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Abstract 
 
Rare Earth Elements (REEs) are typically extracted from ion adsorption clays 
using the ion-exchange leaching method, which involves a salt solution as the 
leaching solution. To maximize REE leaching efficiencies, it is crucial to maintain 
the thermodynamic stability of REEs in the salt solution during the extraction 
process. Therefore, a thermodynamic approach through the Pourbaix diagram 
was conducted by using HSC Chemistry 10.0 software. In this study, the three 
most significant REE concentrations in ion adsorption clay- lanthanum (La), 
neodymium (Nd), and yttrium (Y)- were tested using different sulfate solutions 
(ammonium sulfate, magnesium sulfate, and aluminum sulfate) across 
concentrations ranging from 0.05 to 0.6 M and temperatures from 25 to 80 °C. 
The Pourbaix diagrams analysis demonstrated that magnesium sulfate solution 
was the most effective leaching solution, providing the maximum 
thermodynamic stability for La, Nd, and Y within a pH range of 0 to 5.8, across 
all tested concentrations, without any chemical formation occurring within that 
region. Additionally, the stability of La, Nd, and Y was found to decrease as the 
leaching temperature increased. Since 25°C proved to be the optimal 
temperature in this study, it suggests that ion-exchange leaching can be 
efficiently performed at ambient temperature, eliminating the need for 
external heating during the extraction process. In conclusion, using magnesium 
sulfate as a leaching solution at ambient leaching temperature enhances the 
thermodynamic stability of REEs in ion adsorption clay during ion-exchange 
leaching, leading to improved REE extraction and reduced impurity formation. 
 
Keywords: Rare earth elements (REEs); ion adsorption clays; magnesium sulfate; 
Pourbaix diagram; thermodynamic stability 
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1.0 INTRODUCTION 
 
Rare earth elements (REEs) play a crucial role in 
modern technologies, encompassing a wide range 
of industrial applications including the clean energy 
sector [1, 2]. As the demand for REEs continues to rise, 
the exploration of potential REE sources has become 
an utmost priority. Among the potential sources, ion 
adsorption clays are a highly promising REE source 
due to their simple extraction methods, low mining 
costs, and abundant availability. They are also free 
from high radioactive elements like thorium and 
uranium [3–5].  

REEs in ion adsorption clay primarily exist in the 
ion-exchangeable phase, which makes up around 
60%–90% of the overall REE composition, and 
predominantly resides on the surface of kaolinite and 
halloysite [6–8]. Therefore, the most effective way to 
extract REEs from ion adsorption clay is through ion-
exchange leaching using a salt solution, which 
facilitates REE dissolution. During the ion exchange 
process, REE3+ ions adsorbed onto the clay surface 
are exchanged with cations from the salt solution, 
such as NH4+. This exchange results in the release of 
REE3+ ions into the external solution, where they are 
collected as a leachate solution [3], [9], [10]. 
Equation 1 represents the reaction equation involved 
in ion-exchange leaching, where M represents the 

cations that vary based on the specific type of 
leaching solution employed [3, 4, 11–13].  

 
2Clay–REE(s)+3M2SO4(aq)→2ClayM3(s)+ REE2(SO4)3(aq). 1 

 
Current ion adsorption research is focused on 

conducting leaching experiments to identify the most 
effective leaching solutions and optimal conditions, 
including solution concentration, temperature, and 
pH, to enhance REE leaching efficiencies 
Moldoveanu and Papangelakis [14], Burcher-Jones 
et al. [15], and Xu et al. [16] found that ammonium 
sulfate (NH4(SO4)2) was the most effective leaching 
solution, achieving the highest REE leaching 
efficiency of over 80%. Additionally, Xiao et al. [17] 
and Ran et al. [18] discovered that magnesium 
sulfate (MgSO4) demonstrated similar REE leaching 
efficiencies to NH4(SO4)2 while effectively leaching 
aluminum, a main impurity in the leachate solution. In 
line with this research focus, Yang et al. [19] 
introduced a new leaching solution of aluminum 
sulfate (Al2(SO4)3) that had significant REE leaching 
efficiencies. 

In addition to performing leaching experiments, 
studying thermodynamic stability is crucial for 
enhancing REE leaching efficiencies. Chemical 
reactions between REE ions in ion adsorption clay 
and leaching solution cations often result in the 
 

Abstrak 
 
Elemen Nadir Bumi (REE) biasanya diekstrak daripada lempung jerapan ion 
menggunakan kaedah proses larut resap pertukaran ion, yang melibatkan 
larutan garam sebagai larutan larut resap. Untuk meningkatkan keberkesanan 
pengekstrakan REE, adalah penting untuk mengekalkan kestabilan 
termodinamik REE dalam larutan garam semasa proses ekstraksi. Oleh itu, 
pendekatan termodinamik melalui diagram Pourbaix telah dijalankan 
menggunakan perisian HSC Chemistry 10.0. Dalam kajian ini, tiga kepekatan 
REE yang paling tinggi dalam lempung jerapan ion- lantanum (La), 
neodymium (Nd), dan yttrium (Y)- telah diuji menggunakan pelbagai larutan 
sulfat (ammonium sulfat, magnesium sulfat, dan aluminium sulfat) dengan 
kepekatan yang berkisar antara 0.05 hingga 0.6 M dan suhu dari 25 hingga 80 
°C. Analisis diagram Pourbaix menunjukkan bahawa larutan magnesium sulfat 
adalah larutan larut resap yang paling berkesan, memberikan kestabilan 
termodinamik maksimum untuk La, Nd, dan Y dalam julat pH 0 hingga 5.8, 
merentasi semua kepekatan yang diuji, tanpa sebarang pembentukan kimia 
dalam julat tersebut. Selain itu, kestabilan La, Nd, dan Y didapati menurun 
apabila suhu larut resap meningkat. Oleh kerana 25°C terbukti sebagai suhu 
optimum dalam kajian ini, ia menunjukkan bahawa proses larut resap 
pertukaran ion boleh dijalankan dengan cekap pada suhu ambien, 
menghapuskan keperluan untuk pemanasan luaran semasa proses ekstraksi. 
Kesimpulannya, penggunaan magnesium sulfat sebagai larutan larut resap 
pada suhu ambien meningkatkan kestabilan termodinamik REE dalam 
lempung jerapan ion semasa proses larut resap pertukaran ion, membawa 
kepada peningkatan ekstraksi REE dan pengurangan pembentukan benda 
asing yang dihasilkan oleh reaksi.  
 
Kata kunci: Unsur nadir bumi, lempung jerapan ion, magnesium sulfat, diagram 
Pourbaix, kestabilan termodinamik 
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precipitation of insoluble compounds, impacting 
overall REE recovery and purity [20]. To address this, 
Pourbaix diagrams, also known as Eh–pH diagrams, 
offer a thermodynamic approach by 
comprehensively evaluating the thermodynamic 
stability of REEs in under various leaching solutions 
and conditions at equilibrium [21].  

Several studies have investigated the 
thermodynamic stability of REEs in commercially 
exploited sources such as bastnaesite, monazite, and 
xenotime. Lin et al. [22] examined the 
thermodynamic stability of REEs (Ce, La, Nd, and Y) in 
an acid leaching system using H₂SO₄, HCl, and HNO₃ 
for the extraction of REEs from bastnaesite, monazite, 
and xenotime. Similarly, Yahya et al. [23] and Kim & 
Osseo-Asare [24] studied the thermodynamic stability 
of REEs (Ce, La, and Nd) in a H₂SO₄-based leaching 
system for the extraction of REEs from monazite. 
Ahmat et al. [25] focused on the thermodynamic 
stability of yttrium in acid leaching systems using 
H₂SO₄, HCl, and HNO₃ to represent REE leaching from 
liquid crystal display (LCD) electronic waste. 
Meanwhile, Isehaq [26] utilized Pourbaix diagrams to 
investigate REE extraction from bastnaesite. All the 
Pourbaix diagrams were generated using HSC 
Chemistry software. To the best of the authors' 
knowledge, no study has been conducted to explore 
the thermodynamic stability of REEs from ion 
adsorption clay in a salt solution system. 

Therefore, this paper aims to construct Pourbaix 
diagrams (Eh–pH diagram) for three most abundant 
REEs present in Malaysian ion adsorption clay – 
lanthanum (La), neodymium (Nd), and yttrium (Y) 
[10], [27], [28]. La and Nd are selected to represent 
light rare earth elements (LREE), while yttrium is 
chosen as a representative of heavy rare earth 
elements (HREE). The diagrams were developed 
using HSC Chemistry 10.0 software for three different 
leaching solutions: ammonium sulfate (NH4(SO4)2), 
magnesium sulfate (MgSO4), and aluminum sulfate 
(Al2(SO4)3), with concentrations ranging from 0.05 to 
0.6 M and leaching temperatures between 25 and 80 
°C, to observe the thermodynamic behavior of both 
LREE and HREE under various leaching conditions. 
 
 
2.0 METHODOLOGY 
 
Construction of Pourbaix diagram using HSC 
Chemistry 10.0 software. The thermodynamic analysis 
of REEs was carried out using HSC Chemistry 10.0 
software, which involved Pourbaix diagram 
construction. These diagrams provide information 
about the stability of REE based on redox potential 
(Eh) and pH. In these diagrams, the preferred REE 
species are typically in their soluble ionic forms (REE3+) 
when the leaching solution is introduced. This region 
of the diagram provides insights into the pH and Eh 
conditions where REE3+ ions remain in their ionic form 
within the leaching solution, avoiding undesired 
reactions or precipitation as insoluble compounds. 

HSC Chemistry software uses thermodynamic data 
and computational algorithms to generate the 
Pourbaix diagrams, incorporating a database of 
thermodynamic properties like Gibbs energies (ΔG) 
and equilibrium constants. To generate the Pourbaix 
diagram, users define specific details such as the 
chemical species of REEs and their concentrations, 
the types of leaching solutions and their 
concentrations, as well as the pressure and 
temperature of the system. The software then uses 
this information to calculate various properties and 
equilibrium constants relevant to the specified 
conditions. By analyzing the Gibbs energy (ΔG) 
values across different ranges of Eh and pH, the 
software determines the stability boundaries for the 
different REE species. Subsequently, it plots these 
stability regions on the diagram, where REEs exist as 
soluble species (REE3+) and the regions where they 
may precipitate as insoluble compounds under given 
leaching conditions. This diagram helps researchers in 
optimizing the leaching process for efficient REE 
extraction. 

In the Pourbaix diagram, the redox potential (Eh) 
is usually measured on the Eh scale based on the 
Standard Hydrogen Electrode (SHE) [29], which 
indicates the system's ability to gain or lose electrons. 
Higher potentials (E > 0) promote electron removal, 
typically near the anode in an electrochemical cell 
or with certain oxidizing agents. Conversely, lower 
potentials (E < 0) facilitate electron supply, such as 
with a cathode electrode or certain reducing 
agents. Meanwhile, the pH value of a system 
indicates its capacity to provide protons (H+) to the 
species involved. Under acidic conditions (pH < 7), 
there is a high proton concentration, whereas under 
alkaline conditions (pH > 7), the proton 
concentration is low. Figure 1 shows an example of a 
Pourbaix diagram developed by Lin et al. [22] for 
bastnaesite leaching in H2SO4 at 25 °C.  

 

 
Figure 1 Pourbaix diagram for bastnaesite leaching in H2SO4 
at 25 °C 
 
 

From Figure 1, the line in the Pourbaix diagram 
represents the chemical reactions [24, 26]: 
• Horizontal lines: Reactions that are involved 

with electrons but are independent of pH. 
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• Vertical lines: Reactions that are involved with 
H+ and OH− ions but are independent of 
electrons. 

• Diagonal lines: Reactions that are involved with 
both electrons and H+ and OH− ions. 

• Dotted lines: The chemical stability area of 
water. 

Table 1 presents the input parameters obtained 
from relevant literature sources, which were used to 
generate the Pourbaix diagram. The selected 
parameters were based on studies that investigated 
the effect of these parameters on the leaching 
efficiencies of REEs through experimental work. The 
thermodynamic analysis was divided into two parts. 
In the first part, the study examined how the stability 
of La, Nd, and Y was affected by different 
concentrations of (NH4)2SO4, MgSO4, and Al3(SO4)3 at 
25 °C. After determining the minimum concentration, 
which reflects the most thermodynamic stable 
condition, the second part of the analysis explored 
the impact of varying leaching temperatures on the 
stability of La, Nd, and Y in (NH4)2SO4, MgSO4, and 
Al3(SO4)3.  

The generation of Pourbaix diagrams has certain 
limitations, as it can represent only a single element in 
a single solvent, excluding multiple elements and 
potential impurities, which may introduce 
uncertainties due to the assumptions made during 
diagram construction. Since this study focuses on 
diagram generation, further validation with 
experimental data is needed to gain a more 
comprehensive understanding of the 
thermodynamic behavior under specific leaching 
conditions. 

 
Table 1 Input parameter for Pourbaix diagram generation 
 

Parameters Input parameters Literature 
sources 

REE 
concentration 
(Molality) 

• Lanthanum (La): 
0.005 m 

• Neodymium (Nd): 
0.004 m 

• Yttrium (Y): 0.004 
m 

[28], 
[27], [10] 

Type of leaching 
solution 

• Ammonium 
sulfate, (NH4)2SO4 

• Magnesium 
sulfate, MgSO4 

• Aluminum sulfate, 
Al2(SO4)3 

[14], 
[15], 
[16], 
[17], 
[18], [19] 

Leaching solution 
concentration 
 (M) 

• 0.05, 0.1, 0.15, 0.2, 
0.3, 0.35, 0.4, 0.45, 
0.5, 0.55, 0.6 

[30] 

Leaching 
temperature (°C) 

• 25, 30, 40, 50, 60, 
70, 80 

[31] 

 
 
3.0 RESULTS AND DISCUSSION 
 
Effect of leaching solution concentration on REE 
stability. The leaching solution concentration directly 
impacts thermodynamic stability of REEs during the 

leaching process. Higher leaching solution 
concentrations influence the pH and redox potential 
(Eh) of the system, affecting the stability of different 
REE species. At certain concentrations, the leaching 
solution promotes the formation soluble ionic forms 
(REE3+) without causing undesired reactions or the 
precipitation of insoluble compounds, thereby 
enhancing extraction efficiency. However, excessive 
concentrations of the leaching solution can 
precipitate REEs into insoluble compounds, reducing 
their recovery and purity [32]. Thus, carefully 
controlling the leaching solution concentration is 
essential for optimizing REE extraction processes and 
obtaining high yields of valuable REE products. 

 
1. Thermodynamic stability of La, Nd, and Y in 

(NH4)2SO4 solution. 
 
The maximum thermodynamic stability region for 

La3+ was observed at 25 °C between the 
concentration range of 0.05 to 0.25 M of (NH4)2SO4 
solution and under acidic conditions, with a pH 
range of 0 to 5.8. Figure 2 illustrates Pourbaix 
diagrams for the La–S–N system in 0.05 M (NH4)2SO4 at 
25 °C, as well as for concentrations of 0.1 M, 0.15 M, 
0.2 M, and 0.25 M. When the concentration of 
(NH4)2SO4 solution increased to 0.3 M, the 
thermodynamic stability region of La3+ decreased 
due to the formation of lanthanum nitrate complex 
(LaNO32+), as depicted in Figure 3. The 
thermodynamic stability region of LaNO32+ expanded 
when the concentration of (NH4)2SO4 solution 
increased from 0.35 to 0.6 M while the stability region 
of La3+ remained consistent. This effect is depicted in 
Figure 4, representing the Pourbaix diagram for the 
La–S–N system in a 0.6 M (NH4)2SO4 solution. 

LaNO32+ forms when La3+ reacts with nitrate ions 
(NO3−), as shown in Equation 2. The presence of NO3− 
in the system can be attributed to the nitrification 
process in which NH4+ ions are oxidized to NO2− ions, 
followed by further oxidation to NO3− ions by nitrifying 
bacteria [31–33]. The overall nitrification process is 
represented by Equation 3. Consequently, as 
(NH4)2SO4 concentration increased, NH4+ 
concentration also increased, providing more 
opportunities for NH4+ ions to be oxidized by nitrifying 
bacteria. This led to a higher production of NO3− ions, 
ultimately facilitating the formation of more LaNO32+ 
ions. Nitrification plays a vital role in the natural 
nitrogen cycle, in which nitrifying bacteria thrive in 
the presence of ammonia ions [36]. 
 
La3+ + 2NO3-→LaNO32+ 2 
2NH4+ + 3O2-→ 2NO3- + 2H2O 3 
 
The maximum thermodynamic stability region for 
Nd3+ was observed within the concentration range of 
0.05 M only under acidic conditions with a pH range 
of 0 to 5, as depicted in Figure 5. However, when the 
concentration increased to 0.1 M, the 
thermodynamic stability region of Nd3+ decreased 
due to the formation of neodymium nitrate complex 
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(NdNO32+), as illustrated in Figure 6. The 
thermodynamic stability region of NdNO32+ 
expanded when the concentration of (NH4)2SO4 
solution increased from 0.1 to 0.6 M while the stability 
region of Nd3+ remained consistent. This effect is 
depicted in Figure 7, representing the Pourbaix 
diagram for the Nd–S–N system in a 0.6 M (NH4)2SO4 
solution. NdNO32+ forms when Nd3+ reacts with NO3−, 
in which the presence of NO3− in the system is due to 
the nitrification process, as explained earlier. 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 2 Pourbaix diagrams of the La–S–N system in 0.05 M 
(NH4)2SO4 at 25 °C 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3 Pourbaix diagrams of the La–S–N system in 0.3 M 
(NH4)2SO4 at 25 °C 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4 Pourbaix diagrams of the La–S–N system in 0.6 M 
(NH4)2SO4 at 25 °C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Pourbaix diagrams of the Nd–S–N system in 0.05 M 
(NH4)2SO4 at 25 °C 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6 Pourbaix diagrams of the Nd–S–N system in 0.1 M 
(NH4)2SO4 at 25 °C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7 Pourbaix diagrams of the Nd–S–N system in 0.6 M  
(NH4)2SO4 at 25 °C 
 
 

Additionally, the stability region for Y3+ is maintained 
across the entire concentration range from 0.05 to 
0.6 M under a pH range of 0 to 4.2. This suggests that 
Y3+ forms stable ionic species that are less influenced 
by changes in concentration. Figure 8 depicts the 
Pourbaix diagram illustrating the Y–S–N system in a 
0.05 M solution of (NH4)2SO4, as well as for 
concentrations ranging from 0.1 M to 0.6 M. 
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Figure 8 Pourbaix diagrams of the Y–S–N system in 0.05 M  
(NH4)2SO4 at 25 °C 

 
 
The thermodynamic stability region of La3+, Nd3+, 

and Y3+ ions in (NH4)2SO4 solution was observed to be 
stable within an acidic pH range between 0 to 5.8. 
These results were supported with the findings of Chai 
et al. (2020), who determined that a pH of 4.0 was 
optimal for the experimental leaching of REEs using 
an ammonium solution. This preference for acidic pH 
was attributed to the increased solubility of REE ion in 
the leaching solution under such conditions [32]. The 
acidic pH of the leaching solution played a crucial 
role in keeping the REEs in a dissolved state as ions, 
preventing their precipitation as insoluble 
compounds. In addition, by maintaining the pH in the 
acidic range, certain competing ions in the clay such 
as aluminum (Al) and iron (Fe) tended to remain in 
their less soluble forms, thereby reducing their 
interference with REE extraction from the clay and 
facilitating for more effective separation and 
extraction of REEs [38]. 
 
2. Thermodynamic stability of La, Nd, and Y in 

MgSO4 solution. 
 
The maximum thermodynamic stability regions for 

La3+, Nd3+, and Y3+ were consistently observed in 
MgSO4 solutions across all concentrations, ranging 
from 0.05 to 0.6 M, at a temperature of 25°C. Figure 9 
depicts the Pourbaix diagrams, showing the 
thermodynamic stability region of La3+ at 0.05 M 
within the pH range of 0 to 5.8, as well for 
concentration ranging from 0.1 M to 0.6 M. Similarly, 
Figure 10 illustrates Nd3+ at 0.05 M within the pH range 
of 0 to 5 while Figures 11 for Y3+ at 0.05 M within the 
pH range of 0 to 4.2.  

The consistent maximum thermodynamic stability 
region observed for La3+, Nd3+, and Y3+ in MgSO4 
solutions across various concentrations could be 
primarily attributed to the presence of Mg2+ ions in 
the leaching solution. These findings were supported 
by Chen et al. [31], who demonstrated that the use 
of a 0.23 M MgSO4 leaching solution achieved a 
higher REE leaching efficiency of 96.19% after the 
application of the second stage leaching, 

compared to only 93.87% with a 0.23 M (NH4)2SO4 
solution. In contrast to NH4+ ions in (NH4)2SO4 solution, 
Mg2+ ions possess a higher charge, which allows them 
to contribute significantly to the ionic strength of the 
solution. Consequently, this increase in ionic strength 
led to a reduction in the activity coefficient of La3+, 
Nd3+, and Y3+. This reduction in the activity coefficient 
was a crucial factor in ensuring La3+, Nd3+, and Y3+ 
were maintained in ionic forms and prevented 
undesired reactions or precipitation of insoluble 
compounds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Pourbaix diagrams of the La–S–Mg system in 0.05 M   
MgSO4 at 25 °C 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 10 Pourbaix diagrams of the Nd–S–Mg system in 0.05 
M MgSO4 at 25 °C 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
Figure 11 Pourbaix diagrams of the Y–S–Mg system in 0.05 M 
MgSO4 at 25 °C 
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3. Thermodynamic stability of La, Nd, and Y in 

Al2(SO4)3  solution. 
 
The thermodynamic stability region of La3+ in 

Al2(SO4)3 leaching solution at 25 °C was represented 
by a little formation of LaSO4+ complex species across 
all the concentrations ranging from 0.05 to 0.6 M. 
Figure 12 represents the Pourbaix diagrams showing 
the thermodynamic stability region of La3+ at 0.05 M 
within the pH range of 0 to 5.8. The formation of 
LaSO4+ complex species is due to the formation of a 
coordination complex between La3+ and SO42− ions. 
Coordination complexes are compounds in which a 
central metal ion is surrounded by ligands (atoms, 
ions, or molecules) that donate electron pairs to the 
metal ion, forming coordinate bonds [39]. In this 
case, the SO42− ion functions as a ligand, that donate 
electron pairs to La3+ resulting the formation of a 
complex of +1 charge which is LaSO4+.  

However, when the concentration of Al2(SO4)3 
increased, more sulfate ions (SO42−) were available to 
react with La3+, promoting the formation of LaSO4+ 
species, resulting to a slight expansion of the stability 
region of LaSO4+. This effect is illustrated in Figure 13 
for La-S-Al system in 0.6 M Al2(SO4)3. The 
thermodynamic stability region of La3+ in Al2(SO4)3 
solution decreased, mainly due to the increased 
formation of LaSO4+ within the pH range of 5-6. The 
presence of complex species like LaSO4+ can 
influence the purity of REE and may affect REE 
extraction efficiency. 

Similarly, the thermodynamic stability of Nd3+ in 
Al2(SO4)3 is affected by the formation of 
Nd2(SO4)3∙8H2O. Figure 14 represents the Pourbaix 
diagrams for Nd3+ in Al2(SO4)3 at 0.05 M,  within the 
acidic pH range of 0 to 5. The formation of Nd2(SO4)3 
indicates that two Nd3+ ions are reacted with three 
SO42− ions. This formation is hydrated, meaning that it 
is associated with water molecules, resulting in the 
formation of Nd2(SO4)3∙8H2O.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 12 Pourbaix diagrams of the La–S–Al system in 0.05 M 
Al2(SO4)3  at 25 °C 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 Pourbaix diagrams of the La–S–Al system in 0.6 M 
Al2(SO4)3 at 25 °C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 14 Pourbaix diagrams of the Nd–S–Al system in 0.05 M  
Al2(SO4)3  at 25 °C 

 
 
In this compound, water molecules are physically 

trapped within the crystalline lattice and present as 
part of the crystal structure. As the concentration of 
Al2(SO4)3 increased, more SO42− ions became 
available, promoting the formation of the 
Nd2(SO4)3∙8H2O, and thus expanding its stability 
region. Consequently, this expansion led a decrease 
thermodynamic stability region of Nd3+ in Al2(SO4)3 
solution. This effect is illustrated in Figure 15 for Nd-S-Al 
system in 0.6 M Al2(SO4)3.  

In contrast, the thermodynamic stability region of 
Y3+ in Al2(SO4)3 solution remained consistent across all 
concentrations ranging from 0.05 to 0.6 M and within 
the pH range of 0 to 4.2. This effect is depicted in 
Figure 16 for Y-S-Al system in 0.05 M Al2(SO4)3. It 
highlights the stable nature of Y3+ in the Al2(SO4)3 
where it did not form significant complexes or 
undergo chemical reactions with the SO42− ions in the 
leaching solution. 
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Figure 15 Pourbaix diagrams of the Nd–S–Al system in 0.6 M 
Al2(SO4)3 at 25 °C 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 Pourbaix diagrams of the Y–S–Al system in 0.05 M 
Al2(SO4)3  at 25 °C 

 
 
A summary of the findings on the effect of 

leaching solution concentration on the 
thermodynamic aqueous stability of La, Nd, and Y in 
three different types of leaching solutions revealed 
that the most effective leaching solution was MgSO4. 
This solution consistently exhibited the maximum 
thermodynamic stability region for La, Nd, and Y 
across all tested concentrations without the 
formation of unwanted reactions within their stability 
region. The stability trend of La, Nd, and Y in the three 
leaching solutions followed a consistent pattern, with 
increasing stability observed in the order of La > Nd > 
Y for all the concentrations tested from 0.05 to 0.6 M. 
 
Effect of leaching temperature on REE stability. The 
thermodynamic stability region of La3+, Nd3+, and Y3+ 
was investigated at a leaching temperature range of 
25 to 80 °C by using (NH4)2SO4, MgSO4, and Al2(SO4)3 
leaching solutions. In this study, the minimum 
concentration of 0.05M was selected for each type 
of leaching solution which represents the most 
thermodynamically stable condition. With the 
increasing temperature, the thermodynamic stability 
regions of La3+, Nd3+, and Y3+ in the three leaching 
solutions decreased. The REE3+ region underwent a 
noticeable shift, leading to a reduction in the width 

of its stability region. Pourbaix diagrams, represented 
by Figure 17 and Figure 18 elucidates the trend of 
decreasing thermodynamic stability region for La3+ 
ions in the MgSO4 leaching solution at 0.05 M, as the 
temperature increased from 25 to 80 °C, as well for 
Nd and Y. The same trend was also observed in the  
(NH4)2SO4 and Al2(SO4)3 solution The thermodynamic 
stability increasing in the order of La > Nd > Y for all 
the leaching temperatures tested from 25 to 80 °C. 
 
 

 
 
 

 
 
 
 
 

 
Figure 17  Pourbaix diagrams of the La–S–Mg system in 

0.05 M MgSO4  at 25 °C 
 

 
Figure 17 Pourbaix diagrams of the La–S–Mg system in 0.05 
M MgSO4 at 25 °C 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 18 Pourbaix diagrams of the La–S–Mg system in 0.05 
M MgSO4 at 80°C 

 
 
As the temperature rises, the thermal energy within 

the system increases, resulting in greater molecular 
motion. This increased molecular motion facilitates 
more frequent collisions between REE ions and other 
ions present in the leaching solution. Consequently, 
the reaction rates between ions and surrounding 
molecules or ions increase, leading to increased 
occurrences of complexation, precipitation, and 
redox reactions. Figures 18 shows the increased 
formation of insoluble compounds such as La(OH)3 as 
the temperature increased to 80 °C. These 
precipitation reactions exemplify the generation of 
insoluble compounds in the leaching solution. 
Equation 4 illustrates a precipitation reaction wherein 
La3+ ions react with hydroxide ions (OH−) to form 
La(OH)3. 

 
La3+ + 3 OH-→ La(OH)3. 4 
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Figure 18 also exhibit the increased formation of LaO+ 
due to complexation reactions when the 
temperature increased to 80 °C . In these reactions, 
La3+ ions coordinate with ligands, such as water 
(H2O), which can donate lone pairs of electrons. The 
interaction between the metal ions and the water 
ligands creates stable complexes, facilitated by the 
establishment of coordination bonds [40, 41]. Overall, 
these observations highlight the significant impact of 
temperature on the thermodynamic stability of REE 
ions in the leaching solution. From this study, a 
leaching temperature of 25 °C has been determined 
to be optimal in this study, enabling ion-exchange 
leaching to be conducted at ambient temperature 
without requiring additional heat. The findings were 
consistent with the experimental data from Chen et 
al. [31], who suggested using room temperature for 
column leaching REEs from ion adsorption clay using 
MgSO4 solution, while Yanfei et al. [42] 
recommended 25 °C for the same leaching process 
since the leaching efficiency of REEs was virtually 
constant after 30 minutes in the temperature range 
used. 
 
Thermodynamic Data. In the context of chemical 
reactions, ΔG represents the difference in Gibbs 
energy between the products and the reactants. It 
determines whether a chemical reaction can 
proceed spontaneously or whether an external 
energy input is needed [43]. If ΔG is negative (ΔG < 
0), the reaction is exergonic and occurs 
spontaneously, releasing energy. On the other hand, 
if ΔG is positive (ΔG > 0), the reaction is endergonic 
and does not occur spontaneously without the input 
of energy. In the process of constructing a Pourbaix 
diagram, the stability boundaries on the coordinate 
axes were established by analyzing the Gibbs energy 
(ΔG) of various equilibria. The ΔG data was based on 
the enthalpy, entropy, and heat capacity values 
taken from the HSC Chemistry 10.0 software 
database [23]. Table 2 shows the ΔG values for La3+, 
Nd3+, and Y3+ ions at different temperatures. 

At 25 °C, La3+, Nd3+, and Y3+ exhibited the smallest 
ΔG values among the considered temperatures. This 
negative ΔG value signifies energetically favorable 
formation, leading to increased stability of these ions 
in the leaching solution. As a result, at 25 °C, all three 
REE ions (La3+, Nd3+, and Y3+) are thermodynamically 
stable. This is further supported by the maximum 
stability region of La3+, Nd3+, and Y3+ on the Pourbaix 
diagram, which corresponds to 25 °C. Moreover, the 
lower ΔG value for La3+ compared to Nd3+ and Y3+ at 
any given temperature suggests that La3+ is the most 
stable among the three REEs under those specific 
conditions. This is evident from the Pourbaix diagram, 
where La3+ exhibits the widest stability region 
spanning from pH 0 to 5.8, whereas Nd3+ has a 
stability region from pH 0 to 5, and Y3+ from pH 0 to 
4.2 in the three types of leaching solution. 

 
 
 
 
 

Table 2 Thermodynamic data from HSC Chemistry 10.0 
software 

 
Temperature 

(°C) 
ΔG°T (kcal/mol) 

La3+ Nd3+ Y3+ 
25 -163.997 -160.205 -163.788 
30 -163.912 -160.106 -163.668 
40 -163.735 -159.897 -163.427 
50 -163.549 -159.678 -163.184 
60 -163.355 -159.449 -162.938 
70 -163.153 -159.211 -162.690 
80 -162.943 -158.964 162.440 

 
 
4.0 CONCLUSION 
 
This study employed a thermodynamic stability 
approach using Pourbaix diagrams generated with 
HSC Chemistry 10.0 software to investigate REE 
behavior in ion adsorption clays. The findings provide 
valuable insights into optimizing REE extraction under 
various leaching conditions. Among the leaching 
solutions tested, MgSO₄ exhibited the most favorable 
thermodynamic stability for La, Nd, and Y across all 
concentrations (0.05–0.6 M) within an acidic pH 
range of 0–5.8, with any unwanted chemical species 
forming in this region. Temperature was found to 
significantly influence REE stability: as the 
temperature increased, the thermodynamic stability 
regions of La³⁺, Nd³⁺, and Y³⁺ narrowed, with a 
noticeable shift in the REE zones. The most optimal 
condition was observed at 25 °C, allowing ion-
exchange leaching to occur at ambient 
temperature without the need for additional heating, 
thus supporting energy-efficient processing. These 
results have important implications for the design of 
more efficient and sustainable REE leaching 
strategies, particularly from ion adsorption clay 
sources. The Pourbaix diagram approach serves as a 
predictive tool for selecting appropriate leaching 
conditions and can guide future experimental 
validation and process optimization in rare earth 
extraction research.  
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