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Abstract

Rare earth elements (REEs), including yttrium, scandium and lanthanides, are essential for
advanced technologies, particularly in electronics, defense and renewable energy systems.
The main primary REE sources include bastnaesite, monazite and ion-adsorption clays,
while secondary sources comprise permanent magnets, phosphors, LEDs and other techno-
logical waste. The growing demand, together with China’s dominant position in the global
REE market and export restrictions, has increased concerns regarding the security of the
REE supply in the European Union. This study evaluates selected primary REE resources
and their processing possibilities using hydrometallurgical methods, with an emphasis on
the thermodynamic aspects of REE leaching. The research focuses on the construction and
analysis of Eh—pH diagrams generated using HSC Chemistry software to predict the stabil-
ity of dissolved and solid species under different leaching conditions. These diagrams help
identify suitable conditions for selective REE extraction and improve the understanding of
the mechanisms governing hydrometallurgical processing. The results provide insight into
the stability regions of REE species and indicate favorable conditions for selective leaching
and recovery.

Keywords: rare earth elements; critical raw materials; hydrometallurgical processing;
leaching; thermodynamics; Eh—-pH diagrams

1. Introduction

REEs, including the fifteen lanthanides together with scandium and yttrium, represent
a strategically important group of raw materials widely applied in modern technologies.
Their unique physicochemical properties enable their application in permanent magnets,
catalysts, rechargeable batteries, electronic devices, optical systems and advanced materials
used in low-carbon and energy-efficient technologies [1,2]. In recent decades, global de-
mand for REEs has increased considerably due to the rapid development of electromobility,
renewable energy systems, automation and digital technologies. Despite their growing
importance, the global REE supply chain remains highly concentrated, with most mining
and processing capacities located in China [3]. This situation has increased concerns regard-
ing supply security and strengthened the strategic importance of REEs for the European
Union and other industrialized economies. In response to these challenges, the European
Union has launched initiatives such as the Horizon Europe project SUPREEMO, aimed at
strengthening European REE value chains and reducing dependence on China. Selected
industrial applications of lanthanum, cerium and neodymium are summarized in Table 1.
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Table 1. Selected industrial applications of REEs investigated in this study.
Element Industrial Sector Representative Applications
Environmental technologies Automotive catalytic converters, flue gas treatment
Cerium (Ce) Glass industry Glass polishing powders, decolorizing agents, UV-resistant glass
Energy technologies Solid oxide fuel cells
Energy storage Nickel-metal hydride batteries
Lanthanum (La) Chemical industry Fluid catalytic cracking catalysts
Optical industry Optical glass, camera and telescope lenses
Renewable energy Wind turbine generators
. Electromobility Electric vehicle motors
Neodymium (Nd) Electronics Hard disk drivers, speakers, consumer electronics
Advanced manufacturing Robotics and automation systems

Although REEs are relatively abundant in the Earth’s crust, economically exploitable
concentrations occur only in specific geological environments and are commonly associated
with complex mineralogical assemblages [4]. The most important primary REE resources
are related mainly to carbonatites and alkaline igneous rocks, while ion-adsorption-clay
deposits represent an important source of heavy REEs [5,6]. REEs are predominantly hosted
in minerals such as bastnaesite, monazite and xenotime, whose chemical composition and
structural characteristics strongly influence beneficiation and metallurgical processing
behavior. In addition, many rare earth ores are characterized by fine-grained intergrowths
with gangue minerals and may contain elevated concentrations of radioactive elements,
which further complicates beneficiation and subsequent extraction processes [7,8].

Hydrometallurgical processing is widely used for the recovery of REEs from various
raw materials due to its relatively high selectivity, lower energy consumption and suitability
for the treatment of low-grade or compositionally complex ores. Among the available leach-
ing systems, sulfuric acid and hydrochloric acid are commonly employed because of their
ability to dissolve a broad range of REE-bearing phases. However, the dissolution behavior
of REEs is strongly influenced by several physicochemical parameters, particularly pH,
oxidation-reduction potential, temperature, and the stability of aqueous complexes formed
during leaching [9]. Understanding the thermodynamic behavior under different leaching
conditions is therefore essential for the optimization of hydrometallurgical processes and
the improvement of selective extraction strategies [10].

Thermodynamic modeling, together with Eh—-pH diagrams, provides an important
basis for the evaluation of equilibrium conditions in aqueous systems. In hydrometallurgy,
these diagrams are widely applied for the interpretation of leaching behavior, precipitation
processes and the selective separation of metals from aqueous solutions. Their application
is particularly important in REE systems, where aqueous chemistry is strongly influenced
by complexation phenomena and changes in the oxidation state, especially in the case
of cerium [10,11]. In recent years, thermodynamic software such as HSC Chemistry has
become widely used for the construction and interpretation of Eh—pH diagrams, enabling
equilibrium calculations in complex hydrometallurgical systems and supporting process
design and optimization.

The present study is focused on the theoretical evaluation of cerium and lanthanum
behavior in sulfuric acid and hydrochloric acid systems using Eh—pH diagrams. The work
discusses the thermodynamic aspects of REE leaching with an emphasis on the stability of
dissolved and solid species under different conditions of pH, oxidation-reduction potential
and temperature. Attention is devoted to the interpretation of thermodynamic equilibria
relevant to hydrometallurgical processing and the comparison of REE stability in chloride
and sulfate media. The presented analysis aims to contribute to a better understanding of
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the thermodynamic principles governing REE leaching systems and to provide a theoretical
basis for the optimization of hydrometallurgical processing routes.

1.1. Primary Resources of REEs

REEs occur in a wide range of geological environments and are associated with
numerous mineral phases differing in chemical composition, physical properties and
processability. The mineralogical composition of raw materials containing REEs strongly
influences the selection of beneficiation and hydrometallurgical processing routes. Detailed
mineralogical characterization is therefore essential for the design of efficient extraction
and recovery processes [12].

Primary REE resources are predominantly associated with carbonatite deposits and al-
kaline igneous rocks. Carbonatites represent the most significant global source of REEs and
account for a substantial proportion of their current industrial production. These deposits
are typically enriched in light REEs and contain REE mineralization associated mainly
with fluorocarbonates and phosphates, particularly bastnaesite, monazite, synchysite and
parisite [13,14]. Besides these minerals, carbonatite ores commonly contain carbonate
gangue minerals, iron oxides and hydroxides, which significantly affect beneficiation ef-
ficiency and subsequent leaching behavior [14]. Typical examples of carbonatite-related
REE deposits include Bayan Obo in China, Mountain Pass in the USA and Mount Weld in
Australia [15]. The global distribution of selected major REE deposits is shown in Figure 1.
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Figure 1. Rare earth deposits. Data from Ref. [5].

Alkaline igneous rocks constitute another important source of REEs, particularly heavy
REEs. In these deposits, REEs are commonly hosted in complex silicate minerals such
as eudialyte, loparite and gadolinite. Compared with carbonatite ores, alkaline systems
are generally characterized by more complicated mineralogical associations and finer
intergrowths between valuable and gangue minerals [16].

In addition to conventional hard-rock deposits, ion-adsorption clay deposits represent
an important source of heavy REEs. In these systems, REEs occur predominantly in an
ion-exchangeable form adsorbed on the surface of clay minerals, which enables extraction
under relatively mild leaching conditions without the need for intensive comminution or
complex beneficiation operations [17].

Placer deposits enriched in monazite and xenotime also represent an important REE
source; however, their processing is frequently complicated by the presence of radioactive
elements such as thorium and uranium [5,6].

More than 250 minerals containing REEs have been identified, although only a limited
number are considered economically significant. Their importance is mainly determined by
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their REE content, abundance and occurrence in exploitable deposits [18]. Selected physical
and chemical characteristics [19] of the important REE minerals are summarized in Table 2.

Table 2. Physical and chemical characteristics of principal REE minerals. Data from Ref. [19].

Mineral Formula Color Mohs Hardness Density [kg/m®] Content of REO ! [%]
Bastnaesite (Ce, La, Nd, Pr)COsF Yellow, reddish brown, 40-45 4700-5100 65-75
light green, brown
Monazite (Ce, La, Nd, Pr, Th)PO, Yellow-brown, brown, 5.05-5.5 4900-5500 55-70
red, sometimes green
Xenotime YPO, Yellow, brown, sometimes 40-5.0 4400-5100 50-65
yellowish green

Fergusonite (Y, REE)NbOy4 Yellow, tawny, black 5.5-6.5 4900-5800 43-53
Loparite (Na, Ce, Ca, La, Sr)O5(Ti, Nb)  D1ack, ash black, streak 5.6-6.0 46004900 30-40

reddish brown

1 REO, Rare earth oxide.

The mineralogical composition and mode of REE occurrence significantly affect the
behavior of rare earth elements during hydrometallurgical processing. The stability of
minerals containing REEs, the presence of gangue phases and the occurrence of associated
elements influence the selection of suitable leaching agents and process conditions [8].
Consequently, understanding the relationship between mineralogical characteristics and
thermodynamic behavior is essential for the evaluation of REE leaching systems and the
optimization of subsequent recovery processes.

1.2. Hydrometallurgical Processing of REEs from Primary Sources

Hydrometallurgical processing is widely used for the extraction and recovery of REEs
from both primary and alternative resources. Compared with pyrometallurgical methods,
aqueous processing routes generally provide lower energy consumption, higher selectivity
and better applicability to low-grade or compositionally complex ores. These processes
are based on the dissolution of REE-bearing phases into aqueous solutions followed by
the purification, separation and recovery of dissolved rare earth species. Process efficiency
depends strongly on the mineralogical composition of the treated material, the stability of
phases containing REEs and the physicochemical conditions during leaching [20,21].

1.2.1. Leaching Agents and Conditions for REE Mineral Processing

The selection of a suitable leaching medium significantly affects the dissolution effi-
ciency of REE minerals. Sulfuric acid and hydrochloric acid are among the most frequently
used inorganic acids due to their high leaching efficiency and applicability to various ores
that contain REEs. However, the behavior of individual minerals differs considerably
depending on their chemical composition and the stability of reaction products formed
during leaching [9]. Selected leaching agents commonly used for individual REE minerals
are summarized in Table 3.

Table 3. Common leaching agents used for selected REE minerals. Data from Ref. [19].

Mineral Leaching Agents
Bastnaesite HCl, H,SO4, HNO3, H3POy4
Monazite H3PO4, H,SO,4, HCIO,
Fergusonite Partially in HCI and fully in H,SO4, H3PO4, HF
Loparite HF

In addition to the type of leaching reagent, process performance is influenced by
several operational parameters, including temperature, liquid-to-solid ratio, leaching time
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and agitation conditions. Representative experimental studies reporting leaching conditions

for selected primary and secondary REE resources are summarized in Table 4.

Table 4. Experimental leaching conditions reported for selected REE-bearing materials.

Reference

Material

Quantitative Analysis

Leaching

Optimal Leaching Medium

Optimal Conditions

[22]

Bastnaesite concentrate

65% REO 1

3MHCI

T=90°C,
L/S9mL/g,
stirring at 300 rpm,
t =60 min

(23]

Monazite concentrate

55-60% REO

Concentrated HySOy4

Pretreatment—baking at
200-250 °C,
leaching at atmospheric
pressure,
t=2h

[24]

Phosphogypsum ore

0.1-0.3% REO

2.5M HCI

T=45°C,
L/S=298mL/g,
stirring at 300 rpm,
t =120 min

[25]

Bastnaesite concentrate (after
non-oxidative roasting)

68.72% REO

3MHCI
(ultrasound-assisted)

T=55°C,
ultrasound at 20 kHz,
L/S=10mL/g,

t = 60 min,
stirring at 500 rpm

[26]

Ion-adsorption clays

0.05-0.5% REO

0.5 M (NHy),SO;4

pH 34,
T=50°C,
t=5min

stirring at 900 rpm

[27]

Apatite ore

3.07% La, 6.56% Ce,
0.54% Pr, 2.20% Nd,
0.22% Sm, 0.04% Eu,
0.07% Gd, 0.04% Dy,
0.02% Er, 0.27% Y

1M H,S0,4

T=20°C,
t =60 min,
stirring at 500 rpm

1 REO, Rare earth oxide.

1.2.2. Hydrometallurgical Processing of Bastnaesite

Hydrometallurgical processing of bastnaesite typically involves thermal treatment to

decompose the fluorocarbonate structure and enhance subsequent REE extraction. Several

roasting and leaching routes have been developed, with oxidation roasting followed by

HCl leaching and sulfuric acid baking representing the most widely applied industrial
technologies [28,29].
Oxidation roasting promotes the decomposition of bastnaesite and the oxidation of

Ce3* to Ce**, resulting in the formation of acid-insoluble CeO,. This phenomenon is

advantageous because cerium remains in the solid residue, while most trivalent REEs can

be selectively dissolved during subsequent hydrochloric acid leaching [30].

The oxidation roasting-HCl leaching-caustic conversion route was developed and

industrially implemented by Molycorp [29].

Kruesi and Duker developed a three-stage processing route in which hydrochloric

acid was used to dissolve rare earth carbonates according to Equation (1). The remaining

fluoride phases were subsequently converted into hydroxides by reaction with sodium

hydroxide according to Equation (2), while the resulting hydroxides were re-leached in

hydrochloric acid to produce rare earth chloride solutions according to Equation (3) [9,31].

REF; — REy(CO3); + 9HCI = REF; + 2RECl; + 3HCI + 3H,0 + 3CO, (1)
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REF; + 3NaOH = RE(OH); + 3NaF )
RE(OH); + 3HCI = RECl; + 3H,0 3)

The kinetics of hydrochloric acid leaching have been investigated by several authors.
Zhang et al. (2017) studied the HCl leaching of Baotou bastnaesite and observed that
increasing the acid concentration significantly improved REE extraction due to the higher
availability of hydrogen ions promoting mineral dissolution [32]. Bian et al. (2011) reported
that a thermal treatment at 400 °C for 3 h followed by HCl leaching enabled approximately
94.6% dissolution of carbonate phases while limiting fluoride dissolution to only 0.07% [33].

An alternative industrial route is sulfuric acid baking, which is currently employed
for processing Bayan Obo concentrates. During this process, bastnaesite is treated with
concentrated sulfuric acid at temperatures of 400-500 °C, converting REEs into soluble
sulfates while releasing CO, and HF [31]. Feng et al. (2013) investigated the kinetics of
sulfuric acid leaching of roasted Dechang bastnaesite from Sichuan, China, and reported
that REE extraction was strongly influenced by the sulfuric acid concentration, temperature
and particle size. Kinetic analysis indicated that the leaching process was controlled
predominantly by diffusion through the product layer [34].

Similarly, Kul et al. (2008) achieved approximately 90% REE recovery from Turkish
bastnaesite using sulfuric acid baking followed by water leaching [35]. Yoriikoglu et al. (2003)
further demonstrated that the addition of thiourea prevented the oxidation of Ce3* during
roasting and enabled its subsequent leaching together with other REEs [36].

Considerable research has focused on reducing fluorine emissions generated during
conventional roasting. Chi et al. (2004) proposed ammonium chloride roasting, in which
the thermal decomposition of NH,;Cl generates HCI that reacts with rare earth oxides to
form soluble rare earth chlorides. The authors also introduced fluorine deactivation by
MgO addition prior to chlorination roasting, resulting in improved REE recovery and
higher product purity [37]. Cen et al. (2016) developed a calcification roasting process
based on Ca(OH), addition, which converts fluorine into stable CaF,, thereby reducing
fluorine emissions and allowing its recovery as fluorite [38].

Several alternative activation and roasting techniques have been investigated for bast-
naesite processing. Zhang and Saito (1998) investigated the mechanochemical activation of
bastnaesite by milling with NaOH followed by hydrochloric acid leaching and reported
REE extraction efficiencies approaching 90% [39]. Additional approaches including sodium
carbonate roasting, calcium-based roasting for fluorine fixation, ammonium chloride roast-
ing with fluorine deactivation, and aluminum hydroxide roasting have been proposed to
improve fluorine fixation and simplify downstream hydrometallurgical treatment [37,40].

Although numerous alternative technologies have been proposed, oxidation roasting
combined with HCl leaching and sulfuric acid baking remain the dominant industrial
routes. Current research is focused primarily on increasing REE recovery, improving cerium
management and minimizing fluorine emissions associated with bastnaesite processing.

1.2.3. Hydrometallurgical Processing of Monazite

Hydrometallurgical processing of monazite has been extensively investigated in nu-
merous experimental studies focused on mineral decomposition, leaching behavior and
the selective recovery of REEs. The highly stable phosphate structure of monazite requires
a preliminary decomposition step, which is generally achieved using either concentrated
sulfuric acid or an alkaline sodium hydroxide treatment [23,41]. During the sulfuric acid
digestion, rare earth phosphates are converted into soluble rare earth sulfates according to
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Equation (4), while thorium phosphate is transformed into thorium sulfate as described by
Equation (5) [23].
2REPO4 + 3H2804 = RE2 (804)3 + 2H3PO4 (4)

Thg(PO4)4 + 6H2804 = 3Th(SO4)2 + 4H3PO4 (5)

Subsequent water leaching enables the dissolution of the formed sulfates and the
transfer of REEs into the solution [23]. Sadri et al. (2017) optimized the sulfuric acid
digestion of Iranian monazite concentrate and reported recoveries of 92.34% Ce, 91.44%
La and 92.10% Nd under conditions of 225 °C, 3.5 h and L/S ratio of 2.5. During the
subsequent water leaching stage, recoveries of 88.47%, 89.45% and 87.35% were obtained
for Ce, La and Nd, respectively [42].

Sulfuric acid baking has also been extensively studied by Demol et al. (2018), who
investigated the phase transformations occurring during the thermal treatment of monazite
concentrates between 200 and 800 °C. Their results showed that the sulfation of monazite
was nearly complete after baking at 250 °C for 2 h, resulting in more than 90% dissolution
of REEs, thorium and phosphate during subsequent leaching. Increasing the baking
temperature to approximately 300 °C promoted the formation of thorium phosphate
phases, which significantly reduced thorium solubility while maintaining almost complete
extraction of REEs [23].

In addition to acidic processing routes, the alkaline decomposition using sodium
hydroxide remains one of the most widely applied technologies for monazite treatment.
During the alkaline digestion, rare earth phosphates are converted into rare earth hy-
droxides and trisodium phosphate according to Equation (6), while thorium phosphate
undergoes a similar reaction to form thorium hydroxide and trisodium phosphate as
described by Equation (7) [20,31].

REPO, + 3NaOH = RE(OH); + NazPOy (6)

Th3(PO4)4 + 12NaOH = 3Th(OH)4 + 4Na3PO4 (7)

The trisodium phosphate produced during the alkaline decomposition can be recov-
ered as a valuable by-product, whereas the hydroxide residue containing rare earth and
thorium hydroxides is subsequently dissolved in acidic media. Hydrochloric acid is com-
monly employed to convert rare earth hydroxides into soluble chloride species according to
Equation (8), while thorium hydroxide is dissolved to form thorium chloride as described
by Equation (9) [20,29].

RE(OH); + 3HCI = RECl3 + 3H,O 8)

Th(OH), + 4HCI = ThCly + 4H,0 (9)

Panda et al. (2014) investigated the alkaline decomposition of a Korean monazite
concentrate using 50 wt.% NaOH and reported approximately 95% REE recovery under
optimized conditions at 170 °C [41].

Alternative decomposition technologies have been proposed to overcome some of
the limitations of conventional acid and alkaline routes. One such process involves high-
temperature treatment of monazite with CaCl, and CaCOj3; under reducing and sulfidizing
conditions, resulting in the formation of rare earth oxysulfides and oxychlorides that can
subsequently be leached using dilute hydrochloric acid [20,31]. Compared with conven-
tional alkaline digestion, this approach offers shorter reaction times and eliminates the need
for fine grinding. However, the overall REE recovery remains lower than that achieved by
alkaline processing, which has limited its industrial application [31].
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Recent reviews indicate that sulfuric acid baking and alkaline cracking remain the
dominant industrial approaches for monazite processing, while current research is fo-
cused mainly on improving REE recovery, reducing thorium mobility, and optimizing the
selectivity of subsequent hydrometallurgical separation stages [20,43].

1.2.4. Hydrometallurgical Processing of Ion-Adsorption Clays

Unlike conventional hard-rock REE deposits, ion-adsorption clays can be processed
without intensive comminution, beneficiation or mineral decomposition. The recovery of
REEs is based primarily on ion-exchange reactions, during which adsorbed rare earth ions
are displaced from the surface of clay minerals by competing cations present in the leaching
solution [26,44].

A variety of leaching agents has been evaluated for this purpose, including ammonium
sulfate, ammonium chloride, ammonium nitrate and sodium chloride solutions. Among
them, ammonium sulfate remains the most widely applied reagent in industrial practice
due to its favorable extraction efficiency and relatively low operating costs. During leaching,
ammonium ions replace adsorbed rare earth ions on the surface of clay minerals through
an ion-exchange mechanism according to Equation (10) [20,31].

[ALySi;O5(0OH)4] - RE3 + 3NH,* = [ALSi»O5(0OH),] - (NHg )3 + RE>* (10)

The leaching process is characterized by rapid kinetics, with the equilibrium com-
monly reached within a few minutes. Moldoveanu and Papangelakis (2013) reported
REE extraction efficiencies of 80-90% using ammonium sulfate solutions. Commercial
operations in China achieve recoveries of up to 95% from ion-adsorption clays using low-
concentration ammonium sulfate (1-2 wt.%) or sodium chloride solutions (~7 wt.%) at pH
values close to 4 [31,45].

Recent studies have investigated magnesium sulfate as an alternative leaching reagent
for ion-adsorption clays. Comparable REE extraction efficiencies to those obtained with am-
monium sulfate were reported, while the environmental impacts associated with ammonia—
nitrogen contamination were significantly reduced [46,47].

Industrial processing of ion-adsorption clays has evolved from pool and heap leaching
to the currently dominant in situ leaching technology, which minimizes ore handling and
reduces operating costs. After leaching, impurity elements such as Al, Fe and Ca are
removed by neutralization, while REEs are subsequently recovered by precipitation or
solvent extraction prior to further purification and separation [8].

1.2.5. Thermodynamic Evaluation Using Eh-pH Diagrams

Thermodynamic analysis represents an important part of hydrometallurgical process
evaluation, particularly in systems where dissolved and precipitated species are strongly
affected by physicochemical conditions [48]. In aqueous rare earth systems, parameters
such as pH, oxidation-reduction potential, and temperature significantly influence the
distribution of individual chemical species. For this reason, thermodynamic modeling
is commonly applied for the prediction of phase stability and the interpretation of the
dissolution and precipitation processes occurring during hydrometallurgical treatment [10].

Eh—pH diagrams describe the thermodynamic stability regions of dissolved and pre-
cipitated species in aqueous systems as a function of pH and electrode potential. Their con-
struction is based on equilibrium calculations derived from Gibbs free energy data and elec-
trochemical relationships. Gibbs free energy may be expressed according to Equation (11).

AG = AH — TAS (11)
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where AG is the Gibbs free energy change, AH is the enthalpy change, T is the thermody-
namic temperature, and AS is the entropy change [49].

In thermodynamic studies, the Gibbs free energy serves as an important criterion
for assessing the feasibility of chemical reactions. Negative values of AG indicate sponta-
neous processes, whereas positive values indicate reactions that are thermodynamically
unfavorable under the specified conditions [49].

In hydrometallurgy, Eh—-pH diagrams provide useful information regarding the con-
ditions under which the dissolution, hydrolysis, oxidation or precipitation of metallic
species may occur. Stability boundaries correspond to equilibrium conditions between dis-
solved and solid phases or between species differing in the oxidation state. The diagrams
commonly include aqueous ions, hydroxides, oxides, sulfates and chloride complexes,
depending on the composition of the investigated medium [48,49].

Most REEs occur predominantly in the trivalent oxidation state and therefore exhibit
relatively similar behavior in aqueous systems. Cerium represents an exception due to
the stability of both Ce®* and Ce** species, which significantly affects its dissolution and
precipitation behavior under oxidizing conditions [29]. This redox variability may play
an important role during the selective separation and purification of cerium from other
REEs [50].

The stability of REE species is strongly influenced by pH. Under acidic conditions,
REEs generally remain stable in dissolved ionic or complexed forms, whereas increasing
the pH promotes hydrolysis reactions and the precipitation of hydroxides or oxide phases.
The oxidation-reduction potential additionally affects species with variable oxidation
states, while the temperature may shift equilibrium boundaries and modify the extent of
hydrolysis or complexation reactions [10].

Despite their considerable usefulness, Eh—-pH diagrams exhibit certain limitations. The
diagrams describe equilibrium conditions only and do not provide information regarding
reaction kinetics, mass transfer limitations or metastable phase formation [48,49]. In real hy-
drometallurgical systems, equilibrium may not always be achieved due to slow dissolution
rates, incomplete reactions or complex mineralogical associations [48]. Furthermore, the
reliability of calculated stability regions depends strongly on the availability and accuracy
of the thermodynamic data for the investigated species. Nevertheless, Eh—pH diagrams
remain valuable tools for interpretation of aqueous REE systems and the evaluation of
conditions relevant to hydrometallurgical leaching and separation processes [10,49].

The present study evaluates the thermodynamic stability and dissolution—precipitation
behavior of cerium and lanthanum in chloride and sulfate media at temperatures up to
80 °C using Eh—-pH diagrams. Particular attention is devoted to the comparative analysis of
chloride and sulfate systems in order to assess the influence of sulfate complexation on the
stability of dissolved species. Furthermore, the specific redox behavior of the Ce®* /Ce**
system is examined with respect to its potential application in the selective separation
of REEs.

Although Eh—pH diagrams have previously been used to investigate the thermody-
namic behavior of rare earth elements in aqueous systems, most published studies focus on
individual elements or specific leaching environments. The novelty of the present study lies
in the comprehensive comparison of cerium, lanthanum, and neodymium in both chloride
and sulfate media at temperatures relevant to hydrometallurgical processing, an approach
that remains limited in the available literature. Furthermore, the application of such ther-
modynamic evaluations as a basis for the design of subsequent experimental leaching
studies has received relatively little attention. Addressing these aspects may contribute to a
better understanding of REE behavior under different processing conditions and support
the optimization of hydrometallurgical recovery routes. Therefore, the aim of this study
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was to evaluate the thermodynamic behavior of cerium, lanthanum and neodymium in
chloride and sulfate systems at 25 °C and 80 °C using Eh-pH diagrams generated in HSC
Chemistry software.

2. Methods

Thermodynamic evaluation of REE behavior in aqueous systems was performed
using Pourbaix (Eh-pH) diagrams generated with the Eh—pH Diagrams module of the
HSC Chemistry software (version 10.0.2.3, Metso Finland Oy, Espoo, Finland; University
Basic License). The software calculates equilibrium stability fields of aqueous and solid
species based on the thermodynamic data stored in the HSC database. Eh—pH diagrams
were constructed for Ce-Cl-H,0, La—-CI-H,0O, Ce-F-C-Cl-H,0O, Ce-S5-H,0, La-S-H,O,
Ce-F-C-5- HyO systems at 25 °C and 80 °C in order to evaluate the stability of dissolved
ions, complexes and precipitated phases under different pH and redox conditions. The
calculations were performed at a concentration of 1 mol-dm~3 to ensure a consistent
comparison between the investigated systems.

It should be noted that the reliability of Eh—-pH diagrams depends on the availability
and accuracy of the thermodynamic data used for equilibrium calculations. Although
the HSC Chemistry database contains extensive thermodynamic information for a wide
range of aqueous and solid species, some rare earth element species may have limited
or less comprehensive thermodynamic datasets. Consequently, the calculated stability
fields should be interpreted as thermodynamic predictions under equilibrium conditions
and may not fully reflect the behavior of real hydrometallurgical systems. Therefore,
experimental verification remains important for confirming the predicted stability regions
and species distributions.

3. Results and Discussion
3.1. Thermodynamic Study of the Ce—CI-H,O System

Cerium exhibits more complex equilibrium behavior than most rare earth elements
due to the stability of both trivalent and tetravalent oxidation states. In chloride systems,
strongly acidic and reducing conditions favor the stabilization of dissolved Ce3* species,
whereas increasing the oxidation-reduction potential promotes the oxidation of Ce3* to Ce**
followed by the stabilization of CeO,. The calculated stability regions for the Ce—Cl-H,O
system at 25 °C and 80 °C are presented in Figure 2.

Ce - Cl - H20 System at 25.00 °C Ce - Cl - H20 System at 80.00 °C

02

X 00 10 20 30 a0 50 60 70
o ot

Figure 2. Eh—pH diagrams for the leaching of Ce in HCI at temperatures of 25 °C and 80 °C: (a) The
Ce-Cl-H,O system at temperature of 25 °C; (b) The Ce-Cl-H,O system at temperature of 80 °C. Note:
The molalities of the elements are set at 1 mol-kg~! H,O, with the upper and lower stability limits of
H,O defined by the dashed lines.
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Under highly acidic conditions, dissolved cerium species predominate over a rela-
tively broad Eh range, indicating suitable thermodynamic conditions for hydrochloric
acid leaching. With increasing pH, gradual hydrolysis occurs and the stability field shifts
toward hydrolyzed CeO" species, followed by the precipitation of Ce(OH); in alkaline
environments. In oxidizing regions, CeO, remains stable over a wide pH interval, reflecting
the strong tendency of cerium to form tetravalent oxide phases.

Compared with the diagram calculated at 25 °C, the system at 80 °C shows a noticeable
displacement of equilibrium boundaries toward lower pH values. The onset of hydrolysis
shifts from approximately pH 5.0 at 25 °C to pH 4.0 at 80 °C, while the transition from
hydrolyzed CeO" species to Ce(OH)3 precipitation occurs at approximately pH 8.2 and
pH 7.5, respectively. In addition, the stability boundary separating dissolved cerium species
from CeO;, is shifted toward lower Eh values by approximately 0.2 V. These changes indicate
that elevated temperature promotes hydrolysis reactions and modifies the stability fields
of dissolved cerium species. Nevertheless, acidic chloride environments still maintain
favorable conditions for the dissolution of cerium-bearing phases.

From a hydrometallurgical point of view, the stabilization of CeO, under oxidizing
conditions may become technologically significant during downstream processing. The
oxidative conversion of Ce®* to Ce** can potentially be utilized during the selective separa-
tion of cerium from other trivalent rare earth elements because tetravalent cerium exhibits
substantially different precipitation and complexation behavior.

3.2. Thermodynamic Study of the La—CI-H,O System

Unlike cerium, lanthanum remains stable exclusively in the trivalent oxidation state
and therefore exhibits considerably simpler equilibrium behavior in chloride systems. The
stability regions observed in the La-Cl-H,O diagrams are controlled predominantly by
pH-dependent hydrolysis reactions rather than redox transformations. Figure 3 shows the
calculated thermodynamic stability fields for the La-—Cl-H,O system at 25 °C and 80 °C.

La(+3a)

LaO(+a)

La - Cl - H20 System at 25.00 °C 20 La - Cl - H20 System at 80.00 °C

. La(+3a)

e T (R
it

(a) (b)

Figure 3. Eh—pH diagrams of La leaching in HCl at temperatures of 25 °C and 80 °C: (a) The
La-Cl-H,O system at temperature of 25 °C; (b) The La-Cl-H,O system at temperature of 80 °C. Note:
The molalities of the elements are set at 1 mol-kg~! H,O, with the upper and lower stability limits of
H,O defined by the dashed lines.

In acidic chloride media, dissolved La®*" ions and LaCl?>* aqueous complexes remain
stable within broad pH regions. Increasing the pH gradually promotes hydrolysis and the
formation of intermediate LaO" species, followed by the precipitation of La(OH)3; under
alkaline conditions. Compared with cerium systems, the equilibrium boundaries are consid-
erably simpler and exhibit only limited dependence on the oxidation-reduction potential.

An increase in temperature to 80 °C results in a noticeable expansion of the hydrolysis
region and shifts the stability boundaries toward lower pH values. The transition from
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Nd - Cl - H20 System at 25.00 °C B

dissolved lanthanum species to hydrolyzed LaO* species occurs at approximately pH 6.0
at 25 °C and pH 4.5 at 80 °C. Similarly, the onset of La(OH)3 precipitation is shifted from
approximately pH 8.0 to pH 7.0. These changes indicate that elevated temperature promotes
hydrolysis and reduces the pH range over which dissolved lanthanum species remain
stable. Nevertheless, the overall thermodynamic behavior remains relatively simple, and
the predominance of dissolved lanthanum species under acidic conditions confirms the
suitability of hydrochloric acid systems for the leaching of lanthanum-bearing minerals.

Despite the temperature-induced shifts in the hydrolysis boundaries, chloride systems
remain characterized by relatively simple aqueous speciation. Compared with sulfate
media, chloride systems exhibit less extensive aqueous complexation, which may simplify
downstream purification and precipitation processes. More defined hydrolysis regions
may therefore provide better control of the pH-dependent recovery operations during
hydrometallurgical treatment.

3.3. Thermodynamic Study of the Nd—CI-H,O System

The equilibrium behavior of neodymium in hydrochloric acid solutions is governed
predominantly by acid-base equilibria because neodymium remains thermodynamically
stable only in the trivalent oxidation state. Consequently, unlike cerium, no redox-
controlled phase transitions are observed within the investigated stability range. The
calculated predominance diagrams for the Nd—CI-H,O system at 25 °C and 80 °C are
presented in Figure 4.

Nd - Cl - H20 System at 80.00 °C

v NdO(Ha) - NdO(+a) | T
Nd(OH)3 06 I et R V1117 T
] NdCI(+2a) (O 2. .._Ndci(+2a) Nd(OH)3

== —
- NdH2 e - NdH2 \

Nd(+3a)

Nd(+3a)

Figure 4. Eh—pH diagrams of Nd leaching in HCl at temperatures of 25 °C and 80 °C: (a) The
Nd-Cl-H,O system at temperature of 25 °C; (b) The Nd-CIl-H,O system at temperature of 80 °C. Note:
The molalities of the elements are set at 1 mol-kg~! H,O, with the upper and lower stability limits of
H,O defined by the dashed lines.

Under strongly acidic conditions, dissolved Nd** ions represent the predominant
species, while the formation of aqueous chloride complexes (NdCI?*) further extends the
stability of dissolved neodymium in hydrochloric media. As the pH increases, hydrolysis
becomes thermodynamically favorable, leading first to the appearance of the intermediate
hydrolyzed species NdO" and subsequently to the precipitation of Nd(OH)z under near-
neutral and alkaline conditions. The predominance fields exhibit only minor dependence on
the oxidation-reduction potential, confirming that pH is the principal variable controlling
neodymium speciation in chloride systems.

Increasing the temperature from 25 °C to 80 °C shifts the hydrolysis equilibria toward
more acidic conditions. The boundary between dissolved Nd>* species and NdO* moves
from approximately pH 5.0 to pH 4.0, while the transition from NdO™ to solid Nd(OH);
shifts from approximately pH 7.2 at 25 °C to about pH 6.4 at 80 °C. At the same time, the
stability field of the aqueous chloride complex NdCI?* becomes slightly broader at lower
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pH values, indicating a modest increase in chloride complex stability with temperature.
In contrast to cerium, no temperature-induced changes associated with oxidation state
transitions are observed.

From a processing perspective, these results indicate that hydrochloric acid solutions
provide favorable thermodynamic conditions for the dissolution of neodymium-bearing
minerals over a relatively broad acidic pH range. However, the observed shift in hydrolysis
boundaries toward lower pH values at elevated temperature suggests that pH control
becomes increasingly important during high-temperature leaching to prevent the premature
precipitation of Nd(OH)3. The absence of competing tetravalent species further simplifies
neodymium behavior in chloride media and facilitates subsequent separation from cerium,
whose redox chemistry differs substantially under comparable leaching conditions.

3.4. Thermodynamic Study of Bastnaesite and Monazite Leaching in Hydrochloric Acid Media

Bastnésite and monazite represent the two principal primary rare earth minerals
exploited for industrial REE production. Although both minerals serve as major sources of
REEs, their chemical compositions differ substantially, resulting in different thermodynamic
behavior during hydrometallurgical processing. Bastnisite is a fluorocarbonate mineral,
whereas monazite is a rare earth phosphate. Consequently, the dissolution of these minerals
proceeds through different reaction pathways and may lead to the formation of different
secondary phases. To evaluate the thermodynamic feasibility of representative dissolution
reactions, the reactions described by Equations (12)—(17) were assessed by calculating
the corresponding thermodynamic parameters. The calculated enthalpy (AH), entropy
(AS), and Gibbs free energy (AG) values for the hydrochloric acid system are summarized
in Table 5.

Table 5. Calculated thermodynamic parameters for representative dissolution reactions of bastnésite
and monazite in hydrochloric acid.

Mineral Chemical Reaction T[°C] AH [K]] AS [J/K] AG [K]] No.
25 414262 256348 —337.832
Cez0s + 6HCls) = 2CeCly +3H0 80 391.985 188472 325426 (12)
Bactnaesite LaxOs + 6HClyy = 2LaClyy + 300 25 —459.330 284259 374578 )
80 432700 202926 —361.036
25 ~18.988 217142 45.753
Ce0, + 4HCl) = CeCli + 2H0 80 11.883 122301 55.074 (14)
25 46,924 116757 ~12.113
CePOy + 3HCl(jq) = CeCly(q) + H3POuq) 80 —37.199 —87.206 —6.402 (15)
Monazit LaPO; + 3HCl = LaClygy + H3POj(y 25 43340 1719 46606 (16)
80 —31.430 —93.409 1.557
25 ~37.059 126501 0.657
NdPO; + 3HCl(a) = NdCla + H3POya) “ e e 190 17)

Note: “a” denotes an aqueous species, while “ia” denotes an aqueous species whose thermodynamic properties
are calculated from its ionic components, according to the HSC Chemistry database notation.

Bastnaesite, commonly represented by the general formula LnCO3F (Ln = Ce, La), may
generate fluoride-bearing species during acidic processing. Cerium occurs predominantly
in the trivalent oxidation state Ce3*, although oxidation to Ce*" may occur under oxidizing
conditions, resulting in the formation of highly stable oxide phases. As shown in Figure 5,
the stability of cerium species is strongly dependent on both pH and redox potential.
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20 Ce - F - C| - C - H20 System at 25.00 °C 20 Ce - F- Cl - C - H20 System at 80.00 °C

. Ce(OH)3
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(@)
Figure 5. Eh-pH diagrams of leaching bastnaesite in HCI at temperatures of 25 °C and 80 °C: (a) The
Ce-F-C-Cl-H;0O system at temperature of 25 °C; (b) The Ce-F-C-CI-H,O system at temperature of

80 °C. Note: The molalities of the elements are set at 1 mol-kg~! H,O, with the upper and lower
stability limits of HyO defined by the dashed lines.

As summarized in Table 5, the calculated Gibbs free energy values are negative at
both investigated temperatures, confirming that the dissolution of Ce,O3 in hydrochloric
acid is thermodynamically spontaneous. Although the absolute value of AG decreases
slightly with increasing the temperature, indicating a minor reduction in the thermody-
namic driving force, the reaction remains highly favorable throughout the investigated
temperature range.

The Eh—pH diagrams indicate that dissolved trivalent cerium species remain stable
over a broad range of acidic conditions. At 25 °C, fluoride-bearing cerium species are
thermodynamically stable under strongly acidic conditions within the stability region of
water, particularly at pH values below approximately 4. Increasing the temperature to 80 °C
causes only a slight displacement of the stability boundaries between dissolved and solid
cerium species, while the overall distribution of cerium species remains nearly unchanged.
The transition between dissolved Ce* species and CeO, shifts only moderately, whereas
CeF, remains stable under strongly acidic and oxidizing conditions. These observations
indicate that temperature has only a limited influence on cerium speciation within the
investigated range.

The extensive stability field of CeO, observed in Figure 5 confirms the exceptional
thermodynamic stability of tetravalent cerium under oxidizing conditions. Consequently,
the oxidation of Ce®* to Ce** substantially decreases cerium solubility and may limit its
recovery during hydrometallurgical processing. Industrial hydrometallurgical processing
often employs reducing environments or reducing agents to convert Ce*" to the more
soluble Ce** form and thereby enhance cerium dissolution.

The positive Gibbs free energy values listed in Table 5 indicate that the dissolution
of CeO; in hydrochloric acid is thermodynamically unfavorable and therefore does not
occur spontaneously under the investigated conditions. Furthermore, the increase in AG
with temperature suggests that elevated temperatures do not improve the thermodynamic
feasibility of CeO, dissolution. This behavior is fully consistent with the large CeO; stability
field observed in the Eh—pH diagrams.

Although CeO; is thermodynamically stable under oxidizing conditions, industrial
hydrometallurgical processing commonly employs reducing environments or suitable
reducing agents to convert Ce** into the considerably more soluble Ce>" form, thereby
enhancing cerium dissolution.

In addition to cerium oxide formation, the fluoride released from bastnasite during
acidic decomposition may promote the precipitation of fluoride-bearing cerium compounds,
particularly under strongly acidic conditions. The formation of these secondary phases
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may decrease the concentration of dissolved cerium species and consequently influence the
overall leaching efficiency.

Figure 6 illustrates the variation in the Gibbs free energy with temperature for the rep-
resentative dissolution reactions of CepOs, LapO3 and CeO; in hydrochloric acid. The figure
provides a direct comparison of the thermodynamic behavior of trivalent and tetravalent
rare earth oxides over a broad temperature range.

a0, Reaction Gibbs free energy
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Figure 6. Graph of dependence of AG values of Equations (12)—(14) on temperature. Note: “a
denotes an aqueous species, while “ia” denotes an ion-associated aqueous species according to the
HSC Chemistry database notation.

As shown in Figure 6, the dissolution of Ce;O3 and LayOs is characterized by consis-
tently negative Gibbs free energy values throughout the investigated temperature interval,
confirming that both reactions remain thermodynamically spontaneous. Although the
absolute values of AG gradually decrease with increasing the temperature, only a minor
reduction in the thermodynamic driving force is observed. In contrast, the dissolution
of CeO, exhibits positive Gibbs free energy values over the entire temperature range,
which increase slightly with temperature, further confirming the exceptional stability of
tetravalent cerium oxide.

Overall, the thermodynamic analysis demonstrates that hydrochloric acid readily
dissolves trivalent rare earth oxides associated with bastnisite, whereas CeO, remains
highly resistant to dissolution under oxidizing conditions. Consequently, maintaining
reducing conditions during leaching is essential for maximizing cerium recovery from
bastnésite concentrates.

Unlike bastnésite, monazite is a phosphate mineral in which rare earth elements are
incorporated into a highly stable phosphate lattice. The strong REE-phosphate bonds make
monazite considerably more resistant to acidic dissolution than fluorocarbonate minerals.
Although hydrochloric acid is not the conventional reagent for industrial monazite pro-
cessing, the evaluation of its thermodynamic behavior in chloride media enables a direct
comparison with bastnésite under identical chemical conditions.

Figure 7 illustrates the temperature dependence of the Gibbs free energy of the repre-
sentative dissolution reactions of rare earth phosphates in hydrochloric acid. The figure
demonstrates the influence of temperature on the thermodynamic feasibility of mon-
azite decomposition and enables a direct comparison of the stability of the investigated
phosphate phases.
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Figure 7. Graph of dependence of AG values of Equations (15)—(17) on temperature. Note: “a”

denotes an aqueous species, while “ia” denotes an ion-associated aqueous species according to the
HSC Chemistry database notation.

Although the calculated Gibbs free energy values decrease substantially with increas-
ing the temperature, negative values are reached only at temperatures considerably higher
than those typically employed in conventional hydrometallurgical leaching. Therefore,
the results indicate that temperature alone is insufficient to achieve spontaneous monazite
decomposition under practical processing conditions. Efficient dissolution of monazite gen-
erally requires more aggressive operating conditions, prolonged leaching times, or highly
concentrated acidic media to overcome the exceptional stability of the phosphate lattice.

Comparison of the thermodynamic behavior of bastnésite and monazite demon-
strates that the two minerals exhibit fundamentally different dissolution characteristics
in hydrochloric acid. Whereas the dissolution of bastnasite-derived rare earth oxides is
characterized by negative Gibbs free energy values and, therefore, proceeds spontaneously
under acidic conditions, rare earth phosphates derived from monazite remain significantly
more stable. This difference originates primarily from the high thermodynamic stability of
the REE-phosphate bonds in the monazite crystal structure. Consequently, the mineralogi-
cal composition plays a decisive role in determining the suitability of hydrochloric acid as
a leaching agent and should be carefully considered when designing hydrometallurgical
processing routes for primary rare earth ores.

3.5. Thermodynamic Study of the Ce—S—H,O System

The thermodynamic behavior of cerium in sulfate systems differs substantially from
that observed in chloride media due to the strong sulfate complexation effects. In sulfu-
ric acid environments, dissolved cerium species remain stable over broad acidic regions,
while the sulfate-containing aqueous complexes significantly modify the equilibrium rela-
tionships between the dissolved and precipitated phases. The corresponding Ce-S-H,O
diagrams calculated at 25 °C and 80 °C are shown in Figure 8.
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Figure 8. Eh-pH diagrams of Ce leaching in H,SO, at temperatures of 25 °C and 80 °C: (a) The
Ce-5-H,O system at temperature of 25 °C; (b) The Ce-S-H,O system at temperature of 80 °C. Note:
The molalities of the elements are set at 1 mol-kg_1 H,O, with the upper and lower stability limits of
H,O defined by the dashed lines.

The stabilization of dissolved cerium species in sulfate media is associated with
the formation of sulfate complexes. The corresponding complexation reactions may be
represented by Equations (18) and (19):

Ce** + 50,2~ = CeSO,* (18)

Ce™ +2504%" = Ce(SO4)y ™ (19)

Compared with chloride systems, the hydrolysis regions in sulfate media are con-
siderably narrower due to the stabilization of dissolved sulfate species. Under acidic
conditions, cerium remains predominantly in dissolved form, while increasing the oxi-
dation potential promotes the stabilization of oxidized cerium compounds. Only limited
stability regions corresponding to hydrolyzed species and hydroxide phases are observed
within the investigated pH range.

Sulfate complexation suppresses hydrolysis reactions and stabilizes dissolved cerium
species even under moderately acidic conditions. Such behavior may positively influence
the leaching efficiency because dissolved rare earth species remain stable during acidic
processing conditions, and premature precipitation is less likely to occur. At the same
time, strong sulfate complexation may complicate subsequent purification and separation
operations due to the stabilization of dissolved species in solution.

At 80 °C, a partial modification of sulfate stability regions is observed together with
changes in the hydrolysis boundaries. The onset of hydrolysis is shifted from approximately
pH 5 at 25 °C to pH 3.5 at 80 °C, while the transition from hydrolyzed CeO* species to
Ce(OH)3 occurs at approximately pH 7.5 instead of pH 8.2. Despite these shifts, the
sulfate-containing phase remains thermodynamically stable over a broad pH range at
both temperatures. Elevated temperature therefore modifies the equilibrium relationships
between dissolved and hydrolyzed species while maintaining the strong stabilizing effect of
sulfate species, which corresponds well with the enhanced dissolution efficiency commonly
observed during sulfuric acid leaching performed at elevated temperatures.

3.6. Thermodynamic Study of the La-S—H,0 System

In sulfate systems, lanthanum stability is controlled mainly by sulfate complexation
and the pH-dependent hydrolysis reactions. Since lanthanum occurs exclusively in the
trivalent oxidation state, the oxidation-reduction potential has a considerably smaller
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influence on the species stability than in cerium systems. The calculated stability fields for
the La—S-H,O system at 25 °C and 80 °C are presented in Figure 9.
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Figure 9. Eh—pH diagrams of La leaching in H,SOy at temperatures of 25 °C and 80 °C: (a) The
La-S-H;O system at temperature of 25 °C; (b) The La-S-H,O system at temperature of 80 °C. Note:
The molalities of the elements are set at 1 mol-kg_1 H,0O, with the upper and lower stability limits of
H,O defined by the dashed lines.

Under strongly acidic conditions, dissolved La®* ions together with sulfate-containing
species such as LaSO,* remain thermodynamically stable. The formation of lanthanum
sulfate complexes can be expressed by Equations (20) and (21):

La®* + S04~ = LaSO,* (20)

La%" + 250,42~ = La(SO4)s~ (21)

Sulfate complexation significantly stabilizes dissolved lanthanum species and sup-
presses hydrolysis reactions compared with chloride systems. Consequently, the precipita-
tion of La(OH)3 occurs only at higher pH values.

A gradual increase in pH promotes the formation of LaO* species, followed by hydrox-
ide precipitation in alkaline environments. Compared with chloride media, the transition
between dissolved and precipitated species occurs within narrower equilibrium regions,
indicating stronger stabilization of dissolved species in sulfate systems.

At an elevated temperature, a partial simplification of the stability fields is observed,
together with a reduction in the sulfate complex regions. The stability fields of sulfate-
containing species, such as LaSO4* and La(SO4), ~, become considerably smaller at 80 °C,
while the onset of hydrolysis shifts from approximately pH 6 at 25 °C to pH 4.5 at 80 °C. In
addition, the precipitation of La(OH)z occurs at approximately pH 7 instead of pH 8. These
changes suggest that temperature modifies sulfate complex stability and the equilibrium
relationships in sulfuric acid systems while promoting hydrolysis reactions. Neverthe-
less, dissolved lanthanum species predominate throughout acidic conditions relevant to
hydrometallurgical leaching processes.

3.7. Thermodynamic Study of the Nd—S—-H,O System

The predominance diagrams calculated for the Nd-S5-H,O system (Figure 10) demon-
strate that sulfate ions considerably influence neodymium speciation in aqueous solutions.
In contrast to cerium, whose equilibrium is affected by changes in the oxidation state,
neodymium remains exclusively trivalent throughout the investigated Eh-pH range. Con-
sequently, the distribution of neodymium species is controlled mainly by sulfate complex
formation and subsequent hydrolysis.
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Figure 10. Eh—pH diagrams of leaching Nd in H,SOy at temperatures of 25 °C and 80 °C: (a) The
Nd-S-H,O system at temperature of 25 °C; (b) The Nd-S-H,O system at temperature of 80 °C. Note:
The molalities of the elements are set at 1mol-kg_1 H,O, with the upper and lower stability limits of
H,O defined by the dashed lines.

The stabilization of dissolved neodymium species in sulfate media results from the for-
mation of aqueous sulfate complexes, which may be described by Equations (22) and (23):

Nd* + 504%™ = NdSO,* (22)

Nd* + 25042~ = Nd(SO4),~ (23)

At 25 °C, dissolved Nd>* species dominate under acidic conditions before gradually
transforming into NdO™ with increasing pH. Further alkalization results in the formation
of Nd(OH)3, which becomes the thermodynamically preferred phase above approximately
pH 7. Unlike the chloride system, the sulfate diagram predicts a distinct stability field
corresponding to the hydrated neodymium sulfate, Nd,(SO4)3-8H,O. This phase occupies
only a limited region of the diagram, suggesting that its formation is restricted to relatively
narrow equilibrium conditions where the sulfate activity remains sufficiently high.

The phase relationships change noticeably at 80 °C. The hydrated sulfate phase is
no longer predicted to be stable, indicating that increasing the temperature disfavors its
formation. Simultaneously, the onset of hydrolysis shifts towards more acidic conditions,
with NdO* appearing at approximately pH 4 instead of pH 5, while the precipitation of
Nd(OH); begins near pH 6, compared with approximately pH 7 at 25 °C. These shifts
indicate that elevated temperature promotes hydrolysis while reducing the stability of
hydrated sulfate compounds.

The calculated equilibria therefore suggest that sulfuric acid leaching performed at
higher temperatures should favor the persistence of dissolved neodymium species without
the formation of secondary hydrated sulfate phases. Such behavior is advantageous
for hydrometallurgical processing because it minimizes the risk of intermediate sulfate
precipitation while maintaining conditions suitable for the subsequent separation and
recovery of neodymium from solution.

3.8. Thermodynamic Study of Bastnaesite and Monazite Leaching in Sulfuric Acid Media

Sulfuric acid is widely employed in the industrial processing of bastnasite and mon-
azite because it facilitates the formation of soluble rare earth sulfates while suppressing
hydrolysis under acidic conditions. To evaluate the thermodynamic feasibility of represen-
tative dissolution reactions, the reactions described by Equations (24)—(29) were assessed
by calculating the corresponding thermodynamic parameters. The calculated enthalpy
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(AH), entropy (AS), and Gibbs free energy (AG) values for the sulfuric acid system are
summarized in Table 6.

Table 6. Calculated thermodynamic parameters for representative dissolution reactions of bastnésite
and monazite in sulfuric acid.

Mineral Chemical Reaction T[°C] AH [K]] AS [J/K] AG [K]] No.
25 —451.499 —364.462 —342.835
205 +3H,504m) = Ce2(80a)sge) + 3H20 80 397.859 ~199.695 —327.337 (24)
Bastnaesite LayO;3 + 3H504(5a) = Laz(SO4)s(a) + 3H,0 > o082 257 e (25)
80 —462.106 —72.800 —436.396
25 —5.473 239.102 ~76.762
CeOy + 2H,504(ia) = Ce(SO4)(a) + 2H20 80 31.180 351.699 ~93.022 (26)
25 —31.330 —81.651 —6.986
2CePOy + 3H,S04 i) = Cea(SO4)3a) + HaPOy(y) m 018 iies Sy 7)
Monasit AP, + 3H1504s) = LanSOmne + HoPOxy 25 ~162.033 —270.889 —81.267 o8
80 —92.266 —56.692 —72.246
25 234.638 300.792 144.956
2NAPOy + 3H,804 ) = Lan(S04)s(0) + HsPOs( 80 300,846 504.151 122805 @)

Note: (a) denotes an aqueous species, while (ia) denotes an ion-associated aqueous species according to the HSC
Chemistry database notation.

In sulfuric acid media, cerium stability is strongly influenced by sulfate complexation
and the formation of sulfate-bearing phases. The calculated Eh—-pH diagrams for the
Ce-S-F-C-H,0 system at 25 °C and 80 °C are presented in Figure 11. The sulfate species
occupy an extensive stability region, indicating a strong interaction between cerium and
sulfate ions under acidic conditions. This behavior is consistent with previous studies
showing that sulfuric acid leaching and baking are effective routes for converting rare-
earth-bearing phases into sulfate species during bastnisite processing.

Ce-S-F-C-H20 System at 25.00 °C Ce-S-F-C-H20 System at 80.00 °C

70
oH

@ | (b)

Figure 11. Eh—pH diagrams of leaching bastnaesite in H,SO, at temperatures of 25 °C and 80 °C:
(a) The Ce-F-C-S-H,O system at temperature of 25 °C; (b) The Ce-F-C-S-H,O system at temperature
of 80 °C. Note: The molalities of the elements are set at 1 mol-kg~! H,O, with the upper and lower
stability limits of HyO defined by the dashed lines.

The Eh—pH diagrams show that the tetravalent cerium sulfate hydrate, Ce(SO4)2-5H,0,
is stable over a wide oxidizing region. This indicates that sulfate media strongly stabilize
cerium in sulfate-bearing forms. Compared with hydrochloric acid systems, the stability
field of CeO; is not dominant in the investigated sulfuric acid system; instead, sulfate-
bearing cerium phases prevail.
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Increasing the temperature from 25 °C to 80 °C does not fundamentally change the
dominant stability field of Ce(SO4),-5H,0. Only slight shifts in the stability boundaries of
CeF3, CeH; and Ce(OH); are observed. These results indicate that sulfate complexation
controls cerium speciation in sulfuric acid media and suppresses extensive hydrolysis over
a broad pH range.

Figure 12 illustrates the variation in Gibbs free energy with temperature for the
representative dissolution reactions of Ce;O3, LapO3 and CeO, in sulfuric acid. The figure
enables a direct comparison of the thermodynamic behavior of trivalent and tetravalent
rare earth oxides over a broad temperature interval.

Reaction Gibbs free energy

g Ce0?2 + 2H2504(ia) = Ce(SO4)2 + 2H20

I CE203 + 3HZ504(ia) = Ca2(504)3(a) + 3H20

-500 4 La203 + 3H2504(ia) = La2(S04)3(a) + 3H20

T T T T T T T T T T T T T T T T T T T =
100 20.0 300 40.0 50.0 60.0 700 80.0 90.0 m(n.u) 110.0 120.0 130.0 140.0 150.0 160.0 170.0 180.0 190.0 200.0
T(°C

Figure 12. Graph of dependence of AG values of Equations (24)-(26) on temperature. Note: “a”

denotes an aqueous species, while “ia” denotes an ion-associated aqueous species according to the
HSC Chemistry database notation.

As shown in Figure 10, the dissolution of Ce;O3 and La;O3 remains thermodynami-
cally favorable throughout the investigated temperature range, as indicated by the negative
Gibbs free energy values. In contrast to hydrochloric acid, the dissolution of tetrava-
lent cerium also becomes thermodynamically more favorable due to the stabilization of
sulfate species. The relatively small variation in AG with temperature indicates that sul-
fate complexation exerts a considerably stronger influence on reaction spontaneity than
temperature alone.

Overall, the thermodynamic analysis demonstrates that sulfuric acid efficiently sta-
bilizes dissolved rare earth sulfates and suppresses hydrolysis over a broad acidic pH
range. These characteristics explain the widespread industrial application of sulfuric acid
in bastnésite processing.

Sulfuric acid is widely employed industrially because it gradually converts rare earth
phosphates into soluble sulfate species. Representative dissolution reactions of CePOy,
LaPO,4 and NdPOy in sulfuric acid were therefore evaluated to assess the thermodynamic
feasibility of phosphate decomposition.

The calculated thermodynamic parameters are summarized in Table 6, while Figure 13
illustrates the variation in the Gibbs free energy with temperature for the representative
dissolution reactions of monazite in sulfuric acid.
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Figure 13. Graph of dependence of AG values of Equations (27)-(29) on temperature. Note: “a
denotes an aqueous species, while “ia” denotes an ion-associated aqueous species according to the
HSC Chemistry database notation.

As shown in Figure 13, all investigated phosphate minerals exhibit similar thermo-
dynamic behavior over the investigated temperature range. The Gibbs free energy values
decrease progressively with increasing the temperature, indicating that elevated tempera-
tures improve the thermodynamic feasibility of the phosphate dissolution. Nevertheless,
the phosphate lattice remains considerably more stable than the corresponding oxide
phases derived from bastnésite, reflecting the high stability of the REE-phosphate bonds.

Among the investigated phosphates, only minor differences are observed. Cerium
and lanthanum phosphates exhibit nearly identical thermodynamic behavior, whereas
neodymium phosphate remains slightly more stable, as indicated by its consistently higher
Gibbs free energy values.

Although elevated temperatures improve the thermodynamic driving force of the
phosphate dissolution, practical monazite processing still requires aggressive leaching
conditions because of the exceptional stability of the phosphate structure. Consequently;,
industrial sulfuric acid processing frequently employs concentrated sulfuric acid together
with elevated temperatures during the acid baking to enhance the decomposition of mon-
azite and the subsequent formation of soluble rare earth sulfates.

Overall, the comparison of bastnésite and monazite demonstrates that sulfuric acid
promotes sulfate formation in both minerals; however, the dissolution of monazite re-
mains thermodynamically less favorable owing to the greater stability of the phosphate
lattice. These findings confirm that the mineralogical composition, together with the sul-
fate complexation, plays a decisive role in determining the thermodynamic feasibility
of rare earth leaching and provides valuable guidance for the optimization of industrial
hydrometallurgical processes.

3.9. Comparison of Chloride and Sulfate Systems

The comparison of chloride and sulfate systems demonstrated substantial differences
in the stability of dissolved and solid REE species. Although acidic conditions favored the
dissolution of rare earth elements in both media, differences were observed in the extent of
hydrolysis, aqueous complex formation and precipitation behavior.
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In chloride systems, dissolved REE species remained stable predominantly under
strongly acidic conditions. Increasing the pH promoted hydrolysis reactions, leading
to the formation of hydrolyzed species and the subsequent precipitation of hydroxides.
The relatively limited complexation in chloride media resulted in more distinct stability
boundaries between dissolved and solid phases.

In contrast, sulfate systems exhibited broader stability regions of dissolved REE species.
This behavior can be attributed to the formation of sulfate-containing aqueous complexes,
which increased the stability of dissolved species and suppressed hydrolysis reactions.
Consequently, the precipitation regions were generally less extensive than those observed
in the corresponding chloride systems.

Temperature affected both systems by causing moderate shifts in the equilibrium
boundaries and hydrolysis regions. However, the overall thermodynamic trends remained
unchanged. The obtained results suggest that sulfate media provide more favorable
conditions for maintaining REEs in a dissolved form during leaching, whereas chloride
systems exhibit more distinct precipitation boundaries that may be advantageous during
the subsequent recovery and purification stages.

A comparison of the principal characteristics of chloride and sulfate systems is pre-
sented in Table 7.

Table 7. Comparison of the thermodynamic behavior of REEs! in chloride and sulfate systems.

Parameter

Chloride System

Sulfate System

Dominant dissolved species in
acidic media

Ce3*, La%*, Nd3+, LaCl?*, NdCI?+

Ce?t, La’*, Nd3*, LaSO4*, La(SO4)s —,
NdSO4*, Nd(SO4)p ™

Stability of dissolved REE ! species

Stable mainly under strongly acidic
conditions (typically below pH 5-6)

Stable over a broader acidic pH range due to
sulfate complexation

Complexation behavior

Limited chloride complexation

Strong sulfate complexation

Hydrolysis tendency More pronounced with increasing pH Suppressed by sulfate complexation
Ce: pH~5(25°C), pH~ 4 (80 °C); Ce: pH = 5 (25 °C), pH ~ 4 (80 °C);
Onset of hydrolysis La: pH~ 6 (25 °C), pH ~ 4.5 (80 °C); La: pH =~ 6 (25 °C), pH ~ 4.5 (80 °C);

Nd: pH~ 5 (25°C), pH 4 (80 °C)

Nd: pH ~ 5 (25 °C), pH 4 (80 °C)

Onset of hydroxide precipitation

Ce(OH);: pH ~ 8.5 (25 °C), pH = 7.5 (80 °C);
La(OH)3: pH ~ 8.0 (25 °C), pH ~ 7.0 (80 °C);
Nd(OH)3: pH = 7.2 (25 °C), pH ~ 6.4 (80 °C)

Ce(OH)3: pH = 8.5 (25 °C), pH ~ 7.5 (80 °C);
La(OH)3: pH ~ 8.0 (25 °C), pH ~ 7.0 (80 °C);
La(OH)3: pH =~ 7.0 (25 °C), pH ~ 6.0 (80 °C)

Stability of dissolved species

Lower at moderately acidic pH values

Higher due to sulfate complex formation

Effect of temperature

Shifts hydrolysis and precipitation
boundaries toward lower pH values

Similar shifts toward lower pH values
accompanied by modification of sulfate
complex stability

Implications for leaching

Favorable under strongly acidic conditions

Enhanced stability of dissolved REEs!
during leaching

I REE, Rare earth element.

4. Conclusions

This study evaluated the aqueous stability of cerium and lanthanum in chloride and
sulfate media using Eh—pH diagrams generated in the HSC Chemistry software. The ob-
tained results confirmed that physicochemical conditions strongly influence the dissolution
and precipitation behavior of rare earth species during hydrometallurgical processing.

Both the hydrochloric and sulfuric acid systems provided favorable conditions for the
dissolution of rare earth elements in strongly acidic environments. Nevertheless, significant
differences were observed between the chloride and sulfate media. Chloride systems
were characterized by simpler aqueous chemistry and wider hydrolysis regions, whereas
sulfate systems promoted stronger complexation effects and the stabilization of dissolved
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species over broader acidic intervals. Sulfate complexation simultaneously suppressed
hydrolysis reactions and modified the equilibrium relationships between the dissolved and
precipitated phases.

The comparison of the cerium and lanthanum systems highlighted the importance of
cerium redox behavior in hydrometallurgical environments. While lanthanum remained
stable exclusively in the trivalent oxidation state, cerium exhibited more complex equi-
librium relationships associated with the oxidation of Ce3* to Ce** and the stabilization
of CeO, under oxidizing conditions. Such behavior may be advantageous during the
selective separation of cerium from other trivalent rare earth elements in downstream
purification processes.

Increasing the temperature from 25 °C to 80 °C caused moderate shifts in the equilib-
rium boundaries together with a partial modification of the hydrolysis and sulfate complex
regions. Elevated temperature generally promotes the stabilization of dissolved species,
which corresponds well with the enhanced dissolution efficiency commonly observed
during hydrometallurgical leaching at elevated temperatures.

The performed thermodynamic analysis confirmed that Eh—-pH diagrams represent
valuable tools for the prediction of equilibrium conditions in rare earth leaching systems
and for the evaluation of factors influencing the dissolution, hydrolysis and precipita-
tion of REE species. The obtained results may support the further optimization of the
hydrometallurgical processes used for rare earth element extraction and separation.

Building upon these findings, future research should focus on the experimental vali-
dation of the calculated Eh-pH diagrams using laboratory leaching tests. Thermodynamic
studies represent an important preliminary step in the development of hydrometallurgical
processes, as they provide valuable information regarding species stability, favorable leach-
ing conditions and potential dissolution—precipitation behavior under different process
parameters. Such knowledge can significantly reduce the number of experimental trials re-
quired during process development and facilitate the selection of suitable leaching systems.

The next stage of this research will involve the application of the obtained thermo-
dynamic results to the laboratory-scale experiments using REE-bearing raw materials.
Particular attention will be devoted to evaluating the agreement between the predicted
equilibrium conditions and the experimentally observed leaching behavior. Furthermore,
the presented methodology can be extended to additional REEs and more complex aqueous
systems relevant to industrial hydrometallurgical processing. The integration of thermody-
namic modeling with experimental investigations may contribute to the development of
more efficient, selective and sustainable technologies for the recovery of REEs from primary
and secondary resources.
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