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Abstract
Drinking water contamination is a major issue of public health concern in Anuradhapura, Sri Lanka, where dental and skeletal fluorosis can be resulted due to a prolonged exposure to excess fluoride. The study investigates use of Eichhornia crassipes (Water Hyacinth) biomass as a low-cost, eco-friendly biosorbent to extract fluoride in ground water (GW) and surface water (SW). Biomass samples were dried and powdered followed by conducting the batch adsorption experiment using water samples obtained in a Kahatagasdigiliya borehole (GW) and Nuwarawewa reservoir (SW). The adsorption experimentation was carried out at biosorbent dosages 0.10-4.00 g L -1 and 3 hours contact time (150 rpm). Removal efficiencies (RE) were established as per the spectrophotometric procedures of measuring fluoride levels. The results indicated difference in the fluoride extraction capability between GW and SW. The biomass of E. crassipes exhibited outstanding adsorption potentials in the SW with 99.17% of RE at dosage of 1.00 gL⁻¹ and adsorption capacity of 238 mg g -1. This was afforded statistically because Langmuir fitting of the isotherm plot showed good results (R2=0.95), which is indicative of monolayer adsorption event with a homogenous surface of the biosorbent. Conversely, the elimination of fluoride in GW was, not quite, as successful and 68.03 % RE occurred at a dosage of 0.50 gL⁻¹. It seems that complex GW chemistry which influence adsorption sites and the existence of competing ions are likely to explain why GW data showed poor model fitting with adverse and non-physical properties. Besides showing that E. crassipes biomass is a potential biosorbent to purify fluoride contaminated SW, these findings demonstrate that matrix water source affects biosorption activity. The study finds it appropriate to introduce E. crassipes biosorption in the economically rational and eco-friendly water purification adsorption systems to benefit the Sri Lankan villages which are affected by fluoride contamination.
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Introduction
Fluoride is a vital micronutrient in low doses but in excess caused to dental and skeletal fluorosis (Zazouli et al., 2014). In the Anuradhapura district in Sri Lanka, both GW and SW have high levels of fluoride due to geological formations, agricultural runoff, and evaporation effects in dry zone (Taghilou et al., 2023). Extensive use of high fluoride water lead to chronic kidney disease and other health issues (Zazouli et al., 2014). Current water treatment processes like alum coagulation and reverse osmosis are costly, energy demanding, and unsuitable for decentralized rural water supply (Lipps et al., 2023).
The usage of aquatic macrophytes in phytoremediation offers sustainable and low-cost alternative for water treatment. E.crassipes is fast growing invasive species with widespread root systems that can adsorbed and accumulated a wide range of contaminants (Mahamadi C., 2012). Although it has already been tested and possibly determined its potential in the removal of heavy metals and nutrients, its performance in the fluoride removal of natural water sources in Sri Lanka is under-studied. This research tried to evaluate the performance of a dried E. crassipes biomass during a batch adsorption test of fluoride removal of GW and SW sources in Anuradhapura  (Latip et al., 2022).
Literature Review
The passive process which biomaterials bind and concentrate contaminants from aqueous solutions by mechanisms such as ion exchange, and adsorption is known as biosorption (Mahamadi C., 2012). The Langmuir isotherm model describe monolayer adsorption on uniform surface sites while Pseudo-second-order kinetic model is commonly used to describe adsorption rates for biosorbents (Lipps et al., 2023).
The study by Zazouli et al., 2014 revealed E.crassipes used as biosorbents to removal of Fluoride. Water Hyacinth, has high adsorption capacity due to its large surface area, fibrous root structure, and abundance of functional groups such as hydroxyl and carboxyl groups (Mahamadi C., 2012). According to Taghilou et al., 2023 study, dried biomass is easily be handled, stored, and dosed in controlled treatment systems. Efficiency, however can be affected by water chemistry, competing ions and pH.
In Anuradhapura GW, elevated levels of fluoride are mainly geogenic as a result of the dissolution of minerals in the rock. SW contains less fluoride and may spell out safe levels especially during the dry season (Taghilou et al., 2023). It is vital to unravel the biosorbent behavior in both types of waters to implement proper treatment options  (Lipps et al., 2023).
Methodology
Water samples were taken in a borehole in Kahatagasdigiliya as GW and from Nuwara Wewa as SW. Fresh E. crassipes plants were harvested in “Theppankulam tank”, washed with distilled water, oven-dried within 60 °C (48 h), crushed, and sieved (1 mm mesh size). Different dosages (0.10 to 4.00 g L-1) of biosorbent, constant contact time (3 h) and constant agitation (150 rpm) were used in batch adsorption experiments that were performed in 250 mL Erlenmeyer flasks. There was an inclusion of a control (0 g L-1).
Fluoride was analyzed by SPADNS method (HACH DR 6000, λ = 580 nm). Removal efficiency (RE) was calculated as:
100
where Ci is Initial Concentration while Cf is Final concentration. (mg L⁻¹). Langmuir isotherm modelling was applied to determine maximum adsorption capacity (qmax) and affinity constant (KL). ANOVA was used to assess statistical significance (p < 0.05).

Results and Discussion
Fluoride RE improves with increasing dosages of biosorbents in both GW and SW samples, but the magnitude and trend differed substantially between the two sources. The Figure. 1 clearly shows that in SW, E. crassipes biomass achieved rapid increase in removal of fluoride from 0.1 g L⁻¹ to 1.0 g L⁻¹, reaching a peak RE of 99.17%. Dosages more than 1.0 g L⁻¹ failed to significantly improve removal, indicating adsorption site saturation. This plateau confirms that an optimum dosage of around 1.0 g L⁻¹ is sufficient for near-complete fluoride removal in SW. In contrast, groundwater removal efficiency peaked at 68.03% at 0.5 g L⁻¹ dosage but showed no statistically significant increase with higher dosages, suggesting competing ions in groundwater inhibited adsorption capacity(Zazouli et al., 2014).
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Figure 1: (a)The effect of biosorbent dosage on the removal efficiency (RE) of fluoride in groundwater samples using Azolla (0.05–1 g L-1) and WHB (0.1–4 g L-1) as biosorbents at contact time 3 hours at 150 rpm.
(b)The effect of biosorbent dosage on the removal efficiency (RE) of fluoride in surface water samples using WHB (0.1–4 g L-1) as biosorbents at contact time 3 hours at 150 rpm.

The computed adsorption capacity (q) of SW at optimum dosage point was 238 mg g-1 that is in line with the Langmuir isotherm model fit (R² > 0.95). This strong correlation indicates monolayer adsorption on a homogeneous surface of biosorbents which confirms the effectiveness of E. crassipes biomass under the specified conditions (Mahamadi C., 2012). Table 1 indicates the Langmuir and pseudo-second-order models data. Langmuir isotherm modeling and pseudo-second-order kinetic analyses were performed to better understand the fluoride adsorption mechanism. The models however provide poor fits for both GW and SW datasets. For GW, negative and non-physical parameter values (e.g., negative qmax and R² values) indicated failure of the models to accurately represent the adsorption process, due to complex water chemistry and competing ions affecting biosorption sites.
Similarly, pseudo-second-order kinetic model failed to fit the data appropriately, with negative R² values and unrealistic estimates of qe. For SW samples, although some improvement in fit was observed (Langmuir R² = 0.72), key parameters such as qmax and KL were negative, reflecting deviations from ideal monolayer adsorption assumptions( Lipps et al., 2023).
The results reflect need of more detailed mechanistic studies and possible consideration of alternative adsorption models or kinetic frameworks that account for heterogeneous binding sites and multi-ion competition in natural water matrices(Taghilou et al., 2023).
Table 1:Summary of Langmuir Isotherm model parameters for biosorbent performance. The graph plotted 1/q_e  with 1/Ce. This table represent q_(max ),〖 K〗_L,R_L  and R^2. High R^2.  values confirm the model’s fit, supporting assumptions of monolayer adsorption anduniform surface sites.  represents the maximum adsorption capacity, useful for comparing adsorbent efficiency, while higher  values indicate stronger adsorbate binding, aiding in identifying optimal adsorption conditions
	Model Parameter
 
	 GW
	SW

	Pseudo-second
-order
	
	4191.91
	5.4×10-8

	
	
	1.00
	0.01

	
	
	-0.33
	-0.73

	
	status
	Succeeded
	Failed

	Langmuir 
isotherm model
coefficient
	qmax
	-98.43
	-452.49

	
	KL
	-1.69
	-259.51

	
	RL
	-0.94
	-0.03

	
	R2
	-0.18
	0.72



The results described above show that consideration of source water matrix is imperative in biosorption applications. Such high achievability in SW is likely to be attributed to less strong competing ion concentration and favorable pH, which enables more accessible active binding sites on the biomass. Conversely, fluoride may be adsorbed in GW with complex chemistry which can limit in the adsorption process. That would indicate that biosorption using E. crassipes could prove possible in the treatment of surface waters contaminated by seasonal releases of fluoride but might need to be adapted or integrated with other processes when performing its treatment in GW (Latip et al., 2022).



Conclusions and Reccomendations
This paper illustrates that dried biomass of Eichhornia crassipes can lead to almost complete removal of fluoride in the surface water in laboratory-optimized experimental conditions of adsorption and the adsorption characteristics can be best explained by the Langmuir isotherm. Nevertheless, in the absence of identical conditions the extraction of the same is constrained in case of ground water, meaning that the water chemistry should be analyzed at the site beforehand.
These findings justify the incorporation of Water Hyacinth biosorption as part of cost-effective and sustainable methods of water treatment especially to those communities that rely on surface water supply. The future efforts should be put into optimizing the contact time, pH, and biomass pretreatment along with the evaluation of the regeneration and reuse prospects.
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