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Phytoremediation using aquatic macrophytes is a scalable and affordable 

technique. Hereby, this study aims to determine the potential of Azolla pinnata to 

enhance the chemical and biological properties of treated municipal wastewater 

from the Beni-Suef treatment plant, Dandil, as well as its capacity for heavy metal 

removal at two dilution ratios (25% and 50%). The propagation of A. pinnata for 

14 days significantly increased pH, electrical conductivity, total dissolved solids, 

and total Kjeldahl's nitrogen in two tested concentrations, particularly at 50% by 

8.5, 632.9, 627.7 and 1620%, respectively. However, the count of coliform 

bacteria was significantly decreased to less than 180 CFU/100 ml at 25 and 50% 

treatments. Water analysis showed that A. pinnata significantly decreased the 

concentration of Pb, Cu, Ni, Cr, Zn, and B. Biomass analysis implied differential 

affinity of heavy metals uptake and removal efficiency by A. pinnata biomass 

which is typically higher at 25% concentration. A 50% dilution ratio resulted in 

removal efficiencies of Ni (88.7%), Cu (30%), Pb (24%), Cr (17.2%), B (14.5%), 

and Zn (11.4%), whereas a 25% dilution ratio showed removal efficiencies of Cr 

(100%), Ni (82%), Cu (74%), Zn (68.5%), Pb (30%), and B (20.8%). Compared 

to 50% dilution, the use of 25% significantly increased fresh weight (230 g) and 

relative growth rate (and 0.043 g/day), and achieved the shortest doubling ~ 6 

days after 14 days of growth.  A. pinnata may serve as an effective and reliable 

phytoremediator for municipal wastewater, and its biomass could be a sustainable 

biorefinery platform for various biofuel industries. 
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 INTRODUCTION  

 

Anthropogenic activities in home, workplace, and agriculture produce a variety of 

organic and inorganic compounds that are suspended or dissolved in water. Today, over 1 

billion people globally are impacted by freshwater shortages (Muradov et al., 2014). 

According to the results of the simulation model, Egypt's overall water demands are 

expected to increase from 78.40 billion cubic meters (BCM) in 2023 to 81.02 BCM in 

2037. It is anticipated that the agricultural sector's water demand will drop from 61.30 

BCM in 2023 to 60.14 BCM in 2037. However, the municipal sector will grow from 

12.58 BCM in 2023 to 14.88 BCM in 2037 (Esraa et al., 2023). Therefore, wastewater 

treatment is required to keep the water supply available to meet demand while lowering 

water pollution.  

Several aquatic floating macrophytes have been proposed as bioagents for 

phytoremediation due to their rapid growth rates and ease of management, their ability to 

accumulate nutrients, heavy metals and harmful substances while enhancing water quality 

by controlling oxygen balance were studied (Echiegu et al., 2021; Jayasundara, 2022; 

Nyein & Iwai, 2025). Among these macrophytes is Azolla, a rapidly growing, free-

floating water fern. It can thrive without nitrogen (N) in the water due to a symbiotic 

relationship with the N2-fixing cyanobacterium Anabaena azollae Strasburger (A. 

azollae) (Mishra, 2023). 

                            Graphical abstract 
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 The phytoremediation potential of A. pinnata has been previously demonstrated in 

numerous studies which recommend its use for treating various types of wastewaters, 

including paint wastewater (Echiegu et al., 2021), petroleum-polluted freshwater 

(Mostafa et al., 2021), agricultural water (Saad et al., 2022), sewage wastewater (Singh 

et al., 2024) and textile dye wastewater (Tasnim et al., 2024). In this context, A. pinnata 

R.Br. grown for 14 days in a 75% dilution of dairy wastewater, significantly reduced total 

phosphorus (65.37%), total Kjeldahl's nitrogen (73.25%), total dissolved solids (TDS) 

(71.56%), electrical conductivity (61.42%), and pH (9.41%) (Goala et al., 2021; Singh et 

al., 2024). The application A. pinnata in aquaculture wastewater considerably decreased 

microbial counts by 50 -77% and heavy metal by 2.98 and 82.4% (Adabembe et al., 

2022).  

 A. pinnata successfully removed Cr (VI) from chromium-polluted water at 

concentration range (0.05 to 90 ppm) using a ratio of 25:1 (volume (mL): fresh weight 

of Azolla (g)) after 2 days incubation (Soliman et al., 2025). The application of fresh A. 

pinnata covering 75% of the surface area had the maximum iron removal efficiency by 

98.10% from sand mining waters (Hasani et al., 2021). A. pinnata has been demonstrated 

to accumulate considerable amounts of Pb, Fe, Zn under greenhouse conditions after 20 

days of incubation (Mohamed & Elshahat, 2021). Additionally, the use of A. filiculoides 

as dry biomass showed high biosorption capacity of Pb, Cd, Cu and Zn by 228, 86, 62 

and 48 mg/g, respectively (Taghi Ganji et al., 2005).  

Azolla spp. has been demonstrated to reduce eutrophication in streams and lakes 

along with the production of biomasses.  Azolla has a doubling time of 2-4 days, 

indicating a high rate of growth. The pectin that makes up Azolla's cell wall has a strong 

affinity for organic material adsorption. Thus, Azolla acts as a "biofilter" while 

wastewater is being treated (Muradov et al., 2014). 

 Azolla spp. are rich source of growth promoting substances, minerals (e.g.  

Calcium, nitrogen, phosphorus, potassium, magnesium, copper and iron), beta-carotene, 

vitamins A, B12, essential amino acids, and proteins (Riaz et al., 2022). Their low lignin 

content and high nutritional contents make them an excellent source of nutrients for 

animals. Also, Azolla with high phosphorus and nitrogen contents have been effectively 

used as a feed additive for both aquatic and terrestrial animals (Nasir et al., 2022) as well 

as a green manure in rice fields in Asia and Africa (Kimani et al., 2025).  

The heavy metal concentrations in Azolla biomass used for phytoremediation process 

make the extraction of these metabolites unsuitable for use as feed additive from an 

economic standpoint. Consequently, it is more reliable to convert this biomass into 

different bio-based energy carriers (Christy et al., 2024; Sambasivam et al., 2024). In 

spite of extensive studies on the phytoremediation capability of Azolla species in various 

agricultural and industrial effluents, the relationship between wastewater concentration, 

pollutant removal efficiency, and biomass productivity of A. pinnata remains poorly 
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understood. Previous studies often highlighted contaminant removal alone, without 

combining the dual objective of water quality improvement and biomass valorization for 

potential bioenergy applications. This study addresses these gaps by evaluating A. 

pinnata under local Egyptian wastewater conditions (Beni-Suef, Dandil) to determine the 

optimal conditions for both phytoremediation and biomass yield. 

Accordingly, the main objectives of this study are (1) to assess the phytoremediation 

potential of Azolla pinnata cultivated in treated wastewater samples collected from the 

Beni-Suef wastewater treatment plant (Dandil), aiming to minimize the negative 

environmental impacts of nutrients and residual heavy metals in treated wastewater 

discharged into waterways, and (2) determine the optimum concentration of treated 

wastewater at which A. pinnata achieves its highest efficiency in both phytoremediation 

and biomass production. 

 

MATERIALS AND METHODS  

 

 

1. Experimental location 

Phytoremediation experiment was conducted at the Wastewater Treatment Plant 

(WWTP), Beni-Suef governorate, Egypt. Beni-Suef Governorate is situated along the 

River Nile, about 120 kilometers south of Cairo, the capital city of Egypt, between 

latitudes 28˚45' and 29˚25' N and longitudes 30˚45' and 31˚15' E. The experiment was 

conducted in September 2024.   

2. Azolla propagation  

A healthy aquatic plant of A. pinnata was collected from the artificial pond located at 

Sids Agricultural Research Station (SARS), Beni-suef governorate, Egypt (Fig. 1) The 

research station is located at 29°3′58.06″ N latitude and 31°5′57.79″ E longitude, with an 

elevation of 32.2 meters above sea level, situated in a semi-arid region. 
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Fig. 1. Azolla propagation ponds at Sids Agricultural Research Station (SARS), ARC 

3. Experimental design 

The treated wastewater samples were collected from Beni-Suef wastewater treatment 

plant (Dandil). Samples were subsequently subjected to chemical analysis following 

standard methods for water and wastewater examination (APHA, 2017). Ten litres of 

treated wastewater with concentrations of 50 and 25%, were placed in 15-liter plastic tubs 

(37.5cm in diameter, 45cm in length and 18.0cm in depth), filled with one kg soil. 

Conventional irrigation water was used for control conditions propagation and for 

adjusting dilution ratios, each concentration was conducted in three replicates throughout 

the study.    

The phytoremediation experiment was conducted by introducing 50g of fresh, 

healthy Azolla pinnata at the early growth stage into the experimental media (standard 

control medium, 25 and 50% of treated municipal wastewater for fourteen days. Tubs 

were propagated under natural outdoor conditions of light and temperature and were 

placed in randomized design (Fig. 2).  
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Fig. 2. Fresh A. pinnata cultured in the plastic tubs using treated municipal 

wastewater at dilution ratio of 50% and 25% 

4. Estimation of Azolla growth characteristics 

The growth characteristics of A. pinnata, including biomass production, relative 

growth rate (RGR), and doubling time (Td), were assessed on the seventh and fourteenth 

days of its cultivation. The biomass production of A. pinnata was calculated based on 

fresh weight at certain time (tn) and initial fresh weight at time zero (t0). RGR was 

calculated as set in Eq. (1) (Pabby et al., 2001). 

RGR = log W1-W0                                         (1) 

                                                        (t1-t0 ) 

Doubling time (Td) was calculated using the following Eq. (2) (Kannaiyan & 

Kumar, 2005): 

Td = (t1-t0) x log 2                                           (2) 

                                                 Log (W1/W0) 

In both equations, t0 = time initial (0 day); t1 = time of harvest (days); W0 = fresh 

Azolla biomass at initiation of experiment (grams); W1 = fresh Azolla biomass at harvest 

time (grams). 

5. Characterization of treated wastewater effluent 

5.1. Chemical analysis 

 Water samples were collected from each plastic tub at time zero and after 14 days 

of phytoremediation experiments, and analyzed for a range of chemical, biological, and 

heavy metal analyses. The pH was measured using an electrometric pH meter (ORION 2 
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STAR). Electrical conductivity (EC) and total dissolved solids (TDS) were assessed 

using a conductivity meter (Jenway 4320). 

5.2. Heavy metals analysis 

      Lead (Pb), copper (Cu), nickel (Ni), chromium (Cr), zinc (Zn) and boron (B) 

were determined in both treated water and in Azolla biomass at time zero and at the end 

of the experiment according to the method described by the APHA (2017). 10mL of 

treated effluent water and 1.0g of air-dried A. pinnata were placed in separate digestion 

tubes. Then, 2– 3mL of concentrated HNO3 was added to each tube, which was 

subsequently digested in an electrically heated block for 1 hour at 150°C. The mixture 

was cooled and was then filtered using Whatman No. 42 filter paper. The volume was 

adjusted to 50mL by adding 1% HNO3 and was prepared for heavy metals analysis. 

Heavy metals were analysed using inductively coupled plasma (ICP), Perkin Elmer 

Model: ICP – OES Optima 7300 DV. 

5.3. Biological analysis 

 Total coliform bacteria were counted in the treated water samples before and after 

remediation process using the membrane filter method, procedure number 9222B 

(APHA, 2011). 

6. Heavy metal removal efficiency (%) 

 The efficiency (%) of A. pinnata for removal of heavy metal was calculated using 

the Equation (1) (Kumar et al., 2017; Kooh et al., 2018). 

Removal efficiency % = Ca-Cz x 100                         Eq.(1) 

                                            Ca 

Where, Ca represents the concentration of the parameter before phytoremediation, 

and Cz denotes the concentration of the parameter after phytoremediation. 

7. Heavy metals uptake capacity  

 It quantifies the ability of Azolla plant to accumulate heavy metals from the 

surrounding environment, focusing on the change over time in the concentration of the 

metal in the plant biomass using equation (2) (Arora et al., 2006; Kumar et al., 2018).  

Heavy metal uptake = Cafter – Cbefore                                      Eq. (2) 

Where, Cafter and  Cbefore represent concentration of metal in the plant after and before 

phytoremediation process  
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8. Statistical analysis 

 One-way ANOVA was used for statistical analysis using SPSS 20 software (IBM, 

USA). Dunkin’s multiple range tests were used to statistically compare sample means at a 

significance level of P< 0.05. Data were expressed as the average of three replicates± 

S.E. 

 

RESULTS  

 

 

1. Water analysis 

The phytoremediation potential of A. pinnata was investigated under control 

conditions (using irrigated water) and two different concentrations (25% and 50%) of 

treated municipal wastewater. The water quality was assessed using various chemical and 

biological measurements, including pH, EC, TDS, total nitrogen and total coliform 

bacteria count before introducing A. pinnata and after 14 days of cultivation with A. 

pinnata (Fig. 3). A significant reduction in pH was observed in both wastewater 

treatments compared with the control, declining by 5% and 8% in 25% and 50% 

treatments, respectively. In contrast, pH changes in the control medium were minimal 

(<3%) after 14 days of cultivation. Under control conditions, electrical conductivity (EC) 

and total dissolved solids (TDS) decreased by ~47% and ~38%, respectively, while total 

nitrogen content (TN) increased by 185%. In contrast, wastewater dilutions resulted in 

sharp increases. At 25% dilution, EC, TDS and TN significantly increased by 2940%, 

2237%, and 6257%, respectively, relative to the control, and further by 3642%, 2802% 

and 9657%, at 50 % (P< 0.05). Biological analysis indicated that no coliform bacteria 

were detected under control conditions. Meanwhile, the concentration of coliform 

bacteria significantly decreased (P< 0.05). It dropped to below 180 CFU/100 ml in both 

the 25% and 50% diluted water. At the beginning of the experiment, the corresponding 

values were 210,000 and 380,000 CFU/100 ml, respectively. 
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Fig. 3. Chemical and biological analysis of the control and treated municipal wastewater at dilution 

ratio of 50% and 25% at time zero and after 14 days of A. pinnata cultivation. Significant differences 

between treatments are denoted by lowercase letters (P< 0.05).  

 Water chemical analysis results in Fig. (4) indicate that heavy metals were below 

detection levels in the conventional irrigation water at control conditions. They occurred 

only in trace quantities, if present, throughout the duration of the experiment. In contrast, 

significant decreases in the concentration of the heavy metals Pb, Cu, Ni, Cr, Zn, and B 

were detected in the treated water over 14 days of phytoremediation, relative to their 

initial concentrations. For instance, Pb, Cu, and Ni decreased by 22.2%, 74%, and 82% at 

25% concentration, and by 24%, 23.2%, and 88.7% at 50%, respectively (Fig. 4a–c). 
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Furthermore, Cr, Zn, and B showed significant reductions (P< 0.05). Their concentrations 

declined by 100%, 68.5%, and 20.8% at 25%, and by 17.4%, 11.7%, and 14.5% at 50%, 

respectively (Fig. 4d–f). These results suggest a differential affinity for heavy metal 

uptake by A. pinnata, which appears to be higher at 25% concentration. 

2. Heavy metals uptake and removal by A. pinnata 

The removal efficiency and intracellular heavy metals uptake in A. pinnata biomass 

are illustrated in Fig. (5). A. pinnata was found to effectively accumulate significant 

amounts of Pb, Cu, Ni, Cr, Zn, and B in their cells with varying concentration at the two 

tested dilution ratios. For example, B was the highest metal content (26.67 mg/kg), 

followed by Ni (15.29 mg/kg), Zn (13.74 mg/kg) and Cu (7.12 mg/kg) at 50% dilution 

ratio. At 25% concentration, B was also the most absorbed element (11.08 mg/kg), 

followed by Zn (7.5 mg/kg), Cu (2.79 mg/kg) and Ni (1.72 mg/kg). On contrary, Pb 

recorded the lowest metal uptake by 0.006 and 0.018 mg/kg at 25% and 50%, 

respectively. 

  Phytoremediation results revealed that A. pinnata showed differential removal 

efficiencies of heavy metals accordingly, Ni (88.7%) followed by Cu (30%), Pb (24%) Cr 

(17.2%) B (14.5%), and Zn (11.4%) at 50% dilution ratio. Meanwhile, at 25% dilution 

ratio, the removal efficiencies were varied as follows: Cr (100%), Ni (82%), followed by 

Cu (74%), Zn (68.5%), pb (30%) and B (20.8%). Obviously, the removal efficiency of 

Cr, Cu, Zn, Pb and B was higher at 25% dilution compared to 50% dilution. 
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Fig. 4. Heavy metal analysis of treated wastewater at time zero and after 14 days of growing A. 

pinnata under control conditions and under dilution ratio of 50% and 25% of treated waste water. 

Significant differences between treatments are denoted by lowercase letters (P< 0.05). 
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Fig. 5. Influence of dilution ratio of treated municipal wastewater on heavy metal uptake (mg/kg) and 

heavy metal removal (%) by A. pinnata biomass. Significant differences between treatments are denoted by 

lowercase letters (P< 0.05). 

3. Impact of treated wastewater on Azolla growth parameters 

The effects of treated wastewater (25% and 50%) on the growth parameters of A. 

pinnata compared to standard control conditions were evaluated at 7 and 14 days (Fig. 

6). Results indicated that fresh weight of A. pinnata increased under all treatments 

during the 14-day period; however, wastewater dilutions caused pronounced growth 

inhibition compared with the control. At day 7, the control reached 180g, compared to 
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115 and 100g at 25% and 50% of wastewater, showing significant decreases by 36% 

and 44, respectively. By day 14, the control achieved the highest biomass (370g), 

whereas the 25% and 50% wastewater treatment achieved 230 and 80g, showing 

significant decreases by 38% and 78%, with respect to control conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Growth rate and biomass productivity of A. pinnata cultivated in standard control conditions or 

under dilution ratio of 50% and 25% of treated wastewater at time zero and after 14 days. Significant 

differences between treatments are denoted by lowercase letters (P< 0.05). 



Abdelwahab et al., 2025 30 

The relative growth rate (RGR) of A. pinnata markedly decreased under wastewater 

dilutions compared with the control. At day 7, the control had RGR of 0.18, whereas the 

25% and 50% wastewater treatments recorded 0.05 and 0.04, corresponding to 

decreases of 72% and 76%, respectively. By day 14, the control maintained RGR of 

0.14, while the 25% and 50% wastewater treatments dropped to 0.04 and 0.01, 

representing decreases of 69% and 90%, respectively, relative to the control. Overall, 

increasing the proportion of municipal wastewater resulted in progressive decreases in 

biomass and RGR values, particularly high at 50% dilution. 

Results indicated that the doubling time of A. pinnata increased under wastewater 

dilutions compared to the control. At day 7, the control showed the shortest doubling 

time (3.79 days), while the 25% and 50% wastewater treatments recorded 5.96 and 7.13 

days, respectively, indicating slower growth under wastewater conditions. By day 14, 

the control reached 4.85 days, compared to 6.40 days at 25% wastewater and a much 

longer doubling time of 21.98 days at 50% wastewater. Overall, higher wastewater 

concentrations substantially delayed biomass doubling, with the 50% dilution showing 

the most pronounced inhibitory effect. 

The relative growth rate (RGR) of A. pinnata is significantly affected by 

wastewater dilution ratio and incubation period. For example, at the 7th day, RGR was 

0.05g/ day at 25% compared to 0.04g/ day at 50%; this reduction was further increased 

at the 14th day when RGR recorded 0.014g/ day at 50% compared to 0.043g/ day at 

25%. The shortest doubling time was approximately six days observed at 25% 

concentration compared to 22 days at the 50% concentration. 

 

DISCUSSION 

 

 

 

1. A. pinnata improved wastewater quality 

 

The reuse of treated wastewater is increasingly recognized as a sustainable strategy 

for saving water resource, particularly in arid and semi-arid regions. It offers considerable 

economic benefits by reducing the pressure on freshwater resources and lowering 

irrigation costs (Costa et al., 2025). Thus, the irrigation of trees and non-food crops could 

minimize the health risks and provides long-term sustainability (Meiramkulova et al., 

2024). However, treated wastewater may still contain residual nutrients, pathogens, and 

trace levels of heavy metals. These substances, if not adequately managed, can 

accumulate in the soil over time or be taken up by plants, potentially posing 

environmental and health risks (Shomar & Rovira, 2024). Therefore, additional 
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purification steps or careful monitoring are essential to ensure that reused water meets 

safety standards and supports sustainable agricultural practices.  

In the present study, we investigated the potential of A. pinnata in ultra-purification 

of treated municipal wastewater of Beni-Suef treatment plant, Dandil at two dilution 

levels compared to recommended control conditions. Our results indicated a positive 

impact of A. pinnata on decreasing density of coliform bacteria. The efficacy of Azolla 

sp. in the phytoremediation of wastewater, particularly in reducing coliform bacterial 

counts has been previously investigated. This reduction is primarily attributed to the 

antibacterial and antioxidant properties of Azolla (Nayak et al., 2015), which inhibit 

microbial growth and contribute to improved water quality. For example, A. caroliniana 

achieved a 100% removal rate of Escherichia coli and total coliforms in treated 

wastewater, highlighting its potential as a natural disinfectant agent (León et al., 2018). 

Our results indicated significant increases in pH, total dissolved solids (TDS), 

electrical conductivity (EC), and total nitrogen content after 14 days of A. pinnata 

growth, which contrasts with previous reports (Echiegu et al., 2021; Goala et al., 2021;  

Tasnim et al., 2024). These increases can be attributed to the release of ammonium, 

phosphate, and potassium ions from A. pinnata biomass during decomposition, as well as 

the enhanced microbial activity. These processes lead to higher concentrations of 

dissolved salts in the water, which in turn increase the EC levels. Additionally, the 

metabolic byproducts of microbial communities associated with A. pinnata may 

contribute additional ionic species to the aquatic phase which further influencing 

conductivity (Mahdavi et al., 2021).  

Moreover, the innate symbiotic association between A. pinnata and the nitrogen-

fixing cyanobacterium Anabaena azollae significantly increases the total nitrogen content 

in aquatic systems. This in turn enriches the surrounding environment with bioavailable 

nitrogen compounds, thereby enhancing the fertility of treated wastewater and supporting 

plant growth in reuse applications (Akhtar et al., 2021; Abd El-Aal, 2022). 

Additionally, the type and condition of the wastewater significantly influence its 

chemical and physical properties, thereby affecting the efficiency and outcomes of 

phytoremediation processes. Though previous studies have primarily utilized dairy 

wastewater (Goala et al., 2021), paint wastewater (Echiegu et al., 2021), or textile 

(Tasnim et al., 2024) characterized by high organic loads and variable pollutant profiles, 

in the current study we employed treated municipal wastewater, which tends to have 

more consistent and regulated parameters. 

 

2. A. pinnata decreased heavy metal content  

 The water analysis after 14 days of propagation in 25 and 50% diluted wastewater 

indicated significant decreases in the concentration of the heavy metals Pb, Cu, Ni, Cr, 

Zn, and B compared to their initial concentrations. Consistently, the application of A. 

pinnata in untreated and treated water from the constructed wetland for 5 days achieved 
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heavy metal removal efficiencies within a range of 2.98 - 82.4% (Adabembe et al., 

2022). The phytoremediation potential of A. pinnata using emulsion paint wastewater 

indicated heavy metals reduction range from 11.0 to 92.5% (Echiegu et al., 2021). A. 

pinnata significantly decreased Fe concentration in water by 98.10%, depending on cover 

area (Hasani et al., 2021). In this context, A. pinnata achieved maximum removal 

efficiency of Fe (87%) and Zn (81.14%) after 20 days of incubation and had greater 

efficiency than Lemina minor in removing Pb with a considerable biomass productivity 

(Mostafa & Hegazy, 2021). A. pinnata significantly decreased Cr (VI) from chromium-

polluted water by 70% at a concentration of 0.1ppm (Soliman et al., 2025).  

 The biomass analyses were consistent with those of water analyses where A. 

pinnata was found to effectively accumulate significant amounts of Pb, Cu, Ni, Cr, Zn, 

and B with varying concentration at the two tested concentrations, showing heavy 

removal efficiencies of 20.8-100% at 25% and 11.4%- 88.7 at 50% dilution ratios.  This 

demonstrates that A. pinnata is capable of metal biosorption and bioaccumulation via 

complexation with thiol-rich compounds, intracellular sequestration, and surface binding 

sites (Goala, et al., 2025).  

 Results also denoted significant metal uptake and removal efficiency at low 

concentration where, the removal efficiency of Cr, Cu, Zn, Pb and B was higher at 25% 

dilution compared to 50% dilution. This can be explained by the fact that moderate 

pollution loads induce ideal physiological stress that stimulates metal absorption 

mechanisms, whereas greater pollutant concentrations may hinder growth and reduce 

biosorption effeciency (Zeid et al., 2024). In fact, variable factors such as metal valency, 

the number of active binding sites, and the types of functional groups present on the cell 

surface could affect the differential affinities of heavy metal uptake by aquatic 

macrophytes (Rahman & Hasegawa, 2011). Moreover, the rates at which the metal ion 

forms complexes with the thiol compounds in cell such as glutathione and phytochlatins 

(Hamed et al., 2024). Metal oxidation state, levels of metal chelators and antioxidant 

enzymes influence metabolism and detoxification pathway in aquatic macrophytes 

(Talebi et al., 2019). Aquatic plant and macrophytes have been proposed to accumulate 

heavy metals by passive uptake mechanisms through aquaporins/aquaglyceroporins 

(Rahman et al., 2011; Hamed et al., 2022). Although certain heavy metals like As (V) 

inter cell via active uptake using phosphate uptake carriers of plasma membrane. 

Thereby, increasing phosphate concentrations in the solution are expected to enhance the 

desorption of analogous heavy metal ions (Rahman et al., 2007).  

3. Dilution factor of wastewater influences A. pinnata growth attributes   

Treated wastewater may serve as rich source of residual organic matter nutrient and 

considerably low level of heavy metals. In this regard, the 25% dilution ration achieved 

greater fresh weight and relative growth rate along with the shortest doubling time 

compared to 50%. High concentrations of pollutants and heavy metals negatively affected 
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the growth of Azolla at the 50% dilution ratio. Similar finding was reported by Khosravi 

et al. (2005), who observed growth inhibition and limited biomass production of Azolla 

filiculoides exposed to elevated levels of Pb, Cd, Ni and Znsu. Plant phytotoxicity and 

low biomass production were observed in A. japonica and A. pinnata exposed to 

combined heavy metal stress (Akhtar et al., 2019). They added that the excessive uptake 

of heavy metal impairs physiological functions of cell and hinder the proliferation of 

aquatic macrophytes due to over intracellular accumulation of heavy metals by A. 

japonica and A. pinnata (Akhtar et al., 2019). 

 

4. Fate of  A. pinnata biomass after phytoremediation    

Based on results of biomass analysis, produced biomass is no longer suitable for 

animal fodder or nutraceutical industries due to high heavy metal concentration. The use 

of aquatic macrophytes as a feedstock for biofuel production has primarily focused on the 

saccharification of their cell walls to produce fermentable sugars, which can then be 

converted into value-added products or ethanol (Christy et al., 2024). In addition, 

technologies such as hydrothermal carbonization and pyrolysis could be a good strategy 

for production of phenolic compounds and aromatic hydrocarbons (e.g. pyrrole 

derivatives, pyridine, benzene, and phenol) (Babinszki et al., 2020) or in-situ 

transesterification with acid catalyst for biodiesel production (Sambasivam et al., 2024) 

may attract researcher for future work. For the first time, this study clearly demonstrates 

the potential of A. pinnata for heavy metal removal and water purification in treated 

effluent from the Beni-Suef wastewater treatment plant in Dandil. Moreover, its biomass 

could serve as a sustainable and cost-effective bioresource for future biofuel production. 

 

CONCLUSION 

 

 

 This study identifies A. pinnata as a promising bioagent for advanced wastewater 

treatment, owing to its fast growth and substantial biomass yield. It effectively reduces 

coliform bacteria and accumulates various heavy metals, including Pb, Cu, Ni, Cr, Zn, 

and B. Its symbiosis with nitrogen-fixing cyanobacteria further enhances nutrient 

absorption, making it ideal for large-scale use in contaminated water systems. Moreover, 

the resulting biomass holds potential as an eco-friendly and economical resource for 

biofuel production. The findings highlight the importance of further research into safe 

and sustainable utilization of metal-enriched biomass, alongside improving its 

remediation performance. 
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