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Abstract

This study evaluates the efficiency and selectivity of nanohydrometallurgy for the recovery of critical metals from phospho-
gypsum leachates using functionalized superparamagnetic nanoparticles (Si@Fe-DTPA). The extraction process was tested
in monometallic, multimetallic, and leachate synthetic solutions containing Ce, Dy, La, Nd, and Y. The results demonstrated
that selective separation is achievable, with extraction efficiencies of 17.59% for Ce, 5.96% for Dy, 13.74% for La, 19.83%
for Nd, and 12.93% for Y in a single cycle. The selectivity order for Si@Fe-DTPA was Nd >Y >La> Dy > Ce, confirming
its preferential affinity for specific rare earth elements. The contaminant metal Ca, present in the highest concentration,
was efficiently removed within three cycles. The overall process required 10 to 20 cycles to obtain high-purity fractions of
critical metals. The findings confirm that nanohydrometallurgy is a sustainable and effective technique for critical metal
recovery, offering an alternative to traditional extraction methods and contributing to the circular economy. This approach
aligns with the United Nations Sustainable Development Goals (SDGs) by reducing dependence on primary mining sources
and promoting resource efficiency.
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Fe;0, Magnetite

Hrees Heavy rare earth elements

ICP-OES Inductively Coupled Plasma Optical
Emission Spectrometry

Lrees Light rare earth elements

NH, Amine group

Nps Nanoparticles

RE(CO;);*~ Rare Earth Carbonate Complex

Rees Rare earth elements

Rems Rare earth metals

Si0, Silicon Dioxide (Silica)

Si@Fe-DTPA  Superparamagnetic magnetite nanoparti-
cles functionalized with DTPA

Snps Superparamagnetic nanoparticles

TEOS Tetraethyl Orthosilicate

Introduction

The advancement of technology and the synthesis of new
materials have increased investments in the mining industry
for the extraction of strategic metals from primary sources
[1]. Similarly, investments in the recycling industry have
grown for the recovery of these metals from secondary
sources [2]. Consequently, all established hydrometallurgi-
cal techniques are being researched to identify the optimal
methodologies for these processes.

Nanohydrometallurgy is an advanced technique that inte-
grates nanotechnology with hydrometallurgical processes,
offering an innovative approach to selective metal separa-
tion [3]. This method utilizes functionalized superparamag-
netic nanoparticles (Snps) that selectively bind to metal ions
through surface interactions, enabling efficient extraction
from complex solutions. Unlike conventional separation
methods, Snps can be rapidly recovered using an external
magnetic field, allowing for their reuse in multiple cycles,
minimizing reagent consumption, and reducing waste gener-
ation. Nanohydrometallurgy complements established tech-
niques such as selective precipitation [4], organic solvent
extraction [5], ion exchange resins [6], electrodeposition [7],
and electrodialysis [8]. While these techniques differ in their
mechanisms, they share a common goal: achieving highly
selective and sustainable metal recovery [9].

Solvent extraction and ion exchange resins are the most
widely used advanced techniques for recovering metals from
primary and secondary sources, each with its own advan-
tages and challenges. Nanohydrometallurgy is being devel-
oped as an alternative and complement. The use of Snps has
already shown promise and efficiency [10], which complex
with the metals of interest and can be easily separated from
other metals through the application of a magnetic field. The
high efficiency of this methodology stems from the use of
nanoparticles (Nps), which have a large surface area and can
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be surface-functionalized with different complexing agents
to enhance specificity for the target metal.

Snps are particularly advantageous because permanent
magnets do not require electricity, simplifying operations
such as filtration, concentration, and washing. Addition-
ally, the magnetic confinement process allows the entire
procedure to be conducted in a single reactor, at room tem-
perature, with high recyclability [11-14]. Despite all these
advantages, the separation of concentrated solutions has not
yet been fully tested, and higher efficiency is still achieved
with other techniques.

Solvent extraction is widely used due to its high effi-
ciency in separating metals from aqueous solutions. The
use of organic solvents allows for selective extraction and
effective purification, which is essential for obtaining high-
purity products [15—17]. However, the toxicity of the sol-
vents and waste management pose significant environmen-
tal challenges. This technique is well-established in various
industries, but its efficiency is counterbalanced by the need
for frequent solvent replacement and associated costs. Ion
exchange, on the other hand, utilizes specific resins to cap-
ture metal ions, offering an efficient and reusable solution
[18-20]. Although it is a clean and sustainable technique,
its application is limited by the capacity of the resins and
the costs of regeneration. These technologies offer promis-
ing solutions for metal recovery, but each requires optimiza-
tion to address the associated environmental and economic
challenges.

Rare earth metals (Rems), including elements like the
lanthanides and certain transition metals, are essential to
modern technology due to their unique properties. These
metals are critical for producing high-performance mag-
nets, phosphors for lighting and displays, and catalysts in
petroleum refining. While Rems are not relatively abundant
in the Earth's crust, they are not typically found in concen-
trated deposits [21-23]. Rems are also included in the list of
critical metals. These elements are essential to the modern
economy due to their application in a wide range of tech-
nological and industrial sectors, yet they face a significant
risk of supply shortage. In the European Union, the list of
critical metals is defined based on two main parameters:
economic importance and supply risk. Key minerals rich in
rare earth elements include bastnisite, primarily composed
of light Rees such as Ce (45-50%), La (20-25%), and Nd
(10-15%); monazite, containing Ce (30-50%), La (15-30%),
Nd (10-25%), and up to 12% Th; and xenotime, a major
source of heavy Rees, with Y (50-60%), Dy (3—-10%), and
other Hrees in lower concentrations [24-26].

Beyond primary sources, Rems are also found in vari-
ous industrial by-products. Phosphogypsum, a by-product of
phosphate fertilizer production, contains rare earth elements
at concentrations ranging from 400 to 1000 mg/kg or approx-
imately 0.05 wt% to 1.5 wt% of rare earth oxides (REOs),
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depending on the ore and production process [27]. Bauxite
residue (red mud), a by-product of alumina extraction, has
drawn attention due to its large-scale generation (120-150
million tons per year) and the presence of Rees (0.5-1.7 kg
per ton), particularly scandium (Sc), with reported Rem con-
centrations between 100 and 2000 mg/kg [28]. Coal fly ash,
a by-product of coal combustion in power plants, has been
recognized as a potential secondary source of Rees. Its Rem
content typically ranges from 200 to 500 mg/kg, depending
on coal type and combustion conditions. A study analyzing
581 ash samples from power stations across 15 countries
reported an average Ree concentration of 435 mg/kg, slightly
higher than the 404 mg/kg previously documented [29, 30].
Spent catalysts from petroleum refining, which are widely
used in chemical processes, can also contain valuable Rems.
In particular, they may have lanthanum (La) concentrations
ranging from 2 to 5 wt%, depending on catalyst composition
and usage conditions [31].

Phosphogypsum, composed primarily of gypsum (cal-
cium sulfate, CaSO,), can also contain trace amounts of
rare earth elements, including lanthanides such as cerium
(Ce), dysprosium (Dy), neodymium (Nd), and yttrium (Y).
The presence of these Rems in phosphogypsum highlights
its potential as a secondary source of valuable materi-
als [32-34]. The recovery of Rems from phosphogypsum
is essential to meet growing demand in high-tech sectors,
such as electronics, renewable energy, and advanced manu-
facturing. Hydrometallurgical techniques are commonly
employed to extract these metals from phosphogypsum [27,
35]. In this context, the application in nanohydrometallurgy
to recover Rems is strategic as it is considered environmen-
tally friendly. In this methodology, waste is reduced and Nps
are reapplied.

A recycling process for phosphogypsum employing nano-
hydrometallurgy addresses areas such as secondary metal
recycling, circular economy, and sustainable development.
Consequently, these processes also directly contribute to var-
ious Sustainable Development Goals (SDGs) established by
the UN for 2030. Therefore, this research aims to investigate
the potential and limitations of utilizing nanohydrometal-
lurgy, specifically through the application of functionalized
superparamagnetic nanoparticles (Si@FeNps), for the selec-
tive separation of Rems from phosphogypsum.

Materials and Methods
Materials
The reagents used for the synthesis of Snps were:

Ferric chloride (FeCl;-6H,0), ferrous sulfate
(FeSO,-7H,0), tetraethyl orthosilicate (TEOS),

ethylenediaminepropyltrimethoxysilane (EAPTMS) and
diethylenetriaminepentaacetic anhydride (DTPA), all from
Sigma/Aldrich.

The synthesis of solutions with Rems were synthesized
using their respective oxides. Cerium(IV) oxide (CeO,),
Dysprosium(IIl) oxide (Dy,03), Lanthanum(III) oxide
(La,03), Neodymium(III) oxide (Nd,0O5) and Yttrium(III)
oxide (Y,03). All from Sigma/Aldrich.

Synthesis of Superparamagnetic Nanoparticles
(Snps)

Initially, the synthesis of Snps was achieved through a modi-
fied coprecipitation method, adapted from Almeida 2016
[10]. Ferric chloride (FeCl;-6H,0) served as Fe* sources,
while ferrous sulfate (FeSO,-7H,0) provided the Fe?*. The
two iron salts were mixed in a basic solution with NH,OH
and an inert atmosphere of N,. The Snps were coated with
silane groups using tetraethyl orthosilicate (TEOS) using a
sol—gel process with glycerol and water. Functionalization
was performed with ethylenediaminepropyltrimethoxysilane
(EAPTMS) and diethylenetriaminepentaacetic anhydride
(DTPA).

Recovery of REE with Synthesized Nano Particles

The objectives of this research are to investigate the effi-
ciency and selectivity of superparamagnetic nanoparticles
(Si@Fe-DTPA) in the recovery of Rems from synthetic
acidic leaching solutions, including monometallic, multi-
metallic, and phosphogypsum-derived solutions. The study
aims to optimize the parameters of temperature and pH.
Additionally, the research seeks to propose a process for
the recovery of Rems and establish a mass balance for the
process.

The nanohydrometallurgy processes used Si@Fe-DTPA
in various synthetic acidic leaching solutions for the metals
Ce, Dy, La, Nd and Y.

Solutions containing single metals at concentrations
of 100, 200, 300, and 400 mg/L were utilized to investi-
gate the solution/Si@Fe-DTPA ratio and the selectivity in
monometallic systems. Other parameters tested included the
efficiency of metal complexation with Snps at different pH
levels (5, 5.5, 6, 6.5, and 7) and complexation efficiency at
different temperatures (25, 30, 35, 40, 45, and 50 °C). Tem-
perature was maintained by heat plate. pH of a solution was
measured using a Cole-Parmer Combination pH electrode.
Metals concentrations in solution were determined by an
inductively coupled plasma optical emission spectrometry
(ICP-OES, Agilent 5100). Solutions were diluted with 2%
nitric acid prior to the analysis.

To investigate selectivity in a multi-metal solution con-
taining Dy, La, Nd, and Y at a concentration of 300 mg/L, a
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solution was employed. For the recovery of critical metals
from the phosphogypsum compound, a solution with 14 g/LL
of Ca, 7 mg/L of Ce, 120 mg/L of Dy, 340 mg/L of La,
215 mg/L of Nd, and 660 mg/L. of Y was created, adapted
from Gao 2019 [36]

For all tests, the pH of the leaching solutions was adjusted
to pH 6 using NH,OH. 50 mL of the pH 6 solution were sep-
arated, and 1 g of Si@Fe-DTPA was added for 2.5 h. After
this period, the Si@Fe-DTPA nanoparticles were removed
using an external magnet. Then, 50 mL of deionized water
with pH 2, called new pH 2 solution (adjusted with HNO;)
was added to the Snps for 1.5 h. This methodology was
adapted from Pavoski 2024 [3]. All experiments utilized a
beaker and a mechanical Teflon stirrer. A schematic of the
nanohydrometallurgy process is shown in Fig. 1.

Results and Discussion

Superparamagnetic Nanoparticles: Chemical
and Physical Properties

Superparamagnetic nanoparticles (Snps) have gained sig-
nificant attention due to their unique magnetic behavior,
high surface area, and tunable surface chemistry, making
them valuable for applications in biomedicine, catalysis,
environmental remediation, and metal recovery. Their abil-
ity to exhibit magnetism only in the presence of an external
field allows for rapid separation, reusability, and process effi-
ciency, distinguishing them from conventional separation
materials. Various synthesis routes, including coprecipita-
tion, thermal decomposition, sol-gel, and microemulsion

Fig.1 Stages of the nanohy-
drometallurgy process for the
separation of critical metals,
from the complexation of rare
earth metals (Rems) in super-
paramagnetic nanoparticles
(Snps) to the release in the new
pH 2 solution

First stage
complexation of
metals with NPs

I .:’ o l
Heating with temperature
and pH control
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methods, have been developed to control the size, morphol-
ogy, and surface properties of these nanoparticles. Addition-
ally, functionalization strategies, such as polymer coatings,
silica shells, and chelating ligands, further enhance their
stability, selectivity, and application potential in complex
chemical environments [37-39].

Among the different types of Snps, magnetite-based
nanoparticles (FesO,) have emerged as a prominent choice
due to their strong superparamagnetic properties, biocom-
patibility, and ease of functionalization. In particular, FesO,
nanoparticles coated with silica (SiO,) and functionalized
with ethylenediaminepropyltrimethoxysilane (EAPTMS)
and diethylenetriaminepentaacetic acid (DTPA) have dem-
onstrated high efficiency in selective metal recovery pro-
cesses, especially for rare earth elements (Rees). The silica
shell provides chemical stability and prevents oxidation,
while the EAPTMS modification introduces reactive amine
groups, allowing further attachment of complexing agents
such as DTPA, which plays a crucial role in binding metal
ions like Nd**, La**, and Y3* [3, 10].

The integration of magnetic separation with selective
adsorption makes these Snps highly effective for nanohy-
drometallurgical applications, as they combine high affin-
ity for metal ions with fast and efficient separation using
external magnetic fields. Their colloidal stability, ensured
by surface functionalization, minimizes aggregation and
enhances reusability over multiple adsorption/desorption
cycles, reducing reagent consumption and improving process
sustainability. Recent studies indicate that these functional-
ized Snps achieve over 99% efficiency in metal recovery
after multiple reuse cycles, demonstrating their potential as
an environmentally friendly alternative to traditional solvent
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extraction and ion exchange methods. Additionally, the
ability to fine-tune surface properties allows for customiza-
tion toward specific target metals, further broadening their
applicability in secondary resource recovery and circular
economy strategies.

Nanohydrometallurgy for Monometallic Solutions

Tests with different metal concentrations using a set amount
of Snps in nanohydrometallurgy are essential for optimizing
the recovery efficiency of critical metals. By varying the
concentration of the critical metal, it is possible to determine
the ideal quantity that maximizes metal adsorption, ensuring
efficient resource use and cost reduction. These tests help in
understanding the chemical interactions between the Snps
and the solution components [12, 40, 41]. Key points include
adsorption efficiency, resource economy, chemical equilib-
rium, separation performance, and Nps reuse. Table 1 shows
the separation percentages of Si@Fe-DTPA nanoparticles
for different critical metals.

Firstly, it is evident that the results in Table 1 vary accord-
ing to the metal. This phenomenon can be attributed to the
distinct chemical properties of each metal, which signifi-
cantly influence their interactions during the complexation
process with the Snps. Rems are divided into light rare earth
elements (Lrees) and heavy rare earth elements (Hrees).
Lrees, including elements like Ce, La and Nd, have larger
ionic radii and are generally more abundant, with applica-
tions in high-performance magnets and catalysts. Hrees,
such as Dy and Y, have smaller ionic radii, higher melting
points, and are less abundant, often exhibiting superior mag-
netic and optical properties essential for advanced technolo-
gies like lasers and powerful magnets. Dy has an atomic
number of 66 and an atomic mass of 162.5 u. La has an

atomic number of 57 and an atomic mass of 138.9 u. Nd
has an atomic number of 60 and an atomic mass of 144.2 u.
Lastly, Y has an atomic number of 39 and an atomic mass
of 88.9 u [42].

The complexation process of Rems on Snps involves the
binding of metal ions to specific functional groups on the
surface, facilitating the separation and recovery of metals.
Si@Fe-DTPA nanoparticles possess a large surface area and
can be functionalized with various chemical groups. There
are two main types of functional groups: cationic and ani-
onic. Examples of cationic functional groups include sul-
fonic acids (-SOsH) and carboxylic acids (-COOH). The
acidic functional groups on the Snps release H' ions into
the solution, which are replaced by metal cations such as
REM?* ions. A general reaction is shown in Eq. 1. In this
case, more than one carboxylic acid group is required to
complex metals with an oxidation number of + 3. Almeida
in 2016 proposed an explanation involving the coordina-
tion process between two DTPA molecules. Each DTPA
molecule has three protonated amino groups, leaving four
carboxylate groups. Thus, the REM can simultaneously bind
to two DTPA ligands, achieving a coordination number of 8§,
which is quite common for lanthanides [10].The availabil-
ity of different numbers of protonated amino and carboxy-
late groups are influenced by the size of the ion that will be
complexed. With this confirmation, it is possible to better
understand the different results in Table 1.

R — COOH + REM** 2 R — COOREM + H* (1)

An example of anionic functional groups are quater-
nary amines (-NRs"). Where, the complexation mechanism
involves the capture of complex anions from metal ions, such
as [RE(COs)s]°", resulting in the capture of this ion from

Table 1 Study of the behavior of Si@Fe-DTPA nanoparticles with different concentrations of critical metal

100 mg/L 200 mg/L 300 mg/L 400 mg/L
Concentra- % Concentra- % Concentra- % Concentra- %
tion (mg/L) tion (mg/L) tion (mg/L) tion (mg/L)
Dy  Synthetic solution 119.32 100.00  219.47 100.00  320.51 100.00  420.43 100.00
Synthetic solution after the 1st cycle  108.49 90.92  140.11 63.84  196.89 6143 135.13 32.14
New solution with pH 2 5.32 4.46 12.11 5.52 18.49 5.71 44.48 10.58
La  Synthetic solution 99.50 100.00  198.97 100.00  299.76 100.00  398.69 100.00
Synthetic solution after the 1st cycle 88.46 88.90 162.56 81.70  247.90 82.70  365.60 91.70
New solution with pH 2 17.21 17.30 22.28 11.20 53.06 17.70 22.33 5.60
Nd  Synthetic solution 98.78 100.00  197.97 100.00  289.26 100.00  392.29 100.00
Synthetic solution after the 1st cycle 30.36 30.74 63.29 31.97 152.24 52.63  206.46 52.63
New solution with pH 2 20.36 20.61 34.03 17.19 64.33 2224 88.30 22.51
Y Synthetic solution 97.63 100.00  199.48 100.00  293.54 100.00  397.51 100.00
Synthetic solution after the 1st cycle 88.77 90.92 179.25 89.86  270.67 9221  349.69 87.97
New solution with pH 2 4.35 4.46 9.12 4.57 18.35 6.25 10.57 2.66
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the solution. A global example is shown in Eq. 2. Thus,
depending on the functional group attached to the Snps,
there will be varying degrees of affinity for specific metals,
maintaining selectivity. In studies involving ion exchange
resins, this order of selectivity has been extensively verified,
as referenced by Vinco's research in 2022 [43, 44]. However,
the selectivity for Snps has not yet been studied, creating a
precedent for this research.

R — NR,OH + [RE(CO;),]"” = R = NR, [RE(CO; )] +30H"
2

In solutions with only one metal, Nd showed the highest
transfer percentage to the new pH 2 solution, as well as the
greatest reduction in the metal concentration in the initial
solution. The new pH 2 solution obtained approximately
21% of the Nd mass in one cycle at different initial con-
centrations. It can be noted that Nd is known for its strong
magnetic properties, and the functionalization of Snps can
leverage this characteristic, forming stable complexes due to
their size coordinating with the protonated amino and car-
boxylate groups and increasing capture efficiency in aqueous
solutions.

On the other hand, Y exhibited the lowest transfer per-
centage in one cycle of nanohydrometallurgy. This low per-
centage can be discussed since this metal has the lowest
atomic mass, which may result in less stable complexes com-
pared to the other metals. However, its specific chemical and
physical properties still allow the formation of complexes,
even if it does not complex with all available protonated
amino and carboxylate groups. Finally, in the test with sin-
gle-metal solutions at varying concentrations, the selectiv-
ity order of the metals for Si@Fe-DTPA followed the trend
Nd>La>Dy>Y, which correlates with differences in ionic
radius, coordination chemistry, and electrostatic interactions.
The results for metal complexation capacity per gram of
Si@Fe-DTPA are presented in Table 2, demonstrating that
complexation efficiency increases with metal transfer. The
maximum complexation capacities were Nd (90.04 mg/g),
La (53.10 mg/g), Dy (42.30 mg/g), and Y (10.64 mg/g).
This trend aligns with the distinction between Lrees and
Hrees. Lrees, such as Nd and La, have larger ionic radii
(Nd**=0.983 A, La*=1.032 A), which facilitates higher

Table 2 Results of the maximum transfer capacity of Dy, La, Nd, and
Y metals shown in mg of metal per g of Si@Fe-DTPA

Concentration\ Dy (mg La(mg Nd(mg Y (mgDy/g Nps)
metal Dy/g La/g Dy/g
Nps) Nps) Nps)
100 mg/L 5.76 17.30 20.61 4.46
200 mg/L 11.04 22.40 34.38 9.14
300 mg/L 17.31 53.10 66.72 18.75
400 mg/L 42.30 22.40 90.04 10.64
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binding affinity with DTPA due to greater accessibility to
chelating sites and steric factors that enhance coordina-
tion stability. In contrast, Hrees, such as Dy and Y, exhibit
smaller ionic radii (Dy**=0.912 A, Y*>*=0.900 A) and
higher charge density, leading to stronger hydration energy
and reduced accessibility to the chelating ligand, which
lowers their complexation efficiency. Additionally, Ce was
tested under the same conditions, but at the analyzed con-
centrations, it precipitated at pH 6, likely due to oxidation to
Ce** and subsequent hydrolysis, forming insoluble Ce(OH),.
These findings emphasize that metal size, charge density,
and hydration energy play crucial roles in determining the
complexation efficiency of Si@Fe-DTPA, reinforcing its
high selectivity for Nd** and La** over Dy** and Y**.

The significantly higher complexation capacities obtained
in this study, with Nd at 90.04 mg/g and La at 53.10 mg/g,
compared to 62 mgLa/gNP and 28 mgNd/gNP in Almeida
(2016) [10] and 1.8 mgLa/gNP in Pavoski (2024) [3], high-
light the impact of synthetic modifications on adsorption
efficiency. The use of an inert atmosphere during synthesis
minimized FesO, oxidation, preserving its superparamag-
netic properties and enhancing metal adsorption. Addition-
ally, increasing complexation time allowed greater inter-
action between the metal ions and DTPA-functionalized
binding sites, leading to higher recovery. Structural dif-
ferences, including a more uniform nanoparticle size and
a higher surface area, provided greater ligand availability
and adsorption capacity, particularly favoring Lrees (Nd>*,
La**) over Hrees (Dy**, Y**) due to their larger ionic radii
and enhanced accessibility to chelating sites. These findings
highlight how slight modifications in synthesis, including
controlled oxidation, precise adjustment of reaction con-
ditions, and ligand functionalization, have a direct impact
on selectivity and adsorption efficiency. Given the strong
dependence of SNP efficiency on synthesis parameters,
ensuring replicability and standardization is essential for
advancing scalable and sustainable nanohydrometallurgical
processes.

Currently, there are no scientific studies available on the
concentration of Dy and Y in nanohydrometallurgy. How-
ever, we can reference other metals. The values for Dy at
42.30 mg/gNps are higher, and Y at 10.64 mg/gNps are
lower than those reported for Au and Li in Mattioni in 2022
study [11], which showed a value of 32.6 mg Au/g Fe;0,,
and Quartarolli in 2022 study [45], which reported 30.2 mg
Li/g(magnetic composite). This comparison highlights that
all the metals and Snps involved are different, confirming
that each process in nanohydrometallurgy is unique. It will
always depend on the functional groups attached to the Nps,
whether they are cationic or anionic, as well as on the metal
of interest, considering its size and oxidation state. The first
consideration in these processes is to confirm whether the
initial leaching solution containing the metals of interest can
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undergo pH changes without precipitating the metal of inter-
est or other metals. This can positively or negatively impact
the nanohydrometallurgy process, affecting the percentage
of metal transfer. This step can facilitate selective recovery
processes if the precipitation of an undesired metal occurs,
such as in the recovery of La from spent catalysts where pH
changes precipitate Al. Conversely, pH changes can hinder
nanohydrometallurgy if the metal of interest precipitates.

Another critical factor is the composition of the Snps in
terms of functionalization (complexing functional groups),
which can affect complexation. Different metals have differ-
ent sizes and oxidation states, as observed with Dy, Y, Au,
and Li. These metals are more or less selective to different
functional groups such as carboxylic acids, amines (primary,
secondary, and tertiary), iminodiacetic acid (IDA), bis-pico-
lylamine, and sulfonic acid. According to results with Rems,
protonated amino and carboxylate groups are selective for
Rems. This selectivity will depend on the number of active
sites capable of releasing H, being sufficiently electronega-
tive, and forming the Nps-Rems complex.

The graph in Fig. 2a, with initial concentration on the
X-axis and complexation percentage on the Y-axis, is cru-
cial in nanohydrometallurgy for evaluating the efficiency of
metal complexation processes. It is observed that the differ-
ent lines for various metals show different behaviors, with
the lines for Nd and Dy above others, indicating higher effi-
ciency in complexation. This graph helps determine how
complexation efficiency varies with different initial concen-
trations, identify the optimal concentration that maximizes
complexation, and optimize reagent usage. Another impor-
tant aspect is whether the lines exhibit a linear or nonlinear
trend. A linear relationship may indicate that complexation
is directly proportional to the initial concentration up to a
certain point. A nonlinear relationship may indicate phe-
nomena such as saturation or equilibrium effects, where the
complexation rate decreases or stabilizes beyond a certain
point. For La and Y, the relationship is linear, while for Dy,
it is nonlinear. Dy complexation remains constant up to a
concentration of 300 mg/L. and decreases thereafter. Con-
versely, for Nd, the nonlinear effect shows lower complexa-
tion at concentrations below 200 mg/L, increasing thereafter.
An important fact to discuss is that the percentage of com-
plexation is different from the percentage of transfer. These
two percentages need to be discussed together. The best pro-
cesses exhibit equal percentages. If this number is not equal,
there may be losses in the washing processes, resulting in a
lower transfer percentage. Therefore, it is necessary to study
the washing water or recycle it to avoid metal losses.

The data presented in Fig. 2b, with the X-axis represent-
ing the percentage of metal complexation and the Y-axis
representing the percentage of extraction (stripping) into a
new solution, is essential for evaluating and optimizing the
metal extraction process. This graph helps determine how

metal complexation in the initial solution affects the effi-
ciency of metal stripping into a new solution. It identifies the
optimal percentage of complexation that maximizes metal
extraction, allowing for the optimization of reagent usage
and operational conditions such as concentration, pH, and
temperature. Furthermore, it reveals whether the relation-
ship between complexation and extraction is linear or shows
saturation or equilibrium phenomena, indicating potential
inefficiencies or limitations in the stripping process. The
graph demonstrates that, for all four metals, the relationship
is nonlinear. The best complexation and extraction efficien-
cies are observed for La, as nearly all the complexed metal
is extracted into a new solution. Nd follows as the second-
best, while Dy and Y rank third and fourth, respectively.
The data suggest that Dy and Nd exhibit the highest levels
of complexation, but their extraction percentages decrease,
indicating losses during the washing processes. Therefore,
it is necessary to recycle the washing water for these metals
to minimize losses.

According to in Fig. 2¢, with the X-axis representing the
metal concentration in the synthetic solution after the first
cycle (in mg/L) and the Y-axis representing the specific
metal complexation (in mg/g), is essential for evaluating
and optimizing the metal extraction process. It assesses the
efficiency of the complexing agent in capturing the metal
and allows for the adjustment of process conditions. This
graph can indicate whether there is a direct relationship
where higher metal concentration leads to increased specific
complexation or if a saturation point is reached where com-
plexation levels off. It also provides insights into the capac-
ity of the complexing agent and the overall efficiency of the
process, guiding adjustments in operational parameters to
achieve optimal metal recovery. The behavior of the lines
varied among the metals. Nd showed a linear trend with
increasing loading capacity of Si@Fe-DTPA at different
concentrations. Thus, Nd demonstrated that as complexa-
tion decreases (when the concentration in the synthetic solu-
tion remains high), the specific complexation of the metal
increases. This suggests greater availability of Nd in more
concentrated solutions, resulting in higher specific compl-
exation. In contrast, metal Y exhibited a linear trend but with
consistently lower specific complexation compared to other
metals, reflecting the effect of concentration differences in
the synthetic solution. For La and Dy, no clear trend was
observed, with distinct behaviors for each metal.

Analyzing Fig. 2d, with the X-axis representing the initial
metal concentration (in mg/L) and the Y-axis representing
the metal concentration in the synthetic solution after the
1st cycle (in mg/L), is crucial for assessing and optimizing
the metal separation and purification process. This graph
illustrates how the initial metal concentration in the solution
impacts its concentration in the raffinate after the separation
process. It can reveal whether there is a linear relationship,
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Fig.2 Graphs representing the different results obtained with the
nanohydrometallurgy tests for the metals Dy, La, Nd and Y. a Ini-
tial concentration (mg/L) by % of nanoparticle complexation. b %
of nanoparticle complexation by % of extraction to new pH 2 solu-
tion. ¢ concentration of metals after 1st cycle in the synthetic solu-

where the raffinate concentration increases proportion-
ally with the initial concentration, or if there are nonlinear
effects, such as saturation. The graph also provides insights
into the process's capacity to handle varying initial metal
concentrations and highlights any operational limitations or
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(e)

tion (mg/L) by specific complexation (mg/g). d Initial concentration
(mg/L) by concentration of metals after 1st cycle in the synthetic
solution (mg/L). e Initial concentration (mg/L) by % of extraction to
new pH 2 solution

inefficiencies. For La, Nd, and Y, a linear relationship is
observed, suggesting that the separation process is effec-
tive and that the metal removal capacity is directly propor-
tional to the initial concentration, in this case the value to be
observed and compared is also that of specific complexation
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of each metal in mg of metal per g of Si@Fe-DTPA. This
implies that adjusting process conditions to achieve desired
efficiency may be more straightforward. However, for Dy,
the relationship becomes nonlinear at concentrations above
300 mg/L. This nonlinearity indicates that the separation
process may face limitations at higher concentrations, such
as system saturation or the limited capacity of Si@Fe-DTPA.
Consequently, adjustments to the process may be required.

Observations from Fig. 2e, with the X-axis representing
the initial metal concentration (in mg/L) and the Y-axis rep-
resenting the percentage of stripping into a new solution,
is crucial for assessing and optimizing the metal recovery
process. In this graph, it is possible to observe that the high-
est extraction percentage results were for the metal Nd, with
values ranging from 20 to 23%. In second place comes La,
with higher extraction percentages for concentrations below
300 mg/L. The metals Dy and Y, in concentrations below
300 mg/L, showed the same trend, and in higher concentra-
tions Dy stands out, increasing its concentration percentage.
Thus, showing that to transfer Dy, solutions with concentra-
tions above 300 mg/L are preferential.

Complexation Behavior at Different pHs and Tem-
peratures

Analyzing the nanohydrometallurgy process at different pH
levels and temperatures is crucial for optimizing the effi-
ciency and selectivity of Rems recovery. The pH affects the
protonation state of functional groups on the nanoparticles,
such as carboxylic acids and amines, altering their charge
and ability to complex with metal ions. At higher pH, car-
boxylic groups deprotonate, forming carboxylates (-COO"),
which can bind metal cations, while amines deprotonate at
lower pH, forming neutral amines. Temperature influences
the system's entropy, with higher temperatures increas-
ing kinetic energy and the disorder of ions and functional
groups, facilitating complex formation. The release of pro-
tons during deprotonation increases system entropy, mak-
ing complexation thermodynamically favorable. The results
of the nanohydrometallurgy tests at different pH levels and
temperatures for the metals Dy, La, Nd, and Y are shown
in Fig. 3.

Observing the pH variation in Fig. 3a, it is possible to
notice a consistency in the metal transfer results within the
pH range of 5.5 to 7. However, for pH values below 5.5,
there was inefficiency in metal complexation, causing the
value to drop. At this pH, the deprotonation of the amino
and carboxylate groups is not favored. Therefore, the region
with negative density does not occur to complex with the
ion of the positive Rems. This parameter can influence metal
speciation. For example, certain metals can be in the form of
free ions in acidic pH, while in neutral or basic pH they may
precipitate or form different complexes. Another factor is

the surface charge of the Snps, which is also affected by pH.
The functionalization of nanoparticles depends on functional
groups that can protonate or deprotonate depending on the
pH. In the case of Si@Fe-DTPA, it is necessary to depro-
tonate the carboxylic acid groups on the surface. Regard-
ing metal solubility, pH can also interfere. In lower transfer
values, this factor may be occurring for Si@Fe-DTPA, since
tests could not be performed with the metal Ce. Finally, pH
below 5.5 may be impairing the stability of the complexes
(Si@Fe-DTPA-metal) [10, 11, 14, 45, 46]

The results related to Fig. 3b show a consistency in the
metal transfer results at different temperatures in the nano-
hydrometallurgy processes. This indicates that temperature
does not influence in complexation reactions, and room tem-
perature is strategic to reduce the process energy costs.

Nanohydrometallurgy for Multimetallic and Phos-
phogypsum Solutions

To investigate selectivity in a multi-metal solution with Ce,
Dy, La, Nd, and Y metals at a concentration of 300 mg/L
was employed. Table 3 presents the results of metal con-
centrations (Dy, La, Nd, and Y) in a synthetic multi-metal
solution after the first cycle of nanohydrometallurgy, and
the subsequent metal transfer to a new solution of pH 2.
The table details the removal efficiency of each metal by
the functionalized Si@Fe-DTPA and the amount of metal
transferred to the acidic solution.

The results presented in Table 3 demonstrate the variation
in metal concentrations after the first treatment cycle with
Snps and the subsequent transfer to a new solution with pH
2. It is possible to observe that the removal efficiency varies
significantly among different metals, with Dy showing the
highest reduction in concentration (41.93%), while La had
the lowest reduction (8.16%). These data indicate that the
specific chemical properties of each metal strongly influence
their ability to form stable complexes and differ from sin-
gle-metal solutions and multi-metal solutions, consequently
affecting their removal efficiency.

However, the analysis of the metal concentrations in the
new pH 2 solution reveals that the metal with the highest
transfer percentage to this solution was Y (12.71%), fol-
lowed by Nd (10.64%). Interestingly, Dy, which showed the
highest reduction in the initial solution after the first cycle,
did not have the highest concentration in the pH 2 solu-
tion, with only 3.47% transfer. This suggests that during the
Snps washing process, there may be a loss of this metal,
affecting the accuracy of the final results. This possibility
of loss during washing is a critical factor to consider. This
phenomenon may occur due to incomplete adhesion of the
metal complexes to the nanoparticles or partial removal of
the metals during the process due to instability.
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Fig.3 Results of nanohydro-
metallurgy tests for Dy, La, Nd,
and Y metals varying pH and
temperature parameters using

a synthetic solution with only
one metal. a pH variation in
the range of 5-7. b Tempera-
ture variation in the range of

25-50 °C

Table 3 Concentrations of
metals in synthetic multi-metal
solutions after the first cycle
of nanohydrometallurgy with
transfer to a solution of pH 2

The selectivity order of Si@Fe-DTPA for metal adsorp-
tion, Nd > Y > La> Dy, is strongly influenced by the chemi-
cal properties of each element, including ionic radius, charge
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Synthetic multimetal solution 226.95  41.93 350.01 8.16 239.05 2536 249.59 3429
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New solution with pH 2 (b) 13.55 347  16.68 438 3406 10.64 4827 1271
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density, ligand affinity, and their ability to form coordination
complexes with a coordination number of 8. The extraction
percentages at pH 2, where Nd (10.64%) and Y (12.71%)
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exhibit similar retention, suggest that these metals form the
most stable complexes with the functionalized nanoparticles.
Nd** (0.983 A) and Y** (0.900 A) possess ideal ionic radii
and coordination behavior, enhancing their interaction with
the carboxylate (-COO") and amine (-NH,) groups of the
DTPA ligand. La** (1.032 A), despite its structural similar-
ity to Nd, shows lower complexation due to its larger size
and reduced electrostatic attraction, while Dy** (0.912 A),
with its higher charge density and stronger hydration energy,
faces steric hindrance that limits efficient binding. The pref-
erence for metals that adopt a coordination number of 8
aligns with the structural requirements of the DTPA ligand,
further influencing selectivity. These results highlight that
the coordination environment of each metal dictates its inter-
action with Snps, reinforcing the importance of controlled
synthesis and process optimization. Adjusting pH levels,
SNP dosage, and contact time can further enhance selectiv-
ity, ensuring a more efficient and scalable approach for rare
earth element recovery in complex metal solutions.

Table 4 presents the results of the recovery of critical
metals from phosphogypsum using the nanohydrometallurgy
process. This material is a by-product of phosphoric acid
production from phosphate rock and contains several metals
of industrial interest, including rare earth elements studied
in this research (Ce, Dy, La, Nd, and Y). The results detail
the concentrations of these metals in the initial phosphogyp-
sum solution and the amounts recovered after treatment with
Si@Fe-DTPA, highlighting the efficiency of the recovery
process.

Research on the recovery of critical metals from phospho-
gypsum is of great importance due to the growing demand
for these elements in various technological and industrial
applications. Metals such as Nd and Dy are essential for the
manufacture of permanent magnets used in electric motors
and wind turbines, while La and Ce are used in catalysts
and special alloys. Recycling and recovering these metals
from industrial waste not only helps reduce dependence on
primary sources, often scarce and geographically concen-
trated, but also contributes to environmental sustainability
by minimizing the amount of hazardous waste.

Table 4 presents the concentrations of different metals in
a synthetic phosphogypsum solution and their values after

the first cycle of nanohydrometallurgy and transfer to a new
pH 2 solution. Analyzing the nanohydrometallurgy proce-
dure, it can be observed that calcium (Ca), the element with
the highest concentration, is the first to be separated from
the critical metals, followed by the individual separation of
the critical metals [10, 13, 31]. This is possible because a
selectivity order of Si@Fe-DTPA for multi-metal solutions
was observed. The results for Ca were promising, as only
a small fraction was transferred to the new pH 2 solution.
This demonstrates that this fraction is due to the high initial
concentration (14,286.71 mg/L of Ca) and that the Snps do
not complex Ca, allowing the critical metals to be separated
in the second cycle.

The critical metals showed considerable reduction in
concentration and transfer. For Ce, 17.59% was transferred
to the new pH 2 solution; Dy had a transfer percentage of
5.96%; La had a transfer of 13.74%; Nd transferred 19.83%;
and Y achieved a transfer of 12.93% to the new solution.

It is possible to estimate the number of cycles needed
to obtain solutions with only one metal by consistently
applying the same transfer percentage. For example, Ce had
a transfer of 17.59% to the new solution after one cycle,
suggesting that approximately six cycles would be needed.
For Dy, which had a transfer of 5.96% after the first cycle,
approximately 17 cycles would be required to achieve sig-
nificant separation. La, with a transfer of 13.74%, would
need about seven cycles to be effectively separated. Nd,
with a transfer of 19.83%, would require approximately five
cycles. Finally, Y, with a transfer of 12.93%, would need
about eight cycles to achieve efficient separation. These
cycle estimates can be considered even though the percent-
ages tend to change with concentration changes. However, as
the solutions become more diluted, the transfer percentage
of critical metals tends to increase, thus potentially reducing
the projected number of cycles.

The proposed mass balance for the nanohydrometallurgy
of 1000 L of a phosphogypsum leaching solution is shown
in Fig. 4. The flowchart shows the results of the separation
of critical metals in the first three cycles.

The nanohydrometallurgy process, as shown in Fig. 4,
demonstrates a progressive mass transfer of the target ele-
ments (Ce, Dy, La, Nd, Y) into the new pH 2 solution over

Table 4 Recovery of critical metals from a synthetic leach solution of phosphogypsum using nanohydrometallurgy

Ca Ce Dy La Nd Y
(mg/L) (%) (mg/lL) (%) (mg/L) (%) (mg/L) (%) (mg/L) (%) (mg/L) (%)
Multimetal synthetic solution  14,286.72 100 6.27 100 118.45 100 335.18 100 217.41 100 652.82 100
Synthetic multimetal solution 11,981.74 16.13 3.61 4242  68.03 4257 25793 23.05 136.67 37.14 468.09 28.30
after the Ist cycle (a)
New solution with pH 2 (b) 64.71 0.45 1.10 17.59 7.06 5.96 46.05 13.74  43.11 19.83 84.44 1293

(a) % loss, (b) % transfer
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Fig.4 Proposed mass balance for the first three nanohydrometallurgy
experiments of 1000 L of a phosphogypsum leaching solution

three leaching cycles. Initially, the leaching solution con-
tained significant concentrations of these elements: Ca
(14,286.72 g), Ce (6.27 g), Dy (118.45 g), La (335.10 g),
Nd (217.41 g), and Y (652.82 g). An important point is the
transfer of Ca in the first cycle, which can be attributed to
its initial concentration. After three cycles of nanohydro-
metallurgy, Ca was no longer detected, indicating that Si@
Fe-DTPA is selective for Rems and not selective for Ca.

In the first cycle, following the transfer, the pH2 solu-
tion had the following concentrations: Ca (64.29 g), Ce
(1.10 g), Dy (7.06 g), La (46.05 g), Nd (43.11 g), and Y
(84.41 g). The reduction in concentrations in the leaching
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solution (now referred to as the raffinate) demonstrates the
mass transfer to the pH2 solution. For instance, calcium (Nd)
decreased from 217.41 g to 136.67 g in the raffinate, while
in the pH2 solution, it increased to 43.11 g.

In this part of the process, two key methodological paths
can be highlighted. The first involves studying the volume of
the new pH 2 solution. This volume can be adjusted, which
would modulate the concentration of the solution and poten-
tially reduce the amount of reagents used. In this process,
200 L of deionized water with pH2 was selected for extrac-
tion. The second point concerns the raffinate solution. This
solution can be returned and mixed with the initial leaching
solution to avoid discarding valuable metals. Additionally,
the washing solution can also be recycled to the beginning
of the process. These steps are feasible because, even though
the initial solution is diluted by returning more solutions, the
selectivity of Si@Fe-DTPA ensures the extraction of Rems.

By the third cycle, it is evident that the critical metals
have been separated from Ca, with the concentration in the
raffinate decreasing further: Ca (0.24 g), Ce (0.11 g), Dy
(0.24 g),La (4.87 g), Nd (5.37 g), and Y (7.82 g). The new
pH 2 solution showed minimal values, with Ca (0.00 g),
Ce (0.03 g), Dy (0.02 g), La (0.87 g), Nd (1.70 g), and Y
(1.41 g), confirming that the majority of critical metals were
extracted over the cycles.

Ce is a metal that must be discussed in all processes
involving nanohydrometallurgy. Due to its concentration, Ce
was separated in the phosphogypsum solution; however, in
tests with varying concentrations in monometallic solutions,
it precipitated. Thus, the pH change in the leaching solution
causes metals to precipitate. This also occurs with Al, as
reported by Pavoski in 2024[3], where aluminum precipi-
tated. Therefore, all processes need to be thoroughly studied,
from leaching and pH adjustment to separation with Snps.
Depending on the metals involved, the process needs to be
adjusted. This opens perspectives for nanohydrometallurgy
to be applied to other residues or might necessitate changing
the Snps if its use is not feasible.

The objectives of the UN Sustainable Development Goals
(SDGs) 9, 12, and 13 are closely linked with the nanohy-
drometallurgy of phosphogypsum [47-49]. SDG 9 focuses
on building resilient infrastructure, promoting inclusive
and sustainable industrialization, and fostering innovation.
By utilizing nanohydrometallurgy, we can develop innova-
tive techniques for recovering critical metals from indus-
trial by-products like phosphogypsum, thus contributing
to sustainable industrial practices. SDG 12 emphasizes
responsible consumption and production, and nanohydro-
metallurgy aligns with this goal by promoting the efficient
use of resources and minimizing waste through the recov-
ery and recycling of valuable metals. Lastly, SDG 13 calls
for urgent action to combat climate change and its impacts.
By implementing sustainable metal recovery processes,
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nanohydrometallurgy reduces the environmental footprint
associated with mining and metal extraction, thereby con-
tributing to climate action. In summary, the application of
nanohydrometallurgy in processing phosphogypsum sup-
ports the advancement of these key SDGs, promoting sus-
tainability and environmental stewardship.

Conclusion

This study demonstrated that nanohydrometallurgy using
superparamagnetic nanoparticles (Si@Fe-DTPA) is an
efficient and sustainable approach for selectively recover-
ing critical metals from complex solutions, including syn-
thetic monometallic, multimetallic, and phosphogypsum
leachates. The process achieved a high selectivity order of
Nd>Y >La> Dy > Ce, with maximum adsorption capaci-
ties of Nd (90.04 mg/g) and La (53.10 mg/g), significantly
surpassing previous studies. The optimized synthesis condi-
tions, including inert atmosphere processing and extended
complexation times, contributed to these improved recovery
rates. Additionally, the removal of Ca, the primary contami-
nant, in three cycles highlights the viability of this method
for multi-cycle metal separation.

The efficiency of nanohydrometallurgy is influenced
by several key factors, including the availability of active
functional groups (-COO7, -NH,) on Snps, pH-dependent
stability of metal complexes, and metal competition in
multimetallic solutions, all of which impact selectivity and
adsorption capacity. The process benefits from modifications
in SNP synthesis, which enhance magnetic properties, sur-
face area, and ligand interaction, ensuring superior metal
recovery compared to conventional solvent extraction and
ion exchange methods.

Further research is needed to optimize parameters such
as metal concentration, pH control, and SNP dosage for
industrial scalability. Exploring alternative functionalization
strategies and integrating automated magnetic separation
systems could further enhance efficiency and reduce costs.

From a sustainability perspective, this study aligns with
SDG 9 (Industry, Innovation, and Infrastructure), SDG 12
(Responsible Consumption and Production), and SDG 13
(Climate Action) by promoting resource efficiency, reduc-
ing reliance on primary mining, and advancing circular
economy principles.

In conclusion, nanohydrometallurgy presents a promising
step toward more efficient, selective, and environmentally
responsible metal recovery. Continued research and pro-
cess optimization will be essential for transitioning from
laboratory-scale studies to large-scale industrial applica-
tions, ensuring a sustainable and resilient supply of critical
materials for modern technologies.
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