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Numerous specialized scientific initiatives are underway to extract rare earth elements from natural sources
using new, easily manufactured, environmentally benign methods that possess favorable economic
implications. Monosodium phosphate (MSP) and disodium phosphate (DSP) were produced as effective
sorbents for Yb** ions following gamma irradiation of a mixture containing acrylic acid, dimethyl allyl
ammonium chloride, and monobasic and dibasic phosphate salts. The chemical and physical properties
of the two phosphate compounds have been thoroughly characterized and validated by several
techniques, including EDX, SEM, FT-IR, and TGA-DTA. The investigation of the adsorption coefficients of
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1 Introduction

Ytterbium (Yb, atomic number 70) is a soft, malleable, and
divalent lanthanide metal with a relatively low melting point
(824 °C) and density of 6.97 g cm>.* Chemically, Yb readily
forms Yb*>" and Yb*" ions, with the trivalent state being more
stable in aqueous solutions, influencing its coordination
behavior. Its chemistry is dominated by the tendency to form
complexes with hard donor ligands, and it exhibits moderate
reactivity with water and acids. Natural ytterbium is a mixture of
seven stable isotopes and is among the least abundant which,
together, exist at concentrations of about 0.3 parts per
million.>® Ytterbium mining and production is widespread in
many countries, most notably China, the United States, Brazil,
and India, where mining operations are carried out for many
minerals, the most important of which are monazite, euxenite,
and xenotime.* Ytterbium is mainly used as a source of gamma
rays, in highly stable atomic clocks, as a dopant for stainless
steel or active laser media, and as a trapped ion suppressor for
quantum computing, and is being investigated as a potential
replacement for magnesium in high-precision applications.>”
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Ytterbium (Yb®*) is a heavy rare earth element of growing
technological importance, commonly encountered in complex
aqueous matrices during rare earth processing and recycling.
Its separation remains challenging due to its similar ionic
radius and chemical behavior to neighboring lanthanides,
which limits the efficiency of conventional separation tech-
niques. Consequently, selective adsorption using functional-
ized porous materials has emerged as a promising approach for
Yb** recovery from multi-ion systems. The separation of indi-
vidual rare earth elements (REEs) presents significant chal-
lenges due to their similar chemical and physical properties,
particularly their tendency to exist in the +3 oxidation state. This
similarity complicates the development of effective separation
techniques, which are crucial for various industrial applica-
tions. REEs exhibit subtle variations in ionic radii, making their
separation difficult as traditional methods often rely on these
differences.’® Also, the complexity of REE sources further
complicates large-scale production, necessitating innovative
approaches."

The rising demand for rare earth elements (REE) and their
compounds in novel materials and technologies has garnered
significant interest in recent years regarding their separation
and purification from various sources.””™® Numerous sample
preparation techniques, such as solid phase extraction (SPE),
liquid-liquid extraction (LLE), and liquid-liquid-liquid micro-
extraction (LLLME), have been documented. Solvent extraction
is unequivocally one of the preferred techniques for the sepa-
ration of rare earth elements, employing high molecular weight
amines, carboxylic acids, tri-n-butyl phosphate (TBP), di-(2-
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ethylhexyl) phosphoric acid (D2EHPA), trialkylphosphine
oxides (Cyanex 923), and the extraction behavior of Yb(m) ions
utilizing N,N,N',N'-tetrabutylmalonamide (TBMA) and tri-
phenylarsine (TPAs) due to its high selectivity and well-
established coordination chemistry involving organophos-
phorus ligands. Furthermore, synergistic effect is a prominent
phenomena in the solvent extraction of REE and was also
researched intensively.”**" Among these approaches, LLE and
SPE are the most extensively utilized for this purpose.*” Never-
theless, contemporary research initiatives are aimed toward the
development of effective, inexpensive, and compact sample
preparation technologies named solid phase extraction. The ion
exchange separation of individual rare earth elements (REEs)
brings both potential and obstacles. Ion exchange procedures
can successfully pre-concentrate and fractionate REEs, however
difficulties occur due to the complex chemistry of these
elements and the existence of contaminants. Ion exchange
resins, such as LEWATIT® MDS 200H, demonstrate selectivity
for light REEs like La, Ce, Pr, and Nd, obtaining a loading
capacity of 0.25 mmol g~ * for REEs.?* Despite the advancements
in ion exchange methods, the inherent complexities of REE
chemistry and the presence of challenging impurities continue
to hinder optimal separation. This underscores the need for
continued research into alternate and complementary separa-
tion approaches.** Extensive research is being conducted on
applying adsorption technology on solid surfaces, recognized
for its simplicity, cost-effectiveness, and superior performance
relative to alternative technologies. Sorbents can be broadly
categorized into inorganic, organic, and bio-sorbents.>*¢

Due to the remarkable consistency of organometallic
compounds, many researches have been conducted on the
feasibility of extracting metal ions through organometallic
compounds.”” Polyacrylic acid, polyacrylamide, and polymalic
acid are examples of organic polymers with good chemical
stability and homogeneity that are rarely employed as adsor-
bents because of their low mechanical strength. As a result,
numerous investigations into increasing their mechanical
strength through compound combinations have been con-
ducted.”® It was also necessary to preserve these produced
compounds’ high stability and resistance to chemicals and
physical changes when combined with different acidic media.
The primary prerequisites for such advancements in the
production of adsorbents were cheap cost and ease of synthesis.

Different authors studied the separation process of rare
earths from the chloride solution using different organic
extractants such as anionic, cationic, or solvating types
depending on the ions present in the solution. Cationic
extractants are superior in the extraction and separation of
lanthanides as they form cationic species in an aqueous chlo-
ride solution. Organophosphorous acids, such as di(2-
ethylhexyl)phosphoric acid (D2EHPA) and 2-ethylhexyl 2-ethyl-
hexylphosphonic acid (HEHEHP/PC 88A), are suitable extrac-
tants for the separation of rare earth metals from chloride
solutions.* Organophosphoric acids are characterized by the
presence of phosphate groups, which are the functional groups
responsible for interactions with rare earth metal ions during
adsorption processes. Therefore, it was considered to invent
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and synthesize compounds containing phosphate groups as
adsorbents for ytterbium as a lanthanide element, with the
possibility of benefiting from synthesizing these materials in
a solid, polymerized form. Although multidentate ligands have
demonstrated excellent selectivity in liquid-liquid extraction
systems, their application is often limited by solvent
consumption, phase disengagement issues, and operational
complexity. In contrast, porous networks enable solid-liquid
extraction with high surface accessibility, tunable pore archi-
tecture, and enhanced stability, providing a more sustainable
and reusable platform for metal ion separation.

In this work, a mixture of acrylic acid and allyl alcohol in the
presence of mono- or di-sodium phosphate was gamma-
irradiated to produce two compounds, MSP and DSP. They
were investigated for possible applications as Yb** adsorbents
from chloride media. The kinetics and thermodynamic results
of the coefficients affecting Yb ion adsorption on MSP and DSP
composites were examined and calculated. Studies on stability,
recycling, and desorption were also carried out for both
sorbents. Additionally, the efficacy of the MSP and DSP
composites was assessed by recovering the ytterbium content
from real sample chloride fluids, analyzing the influence of
competing elements on the adsorption efficiencies of Yb*" ions
on both phosphate composites, and testing their selectivity.

2 Materials and methods

2.1. Reagents and materials

Ytterbium oxide (Yb,05; 99.9%) was used as and Yb*" ion source
and obtained from MERCK, Germany. Acrylic acid a monomer
(C3H40,, 99%) and dimethyl allyl ammonium chloride were
purchased from MERCK, Germany. The cross-linker N,N'-
methylene bisacrylamide MBA (C,H;,N,0,, 99%) was produced
by Merck, Germany. Double distilled water (DDW) was utilized
in this investigation. Merck provided the hydrochloric acid
(HCI), sulfuric acid (H,SO,4), and sodium hydroxide (NaOH)
used in this investigation's pH changes and regeneration. To
prepare 1000 mg L' of ytterbium for batch adsorption inves-
tigations, 0.114 g of ytterbium oxide was fully dissolved in 2 mL
of concentrated hydrochloric acid with three drops of concen-
trated nitric acid and diluted to 100 mL. The prior solution was
diluted with DDW to create the appropriate concentrations. In
order to prevent sedimentation brought on by raising the pH
level, the precipitation limits of Yb*" ions were taken into
account. This could prevent the confusion between the depo-
sition of metal ions at high pH values and their adsorption on
the phosphate composites.

Two mineralization samples were collected and subjected to
several physical and hydrometallurgical treatments from
NMA.**** The non-magnetic portions of the two regions were
digested with sodium hydroxide at 623 K in a furnace. The di-
gested fractions were subjected to two stages of leaching, first
leaching with hot DDW and then leaching with dilute hydro-
chloric acid (30%) at 363 K for 2 hours. Two chloride solutions
containing a specified concentration of Yb*" ions were ob-
tained. The recovery of Yb>" contents of the two feed solutions
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was studied using phosphate composites prepared under the
optimum conditions obtained through the study.

2.2. Preparation of the phosphate composites

Two composite materials were synthesized via free radical
polymerization, one using monosodium phosphate and the
other using disodium phosphate. In both cases, 5 g of acrylic
acid (AA), 20 g of dimethyl allyl ammonium chloride, and 0.1 g
of N,N'-methylene bisacrylamide as a cross-linking agent were
employed.

2.2.1. Monosodium phosphate composite (MSP). In the
first preparation, 7.4211 g of monosodium phosphate was used.
The monomers were dissolved in 50 mL of deoxygenated water
to ensure a uniform mixture. The solution was then irradiated
with 25 kGy of gamma radiation using a ®°Co source at the
Cyclotron Project, Inshas site, Egypt.*> Gamma irradiation
initiated the polymerization process, promoting cross-linking
between acrylic acid, dimethyl allyl ammonium chloride, and
DAM and forming long polymer chains. To remove impurities
and unreacted components, the final product was chopped into
tiny pieces and immersed in acetone for two hours after poly-
merization. Following a 24-hour drying process at 333 K in
a vacuum oven, the composite was ground using an electric
grinder and sieved to a particle size of 300 um. The particle size
of 300 um was selected to provide an optimal compromise
between enhanced surface area and minimized intraparticle
diffusion limitations, while maintaining sufficient mechanical
stability and ease of solid-liquid separation during adsorption
experiments. Finer particles may increase surface area but can
lead to aggregation and handling difficulties, whereas larger
particles may reduce adsorption kinetics due to increased
diffusion resistance.

2.2.2. Disodium phosphate composite (DSP). In the second
preparation, 4.3904 g of disodium phosphate was used instead
of monosodium phosphate. The preparation method remained
identical: the monomers were dissolved in 50 mL of deoxygen-
ated water, irradiated with 25 kGy of gamma radiation, and
allowed to polymerize. The polymerized material was cut into
small pieces, soaked in acetone for 2 hours, dried in a vacuum
oven at 333 K for 24 hours, and milled to a particle size of 300
pm.

After drying, the polymer composites were ground and
sieved to obtain a uniform particle size of 300 pm, which was
used in all adsorption and kinetic experiments to minimize
particle-size-dependent mass transfer effects. Both composites
feature functional groups, including carboxyl (-COOH),
hydroxyl (-OH), and phosphate groups, providing active sites
for the adsorption of metal ions.

2.3. Instrumentation and characterization

The functional groups present in the mono- and di-phosphate
compounds were identified using Fourier transform infrared
(FTIR) spectroscopy (Bomen Mickelson, model MB157, Can-
ada). The crystal structure of the prepared composites was
evaluated using X-ray diffraction (XRD), Shimadzu, Model XD-
DI, Kyoto, Japan. The phase and mass variations from 20 to
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600 °C were examined using a DTA-TGA system of type DTA-
TGA-50, Japan. The components and morphology of phos-
phate composites were examined using a scanning electron
microscope model JEOL-JSM-5600LV (FEI Quanta FEG-250,
EDX), JEOL Ltd from Japan. The BET surface area, the pore
size distribution, and N, adsorption-desorption isotherms of
the MSP and DSP composites were determined using a surface
area analyzer (Nova 3200 series, Micrometric) (USA). During this
study, the concentrations of Yb**, Ca®*, Fe*", V**, and Nb>* ions
were measured using appropriate spectroscopic methods using
a UV-vis spectrophotometer model SP-8001, Metretech Inc.,
China.*® The concentration of Na' ions was determined using
a Sherwood Scientific Flame Photometer Model 410, UK.

2.4. Batch adsorption tests

As indicated in Table 1, a number of factors were examined in
order to examine the potentiality and recovery behavior of Yb**
ions on the mono- and di-phosphate composites. Each experi-
ment involved mixing 0.01 g of produced composite with 10 mL
of a chloride solution with a certain concentration of Yb*" ions
in 50 mL glass flask bottles. The mixture was then agitated at
300 rpm for a predetermined number of minutes. To enhance
the ytterbium ion recovery procedures, a number of variables in
variable ranges, including aqueous phase pH, adsorption
period, metal ion concentration, and composite dose, were
investigated. Wattman filter paper was used for the solid/liquid
separation (filtration) procedures once the stirring period had
passed. It was determined how much ytterbium was present in
the remaining effluent solutions. Eqn (1)-(3) were used to
calculate the recovery efficiencies based on the concentrations.

Recovery efficiency(%) = (%) x 100 (1)
4

g = (Co — C;) x m (2)
V

ge = (Co — Ce) % . (3)

where the amounts of Yb*" ions on the composite at equilib-
rium time and time ¢ (min) were denoted by ¢. and g, (mmol
g~ '), respectively. The initial and equilibrium concentrations of
Yb*" ions were C, and C,. (mmol L"), respectively. Additionally,
C, showed the concentration of Yb*" ions in the aqueous phase
at time ¢. Vand m denoted the feed solution's volume (L) and the
solid composite's mass (g), respectively. To get the average
results using the standard deviation, each experiment was
conducted three times. Using a specific concentration of one of
the coexisting elements Na*, Ca**, Fe**, v**, and Nb>" ions, the
competing ions effect was thoroughly investigated. Using the
best other conditions previously attained during the study,
equal concentrations of competing metal ions and ytterbium
were combined to assess the impact of their presence on the
recovery efficiencies of ytterbium. Table 1 lists the parameters
that were examined, the degree to which these elements
changed, and the additional fixed circumstances that were
present during the investigation of each influencing factor.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption parameters of Yb** ions on the MSP and DSP composites

Adsorption parameters Average of change

Conditions

pH 1-5
Time, min 5-120

Sorbent dose, g 0.01-0.05
Metal ion conc., mg L™" 25-200
Stirring temp., K 298-328

Competing ions Na', ca**, Fe**, v**, and Nb**

2.5. Adsorption kinetics and thermodynamics

2.5.1. Kinetic modeling of Yb** adsorption. Pseudo-1st-
order, pseudo-2nd-order, Elvoich, and intraparticle diffusion
models could be used to represent the sorption rate determi-
nation step for Yb** onto MSP and DSP composites and the
order of their interactions.

2.5.2. Pseudo-1st and 2nd order models. Pseudo-1st-order
kinetics applied in the non-linear form is shown in eqn (4).

qr = qe(caL)(l - e7k‘t) (4)

The pseudo-2nd-order model (in the non-linear form) is
shown in eqn (5).

q:r = ((que(cal.)zt)/(l + que[)) (5)

The pseudo-1st-order rate constant was denoted by k;. The
adsorbed amounts at time ¢ and equilibrium were, respectively,
g: and ge(car.). The pseudo-2nd-order kinetic constant was rep-
resented by k,.>*

2.5.3. Elvoich model. The chemisorption reaction's
compatibility with second-order kinetics was demonstrated by
the Elvoich model. Eqn (6) could be used to depict the Elvoich
model's non-linear form.

¢: = 1B In(1 + aB?) 6)

where the Elovich constants were represented by « and (. § was
the desorption constant (g mg~ '), and « was the Elovich initial
adsorption rate (mg g ' min~").%

2.5.4. Intraparticle diffusion model. The intraparticle
diffusion model is often used to explain how adsorption works,
especially in porous materials. It describes how adsorbate
molecules travel into the inner pores of a sorbent. Adsorption
typically happens in three steps: first, the adsorbate molecules
move from the bulk solution to the outer surface of the sorbent
(film diffusion); next, they travel into the pores of the sorbent
(intraparticle diffusion); and finally, they attach to active sites
on the sorbent. The slowest step controls the overall rate of the
process. The intraparticle diffusion is represented by eqn (7).

g =ki>>+C 7)

where k is the intraparticle diffusion rate constant (kg
1-n

¢! min™"), C indicates the thickness of the boundary layer (mg
g™ 1. Alarger C suggests a greater influence of the surface process.

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

0.01 g Sorbent, 10 mL liquid, 100 mg per L Yb*", 298 K, and 60 min

0.01 g Sorbent, 10 mL liquid, 100 mg per L Yb*", 298 K, and pH = 4

10 mL Liquid, 100 mg per L Yb*", 298 K, pH = 4, and 45 min

10 mL Liquid, 298 K, pH = 4, 45 min, and 0.01 g sorbent

10 mL Liquid, pH = 4, 45 min, 0.01 g sorbent, 100 mg L™" and Yb**

10 mL Liquid, pH = 4, 45 min, 0.01 g sorbent, 100 mg per L Yb*', and 298 K

2.5.5. Thermodynamics studies. The temperature factor
results were used to explore thermodynamic investigations of
the Yb®" ion adsorption processes on the MSP and DSP
composites. The Van't Hoff equation (eqn (8)) was used to
compute the enthalpy and entropy changes for the sorption
processes.* Eqn (9) was used to determine the Gibbs free energy
changes of the adsorption processes.

AS AH
Ink, = =2 _ 242
Ma= R T RT (8)
AG = AH — TAS 9)

In this case, AH° (k] mol '), As® (k] mol K™ "), and AG® (k]
mol ') represented enthalpies, entropy changes, and Gibbs free
energy changes, respectively. The temperature and the gas
constant were T (K) and R (J K" mol ™).

To find the best-fit model for the sorption process, quanti-
tative error functions such as chi-square (x*) and coefficient of
determination R* were calculated for the modeling data. The
best-fit model has a minimum value of x* and a maximum value
of R*, which is close to unity. The two equations used to
calculate the R* and x>, respectively, were represented by eqn
(10) and (11).*

Z (qcalc. - (’Iexp.)z
R=1-%= (10)
2
& (qcalc. - qmcun)—
(deae. — exp)”
X2 _ Z Gealc. qexp. (11)

(ZCach

where Gexp., Gealc., aNd Gmean (Mg g~ ') represented the amount of
ions adsorbed, the anticipated amount of adsorbed ions, and
the average of the ions' gy, values, respectively.

2.6. Desorption tests and application on actual chloride
fluids

To determine the best elution conditions, the desorption
processes of Yb** ions from the loaded MSP and DSP compos-
ites were examined. Two strengths of sulfuric and hydrochloric
acids (0.5 and 1.0 mol L") were used for the elution investi-
gations on the loaded phosphate composites. Several stationary
conditions, including 0.05 g loaded sorbent, 10 mL acid solu-
tion, and 30 minutes of stirring at 300 rpm at room tempera-
ture, were used for the elution tests. Following each experiment,
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the spent MSP and DSP compounds were filtered, and their

elution efficiencies were calculated using eqn (12) by measuring

the concentration of Yb*" ions in the filtrate solution.
. - C.

Desorption efficiency = (C—L> x 100 (12)
where C. and C represented the Yb®" metal ion concentrations
on the adsorbent prior to elution and in the aqueous phase
following elution, respectively.

Two mineralization samples were gathered and put through
a number of physical and hydrometallurgical processes at the
Nuclear Materials Authority's research facilities at the Inshas
location in Egypt. The two areas' non-magnetic parts were
broken down in a furnace at 623 K using sodium hydroxide. The
digested fractions were leached twice: once using hot DDW and
again for two hours at 363 K using diluted hydrochloric acid
(30%). Two chloride solutions with a given Yb*' ion concen-
tration were produced. Along with other metal ions, the feed
solutions had reasonable amounts of Yb®* ions. Phosphate
composites made under the ideal circumstances discovered
during the investigation were used to examine the recovery of
Yb** contents of the two feed solutions. The efficiency of the
MSP and DSP composites as Yb*" ion sorbents and the impact
of competing elements on their selectivity and adsorption effi-
ciencies were assessed.

3 Results and discussion

3.1. Characteristics of the MSP and DSP composites

3.1.1. XRD results. The X-ray diffraction (XRD) patterns of
the MSP and DSP adsorbents reveal their predominantly
amorphous structural nature (Fig. 1). The MSP diffractogram
exhibits a broad and low-intensity hump centered between 26 =

— DSP

26.4

g

%““’memmm%

33 —
22 -
11 —
| WNU 1
W"W"”V At A ey
o -
1 1 1 1 1 1 1
10 20 30 40 50 60 70

2-Theta(degree)

Fig.1 XRD pattern of the MSP and DSP composites.
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15-30°, without any sharp crystalline peaks, indicating a largely
disordered structure with minimal long-range atomic ordering.
This amorphous character is typical of materials derived from
biological or polymeric origins, which often contain irregular
networks of organic and inorganic constituents. Similarly, the
DSP pattern shows a slightly more pronounced broad hump
between 26 = 15-35°, suggesting a partially amorphous matrix
with slightly higher structural ordering compared to MSP,
possibly due to thermal or chemical modifications during
preparation. The absence of well-defined crystalline peaks in
both materials confirms that they lack significant crystalline
domains, which may enhance their surface heterogeneity and
availability of active sites for adsorption processes. Such
amorphous morphology is advantageous for adsorbent mate-
rials because it increases the number of functional groups and
pores accessible for contaminant binding.*®

3.1.2. EDX results. As predicted, carbon and oxygen were
the main constituents of the synthesized mono- and di-
phosphate sorbents as shown in Fig. 2. In addition, remark-
able peaks have appeared for phosphorous in the EDX-charts of
the loaded and unloaded sorbents which proved the interaction
between sodium phosphates and the other added monomers
especially acrylic acid as discussed in the synthesis and
adsorption mechanism section. As shown in Fig. 2b and d,
obvious decreases in the percentages of C, O, and P were
observed due to the pronounced presence of Yb** ions, proving
their recovery on the surfaces of phosphate composites.
However, the appearance of many elements in the EDX-plots
such as Na and Cl can be attributed to the use of sodium
hydroxide and hydrochloric acid throughout the experiments,
which requires more washing steps. The higher appearance of
Yb on the EDX plot of DSP-Yb compared to MSP-Yb as shown in
Fig. 2b and d was attributed to the higher presence of chloride
in the EDX plot of MSP-Yb which reduced the percentages of Yb
and also affected the percentages of C and O.

3.1.3. Morphology results. Fig. 3 illustrates the morphology
of the synthesized phosphate composites before and after
adsorption. Randomly assembled particles of mono- and di-
phosphate sorbents appeared forming large agglomerations of
heterogeneous shapes and a non-uniform size range in diam-
eters. However, the spherical appearance of the di-phosphate
was more than that of the monophosphate and its homoge-
neity was relatively remarkable. This could be attributed to the
higher interaction between the carboxylic groups present in the
polymer structure and sodium di-phosphate compared to
sodium mono-phosphate. Many random corrugated cavities
and cracks were observed in the composites. White scattered
particles appeared on the surface of the loaded MSP and DSP
composites as shown in Fig. 3b and d. These spots demon-
strated the adsorption of ytterbium ions on the surfaces of the
composite materials and the entrapping of the recovered ions
across the active sites of the MSP and DSP sorbents. Fig. 3b-
d shows a hypothetical wave-like layer composed of surfaces
with a marked lack of interstitial voids, which are reduced on
the outer surface due to the adsorption of Yb®>" ions. On the
other hand, as shown in Fig. 3a and c, the unloaded

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDX charts of the (a) MSP, (b) MSP-Yb, (c) DSP, and (d) DSP-Yb sorbents.

manufactured composites appeared as semi-spherical shapes
with variation in size.

3.1.4. FTIR results. One of the most important techniques
for chemical analysis was FT-IR spectroscopy, which monitored
the functional groups and different bonds of the compound
under study and subsequently demonstrated the anticipated
composition of the manufactured product. Fig. 4 displayed the
FT-IR curve of the MSP and DSP composites both before and
after the Yb*' ions were absorbed. While exhibiting unique
banding with some variations, the composites’ spectra were
quite comparable. First, the adsorption of Yb®*" on the
composite adsorbent was indicated by the decrease in the

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

intensity of the bands of the representative functional groups
and the increase in the intensity of the metal ions-active sites
interaction bands (M-O). Three separate zones were identified
in the phosphate composites' resultant spectra. The O-H of
hydroxyl groups and the phosphinic acid and C-H stretching
vibrations, respectively, are represented by the high-energy
bands in the first area, which spanned from 3420 to
2927 cm '3** The carbon dioxide from the air may be
responsible for the bands that formed at 2360 cm™'.*> The C=0
and COO-bands of acrylic acid or ketones showed a slight
fluctuation in intensity at 1736 cm ' on the middle energy
range, whereas the intense band of the OH and C=O0 groups
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Fig.3 SEMimages of the (a) MSP, (b) MSP-Yb, (c) DSP, and (d) DSP-Yb
sorbents.

showed a strong, sharp variation at 1636 cm™*.** The interaction
between Yb*" ions and the high density hydroxyl or carboxyl
groups found in the composite skeletons may be seen by these
variations in peak intensity. The P—0O and P-OH bands of the
phosphate group in the complex were identified as the bands
with wavenumbers 1159 and 1015 cm ™. These bands signifi-
cantly changed following loading with Yb ions, demonstrating
the interaction between the polyvalent cations and the phos-
phate groups.**** The M-O combination is responsible for the
band's disappearance or decrease in the low energy region at
1159, 1079, and 1015 cm ™" following ytterbium ion loading.*®
Lastly, interactions between metal ions and the composite's

95

-
4 \ 573 52/:
920 2027 1738 1639 \ 1018
1079
/a— 3439 1189 MSP
85
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4 FTIR spectra of the loaded and unloaded MSP and DSP.
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carboxylic groups can be responsible for the distortion or drop
in strength of the COO groups bands seen at 620 cm™'. The
most pronounced spectral changes occurred in the phosphate
region. The P=O0 and P-OH stretching bands at 1159 and
1015 cm™ ' underwent significant intensity decrease and partial
shifting after Yb** adsorption, accompanied by changes in the
M-O region at 1079 cm . These observations indicate that the
Yb*' ions coordinate primarily with the phosphate groups,
forming strong metal-phosphate interactions. Minor shifts in
the COO~ bands at 620 cm™ ' suggest that carboxylate groups
may play a secondary or stabilizing role, but phosphate groups
are the dominant binding sites. Overall, FT-IR confirms that
ytterbium adsorption is mainly governed by coordination to the
phosphate groups of the polymer network, with additional
weaker interactions with carboxylate groups contributing to
overall metal ion stabilization.

While solid-state *'P NMR was not performed in this study,
the synthesis approach via gamma-irradiation-induced free-
radical polymerization is known to promote covalent integra-
tion of functional monomers into acrylic polymer backbones.
The monomers and phosphate additives are expected to react
through radical-mediated grafting and cross-linking rather than
being physically entrapped. Additionally, the composites
underwent thorough washing with acetone to remove unreacted
monomers and physically adsorbed phosphate salts. Together
with the observed phosphate-related functional groups in FT-
IR, these factors strongly suggest covalent incorporation of
phosphate into the polymer network. Future work will include
solid-state *'P NMR measurements to definitively confirm
covalent bonding and distinguish it from any residual physi-
cally trapped phosphate species.

3.1.5. Thermal analysis findings. Thermogravimetric anal-
yses (TGA) were used to quantify the endothermic and
exothermic phase transitions of the synthesized polymers and
to forecast their performance and chemical degradation char-
acteristics. Fig. 5 showed the phosphate composites’ phase
transitions and heat stability. The MSP composite's TGA curve
revealed four mass loss stages and an overall mass drop of
99.14%, whereas the DSP composite's TGA curve revealed three
mass loss stages and an overall mass decrease of 99.53%. These
significant mass losses demonstrated their poor thermal
stability, which was explained by the sorbent structure's high
organic composition. For MSP and DSP composites, the first
stage, which lasted from 30 to 200 degrees Celsius, produced
a comparatively little loss of resin mass of roughly 4.58 and
6.02%, respectively. For MSP and DSP composites, this stage
was accompanied by an endothermic peak at 144 and 160 °C,
respectively, which was ascribed to the elimination of chemi-
cally bounded water (water of hydration).*” The temperature rise
from 200 to 340 °C caused a second large drop in the mass of
MSP and DSP composite materials, which was 84.69 and
85.92%, respectively. This is explained by the removal of
carboxyl groups that produce carbon dioxide gas during
combustion and the water of crystallization.*®** This combus-
tion caused a discernible shift in the DTA curve, which
produced an endothermic peak as seen in Fig. 5. This was
assumed to be the result of the burning of distinct organic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DTA-TGA chart of the MSP and DSP composites; zeta potential vs. pH for MSP and DSP composites.

substances leading the creation of different. In the third stage,
the TGA curves showed a mass loss of roughly 6.23 and 7.59%
for MSP and DSP composites, respectively, when the tempera-
ture was raised from 340 to 507 or 600 °C. This could be
explained by the combustion of the composite's residual
hydrocarbon content, which resulted in the total removal of the
organic content and the production of phosphate ashes.*®
Because the phosphate content was incombustible, the resins'’
low thermal durability up to 600 °C led to solid residues of less
than 1% of the initial resin weight.**

3.1.6. Zero point charge (PZC). Zeta potential measure-
ments of MSP and DSP composites were performed over a pH
range of 2-7 to determine the point of zero charge (PZC) as
shown in Fig. 5. The PZC values were found to be 3.7 for MSP
and 3.9 for DSP, confirming that at pH 4.0, the composite

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

surfaces are slightly negatively charged, validating that elec-
trostatic attraction is the primary mechanism for cation
adsorption.

3.2. Optimization of adsorption experiments

3.2.1. Effect of pH. The impact of pH on adsorption
processes has been extensively researched because it directly
affects the metal ion speciation and the protonation of active
sites on the adsorbent surface.*® Chloride solutions with pH
values ranging from 1.0 to 5.0 were used to examine these
effects. We chose pH 5 as the pH ceiling for the tests because of
the deposition threshold at which ytterbium precipitates as
Yb(OH); begins to occur, which influences the adsorption effi-
ciency calculation, as shown in Fig. 6. This led us to investigate
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Fig. 6 (a) Effect of pH on the adsorption of Yb** on the MSP and DSP composites, (b) speciation of ytterbium at different pH.

its effect over this range. MEDUSA software was used to run
simulations in order to confirm the chemical formulae of
ytterbium species ions in the feed solutions (Fig. 6¢). As seen in
Fig. 6b, Yb>" ions predominated, with YbOH>* ions and positive
hydrogen ions appearing comparatively weakly in the examined
range. By varying the pH of feed solutions from 1.0 to 4.0, which
is thought to be the ideal pH value for both composites and
would be applied in the following parameters, Fig. 6a showed
significant increases in the adsorption of Yb** on both phos-
phate composites, ranging from 49 to 90 mg ¢~ and from 54 to
95 mg g~ . The observed decrease in competing hydrogen ions
with rising pH, which offers more opportunities for the
adsorption of ytterbium ions to the active sites on the composite
surfaces, was the reason for the rise in the adsorption efficiency
of Yb** ions utilizing the MSP and DSP.

3.2.2. Influence of time and kinetic modelling. Since all
adsorption experiments were conducted using composites with
identical particle size (300 pm), variations in adsorption
kinetics are attributed to differences in chemical functionality
and phosphate incorporation rather than particle size or
diffusion limitations. Studying the adsorption of Yb** ions on
the phosphate sorbents as a function of time could help us
understand the adsorption processes’ kinetics. In addition, as
shown in Fig. 7, the equilibrium time of the adsorbent-adsor-
bate interaction and maximum uptake of Yb** ions on the MSP
and DSP composites were studied and determined using other
constant conditions as illustrated in Table 1. These studies were
performed using different contact times ranging from 5 to
120 min using 10 mL of chloride solutions with pH 4.0, 100 mg
per L Yb** concentration, 0.01 g per L solid fractions of MSP and
DSP separately, and at ambient temperature. Fig. 7 demon-
strated that the maximum adsorption (g.) of MSP and DSP
phosphate adsorbents for Yb*" ions was 90 and 95 mg g™ " after
45 minutes, respectively. As shown in Fig. 7a, adsorption
proceeds in two stages. The initial rapid uptake corresponds to
surface binding and film transport of Yb®* ions to readily
accessible phosphate sites. This stage is driven by the high
concentration gradient and the abundance of unoccupied active

15084 | RSC Adv, 2026, 16, 15076-15094
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Table 2 Calculated kinetic parameters for Yb>* sorption onto MSP and DSP composites®
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Parameters

Kinetic model

Sorbate

Mono

Quasi-1st-order

g: (mg g7 (calculated)
k; (min ™)

RZ

XZ

Quasi-2nd-order
g: (mg g~ ") (calculated)
k, (g mg ' min™")

RZ
2

X
q: (mg g ") (experiment)

Elvoich
A

B

RZ

XZ

Intraparticle diffusion
kip

C

R2

XZ

88.833 £ 1.648
0.08613 £ 0.00697
0.9692

11.792

100.724 + 2.36898
0.00114 + 1.466 x 10~*

0.9753
9.47043
90

33.82856 + 16.0049
0.05431 £ 0.0077
0.891

41.639

32.847 £ 5.657
0.2336 + 0.0437
0.81612

70.384

92.445 + 2.1649
0.09909 =+ 0.01077
0.9353

22.76072

103.755 + 2.08999
0.00131 =+ 1.53844 x
1074

0.9758

8.5083

95

51.55064 + 24.4009
0.05657 & 0.00715
0.90445

33.58783

37.66803 + 5.3434
0.21354 £ 0.3624
0.83998

56.253

“? The highest R* and the lowest x> are in bold and italicized.

sites. The subsequent slower stage reflects diffusion of Yb®" ions
within the hydrated cross-linked polymer network toward less
accessible internal phosphate groups, rather than classical pore
diffusion in a rigid porous solid. As adsorption progresses, the
decreasing availability of active sites and increased diffusion
path length within the polymer matrix lead to a gradual
approach to equilibrium.

On the other hand, Fig. 7b showed the plot of nonlinear
kinetic models for the adsorption processes of Yb** ions on MSP
and DSP compounds. In addition, Table 2 detailed the kinetic
parameters of the applied models, namely Pseudo-1st-order,
Pseudo-2nd-order, Elvoich, and Intraparticle diffusion models.
Regarding the calculated pseudo-first-order and pseudo-
second-order g, their values were closer to the experimental g,
for Yb** adsorption for the two phosphate sorbents. Addition-
ally, when applying the error functions R* and x> to choose the
best fitting mode, the second pseudo-order was the more fitted
model with lower values of the error function x> for both
sorbents. This implied that the adsorption of Yb*" ions on MSP
and DSP was chemically mediated. Therefore, the low perfor-
mance of R* and its inadequacy for the nonlinear regression
model were revealed.”

3.2.3. Influence of sorbent dose. A study was carried out
utilizing various amounts of manufactured sorbents ranging
from 0.01 to 0.05 g to find the optimal quantity of phosphate
compounds capable of absorbing the maximum Yb** ions under

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

otherwise constant conditions. The sorbent dosage impact
investigation also included 10 mL of an aqueous solution with
a concentration of 100 mg per L Yb*", a pH of 4.0, and stirring for
45 minutes at room temperature. It has been established that the
adsorption effectiveness increases with the weight of the adsor-
bent material for fixed metal ion concentrations. On the other
hand, sorbent uptakes decrease with increasing adsorbent
material weight. In other words, large uptakes (g.) are associated
with small sorbent dosages that have poorer absorption effi-
ciency. According to the results shown in Fig. 8a, increasing the
solid mass from 0.01 to 0.05 g resulted in significant reductions
in the uptakes of Yb®" ions on MSP and DSP phosphate
composites. The decrease in adsorption capacity with increasing
sorbent dose is attributed to depletion of metal ions in solution
rather than reduced sorbent efficiency. The near-constant total
uptake across all doses indicates that adsorption occurs under
ion-limited conditions, where sufficient active sites are available
to capture nearly all ions present. Similar results were seen for
MSP and DSP phosphate composites, which used a lower solid
mass weight of 0.01 g of both adsorbents to reach maximum Yb**
ion adsorption of 90 and 95 mg g~ ", respectively.

3.2.4. Influence of Yb*" concentrations and adsorption
temperature. The adsorption process and the movement of ions
between various solution feeds and functional groups on the
composite surfaces are significantly influenced by the concen-
tration of metal ions. Thus, utilizing additional constant

RSC Adv, 2026, 16, 15076-15094 | 15085
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conditions as indicated in Table 1, the impact of ytterbium ion as illustrated in Fig. 8b. Increasing the concentration of metal
concentrations ranging from 25 to 200 mg L™ " on the adsorp- ions demonstrated the strong adsorption performance of Yb**
tion of MSP and DSP phosphate compounds was investigated, on phosphate resins. This may be expected given the rise in

15086 | RSC Adv, 2026, 16, 15076-15094 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Thermodynamic parameters for Yb®* sorption onto the MSP and DSP composites

AG° k] mol™*

Temperature, K

Sorbent AH° k] mol™* AS°J mol ™' K™ 298 308 318 328
MSP 17.960 109.16 ~14.569 —~15.661 —16.752 —~17.844
DSP 12.603 467.166 —126.612 —131.284 —135.956 —140.627

concentration and, as a result, the pushing force movement
towards the active areas.®® The negatively charged particles on
the composite active sites were strongly attracted to the high
concentration of Yb®" ions. To put it another way, the increased
potentiality of binding with the authorized active sites
concentrated on the composite was responsible for the
improvements in the adsorption of metal ions by raising their
initial concentrations. Using a metal ion concentration of
200 mg L', sharp adsorption of Yb** ions of 152 and 161 mg
g~ " was accomplished on MSP and DSP resins, respectively.

It was evident from Fig. 8c that the adsorption of Yb*" ions
on phosphate resins was enhanced by reaction temperatures
between 298 and 323 K with constant factors of 10 mg of solid
sorbent, 10 mL of feed solution with metal ion concentrations
of 100 mg L™, adsorption time of 45 min, and pH of 4.0. The
positive factor gained from raising the adsorption temperatures
led to an increase in the kinetics of the reactants from external
interventions to reach the activation energy required for the
molecule to undergo and enhance the adsorption process. From
the temperature effect curves shown in Fig. 8c, mild enhance-
ment in the adsorption of Yb®" ions on MSP and DSP resins was
found to range from 90 and 95 mg g~ * to 97 and 99.1 mg g~ * by
varying the adsorption temperature from 298 to 323 K respec-
tively. These enhancements in adsorption by increasing
temperatures were preliminary evidence of the chemical nature
of the adsorption processes of Yb*' ions on MSP and DSP
phosphate resins.>

3.2.5 Adsorption thermodynamic. Eqn (8) was used to
display In K vs. 1/T for the adsorption processes of Yb** onto
phosphate sorbents, as illustrated in Fig. 8d. This resulted in
straight lines with intercept and slope equal to AS°/R and AH
°/R. Table 3 displays the computed thermodynamic coefficients
AS°, AG°, and AHP. The endothermic character of the adsorp-
tion reactions of ytterbium onto the functional groups scattered
on the surface of both compounds was demonstrated by the
positive values of AH° for adsorption, which favored an external
energy source and showed a positive effect with increasing
temperature. Furthermore, the unpredictability of the system
that emerged in the adsorption processes between Yb*" ions
and the active sites on the surfaces of MSP and DSP is shown by
the positive AS° values. On the other hand, using eqn (9),
negative AG° values show that a high degree of interaction
between metal ions and functional groups scattered on the
sorbent surfaces is feasible, spontaneous, and directly benefi-
cial. Ultimately, it was evident that entropic changes dominated
the adsorption by calculating the values of TAS®, which clearly

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

reduced from the values of AH° with the change in the
temperatures of the adsorption processes.**** Although
adsorption is often exothermic, the positive AH® values ob-
tained in this study indicate an endothermic process, which is
attributed to the energy required for partial dehydration of
hydrated metal ions prior to their coordination with functional
groups of the polymeric network. The positive AS® values
suggest increased disorder at the solid-solution interface, likely
due to the release of bound water molecules during adsorption.
Consequently, the adsorption process is spontaneous and
entropy-driven, as confirmed by the negative AG® values.>

3.2.6 Effect of competing ions. The ability of the synthe-
sized sorbent to selectively extract the Yb** ions in the presence
of the other ions was determined by examining the competing
effect of other elements on the adsorption efficiency of Yb*"
ions. The fixed outcome circumstances described throughout
this study 0.01 g of sorbent, swirling for 45 minutes at room
temperature in 10 mL of acidic solution with pH 4.0 containing
100 mg L' of Yb*" ions were used to conduct competing effect
investigations. A specific concentration of several metal ions
(Na*, Ca®*, Fe’", v**, and Nb>*) combined with Yb** ions of the
same concentration in an aqueous chloride solution. The
adsorption of Yb*" ions on the DSP composite was significantly
impacted by other metal ions, particularly iron, which signifi-
cantly decreased the adsorption efficiency to half, according to
the competing experiments and the adsorption data displayed
in Fig. 8e. On the other hand, the presence of Na*, Ca**, v**, and
Nb°>" ions was found to have a minor impact on the adsorption
of ytterbium ions on MSP. Furthermore, it was found that only
iron significantly affected the adsorption of both MSP and DSP
for Yb*" ions. This could be explained by the fact that both iron
and ytterbium are trivalent ions (as seen in the MEDUSA curve
Fig. 7b) and that their strong similarity during interaction with
solid adsorbents may account for their fierce competition for
the active sites on the surface of the composites. Selectivity
toward Yb*" was quantified by evaluating the relative adsorption
capacity and selectivity coefficients in the presence of
competing ions. Both MSP and DSP composites retained more
than 80% of their Yb*" uptake in multi-ion systems, confirming
strong preferential adsorption driven by specific coordination
with phosphate functionalities.

3.3. Adsorption mechanism

Prior to radiation, a number of esterification reactions between
acrylic acid and mono- and di-sodium phosphate are anticipated.
As seen in Fig. 9, the mixture contained numerous substances
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Fig. 9 A suggested diagram for the preparation and the polymerization of the MSP and DSP composites.

before to gamma irradiation, including phosphoric acid acrylate,
allyl alcohol, and MBA linker. Many double bonds in phosphoric
acid acrylate, allyl alcohol, and MBA linker were broken as
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a result of radiation exposure, producing a comparatively
significant number of free radicals that led to polymerization and
the creation of the suggested phosphate absorbers. With

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The prediction mechanism for the adsorption of Yb®* ions upon the MSP and DSP composites.

minimal interference from MBA in the crosslinking and tangling
between the synthetic resin layers, the phosphate composite
structure was anticipated to be constructed by polymerization
using acrylic compounds and allyl alcohol as monomers.
Numerous functional groups, including carboxylic (-COOH),
hydroxyl (-OH), and phosphate groups (-PO(OH),, or -PO(OH)-),
were present in both synthesized sorbents, suggesting the pres-
ence of dense active sites on the surface of the produced MSP and
DSP that could draw in ytterbium ions. As seen in Fig. 10, an
electrostatic attraction between these groups and Yb*" ions has
previously been proposed. The coordination chemistry of rare
earth element extraction with acidic organophosphorus extrac-
tants such as D2EHPA and TBP is well-established in liquid-
liquid extraction systems, where REE ions form inner-sphere
complexes with oxygen donor ligands and undergo ion-
exchange mechanisms involving proton displacement. Recent
studies have shown that D2EHPA extracts rare earth ions through
coordination of the phosphoryl oxygen to the metal center, with
the process describable by equilibrium complexation and ion-
exchange reactions with REE species in solution. Functional
materials inspired by these extractants, such as phosphate-
functionalized mesoporous supports, similarly leverage oxygen-
donor ligands to coordinate REE** ions, reflecting the under-
lying HSAB (hard acid-hard base) interactions observed in LLE.
This parallel supports the mechanistic interpretation of phos-
phate groups in sorbents acting as hard Lewis bases that pref-
erentially bind REE*" ions via surface coordination bonds.*”*®

3.4 Desorption, recycling and stability studies results

Sulfuric acid and hydrochloric acid, two mineral acids with
varying concentrations of 0.5 and 1 mol L™, were examined in

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

order to extract Yb®" jons from the loaded MSP and DSP
composites. First, both concentrations of hydrochloric acid and
sulfuric acid were used to compare their efficacy. Second, the
recovery of ytterbium ions from the loaded composites was
more effective at larger concentrations of both acids. Conse-
quently, 1.0 mol per L HCI was the ideal leaching solution, as
shown in Fig. 11a, yielding adsorption efficiencies of 95 and
93.9% for Yb-loaded MSP and DSP resins, respectively. The
desorption processes were carried out at room temperature
using 0.05 g of Yb-loaded resin, 10 mL of elute solution, and
a 30-minute stirring duration at 300 rpm. Several soaking tests
in acidic and alkaline solutions were used to investigate the
stability of the phosphate composites. The remaining
compounds were filtered, dried at 333 K for 6 hours, weighed,
and then compared to their initial weights. Concentrations of
0.25 and 0.5 mol L' of HCl and NaOH were investigated
separately as soaking solutions for the composite resins with
other constant conditions, such as soaking time for 24 hours.
The remaining mass percentages of various phosphate sorbents
after soaking in various solutions are displayed in Fig. 11b,
which highlights the impact of breakdown using sodium
hydroxide as the soaking solution, particularly at the concen-
tration of 0.5 mol L™'. Their forms, hues, and molecular
swelling all changed in tandem with these decomposition
events. Both the two compounds' primary structures and the
distribution of their functional groups may be significantly
impacted by this. As a result, it was determined not to use
sodium hydroxide to exchange the two chemicals. Hydrochloric
acid, on the other hand, barely affects phosphate composites
and does not alter their morphology. Rare mass losses of MSP
and DSP resins employing 0.25 and 0.5 mole per L were seen in
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Table 4 Ytterbium ions concentrations in the mineralizing fluids before and after the adsorption on the MSP and DSP composites
MSP composite DSP composite
Initial Yb conc. Yb conc. Yb adsorbed, Recovery eff., Yb conc. after Yb adsorbed, Recovery eff.,
Sample conc. before ads. after ads. mg g’ % ads. mg g " %
First 460 230 180 50 21.7 170 60 26.1
concentrates
Second 920 300 250 50 16.7 230 70 23.3
concentrates

Fig. 11b, suggesting that the chloride medium was the best
option for using adsorption and desorption procedures.
Reusing MSP and DSP resins in various sequential ytterbium
ion adsorption and desorption methods has been investigated.
A slight and sequential decline in the recovery efficiencies of
ytterbium ions for both composites was found when the
adsorption and desorption processes were carried out under the
optimal operating conditions determined during the investi-
gation, as indicated by Fig. 11c, which shows the recovery
percentage in each stage. Following the fifth recovery stage, the
recovery efficiency values for MSP and DSP composites were 84
and 82%, respectively. The gradual decrease (~20%) in

15090 | RSC Adv, 2026, 16, 15076-15094

adsorption capacity after five cycles is attributed to partial
irreversible binding of metal ions to high-affinity phosphate
sites and minor pore blockage, while the preservation of ~80%
capacity confirms the structural stability and reusability of the
porous polymer networks. This moderate loss in capacity is
consistent with literature reports for phosphate-based polymer
adsorbents, where partial pore fouling or incomplete desorp-
tion can occur.’®*® Overall, these results demonstrate that both
MSP and DSP composites exhibit good structural stability and
recyclability, making them suitable for repeated use in practical
adsorption applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparative study of different adsorbent materials for Yb>* ions

Adsorbent Max. adsorption capacity (mg g~ ') pH Temp (°C) Ref.
Ivy leaves marc (ILM) 169 5.0 25 63
Tulsion CH-96 resin Comparable to DEHPA and EHEHPA 4.5 30 64
Ionic liquid-impregnated resin — 6.0 25 65
Gel-type weak acid resin (110 resin) 265.8 5.5 25 66
3-Amino-5-hydroxypyrazole impregnated bleaching clay (AHIBC) 171.32 6.0 25 67

3.5. Real application results

Investigations were conducted into the potential of MSP and
DSP phosphate composites as adsorbents for ytterbium ions
from chloride feed solutions obtained from NMA laboratories
that contained numerous competing ions. Feed solutions made
from concentrates that needed to be removed utilizing the best
regulatory requirements affecting adsorption showed respect-
able ytterbium ion concentrations. After digesting the two
mineralization samples with hydrochloric acid, the feed solu-
tions were made at concentrations of 460 and 920 mg L™". They
were then diluted to 230 and 300 mg L™ ", respectively, to adjust
their pH to the ideal adsorption conditions. The best adsorption
conditions were used, including feed pH 4.0, 0.01 g of phos-
phate sorbent, 10 mL of acidic solution, and 45 minutes of room
temperature stirring. The concentrations of ytterbium ions in
the mineralizing fluids before to and following the adsorption
on the MSP and DSP composites were shown in Table 4.
Undoubtedly, the adsorption of ytterbium was significantly
reduced on MSP and DSP compounds from 90 and 95 mg g~ ' to
50 and 60 mg g~ for the first feed solution and 50 and 70 mg
g~ ' for the second solution, respectively. These reductions
could be attributed to the enormous concentrations of inter-
fering ions present in the mineralizing fluids as cations and
with concentrations several times greater than the desired
element. Therefore, the high presence of competing positive
ions and the limited active sites on the surface of the absorbent
material led to a fierce competition between their huge
concentrations and the low content of the desired element.
Moreover, the low adsorption efficiency of phosphate compos-
ites requires further recovery processes through sequential
contacts between acidic liquids and the studied compounds.
Lastly, it was shown that both synthetic molecules could
distinguish ytterbium ions from other competing ions. The
eluent solutions of low competing ion contents can be subjected
to further refining stages using the oxalic acid precipitation
technique,®** which could achieve the ultra-purification
processes for ytterbium contents. Comparing the different
adsorbents in terms of their ability to recover ytterbium ions, as
shown in Table 5, it was clear that both radioactive materials are

effective in recovering ytterbium from fluid solutions.®**”

4 Conclusion

MSP and DSP phosphates were sufficiently polymerized and
investigated as a novel adsorbents for Yb** ions. The produced
adsorbents’ chemical and physical characteristics were exam-
ined to verify their organophosphorus structure, show that

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

polymerization was successful, identify the presence of multi-
functional groups on their structures, and verify that adsorption
had taken place. Additionally, 90 and 95 mg g~ * of ytterbium
were adsorbed on the mono- and di-phosphate composites,
respectively, under the ideal adsorption conditions, which
included 0.01 g of sorbent, stirring for 45 minutes at room
temperature, and 10 mL of an acidic solution of pH 4.0 con-
taining 100 mg L™" of Yb®" ions. The chemical character of
metal ion adsorption processes and their direct relation with
temperature have been shown by kinetic modeling investiga-
tions of ytterbium ion adsorption processes on phosphate
resins. Furthermore, the results of thermodynamics demon-
strated the endothermic characteristics of the adsorption
processes. Ultimately, the efficacy of recovering the element's
ions in the presence of numerous other elements was demon-
strated, indicating the possibility of using the two composites
made by free radical polymerization containing functional
phosphate groups as absorbent materials for ytterbium ions.
This confirmed the possibility of extracting the ytterbium
content from chloride solutions of the concentrates of the two
regions.
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