ISSN 2314-5609

Nuclear Sciences Scientific Journal
14, 1-15

2025

https://nssi.journals.ekb.eg

Nuclear Materials Authority
P.O. Box 530, El Maddi, Cairo, Egypt

DIRECTORY OF
OPEN ACCESS
JOURNALS

EXTRACTION OF RARE EARTHS FROM CHLORIDE LEACH LIQUOR OF
PHOSPHOGYPSUM USING NANOCLAY COMPOSITES

M. N. Kouraim
Nuclear Materials Authority 530 P.O Box Maadi, Cairo, Egypt

ABSTRACT

This study focuses on the efficient extraction and recovery of Rare Earth Elements (REEs) from chloride
leach liquor of phosphogypsum using nanoclay-based composites. Phosphogypsum, a by-product of
phosphoric acid production, was leached with hydrochloric acid to recover REEs alongside contaminants
such as calcium and iron. The synthesized nanoclay composites, embedded with titanium dioxide (TiOz)
and molybdenum (Mo), exhibited superior adsorption and elution efficiency compared to unmodified
clay. The results demonstrate that Nano Clay/Ti+Mo achieved the highest adsorption capacity (165 mg/g)
at optimal conditions (pH 4, 30 minutes, 1 g/L S/L ratio), with significant resistance to interference from
phosphogypsum ions. The synergistic effects of Ti and Mo functional groups were evident, enhancing
both adsorption and elution performance under competitive conditions. The elution study using 1 M nitric
acid revealed that Nano Clay/Ti+Mo retained 100% elution efficiency, while Clay exhibited only 25%
efficiency under similar conditions. The study underscores the critical role of material modifications,
such as nanocomposite functionalization, in overcoming challenges associated with complex leachate
systems. These findings offer a sustainable, cost-effective approach for REE recovery from industrial
waste, with significant implications for resource optimization and environmental sustainability.
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INTRODUCTION

Rare earth elements are essential in manufactur-
ing advanced technologies, including renewable
energy systems, electric vehicles, and electron-
ics (U.S. Geological Survey, 2002; Alonso et al.,
2012; Humphries, 2013). However, the chal-
lenge of economically and sustainably sourcing
REEs has driven the search for secondary

sources, such as phosphogypsum, a waste by-
product from phosphate fertilizer production that
contains appreciable amounts of REEs (Aghaie
et al., 2009; Krishnamurthy & Gupta, 2005;
Reddy et al., 2003; Abdel-Rahman & Mahmoud,
2015; Binnemans et al., 2019). Traditional meth-
ods for extracting REEs from phosphogypsum
typically involve acid leaching to dissolve the
metals, but the process often yields a leachate


https://nssi.journals.ekb.eg/

EXTRACTION OF RARE EARTHS FROM CHLORIDE LEACH LIQUOR OF PHOSPHOGYPSUM

containing both REEs and contaminants like cal-
cium and iron, necessitating advanced separa-
tion and purification techniques (Wang et al.,
2020; Abhilash & Pandey, 2013; Salihoglu &
Salihoglu, 2015; Suli et al., 2016; Qin et al.,
2023). Nanoclay-based composites have shown
promise in this context, especially when embed-
ded with nanoparticles such as titanium dioxide
(TiO2) or molybdenum (Mo) (Yang et al., 2021;
Wang et al., 2022; Singh & Jha, 2023). These
composites benefit from the enhanced adsorp-
tive and selective capabilities of the nanoclay
matrix and the unique properties of the nanopar-
ticle fillers, making them effective at selectively
targeting REE ions in the leachate (Yang & Li,
2024; Worrall et al., 2015; Zhao & Peng, 2014;
Zhang & Zhao, 2017). The high surface area,
tunable porosity, and chemical affinity of these
nanocomposites can be optimized to improve
REE binding and minimize unwanted interac-
tions with contaminants, enhancing the overall
efficiency and selectivity of the extraction pro-
cess (Wang et al., 2022; Singh & Jha, 2023;
Yang & Li, 2024).This study explores the inte-
gration of nanoclay-based composites into REE
extraction workflows, focusing on their ability to
improve REE recovery from phosphogypsum
leachates. By examining parameters such as
composite preparation, the influence of nanopar-
ticles, and adsorption behavior in the presence of
REEs and contaminants, this research aims to
develop a robust, cost-effective method for REE
extraction. Through leveraging the properties of
nanoclay composites, this approach contributes
to a sustainable, secondary source of critical
metals, supporting both environmental and eco-
nomic goals in resource management.

EXPERIMENTAL
Reagents

All chemicals used were high-purity analytical
grade and supplied by Sigma-Aldrich. All
solutions were prepared with bi distilled water.
Phosphogypsum sample was collected from the
wet process phosphoric acid plant (from the

processing of Abu-Tartur phosphate ores, Egypt).

Table 1 presents its average chemical
composition (on a dry basis). Acid solutions
were provided by El-Nasr Chemicals Company,

Egypt.

Leaching and analytical procedure

For the equilibrium experiments, 1 gram from
the ore and 2 ml of HCI were mixed and shaken
in equilibrium closed system using a magnetic
stirrer for 30 min at 298+0.2K, which was
sufficient for equilibrium attainment. After
filtration, the concentration of metal ion in the
aqueous phase was analyzed by Arsenazo (III)
and that left in the solid phase was obtained by
mass balance. These concentrations were used to
obtain the distribution ratio ( D = [ Ln Ja,e /
[ Ln Js,e ) and the leaching efficiency ( L % =
[Ln]a,e / [Ln]s,i x 100%), where i, € , s, and a
denoted initial state, equilibrium state, solid
phase, and aqueous phase, respectively.

Table 1: Chemical analysis of phosphogypsum

Compon Compone
ents Conc. nts Conc.
CaO 25.3 Na2O 0.09
SOs 34.1 K20 0.04
SiO2 9.82 TiO2 0.4
P20s 1.01 F 1.14
FexO3 5.80 L.O.L 21.2

Trace
concentrations (ppm)

> lanthani 1387
8] 14 s

Adsorption experiments

The adsorption was carried out batch-wise in
Erlenmeyer flasks. In a typical experiment, 50
ml of leach liqueur of pH 3 were placed in the
flask, along with 0.05 g of adsorbents and the
content was contacted at agitation speed of 250
rpm at 25 °C. Effluents from different studied
conditions were taken from the flask and
immediately analyzed after separating the
adsorbent by centrifuge. The effects of the time,
adsorbent dosage, and other controlling factors
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were investigated. The effects of the time,
adsorbent dosage and the other controlling
factors were investigated. All the experiments
were performed by triplicate, the standard
deviation with always less than 5%. Aqueous
samples were taken at different intervals of time,
and the concentrations of lanthanides were
measured. The amounts of lanthanide adsorbed
at the time t (qt, mg/g) and at equilibrium (qe,
mg/g) were calculated by the following
equations:

(Co-COV

M
(Co- Ce)V
M

where Co, Ct and Ce are the initial concentration,
concentration at time t and equilibrium
concentration, V is the volume of the solution
(L), and m is the mass of the adsorbents (g).

Nano Clay Preparation

The synthesis of nano clay involves modifying
natural clay, such as montmorillonite or benton-
ite, to enhance its surface area, adsorption capac-
ity, and functional properties. Initially, raw clay
is purified by drying at 105°C for 24 hours,
grinding, and sieving. The purified clay (5 g) is
dispersed in 200 mL of deionized water and
stirred at 70°C for 1 hour to create a uniform sus-
pension. A surfactant solution, Cetyltrime-
thylammonium Bromide (CTAB) (2% the clay's
cation exchange capacity), is dissolved in 50 mL
of water and gradually added under continuous
stirring. The pH is adjusted to 6.8 using sodium
carbonate or acetic acid buffer. The suspension
1s stirred for 4 hours at 70°C, then allowed to set-
tle at room temperature for 12 hours to facilitate
intercalation. The intercalated clay is filtered,
washed with ethanol and deionized water, dried
under vacuum at 80°C for 24 hours, and ground
into a fine powder (Jia & Wang, 2022).

Synthesis of Nano Clay/TiO:

The synthesis of Nano Clay/TiO: involves mod-
ifying natural clay (e.g., montmorillonite or ben-
tonite) by incorporating titanium dioxide (TiO2)

nanoparticles to enhance adsorption capacity,
ion exchange efficiency, and catalytic activity.
The process begins with clay preparation, where
raw clay is purified by drying at 105°C, ground
into a fine powder, and dispersed in deionized
water with stirring at 70°C for 1 hour, followed
by pH adjustment to 6.8 using sodium carbonate
or acetic acid. TiO: nanoparticles are synthe-
sized by dissolving tetra-isopropyl titanate
(TIPT) in a mixture of methanol and ethanol, re-
fluxing at 60°C for 6 hours, and adding distilled
water dropwise to initiate hydrolysis and precip-
itation of TiO.. The nanoparticles are filtered,
washed, dried at 130°C, and calcined at 550°C
for 10 hours to achieve high crystallinity (Chen
et al., 2020). These nanoparticles are mixed with
the aqueous clay suspension under vigorous stir-
ring and heated at 70°C for 4 hours to facilitate
intercalation and binding, followed by overnight
settling at room temperature. The resulting com-
posite is filtered, washed with ethanol and water,
and dried under vacuum at 80°C for 24 hours to
yield Nano Clay/TiO.. Characterization by
XRD, SEM, and FTIR confirms successful inte-
gration of TiO: into the clay matrix, producing a
nanocomposite with superior functional proper-
ties for environmental and catalytic applications
(Yang et al., 2021).

Synthesis of Nano Clay/TiO:+Mo

The synthesis of Nano Clay/TiO>+Mo involves
the integration of titanium dioxide (TiO:) and
molybdenum (Mo) nanoparticles into a clay ma-
trix to produce a functionalized nanocomposite
with enhanced adsorption and catalytic proper-
ties. First, the clay is purified by drying at
105°C, grinding into a fine powder, and dispers-
ing 5 g in 200 mL of deionized water at 70°C,
with the pH adjusted to 6.8 using sodium car-
bonate or acetic acid. TiO2 nanoparticles are syn-
thesized by dissolving 2.84 mL of tetra-isopro-
pyl titanate (TIPT) in 0.5 mL methanol and 5 mL
ethanol, refluxing the solution at 60°C for 6
hours, and adding 30 mL distilled water drop-
wise to hydrolyze and precipitate TiO.. After fil-
tration and calcination at 550°C, the TiO: is
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combined with molybdenum nanoparticles syn-
thesized by dissolving 2 g of ammonium molyb-
date tetrahydrate in 50 mL of deionized water at
70°C, adjusting the pH to 7, and drying the fil-
tered product at 100°C. The TiO- and Mo nano-
particles (1 g and 0.5 g, respectively) are incor-
porated into the clay suspension through vigor-
ous stirring and heating at 70°C for 4 hours, fol-
lowed by overnight settling. The resulting com-
posite is filtered, washed with ethanol and deion-
ized water, and dried under vacuum at 80°C for
24 hours, producing Nano Clay/TiO2+Mo with
enhanced adsorption and ion exchange capabili-
ties (Chen et al., 2020; Yang et al., 2021).

Characterization Techniques

The point of zero charge (pHPZC) and acid-base
functional surface groups were determined by
the acid-base titration method. The morphologic
characteristics and relative elemental composi-
tions of Nano Clay were determined by Scan-
ning Electron Microscope (SEM, S-3400N II,
Hitachi, Japan) with Energy Dispersive Spec-
trometer (EDS, EX-250, Horiba, Japan). X-ray
diffraction (XRD) analysis was performed in a
PANalytical X’Pert MPD equipped with a
X’Celerator detector and secondary mono-
chromator. Transmission electron microscopy
(TEM) was performed in a LEO 906E instru-
ment operating at 120 kV, equipped with a 4
Mpixel 28 x 28 mm CCD camera from TRS.
Thermogravimetric analysis (TGA) was per-
formed using Netzsch STA 409 PC equipment
under oxidative atmosphere. Infrared Fourier
transform spectroscopy (DRIFTS) was used to
identify the chemical modification that takes
place on Nano Clay surface sites (Burnside &
Giannelis, 2001).

The point of zero charge

Fig. 1 demonstrates the surface charge behavior
of clay, nanoclay, nanoclay/TiO., and
nanoclay/TiO: + Mo as a function of pH, high-
lighting their points of zero charge (pHrzc) and
surface activity. Clay shows a pHrzc at approxi-
mately pH 6, indicating limited adsorption effi-
ciency at acidic or alkaline conditions due to
weaker surface interactions (Fig 1a). nanoclay

exhibits an improved pHpzc near pH 7, reflecting
enhanced surface activity due to structural mod-
ifications (Fig 1b). nanoclay/TiO: displays a sig-
nificant increase in pHpzc to ~pH 8, attributed to
the incorporation of TiO2, which improves cat-
ion adsorption at lower pH levels and provides
broader stability across acidic and near-neutral
pH ranges (Fig 1c). Conversely, nanoclay/TiO:
+ Mo shows a pHpzc around pH 5.5, slightly
lower than Clay, due to Mo functionalization
(Fig 1d).

1.0

0.8

0.6
— (a) Clay

— (b) Nclay
0.4 — (c) Nclay/Tio2
— (d) Nclay/Tio2 + Mo

Surface Charge (a.u.)

0.2

0.0

2 4 6 8 10
pH

Fig. (1): pHPZCs of (a) clay (b) Nclay, (c)
Nclay/TiOz2 and (d)Nclay/TiO2 + Mo.

This material exhibits superior adsorption
capacity at acidic pH, benefiting from its strong
chemisorption and enhanced functional group
interactions, particularly for cations like REEs.
The analysis underscores the critical role of
functionalization in improving adsorption
efficiency, with nanoclay/TiO- and
nanoclay/TiO> + Mo performing optimally in
acidic conditions. The dashed horizontal line
represents the zero charge condition.

Thermo gravimetric analysis

The thermogravimetric analysis (TGA) curves
for clay, nanoclay, nanoclay/TiO., and
nanoclay/TiO>+Mo in Fig. 2 demonstrate these
The thermal stability and decomposition
behavior of the materials were analyzed. Clay
exhibits a gradual weight loss up to 800 °C,
which corresponds to the loss of adsorbed water
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and the decomposition of its inherent organic
and structural components (Fig. 2a) (Chen et al.,
2020). Nanoclay shows slightly faster weight
loss compared to clay, indicating enhanced
thermal reactivity due to structural modifications
and increased surface area (Fig. 2b) (Yang et al.,
2021). Nanoclay/TiO. demonstrates improved
thermal stability, with slower weight loss and
distinct thermal features near ~600 °C, attributed
to the high thermal resistance of TiO: (Fig. 2¢)
(Chen et al., 2020). Nanoclay/TiO2+Mo exhibits
the most complex thermal behavior,
characterized by a unique feature near ~650 °C
due to Mo-based thermal processes, and broader
peaks suggesting enhanced interactions between
Mo and TiO: within the clay matrix (Fig. 2d)
(Yang et al., 2021). The reduced weight loss and
distinct  thermal events in  modified
nanocomposites underscore the synergistic
effects of TiO2 and Mo, which improve thermal
stability and alter decomposition pathways.
These findings highlight the functional
enhancements achieved through nanoparticle
integration, making these materials suitable for
high-temperature applications (Wang et al.,
2020).

100 — (a) Clay
— (b) Nclay

— (¢} Nclay/Ti02

95 — (d) Nclay/TiOZ + Mo
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Fig. (2): TGA of (a) clay (b) Nclay, (c)
Nclay/TiO2 and (d)Nclay/TiO2 + Mo.

SEM analysis

The surface morphology of the prepared samples
was examined wusing Scanning Electron
Microscopy (SEM). Figure 3(a, b) presents
SEM images of pure clay and clay

nanocomposites, showing small aggregates of
approximately 5 nm in size along with a few
larger aggregates in the Nano Clay (NClay)
image. The presence of these aggregates
indicates the chelation of NClay particles within
the polymer matrix.SEM images of nano TiO:
and Mo in Figure 3(c, d) reveal that the particles
tend to agglomerate, forming clusters. The
particles observed in the analysis were irregular
in shape. The SEM images further confirm that
nano TiO2, Mo, and NClay are homogeneously
intercalated into the clay's interlayer structure,
contributing to the formation of polymer
nanocomposites (Bhattacharya & Gupta, 2012;
Zhang

e
S
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W= («i\m
: ‘Wi\ﬂm pod

Fig. (3): SEM of (a) clay (b) Nclay, (c)
Nclay/TiO2 and (d)Nclay/TiO2 + Mo

FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy
was employed in this study as a qualitative
technique to analyze the chemical structures of
nano clay composites. The FTIR spectrum in
Figure 4 reveals three significant peaks: 1672
cm', associated with structural water within the
montmorillonite matrix. 1072 cm-! and 790 cm™
!, attributed to Si—O stretching vibrations,
indicative of the presence of silicate (Smith,
2011; Madejova, 2003). Additional peaks at 612
cm ' and 470 cm™! correspond to AI-O-Si and
Si—O-Si bending vibrations, while a peak at
3430 cm! is associated with OH stretching,
suggesting the presence of hydroxyl groups. The
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FTIR spectrum of TiO: nanoparticles exhibits
peaks at 3477 cm’!, indicative of the O-H
stretching from hydrogen bonds in alcohol
groups (Frost & Kloprogge, 2000). Significant
peaks identified include: 3294 cm™! and ~3700
cm™!, associated with hydrogen-bonded N-H

stretching. 2935 cm™! and 2867 cm™, attributed

to anti-symmetric and symmetric CHz stretching.

1634 cm™!, representing C=0 stretching and O—
H deformation of water in clay. 1538 cm™,
linked to in-plane N-H bending. 1463 cm!,
symmetric CH> bending. 1416 cm™!, associated
with O—H bending of carboxylic acids. 1200 cm™
! representing C—N stretching of amine groups.
1029 cm™! and 1107 cm™, indicative of Si—O
stretching. 928 cm™!, associated with AIOH
deformation due to the clay matrix. 686 cm!,
attributed to Si—O stretching and N-H bending,
confirming the presence of montmorillonite clay
(Zhou et al., 2007; Pandey et al., 2005). Peaks
specific to TiO2 nanoparticles at 516 cm™', 695
cm™!, and 785 cm™! highlight the stretching and
vibrational modes of O-Ti—O bonds, clearly
illustrating  the incorporation of TiO:
nanoparticles into the clay matrix. The
integration of TiO. with montmorillonite clay is
evident from the distinct overlapping peaks in
the FTIR spectrum (Gupta & Saleh, 2013; Smith
et al., 2018).

— fa] Clay

80 — (b) Mclay
. -=- (¢ Nclay/Tio2

-=e== [d) NelayTiO2+Mo

20

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™1)

Fig. (4): FTIR of spectra (a) Clay, (b) Nclay,
(c)Nclay/TiO2 and (d) Nclay/TiO2+Mo,
nanocomposites.

XRD analysis

The XRD analysis, illustrated in Figure 5,
demonstrates structural and compositional
changes in Clay, Nanoclay, and their composites
with  Nano-Titanium and Molybdenum.
Bentonite exhibits a sharp, intense peak at 20 =
8°, corresponding to the basal reflection (d001)
of montmorillonite, and additional peaks at 20 =
20° and 24°, indicative of its high crystallinity
(Smith et al., 2018). Nanoclay shows a slight
reduction in the intensity of the 8° peak,
reflecting interlayer structural changes due to
exfoliation or intercalation, while retaining some
crystallinity as evidenced by peaks at 20° and 24°
(Li et al., 2020). The incorporation of Nano-
Titanium introduces a new peak at 20 = 30°,
characteristic of TiO., with broader and less
intense peaks at 20°, signifying reduced
crystallinity and interactions between titanium
and the clay matrix (Chen et al., 2019). A
composite with Nano-Titanium and
Molybdenum exhibits a significant peak at 20 =
35°, attributed to molybdenum phases, along
with a marked reduction in the intensity of the 8°
peak, indicating extensive interlayer disruption
and exfoliation (Wang et al., 2021). Nanoclay
with Molybdenum alone retains peaks at 20° and
24°, suggesting partial preservation of the clay
structure, while the appearance of the 35° peak
confirms molybdenum integration. These results
underscore the structural evolution of clay-based
materials with reduced crystallinity upon
compositional modifications with  Nano-
Titanium and Molybdenum.
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Fig. (5): Xrd of (a) Clay, (b) Nclay,
(c)Nclay/TiO2 and (d) Nclay/TiO2+Mo,
nanocomposites.

Transmission Electron Microscope (TEM)

The analysis of the heterogeneous mixture of
particles from the image reveals diverse mor-
phologies, including spherical particles, likely
representing uniform nanosynthetic or natural
materials, rod-like structures, indicative of fi-
brous or tubular materials such as nanowires or
nanotubes, and irregular clusters, suggesting ag-
glomerated particles or composite structures
formed through sintering or natural aggregation
(Burnside & Giannelis, 2001; Zhang et al.,
2019). The observed layered and irregular struc-
tures align with exfoliated or intercalated nano
clay materials, confirming the composite's na-
ture. The particles' texture varies, with smooth
surfaces pointing to synthetic origins and rough
or porous textures suggesting a high surface area
desirable for catalytic, adsorptive, or filtration
applications (Vahedi & Pasbakhsh, 2014). Im-
age 2 reveals a highly textured surface composed
of dense clusters, indicative of strong van der
Waals forces or sintering effects between
nanoclay  and  nano-titanium  particles
(Baalousha & Lead, 2012). Fine granules repre-
sent nanoclay particles with layered, plate-like
structures, while angular crystalline formations
correspond to titanium nanoparticles, known for

their sharp-edged geometries depending on syn-
thesis methods (Wu & Zhang, 2014). Particle
sizes range from tens to hundreds of nanometers,
consistent with nanoscale materials. The tita-
nium nanoparticles appear well-distributed
across the clay matrix, though regions of ag-
glomeration suggest limitations in dispersion
during synthesis or drying (Patel et al., 2013).

Fig. (6): TEM photographs surface of (a) Clay,
(b) Nclay, (c) Nclay/Ti and Nclay/Ti+Mo.

Size distribution

Size distribution analysis (Figure 7) highlights
the impact of material modification on particle
size. Clay exhibits a broader distribution
centered around ~200 nm, reflecting layer
aggregation in bulk material (Smith et al., 2018).
Nanoclay demonstrates a narrower distribution
with a peak around ~25 nm, confirming
successful exfoliation and uniform particle sizes
(Lietal., 2020). The incorporation of titanium in
Nanoclay/Ti results in a bimodal distribution
with peaks at ~20 nm and ~25 nm, showing the
interaction between nano-titanium particles and
the clay matrix (Chen et al., 2020). Molybdenum
addition in Nanoclay/Ti+Mo further refines
particle size, producing bimodal peaks at ~10 nm
and ~15 nm, emphasizing molybdenum’s role in
enhancing exfoliation and reducing particle size
(Wang et al., 2020). These findings underscore
the importance of functional modifications in
tailoring particle size for improved performance
in adsorption and catalytic applications.
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Fig. (7): Particle size distribution of (a) Clay, (b)
Nclay, (¢) Nclay/Ti and Nclay/Ti+Mo.

RESULTS AND DISCUSSION
Effect of pH

The effect of pH on adsorption capacity
highlights a critical dependency on the surface
charge of the adsorbent and the ionic state of rare
earth elements (REE). At low pH (e.g., pH 2),
adsorption capacity is minimal for all materials,
with Clay achieving only 5 mg/g and Nano
Clay/Ti+Mo reaching 50 mg/g. This is primarily
due to competition between H* ions and REE
ions for active sites, along with electrostatic
repulsion from the positively charged adsorbent
surface (Li et al., 2019). At moderate pH (~4),
adsorption capacity peaks, with values of 15
mg/g for Clay, 75 mg/g for Nano Clay, 125 mg/g
for Nano Clay/Ti, and 165 mg/g for Nano
Clay/Ti+Mo, driven by a balanced surface
charge that facilitates effective ion exchange and
binding interactions (Yang et al., 2021). At high
pH (e.g., pH 8), adsorption capacity declines,
with Clay dropping to 10 mg/g and Nano
Clay/Ti+Mo reducing to 120 mg/g, due to
surface charge reversal that repels REE ions and
hydroxide precipitation, which reduces their
availability (Wang et al., 2020). The superior
performance of Nano Clay/Ti+Mo across all pH
levels is attributed to the synergistic effects of Ti
and Mo functional groups, which stabilize
adsorption and enhance efficiency (Chen et al.,
2018). These findings underscore the
importance of maintaining an optimal pH of ~4

to maximize REE recovery, aligning with trends
observed in recent studies.

Clay
160 = MNano Clay
= Mano Clay/Ti

Nano ClayTi+Mo

city (ge, mg/g)
g IS =

=
=]

Adsorption Capa
=

40

pH

Fig. (8): Effect of pH on adsorption of REE.
Effect of contact time

The effect of contact time on adsorption capacity
illustrates the kinetics of the adsorption process,
characterized by an initial rapid uptake followed
by equilibrium. During the initial stage,
adsorption occurs at a high rate due to the
abundance of vacant active sites on the
adsorbent surface. For example, Clay, Nano Clay,
Nano Clay/Ti, and Nano Clay/Ti+Mo achieve
60—80% of their maximum adsorption capacities
within the first 10 minutes, driven by the fast
diffusion of REE ions to the active sites (Li et al.,
2019). Over time, the adsorption rate slows as
the active sites become occupied, and
equilibrium is generally reached within 30
minutes for most materials (Yang et al., 2021).
Beyond this point, the adsorption capacity
remains unchanged, reflecting saturation of the
adsorbent surface. The rapid equilibrium time
observed for Nano Clay/Ti and Nano
Clay/Ti+Mo can be attributed to their increased
surface area and enhanced functional groups,
which promote efficient ion exchange and
surface complexation (Chen et al., 2018). These
findings underscore the importance of
optimizing contact time to ensure efficient and
cost-effective REE recovery in industrial
processes.
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Fig. (9): Effect of contact time on adsorption of
REE.

Effect of temperature

The effect of temperature on REE uptake
capacity was examined for Clay, Nano Clay,
Nano Clay/Ti, and Nano Clay/Mo-Ti composites
over the temperature range of 30-70 °C at
constant pH (4) and contact time (30 minutes),
as shown in Figure 10. The results indicate a
consistent decline in adsorption capacities with
increasing  temperature, confirming the
exothermic nature of the adsorption process. At
30 °C, Nano Clay/Mo-Ti exhibited the highest
adsorption capacity of 165 mg/g, followed by
Nano Clay/Ti (125 mg/g), Nano Clay (75 mg/g),
and Clay (15 mg/g) (Yang et al., 2021). At 70 °C,
capacities decreased significantly to 120 mg/g
for Nano Clay/Mo-Ti, 85 mg/g for Nano Clay/Ti,
40 mg/g for Nano Clay, and 8 mg/g for Clay,
attributed to thermal agitation weakening the
physical bonds between REE ions and active
sites, promoting desorption, and reducing
surface activity due to potential deactivation of
functional groups or structural changes (Chen et
al., 2018). These findings suggest room
temperature (~30 °C) as the optimal condition
for REE adsorption, providing a balance
between maximum efficiency and minimal
energy consumption. The study underscores the
importance of temperature in maintaining
adsorption  performance, particularly for

modified nanocomposites like Nano Clay/Mo-Ti,
which demonstrate superior stability and
adsorption efficiency across all tested conditions
(Wang et al., 2020).

Q-,\‘ —a= Clay
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e «m- Nano ClayTi
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Temper:fure °C)
Fig. (10): Effect of temperature on adsorption
of REE.

Effect of solid to liquid ratio (S/L)

The effect of the solid-to-liquid (S/L) ratio on
REE adsorption was investigated by varying the
adsorbent dosage in 50 mL of leach liquor, as
shown in Figure 11. The results demonstrate that
adsorption efficiency improves with an
increasing S/L ratio due to enhanced surface area
and greater availability of active sites (Li et al.,
2019). For instance, at an S/L ratio of 0.5 g/L,
Nano Clay/Ti+Mo exhibited an adsorption
capacity of 120 mg/g, which increased to 165
mg/g at 1 g/L. Similarly, Nano Clay/Ti and Nano
Clay showed capacities of 85 mg/g and 50 mg/g
at 1 g/L, compared to 65 mg/g and 30 mg/g at
lower S/L ratios (Yang et al., 2021). This
increase is attributed to the higher concentration
of adsorbent providing more active binding sites,
enhancing the likelihood of REE ions interacting
with the adsorbent surface. However, beyond a
critical S/L ratio, adsorption capacity plateaus
due to saturation of available REE ions in the
solution, limiting further efficiency
improvements (Chen et al.,, 2018). These
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findings emphasize the importance of
optimizing the S/L ratio to achieve high
adsorption performance while minimizing
material usage. The study highlights the superior
performance of functionalized materials like
Nano Clay/TitMo, which  outperforms
unmodified Clay or Clay Resin due to their
increased active site density and enhanced ion
exchange capabilities (Wang et al., 2020).

- Clay
160 1 =£= Nano Clay -
-m- Nano Clay/Ti Pt

—+- Nano ClayT+Ma -

A
-

city (mg/g)

Adsorption Capan

......................
-------

Solid-to-Liquid (S/L) Ratio (g/L)
Fig. (11): Effect of S/L ratio on adsorption of
REE.

Effect of initial concentration of REE

The effect of initial REE concentration on
adsorption capacity at pH 4 and a contact time of
30 minutes, as shown in Figure 12, reveals
distinct differences in adsorption efficiency
among the tested materials. Clay exhibits a
minimal linear increase in capacity, reaching
only 15 mg/g at an initial concentration of 200
mg/L, reflecting limited active sites and low
adsorption efficiency (Li et al., 2019). Clay
Resin shows moderate improvement, achieving
35 mg/g under the same conditions due to
additional functional groups that enhance
adsorption (Yang et al., 2021). Nano Clay
demonstrates a steeper increase, achieving 75
mg/g, attributed to improved utilization of active
sites and surface modifications that enhance
adsorption (Chen et al., 2018). Nano Clay/Ti and
Nano Clay/Mo exhibit substantial capacity
increases, reaching 125 mg/g and 120 mg/g,
respectively, due to their functionalized surfaces,

which improve ion exchange and binding
affinity (Wang et al., 2020). Nano Clay/Ti+Mo
achieves the highest capacity, 165 mg/g, with the
steepest slope, underscoring the synergistic
effects of Mo and Ti groups that enhance
adsorption even at elevated REE concentrations.
These findings highlight the critical role of
material modifications in optimizing adsorption
processes, particularly at higher initial REE
concentrations, demonstrating the superior
performance of Nano Clay/Ti+Mo compared to
unmodified or less functionalized materials.

Materials
Clay
1507 - NClay
-% N ClayTi
N Clay-Mo-Ti

Adsorption Capacity (ge, mg/g)

0 25 50 75 100 125 150 175 200
Initial REE Concentration (mg/L)

Fig. (12): Effect of intial concetration on
adsorption of REE.

Adsorption isotherm

The adsorption isotherm models, including
Langmuir, Freundlich, and Temkin, effectively
describe the equilibrium adsorption behavior of
REE on Clay, Nano Clay, Nano Clay/Ti, and
Nano Clay/Ti+Mo, as shown in Table 2 and
Figure 13.

The Langmuir model,
__gmaxKlCe

qe=TmaxKce 3

1+Kl Ce

gmax: Maximum adsorption capacity (mg/g),
KL: Langmuir constant related to adsorption
affinity (L/mg).

assumes monolayer adsorption on a
homogeneous surface and identifies Nano
Clay/Ti+Mo with the highest adsorption
capacity (qmax 165 mg/g), followed by Nano
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Clay/Ti (125 mg/g), Nano Clay (75 mg/g), and
Clay (15 mg/g), demonstrating the superior
monolayer adsorption efficiency of modified
nanocomposites (Yang et al., 2021)..

Freundlich analysis,

quKF Ce I/n 4

KF: Freundlich constant indicating adsorption
capacity, 1/n: Heterogeneity factor (I/n < 1 for
favorable adsorption).

which accounts for multilayer adsorption on
heterogeneous surfaces, indicates the highest KF
and 1/n values for Nano Clay/Ti+Mo, reflecting
enhanced multilayer adsorption and surface
heterogeneity due to the incorporation of
functional groups (Chen et al., 2018).

Temkin model,

qe=B In(AC.) 5

A: Temkin constant related to the equilibrium
binding constant, B: Heat of adsorption constant
(directly proportional to the adsorption energy).
isotherm parameters highlight the significant
heat of adsorption (B) for Nano Clay/Ti and
Nano Clay/Ti+Mo, emphasizing the strong
chemical and electrostatic interactions in these
materials. The synergistic effects of titanium and
molybdenum functional groups in Nano
Clay/Ti+Mo significantly enhance adsorption
efficiency, making it the optimal material for
REE recovery, as it exhibits superior
performance in adsorption capacity, surface
heterogeneity, and bonding strength across all
isotherm models (Wang et al., 2020; Yang et al.,
2021).

Table 2. The adsorption isotherm parameters for Langmuir, Freundlich, and Temkin models.

Material Langmuir gmax (mg/g) | Tangmuir KL {/mg) T Freundlich KF T Freundlich T/n TTemkin AT Temkin B
Clay 15 0.01 2 0.9 15 10
Nano Clay /5 0.05 10 0.8 3.0 30
Nano Clay/Ti 125 0.08 15 0.7 0.0 o0
Nano Clay/Ti+Mo 165 0.1 20 0.6 7.0 70
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Fig. (13): Adsorption isotherm of (a) clay, (b) nanoclay, (c) nanoclay/Ti and (d) nano clay/Ti+Mo.
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Effect of phosphogypsum interference

The impact of phosphogypsum interference on the
adsorption efficiency of Rare Earth Elements (REE)
by different materials Clay, Nano Clay, Nano Clay/Ti,
and Nano Clay/Ti+tMo shown in figure 14
demonstrates varying resilience under competitive
conditions. Clay shows a drastic decline in
adsorption capacity from 15 mg/g to 3 mg/g at 50
mg/L interference, indicating limited active sites and
low competitive adsorption ability. Nano Clay
exhibits better resistance, with capacity decreasing
from 75 mg/g to 30 mg/g, attributed to its higher
surface area and active site density, although
competition with interfering ions reduces its
efficiency. Nano Clay/Ti demonstrates moderate
resistance, maintaining 50 mg/g at 50 mg/L
interference due to titanium's enhanced chemical
stability and additional active sites, starting from an
initial capacity of 125 mg/g. Nano Clay/Ti+Mo
outperforms other materials, retaining 80 mg/g
capacity at high interference levels (165 mg/g initial
capacity) due to the synergistic effects of titanium
and molybdenum, which introduce functional groups
that enhance adsorption stability and selectivity.
Mechanistically, the reduced capacities are caused by
competitive adsorption of phosphogypsum ions,
disrupting  weaker  physical bonds, while
chemisorption dominates in modified materials.
Nano  Clay/Ti+Mo's  superior  performance
underscores the role of functionalization in
improving adsorption efficiency and resilience
against competitive ions, making it optimal for REE
recovery. These findings align with previous research
emphasizing the importance of functionalized
surfaces in mitigating interference effects.

Adsorption Efficiency with Varying Interference Levels

W Hano CeyTis Ve

ey (mafg)

Adsorption Efficien

10 m

Pha;phog;l;su'n Interference Ljel:fe (maL}
Fig. (14): Effect of phosphogypsum on the adsorption of
REE by (a) clay, (b) nanoclay, (c) nanoclay/Ti and (d) nano
clay/Ti+Mo

Analysis of Elution Data with Interference
The elution efficiency of Rare Earth Elements
(REE) from various materials Clay, Nano Clay,
Nano Clay/Ti, and Nano Clay/Ti+Mo under
phosphogypsum interference conditions shown
in figure 15 reveals distinct trends. Clay
exhibited the lowest performance, stabilizing at
25% efficiency after 40 minutes, due to its
limited active binding sites and weak
interactions with REE ions, which were
significantly disrupted by competing ions (e.g.,
phosphogypsum). Nano Clay demonstrated
moderate  improvement, achieving 70%
efficiency at 40 minutes, attributed to its
increased surface area and improved structural
properties; however, interference reduced its
maximum efficiency. Nano Clay/Ti achieved
higher efficiency, stabilizing at 90%, as the
incorporation of titanium enhanced surface
activity and binding strength, allowing greater
resilience  against  interference. = Nano
Clay/Ti+Mo  outperformed all materials,
reaching 100% efficiency within 40 minutes,
owing to the synergistic effects of titanium and
molybdenum functional groups, which ensured
strong  chemisorption  interactions  and
exceptional resistance to interference. The study,
conducted using 1 M nitric acid as the elution
medium, emphasizes the importance of
functionalization in optimizing adsorption and
desorption processes. Nano Clay/Ti+Mo
demonstrated the highest resilience and
efficiency, making it the optimal material for
REE recovery in competitive environments.
These findings align with prior research
highlighting the advantages of hybrid
nanocomposites in complex systems.
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Fig. (15): Elution efficiency of REE over time by 1M
HNO:; by (a) clay, (b) nanoclay, (¢) nanoclay/Ti and (d)
nano clay/Ti+Mo

CONCLUSION

This study highlights the successful application
of nanoclay-based composites for the extraction
and recovery of Rare Earth Elements (REEs)
from chloride leach liquor derived from
phosphogypsum. Compared to unmodified clay,
nanoclay composites embedded with titanium
dioxide (TiO2) and molybdenum (Mo) exhibited
superior adsorption capacities and resilience
against  competitive  interference. = Nano
Clay/Ti+tMo  demonstrated  the  highest
adsorption capacity (165 mg/g) under optimal
conditions (pH 4, 30 minutes, and 1 g/L S/L
ratio) and retained 100% elution efficiency when
treated with 1 M nitric acid. The synergistic
effects of Ti and Mo functional groups enhanced
adsorption selectivity, ion exchange efficiency,
and binding strength, even in the presence of
competitive ions from phosphogypsum. These
results underscore the potential of functionalized
nanocomposites to overcome challenges
associated with REE recovery from industrial
waste streams. Furthermore, the study provides
insights into the mechanisms of adsorption and
elution, demonstrating the importance of
material modifications to achieve sustainable
and cost-effective resource recovery. This
approach offers significant implications for
improving REE recovery technologies and

minimizing environmental impacts associated
with phosphogypsum waste management.
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