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1. Introduction

Aquatic environments worldwide are increasingly threatened by the continuous influx of contaminants and
excess nutrients originating from agriculture, urbanization, and industrial activities. Runoff is rich in nitrogen and
phosphorus from fertilized soils, effluents from wastewater treatment plants, and the discharge of chemical
pollutants have intensified eutrophication, biodiversity loss, and ecological imbalance in both freshwater and
marine systems [1]. Conventional remediation technologies, although effective in controlled settings, often remain
costly, energy-intensive, or insufficient for addressing the complexity and scale of modern pollution. As a result, nature-
based solutions are gaining prominence as sustainable, low-impact alternatives for restoring water quality [2,3].

Rather than functioning as engineered bio-platforms, algae should be conceptualized as dynamic,
engineerable bio-platforms capable of coupling contaminant removal with resource recovery. Their
multifunctionality arises from synergistic interactions among metabolic assimilation, surface-driven sorption
processes, microbial consortia, and system-level design configurations. This systems perspective enables algae to
address increasingly complex, mixed-contaminant matrices that challenge conventional unit-process treatment
technologies [4].

Despite extensive research on algal-based remediation, critical knowledge gaps remain insufficiently
addressed. Most existing studies focus on single-contaminant removal under controlled conditions, whereas real-
world aquatic systems are characterized by complex mixtures of nutrients, metals, organic pollutants, and
emerging contaminants such as microplastics and pharmaceuticals. The synergistic ecotoxicological interactions
within these mixed-contaminant matrices, such as the role of microplastics as vectors for metal adsorption and
transport, remain poorly resolved. Furthermore, techno-economic constraints associated with large-scale
deployment, including harvesting efficiency, biomass management, and system integration into existing treatment
infrastructures, are fragmented across the literature. As a result, a consolidated, critical evaluation that integrates
mechanistic understanding with system-level design and scalability considerations is urgently needed.

The dual role of algae, as primary producers essential to ecosystem functioning and as biological agents
capable of mitigating contamination, positions them as key components of sustainable water management
strategies. This review critically synthesizes current knowledge by bridging mechanistic insights with system-level
performance, emphasizing mixed-contaminant scenarios and scalability constraints to advance algae-based
remediation toward deployable, circular bioeconomy solutions [5].

2. Freshwater Ecosystems
2.1. Contaminants

Freshwater ecosystems are increasingly burdened by a diverse array of contaminants originating from
agricultural, urban, and industrial activities [6,7]. Agricultural runoff remains one of the dominant sources of
freshwater pollution, delivering high loads of nitrogen and phosphorus from synthetic fertilizers, as well as
pesticides, herbicides, and veterinary pharmaceuticals. These inputs accelerate eutrophication, promote harmful
algal blooms, and disrupt nutrient cycling, ultimately degrading water quality and reducing biodiversity [1]. In
parallel, urban environments contribute contaminants through stormwater runoff, sewage overflows, and effluents
from wastewater treatment plants, which often contain microplastics, detergents, personal care products,
endocrine-disrupting compounds, and antibiotic residues. Industrial discharges further introduce heavy metals
such as cadmium, lead, chromium, and mercury, along with organic solvents, dyes, and persistent organic
pollutants that accumulate in sediments and biota [7].

The complexity of freshwater contamination is intensified by the coexistence of multiple pollutant classes,
many of which interact synergistically to amplify ecological stress. Excess nutrients stimulate primary productivity
beyond ecosystem capacity, while chemical contaminants impair physiological functions in aquatic organisms,
alter microbial communities, and compromise ecosystem resilience. Emerging contaminants, including
pharmaceuticals, nanomaterials, and microplastics, pose additional challenges due to their persistence,
bioaccumulation potential, and limited removal by conventional treatment technologies [8]. In this context, algae
offer a promising nature-based solution for mitigating freshwater contamination. Their ability to assimilate
nutrients, adsorb metals and organic pollutants, and transform or immobilize contaminants position them as
engineered bio-platforms. Understanding the diversity and dynamics of freshwater contaminants is therefore
essential for designing algal-based remediation strategies that are both efficient and ecologically compatible [9].

https://doi.org/10.53941/eccs.2026.100005 2 of 17



Pereira Environ. Contam. Causes Solut. 2026, 2(1), 5

2.2. Algae as Engineered Remediation Platforms

Freshwater ecosystems contain a rich diversity of microalgae and macroalgae that demonstrated removal
efficiencies under controlled conditions, capable of removing excess nutrients and chemically diverse contaminant
classes spanning inorganic and organic fractions from polluted waters. Their physiological plasticity, rapid growth,
and biochemical affinity for dissolved and particulate pollutants allow them to thrive in rivers, lakes, reservoirs,
wetlands, and wastewater treatment systems, where they contribute significantly to the mitigation of agricultural,
urban, and industrial pollution [10]. Among microalgae, species such as Chlorella vulgaris, Chlorella sorokiniana,
Auxenochlorella pyrenoidosa, Tetradesmus obliquus, Scenedesmus quadricauda, Desmodesmus communis,
Ankistrodesmus falcatus, and Monoraphidium griffithii (Chlorophyta) are widely recognized for their capacity to
assimilate large quantities of ammonium, nitrate, and phosphate. Their high surface-area-to-volume ratios and
efficient nutrient uptake kinetics enable them to reduce nutrient concentrations rapidly, often achieving removal
efficiencies above 80-90% under optimized conditions. The cell walls of these species, enriched with
polysaccharides and functional groups such as carboxyl, hydroxyl, and amine moieties, also facilitate strong
biosorption of heavy metals including cadmium, lead, chromium, and copper. In addition to inorganic pollutants,
several freshwater microalgae demonstrate notable affinity for organic contaminants [11,12].

Species like A. pyrenoidosa and A. falcatus can adsorb or transform pesticides such as atrazine and
glyphosate, pharmaceuticals including diclofenac and sulfamethoxazole, and endocrine-disrupting compounds
through hydrophobic interactions and enzymatic pathways. Cyanobacteriophyta such as Limnospira platensis and
Microcoleus autumnalis further enhance contaminant removal due to their mucilaginous sheaths and abundant
extracellular polymeric substances, which bind metals, dyes, and emerging pollutants such as microplastics and
antibiotic residues [13,14].

Freshwater macroalgae, although less extensively studied than their marine counterparts, also exhibit strong
remediation potential. Filamentous green algae such as Cladophora glomerata, Cladophora rivularis, Ulothrix
zonata, Oedogonium intermedium, Oedogonium capillare, and Rhizoclonium hieroglyphicum (Chlorophyta) are
particularly effective in nutrient-rich waters, where their extensive surface area and rapid biomass accumulation
allow them to assimilate substantial quantities of nitrogen and phosphorus. Cladophora glomerata is especially
notable for its exceptional phosphate uptake capacity and its ability to dominate eutrophic rivers and lakes,
contributing to improved water clarity by trapping suspended solids and binding metals through its cellulose-rich
cell walls [15-17]. Species of Oedogonium, including O. intermedium and O. capillare, have been successfully
integrated into wastewater treatment systems, where they remove nutrients efficiently while producing biomass
suitable for biofuel production, composting, or use as a slow-release fertilizer [17]. Freshwater red algae, though less
common, also contributes to contaminant removal. Species such as Batrachospermum gelatinosum and
Compsopogon caeruleus (Rhodophyta) accumulate metals and organic pollutants within their mucilaginous matrices,
making them particularly effective in low-flow environments or in systems with high sediment loads [18].

The mechanisms underlying the filtration capacity of freshwater algae are diverse and complementary.
Nutrient removal occurs primarily through assimilation into cellular biomass, while metals and organic pollutants
are removed through biosorption onto cell walls, bioaccumulation into intracellular compartments, and
biotransformation via enzymatic pathways [19]. Many species produce extracellular polymeric substances that
promote flocculation, enabling the aggregation and sedimentation of suspended solids, microplastics, and colloidal
contaminants. Some algae also modulate pH during photosynthesis, enhancing the precipitation of phosphorus or
metals and further contributing to water purification [20].

These biological traits have led to the integration of freshwater algae into engineered remediation systems.
High-rate algal ponds commonly employ species such as C. vulgaris, T. obliquus, and D. communis for tertiary
wastewater treatment. Algal turf scrubbers dominated by Cladophora glomerata and Ulothrix zonata are used to
polish effluents and intercept nutrient-rich runoff [21]. Constructed wetlands incorporating Oedogonium and
Rhizoclonium species enhance nutrient removal while stabilizing sediments [22]. Hybrid algal-bacterial systems
further improve contaminant degradation, and photobioreactors allow controlled cultivation of microalgal
monocultures for targeted pollutant removal [23]. Across these applications, freshwater algae consistently
demonstrate high removal efficiencies for nitrogen, phosphorus, heavy metals, pesticides, pharmaceuticals, dyes,
and suspended solids, positioning them as powerful, low-cost, and sustainable tools for restoring water quality in
contaminated freshwater environments [24].

However, the majority of these performance data are derived from controlled laboratory systems and may not
directly translate to field-scale conditions characterized by fluctuating contaminant loads and environmental variability.
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3. Marine Ecosystems
3.1. Contaminants

Marine ecosystems are subject to escalating multi-source contaminant pressures, a complex mixture of
contaminants originating from terrestrial runoff, atmospheric deposition, maritime activities, and offshore
industrial operations [25]. Coastal zones, estuaries, and open-ocean environments all receive substantial pollutant
loads, although their composition and ecological consequences vary with hydrodynamics, proximity to human
activities, and biogeochemical conditions. Among the most pervasive contaminants in marine waters are excess
nutrients derived from agricultural fertilizers and untreated or partially treated wastewater. Elevated concentrations
of nitrate and phosphate stimulate harmful algal blooms, oxygen depletion, and shifts in community structure,
ultimately compromising ecosystem resilience. In addition to nutrient enrichment, marine environments
accumulate a wide spectrum of chemical pollutants, including heavy metals such as mercury, cadmium, lead,
chromium, and arsenic, which enter the ocean through riverine discharge, mining effluents, industrial emissions,
and atmospheric transport. These metals persist in seawater and sediments, bioaccumulate in marine organisms,
and disrupt physiological processes across multiple trophic levels [26,27].

Organic contaminants represent another major category of marine pollutants. Pesticides, herbicides, and
fungicides transported from agricultural landscapes reach coastal waters, where they interfere with photosynthesis,
reproduction, and endocrine function in marine biota [27]. Persistent organic pollutants (POPs), including
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), dioxins, and organochlorine
pesticides, are of particular concern due to their long environmental half-lives, hydrophobicity, and strong
tendency to accumulate in sediments and biological tissues. Pharmaceuticals and personal care products, such as
antibiotics, antidepressants, hormones, UV filters, and surfactants, are increasingly detected in marine waters near
densely populated regions. Their chronic, low-dose effects on marine organisms remain insufficiently understood
but include altered metabolism, oxidative stress, and disruption of microbial communities essential for nutrient
cycling [28].

Emerging contaminants, especially microplastics and nano-plastics, have become ubiquitous in marine
ecosystems. These particles originate from the fragmentation of larger plastic debris, synthetic textiles, tire wear,
and industrial microbeads. Their small size allows them to remain suspended in the water column, accumulate in
surface waters, or settle into sediments, where they interact with marine organisms through ingestion, adsorption,
and biofouling [29]. Microplastics also act as vectors for hydrophobic pollutants and pathogenic microorganisms,
enhancing their transport and bioavailability. Additional emerging contaminants include nanoparticles (e.g., silver,
titanium dioxide, zinc oxide), flame retardants, per- and polyfluoroalkyl substances (PFAS), and industrial
additives, all of which exhibit persistence and potential toxicity [30].

Marine contamination is further intensified by petroleum hydrocarbons released from oil spills, shipping
activities, and offshore extraction. Crude oil and refined petroleum products contain complex mixtures of toxic
compounds that impair photosynthesis, respiration, and membrane integrity in marine organisms [31]. Antifouling
paints used on ships introduce biocides such as tributyltin (TBT), copper compounds, and synthetic boosters into
coastal waters, where they accumulate in sediments and exert long-lasting toxic effects on algae, invertebrates,
and fish [32].

The combined presence of nutrients, metals, organic pollutants, plastics, and emerging contaminants creates
a multifaceted stress landscape for marine ecosystems. These pollutants interact synergistically, altering food
webs, reducing biodiversity, and compromising the ecological functions of primary producers such as microalgae
and macroalgae. Understanding the diversity, sources, and ecological impacts of marine contaminants is essential
for evaluating the potential of algae as high-performance bio-based remediation agents and for designing effective
algal-based remediation strategies in marine environments [33].

3.2. Marine Algae Engineered Remediation Platforms

Marine algae, encompassing a vast diversity of microalgae and macroalgae, perform critical ecosystem and
process-level functions in mitigating contamination in coastal and open-ocean environments. Their capacity to
assimilate nutrients, adsorb metals, bind organic pollutants, and immobilize particulate contaminants makes them
essential high-performance bio-based remediation agents in ecosystems increasingly exposed to anthropogenic
stressors [34]. Marine microalgae, including species such as Nannochloropsis oceanica, Microchloropsis gaditana
(Eustigmatophyceae), Tetraselmis suecica, Tetraselmis chui (Chlorophyta), Isochrysis galbana (Haptophyta),
Phaeodactylum tricornutum, Skeletonema costatum, Thalassiosira pseudonana (Bacillariophyta), and Dunaliella
salina (Chlorophyta), exhibit high nutrient uptake rates and strong tolerance to fluctuating salinity and contaminant
loads [35]. Their cell walls, composed of polysaccharides, silica (in diatoms), and sulfated exopolymers, provide
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abundant binding sites for metals such as cadmium, copper, nickel, and chromium. Diatoms like P. tricornutum
and T. pseudonana are particularly effective in adsorbing dissolved metals due to their silica frustules, which
possess negatively charged functional groups that attract cationic pollutants [36]. Species such as T. suecica and
M. gaditana also demonstrate strong biosorption of hydrocarbons, pharmaceuticals, and endocrine disruptors,
while D. salina shows high tolerance to hypersaline, contaminated environments and can accumulate organic
pollutants through hydrophobic interactions [37].

Marine macroalgae contribute additional remediation capacity through their large biomass, extensive surface
area, and chemically complex cell walls. Brown algae (Phacophyceae), including Fucus vesiculosus, Fucus
serratus, Ascophyllum nodosum, Laminaria digitata (Figure 1), Laminaria hyperborea, Saccharina latissima, and
Sargassum muticum (Figure 2), are among the most effective biosorbents due to the presence of alginate, fucoidan,
and polyphenols, which bind metals with high affinity [38].

Figure 2. Brown macroalgae—(a) Laminaria hyperborea, (b) Saccharina latossima, (¢) Sargassum muticum.

F. vesiculosus and A. nodosum are particularly efficient in removing lead, cadmium, and mercury from
coastal waters, while S. muticum and Sargassum fusiforme have demonstrated strong capacity to accumulate
arsenic and organic pollutants [39].

Red algae (Rhodophyta) such as Gracilaria gracilis, Gracilaria vermiculophylla, Palmaria palmata,
Gelidium corneum, and Porphyra umbilicalis (Figure 3) contribute to nutrient and contaminant removal through
their sulfated galactans (agar and carrageenan), which provide numerous binding sites for metals and dyes. G.
vermiculophylla, widely distributed in estuarine systems, is particularly effective in assimilating ammonium and
phosphate while simultaneously adsorbing copper and zinc [40].

Green macroalgae (Chlorophyta), including Ulva lactuca, Ulva rigida, Ulva intestinalis (Figure 4), Ulva
prolifera, and Caulerpa prolifera, are well known for their rapid growth in nutrient-rich waters and their ability to
remove nitrogen and phosphorus at high rates. U. lactuca and U. rigida are frequently used in integrated multi-
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trophic aquaculture (IMTA) systems to capture dissolved nutrients from fish farms, while Caulerpa prolifera and
Caulerpa taxifolia can accumulate metals and organic pollutants within their siphonous tissues [41-43].

Figure 3. Red macroalgae—(a) Gracilaria gracilis, (b) Palmaria palmata, (¢) Gelidium corneum, (d) Porphyra
umbilicalis.

Figure 4. Green Macroalgae—(a) Ulva lactuca, (b) Ulva rigida, (¢) Ulva intestinalis.

Marine algae remove contaminants through multiple mechanisms, including assimilation of dissolved
nutrients into biomass, biosorption onto cell walls, intracellular bioaccumulation, enzymatic biotransformation of
organic pollutants, and the production of extracellular polymeric substances that trap suspended particles,
microplastics, and colloids. Many species also influence local pH and redox conditions through photosynthesis,
enhancing the precipitation or immobilization of metals. Macroalgae, due to their structural complexity,
additionally act as engineered bio-platforms, intercepting particulate matter and providing surfaces for microbial
communities that further degrade contaminants [44].

These biological traits have led to the integration of marine algae into engineered remediation systems.
Macroalgae such as U. lactuca, G. gracilis, and S. latissima are widely used in IMTA systems to capture nutrients
from aquaculture effluents, while Sargassum species are explored for largescale biosorption of metals and organic
pollutants [45]. Microalgae like Nannochloropsis, Tetraselmis, and Phaeodactylum are cultivated in
photobioreactors and open ponds for tertiary wastewater treatment, hydrocarbon removal, and polishing of
desalination brines [46]. Across these applications, marine algae consistently demonstrate high removal efficiency
for nitrogen, phosphorus, metals, hydrocarbons, pharmaceuticals, and microplastics, positioning them as powerful,
scalable, and ecologically compatible tools for restoring water quality in marine environments increasingly
affected by anthropogenic contamination [9].

3.3. Comparative Performance of Freshwater vs. Marine Algae

Freshwater and marine algae exhibit distinct yet complementary capacities for nutrient and contaminant
removal, shaped by their evolutionary histories, physiological traits, and environmental contexts. Although both
groups function as highly effective engineered bio-platforms, their performance differs in terms of pollutant
specificity, tolerance thresholds, uptake mechanisms, and suitability for engineered remediation systems [10].
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Freshwater microalgae such as Chlorella vulgaris, Tetradesmus obliquus, Desmodesmus communis, and
Ankistrodesmus falcatus typically demonstrate exceptionally high assimilation rates for ammonium, nitrate, and
phosphate, reflecting their adaptation to nutrient-rich inland waters influenced by agricultural runoff and
wastewater discharges. These species often outperform marine microalgae in rapid nutrient uptake due to their
high growth rates and flexible metabolic pathways [47]. In contrast, marine microalgae such as Microchloropsis
gaditana, Tetraselmis suecica, Phaeodactylum tricornutum, and Thalassiosira pseudonana exhibit superior
tolerance to salinity fluctuations, metal stress, and organic pollutants, enabling them to thrive in coastal zones
where contaminant mixtures are more complex. Their silica-based or sulfated cell walls provide abundant binding
sites for metals and hydrophobic compounds, often resulting in higher biosorption capacities than those observed
in many freshwater species [48].

Macroalgae show similar ecosystem-driven differences. Freshwater macroalgae such as Cladophora
glomerata, Oedogonium intermedium, and Ulothrix zonata excel in nutrient assimilation and suspended solids
removal, particularly in rivers and lakes with high turbidity and variable flow regimes. Their filamentous
morphology enhances particle trapping and sediment stabilization, making them effective in wastewater polishing
and constructed wetlands [49]. Marine macroalgae, especially brown algae such as Fucus vesiculosus,
Ascophyllum nodosum, Saccharina latissima, and Sargassum muticum, generally outperform freshwater species
in metal biosorption due to the presence of alginate, fucoidan, and polyphenolic compounds with strong chelating
properties [50]. Red algae such as Gracilaria vermiculophylla and Palmaria palmata (Figure 4) further contribute
to marine bioremediation through their sulfated galactans, which bind metals and dyes with high affinity [S1].
Green marine macroalgae like Ulva lactuca and Ulva rigida combine rapid growth with efficient nutrient uptake,
making them particularly suitable for integrated multi-trophic aquaculture systems where they capture dissolved
nitrogen and phosphorus from fish farm effluents [42].

Environmental conditions also influence comparative performance. Freshwater algae often experience great
variability in nutrient pulses, temperature, and hydraulic retention times, selecting for species capable of rapid
physiological adjustment. Marine algae, by contrast, are adapted to higher ionic strength, more stable nutrient
gradients, and the presence of hydrophobic pollutants and microplastics, which they can immobilize through
adsorption, EPS production, and surface biofilm formation. While freshwater species generally excel in nutrient
removal efficiency, marine species tend to show higher tolerance to contaminant mixtures and greater capacity for
metal and organic pollutant biosorption [52].

In engineered systems, freshwater algae dominate high-rate algal ponds, photobioreactors, and wastewater
polishing units due to their fast growth and ease of cultivation. Marine algae are more frequently used in coastal
remediation, aquaculture effluent treatment, and biosorption-based systems targeting metals and persistent organic
pollutants [53]. Freshwater and marine algae offer complementary strengths: freshwater species provide rapid
nutrient removal and biomass productivity, while marine species deliver superior performance in metal binding,
organic pollutant adsorption, and resilience to complex contaminant mixtures. Together, they form a versatile
biological toolkit for addressing contamination across diverse aquatic environments [54].

Taken together, freshwater and marine algae exhibit complementary remediation capacities that are strongly
context-dependent. Freshwater species generally excel in rapid nutrient assimilation under fluctuating and nutrient-
rich conditions, whereas marine species demonstrate greater resilience to salinity, complex contaminant mixtures,
and metal stress. A systematic comparison across pollutant classes, environmental conditions, and system
configurations is therefore essential to guide species selection and engineering design. This comparative framework
provides the necessary foundation for understanding the application case studies discussed in Section 5 and the
mechanistic integration outlined in Section 6.

However, the majority of these performance data are derived from controlled laboratory systems and may not
directly translate to field-scale conditions characterized by fluctuating contaminant loads and environmental variability.

4. Integrated Mechanistic Pathways in Algal Bio-Platforms

Algae employ a diverse suite of physiological, biochemical, and ecological mechanisms that enable them to
remove, transform, or immobilize contaminants in aquatic environments. These mechanisms operate
simultaneously and often synergistically, allowing micro- and macroalgae to function as highly efficient high-
performance bio-based remediation agents in both freshwater and marine systems. The effectiveness of algal
remediation depends on species-specific traits, environmental conditions, and the chemical nature of the pollutants,
but several core processes underpin their capacity to mitigate nutrient enrichment, metal contamination, organic
pollutants, and emerging contaminants such as microplastics and pharmaceuticals [55].
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A primary mechanism is nutrient assimilation, through which algae incorporate dissolved nitrogen and
phosphorus into cellular biomass [56]. Microalgae such as C. vulgaris, T. obliquus, M. gaditana, and T. suecica
rapidly assimilate ammonium, nitrate, and phosphate via high-affinity transporters and efficient metabolic
pathways, supporting fast growth and high productivity. Macroalgae, including freshwater species like C.
glomerata and marine species such as U. lactuca, G. vermiculophylla, and S. latissima, also assimilate large
quantities of nutrients through their extensive thalli, contributing to the reduction of eutrophication in nutrient-rich
waters. This assimilation not only removes excess nutrients but also generates biomass that can be valorized for
bioenergy, fertilizers, and bioproducts, supporting circular bioeconomy approaches [57].

Beyond nutrient uptake, algae play a crucial role in biosorption, a passive process in which contaminants
bind to functional groups on the algal cell surface. Cell walls of microalgac and macroalgae contain
polysaccharides, proteins, and lipids with carboxyl, hydroxyl, sulfate, phosphate, and amine groups that exhibit
strong affinity for metal ions and organic pollutants [58]. Brown macroalgae such as F. vesiculosus, A. nodosum,
and S. muticum are particularly effective biosorbents due to their alginate and fucoidan content, which chelate
metals including cadmium, lead, copper, and mercury [59]. Red algae like G. gracilis and P. palmata bind metals
and dyes through sulfated galactans, while green algae such as U. rigida and C. prolifera adsorb metals and
hydrophobic contaminants via their cellulose-rich cell walls. Biosorption is rapid, reversible, and effective even at
low contaminant concentrations, making it a key mechanism in both natural and engineered systems [60].

Algae also contribute to remediation through bioaccumulation, an active process in which contaminants are
transported across the cell membrane and sequestered within intracellular compartments [61]. Microalgae such as
A. pyrenoidosa, A. falcatus, and P. tricornutum accumulate metals, pesticides, pharmaceuticals, and hydrocarbons,
often transforming them into less toxic forms. Intracellular sequestration may involve binding to metallothionein’s,
compartmentalization in vacuoles, or incorporation into organic molecules [62]. Some species, including
Dunaliella salina and Isochrysis galbana, exhibit high tolerance to contaminating stress, enabling them to
accumulate pollutants without significant impairment of growth or photosynthesis [63].

Another important mechanism is biotransformation, in which algae enzymatically modify contaminants,
reducing their toxicity or altering their environmental behavior. Microalgae possess enzymes such as oxidases,
reductases, hydrolases, and transferases that can degrade or transform pesticides (e.g., atrazine, diuron),
pharmaceuticals (e.g., diclofenac, ibuprofen), and endocrine disruptors [64]. Marine diatoms like 7. pseudonana and
green microalgae such as Tetraselmis chui have demonstrated the ability to metabolize hydrocarbons and aromatic
compounds, contributing to the natural attenuation of oil-derived pollutants. Biotransformation pathways vary among
species and are influenced by nutrient availability, light intensity, and contaminant concentration [65,66].

Algae also produce extracellular polymeric substances (EPS), complex mixtures of polysaccharides, proteins,
and lipids, that play a central role in contaminant removal. EPS promotes flocculation, enabling algae to trap
suspended solids, colloids, microplastics, and metal-organic complexes [67]. Species such as S. quadricauda, C.
sorokiniana, and marine diatoms produce abundant EPS under stress, enhancing aggregation and sedimentation
of pollutants. EPS also provide binding sites for metals and hydrophobic compounds, increasing the overall
sorption capacity of algal communities [68].

In addition to biochemical mechanisms, algae influence water chemistry through pH modulation and
oxygenation. Photosynthetic activity increases pH and dissolved oxygen, promoting the precipitation of
phosphorus and metals as insoluble salts and enhancing aerobic degradation of organic pollutants by associated
microbial communities [69]. Macroalgal beds, particularly those formed by Ulva, Gracilaria, and Sargassum,
create microhabitats that support diverse microbial assemblages capable of degrading hydrocarbons,
pharmaceuticals, and other contaminants, further amplifying remediation capacity [70].

Finally, algae contribute to contaminant removal through physical interception and habitat structuring.
Filamentous freshwater macroalgae such as Oedogonium intermedium and Ulothrix zonata trap suspended solids
and microplastics [71], while marine macroalgae with complex thalli, such as L. digitata and S. fusiforme, intercept
particulate matter and provide surfaces for biofilm development. These structural functions enhance sediment
stabilization, reduce turbidity, and facilitate the retention and degradation of pollutants [72].

These mechanisms, assimilation, biosorption, bioaccumulation, biotransformation, EPS production, pH
modulation, and physical interception, form a robust and multifaceted remediation toolkit [73]. Their combined
action demonstrate high efficiency and mechanistic diversity of freshwater and marine algae to mitigate
contamination across diverse aquatic environments and underpins their growing use in nature-based and
engineered water treatment systems [74].
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Algae—Bacteria/Fungi Co-Culture Systems

Algal remediation processes are increasingly understood as multi-organism systems rather than single-
species functions. Co-cultivation with bacteria or fungi enhances overall performance through metabolic
complementarity. Bacteria contribute to the degradation of organic pollutants and provide CO,, vitamins, and
growth factors that stimulate algal productivity. In return, algae supply oxygen and organic substrates generated
via photosynthesis. Fungal-algal systems, including algal-mycelial pellets, improve biomass harvesting efficiency
and facilitate flocculation of suspended particles. These synergistic interactions enhance nutrient removal,
accelerate contaminant degradation, and improve system stability under variable environmental conditions.

5. Applications and Case Studies

Algae-based remediation systems have been implemented across a wide range of aquatic environments,
demonstrating their capacity to remove nutrients, metals, organic pollutants, hydrocarbons, and emerging
contaminants under real-world conditions. The diversity of algal species used in these applications reflects the
adaptability of both freshwater and marine taxa to different pollution profiles and operational settings [75]. In
freshwater systems, microalgae such as Coelastrum microporum, Kirchneriella lunaris (Chlorophyta), Euglena
gracilis (Euglenophyta), Fistulifera pelliculosa (Bacillariophyta), and Cryptomonas ovata (Cryptophyceae) have
been successfully cultivated in municipal wastewater treatment facilities, where they contribute to nutrient removal
and organic matter reduction [76]. A notable example comes from a pilot plant in Poland, where E. gracilis
achieved substantial reductions in ammonium and phosphate while simultaneously degrading phenolic compounds
present in industrial effluents. Similarly, C. microporum has been used in high-rate algal ponds in South Africa to
treat brewery wastewater, achieving high removal efficiencies for nitrogen, phosphorus, and chemical oxygen
demand while producing biomass suitable for biofertilizer applications [77,78].

Freshwater macroalgae has also been applied in engineered systems, particularly in regions with high nutrient
loads [79]. Species such as Spirogyra varians, Hydrodictyon reticulatum (Chlorophyta), Nitella flexilis, and Chara
vulgaris (Charophyta) have been integrated into constructed wetlands and flow-through channels receiving
agricultural drainage [80]. In a case study, H. reticulatum demonstrated exceptional capacity to remove nitrate and
suspended solids from dairy farm runoff, while Chara vulgaris was used in Mediterranean irrigation canals to
immobilize metals such as zinc and manganese [81,82]. S. varians, with its mucilage-rich filaments, has been
shown to trap microplastics and colloidal particles in freshwater reservoirs in India, contributing to improved water
clarity and reduced contaminant mobility [83].

Marine systems offer equally compelling examples of algal-based remediation. Marine microalgae such as
Halamphora coffeiformis, Chaetoceros muelleri (Bacillariophyta), Picochlorum atomus (Chlorophyta),
Conticribra weissflogii (Bacillariophyta), and Diacronema Ilutheri (Haptophyta) have been used in coastal
wastewater polishing and aquaculture effluent treatment [84]. Amphora coffeaeformis was cultivated in open ponds
receiving desalination brine, where it removed significant quantities of nitrogen and trace metals while tolerating
high salinity and elevated temperatures [85]. C. muelleri has been used in shrimp aquaculture systems to reduce
ammonia and nitrite concentrations, improving water quality and animal survival rates [86].

Marine macroalgae provides some of the most successful large-scale applications. Species such as Halimeda
opuntia (Chlorophyta), Padina pavonica, Turbinaria ornata, Dictyota dichotoma (Phaeophyceae), Gracilariopsis
longissima (Rhodophyta), and Ulva ohnoi (Chlorophyta) have been deployed in coastal remediation projects and
integrated multi-trophic aquaculture (IMTA) systems. In the Mediterranean, P. pavonica has been used to remove
copper and chromium from industrial effluents due to its high content of calcified cell wall structures that bind
metals efficiently [87]. 7. ornata has been tested in floating bioremediation platforms designed to intercept
nutrient-rich stormwater before it reaches coral reefs, demonstrating high uptake rates for dissolved inorganic
nitrogen [88]. G. longissima has been cultivated alongside seabass and seabream farms in the Aegean Sea, where
it reduced dissolved nitrogen concentrations while producing biomass for agar extraction. Meanwhile, U. ohnoi
has been integrated into Japanese IMTA systems to capture nutrients from finfish aquaculture, achieving rapid
growth and high nitrogen assimilation even under fluctuating salinity conditions [89].

Algae have also been applied in the remediation of hydrocarbons and oil-derived pollutants. Marine diatoms
such as Navicula incerta and Cylindrotheca closterium (Bacillariophyta) have been shown to enhance the
biodegradation of petroleum hydrocarbons by supporting hydrocarbons-degrading bacteria in contaminated
coastal sediments [90]. Following oil contamination events in the Arabian Gulf, natural blooms of C. closterium
contributed to the attenuation of dispersed oil droplets, illustrating the ecological relevance of algal-microbial
interactions in large-scale pollution events [91].
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Finally, algae are increasingly recognized for their role in microplastic capture. Freshwater species such as
Stigeoclonium tenue (Chlorophyta) and Zygnema circumcarinatum (Charophyta) produce extracellular polymeric
substances that promote aggregation of microplastic particles, facilitating their sedimentation [92]. Marine
macroalgae such as Sargassopsis decurrens (Phaeophyceae) and Codium fragile (Chlorophyta) have been
observed to trap microplastics within their branched thalli in coastal lagoons, reducing particle mobility and
enhancing local retention. Pilot studies in Italy and South Korea have demonstrated that macroalgal beds can
function as natural microplastic sinks, although the long-term ecological implications of this retention require
further investigation [93].

These applications and case studies highlight the versatility of algae as biologically engineered bio-platforms
capable of addressing diverse contamination challenges. Their ability to remove nutrients, metals, organic pollutants,
hydrocarbons, and microplastics, while generating valuable biomass, positions algae as a cornerstone of sustainable
water management and ecological restoration strategies across freshwater and marine environments [9].

Co-culture systems have been successfully applied in wastewater treatment, where algal-bacterial consortia
outperform monocultures in removing nitrogen, phosphorus, and organic contaminants. These systems also reduce
operational costs by minimizing aeration requirements and improving biomass recovery efficiency. However,
maintaining stable community composition and controlling microbial competition remain key challenges.

Inoculation density is a critical operational parameter influencing algal growth dynamics and contaminant
removal efficiency. For example, Chlorococcum sphacosum demonstrated optimal performance in aquaculture
wastewater treatment at an initial concentration of approximately 100 mg/L, achieving ammonia nitrogen and total
phosphorus removal rates exceeding 98%. Lower inoculation densities resulted in insufficient biomass for
effective nutrient uptake, whereas excessively high densities led to self-shading, reduced light penetration, and
diminished photosynthetic efficiency. These findings highlight the importance of optimizing biomass
concentration to balance growth kinetics, light availability, and nutrient assimilation capacity.

6. Challenges and Future Directions

Despite the growing evidence supporting algae-based systems as effective tools for nutrient and contaminant
removal, several challenges still limit their widespread implementation and long-term reliability [94]. One of the
most persistent obstacles is the variability of environmental conditions, which strongly influences algal growth,
nutrient uptake rates, and contaminant removal efficiency. Fluctuations in light availability, temperature, salinity,
hydraulic retention time, and pollutant concentration can cause significant performance instability, particularly in
open systems exposed to seasonal or climatic variability [95]. Freshwater species, like Dolichospermum circinale
(Cyanobacteriophyta), may experience sudden nutrient pulses or turbidity increases, while marine species must
cope with hydrodynamic forces, tidal cycles, and complex contaminant mixtures. These environmental constraints
complicate system design and require adaptive management strategies to maintain consistent remediation
performance [96].

Another major challenge is the risk of biological contamination and competition. In open ponds, constructed
wetlands, and coastal installations, algal cultures may be invaded by unwanted species, grazers, pathogens, or
epiphytic organisms that reduce biomass productivity and alter community composition [97]. Maintaining
monocultures of sensitive microalgae is particularly difficult, and even robust macroalgal species can be
overgrown by epiphytes or displaced by opportunistic taxa. Mixed consortia offer greater ecological stability, but
their performance is harder to predict and optimize [98].

The fate of accumulated contaminants represents an additional concern. Algal biomass enriched with metals,
organic pollutants, or microplastics must be handled carefully to avoid reintroducing contaminants into the
environment. While some biomass can be processed into biochar, fertilizers, or bioenergy feedstocks, the presence
of hazardous substances may limit its safe reuse. Developing reliable post-treatment pathways and valorization
strategies is therefore essential to ensure that algal remediation systems remain sustainable and do not generate
secondary pollution. Importantly, contaminant removal processes should not be considered independently, as
interactions among pollutants (e.g., microplastics acting as vectors for metals or hydrophobic organic compounds)
can significantly alter bioavailability, uptake pathways, and overall remediation efficiency [99].

From a technological perspective, scaling up algal systems remains challenging. Photobioreactors offer high
control and productivity but are costly to build and operate, limiting their use for large-volume wastewater
treatment. Open systems such as raceways and algal turf scrubbers are more economical but require large land or
coastal areas and are more vulnerable to environmental fluctuations. Integrating algae into existing wastewater
treatment infrastructure also requires careful engineering to ensure compatibility with hydraulic flows, nutrient
loads, and operational constraints [100].
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Regulatory and economic barriers further hinder adoption. In many regions, regulatory frameworks do not
yet recognize algae-based systems as approved treatment technologies, slowing their integration into municipal or
industrial wastewater management. Economic feasibility depends on biomass valorization, yet markets for algal
bioproducts remain unevenly developed. Without clear incentives or policy support, industries may be reluctant to
invest in algal remediation despite its environmental benefits [101].

Looking ahead, several promising research directions could significantly enhance the performance and
applicability of algal-based remediation. Advances in strain selection, domestication, and metabolic engineering
may yield species with improved tolerance to contaminants, higher nutrient uptake rates, or enhanced biosorption
capacity [102]. Omics-based approaches can help identify genetic and metabolic traits associated with resilience
and remediation efficiency, enabling targeted breeding or genetic modification. The development of synthetic
consortia combining algae with bacteria, fungi, or other microorganisms offers another promising avenue, as these
multispecies systems can exploit complementary metabolic pathways and improve contaminant degradation [103].

Technological innovation will also play a central role. Hybrid systems that combine photobioreactors with
constructed wetlands, membrane technologies, or bio-electrochemical systems may offer improved control and
efficiency. Floating algal platforms, offshore macroalgal cultivation structures, and modular treatment units could
expand the use of algae in coastal and marine environments. Digital monitoring tools, including remote sensing,
automated sensors, and Al-based predictive models, may help optimize system performance under variable
environmental conditions [104].

Despite the high biosorption capacity of brown macroalgae such as Fucus and Sargassum, this process is
strongly influenced by environmental and physicochemical parameters. Limiting conditions include pH (optimal
typically between 4 and 6 for metal binding), ionic strength (competition with Na*, Ca®" reduces adsorption
efficiency in marine systems), temperature, and the presence of competing ions or organic ligands. Additionally,
saturation of functional groups (e.g., carboxyl and sulfate moieties in alginate) imposes an upper limit on metal
uptake capacity. Biomass pre-treatment, particle size, and diffusion limitations also affect sorption kinetics. These
constraints highlight that biosorption performance observed under laboratory conditions may not directly translate
to field-scale systems with complex water chemistry.

Future progress will depend on integrated policy frameworks and circular bioeconomy strategies that
recognize the dual value of algae as both remediation agents and biomass resources. Aligning environmental
regulations, economic incentives, and industrial applications will be essential to support large-scale deployment.
As pressures on freshwater and marine ecosystems intensify, algae-based remediation offers a promising,
nature-based pathway toward sustainable water management, provided that scientific, technological, and
regulatory challenges are addressed through coordinated research and innovation [105].

A critical limitation across the current literature is the lack of standardized methodologies for quantifying
contaminant removal efficiencies. Reported values, often exceeding 80-90%, are frequently derived from
heterogeneous experimental conditions, analytical techniques, and reporting formats, limiting cross-study
comparability and reproducibility. To enhance scientific robustness and facilitate meta-analyses, future research
should align analytical protocols with internationally recognized standards, such as the American Public Health
Association (APHA) Standard Methods for the Examination of Water and Wastewater, as well as relevant ISO
water quality guidelines. Standardized reporting should include explicit details on initial concentrations, hydraulic
retention times, biomass densities, analytical detection limits, and mass balance considerations. Establishing such
benchmarking frameworks will be essential to transition algal remediation from experimental systems to reliable,
large-scale applications.

6.1. Digital Monitoring and Machine Learning Applications

Recent advancements in machine learning (ML) and remote sensing have enabled real-time monitoring and
predictive modeling of algal systems in both natural and engineered environments. ML algorithms can integrate
spectral imaging data, environmental parameters, and historical datasets to estimate algal biomass density, detect
bloom dynamics, and predict nutrient removal performance. Techniques such as convolutional neural networks
(CNNs) and random forest models are increasingly used to analyze satellite imagery and in situ sensor data.
However, challenges remain related to data availability, model generalization across ecosystems, and integration
with process control systems. Future research should focus on coupling ML-driven monitoring with adaptive
control strategies to optimize algal remediation performance under dynamic environmental conditions.
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6.2. Technical Barriers in Algal Genetic and Metabolic Engineering

Genetic and metabolic engineering of algae offers promising avenues to enhance contaminant removal and
biomass productivity; however, several technical barriers limit practical implementation. Transformation
efficiency remains low in many algal species, particularly macroalgae, due to complex cell wall structures and
limited availability of stable expression systems. Regulatory challenges associated with genetically modified
organisms (GMOs) further restrict environmental deployment. Additionally, metabolic modifications may
introduce trade-offs, such as reduced growth rates or decreased environmental robustness. The stability of
engineered traits under fluctuating environmental conditions remains uncertain, particularly in open systems.
Scaling engineered strains from laboratory to field conditions therefore requires advances in synthetic biology
tools, genome editing techniques, and ecological risk assessment frameworks.

6.3. Industrial Conversion Challenges in Algal Biomass Valorization

While algal biomass presents significant opportunities for conversion into biofuels, fertilizers, animal feed,
and high-value bioproducts, several industrial bottlenecks remain. Harvesting and dewatering processes are
energy-intensive and contribute substantially to operational costs. Conversion pathways such as lipid extraction,
anaerobic digestion, or thermochemical processing often require pre-treatment steps that reduce overall process
efficiency. Biomass contaminated with heavy metals or organic pollutants further complicates downstream
utilization, limiting its suitability for feed or agricultural applications and necessitating additional detoxification
steps. Supply chain variability, including inconsistencies in biomass composition due to fluctuating environmental
conditions, also challenges process standardization. Economic feasibility ultimately depends on integrated
biorefinery approaches that couple remediation with high-value product streams, yet these systems remain at early
stages of commercialization.

7. Conclusions

Algae represent one of the most versatile and powerful nature-based solutions available for mitigating nutrient
enrichment and chemical contamination in aquatic environments. Across freshwater and marine ecosystems, both
microalgae and macroalgae demonstrate a demonstrated removal efficiencies under controlled conditions of excess
nitrogen and phosphorus, adsorb and accumulate metals, bind organic pollutants, and immobilize emerging
contaminants such as pharmaceuticals, hydrocarbons, and microplastics. Their effectiveness arises from a
combination of physiological traits, biochemical pathways, and structural characteristics that enable them to function
simultaneously as primary producers and engineered bio-platforms. Species-specific differences, shaped by
evolutionary history and environmental adaptation, allow algae to address a wide spectrum of pollution scenarios,
from agricultural runoff and municipal wastewater to industrial effluents and coastal aquaculture discharges.

The case studies reviewed in this manuscript highlight the growing maturity of algal-based remediation
systems, which are now implemented at scales ranging from laboratory photobioreactors to full-scale high-rate
algal ponds, constructed wetlands, integrated multi-trophic aquaculture installations, and coastal bioremediation
platforms. These applications consistently demonstrate high removal efficiencies for nutrients and contaminants
while generating biomass that can be valorized for bioenergy, fertilizers, feed, and bioproducts. Such dual
functionality positions algae as key components of emerging circular bioeconomy strategies aimed at coupling
environmental restoration with sustainable resource production.

Despite these advances, several challenges remain, including environmental variability, biological
contamination, scalability constraints, regulatory uncertainty, and the need for safe and economically viable
pathways for biomass utilization. Addressing these limitations will require coordinated efforts in strain selection,
system engineering, microbial consortia design, digital monitoring, and policy development. Future research
should focus on enhancing resilience, improving contaminant-specific performance, and integrating algae into
hybrid treatment systems that combine biological, physical, and chemical processes.

Overall, algae offer a robust, adaptable, and ecologically compatible approach to restoring water quality in both
freshwater and marine environments. As global pressures on aquatic ecosystems intensify, algal-based remediation
stands out as a promising and increasingly essential strategy for sustainable environmental management.
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