


An assessment of the coagulation, antibacterial, and cytotoxic qualities of extracts from Nymphaea nouchali stem and Artocarpus altilis peel for the treatment of wastewater
Abstract

Untreated sewage and industrial waste discharge contaminates water sources, causing major risks to ecosystems and human health. This study aimed to compare the coagulation, antibacterial, and cytotoxic properties of Artocarpus altilis (Park.) Fosh. (Breadfruit) peel, and Nymphaea nouchali Burm. f. (Blue Water Lily) stem, as a natural and eco-friendly wastewater treatment agent. Aqueous plant extracts (PEs) were prepared, and their antibacterial effects were evaluated via disk diffusion, coagulation efficiency via turbidity using spectrophotometry, and cytotoxicity by brine shrimp assay. Turbidity removal was most significantly different at 10-1 g/mL (21.63%), 10-2 g/mL (11.19%), and 10-3 g/mL (9.86%) for A. altilis, N. nouchali, and the mixed extracts, respectively (p<0.05). However, the positive control showed the most significant turbidity reduction (p<0.05). The PEs did not exhibit antibacterial properties and had no significant cytotoxic effects (p>0.05) compared to the positive control. Further research should involve investigating different extraction procedures to yield more potent compounds.
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Introduction
Water contamination from untreated sewage, agricultural, and industrial waste poses a significant threat to human health and ecosystems worldwide. The accumulation of physical and chemical pollutants, such as plastic waste and hazardous chemicals, as well as untreated sewage, industrial discharges, and agricultural runoff, is a major source of this contamination (Owhonka et al., 2021). The quality of freshwater sources is affected by these contaminants, which enter aquatic bodies by surface runoff or direct discharge. The infiltration of biological agents, like pathogenic microorganisms, which have adverse effects on public health and environmental systems, is one of the most concerning aspects of this contamination (Nada et al., 2025). Although around 71% of the earth is covered with water, only 2.5% is freshwater, and less than 1% is accessible for usage (UN, 2020). According to a 2023 report by the World Health Organization (WHO), approximately 80% of all diseases in developing countries are caused by waterborne pathogens (World Health Organization, 2023). Typhoid, dysentery, cholera, salmonellosis, and hepatitis are just a few of the infectious diseases that can spread when humans consume contaminated water, particularly in areas without effective water treatment facilities. In addition, to causing widespread diseases, these have the potential to be fatal, especially for vulnerable groups like children, the elderly, and people with compromised immune systems (Koul et al., 2022). 
Currently, many different kinds of water treatment techniques are employed globally to ensure the elimination of biological, chemical, and physical pollutants (Saravanathamizhan and Perarasu, 2021). Chemical treatments are the most commonly used which include chemical coagulants (such as alum or ferric chloride) for flocculation and coagulation, chlorination for disinfection, and the use of lime or soda ash for pH correction. However, traditional methods usually comprise several types of procedures, such as screening, sedimentation, filtering, and disinfection (Saravanan et al., 2021). Large-scale purification in industrial and municipal systems often includes chemical treatments, particularly coagulation with alum or ferric chloride and chlorination (Sultana et al., 2022).
Coagulation is one of the most important steps in all the techniques used to purify water. The process of coagulation is adding specific compounds, referred to as coagulants, which help small suspended particles aggregate into bigger clusters, or flocs, that are easier to remove during later treatment procedures like sedimentation and filtering (Koul et al., 2022). Owodunni and Ismail, 2021 suggested that coagulation enhances water quality and purity by removing contaminants that traditional filtration would not be able to remove. However, the most widely used chemical coagulants, such as ferric chloride and aluminium sulphate (alum), present health and environmental risks. According to a study done by Bratby, 2006, these chemical coagulants may produce harmful byproducts, including heavy metals and sludge, which can negatively impact the ecosystems and potentially lead to chronic health issues in humans (Koul et al., 2022). Additionally, research on environmentally friendly alternatives to treat wastewater has been driven by the high cost and harmful environmental effects of manufacturing and discarding chemical coagulants.
Plant-based coagulants, which are alternatives to chemical treatment, are viewed as promising as they are valued for their biodegradability, lack of toxicants, and low environmental impact (Khursheed et al., 2022). These natural coagulants, derived from various plants such as seeds, leaves, bark, and peels, are considered environmentally friendlier than chemical coagulants; however, their safety and efficacy can vary depending on the plant source and require thorough toxicological and performance evaluation before use in water treatment (Khursheed et al., 2022). Such options are especially beneficial in underdeveloped nations where high-end technology for wastewater treatment is limited and the prevalence of waterborne diseases is high.
Water treatment systems based on plants and biomaterials are growing increasingly as environmentally friendly substitutes for chemical processes. Coagulants made from plants such as Strychnos potatorum, Moringa oleifera, and Cactus mucilage have demonstrated efficacy in lowering turbidity by using natural proteins and polysaccharides to aggregate suspended (Sheeba et al., 2025; Desta and Bote, 2021; Nitola et al., 2025). Chitosan, a biopolymer derived from crab shells, is an effective flocculant that also has antibacterial qualities (Karim et al., 2024; Ke et al., 2021). Furthermore, it has been shown that agricultural waste products like banana peels and coconut husks can absorb colours and heavy metals from water that has been contaminated (Jangir et al., 2024; Ke et al., 2021).
The present research investigates the coagulation, antibacterial, and cytotoxic properties of two underutilized plant materials: the inner peel of Artocarpus altilis (Park.) Fosh., also known as breadfruit, and the stem of Nymphaea nouchali Burm. f., also known as blue water lily.
The tropical plant known as Artocarpus altilis, or breadfruit, is well known for its therapeutic and nutritional benefits (Jagtap and Bapat, 2010; Mehta et al., 2023). Since the plant's leaves, bark, and latex contain antibacterial, anti-inflammatory, and antioxidant qualities, they have been used in traditional medicine to treat conditions including fevers and digestive problems (Sikarwar, 2016). The peel of the A. atilis fruit specifically had demonstrated anti-oxidant and anticancer properties against lung cancer cell lines proving the importance of the phytochemicals in fruit waste (Nicole Estudillo and Tolentino., 2024).  The starchy fruit of A. altilis has drawn interest from the industrial sector since it is a gluten-free food source that can also be used to make bioethanol, bioplastics, and animal feed (Zainol et al., 2022). Its potential for environmental uses has been investigated recently; in particular, the leaf and bark extracts have demonstrated the ability to function as natural coagulants in wastewater treatment by stimulating floc formation and lowering turbidity (Zainol et al., 2022).
In South Asia, Nymphaea nouchali, commonly referred to as blue lotus or nil mānel, is an aquatic plant that has medicinal and religious significance. Due to its analgesic, anti-diabetic, antipyretic, and antioxidant properties, it has long been utilized in Ayurvedic and Siddha medicine (Kiranmai et al., 2023) Extracts from the flowers and rhizomes have also shown pharmacological promise (Sarma et al., 2025). Since it contains its bioactive flavonoids and phenolic components, it finds usage in nutraceuticals and cosmetics, among other industrial applications. However, this plant has not been widely studied for its coagulation properties.
Although both of these plants are widely accessible in many tropical areas and have long been utilized in traditional medicine, their potential application in water treatment remains underexplored. 
The objectives are to determine the antibacterial, coagulant, and cytotoxic properties of Nymphaea nouchali Burm. f. and Artocarpus altilis (Park.) Fosh. and compare the effectiveness of the individual mixed extracts of both effective plant concentrations. 

Materials and Methods
Collection of plant material and preparation of plant extracts
The plant materials were collected from Bellanvila (6°50'43.1"N 79°53'24.7"E) and Kadawatha (7°01'01.9"N 79°57'25.4"E), respectively, and authenticated at Bandaranayake Memorial Ayurveda Research Institute (BMARI), where the specimens were deposited under the accession numbers 3192 for Nymphaea nouchali Burm. f. and 3193 Artocarpus altilis (Park.) Fosh. A 1:9 (w/v) plant-to-solvent extract was prepared using 10 g of the fresh plant material (Stem of the Nymphaea nouchali Burm. f. and inner peel of Artocarpus altilis (Park.) Fosh.)  in 90 mL of sterilized water (solvent). This extract was then filtered using Whatman filter paper (6mm) in 2 steps: first via the gravity filtration method using a funnel and filter paper, followed by the syringe filter method. The extraction time was 60 minutes per plant extract and was conducted at room temperature (25ºC). The extracts were further diluted via serial dilution from 0.111 g/mL (10-1) to 0.0000111 g/mL (10-4). The extracts were refrigerated at 4ºC. According to the method described by Al-Mamun and Basir, 2016, synthetic turbid water was prepared using the bentonite clay.

Investigation of coagulation properties
A volume of 27.5 mL of bentonite water was added to each jar, and the turbidity was checked using a Thermo Scientific GeneSys 10s uv-vis spectrophotometer, followed by adding 2.5 mL of the PE, for the positive control, 2.5 mL of ferric chloride was added, and for the negative control, 2.5 ml of the turbid water was added. Flocculation was carried out with rapid mixing at 180 rpm for 3 minutes, slow mixing at 110 rpm for 30 minutes, and settling for 30 minutes (Al-Mamun and Basir, 2016). Turbidity was checked using the surface water in each jar using a Thermo Scientific Genesys 10s uv-vis spectrophotometer. This procedure was repeated using mixed concentrations of the PE and two extra lotus extract concentrations. The coagulation coefficient was calculated using the formula:


									      (2.1)

Where C is the coagulation coefficient, A0 is the sample's initial turbidity (absorbance) before treatment, and 𝐴t is the turbidity (absorbance) of the supernatant after treatment with the extract.

Investigation of anti-bacterial properties
The most effective concentrations of both the PE's antibacterial properties were assessed. Following Jenkins and Maddocks, 2019, the disc diffusion method was carried out to evaluate antibacterial effects against Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Pseudomonas aeruginosa (P. aeruginosa). PE, 1% Ampicillin, and 0.00001% Ciprofloxacin and sterile water were used as the test sample, positive and negative control, respectively. Zones of inhibition were observed after a 24-hour incubation period at 37°C. The experiment was repeated using the effective PE combination concentrations.

Investigation of cytotoxic properties
The toxicity of the effective PE’s was evaluated using the brine shrimp (Artemia salina) lethality assay as described by Zakwan et al., 2023. Each well of a 96-well plate had 40μl of seawater and 60μl of the effective concentration of PE, followed by an aliquot of 200μL of seawater containing 10 nauplii. Sea water was the negative control, while H2O2 was the positive control. After 24 hours, the mortality percentage of the brine shrimp was observed and calculated using:
Mortality (%) = 
		(2.2)
Where N0 is the total number of nauplii added, and Na is the number of nauplii alive after 24 hours.

Statistical Analysis
All experiments were carried out in triplicate. Data analysis was conducted with RStudio (version 2022.12.0+353 – ‘Elsbeth Geranium’), where p < 0.05 represents a significant difference. To evaluate the coagulation efficiency of the PEs, the paired t-test and Wilcoxon signed-rank exact test were carried out. To evaluate the results of the cytotoxicity assay, the paired t-test and Wilcoxon signed rank test with continuity correction were executed.

Results And Discussion
The Effect of the Natural Coagulants on Turbidity
Coagulation is the chemical process that neutralizes the pollutant's charge in water. This allows them to form interparticle bridges, resulting in floc formation (Owodunni and Ismail, 2021). Flocculation is the physical process where the flocs cluster together. Throughout this process, rapid and slow mixing is provided to uniformly distribute the coagulant, ensuring it interacts with the pollutants and forms floc-to-floc interparticle bridging. A rest period allows the flocs to sediment. The type of coagulant, mixing speed, and wastewater affect the efficacy of this process. The concentration of the coagulant utilized is also considered when determining the efficiency of the coagulation process (Lemma et al., 2024). Thus, a range of four concentrations per coagulant extract was prepared by dilution to establish the optimum concentration of A. altilis and N. nouchali as individual coagulants and as a mixed extract. Turbidity was measured as absorbance. The experiment was performed in triplicate (n = 3), and data are expressed as mean ± SD. Statistical analysis was carried out using one-way ANOVA followed by Tukey’s HSD post-hoc test, with p < 0.05 considered as statistically significant. Fig. 1 and 2 depict the coagulation efficiency (%) of A. altilis and N. nouchali as individual agents, in reducing the turbidity of the synthetic turbid water, respectively. The coagulant concentrations that resulted in a significant decrease (p<0.05) in turbidity were combined and used as a mixed extract (Fig. 3).
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Fig. 1. The coagulation efficiency of A. altilis extract Significant coagulation efficiency compared to the negative control is noted by * on the respective bars (p<0.05). Values are presented as mean + SD (n=3). Error bars represent standard deviation. 
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Fig. 2. The coagulation efficiency of N. nouchali. Significant coagulation efficiency compared to the negative control is noted by * on the respective bars (p<0.05). Values are presented as mean + SD (n=3). Error bars represent standard deviation.



[image: A graph of positive and negative results  Description automatically generated]















Fig. 3. The coagulation efficiency percentage for N. nouchali and A. altilis as mixed extracts. Significant coagulation efficiency compared to the negative control is noted by * on the respective bars (p<0.05). Values are presented as mean + SD (n=3). Error bars represent standard deviation. 

The coagulation efficiency was statistically significant at 10-2 g/mL concentration of the N. nouchali extract, with a mean reduction in absorbance of 11.19% (SD = 2.36) (p<0.05). The A. altilis concentration with the most statistically significant difference in coagulation efficiency was at 10-1 g/mL and had a mean reduction in absorbance of 21.63% (SD = 9.88) (p<0.05). However, the positive control (FeCl3) had a significant reduction in turbidity of 84.10% (SD = 2.42) (p<0.05). Based on these results, the extracts with the highest concentration of the coagulant showed the most significant difference in turbidity reduction. Similar results were reported by Desta and Bote, 2021, who used Moringa oleifera powder to treat domestic wastewater. They reported that a dosage of 0.4 g/500 mL was optimal for turbidity removal, with a 99.99% removal in basic water and 95.99% in acidic water. Okra gel had also been reported with significant flocculant activity in a study carried out using industrial waste and sludge (Nair and Rana, 2025). According to a review on use of natural coagulants for wastewater treatment, a continuous progression of publications from 5 to 51, have been noted during 2015 - 2024 years. In addition, the review placed 13 countries as frontiers of using natural extracts in wastewater treatments, bringing Malaysia, Turkey and Oman to first, second and third places in the list (Alazaiza et al., 2025). 
The mixed extracts indicated that the coagulation efficiency was statistically significant at 10-3 g/mL, with a mean absorbance reduction of 9.86% (p<0.05). The mixed extract concentrations of 10-2 g/mL and 10-4 g/mL also had a significant reduction of 5.69% and 4.88%, respectively (p<0.05). Nonetheless, the coagulation efficiency was significantly less in comparison to the positive control (p<0.05).
Active compounds, such as amines, hydroxyl groups, and carboxylic acids, are responsible for the coagulation properties seen in plant-based coagulants (Ravele et al., 2025). Parimala and Shoba, 2013 reported that N. nouchali seed had a composition of 13.92% carbohydrate, 17.47% proteins, and 0.10% lipids. Additionally, its flavonoids, phenolics and tannin composition was 23.55 ± 1.46 QE/g, 179.56 ± 1.59 GE/g, and 195.84 ± 0.8 GE/g, respectively. However, no reports have specifically indicated the phytochemicals present in stem of N. nouchali. A. altilis is also composed of macromolecules, such as carbohydrates, proteins, and lipids. Soifoini et al., 2018 found the composition of A. altilis to be 4.64 ± 0.83 g/100 g sugars, 4.44 g/100 g proteins, and 0.77 g/100 g lipids. Further, the tannins, castalagin and vescalagin, were one of the phenolic groups that was mainly identified, with a composition of 26.59 ± 5.38 mg/100 g castalagin and 15.99 ± 5.65 mg/100 g vescalagin. The composition of active compounds is dependent on the extraction process and the solvent.
There is limited research on coagulation regarding the plants used in the current study. A study by Salazar-Gámez, 2024 showed that A. altilis fruit had a 67.2% turbidity removal. However, this study had a mean absorbance reduction of 21.63% for A. altilis inner peel. Similarly, there is no research on the coagulation properties of N. nouchali, specifically the stem. As A. altilis fruit is a food source, and peel is a waste product, it is important to concentrate on improving the coagulation efficiency of the peel, as it would not affect the sustainability of food source availability. Also, it is important to investigate how to increase the coagulation coefficient of the stem material using different types of sample preparation methods. The use of a water bath shaker to administer mixing may have been aggressive and not uniform, preventing the coagulant from binding to the pollutant's surface area. A more effective concentration may have been found if a wider concentration series had been used. The extraction method used and the differences in the compounds of the peel of A. altilis inner peel and the N. nouchali stem may have limited the final coagulant properties. Thus, further research into obtaining a pure extract or utilizing a different form of the plant (freeze-dried or sun-dried) may prove advanced results. 

The Antibacterial Properties of the Extracts
[image: ]For E. coli and S. aureus, 1% Ampicillin was used as a positive control, while 0.00001% Ciprofloxacin was used for P. aeruginosa. All three bacterial strains, E. coli, S. aureus, and P. aeruginosa, showed a mean zone of inhibition of 24.8 ± 2.78 mm, 42.75 ± 2.38 mm, and 40.5 ± 2.64 mm, respectively, for the positive control, indicating that the antibiotics were effective in inhibiting the growth of these strains when exposed. The negative control using sterile water showed no zone of inhibition, indicating that there was no contamination and there was no other variable affecting the results, thus ensuring that the data was reliable. The concentrations of the PEs that had a significant coagulation efficiency were studied to determine their antibacterial effect. However, there was no zone of inhibition produced by either PE, indicating that there was no antibacterial effect (Figure 4).Figure 4: Antibacterial activity of the plant extracts that had the highest coagulation property against (A) S. aureus, (B) E. coli, and (C) P. aeruginosa. 
No inhibitory effect was observed for the plant extracts, whereas the positive controls displayed effective inhibition, with clear inhibition zones. (+): Positive control; (-): Negative Control: DL: Dilution 






A study by Banu. A et al., 2021 investigated the antibacterial properties of the pulp and the peel of A. altilis. They reported that while the antibacterial activity increased with increasing extract concentrations of the pulp and peel, the peel extract had a higher inhibitory potential. For example, when testing against S. aureus, the peel had a maximum inhibitory activity of 23 mm, whereas the pulp was 18 mm. Similarly, the hexane and dichloromethane extracts of the peel had antibacterial activity against S. aureus, but the methanol extract had the highest activity (Jalal et al., 2015). On the other hand, research on the antibacterial properties of N. nouchali, are mostly conducted on the flower and the seeds. One study used the hot percolation method, where the seeds were extracted with ethanol and then evaporated. The seed extract of N. nouchali showed high zones of inhibition of 25 mm and 20 mm for P. aeruginosa and S. aureus, respectively (Parimala and Shoba, 2014). Finally, Dash et al., 2013 reported that the methanol flower extract had greater antibacterial properties instead of the other extracts utilized, with a zone of inhibition of 30 ± 0.18 mm against B. cereus.
The negative results of the PEs may be due to the narrow range of concentrations used, degradation in storage, and incompatibility of the extraction method. Further studies should be done to analyze if the extraction method, storage conditions, and time have any influence on the antibacterial effect. In addition, testing with different McFarland standard concentrations will be required to ensure a more precise evaluation of the antibacterial activity. This might lead to more potentially positive results by supporting the finding of the optimal bacterial density to determine the PE’s efficacy at various doses. The antibacterial activity is likely due to the presence of secondary metabolites like alkaloids, tannins, steroids, phenol, saponins, and flavonoid compounds, which have been previously reported for their antimicrobial property in both the PE (Dash et al., 2013; Soifoini et al., 2021).
The Cytotoxic Properties of the Plant Extracts
The brine shrimp lethality assay is conducted to determine the cytotoxicity of the plant components (Waghulde et al., 2019). As shown in Table 1, the results of the brine shrimp assay showed no significant difference for all concentrations compared to the negative control (p>0.05). The results indicate that neither of the PEs was toxic, as the motility rate was comparatively lower. Even so, to ensure that there are no toxic compounds produced over time, tests should be conducted at regular time intervals. This could help monitor the changes in the composition of the PE and ensure its safety and effectiveness. A study by Sikder et al., 2012 showed that there is a zero-mortality rate for the methanol extract of the flower petals of N. nouchali, while a study done by Eriadi et al., 2022 showed that the ethyl acetate extract of A. altilis (Parkinson's ex F.A. Zorn) Fosberg leaves has high cytotoxic activity for the Brine Shrimp Lethality Test.

Table 1. The effect of the plant extract concentrations with significant coagulation efficiency on brine shrimp mortality. 
	Sample
	Concentration
	Mean Mortality Rate (%)

	A. altilis
	0.000111 (10-3)
	3.33 ± 0.33

	N. nouchali
	0.0000111 (10-4)
	10 ± 1

	A. altilis + N. nouchali
	0.00111 (10-2)
	0

	
	0.000111 (10-3)
	13.33 ± 0.88

	
	0.0000111 (10-4)
	3.33 ± 0.33

	Positive control (conc. H2O2)
	-
	100

	Negative control
	-
	26.67 ± 2.19




Conclusion
This study focuses on the potential of Artocarpus altilis (Park.) Fosh. (Breadfruit) and Nymphaea nouchali Burm. f. (Blue Water Lily) as natural coagulants for waste water treatment. N. nouchali showed significant effects at lower doses (10-2 g/mL), but A. altilis required a higher dosage (10-1 g/mL) for effective coagulation, however, with significantly lower efficacy to the positive control (a chemical coagulant) utilized in the study. No antibacterial effects were exhibited by the individual or mixed plant extracts, suggestive of further optimization of extraction methods and testing wide concentration series. The brine shrimp lethality assay was used for cytotoxicity testing, and the results indicated that there were no significant toxic effects compared to the positive control used, proving the safety of these extracts for possible application in water treatment. Use of actual waste water samples, scaling up and cost analysis of use these plant waste material would be added advantages in this line of study for progression. 
With future studies concentrating on enhancing the extraction procedure, producing a pure extract, or using a different plant material form (sun- or freeze-dried), the peel of A. altilis and stem of N. nouchali could be used as an environment friendly coagulant, sans toxic effects advanced results. 
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