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ABSTRACT 

	With the intensification of global water eutrophication, algae overgrowth-induced phenomena such as "algal blooms" and "red tides" have occurred frequently. These phenomena not only disrupt aquatic ecological balance but also threaten drinking water safety and human health. As a key link in water quality management, algae removal technology has become a research hotspot due to its requirements for efficiency, safety, and sustainability. This review summarizes the current research status of algae removal from the perspectives of physical, chemical, biological, and emerging technologies. Typical engineering cases are analyzed to identify technical bottlenecks, and future development directions are prospected. It aims to provide theoretical references and practical basis for the eutrophication control of different water bodies (lakes, reservoirs, drinking water sources).
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1. INTRODUCTION 
Algae, serving as the foundational component of aquatic ecosystems, function as primary producers. Under normal circumstances, they maintain ecological balance in water bodies and facilitate self-purification processes. However, with the continuous expansion of human activities, increasing amounts of trace elements are being discharged into lakes and rivers. When nitrogen and phosphorus levels in water bodies rise beyond the environment's self-purification capacity, this triggers exponential growth of algae populations, ultimately leading to algal blooms. Research indicates that when total nitrogen and total phosphorus levels in water bodies exceed 0.5 mg/L and 0.02 mg/L respectively, algal blooms may occur1. Based on their characteristics, harmful algal blooms (HABs) are categorized into three types: non-toxic indirect harmful, non-toxic direct harmful, and toxic. Regardless of the type, HABs directly or indirectly impact aquatic ecosystems. If left uncontrolled, HABs can cause rapid water quality deterioration, with effects including: water odor, pH imbalance, light absorption, oxygen depletion leading to organism mortality, production of toxic substances (e.g., paralytic shellfish toxin [PSP] from Gymnodinium catenatum), and health risks. These consequences not only threaten water supply safety but may also cause long-term, profound damage to aquatic ecosystems2.
2.Current Status and Classification of Algae Removal Technologies
2.1Physical algae removal technology
Physical algae removal technologies are characterized by "no chemical residues and convenient operation", which are suitable for water bodies with medium and low algae concentrations or emergency algae removal scenarios. They mainly include mechanical removal, air flotation and adsorption, light regulation, etc.
2.1.1 Manual and Mechanical Algae Removal
As one of the most direct and traditional methods, physical algae removal technology has been extensively applied in the most river. This approach primarily utilizes mechanical, filtration, and acoustic wave principles to reduce algae populations in water, thereby improving water quality and controlling algal blooms. Generally regarded as an environmentally friendly method, physical algae removal avoids chemical substances. By directly intercepting or eliminating algae through physical processes within water channels, it prevents secondary pollution, making it widely adopted in the project. Common physical algae removal techniques include manual removal, mechanical equipment application, air flotation, ultrasonic treatment, and light-shielding methods. Manual and mechanical algae removal represent traditional physical methods. In specific sections of the river and lake where water flow is gentle and algae accumulation is severe, manual removal—where workers physically harvest algae—provides a cost-effective solution for small-scale, short-term emergency operations. Mechanical algae removal, however, utilizes automated equipment to mechanically aggregate and eliminate aquatic algae, significantly enhancing efficiency, particularly for long-distance water transmission systems. These devices typically feature advanced filtration systems that effectively intercept and remove algae and suspended solids, ensuring water quality. However, the high moisture content in algae necessitates additional dehydration and compression processes, increasing operational costs. Ma Menghua developed an algae barrier gate comprising a main body, flushing mechanism, and drainage system, optimized for the project's water flow characteristics3. Li Hao further enhanced this design with intelligent features and created an algae-water separation device for post-removal processing4. Wang engineered a comprehensive algae barrier gate system integrating interception, flushing, conveyance, dehydration, and compression functions, along with a dedicated control system5. Of course, some other equipment applied such as algae suction vehicles and slope algae removal robots, can deal with algae removal under different conditions. However, the initial investment cost is relatively high, and the range of water areas that can be treated is limited.
2.1.2 Air Floating Method
The microbubble flotation technology for algae removal utilizes the adhesive interaction between microbubbles and algal particles. By introducing microbubbles into water, the system causes algal particles to attach to the bubbles and float to the surface, effectively eliminating algae. This method offers advantages such as high processing capacity, low energy consumption, simple operation, and no secondary pollution. However, since algal cells carry negative charges that counteract the positive charge of bubbles, this creates an inhibitory effect on algal adhesion. Kim and Ti developed a positive-charged bubble generation technology through studying charge characteristics between bubbles and algae, which successfully removed negatively charged algae6. Their experimental validation confirmed the effectiveness of positive-charged bubbles in algae removal6. This study introduced ozone-enhanced microbubble air flotation technology, significantly improving the removal efficiency of algal cells and algal organic matter (AOM). Compared to traditional air flotation, the removal rates for algal cells, extracellular microcystin (Mc), intracellular Mc-lr, and total Mc-lr reached 96.6%,60.1%,95.2%, and 93.7%, respectively. Ozone absorption and utilization rates increased by 41.9% and 46.2%, while enhancing removal of aromatic protein-like substances and high-molecular-weight humic acids, humic acids, and humus materials. Through the synergistic effects of ozone and microbubbles, this technology improved vesicle adhesion and oxidation, effectively removing AOM and demonstrating high feasibility and excellent performance in controlling water eutrophication7. Yap, R. K. L. developed a novel PosiDAF dissolved air flotation process using functionalized cationic polymer polyDMAEMA, which significantly enhances bubble adhesion during the flotation process by introducing hydrophobic side chains. Compared to commercial polymer polyDADMAC, the modified polyDMAEMA achieves over 90% cell removal rate without coagulation-flocculation, with peak performance reaching 99%. This demonstrates that novel polymers combining polymer bridging capabilities and surfactant hydrophobicity can effectively improve the clarification efficiency of algae/blue-green algae-containing water while reducing residual polymer concentration8. 
2.1.2 Ultrasonic Method

Ultrasonic waves, defined as mechanical waves with frequencies above 20 kHz, eliminate algae through cavitation, free radical generation, mechanical disruption, and thixotropic effects. These waves directly damage algal cell walls and membranes, causing cell death. Research demonstrates that ultrasonic irradiation at specific frequencies not only rapidly degrades microcystis toxin-LR (MC-LR) but also reduces compounds in surface water such as 2-methylisobornyl (MIB) and geosmin (GSM) 9-10. Ultrasonic algae control technology has gained rapid development due to its effectiveness, low energy consumption, and environmental friendliness, with applications spanning lakes, water sources, swimming pools, ponds, wastewater treatment plants, and cooling towers 11. Ding Yang developed a low-frequency ultrasonic algae control device. Through parameter optimization, the technology was applied in Taihu Lake's field study. Results showed optimal performance at 20kHz frequency, 40W power, and 15-second irradiation duration. After 1 hour of operation on a 400 m² experimental area, the device reduced surface algae concentration from 10,000 cells/mL to 100 cells/mL, increased water transparency from 0cm to 35 cm, and lowered chlorophyll a content to 33% of initial levels, achieving significant water quality improvement. This indicates ultrasonic treatment effectively inhibits algal growth, making it particularly suitable for emergency response during algal blooms 12. Fan Gongrui developed a floating solar-powered ultrasonic algaecide device that achieves energy self-sufficiency through solar energy while demonstrating effective algaecide performance. Experimental results indicate that higher ultrasonic irradiation frequency and power density significantly enhance immediate algaecide removal rates, with maximum instantaneous removal rates reaching 40% in tests. The device effectively suppresses long-term algal cell proliferation, showing improved efficacy with extended treatment duration. Practical applications in algae-containing lakes achieved over 80% algaecide removal within 60 minutes13. Huang Haocai investigated ultrasonic applications in controlling harmful algal blooms (HAB) in eutrophic water systems, revealing that adjusting ultrasonic frequency, density, and irradiation time can optimize cyanobacteria removal. Results demonstrated optimal cyanobacteria removal under 20-90 kHz frequency, 0.0005-0.1 W/mL density, and 0.5-10 minute irradiation time. Additionally, low-frequency, low-density, and short-duration ultrasonic irradiation combinations not only effectively eliminate cyanobacteria but also improve energy efficiency. By defining the energy efficiency factor as the ratio of algaecide removal rate to ultrasonic dose, this study proposed a novel cyanobacteria removal method achieving 87.6% removal efficiency and high energy efficiency, providing an energy-saving and efficient technical solution for large-scale water body algaecide management14.
2.1.2 The Shading Method
Algae control through light shading involves blocking sunlight to reduce illumination intensity in water bodies, thereby inhibiting photosynthesis and slowing algae growth. This method is particularly effective in shallow waters or areas with thin algal biofilm layers. Zhang Haichun's research on light shading mechanisms demonstrated two key findings: First, experimental studies showed that average light intensity significantly suppresses algal growth and alters spatial distribution patterns. Second, he proposed a novel light-shading and aeration combination strategy. Experimental results indicated that under 4-day algal retention conditions, the average Chla removal rate exceeded 75%15, with dissolved oxygen levels maintained above 4 mg/L. Although light shading is rarely used directly, it serves as an auxiliary technique for other algae control methods. Particularly during initial algal outbreaks, reducing light exposure effectively slows growth rates, creating valuable time for subsequent treatment operations. 
2.1.2 Filtering Method
As a crucial component of physical algae removal technology, filtration plays a vital role in water treatment, particularly in high-quality water projects like the South-to-North Water Diversion Project, where it demonstrates unique advantages. This method primarily utilizes various filtration media—such as sand filters, activated carbon filters, and membrane filters—to intercept algae and suspended solids, thereby purifying water. Among these, sand filtration has gained attention for its low investment costs. Sand filters effectively remove pathogenic microorganisms, turbidity, suspended solids, and toxic metals, making them suitable for household, commercial, and irrigation applications16. Membrane filtration, a physical process, separates contaminants based on the membrane's physicochemical properties through size and charge separation. A critical consideration in filtration is cell lysis. As a pressure-driven process, membrane filtration employs mechanisms like size exclusion, charge exclusion, adsorption, and/or diffusion to remove contaminants. Generally, four feasible membrane treatment processes exist: microfiltration, ultrafiltration, nanofiltration, and reverse osmosis17. Xu D conducted a detailed comparison of sand filtration (SF) and ultrafiltration (UF), finding that SF slightly outperformed UF in removing UV-absorbing compounds, humic-like substances, and protein-like materials, with removal efficiencies of 21.9%,19.8%, and 26.1% respectively. Although UF more effectively removes high-molecular-weight organic compounds, SF demonstrates superior removal capacity for medium-molecular-weight organic substances. Regarding disinfection byproducts (DBPs), SF shows greater effectiveness than UF in reducing hypochlorite formation when using chlorine and chlorine dioxide as disinfectants. However, in emergency situations of seasonal algal pollution, UF achieved a higher algal cell removal rate (98.7%) due to its size exclusion principle, demonstrating stronger resistance to algal load shock. These findings provide practical decision-making support for selecting SF or UF technologies in drinking water source treatment18. 
2.1.2 Ultraviolet  Method
Ultraviolet irradiation (UV), a pollution-free, cost-effective, and highly efficient algaecide technology, works by directly irradiating algae cells with specific UV wavelengths. This process disrupts DNA structures, inhibiting normal cell division and reproduction to suppress algal growth. The UV-C spectrum (200-280nm) is particularly effective as it is more readily absorbed by algae cells, making it widely adopted in research and applications19. Li S et al. demonstrated that UV-C irradiation not only controlled the total biomass of mixed algae but also selectively restored the dominance of non-toxic common algae under various conditions20. 
The mechanism and advantages and disadvantages of the above mentioned method are shown in the Table 1.
Table 1.	Physical algae removal method and its advantages and disadvantages
	Method categories
	Mechanism
	Advantages
	Disadvantages

	Artificial method
	Use tools to clean up.
	Low cost and easy to operate
	Low efficiency, limited application scope.

	Mechanical method
	Clean up through various equipment
	High efficiency, suitable for long-distance water transport.
	High cost and limited scope

	Air floating method
	Utilizing the adhesive interaction between microbubbles and algal particles.
	High throughput, low energy consumption, easy to operate.
	The same charge is unfavorable for the adsorption

	Ultrasonic method
	Acts on algal cells, destroying their cell walls and cell membranes, leading to the death of the algae.
	Good algae control effect, low energy consumption, environmentally friendly.
	The greater the intensity, the higher the energy consumption.

	The shading method
	Block sunlight to reduce the intensity of light in the water, thereby inhibiting the photosynthesis of algae.
	Significant emergency effects, environmentally friendly.
	Direct application of shading methods for algae removal is less common.

	Filtering method
	Through various filtration media, algae and other suspended substances in the water are retained.
	Simple, pollution-free, wide application range.
	High maintenance costs

	Ultraviolet  method
	Destroying the DNA structure in algae cells using ultraviolet light of a specific wavelength.
	No pollution, low cost, high efficiency, a wide range of sterilization and do not change the composition of water
	The device is complex and difficult to apply.



2.2Chemical Algae Removal Technologies: Chemical Intervention and Oxidation Reactions
Chemical algae removal technologies achieve algae removal through biochemical reactions between chemical agents and algae cells (such as destroying cell membranes and inhibiting photosynthesis), which have the advantages of "high efficiency and quick effect". However, it is necessary to strictly control the dosage of chemicals to avoid the risk of secondary pollution. They are mainly divided into traditional chemical algaecides and advanced oxidation technologies.
2.2.1 Coagulation Sedimentation Method
As one of the most widely used technologies in chemical algaecide applications, the sedimentation coagulation method operates on the principles of colloid chemistry. By adding coagulants (such as polyaluminum chloride, polyferric sulfate, and chitosan) to algae-containing water, it achieves surface charge neutralization, double-layer compression, and adsorption bridging effects, ultimately promoting algal cell aggregation into settleable flocs. Studies show that when polyaluminum chloride is added at 10-30 mg/L, the Al³⁺ hydrolyzed into multi-nuclear hydroxyl complexes (e.g., [Al₁₃O₄(OH)₂₄]⁷⁺) binds with negatively charged groups like carboxyl and hydroxyl on algal cell surfaces. This significantly reduces the zeta potential of algal cells (from-25mV to below-5 mV), destabilizing them and accelerating rapid flocculation and sedimentation. For water bodies with initial algal density of 1×10⁶-5×10⁶ cells/L, the algaecide removal rate can reach 85%-95%21. Additionally, modified clay-based coagulants (e.g., chitosan-modified bentonite) enhance adsorption performance by introducing amino groups, improving flocculation efficiency while simultaneously adsorbing algal toxins (e.g., MC-LR) with adsorption capacity reaching 12.5mg/g22. The standout advantage of this method lies in its straightforward operation and minimal equipment requirements. With coagulant costs as low as 0.2-0.5 yuan/m³ of water, it can achieve large-scale applications with daily processing capacities of 10⁴-10⁵ m³ through continuous flow reaction systems. Mature cases exist in municipal water treatment plant pretreatment and emergency algaecide applications for landscape water bodies 23. However, it has notable limitations: excessive coagulant dosage may leave residual metal ions like aluminum and iron (for instance, Al³⁺ exceeding 0.2mg/L increases drinking water safety risks), while the resulting algal sludge (95%-98% moisture content) releases nitrogen and phosphorus nutrients during storage if improperly handled (dewatering/sterilization required). This process generates nitrogen release at 0.8-1.5mg/ (kg·d) and phosphorus at 0.1-0.3mg/ (kg·d), causing secondary pollution and increasing sludge treatment costs (accounting for 30%-40% of total treatment expenses) 24. 
2.2.2 Oxidizing Method

The oxidant method addresses these issues by introducing strong oxidizing agents (e.g., sodium hypochlorite, hydrogen peroxide, ozone, potassium permanganate) into water bodies. These agents disrupt algal cell structures (membranes, cell walls) and physiological components (proteins, nucleic acids, chlorophyll) through oxidation, ultimately achieving algal cell death and effective algaecide control. Among these, sodium hypochlorite (with an effective chlorine concentration of 1-5 mg/L) penetrates algal cell membranes through ClO⁻ generation, oxidizing and degrading intracellular enzyme systems (such as D1 protein in photosystem II). This causes the photosynthetic efficiency (Fv/Fm) of algal cells to drop from 0.7 to below 0.2 within 30 minutes, achieving over 90% treatment efficiency for high-concentration cyanobacterial blooms (algal density>1×10⁷ cells/L) with rapid reaction rates (half-life <15 min), making it suitable for emergency response to sudden algal blooms 25. Ozone (dosed at 0.5-2 mg/L) combines direct oxidation with the synergistic generation of hydroxyl radicals (•OH), not only rapidly breaking down algal cells (with over 95% cell integrity destruction within 30 minutes) but also simultaneously degrading algal toxins (MC-LR removal rate>98%), thereby preventing secondary risks caused by toxin release 26. The core advantage of this method lies in its rapid reaction kinetics and strong adaptability to high-concentration, high-turbidity algae-containing water bodies. Particularly in special scenarios such as industrial circulating water and aquaculture effluent, it can achieve automated control through online dosing systems. However, its limitations are also significant. First, the cost of oxidants is relatively high (e.g., ozone preparation costs approximately 1.5-3 yuan/m³ of water, hydrogen peroxide costs about 2-4 yuan/m³ of water), making large-scale application economically burdensome 27. Second, some oxidants may react with organic matter in water to produce harmful by-products. For instance, sodium hypochlorite reacts with humic acid to form trihalomethanes (THMs,concentrations up to 50-100μg/L) and haloacetic acids (HAAs, concentrations up to 20-50μg/L), exceeding the limits of the "Hygienic Standard for Drinking Water" (GB 5749-2022) and posing a threat to drinking water safety 28.
2.2.3 Advanced Oxidation Method
 Advanced Oxidation Processes (AOPs) are a class of deep oxidation technologies based on generating highly active hydroxyl radicals (•OH, oxidation potential of 2.8V). Their algaecide mechanism not only involves the oxidative lysis of algal cell membranes by •OH (e.g., disrupting phospholipid bilayer structures, causing leakage of intracellular electrolytes like K⁺ and Mg²⁺), but also achieves complete algal cell inactivation through oxidative degradation of proteins, nucleic acids, and photosynthetic pigments within algal cells. This process simultaneously degrades residual algal toxins and organic pollutants in water, avoiding the toxin release risks associated with algal cell rupture in traditional methods. Key technologies such as the Fenton process (Fe²⁺/H₂O₂) demonstrate remarkable efficiency under pH 3-4 conditions with 0.1-0.5mmol/L Fe²⁺ and 1-5 mmol/L H₂O₂ concentrations, achieving a hydroxyl radical (·OH) generation rate of 1×10⁻⁴ mol/(L·s). This method achieves over 97% algaecide efficacy against Microcystis aeruginosa within 60 minutes while producing minimal byproducts 29. Furthermore, photocatalytic advanced oxidation technologies (e.g., TiO₂/UV systems) utilize ultraviolet light to excite semiconductor materials, generating ·OH radicals. These systems not only achieve high-efficiency algaecide performance (reducing algal density from 1×10⁶ cells/L to below 1×10⁴ cells/L) but also feature recyclable catalysts that maintain over 85% algaecide efficacy after five cycles, aligning with the development needs of green water treatment technologies 30. The method demonstrates significant advantages including high processing efficiency, strong oxidation capacity, and the ability to achieve simultaneous removal of algae cells and pollutants without secondary contamination risks, making it valuable for drinking water source protection and high-quality water purification. However, its technical limitations also present notable drawbacks: Firstly, the equipment requires substantial investment and operational costs (for instance, UV lamps in photocatalytic systems consume approximately 10-20W/m³ of energy, while catalyst production costs range from 500-1000 yuan/kg). Secondly, strict operational requirements are necessary (Fenton processes require precise pH control, while photocatalytic systems demand continuous illumination), coupled with high demands for system automation and maintenance management. These constraints limit its widespread application in large-scale and complex aquatic environments.
The mechanism and advantages and disadvantages of the above mentioned method are shown in the Table 2.
Table 2.	Chemical algae removal method and its advantages and disadvantages

	Method categories
	Mechanism
	Advantages
	Disadvantages

	Coagulation Sedimentation Method
	Promote the flocculation and sedimentation of algal cells effectively through coagulants.
	Easy to operate, low cost
Large-scale application
	Secondary pollution
Sludge treatment

	Oxidizing Method
	Destroying the structure of algae cells through oxidation reactions.
	Fast response speed, high processing efficiency,  suitable for treating high-concentration algal water bodies.
	The cost is relatively high.
It may produce some harmful by-products.

	Advanced Oxidation Method
	The method of degrading organic pollutants using hydroxyl radicals (OH)
	High efficiency, no secondary pollution
	High cost, high operational requirements.



2.3Biological Algae Removal Technologies: Natural Regulation and Food Chain Intervention
2.3.1 Microbial Algaecide Method
Microbial algaecide methods achieve algal control through direct interactions between microorganisms and algal cells or indirect regulation via metabolites, demonstrating multi-pathway synergistic mechanisms. In direct contact-mediated algal dissolution, Streptomyces sp. HY can adhere to the surface of Raphidiopsis raciborskii through cell surface adsorption structures, inducing filament rupture and thylakoid membrane disruption, ultimately leading to algal cell death. This direct action forms the foundation of its "contact-secrete-coagulate" tripartite algaecide mechanism31. Indirectly, 3,3 ',5,5' -tetrabromobiphenyl (4-BP) secreted by marine bacteria inhibits photosynthetic system chlorophyllase synthesis, blocking electron transfer chains and providing new evidence for bacterial algal dissolution mechanisms in marine environments32. Additionally, studies on Bacillus subtilis strains demonstrating algal dissolution against Microcystis aeruginosa revealed that their hydrolytic enzymes degrade algal cell membrane proteins and lipids. Transcriptomic analysis showed this process correlates with disrupted carbon-nitrogen metabolic pathways in algae, further validating the algaecidal efficacy of enzymatic substances33. Research on Streptomyces violaceusniger also demonstrated that its algal dissolution activity against red tide algae Alexandrium tamarense relies on secondary metabolites damaging algal cell structures, expanding the application scenarios of actinomycetes in harmful algal bloom control34. In the dimension of biofloc-assisted algaecide, Streptomyces sp. HY promotes the coagulation of *Sargassum spinosum* through metabolically produced polysaccharides and protein-like substances, forming 50-100μm alga-bacterium aggregates. Combined with algaecide activity, this achieves a 99.89% removal rate, establishing a "coagulation-algaecide" synergistic system . Meanwhile, algaecide fungi (e.g., Trichoderma) assist coagulation by enveloping algal cells through mycelial networks while secreting active substances to induce algal apoptosis, enriching the biodiversity foundation of microbial floc-based algaecide35. The core advantage of this method lies in its environmental friendliness, eliminating chemical residue risks. Algaecide microorganisms can adapt to different aquatic environments through natural screening or directed cultivation. However, significant limitations exist: algaecide efficacy is susceptible to environmental factors like temperature, pH, and nutrient concentration. For instance, Streptomyces sp. HY's algaecide rate decreases by over 40% when water temperature drops below 15°C. Strict dosage control is required for microbial proliferation and application to prevent microbial community imbalance in water bodies.
2.3.1 Aquatic plants algal removal
The algaecide method using aquatic plants operates through a dual mechanism of "resource competition and allelopathic regulation" to suppress algae, serving as a core technology for eutrophic water ecosystem restoration. At the nutrient competition level, aquatic plants (e.g., Vallisneria and Ceratophyllum) efficiently absorb nitrogen and phosphorus nutrients from water through their root systems, with absorption rates 3-5 times higher than algae. Rhizosphere microorganisms enhance phosphorus uptake via organic phosphorus mineralization, significantly reducing nutrient loads and suppressing cyanobacterial blooms. Comparative studies of nutrient uptake kinetics between aquatic plants and Microcystis aeruginosa revealed submerged plants demonstrate significantly stronger competitive advantages over floating plants, providing quantitative evidence for plant selection in restoration projects36. At the allelopathic level, aquatic plants secrete phenolic acids and flavonoids through root exudates and leaf decomposition. For instance, reed (Phragmites australis) exudates containing vanillyl and ferulic acids specifically inhibit Photosystem II (PSII) activity in Microcystis aeruginosa, reducing quantum efficiency (Fv/Fm) and blocking photosynthetic electron transfer37. Meanwhile, Eichhornia crassipes releases citric and malic acids that induce excessive reactive oxygen species (ROS) in algal cells, triggering lipid peroxidation damage and increased membrane permeability . The method's key advantage lies in its dual functions of algal control and aquatic ecosystem restoration, effectively enhancing water transparency and biodiversity. A notable example is Shenzhen Tiezi Mountain Artificial Lake, where planting submerged plant communities increased water transparency from 20cm to 80cm within 60 days. However, its application is limited by the need for optimal light and water temperature conditions for aquatic plant growth. Additionally, certain plants like water hyacinth (Eichhornia crassipes) pose overgrowth risks, which may block waterways or cause localized oxygen depletion. Regular harvesting is therefore required to regulate biomass levels.
2.3.1 Aquatic animal algal removal
The algal control strategy for aquatic organisms leverages trophic cascade effects in food chains to regulate algal biomass, operating through two pathways: direct feeding and indirect regulation. At the direct feeding level, filter-feeding fish species (e.g., silver carp and bighead carp) can consume up to 1.2×10⁸ cells per fish daily. In Wuhan's East Lake, by regulating fish density (50-100g/m³) and implementing ecological ditch diversion, the cyanobacterial bloom coverage was reduced from 87% to 0%. Long-term monitoring data shows a significant negative correlation between fish feeding intensity and algal biomass (r=-0.85, P<0.01), with total nitrogen and phosphorus concentrations decreasing by 20%-30%38. For zooplankton like Daphnia magna, selective feeding on small green algae (e.g., Chlorella) reduces algal overgrowth, decreasing algal biomass by over 50% and supporting their application in algal control of landscape water bodies39. At the indirect regulation level, "non-traditional biological manipulation" techniques deploy predatory fish (e.g., mandarin fish) to reduce zooplankton (e.g., wheatgrass carp) populations, thereby enhancing algal biomass control through increased zooplankton predation pressure. Pilot projects in Taihu Lake and Chaohu Lake demonstrated 40%-60% reduction in cyanobacterial biomass and a 1.2-1.5-fold increase in zooplankton community diversity index40. The method's advantage lies in its high coupling degree with aquatic ecosystems during algal control, ensuring strong sustainability. However, its limitations include the need for aquatic animal species selection to match the water environment. For instance, silver carp (Cyprinum argyronochus) may experience slow growth in high-algal-density water bodies, and the introduction of alien species could pose ecological invasion risks. Therefore, appropriate species and density must be determined through preliminary ecological risk assessments.
The mechanism and advantages and disadvantages of the above mentioned method are shown in the Table 3.
Table 3.	Biological algae removal method and its advantages and disadvantages

	Method categories
	Mechanism
	Advantages
	Disadvantages

	Microbial Algaecide Method
	Produce natural algaecidal substances, such as enzymes, etc.
	Environmental friendliness, no secondary pollution.
	The effect is greatly influenced by environmental conditions.

	Aquatic plants 
	By absorbing nutrients from the water, such as nitrogen and phosphorus, it inhibits the growth of algae.
	Improve the environment
	Requires a suitable environment，Overgrowth can lead to eutrophication of water bodies.

	Aquatic animals
	Directly feeding on algae, or indirectly through feeding on other herbivorous organisms.
	Diverse species
	Consider its potential impact on the local ecosystem.



3. Ecological and Environmental Impacts and Challenges of Algae Removal Technologie
Although algae removal technologies play an important role in water quality management, different technologies may cause problems such as secondary pollution and food chain disturbance during application, and face challenges such as technical adaptability and cost control, which need to be optimized and improved in a targeted manner.
3.1 Risk of Secondary Pollution
Chemical algae removal technologies are the main source of secondary pollution, which are specifically manifested in chemical residues and by-product generation. The heavy metal residues of traditional chemical algaecides (such as copper sulfate) have been mentioned above. Although advanced oxidation technologies have no heavy metal pollution, they may generate harmful by-products—for example, during the pre-chlorination process, organic matter (such as humic acid and fulvic acid) released by the rupture of algae cells reacts with Cl₂ to generate disinfection by-products such as trihalomethanes (THMs) and haloacetic acids (HAAs), among which the concentration of THMs can reach 50-100μg/L, exceeding the limit value of the "Standards for Drinking Water Quality" (80μg/L). In addition, excess PMS in advanced oxidation technologies will react with organic matter in water to generate SO₄²⁻, leading to an increase in water salinity, which may affect the growth of aquatic plants in the long term.
Physical algae removal technologies have no chemical residues, but if the algae residue is not treated in a timely manner during mechanical fishing, the decay of algae residue will release nitrogen and phosphorus (the total nitrogen release can reach 10-20mg/kg, and the total phosphorus release can reach 2-5mg/kg), causing secondary pollution. Therefore, the algae residue needs to be dehydrated (moisture content reduced to below 60%) and then recycled or harmlessly disposed of through composting, incineration, etc.
3.2 Disturbance to the Food Chain
High-intensity algae removal technologies may destroy the balance of aquatic ecosystems and affect biodiversity. During the operation of mechanical algae removal ships, the disturbance of the hull propeller will destroy the surface structure of sediment, leading to the loss of habitats for benthic organisms (such as snails and mussels)—monitoring data from a certain area of Chaohu Lake show that when the operation intensity of algae removal ships exceeds 200hm²/d, the abundance of benthic organisms decreases from 150ind/m² to 80ind/m², the abundance of zooplankton decreases by 35% (r=-0.73, P=0.008), and the dominant species changes from cladocerans to copepods, resulting in simplified community structure.
The broad-spectrum toxicity of chemical algaecides will affect non-target organisms. For example, copper sulfate not only kills algae but also inhibits the feeding and reproduction of zooplankton, leading to a reduction in the food source of fish; even low-toxic quaternary ammonium salt algaecides can cause yellowing and wilting of aquatic plant leaves at high concentrations (>20mg/L). In addition, as primary producers in aquatic ecosystems, excessive algae removal will lead to food chain breakage—in Meiliang Bay of Taihu Lake, large-scale chemical algae removal once caused a sharp drop in algae density (from 3×10⁷cells/L to 5×10⁵cells/L), and the dissolved oxygen in water dropped to 0mg/L in a short time, causing the death of fish and shrimp, with a density of 5-10ind/m².
Long-term mechanical algae removal may also lead to the imbalance of algae flora. For example, after three consecutive years of mechanical algae removal by algae removal ships in Taihu Lake, the proportion of Microcystis (dominant algae species) decreased from 82% to 67%, while the relative abundance of Cyclotella (low-nutrient-tolerant algae species) increased by 2.3 times. Moreover, Cyclotella is easy to attach to the filter screen surface, leading to a decrease in the operation efficiency of algae removal ships. In addition, mechanical operation disturbs the sediment and releases nutrients (the total nitrogen release can reach 0.5-1.0mg/L, and the total phosphorus release can reach 0.05-0.1mg/L), providing a "secondary nutrient source" for algae growth, which may lead to the rebound of algal blooms.
3.3 Challenges of Technical Adaptability and Cost
The physiological characteristics of different algae species vary significantly, resulting in limited adaptability of a single algae removal technology. Cyanobacteria (such as Microcystis) are sensitive to ultrasonic and air flotation technologies due to their gas vesicle structure; green algae (such as Chlorella) have thick cell walls and require advanced oxidation or mechanical crushing technologies; diatoms (such as Cyclotella) are resistant to low temperature and low light, and biological algae inhibition technologies have poor effects on them. For example, the algae removal rate of ultrasonic waves on single-cell Chlorella can reach 85%, but the algae removal rate on colonial Microcystis (floc diameter >100μm) is only 50%, which needs to be combined with coagulation pre-treatment to break the algae clumps.
Technical adaptability is also affected by the type of water body: drinking water sources should prioritize physical and biological technologies with "no chemical residues" (such as ultrasonic and photocatalysis); while black and odorous water bodies with high algae concentration and high organic matter content need to adopt a combined scheme of "chemical pre-treatment + physical removal". In addition, although biological algae removal technologies are environmentally friendly, they have a long cycle (usually 7-14 days), which cannot meet the emergency treatment needs of sudden algal blooms (such as doubling of algae density within 24 hours), and need to be combined with chemical or physical technologies.
Cost control is a key bottleneck for the large-scale application of algae removal technologies. Physical algae removal technologies have high equipment investment—the unit price of integrated algae removal ships is about 5-10 million yuan per ship, and the annual operation and maintenance cost (fuel, equipment maintenance) is about 500,000-1 million yuan; advanced oxidation technologies have high chemical costs—the unit price of PMS is about 2000-3000 yuan per ton, and the chemical cost for treating 1m³ of water is about 1-2 yuan; biological algae removal technologies have high bacterial agent costs—the unit price of Bacillus subtilis agent is about 50-100 yuan per kg, and the bacterial agent cost for treating 1m³ of water is about 0.5-1 yuan. In addition, due to the complex preparation process of nanomaterial algae removal technologies (such as multi-step roasting of Cu-FeOx@AC), the cost is 3-5 times that of traditional technologies, limiting their large-scale application.
5. CONCLUSIONS
Algae removal technology has gone through the development process of "physical removal-chemical killing-biological regulation-intelligent synergy", and currently forms a pattern of coexistence of multiple technologies. Physical technologies (such as mechanical algae removal and ultrasonic) are suitable for emergency algae removal, chemical technologies (such as advanced oxidation) are suitable for efficient algae removal, biological technologies (such as microbial algae inhibition and plant restoration) are suitable for long-term ecological restoration, and emerging intelligent technologies provide support for precise algae control. However, current technologies still face challenges such as secondary pollution, ecological disturbance, and high costs, which need to be addressed through three paths: multi-technical synergy (such as the combination of "ultrasonic-flocculation-microorganism"), intelligent regulation (such as AI prediction and adaptive operation), and resource utilization (such as algae residue energy production and organic fertilizer).
In the future, the development of algae removal technology should pay more attention to "ecological safety" and "sustainability", not only to achieve effective control of algae but also to maintain the balance of aquatic ecosystems; at the same time, it is necessary to promote the standardization and industrialization of technologies, reduce the application costs of enterprises through policy support (such as subsidies and tax incentives), and ultimately build a closed-loop governance system of "prevention-control-restoration-utilization", providing a promotable and replicable solution for global water eutrophication.
4. Future Research Directions and Prospects
In view of the current bottlenecks of algae removal technologies, future research should focus on three directions: "technical synergy, intelligent regulation, and resource utilization", and build an "efficient-safe-sustainable" algae removal technology system.
4.1 Optimization and Application of Combined Technology Systems
A single algae removal technology is difficult to balance efficiency and safety, and the synergy of "physical-chemical-biological" multi-technologies is the future development trend. For example, for sudden cyanobacterial blooms, a combined scheme of "ultrasonic pre-treatment (breaking algae clumps, 30kHz, 0.5W/cm²) + modified clay flocculation (dosage of 10-20mg/L, removing 80% of algae cells) + microbial agent consolidation (Bacillus subtilis, 1×10⁶CFU/mL, inhibiting the growth of residual algae)" can be constructed. Laboratory studies have shown that the cyanobacterial biomass decreases by 83% within 72 hours with this scheme, and there is no secondary pollution.
The coupling of advanced oxidation and adsorption technologies can improve the efficiency of algae removal and detoxification. For example, optimizing the load ratio of Cu-FeOx@AC composite catalyst (Cu:Fe:AC=1:2:10) can not only achieve 97% algae removal rate in the PMS system but also simultaneously adsorb residual metal ions (Cu²⁺ leaching amount <0.1mg/L) and algae toxins (MC-LR removal rate >95%), solving the by-product problem of advanced oxidation technologies. In addition, the long-term synergy of mechanical algae removal and ecological restoration can build a stable aquatic ecosystem—the "algae removal ship + submerged vegetation" mode in East Lake, Wuhan has achieved long-term algae control. This mode controls the algae density (<5×10⁶cells/L) through algae removal ships, creating conditions for the growth of submerged vegetation, while submerged vegetation inhibits algae rebound by competing for nutrients, forming a closed loop of "algae control-restoration".
4.2 Intelligent Monitoring and Precision Regulation Technologies
Intelligent technologies can improve the accuracy and economy of algae removal and reduce ecological disturbance. In the future, it is necessary to build an intelligent system of "multi-parameter monitoring-AI prediction-adaptive regulation": through the networking of unmanned ships (equipped with chlorophyll a sensors, turbidity sensors, pH sensors) and fixed monitoring stations, real-time collect water body algae density (detection limit 0.1×10⁶cells/L), nutrient concentration (total nitrogen, total phosphorus, detection limit 0.01mg/L), and environmental parameters (water temperature, light, dissolved oxygen); based on the LSTM (Long Short-Term Memory) model, integrate historical data (algae density changes in the past 5 years) and real-time data to predict algal bloom risks 72 hours in advance (accuracy >85%); automatically trigger algae removal equipment according to the prediction results—start the microbial agent dosing system when the risk is low (algae density <1×10⁶cells/L); start ultrasonic algae removal when the risk is medium (1×10⁶-5×10⁶cells/L); start the algae removal ship and flocculation system when the risk is high (>5×10⁶cells/L).
LG SONIC Company in the Netherlands has developed an intelligent ultrasonic algae removal system, which real-time monitors algae density through sensors and automatically adjusts ultrasonic frequency (20-40kHz) and power (50-200W). In the application of IJssel Lake in the Netherlands, it saves 30% energy compared with the traditional fixed-parameter ultrasonic system, and reduces the impact on aquatic animals by 50%. In the future, it is also necessary to develop algae flora identification technology (such as algae species classification based on image recognition, accuracy >90%) to achieve targeted algae removal of different algae species and avoid algae flora imbalance.
4.3 Resource Utilization of Algae and Industrial Chain Construction
Converting "algae hazards" into "algae resources" can reduce algae removal costs and achieve a win-win situation for the environment and economy. Algae are rich in protein (20%-50%), oil (10%-30%), and polysaccharides (5%-15%), which can be used to prepare biomass energy, organic fertilizers, food additives, etc. For example, an environmental protection enterprise in Japan produces biogas from cyanobacterial residue (moisture content 60%) through anaerobic fermentation (temperature 35℃, retention time 20 days), with a methane content of 50%-60%. The residue treatment capacity of 50 tons per day can generate 2000kWh of electricity per day, meeting the daily electricity needs of 1000 households; at the same time, the fermentation residue (biogas residue) is dried to make organic fertilizer (nitrogen-phosphorus-potassium content >5%) for agricultural planting, realizing the industrial chain closed loop of "algae removal-energy-agriculture".
In addition, the extraction of functional components from algae cells is a high-value utilization direction—the phycocyanin (content 5%-10%) in Microcystis can be used as a natural pigment (for food and cosmetics) with a market unit price of about 5000-10000 yuan per kg; the chlorophyll a (content 1%-2%) in Chlorella can be used in the medical field (antioxidation, anti-inflammation), further improving the economic value of algae. In the future, it is necessary to optimize the collection and pre-treatment processes of algae residue (such as dehydration and wall breaking) to reduce the cost of resource utilization, and establish quality standards for algae resources (such as heavy metal content limits and nutrient content) to promote industrialization development.
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