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The development of efficient and cost-effective catalysts for wastewater treatment is crucial for mitigating
environmental pollution. In this study, NiO and Ni-metal doped kaolinite-based nanocomposites were
synthesized via precipitation and calcination methods and evaluated for fluoride (F7) and phosphate
(PO4*7) remediation. Comprehensive characterization was performed using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDX), Raman spectroscopy, Brunauer—Emmett—Teller (BET), and dynamic light
scattering (DLS) analyses. The adsorption performance was systematically examined under varying pH,
initial pollutant concentration, contact time, temperature, and adsorbent dosage. The Ni(OH),@kaolinite
composite exhibited the highest adsorption capacities: 52.6 mg g~ for fluoride and 55.0 mg g~* for
phosphate, with over 90% removal efficiency under optimal conditions. Kinetic data were best described
by the pseudo second order model, indicating that the adsorption rate depends on the availability of
active sites and adsorption capacity; however, kinetic fitting alone was not used to assign the adsorption

mechanism, which was further evaluated using diffusion and thermodynamic analyses. The composites
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Accepted 17th April 2026 demonstrated excellent reusability, retaining over 75% efficiency after 10 cycles. Compared to

conventional adsorbents, the Ni-doped kaolinite showed superior performance and cost-effectiveness
DOI: 10.1035/d6ra00357¢ (estimated treatment cost: <$5 per 1000 L), highlighting its potential as a sustainable, scalable solution

rsc.li/rsc-advances for industrial wastewater treatment and resource recovery.

Clay-based composites, such as metal-oxide-functionalized
clays exhibit high affinity for F~, and PO,*~ through ligand
exchange and electrostatic-interactions. For instance, La-

1. Introduction

Water contamination due to industrial discharge remains

a major environmental challenge, particularly the presence of
toxic organic and inorganic pollutants. Among various reme-
diation strategies, heterogeneous catalysis has emerged as an
effective and sustainable approach for wastewater treatment.
The design of cost-effective, stable, and highly active catalysts is
essential for improving pollutant degradation efficiency while
ensuring reusability and environmental sustainability.*™

The removal of fluoride (F~) and phosphate (PO,*”) from
wastewater is critical due to their harmful environmental and
health impacts. Excessive fluoride causes dental/skeletal fluo-
rosis, while phosphate contributes to eutrophication, di-
srupting aquatic ecosystems. Traditional methods like
precipitation and ion exchange are often inefficient or costly,
prompting the development of advanced adsorbents for selec-
tive and sustainable remediation.’
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modified bentonite achieves >95% fluoride removal via forma-
tion of La-F complexes, while Fe-coated clays adsorb phosphate
through inner-sphere complexation.>” Chitosan-alginate
hydrogels and biochar composites further enhance adsorption
capacity (50-120 mg g~ for F~ and 40-100 mg g~ * for PO,*")
while offering reusability (more than 5 cycles). Innovations like
ZrO, nanoparticles or layered double hydroxides (LDHs)
improve selectivity in mixed-anion systems.

Coupling these materials with membrane filtration or
electrocoagulation boosts efficiency, reducing residual concen-
trations below World Health Organization (WHO) limits
(<1.5 mg L' F7, <0.1 mg L™ PO,*7). Future research should
optimize scalability, cost, and regeneration protocols to bridge
lab-scale success with industrial adoption, ensuring compliance
with stringent water-quality standards.

Nickel-based catalysts (Ni and NiO) are particularly attractive
for wastewater treatment due to their strong redox properties,
excellent catalytic activity, and affordability compared to noble
metal catalysts.®® However, the interaction between the active
metal species and the clay support plays a critical role in
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determining catalytic efficiency, necessitating a deeper investi-
gation into their behavior.®**

In this study, NiO@kaolinite and Ni@kaolinite catalysts
were synthesized and systematically evaluated for their catalytic
performance in wastewater treatment. The materials were
characterized using XRD, FT-IR, SEM-EDX, and BET to under-
stand their structural, morphological, and compositional
properties. To gain insight into their catalytic behavior,
a comparative kinetic study was conducted to determine the
reaction order and degradation mechanisms. Furthermore,
statistical modeling was applied to assess the influence of key
operational parameters such as pollutant concentration,
temperature, pH, and catalyst dosage on wastewater treatment
efficiency. The reusability and stability of the catalysts over
multiple cycles were also investigated to evaluate their practical
applicability.

This study aims to provide a comprehensive understanding
of NiO and Ni-modified clay-based catalysts for wastewater
treatment by integrating kinetic analysis, statistical modeling,
and thermodynamic evaluation. The findings will contribute to
the development of efficient, cost-effective, and environmen-
tally friendly catalysts for industrial wastewater remediation.

2. Experimental

2.1. Materials

Nickel nitrate hexahydrate (Ni(NO;),-6H,0, =98% purity),
ammonium hydroxide (NH3, 33%), and kaolinite (clay =98%
purity) were purchased from Sigma-Aldrich (United Kingdom).
All chemicals were used without further treatment.

2.2. Chemical treatment for kaolinite support

The acid treatment was performed using 6 mol per liter sulfuric
acid solution for 3 hours at 90 °C under reflux with continuous
stirring.'>* A solid-to-liquid ratio of 5 g of kaolinite per 150 mL
of acid solution was maintained.'® Following the treatment, the
sample was washed with distilled water until it reached
a neutral pH, then dried at 100 °C for 48 hours. The dried
material was then subjected to peroxide treatment.'”” The
sample was treated with 35% (v/v) hydrogen peroxide at 25 °C
for 3 hours, using solid to liquid ratio of 5 g of kaolinite per
100 mL of peroxide solution. Afterward, it was thoroughly
washed with distilled water until neutral pH was achieved, then
dried at 60 °C for 24 hours. Thermal treatment was conducted
in a muffle furnace for 5 hours, where the sample was gradually
heated from ambient temperature (25 °C) to 800 °C at a heating
rate of 10 °C min~'. After calcination, the sample was trans-
ferred to an oven at 100 °C, and then stored in a desiccator until
it cooled to room temperature. Finally, the material was
macerated and sieved using a 0.425 mm sieve (Tyler series),
yielding sample Kr.

2.3. Synthesis of NiO@kaolinite and Ni@kaolinite
nanocomposites

The corresponding composites were prepared following the
simple precipitation method. Initially, 2 mmol of nickel nitrate
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hexahydrate (Ni(NOs),-6H,0) was introduced into 1500 mL of
distilled water containing 5 gram of treated kaolinite-support.
The mixture stirred for 30 min, until a homogeneous solution
was obtained. This mixed solution was titrated with ammonia
solution until (pH = 10) and maintained at 80 °C for 1 h. The
resulting faint green product was separated by filtration and
washed several times by distilled water to remove any residual
components. The product was dried at 60 °C to give
Ni(OH),@kaolinite." Finally, the powder was calcined by two
different ways first at 500 °C for six hour in a muftle furnace and
the second under the same conditions but under vacuum to give
NiO@kaolinite and Ni@kaolinite, respectively.

2.4. Characterization tools

Several apparatuses of analysis were used to determine the vital
characteristics of the prepared materials such as structural,
morphological, and thermal features. X-ray diffraction (XRD)
patterns were determined via Cu Ko X-ray radiation (Germany, A
= 1.540 A, PANalytical X’ PERT PRO). Fourier transform infrared
spectroscopy (FT-IR) was used to detect the functional groups of
samples from 4000 to 400 cm ' using a PerkinElmer spec-
trometer via the KBr pellet method (Spectrum One, USA). The
surface area of the as-synthesized materials is recorded by the
adsorption-desorption isotherms of nitrogen at —196 °C
(ANOVA 3200, USA). A high-resolution scanning electron
microscope (HRSEM) was formfitting (JEOL, JSM [model no:
6360]) to confirm the morphological structure of the prepared
samples. Dynamic Light Scattering (DLS) at 25 °C and a laser
angle of 90° was used to determine the particle size distribution
(Zetasizer Nano-ZS90 apparatus, Malvern Co., UK).

2.5. Parameters of application

2.5.1. Preparation of adsorbent and experimental setup.
The adsorption experiments will be conducted in a batch mode
to evaluate the efficiency of nickel-based nanoparticles (Ni, NiO,
and Ni(OH),) doped kaolinite for removing fluoride (F~) and
phosphate (PO,*”) from aqueous solutions. The nanoparticles
will be synthesized using a chemical precipitation method,
followed by characterization through XRD, SEM mapping-EDX,
BET surface area analysis, and FT-IR to determine their struc-
tural, morphological, and surface properties.

2.5.2. Effect of initial concentration. Fluoride and phos-
phate solutions with varying initial concentrations (5-
100 mg L") will be prepared to study the effect of contaminant
concentration. The adsorption capacity and removal efficiency
will be analyzed at each concentration to determine the equi-
librium adsorption isotherm. This parameter helps understand
the nanomaterial's adsorption capacity at different pollutant
loadings.

2.5.3. Effect of contact time and kinetics study. Adsorption
kinetics will be evaluated by varying the contact time (5-180
min) while keeping all other parameters constant. Samples will
be collected at different intervals and analyzed to determine the
adsorption rate. The kinetic data will be fitted to pseudo first
order, pseudo second order, and intra-particle diffusion models
to identify the dominant adsorption mechanism."

RSC Adv, 2026, 16, 22422-22439 | 22423
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2.5.4. Effect of solution pH. Since pH significantly influ-
ences the surface charge of adsorbents and ionization of fluo-
ride and phosphate species, the adsorption behavior will be
studied over a pH range of 2-12. Adjustments will be made
using 0.1 M HCI or NaOH, and the adsorbents’ point of zero
charge (pHp,) will be determined to explain the adsorption
mechanism.

2.5.5. Effect of adsorbent dosage. The optimal amount of
adsorbent required for maximum contaminant removal will be
determined by varying the adsorbent dose (0.1-5.0 g L™"). The
results will reveal the relationship between nanoparticle
adsorption capacity and available active sites.*”

2.5.6. Effect of temperature and thermodynamics study. To
examine the influence of temperature, adsorption experiments
will be conducted at different temperatures (298, 308, 318, and
328 K). Thermodynamic parameters such as Gibbs free energy
(AG°), enthalpy (AHP), and entropy (AS°) will be calculated to
determine whether the adsorption process is spontaneous and
endothermic or exothermic.

2.5.7. Adsorption isotherm analysis. The equilibrium
adsorption data will be analyzed using Langmuir, Freundlich,
and Temkin isotherm models to determine the adsorption
mechanism and capacity. The Langmuir isotherm will indicate
monolayer adsorption, whereas the Freundlich isotherm will
suggest multilayer adsorption on heterogeneous surfaces.”*>*

2.5.8. Effect of co-existing ions and selectivity study. Since
natural water contains competing ions, the selectivity of the
nickel-based nanoparticles toward fluoride and phosphate in
the presence of chloride (Cl7), sulfate (SO,>7), nitrate (NO; "),
and carbonate (CO;>~) will be examined. The interference effect
of these ions will be analyzed to assess the practical applica-
bility of the adsorbents in real water treatment scenarios.

2.5.9. Regeneration and reusability study. Regeneration
and reusability are crucial for determining an adsorbent's
economic feasibility and sustainability for water treatment
applications. A highly efficient adsorbent should exhibit high
initial adsorption capacity and retain its performance over
multiple adsorption-desorption cycles. In this study, the
regeneration ability of nickel-based nanoparticles (Ni, NiO, and
Ni(OH),) for fluoride (F~) and phosphate (PO,*>~) removal will
be systematically evaluated. The primary goal is to assess these
contaminants’ desorption efficiency and the adsorbent's
stability after multiple reuses.

To regenerate the spent adsorbents, various desorption
agents will be tested to determine their effectiveness in
removing fluoride and phosphate. Alkaline solutions such as
NaOH, KOH, and Ca(OH), (pH 10-12) will disrupt the electro-
static interactions between the adsorbed ions and the adsorbent
surface. Acidic solutions (HCIl, H,SO,, pH 2-4) will also be
investigated, as they can protonate functional groups and
weaken the attraction between the adsorbate and adsorbent.
Additionally, salt solutions such as NaCl, NaNO;, and Na,SO,
(0.1-1.0 M) will induce competitive ion exchange and promote
desorption. Simple distilled water washes will be tested as
a control to evaluate the weakly bound fluoride and phosphate
fraction. The effect of pH on desorption will be studied to
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identify optimal conditions for regenerating the adsorbents. By
varying the pH from 2 to 12, the influence of protonation and
deprotonation on the release of contaminants will be examined.
A highly efficient regeneration process should achieve
maximum desorption at minimal chemical consumption,
ensuring economic viability. Desorption efficiency will be
calculated based on the concentration of fluoride and phos-
phate released into the desorbing solution, which will be
measured using ion chromatography (IC) or spectrophoto-
metric methods.”

All batch adsorption experiments were conducted in tripli-
cate under identical conditions. The reported values represent
the arithmetic mean + standard deviation (mean £ SD). Stan-
dard deviation was calculated using:

(6 =)

SD = pa—

(1)
where X is the mean value and n = 3. Reported uncertainties
were rounded to two significant digits, and the mean
values were rounded to the same decimal place as the corre-
sponding standard deviation, in accordance with ISO/IEC
Guide 98-3 (GUM:1995) recommendations for uncertainty
reporting.

Post-desorption characterization will be performed to assess
the structural integrity and stability of the regenerated adsor-
bents. XRD analysis will be conducted to detect any crystallinity
changes while SEM will provide insights into morphological
and elemental composition alterations. BET surface area anal-
ysis will determine whether repeated use affects porosity and
adsorption capacity. FT-IR will also be utilized to examine
changes in functional groups, helping to identify any surface
modifications resulting from multiple adsorption-desorption
cycles.”®

The reusability of the adsorbents will be evaluated over 5-10
consecutive adsorption-desorption cycles. For each cycle, fluo-
ride and phosphate removal efficiency will be measured, and
the percentage retention of adsorption capacity will be calcu-
lated. A decline of less than 20% after multiple cycles will
indicate good reusability, whereas a significant reduction in
efficiency may suggest surface degradation or pore blockage.
The regeneration performance of nickel-based nanoparticles
will also be compared with other commonly used adsorbents
such as activated alumina, biochar, hydroxyapatite, and metal
oxides. This comparative analysis will consider factors such as
adsorption capacity retention, desorption efficiency, material
cost, and long-term stability.

3. Results and discussion

3.1. XRD analysis

Materials synthesized were analyzed using X-ray diffraction
(XRD) to study their crystalline structure and phase composi-
tion, as depicted in Fig. 1. The diffraction pattern of the pristine
kaolinite support (black curve) shows peaks associated with
kaolinite that corroborate with JCPDS card no. 00-014-0164,
therefore confirming its purity and crystalline structure.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD of kaolinite-supported, Ni(OH),@kaolinite-support,
Ni@kaolinite-supported, and NiO@kaolinite-supported.

Distinct changes in the diffraction profiles were observed for
the Ni(OH),@kaolinite-support sample (green curve) that
exhibits distinctive reflections around 26 = 19.2°, 33.1°, 38.5°,
52.1°, and 59.1°, which were associated with the standard
diffraction peaks of brucite-type nickel hydroxide [JCPDS card
no. 00-014-0117]. It could be concluded that the deposition of
Ni(OH), onto the kaolinite-support was successful.?”

The alteration results in the Ni@kaolinite-support sample
were achieved by reducing the Ni(OH), modified support, where
new reflections appeared at 26 = 44.5°, 51.8°, and 76.4° which
can be ascribed to (111), (200), and (220) planes of metallic Ni
(face centered cubic, JCPDS card no. 00-004-0850), respec-
tively.”® This change confirms the assumption of synthesizing
metallic nickel nanoparticles through thermal treatment or
reduction as they exhaustively showed the Ni(OH), peaks.

After calcination, the NiO@kaolinite-support composite
(blue curve) was formed. The oxidation of metallic Ni(OH), to
NiO is confirmed by the distinctive peaks in the XRD pattern at
20 = 37.2°, 43.3°, and 62.9°, which correspond to the (111),
(200), and (220) planes of NiO (JCPDS card no. 00-047-1049).**
These broad peaks indicate that the NiO crystallites are nano-
scale in nature. The disappearance of the characteristic
kaolinite peaks in the XRD patterns of NiO@kaolinite and
Ni@kaolinite (compared to their presence in Ni(OH),@-
kaolinite) points to a significant structural transformation of
the kaolinite support during the specific synthesis or post-
treatment steps used to create the NiO and Ni phases.
Kaolinite is thermally unstable. When heated to 500 °C, it
undergoes an irreversible dehydroxylation reaction, losing its
structural hydroxyl (OH) groups. This transforms the crystalline
kaolinite into an amorphous, meta-kaolin phase (Al,Si,0O-)
without sharp diffraction peaks. The long-range crystalline
order of kaolinite is destroyed, so it's characteristic XRD peaks
vanish. The remaining peaks would be solely from the newly
formed crystalline NiO. So, the absence of kaolinite peaks in
NiO and Ni samples is strong evidence that your preparation
method involved a high-temperature step that decomposed the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crystalline kaolinite into an amorphous material, which now
acts as a different type of support (thermally activated alumi-
nosilicate). In contrast, the low-temperature synthesis of the
Ni(OH), sample successfully preserved the original clay mineral
structure.

3.2. FT-IR spectroscopy

FT-IR spectroscopy is a powerful analytical technique to predict
synthesized materials molecular structure and composition,
providing invaluable insights into their functional groups and
chemical bonds. The FT-IR spectra of the kaolinite support and
nickel-modified samples are presented in Fig. 2. The spectrum
of pristine kaolinite displays characteristic bands associated
with the kaolinite structure. The sharp peaks at 3650 cm ™'
correspond to the O-H stretching vibrations of the inner surface
hydroxyl groups of kaolinite. The band near 3620 cm ™' is
attributed to inner hydroxyl stretching.” Furthermore, the band
near 1110-1000 cm ' is thought to be linked to Si-O bonds,
while the peaks between 910 to 530 cm ™" suggest the presence
of AlI-O-H and Si-O-Al bonds, further demonstrating the
structural form of the kaolinite.* Upon modification with
Ni(OH),, dramatic changes are observed. Broadening of the
O-H stretching region is indicative of increased hydrogen
bonding, which shows the presence of nickel hydroxide species
on the surface of kaolinite. New bands at 520-470 cm ™" are due
to Ni-O vibrations, confirming the formation of Ni(OH), on the
support surface.®® In the case of the Ni@kaolinite-support
sample, a diminution of the intensity of hydroxyl stretching
bands can result from partial dehydroxylation on reduction as
well as free hydroxyl loss. Also, weakening or absence of features
related to Ni-OH serves to indicate the reduction of Ni(OH), to
metallic Ni.**

In NiO@kaolinite-support material (blue curve), O-H
stretching vibrations are weak and still evident, and additional
bands at approximately 560 cm " appear, and can be ascribed
to Ni-O stretching vibrations of NiO, indicative of successful

—Kaolinite-support
Ni(OH),@Kaolinite-support
Ni@Kaolinite-support
—NiO@Xaolinite-support
’:? ."‘-\N_
<
8
=
S
E
g l
. |
H
3850 3350 2850 2350 1850 1350 850 350

Wavenumber (cm™)

Fig. 2 FT-IR spectroscopy of kaolinite-support, Ni(OH),@kaolinite-
supported, Ni@kaolinite-support, and NiO@kaolinite-support.
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Fig. 3 Raman analysis of kaolinite-support, Ni(OH),@kaolinite-
support, Ni@kaolinite-support, and NiO@kaolinite-support.

synthesis of NiO over kaolinite.**** Overall, the FT-IR results
complement the XRD findings, confirming the presence and
transformation of nickel species and their interaction with the
kaolinite support through structural and surface hydroxyl
modifications.

3.3. Raman analysis

The Raman spectra of the Ni(OH),@kaolinite, Ni@kaolinite,
and NiO@kaolinite composites are presented in Fig. 3 to
provide insight into the vibrational properties and structural
transformations of nickel species supported on kaolinite. The
pristine kaolinite spectrum shows sharp and well-defined
peaks, particularly in the regions around ~145, 207, 267, 356,
400, 466, 515, 694, and 755 cm ™', which are characteristic of
kaolinite's layered silicate structure.> These bands can be
assigned to Al-O and Si-O bending and stretching vibrations,
consistent with literature values.*

For the Ni(OH),@kaolinite sample, additional bands appear
that are not present in the kaolinite spectrum. Notably, broad
peaks centered around ~465 and 525 em™ ", along with several
features in the 100-400 cm ™" region, correspond to the vibra-
tional modes of Ni-O and Ni-OH bonds, indicative of brucite-
like Ni(OH), structure. These peaks confirm the successful
deposition of nickel hydroxide onto the kaolinite support.**
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In the Ni@kaolinite sample (cyan curve), the characteristic
Ni(OH), bands are significantly suppressed or completely
absent. This reduction of intensity confirms the decomposition
of nickel hydroxide and the formation of metallic Ni. While
metallic Ni itself is generally Raman inactive due to its centro-
symmetric FCC structure, the diminished Ni-OH peaks
corroborate the transformation upon reduction.*

The NiO@kaolinite composite displays a distinct and sharp
for one-phonon F,, mode of cubic NiO is typically reported (TO
at 400-440 cm™ " and LO at 550 cm ™" modes). Accordingly, Fig. 3
shows a broad band centered around 550 cm™*' is observed,
which corresponds to the characteristic F,, mode of NiO, con-
firming the presence of crystalline nickel oxide.*® This confirms
the oxidation of nickel species to crystalline NiO. The absence of
additional peaks in the NiO@kaolinite spectrum further
supports the formation of pure NiO without residual hydroxide
or metallic phases. Across all modified samples, the kaolinite
peaks are retained with varying intensities, confirming that the
support maintains its structural integrity during the deposition
and transformation of the nickel species.?” In summary, Raman
spectra provide complementary evidence to XRD and FT-IR
results, confirming the successful synthesis and phase trans-
formation of nickel species (Ni(OH), — Ni — NiO) supported
on kaolinite.

3.4. BET analysis

The Brunauer-Emmett-Teller (BET) surface area analysis of the
pristine kaolinite and nickel-modified composites Ni(OH),@-
clay, NiO@clay, and Ni@clay reveals key insights into the
structural modifications induced by nickel incorporation and
their implications for adsorption performance as shown in
Table 1. The pure kaolinite clay exhibited a high surface area of
140 m* g ', consistent with its layered alumino-g silicate
structure, which provides abundant active sites for adsorption.
Upon functionalization with nickel species, a gradual decrease
in surface area was observed as; Ni(OH),@clay (135 m”> g™ ")
shows the slight reduction suggests that nickel hydroxide
deposition partially occupies the clay's pores without significant
structural disruption. NiO@clay (120 m> g~ ') shows the further
decrease indicates possible nanoparticle aggregation and pore
blockage during thermal conversion of Ni(OH), to NiO. While
Ni@clay (115 m* g~ ') shows the lowest surface area, observed
for the metallic Ni-loaded clay, likely results from denser Ni
nanoparticle formation and poor filling during reduction.®®
This trend (clay > Ni(OH),@clay > NiO@clay > Ni@clay) high-
lights that while nickel modification reduces surface area, the
composites retain sufficient porosity (>115 m”> g~ ') for effective

Table 1 Physical adsorption properties of as-prepared materials (with error bars)

Sample Surface area (m”> g™ %) Pore volume (cm® g77) Average pore diameter (nm)
Clay 140 + 5 0.25 + 0.02 3.5+ 0.1
Ni(OH)@clay 135+ 4 0.22 + 0.02 3.7+£0.1
NiO@clay 120 + 3 0.18 + 0.01 4.2 + 0.2
Ni@clay 115 + 3 0.15 £+ 0.01 4.5 £ 0.2
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adsorption. The retained surface area, combined with newly
introduced active nickel sites, suggests a trade-off between
textural properties and enhanced chemisorption capabilities.

Despite the reduced surface area, nickel-modified clays are
expected to exhibit superior fluoride (F~) and phosphate
(PO,*7) adsorption due to:

e Enhanced chemisorption: Ni(OH), and NiO provide
hydroxyl groups and Lewis acid sites that strongly interact with
anions.

e Electrostatic attraction: the positively charged nickel
species at neutral pH improve anion uptake.

e Ligand exchange mechanisms: phosphate and fluoride
may replace surface OH groups on nickel phases.

The higher fluoride/phosphate removal efficiency of
Ni(OH),@clay and NiO@clay compared to pristine clay despite
their lower surface area supports the dominance of chemical
interactions over pure physical adsorption. The results
concluded that; while nickel doping reduces kaolinite's surface
area, the introduced active sites enhance specific surface
interactions and ligand-exchange affinity toward fluoride and
phosphate ions, making these composites highly effective for
targeted anion removal. The balance between porosity and
functionalization underscores their potential as multifunc-
tional adsorbents for water treatment and resource recovery.*

3.5. SEM mapping-EDX analysis

To analyze the surface morphology and structural characteris-
tics of the nanocomposites, scanning electron microscopy
(SEM) was performed on the samples of Ni(OH),, NiO@kao-
linite, and Ni@kaolinite. Fig. 4 shows distinct morphological
differences that reflect the effect of nickel incorporation and
subsequent oxidation processes on the kaolinite support.

The pristine Ni(OH), sample shows a flaky, layered structure
which suggests low crystallinity and high surface area
morphology due to its poor crystallinity as well as abundant
surface area.*® On the other hand, the Ni@kaolinite composite
shows the successful deposition of nickel species onto the
surface of kaolinite.

Nickel particles, which appear in the form of small and semi-
spherical aggregates, coat the kaolinite layers and are uniformly
dispersed throughout. This disposition confirms that a strong
linkage between Ni and the kaolinite support was formed,
which is beneficial to the surface activity.**

For the NiO@kaolinite composite, SEM images display
a more compact and granular morphology compared to
Ni@kaolinite. Formation of NiO is likely to cause some sinter-
ing or cross junctioning of the particles during thermal treat-
ment, which diminishes surface porosity but increases
structural integrity of the particles." The structure of kaolinite
retains its identity, although less prominently because its edges
have been softened and lowered because of the encasement and
probable infiltration of NiO species.

The SEM analysis proved that Ni and NiO (NPs) supported on
kaolinite were successfully synthesized while also depicting the
morphological changes due to the conversion of hydroxide to
oxide. Because of the changes in surface area, porosity, and the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM mapping-EDX of (a) Ni(OH),@kaolinite-support (b)
Ni@kaolinite-support, and (c) NiO@kaolinite-support.

accessibility of active sites, these structural characteristics are
vital in determining the performance of the composites as
catalysts or adsorbents.

The elemental distribution and composition of the prepared
nanocomposites were analyzed by energy-dispersive X-ray
spectroscopy (EDX) mapping. For Ni(OH),@kaolinite-support,
the maps show even distribution of nickel (Ni) signals over
the kaolinite platelets separated by co-localized Si, Al and O
signals, verifying that deposition of the nickel hydroxide phase
does not destroy the clay sheet morphology. In contrast, the
Ni@kaolinite-supported sample exhibits numerous Ni clusters
with higher intensity of the metallic state that are related to
high concentration appearing in the Si and Al maps (indicating
a more amorphous or sintered aluminosilicate support) as
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a result of reduction at high temperature which has produced
metallic nickel and decomposed the crystalline kaolinite. The
NiO@kaolinite-support maps show a homogeneous granular
distribution of Ni and O throughout the support; whereas, Si
and Al signals are spread out without clear platelet morphology,
further confirming that kaolinite have been converted into
amorphous meta-kaolin upon calcination with formation of
well-dispersed NiO. Taken together, the EDX maps support the
general phase transformations proposed by XRD: retention of
kaolinite-like kaocuse-structure in the low temperature Ni(OH),
sample, loss of this (kaolinite) structure during the syntheses to
produce NiO and/or Ni counterpart that exhibit significant
variation in both nickel dispersion and oxidation state.

3.6. Dynamic light scattering (DLS) measurements

The particle size distribution and zeta potential of the synthe-
sized nanomaterials were obtained using the Dynamic Light
Scattering (DLS) with a laser angle 90° at 25 °C, (Zetasizer Nano-
ZS90 instrument, Malvern Co., UK). The DLS is an instrument
commonly used to assess the hydrodynamic diameter of nano
particles based on the Brownian suspension movement of
particles.*” As shown in Fig. 5 and summarized in Table 2, the
measurements provide insight into the colloidal stability and
surface charge of the prepared samples: kaolinite, Ni(OH),,
Ni@kaolinite, and NiO@kaolinite. The surface charge and
possible stability of the suspended (NPs) are indicated by the
zeta potential values. In accordance with its known anionic
surface, pure kaolinite showed a negative zeta potential of
—3.38 mV." As a sign of positively charged hydroxide surfaces,
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Fig. 5 DLS pattern of the prepared nanocomposites.
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Table 2 Zeta potential of the prepared nanocomposites

Sample Zeta potential (mV)
Kaolinite —3.38 £ 0.10
Ni(OH), 21.3 £ 0.5
Ni@kaolinite —3.24 + 0.12
NiO@kaolinite —3.12 £ 0.15

Ni(OH), showed a noticeably positive zeta potential of
+21.3 mv.*

Both Ni@kaolinite (—3.24 mV) and NiO@kaolinite (—3.12
mV) maintained somewhat negative zeta potential values when
added to the kaolinite support, although not as much as pure
kaolinite. This implies electrostatic interaction or partial
surface coverage between the nickel-based and kaolinite pha-
ses, which could affect the stability of the dispersion and the
behavior of particle aggregation.”” These interactions are
further supported by the DLS size distribution patterns.

The qualitative DLS profiles most likely display differences in
particle size and polydispersity, as shown in (Fig. 5). Larger
hydrodynamic diameters are usually the consequence of
aggregation or the creation of core-shell structures when
metallic or oxide species, such as Ni and NiO, are present in
a kaolinite support. The Ni@kaolinite and NiO@kaolinite
samples’ near-neutral zeta potential values also suggest less
electrostatic repulsion, which could result in more particle
agglomeration. Overall, the DLS data demonstrate that nickel
incorporation into kaolinite alters the surface charge and likely
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the size distribution of the resulting composites.*®* These
changes can significantly impact their dispersion behavior and
potential applications in catalysis or adsorption, where surface
characteristics are critical.

3.7. Fluoride (F~) adsorption study

3.7.1. Effect of initial fluoride concentration on adsorption
capacity. The adsorption capacity (g.) of Ni, NiO, and Ni(OH),
nanoparticles was evaluated at different initial fluoride
concentrations ranging from 5 mg L™ to 100 mg L™, as shown
in Table 3 and Fig. 6. The results indicate that the adsorption
capacity increases with increasing fluoride concentration, sug-
gesting strong interaction between fluoride ions and the
adsorbents.

At a lower initial fluoride concentration of 5 mg L™, the
adsorption capacity was 4.2 mg g~ * for Ni, 4.5 mg g~ for NiO,
and 5.1 mg g~ * for Ni(OH),, achieving a high removal efficiency
of 90%. As the initial fluoride concentration increased to
10 mg L™, the adsorption capacity nearly doubled, reaching
8.0, 8.6, and 9.4 mg g~ for Ni, NiO, and Ni(OH),, respectively,
with a removal efficiency of 85%. Further an increase in fluoride
concentration to 25 mg L™ ' and 50 mg L™ " increased adsorption
capacity to 18.2-21.0 mg g~ ' and 30.6-34.2 mg g, respectively.
However, the removal efficiency decreased, dropping from 80%
at 25 mg L™ to 75% at 50 mg L~ . This decline suggests that the
available adsorption sites become saturated at higher fluoride
concentrations, limiting further fluoride uptake.

At the highest concentration of 100 mg L™, the adsorption
capacities reached 48.7 mg g~ for Ni, 50.3 mg g~ * for NiO, and
52.6 mg g ' for Ni(OH),, but the removal efficiency further
decreased to 70%. This reduction is likely due to competition
among fluoride ions for the active adsorption sites and possible
repulsion between adsorbed fluoride ions and those remaining
in the solution. The results confirm that Ni(OH), exhibits the
highest adsorption capacity among the three adsorbents, fol-
lowed by NiO and Ni. This can be attributed to the higher
surface area and hydroxyl functional groups of Ni(OH),, which
enhance fluoride affinity.

3.7.2. Effect of contact time on fluoride adsorption. The
adsorption kinetics of fluoride onto Ni, NiO, and Ni(OH),
nanoparticles were analyzed over various contact times, ranging
from 5 min to 120 min, as shown in Table 4 and Fig. 7. The
results indicate that the adsorption capacity increases with
time, reaching equilibrium within 60-120 min for all
adsorbents.

Table 3 Effect of initial fluoride concentration on adsorption capacity
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Fig. 6 Adsorption capacity (ge) of Ni, NiO, and Ni(OH), nanoparticles
at different initial fluoride concentrations, error bars represent +one
standard deviation (n = 3).

At an initial contact time of 5 min, the adsorption capacities
were 5.1 mg g~ " for Ni, 5.3 mg g~ " for NiO, and 6.0 mg g~ " for
Ni(OH),, with a removal efficiency of 45%. This rapid initial
uptake suggests that many active adsorption sites were available
for fluoride binding. As the contact time increased to 15 min,
the adsorption capacity nearly doubled, reaching 12.4 mg g *
(Ni), 13.0 mg g~ (NiO), and 14.5 mg g~ ' Ni(OH),, with an
improvement in removal efficiency to 60%. This phase repre-
sents the fast adsorption stage, where fluoride ions quickly
occupy the readily available surface sites. By 30 min, the
adsorption capacity further increased to 20.1 mg g ' (Ni),
21.2 mg ¢ ' (NiO), and 23.5 mg g~ Ni(OH),, with a removal
efficiency of 75%, indicating continued but slightly slower
adsorption as sites become occupied.

At 60 min, the adsorption process approached equilibrium,
with adsorption capacities of 28.7 mg g~* (Ni), 30.1 mg g '
(NiO), and 32.6 mg g ' Ni(OH),, corresponding to a high
removal efficiency of 90%. Beyond this point, the adsorption
rate slowed significantly as most active sites were saturated. At
the final contact time of 120 min, a slight increase in adsorption
capacity was observed (30.2 mg g~ * for Ni, 31.8 mg g~ * for NiO,
and 34.3 mg g ' for Ni(OH),), with a 95% removal efficiency.
This suggests that adsorption equilibrium was reached, and no
significant fluoride removal occurred beyond this time. The
kinetic data were best fitted by the pseudo second order model
based on correlation coefficients and error analysis. It is
important to note that this model provides a mathematical

Initial fluoride

Adsorption capacity

Adsorption capacity

Adsorption capacity

Removal efficiency

concentration (mg L) (ge, mg g~ 1) - Ni (ge; mg g~ 1) - NiO (gey mg g~ ') - Ni(OH), (%)

5 4.2 £0.2 4.5 £ 0.2 5.1+ 0.3 90 £ 2
10 8.0 £ 0.3 8.6 £ 0.3 9.4 £ 0.4 85+ 2
25 18.2 £ 0.5 19.5 + 0.6 21.0 + 0.7 80+3
50 30.6 £ 0.8 32.1 £0.9 342+ 1.0 75+ 3
100 48.7 £ 1.2 50.3 +1.3 52.6 = 1.5 70 £ 4

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effect of contact time on fluoride adsorption
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Contact time Adsorption capacity

Adsorption capacity

Adsorption capacity Removal efficiency

(min) (g mg g ") - Ni (ge; mg g ") - NiO (ges mg g ") - Ni(OH), (%)

5 5.1 £0.2 5.3 £0.2 6.0 + 0.3 45 + 2
15 12.4 + 0.4 13.0 £ 0.5 14.5 + 0.6 60 £ 2
30 20.1 £ 0.6 21.2 £ 0.7 23.5 £ 0.8 75+ 3
60 28.7 £ 0.9 30.1 £ 1.0 32.6 £ 1.1 90 £ 3
120 30.2 £ 1.0 31.8 £ 1.2 34.3 + 1.3

35
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Fig. 7 Fluoride adsorption kinetics over time, error bars represent
+one standard deviation (n = 3).

description of adsorption rate behavior and does not by itself
confirm a chemisorption mechanism.

Therefore, additional diffusion and thermodynamic analyses
were used to interpret the adsorption mechanism. Ni(OH),
again demonstrated the highest adsorption capacity among the
three adsorbents, likely due to its higher surface area and
enhanced fluoride-binding interactions.

It should be emphasized that kinetic model fitting alone
cannot be used to distinguish between physisorption and
chemisorption mechanisms. The pseudo second order model is
widely applied because of its strong empirical fitting perfor-
mance across many adsorption systems, including those
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Fig.8 Variation in fluoride adsorption efficiency at different pH values,
error bars represent +one standard deviation (n = 3).
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controlled by surface reaction, film diffusion, or intra-particle
diffusion. Therefore, mechanistic interpretation in this study
was based on combined evidence from pH dependence, surface
chemistry, diffusion modeling, and thermodynamic parameters
rather than kinetic fitting alone.

3.7.3. Effect of pH on fluoride adsorption. Fluoride
adsorption onto Ni, NiO, and Ni(OH), nanoparticles was
studied at different pH levels ranging from 2 to 10, as shown in
Fig. 8. The results demonstrate a strong dependency of fluoride
removal on the solution pH, highlighting the role of surface
charge and ion-exchange interactions in the adsorption
mechanism. At an acidic pH of 2, the adsorption capacities were
10.5 mg g~ " for Ni, 11.2 mg g~ for NiO, and 12.0 mg g~ for
Ni(OH),, corresponding to a fluoride removal efficiency of 55%.
The lower adsorption at this pH can be attributed to excess
hydrogen ions (H"), which compete with fluoride (F~) for active
adsorption sites on the nanoparticle surfaces.

As the pH increased to 4, the adsorption capacity improved
significantly, reaching 15.3 mg g~ (Ni), 16.0 mg g~ (NiO), and
17.4 mg g ' Ni(OH),, with a removal efficiency of 65%. This
suggests that the adsorbent surfaces were becoming more
negatively charged, enhancing electrostatic attraction between
fluoride anions and the positively charged active sites. At
a neutral pH of 6, maximum adsorption was observed, with
capacities of 25.1 mg g~ (Ni), 26.3 mg g * (NiO), and 28.0 mg
¢ ' Ni(OH),, achieving a removal efficiency of 80%. This can be
attributed to optimal electrostatic interactions, where the
adsorbent surface retains a partial positive charge, facilitating
strong fluoride binding.*

The highest fluoride adsorption occurred at a slightly alka-
line pH of 8, where adsorption capacities reached 30.2 mg g *
(Ni), 31.8 mg g ' (NiO), and 34.0 mg g ' Ni(OH),, with
a removal efficiency of 90%. At this pH, the adsorbent surfaces
were still positively charged enough to attract fluoride ions,
while there was minimal competition from hydroxide ions
(OH). Beyond pH 10, a slight decline in adsorption was
observed, with capacities decreasing to 28.6 mg g ' (Ni),
30.0 mg g~ (NiO), and 32.1 mg g~ " Ni(OH),, and removal effi-
ciency dropping to 85%. This reduction is likely due to
increased competition between fluoride (F~) and hydroxide
(OH™) ions, as both anions have similar affinities for the
adsorption sites. The overall trend indicates that pH 6-8 is the
optimal range for fluoride removal, where electrostatic attrac-
tion and ion exchange mechanisms are most effective. The
higher adsorption capacity of Ni(OH), compared to Ni and NiO
further confirms its superior fluoride-binding ability, possibly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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due to its surface hydroxyl groups facilitating stronger interac-
tions with fluoride ions.

3.8. Phosphate (PO,*>") adsorption study

3.8.1. Effect of initial phosphate (PO,*") concentration on
adsorption capacity. The adsorption capacity (g.) of Ni, NiO,
and Ni(OH), nanoparticles was evaluated at different initial
phosphate concentrations ranging from 5 to 100 mg L™ ", as
shown in Fig. 9. The results indicate that adsorption capacity
increases with increasing phosphate concentration, although
the removal efficiency decreases at higher concentrations due to
site saturation. At a low initial phosphate concentration of
5 mg L', the adsorption capacity was 4.8 mg g~ * for Ni, 5.2 mg
g~ ! for NiO, and 5.8 mg g * for Ni(OH),, with a removal effi-
ciency of 92%. This suggests that most of the phosphate ions
are effectively captured by the abundant active adsorption sites
at lower concentrations.

When the initial phosphate concentration increased to
10 mg L, the adsorption capacity nearly doubled, reaching
9.1 mg g ' (Ni), 9.8 mg g~ ' (NiO), and 10.6 mg g " Ni(OH),.
However, the removal efficiency slightly decreased to 88%. This
indicates that more phosphate ions were available for adsorp-
tion, but competition for binding sites started to occur. At
25 mg L™, the adsorption capacity further increased to 20.5 mg
g~ (Ni), 21.8 mg g~ " (NiO), and 23.4 mg g~ ' Ni(OH),, but the
removal efficiency dropped to 82%. This reduction is attributed
to site saturation, where some phosphate ions remain in the
solution after reaching equilibrium.

At 50 mg L™, the adsorption capacities reached 33.4 mg g~
(Ni), 35.0 mg g~ ' (Ni0O), and 37.5 mg g~ " Ni(OH),, with a further
decline in removal efficiency to 78%. The trend suggests that
although the adsorbents continue to take up phosphate, their
capacity to eradicate it diminishes as surface sites become
increasingly occupied. At the highest concentration of
100 mg L™, the maximum adsorption capacities observed were
50.3 mg g ' (Ni), 52.1 mg g * (NiO), and 55.0 mg g~ * Ni(OH),,
with the lowest removal efficiency of 70%. This decline confirms
that competition among phosphate ions for limited adsorption
sites at high phosphate concentrations leads to reduced
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Fig. 9 Adsorption capacity (g.) of Ni, NiO, and Ni(OH), nanoparticles
at different initial phosphate concentrations, error bars represent +one
standard deviation (n = 3).
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efficiency. Among the three adsorbents, Ni(OH), consistently
exhibited the highest adsorption capacity, followed by NiO and
Ni. The superior performance of Ni(OH), is likely due to its
enhanced surface hydroxyl groups, which facilitate stronger
electrostatic interactions and ligand exchange mechanisms
with phosphate ions. These findings suggest that Ni, NiO, and
Ni(OH), nanoparticles can effectively remove phosphate from
aqueous solutions, especially at moderate concentrations (5-
25 mg L™ '). However, adsorption site saturation limits removal
efficiency at higher phosphate levels, highlighting the impor-
tance of optimizing dosage and regeneration cycles for practical
applications.

3.8.2. Effect of pH on phosphate (PO,*>") adsorption.
Phosphate adsorption onto Ni, NiO, and Ni(OH), nanoparticles
was studied at different pH levels ranging from 2 to 10, as
shown in Fig. 10. The results indicate that phosphate adsorp-
tion is highly pH-dependent and influenced by the surface
charge of the adsorbents and the speciation of phosphate in the
solution. At a strongly acidic pH of 2, the adsorption capacities
were relatively low, measuring 9.2 mg g~ for Ni, 9.8 mg g~ for
NiO, and 10.5 mg g~ * for Ni(OH),, with a removal efficiency of
50%. The lower adsorption at this pH is attributed to the high
concentration of hydrogen ions (H'), which compete with
phosphate anions for available adsorption sites. Additionally, at
very low pH, phosphate exists mainly in the form of H3;PO,,
which has a weaker electrostatic interaction with the adsorbent
surfaces.*®

As the pH increased to 4, a significant improvement in
adsorption was observed, with adsorption capacities rising to
17.4 mg g~ " (Ni), 18.2 mg g~ " (NiO), and 19.6 mg g~ " (Ni(OH),),
achieving a removal efficiency of 68%. This increase is due to
the presence of H,PO, " ions, which have a stronger affinity for
the positively charged adsorption sites. The highest phosphate
adsorption occurred at a pH range of 6-8, where adsorption
capacities reached 30.5 mg g~ (Ni), 32.1 mg g~ ' (NiO), and
34.7 mg g ' (Ni(OH),), with a removal efficiency of 88-92%. At
this pH range, phosphate exists primarily as H,PO,  and
HPO,>", which strongly interact with the metal hydroxide
surfaces through electrostatic attraction and ligand exchange
mechanisms. The high adsorption efficiency in this range
confirms that Ni(OH), exhibits the best phosphate removal

40
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0
g 25
S 0 ——Ni (q., mg/g)
~#-NiO (q., mg/g)
15 1 —4—Ni(OH): (q., mg/g)
10 ’ . .
1 3 5 pH 7 9 11

Fig. 10 Variation in phosphate adsorption efficiency at different pH
values, error bars represent +one standard deviation (n = 3).
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Table 5 Regeneration cycles for fluoride adsorption efficiency (g, mg g™

Cycle no. Ni (ge, mg g™ ") Retention (%) NiO (g, mg g ") Retention (%) Ni(OH), (¢e, mg g ") Retention (%)
1 30.2 + 0.8 100 £+ 2 31.8 £ 0.9 100 £+ 2 34.3 £ 1.0 100 £+ 2
2 28.9 £ 0.7 96 + 2 30.5 £ 0.8 96 + 2 32.8+0.9 96 + 2
3 27.1 £ 0.7 90 £ 3 29.3 £ 0.8 92 £3 31.1 £ 0.9 91 +3
4 26.0 + 0.6 86 + 3 28.1 £ 0.7 88 +3 30.0 £ 0.8 87 +£3
5 25.4 + 0.6 84 +3 27.0 £ 0.7 85+ 3 29.3 £ 0.8 85+ 3
6 24.0 + 0.6 79t 4 25.5 £ 0.7 80 + 4 28.0 £ 0.8 82 +4
7 23.2 £ 0.5 77 £ 4 24.9 + 0.6 78 £ 4 27.0 £ 0.7 79t 4
8 22.5 £ 0.5 75t 4 24.3 £ 0.6 76 £ 4 26.5 + 0.7 77 £ 4
9 21.8 £ 0.5 72 £5 24.0 + 0.6 75+ 4 26.4 + 0.7 77 £ 4
10 21.5 £ 0.5 71£5 23.8 £ 0.6 75+ 4 26.2 + 0.7 76 £ 4

performance, likely due to its abundant hydroxyl groups that
facilitate effective phosphate binding.

Beyond pH 8, the adsorption capacity declined slightly, with
capacities of 28.2 mg g~ (Ni), 29.8 mg ¢~ * (NiO), and 32.0 mg
g~ ' Ni(OH), at pH 10, leading to a removal efficiency of 85%.
This reduction is attributed to the increased competition from
hydroxide ions (OH "), which can occupy active adsorption sites
and reduce phosphate retention. At higher pH values, phos-
phate exists mainly in the form of PO,*>", which experiences
greater electrostatic repulsion from the negatively charged
adsorbent surfaces, further limiting adsorption efficiency.

3.9. Regeneration and reusability studies

The sustainability of Ni, NiO, and Ni(OH), nanoparticles as
adsorbents for fluoride and phosphate removal was evaluated
over multiple regeneration cycles, as shown in Tables 5 (fluo-
ride) and 6 (phosphate), with Fig. 11 and 12. The results indicate
a gradual decrease in adsorption capacity with increasing
cycles, although the adsorbents retained significant efficiency
even after ten regeneration cycles.

The initial adsorption capacities were 30.2 mg g ' (Ni),
31.8 mg g ! (NiO), and 34.3 mg g~ ' Ni(OH), in the first cycle,
with 100% adsorption retention. After the second and third
regeneration cycles, adsorption capacity slightly decreased, with
Ni(OH), maintaining the highest efficiency at 32.8 mg g~ * (cycle
2) and 31.1 mg g ' (cycle 3), corresponding to 95% and 90%
adsorption retention, respectively. By the fifth cycle, adsorption
capacities further declined to 25.4 mg g~ (Ni), 27.0 mg g~ "
(NiO), and 29.3 mg g~ ' Ni(OH),, with adsorption retention of

85%, indicating a steady but controlled loss of efficiency due to
possible fouling or minor structural degradation.

At the tenth cycle, the adsorption capacity was reduced to
21.5 mg g~ (Ni), 23.8 mg g~ ' (NiO), and 26.2 mg g~ Ni(OH),,
with adsorption retention dropping to 75%. Despite this
decline, the nanoparticles exhibited reasonable efficiency,
confirming their suitability for multiple reuse cycles. The
reduction in performance is likely attributed to residual fluoride
ions blocking active sites, partial dissolution of metal oxides, or
minor changes in surface chemistry.

The phosphate adsorption study followed a similar trend,
with the highest initial adsorption capacities of 32.0 mg g~ '

34 1 —+—Ni (q., mg/g)
—#-NiO (q., mg/g)

—+Ni(OH): (q.» mg/g)

18 T T T T T
0 2 4 6 8 10

Cycle Number

Fig. 11 Fluoride adsorption efficiency over multiple regeneration
cycles, error bars represent +one standard deviation (n = 3).

Table 6 Regeneration cycles for phosphate adsorption efficiency (ge, mg g3

Cycle no. Ni (ge, mg g™ ") Retention (%) NiO (¢, mg g™ ") Retention (%) Ni(OH), (¢, mg g™ ") Retention (%)
1 32.0 £ 0.8 100 £+ 2 34.0 £ 0.9 100 £+ 2 36.2 £ 1.0 100 £+ 2
2 30.5 £ 0.7 95+ 2 32.5+0.8 96 + 2 348+ 0.9 96 + 2
3 29.6 + 0.7 92 £3 31.7 £ 0.8 93 £3 33.5+ 0.9 93+3
4 28.2 £ 0.6 88+ 3 30.5 £ 0.7 90 £ 3 32.4+0.8 90 + 3
5 27.6 + 0.6 86+ 3 29.8 + 0.7 88 +3 31.5+ 0.8 87 +3
6 26.8 + 0.6 84 +4 29.0 £ 0.7 85+ 4 30.7 £ 0.8 85+ 4
7 25.6 + 0.6 80 + 4 28.0 + 0.7 82 +4 30.0 + 0.8 83 +4
8 24.8 £ 0.5 78+ 4 27.3 £0.6 80 + 4 29.6 £ 0.7 82 +4
9 24.5 + 0.5 775 27.0 £ 0.6 79 £ 4 29.2 + 0.7 81 +4
10 24.3 £ 0.5 76 £5 26.8 £ 0.6 79+ 4 29.0 £ 0.7 80 + 4
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Fig. 12 Phosphate adsorption efficiency over multiple regeneration
cycles, error bars represent +one standard deviation (n = 3).

(Ni), 34.0 mg g ' (NiO), and 36.2 mg g ' Ni(OH), at 100%
adsorption retention in the first cycle. By the second cycle,
adsorption capacities declined slightly to 30.5 mg g ' (Ni),
32.5 mg g ' (NiO), and 34.8 mg g ' (Ni(OH),), with 96%
retention, demonstrating that the adsorbents maintained high
efficiency after regeneration.*®

In the third and fifth cycles, adsorption capacity decreased
gradually, reaching 31.5 mg g ' for Ni(OH), at cycle 5, with
adsorption retention of 87%, which remains highly effective.
After ten cycles, the adsorption capacity further declined to
24.3 mg g~ " (Ni), 26.8 mg g~ ' (NiO), and 29.0 mg g~ Ni(OH),,
with a final retention of 78%. This trend suggests that the
adsorbents remained functional even after prolonged reuse,
making them viable for practical wastewater treatment
applications.

3.10. Adsorption kinetics modeling

To elucidate the adsorption mechanisms and rate-controlling
steps, experimental kinetic data were fitted to pseudo first
order, pseudo second order, and intra-particle diffusion
models. The kinetic parameters were determined from the
linearized forms of these models and are presented in Tables 7-
9 for fluoride and phosphate adsorption.

3.10.1. Pseudo first order kinetic model. The pseudo first
order model, based on Lagergren's equation, assumes that the
rate of adsorption is proportional to the number of unoccupied
sites. The linearized form is expressed as:

log(¢. — ¢:) = log q. — (2)

Lt
2.303

Table 7 Pseudo first order kinetic parameters for fluoride adsorption
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where ¢. and ¢, are the adsorption capacities (mg g~ ') at equi-
librium and time ¢ (min), respectively, and ; is the pseudo first
order rate constant (min~"). The parameters obtained from the
linearized plots are summarized in Table 7.

The pseudo first order model showed moderate correlation
coefficients (R* = 0.902-0.931), with calculated g. values devi-
ating significantly from experimental values. The higher x>
values (2.45-3.87) indicate poor fit, suggesting that the
adsorption process does not follow first-order kinetics. This
deviation implies that the rate is not solely dependent on the
concentration of available sites.

3.10.2. Pseudo second order kinetic model. The pseudo
second order model assumes that chemisorption or surface
reactions control the adsorption rate. The linearized form is:

t, 1 +t (3)
g kgl qe

where k, is the pseudo second order rate constant (g
mg ' min"). The initial adsorption rate &, (mg g ' min") can
be calculated as h, = k»g.”. The kinetic parameters are pre-
sented in Table 8 for both fluoride and phosphate adsorption.

The pseudo second order model demonstrated excellent fit
to the experimental data, with high correlation coefficients (R* >
0.989) and low x> values (0.08-0.18). The close agreement
between experimental and calculated g. values confirms that
this model accurately describes the adsorption kinetics. The
initial adsorption rates (h,) increased in the order: Ni@kaolinite
< NiO@kaolinite < Ni(OH),@kaolinite, indicating that
Ni(OH),@kaolinite exhibits the fastest initial uptake rate.
However, it is important to note that the pseudo second order
model provides a mathematical description of the rate behavior
and does not by itself confirm a specific adsorption mechanism.
The model's success in fitting the data indicates that the
adsorption rate is proportional to the square of the number of
unoccupied sites, which is consistent with various mechanisms
including surface complexation, electrostatic attraction, and
ligand exchange. Therefore, additional thermodynamic and
diffusion analyses are necessary to fully characterize the
adsorption mechanism (see Sections 3.11 and 3.12).

3.10.3. Intra-particle diffusion model. The Weber-Morris
intra-particle diffusion model was applied to identify the rate-
limiting step. The model is expressed as:

¢ =kipt®* + C (4)
where ki, is the intra-particle diffusion rate constant (mg g~*
min *?) and C is the intercept related to boundary layer
thickness. If intra-particle diffusion is the sole rate-limiting
step, the plot of g, vs. t>° should be linear and pass through

Adsorbent Geexp. (Mg ™) Ge,catc. (Mg g™") ki (min™") R e

Ni@kaolinite 30.2 £0.8 27.8 £ 1.2 0.031 £ 0.003 0.931 2.45
NiO@kaolinite 31.8 £ 0.7 29.1+1.1 0.028 £ 0.002 0.918 3.12
Ni(OH),@kaolinite 34.3 £0.9 315+ 1.3 0.025 £ 0.003 0.902 3.87
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Table 8 Pseudo second order kinetic parameters for fluoride and phosphate adsorption

Adsorbent Ton e exp. (Mg gl e cale. (Mg gl k, (g mg ' min™") ho (mg g min ™) R? x>
Ni@kaolinite F~ 30.2 £ 0.8 30.6 = 0.5 0.0032 £ 0.0002 2.99 0.991 0.15
Ni@kaolinite PO43’ 32.0 £ 0.9 32.4 + 0.6 0.0028 + 0.0003 2.94 0.989 0.18
NiO@kaolinite F~ 31.8 £ 0.7 32.4 £ 0.4 0.0039 £ 0.0003 4.09 0.994 0.12
NiO@kaolinite PO43’ 34.0 £ 0.8 34.6 + 0.5 0.0035 + 0.0002 4.19 0.992 0.14
Ni(OH)Z@kaolinite F 34.3 £ 0.9 349+ 0.4 0.0046 £ 0.0004 5.60 0.996 0.08
Ni(OH)2®kaolinite PO43’ 36.2 £ 1.0 37.1+ 0.5 0.0042 + 0.0003 5.77 0.995 0.10

the origin (C = 0). The parameters for fluoride adsorption are
presented in Table 9.

The intra-particle diffusion plots exhibited three distinct
linear regions, indicating a multi-stage adsorption process.
Stage 1 (high ki, values) represents rapid external surface
adsorption and film diffusion. Stage 2 (moderate k;,, values)
corresponds to gradual intra-particle diffusion into pores. Stage
3 (low kip; values) represents the final equilibrium stage where
adsorption rate slows due to decreased driving force. Impor-
tantly, the non-zero intercept values (C > 0) confirm that intra-
particle diffusion is not the sole rate-controlling step. Instead,
both surface adsorption and pore diffusion contribute to the
overall adsorption process. The higher C values for Ni(OH),@-
kaolinite indicate a greater contribution from boundary layer
diffusion, which is consistent with its enhanced surface
chemistry.

3.11. Thermodynamic analysis

Thermodynamic parameters, including Gibbs free energy
change (AG°), enthalpy change (AH®), and entropy change (AS
°), were calculated to understand the spontaneity, heat changes,
and randomness associated with the adsorption process. These
parameters were determined using the van 't Hoff equation:

where M,, is the molecular weight of the adsorbate (g mol™), C°
is the standard concentration (1 mol L™ %), and v is the activity
coefficient (assumed = 1 for dilute aqueous systems). The
factor 1000 ensures unit consistency between mg and g. This
approach avoids the incorrect use of the 55.51 mol L™ water
concentration factor, which is not applicable for adsorption
equilibrium constants (Table 10).

The dimensionless equilibrium constant K, increased with
temperature for both fluoride and phosphate, indicating
enhanced adsorption at higher temperatures. This trend is
characteristic of endothermic adsorption processes. The
calculated thermodynamic parameters are presented in Table
11.

The negative AG° values at all temperatures confirm that the
adsorption of fluoride and phosphate onto Ni(OH),@kaolinite
is thermodynamically spontaneous and favorable. The magni-
tude of AG° became more negative with increasing temperature,
indicating greater spontaneity at higher temperatures. The
positive AH° values (24.6 k] mol " for fluoride and 31.8 k] mol "
for phosphate) confirm that the adsorption process is endo-
thermic, requiring energy input to proceed. These AH° values
fall within the typical range of physical adsorption and surface
complexation processes (<40 k] mol™ '), which distinguishes

o AH® AS°
K =27+ & (5)
Table 10 Conversion of Langmuir constant to dimensionless equi-
., librium constant
AG° = —RT In K, = AH® — TAS® (6)

. . 1, . Adsorbate T (K) K (Lmg ' M, (g mol™") K, (dimensionless
where, R is the universal gas constant (8.314 J mol ' K™ %), T is ) K (Lmg ) w (g ) K )
the absolute temperature (K), and K. is the dimensionless gluoride 298  0.082 - 0.005 19.00 1558
equilibrium constant. To ensure thermodynamic validity, the Fluoride = 308  0.094 + 0.006 19.00 1786
Langmuir constant (Ki, in L mg ') was converted to a dimen- Fluoride 318  0.109 £ 0.007 19.00 2071
sionless standard equilibrium constant: Fluoride 328~ 0.128 £ 0.008 19.00 2432

Phosphate 298  0.065 & 0.004 94.97 6173
K - 1000 x Ky x M, x C° ) Phosphate 308 0.07240.005 94.97 6838
e ¥y ( ) Phosphate 318 0.081 £+ 0.006 94.97 7693
Phosphate 328 0.093 £ 0.007 94.97 8832
Table 9 Intra-particle diffusion model parameters for fluoride adsorption
Stage 1 Stage 2 Stage 3
Adsorbent Kipa Cy R kip2 Cy R kips Cs R
Ni@kaolinite 3.85 2.14 0.985 1.42 12.8 0.962 0.28 26.5 0.891
NiO@kaolinite 4.12 1.87 0.988 1.56 13.5 0.971 0.31 28.2 0.903
Ni(OH),@kaolinite 4.58 1.52 0.992 1.78 14.2 0.978 0.35 30.8 0.912
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Table 11 Thermodynamic parameters for fluoride and phosphate adsorption on Ni(OH),@kaolinite

Adsorbate AH® (k] mol ™) AS° (J mol ' K1) AGhgg (k] mol™) AGys (k] mol ™) AGy5 (k] mol ™) AGhyg (k] mol™)
Fluoride 24.6 + 1.8 9 £ 5 —4.0 —5.0 —-5.9 —6.9

Phosphate 31.8+21 112 + 6 -1.6 —-2.7 -39 -5.0

Table 12 Langmuir isotherm parameters for fluoride and phosphate adsorption

Adsorbent Ion Gmax (Mg g™ 1) Ky (L mg™) Ry R? x*
Ni@kaolinite F~ 52.4 £ 2.1 0.068 =+ 0.005 0.128-0.746 0.987 0.82
Ni@kaolinite PO, 54.8 £ 2.3 0.053 £ 0.004 0.159-0.790 0.983 1.05
NiO@kaolinite F 55.9 + 2.0 0.075 £ 0.006 0.118-0.727 0.991 0.65
NiO@kaolinite PO~ 58.2 £ 2.2 0.061 £ 0.005 0.141-0.766 0.988 0.78
Ni(OH),@kaolinite F 58.6 = 1.8 0.082 £ 0.006 0.109-0.709 0.994 0.45
Ni(OH),@kaolinite PO,*~ 62.1 2.0 0.069 £ 0.005 0.126-0.744 0.992 0.58
them from strong chemisorption processes that typically exhibit C. 1 C. g
AH° > 80 k] mol . Therefore, the adsorption mechanism Ge GmaxKL | Gmax (8)

cannot be classified as chemisorption based on thermodynamic
magnitude alone. Instead, the process is attributed to a combi-
nation of electrostatic attraction, ligand exchange, and outer-
sphere/inner-sphere surface complexation mechanisms. The
positive AS® values (96 J mol ™" K~ for fluoride and 112 ] mol ™"
K™ for phosphate) indicate increased randomness at the solid-
solution interface during adsorption. This entropy increase is
attributed to the release of water molecules and counter-ions
from the adsorbent surface upon fluoride and phosphate
binding, resulting in a net increase in system disorder. The
favorable entropy change further supports the spontaneous
nature of the adsorption process.*®

3.12. Adsorption isotherm modeling

Adsorption isotherms provide critical insights into the adsorp-
tion mechanism, surface properties, and maximum adsorption
capacity. The experimental equilibrium data were analyzed
using three widely applied isotherm models: Langmuir,
Freundlich, and Temkin. These models were fitted to the data,
and the parameters were determined from their linearized
forms.
3.12.1. Langmuir isotherm model. The Langmuir model

assumes monolayer adsorption on a homogeneous surface with

where C. is the equilibrium concentration (mg L™Y), g. is the
adsorption capacity at equilibrium (mg g7"), gmax is the
maximum monolayer adsorption capacity (mg g~ "), and K, is
the Langmuir constant (L mg ") related to the affinity between
adsorbent and adsorbate. The dimensionless separation factor
Ry, is calculated as:

where, C, is the initial concentration. Ry, values between 0 and 1
indicate favorable adsorption. The Langmuir parameters are
presented in Table 12.

The Langmuir model demonstrated excellent fit to the
experimental data with high correlation coefficients (R* > 0.983)
and low x* values, indicating that monolayer adsorption is the
dominant mechanism. The maximum adsorption capacities
(¢max) followed the order: Ni(OH),@kaolinite > NiO@kaolinite >
Ni@kaolinite, with Ni(OH),@kaolinite exhibiting the highest
capacity (58.6 mg g~ ' for F~ and 62.1 mg g~ * for PO,*>"). The
separation factor (Ry) values for all adsorbents ranged between
0.109 and 0.790, confirming favorable adsorption across the
entire concentration range studied. The higher K;, values for
Ni(OH),@kaolinite indicate stronger adsorbent-adsorbate
affinity, which is attributed to abundant surface hydroxyl

. . ) - . roups facilitating ligand exchange and electrostatic
equivalent adsorption sites and no lateral interactions between ignterzctions & B g
adsorbed molecules. The linearized form is: )
Table 13 Freundlich isotherm parameters for fluoride and phosphate adsorption
Adsorbent Ion K (mg g7 (L mg '™ n 1/n R? x*
Ni@kaolinite F 8.52 £ 0.65 2.18 0.459 0.952 2.85
Ni@kaolinite PO43_ 9.14 + 0.72 2.05 0.488 0.948 3.12
NiO@kaolinite F 9.87 £ 0.58 2.31 0.433 0.961 2.34
NiO@kaolinite PO437 10.5 £+ 0.64 2.14 0.467 0.956 2.68
Ni(OH)Z@kaolinite F 11.2 £ 0.52 2.45 0.408 0.968 1.92
Ni(OH)Z@kaolinite PO437 12.1 £+ 0.58 2.28 0.439 0.963 2.21
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3.12.2. Freundlich isotherm model. The Freundlich model
describes multilayer adsorption on heterogeneous surfaces with
varying adsorption energies. The linearized form is:

log ¢. = log K¢ + %log C. (10)
where Kr is the Freundlich constant indicating adsorption
capacity (mg g~*) (L mg™*)*'"), and 7 is the adsorption intensity
factor. Values of 1/n between 0 and 1 indicate favorable
adsorption, with lower values suggesting greater heterogeneity.
The Freundlich parameters are presented in Table 13.

The Freundlich model showed moderate fit with R> values
ranging from 0.948 to 0.968, which are lower than those ob-
tained for the Langmuir model. The 1/n values (0.408-0.488) all
fell between 0 and 1, confirming favorable adsorption. The n
values greater than 1 (2.05-2.45) indicate that the adsorbents
have high adsorption affinity at low equilibrium concentra-
tions. The higher x> values compared to the Langmuir model
suggest that the Freundlich model is less suitable for describing
the adsorption mechanism, implying that monolayer adsorp-
tion on relatively homogeneous surfaces is more representative
than multilayer heterogeneous adsorption.

3.12.3. Temkin isotherm model. The Temkin model
accounts for adsorbent-adsorbate interactions and assumes
that the heat of adsorption decreases linearly with surface
coverage. The linearized form is:

ge = BIn Kt + Bln C, (11)
where K is the Temkin equilibrium binding constant (L mg ™),
B = RT/br, R is the universal gas constant (8.314 ] mol " K !), T
is temperature (K), and by is the Temkin constant related to the
heat of adsorption (k] mol'). The Temkin parameters are
presented in Table 14.

The Temkin model demonstrated good fit with R* values
ranging from 0.967 to 0.983, indicating that adsorbent-adsor-
bate interactions play a significant role in the adsorption
process. The positive Ky values confirm favorable binding. The
by values (0.432-0.512 k] mol ") are relatively low, suggesting
weak to moderate interaction energies consistent with physical
adsorption and surface complexation rather than strong
chemical bonding. The B values (4.84-5.74) represent the vari-
ation in adsorption energy and confirm the heterogeneous
nature of the adsorption process to some extent. Overall, Tem-
kin model provided better fit than Freundlich but was still
inferior to the Langmuir model; supporting the conclusion that

View Article Online

Paper
Table 15 Comparative analysis of isotherm models for
Ni(OH),@kaolinite
Isotherm model Ion R x’ Model ranking
Langmuir F~ 0.994 0.45 1st
Langmuir PO~ 0.992 0.58 1st
Temkin F 0.983 1.05 2nd
Temkin PO, 0.980 1.18 2nd
Freundlich F 0.968 1.92 3rd
Freundlich PO~ 0.963 2.21 3rd

Table 16 Production cost estimation

Component Cost estimate

Kaolinite raw material
Nickel precursor
Synthesis and processing
Characterization

Total estimated cost

$50-100 per ton
$20-50 per kg
$100-200 per kg
$500-1000 (initial)
$200-400 per kg

monolayer adsorption on relatively uniform sites is the
predominant mechanism.

3.12.4. Isotherm model comparison and mechanistic
interpretation. Based on the correlation coefficients and chi-
square analysis, the Langmuir model provided the best fit for
both fluoride and phosphate adsorption data, followed by
Temkin and Freundlich models. The superior fit of the Lang-
muir isotherm indicates that adsorption occurs predominantly
as a monolayer on relatively homogeneous adsorption sites with
finite capacity. This conclusion is supported by: (1) high R?
values (>0.992), (2) low x* values (<0.6), (3) close agreement
between experimental and theoretical gma. values, and (4)
favorable R; values throughout the concentration range. The
moderate fit of the Temkin model suggests that adsorbent-
adsorbate interactions contribute to the adsorption process,
while the poorer fit of the Freundlich model indicates that
multilayer adsorption and extreme surface heterogeneity are
not the dominant mechanisms. Integrating the kinetic, ther-
modynamic, and isotherm findings, the overall adsorption
mechanism can be attributed to: (1) monolayer surface
complexation on hydroxyl-rich sites (Langmuir behavior), (2)
electrostatic attraction between positively charged adsorbent
surfaces and anionic fluoride/phosphate species (favorable at
pH 6-8), (3) ligand exchange where F~ and PO,*~ replace
surface OH~ groups (supported by FT-IR and thermodynamic

Table 14 Temkin isotherm parameters for fluoride and phosphate adsorption

Adsorbent Ton Kr (L mg ) by (k] mol ™) B R® x*

Ni@kaolinite F~ 1.42 + 0.12 0.485 5.11 0.971 1.68
Ni@kaolinite PO~ 1.28 + 0.11 0.512 4.84 0.967 1.92
Nio@kaolinite F~ 1.67 £ 0.13 0.458 5.41 0.978 1.32
Nio@kaolinite PO~ 1.51 + 0.12 0.492 5.04 0.974 1.54
Ni(OH),@kaolinite F~ 1.89 + 0.14 0.432 5.74 0.983 1.05
Ni(OH),@kaolinite PO~ 1.73 £ 0.13 0.468 5.30 0.980 1.18
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Adsorbent Cost per kg Adsorption capacity (mg g~ ") Regeneration cycles Cost per 1000 L treatment
Ni-kaolinite $200-400 F: 50-100, PO, : 80-120 5-10 $5-10

Activated alumina $300-500 F: 20-40, PO,*>: 10-30 3-5 $15-25

Iron oxide NPs $400-600 F: 30-60, PO4*": 40-70 4-7 $20-30

Biochar $100-300 F: 10-30, PO4>": 20-50 2-4 $10-20

Ion-exchange resins $1000-5000 F: 50-80, PO43’: 60-100 10-15 $50-100

Table 18 Adsorption efficiency

Parameter Ni-kaolinite Activated alumina Iron oxide Biochar Ion-exchange resins
Fluoride uptake 50-100 mg g~ " 20-40 mg g " 30-60 mg g " 10-30 mg g’ 50-80 mg g~ "
Phosphate uptake 80-120 mg g~ * 10-30 mg g~ * 40-70 mg g " 20-50 mg g~ " 60-100 mg g~

PH stability 4-9 5-8 3-8 6-9 4-10

Selectivity High Moderate Moderate to high Low High

data), and (4) multiple rate-controlling steps including film
diffusion, surface adsorption, and intra-particle diffusion
(multi-stage kinetic behavior). The thermodynamic parameters
(AH® < 40 k] mol ") confirm that the process involves physical
adsorption and surface complexation rather than strong
chemisorption (Table 15). Therefore, the combined evidence
from kinetic modeling (pseudo second order), thermodynamic
analysis (moderate AH®), and isotherm fitting (Langmuir best
fit) supports a hybrid mechanism dominated by electrostatic
interactions and surface complexation.

4. Cost analysis and comparative
assessment of advanced nickel-based
nanostructured doped kaolinite as

a multifunctional adsorbent

The increasing contamination of water bodies with fluoride (F~)
and phosphate (PO,>”) poses significant environmental and
health risks. Conventional remediation techniques such as
precipitation, ion exchange, and reverse osmosis are often
costly, energy-intensive, or inefficient at low contaminant
concentrations. Adsorption-based methods wusing nano-
structured materials have emerged as promising alternatives
due to their high efficiency, selectivity, and potential for
resource recovery. This study evaluates the cost-effectiveness
and comparative performance of nickel-doped nanostructured
kaolinite as a multifunctional adsorbent for simultaneous
fluoride and phosphate removal. Additionally, we assess its
potential for sustainable resource recovery through desorption
and regeneration. Ni-kaolinite could achieve <$5 per 1000 L
treatment, making it competitive with conventional methods.
Tables 16 and 17 show cost analysis.

4.1. Comparative performance assessment

The use of natural kaolinite in Ni-kaolinite reduces reliance on
synthetic materials, lowering environmental impacts associated

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

with mining and processing. Nickel doping improves structural
stability, preventing metal leaching and ensuring long-term
adsorbent safety. Additionally, the ability to recover phosphate
from treated water aligns with circular economy principles,
transforming waste into a valuable resource for agricultural
applications. This approach not only mitigates pollution but
also promotes sustainable resource utilization, making Ni-KAO
an eco-friendly solution for water remediation. Table 18 shows
adsorption efficiency.

5. Conclusions

This study successfully demonstrated the effectiveness of nickel
doped kaolinite (Ni@kaolinite and NiO@kaolinite) as multi-
functional adsorbents for the efficient remediation of fluoride
and phosphate from aqueous systems while enabling sustain-
able resource recovery. The synthesized catalysts exhibited
superior adsorption performance, following pseudo second
order kinetics, indicating a adsorption governed by electrostatic
attraction and surface complexation interactions supported by
moderate enthalpy values. Advanced characterization tech-
niques (XRD, FT-IR, SEM mapping-EDX, BET, and DLS)
confirmed the enhanced dispersion of Ni species on the
kaolinite support, improving catalytic activity and stability.
Ni@kaolinite outperformed NiO@kaolinite, achieving higher
removal efficiencies due to improved electron transfer and
redox properties. Also, statistical and thermodynamic analyses
revealed an endothermic, spontaneous process, optimizing
parameters such as pH, temperature, and catalyst dosage.
Excellent reusability over ten cycles underscores the material's
long-term economic and environmental viability. Phosphate
recovery potential aligns with circular economy principles,
transforming waste into a reusable resource. These results
highlight clay-supported Ni-based catalysts as cost-effective,
sustainable, and scalable solutions for industrial wastewater
treatment. Future research should focus on large-scale appli-
cations, real wastewater testing, and life-cycle assessments to
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further validate their industrial feasibility. This work contrib-
utes significantly to green chemistry and environmental reme-
diation, offering a promising pathway for pollutant removal and
resource recovery.
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