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Abstract 

Adsorption-based separation processes continue to attract scientific interest as low-energy strategies for modifying aqueous 

chemistry under resource-limited conditions. Within this context, plant-derived materials offer a flexible platform for turning 

surface reactivity through simple chemical and physical modifications. This study examined how calcium modification and 

particle-scale control influence fluoride uptake behaviour in Moringa oleifera seed powder (MOSP), with emphasis on 

operational performance rather than material synthesis. Batch experiments were conducted to quantify fluoride removal 

efficiency, residual fluoride concentration, and adsorption capacity using calcium-spiked and non-spiked MOSP across a range 

of adsorbent dosages, particle sizes, and mesh size classifications. Statistical analysis demonstrated that adsorbent dosage 

significantly affected all fluoride removal indicators (p < 0.001). Increasing dosage enhanced overall fluoride removal efficiency 

while reducing mass-normalised adsorption capacity, indicating distinct scaling behaviour between system-level removal and 

material-level uptake. Physical structuring of the adsorbent exerted a strong influence on performance. Finer particle fractions 

consistently produced higher removal efficiencies and lower residual fluoride concentrations than coarser fractions, a trend 

confirmed using both particle size and mesh size classifications. Interaction mapping revealed that fluoride removal efficiency 

was maximised under combined conditions of fine particle size and moderate-to-high dosage, particularly for calcium-spiked 

MOSP. In contrast, non-spiked MOSP exhibited a narrower operational window, with reduced performance across most 

dosage-particle size combinations. Across all experimental conditions, calcium-spiked MOSP outperformed the unmodified 

material, achieving higher removal efficiencies and lower residual fluoride concentrations. These results demonstrate that 

fluoride removal using MOSP is not solely dependent on chemical composition but is strongly governed by operational 

configuration. The findings highlight the importance of integrating chemical modification with particle-scale optimisation when 

designing adsorption-based water treatment systems. Calcium-modified Moringa oleifera seed powder therefore represents a 

scientifically tractable and operationally adaptable material for fluoride control in decentralized and low-infrastructure 

environments. 
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1. Introduction 

The chemical composition of groundwater is shaped by 

long-term interactions between water and geological materi-

als, resulting in the mobilisation of naturally occurring inor-

ganic species. Among these, fluoride represents a geochemi-

cally persistent ion whose concentration in groundwater sys-

tems is governed by mineral dissolution, sorption-desorption 

equilibria, and solution chemistry [1, 2]. While low concen-

trations of fluoride play a functional role in dental minerali-

zation, elevated levels beyond the World Health Organization 

(WHO) guideline of 1.5 mg/L introduce chemical toxicity, 

altering normal mineral-ion equilibria in biological hard tis-

sues [1]. Sustained exposure to excess fluoride disrupts crys-

tal growth in calcium phosphate matrices, producing patho-

logical changes associated with dental and skeletal fluorosis 

[2, 3]. 

Fluoride enrichment of groundwater is particularly pro-

nounced in regions characterized by volcanic geology and 

alkaline aquifer conditions. In East Africa, including large 

parts of Kenya, groundwater fluoride concentrations fre-

quently exceed several milligrams per litre, with extreme 

values reported in tectonically active zones [3, 4]. These el-

evated concentrations arise primarily from the weathering of 

fluoride-bearing minerals such as fluorapatite, biotite, and 

amphiboles, whose dissolution kinetics are enhanced under 

high pH and extended residence times [4]. Although engi-

neered treatment technologies—including membrane filtra-

tion, ion exchange resins, and activated alumina—are capable 

of achieving effective fluoride removal, their application in 

decentralized settings is constrained by cost, energy depend-

ence, and operational complexity [4]. 

In recent years, increasing scientific attention has been di-

rected toward bio-derived adsorbents as tunable materials for 

aqueous contaminant control. Moringa oleifera seed powder 

(MOSP) is of particular interest due to its surface-active pro-

teins and organic functional groups, which impart polyelec-

trolytic behaviour and facilitate interactions with dissolved 

ions [5]. These macromolecules provide multiple adsorption 

domains capable of binding anionic species through electro-

static attraction and ligand exchange. However, the native 

surface chemistry of MOSP exhibits limited selectivity to-

ward fluoride, especially under near-neutral conditions where 

competitive hydroxyl ions reduce adsorption efficiency [5]. 

Chemical modification offers a pathway for enhancing the 

adsorption behaviour of plant-based materials. Calcium in-

corporation into MOSP alters its surface reactivity by intro-

ducing divalent cations capable of forming low-solubility 

fluoride complexes and promoting ion exchange at the sol-

id-liquid interface [6]. This modification stabilizes adsorption 

sites, broadens the effective pH range, and supports fluoride 

removal through coupled adsorption-precipitation processes 

[6, 7]. As a result, calcium-modified MOSP exhibits funda-

mentally different fluoride interaction pathways compared to 

the unmodified material. 

Beyond chemical composition, operational variables exert 

strong control over adsorption outcomes. Adsorbent dosage 

governs the availability of reactive sites and influences con-

centration gradients driving fluoride uptake, while excessive 

loading may alter particle interactions and surface accessibil-

ity [8]. Particle size affects external surface area, pore diffu-

sion distances, and mass transfer rates, whereas particle size 

classification (mesh size) determines geometric uniformity 

and packing behaviour, thereby influencing adsorption ki-

netics and equilibrium attainment [9, 10]. Despite extensive 

investigation of these parameters in other biosorbent systems, 

their combined influence on fluoride adsorption using cal-

cium-modified MOSP remains insufficiently resolved. 

Accordingly, the present study systematically evaluates the 

effects of adsorbent dosage, particle size, and mesh size clas-

sification on fluoride removal performance using calci-

um-spiked Moringa oleifera seed powder. Through controlled 

batch adsorption experiments, the study quantifies removal 

efficiency, residual fluoride concentration, and adsorption 

capacity, with the aim of advancing fundamental under-

standing of operational controls governing fluoride uptake in 

chemically modified plant-based adsorbents. 

2. Methodology 

2.1. Study Design 

A laboratory-based batch adsorption approach was adopted 

to systematically investigate the influence of operational 

variables on fluoride removal using Moringa oleifera seed 

powder (MOSP) in both calcium-modified and unmodified 

forms. The experimental design followed a factorial structure 

incorporating three independent factors: adsorbent dosage, 

particle size, and particle size classification (mesh size). Five 

dosage levels (0.25, 0.50, 0.75, 1.00, and 1.25 g/100 mL), 

three particle size categories (<250 µm, 250-500 µm, 

and >500 µm), and two adsorbent types were evaluated. Each 

treatment combination was conducted in triplicate to ensure 

analytical precision, yielding a total of 30 experimental sets. 

Fluoride removal efficiency (%), residual fluoride concentra-

tion (mg/L), and equilibrium adsorption capacity (mg/g) were 

selected as response variables due to their relevance in char-

acterizing adsorption performance [11, 12]. 

2.2. Preparation of Moringa oleifera Seed 

Powder 

Fully matured Moringa oleifera pods were collected from 

smallholder farms in Western Kenya. Seeds were manually 

extracted and air-dried under shaded conditions for 72 hours 

to minimize thermal alteration of surface-active constituents, 

consistent with established protocols for natural adsorbents 
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[13]. Dried kernels were ground using a laboratory mill and 

subsequently separated into defined particle size fractions 

through mechanical sieving. Standard sieve sets were used to 

obtain fine (<250 µm), medium (250-500 µm), and coarse 

(>500 µm) fractions. Particle size standardization was un-

dertaken to control surface area variability and diffusion be-

haviour during adsorption [14, 15]. The unmodified MOSP 

fractions were stored in airtight containers at ambient labor-

atory conditions until use. 

2.3. Preparation of Calcium-Spiked MOSP 

Chemical modification of MOSP was achieved through 

calcium incorporation to enhance fluoride interaction poten-

tial. This procedure was based on prior evidence demon-

strating the role of divalent cations in promoting adsorption 

and precipitation mechanisms [16, 17]. Accurately weighed 

MOSP samples were immersed in 1.0 M calcium chloride 

(CaCl₂) solution at a solid-to-liquid ratio of 1:10 (w/v) and 

agitated at 200 rpm for six hours to facilitate ion exchange 

between Ca²⁺ and surface functional groups. Following 

treatment, the suspension was filtered and repeatedly rinsed 

with deionized water until chloride ions were no longer de-

tectable in the filtrate, verified using silver nitrate (AgNO₃) 

testing. The modified powder was dried at 50°C for 24 hours 

to preserve adsorptive properties and subsequently stored in a 

desiccator prior to experimentation. 

2.4. Preparation of Fluoride Solutions 

A concentrated fluoride stock solution (100 mg/L) was 

prepared by dissolving 221 mg of analytical-grade sodium 

fluoride (NaF) in 1.0 L of deionized water. Test solutions with 

an initial fluoride concentration of 5.0 mg/L were obtained 

through serial dilution of the stock. Solution pH was adjusted 

and maintained within the range of 6.5-7.0 using 0.1 M HCl or 

NaOH, reflecting typical groundwater conditions in fluo-

ride-affected regions of Kenya [18]. 

2.5. Batch Adsorption Experiments 

Batch adsorption tests were conducted in 250 mL Erlen-

meyer flasks containing 100 mL of fluoride solution and the 

appropriate mass of adsorbent. Experiments were performed 

at room temperature (25 ± 2°C) with continuous agitation at 

150 rpm using an orbital shaker. A contact time of 60 minutes 

was applied based on preliminary kinetic evaluations indi-

cating attainment of adsorption equilibrium [12]. After agita-

tion, suspensions were filtered through Whatman No. 42 filter 

paper, and the filtrates were collected for fluoride determina-

tion. This protocol was applied uniformly across all treatment 

combinations, resulting in 30 experimental conditions, each 

conducted in triplicate. 

2.6. Fluoride Analysis 

Residual fluoride concentrations were quantified using a 

Thermo Scientific Orion 9609BNWP fluoride ion-selective 

electrode (ISE). The electrode was calibrated daily using 

standard fluoride solutions spanning 0.1-10 mg/L [19]. To 

stabilize ionic strength and control pH during measurement, 

equal volumes of TISAB II buffer were added to all samples. 

The electrode was thoroughly rinsed with deionized water 

between measurements to prevent carry-over effects. Fluoride 

removal efficiency (%) was calculated using the expression: 

iC
Removal Efficiency 100

f

i

C

C


   

where Cᵢ and C𝒇 denote the initial and final fluoride concen-

trations (mg/L), respectively. Adsorption capacity (qe, mg/g) 

was computed using mass balance relationships that relate 

fluoride uptake to the mass of adsorbent applied [11]. The 

equation is given in the form of 
i(C )

q 100
f

e

C V

m

 
   

Where: 

qe = adsorption capacity (mg/g) 

Ci = initial fluoride concentration (mg/L) 

Cf = final fluoride concentration after adsorption (mg/L) 

V = volume of the solution (L) 

m = mass of the adsorbent used (g) 

2.7. Statistical Analysis 

Experimental data were processed using IBM SPSS Statis-

tics version 26. Results are reported as mean ± standard de-

viation. Separate linear regression analyses were conducted 

for calcium-spiked and non-spiked MOSP to estimate re-

gression coefficients, coefficients of determination (R²), and 

statistical significance levels. Graphical representations, in-

cluding trend plots and interaction diagrams, were generated 

using OriginPro 2023 to facilitate visualization of adsorption 

behaviour across experimental conditions [20]. 

2.8. Quality Assurance 

All experimental procedures were conducted in triplicate, 

and reagent blanks were incorporated to assess potential 

contamination. Analytical instruments and glassware were 

calibrated prior to use, and standardized laboratory protocols 

were followed throughout the study. These quality control 

measures align with recommended practices for adsorp-

tion-based water treatment investigations [16, 19]. 
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3. Results 

3.1. Dosage-Dependent Fluoride Uptake 

Behaviour 

Variation in adsorbent loading produced statistically sig-

nificant changes in fluoride removal outcomes for both cal-

cium-modified and unmodified Moringa oleifera seed powder 

(MOSP) (p < 0.001). Across the experimental range, increases 

in dosage were associated with systematic shifts in removal 

efficiency, remaining fluoride concentration in solution, and 

mass-normalised uptake capacity, with comparable direc-

tional responses observed for both materials. 

At the lowest dosage evaluated (0.5 g/100 mL), calci-

um-spiked MOSP achieved a fluoride removal efficiency of 

69.20 ± 1.10%, whereas non-spiked MOSP removed 53.10 ± 

1.45% of fluoride from solution. Increasing the dosage to 1.0 

g/100 mL resulted in higher removal efficiencies of 78.55 ± 

1.35% and 61.85 ± 1.25% for calcium-spiked and non-spiked 

MOSP, respectively. Maximum removal was recorded at 2.0 

g/100 mL, where efficiencies reached 88.95 ± 1.20% for 

calcium-spiked MOSP and 70.34 ± 1.10% for non-spiked 

MOSP (Table 1). 

Table 1. Effect of adsorbent dosage on fluoride removal indicators 

using calcium-spiked and non-spiked MOSP (mean ± SD, n = 3). 

Dosage (g/100 

mL) 

Removal 

Efficiency 

(%) 

Residual 

Fluoride 

(mg/L) 

Adsorption 

Capacity, qe 

(mg/g) 

Calcium-spiked 

MOSP 
   

0.5 69.20 ± 1.10 3.08 ± 0.05 6.92 

1.0 78.55 ± 1.35 2.15 ± 0.03 4.43 

2.0 88.95 ± 1.20 1.10 ± 0.04 2.22 

Non-spiked 

MOSP 
   

0.5 53.10 ± 1.45 4.69 ± 0.06 5.31 

1.0 61.85 ± 1.25 3.81 ± 0.05 3.09 

2.0 70.34 ± 1.10 3.00 ± 0.05 1.76 

Residual fluoride concentrations exhibited an inverse rela-

tionship with adsorbent dosage. For calcium-spiked MOSP, 

fluoride levels declined from 3.08 ± 0.05 mg/L at 0.5 g/100 

mL to 1.10 ± 0.04 mg/L at 2.0 g/100 mL. In contrast, 

non-spiked MOSP maintained higher residual fluoride con-

centrations throughout the dosage range, decreasing from 

4.69 ± 0.06 mg/L to 3.00 ± 0.05 mg/L. The divergence be-

tween the two materials became more pronounced at higher 

dosages, as illustrated in Figure 1. 

 
Figure 1. Residual fluoride concentration as a function of adsor-

bent dosage for calcium-spiked and non-spiked Moringa oleifera 

seed powder (MOSP). The dashed horizontal line represents the 

World Health Organization (WHO) guideline value for fluoride in 

drinking water (1.5 mg/L). Calcium-spiked MOSP exhibits a steeper 

decline in residual fluoride concentration with increasing dosage 

and achieves near-compliance with the WHO guideline at higher 

dosages, whereas non-spiked MOSP maintains residual fluoride 

concentrations above the guideline across the tested dosage range. 

Data points represent mean values from triplicate batch adsorption 

experiments. 

 
Figure 2. Relationship between adsorption capacity at equilibrium 

(qe, mg/g) and fluoride removal efficiency (%) for calcium-spiked 

and non-spiked Moringa oleifera seed powder (MOSP) across dif-

ferent adsorbent dosages. Each data point corresponds to a distinct 

dosage level. The inverse trend illustrates diminishing 

mass-normalised adsorption capacity as overall removal efficiency 

increases, reflecting underutilisation of active sites at higher sorbent 

loadings. Calcium-spiked MOSP consistently achieves higher re-

moval efficiency at comparable qe values, indicating superior fluo-

ride uptake performance relative to non-spiked MOSP. 

Adsorption capacity (qe) expressed on a mass-normalised 

basis decreased with increasing dosage for both adsorbent 

types. Calcium-spiked MOSP exhibited qe values of 6.92 
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mg/g at 0.5 g/100 mL, 4.43 mg/g at 1.0 g/100 mL, and 2.22 

mg/g at 2.0 g/100 mL. Corresponding values for non-spiked 

MOSP were 5.31 mg/g, 3.09 mg/g, and 1.76 mg/g. Linear 

regression analysis confirmed significant negative 

dose-response relationships for qe and fluoride removed per 

gram (R2 ≥ 0.95; p < 0.05). The relationship between adsorp-

tion capacity and removal efficiency across dosage levels is 

shown in Figure 2. 

On a mass-normalised basis, adsorption capacity decreased 

as adsorbent dosage increased. Calcium-spiked MOSP 

showed a reduction in equilibrium uptake from 6.92 mg/g at 

0.5 g/100 mL to 2.22 mg/g at 2.0 g/100 mL, while non-spiked 

MOSP exhibited a corresponding decline from 5.31 mg/g to 

1.76 mg/g. Regression analysis confirmed strong negative 

relationships between dosage and adsorption capacity for both 

materials (R2 ≥ 0.95; p < 0.05). The trade-off between total 

fluoride removal and mass-specific uptake is depicted in 

Figure 2. 

3.2. Particle Size Effects on Fluoride Removal 

Characteristics 

Particle size exerted a significant influence on fluoride 

adsorption performance for both calcium-spiked and 

non-spiked MOSP (p < 0.001). Across both materials, smaller 

particle fractions consistently demonstrated improved fluo-

ride removal, lower residual concentrations, and higher ad-

sorption capacities relative to coarser fractions. 

For calcium-spiked MOSP, the finest particle fraction (250 

µm) achieved a removal efficiency of 89.80 ± 1.05%. In-

creasing particle size to 425 µm and 850 µm resulted in re-

duced efficiencies of 81.35 ± 1.10% and 72.18 ± 1.25%, re-

spectively. A similar pattern was observed for non-spiked 

MOSP, where removal efficiency declined from 74.65 ± 1.15% 

at 250 µm to 58.24 ± 1.40% at 850 µm (Table 2). 

Table 2. Effect of particle size on fluoride removal indicators using calcium-spiked and non-spiked MOSP (mean ± SD, n = 3). 

Particle Size (µm) Removal Efficiency (%) Residual Fluoride (mg/L) Adsorption Capacity, qe (mg/g) 

Calcium-spiked MOSP    

250 89.80 ± 1.05 0.87 ± 0.02 4.85 

425 81.35 ± 1.10 1.35 ± 0.03 3.78 

850 72.18 ± 1.25 1.86 ± 0.04 2.78 

Non-spiked MOSP    

250 74.65 ± 1.15 1.61 ± 0.03 3.42 

425 67.10 ± 1.20 2.06 ± 0.04 2.72 

850 58.24 ± 1.40 2.63 ± 0.05 1.95 

 

Residual fluoride concentrations increased progressively 

with particle size. Calcium-spiked MOSP exhibited residual 

concentrations ranging from 0.87 ± 0.02 mg/L for fine parti-

cles to 1.86 ± 0.04 mg/L for coarse particles. Corresponding 

values for non-spiked MOSP increased from 1.61 ± 0.03 

mg/L to 2.63 ± 0.05 mg/L across the same particle size range. 

Adsorption capacity followed a consistent decreasing trend 

with increasing particle size. For calcium-spiked MOSP, qe 

values declined from 4.85 mg/g at 250 µm to 2.78 mg/g at 850 

µm, while non-spiked MOSP exhibited a decrease from 3.42 

mg/g to 1.95 mg/g. Linear regression analysis revealed strong 

inverse relationships between particle size and adsorption 

capacity for both adsorbents (R2 > 0.98). 

 

 

3.3. Mesh Size Classification as an Operational 

Descriptor 

Classification of MOSP by mesh size produced perfor-

mance trends aligned with those observed for particle size, 

confirming mesh size as a practical operational descriptor 

influencing fluoride adsorption behaviour (p < 0.001). Pro-

gressively finer mesh fractions resulted in enhanced fluoride 

removal and reduced residual concentrations for both adsor-

bent types. 

Among calcium-spiked MOSP samples, the 60-mesh frac-

tion (≈250 µm) exhibited the highest fluoride removal effi-

ciency (89.80 ± 1.05%) and the lowest residual fluoride 

concentration. The 40-mesh fraction (≈425 µm) showed in-

termediate performance, while the 20-mesh fraction (≈850 

µm) consistently produced the lowest removal efficiencies 

and highest residual fluoride levels (Table 3). 
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Table 3. Performance ranking of mesh size fractions for fluoride removal using MOSP. 

Mesh Size Approx. Particle Size (µm) Relative Performance WHO Guideline Achieved (Spiked) 

60 ≈250 Highest ✔ Yes 

40 ≈425 Moderate ✔ Marginal 

20 ≈850 Lowest ✘ No 

 

Non-spiked MOSP displayed the same ranking across mesh 

size classes; however, residual fluoride concentrations re-

mained higher than those of calcium-spiked MOSP at all 

mesh sizes, and guideline-level fluoride reduction was not 

achieved. 

The combined influence of dosage and particle size cate-

gory on fluoride removal efficiency for calcium-spiked 

MOSP is visualised in Figure 3. High removal efficiencies 

were maintained across a broad operational domain, particu-

larly at finer particle sizes and moderate-to-high dosages. 

 
Figure 3. Operational optimisation map showing fluoride removal 

efficiency (%) as a combined function of adsorbent dosage and 

particle size category for calcium-spiked Moringa oleifera seed 

powder (MOSP). Particle size categories correspond to fine (≤250 

µm), medium (≈425 µm), and coarse (≈850 µm) fractions. Warmer 

colour intensities indicate higher removal efficiency. The map iden-

tifies a broad high-performance operational window at finer particle 

sizes and moderate-to-high dosages, demonstrating the combined 

influence of physical and chemical optimisation on fluoride removal. 

In contrast, Figure 4 shows that non-spiked MOSP exhib-

ited lower removal efficiencies overall, with 

high-performance regions restricted to finer particles at ele-

vated dosages. Across all conditions, the operational window 

for effective fluoride removal was substantially narrower for 

non-spiked MOSP than for its calcium-modified counterpart. 

 
Figure 4. Operational optimisation map showing fluoride removal 

efficiency (%) as a combined function of adsorbent dosage and 

particle size category for non-spiked Moringa oleifera seed powder 

(MOSP). Warmer colours represent higher removal efficiency. 

Compared to calcium-spiked MOSP, non-spiked MOSP exhibits a 

narrower and lower-efficiency operational window, with reduced 

fluoride removal across all particle size-dosage combinations. The 

figure highlights the performance limitations of unmodified MOSP 

relative to its calcium-spiked counterpart. 

4. Discussion 

The present results demonstrate that fluoride removal using 

Moringa oleifera seed powder is governed not only by sorbent 

chemistry but also by operational configuration, particularly 

adsorbent dosage and particle-scale properties. The statisti-

cally significant dosage-dependent trends observed for both 

calcium-spiked and non-spiked MOSP confirm that fluoride 

uptake follows predictable adsorption scaling behaviour con-

sistent with surface-controlled processes [20, 21]. 

Increasing adsorbent dosage enhanced overall fluoride 

removal efficiency while simultaneously reducing 

mass-normalised adsorption capacity (qe). This inverse rela-

tionship reflects progressive underutilisation of available 

adsorption sites at higher sorbent loadings, a phenomenon 

widely reported in adsorption systems where solute availa-

bility becomes limiting relative to surface area [22, 23]. The 
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strong negative correlations between dosage and qe (R2 ≥ 0.95) 

observed in this study are consistent with theoretical expec-

tations for batch adsorption systems operating under fixed 

initial solute concentrations [24]. Importantly, calcium-spiked 

MOSP consistently achieved higher removal efficiencies than 

the unmodified material at comparable dosages, indicating 

that calcium incorporation fundamentally alters fluoride in-

teraction pathways rather than merely increasing surface area. 

The superior performance of calcium-spiked MOSP can be 

attributed to the combined contribution of adsorption and 

precipitation mechanisms. Calcium ions introduced during 

modification provide additional binding routes through ion 

exchange and facilitate the formation of sparingly soluble 

calcium fluoride phases at the solid-liquid interface [25, 26]. 

This dual-mode removal mechanism explains the steeper 

decline in residual fluoride concentrations observed for cal-

cium-spiked MOSP with increasing dosage and the ability to 

approach guideline-level fluoride concentrations under opti-

mized conditions. Similar enhancements in fluoride uptake 

following calcium modification have been reported for other 

biosorbents, including rice husk ash and alumina-based 

composites, supporting the mechanistic interpretation pro-

posed here [27, 28]. 

Particle size exerted a pronounced influence on fluoride 

removal behaviour, with finer particle fractions consistently 

outperforming coarser ones for both adsorbent types. Reduced 

particle size increases external surface area and shortens dif-

fusion path lengths, thereby facilitating more rapid access of 

fluoride ions to reactive sites [29, 30]. The observed decrease 

in adsorption capacity and removal efficiency with increasing 

particle size aligns with diffusion-limited transport models 

commonly applied to heterogeneous adsorption systems [31]. 

The stronger particle size dependence observed for 

non-spiked MOSP suggests that, in the absence of calci-

um-mediated precipitation, fluoride removal is more sensitive 

to surface accessibility and mass transfer constraints. 

Mesh size classification produced trends closely aligned with 

those observed for particle size, confirming its value as a practi-

cal operational descriptor. The consistent performance ranking 

across mesh fractions demonstrates that particle geometry and 

size uniformity exert a measurable influence on adsorption out-

comes, likely through effects on packing density, hydrodynamic 

exposure, and effective surface availability during agitation [32, 

33]. The failure of non-spiked MOSP to achieve guideline-level 

fluoride concentrations across all mesh sizes highlights the in-

trinsic limitation of electrostatic adsorption alone for fluoride 

removal under near-neutral conditions, particularly in the pres-

ence of competing hydroxyl ions [34]. 

The interaction maps integrating dosage and particle size 

provide additional insight into operational optimisation. Cal-

cium-spiked MOSP exhibited a broad high-performance do-

main, maintaining elevated removal efficiencies across mul-

tiple dosage-particle size combinations. This operational 

robustness is particularly relevant for decentralized treatment 

contexts, where precise control over material preparation and 

dosing may be limited [35]. In contrast, the narrower opera-

tional window observed for non-spiked MOSP underscores its 

sensitivity to configuration and reinforces the importance of 

chemical modification in extending functional performance 

ranges. 

Collectively, these findings demonstrate that fluoride re-

moval using MOSP is a coupled function of surface chemistry 

and physical structuring. While calcium modification en-

hances intrinsic reactivity toward fluoride, particle-scale op-

timisation determines the extent to which this reactivity is 

effectively expressed during treatment. Similar conclusions 

have been drawn in studies of biosorbent-based defluoridation 

systems, where material modification alone was insufficient 

to guarantee performance without appropriate control of op-

erational parameters [36-39]. 

Beyond laboratory-scale performance, the operational 

trends observed in this study carry important implications for 

practical defluoridation system design in fluoride-affected 

regions. The ability of calcium-spiked MOSP to approach 

guideline-compliant fluoride concentrations under optimized 

dosage and particle-size configurations aligns with public 

health thresholds established for safe drinking water, under-

scoring its relevance for decentralized treatment applications 

in high-fluoride environments [40]. Furthermore, the repro-

ducibility of adsorption behaviour across experimental con-

ditions, supported by standardized analytical procedures, 

reinforces the reliability of performance evaluation for bio-

sorbent-based water treatment systems [41]. Recent advances 

in biosorption science similarly emphasize that successful 

contaminant removal depends not only on material modifica-

tion but also on controlling surface accessibility, mass transfer, 

and operational configuration, consistent with the mechanistic 

trends identified in the present study [42]. Collectively, these 

implications highlight calcium-modified MOSP as a techni-

cally robust and context-appropriate solution for low-cost 

fluoride mitigation when integrated with informed process 

optimization. 

5. Conclusion and Recommendations 

This study demonstrates that effective fluoride removal 

using Moringa oleifera seed powder is strongly governed by 

operational configuration in addition to chemical modifica-

tion. Calcium-spiked MOSP consistently outperformed un-

modified material across all tested conditions, achieving 

higher fluoride removal efficiencies and lower residual con-

centrations due to the combined effects of adsorption and 

calcium-mediated precipitation. 

Adsorbent dosage exerted a significant influence on sys-

tem-level fluoride removal, with higher dosages enhancing 

overall efficiency but reducing mass-normalised adsorption 

capacity. Particle size and mesh size classification emerged as 

critical determinants of performance, with finer fractions 

enabling superior fluoride uptake through increased surface 

accessibility and reduced diffusion constraints. The integra-
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tion of dosage and particle-scale effects revealed a broad 

operational window for calcium-spiked MOSP, indicating 

greater tolerance to variability in treatment conditions com-

pared to unmodified material. 

From an applied perspective, these findings highlight the 

importance of coupling chemical modification with parti-

cle-scale optimisation when designing adsorption-based flu-

oride control systems. Calcium-modified MOSP represents a 

scientifically tractable and operationally adaptable material 

suitable for decentralized water treatment applications, par-

ticularly in low-infrastructure environments. 

Future research should focus on evaluating long-term stability, 

regeneration potential, and performance under variable water 

chemistries to further assess the practical viability of this material. 

Additionally, field-scale validation under realistic groundwater 

conditions is recommended to bridge the gap between laboratory 

performance and real-world implementation. 
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