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characteristics and mechanistic insights and
process optimization
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This study reports the development of a sustainable alkali-activated glass-hydroxyapatite composite (AAC-

P@HAp) synthesized entirely from waste-derived precursors, including post-consumer glass bottles,

eggshells, and plantain bunch stalk ash (as an alkali source), for fluoride removal from aqueous systems.

The composite was produced through controlled alkali activation of micronized waste glass followed by

hydrothermal-assisted integration of eggshell-derived hydroxyapatite within the aluminosilicate matrix.
FTIR, XRF, SEM-EDX, and XRD confirmed successful composite formation of a hybrid silicate-phosphate
material and revealed fluoride-induced changes in Ca—P domains after adsorption, indicating strong

adsorbent—adsorbate

interactions

and chemical immobilization. Batch adsorption experiments

demonstrated rapid fluoride uptake, with kinetic behavior adequately described by the pseudo-first-

order model, while equilibrium data were better represented by the Freundlich isotherm, consistent with
heterogeneous surface binding dominated by chemisorption. Thermodynamic analysis indicated that
fluoride adsorption was spontaneous and endothermic. Within the Box—Behnken experimental domain,
AAC-P@HAp achieved stable fluoride removal efficiencies in a narrow range (83-87%), with pH exerting

the dominant influence on performance. Regeneration tests showed good initial reusability followed by
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a progressive decline attributed to irreversible chemisorption and depletion/phase transformation. In all,

the results demonstrate the feasibility of converting multiple waste streams into a robust composite

DOI: 10.1039/d6ra00457a

rsc.li/rsc-advances

1. Introduction

Fluoride contamination in water sources remains a persistent
global concern due to its adverse impacts on human health and
ecosystems.’* While fluoride is beneficial at trace concentra-
tions, excessive intake through drinking water poses serious
health risks and environmental challenges. Consequently,
controlling fluoride concentrations in water supplies is a critical
issue, particularly in regions that rely heavily on groundwater
resources.

Fluoride occurs naturally in minerals such as fluorite, fluo-
rapatite, topaz, and cryolite, and geological processes including
mineral weathering and dissolution can release fluoride into
groundwater, especially in fluoride-rich lithological settings."*”
In addition to geogenic sources, anthropogenic activities such
as aluminum smelting, phosphate fertilizer production, coal
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adsorbent and highlights AAC-P@HAp as a circular-economy-oriented material for secure fluoride
immobilization rather than extensive multi-cycle reuse.

combustion, and industrial effluent discharge are sources that
contribute substantially to environmental fluoride loading.**

Chronic consumption of fluoride-contaminated water is
strongly associated with dental and skeletal fluorosis, charac-
terized by enamel damage, joint pain, bone stiffness, and
skeletal deformities.” Emerging evidence further indicates
potential neurodevelopmental effects. A recent meta-analysis
published in JAMA Pediatrics reported a statistically signifi-
cant association between fluoride exposure and reduced
cognitive performance in children, with a decrease of 1.63 IQ
points per 1 mg L' increase in urinary fluoride.?® Elevated
fluoride levels also disrupt metabolic processes in aquatic
organisms and impair plant growth, posing risks to both
aquatic and terrestrial ecosystems.

Globally, fluoride contamination is particularly prevalent in
groundwater dependent regions across Africa, Asia, and the
Americas, where concentrations frequently exceed the World
Health Organization guideline value of 1.5 mg L™ ".* Addressing
this challenge is therefore essential for achieving UN Sustain-
able Development Goal (SDG) 6 (Clean Water and Sanitation)
and SDG 3 (Good Health and Well-Being).
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Among available treatment technologies, adsorption is
widely regarded as one of the most practical approaches for
fluoride removal due to its operational simplicity, adaptability,
and effectiveness over a broad range of water chemistries.
However, many conventional fluoride adsorbents suffer from
sustainability limitations, which includes high production
costs, dependence on virgin raw materials, and environmental
burdens associated with synthesis and disposal. These limita-
tions conflict with SDG 12 (responsible consumption and
production).

In response, growing attention has been directed toward the
development of adsorbents derived from waste materials within
a circular economy framework. Industrial by-products and
agricultural residues such as slag, petroleum coke, and
biomass-derived biochar, which of recent reports have demon-
strated promising adsorption performance while simulta-
neously reducing waste disposal pressures and environmental
footprints.****

Within this sustainability driven context, alkali-activated
materials (AAMs) have emerged as attractive candidates for
environmental remediation. Waste glass is particularly
appealing due to its high silica content, global abundance and
underutilization. Despite the generation of millions of tons of
post-consumer glass annually, a substantial fraction is land-
filled, representing a lost opportunity for value-added reuse.*>'®
When alkali-activated, waste glass forms a geopolymer-like
aluminosilicate matrix with favourable mechanical stability,
chemical durability, and surface functionality suitable for
adsorption-based water treatment.**™"*

However, pristine alkali-activated glass systems are known to
exhibit limited affinity towards anionic contaminants,
including fluoride, due to their predominantly negatively
charged aluminosilicate frameworks and lack of specific
binding sites.”® Consequently, waste glass-based AAMs and
their modified forms have been more successfully applied for
the removal of cationic species, such as heavy metals and dyes,
as consistently reported in literature.***® This intrinsic limita-
tion restricts their direct application for anionic pollutant
removal and underscores the need for strategic functional
modification.

The environmental footprint of alkali activation is also
strongly influenced by the choice of activator. Conventional
alkalis such as sodium or potassium hydroxide are effective but
energy-intensive. To enhance sustainability, alternative alkali
sources derived from agricultural residues have gained
increasing attention. In this study, alkali extracted from plan-
tain bunch stalk ash is employed as a greener activating agent,
simultaneously valorizing agricultural waste while reducing
reliance on synthetic chemicals.

To overcome the limited anion adsorption capacity of pris-
tine alkali-activated glass while preserving its sustainability
advantages, the present work adopts a hybrid material design
strategy. Hydroxyapatite (HAp) is well known for its strong
affinity toward fluoride ions due to its calcium- and phosphate-
rich structure, which enables ion exchange, surface complexa-
tion and lattice substitution mechanisms.?””?° Nevertheless,
most reported HAp-based adsorbents rely on energy-intensive
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synthesis routes, nano-scale powders, or standalone HAp pha-
ses that may suffer limited mechanical stability, aggregation
and scalability.

Waste eggshells, composed predominantly of calcium
carbonate, offer an abundant and biogenic calcium source for
sustainable hydroxyapatite production. Rather than employing
HAp as a standalone sorbent, this study integrates a small
quantity of eggshell-derived hydroxyapatite into an alkali-
activated waste glass matrix, thereby extending the functional
scope of the base material from predominantly cationic
pollutant removal towards anionic fluoride adsorption.

It is important to clarify the design philosophy of the present
AAC-P@HAD system in relation to calcium-rich alkali-activated
composites previously reported by our group.'® The previously
reported AAC-P@Ca system was deliberately engineered as
a capacity-maximized adsorbent, where fluoride removal is
dominated by rapid Ca** dissolution followed by precipitation/
complexation reactions. While CaO-rich AAC-P materials have
demonstrated very high fluoride uptake capacities (>40 mg g™ )
due to their high alkalinity and highly reactive calcium sites,
such systems are primarily optimized for capacity maximization
and precipitation-dominated removal. In contrast, the present
work does not seek to outperform this material in terms of
gravimetric fluoride capacity. Instead, the conversion of reactive
CaO into hydroxyapatite represents a deliberate strategy to
chemically stabilize calcium within a calcium-phosphate lattice,
enabling controlled fluoride immobilization through surface
complexation and lattice substitution mechanisms.

Compared with CaO-based systems, hydroxyapatite exhibits
significantly greater chemical stability in aqueous environ-
ments because calcium ions are incorporated within a stable
calcium-phosphate lattice rather than existing as highly soluble
CaO phases.**** CaO readily hydrates and dissolves to release
Ca®" and OH™, which can lead to uncontrolled precipitation
reactions and elevated alkalinity in treated water.*® In contrast,
hydroxyapatite demonstrates lower dissolution rates and
enables fluoride immobilization primarily through hydroxyl-
fluoride exchange and fluorapatite formation within the
apatite lattice.*® Previous studies have further shown that
hydroxyapatite maintains structural integrity and limits
calcium release during aqueous reactions compared with CaO-
based sorbents, thereby improving chemical stability and
environmental compatibility.*

Although AAC-P@Ca provides higher fluoride uptake, its
removal mechanism relies on highly alkaline conditions and
significant Ca** mobility, which may result in elevated alka-
linity, greater dissolution and leaching, and precipitation-
dominated removal with limited long-term stability or regen-
eration potential. To address these limitations, CaO was con-
verted into hydroxyapatite (HAp), a thermodynamically stable
calcium-phosphate phase that immobilizes calcium within
a crystalline lattice, reduces uncontrolled Ca*" release,
promotes fluoride incorporation via hydroxyl-fluoride exchange
and fluorapatite formation, and improves structural integrity
and environmental compatibility. Thus, the present system
prioritizes stability, controlled reactivity, and secure fluoride
fixation rather than maximum adsorption capacity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Against this backdrop, the present study introduces a fully
waste-derived  hybrid alkali-activated  glass-hydroxyapatite
composite (AAC-P@HAp) synthesized entirely from waste-
derived precursors, including post-consumer glass bottles, plan-
tain bunch stalk ash as a bio-alkali activator, and eggshell-derived
calcium. In this composite, calcium-phosphate domains are
embedded within a chemically robust aluminosilicate matrix,
forming a hybrid silicate-phosphate interface that combines
surface accessibility, structural integrity, and chemical reactivity.
This design could enable synergistic fluoride removal through
combined electrostatic attraction, hydroxyl-fluoride ion exchange,
and inner-sphere complexation at Ca-rich sites, while maintain-
ing low material cost and reduced environmental footprint. In
this study, the structural integration characteristics, adsorption
performance, process optimization using Box-Behnken design,
regeneration behavior, and fluoride adsorption mechanisms of
AAC-P@HAp are systematically investigated using FTIR, XRD,
SEM-EDX, and surface charge analyses. By integrating multiple
waste streams into a single functional adsorbent, and addressing
the inherent limitations of waste glass-based adsorbents for
anionic pollutants, this work advances sustainable defluoridation
strategies aligned with circular economy principles and the
United Nations Sustainable Development Goals.

2. Materials and methods

2.1. Materials and chemicals

Post-consumer waste glass bottles, poultry eggshells, and
plantain bunch stalks were used as precursor materials for
composite synthesis. All chemicals used in this study include
sodium fluoride (NaF, =99%), trisodium citrate (=99%),
sodium chloride (NaCl, =99.5%), ethylenediaminetetraacetic
acid (EDTA, =99%), acetic acid (CH;COOH, =99.7%), sodium
hydroxide (NaOH, =98%), hydrochloric acid (HCl, 37%), silver
nitrate (AgNO3, =99.9%), phosphoric acid (H;PO,4, 85%), and
potassium hydrogen phosphate (KH,PO,4, =98%). All reagents
were of analytical grade and used without further purification.

2.2. Preparation of alkaline solution from plantain bunch
stalks

The alkaline activating solution was prepared from plantain bunch
stalks following our previously reported methodology as part of
ongoing work on waste-derived alkali systems.’® The physico-
chemical properties of the resulting alkaline extract, including
alkalinity, electrical conductivity, effective alkali purity and ionic
composition determined by ICP-OES, are summarized in Table 1
and 2. Fresh plantain bunch stalks (5130.19 g) were thoroughly
cleaned and air-dried to constant mass, yielding 199.28 g of dry
biomass (Table 1). This corresponds to a moisture content of
97.68% and a dry mass content of 2.32% on a fresh-weight basis.

The dried biomass was subjected to controlled combustion,
producing 59.796 g of charcoal and 30.668 g of ash, corresponding
to an ash content of 25.71% on a dry basis. For the alkaline
extraction, 200 g of ash was mixed with 800 mL of deionized
water.'**** The resulting suspension was decanted, filtered and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of plantain bunch stalk ash
derived alkaline extract

Parameter Value
Moisture content (%) 97.68

Dry matter content (%) 2.32

Ash content (dry basis, %) 25.71

Alkali extraction yield (%) 86.67

Alkali concentration (mol dm ) 1.285 + 0.023
Estimated KOH equivalent (g) 23.31 + 0.022
Estimated NaOH equivalent (g) 0.132 £ 0.002
pH 11.403 £+ 0.032
Electrical conductivity (uS cm ™) 195.9 + 0.042
Effective alkali purity (%) 61.76

the clear supernatant collected as the bio-derived alkaline solu-
tion used for alkali activation of powdered waste glass.

2.3. Preparation of alkali-activated glass ceramic adsorbent
(AAC-P)

The synthesis of alkali-activated waste glass (AAC-P) was carried
out following a previously reported procedure with minor
modifications (Akorley et al, Chemical Engineering Journal
Advances, 2026).'® Briefly, post-consumer waste glass bottles
were thoroughly washed, dried, and milled using a planetary
ball mill to obtain particles with sizes below 75 um as in Fig. 1a.

The bulk chemical composition of the waste glass precursor,
determined by XRF analysis, is summarized in Table 3. The
glass is predominantly composed of SiO, (86.24 wt%) and CaO
(10.43 wt%), with minor contributions from Al,0;, MgO and
Fe,0;, making it suitable for alkali activation and geopolymer-
like network formation.

Alkali activation was achieved using an alkali extract derived
from plantain bunch stalk ash as in Fig. 1b, prepared according
to the method described in our earlier work.'® For activation,
60 g of glass powder was mixed with 40 mL of the bio-derived
alkali solution, corresponding to a liquid-to-solid ratio of
0.67 mL g . This ratio was selected based on preliminary trails
to ensure sufficient alkalinity for glass dissolution while main-
taining workable slurry consistency.

The mixture was homogenized to dorm a uniform slurry and
cured under ambient conditions. After curing, the solid product

Table 2 Dissolved ionic composition of plantain bunch stalk ash-
derived alkaline solution (ICP-OES analysis)

Concentration ITonic fraction

Element (ppm) (%)

K 22 808.31 61.35
Fe 8972.00 24.13
Zn 2695.00 7.25
Ag 2127.00 5.72
Cu 264.00 0.71
Na 150.06 0.40
Pb 133.00 0.36
Ca 23.83 0.06
Mg 1.71 0.005
Total 37174.91 100.00

RSC Adv, 2026, 16, 19779-19801 | 19781
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Hydroxyapatite Composite
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Fig. 1 Schematic representation of waste glass alkali-activation leading to reactive glass-ceramic precursors. (a) Crushing and milling of waste
glass, (b) alkali activation process, (c) CaO preparation, and (d and e) hydroxyapatite synthesis.

Table 3 Bulk oxide composition of recycled waste glass precursor
(XRF analysis)”

Oxide Content (wt%)
Sio, 86.24

CaO 10.43

ALO, 1.79

MgO 1.18

Fe,0, 0.64

ZnO 0.012

PbO 0.051

Loss on ignition (LOI) 8.35

% NB: LOD is limit of detection.

was repeatedly washed with deionized water to remove excess
alkali, followed by drying to obtain the alkali-activated glass
ceramic adsorbent (AAC-P).

The use of wase-derived alkali and explicitly defined mass-to-
volume ratios ensures reproducibility of the synthesis process
and supports the sustainable valorization of agricultural and
post-consumer waste streams.

2.4. Synthesis of eggshell-derived hydroxyapatite (HAp)

Calcium phosphate (hydroxyapatite was synthesized at room
temperature by precipitation method.?® Poultry eggshells collected
from restaurants around the Arat Kilo area, Addis Ababa, Ethiopia
were pretreated by washing with boiled deionized water for few
minutes to remove the surface contaminants. To eliminate

19782 | RSC Adv, 2026, 16, 19779-19801

organic materials and convert CaCO; to CaO, the eggshells were
heated in a maffle furnace at 1000 °C for 4 hours (Fig. 1c).

The CaO was milled with micro-planetary grinding machine
(FZ102, China). The calcium phosphate was prepared with 31 g
of CaO dissolved in 500 mL deionized water at 60 °C for 30
minutes while stirring with magnetic stirrer. The H;PO, (0.6 M)
was added to the hydrolyzed CaO in a rate of 3.33 mL min ™" till
precipitate is formed. The mixture was stirred at 80 °C and the
pH was adjusted with HCI acid to 9.5. The precipitate was
washed with deionized waster, filtered and dried at 200 °C for 4
hours to give hydroxyapatite (HAp) as shown in Fig. 1d.

2.5. Preparation of alkali-activated glass-hydroxyapatite
composite (AAC-P@HAp)

The AAC-P@HAp composite was prepared via a hydrothermal-
assisted integration process. AAC-P was dispersed in deion-
ized water and thermally activated at 60 °C for 120 minutes,
after which eggshell-derived hydroxyapatite was introduced at
a fixed mass ratio (AAC-P:HAp, 3: 1 i.e., 30 g: 10 g). The mixture
was maintained under controlled temperature and stirring
conditions to promote interfacial interaction between AAC-P
and HAp for additional 180 minutes. The composite formed
was then filtered, washed, and dried to obtain the final adsor-
bent (AAC-P@HAD) as in Fig. 1e.

2.6. Preparation of adsorbate

All reagents used for adsorbate preparation were of analytical
grade. A 1000 mg L~ NaF stock solution was prepared in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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deionized water and diluted as needed. Total Ionic Strength
Adjustment Buffer (TISAB III) was used in all fluoride
measurements to maintain consistent ionic strength and pH.

2.7. Physicochemical characterization of materials

The acid-base potentiometric titration method used as described
by*® with slight modifications as follows. The adsorbent materials
of 1 g of weight were kept in a 20 ml of 0.002 M potassium
chloride (KCI) electrolyte and equilibrated for approximately 18
hours through horizontal shaking with Faithful multifunctional
water bath shaker FWS-30, China at 200 rpm and 25 °C. The
initial pHs of suspension were varied using 0.1 M of hydrochloric
acid (HCl) and sodium hydroxide (NaOH) while the blank
suspensions contained no acid or base. The pH of suspensions
was measured after each subsequent addition and equilibration
with 0.1 (1 mL) KCl and 2 M (0.5 mL) KCL. The amount of
potential determining ions (H'/OH ™) adsorbed was estimated as
the pH difference between the blank and acid/base titrated
suspensions at each different KCl concentration using Hanna
H15522 pH mV/ISE/EC/TDS/Salinity/Resistivity meter, Thailand.

Bulk density was calculated from the mass-to-volume ratio of
packed samples.* The pH and electrical conductivity (EC) of the
absorbent suspensions (1 g in 20 mL deionized water) were
measured after 48 hours equilibrium using Hanna H15522 pH
mV/ISE.EC/TDS/Salinity/Resistivity meter, Thailand.

The materials were comprehensively characterized to evaluate
their surface chemistry, morphology, elemental composition,
textural properties, and crystalline phases. Surface functional
groups and chemical bonding environments were identified by
Fourier-transform infrared (FTIR) spectroscopy using a Perki-
nElmer Spectrum 65 spectrometer (PerkinElmer Inc., USA). FTIR
spectra were recorded in the wavenumber range of 400-
4000 cm'. Phase composition and crystallographic structure
were analyzed by X-ray powder diffraction (XRD) employing
a Rigaku Miniflex 600 diffractometer (Rigaku Corporation,
Japan). Diffractograms were collected over a 26 range of 10-80°
using CuKa radiation to assess phase purity and crystallinity.

Surface morphology and elemental distribution of the mate-
rials before and after fluoride sequestration were examined using
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS). SEM observations were per-
formed with a Coxem CX-200tA microscope (Coxem Co., South
Korea), while EDS analysis provided qualitative and semi-
quantitative elemental composition. The specific surface area of
the samples was determined by nitrogen adsorption measure-
ments using the Brunauer-Emmett-Teller (BET) method with an
SA-9600 series surface area analyzer (HORIBA Instruments Inc.,
Japan). Prior to analysis, samples were degassed under appro-
priate conditions to remove physically adsorbed species. The bulk
elemental composition and oxide distribution of the AAC-P@HAp
material were determined by X-ray fluorescence (XRF) spectros-
copy using a Niton XL2 analyzer (Thermo Fisher Scientific, USA).

2.8. Batch adsorption experiments

Batch adsorption experiments were conducted to evaluate the
fluoride removal performance of the AAC-P@HAp composite

© 2026 The Author(s). Published by the Royal Society of Chemistry
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under controlled conditions. All adsorption tests were per-
formed in 100 mL conical flasks containing 50 mL of fluoride
solution and agitated in a thermostatic water bath shaker at
150 rpm. After the adsorption process, the solid and liquid
phases were separated by filtration, and the residual fluoride
concentration in the supernatant was determined using a fluo-
ride ion-selective electrode (CRISON GLP 22, Spain) (Fig. 2a). All
experiments were carried out in triplicate, and average values
were reported.

The influence of significant operational parameters on
fluoride sequestration was systematically investigated by
varying one parameter at a time while keeping the others
constant. Adsorbent dosage was varied between 0.5 and 5.0 g
L™ using an initial fluoride concentration of 25 mg L' to
determine the optimal dosage (Fig. 2b). Adsorption kinetics
were evaluated by varying the contact time from 2 to 150 min at
a fixed adsorbent dose (1.0 g L") and fluoride concentration
(100 mg L") at 30 °C. The effect of solution pH was examined
over the pH range of 2.5-10.5 using buffered fluoride solutions
(50 mg L"), while maintaining constant adsorbent dose and
contact time. The influence of temperature was studied in the
range of 30-80 °C at pH 3.5, and the effect of initial fluoride
concentration was assessed by varying fluoride concentrations
from 10 to 100 mg L' under optimized experimental
conditions.

To evaluate the effect of competing ions, adsorption
experiments were conducted in the presence of common co-
existing ions (NaCN and K,SO,) at concentrations ranging
from 10 to 60 mg L' using both binary and ternary ion
systems. These experiments were designed to simulate
competitive adsorption conditions commonly encountered in
natural water systems.

The adsorption capacity (g, mg g~ ') and fluoride removal
efficiency (%) were calculated using the following equations:

(G- C)V
qe = m — (1)
(CO - Ce)

Removal (%) = x 100 (2)

0
where Coand Ceare the initial and equilibrium fluoride
concentrations (mg L™ "), Vis the volume of the solution (L), and
the mass of the adsorbent (g).

The reusability of AAC-P@HAp was evaluated through
successive adsorption-desorption cycles to assess its opera-
tional stability and practicability (Fig. 2c). Following fluoride
sequestration, the spent adsorbent was separated by filtration.
Regeneration was carried out by dispersing the recovered
adsorbent (2 g) in 50 mL of 0.1 M NaOH solution and agitating
the suspension on a magnetic hotplate stirrer at 150 rpm and
30 °C for 3 h to promote fluoride desorption. After regeneration,
the adsorbent was washed three consecutive times with deion-
ized water to remove excess alkali, dried at 70 °C for 12 h, and
subsequently reused under identical adsorption conditions
(initial fluoride concentration of 25 mg L™, contact time of 60
min). This procedure was repeated for six consecutive cycles to
evaluate regeneration efficiency and performance stability.

RSC Adv, 2026, 16, 19779-19801 | 19783
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Fig. 2 Schematic illustration of the adsorption process: (a) experimental setup, (b) effects of operational parameters, and (c) regeneration

studies.

2.9. Adsorption kinetics and thermodynamic analysis

The adsorption kinetics of fluoride onto the AAC-P@HAp
composite were evaluated using the pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic models to describe the
rate and mechanism of the adsorption process.*>** The experi-
mental kinetic data obtained from batch adsorption experi-
ments were fitted to the following equations:

In (ge—q,) = Inge—kt 3)
t 1 1
- 4 — 4
g kgl qe @)

where q(mg g~ ') is the amount of fluoride adsorbed at time
t(min), g.(mg g ") is the adsorption capacity at equilibrium,
ky(min~") is the pseudo-first-order rate constant, and k(g
mg~ " min~") is the pseudo-second-order rate constant.

The thermodynamic feasibility and nature of the fluoride
adsorption process were assessed by evaluating the changes in
Gibbs free energy (AG®), enthalpy (AHP), and entropy (AS°) based
on temperature-dependent adsorption data.*” The thermodynamic
parameters were calculated using the following relationships:

AG® = —RTIn K4 (5)
AS° AH®
ks =~~~ R7 (6)

where Ris the universal gas constant (8.314 ) mol~ " K™ "), Tis the
absolute temperature (K), and Kyis the distribution coefficient

19784 | RSC Adv,, 2026, 16, 19779-19801

defined as Ky = ¢./Ce, with C.(mg L") representing the equi-
librium fluoride concentration.

2.10. Optimization approach (Box-Behnken method)

The optimization of fluoride adsorption parameters requires
awell-planned experimental methodology to assures robust and
objective conclusion bearing in mind the cost. Box and
Behnken (1960) proposed a different experimental design for
second-order models, permitting the estimation of certain
interactions.* The main worth of experimental designs is that
they reduce the number of experiments needed during the
testing phase of determining possible factors or combinations
of factors which could impact the response of the system under
study.** In the current studies, the effect of three factors on the
adsorption efficiency which is important for enhancing the
effectiveness of the adsorption process, namely adsorbent dose
(X3), temperature (X,) and pH X;). The ranges and levels of these
variables were determined based on the preliminary study as
indicated in Table 4 as coded and actual values. Each variable
was assessed in three different levels: —1, 0, and 1.*°

The mathematical model (eqn (7)) adopted is a second-
degree polynomial, which establishes correlation between
dependent and independent variables.

Y = 60+Z Bix;) +Z Bixi” Z Bixi’) +ZZ Byxix;)

(7)
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Table4 Experimental variables, coded levels, and design matrix of the
Box—Behnken methodology

Variables Levels

Coded levels -1 0 +1
X;: Adsorbent dose (g L") 303 313 323
X,: Temperature (K) 0.5 2 3.5
X5: pH 3.5 6 10.5

where, Y is the response function, 8, is the polynomial constant
expressing the general mean effect, 8;, 6, and @; are the coef-
ficient of the linear, quadratic and interaction effects, respec-
tively, x; and x; represent the independent coded variables.

Following the Box-Behnken design, the 15 experiments
between AAC-P@HAp adsorbent and fluoride adsorbate were
carried out by varying the three variables (X;), (X,) and (X3) to
determine the optimum response surface. The response
parameters were considered as the percentage of removal effi-
ciency (Y). Analysis of variance (ANOVA) was used to establish
the coefficients essential for the interpreting and validating the
results.

3. Results and discussion

3.1. Physicochemical characterizations of as-synthesized
composite materials

The physicochemical properties of the synthesized materials,
including surface pH, point of zero charge (pHpyc), electrical
conductivity, and bulk density, were determined to elucidate
their surface charge behavior, ionic mobility, and structural
compactness, which are critical parameters governing adsorp-
tion performance. The measured properties of AAC-P, AAC-
P@HApD, and the spent AAC-P@HAp after fluoride sequestra-
tion are summarized in Table 5.

Table 5 Key physicochemical parameters of the prepared adsorbents
(pH, point of zero charge, bulk density, and electrical conductivity)

Parameter AAC-P AAC-P@HAp Spent AAC-P@HAp
PH pzc 10.35 & 0.014 10.56 & 0.032 7.00 £ 0.011

pPH 10.417 +0.012  10.717 £ 0.006 —

E.C 1054.5 + 1.5 1098.5 &+ 0.5

Bulk density 1.2 £ 0.0333 1.143 £ 0.0289
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The AAC-P@HAp exhibits a highly alkaline surface with
a pHp,. of 10.56, indicating that the surface remains positively
charged over a wide pH range. Such alkaline character is
particularly favorable for the adsorption of anionic species such
as fluoride due to enhanced electrostatic attraction between
negatively charged fluoride ions and positively charged surface
sites.*® The elevated pH,,. is attributed to the combined pres-
ence of calcium-rich hydroxyapatite and alkali-activated silicate
phases, which introduce abundant hydroxyl and phosphate
functional groups (Table 6).

The equilibrium suspension pH (10.717) further confirms
the dominance of basic surface functionalities. Hydroxyapatite
contributes Ca-OH and PO,*>~ surface groups that could
promote ion exchange and surface complexation mechanisms,
particularly hydroxyl-fluoride exchange and calcium-fluoride
interactions during adsorption. These processes are widely re-
ported to enhance fluoride alkaline
environments.>**-%°

The electrical conductivity of AAC-P@HAp (1098.5 uS cm ™)
reflects the presence of mobile ionic species within the
composite matrix, which could originate from alkali-activated
glass phases and partially soluble calcium-phosphate species.
This enhanced ionic mobility could facilitate surface reactions
and mass transfer during adsorption. The relatively low bulk
density (1.143 g cm™ ') indicates a loosely packed structure with
increased void space, which could be attributed to hydroxyap-
atite incorporation disrupting dense packing within the alkali-
activated matrix.**

uptake in

3.2. Structure and chemical characteristics

The elemental oxide composition determined by X-ray fluores-
cence (XRF), together with the crystallographic features ob-
tained from X-ray diffraction (XRD), provides complementary
insight into the structural evolution of AAC-P upon hydroxyap-
atite (HAp) incorporation (Table 6 and Fig. 3a). As-synthesized
AAC-P is dominated by SiO, (76.07 wt%) and exhibits a high
Si/Al ratio of 40.06, an indication of a silica-rich alkali-activated
glass network. Consistent with this composition, the XRD
pattern of AAC-P (red peak) is characterized by a broad diffuse
hump centered around 26 = 25-35°, with no distinct sharp
reflections.” This feature is typical of predominantly amor-
phous aluminosilicate gels formed during alkali activation of
glassy precursors and confirms the absence of long-range
crystalline order.

Table 6 XRF-derived oxide composition, Si/Al ratio, characteristic XRD reflections, and crystallinity of alkali-activated glass (AAC-P), hydroxy-
apatite-modified AAC-P (AAC-P@HAp), and pristine hydroxyapatite (HAp), illustrating phase evolution upon HAp incorporation®

Sio, P,0O5 MgO Ag,0 Si/Al XRD characteristic reflection
Sample (Wt%) Al O3 (Wt%) (Wt%) (Wt%) (Wt%) (XRF) (26) Crystallinity
AAC-P 76.07 1.90 <LOD 1.14 <LOD 40.06 Halo centred at ~30° (26) Amorphous
AAC- 46.12 1.79 47.26 1.14 0.204 25.76 ~25.9° (002), 31.8° (211), 32.9° (300), Semi-crystalline (~58.6%)
P@HAp 34.1° (112)
HAp 3.28 1.88 94.10 0.002 0.273 — 25.9° (002), 31.8° (211), 32.9° (300),  Highly crystalline
34.1° (112) (~98.34%)

% NB; LOD - Limit of Detection.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD diffraction pattern of synthesized adsorbent materials, (b) EDX peaks of the synthesized AAC-P adsorbent material, (c) EDX peaks

of the synthesized AAC-P@HAp composite material, (d) N, adsorption—desorption isotherms of AAC-P and AAC-P@HAp adsorbent materials, (e)
FTIR spectrum of synthesized AAC-P and AAC-P@HAp, (f) Van't Hoff plot of the sorption between fluoride ions and adsorbent materials.

In contrast, the XRD pattern (blue peak) of the AAC-P@HAp
composite shows the emergence of distinct diffraction peaks
superimposed on the amorphous background. The reflections
observed at approximately 26 = 25.9°, 31.8°, 32.9°, and 34.1°
correspond well to the (002), (211), (300), and (112) crystallo-
graphic planes of hydroxyapatite, respectively (JCPDS No. 09-
0432).5* These peaks closely match those of the reference HAp
pattern (black peak), confirming the successful formation and
structural retention of hydroxyapatite within the alkali-activated
glass matrix. The persistence of the broad amorphous halo
alongside these reflections indicates that the alkali-activated
aluminosilicate framework remains largely intact after HAp
incorporation.

The compositional changes observed by XRF (Table 6)
further support the XRD findings. Upon HAp addition, the SiO,
content decreases to 46.12 wt%, while P,O5 increases sharply to
47.26 wt%, accompanied by an increase in CaO content (Fig. 3b
and c). The reduction in the Si/Al ratio to 25.76 reflects the
partial dilution of the silicate network by calcium-phosphate
phases rather than structural degradation of the alkali-
activated matrix. The coexistence of amorphous and crystal-
line phases results in a semi-crystalline composite with an
estimated crystallinity of approximately 58.6%, arising
primarily from the hydroxyapatite contribution.

Importantly, no diffraction peaks associated with secondary
calcium-containing phases such as free CaO, tricalcium phos-
phate, or other calcium phosphates were detected. This
suggests that calcium derived from eggshell waste was effec-
tively incorporated into the hydroxyapatite structure rather than
forming undesirable by-products. The XRD patterns confirm
the formation and structural retention of crystalline

19786 | RSC Adv, 2026, 16, 19779-19801

hydroxyapatite within the composite. While diffraction data
verify phase presence and crystallographic identity, they do not
independently resolve the spatial distribution on HAp domains.
Evidence for structural integration is supported by SEM
morphology (Fig. 4d-f), which shows morphological modifica-
tion of the alkali-activated matrix after HAp incorporation, and
by EDX spectra (Fig. 3c), confirming the presence of Ca and P
within the composite. The persistence of the amorphous
aluminosilicate halo alongside distinct HAp reflections further
suggests coexistence of amorphous and crystalline phases
rather than complete phase segregation. However, definitive
confirmation of nanoscale dispersion would require high-
resolution techniques such as TEM.

3.3. Surface morphology and microstructure of the
synthesized materials

The morphological and compositional evolution of AAC-P
following hydroxyapatite (HAp) incorporation was investigated
using scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) (Fig. 3 and 4). The
combined analyses provide insight into the structural reorga-
nization and surface chemistry modifications relevant to fluo-
ride sequestration.

SEM micrographs of synthesized AAC-P reveal a heteroge-
neous and porous morphology composed of irregularly shaped
(Fig. 4a-c), loosely packed aggregates with rough surfaces and
open inter-particle voids i.e. 1000x magnification (Fig. 4c). This
texture, characteristic of alkali-activated glass-derived alumi-
nosilicate materials, reflects a broad particle size distribution
and the presence of accessible surface features. The average
particle size of AAC-P was estimated to be approximately 31.85

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM micrographs of the synthesized AAC-P adsorbent at (a) 300x%, (b) 500x%, and (c) 1000x magnifications, and the AAC-P@HAp
composite at (d) 300x, (e) 500x, and (f) 1000 x magnifications.

um, consistent with the formation of agglomerates during alkali
activation process.**

Following HAp incorporation, the AAC-P@HAp composite
exhibits noticeable but moderate morphological changes
(Fig. 4d—f). The surface becomes comparatively smoother and
more compact i.e. 1000x magnification (Fig. 4f), with partial
filling of surface voids and inter-aggregate spaces (Fig. 4d),
suggesting deposition or in situ formation of HAp within the
AAC-P matrix. This structural rearrangement is accompanied by
a slight decrease in the average particle size to approximately
30.61 pm, likely resulting from enhanced packing density and
improved inter-particle cohesion. The incorporation of
hydroxyapatite leads to partial pore filling and surface
smoothing, which is reflected in the observed reduction in BET
surface area. Although this densification reduces accessible
surface area and pore volume to some extent, it promotes
greater surface uniformity and structural integrity of the
composite.

The EDX analysis provides complementary compositional
information for the pristine AAC-P and the AAC-P@HAp
composite (Fig. 3b and c). The ACC-P spectrum is dominated
by Na, Al, Si, O and C, which is consistent with the formation of
an alkali-activated aluminosilicate matrix. The presence of
these elements confirms the successful activation of the
precursor and agrees well with the bulk compositional trends
obtained from XRF analysis. Carbon and oxygen signals are not
discussed quantitatively, as carbon originated primarily from
the conductive carbon coating applied during SEM sample
preparation, while oxygen is intrinsically associated with all
oxide and phosphate phases present in the materials.

In contrast, the AAC-P@HAp composite exhibits additional
and prominent signals corresponding to calcium (Ca) and
phosphate (P), which are absent in the AAC-P sample. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

UNInG ‘DA oxv) S

0.

appearance of hese elements confirms the successful incorpo-
ration of a calcium-phosphate phase into the alkali-activated
matrix. The simultaneous detection of Si, Al, Ca, and P indi-
cates that the composite consists of coexisting aluminosilicate
and calcium-phosphate components rather than a single
homogeneous phase.

Quantitative EDX analysis further highlights the composi-
tional details of AAC-P@HAp materials, the Ca and P contents
(Ca= 34 wt%, P = 20 wt%) yield a Ca/P ratio of approximately
1.7, which closely matches the stoichiometric Ca/P ratio of
hydroxyapatite (1.67)*>*>* This agreement supports the
assignment of the calcium-phosphate component in AAC-
P@HAp to a hydroxyapatite-like phase. By comparison, AAC-P
lacks detectable Ca and P contributions, confirming that
these elements originate exclusively from the HAp modification
step.

The EDX results clearly differentiate AAC-P from AAC-
P@HApD in terms of elemental composition (supported by the
XRF results). AAC-P is characterized by a Na-Al-Si-O framework
typical of alkali-activated aluminosilicate, whereas AAC-P@HAp
contains an additional calcium-phosphate component with
a Ca/P ratio close to that of hydroxyapatite. These compositional
features confirm successful material modification and provide
a clear basis for comparing the two adsorbents in subsequent
performance and stability analysis.

In all, the integrated SEM-EDX results demonstrate that HAp
modification induces coordinated morphological and compo-
sitional changes, transforming AAC-P into a chemically
heterogeneous composite. This balance between surface
accessibility and enhanced surface chemistry underpins the
potential of AAC-P@HAp for fluoride removal from aqueous
systems.
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3.4. Specific surface area characteristics

The textural properties of the adsorbents were evaluated using
N, adsorption-desorption measurements. The isotherms of
AAC-P and AAC-P@HAp (Fig. 3d) exhibit type IV behavior with
H;-type hysteresis loops, which are commonly associated with
aggregated porous solids and slit-shaped voids formed between
particle assembles.” This behavior confirms that alkali-
activated glass matrix retains a predominantly mesoporous
structure before and after hydroxyapatite incorporation.

The pristine AC-P adsorbent material exhibits a relatively
high BET surface area of 187.1 m* g~ ', which could be attrib-
uted to the formation of porous aluminosilicate network during
alkali activation. This corresponding pore size distribution
(Fig. 6d) reveals a broad mesoporous domain centered in the 5-
10 nm range, consistent with the structural openness of the
geopolymeric matrix.”” In contrast, AAC-P@HAp shows
a significantly reduced surface area (43.2 m* g~ '), indicating
areduction in accessible surface area following incorporation of
hydroxyapatite into the alkali-activated matrix.>® The pore size
distribution shows significant attenuation of mesopore volume
across the entire 2-100 nm range (Fig. 6d), indicating pore filing
and surface masking by calcium-phosphate domains within the
composite. The reduction in total pore volume and suppression
of smaller mesopores suggest structural densification and
localized pore blocking within the composite.*>* Notably, the
average pore diameter slightly increases after modification,
which is consistent with preferential filling of smaller pores
while larger mesopores remain partially accessible.

Despite the reduction in surface area, the BET constant (C)
increases substantially from 20.2 (AAC-P) to 104.7 (AAC-
P@HAp). The BET constant is related to the difference
between the heat of adsorption of the first adsorbed layer and
the heat of liquefaction of nitrogen. The increase in C therefore
suggests stronger adsorbent-adsorbate interactions following
hydroxyapatite incorporation. However, given the increased
surface heterogeneity and pore-filling effects, the absolute value
of C should be interpreted cautiously. In this study, it is used
primarily as a comparative indicator of changes in surface
energetic characteristics rather than as direct evidence of
multilayer adsorption behavior.

The elevated C value is attributed to the introduction of
calcium- and phosphate-containing surface functionalities,
which create higher-energy adsorption sites relative to the
silicate-dominated surface of AAC-P. These findings indicate that
the modification does not simply alter textural parameters but
fundamentally transforms surface chemistry. Consequently, the
adsorption performance of AAC-P@HAp toward fluoride ions is
governed more strongly by surface functional groups and specific
chemical interactions than by surface area alone.**

3.5. FTIR analysis of surface functional groups and chemical
interactions

Fourier-transform infrared (FTIR) spectroscopy was employed
to investigate the surface functional groups and chemical
bonding environments of AAC-P, hydroxyapatite (HAp), and the
AAC-P@HAp composite (Fig. 3e). The FTIR spectrum of as-
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synthesized AAC-P is dominated by broad absorption bands,
reflecting its predominantly amorphous alkali-activated glass
structure. The broad band observed in the range of 3400-
3500 cm ! is attributed to O-H stretching vibrations of surface
hydroxyl groups and physically adsorbed water, while the band
at approximately 1640 cm™* corresponds to H-O-H bending
vibrations of molecular water. A strong and broad band
centered around 1000-1050 cm ™' is assigned to the asymmetric
stretching of Si-O-T (T = Si or Al) linkages, which is charac-
teristic of aluminosilicate networks formed during alkali acti-
vation.” Additional low-intensity bands observed in the region
of 450-550 cm ' are associated with Si-O-Si and Si-O-Al
bending vibrations. The AAC-P@HAp adsorbent displayed
distinct phosphate bands at ~960, 1030, and 560 cm ™', and
carbonate peaks at ~870 and 1410-1450 cm ™, confirming the
incorporation of PO, * ion in the composite materials, and
partial carbonate substitution in Hap lattice®® These spectral
changes confirm the formation of a hybrid material combining
silicate and phosphate functional groups with the potential for
enhanced ion exchange and fluoride sequestration.®

In all, the integration of hydroxyapatite into AAC-P signifi-
cantly altered its physicochemical structure, transforming it
from a porous, amorphous glassy matrix into a hybrid silicate-
phosphate composite with increased crystallinity, enhanced
chemical functionality, strong ion-binding sites. These proper-
ties make AAC-P@HAp a promising material for water defluor-
idation and other environmental remediation applications.

3.6. Fluoride sequestration of the as-synthesized materials

3.6.1 Effect of the adsorbent dosage. The effect of adsor-
bent dosage on fluoride adsorption capacity (g, mg g~ ') was
evaluated to identify optimal operating conditions and assess
the adsorption efficiency of the engineered composite. As
shown in Fig. 5a, g. decreased progressively with increasing
adsorbent dosage, a trend characteristic of batch systems
operating at fixed solute concentrations.

At low dosages, higher adsorption capacities were achieved
due to efficient utilization of active sites and a stronger
concentration gradient driving mass transfer. Increasing the
adsorbent loading resulted in a decline in ¢, attributed to site
overlap, particle aggregation, and underutilization of adsorp-
tion sites as equilibrium is approached.***

The modified adsorbent exhibited a high fluoride seques-
tration capacity of approximately 5.7 mg g~ ' at an optimal
dosage of 1 g, demonstrating the effectiveness of compositional
and structural modification in enhancing adsorption perfor-
mance. Although removal efficiencies exceeded 90% under
several experimental conditions, adsorption performance is
more appropriately interpreted using capacity-based metrics
(mg F~ g™ "), particularly at high adsorbent dosages where
removal efficiency may appear artificially elevated due to excess
adsorbent relative to the available fluoride mass in solution. In
this study, the maximum observed adsorption capacity of AAC-
P@HAp was approximately 5.7 mg F~ g~ ' under the optimized
conditions investigated. This enhanced uptake is primarily
associated with the incorporation of calcium- and phosphate-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The effect of adsorbent dose of the interaction between adsorbent materials and fluoride ions, (b) the effect of contact time between

the interaction between adsorbent materials and fluoride ions, (c) effect of pH on the sorption of fluoride ions by adsorbent materials, (d) effect of
temperature on the sorption of fluoride ions by adsorbent materials, (e) the effect of the interaction between the initial concentration of fluoride
ions and adsorbent materials, (f) the separation factor of fluoride ion adsorption by adsorbent materials.

rich functionalities, which facilitate fluoride removal via surface
complexation, ion exchange, and localized precipitation.
Improved surface characteristics further promote adsorption by
increasing accessibility and reactivity of active sites.

These findings are consistent with earlier reports on
calcium-based fluoride adsorbents’®* and confirm that
controlled adsorbent loading is critical for maximizing
adsorption efficiency. It is evident that the dosage-dependent
behavior underscores the successful material design strategy
adopted in this study, which significantly enhances fluoride
sequestration potential under acidic (pH = 3.5) conditions.

3.6.2 The effect of contact time. The influence of contact
time on fluoride sequestration is illustrated in Fig. 5b. Fluoride
uptake increased rapidly during the initial stage of adsorption,
followed by a short transition to equilibrium. The modified
adsorbent reached adsorption equilibrium within approxi-
mately 10-20 min, after which g. values remained nearly
constant, indicating fast adsorption kinetics and efficient
utilization of available active sites. The rapid initial uptake is
attributed to abundant accessible surface sites and a strong
driving force for mass transfer at the solid-liquid interface. As
these sites became progressively occupied, adsorption
approached equilibrium, resulting in a plateau in g.. The stable
adsorption profile observed at extended contact times reflects
uniform site distribution and strong adsorbate-adsorbent
interactions, characteristic of chemisorption-dominated
processes.

The enhanced adsorption kinetics are primarily associated
with hydroxyapatite incorporation, which introduces hydroxyl
and phosphate functional groups capable of interacting with

© 2026 The Author(s). Published by the Royal Society of Chemistry

fluoride ions through ion exchange and surface complexation
mechanisms.*” Additionally, the modified surface architecture
improves porosity and surface accessibility, facilitating rapid
fluoride diffusion and binding.*®

In all, the short equilibrium time and stable uptake behavior
demonstrate the effectiveness of the material modification
strategy in accelerating fluoride sequestration kinetics. These
results highlight the suitability of the developed adsorbent for
practical water treatment applications where rapid contaminant
removal is required.

3.6.3 The effect of initial pH. The influence of initial
solution pH on fluoride sequestration is presented in Fig. 5c.
Fluoride removal by the developed composite remained effec-
tive over a broad pH range (2.5-10.5), with maximum uptake
observed under mildly acidic conditions (pH = 3.5). The
enhanced performance at low pH can be attributed to favorable
surface charge conditions below the point of zero charge
(PHp,c), which promote electrostatic attraction between fluoride
ions and positively charged surface sites. In addition, ion-
exchange interactions involving Ca®* species and the possible
formation of sparingly soluble Ca-F phases may contribute to
fluoride immobilization under acidic conditions.®

As pH increased above neutrality, fluoride removal gradually
declined, with the reduction becoming more pronounced
beyond pH 7.5, due to increased competition from OH™ ions
and diminished surface-fluoride interactions.” Despite this
decline, adsorption efficiencies remained appreciable within
the pH 6.5-9.5 range, which aligns with drinking water pH
standards. This retention of performance over a broad pH
window highlights the stabilizing role of hydroxyapatite-derived

RSC Adv, 2026, 16, 19779-19801 | 19789


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00457a

Open Access Article. Published on 16 April 2026. Downloaded on 4/20/2026 2:46:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

phosphate and calcium sites, enabling effective fluoride
sequestration under environmentally relevant conditions.

The observed pH dependence is attributed to changes in
surface charge and fluoride speciation. At lower pH values,
surface protonation enhances electrostatic attraction and
facilitates ion exchange between hydroxyl groups and fluoride
ions at Ca-rich sites. At higher pH, increased surface negativity
leads to partial electrostatic repulsion; however, fluoride
sequestration is still sustained through inner-sphere complex-
ation and Ca-F interactions, which are less sensitive to surface
charge effects.

Importantly, pH 3.5 represents an optimal condition rather
than a strict operational requirement. From an application
perspective, pH adjustment would not be necessary in many
cases, as moderate fluoride removal can be achieved under
near-neutral conditions. In addition, pH adjustment, where
required, is already a common and low-cost practice in water
treatment systems, particularly in decentralized or point-of-use
applications.

Therefore, the results demonstrate that AAC-P@HAp
remains functional across environmentally relevant pH condi-
tions, while enhanced performance under mildly acidic condi-
tions provides insight into the adsorption mechanism rather
than a limitation for practical deployment.

3.6.4 Effect of temperature on the sorption behavior. The
influence of temperature on fluoride sequestration was evalu-
ated between 303 and 353 K at the optimized pH (Fig. 5d).
Fluoride removal remained consistently high, increasing
slightly from =98% at 303 K to nearly 100% at 353 K, indicating
strong thermal stability and a mildly endothermic adsorption
process. The marginal enhancement with temperature suggests
improved ion diffusion and activation of chemisorption path-
ways, particularly those involving calcium-mediated fluoride
binding.”

The limited variation in removal efficiency (<2%) across a 50
K temperature range indicates that the adsorption mechanism
is not governed by weak physical forces but rather by stable
surface interactions. Such temperature resilience is advanta-
geous for real-world water treatment applications, especially in
systems exposed to seasonal or process-related thermal
fluctuations.®”

3.6.5 Effect of initial concentrations. Fig. 5e presents the
effect of initial fluoride concentration in the range of 10-
100 mg L. Fluoride removal efficiency remained consistently
high at =98-100% throughout this concentration window,
demonstrating strong affinity between fluoride ions and the
available adsorption sites. The absence of a sharp decline in
performance at higher concentrations indicates a high density
of active sites and delayed surface saturation.

The sustained removal efficiency even at 100 mg L™ " suggests
that adsorption proceeds via robust chemisorption and ion-
exchange mechanisms rather than weak physisorption.
Similar concentration-independent trends have been reported
for calcium- and phosphate-modified adsorbents, where fluo-
ride uptake is stabilized by surface complexation and
precipitation-assisted mechanisms.'®”>»”* These results confirm
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the material's suitability for treating waters with both moderate
and elevated fluoride levels.

3.6.6 The kinetic behavior of fluoride ions sorption. The
adsorption kinetics of fluoride onto AAC-P and AAC-P@HAp
were evaluated using multiple kinetic models to elucidate the
dominant rate-controlling steps and adsorption stages (Table
7). The comparative analysis reveals a fundamental shift in
adsorption behavior upon hydroxyapatite incorporation, con-
firming a transition from weakly controlled adsorption on AAC-
P to rapid, multi-stage, and chemically driven adsorption on
AAC-P@HAD.

For AAC-P@HAp, the pseudo-first-order (PFO) model
provides an excellent fit to the experimental data (R*> = 0.99972),
with a substantially higher apparent rate constant (k; =
2.65 min~') and equilibrium adsorption capacity (g. = 3.27 mg
g ') compared to AAC-P. This indicates that fluoride uptake on
AAC-P@HAp is initially rapid and dominated by surface-
controlled processes, consistent with strong electrostatic
attraction and immediate interaction with readily available
active sites.

In contrast, the pseudo-second-order (PSO) model exhibits
lower correlation coefficients (R* = 0.85 for both materials),
suggesting that although chemisorption contributes to fluoride
sequestration, adsorption does not proceed via a single rate-
limiting chemical step. Nevertheless, the extremely high
initial adsorption rate (h = 7242.6 mg g ' min ") observed for
AAC-P@HAp highlights the high reactivity of calcium-
phosphate sites and confirms the rapid establishment of
strong fluoride-surface interactions.

The intraparticle diffusivity parameters further support
a multi-stage adsorption mechanism. The markedly high
diffusion constant for AAC-P@HAp (k = 32.57 mg g ' min ")
compared to AAC-P (k = 0.0209 mg g~ ' min~"?) indicates effi-
cient internal mass transport of fluoride ions within the
composite structure. However, the moderate correlation coeffi-
cient (R* = 0.8545) suggests that intraparticle diffusion is not
the sole rate-controlling step, implying the simultaneous
involvement of surface adsorption and chemical interactions.

Additional insight is provided by the Elovich model, which
shows a strong fit for AAC-P@HAp (R> = 0.9912). The elevated
Elovich constant (A = 6.01 mg g~ ' min ") reflects a high density
of energetically heterogeneous active sites, while the B param-
eter indicates increasing activation energy as adsorption prog-
resses. This behavior is characteristic of systems dominated by
chemisorption on heterogeneous surfaces.

The Avrami kinetic model provides the most comprehensive
description of fluoride adsorption onto AAC-P@HAp, yielding
an excellent correlation (R*> = 0.99972) and an Avrami exponent
n = 1.68. The non-integer Avrami exponent confirms that
adsorption proceeds through multiple overlapping stages
involving progressive surface growth and site activation rather
than simple monolayer saturation. This behavior is consistent
with fluoride uptake driven by hydroxyl-fluoride ion exchange,
inner-sphere complexation, and gradual structural incorpora-
tion into hydroxyapatite domains.

In effect, the kinetic parameters collectively indicate that
fluoride sequestration onto AAC-P@HAp occurs through three

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Kinetic model parameters of the adsorbent materials
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Kinetic models AAC-P AAC-P@HAp
Pseudo first order k; (min™) 0.119975 2.645153
g (mg g™ 0.325 997 3.268 122
R 0.871 709 0.99972
Pseudo second order k, (g mg ' min™") 0.420 126 32.56922
h(mg g~* min™") 0.03278 7242.61
g (mg g™ 0.364 496 3.269 258
R 0.855 643 0.854 543
Intra particle diffusivity (Weber-Morris Model) k(g mg~! min~"?) 0.020857 32.56922
C(mg g~' min™") 0.144 836 3.269 258
R? 0.530981 0.854 543
Elovich A (mg g~ ' min™") 0.155316 6.00723
Blgmg ™) 15.41307 8.88400
R 0.748 396 0.99120
Avrami ge(mg g™ 0.325 887 3.268122
kay(1/min) 0.385 427 1.573 496
Nay 0.311271 1.681 067
R? 0.871709 0.99972

sequential stages: (i) rapid surface adsorption controlled by
electrostatic attraction and readily accessible Ca-rich sites, (ii)
diffusion-assisted penetration into the composite structure, and
(iii) chemisorption-controlled stabilization through fluorin de
incorporation into calcium-phosphate domains. This multi-
stage kinetic behavior confirms that hydroxyapatite integra-
tion effectively transforms AAC-P into a fast-acting and mech-
anistically robust fluoride adsorbent, directly fulfilling the study
objective of achieving rapid and stable fluoride immobilization.

3.6.7 Adsorption isotherms of the materials. The equilib-
rium adsorption behavior of fluoride on AAC-P and AAC-
P@HAp was evaluated using the Langmuir, Freundlich, Tem-
kin and Dubinin-Radushkevich (D-R) models (Fig. 5f and Table
8). These models provide complementary insights into surface
heterogeneity,  adsorption  energetics, and  binding
mechanisms.

The Freundlich model describes adsorption on energetically
heterogeneous surfaces with multilayer uptake. Both adsor-
bents showed good fits to the Freundlich equation, with AAC-P

Table 8 Isotherms model parameters for the removal of fluoride ions
from aqueous solution by adsorbent materials

Materials
Isotherm models AAC-P AAC-P@Hap
Freundlich N 0.595052  0.47533
K (mg g ) 0.000536  0.330344
R 0.932553  0.874578
Langmuir b(L mg™) 0.00034 1.53532
A (mgg™) 0.239787  4.61236
R 0.77140 0.87330
Temkin A(Lmg") 0.112015  46.35243
B (Kcal mol™)  18606.7 3723.70
dQ (Jmg™) 13462.69 12 818.3
R 0.696 150  0.587 487
Dubinin-Radushkevich 8 (mol® k] ?) 2 x 10° 2 x 10°
gm (mmol g™')  3.824776  66.93
R 0.5778 0.7328

© 2026 The Author(s). Published by the Royal Society of Chemistry

(R* = 0.9326) and AAC-P@HAp (R*> = 0.8746), indicating that
fluoride adsorption occurs on surfaces with a distribution of
adsorption energies rather than uniform sites.

The Freundlich n values for AAC-P (0.595) and AAC-P@HAp
(0.475) are both <1, indicating favorable but cooperative
adsorption, where surface sites become increasingly reactive as
adsorption proceeds typical for chemisorption-dominated
heterogeneous materials. The much higher K; value for AAC-
P@HAp (0.330 mg g~ ') compared with AAC-P (0.000536 mg
¢ ") demonstrates a substantially greater surface affinity,
directly attributable to the introduction of Ca-PO, functional
groups from hydroxyapatite.

The Langmuir model, which assumes monolayer adsorption
on uniform active sites, fits AAC-P@HAp significantly better as
compared to AAC-P (R> = 0.8733 vs. 0.7714). The maximum
monolayer capacity (4;) increases dramatically from 0.240 mg
g”" (AAC-P) to 4.612 mg g ' (AAC-P@HAD), confirming that
hydroxyapatite introduces high-affinity binding sites capable of
strong fluoride capture.

The Langmuir separation factor (RL), calculated from
Langmuir constants and plotted in Fig. 5b, provides a rigorous
assessment of adsorption favorability. In the case of AAC-P, RL
decreases slightly from ~0.997 to ~0.967 as fluoride concen-
tration increases, indicating weak but favorable adsorption.
For AAC-P@HAp, RL drops sharply from ~0.06 at low
concentrations to below 0.01 at higher concentrations. Since
0 <RL < 1 indicates favorable adsorption, and RL — 0, which
implies a highly favorable or quasi-irreversible adsorption,
AAC-P@HAD clearly exhibits strong, highly favorable fluoride
binding, consistent with surface complexation and precipita-
tion mechanisms rather than simple physical sorption.

The Temkin model shows poorer fits (R* < 0.70), indicating
that heat of adsorption does not decrease linearly with coverage.
However, AAC-P@HAp exhibits a much higher Temkin A
constant, reflecting stronger adsorbent-adsorbate interactions.

The Dubinin-Radushkevich model also yields moderate
fits, but the very high theoretical qm for AAC-P@HAp

RSC Adv, 2026, 16, 19779-19801 | 19791
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Table 9 Thermodynamic parameters of the uptake of fluoride ions by adsorbent materials
AG°(kJ mol ™)
AH® AS°
Materials (kJ mol ™) (J mol .K) 303 K 313 K 323 K 333 K 343K 353K
AAC-P +45.28 +172.94 —7.45 —8.99 —-9.95 —11.57 —15.30 —15.54
AAC-P@HAp +31.33 +166.52 —20.04 —20.99 —21.27 —23.05 —25.73 —28.83

(66.93 mmol g~ ') suggests that fluoride sequestration is not
limited to simple micropore filling, but involves chemical
interaction with Ca®>* and PO, sites, consistent with fluo-
rapatite formation.

3.7. Thermodynamic characteristics of fluoride sorption

The thermodynamic parameters (Table 9) further confirm the
fundamental differences between AAC-P and AAC-P@HAp. The
positive enthalpy (AH°) values of +45.28 k] mol " (AAC-P) and
+31.33 k] mol ! (AAC-P@HAp) indicate that fluoride adsorption
is endothermic, meaning higher temperatures promote
stronger uptake. The magnitude of AH° for AAC-P@HAD falls in
the chemisorption range, whereas AAC-P lies closer to weak
chemisorption or strong physisorption.

(a)
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Fig. 6

Gibbs free energy values (AG® = —7.47-15.54 k] mol " for
AAC-P, —20.04 to —28.83 k] mol " for AAC-P@HAp) are negative
across all temperatures, confirming spontaneous adsorption.
The larger negative AG° values and higher In K. for AAC-P@HAp
reflect stronger fluoride binding and greater thermodynamic
favorability. While AAC-P mainly exhibits physisorption, AAC-
P@HAp shows characteristics of chemisorption, attributed to
Ca®*-F interactions from hydroxyapatite™

In all, AAC-P@HAp demonstrates enhanced adsorption
performance, stronger binding energy, and higher thermal
stability, making it a more effective adsorbent for anion removal
under variable temperature conditions. The positive entropy
change (AS°) reflects increased disorder at the solid-liquid
interface, caused by fluoride dehydration and restructuring of
surface sites during binding.
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(a) Adsorption—desorption capacity over successive cycles (reusability), (b) influence of co-existing ions on fluoride removal performance

of AAC-P@HAp, (c) desorption efficiency during regeneration, (d) BJH pore size distribution (desorption branch) of AAC-P and AAC-P@HAp from

N, adsorption—desorption isotherms at 77 K.
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The negative Gibbs free energy (AG°) values confirm spon-
taneous adsorption for both materials, but AAC-P@HAp
exhibits far more negative values (—20 to —28.8 kJ mol ')
than AAC-P (-7.5 to —15.5 kJ mol '), demonstrating much
stronger thermodynamic driving force and more stable fluoride
binding.

3.8. Effect of ionic strength

Real wastewater contains diverse inorganic salts that may
interfere with pollutant adsorption (Wang et al., 2024). To
evaluate the robustness of AAC-P@HAp, the impact of sodium
cyanide (NaCN) and potassium sulphate (K,SO,) at concentra-
tions of 10-60 mg L~ " was assessed in single, binary and ternary
systems using 1 g L™" of the adsorbent. As shown in Fig. 6c,
AAC-P@HAp consistently achieved high fluoride removal effi-
ciencies (>92%) across all systems, with the highest perfor-
mance in single-ion systems (>97%) and slightly declines in
binary (95-97%) and ternary (92-95%) systems.

The high resilience to ionic interference can be attributed to
several factors. First, electrostatic neutralization by Na* and
K+ions likely reduce repulsion between fluoride and the
adsorbent surface, enhancing fluoride access, especially under
low ionic strength. Second, structural activation of the
composite by surrounding ions may lead to slight swelling or
reorganization of surface functional groups, improving pore
accessibility and diffusion.” Third, although competitive ion-
surface interaction may occur, the strong affinity between
fluoride and the calcium/phosphate sites in hydroxyapatite
dominates, maintaining effective adsorption.

These results confirm AAC-P@HAp as a robust and efficient
fluoride adsorbent, retaining high performance even in the
presence of interfering ions. Its stability and high selectivity
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under multicomponent conditions support its practical use in
complex water metrices, aligning with findings from similar
bio-composite systems.”*”¢

3.9. Response surface methodology

The Box-Behnken model was statistically significant (p < 0.05) with
a non-significant lack-of-fit (p > 0.05), which indicates the accept-
able adequacy within the explored design space. Among the tested
variables, the solution pH exerted the dominant effect on fluoride
removal (p << 0.05), while adsorbent dose and temperature showed
comparatively weak effects. Detailed response-surface, contour and
cube-plot visualizations are therefore provided in the supplemen-
tary information (Fig. Sla-e) to avoid overinterpretation of small
interaction contributions. The predicted removal efficiency across
the investigated domain varied narrowly (83-87%) consistent with
modest experimental response range.

3.10. Regeneration of the AAC-P@HAp-adsorbent material

The regeneration behavior of AAC-P@HAp was systematically
evaluated over six consecutive adsorption-desorption cycles to
assess its operational durability and the nature of fluoride
uptake (Fig. 7a). In the first cycle, the adsorbent retained
93.80% fluoride removal efficiency, indicating that a fraction of
the initially adsorbed fluoride was reversibly bound and could
be partially released during alkaline regeneration. This initial
reversibility suggests that the contribution of weak surface
interactions and electrostatic attraction, particularly at proton-
ated surface sites and accessible aluminosilicate domains.
With increasing regeneration cycles, a pronounced and
progressive decline in fluoride removal efficiency was observed.
The removal efficiency decreased to approximately 72% by the
third cycle and further declined to 10.95% by the sixth cycle,
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Fig. 7

(a) Regeneration cycle chart of AAC-P@HAp-fluoride ions interaction, (b) schematic illustration of the adsorption mechanism of AAC-

P@HAp, (c) XRD diffraction pattern of spent AAC-P@HAp adsorbent material, (d) FTIR spectrum of raw and spent AAC-P@HAp adsorbent
material, (e) EDX peaks of the spent AAC-P@HAp adsorbent material, (f) SEM image of the spent AAC-P@HAp adsorbent material.
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which indicate the substantial loss of available reactive sites. In
addition, this behavior demonstrates that fluoride removal is
not governed by reversible physisorption alone. Quantitative
adsorption-desorption mass balance analysis (Fig. 6b and c)
shows that only approximately 32.50-56.09% of the adsorbed
fluoride could be desorbed per cycle, confirming that a signifi-
cant fraction of fluoride sequestration is irreversible.

Importantly, the observed performance loss is not attributed
to physical degradation of the adsorbent, but rather to
progressive chemical transformation and depletion of active
sites. This interpretation is strongly supported by complemen-
tary structural and surface analysis. The point of zero charge
(PHp,c) shifted from ~10.56 for fresh AAC-P@HAp to ~7.00 after
fluoride sequestration, reflecting substantial alteration of
surface chemistry due to fluoride incorporation. This shift
confirms that fluoride ions are not merely electrostatically
bound but are chemically immobilized through ion exchange
and inner-sphere complexation, replacing surface -OH and
phosphate groups.

SEM micrographs of the spent adsorbent reveal surface
aggregation and particle coalescence, consistent with the
formation of new surface phases (Fig. 7f). Correspondingly, EDX
spectra confirm the presence of fluoride along with Ca and P,
indicating the formation of Ca-F and Ca-P-F species (Fig. 7e).
FTIR spectra further support this observation through the
attenuation of -OH stretching vibrations and modification of
phosphate-related bands (Fig. 7d), which suggest the trans-
formation of hydroxyapatite domains into fluorapatite-like
structures. These findings are corroborated by XRD patterns
(Fig. 7c), which show the emergence of new diffraction features
and slight peak shifts attributable to fluoride-containing calcium
phosphate phases, while maintaining overall structural integrity.

Taken together, these results demonstrate that fluoride
removal by AAC-P@HAp is govern by a combination of initial
reversible adsorption and dominant irreversible chemisorption/
phase transformation at later stages. Although this behavior
limits log-term renderability, it confers a high degree of fluoride
fixation and chemical stability, which is advantageous for pre-
venting secondary fluoride release.

In all, AAC-P@HAp exhibits effective short-term reusability
(up to three cycles) followed by strong and permanent fluoride
immobilization. Accordingly, the material is best described as
a reactive fluoride sequestration medium with partial early-cycle
renderability, suitable for application where secure immobiliza-
tion is prioritized over extensive reuse, with periodic replacement
or chemical rejuvenation as a practical operation strategy.

3.11. Fluoride sequestration mechanism of AAC-P@HAp

Fluoride sequestration onto AAC-P@HAp proceeds through
synergistic interactions between the alkali-activated alumino-
silicate framework and embedded hydroxyapatite (HAp)
domains. The mechanism is elucidated using pH-dependent
adsorption behavior, surface charge analysis (pHy,.), spectro-
scopic and diffraction evidence (FTIR and XRD), elemental
distribution (SEM-EDX), post-adsorption calcium analysis (ICP-
OES), and regeneration performance. Collectively, these results
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demonstrate that fluoride removal is dominated by chemi-
sorption, with electrostatic attraction governing only the initial
uptake stage.

It is acknowledged that fluoride sequestration onto AAC-
P@HAp is dominated by the hydroxyapatite phase, consistent
with extensive literature reports on HAp-based fluouride
immobilization.**7”7®

Although fluoride sequestration is primarily governed by the
hydroxyapatite phase, the AAC-P matrix performs several
important structural and functional roles. First, the alkali-
activated aluminosilicate network provides a mechanically
stable support that immobilizes hydroxyapatite particles and
prevents aggregation.””®*® Second, the porous AAC-P framework
promotes dispersion of calcium-phosphate domains, thereby
increasing the accessibility of reactive Ca-sites compared with
bulk HAp powders.®® Third, the composite architecture
improves material handling and deployability, since hydroxy-
apatite powders alone often exhibit poor mechanical stability
and are difficult to recover from treated water.*® The integration
of hydroxyapatite within the AAC-P matrix therefore transforms
the material from a fine particulate sorbent into a structurally
robust composite suitable for practical water treatment appli-
cations. The present study does not aim to demonstrate
enhanced intrinsic adsorption capacity relative to standalone
hydroxyapatite. Instead, the contribution of AAC-P lies in
providing a chemically stable and waste-derived support matrix
that enables dispersion and immobilization of hydroxyapatite
domains, thereby improving material handling, structural
integrity and potential deployability. By integrating hydroxyap-
atite into an alkali-activated waste glass framework, the appli-
cability of waste-glass-based materials are extended from
predominantly cationic adsorption®® towards anionic
contaminant removal, while maintaining sustainability and
reducing reliance on standalone fine HAp powders.

The fresh AAC-P@HAp composite exhibits a high pHp,.
(=10.56), indicating a positively charged surface under acidic to
near-neutral conditions. At solution pH values below the pHy,,
protonation of surface hydroxyl, silanol, and phosphate groups
enhances electrostatic attraction of fluoride ions, enabling
rapid initial adsorption (eqn (8) and (9)):

=MOH + H* — =MOH," (8)
=MOH," + F~ - =MOH,"---F~ (9)

where M represents Ca-, Si-, or Al-associated surface sites. This
initial interaction explains the high adsorption rate and the
relatively high regeneration efficiency observed during the first
cycle.

However, following fluoride uptake, the pHy,, shifts markedly
to 7.00, indicating substantial alteration of surface chemistry.
This shift confirms that fluoride is not merely electrostatically
bound but is progressively incorporated through chemical
binding process. The concomitant decline in regeneration effi-
ciency over successive cycles further supports the increasing
contribution of irreversible chemisorptive interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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FTIR spectra provide direct evidence for this transition
(Fig. 7d). After adsorption, attenuation and slight shifts of O-H
stretching bands indicate consumption or modification of
surface hydroxyl groups, while modifications in phosphate-
related PO,®>~ vibrations reflect changes in the coordination
environment of HAp phase. These changes are consistent with
hydroxyl-fluoride ion exchange within hydroxyapatite domains
as indicated in reaction 10:

Ca;o(PO4)s(OH), + 2F~ — Ca;o(POy4)¢F, + 20H™ (10)
The XRD patterns of the spent adsorbent (Fig. 7c) further
corroborate this mechanism. While no crystalline CaF, phase is
detected, subtle peak shifts and changes in HAp reflection inten-
sities are observed after adsorption, indicating lattice-level fluoride
incorporation and partial transformation of hydroxyapatite into
fluorapatite-like structures rather than bulk precipitation.

SEM-EDX analysis (Fig. 7e and f) of the spent adsorbent
provides direct compositional evidence for calcium-mediated
fluoride immobilization at hydroxyapatite domains. Elemental
point spectra reveal clear co-localization of fluoride with
calcium and phosphorus, confirming that fluoride uptake
occurs preferentially at Ca-P rich regions rather than uniformly
across the aluminosilicate matrix. This spatial association
supports inner-sphere interactions between luoride ions and
calcium sites within hydroxyapatite-derived phases, as repre-
sented by reaction 11:

=Ca’* +F — =Ca-F (11)

Quantitative EDX analysis further substantiates this mech-
anism. For the spent AAC-P@HAp, the calcium and phosphorus
contents are approximately Ca = 32 wt% and P = 22 wt%,
corresponding to a Ca/P atomic ratio of 1.45. This value is lower
than the stoichiometric Ca/P ratio of crystalline hydroxyapatite
(1.67), but remains within the range reported for calcium-
deficient or partially transformed apatite phases. The
observed decrease in Ca/P after fluoride sequestration therefore
indicates partial calcium consumption or redistribution,
consistent with fluoride immobilization through hydroxyl-
fluoride exchange and lattice-level incorporation rather than
simple physical adsorption.

Additional insight is provided by the Ca/F ratio derived from
EDX spectra of the spent adsorbent. With Ca = 32 wt% and F =
3 wt%, the calculated Ca/F ratio of approximately 10-11 is
substantially higher than the stoichiometric ratio expected for
bulk calcium fluoride (CaF,). This elevated Ca/F ratio indicates
that fluoride sequestration does not proceed through uncon-
trolled CaF, precipitation. Instead, it supports a mechanism
dominated by surface-limited ion exchange and complexation
processes, including (i) formation of Ca-F surface complexes
and (ii) partial substitution of hydroxyl groups in hydroxyapatite
to yield fluorapatite-like domains:

Cao(PO4)s(OH),+2F~ — Ca;o(POy4)sF, + 20H™ (12)
The absence of distinct CaF, reflections in the XRD patterns

of the spent adsorbent further corroborates this interpretation,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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confirming that fluoride is immobilized predominantly through
surface-mediated and lattice-substitution mechanisms rather
than bulk precipitation. Taken together, the SEM-EDX compo-
sitional ratios, spatial co-localization of Ca, P, and F, and
complementary spectroscopic and diffraction evidence collec-
tively demonstrate that fluoride sequestration in AAC-P@HAPp is
governed by chemically controlled calcium-phosphate interac-
tions, leading to stable and largely irreversible immobilization.

Complementary ICP-OES analysis reveals a post-adsorption
calcium concentration of 1043.17 mg L', indicating partial
release of Ca>" during fluoride uptake. This leaching is attrib-
uted to localized interfacial dissolution accompanying hydroxyl-
fluoride exchange within HAp domains.** Importantly, the
absence of CaF, reflections in XRD patterns confirms that
fluoride removal is governed by surface-mediated dissolution-
reincorporation and lattice substitution processes rather than
uncontrolled precipitation in solution.

The alkali-activated glass matrix provides a chemically stable
and porous scaffold that disperses HAp domains and enhances
mass transfer. Surface silanol groups may contribute secondary
adsorption through weak, reversible outer-sphere interactions
or hydrogen bonding (reaction 13):

=Si-OH + F~ — =Si-OH---F~ (13)

However, these interactions are considered minor relative to
calcium-mediated chemisorption.

Finally, fluoride sequestration by AAC-P@HAp follows
a multi-stage mechanism involving: (i) rapid electrostatic
attraction at protonated surface sites, (ii) hydroxyl-fluoride ion
exchange within hydroxyapatite, (iii) inner-sphere complexation
with Ca*" centers, and (iv) partial lattice incorporation into
fluorapatite-like structures accompanied by limited calcium
dissolution and reincorporation. The dominance of these irre-
versible chemisorptive processes explains both the high fluo-
ride immobilization efficiency and the progressive decline in
regeneration performance, confirming AAC-P@HAPp as a robust
material for permanent fluoride stabilization rather than
repeated reversible adsorption.

3.11.1 Benchmarking AAC-P@HAp against CaO-rich
AAC_P system (AAC-P@Ca). A direct comparison between
AAC-P@HAp and previously reported CaO-rich AAC-P system
highlights a clear trade-off between fluoride uptake capacity
and chemical stability (SI Table S1). AAC-P@HAp exhibits a high
PHp.. (10.56), ensuring a positively charge surface under acidic
to near neutral conditions that favours electrostatic attraction
of fluoride ions. However, incorporation of hydroxyapatite leads
to a reduced BET surface (43.2 m* g~ ') due to partial pore filling
and surface masking by calcium-phosphate crystallites. Unlike
CaO-rich composite (AAC-P@Ca)*® where fluoride uptake is
strongly driven by highly alkaline conditions (pHp,. = 12.6) and
rapid calcium dissolution, fluoride removal by AAC-P@HAp
proceeds predominantly via hydroxyl-fluoride exchange and
inner-sphere complexation within hydroxyapatite domains.
This mechanism is supported by ICP-OES analysis, which
reveals partial Ca** release (1043.17 mg L™ ') during adsorption,
attributed to localized interfacial dissolution accompanying
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Table 10 Comparison of the adsorption of fluoride ions by different adsorbents
Fluoride concentration Solution Temperature

Adsorbent Removal efficiency (%) (mg L™ pH (°C) Reference
AAC-P@HAp >98 (5.47 mg g ") 10-100 3.5 60 This study
Bivalve shell 97.26 (27.31 mg g ) 3 5.5 — 83
MOF-801 92.3 (19.42 mg g7 Y) 5-25 — — 84

Zeolite 90.0 (0.47 mg g™ ) 18.3 — — 85
Untreated pumice 65.4 (11.765 mg g~ ') 5-10 6 10-50 86
Magnesium-doped nano ferrihydrite 66-91 (64 mg g~ ) 10-15 1-10 20-45 87

fluoride incorporation rather than bulk precipitation. Conse-
quently, AAC-P@HAPp exhibits lower gravimetric fluoride uptake
but significantly enhanced chemical stabilization of fluoride
through fluorapatite-like incorporation, reducing uncontrolled
calcium mobility and improving material integrity. This
distinction demonstrates that AAC-P@HAp is not a capacity-
optimized analogue of CaO-rich AAC-P, but rather a stabiliza-
tion-oriented composite designed for secure fluoride immobi-
lization and practical deployment.

3.11.2 Comparison of enhanced AAC-P@HAp with other
adsorbent materials reported in the literature. The fluoride
removal performance of AAC-P@HAp was benchmarked against
representative adsorbents reported in the literature, as
summarized in Table 10. Under optimized batch conditions
(fluoride concentration 10-100 mg L™, pH 3.5, 60 °C), AAC-
P@HAp achieved fluoride removal efficiencies above 98%,
which places it within the performance range of several
advanced fluoride sorbents.

For example, bivalve shell-based materials reported by
Hahembkhani et al.®® reached 97.26% removal at a lower fluoride
concentration (3 mg L), while MOF-801 exhibited approxi-
mately 92.3% removal in the 5-25 mg L' range.* Similarly,
zeolites and pumice-based materials typically show lower effi-
ciencies, particularly at higher fluoride concentrations, with
reported values between 65 and 90%.*%*¢ Metal-based adsor-
bents such as magnesium-doped ferrihydrite can reach higher
efficiencies (up to ~90%), but often require strongly acidic
conditions (pH 1-3) to operate effectively.®

Although AAC-P@HAp requires mildly acidic conditions (pH
=~ 3.5) and moderate heating (60 °C) to achieve near-complete
fluoride removal, these conditions are less extreme than those
reported for some metal oxide or ferrihydrite-based adsorbents.
In addition, its ability to operate across a relatively wide fluoride
concentration range (10-100 mg L") suggest that the potential
applicability for both drinking water and industrial effluents,
where fluoride levels can vary significantly.

From a materials perspective, the competitive performance
of AAC-P@HAp can be attributed to the combined contributions
of the alkali-activated aluminosilicate matrix and hydroxyapa-
tite. The former (AAC-P) provides a porous, ion-accessible
framework, while the latter (HAp) introduces calcium- and
phosphate-rich surface sites with known affinity for fluoride.
This synergistic structure allows AAC-P@HAp to reach adsorp-
tion efficiencies comparable to those of more complex materials

19796 | RSC Adv, 2026, 16, 19779-19801

such as MOFs, while being synthesized from low-cost waste-
derived precursors.

In effect, when compared with reported adsorbents, AAC-
P@HAp demonstrates promising fluoride removal capability
under controlled laboratory conditions. With further optimi-
zation of operating pH, regeneration strategy, and reactor
configuration (e.g., fixed-bed operation), this composite has
potential for application in practical water and wastewater
treatment systems, particularly in regions affected by fluoride
contamination.

4. Conclusion

This study demonstrates that the waste-derived alkali-activated
glass-hydroxyapatite composite (AAC-P@HAp) is an effective
and sustainable adsorbent for fluoride removal from aqueous
systems. Fluoride sequestration is dominated by chemisorptive
mechanisms, initiated by electrostatic attraction at protonated
surface sites and followed by hydroxyl-fluoride ion exchange
and inner-sphere complexation within hydroxyapatite domains.
These interactions promote partial lattice incorporation of
fluoride into fluorapatite-like structures, resulting in strong and
stable immobilization.

Comprehensive characterization using FTIR, XRD, SEM-
EDX, surface charge analysis, and ICP-OES collectively
confirm chemical incorporation of fluoride rather than weak
physical adsorption or uncontrolled bulk precipitation. The
observed Ca®" release during adsorption is attributed to local-
ized interfacial dissolution accompanying hydroxyl-fluoride
exchange within hydroxyapatite domains, followed by fluoride
reincorporation into calcium-phosphate phase, without
compromising structural integrity.

Regeneration studies reveal high initial reusability, followed
by a progressive decline in performance due to irreversible
chemisorption and depletion of active exchangeable sites.
While this limits long-term regeneration, it highlights the
material's strong fluoride fixation capacity and suitability for
application prioritizing secure immobilization over repeated
reuse.

While fluoride sequestration in AAC-P@HAPp is governed by
established hydroxyapatite-based mechanisms, the key contri-
bution of this work lies in demonstrating a fully waste-derived
composite strategy that enhances the applicability and func-
tional versatility of alkali-activated glass for anionic pollutant
removal. By integrating hydroxyapatite into a chemically robust

© 2026 The Author(s). Published by the Royal Society of Chemistry
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alkali-activated glass matrix derived from waste glass, agricul-
tural ash, and eggshells, this study extends the use of waste
glass-based materials beyond predominantly cationic adsorp-
tion towards controlled anionic fluoride immobilization. This
approach aligns with circular economy principles and supports
the development of sustainable, decentralized and long-term
defluoridation solutions.
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