


Review Article
Advancing Aquatic Remediation through Lemna minor  for Sustainable Wastewater Treatment: Challenges and opportunities

Abstract:
Water pollution is a current issue of concern around the world and there is a dire need to develop sustainable, cost effective and eco-safe wastewater treatment solutions. Phytoremediation, or using plants to treat contaminants, has become an exciting alternative to traditional treatment technologies. Lemna minor (duckweed) is becoming famous among aquatic macrophytes as an effective phytoremediator because of its fast growth, adaptability and wide spectrum of pollutants that it removes. Decades of studies have confirmed that L. minor can have a significant positive water quality impact by increasing wastewater oxygenation, decreasing organic loads, and alleviating pathogens, and, at the same time, improving physicochemical characteristics including transparency and odor. Savings of up to 75% in biochemical oxygen demand (BOD5), 70% in chemical oxygen demand (COD), 72 percent in ammonium, 82 percent in phosphate, 67 percent in total nitrogen, and 96 percent in total phosphorus have been reported in a variety of wastewater streams, such as municipal wastewater, industrial wastewater, and agricultural wastewater. Moreover, L. minor has a good metal uptake efficiency and the removal percentage of iron is 91.7% with the accumulation of large proportions of copper, chromium, cadmium, lead and zinc. In addition to metals, it has been demonstrated to remove organic micropollutants, such as dyes, antibiotics (e.g., chloramphenicol, sulfamethoxazole, trimethoprim), benzotriazoles, and other emerging pollutants, with efficiencies ranging from 33 to 98 percent. 
In addition to remediation potential, L. minor provides an added value of production of protein-rich biomass (up to 75.24% crude protein), applicable to animal feed, bioenergy, and other bioproducts, which corresponds to the principles of the circular economy. Addition of duckweed into current treatment systems, including secondary clarifier tanks, or cultivated microbial and algal consortia also increases pollutant removal and decreases reliance on tertiary treatments. However, the variability of the performance under the influence of the wastewater composition (e.g. landfill leachate, nutrient imbalances) and the possibility of the re-release of nutrients during the decay of biomass pose significant issues. Quick biomass harvesting, optimization of the cultivation environment, and genetic or biotechnological advances are all potential tools to maximize efficiency. This review paper reveals both opportunities and challenges of phytoremediation of Lemna minor.
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1. Introduction:
Water pollution is a grave and limiting problem to aquatic ecosystems and human health across the world due to the unavoidable pace of industrialization, urbanization, and agriculture. Heavy metals, organic pollutants, and surplus nutrients pollute water and cause eutrophication, toxicity, and biodiversity loss (Asih et al., 2024; Elhamji et al., 2025).  
Although traditional wastewater treatment methods are effective, they usually require a lot of energy, are expensive, and can produce secondary waste products, which means that more sustainable and friendly options need to be investigated (Khuzhjeev et al., 2024 Pang et al., 2023; Politaeva and Badenko, 2021). Aquatic remediation techniques has been noted as promising strategy for solving the problem of polluted water in different ecosystem. This eco-friendly method uses the natural capacity of microorganisms, plants and other species for mitigating contaminants in different ecosystem. Aquatic bioremediation may serve as cost-effective and simple alternative to traditional chemical method for water purification by exploiting biological process.
Phytoremediation is a cost-effective, eco-friendly and economically viable approach to reduce the impacts of various contaminants by utilising the plant and associated microbes (Pang et al., 2023:Khan et al., 2025). This biotechnological method uses inherent capacity of living organism like plants to remove, degrade, uptake and stabilize contaminants from different sources like soil, water and air (Wilschut et al., 2013).
Phyto-remediation capitalizes on the ability of plants to create biological pumps due to the power of photosynthesis and, therefore, removes pollutants or toxicants such as heavy metals and metalloids in the aquatic and terrestrial environment (Pang et al., 2023). This treatment offers a variety of benefits beyond just risk reduction by either eliminating or degrading the contaminant, but also provides an attractive alternative to conventional remediation techniques, particularly in locations with low to moderate concentrations. Phytoremediation, notably floating wetland treatments, have demonstrated a high potential to remove micropollutants in aquatic environments, control the landscape, and preserve the ecosystem conservation (Ahmad et al., 2024). Lemna minor commonly called Duckweed is one of the most suitable and promising candidate among the other aquatic microphyte which have high growth rate, high biomass production and remarkable contaminant uptake potential.
The excellent phytoremediation potential of aquatic microphyte, Lemna minor is due to its ability of rapid multiplication ( up to four days, as mentioned by Moga et al., 2019) and rapid vegetative growth which can accumulate large biomass in short period of time (Zhou et al., 2023). Duckweed is involved in following types of phytoremediation pathways: Phytodegradation, phytoaccumulation, rhizofilteration etc. Studies has revealed that the uptake of selenite and selenium in Lemna minuta showed the additional mechanism of ion channel proteins and transporters which can enter in the body beside the process of passive diffusion (Li et al., 2020). It is also highly efficient in uptake of nutrient like nitrogen and phosphate pollutants which explains the major role of in rehabilitative ecosystem of water reservoirs (Zhou et al., 2023). The high growth rate and wider adaptability of duckweed in converting waste into useful products render the model suitable for sustainable waste water management (Vulpe et al., 2025). This review critically examines the potential of Lemna minor as an aquatic bioremediatory, its mechanism and its effectiveness in treating different contaminates, challenges encountere and future prospects for its long term and large scale use in coming future.
2. Ecological and biological Characteristics of Lemna minor
Lemna minor or duckweed is a tiny, free growing, floating aquatic microphyte of Lemnaceae family. It is widely spreading aquatic plant with distinguished biological features and an excellent ecological significance, in particular with respect to aquatic environment and bioremediation. Lemna minor possesses highly simple and highly effective morphology with small fronds that are leaf-like and only one rootlet, which enables it to be free floating in the water surface. It replicates primarily in a vegetative manner and multiplies very much and with a high biomass within a short period. The sunlight and temperature are examples of environmental factors that influence this rapid growth and the most favorable temperature to grow is about 26 oC. Proper light intensity is also necessary in its productivity, which is reflected in the number of daughter fronds, chlorophyll-a quantity, biomass, and cover area (Ahmadi and Dursun, 2024; Nopriani et al., 2015; Pilar Arroyave, 2004; Vulpe et al., 2025).
L. minor has been biologically effective in terms of its photosynthetic capacity that has been adaptive to its aquatic habitat. It has also a coherent circadian clock system in its growing fronds and is cell-autonomous as well. A variety of biologically active compounds have been shown to accumulate biochemically in L. minor: these include polysaccharides and phenol carboxylic acids. Research papers have indicated the presence of essential oils and high degree of phenol, meaning that it can be applied in the role of an antioxidant. It can also achieve a biomass of 35 percent of protein based on its dry matter in nutrient-rich environments. In addition, it can be the origin of obtaining nanostructured biopolymers like the cellulose nanocrystals and the lignin nanoparticles, and can accumulate under stress starch, a raw material in biofuel production (Nikiforov et al., 2021).  
The microbial communities are also symbionts of L. minor. It has been exemplified like diazotrophic bacteria like Azotobacter vinelandii which can induce plant growth by supplying nitrogen. The Pseudomonas bacteria may also colonize the surfaces of duckweed and influence its antioxidative activity and potentially enhance its biomass production. L. minor axenic (sterile) lines are prepared to be used in controlled experiments in laboratories devoid of any symbiotic bacteria or algae (Thomas and Eaton, 1996). Lemna minor is an ecologically useful organism due to its high distribution and unique biological characteristics and particularly in freshwater systems. L. minor is deemed to be a good bioindicator and plant bio-accumulator, thus a good environmental monitoring tool and water quality indicator. It is also vulnerable to the presence of other pollutants like heavy metals including copper (II), iron (II), lead, and zinc and hence used to bioindicate the presence of these elements. (Zhyvitskaya et al., 2022). It is believed to be a sensitive bioassay of assessing water toxicity as a result of increasing amounts of nutrients, including nitrogen compounds (nitrite, nitrate, ammonium), and the existence of algal blooms (Strokal et al., 2021). It is also a good candidate to use in the monitoring of boron and ecological risk assessment of the aquatic ecosystems because of its high phototoxic sensitivity to boron (Gür et al., 2016).
3. The potential of Lemna minor (Duck weed) in waste water treatment:
One of the smallest water-borne flowering species, L. minor, reproduces rapidly, being able to increase its numbers to hundreds in just four days (Moga et al., 2019). It has the potential to grow vegetatively extremely quickly, allowing the creation of a large amount of biomass within relatively short time frames (Zhou et al., 2023). With such high growth rate, L. minor is able to absorb large amounts of pollutants (Sablii et al., 2019). 
L. minor has a good potential of treating contaminants. It can be used in the elimination of lead, nickel, copper and cadmium. It has been reported that Lemna minor enhanced the removal of heavy metals in the wastewater (Janna, 2021). L. minor has also proved to be an appropriate host in the remediation of low level lead pollutants (Leblebici & Aksoy, 2010). 
L. minor shows great opportunities to phytotransform organic contaminants, including petroleum hydrocarbons (Koesesakal et al., 2015). It has demonstrated an outstanding performance in the removal of faecal coliforms in municipal and industrial wastewater, and in some cases, 100 percent reduction has been achieved within the first five days (Abadi et al., 2021). It has also been applied to the textile industry wastewater to remove its color (Sivakumar et al., 2018). 
Duckweed stands out as an important element of the restorative ecology of water bodies due to the presence of significant quantities of nitrogen and phosphate-containing contaminants (Zhou et al., 2023). It is able to absorb and transduce a variety of compounds and result to the purification of quality water of biogenic nitrogen and phosphorus compounds (Sablii et al., 2019). L. minor also has the ability to decrease the total suspended solids, ammoniacal nitrogen (NH3-N) and chemical oxygen demand of the sewage wastewater (Aziz et al., 2020). 
As described in table 1, phytoremediation with L. minor is deemed to be cost-effective and environmental-friendly. L. minor is highly adaptable to a wide range of environmental conditions including tolerance to ammonia, heavy metals, other pollutants and stresses. This also makes it very efficient as a bioremediation tool that can be employed to treat agricultural and municipal wastewater as well as some industrial water (Zhou et al., 2023).
Table 1: Comparative study of  Heavy metal removal through traditional approaches and phytoremediation
	S. No.
	Method
	Advantages
	Disadvantages

	1.
	Phytoremediation
	Cost effective, environmentally friendly, sustainable, easy harvesting
	Slow removal rate for some metals, biomass disposal challenges, toxicity at high metal concentration

	2.
	Chemical precipitation
	Efficient removal, relatively fast
	Generates secondary sludge, energy-intensive, expensive

	3.
	Ion Exchange
	High removal, reusable resins
	Expensive, requires specialized equipment, potential for resin degradation

	4.
	Membrane Filtration
	Effective for various pollutants, relatively clean effluents
	High capital cost, membrane fouling, energy consumption



The fast reproduction and versatility of L. minor allow the species to serve as an appropriate model of sustainable water management. It can also be applied to future circular bioeconomic models, with the plants reusing the wastewater for biomass, starch, protein and bioethanol production (Vulpe et al., 2025). This points to the fact that it can transform waste into valuable resources (Vulpe et al., 2025). 
4. Convection mechanisms of Contaminant Removal. 
Lemna minor is a biochemical and physicochemical treatment that eliminates heavy metals and other pollutants in the water. These procedures are based on the advantageous traits inherent in the plant as a natural bio-sorbent and an aquatic macrophyte. Some of the crucial processes that occur in the process of removing contaminants in the aquatic environment include: phytoaccumulation, phytodegradation, rhizofilteration, biosorption, (Khan et al., 2025): 
4.1. Phytoaccumulation:  
This includes the absorption and retention of the pollutants, including the heavy metals, in the plant tissue. It has been established that L. minor has the capacity to accumulate high levels of lead, e.g., a maximum of 561 mg g dry weight (dw) of Pb in seven days (Leblebici & Aksoy, 2010). The ability enables the plant to take in high levels of pollutants (Sablii et al., 2019). 
4.2. Phytodegradation:  
Here the L. minor breaks down and transforms organic contaminants into less toxic or non-toxic products (Susarla et al., 2002). The internal metabolic processes of plants that convert, detoxify, and store these elemental contaminants are described as phytadegradation. This entails an elegant combination of chelation (binding with organic ligands such as phytochelatins and metallothioneins), compartmentalization (localization in vacuoles), and redox reactions (alteration in oxidation state of some metals). These processes allow the plants to endure heavy metal stress and thus to respond to the overall phytoremediation process to minimize the toxicity and mobility of the metals in the plant and thus the metals in the environment. 
4.3. Rhizofiltration: 
Rhizofiltration is a form of phytoremediation whereby polluted water bodies are treated using the root systems of plants as the absorbent, concentrator, and precipitator of the pollutants. A promising, affordable, and ecological-friendly method of water purification, it receives more and more interest among researchers all over the world (Bhat and Bhat, 2016, pp. 150-154; Pang et al., 2023). Lemna minor (also called common duckweed) is a rhizofiltrating floating aquatic macrophyte that researchers have examined; the species has been studied widely, especially in terms of its ability to remove heavy metals and other pollutants of water (Bhat and Bhat, 2016, pp. 150-154; Pang et al., 2023) (Khan et al., 2025). The main process through which Lemna minor can carry out rhizofiltration is the intake of metal ions by the roots of the plant and their related translocation to the aerial plant portions (Pang et al., 2023). This is a type of phytoextraction or phytoaccumulation in which the plant actively absorbs pollutants in the aqueous environment. This simple root system of Lemna minor is effective in contact with dissolved contaminants in the water column. 
4.4. Biosorption:  
One of the sustainable and efficient water purification techniques to remove various pollutants is biosorption with Lemna minor which is a fast-growing aquatic plant. There are a number of underlying mechanisms that show up in research papers. Mostly, it depends on plant uptake and accumulation, and pollutants are retained in the plant tissues. The same observation is made with galaxolide, several emerging-contaminant pollutants of growing interest, tetracyclines, quinolones, and benzotriazoles (Gatidou et al., 2017, pp. 1217, Sikorski et al., 2023, 2024, Sokowska et al., 2025). Removal is also improved by sorption to the plant surface, as demonstrated in the case of galaxolide (Sokół & Karpińska, 2025). In the case of ionic pollutants, an electrostatic process is a primary mechanism, such as Co2+ biosorption with related duckweeds such as Lemna gibba (Reyes-Ledezma et al., 2020). Intra-particle diffusion has been observed in the process of biosorption of ciprofloxacin and ibuprofen by Lemna minor biomass or its activated carbon form (Balarak et al., 2021; Balarak, 2019,). Further more, the radio cations as 60 Co2+, 65Zn2+ as well as 55+59 Fe3+ are also deemed to be complexed (Popa et al., 2006). The pollutants are bound to Lemna minor biomass in the presence of functional groups, e.g., hydroxyl, carboxyl, amide, and phosphate (Stambouli et al., 2025).
Pollutants can be eliminated by L. minor by biosorption. To illustrate, root and leaf cells remove phosphate and nitrate by a biosorption process and sequester (assimilate) them (Sablii et al., 2019). it effectively removes lead (down to 91% removal), cadmium (down to 85% removal), chromium, nickel (up to 99.75% removal), silver, palladium, strontium, boron, cobalt, zinc, and copper out of contaminated waters (Ali et al., 2025;Wang et al., 2024).
5. Waste water treatment through Lemna minor
Lemna minor (duckweed) is a fast-growing aquatic macrophyte with exceptional potential for sustainable wastewater treatment. It effectively removes key pollutants, including organic matter, nutrients, heavy metals, dyes, pharmaceuticals, and pathogens, through uptake, biosorption, and metabolization. Reported removal efficiencies include up to 75% for BOD₅, 70% for COD, 96% for total phosphorus, and over 90% for certain heavy metals such as iron. In addition to improving physicochemical characteristics of wastewater, L. minor generates protein-rich biomass that can be valorized for animal feed, bioenergy, and other bioproducts, supporting circular economy models. Its integration into systems such as constructed wetlands, clarifier tanks, and microbial consortia further enhances treatment efficiency. Although challenges exist, including variability in performance under different wastewater compositions and the need for regular biomass harvesting, advances in cultivation practices and biotechnological approaches continue to expand its applicability. Overall, Lemna minor represents an eco-friendly, cost-effective, and multifunctional approach to wastewater management, with significant potential for scaling in municipal, agricultural, and industrial contexts.
5.1 Heavy Metals removal by Lemna minor
L. minor is effective in removing various heavy metals from contaminated water. Table 2 highlight the studies on potential for remediating heavy metals like lead, nickel, copper, and cadmium by duck weed. It has been shown that the presence of Lemna minor enhanced the removal of heavy metals in wastewater (Janna, 2021). The use of aquatic plants for heavy metal removal is an area of significant research interest, particularly due to the limitations and costs associated with conventional treatment methods (Argun et al., 2006). Sahi and Megateli (2023) had reported 60-80 %  removal  efficiency of cadmium, chromium and nickel at pH 7-8 and temperature of 20 °C. Similar type of work has been demonstrated by Salve and Kakde. 2024, studies suggest the 70-90 % removal efficiency of arsenic, zinc and copper at pH 6.5 to 7.5 and temperature of 22 °C.
Lemna minor demonstrates strong capabilities in removing lead. Studies show removal efficiencies as high as 88.8% at 1 mg/L concentrations (Al-Nabhan, 2022). In agricultural wastewater, L. minor achieved removal rates of 95.92% to 100% for lead (Wahab & Khalil, 2024). It has also been observed to enhance lead removal by 73% compared to systems without the plant (Janna, 2021) and can accumulate lead from acid mine fluids at levels 109 times higher than the initial concentration (Konakci, 2024). 
Cadmium can also be removed by the species of lemna minor (efficiency of 22.22% at 8 mg/L, Al-Nabhan, 2022, and 100% by whole agricultural wastewater, Wahab and Khalil, 2024). L. minor has a high cadmium bioconcentration factor, which is often the top-ranked among a series of heavy metals (Denbere et al., 2025). Lemna minor has been demonstrated to be very efficient in eliminating iron ions in wastewater, and the removal percentage rose between 61.0 and 91.7 percent as the concentration of plant biomass rose over 24 hours (Sablii et al., 2019). Other than these L. minor exhibits high and efficient performance in taking away arsenic in acid mine waters, and gathers it 907 times more than the starting level (Kislioglu, 2023). It has been classified as a hyperaccumulator of arsenic at low starting concentrations (Goswami et al., 2014). 
Lemna minor has exhibited a high level of phytoremediation efficiency in accumulating and eliminating a large variety of heavy metals and metalloids in polluted waters. It also shows excellent silver and gold uptake, 174- and 394-fold more than controls, respectively (Ljubimir et al., 2023; Kislioglu, 2023). It has also been stated that the plant successfully eliminates mercury in gold-mining effluents (Santacoloma-Londoño et al., 2025) and can eliminate large quantities of uranium and thorium in tailing waters (Sasmaz et al., 2016). L. minor concentrated molybdenum 177 times higher than the starting concentration under acidic conditions (Konakci, 2024). Moreover, it can take up selenium with efficiencies of 23% of Se(IV) and 44% of Se(VI) (Murillo et al., 2024). Despite having a lower cobalt uptake than Cd, Pb and Zn, bioconcentration has been detected (Denbere et al., 2025). 
Table 2: Heavy metal removal by Lemna minor from different sources
	Heavy Metal
	Removal Efficiency / Accumulation Capacity
	Key Notes
	Source

	Lead
	73% removal
	In the presence of Lemna minor, compared to 47% without
	(Janna, 2021), Peng et al., 2020

	Lead
	561 mg g-1 dry weight (dw)
	After 7 days, in studies without nutrient enrichment
	(Leblebici & Aksoy, 2010)

	Lead
	128.7 mg g-1  dw
	After 7 days, in groups enriched with nutrients
	(Leblebici & Aksoy, 2010)

	Nickel
	Enhanced removal in presence of Lemna minor
	Specific percentage not provided in excerpt
	(Janna, 2021)

	Copper
	Enhanced removal in presence of Lemna minor
	Specific percentage not provided in excerpt
	(Janna, 2021)

	Cadmium
	Enhanced removal in presence of Lemna minor
	Specific percentage not provided in excerpt
	(Janna, 2021)

	Cadmium
	Good accumulator at low concentrations
	Maintains good growth, bioconcentration, and tolerance
	(Bianconi et al., 2013)

	Mercury
	Thorough removal of inorganic and organic mercury
	Used Lemna minor powder as an adsorptive material
	(Li et al., 2010)

	Zinc, Cobalt, Nickel, Cadmium, Iron, Manganese, Lead
	Almost 95% pollutant extraction
	In industrial wastewater
	(Krupskaya et al., 2017)



5.2 Organic Compound Removal by Lemna minor
The application of duckweed, particularly Lemna minor, in wastewater treatment has gained considerable attention due to its low-cost operation, high growth rates, and capacity to uptake or degrade a wide variety of organic contaminants. These include microbial pathogens, dyes, pharmaceuticals, personal care products, petroleum hydrocarbons, and phenolic compounds. Collectively, these findings emphasize the versatility of duckweed-based systems for addressing emerging challenges in wastewater management.
5.2.1. Microbial Contaminant Removal. 
Among the most prominent uses of L. minor is the decrease in the number of microbials in wastewater. According to the study by Abadi et al. (2021), the highest elimination rate of faecal coliforms was observed in the initial five days of treatment in both municipal and industrial wastewater systems (up to 100%), which is important given the role of faecal coliform as an indicator of bacterial contamination in drinking water. In a similar manner, duckweed systems significantly reduced Escherichia coli (by about 1.5-log units) when duckweed treatment was added to anaerobic baffled reactors (Clack et al., 2019).These results indicate that in addition to nutrient pollution reduction, duckweed-based treatment minimizes microbial hazards, which is especially desirable when using wastewater to irrigate crops. 
5.2.2. Dye Removal 
Industrial dyes represent the most resistant pollutants of interest, and L. minor has proven to be highly effective in their removal. The biosorption of the methylene blue dye on duckweed was proved successful (Can-Terzi et al., 2021). It has also been reported to have dye-removing properties in textile dye application, in which it could prove useful in alleviating textile effluent color pollution (Sivakumar et al., 2018; Yaseen and Scholz, 2016). The biosorptive capacity is explained by both the cell wall constituents of the plant that bind dye molecules, and the metabolic pathways that may further breakdown some of the compounds. 
5.2.3. Pharmaceuticals and Personal Care Products. 
Pharmaceuticals and personal care products (PPCPs) constitute an increasing population of micropollutants because of their persistence, bioaccumulation capability, and toxicity. minor has been extensively tested on the basis of its capacity to eliminate such compounds with encouraging results. Iatrou et al. (2017) have shown 100% elimination of cefadroxil in 14 days and close to 100% elimination of metronidazole (96) and significant elimination of sulfamethoxazole (73) and trimethoprim (59) in 24 days. Notably, the uptake by plants was found to be a significant mechanism, but microbial activity within the rhizosphere could be a supporting mechanism. Still more evidence is through engineered systems. 
A case study by Bassuney and Tawfik demonstrated that, in a baffled duckweed pond system, raising the hydraulic retention time (HRT) of the system by 2 days, i.e. 6 to 8 days, had a substantial positive impact on the pharmaceutical elimination (para. 1). An example is that the percentage of acetaminophen removal was raised by 69.3 percent to 87.3 percent, amoxicillin by 52.9 to 82.9 and ampicillin by 55.3 to 90.6. These findings highlight the sensitivity of the operational parameters when it comes to maximizing the removal of the pollutants. In addition to antibiotics and analgesics, duckweed systems present a prospect of use in more aspects of personal care, but extensive research has not yet been carried out. Ekperusi et al. (2019) noted an excellent capacity of L. minor to phytoremediate such pollutants, but require more mechanistic research to determine uptake pathways and degradation products.
5.2.4.Hydrocarbons and Phenols. 
Another application of duckweed-based remediation is petroleum hydrocarbons that may be introduced into aquatic systems via accidental spills or industrial discharges.Laboratory and field experiments indicate that L. minor and its associated species have the capacity to withstand and remediate low levels of hydrocarbons and that they can be used to restore freshwater habitats that have been contaminated with oil (Ekperusi et al., 2019; Koesecki et al., 2015). Likewise, the duckweeds have the ability to metabolize both chlorinated and fluorinated phenolic substances that are both industrial and agricultural. It was proven that L. minor and Landoltia punctata actively absorb and process these compounds (Reinhold et al., 2010) and can be used to remediate toxic phenolics. Interestingly, the identical study also found that there was compound-specific variability in removal efficiency. Atrazine, DEET, picloram, and clofibric acid had no remarkable removal in flask-scale assays, but other pollutants, including fluoxetine, ibuprofen, 2,4-dichlorophenoxyacetic acid, and triclosan, demonstrated much higher depletion in aqueous systems. These findings highlight the fact that pollutant formulation and chemical characteristics have a critical impact on the efficiency of duckweed-mediated remediation.
Despite its strong potential, duckweed-based systems also face limitations. Some organic pollutants, particularly highly persistent pharmaceuticals and herbicides, exhibit negligible removal rates. Moreover, large-scale applications may face challenges related to biomass management, seasonal variations in growth, and the need for optimized hydraulic designs to achieve consistent performance.
Table 3:Removal of Organic Compound Removal by Lemna minor-Efficiency, Mechanism and challenges

	Pollutant Category
	Removal Efficiency / Examples
	Primary Mechanism(s)
	Key Notes / Challenges
	References

	Microbial contaminants (Faecal coliforms, E. coli)
	Up to 100% faecal coliform removal in 5 days; ~1.5-log reduction of E. coli
	Direct plant–microbe interactions; rhizosphere effects
	Effective in municipal/industrial wastewater; efficiency may vary with microbial load
	Abadi et al., 2021; Clack et al., 2019

	Dyes (Methylene blue, Textile dyes)
	High biosorption capacity; effective textile dye removal
	Biosorption to cell walls; possible metabolic breakdown
	Cost-effective for industrial dye effluents; may require post-treatment for residual color
	Can-Terzi et al., 2021; Sivakumar et al., 2018; Yaseen & Scholz, 2016

	Pharmaceuticals (Antibiotics, Analgesics)
	Cefadroxil (100%), Metronidazole (96%), Sulfamethoxazole (73%), Trimethoprim (59%) in 14–24 days; Acetaminophen (69–87%), Amoxicillin (53–83%), Ampicillin (55–91%) with higher HRT
	Plant uptake; rhizosphere microbial degradation; metabolism
	Efficiency influenced by retention time, pollutant type, and concentration; some compounds persist
	Iatrou et al., 2017; Bassuney & Tawfik, 2017

	Personal care products
	Significant removal potential
	Plant uptake; biosorption
	Limited data; further mechanistic studies needed
	Ekperusi et al., 2019

	Petroleum hydrocarbons
	Strong removal in low-concentration spills
	Phytoremediation; microbial support in rhizosphere
	Best suited for freshwater with low oil contamination; tolerance limits unclear
	Ekperusi et al., 2019; Kösesakal et al., 2015

	Chlorinated & fluorinated phenols
	Active uptake and metabolization
	Plant uptake; enzymatic degradation
	Efficiency depends on pollutant structure; persistence varies
	Reinhold et al., 2010

	Other organics (Atrazine, DEET, Clofibric acid, etc.)
	Negligible removal for some compounds; enhanced depletion for fluoxetine, ibuprofen, triclosan
	Compound-specific uptake & transformation
	Highlights selectivity of duckweed systems; may require integrated treatment
	Reinhold et al., 2010



5.3 Nutrients removal by Lemna minor
The ability of Lemna minor (duckweed) to remediate nutrient-rich wastewaters has been widely studied, particularly in relation to nitrogen and phosphorus removal. Its fast growth, high nutrient uptake, and adaptability to diverse wastewater sources make it a promising candidate for sustainable phytoremediation strategies.
5.3.1 Nitrogen Removal
Lemna minor demonstrates remarkable efficiency in removing nitrogen compounds from wastewater. In a pilot-scale constructed wetland treating municipal wastewater, the species achieved a total nitrogen (TN) removal efficiency of 90.8% (Justin & Olukanni, 2024). Similarly, substantial reductions have been reported in engineered systems, such as 67% TN removal in secondary clarifier tanks and 83.79% removal in ceramic filters enhanced with dried duckweed biomass (Ahmadi & Dursun, 2024; Osemeahon et al., 2021).
Ammonia nitrogen (NH₄⁺-N) is particularly well-removed by Lemna species. For instance, a combined system of Lemna gibba with a heterotrophic nitrifying bacterium (Acinetobacter sp. A6) achieved over 99% NH₄⁺-N removal in aquaculture wastewater, outperforming either organism used independently (Shen et al., 2018, 2019). In practical applications, L. minor alone has achieved 72% ammonium removal in clarifier tanks (Ahmadi & Dursun, 2024) and up to 98.75% ammonia removal when incorporated into ceramic water filters (Osemeahon et al., 2021).
In contrast, nitrate (NO₃⁻) and nitrite (NO₂⁻) removal efficiencies are more variable. Elevated nitrogen and phosphorus loads can suppress nitrate and nitrite removal while enhancing ammonium and phosphate uptake (Al-Ahmady & AL-Shrefy, 2013, 2015). Nevertheless, synergistic systems combining Lemna with nitrifying bacteria have demonstrated high NH₄⁺-N removal without the undesirable accumulation of NO₂⁻ or NO₃⁻ (Shen et al., 2019).
Nitrogen removal efficiency is influenced by several environmental and operational factors. Plant density plays a critical role; 100% surface coverage of L. minor on leachate yielded the highest nitrogen removal rate (152.12 ± 2.31 mg m⁻² day⁻¹ total Kjeldahl nitrogen) (Iqbal et al., 2021). Similarly, humic acid supplementation has been shown to enhance total ammonia nitrogen (TAN) removal in aquaculture systems (Sarkheil et al., 2023). Moreover, lower plant densities may increase dissolved oxygen levels in water, promoting nitrifying bacteria and improving ammonium removal rates (Zhao et al., 2014).
5.3.2 Phosphorus Removal
In addition to nitrogen, L. minor is highly effective in phosphorus removal. Studies show up to 96% total phosphorus (TP) removal in secondary clarifier tanks (Ahmadi & Dursun, 2024). In dairy wastewater, removal efficiencies ranged from 37.4% in synthetic effluents to 48.6% in real effluents, with considerably higher efficiencies (78.8–87%) observed under diluted conditions (Sahi & Megateli, 2023).
Similar to nitrogen, phosphorus removal is strongly affected by nutrient loading. Increased nitrogen and phosphorus concentrations often promote higher phosphate uptake (Al-Ahmady & AL-Shrefy, 2013, 2015). Plant density is again a key factor; complete surface coverage achieved the highest phosphorus removal rate of 109.24 ± 3.05 mg m⁻² day⁻¹ (Iqbal et al., 2021). Additionally, humic acid amendments can significantly enhance TP removal efficiency in recirculating aquaculture systems (Sarkheil et al., 2023).
Overall, Lemna minor exhibits exceptional capacity for nitrogen and phosphorus removal across a range of wastewater types as presented in table 4. Its efficiency is particularly notable for ammonia nitrogen, where removal rates often exceed 90%. Phosphorus uptake is also substantial, especially under optimized conditions such as full plant coverage and humic acid supplementation. While nitrate and nitrite removal may be less consistent, synergistic plant–microbe systems offer promising solutions to overcome this limitation. Collectively, these findings highlight L. minor as a low-cost, sustainable, and adaptable option for integrated wastewater treatment systems.
Table 4:Nutrient removal efficiency of Lemna minor
	Nutrient/
Contaminant
	Type of Wastewater
	Removal Efficiency
	Source

	Nitrogen (N)
	Industrial wastewater, Municipal wastewater, Agricultural wastewater, Aquaculture wastewater, Domestic wastewater, Leachate
	High efficiency in removal, especially ammonia as a preferred source; can have negative efficiency under high salt stress
	(Pavlidis et al., 2022) , (Sablii et al., 2019), (Sablii et al., 2019), (Zhou et al., 2023), (Zhou et al., 2023), (Ruenglertpanyakul et al., 2004), (Paolacci et al., 2021), (Iqbal et al., 2019)

	Phosphorus (P)
	Industrial wastewater, Municipal wastewater, Agricultural wastewater, Aquaculture wastewater, Domestic wastewater, Leachate
	Efficient absorption and transformation; can have negative efficiency under high salt stress
	(Pavlidis et al., 2022), (Sablii et al., 2019), (Sablii et al., 2019), (Zhou et al., 2023), (Paolacci et al., 2021), (Iqbal et al., 2019)

	Ammoniacal Nitrogen (NH3-N)
	Sewage wastewater, Shrimp farm effluent, Aquaculture wastewater
	Up to 80.4% reduction; rapidly decreased concentrations
	(Aziz et al., 2020), (Ruenglertpanyakul et al., 2004), (Paolacci et al., 2021)

	Total Suspended Solids
	Sewage wastewater
	Up to 50.8% reduction
	(Aziz et al., 2020)

	Chemical Oxygen Demand
	Sewage wastewater, Municipal and industrial wastewater
	Up to 75% reduction
	(Aziz et al., 2020), (Abadi et al., 2021)

	Faecal Coliform
	Municipal and industrial wastewater
	100% reduction in the first five days
	(Abadi et al., 2021)

	Escherichia coli
	Anaerobic baffled reactor effluent
	Significant removal (~1.5-log)
	(Clack et al., 2019)



6. Sustainable Biology and Bioeconomy Integration: Wastewater Treatment
L. minor is an appropriate illustration of sustainable water management in the developed and developing countries due to its rapid growth and the variety of applications (Vulpe et al., 2025). It is also applicable to future circular bioeconomy models, in which the plants can be reused to generate biomass, starch, proteins, and bioethanol after cleansing the wastewater (Vulpe et al., 2025). This shows that it can be made out of garbage to create useful things (Vulpe et al., 2025). Lemna minor has been investigated to treat municipal wastewater along with micro algae (Kotoula et al., 2020). It has been also applied to the treatment of textile industry waste water to remove color (Sivakumar et al., 2018). Research has also investigated the use of Lemna minor to treat textile, distillery and domestic wastewater (Amare et al., 2018).
7. Challenges:
Lemna minor  is a genus of duckweed, which has received significant focus in terms of its phytoremediation capacity due to its rapid growth rate, high nutrient uptake rate and its capacity to take up many pollutants (Walsh et al., 2021). However, despite the possibilities, there are several issues and constraints that must be surmounted to be utilized more effectively.
6.1. Metal Tolerance and Bioaccumulation: Lemna minor can bioaccumulate heavy metals like cadmium (Cd), but this results in oxidative stress that can potentially have adverse growth and chlorophyll content effects (Tkalec et al., 2008; Chaudhuri et al., 2014). It has the ability to bioaccumulate metals which depend on the metal and its concentration and Cd is very toxic and leads to a distorted chloroplast ultrastructure and lower pigment density (Basile et al., 2012; Amare et al., 2018).
6.2. Stress Responses: Having metals like cadmium on board exposes the body to extreme levels of oxidative stress and it has to employ the antioxidative enzymes. L. minor responds to stress through increased pyrogallol peroxidase (PPX), ascorbate peroxidase (APX), and catalase (CAT) enzyme activity and are proposed to cause a decrease in the phytoremediation potential of L. minor as a result of protein exhaustion in a constant environment (Tkalec et al., 2008).
6.3. Light Intensity Effect: The effect of light intensity is of paramount significance in the growth and phytoremediation capacity of L. minor. Although it typically relies on light to grow well, above a specific intensity (50 umolm-2s-1), the extra light does not provide a benefit and makes it more difficult to engineer stacked, indoor remediation systems (Walsh et al., 2021).
6.4. Limitations of Genetic Engineering and Biotechnology: Whereas biotechnological interventions could be beneficial in phytoremediation through the application of new combinations of genes necessary to absorb and detoxify the metals, it is also associated with environmental and regulatory issues. The ecological effect and adherence to the rules of introducing genetically modified organisms into the ecosystems specific attention should be paid (Sompura et al., 2024).
6.5. Variable Efficacy: Lemna minor will be less or more effective in its ability to eliminate pollutants, depending on the character of the pollutant. In fact, it was more efficient in eliminating cadmium than other metals, and its efficiency decreases at elevated levels of such pollutants as arsenic (Goswami et al., 2014; Chaudhuri et al., 2014).
6.6. System and Environmental Conditions: The environmental and system conditions under which the L. minor is grown (e.g. hydroponic systems, or wastewater types) are also important factors. It is also sensitive to the nutrient availability and medium wastewater (Basile et al., 2012).
7. Future Prospects and conclusion
Although L. minor has some important benefits, certain problems are present. This technology could need a large land area, and issues can arise during periods of winter (Moga et al., 2019). Nevertheless, duckweeds are gaining a rising popularity as a scientific research material since the removal of nutrients and protein level can much better be done and has multiple biotechnological and environmental uses (Vulpe et al., 2025).
Additional research is required to maximize the cultivation environment of L. minor during colder seasons to enable efficacy to be consistently useful during the year (Sablii et al., 2019). The development of new studies is also needed in order to scale up these phytoremediation systems to industrial proportions and evaluate the long-term ecological effects of extensive L. minor usage. On the other hand, further in-depth research studies are required to enable a clear image on the complex relationships between L. minor with the contaminants and the microbial community in these phytoremediation systems. Moreover, the yield of nitrogen and phosphorus extraction by Lemna minor during the wastewater treatment should be described further to determine the most suitable parameters that can be utilized in practice (Sablii et al., 2019).
The diversity of duckweeds and pollutant resistance also increases the windows of these plants in filtering agricultural, municipal, and some industrial wastewaters (Zhou et al., 2023). Regardless of these benefits, L. minor has not yet become widely used in large-scale wastewater treatment plants owing to difficulties with harvesting and disposal of biomass, particularly considering its rapid growth. Research is being done to develop cost-effective harvesting methods and renewable valorization options of the nutrient-rich biomass and transform a potentially useful waste stream into useful by products. In addition, although phytoremediation using Lemna minor is an environmentally friendly solution, its application at large-scale wastewater treatment plants is a major optimization issue. Additional studies are necessary to create more rigorous and cost-effective plans to establish L. minor-based systems at a municipal level, including investigating methods of combined treatment.
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