications (Bashir et al.,
2023; Tay et al., 2023).

3. ALGAL CULTIVATION TECHNIQUES FOR
WASTEWATER TREATMENT
3.1 Open Pond systems

Open-pond systems are essential to algal
bioremediation because they are a low-cost, simple,
and scalable waste treatment technique. Distinctive
designs are offered in the shape of raceway ponds,
circular ponds, and natural lakes, each with its own
set of advantages and limits (Borowitzka and
Moheimani 2012). Despite certain advantages, open-
pond systems have drawbacks, such as pollution,
water loss, and weather reliance. Optimization
procedures are necessary to improve algal growth.
Continuous monitoring and management of water
quality indicators is essential. Several successful case
studies demonstrate their usefulness, while a
comparative study highlights the advantages of closed
systems. Future technological breakthroughs provide
the prospect of further upgrading these systems
(Snyder and Mesko 2024; Rahman and Ellis 2012).

3.2 Photobioreactors

Photobioreactors are essential in algae production for
bioremediation and wastewater treatment. Open and
closed systems have several advantages, including

Egyptian J. of Phycol. Vol. 25, 2024, (21-34)




Bioremediation and wastewater treatment using algae: A review

environmental control and higher algal productivity.
Major design factors for photobioreactors include
increasing light exposure and light-related efficiency
and optimizing nutrition delivery and waste removal
(Manu et al., 2024). Despite the challenges of scaling
up for industrial applications, novel technologies
combined with wastewater treatment systems have
potential. Active monitoring and control systems are
necessary to ensure operational efficiency. Future
advancements will further advance photobioreactor
technology (Olivieri et al., 2013; Xiao and Luo 2022).

3.3 Hybrid Systems

Hybrid systems represent a new frontier in
bioremediation  since  they integrate algal
bioremediation with other treatment approaches,
such as bacterial or fungal processes, to increase total
system efficiency (Pande et al.,, 2022). In such
environments, the synergistic effects of algae and
microorganisms outperform traditional techniques in
pollution removal and resource recovery. Design and
operational factors are critical for optimizing
functionality; case studies have decisively
demonstrated their effectiveness. Though scalability
and commercial feasibility remain significant
problems, the environmental advantages of these
hybrid systems are considerable and promise future
research to attain further optimization (Serrano-
Serrano et al., 2021).

3.4 Optimization of Growth Conditions

The optimization of growing conditions is long
overdue to attain optimal efficiency in algal
bioremediation. Light, temperature, pH, and nutrient
availability influence algal development. Light
intensity and photoperiod are crucial for increasing
algal biomass production (Singh and Singh 2015;
Badar et al., 2018). Temperature fluctuations have a
significant impact on metabolic processes and
development rates. Temperature fluctuations have a
significant effect on metabolic processes and
development rates. Various algae species require
certain pH ranges to work well in wastewater
treatment. This will be accomplished by balancing
nutrient  concentrations, specifically  nitrogen,
phosphorus, and trace elements. CO;
supplementation can help algae grow faster and store
more carbon. Improvements in technology have
resulted in improved monitoring of these disorders.
Case studies are designed to demonstrate
optimization methodologies in action despite the
obstacles and limits of large-scale applications (Moran
and Nakata 2010; Nakajima et al., 2020).
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4. CASE STUDIES AND APPLICATIONS
4.1 Appreciable case studies

Recently, there has been growing global awareness of
using eukaryotic algae and Cyanophyceae as eco-
friendly and low-maintenance bioremediation
technologies for polluted sites. Eukaryotic algae and
Cyanophyceae have been utilized extensively to
remediate wastewater by turning dissolved nutrients
into biomass (Mohsenpour et al., 2021). However, the
beneficial application of eukaryotic algae and
cyanophyceae in bioremediation of polluted waters,
whether in natural aquatic habitats or industrial
effluents, requires additional investigation. Table 1
illustrates some of these appreciable case studies.

4.2 Successful bioremediation projects using algae

Over the last years, algae-based bioremediation
techniques have shown great promise and
effectiveness in many regions worldwide. In Europe,
by selecting and reviewing 202 articles published in
Scopus between 1992 and 2020, some aspects such
as the feasibility of microalgae cultivation on
wastewater and potential bioremediation have been
investigated and evaluated. The results indicated that
the microalgae could grow on wastewater and carry
out effective bioremediation. Furthermore, single-
step treatment with mixotrophic microalgae could
represent a valid alternative to conventional
processes. (Geremia et al., 2021; Touliabah et al.,
2022). Similarly, in the United States, algae use in
managing municipal garbage has improved
dramatically. In Asia, algal bioremediation approaches
have demonstrated potential for controlling
agricultural runoff. Such programs have used a variety
of algae strains that have been evaluated and selected
for efficiency and efficacy in conjunction with
traditional wastewater treatment technologies. The
environmental advantages gained from the observed
data, economic feasibility, and cost-effectiveness
highlight its potential despite the problems
encountered and remedies applied. Furthermore,
such projects have had good benefits on local
communities and ecosystems, and they are backed by
favorable policies and regulations (Eskandar 2023;
Zaidi 2024).

4.3 Industrial wastewater treatment

Industrial wastewater refers to all sorts of effluent
produced by manufacturing and processing firms,
which often contain dangerous chemicals such as
heavy metals, organic contaminants, and nutrients
(Muthukumaran 2022).
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Table 1. Some appreciable case studies for bioremediation and wastewater treatment using algae.

Algal Species
Chlorella vulgaris
Spirulina platensis

Dunaliella salina

Ulva lactuca
Sargassum spp.
Nannochloropsis oculate
Scenedesmus obliquus
Ecklonia maxima
Fucus vesiculosus
Haematococcus pluvialis
Microcystis aeruginosa
Micrasterias denticulate
Pavlova viridis
Chlorella minutissima, Scendesmus spp, Nostoc sp
Ascophyllum nodosum
Fucus vesiculosus
Phormedium bohner
Platymonas subcordiformis
Sargassum filipendula
Sargassum fluitans
Sargassum natans,
Sargassum vulgare
Spirogyra hyalina
Anabaena Cylindrica, Fragalaria crotoneis,
Haematococcus Pluvialis, Navicula pelliculosa,
Pediastrum Simplex, Selenastrum Capriconutum,
Synechococcus sp.
Oedogonium sp.
Dictyochloropsis splendida,
Gellidium pectinatuns,
Enteromorpha compressa,
Spirulina platensis,
Dictyochloropsis splendida,
Ulva lactuca
Nannochloropsis oculata and Tetraselmis chuii
Chlorella pyrendoidosa
Chlorella sorokiniana.
Phormidium sp.

P. bohner
Pambigunum
P. corium
Oscillatoria quadripunctulata
Oscillatoria tenius
Scenedesmus acutus
Scenedesmus quadricauda
Euglena gracilis
Chlorella vulgaris
Chlorella sorokiniana
Chlorella sp
Spirogyra hyaline
Spirogyra halliensis
Spirogyra sp.
Cladophora glomerata
Chlorella vulgaris, Chlorella salina
Scenedesmus abundans
Chlorella vulgaris and Scenedesmus quadricauda
Turbinaria ornata
Gelidium amansii
Cystoseira barbata and
Cystoseira crinite
Sargassum
dentifolium
Sargassum
filipendula
Gracilariacorticata
Hypnea Valentiae
Sargassum muticum
Ulva intestinalis,

Ulva lactuca,

Fucus spiralis,

Fucus vesiculosus,
Gracilaria sp.,
Osmundea pinnatifida
Ulva lactuca
Caulerpa scalpelliformis
Sargassum polycystum

Pollutant removed/ wastewater treatment
Heavy metals, nutrients, organic pollutants

Heavy metals, organic pollutants
Saline wastewater, nutrients

Nutrients, heavy metals
Heavy metals, organic pollutants
Heavy metals, nutrients
Heavy metals, nutrients
Nutrients, organic pollutants
Heavy metals, nutrients
Heavy metals, organic pollutants
Nutrients, organic pollutants
Heavy metals
Heavy metals
Sewage Wastewater
Heavy metals
Heavy metals
Heavy metals
Heavy metals
Heavy metals
Heavy metals

Heavy metals

Heavy metals

Heavy metals

Wastewater with heavy metals

Heavy metals

Digested wastewater sludge, manure

Aquaculture wastewater
Heavy metals
Heavy metals

Heavy metals

Heavy metals

Heavy metals

Heavy metals

Heavy metals

Heavy metals

Heavy metals
wastewater
Phenol
wastewater
Heavy metals
Heavy metals

Heavy metals
Heavy metals

Heavy metals

Heavy metals
Heavy metals
Heavy metals

Heavy metals

Heavy metals
Heavy metals
Heavy metals

References
Gadd 2004; Park and Lee 2010; Huo et al., 2017; Lu et al., 2021
Vonshak 1999; Becker 2007; Wang and Wu 2016
Benemann and Weissman 1977; Fernandez 2017;
Tillett and Smith 2019; Zhu et al. 2019
Kadlec and Reddy 2001; Vymazal 2011
Critchley and Ohno 1998
Mata et al., 2010; Mendez and Hu 2015; Kuan and Khoo 2018
Li et al., 2012; Danouche et al., 2021
Becker 2007; Gouveia and Oliveira 2009
Kadlec and Reddy 2001; Huo et al., 2017

Sivonen and Jones 1990.

Ma and Liu 2013
Volland et al. 2012

Mei et al., 2006

Sharma and Khan 2013

Kuyucak and Volesky 1988; 1989; Holan and Volesky 1994
Holan and Volesky 1994
Dwivedi et al., 2012
Mei et al., 2006
Davis et al., 2000
Holan and Volesky 1994; Davis et al., 2000

Holan and Volesky

Kumar and Oommen 2012
Benchraka 2014

Roberts et al. 2013

Abd El-Monsef et al. 2014

Sode et al. 2013
Sirakov and Velichkova, 2014
Singhal et al., 2004
Yoshida et al. 2006

Wang et al., 1995; Dwivedi et al., 2012; Shanab et al., 2012;
RanalLetal., 2013

Ajayan et al., 2011; Azizi S N et al., 2012; Rana et al., 2013

Shanab et al., 2012
Fukami et al., 1988

Matsunaga et al., 1999; Rehman and Shakoori 2003; 2004;
Yoshida et al., 2006

Mane and Bhosle 2011; Kumar and Oommen 2012

Vymazal 1990
El-Sheekh et al., 2016a and b;
Fawzy and Alharthi 2021
Kshirsagar 2013
Al-Dhabi and Arasu 2022
El-Naggar et al., 2018

Yalgin and Ozyiire 2018
Husien, et al., 2019

Moino et al., 2017; Nishikawa et al., 2018

Raju et al., 2021
Vafajoo et al., 2018
Vieira et al., 2017

Fabre et al., 2020

Senthilkumar et al., 2017
Jayakumar et al., 2021a
Jayakumar et al., 2021b
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These pollute the environment and represent a
significant risk to public health, which is why
regulatory requirements focus on strict treatment
procedures. Bioremediation, particularly by algae,
appears promising since it takes advantage of the
inherent metabolic activity of specially chosen algal
species capable of degrading and absorbing
pollutants. The methodology provides regulatory
compliance and other economic and environmental
benefits, such as decreased ecological footprints and
the ability to integrate into traditional treatment
processes. Despite these benefits, difficulties like
scalability and operating expenses require novel
technology and future trends (Nurhasana 2014; Farid
et al., 2023).

4.4 Municipal wastewater treatment

This method is an essential part of municipal
infrastructure because it involves the removal of
pollutants from sewage to safeguard human health
and the environment. It involves many stages,
assuring primary, secondary, and tertiary remedies for
physical, biological, and chemical contaminants.
Organic debris, infections, and chemical pollutants
are prevalent contaminants that must meet stringent
regulatory requirements. Microorganisms play a
critical role in the breakdown of organic waste, and
technological advancements continue to enhance
treatment efficiency (Silva, 2023). Multiple successful
case studies support the promising potential of this
combination with algal bioremediation. Though
prospects may appear grim at present, future trends
lead to more inventive and sustainable methods of
doing things (Roberts et al., 2013; Mudulia and Ray
2021)

4.5 Agricultural runoff treatment

Agricultural runoff, the water flow of farm fields into
surrounding water bodies, may be a high-load
transporter of pollutants such as nitrates, phosphates,
and pesticides. These are the primary causes of
eutrophication in aquatic habitats and frequently
endanger human health (Kato et al., 2009). Traditional
remediation methods, such as human-caused
wetlands and buffer strips, have limited efficacy and
scalability. Because they can take up and digest, algae
can become the next frontier in pollution reduction.
Some algae species, such as Chlorella and Spirulina,
can remove contaminants in runoff. Integrating algae
therapy with traditional farming techniques would
assist farmers economically and significantly boost
environmental advantages. Other problems to
consider for efficiently scaling up the system include
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the optimization of growth conditions and the risk of
biofouling (Tang et al., 2021 and 2022).

5. ECONOMIC AND ENVIRONMENTAL IMPACTS
5.1 Cost-benefit analysis of algal bioremediation

The cost-benefit analysis in algal bioremediation
would include all financial factors, from the original
investment expenses to the ongoing operating and
maintenance expenditures (Das and Kumar, 2022).
Compared to typical wastewater treatment methods,
algae bioremediation has a far more promising
economic outlook, particularly when considering the
value of by-products such as biofuels and biomass.
This might also lead to multi-million-dollar savings
connected to environmental compliance and secure
long-term economic advantage through reduced
chemical use and pollution. Algal system scalability,
efficiency improvements, and government incentives
and subsidies can potentially reduce return on
investment timeframes. Case studies show that
cultivating algae and creating jobs in local economies
has a favorable economic impact (Miara et al., 2014,
Hammitt 2020).

5.2 Environmental sustainability

Environmental sustainability is one of the most
significant modern ideas in wastewater treatment,
emphasizing the integrity of best practices in
preserving ecological health through effective waste
management. Bioremediation, particularly by algae,
restores ecological equilibrium by naturally reducing
chemical pollutants and poisons (Silva, 2023). Algal
systems can be coupled with existing wastewater
infrastructures to create a sustainable alternative that
reduces reliance on nonrenewable resources while
increasing carbon sequestration. This technique
guarantees a reduced ecological footprint, providing
long-term environmental advantages and resilience.
Second, it becomes highly necessary for policymakers
now to back these eco-friendly acts with
consequences and regulatory assistance in
encouraging the same (Abdelfattah et al., 2023).

5.3 Potential for resource recovery

Seeking resources from bioremediation demonstrates
the path of sustainable waste management. The
algae, selected first in the flow, appear to be the most
efficient in absorbing nitrogen and phosphate from
wastewater. The conversion of algal biomass
produced by algal overgrowth into biofuels provides a
sustainable energy source while also serving as
alternate energy (Lage et al., 2018). The capacity to
take nutrients from the exiled algae determines the
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biofuel's quality. It has a significant component of
high value, including pigments (Hannon et al., 2010).

6. POLICY AND REGULATORY CONSIDERATIONS

Understanding current rules is critical in
bioremediation and wastewater treatment utilizing
algae. Indeed, governmental frameworks are
becoming more supportive of bioremediation
technologies in general, but there are unique hurdles
to algal bioremediation. Compliance for growing algae
in wastewater systems is stringent and controlled by
environmental rules, which may hinder or benefit
these technologies (Abdelfattah et al.,, 2023).
Government and international organizations can also
be key in standardizing techniques and offering
incentives and financing for various bioremediation
initiatives. Studying successful policy
implementations may provide significant knowledge,
and future regulatory trends are likely to shape the
path of this new area (Peckham et al., 2021; Lawton
et al, 2013).

7. GENETIC ENGINEERING OF ALGAE FOR ENHANCED
BIOREMEDIATION

Genetic  engineering has improved algae's
bioremediation capabilities, benefiting wastewater
treatment. Genetic alterations will improve algae's
capacity to absorb and break down harmful
contaminants. Algae are being genetically
manipulated using techniques like CRISPR-Cas9 and
transgenic technologies to produce strains with
enhanced metabolic pathways for pollution
breakdown (Touliabah et al., 2022; Hassanien et al.,
2023). Several experimental efforts on genetically
altered algae for wastewater treatment have been
reported to be effective, potentially making a
difference in this sector. Utilization of such modified
organisms may result in possible risks and ethical
considerations, which must be addressed with
extreme caution. Further extensive studies are
required to improve these genetic alterations for safe
use in polluted aquatic ecosystems (Nguyen et al.,
2022; Gupta et al., 2022).

8. INTEGRATION WITH OTHER BIOREMEDIATION
TECHNOLOGIES

Implementing algal-based integration with current
bioremediation methods may increase functional
efficiency for wastewater treatment. Algal
bioremediation can be used with microbial
consortiums to optimize synergistic effects in quickly
degrading pollutants. Co-treatment options have
been tested in large numbers in the field, and some
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have proven effective (Kadri et al., 2023). The two
most significant difficulties to overcome are system
complexity and expense. Comprehensive cost-benefit
assessments, as well as environmental sustainability
factors, must be addressed for optimization. Further
studies should focus on resolving these limitations
and developing clear legislative and legal frameworks
for scalability (Dewan 2011; Ugwuanyi et al., 2024).

9. EMERGING TRENDS IN ALGAL RESEARCH FOR
BIOREMEDIATION

Genetic engineering in algae is drastically improving
its capacity to remove pollutants from wastewater.
The development of hybrid algal systems mixing
species increased the efficacy of bioremediation
(Hassanien et al., 2023). Optimized photobioreactor
designs provide improved conditions for algal growth
and more effective pollution removal. Researchers are
also looking at algae's ability to clear new pollutants
from wastewater. Artificial intelligence and machine
learning are essential for monitoring and improving
bioremediation operations. Nanotechnology is also
used to enhance algal nutrient absorption and
pollutant breakdown. The potential for carbon
collection and use by algae to mitigate climate change
is being investigated. Sustainable harvesting methods
are being developed to maximize algal biomass
output while minimizing environmental effects. The
economic  feasibility = of  large-scale  algal
bioremediation techniques is being investigated, and
there is an increasing interest in cocultivation for
synergistic benefits by cultivating algae with other
microbes (Gu and Wang 2020; Russell et al., 2006;
Gupta et al., 2022).

10.PROSPECTS FOR LARGE-SCALE IMPLEMENTATION

While algal bioremediation has enormous potential
for large-scale use in the wastewater treatment
process, it is not without obstacles. Current scaling
difficulties, such as high operational costs and
technology restrictions, must be addressed. Improved
bioreactor architecture and the creation of modified
algae strains make large-scale applications more
possible. However, the cost is an essential
consideration regarding original investment and
upkeep (Penloglou et al., 2024; Arora et al., 2024).
There are, however, certain regulatory compliance
and integration issues with current infrastructure.
Regardless, the environmental advantages might be
significant. As several case studies have
demonstrated, public approval and community
participation are key to its effective implementation.
Inevitably, interdisciplinarity and future research will
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be necessary to overcome such barriers to the
broader application (Oguejiofor et al., 2023; Roberts
et al, 2013).

11.SYNTHESIS AND IMPLICATIONS OF ALGAL
BIOREMEDIATION IN WASTEWATER TREATMENT

Future developments and advances in this subject are
predicted to increase the efficacy and uptake of algal
bioremediation. Further genetic engineering, system
integration, and process optimization will result in
remarkable gains. The ability to produce biofuels from
algae and recover valuable by-products adds another
layer to the many benefits of adopting this technology
(zeraatkar et al., 2016).

One of the most significant inventions in
environmental biotechnology is algal bioremediation
technique for wastewater treatment. It will continue
to evolve concerning the specific features and energy
sources that characterize algae, resulting in more
ecologically friendly, competent, and cost-effective
ways to address some of the environment's upcoming
concerns. Suppose research efforts are conducted at
the correct moment. In that case, increased
collaboration between science and practice will be
crucial in laying out the full potential of algae in
bioremediation and wastewater treatment.
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