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Abstract: Environmental pollution and the freshwater crisis are driving the need for 

innovative wastewater treatment solutions. Microalgal bioremediation has emerged 

as a sustainable technology for simultaneous contaminant removal (e.g., COD, 

nutrients, heavy metals) and biomass production. However, emerging contaminants, 

refractory pollutants, and complex wastewater matrices often inhibit microalgal 

growth and degradation efficiency. To address these challenges, this review 

systematically analyzes three hybrid integration strategies: (i) microalgal microbial 

fuel cells (MMFCs), (ii) microalgae-electrochemical advanced oxidation processes 

(EAOPs), and (iii) microalgae-photocatalytic systems. While existing literature 

extensively covers microalgal biotechnology, comprehensive analyses of its 

synergistic coupling with nanomaterial-based AOPs (electrochemical/photocatalytic) 

remain limited. This study elucidates the mechanisms, benchmarking performance, 

and novel enhancement strategies of these integrated systems, facilitating direct 

technology comparison. We highlight the multifunctional roles of microalgae in these 

hybrid systems, including bioelectricity generation (MMFCs), in situ oxygen supply 

(MMFCs and photocatalysis), and biodegradation to mitigate radical quenching 

(photocatalysis and EAOPs). The comparative advantages and limitations of each 

technology are critically evaluated, followed by forward-looking perspectives on 

system scalability, cost-efficiency, and real-world applicability.  

 
Keywords: microalgal microbial fuel cells; hybrid strategy; advanced oxidation 
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1. Introduction 

Currently, over 80% of global energy consumption still relies on non-renewable fossil fuels such as coal, oil, 

and natural gas, leading to significant greenhouse gas emissions that contribute to global warming [1]. This 

underscores the urgent need to transition to alternative energy sources. Meanwhile, population growth, industrial 

expansion, and the widespread use of chemicals have led to severe water pollution. The presence of emerging 

contaminants (ECs) such as endocrine-disrupting chemicals, pesticides, and pharmaceuticals and personal care 

products in aquatic systems is a serious concern in many countries, posing significant threats to both ecological 

systems and human health [2]. Additionally, global wastewater generation is estimated at 359.4 billion m3 per year, 

with only 188 billion m3 per year being treated [3]. Reports indicate that the chemical energy contained in industrial 

wastewater is more than nine times the amount of energy consumed in wastewater treatment [4]. Wastewater 

generated from various sources is an abundant source of nutrients, and its recovery could help meet the demands 
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of the growing population. Therefore, there is a critical need to advance efficient and sustainable technologies for 

sewage treatment and wastewater resource recycling. 

Conventional wastewater treatment plants (WWTPs) that rely on activated sludge have several limitations, 

including high energy consumption (mainly from mechanical aeration), greenhouse gas (GHG) emissions, excess 

sludge discharge, and inefficient resource recovery [5–7]. The WWTPs often fail to remove multiple antibiotics 

due to the antimicrobial nature of activated sludge and may even favor the generation and transmission of antibiotic 

resistance genes (ARGs) [8,9]. Meanwhile, chemical treatment methods raise environmental concerns, while 

physical methods such as drip filter, membrane filter, and reverse osmosis are limited in their ability to fully 

eliminate pollutants [10]. These limitations highlight the urgent need for developing energy-efficient, cost-

effective, and environmentally sustainable alternatives in wastewater treatment. 

In this context, microalgae, as photosynthetic microorganisms, play a significant role in wastewater treatment 

through mechanisms such as biosorption, bioaccumulation, and biodegradation [11,12]. They efficiently assimilate 

carbon, nitrogen, and phosphorus from wastewater for biomass synthesis (e.g., proteins, lipids, carbohydrates, and 

pigments like carotenoids) [13], simultaneously contributing to pollutant removal. Microalgae, which can be 

prokaryotic or eukaryotic, are widely distributed in marine and freshwater environments and are broadly classified 

into Chlorophyta, Cyanophyta, Chrysophyta, and Pyrrophyta [14]. Carbon accounts for approximately 50% of 

their biomass by weight, making microalgae a promising source of third-generation biofuels. Their notable 

attributes include high biomass productivity per unit area, elevated photosynthetic efficiency (4–8%, surpassing 

that of non-aquatic plants) [15], rapid growth, and substantial CO2 sequestration capacity—with one ton of 

microalgae consuming about 1.83 tons of CO2, accounting for nearly one-third of global CO2 fixation [16], 

Microalgae also produce valuable compounds such as proteins, ω-3 fatty acids, and pigments [17] and exhibit 

tolerance to a wide variety of environmental conditions [18]. These characteristics, combined with their ability to 

remove pollutants and mitigate greenhouse gases, make microalgae a sustainable and multifunctional technology 

for modern wastewater treatment plants. However, the photosynthetic efficiency and growth of microalgae are 

often limited in recalcitrant wastewaters, such as anaerobic digesters, industrial effluents, and antibiotic-containing 

wastewaters, due to high pollutant concentrations, toxicity, or chromaticity. 

To achieve efficient pollutant removal, integrated systems combining microalgae with microalgal microbial 

fuel cells (MMFCs) and advanced oxidation processes (AOPs) have gained increasing attention [19,20]. MMFCs 

are an advanced form of traditional microbial fuel cells (MFCs), in which microalgae are applied in the cathodic 

chamber to supply O2 (as the electron acceptor) and replace mechanical aeration [21–23]. MMFCs enable the 

generation of bioelectricity in wastewater and the removal of pollutants, offering good biocompatibility, lower 

energy consumption, and continuous operation [24–26]. On the other hand, AOPs, including electrochemical 

advanced oxidation processes (EAOPs) [27,28] (e.g., electro-Fenton, EF) [29,30] and photocatalysis [31,32], 

generate highly reactive oxygen species (ROS), primarily hydroxyl radicals (•OH), to effectively eliminate 

persistent organic pollutants. Hydroxyl radicals have a very high standard potential (E[•OH/H2O] = 2.80 V vs. SHE) 

that enables them to non-selectively react with a variety of contaminants, converting them into hydroxylated or 

dehydrogenated products, and ultimately to CO2, H2O, and inorganic ions [33]. However, standalone AOPs often 

require extended reaction times to achieve complete mineralization, leading to high operational costs [34]. To 

enhance economic feasibility, a common strategy involves using AOPs as a pretreatment step to improve 

wastewater biodegradability within short residence times, followed by microalgae-based biological treatment for 

further degradation of residual contaminants, including chemical oxygen demand (COD), nitrogen, and 

phosphorus [11,35]. This combination leverages the complementary strengths of each process: AOPs rapidly 

decompose recalcitrant molecules, while microalgae contribute to nutrient removal and resource recovery, offering 

a synergistic and sustainable approach for treating refractory wastewaters [36,37]. In microalgae/EAOPs systems, 

a sequential treatment strategy is often adopted: an electrochemical pre-treatment step enhances wastewater 

biodegradability, while subsequent microalgae treatment thoroughly removes residual COD, nitrogen, and 

phosphorus [38–40]. Meanwhile, the microalgae/photocatalytic technology utilizes light energy without additional 

energy input, resulting in very low operational energy consumption [41,42]. 

Critical overviews of microalgae-coupled AOPs used to date have been limited. The present review aims to 

provide a comprehensive summary of the recent progress of MMFCs and microalgae-coupled AOPs (EAOPs and 

photocatalysis) for wastewater treatment (Figure 1). It outlines the fundamental metabolic pathways of microalgal 

bioremediation and the key conditions influencing microalgal growth. Furthermore, the advantages and 

disadvantages of each hybrid technology are critically discussed, with a particular focus on the removal efficiency 

and the potential mechanisms. Finally, current challenges in this area and further research perspectives are also 

addressed. 
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Figure 1. The scheme of microalgae-based hybrid systems. PMS, peroxymonosulfate; ICPB, intimately coupled 

photocatalysis and biodegradation. 

2. Bioremediation by Microalgae: Metabolic Pathways and Growth Condition Optimization 

Microalgae offer a promising alternative in wastewater treatment by effectively consuming organic matter and 

inorganic components (including nitrogen, phosphorus, and some metals) in wastewater. This process not only 

removes pollutants but also generates valuable biomass for bioenergy and commercial products in an environmentally 

friendly manner. Numerous microalgal species, including Chlorella, Scenedesmus, Phormidium, Dictyosphaerium 

sp., Chlamydomonas, Botryococcus, and Limnospira (formerly Arthrospira, Spirulina) have been widely recognized 

for their efficient wastewater bioremediation capabilities [43,44]. Microalgae metabolize the nutrients and organic 

matter available in wastewater through heterotrophic or mixotrophic metabolism. Microalgae are autotrophic (require 

only inorganic compounds such as carbon dioxide (CO2) and salts) and heterotrophic (require an organic source) in 

nature. The metabolic process is shown in Figure 2. The mechanisms of microalgal bioremediation systems for 

removing contaminants mainly include bioadsorption, bioaccumulation, and biodegradation [45]. During the 

photosynthetic activity, microalgae have an immense capacity for CO2 fixation and O2 release through photosynthesis, 

thereby contributing to climate change mitigation without generating secondary pollution. Microalgae can also 

consume other soluble carbonate forms (CO3
2−, HCO3

−) either directly or after converting them into CO2 by carbonic 

anhydrases [46,47]. Nitrogen (N) and phosphorus (P) are two major water pollutants in water bodies that can cause 

eutrophication, water blooms, and red tides [48]. Microalgae can assimilate N and P into cellular constituents such as 

amino acids, proteins, carbohydrates, nucleic acids, lipids, and other value-added products via absorption and 

metabolic incorporation. Inorganic nitrogen in wastewater has different forms, such as nitrite (NO2
−), nitrate (NO3

−), 

and ammonium (NH4
+), all of which can be taken by microalgae with the help of ammonium and nitrate/nitrite 

transporter proteins [49]. Inside the cell, NO3
− and NO2

− are finally reduced to NH4
+ by nitrate reductase and nitrite 

reductase located in the cytosol and chloroplast, respectively [49]. Eventually, NH4
+ is assimilated into biomass 

through the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway. The nitrogen assimilation process in 

microalgae differs from anaerobic ammonium oxidation (anammox), which directly oxidizes ammonium using nitrite 

as an electron acceptor to produce nitrogen gas, requiring no organic carbon or aeration. Phosphorus, present mainly 

as organic phosphate or orthophosphates (e.g., H2PO4
−, HPO4

2−), is assimilated through phosphorylation processes 

such as oxidative phosphorylation, substrate-level phosphorylation, and photophosphorylation pathways, which 

generate adenosine triphosphate (ATP) from adenosine diphosphate (ADP) to support cellular metabolism in 

wastewater [50]. 

Heavy metals are effectively eliminated by microalgae through a two-stage process: (i) a rapid and non-

metabolic extracellular adsorption onto the cell wall (polysaccharides, lipids, carbohydrates, and proteins); (ii) a 

slow metabolism-dependent intracellular uptake and accumulation within the cytoplasm [51]. Functional groups 

such as carboxyl, sulfate, and phosphate groups in the algal cell walls are responsible for uptake (biosorption) of 

metal ions via mechanisms such as chemisorption, chelation, ion exchange, physical entrapment, complexation, 

and micro-precipitation [52]. In contrast, the slower metabolic process involves active transport across the cell 

membrane and internal accumulation within cellular structures [53]. Moreover, some heavy metals serve as 

essential micronutrients for microalgal growth, such as Zn, Cu, Mn, Ni, and Co, while others (e.g., Cd, Pb, and 

Hg) exhibit toxicity and have unknown biological functions [54]. Notably, due to the hormesis effect, low 

concentrations of metals can stimulate microalgal growth, while higher concentrations inhibit it by disrupting 

metabolic processes [55]. 
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Figure 2. Mechanism based on microalgae for wastewater bioremediation and biomass production, and the carbon 

metabolism in glycolysis and TCA. CBB cycle, Calvin-Benson-Bassham cycle; Glu, Glutamine; Pi, inorganic 

phosphate; TCA cycle, tricarboxylic acid cycle. The carbon metabolites: G3P, glyceraldehyde-3-phosphate; PYR, 

pyruvate; PEP, phosphoenolpyruvate; OAA, oxaloacetate; Mal, malate; Fum, fumarate; SSA, Succinyl 

semialdehyde; Suc, succinate; 2OG, 2-oxoglutarate; Cit, citrate; iCit: isocitrate; G3P, glyceraldehyde 3-phosphate. 

Microalgae can be cultivated under four primary trophic modes: autotrophic, heterotrophic, mixotrophic, and 

photoheterotrophic [56]. In the autotrophic mode, microalgae utilize sunlight and inorganic carbon. The 

heterotrophic mode relies on organic carbon for both energy and growth, while the mixotrophic mode can 

simultaneously use both light (with inorganic carbon) and organic carbon. Conversely, the photoheterotrophic 

mode requires both light for energy and organic carbon for growth, but does not rely on CO2 as a primary carbon 

source. The growth of microalgae is influenced by various physical and chemical factors, including light, 

temperature, nutrient availability, pH, and CO2 concentrations. (i) Light (intensity, wavelength, and duration of 

the photoperiod) significantly influences the growth and makeup of microalgae biomass (fatty acid and pigment 

profiles) [57,58]. Light intensity influences photosynthesis by impacting photosystem II (PSII) activity and the 

fluidity of the thylakoid membrane. Amongst the monochromatic light, the red and blue lights are most preferred 

for high-rate algal cultures [59]. Generally, increasing light intensity boosts the growth rate of microalgae, whereas 

low light intensities may restrict cell growth and increase chlorophyll content. However, excessively high light 

intensities can lead to photo-inhibition [60]. (ii) pH affects the enzyme activity related to the metabolism of 

microalgae and the ion absorption efficiency of microalgae, which in turn affects cell growth, carbon fixation 

efficiency, and all other related biochemical reactions impacted by pH changes. They normally prefer a pH range 

between 6.5 and 8.5 for growth [61]. (iii) Additionally, temperature plays a significant role in determining the 

enzymatic activity and significantly influences the photosynthesis process, cellular chemical composition, nutrient 

uptake, CO2 absorption, and growth rates across all algal species. While microalgal growth is optimal between 16 

and 27 °C, it slows below 16 °C and becomes markedly constrained above 35 °C as metabolic processes are 

impaired [62]. (iv) Adequate amounts of CO2 are required for triacylglycerol (TAG) synthesis, while excessive 

CO2 leads to the loss of microalgal biomass. 2–5% (v/v) of CO2 supplementation to microalgae has been found to 

enhance biomass productivity [63]. These parameters vary among different microalgae species. (v) In addition to 

carbon, nitrogen, and phosphorus are known to be the main nutrient sources for supporting microalgal growth, 

which can be sourced from waste streams [64]. N:P ratio in the culture has a significant impact on the growth of 

algae and the biochemical composition of the algal biomass [65]. Under a low N:P ratio of 9, microalgae can 

accumulate a large amount of lipid and carbohydrates while reducing the protein content in the biomass, with lipid 

levels rising notably under nitrogen starvation [66]. 

3. Microalgal Microbial Fuel Cell 

In MMFCs, microalgae growing in the cathodic compartment eliminate the need for artificial O2 and enhance 

overall power density, replacing mechanical aeration (air pumping). It has been reported that energy consumption 

for aeration accounted for 45–75% of the expenditure of WWTPs in the US [67]. Therefore, the use of microalgae 
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to supply oxygen significantly reduces both energy demand and operational costs. Besides, MMFCs offer 

numerous benefits, including producing sustainable electricity, wastewater treatment, CO2 reduction, and the 

generation of sustainable bioproducts such as fuels, fertilizers, food items, and pigments [22]. 

The most common design of MMFCs is the dual-chamber configuration (Figure 3a,b), consisting of an anodic 

chamber with heterotrophic electrogenic bacteria and a cathodic chamber with microalgae, separated by a proton 

exchange membrane (PEM). Exoelectrogenic bacteria in the anode chamber (e.g., Geobacter sulfurreducens, 

Shewanella oneidensis, Rhodopseudomonas palustris) function as the core biocatalysts by oxidizing organic 

substrates (e.g., acetate) and exocellular electrons (Equation (1)). These electrons are transferred to the anode via 

direct contact or indirect pathways (nanowires and endogenous mediators). This mechanism allows direct 

conversion of chemical energy into electricity, while protons migrate to the cathode chamber through the PEM. 

Meanwhile, in the cathodic chamber, oxygen produced by microalgae via photosynthesis (Equation (2)) serves as 

the terminal electron acceptor (TEA), undergoing a 4-electron oxygen reduction reaction (ORR, Equation (3)). 

This process ultimately completes the electron transfer cycle within the system [68].  

Anode: 

C6H12O6 + 9H2O → 3CO2 + 3HCO3
− + 27H+ + 24e−  (1) 

Cathode: 

nCO2 + nH2O → (CH2O)n + nO2  (2) 

O2 + 4H+ + 4e– → 2H2O (3) 

In traditional MFCs, oxygen is supplied to the cathode either via passive or active aeration by means of 

mechanical aerators. The photosynthetic oxygenation in the cathode of MMFCs can be achieved in two ways. 

Algae can grow in the cathode chamber itself to in situ generate and utilize O2 (Figure 3a). Alternatively, algae can 

grow in separate glass bottles (termed as photobioreactor; PBR) connected to the cathodic chamber of MFCs, 

where the produced O2 can be supplied through silicon pipes to the cathode (Figure 3b) [69]. Multiple studies have 

demonstrated that photosynthetic oxygen supply by microalgae yields superior electricity production compared to 

mechanical aeration [70,71]. Ramesh Kakarla et al. [72] applied Scenedesmus obliquus to the MFC cathode, the 

dissolved oxygen (DO) concentration under photosynthetic aeration reached 15.7 mg L−1 in a sealed reactor (a 

supersaturation condition), and the power output reached 153 mW m−2, representing a 32% increase compared to 

the maximum power density (116 mW m−2) under mechanical aeration (DO = 5.9 mg L−1). 

 

Figure 3. (a) Schematic of MMFCs with a dual chamber. (b) Dual-chamber MMFCs with a photobioreactor. 

Research is underway to improve ORR kinetics to enhance the electricity production of MMFCs. ORR at the 

cathode is highly dependent on the DO concentration in the catholyte. Microalgae species and operational 

conditions (such as light intensity, light/dark cycles, pH, and CO2) significantly affect DO production [73]. It has 

been reported that at least 2.2 mg L−1 concentration of DO should be maintained in the cathodic chamber to achieve 

a higher amount of coulombic yield [74]. However, ORR performance was not proportionally increased with the 

increase of DO, possibly due to the limitations in the ORR kinetics and mass transport of oxygen at the cathode 

[75]. To address the challenges of low power generation and bioenergy recovery efficiency of MMFCs, Liang et 

al. [73] systematically investigated the effect of cathode operational parameters on system performance. Their 

study involved screening microalgae species, optimizing light intensity (1400, 2100, and 3200 lux), and adjusting 

light/dark cycle durations (12 h/12 h, 18 h/6 h, and 24 h/0 h). Results demonstrated that C. vulgaris under 3200 

lux with an 18 h/6 h cycle achieved the highest power output (126 mW m−3) and electrochemical activity. C. 

vulgaris achieved the highest power output, followed by Chlorella sp., Tetradesmus obliquus, and Microcystis 
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aeruginosa. This was attributed to its significantly higher DO concentrations. The higher DO concentration not 

only enhanced O2 availability for ORR but also facilitated greater electron transfer, thereby boosting both the 

output voltage and overall power density. 

3.1. ORR Cathode Materials in Microalgal Microbial Fuel Cells 

In addition to increasing oxygen concentration, the cathode material has a major effect on the power 

generation capacity of MMFCs by influencing the efficiency of electron transport and ORR activity [76]. The 

ORR performances of cathode materials are usually limited during practical operation conditions by activation 

energy barrier, ohmic overpotentials, and mass transport resistance [77]. The development and study of ORR 

catalysts to lower the energy barrier of intermediates, weaken the O–O bond of O2, and facilitate the evolution of 

the reaction toward a 4e− ORR pathway is crucial. Common ORR catalysts include carbon and doped carbon 

materials, noble metals, transition metal materials, and biomass materials. 

Metal-based catalysts (including noble metal materials, transition metal materials, and their derivatives) are 

highly effective for ORR due to the strong interaction between the vacant d-orbitals of the metal centers and 

oxygen molecules, which can facilitate the breaking of the O–O bond [78]. Noble metals, characterized by 

abundant empty orbitals and confined electrons, exhibit high electron mobility and conductivity. Commonly used 

noble metal catalysts in MFC cathodes include platinum (Pt), palladium (Pd), and gold (Au) [79]. Pt particularly 

facilitates ORR by significantly reducing the activation overpotential of ORR. It remains the most efficient and 

widely used catalyst in both MFCs and MMFCs [80]. However, the practical application of Pt cathode materials 

is limited by their high cost, constrained availability, and relatively low durability [81]. Therefore, reducing the 

use of Pt by preparing Pt complexes with other materials (e.g., alloying modifications) or developing novel 

catalysts to replace Pt is a more feasible and economical approach [82,83]. Transition metals such as Mn, Fe, Cu, 

Co, and Ni are mostly applied because they can illustrate excellent physicochemical properties and high activities 

in the ORR process [84,85]. This could be due to their unique spinel structures and presence of variable oxidation 

states. Moreover, they are also non-toxic and environmentally friendly [77]. Yang et al. [86] prepared a series of 

Co-based ternary metallic metal–organic frameworks (CN/CNTs/Zn3Co2Fe0.1-S-900) with controllable metal 

ratios as an efficient ORR catalyst through a facile sulfuration-pyrolysis treatment. The proposed catalyst achieved 

comparable ORR activity and superior durability to the Pt/C, due to the formation of a three-dimensional porous 

structure that facilitated electron transport. The maximum power density of MMFC (850 mW m−2) indicated a rise 

of 59.5% by this sample, compared with the level of Pt/C (533 mW m−2). On the other hand, a few non-noble 

metal-based catalysts, like the stainless steel mesh [87] and nickel foam (NF) [88], have also been used in 

biocathodes in MMFCs. In spite of having high electrical conductivity, these materials possess less surface area, 

less resilience towards corrosion, and in some cases, toxicity towards algal strains [89]. As a result, they have 

usually been selected as support materials to load catalysts and microorganisms. 

Development of low-cost nanoparticle-based biocompatible cathode materials has become a primary research 

focus for enhancing ORR performance in algae-assisted cathodes. Carbon materials, including biochar [90], carbon 

felt [91,92], graphite felt [93], carbon cloth [94], and carbon fiber brush [71], have garnered significant attention 

due to their high stability, abundance of raw materials, and cost-effectiveness. However, these materials typically 

exhibit limited active sites and low ORR catalytic efficiency. With the rapid advancement of nanotechnology, low-

dimensional carbon nanomaterials such as carbon nanotubes (CNTs), graphene, and graphene derivatives have 

demonstrated superior ORR catalytic activity in MFCs [95–97]. Nevertheless, these carbon-based materials 

predominantly follow a 2e− ORR pathway, leading to energy dissipation and the generation of H2O2 as a byproduct, 

which poses toxicity risks to microalgae [98]. 

It is well-established that heteroatom doping is an effective strategy for developing efficient and durable 

carbon-based cathode catalysts with enhanced 4e− ORR activity. Heteroatom-doped carbon materials exhibit high 

conductivity, adjustable structure, high catalytic efficiency, and high corrosion resistance. Heteroatoms generally 

include B, O, F, N, S, and P [99]. The functionalization of carbon layers by nitrogen doping increases the surface 

polarity of carbon materials and introduces extrinsic defects, enhancing electronic conductivity and ionic mobility 

[100]. Qin et al. [101] coated gadolinium-cobalt (Gd-Co) nanosheet arrays onto nitrogen-doped carbon spheres 

(N-CSs) supported by nickel foam (NF), creating a unique three-dimensional hierarchical-structured Gd-Co@N-

CSs/NF cathode material. The high electrochemical catalytic activity (Gd sites) and large specific surface area (3D 

hierarchical structure) improved ORR catalytic kinetics and electron transfer while shortening charge transfer and 

electrolyte diffusion pathways. Compared to control groups, its 3D hierarchical structure enabled a higher loading 

capacity for algal cells. If N-doped carbon is combined with transition metals (M) to form metal-nitrogen-carbon 

(M-N-C) catalysts, the number of active sites and the conductivity of carbon materials can be improved further 
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[79]. The coordination of metal and nitrogen in the matrix effectively regulates the local electronic structure, 

improves the distribution of local charge density, produces more active sites, and thus enhances catalytic activity. 

Thereby, the strong interaction between M-N-C components promotes the 4e− ORR process by activating the O−O 

bond [102]. A Fe-N-C nanocomposite catalyst was successfully synthesized by pyrolyzing pomelo peel, 

FeCl3·6H2O, and melamine [103]. The results showed that graphitized structures, pyridine-N, and graphitic-N 

enhanced the conductivity of biomass-derived carbon. The MFC with the Fe-N-C-based cathode delivered a 

maximum power density of 184 mW·m−2, outperforming a Pt/C reference catalyst (134 mW·m−2). While M-N-C 

catalysts have already been employed as cathode materials in MFCs, their application in algae cathodes is still 

under development. Table 1 summarizes the performance of metal-based ORR catalysts. 

Table 1. Metal-based ORR catalysts and their performance and cost. 

Configuration Microorganisms Anode 
ORR Cathode 

Catalysts  
Cost of Cathodes  

Power Density 

(mW m−2)  

COD 

Removal 
Refs. 

MFC 
Inoculated with 

wastewater 

Carbon fiber 

brush 

Nickle 

foam/activated 

carbon 

$50·m−2 

Pt/carbon cloth =  

$1500 m−2 

1190 ± 50  

1320 (Pt/carbon 

cloth) 

/ [104] 

MFC 
Inoculated with 

wastewater 

General carbon 

particles 

Co-doped OMS-2 5% of the platinum cost 180 
99.6% 

86.7% (Pt) 
[105] 

OMS-2 5% of the platinum cost 
86 

198 (Pt) 

66.7 

86.7% (Pt) 

MFC 
Inoculated with 

wastewater 
CB/PTFE/SSM FFC/NG@AC-3 

1.16 $·g−1 

Pt/C = 33 $·g−1 

1913 

1454 (Pt/C) 
80.2% [106] 

MFC 
Inoculated with 

wastewater 

Graphite 

granules 

Spinel Cu–Co oxide 

(Cu0.30Co0.70) Co2O4 

(on acetylene black) 

12 times lower versus 

Pt-based cathodes 

567.58 (87% of 

Pt-sprayed 

cathodes) 

56%  

64% (Pt) 
[107] 

MFC Sewer sludge Carbon rod 
Cu/TiO2 

nanoparticles 
1/70 that of Pt catalysts 312 / [108] 

MFC 

Inoculated with 

domestic 

wastewater 

Graphite carbon 

brush 
FeCoS(MOF) 0.023 $·cm−2 

861.5 

337.9 (Pt/C) 
/ [109] 

MMFC 

Anode: Activated 

sludge; 

Cathode: Chlorella 

vulgaris 

Carbon felt Gd-Co@N-CSs/NF  
4.3 $·g−1 

Pt/C = 33 $·g−1 
115.9 

92.1%; 

COD 

degradation 

rate: 57.5 

mg·L−1·h−1 

[101] 

MMFC 

Anode: Activated 

anaerobic sludges; 

Scenedesmus 

obliquus 

(FACHB13) in a 

photobioreactor 

Not mentioned 
CN/CNTs/ 

Zn3Co2Fe0.1-S-900 

1.8 $·g−1 

Pt/C = 42.65 $·g−1 

850  

533 (Pt/C) 
/ [86] 

MFC 

Escherichia coli, 

Pseudomonas 

aeruginosa, and 

Brevundimonas 

diminuta 

Graphite felt *G/C–Fe-2 
0.93 $·g−1  

Pt/C(20%) = 1116 $·g−1 

560  

818 (20%Pt/C) 
/ [110] 

MFC Activated sludge Carbon brush 

Iron–mebendazole 

(Fe-MBZ)-based M–

N–C catalysts  

3.40–3.60 $·g−1 

Pt = 150 $·g−1 

610–680  

940–990 (Pt) 
/ [111] 

Note: FFC/NG@AC-3, Fe/Fe3C nanospheres (FFC@NG) on activated carbon (AC) (20% mass ratio); Gd-Co@N-CSs/NF, 

gadolinium-cobalt (Gd-Co) nanosheet arrays onto nitrogen-doped carbon spheres (N-CSs) supported by nickel foam (NF); 

FeCoS(MOF), MOF-derived oxygen-defect-rich FexCo3−xS4/FeyCo9−yS8; CN/CNTs/Zn3Co2Fe0.1-S-900, carbon 

nanopolyhedron (CN)/carbon nanotubes (CNTs)/metal sulfides; OMS-2, manganese oxides with a cryptomelane-type 

octahedral molecular sieve; *G, gelatin. 

Recently, metal-free catalysts, especially those based on biochar, have been utilized as ORR catalysts in 

MFCs due to their excellent electrical conductivity, low cost, and high specific surface area [112,113]. Derived 

from plant or animal waste (such as chitosan, pectin, and cornstalk biomass) represents an abundant and 

inexpensive source of carbon-rich precursors [114–116]. Moreover, biomass naturally contains elements such as 

C, N, O, and S, enabling the formation of heteroatom-doped carbon materials through direct pyrolysis [117]. 

Common modification strategies for biochar involve blending or co-synthesis with other carbon materials, as well 

as doping with metallic elements [118,119]. These biomass-derived catalysts offer a cost-effective alternative for 

MMFCs, provided they deliver sufficient power output. 
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3.2. Removal of COD, Nutrients, and Heavy Metals 

Owing to the diversity of algal metabolism (mixotrophy), MMFCs are capable of treating nutrient-rich 

wastewater [56]. Microalgae utilize the carbon contaminants present in wastewater by a heterotrophic or 

mixotrophic mode of operation. Besides, microalgae uptake nitrogen (in the form of ammonium and nitrate) and 

phosphorus (as phosphate) by the assimilation pathway [64]. Therefore, microalgae not only enhance the 

bioelectricity but also remove extra COD and nutrients when the anodic effluent is fed to the cathodic chamber. 

They recycle these nutrients into microalgae biomass, which can be further converted to biofuels or other valuable 

co-products. The MMFCs have been used to treat various wastewater, including pharmaceutical wastewater 

[120,121], domestic wastewater [70,122], landfill leachate [123,124], industrial wastewater [125–127], livestock 

wastewater [128], and food wastewater [129,130]. The efficiency of MMFCs for carbon removal, nutrient removal, 

and power production has been improved substantially over the last decade [22,131]. Table 2 presents several 

representative MMFC systems and summarizes their performance. For example, Yang et al. [132] constructed an 

MMFC to treat real domestic wastewater, and the system realized higher removal efficiencies of total nitrogen 

(TN, 96.0%), total phosphorus (TP, 91.5%), and COD (80.2%) than those of the MFC or algae biofilms alone. The 

highest power density of MMFC (62.93 mW·m−2) was 18% higher than that of MFC (52.33 mW·m−2), and a lipid 

productivity of 6.26 mg·L−1·d−1 could be obtained simultaneously. Wang et al. [122] developed an MMFC to 

determine the contribution of microorganisms for pollutant removal. Results showed that organic matters were 

predominantly removed in the anodic chamber, in which electricity generation, sulfate reduction, fermentation, 

and methanogenesis might occur. Meanwhile, nutrient assimilation into microalgal biomass in the cathodic 

chamber accounted for 27.7–50.0% of nitrogen and 37.1–67.9% of phosphorus removal. Notably, the synergistic 

interactions among photosynthesis, nitrification, aerobic denitrification, and autotrophic denitrification in the 

cathodic chamber significantly contributed to the high TN removal efficiency [121]. 

In order to improve the removal efficiency of nutrient ions, Jiang et al. [124] established a self-sustaining 

photomicrobial nutrients recovery cell (PNRC) (Figure 4a). Instead of directly introducing eutrophic water into 

the electrode chambers, this system concentrated NO3
−-N and PO4

3−-P in the anode and NH4⁺-N in the cathode via 

a self-generated electric field, facilitating recovery as microalgal biomass. At an external resistance of 200 Ω, the 

current density of the PNRC reached 2.0 A·m−2, enabling over 92% separation of NH4
+-N, NO3−-N, and TP from 

eutrophic water, with subsequent removal efficiencies of 91.8%, 90.6%, and 94.4%, respectively. Moreover, 

Elmaadawy et al. [123] advanced the system configuration and proposed an algal biofilm MFC equipped with a 

bioactive oxygen-consuming unit (AB-OCU-MFC) for treating leachate containing refractory organics and high-

strength NH4
+-N (Figure 4b). The COD and NH4

+-N removals in AB-OCU2-MFC (2 cm thickness of circular 

carbon felt) increased by 16.72% and 59.1% compared to the standalone MFC and increased by 13.3% and 9% 

compared to the control algal biofilm reactor. The improvements were attributed to the enhanced anaerobic 

environment in the anode, coupled with efficient bioactive nitrification and denitrification in the OCU, where 

exoelectrogenic anode bacteria and denitrifying cathode bacteria were significantly enriched. In addition, the 

heavy metals widely exist in industrial wastewater, which have an adverse effect on the biological wastewater 

treatment processes. MMFC has been reported to be a feasible and effective approach for heavy metal removal 

(95% Cd2+) in the algal-cathode by hydroxide precipitation and biosorption [88]. Yang et al. [133] established an 

algae-assisted triple-chamber MFC that simultaneously removed Cu2⁺, COD, and nitrogen while generating 

electricity (Figure 4c). The Cu2+ removal efficiency reached 99.9% after treatment in the first cathodic chamber 

(86.2%) and assimilation by algae (4.7%). 

The type and complexity of substrates significantly influence the efficiency of power generation in MMFCs, 

as more complex substrates are less biodegradable by anaerobic microorganisms, thereby limiting both electricity 

generation and COD removal efficiency. To address these limitations, researchers have adopted various 

operational strategies, including screening and acclimating specific pollutant-degrading bacteria/microalgae 

[68,134], optimizing hydraulic retention time (HRT) [135], optimizing the mode of substrate supply (batch-fed 

modes or continuously fed systems) [120,136], as well as promoting electron transfer efficiency and metabolic 

activity of anodic biofilms. Zhang et al. [120] proposed a continuous-flow Fe0-catalyzed MMFC, where Fe0 

prevented algal growth in anodes and achieved a 50% improvement in power production performance (Figure 4d). 

The addition of Fe0 significantly improved the removal of chlortetracycline by improving the activity of 

microorganisms in the anode, while reducing the risk of transmission of ARGs and mobile genetic elements 

(MGEs). The anode-cathode continuous flow operation mode avoided anode acidification and facilitated efficient 

nutrient uptake in the cathode by microalgae using the treated effluent. 
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Figure 4. (a) Schematic diagram of the PNRC system. AEM: anion exchange membrane; CEM: cation exchange 

membrane. Reprinted with permission from Ref. [124]. Copyright 2019, copyright Elsevier. (b) The coupling effect 

of algal biofilm with an OCU for organic and nitrogen removal. The OCU placed between the anode and the cathode 

acted as an oxygen barrier to enhance nitrogen removal. The key processes involved are: (A) assimilation process, 

(B) nitrification process, (C) denitrification process, and (D) volatilization process. Reprinted with permission from 

Ref. [123]. Copyright 2020, copyright Elsevier. (c) Schematic of the algae-assisted triple-chamber MFC (R1, R2, 

and R4) and the photobioreactor (R3). The MFC included an anode chamber (R2) and two cathode chambers (R1, 

R4). An AEM separated R1 and R2 to block Cu2⁺ transfer, while a CEM between R2 and R4 permitted NH4⁺ and 

Cu2⁺ diffusion. A photobioreactor (R3) pre-treated R2 effluent to enhance ammonium removal before entering R4. 

Reprinted with permission from Ref. [133]. Copyright 2021, copyright Elsevier. (d) Fe0-catalyzed MMFC in 

continuous flow operation mode enhanced antibiotic removal. Reprinted with permission from Ref. [120]. 

Copyright 2023, copyright Elsevier. 

Table 2. Configurations, performance, and mechanisms of MMFC systems. 

Reactor 

Construction 
Electrodes 

Microalgal 

Species 

Tape of 

Wastewater 

Removal Rate 

(%) 

Power 

Output 
Biomass Mechanisms Refs. 

Dual-chambered 

MMFC 

Anode: graphite 

felt;  

Cathode: graphite 

felt 

Chlamydomonas 

reinhardtii 

Synthesized 

wastewater 

7 days; 

COD: 73.30% 

(0.32 Kg·COD 

m−3 day−1) 

15.21 

W·m−3 

4.6 g·L−1 

(0.284 

day−1) 

C. reinhardtii supports 

high power output from an 

MMFC and is highly 

resourceful in terms of 

value-added products. 

[68] 

Dual-chambered 

MMFC 

Anode: 

carbon felt; 

Cathode: carbon 

felt 

Chlorella sp.  

2% fat, oil, 

and grease 

(FOG) 

15 days; 

COD: 100%; 

TN: ~75%; 

TP: 76% 

21.0 

mW·m−2 
/ 

Continuous cycling of 

microalgae enhances the 

availability of oxygen and 

the biocatalytic activity of 

the cathode. 

[137] 

Dual-chambered 

MMFC 

Anode: carbon felt;  

Cathode:  

Gd-Co@N-CSs/NF 

Chlorella 

vulgaris 

Synthetic 

wastewater 

2 days; 

COD: 92.1%; 

COD 

degradation rate: 

57.5 mg·L−1·h−1. 

115.9 

mW·m−2 

Cell density 

increases 

55.6% after 

360 h; 

14.5 mg·g−1 

The unique 3D Gd-

Co@N-CSs/NF 

architecture offers 

exceptional 360-h stability 

(5.8% voltage drop), high 

power density, and 

enhances microalgae 

growth. 

[101] 

Dual-chambered 

MMFC 

Anode: carbon felt; 

Cathode: 

Gd-Co@N-CSs/NF 

Chlorella 

vulgaris 

Synthetic 

wastewater 

50 h; 

COD: ~98%; 

NH4
+-N: 

83.84%; 

TP: ~45% 

2.0 W·m−3 / 

Optimized cultivation 

conditions for Chlorella 

vulgar enhance bioenergy 

recovery in MMFCs, 

where DO directly 

increases the output 

voltage and NH4⁺-N 

concentration indirectly 

affects it via DO. 

[138] 
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Table 2. Cont. 

Reactor 

Construction 
Electrodes 

Microalgal 

Species 

Tape of 

Wastewater 

Removal Rate 

(%) 

Power 

Output 
Biomass Mechanisms Refs. 

Dual-chambered 

MMFC with 

AEM and PEM 

as separators 

Anode: carbon 

brush;  

Cathode: Pt coated 

carbon cloth 

Chlorella 

vulgaris 

Simulated 

eutrophic 

water 

15 h; 

COD: 94.5%; 

NH4
+-N: 91.8%; 

NO3
−: 90.6%; 

TP: 94.4% 

8.27 

kWh·m−3 

108.86 

kJ·m−3 

Employing the self-

generated electric field to 

drive and concentrate 

nutrient ions NO3
−-N and 

PO4
3−-P in the anode and 

NH4⁺-N in the cathode, 

facilitating recovery as 

microalgal biomass. 

[124] 

Single chamber 

MMFC with an 

OCU 

Anode: carbon felt;  

Air cathode 

electrode: 

AC/CB/PVDF/stain

less steel mesh 

C. vulgaris 
Landfill 

leachate 

COD: 86%; 

NH4
+-N: 89.4%; 

NO3
−: 90.6%;  

TN: 76.7% 

/ 

89.3 mg; 

1.23 

g·L−1·d−1 

The OCU’s constraint of 

cathodic oxygen diffusion 

increases COD (16.72%) 

and NH4⁺-N (59.1%) 

removal, boosting algal 

biomass. 

[123] 

Algae-assisted 

triple-chamber 

MFC (one anodic 

chamber + two 

cathodic 

chambers) 

Anode: carbon 

cloths;  

Cathode: carbon 

cloths 

Chlorella ap. 

(FACHB-8) 

Synthetic 

wastewater 

8 days of total 

HRT; 

Cu2+: 99.9%;  

TN: 79% 

420 

mW·m−2 

(Cu2+ as 

electron 

acceptors) 

315 

mW·m−2 

(O2 as 

electron 

acceptors) 

/ 

 Continuous flow 

operation mode 

realizes 

simultaneous 

removal of heavy 

metals, nutrients 

and organic matter; 

 Cu2+ and O2 

respectively act as 

electron acceptors 

for the reactions at 

the two cathodes. 

[133] 

Dual-chambered 

MMFC 

Anode: carbon felt;  

Cathode: carbon 

felt 

Chlorella 

(FACHB-8) 

Simulated 

domestic 

wastewater 

48 h of total 

HRT;  

COD: 84.62%;  

NH4
+-N: 

76.94%; 

TP: 76.94%; 

Chlortetracyclin

e (240–260 

μg·L−1): 89.07%  

13.39 

W·m−3 (2-

fold higher 

than the 

non-Fe0) 

/ 

 The continuous 

flow operation 

prevents anode 

acidification. 

 Fe0 addition inhibits 

algal growth in the 

anode. 

 A synergistic 

anammox/Feammox 

mechanism 

enhances 

denitrification. 

[120] 

Single-chamber 

MMFC 

Anode: graphite 

rod;  

Cathode: carbon 

mesh 

Microalgae 

(Scenedesmus 

almeriensis)-

bacteria (MB) 

consortia  

Pig slurry 

12 days; 

COD: 40–50%; 

NH4
+-N: 100 %; 

TP: > 60% 

153 

mW·m−2 

0.069 

g·L−1·day−1 

 A cost-effective and 

durable ionic liquid-

based membrane 

replaces 

conventional 

Nafion. 

 Microalgae-bacteria 

interactions enhance 

nutrient assimilation 

and recovery. 

[128] 

Polyethylene 

tubular-bag 

MMFC (10 L) 

Anode: graphite 

felt;  

Cathode: graphite 

felt 

Chlorella 

vulgaris 

Synthetic 

wastewater 
/ 

890 

mW·m−3 

4.6 g·L−1; 

0.63 day−1; 

0.307 

kg·m−3·d−1 

algal 

productivity 

 Algal lipids serve as 

the anode electron 

donor. 

 A 10 L MFC 

employs rock 

phosphate-blended 

clayware (P source) 

and polyethylene 

bags as low-cost 

materials. 

[25] 

Note: OCU, bioactive oxygen consuming unit; AC/CB/PVDF, activated carbon/carbon black/polyvinylidene fluoride. 

4. Synergistic Integration of Microalgae with Photocatalysis 

Photocatalysis technology is an attractive alternative to other advanced oxidation technologies, due to its 

green energy characteristics, mild reaction conditions and the ability to produce rich free radical species. The 

artificial metal-based photocatalysts (such as TiO2, WO3, BiVO4, BiOCl and ZnO) have been widely applied 

toward the removal of aqueous organic pollutants with high efficiency [139–141]. According to energy band theory, 

semiconductor photocatalysts possess discontinuous electronic structures, characterized by a valence band (VB) 

and a conduction band (CB) separated by a bandgap typically ranging from 1 to 4 eV [40] (Figure 5). Upon photon 

absorption, electrons are excited from the VB to the CB, creating electron-hole pairs. Photocatalytic degradation 

involves redox reactions occurring on the surface of semiconductors: (ⅰ) oxidative degradation via photoexcited 
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holes (h⁺), and (ⅱ) reduction reactions driven by photoexcited electrons, such as hydrogen evolution or oxygen 

reduction [142]. Upon light irradiation, photocatalysts generate abundant reactive species, including electrons, h⁺, 

•OH, •O2
−, and H2O2 [40]. Under the attack of these strong oxidants, organic compounds undergo ring opening 

and bond cleavage, ultimately transforming into biodegradable intermediates, CO2 and H2O [143]. However, the 

practical application of photocatalysis in pollutant removal is constrained by several challenges. Photocatalysts 

suffer from high recombination rates of photogenerated electron-hole pairs, often requiring the use of sacrificial 

agents [144]. Additionally, due to low mineralization efficiency or the need for extended irradiation to achieve 

high mineralization rates of organic pollutants, the reaction systems typically accumulate numerous intermediates, 

some of which may even exhibit greater toxicity than the original pollutants [39]. 

 

Figure 5. Schematic diagram of photocatalytic reaction mechanism and the synergistic effect between 

photocatalysts and microorganisms in the ICPB system. 

Existing literature demonstrates that the combination of photocatalysis and microalgae technologies can 

enhance the removal rate of typical antibiotics and their photocatalytic degradation products, reducing their 

environmental risks. Photocatalytic nanoparticles such as BiVO4 [44], g-C3N4 [39,42,145,146], TiO2 [147,148], 

and the composites of metallic oxide [149,150] have been integrated with microalgae for pollutant remediation. 

Table 3 summarizes the removal efficiency of different wastewater by microalgae-photocatalysis coupling 

techniques. The coupling strategies generally fall into four categories: (ⅰ) sequential cascade degradation, with 

photocatalysis serving as a pretreatment step [151]; (ⅱ) mixed system, where microalgae and photocatalytic 

nanoparticles are co-cultured in the same reactor [44]; (ⅲ) nano-biohybrid system, where photocatalytic 

nanoparticles are coated on the microalgal biofilm by in situ synthesis or electrostatic adsorption [149,150]; (ⅳ) 

intimately coupled photocatalysis and biodegradation (ICPB) system, where photocatalysts and microalgae are 

coated onto porous carriers or encapsulated in a hydrogel [152]. Chen et al. [44] integrated a monoclinic BiVO4 

with microalgae (Dictyosphaerium sp.) for visible-light-driven degradation of sulfamethazine. The BiVO4–algae 

system demonstrated over 80% degradation within 4 days, primarily mediated by triplet-state dissolved organic 

matter (3DOM*), followed by •OH. The BiVO4 increased carbohydrate metabolites and activated the tricarboxylic 

acid cycle (TCA) of microalgae, significantly promoting the removal of sulfamethazine. However, the degradation 

mechanism was largely attributed to microalgal oxidative stress, resulting in relatively low degradation efficiency 

for antibiotics. The integration of microalgae with photocatalytic materials offers a promising approach for 

degrading and detoxifying organic pollutants, effectively reducing the environmental risks associated with typical 

antibiotics. Li et al. [151] found that the acute toxicity of norfloxacin (NOR) photocatalytic degradation by g-C3N4 

increased because of the formation of many unmineralized products of NOR. The introduction of microalgae (C. 

pyrenoidosa) treatment promoted the degradation of some photocatalytic degradation products of NOR, and 

significantly reduced the overall toxicity of the treated solution. 

However, there is a physical separation between the photocatalysts and microalgae, due to the harsh 

photocatalytic reaction conditions of g-C3N4 (UV light range, acidic pH). Shi et al. [145] combined the protonated 

graphitized carbon nitride (P-g-C3N4) with Chlorella pyrenoidosa through electrostatic adsorption to form a new 

photocatalytic-microalgae composite system. Chlorella pyrenoidosa enhanced the photocatalytic activity of P-g-

C3N4 through extracellular organic matters (EOMs) photosensitization and electron transfer, and there was a 

synergistic effect between P-g-C3N4 and microalgae, which realized the efficient degradation and mineralization 
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of tetracycline hydrochloride (TCH). •O2
− plays the crucial function in the degradation of TCH in this system. 

Besides, Mao et al. [42] found that P-g-C3N4 induced moderate oxidative stress in algae. The metabolic adaptation 

facilitated the formation of extracellular polymeric substances (EPS) for resisting the physiological damage caused 

by toxic substances in water. The generation of oxidative •O2
− by acclimated algae contributed to over five-fold 

enhancement in the degradation of harmful aniline. Besides, many studies reported that the intimate interaction 

between microalgae and photocatalysts could facilitate the degradation efficiency [149]. Zhang et al. [150] 

developed a visible-light-driven nano-biohybrid system (C. ellipsoidea@TiO2-Ag-AgCl) via biomimetic synthesis 

for efficient o-cresol biodegradation. This system achieved a biodegradation rate of 5.56 mg L−1 h−1, representing 

a 6.49- and 3.66-fold enhancement over native microalgae and catalysts alone, and surpassing TiO2-modified 

systems (3.57 mg L−1 h−1). Such a hybrid system could improve electron transfer within microalgae, promoting 

the TCA cycle-driven mineralization of intermediates and accelerating the overall biodegradation process [150]. 

Moreover, photocatalyst nanoparticles provided protective effects against pollutant toxicity by increasing 

chlorophyll a content, stimulating EPS secretion, and improving membrane permeability. All these processes 

enabled microalgae to adapt more quickly to the toxic environment. 

Due to the difficulty in matching the cultivation conditions of microalgal cells with photocatalytic systems, 

or cells’ susceptibility to inactivation by the high ROS around photocatalysts, the ICPB system has been proposed 

[153]. In this system, both photocatalysts and microalgae are immobilized together onto porous carriers. An ICPB 

system typically comprises four essential components: porous carriers, photocatalysts, biofilms, and an illuminated 

reactor, as shown in Figure 5 [154]. In ICPB, AOPs and biodegradation occur simultaneously in the same reactor: 

photocatalysts on the carrier surface convert refractory pollutants into biodegradable intermediates, which are then 

completely degraded by the nearby algae-bacterial biofilm communities cultivated in the carriers. Additionally, 

the biofilms are protected by the carriers from the harmful light and free radicals generated by photocatalysts [155]. 

ICPB has demonstrated promising applicability for the degradation of various bio-recalcitrant pollutants, such as 

phenolics, pharmaceuticals, and endocrine disrupters [34,156–159]. 

In ICPB systems, two primary methods are employed to integrate photocatalysts, carriers, and biofilms. The 

first involves coating photocatalysts onto porous carriers (e.g., ceramic particles, biochar hydrogel, polyurethane 

sponge, photocatalytic optical hollow fibers) [154,157,160,161]. Sometimes, polydopamine was applied as an 

adhesive layer to strengthen the attachment of photocatalysts to the carriers [162]. These coated carriers are then 

incubated with microbial media to promote biofilm growth within the pores. The second method entails dispersing 

both photocatalysts and microorganisms in sodium alginate, which is then added dropwise into a CaCl2 solution 

to form calcium alginate beads [163]. Both approaches protect microorganisms from UV light and free radicals, 

while ensuring close contact between photocatalysts and biofilms. This construction facilitates efficient transfer 

of photodegradation products to microbes, improving secondary mineralization. 

Table 3. Applications of microalgae-photocatalysis hybrid systems for the degradation of pollutants. 

System Material Composition Microorganism Light Source 

Target 

Pollutants or 

Wastewater 

Degradation Performance Refs. 

ICPB 

Photocatalyst: 

TiO2@FeS2;  

Carrier: Polyether-type 

polyurethane-graphene 

oxide (GO-PP) sponges 

in a 1 cm3 scale 

Algae-bacteria 

consortia system 

A 7 W LED strip (1 m 

long with 50 light 

beads) in batch mode 

Coking 

wastewater 

 Composites:  

COD (55.6%), TOC 

(58.2%), and TN (30.4%) 

over 2 h; 

 Biodegradation: 

COD (24.8%), TOC 

(28.8%), and TN (5.3%) 

over 2 h 

[160] 

ICPB 

GeO2/Zn-HPW/TiO2-

loaded (HPW = 

phosphotungstic acid 

hydrate) photocatalytic 

optical hollow fibers 

(POHFs) 

Algal-bacterial 

biofilm 

(Scenedesmus 

obliquus, 

Salinarimonas, 

Coelastrella sp., 

and Rhizobium) 

A deuterium halide 

light source in 190–

2000 nm range 

Tetracycline 

98.1% in 5 h; 

95.0% of COD in 10 h (8.82 

μmol·h−1) 

[151] 

ICPB 
N-doped TiO2 (NT)-

coated POHFs 

Scenedesmus 

obliquus 

A UV−vis LED light 

source (300–850 nm) 

2.12 mM 

phenol 

 Composites: 

100% in 14 h; 

~99% of TOC in 24 h; 

 Photocatalysts: 

100% in 34 h; 

70% of TOC in 34 h 

 Biodegradation: 

100% in 28 h; 

96% of TOC in 28 h 

[37] 
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Table 3. Cont. 

System Material Composition Microorganism Light Source 

Target 

Pollutants or 

Wastewater 

Degradation Performance Refs. 

Mixed 

system 

0.5 g·L−1 BiVO4–algae 

system 

100 mg L−1 

Dictyosphaerium 

sp. 

4000 lux illumination 

with a light-dark 

period of 12:12 h. 

5 mg·L−1 

sulfamethazine 

 83% for composites in 4 

days; 

 34% for BiVO4 in 4 days; 

 41% for algae in 4 days 

[44] 

Mixed 

system 

0.1 g·L−1 

protonated g-C3N4 (P-

C3N4) 

Microcystis 

aeruginosa 

A 4000 lux cool white 

fluorescent, with a 

light-dark period of 

14:10 h. 

1 g·L−1 aniline 

 96% in 48 h for 

composites 

 0.14 h−1 for composites; 

 0.005 h−1 for P-C3N4; 

 0.024 h−1 for 

biodegradation 

[42] 

Mixed 

system 
0.2 g·L−1 P-g-C3N4 

5.0 × 108 cells 

mL−1 

Chlorella 

pyrenoidosa 

350 W xenon lamp 

(400 nm–780 nm) to 

simulate visible light 

10 mg·L−1 

tetracycline 

hydrochloride  

 53% in 2 h. 

 The kobs of algae, P-g-

C3N4, and P-g-C3N4/algae 

increased to 0.012 min−1, 

0.0029 min−1, and 0.0061 

min−1, respectively. 
[145] 

350 W xenon lamp 

(290 nm–780 nm) to 

simulate sunlight 

 100% in 2 h. 

 The kobs of algae, P-g-

C3N4, and P-g-C3N4/algae 

increased to 0.003 min−1, 

0.027 min−1, and 0.038 

min−1, respectively. 

Mixed 

system 

TiO2/graphene 

oxide/polypropylene 

fiber 

Chlorella 

pyrenoidosa 

A light incubator  

(2000 lux) with a 

light/dark period of 

12/12 h. 

5 mg·L−1 

roxithromycin 

(ROX) 

 Composites: 91.73% in 

14 days. 

 Biodegradation: 14.45% 

in 14 days. 

 Photocatalysts: 70.95% in 

14 days. 

[149] 

Nano-

biohybrid 

system 

C. ellipsoidea@TiO2-

Ag-AgCl system 
C. ellipsoidea 

A light incubator (4500 

lux) in a light-dark 

period of 16/8 h. 

100 mg·L−1 o-

cresol 

 Composites: 100% in 18 

h (3.57 mg L−1·h−1) 

 Biodegradation: 20 % in 

28 h (0.857 mg L−1·h−1) 

 Photocatalysts: 42.7 % in 

28 h (1.52 mg L−1·h−1). 

[150] 

Nano-

biohybrid 

system 

Biosynthetic TiO2 (bio-

TiO2 NPs)—

microalgae synergetic 

system (Bio-

TiO2/Algae complex) 

Tetradesmus 

obliquus  

A light incubator (4500 

lux) with a light/dark 

period of 16/8 h. 

100 mg·L−1 

phenol 

 Composites: 98.95% in 

19 h. 

 Biodegradation: 40.88% 

in 19 h. 

 Dead Algae + bio-TiO2: 

74.89% in 19 h. 

[164] 

To enhance photocatalytic degradation, ICPB systems require high light transmittance, broad light absorption, 

and low charge carrier recombination. Yuan et al. [37] demonstrate a novel ICPB system using N-doped TiO2-

coated photocatalytic optical hollow fibers (POHFs) in cooperation with Scenedesmus obliquus biofilm for phenol 

removal. The N-TiO2-POHFs exhibited high UV−visible photocatalytic activity, enabling rapid phenol removal 

while emitting visible light to sustain biofilm growth and O2 production. O2 generated by algae as an electron 

acceptor was transferred to the surface of POHFs, suppressing electron-hole recombination and promoting ROS 

generation (•OH and •O2
−). To further improve the optical characteristics of the carriers, Xiao et al. [151] fabricated 

GeO2/Zn-HPW/TiO2-loaded (POHFs) (HPW = phosphotungstic acid hydrate) with a broad absorption edge 

extending to 1000 nm, which provided high light intensity to support biofilm growth. The algal-bacterial biofilm 

supplied O2 required for photocatalysis, while biodegradation reduced ROS consumption by organics, 

synergistically enhancing photocatalytic efficiency. Consequently, this ICPB system achieved 98.1% tetracycline 

removal within 5 h and 95.0% mineralization in 10 h, along with an 11-fold increase in biofilm biomass. 

The microalgae-based ICPB system has been effectively applied to real refractory industrial wastewater. Zhu 

et al. [160] developed an in situ immobilized photocatalytic-algae-bacteria consortia (P-ABC) system using a 

polyether polyurethane sponge carrier for actual coking wastewater treatment. Partially embedded photocatalysts 

formed isolated “photocatalytic islands” alongside “biological islands”, which minimized direct contact and 

oxidative damage to microbes while promoting biofilm growth and system stability. The P-ABC system increased 

algal density by 16.8% and significantly improved the removal efficiencies of COD (19.8%), TOC (21.2%), and 

TN (30.4%) compared to conventional bio-systems. 
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5. Synergistic Integration of Microalgae with Electrochemical Advanced Oxidation Processes (EAOPs) 

To enhance the removal efficiency of refractory organic contaminants, the integration of microalgae-based 

systems with EAOPs has been proposed [165]. EAOPs have been widely employed for treating refractory 

pollutants because they rely on electricity to produce the strong oxidants, mainly •OH radicals (E = 2.8 V vs. SHE), 

which can non-selectively degrade/mineralize organic matters [166]. Moreover, EAOPs offer the advantage of 

producing minimal secondary sludge or waste, thereby reducing post-treatment demands, and electrochemical 

reactors are readily automated. •OH can be produced directly via anodic oxidation of water (electrochemical 

oxidation, EO), and can also be generated indirectly through Fenton’s reagent (electro-Fenton) reactions at the 

cathode [20]. Among various EAOPs, the electro-Fenton process has attracted considerable attention due to its 

ability to continuously generate H2O2 through the two-electron ORR using cost-effective carbon-based materials 

[167,168]. In the presence of Fe2+ ions, H2O2 undergoes the Fenton reaction to form •OH, which is maintained 

through the continuous regeneration of Fe2⁺ at the cathode via the reduction of Fe3+ [169]. However, the practical 

application of EAOPs may be expensive due to the extended electrolysis time required for complete contaminant 

mineralization, leading to high energy consumption [170]. Consequently, hybrid treatments integrating biological 

processes with EAOPs have emerged as promising alternatives to enhance pollutant removal while lowering the 

operational costs associated with EAOPs [171,172]. In particular, EAOPs have been proposed as a pretreatment 

step prior to conventional biological treatment [173]. By partially oxidizing refractory or toxic organic compounds, 

EAOPs can significantly improve the biodegradability of wastewater. This integrated approach not only shortens 

the treatment time required by EAOPs but also lowers the overall energy consumption. Table 4 presents the recent 

studies of microalgae-EAOPs hybrid systems for the degradation of pollutants. 

The presence of insoluble particles and dark-colored substances in anaerobic effluent often limits light 

penetration, thereby inhibiting microalgal growth. The Electro-Fenton process offers a promising pretreatment 

method to condition such wastewater for subsequent microalgal cultivation. Huo et al. [38] combined H2O2-

enhanced electro-Fenton coagulation (EFC) with microalgae for the treatment of anaerobic digestion sludge. The 

EFC pretreatment significantly improved light availability and enhanced photosynthesis in Chlorella sp. However, 

it also resulted in considerably reduced pH, requiring neutralization prior to algal cultivation. Furthermore, while 

electro-Fenton effectively oxidizes organic pollutants, inorganic species are often transformed rather than 

completely removed, and thus remain in the treated effluent. Microalgae can assimilate these residual inorganics 

as well as biodegradable organics, offering a complementary treatment step. Dulce María Arias [36] combined EF 

and microalgae in a two-step integrated process to treat high-load industrial wastewater. EF pretreatment reduced 

COD by 77.5%, total suspended solids (TSS) by > 95%, and PO4
3− by 74.3% at 6.32 mA cm−2, decreasing the 

turbidity and enhancing biodegradability. Subsequent microalgal cultivation removed 85% of residual organics, 

all inorganic N and P, and 65% of residual Fe within 15 days. However, the effectiveness of EO processes as a 

pretreatment depends heavily on wastewater composition [112]. Eliana M. Jiménez-Bambague et al. [172] 

demonstrated that using EO as a post-treatment after microalgae in bench-scale tests resulted in superior removal 

of pharmaceuticals (58.8% vs. 47.7%) and COD (63% vs. 24.3%) compared to EO as pretreatment during 

pharmaceuticals wastewater treatment. This improvement was attributed to the prior consumption of 

biodegradable substances by microalgae, which would otherwise scavenge •OH during EO. Based on these results, 

a pilot-scale high-rate algal pond (HRAP)-EO system was then implemented, removing over 80% of key 

pharmaceuticals. 

The approach described above employs a sequential microalgae-EAOP treatment cascade, as the harsh 

operating conditions required by EAOPs prevent microalgae from surviving in a shared system. As a result, this 

configuration fails to leverage the synergistic effects of simultaneous microalgae and EAOP treatment. Microalgal 

bioelectrochemical oxidation offers a promising self-powered approach for the in situ activation of 

peroxymonosulfate (PMS), enabling simultaneous activation and contaminant removal [174]. For example, 

microalgae can act as an electron donor in the anode of MMFCs to generate electricity through the photosynthetic 

electron-transfer chain [175], which can activate PMS and achieve the combination of green bioelectricity and 

PMS-based AOPs for sustainable pollutants degradation. Deng et al. [176] constructed a dual-chamber microalgae 

fuel cell using microalgae as the anode electron donor and PMS as the cathode electron acceptor. Under closed-

circuit conditions, 1–12 mM PMS was activated, achieving 32.00–99.83% sulfamethoxazole (SMX) degradation 

within 24 h, 1.21–1.78 times higher than in open-circuit mode. The process involved key reactive species such as 

•SO4
−, •OH, and 1O2. 

The integration of microalgae and EAOPs presents a promising, hybrid approach for removing both heavy 

metals and persistent organic pollutants from highly contaminated effluents, as evidenced by its successful 

progression to pilot-scale studies. Strategically sequencing the treatment steps (EAOPs serve as either pre-
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treatment or post-treatment) should be based on wastewater composition. Future efforts should focus on 

intensifying EAOPs’ efficiency and cost-effectiveness. More active oxidants (e.g., peroxymonocarbonate and 

peracetic acid) could be employed as the cathode electron acceptors in advanced microalgae-based self-powered 

systems to enhance the removal efficiency. 

Table 4. Applications of microalgae-EAOPs hybrid systems for the degradation of pollutants. 

Material 

Composition 
Microorganism 

Target 

Pollutants/Wastewater 

Treatment 

Process 
Time Removal Rate 

Energy 

Consumption 
Refs. 

A pair of 

BDD/BDD 

electrodes 

Scenedesmus sp. 

Pharmaceutical 

compounds (at bench 

scale) 

Electrooxidation 

as a post-

treatment, 

microalgae as a 

pre-treatment 

(MA/EO process)  

1 h of EO + 7 

days of 

microalgae 

treatment 

 COD: 63%; 

 Pharmaceutical 

compounds 

removal: 

58.8% 

0–30 V, 10 

mA·cm−2 
[172] 

Pharmaceutical 

compounds (at pilot 

scale, 50 L) 

MA/EO process 

3 days of 

microalgae 

treatment + 1 

h of EO  

 COD: 57.4%; 

 Pharmaceutical 

compounds 

removal: 36.8–

94.3% 

0.28–1.02 

kWh·m−3 
[172] 

A pair of iron–iron 

plate electrodes 
Chlorella 

Anaerobic digestion 

wastewater 

Fe-H2O2-EFC as 

a pre-treatment, 

microalgae as a 

post-treatment 

2.5 min of 

EFC + 20 

days of 

microalgae 

treatment 

COD: 87.3%;  

Color: 80.8%;  

TSS: 79.5% 

0.26~0.69 

kWh·m−3 
[38] 

Ti/RuO2–IrO2 

anode;  

Carbon felt 

cathode 

Scenedesmus sp., 

Chlorosarcinopsis 

sp., and 

Coelastrum sp. 

Food processing 

wastewater 

EF process as a 

pre-treatment, 

microalgae as a 

post-treatment 

6 h of EF + 

15 days of 

microalgae 

treatment 

 EF: 

COD: 77.5%; 

TSS: >95%; 

TP: 74.3%; 

TN: 76.9%; 

 EF-

Microalgae: 

COD: 91.0%; 

TN: 100%; 

TP: 100% 

0.04 

kWh·g−1·COD−1 
[36] 

Ti/(RuO2)0.9(TiO2)0.1 

anode;  

Stainless steel 316 

cathode 

Chlorella 

sorokiniana 

UNSA-2 

Tannery wastewater MA/EO process 

18 days of 

microalgae 

treatment + 1 

h of EO 

COD: 94.25% 

Cr: 78.43%; 

As: 99.3 %; 

V: 98.9 % 

21.4 kWh·m−3 [177] 

A pair of carbon 

papers electrodes 

Scenedesmus sp. 

TXH 
20 μM SMX 

Microalgae in 

anode for bio-

electricity 

generation: PMS 

as the electron 

acceptor in 

cathode and 

microalgae as 

biocatalysts in 

anode  

24 h 

Close–circuit: 

99.83% COD; 

Open–circuit: 

65% COD 

Power output: 

700 mW·m−3 
[176] 

Note: Fe-H2O2-EFC, Fe electrode with H2O2-enhanced electro-Fenton coagulation; EF, electron-Fenton. MA, microalgae; EO, 

electrooxidation; SMX, sulfamethoxazole. 

6. Summary, Challenges, and Research Outlook 

Microalgae have emerged as promising agents for bioremediation, particularly in wastewater treatment, 

owing to their capacity for nutrient removal and biomass valorization. Nevertheless, their ability to degrade certain 

recalcitrant pollutants and treat complex wastewater compositions remains limited. In recent years, several hybrid 

technologies integrating microalgal systems have been explored to overcome these constraints, including 

microalgal microbial fuel cells (MMFCs), microalgae coupled with electrochemical advanced oxidation processes 

(EAOPs), and microalgae integrated with photocatalysis. Compared to standalone bioremediation, 

bioelectrochemical systems, or electrochemical/photocatalytic-based AOPs, these combined approaches have 

achieved synergistic enhancement in pollutant removal performance. However, most remain at an early 

developmental stage, with limited mechanistic understanding of the operational processes. AOPs based on free 

radicals, such as electro-Fenton (EF) reactions and photocatalysis, are particularly effective for refractory 

pollutants, but they face challenges including the formation of toxic intermediates, strong dependence on 

controlled pH conditions, and interference from coexisting substances. 
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6.1. Microalgal Microbial Fuel Cells 

Although numerous studies have reported the use of MMFCs for treating real wastewater, large-scale MMFC 

research remains limited [25]. The pilot-scale scaling of MMFCs faces a major cost challenge, as membranes and 

electrodes can comprise over 80% of the total cost [21,178]. Additionally, prolonged operation time, coupled with 

a lack of suitable monitoring equipment, leads to high maintenance costs. Scaling up the system also results in 

increased internal resistance, reduced mass transfer efficiency, and lower power generation efficiency. 

To enhance feasibility, techno-economic assessments (TEA) and energy flow analyses are crucial. A 

comprehensive evaluation should incorporate costs related to electrodes, reactor construction, energy input, and 

biomass extraction, alongside revenues from electricity, biomass, and wastewater treatment services [138]. A 

comprehensive energy flow analysis that considers energy inputs (such as pumping, illumination, and biodiesel 

processing) and outputs (including electricity and biodiesel) is essential for evaluating feasibility. Reports indicate 

that electricity generation contributes only 12.7–42.3% of total energy consumption (excluding biodiesel 

processing), while biodiesel-derived energy represents 27.3–32.9%, which is required to achieve energy neutrality 

and offset economic costs [122]. Moreover, to reduce the capital cost of MMFCs, it is crucial to adopt low-cost 

electrodes and membranes. Promising alternatives include earthen ceramic membranes [179] and polymer 

inclusion membranes (PIMs) [128], which can replace expensive materials like methyltrioctylammonium chloride 

and minimize the cost of periodic replacement [24]. Furthermore, the development of high-performance, biomass-

derived ORR catalysts offers a pathway to cost-effective cathodes. 

In terms of pollutant removal, the slow biodegradation rate of MMFCs necessitates optimization of 

operational parameters such as strain selection, light intensity, temperature, nutrient supply, and cultivation 

systems, with artificial neural network (ANN) modelling and forensic-based investigation algorithm (FBI) offering 

possible solutions [180]. Integration with complementary methods, including algal–bacterial symbiosis [181,182], 

membrane filtration [183], and photocatalysis [184], has demonstrated improved overall efficiency. Notably, 

hybrid photocatalytic–electrogenic anodes have shown enhanced extracellular electron transfer and higher 

pollutant removal [185,186], suggesting photocatalysis-assisted MMFC as a cost-effective and efficient strategy. 

6.2. Microalgae Integrated with Photocatalysis System 

Microalgae integrated with photocatalysis also face key challenges: notably, rapid photogenerated charge 

recombination, narrow visible-light absorption, and insufficient integration with biofilms. Addressing these issues 

requires the design of heterojunction photocatalysts with broad spectral response [187], high interfacial 

conductivity [188], and high charge separation efficiency to facilitate direct electron transfer between catalysts 

and biofilms. Tightly coupled hybrid systems, such as in situ mineralization of photocatalytic nanomaterials on 

microalgal biofilms, may further strengthen material–biological synergy. However, detailed mechanistic 

understanding of photocatalyst–biofilm interactions, especially photoelectron transfer processes and their impact 

on ICPB systems, remains lacking [188]. Omics technologies, including transcriptomics, proteomics, and 

metabolomics, can elucidate functional genes, proteins, and enzymes involved in pollutant degradation pathways 

within dynamic microbial communities [189]. Moreover, poor adhesion between photocatalysts and substrates 

compromises recyclability, highlighting the need for low-cost carrier materials with high stability, strong light 

transmittance, and large specific surface area, alongside optimized immobilization methods to secure durable 

loading of both photocatalysts and biofilms. 

Microalgae-coupled photocatalysis has gained notable development in recent years, owing to its simple 

configuration, low energy input, cost-effectiveness, and efficient degradation capability. However, most current 

research remains confined to laboratory-scale studies, primarily utilizing low-concentration antibiotics and a 

specific pollutant as model pollutants. This limitation has prevented adequate pilot-scale validation of the 

technology’s long-term performance under realistic conditions. Scaling up the system necessitates the design of 

larger reactors that achieve efficient mass transfer while maintaining uniform light distribution, which demands 

complex geometries and substantial energy input for effective mixing. 

6.3. Microalgae Integrated with EAOPs Systems 

For microalgae–EAOP systems, particularly the EF process, operational limitations include the requirement 

for external H2O2 and Fe2⁺ additions, acidic conditions leading to effluent acidification and necessitating 

neutralization, interference from complex water matrices, and physical separation between EAOPs and microalgal 

components that diminishes synergy. Development of heterogeneous electro-Fenton (HEF) catalysts is a promising 

approach [190], enabling in situ H2O2 generation through the two-electron ORR at carbon-based cathodes, 

followed by activation into •OH via solid-Fenton catalysts [191]. HEF systems avoid external H2O2 addition, 
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reduce iron sludge formation, attenuate pH sensitivity, and allow catalyst recovery. In addition, their long-term 

stability can be achieved by structural designs that confine catalytic sites, enhance Fe2⁺/Fe3⁺ cycling, and limit 

metal leaching [192]. Additionally, coupling hydrogel-immobilized microalgae with O2-dependent AOPs in a 

single reactor can protect cells from ROS damage, permit nutrient/gas exchange, and facilitate cell cultivation and 

harvesting [193]. Moreover, the enhanced mechanical strength and biocompatibility of encapsulation materials 

(e.g., modified alginate) are essential to prevent cell leakage and sustain long-term cell viability [194]. Furthermore, 

microalgal bioelectricity offers opportunities for in situ activation of PMS, where improved electron transfer 

efficiency via porous conductive polymers or redox mediators could significantly boost current density and voltage 

output [195]. 

The microalgae-coupled EAOPs system has been extensively reported for its effective treatment of complex, 

real wastewater in large-scale configurations, demonstrating the most outstanding remediation capability among 

the three technologies in practical applications. Nevertheless, it remains the most expensive option, with costs 

encompassing not only the electrochemical oxidation unit but also energy consumption, post-treatment processes, 

and the extended cultivation of microalgae. These high costs currently hinder its widespread large-scale adoption. 

Additionally, few studies have provided a comprehensive techno-economic evaluation of this system, underscoring 

the need for greater focus on its economic viability in future research. 

In summary, forthcoming studies should move beyond seeking incremental gains in operational efficiency 

and instead pursue the development of microalgae–hybrid systems that maintain stable performance under variable 

wastewater compositions and environmental conditions. This will require not only advances in reactor 

configurations and process integration, but also the incorporation of responsive monitoring and control strategies 

capable of adjusting operational parameters in real time. Addressing the treatment of complex wastewater is 

particularly critical, as large fluctuations in pollutant load, coexisting ions, and pH can destabilize system 

performance. To underpin these advances, detailed investigations of the interplay between microalgae and 

engineered processes are needed, covering both molecular-level phenomena—such as electron transfer pathways, 

radical generation dynamics, and metabolite transformations—and system-level behaviour under realistic 

operating conditions. Coupling multi-omics analyses with electrochemical measurements and high-resolution 

imaging can provide key mechanistic insights. Parallel to technical development, a comprehensive evaluation 

framework should be applied to assess effluent toxicity, potential secondary pollution, and broader environmental 

trade-offs, drawing on energy flow analysis, TEA, and carbon footprint evaluation. Quantifying the benefits of 

resource recovery, particularly from algal biomass used in biofuels or high-value products, is essential for 

achieving significant cost recovery in scaled-up systems. By integrating a mechanistic understanding with adaptive 

operation and robust sustainability assessment, microalgae–hybrid systems can be advanced towards practical, 

scalable, and economically sustainable deployment for real-world wastewater treatment. 
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