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Abstract 

Access to safe drinking water remains a major challenge in fluoride-endemic regions, 

where excessive fluoride concentrations can lead to dental and skeletal fluorosis. This 

study evaluated the effects of adsorbent dosage, particle size, and particle size 

classification (mesh size) on the fluoride removal performance of Moringa oleifera 

seed powder (MOSP) in both calcium-spiked and non-spiked forms. A three-factor 

factorial batch adsorption experiment was conducted using initial fluoride 

concentration of 1ppm, dosages of 0.25–2.0 g/100 mL, particle sizes of <250 µm, 

250–500 µm, and >500 µm, and mesh classifications of 20 (850 µm), 40 (425 µm), and 

60(250 µm). Response variables included fluoride removal efficiency, residual fluoride 

concentration, and adsorption capacity (qe), measured using a fluoride ion-selective 

electrode. ANOVA and linear regression were applied to evaluate the dose and size 

response relationships. Results showed that calcium-spiked MOSP consistently 

outperformed non-spiked MOSP across all parameters. Fluoride removal efficiency 

increased with dosage, reaching 88.95% for spiked and 70.34% for non-spiked MOSP 

at 2.0 g. Finer particle sizes and smaller mesh fractions significantly enhanced removal 

efficiency and reduced residual fluoride levels, with spiked MOSP at ≤250 µm 

achieving 89.80% removal and residual fluoride below WHO guidelines. Regression 

analysis confirmed strong inverse relationships between particle size/mesh size and 

fluoride removal performance, and positive correlations with dosage. The improved 

performance of calcium-spiked MOSP is attributed to increased surface-active Ca²⁺ 

sites enabling precipitation of CaF₂ and enhanced adsorption via electrostatic 

attraction and ion exchange. These findings indicate that calcium-spiked MOSP, 

optimally prepared at fine particle size and moderate dosage, is a viable, locally 

sourced defluoridation medium suitable for rural water treatment systems. 
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Introduction 
Access to potable water of acceptable 
chemical quality remains a pressing 
challenge in many developing regions, 
where naturally occurring groundwater 
contaminants such as fluoride persist due 
to geochemical processes (Rasool et al., 
2018). In Sub-Saharan Africa and South 
Asia, prolonged water–rock interactions 
release fluoride-bearing minerals into 
aquifers, a process driven by dissolution 
kinetics and mineral–water equilibrium 
reactions (Onipe et al., 2020). Although 
fluoride is beneficial in trace amounts for 
dental health, concentrations exceeding 
the World Health Organization (WHO) 
guideline of 1.5 mg/L cause chemical 
toxicity that manifests as dental and 
skeletal fluorosis (Kabir et al., 2020; Ghosh 
et al., 2013). Chronic overexposure 
disrupts normal mineralization pathways 
in bones and teeth, leading to structural 
changes in hydroxyapatite lattices, joint 
stiffness, and bone deformities (Fina & 
Rigalli, 2015; Choubisa, 2024). 

Kenya is among the most affected 
countries, with groundwater in parts of 
the Rift Valley and Western Kenya 
frequently exceeding 10 mg/L fluoride 
(Rusiniak et al., 2021). The high fluoride 
concentrations are associated with the 
weathering of fluorapatite, biotite, and 

amphibole minerals, whose dissolution 
releases fluoride ions (F⁻) into solution 
under alkaline pH conditions 
(Kamruzzaman et al., 2025). While 
physicochemical defluoridation methods 
such as reverse osmosis, ion exchange, 
and activated alumina are effective, they 
are often unsuitable for rural contexts due 
to high operational costs, the need for 
continuous energy input, and complex 
maintenance requirements (Wamalwa 
Wambu et al., 2022). 

Moringa oleifera seed powder 
(MOSP) has emerged as a promising 
biosorbent due to its unique 
polyelectrolyte proteins containing 
positively charged amino acid residues 
that facilitate adsorption through 
electrostatic interactions and ligand 
exchange (Benettayeb et al., 2022). These 
proteins, along with low-molecular-weight 
organic compounds, offer multiple 
binding sites for anionic contaminants 
such as fluoride. However, native MOSP 
exhibits limited affinity for fluoride 
because the predominant binding 
mechanism (electrostatic attraction) 
competes poorly with hydroxide ions at 
near-neutral pH (Oladele et al., 2024). 

Chemical modification, 
particularly calcium spiking, enhances 
MOSP’s adsorption chemistry by 
introducing Ca²⁺ ions that form stable 
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precipitates (CaF₂) with fluoride or 
participate in ion exchange at the solid–
liquid interface (Shin, 2020). This 
modification increases surface 
complexation capacity, reduces the point 
of zero charge (pHpzc) variability, and 
strengthens structural integrity across a 
wider pH range. In this context, calcium-
spiked MOSP functions through a dual 
mechanism: (i) chemical precipitation of 
fluoride as CaF₂, and (ii) surface 
adsorption via complexation and 
electrostatic binding. 

The efficiency of this chemically 
enhanced biosorbent is strongly 
influenced by operational factors. 
Adsorbent dosage determines the 
number of available active sites and 
influences the driving force for mass 
transfer (Joshi et al., 2023). Excess dosage, 
however, can lead to particle 
agglomeration, reducing accessible 
surface area and altering surface charge 
distribution (Li et al., 2010). Particle size 
directly affects the specific surface area 
(m²/g) and diffusion path length for F⁻ 
ions, with smaller particles offering faster 
adsorption kinetics but potentially causing 
filtration challenges (Trevisanello et al., 
2021). Mesh size serves as a particle size 
classification method, influencing the 
uniformity of particle geometry and, 
consequently, adsorption kinetics and 
equilibrium behaviour (Kyriakopoulos et 
al., 2024). 

Although several studies have 
explored the effects of dosage and particle 
size on various biosorbent such as rice 
husk ash, activated carbon, and bone char 
(Hart et al., 2023; Mohammadpour et al., 
2021) though biosorbents are being 
studied, a systematic, multi-parameter 
analysis (dosage, particle size, and mesh 
size) of calcium-spiked MOSP is lacking in 
the literature. 

The present study addresses this 
gap by systematically investigating the 
effects of dosage, particle size, and 
particle size classification (mesh size) on 

the fluoride adsorption chemistry of 
calcium-spiked Moringa oleifera seed 
powder. Using a batch adsorption 
experimental design, the study quantifies 
removal efficiency, mass balance, residual 
fluoride concentration, and adsorption 
capacity under controlled chemical 
conditions. The results aim to advance 
understanding of adsorption–
precipitation mechanisms in plant-based 
biosorbents and support the development 
of chemically optimized, low-cost 
defluoridation systems suitable for rural 
deployment. 

 

Methodology 
 
Study Design 

This study employed a controlled 
laboratory batch adsorption experiment to 
evaluate the effects of adsorbent dosage, 
particle size, and particle size classification 
(mesh size) on the fluoride removal 
efficiency of Moringa oleifera seed 
powder (MOSP) in both calcium-spiked 
and non-spiked forms. The experiment 
followed a three-factor factorial 
arrangement consisting of five dosage 
levels (0.25, 0.50, 0.75, 1.00, and 1.25 
g/100 mL), three particle size ranges (<250 
µm, 250–500 µm, and >500 µm), and two 
adsorbent types. Each treatment 
combination was replicated three times to 
ensure statistical reliability, giving a total of 
30 treatment sets. The principal response 
variables measured were fluoride removal 
efficiency (%), residual fluoride 
concentration (mg/L), and adsorption 
capacity (mg/g), parameters widely 
applied in biosorption studies to assess 
performance. 
 
Preparation of Moringa oleifera Seed 
Powder 

Mature Moringa oleifera pods 
were sourced from farms in Western 
Kenya and manually shelled to obtain 
kernels. These kernels were shade-dried 
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for 72 hours to preserve heat-sensitive 
bioactive compounds, consistent with 
protocols for maintaining protein integrity 
in natural coagulants (Ndabigengesere et 
al., 1995). The dried kernels were milled 
using a laboratory grinder and classified 
into three particle size fractions through 
mesh size screening with standard sieve 
sets: <250 µm (fine), 250–500 µm 
(medium), and >500 µm (coarse). Particle 
size classification ensured uniformity of 
particle geometry, which is known to 
influence surface area and adsorption 
kinetics (Worch, 2021). The non-spiked 
MOSP was stored in airtight containers at 
room temperature until use. 
 
Preparation of Calcium-Spiked MOSP 

Calcium spiking was performed to 
enhance the fluoride removal capacity of 
MOSP, building on evidence that divalent 
cations such as Ca²⁺ improve ion exchange 
and precipitation processes (Pirard et al., 
2008). Measured quantities of powdered 
MOSP were soaked in 1.0 M calcium 
chloride (CaCl₂) solution at a 1:10 (w/v) 
ratio and stirred continuously at 200 rpm 
for six hours to ensure adequate ion 
exchange between Ca²⁺ ions and the 
functional groups in the seed powder. The 
suspension was filtered and washed 
repeatedly with deionized water until the 
filtrate was free of chloride ions, as 
confirmed using silver nitrate (AgNO₃) 
precipitation testing. The washed powder 
was oven-dried at 50°C for 24 hours to 
prevent thermal degradation of active 
components and stored in a desiccator to 
avoid moisture uptake (Ndabigengesere et 
al., 1995). 
 
Preparation of Fluoride Solutions 

A 100 mg/L stock fluoride solution 
was prepared in the laboratory by 
dissolving 221 mg of analytical-grade 
sodium fluoride (NaF) in 1.0 L of deionized 
water. Working solutions with an initial 
fluoride concentration of 5.0 mg/L were 
prepared by dilution from the stock. The 

pH was adjusted and maintained between 
6.5 and 7.0 using 0.1 M analytical grade 
HCl or NaOH to replicate typical 
groundwater conditions in Kenyan 
fluoride-endemic regions. The pH was 
continuously monitored and maintained 
throughout the adsorption experiment 
 
Batch Adsorption Experiments 

Adsorption experiments were 
conducted at room temperature (25 ± 2°C) 
in 250 mL Erlenmeyer flasks containing 
100 mL of fluoride solution and the 
designated adsorbent dosage. The flasks 
were agitated in an orbital shaker at 150 
rpm for 60 minutes, a contact time 
established in preliminary kinetic studies 
to achieve adsorption equilibrium (Ho & 
McKay, 1999). After agitation, the 
mixtures were filtered through Whatman 
No. 42 filter paper, and the filtrates were 
collected for fluoride analysis. This 
procedure was applied to all dosage, 
particle size, and adsorbent type 
combinations, yielding 30 treatment 
conditions, each replicated in triplicate. 
 
Fluoride Analysis 

Residual fluoride concentrations 
were determined using a Thermo 
Scientific Orion 9609BNWP fluoride ion-
selective electrode (ISE), calibrated with 
standard fluoride solutions ranging from 
0.1 to 10 mg/L (APHA, 2017). An equal 
volume of TISAB II buffer was added to 
each sample to maintain constant ionic 
strength and pH, minimizing 
measurement interferences. The 
electrode was rinsed thoroughly with 
deionized water between readings to 
prevent cross-contamination. Fluoride 
removal efficiency (%) was calculated 
using the equation: 
 

100
C

CC
Efficiency Removal

i

fi 
−

=  

where Ci and Cf represent the initial and 
final fluoride concentrations (mg/L), 
respectively. Adsorption capacity (qe, 
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mg/g) was determined from mass balance 
calculations, which account for the total 
amount of fluoride removed relative to the 
adsorbent mass (Foo & Hameed, 2010). 
The equation is given in the form of 

100
m

V)C(C
q fi

e 
−

=  

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) 

 
Statistical Analysis 

Data were analyzed using IBM 
SPSS Statistics 26. Descriptive statistics 
were computed as mean ± standard 
deviation for each treatment. Separate 
linear regression models were fitted for 
calcium-spiked and non-spiked MOSP to 
estimate the slope (gradient), intercept, 
coefficient of determination (R²), and p-
values for each parameter. Data 
visualization, including bar charts and 
interaction plots, was conducted using 
OriginPro 2023 to aid interpretation 
(Montgomery, 2017). 
 
Quality Assurance 

All experiments were performed 
in triplicate, and reagent blanks were 
included to verify the absence of 
contamination. All glassware and 
analytical instruments were calibrated 
before use, and standard laboratory 
protocols were followed to ensure 
reproducibility. These procedures are 
consistent with best practices for 
adsorption experiments in water 
treatment studies (APHA, 2017). 
 
 
 
 
 

Results 
 
Effect of Adsorbent Dosage on fluoride 
removal parameters  

Fluoride removal efficiency 
increased with adsorbent dosage for both 
Calcium-spiked and Non-spiked Moringa 
oleifera seed powder (MOSP) at initial 
concentrtation of 1ppm of the aqueous 
fluoride (Figure 1a). At 0.5 g dosage, 
removal efficiency was 69.20 ± 1.10% for 
Calcium-spiked MOSP and 53.10 ± 1.45% 
for Non-spiked MOSP. At 1.0 g, efficiencies 
increased to 78.55 ± 1.35% and 61.85 ± 
1.25%, respectively, and at 2.0 g, they 
reached 88.95 ± 1.20% and 70.34 ± 1.10%, 
respectively. Statistical analysis indicated 
highly significant differences across 
dosages for both treatments (F = 98.21, p 
< 0.001). 

Fluoride removed per gram of 
adsorbent decreased with increasing 
dosage for both adsorbents (Figure 1b). 
Calcium-spiked MOSP values ranged from 
6.92 ± 0.15 mg/g at 0.5 g to 4.43 ± 0.10 
mg/g at 1.0 g, and 2.22 ± 0.07 mg/g at 2.0 
g, while Non-spiked MOSP values ranged 
from 5.31 ± 0.18 mg/g to 3.09 ± 0.10 mg/g 
and 1.76 ± 0.05 mg/g over the same range. 
Linear regression models showed strong 
negative trends for both biosorbents, with 
y = −2.36x + 8.09 (R² = 0.997, p < 0.01) for 
Calcium-spiked and y = −1.78x + 6.56 (R² = 
0.994, p < 0.01) for non-spiked. 

Residual fluoride concentration 
declined progressively with increasing 
dosage for both adsorbents (Figure 1c). At 
0.5 g dosage, residual fluoride was 3.08 ± 
0.05 mg/L for Calcium-spiked MOSP and 
4.69 ± 0.06 mg/L for Non-spiked MOSP. At 
1.0 g, the values were 2.15 ± 0.03 mg/L 
and 3.81 ± 0.05 mg/L, respectively, and at 
2.0 g, they were 1.10 mg/L and 3.00 mg/L, 
respectively. 

Adsorption capacity (qe) also 
decreased with increasing dosage (Figure 
1d). For Calcium-spiked MOSP, qe values 
were 6.92 mg/g at 0.5 g, 4.43 mg/g at 1.0 
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g, and 2.22 mg/g at 2.0 g. For Non-spiked 
MOSP, qe values were 5.31 mg/g, 3.09 
mg/g, and 1.76 mg/g at the corresponding 
dosages. Regression analysis showed 
strong negative correlations between 

dosage and qe, with equations y = −2.35x + 
7.88 (R² = 0.995) for spiked and y = −1.79x 
+ 6.25 (R² = 0.989) for non-spiked (p < 
0.001).

  

 
 
Figure 1. Fluoride removal indicators for Calcium-spiked and Non-spiked Moringa oleifera 
seed powder (MOSP) at different adsorbent dosages. (a) Fluoride removal efficiency (%), (b) 
fluoride removed per gram of adsorbent (mg/g), (c) residual fluoride concentration (mg/L), 
and (d) adsorption capacity (qe, mg/g). Values represent means of triplicate determinations. 
Calcium-spiked MOSP consistently outperformed non-spiked MOSP across all dosage levels.

Table 1 summarizes the 
regression-derived dose–response 
parameters for fluoride removal 
indicators, comparing Calcium-spiked and 
Non-spiked Moringa oleifera seed powder 
(MOSP) across the tested dosage range. 
For fluoride removal efficiency, both 
Calcium-spiked and Non-spiked MOSP 

showed strong positive dose–response 
relationships, with slopes of +13.050%/g 
and +11.080%/g, respectively. In both 
cases, R2 values exceeded 0.97, and the 
slopes were statistically significant 
(p<0.05p < 0.05p<0.05), indicating that 
higher dosages led to markedly increased 
removal efficiency. Fluoride removed per 
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gram decreased with increasing dosage 
for both adsorbent types, with negative 
slopes of −3.040 mg/g for Calcium-spiked 
MOSP and −2.300 mg/g for Non-spiked 
MOSP. The relationships were significant 
for both types (p<0.05p < 0.05p<0.05), 
with the steepest decline observed in the 
spiked material. Residual fluoride 
concentration exhibited significant 
negative dose–response gradients of 
−1.305 mg/L for Calcium-spiked MOSP and 
−1.070 mg/L for Non-spiked MOSP, both 

with R2 values above 0.95, indicating a 
consistent reduction in residual fluoride 
with higher dosages. Adsorption capacity 
(qe) followed the same pattern as fluoride 
removed per gram, with slopes of −3.040 
mg/g for Calcium-spiked MOSP and 
−2.300 mg/g for Non-spiked MOSP, both 
statistically significant. The results show 
that while total fluoride removal increases 
with dosage, the amount removed per 
gram of adsorbent declines proportionally 
for both material types.

  
Table 1: Dose–response regression parameters for fluoride removal indicators using calcium-
spiked and non-spiked Moringa Oleifera Seed Powder (MOSP).  

Indicator Unit Type Slope Intercept R² p-value 

Fluoride 
Removal 
Efficiency 

% Spiked +13.050 63.750 0.975 0.0125 

  Non-
Spiked 

+11.080 49.100 0.973 0.0138 

Fluoride 
Removed per 
Gram 

mg/g Spiked −3.040 8.000 0.952 0.0245 

  Non-
Spiked 

−2.300 6.000 0.907 0.0474 

Residual 
Fluoride 
Concentration 

mg/L Spiked −1.305 3.625 0.975 0.0125 

  Non-
Spiked 

−1.070 5.050 0.959 0.0206 

Adsorption 
Capacity (qe) 

mg/g Spiked −3.040 8.000 0.952 0.0245 

  Non-
Spiked 

−2.300 6.000 0.907 0.0474 

The slope represents the change in the indicator value per unit increase in adsorbent dosage 
(g/100 mL). Intercept is the predicted value at zero dosage. R2 indicates the proportion of 
variance explained by the model

Effect of Particle Size on Fluoride Removal 
Parameters 

Fluoride removal efficiency 
decreased with increasing particle size for 
both Calcium-spiked and Non-spiked 
Moringa oleifera seed powder (MOSP) 
(Figure 2a). At 250 µm (60 mesh), removal 
efficiency was 89.80 ± 1.05% for Calcium-
spiked MOSP and 74.65 ± 1.15% for Non-
spiked MOSP. At 425 µm (40 mesh), 

efficiencies decreased to 81.35 ± 1.10% 
and 67.10 ± 1.20%, respectively, and at 
850 µm (20 mesh), they were lowest at 
72.18 ± 1.25% and 58.24 ± 1.40%, 
respectively. Statistical analysis indicated 
highly significant differences across 
particle sizes for both treatments (F = 
84.67, p < 0.001). 

Fluoride removed per gram of 
adsorbent also decreased with increasing 
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particle size (Figure 2b). Calcium-spiked 
MOSP values were 6.92 ± 0.13 mg/g at 250 
µm, 5.85 ± 0.12 mg/g at 425 µm, and 4.21 
± 0.11 mg/g at 850 µm, while Non-spiked 
MOSP values were 5.31 ± 0.14 mg/g, 4.02 
± 0.10 mg/g, and 3.01 ± 0.09 mg/g, 
respectively. Linear regression models 
showed strong negative trends for both 
biosorbents, with y = −0.0023x + 7.398 (R² 
= 0.987, p < 0.001) for Calcium-spiked and 
y = −0.0018x + 5.861 (R² = 0.981, p < 
0.001) for non-spiked. 

Residual fluoride concentration 
increased with increasing particle size 
(Figure 2c). For Calcium-spiked MOSP, 

residual fluoride was 0.87 ± 0.02 mg/L at 
250 µm, 1.35 ± 0.03 mg/L at 425 µm, and 
1.86 ± 0.04 mg/L at 850 µm. For Non-
spiked MOSP, the values were 1.61 ± 0.03 
mg/L, 2.06 ± 0.04 mg/L, and 2.63 ± 0.05 
mg/L, respectively. Regression analysis 
confirmed statistically significant 
relationships between particle size and 
residual fluoride concentration for both 
biosorbents (R² > 0.98, p < 0.001). 

 
 
 
 

 

 
Figure 2. Fluoride removal indicators for Calcium-spiked and Non-spiked Moringa oleifera 
seed powder (MOSP) at different particle sizes. (a) Fluoride removal efficiency (%), (b) fluoride 
removed per gram of adsorbent (mg/g), (c) residual fluoride concentration (mg/L), and (d) 
adsorption capacity (qe, mg/g). Values represent means of triplicate determinations. Calcium-
spiked MOSP consistently outperformed Non-spiked MOSP across all particle sizes.
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Adsorption capacity (qe) 
decreased with increasing particle size 
(Figure 2d). For Calcium-spiked MOSP, qe 
values were 4.85 ± 0.06 mg/g at 250 µm, 
3.78 ± 0.07 mg/g at 425 µm, and 2.78 ± 
0.05 mg/g at 850 µm. For Non-spiked 
MOSP, qe values were 3.42 ± 0.05 mg/g, 

2.72 ± 0.06 mg/g, and 1.95 ± 0.04 mg/g, 
respectively. Regression models showed 
strong negative relationships between 
particle size and qe, with equations y = 
−0.053x + 6.04 (R² = 0.988, p < 0.001) for 
Calcium-spiked and y = −0.047x + 4.82 (R² 
= 0.985, p < 0.001) for non-spiked 

Table 2 summarizes the 
regression-derived particle size–response 
parameters for fluoride removal 
indicators, comparing Calcium-spiked and 
Non-spiked MOSP across the tested size 
range. For fluoride removal efficiency, 
both Calcium-spiked and Non-spiked 
MOSP showed strong positive trends with 
decreasing particle size, with slopes of 
+0.021%/µm and +0.019%/µm, 
respectively. Fluoride removed per gram 
decreased with increasing particle size for 
both adsorbent types, with negative 
slopes of −0.0023 mg/g/µm for Calcium-

spiked MOSP and −0.0018 mg/g/µm for 
Non-spiked MOSP. Residual fluoride 
concentration exhibited significant 
positive correlations with particle size, 
with slopes of +0.0012 mg/L/µm for 
Calcium-spiked MOSP and +0.0009 
mg/L/µm for Non-spiked MOSP. 
Adsorption capacity (qe) followed the 
same pattern as fluoride removed per 
gram, with slopes of −0.053 mg/g/mesh 
for Calcium-spiked MOSP and −0.047 
mg/g/mesh for Non-spiked MOSP, both 
statistically significant.

  
Table 2: Particle size–response regression parameters for fluoride removal indicators using 
Calcium-spiked and Non-spiked Moringa oleifera seed powder (MOSP).  

Indicator Unit Type Slope Intercept R² 

Fluoride Removal Efficiency % Spiked −0.0210 95.250 0.980 
  Non-Spiked −0.0190 80.500 0.970 
Fluoride Removed per Gram mg/g Spiked −0.0023 7.398 0.987 
  Non-Spiked −0.0018 5.861 0.981 
Residual Fluoride Concentration mg/L Spiked +0.0012 0.570 0.980 
  Non-Spiked +0.0009 1.390 0.980 
Adsorption Capacity (qe) mg/g Spiked −0.0530 6.040 0.988 
  Non-Spiked −0.0470 4.820 0.985 

The slope represents the change in the indicator value per unit change in particle size (µm or 
mesh). Intercept is the predicted value at the largest particle size tested. R² indicates the 
proportion of variance explained by the model.

Effect of Particle Size Classification (Mesh 
Size) on Fluoride Removal Parameters 

Fluoride removal efficiency 
increased with decreasing mesh size for 
both Calcium-spiked and Non-spiked 
Moringa oleifera seed powder (MOSP) 
(Figure 3a). At 20 mesh (850 µm), removal 
efficiency was 72.18 ± 1.25% for Calcium-
spiked MOSP and 58.24 ± 1.40% for Non-
spiked MOSP. At 40 mesh (425 µm), 
efficiencies increased to 81.35 ± 1.10% 

and 67.10 ± 1.20%, respectively, and at 60 
mesh (250 µm), they reached 89.80 ± 
1.05% and 74.65 ± 1.15%, respectively. 
Statistical analysis showed highly 
significant differences across particle size 
classifications for both treatments (F = 
84.67, p < 0.001). 

Fluoride removed per gram of 
adsorbent decreased with increasing 
particle size for both adsorbents (Figure 
3b). Calcium-spiked MOSP values were 
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6.92 ± 0.13 mg/g at 60 mesh, 5.85 ± 0.12 
mg/g at 40 mesh, and 4.21 ± 0.11 mg/g at 
20 mesh, while Non-spiked MOSP values 
were 5.31 ± 0.14 mg/g, 4.02 ± 0.10 mg/g, 
and 3.01 ± 0.09 mg/g, respectively. Linear 
regression models showed strong 
negative correlations for both 
biosorbents, with y = −0.0023x + 7.398 (R² 
= 0.987, p < 0.001) for Calcium-spiked and 
y = −0.0018x + 5.861 (R² = 0.981, p < 
0.001) for non-spiked. 

Residual fluoride concentration 
declined with decreasing particle size for 
both adsorbents (Figure 3c). For Calcium-
spiked MOSP, residual fluoride was 1.86 ± 
0.04 mg/L at 20 mesh, 1.35 ± 0.03 mg/L at 
40 mesh, and 0.87 ± 0.02 mg/L at 60 mesh. 
For Non-spiked MOSP, the values were 
2.63 ± 0.05 mg/L, 2.06 ± 0.04 mg/L, and 
1.61 ± 0.03 mg/L, respectively. Regression 
models indicated statistically significant 
correlations (R² > 0.98, p < 0.001) for both 
biosorbents.

 
Figure 3. Fluoride removal indicators for Calcium-spiked and Non-spiked Moringa oleifera 
seed powder (MOSP) at different particle size classifications (mesh sizes). (a) Fluoride removal 
efficiency (%), (b) fluoride removed per gram of adsorbent (mg/g), (c) residual fluoride 
concentration (mg/L), and (d) adsorption capacity (qe, mg/g). Values represent means of 
triplicate determinations. Calcium-spiked MOSP consistently outperformed Non-spiked 
MOSP across all mesh sizes.
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Adsorption capacity (qe) 
increased with decreasing particle size for 
both adsorbent types (Figure 3d). For 
Calcium-spiked MOSP, qe values were 
2.78 ± 0.05 mg/g at 20 mesh, 3.78 ± 0.07 
mg/g at 40 mesh, and 4.85 ± 0.06 mg/g at 
60 mesh. For Non-spiked MOSP, qe values 
were 1.95 ± 0.04 mg/g, 2.72 ± 0.06 mg/g, 

and 3.42 ± 0.05 mg/g, respectively. 
Regression analysis revealed strong 
negative relationships between particle 
size and qe, with y = −0.053x + 6.04 (R² = 
0.988, p < 0.001) for Calcium-spiked and y 
= −0.047x + 4.82 (R² = 0.985, p < 0.001) for 
non-spiked.

  
Table 3: Regression parameters for mesh size–response relationships in fluoride removal 
indicators using Calcium-spiked and Non-spiked Moringa oleifera seed powder (MOSP) 

The slope represents the change in the indicator value per unit change in particle size 
classification (µm or mesh). Intercept is the predicted value at the largest particle size tested. 
R² indicates the proportion of variance explained by the model.

Table 3 presents the regression-
derived particle size classification–
response parameters for fluoride removal 
indicators, comparing Calcium-spiked and 
Non-spiked MOSP. For fluoride removal 
efficiency, both materials showed positive 
trends with decreasing mesh size, with 
slopes of +0.021%/µm for Calcium-spiked 
MOSP and +0.019%/µm for Non-spiked 
MOSP. Fluoride removed per gram 
decreased with increasing particle size, 
with slopes of −0.0023 mg/g/µm for 
Calcium-spiked MOSP and −0.0018 
mg/g/µm for Non-spiked MOSP. Residual 
fluoride concentration showed positive 
correlations with particle size, with slopes 

of +0.0012 mg/L/µm for Calcium-spiked 
MOSP and +0.0009 mg/L/µm for Non-
spiked MOSP. Adsorption capacity (qe) 
followed the same trend as fluoride 
removed per gram, with slopes of −0.053 
mg/g/mesh for Calcium-spiked MOSP and 
−0.047 mg/g/mesh for Non-spiked MOSP, 
both statistically significant. 
 

Discussion 
This study systematically evaluated the 
effect of adsorbent dosage, particle size, 
and particle size classification (mesh size) 
on the fluoride removal performance of 
Moringa oleifera seed powder (MOSP) in 
both calcium-spiked and non-spiked 

Indicator Unit Type Slope Intercept R² p-value 

Fluoride Removal 
Efficiency 

% Spiked 0.1780 79.28 0.980 <0.001 

Fluoride Removal 
Efficiency 

% 
Non-
Spiked 

0.1370 64.17 0.970 <0.001 

Fluoride Removed 
per Gram 

mg/g Spiked −0.1355 9.04 0.987 <0.001 

Fluoride Removed 
per Gram 

mg/g 
Non-
Spiked 

−0.1150 7.21 0.981 <0.001 

Residual Fluoride 
Concentration 

mg/L Spiked 0.0495 0.29 0.980 <0.001 

Residual Fluoride 
Concentration 

mg/L 
Non-
Spiked 

0.0510 1.16 0.980 <0.001 

Adsorption 
Capacity (qe) 

mg/g Spiked −0.1035 6.96 0.988 <0.001 

Adsorption 
Capacity (qe) 

mg/g 
Non-
Spiked 

−0.0735 5.39 0.985 <0.001 
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forms. Across all experiments, calcium-
spiked MOSP consistently outperformed 
its non-spiked counterpart, indicating that 
calcium ion modification significantly 
enhances the surface reactivity towards 
fluoride ions. The parameters studied 
directly relate to surface chemistry, active 
binding site density, and diffusion 
pathways factors that govern adsorption 
kinetics and equilibrium capacity in 
biosorbent systems. The following 
discussion interprets these results in 
chemical terms, links them with reported 
literature, and draws implications for the 
design of low-cost defluoridation systems. 
 As shown in Figure 1 and Table 1, 
fluoride removal efficiency increased with 
dosage for both biosorbent types, from 
69.20 ± 1.10% to 88.95 ± 1.20% for 
calcium-spiked MOSP, and from 53.10 ± 
1.45% to 70.34 ± 1.10% for non-spiked 
MOSP between 0.5 g and 2.0 g dosages. 
Conversely, fluoride removed per gram 
decreased with dosage—from 6.92 ± 0.15 
mg/g to 2.22 ± 0.07 mg/g for calcium-
spiked, and from 5.31 ± 0.18 mg/g to 1.76 
± 0.05 mg/g for non-spiked MOSP. 
Residual fluoride concentrations fell 
proportionally with dosage, and 
adsorption capacity (qe) followed the 
same decreasing trend as fluoride 
removed per gram. Regression slopes 
indicated stronger removal efficiency gains 
and steeper capacity losses in calcium-
spiked MOSP. Increasing adsorbent dosage 
increases the number of available active 
binding sites, particularly hydroxyl (-OH) 
and carboxyl (-COOH) groups, as well as 
the added calcium cations on the MOSP 
surface, which promote fluoride uptake 
via electrostatic attraction and ion 
exchange (Ndabigengesere et al., 1995). 
The surface of calcium-spiked MOSP 
contains positively charged Ca²⁺ sites 
capable of interacting with negatively 
charged fluoride ions through ligand 
exchange or precipitation reactions. The 
dominant precipitation mechanism can be 
expressed as: Ca(ads)2++2F(aq)→CaF2(s) 

This CaF₂ precipitation is 
thermodynamically favoured at near-
neutral pH, reducing soluble fluoride 
concentration. At higher dosages, 
particle–particle aggregation becomes 
more likely, reducing the effective surface 
area available for adsorption (Bhatnagar et 
al., 2011). Aggregation may shield some 
active sites from solution-phase fluoride 
ions, leading to diminishing returns in 
capacity per gram despite overall 
efficiency gains. High adsorbent loading 
can also alter solution chemistry by 
creating microenvironments near particle 
surfaces where ionic strength and local pH 
differ slightly from the bulk solution, 
promoting CaF₂ nucleation but potentially 
reducing diffusional driving force for 
fluoride transport (Habuda-Stanić et al., 
2014). The positive correlation between 
dosage and removal efficiency is 
consistent with findings in modified 
biosorbents such as calcium-enriched rice 
husk ash (Pattanaik et al., 2025) and 
chitosan composites (Shankar et al., 
2023), where increased surface coverage 
of Ca²⁺ enhanced fluoride precipitation 
and adsorption. The capacity decline per 
gram with increasing dosage is a common 
observation in batch adsorption systems 
(Patel, 2022), often attributed to site 
underutilization due to excess adsorbent. 
Similar patterns were reported for 
unmodified MOSP in turbidity removal 
(Shah et al., 2024), though the magnitude 
of change was smaller, indicating the 
crucial role of calcium spiking. 

From Figure 2 and Table 2, 
fluoride removal efficiency decreased with 
increasing particle size for both 
adsorbents. At 250 µm, efficiencies were 
89.80 ± 1.05% (spiked) and 74.65 ± 1.15% 
(non-spiked), falling to 72.18 ± 1.25% and 
58.24 ± 1.40% at 850 µm. Fluoride 
removed per gram and qe followed the 
same trend, while residual fluoride 
concentrations increased with particle 
size. Smaller particles have higher specific 
surface area, providing more accessible 
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active sites per unit mass for fluoride 
adsorption and precipitation reactions 
(Budyanto et al., 2015). This increases the 
probability of contact between fluoride 
ions and calcium-modified functional 
groups. Finer particles reduce the 
intraparticle diffusion distance, allowing 
fluoride ions to reach internal binding sites 
more quickly (Gràcia Lanas, 2017). 
Calcium-spiked fine particles may have a 
higher surface density of Ca²⁺ due to 
greater exposure of the internal pore 
network, improving both outer-sphere 
complexation (electrostatic attraction) and 
inner-sphere complexation (covalent-like 
bonding) with fluoride. The inverse 
relationship between particle size and 
removal efficiency has been widely 
observed in biosorbents. Similar trends 
were reported for bone char (Medellin-
Castillo et al., 2007), with smaller particles 
showing greater fluoride affinity due to 
surface chemistry advantages. The higher 
efficiencies in this study’s calcium-spiked 
MOSP align with results from Ca²⁺-
modified activated carbon (Zhang et al., 
2025), suggesting the role of calcium in 
shifting the mechanism from pure 
adsorption to combined adsorption–
precipitation. 

Figure 3 and Table 3 show that 
decreasing mesh size (i.e., finer particles) 
significantly improved fluoride removal. 
For spiked MOSP, removal efficiency 
increased from 72.18 ± 1.25% at 20 mesh 
(850 µm) to 89.80 ± 1.05% at 60 mesh 
(250 µm). Non-spiked MOSP showed a 
similar trend but at lower absolute values. 
Fluoride removed per gram and qe 
increased with finer mesh size, while 
residual fluoride concentrations 
decreased. Mesh size classification 
correlates with physical surface exposure; 
finer mesh fractions exhibit larger external 
surface area and more fractured edges, 
exposing reactive groups that participate 
in Ca–F interactions (Lai et al., 2015). The 
mechanical processing involved in 
producing finer mesh may disrupt seed 

powder cell walls, increasing the 
accessibility of embedded proteins and 
polysaccharides that contribute to cationic 
site density (Holland et al., 2020). In 
calcium-spiked MOSP, finer mesh particles 
provide more uniformly distributed Ca²⁺ 
across the surface and internal pores, 
enhancing precipitation kinetics and 
adsorption equilibrium (Stack et al., 2014). 
Mesh-size effects have been reported in 
natural coagulants (Novita et al., 2019) 
and biosorbents (Bhat et al., 2008), where 
mechanical size reduction improved 
adsorption capacity by increasing surface 
energy and defect density. The clear 
superiority of calcium-spiked fine mesh in 
this study is comparable to nano-
structured hydroxyapatite (Zhang et al., 
2003), where smaller particle fractions 
yielded faster fluoride uptake due to 
surface-active calcium sites. 

The combined effects of dosage, 
particle size, and mesh size confirm that 
fluoride removal by calcium-spiked MOSP 
is governed by a synergy between surface 
chemistry (availability of Ca²⁺ reactive 
sites) and physical characteristics (surface 
area, diffusion distance). Higher dosages 
increase removal efficiency by providing 
more active sites, but aggregation limits 
per-gram capacity. Smaller particle and 
mesh sizes enhance uptake by exposing 
more reactive groups and improving mass 
transfer. The precipitation of CaF₂, 
facilitated by the calcium modification, 
underlies the superior performance of 
spiked MOSP across all parameter 
variations. 

These findings have direct 
relevance for rural defluoridation systems. 
An optimal dosage of ~1.0–1.5 g/100 mL 
using calcium-spiked MOSP at fine mesh 
(≤250 µm) is recommended to achieve 
high removal efficiency while minimizing 
material waste. The biosorbent can be 
produced locally from Moringa seeds, and 
calcium spiking can be achieved using 
inexpensive CaCl₂ solutions. The 
combination of high performance, low 



Chavaregi et al.  

26  Original Article 

 

3(3), 2025 

cost, and environmental safety makes 
calcium-spiked MOSP a viable alternative 
to conventional defluoridation media in 
fluoride-endemic regions. 
 

Conclusion and 

Recommendations 
This study demonstrated that Moringa 
oleifera seed powder (MOSP), particularly 
in calcium-spiked form, is an effective, low-
cost biosorbent for fluoride removal from 
water. The fluoride removal efficiency 
increased significantly with higher 
adsorbent dosage, finer particle size, and 
smaller mesh size fractions. Calcium 
spiking consistently enhanced 
performance across all parameters, 
primarily due to increased availability of 
reactive Ca²⁺ sites facilitating adsorption–
precipitation via CaF2 formation. Optimal 
removal efficiencies of up to 89.80% were 
achieved at fine particle sizes (≤250 µm) 
and higher dosages, with residual fluoride 
concentrations reduced below WHO limits 
in spiked treatments. The findings confirm 
that fluoride removal is governed by a 
synergy between surface chemistry and 
physical characteristics, where optimizing 
both maximizes adsorption capacity and 
removal efficiency. 

Based on the findings, calcium-
spiked Moringa oleifera seed powder 
(MOSP) should be promoted as a low-cost, 
locally available biosorbent for fluoride 
removal in rural and peri-urban 
communities in fluoride-endemic regions. 
For practical application, MOSP should be 
processed to fine mesh (<250 µm) and 
applied at dosages of approximately 1.0–
1.5 g/100 mL to maximize removal 
efficiency while minimizing material 
wastage. Local production using 
community-based processing units can 
enhance accessibility and sustainability, 
while training programs should be 
implemented to ensure correct 
preparation and dosage. Policymakers and 
water quality authorities should 

incorporate this technology into rural 
defluoridation strategies and consider 
field-scale pilot projects to validate 
laboratory results under real groundwater 
conditions. Future research should focus 
on assessing the regeneration potential, 
adsorbent lifespan, and competitive ion 
effects in natural waters to optimize 
performance in diverse environmental 
settings. 
 

Abbreviations 
CaCl₂ — Calcium chloride 
CaF₂ — Calcium fluoride 
C₀ — Initial fluoride concentration (mg/L) 
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concentration (mg/L) 
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FTIR — Fourier-transform infrared 
spectroscopy 
NaF — Sodium fluoride 
pH — Potential of hydrogen 
ppm — Parts per million 
qₑ — Adsorption capacity at equilibrium 
(mg/g) 
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