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Water eutrophication, driven by excessive phosphate levels, represents a major environmental challenge.
Conventional adsorbents exhibit limitations in efficiently removing phosphate ions (P-ions) from aqueous
solutions. This study aimed to develop an MgAl-LDH/LaFeOs; composite as a more effective adsorbent
for P-ion removal. The prepared composite was characterized using various techniques, including XRD,
FTIR, SEM, and XPS, to verify its successful fabrication. Zeta potential analysis determined the surface
charge to be +32.1 mV at pH 2. Results demonstrated a synergistic effect between LaFeOz and MgAl-
LDH, which significantly enhanced the composite’s overall removal efficiency. The optimal pH for P-ion
removal was found to be 2, with a high selectivity for P-ions. Phosphate ion removal followed second-
order kinetics and fitted well with both Freundlich and Langmuir isotherms, exhibiting a maximum
adsorption capacity of 833.3 mg-P per g. Analyses after adsorption clarified that there was

a combination of physical and chemical interactions, including electrostatic attraction, complexation, ion
Received 24th August 2025 h d ligand exchange, in th | mechanism. Reusability test showed that th it
Accepted 25th September 2025 exchange, and ligand exchange, in the removal mechanism. Reusability test showed that the composite
maintained over 88% removal efficiency after five cycles, confirming its stability and applicability. These

DOI: 10.1039/d5ra062599%¢ findings highlight the superior adsorption capacity of the MgAl-LDH/LaFeOs composite, offering an
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1. Introduction

Water is essential for life and is crucial for agriculture, drinking,
and industrial purposes. Water treatment processes play a vital
role in ensuring that water and wastewater are clean and safe for
use.' These processes involve physical, chemical, and biological
methods to remove harmful solids and organic materials.?
Phosphate (PO,)*” is a crucial component in many industrial
processes and agricultural activities. Approximately 90% of the
globally produced phosphate is utilized in fertilizers, industrial
products, including detergents and food and beverages, and
metallurgy.* However, the excessive discharge of dissolved
phosphate from industrial, agricultural, and domestic sources
into water bodies contributes to water eutrophication.® This
phenomenon causes substantial economic losses, promotes
algal blooms, and disrupts the biological balance of aquatic
ecosystems. To maintain clean and safe water, controlling the
concentration of phosphorus-containing ions has become
essential. Despite the use of chemical, physical, and biological
methods to eliminate phosphate ions, adsorption remains
a preferable technique due to its efficiency, simplicity, and
sensitivity to toxic contaminants.
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efficient solution for mitigating phosphate pollution.

To date, various adsorbents, including activated carbon,
polymers, metal-based composites, and biochar, have been
utilized for phosphate removal.®> Among these, layered double
hydroxide (LDH) materials, a type of anionic clay, have gained
significant attention due to their versatile applications in
catalysis, sensing, drug delivery, and adsorption.>** LDHs are
highly efficient in adsorbing different types of contaminants,
boasting a remarkable ion-exchange capacity and exceptional
performance in removing hazardous elements from wastewater.
Their unique structural and chemical properties make LDHs
highly promising materials for phosphate removal.® LDHs
consist of positively charged brucite-like layers intercalated with
anions that maintain charge balance, offering a substantial
interlayer surface for accommodating and adsorbing various
anionic contaminants, including phosphate.”® Numerous
studies have demonstrated the efficacy of LDHs in water treat-
ment applications, with phosphate adsorption capacities
varying based on the metal ions incorporated into the LDH
structure. For example, Ca-La LDHs have shown exceptional
adsorption capacities of up to 194.04 mg P per g, outperforming
other LDHs due to their selective chemical adsorption, ion
exchange, and inner-sphere complexation.” Similarly, Zn-Al
LDHs exhibit high phosphate removal efficiencies, such as
116.07 mg P per g, while biochar-enhanced MgAl-LDHs have
demonstrated superior selectivity and regeneration potential
for real wastewater treatment.' Modified LDHs, such as La-
doped LDHs, further enhance the adsorption performance by
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increasing the adsorption sites and improving the resistance to
pH variations and competing anions.” However, there are
challenges that still need to be improved, particularly con-
cerning the selectivity, stability of LDHs under varying pH
conditions, and the nano-scale nature of these materials, which
complicates separation. To address these limitations, doping
LDHs with lanthanum-based materials for example could
enhance their selectivity towards phosphate ions. Furthermore,
incorporating materials with magnetic property can greatly
enhance their separation.

Lanthanum (La), in its metallic form, is well-known for its
effectiveness as an adsorbent for removing phosphate from
contaminated water. Its cationic form, La®", exhibits a high
affinity for bonding with phosphate ions (P-ions) by drawing
oxygen-donor atoms from phosphate through an anion-ligand
mechanism. Additionally, La can form a La-phosphate (La-
PO,) complex even with trace amounts of phosphate.">** La-
based adsorbents, particularly lanthanum ferrite (LaFeOs;),
a type of perovskite oxide, have attracted significant interest due
to their diverse and advantageous physicochemical properties
for the adsorption of water pollutants.****

The objectives of this study are to construct an adsorbent
composite of MgAI-LDH/LaFeO; utilizing the high phosphate
affinity of LaFeO; and the high anionic exchange capacity of
LDHs, aiming for superior removal efficiency of phosphate ions
(P-ions). Specifically, the study aims to: (1) prepare the
composite through a co-precipitation approach and investigate
its phosphate removal efficiency; (2) examine various factors
influencing the adsorption process, including pH, temperature,
and exposure time; (3) study the adsorption kinetics, isotherms,
and thermodynamics to understand the underlying mecha-
nisms; and (4) investigate the reuse capacity of the composite to
assess its economic value.

2. Experimental

2.1. Materials

Ferric nitrate nonahydrate [Fe(NO3);-9H,0, >99.5%] was ob-
tained from Merck Millipore. Aluminum nitrate nonahydrate
[AI(NO3);-9H,0, 99.3%], magnesium nitrate hexahydrate
[Mg(NO;),-6H,0, 98.7%] and lanthanum nitrate nonahydrate
[La(NO3)3-9H,0, 99.8%] were purchased from Sigma-Aldrich.
Potassium dihydrogen phosphate [KH,PO,, >99%], citric acid
[CeHgO7, 97%], sodium hydroxide (NaOH, AR) and sodium
nitrate (Na,CO3, AR) were obtained from Alfa Chemicals.

2.2. Synthesis lanthanum ferrite (LaFeO;)

Synthesis of LaFeO; was achieved through a sol-gel formation,
followed by a calcination step. Initially, 5 mmol of each
lanthanum salt and ferric salt (2.1658 g and 2.02 g, respectively)
were dissolved in demineralized water (100 mL) at room
temperature with continuous stirring for 3 h. Subsequently,
citric acid (5 g) was added to the solution and the stirring was
continued for another 2 h. The mixture was then heated to 70 °C
with continuous stirring to facilitate the evaporation of water to
half of its initial volume. The resulting gel was heated in an oven
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at 200 °C for 12 h, producing an intermediate fluffy powder
exhibiting a highly porous, low-density morphology, arising
from the evolution of gaseous byproducts (NO,, CO,, H,0)
during the thermal decomposition of citric acid and metal
nitrates. The obtained powder was then finely ground and
subsequently calcined at 500 °C for 2 h to induce crystallization
and formation of the perovskite LaFeO; phase."®

2.3. Preparation of MgAL-LDH/LaFO;

The coprecipitation process was utilized to prepare the MgAl-
LDH/LaFeO; composite. In this process, a solution containing
100 mL of 0.41 M Mg(NO,),-6H,0 and 0.21 M Al(NO;),-9H,0
was gradually introduced dropwise, at a rate of 2 mL min ", into
a beaker containing 100 mL of 2 M NaOH and 2 M Na,CO;
solution. NaOH provides the high pH (~10) necessary for Mg**
and AI** hydroxide precipitation and brucite-like layer forma-
tion, while Na,CO; supplies carbonate anions (CO;>”) as the
primary interlayer species. These carbonate anions are crucial
for stabilizing the positively charged brucite-like layers, as they
strongly bind within the interlayer space, preventing collapse of
the LDH structure and minimizing incorporation of weaker
anions such as -OH or NO;  from the metal precursors.”
Meanwhile, LaFeO; was incorporated into the mixture at
a molar ratio of 0.2 M relative to the total molar concentration,
while maintaining the pH of the solution at approximately 10.
After completing the precipitation, the obtained gel was aged
overnight at room temperature. The gel was then dried over-
night at 80 °C, following filtration and thorough washing with
distilled water.*®

2.4. Characterization of adsorbent

The characterization of the prepared adsorbent, MgAl-LDH/
LaFeO;, was performed using X-ray diffraction (XRD) (Proto-
AXRD Theta-Theta) to examine the crystallinity. Fourier
transform-infrared  spectroscopy  (FTIR) (Perkin-Elmer-
Spectrum Two) was used to verify the chemical composition.
To analyze the composite morphology, scanning electron
microscopy (SEM) (Thermo Scientific) was utilized, while X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific; K-Alpha)
was utilized to analyze the composite's elemental composition.

2.5. Phosphate removal experiments

To evaluate the factors affecting P-ion adsorption by the MgAl-
LDH/LaFeO; composite, a standard stock potassium di-
hydrogen phosphate (KH,PO,) solution (1000 mg L™') was
prepared and stored for any required concentrations. Phos-
phate was measured in accordance with an APHA Method 4500-
P using a Hach DR-6000 UV-VIS spectrophotometer. In this
method, phosphate reacts with ammonium molybdate and
ammonium metavanadate in an acidic medium to form a yellow
molybdovanado phosphoric acid complex. Absorbance was read
at 430 nm, and phosphate concentrations were calculated from
a calibration curve prepared with KH,PO, standards.

The effects of various parameters were investigated,
including the pH of the solution, temperature, MgAl-LDH/
LaFeO; composite dose, time, and initial P-ion concentration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The pH was examined in the range of 2-11 using 10 mg of the
MgAI-LDH/LaFeO; composite and 20 mL of a 200 mg L~ " P-ions
solution at 25 °C. The effect of the temperature, as well as the
thermodynamic parameters, was studied in the temperature
range from 25 to 55 °C using 10 mg of the MgAl-LDH/LaFeO;
composite and 20 mL of a 200 mg L' P-ion solution at pH 2.
The effect of the MgAI-LDH/LaFeO; composite dose was tested
in a 20 mL volume of a 200 mg L~ " P-ion solution at pH 2 and
25 °C using different amounts of MgAI-LDH/LaFeO; (10-30 mg).
To investigate the impact of the initial concentration and the
kinetic and isotherm parameters, 10 mg of MgAl-LDH/LaFeO;
was soaked in 20 mL of P-ions of different initial concentrations
(100-500 mg L") at 25 °C and pH 2. The P-ions removal efficacy
(R%) was calculated using eqn (1), while the adsorption capacity
(g) was calculated using eqn (2).

G -G

Ry = == x 100 (1)
14

q= Co— C X m—L )
g

where C, and C; represent the initial and equilibrium concen-
trations of P-ions in mg L', respectively, V represents the
solution volume in liters, and m is the MgAIl-LDH/LaFeO;
composite dose in grams.
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2.6. Selectivity

To assess the selectivity of the MgAl-LDH/LaFeO; composite for
P-ions, competitive adsorption studies were carried out. A
certain mass of the MgAl-LDH/LaFeO; composite (10 mg) was
soaked in a beaker containing P-ions (10 mL, 100 mg L™ ), along
with a solution (10 mL, 100 mg L") of a competing anion
(nitrate NO3;~, bicarbonate HCO; ™, chloride Cl™, and sulfate
SO4>).

3. Results and discussion

3.1. MgAI-LDH/LaFeO; characterization

3.1.1 XRD analysis. The XRD patterns for pristine LaFeOj3
and MgAI-LDH, as well as the final composite MgAIl-LDH/
LaFeOg, are presented in (Fig. 1a). For pristine LaFeOs, peaks at
20 =22.6°, 32.3°,39.7°, 46.1°, 57.5°, and 67.4° corresponding to
the planes (002, 200, 113, 004, 312, and 041, respectively)
confirm the crystalline LaFeO; phase with orthorhombic
assembly."?® For MgAI-LDH, a typical crystalline pattern was
observed, exhibiting narrow, high-intensity reflections at 26 =
11.4°, 23.1°, 34.6°, 38.6°, 46°, 60.5° and 62.1° for the planes
(003), (006), (012), (115), (118), (110) and (113), respectively.>*>>
For the composite, there were distinct peaks of both LaFeO; and
MgAI-LDH, confirming the successful fabrication of MgAl-LDH/
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Fig.1 XRD patterns (a) and FTIR spectra (b) for LaFeOs, MgAl-LDH and the MgAl-LDH/LaFeOs composite, and the zeta potential at different pH

values (c) for the MgAl-LDH/LaFeOs composite.
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LaFeO;. All the characteristic diffraction peaks of both LaFeO;
and MgAI-LDH are present, confirming the coexistence of the
two crystalline phases without the formation of any major
impurities.?*** The strong (003) and (006) low-angle reflections
confirm the presence of stacked brucite-like layers, verifying the
formation of a well-ordered LDH structure within the
composite.”* The LaFeO; peaks in the composite show no
significant shift in position, indicating that its perovskite lattice
remains unaltered. However, there is a slight broadening and
reduction in intensity. This indicates that MgAI-LDH is
dispersed onto or intergrown with LaFeOj;, resulting in a slight
decrease in the LaFeOj; crystallite size or minor interfacial
distortions.”® Similarly, the LDH reflections exhibit lower rela-
tive intensity than pure LDH, which can be attributed to smaller
LDH crystallite domains and partial coverage by the highly
crystalline LaFeO; phase.”

3.1.2 FTIR. FTIR spectra of pristine LaFeO;, MgAI-LDH, as
well as the final composite MgAl-LDH/LaFeO; are presented in
Fig. 1b. For neat LaFeOs, the sharp peak at 547 cm™" is attrib-
uted to the Fe-O stretching vibration, being characteristics for
LaFeOj3;.”® MgAI-LDH shows a typical LDH spectrum with a wide
peak at 3433 cm ! attributed to O-H stretching. Another sharp
peak at 1633 cm ™' was observed, corresponding to the inter-
layer H,0 bending vibration.***° The broad band observed at
~1385 cm™ ", together with the out-of-plane bending mode in
the ~850-870 cm ™" region, can be attributed primarily to the
presence of interlayer carbonate (CO;>7).** However, nitrate
salts were used as metal precursors during LDH synthesis. Since
nitrate (NO; ) anions exhibit vibrational absorptions in
a similar band region, it is reasonable to assume that traces of
NO;~ may coexist with CO;>” in the interlayer space.’> The
spectral overlap of nitrate with carbonate could therefore
contribute to the single, intense band observed near
1385 cm™ 3! Nevertheless, carbonate possesses a significantly
higher affinity for LDH interlayers compared to nitrate, due to
their higher charge density and stronger electrostatic binding
affinity toward the positively charged brucite-like layers.** The
broad band observed in the 400-800 cm ™" region, and partic-
ularly the features below 500 cm™*, can be attributed to the
overlapping stretching and bending vibrations of metal-oxygen
bonds within the composite structure (M-O, where M = Mg, Al,
Fe, and La).* This includes Fe-O stretching vibrations from the
LaFeO; perovskite phase, typically found between 400-
600 cm™', while La-O vibrations in lanthanum ferrite/
perovskite lattices also contribute within the same region,
often overlapping with Fe-O modes and thus giving rise to
broadened spectral features in the 400-600 cm ™' range.*® In
addition, the band near 430-460 cm ™" can be more explicitly
assigned to Mg-O stretching vibrations arising from the brucite-
like layers of MgAI-LDH.** For the MgAIl-LDH/LaFeO;
composite, all the characteristic peaks of LaFeO; and MgAl-LDH
are shown, reflecting the successful preparation of the LDH/
LaFeO; composite.

3.1.3 MgAI-LDH/LaFeO; surface charge. The zeta potential
(zP) measurement reveals the effect of the medium pH on the
surface charge of the MgAl-LDH/LaFeO; composite, and hence
affects the electrostatic attraction between the LDH/LaFeO;
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composite and P-ions. As presented in Fig. 1c, the LDH/LaFeO;
composite has a positive zeta potential as high as +32.1 mV at
pH 2 and a point of zero charge (pHpzc) equal to 6.2. The highly
positive zeta potential at pH 2 originates primarily from the
protonation of surface hydroxyl groups (M-OH, where M = Mg,
Al, Fe, or La) under strongly acidic conditions. The governing
equilibrium can be expressed as: (M-OH + H' = M-OH,"). At
pH 2, the high proton activity shifts this equilibrium strongly
toward the right, leading to the extensive formation of (M-
OH,"') species. This surface protonation is consistent with
classical acid-base surface chemistry and explains the net
positive charge of the composite.*” This high positively charged
surface suggests the possibility of high electrostatic attraction
of P-ions with the LDH/LaFeO; composite, enhancing their
adsorption onto the surface. In contrast, at higher pH values
beyond 6.2, the ZP values decreased to —25.3 mV at pH 9 and
—31 at pH 11. As the surface charge transitioned from positive
to increasingly negative, the electrostatic attraction diminished.
This variation in surface charge highlights the crucial role of pH
in governing the adsorption efficiency of the material.

3.1.4 Morphology. SEM was utilized to investigate the
morphology of the pristine materials, as well as the MgAIl-LDH/
LaFeO; composite. As shown in Fig. 2a and b, SEM images of
LaFeO; reveal the formation of spherical particles that exhibit
some level of agglomeration. A limited number of larger, loosely
aggregated clusters were observed, likely resulting from aggre-
gation processes that occur during the washing stages, as well
as the elevated temperatures used during the calcination
process. The SEM images of MgAI-LDH (Fig. 2c and d)
predominantly feature well-defined hexagonal platelet struc-
tures, which exhibit minor cracks along the edges of the
hexagonal sheets, with some sheets displaying vertical inter-
sections at their hexagonal sides. These vertical crossings may
result from the sharing of aluminum hydroxide seeds during
the crystal formation phase, leading to perpendicular intersec-
tions that minimize surface energy by reducing exposed areas.
Additionally, the presence of small defects along the hexagonal
edges may indicate incomplete crystallization.® The SEM of the
MgAIl-LDH/LaFeO; composite (Fig. 2e and f) clarified the
coating of the spherical LaFeOj; particles on hexagonal MgAl-
LDH.

3.1.5 XPS analysis. The XPS analysis of the MgAIl-LDH/
LaFeO; composite (Fig. 3a) clarified the existence of Mg, Al, La,
Fe, and O elements, confirming the successful formation of the
LaFeO; modified MgAl/LDH composite.” The Mg 1s and spec-
trum (Fig. 3b) revealed the presence of metal oxides and
hydroxides, with two peaks at 1304.35 eV and 1306.1 eV, which
are characteristic for Mg”* in a hydroxide/oxide medium. The
spectrum for Al 2p (Fig. 3c) revealed the existence of an Al 2p,/,
characteristic peak at 74.47 eV that is attributed to AI*" cations
in an octahedral coordination environment, corresponding to
Al-O bonds within the brucite-like LDH layers.*® The La 3d
spectrum (Fig. 3d) showed characteristic peaks for La®" at
854.55 eV (La 3d3),) and 837.86 eV (La 3ds,,).* The Fe 2p spec-
trum (Fig. 3e) exhibited binding energies for Fe 2ps, at
713.98 eV and Fe 2p4, at 728.33 eV, along with a satellite peak at
720.88 eV, indicating the presence of Fe®" which is consistent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of LaFeOs (a and b), MgAl-LDH and (c and d) and the MgAl-LDH/LaFeOs composite (e and f).

with LaFeO;.>* The smaller doublet with Fe 2p;,, at 709.8 eV
suggests the presence of a small fraction of Fe**, which may
result from surface reduction or synthesis-induced defects.
Additionally, the O 1s spectrum (Fig. 3f) displayed peaks cor-
responding to lattice oxygen in metal-oxygen bonds (M-O,
where M = Mg, Al, La, and Fe), at 531.72 eV and surface hydroxyl
groups (M-OH) at 532.45 eV, indicating the presence of the
oxygen species in the structure.?®

3.2. Adsorption performance of the MgAl-LDH/LaFeO;
composite

3.2.1 Comparison test. Fig. 4a illustrates the comparative
adsorption performance of pristine LaFeOs;, MgAl-LDH (1:1),
and MgAI-LDH (2:1) toward phosphate ions. The correspond-
ing adsorption capacities were determined to be 218 mg g™,
210 mg g~ ' and 302 mg g ', with removal efficiencies of 55.9%,
58.9%, and 77.5%, respectively. As a result, the 2:1 ratio was
selected for the fabrication of the composite. The adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry

capacities for MgAI-LDH to LaFeO; with ratios of 0.1, 0.2 and
0.3 M of LaFeO; were found to be 302 mg g~ ', 372 mg g, and
374 mg g ', respectively, and the removal efficiencies were 90%,
95.4%, and 95.8%. Based on these findings, the MgAI-LDH 2 : 1/
LaFeO; (0.2 M) was identified as the optimal formulation.
Interestingly, the increase of the LaFeO; ratio to 0.3 M did not
yield a significant improvement in the adsorption performance.
This could be a result of the plateau effect, where the additional
LaFeO; likely led to particle aggregation and pore blocking,
rather than the creation of new accessible active sites.***°
Consequently, a LaFeO;-to-total metals (Mg>* + Al**) ratio of
0.2 M was identified as optimal for this study. This selection was
also justified for economic considerations as lanthanum is
costlier than magnesium or aluminum. Therefore, minimizing
the LaFeO; content while maximizing the adsorption efficacy is
a crucial factor for the large-scale application and economic
viability of the composite adsorbent.**

3.2.2 Effect of pH. The solution pH effect on P-ion
adsorption by the MgAI-LDH/LaFeO; composite was examined

RSC Adv, 2025, 15, 37951-37964 | 37955
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Fig. 3 XPS spectra of the MgAl-LDH/LaFeOs composite: (a) survey-spectrum and (b) Mg 1s, (c) Al 2p, (d) La 3d, (e) Fe 2p, and (f) O 1s spectra.

across a wide pH range (2-9). The results (Fig. 4b) demonstrated
that a superior adsorption capacity of 372 mg g~ " and removal
efficiency of 96% were achieved at pH 2. Upon increasing pH,
the adsorption capacity gradually declined at pH 4 and 7, with
a significant drop at pH 9 and reached an adsorption capacity as
low as 44 mg g~ at pH 11.* This behavior is attributed to the
dominant phosphate species present at different pH levels:
H,PO,” is predominant between pH 2.15 and 7.20, while
HPO,>~ becomes the dominant species from pH 7.20 to 10.0.
Since H,PO,  has a lower adsorption-free energy, it is more
readily adsorbed onto the MgAl-LDH/LaFeO; composite
surface.”® At low pH, the surface of the composite is protonated
and positively charged. This was confirmed by zeta potential
measurements of +32.1 mV at pH 2 and +30.4 mV at pH 4, which
enhanced the electrostatic attraction between the MgAIl-LDH/
LaFeO; composite surface and negatively charged phosphate
ions.* Furthermore, La and Fe contribute to phosphate removal
through direct interactions because of their ability to form
Lewis acidic sites, binding phosphate anions via coordination
bonds or ligand exchange. Conversely, the MgAl-LDH/LaFeO;
composite became negatively charged at higher pHs, with zeta
potential values of —11.2 mV at pH = 6 and —25.3 mV at pH = 9,
which hinder the attraction between the negatively charged
MgAI-LDH/LaFeO; composite surface and the negatively
charged P-ions.*

3.2.3 Effect of the initial P-ion concentrations. To assess
how the initial concentration of P-ions affect the performance of
the MgAIl-LDH/LaFeO; composite, different initial P-ion

37956 | RSC Adv, 2025, 15, 37951-37964

concentrations were utilized (100-500 mg L"), as presented
in Fig. 4c. The results revealed that the adsorption capacity
increased from 200 to 802 mg-P per g as the P-ion concentration
increased from 200 to 500 mg L. This could be explained by
the fact that at higher concentrations, both available P-ions as
well as the diffusion rate of P-ions increased at elevated
concentrations. This increase in the diffusion rate accelerates
the transfer of P-ions from the bulk solution to the surface of
the MgAlI-LDH/LaFeO; composite. Consequently, more P-ions
are adsorbed, leading to a higher adsorption capacity value.*®
3.2.4 Effect of composite dosage. The effect of the MgAl-
LDH/LaFeO; composite dosage on the P-ion removal (Fig. 4d)
revealed that 10 mg of MgAI-LDH/LaFeO; achieved 95.4%
removal with a capacity of 372 mg-P per g, while 30 mg of MgAl-
LDH/LaFeOj; achieved 99.7% removal efficacy with a capacity of
129 mg-P per g. The slight increase in the removal percentage is
due to the availability of more surface sites for adsorption as
more MgAIl-LDH/LaFeO; composite is added. However, the
decrease in adsorption capacity occurs because, all types of
adsorption sites, including high-energy sites, are fully acces-
sible to phosphate ions at lower dosages, leading to rapid
saturation. As the dosage increases, fewer high-energy sites are
available and more low-energy sites are occupied, which
reduces the overall adsorption capacity. This behavior reflects
the heterogeneity of the LDH surface, where adsorption sites
have varying binding energies, highlighting the balance
between the removal efficiency and adsorption capacity when

47,48

adjusting the adsorbent dosage.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.5 Effect of temperature. The temperature has a great
effect on the adsorption efficiency and capacity. On this basis,
the removal of P-ions by the MgAl-LDH/LaFeO; composite was
examined at different temperatures, as shown in Fig. 4e. The
removal efficiency and the capacity increased from 372 to
384 mg g ' with increasing temperature from 25 to 50 °C,

© 2025 The Author(s). Published by the Royal Society of Chemistry

reflecting the endothermic nature of the process. This indicates
that higher temperatures provide additional energy, enhancing
the mobility of phosphate ions in the solution and promoting
stronger interactions with the active sites of the MgAI-LDH/
LaFeO; composite. This reflects the activating and facilitating
rule of heat in the removal process.*
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Fig. 5 Adsorption isotherms of the MgAl-LDH/LaFeOs composite:
thermodynamics.

3.2.6 Selectivity. Indeed, real wastewater contains many
anions, such as NO; ™, S0,>7, CI~ and HCO; ", that can compete
with P-ions for the adsorption on MgAl-LDH/LaFeO;. These
anions could challenge the adsorption of P-ions in the interlayer
spaces of LDHs that have a large surface area, high anion
exchange capacity, and adaptable interlayer space that accom-
modates a variety of anionic pollutants. Based on this fact, the
removal efficiency of P-ions by MgAI-LDH/LaFeO; was examined
in the presence of these ions (Fig. 4f). Results indicated that the
removal efficiency of P-ions by MgAl-LDH/LaFeO; in the pres-
ence of competing anions was in the following order: NO;~ >

(@) Langmuir, (b) Freundlich, and (c) Temkin models. (d) Adsorption

compared to monovalent anions. These findings highlight the
competitive effects of common anions in wastewater and the
selective adsorption behavior of the composite.>**

3.3. Adsorption isotherm

P-ions adsorption on the MgAIl-LDH/LaFeO; composite was
evaluated using different isotherm models, including Freund-
lich, Langmuir, and Temkin. Eqn (3)-(5) represent the linear
forms of these isotherms:

Langmuir
HCO;~ > ClI~ > SO,”". The adsorption capacity experienced c 1 c
a slight reduction in the presence of nitrate and bicarbonate, = 5 = (3)
while sulfate caused a significant decrease in phosphate qe Gn  Gm
removal. This aligns with previous research demonstrating that
LDHs exhibit higher affinity for divalent anions like sulfate Freundlich
Table 1 Adsorption isotherm parameters derived from different models for the adsorption of P-ions by the MgAl-LDH/LaFeOs composite
Isotherm Langmuir Freundlich Temkin
Parameter, unit Gmax, Mg g " b,Lmg! R? k, Lmg ™! n R? By, ] mol™* B, k] mol™* R*
833.3 0.11 0.969 10.23 3.55 0.993 18.57 0.133 0.919
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Table 2 Thermodynamic parameters of P-ion removal by the MgAl-
LDH/LaFeOs composite

Temperature AG° AH° AS°
(X) (k] mol™) (k] mol™) (J mol " K™)
298 —9.22 40.02 163.95
308 —10.20
318 —11.45
328 —14.35
1
log g. = log ks + p logC. (4)
Temkin
¢e = Bylog A + B log C, (5)

here, g. and g, represent the adsorption capacity at equilibrium
and the maximum adsorption capacity (mg g~ ), respectively, C.
symbolizes the concentration at equilibrium (mg L"), b repre-
sents the Langmuir constant, k; and n represent Freundlich
constants, B; represents the Temkin constant, and A represents
the equilibrium bond constant.

From the results of the linear plots (Fig. 5a—c) and (Table 1),
the adsorption process was best described by the Freundlich
model, with the highest correlation coefficient (R> = 0.993).

View Article Online

RSC Advances

These findings suggest that the process is influenced more with
physical adsorption mechanisms occurring on a surface with
a non-uniform energy distribution, which supports the forma-
tion of multilayer adsorption.** The Langmuir model revealed
that the gnax is 833.3 mg-P per g. The results obtained from the
Temkin model revealed that the physisorption process is
favorable since the obtained b value is <80 k] mol .5

3.4. Adsorption thermodynamics

The temperature effect (298 to 313 K) on P-ion removal by the
MgAl-LDH/LaFeO; composite was examined (Fig. 5d). These
parameters were computed using eqn (5) and (6).>* Table 2
summarizes the thermodynamic parameters, standard change
in enthalpy (AH°), standard change in entropy (AS°), and
standard change in the Gibbs free energy (AG°).

R RT ©)

AG® = —RTInk, (7)

where, the equilibrium constant is K. and the universal gas
constant R = 8.314 ] mol ' K™ ', and the Kelvin temperature is 7.

The results revealed that AG° has negative values, confirm-
ing the feasibility of the adsorption of P-ions by the MgAI-LDH/
LaFeO; composite. Furthermore, the negative value of AG°
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Fig. 6 Kinetic study of adsorption: (a) pseudo-1st-order, (b) pseudo-2nd-order, and (c) Elovich models.
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Table 3 Kinetic parameters of adsorption of P-ions by MgAl-LDH/LaFeOs

Concentration (mg L")
Parameters 100 200 300 400 500
Geexp (Mg g ") 200.2 372 536 666 802
Pseudo-1st-order
ky (minfl) 0.031 0.030 0.035 0.033 0.032
Gecal (Mg g™ ") 105.6 254.6 432.6 610.9 820.6
R* 0.935 0.975 0.992 0.859 0.892
Pseudo-2nd-order
K, (minfl) 0.00321 0.00035 0.00037 0.00041 0.00043
Gecal (Mg g™ ") 206.3 382.8 561.3 684.9 854.7
R* 0.998 0.997 0.993 0.990 0.986
Elovich
a(mgg™) 82.93 119.56 132.09 133.14 138.1
B (mgg™) 0.026 0.014 0.009 0.007 0.006
R* 0.929 0.963 0.988 0.994 0.993

increased with the temperature increase, reflecting the feasi-
bility of the process with increasing temperature. However, the
positive AH® value reveals that the process is endothermic in
nature.* The positive AS° value reveals the diffusion of P-ions at
the MgAIl-LDH/LaFeO; composite-liquid interface.

3.5. Kinetic studies

To evaluate the kinetics of phosphate adsorption on the MgAl-
LDH/LaFeO; composite, adsorption experiments were carried

out at different initial concentrations of P-ions (100-
500 mg L™ 1).

The kinetic data were examined using pseudo-1st-order,
pseudo-2nd-order, and Elovich models (Fig. 6a-c). Table 3
summarizes the main kinetic parameters obtained from the
linear plots of these models. The obtained parameters clarified
that the pseudo-2nd-order model provided the best fit for the
experimental data, with higher R*> values compared to the
pseudo-1st-order model. Additionally, gec. values from the
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pseudo-second-order model closely matched the experimental
ones, confirming the model's accuracy.”® The Elovich model
also showed relatively high R> values (>0.929), supporting the
involvement of both chemisorption and surface adsorption.
These findings collectively demonstrate that the adsorption
process for P-ions on MgAI-LDH/LaFeO; is primarily controlled
by chemisorption, with some contribution from surface
interactions.®”

3.6. Mechanism of P-ions adsorption by MgAl-LDH/LaFeO;

P-ion adsorption by the MgAI-LDH/LaFeO; composite was
confirmed through FTIR (Fig. 7a) and XPS (Fig. 7b) analyses
post-adsorption. The FTIR spectrum revealed the emergence of
a new peak at 1054 cm ™, confirming the P-ion adsorption onto
the MgAI-LDH/LaFeO; composite surface.”® Additionally, the
wide-scan XPS spectrum of MgAl-LDH/LaFeO; after adsorption
exhibited a characteristic P 2p peak, further validating the
adsorption process. The high-resolution P 2p spectrum (Fig. 7c)
displayed two distinct peaks between 133.43 and 134.5 eV,
attributed to P 2p;/, and P 2p,,,,* respectively, confirming the
successful incorporation of P-ions into the composite structure.
The adsorption of P-ions onto MgAI-LDH/LaFeO; occurs
through a combination of electrostatic attraction, ligand
exchange, complexation, surface precipitation, and ion
exchange, as supported by FTIR and XPS analyses. These
mechanisms are detailed below.

3.6.1 Electrostatic attraction. At low pH levels, the MgAl-
LDH/LaFeO; composite exhibits a high positive surface charge,
as confirmed by zeta potential measurements, leading to strong
electrostatic interactions with negatively charged P-ions. This
attraction facilitates the initial adsorption of P-ions onto the
MgAI-LDH/LaFeO; surface. However, as the pH increases,

Chemical Adsorption

View Article Online

RSC Advances

competition with hydroxide ions (OH™) retards the phosphate
adsorption efficiency due to charge repulsion effects.*

3.6.2 Ligand exchange. Ligand exchange involves surface
coordination, where phosphate directly binds to metal-OH
groups via inner-sphere complexation, without displacing the
interlayer anions. The FTIR spectra after P-ion adsorption
revealed the formation of M-O-P bonds, indicating that P-ions
bind to metal hydroxyl (-OH) groups via ligand exchange (eqn
(8)). The appearance of a new peak at 1054 cm™',*® attributed to
P-O complexation, further confirms this interaction. Addition-
ally, there is a shift in the stretching vibration of O-H from 3457
to 3447 cm ™! that supports ligand exchange, as hydroxyl (~-OH)
groups are substituted by phosphate anions.*

MOH + H2PO47 - MH2P04 + OH™ [8)

3.6.3 Complexation. A new peak at 1051 cm ™ * was observed

after P-ion adsorption (Fig. 7a), attributed to phosphate
complexation with hydroxyl groups on the MgAl-LDH/LaFeO;
composite. Furthermore, the shift in La 3ds, and La 3dzs,
binding energies (Fig. 7d) to lower values suggests electronic
perturbation within the La 4f valence orbital. This indicates
inner-sphere coordination complex formation between
lanthanum and phosphate ions, leading to La-O-P bond
formation. These findings highlight lanthanum's strong affinity
for phosphate ions, reinforcing its critical role in the adsorption
process.” Furthermore, the O 1s spectrum (Fig. 7f) shows vari-
ations in the M-O and M-OH binding energies, further sup-
porting the substitution of hydroxyl (-OH) groups by phosphate,
resulting in the formation of M-P bonds.””

3.6.4 Ion exchange. XPS analysis provides further evidence
of ion exchange, confirming the substitution of P-ions at metal

Electrostatic

Physical Adsorption

Fig. 8 Adsorption mechanism of P-ions by the MgAl-LDH/LaFeO3s composite.
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Table 4 Comparison of the maximum adsorption capacity of the MgAl-LDH/LaFeO3s composite with other pertinent adsorbents for phosphate

removal

Adsorbent pH Dosage (g L") Q (mg P per g) Ref.

MgAl LDH nanoparticles using urea as a dispersing agent 8.5 1.0 300 61

4:1 Mg/Al-LDHs biochar 3 2.5 82 62
Zn-Al-LDH 7 — 348 10
Magnetic Fe;0,@MgAl-LDH@La(OH); 7 0.1 200 63
AC/MgAl LDH composite 6.5 1.0 337 64

Mg/Al LDH 3 0.6 214 18
BBAC@Zn-Al LDH — 2.0 87 65
CuAl/CF-LDH 8 0.2 100 66
MgAI-LDH/LaFeO; 2 0.5 372 This study
sites. Shifts in Mg 1s (Fig. 7d) from 1304.35 eV t0 1303.32 eVand adsorbent for phosphate removal in water treatment

in Al 2p (Fig. 7e) from 74.47 eV to 75.44 eV indicate phosphate
interactions with MgAI-LDH sites, supporting the ion-exchange
mechanism as a key pathway in phosphate adsorption.*® An ion-
exchange mechanism involving the displacement of interlayer
anions such as carbonate (CO;>~) and residual nitrate (NO; ) by
phosphate species is present in the aqueous phase. Due to the
higher charge density and stronger affinity of phosphate
(PO,*7), it readily replaces the weaker electrostatically bound
anions in the LDH interlayers, as illustrated in eqn (9) and (10):

2Mg; > ALY (OH)»(CO5* )y + XPOS ™ —
2Mg17,¥2+A1x3+(OH)2PO437)(x/3)(CO327)(x/6) + (x/2)CO5>™ (9)

3Mg;_,*"AL " (OH)(NO;3 ), + xPO,* ™ —
3Mg;_ 2" AL (OH),(PO, ), + 3xNO5;~  (10)
In summary, the combined evidence from FTIR and XPS
analyses confirms that phosphate adsorption on the MgAI-LDH/
LaFeO; composite occurs via multiple mechanisms, including
electrostatic attraction, ligand exchange, complexation, and ion
exchange (Fig. 8). The strong affinity of lanthanum for phos-
phate ions, along with the structural adaptability of the LDH
framework, makes this composite an effective and reusable

100 4

80 4

60 4

40 4

Removal %

20

Fig. 9 Reusability of the MgAl-LDH/LaFeOs composite for the
removal of P-ions.
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applications.

3.7. Comparison study

The adsorption performance of the developed MgAI-LDH/
LaFeO; composite was compared to adsorbents previously re-
ported in the literature, as summarized in Table 4. The recorded
data reveal that the MgAIl-LDH/LaFeO; composite exhibits
superior phosphate uptake with a capacity of 372 mg g~ . This
remarkable performance is attributed to a synergistic effect
within the MgAl-LDH/LaFeO; composite, where MgAl-LDH
provides high capacity for ion exchange and electrostatic
interactions, while the dispersed LaFeO; nanoparticles
contribute highly specific Lewis acid sites (La** and Fe**) for
strong inner-sphere complexation with phosphate anions.

3.8. Reusability of MgAlI-LDH/LaFeO,

Reusability of the adsorbent is a crucial factor that determines
its economic feasibility. The reusability of the MgAI-LDH/
LaFeO; composite was evaluated over five consecutive adsorp-
tion-desorption cycles to assess its long-term performance in
phosphate ion removal. After each cycle, the phosphate-loaded
composite was washed with an HClI solution (pH = 2) and dried
before the next run. The obtained results (Fig. 9) reveal that the
removal efficiency of the MgAI-LDH/LaFeO; composite remains
remarkably high, with values exceeding 88% after the fifth cycle.
The minimal decline in efficiency and adsorption capacity over
successive cycles confirms that the composite retains its struc-
tural integrity with no evidence for the leaching of metals ions
or dissolution of the adsorbent framework even after multiple
regeneration steps. These findings highlight its excellent
stability, which can be assigned to the chemical stability of
LaFeO;. Perovskites are used in acidic media due to their
strong, stable and crystalline structure so that they may shield
parts of LDH from direct acid contact. Furthermore, the rapid
adsorption of phosphate anions, which can form insoluble
metal-phosphate complexes on the surface, potentially passiv-
ating the surface and protecting the underlying material from
further dissolution. This makes it a promising, stable material
for sustainable and cost-effective water treatment applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

The MgAl-LDH/LaFeO; composite demonstrates a highly effec-
tive solution for phosphate ion removal from aqueous solu-
tions, addressing a critical challenge in water eutrophication.
Characterized by its synergistic interaction between LaFeO; and
MgAI-LDH, the composite exhibits superior adsorption effi-
ciency, with a maximum capacity of 833.3 mg-P per g, and
excellent selectivity for phosphate ions at the optimal pH of 2.
The removal process follows second-order kinetics and is well-
described by both Langmuir and Freundlich isotherms, indi-
cating a combination of physical and chemical adsorption
mechanisms. Additionally, the composite maintains over 88%
removal efficiency after five cycles, confirming its reusability,
stability, and potential for practical applications. Overall, the
MgAI-LDH/LaFeO; composite offers a promising, sustainable,
and efficient approach for mitigating phosphate pollution and
combating eutrophication in aquatic environments.
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