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Abstract: The leaching processes for metals using organic substances represent a sustainable approach
to recover precious minerals from solid matrices. However, the generation of organometallic species
and the lack of thermodynamic diagrams make it difficult to advance the understanding of their
behavior and optimize the process. In this work, a thermodynamically and stoichiometrically
consistent mathematical model was developed to estimate the thermodynamic stability of organic
substances during the leaching process, and iron leaching with oxalic acid was used as a case study.
The Pourbaix and the global thermodynamic stability diagrams for the system were developed in
this study. Using a Gaussian®, it was estimated that the Gibbs free energy formation for Fe(C2O4)

2−
2 ,

Fe(C2O4)
1−
2 , and Fe(C2O4)

3−
3 was −1407.51, −2308.38, and −3068.89 kcal/mol. A set of eleven

independent reactions was formulated for the sixteen species involved in the leaching process, and
its stability functions in terms of Eh and pH were calculated to generate a 3D global thermodynamic
stability diagram. According to the Eh-pH diagrams for the leaching process, ferrioxalate was
identified as the most stable and predominant species in the leaching process at pH above 6.6 under
reductive conditions. The mathematical model developed in this work resulted in a thermodynamic
tool for predicting leaching processes.

Keywords: organic leaching; Eh-pH diagrams; stability; Pourbaix; iron; free energy; oxalates; 3D
Eh-pH diagrams

1. Introduction

Metal resources are found in complex and low-grade ores, in old waste deposits related
to mining work sites [1], and in other sources such as electronic waste, which generates
between 20 and 50 million tons per year worldwide, with an average annual growth rate of
3% to 5%, three times higher than that of other solid waste [2]. Likewise, it is estimated
that, each year, more than 10 billion tons of mining tailings are produced worldwide [3].

Adopting a sustainable approach to the circular economy system and evaluating
that the production of materials from primary sources has more negative environmental
impacts than secondary sources [4], the scarcity of natural resources leads to a projection
of the closure of approximately 15 Chilean hydrometallurgical plants before 2030 [5]. The
recovery of metals from residual solid matrices is proposed as an alternative through
leaching processes. These can be defined as the selective removal and extraction of metal
species from an ore or solid matrix, caused by allowing a suitable leaching agent solvent
to percolate into and through the matrix containing the metal values. Leaching is used in
metallurgy and frequently extracts minerals such as gold, silver, and copper at an industrial
level [1].

Numerous studies have been conducted on the leaching of metals from solid matrices,
such as minerals, ashes, e-waste, and batteries, using organic acids. The most common
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organic lixiviants are oxalic acid, citric acid, DL-malic acid, tartaric acid, succinic acid,
formic acid, lactic acid, and aspartic acid [6].

The mobilization and leaching of metals from solid matrices by organic acids are based
mainly on two mechanisms, acidolysis and complexolysis. In acidolysis, solubilization
occurs via metal protonation of the species on the solid matrix surface. During acidolysis,
the acid dissociates and releases the protons. The protons (H+) protonate the anion of the
insoluble metal compounds, and the metal is detached from the surface. In complexation,
organic acids create ligands with the leached metal and form soluble metal complexes
with different stabilities depending on the organic acid structure. If the ligand formed is
stable, the probabilities of adsorption and reversibility of the metal into the solid matrix are
reduced, and the leaching is more favorable [7].

In the case of iron leaching from kaolin clay with oxalic acid (H2C2O4), the first step of
the oxidation occurs when the H+ ions of the oxidizing agent are deposited on the surface of
iron oxides (>FeIII-O), forming active sites (>FeIII-OH) in the kaolin particle [8]. The second
step occurs when a ligand complex of oxalate (L−n) is deposited on the sites previously
activated in the first step. The third step is called non-reductive dissolution, which consists
of a simple process of desorption of the ferric ions adsorbed on the surface ([>FeIII-L]−(n−2)])
and their transfer to the acid solution. The nonreductive dissolution mechanism removes
only the most reactive sites on the oxide surface as a stable oxalate species. The number of
active sites increases with decreasing pH and increasing temperature [8,9].

The computational prediction and evaluation of the performance of a process towards
its optimization require a mathematical model that represents the consumption, production,
and species stability. There is a lack of understanding of many of the chemical phenomena
that take place, increasing the difficulty of predicting the effect of process alterations on
the required processing time and product composition [10]. Studies support decision-
making based on knowledge to manage the operating mode of the leaching process,
fundamentally supported by the phenomenological behavior of the chemical system, from
which operational conditions are derived at the macroscopic level [11].

Likewise, Saldaña et al. developed a method to model, sensitize, and optimize mineral
recovery in cells using a discrete event simulation framework and analytical model tuning,
based on operational data from a mineral concentration pilot plant. The incorporation of the
characterization of the matrix and its chemical behavior could strengthen machine-learning
models to control the process [12].

To overcome some of the difficulties and ambiguities of the standard thermodynamic
description of complex chemical systems, Fishtik proposed methodologies for the ther-
modynamic coupling of chemical reactions, showing that the fundamental equations of
chemical thermodynamics may be reformulated in terms of a particular class of chemical
reactions, called response reactions (RERs), using a matrix approach. This methodology
could expand the quantitative and qualitative knowledge of intricate systems, such as
organometallic species involved in mineral processing.

In the design and operation of mineral beneficiation processes, such as leaching, in
which oxidation–reduction reactions, acid–base reactions, ligand formation, temperature,
or pressure occur, it is necessary to have Pourbaix or Eh-thermodynamic diagrams: pH,
where Eh represents the oxidation–reduction potential based on the standard hydrogen
potential, while pH represents the activity of the hydrogen ion [13].

The most widely used acids in leaching processes on an industrial scale are sulfuric
and phosphoric acid. Other authors report experimental studies of mineral removal where
organic acids, such as oxalic acid and ascorbic acid [10,14] are used. It is considered that
oxalic acid has a higher potential for the removal of mineral species, given its complexing
behavior and its selectivity [15].

The thermodynamic aspects of leaching have been studied in a limited way and are
commonly applied to ideal conditions since there are no reference data for the calcula-
tion of the global stabilities of the species involved in the process and the number of
physicochemical interactions that occur between process variables [16,17].
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Pourbaix diagrams are used to simplify the analysis and generate a rapid understand-
ing of the behavior of leaching systems in solid matrices [18], which can be constructed
theoretically by calculating the global stability, as exposed by Fishtik [19–21].

In the literature, authors such as Schmidt et al. [22], Fishtik [19], and Panias [23]
proposed a matrix methodology for the thermodynamic analysis of metal species using a
matrix analysis based on the concept of the general stability of chemical species in multiple
chemical reaction systems. However, no results were reported for organic or organometallic
species in the leaching processes.

Therefore, in this study, a mathematical model was developed to estimate the ther-
modynamic stability of organic substances in leaching processes, allowing the generation
of Pourbaix diagrams to establish adequate operational conditions, optimize the recovery
of metals from solid matrices, and find the species more stable in each set of operating
conditions used.

2. Materials and Methods
2.1. Obtention of the Independent Reaction System for the Leaching Process

The concept of global stability of the species was used to construct the Pourbaix
diagram (Eh-pH), according to the methodology proposed by [19]. In the first stage, a set of
independent stoichiometric reactions representing the redox behavior of the system was
formulated from the species involved, adding the three species that participated in the
reactions: electrons (e−), H+ (aq), and H2O (l). An ideal aqueous solution was assumed for
the ionic species.

To obtain the set of independent reactions, the stepwise reduction matrix method in
the atomic matrix proposed by Recklaitis [24] was used, in which e−, H, O, Fe, and C2O4

2−

were taken as reference “elements”. For this study, an “element” is a molecular or ionic
species that makes up one of the species involved in the reaction system.

A system formed by n species in the liquid or solid phase Bi (i = 1, 2, . . . , n) was
considered, where each species has an activity coefficient ai (i = 1, 2, . . . , n). A fixed
temperature of 25 ◦C and a constant pressure of 101.3 kPa were taken as references. Gi
(T, P, a1, . . . , an) was defined as the partial Gibbs free energy of the species. If the matrix
element εij (i = 1, . . . , n; j = 1, . . . , s) is defined as the number of elements Ej (j = 1, . . . , s) in
the species Bi, the following vectors are generated:

B = (B1, B2, . . . , Bn)T (1)

E = (E1, E2, . . . , En)T (2)

G =
(
G1, G2, . . . , Gn

)2 (3)

where B = ε E. ρ = νB = 0 is defined as a vector of independent chemical reactions formed by
the linear combination of a matrix of stoichiometric coefficients ν, of dimensions nxm, and
the vector of species B, as previously described, in such a way that: ρ = (ρ1, ρ2, . . . , ρm)T,
where m represents the number of independent chemical reactions between the species of
the system.

2.2. Gibbs Free Energy of Formation Calculations

Calculations of the Gibbs free energy of formation for the aqueous oxalate species
Fe(C2O4)

2−
2 , Fe(C2O4)

1−
2 , and Fe(C2O4)

3−
3 were performed with Gaussian 09. The energies

of the studied compounds were calculated using two theoretical methods of Gaussian-n
model chemistry at the G3 [25] and G4 [26] levels. The energies were calculated by G3 and
G4 at 0 K.

To execute the Gaussian calculation routines, the program was administered to the
SGE manager of the distributed computing resources so that these resources were used in
the most efficient way by a group of users in a computing cluster [27].
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2.3. Obtention of the Pourbaix Diagram

Using the concepts of chemical thermodynamics, the changes in free energy of a
thermodynamic system with chemical reactions were evaluated using the expression:

∆G = νG (4)

where, for each reaction ρm, the Gibbs free energy change was given by:

∆Gj = ∆G0
j (T, P) + RT ln

n

∏
i=1

avij
i = 0; (5)

which is an implicit function of the pH and the oxidation–reduction potential Eh, given
the functional relationship of the activity coefficient with the H+ ions and the electrons
transferred during the progress of all of the reactions ρm.

The global thermodynamic stability was defined, for each substance involved in the
process, as a vector of n components of the form:

Σ = νT(ννT)−1 ∆G. (6)

where
Σ = Σ(T, P, pH, Eh) (7)

The pH and Eh values that minimized the vector of global stabilities of the species (Σ),
representing points of thermodynamic stability, which are plotted on a plane, were allowed
to establish the stability regions, generating a stability diagram for a leaching process. The
species with the lowest overall stability is the dominant species

To gather the set of points, a MATLAB routine was programmed. The calculation
routines comprised 3 phases, which included: creating an independent stoichiometric
system from the substances to be evaluated in the thermodynamic study; calculating the
global thermodynamic stability functions using symbolic variables; and evaluating the
coordinates of the triple points and the lines of the Pourbaix diagram through combinatory
cycles by minimizing the stability functions of the substances to be evaluated. Finally, with
the data found, the Pourbaix diagram was elaborated.

3. Results and Discussions

Pourbaix diagrams were used to evaluate the regions of the stability of materials
subjected to different conditions from potential and pH in aqueous environments. However,
the exploration of leaching processes and the increasing complexity of chemical systems
pose challenges in performing thermodynamic analysis in multidimensional systems [28].

In this study, the leaching of minerals from iron species in in the presence of oxalic
acid as an organic leaching agent was taken as a case study. During the leaching process, a
set of complex organometallic species, such as Fe(C2O4)

2−
2 , Fe(C2O4)

1−
2 , and Fe(C2O4)

3−
3

are formed, since oxalic acid is a complexing agent with metallic species. These iron ox-
alates have different degrees of stability depending on their chemical structure, sometimes
generating reversibility processes that result in iron deposition on the surface of the ore
during the leaching processes [9,29,30]. Since this fact is undesirable, it is desirable that the
leaching favors the formation of stable organometallic compounds in an aqueous solution,
which allows the effective removal of metallic species. There is no Pourbaix diagram
for the iron–oxalic acid–water system in the reviewed literature, nor are there complete
thermodynamic data on its Gibbs energies of formation [8,31].

Although other species of oxalates can be formed with the iron atom during the acidol-
ysis and complexation stages, a previous doctoral study [32] found that the Fe(C2O4)

2−
2 ,

Fe(C2O4)
1−
2 , and Fe(C2O4)

3−
3 species are the most stable and the most abundant during

the leaching processes. This evidence was confirmed in other scientific studies, in which
similar results were found using photolysis techniques [31,33].
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3.1. Gibbs Free Energy of Formation of Species

One of the limitations of carrying out studies on thermodynamic stability in systems of
multiple species is the estimation of the Gibbs energies of formation of each one. Although
there are handbooks that consolidate the thermodynamic data of the best-known species,
some of the molecules, especially organometallic ones, do not have data available; therefore,
they must be estimated using computational calculations by software such as Gaussian.

The Gibbs free energy of formation for Fe(C2O4)
2−
2 , Fe(C2O4)

1−
2 , and Fe(C2O4)

3−
3

was estimated using Gaussian 09 software (Gaussian., Inc., Wallingford, CT, USA), as
shown in Table 1.

Table 1. List of Gibbs free energies of formation for the calculation of thermodynamic stabilities.

Species ∆G
◦

f (kcal/mol) Source

Fe 0.00 [19,34]
Fe2+ −21.88 [35]
Fe3+ −4.11 [19]

FeC2O4 −1407.51 [14,32]
Fe(C2O4)

2−
2 −2308.38 This study

Fe(C2O4)
1−
2 −3068.89 This study

Fe(C2O4)
3−
3 −3753.88 This study

FeOOH −117.07 [19]
Fe(OH)2 −116.39 [36]

Fe3O4 −242.65 [36]
C2O2−

4 +7281.06 [36]
HC2O−4 +1541.17 [35]
H2C2O4 −166.52 [35]

e− 0.00 [19]
H+ 0.00 [19]

H2O −56.58 [35]

3.2. Independent Reaction System Estimation

The Pourbaix analysis was limited to three or fewer elements in previous studies
found in the literature, largely because calculating the electrochemical phase stability of
higher composition spaces was proved to be inefficient with existing methods [28]. Two
different approaches may be used to construct an Eh-pH diagram. One is to calculate the
equilibrium equations manually between pairs of species and to construct the diagram by
plotting the resulting equilibrium lines. The other is to perform the equilibrium calculations
from all of the involved species at each point in a grid then to select the predominant
species at each point [13].

The methodology used in this study spends only 4.5 min to calculate the species stability
and estimate the Eh-pH diagram for 16 species and involves the creation of an independent
reaction system from an atomic matrix using a linear algebra approach [24]. The formulation
of the atomic matrix is shown in Table 2. It consists of an arrangement in which the species
involved in the system are found in rows and the reference elements in columns.

In this matrix arrangement, chemical species are usually represented as an inventory
of the chemical elements that compose them. Since, in this case, the oxalate ions are
not degraded to simpler molecules or even their atoms, they were taken as a reference,
assuming that they fulfill the same role as a chemical element. Fishtik suggested this
simplification in his research on thermodynamic stability [20].

Table 3 shows the independent reaction matrix obtained for the iron–oxalic acid–water
system used as a case study. Eleven independent reactions were obtained after performing
a matrix reduction process of the atomic matrix using the Matlab software (Matlab R12,
MathWorks, Natick, MA, USA). These reactions explain the stoichiometry of the leaching
process and serve as the basis for the formulation of thermodynamic stability functions for
each species.
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Table 2. Atomic matrix formulated for the leaching-related species. In the columns, e−, H, O, Fe, and
C2O4

2− were taken as reference elements.

Species Bi e− H O Fe C2O42−

Fe 1 1 0 0 0 0
Fe2+ 2 −1 1 0 0 0
Fe3+ 3 0 2 1 0 0

FeC2O4 4 0 0 0 1 0
Fe(C2O4)

2−
2 5 0 2 0 0 1

Fe(C2O4)
1−
2 6 −2 0 0 1 0

Fe(C2O4)
3−
3 7 −3 0 0 1 0

FeOOH 8 0 0 0 1 1
Fe(OH)2 9 2 0 0 1 2

Fe3O4 10 1 0 0 1 2
C2O2−

4 11 3 0 0 1 3
HC2O−4 12 0 1 2 1 0
H2C2O4 13 0 2 2 1 0

e− 14 0 0 4 3 0
H+ 15 2 0 0 0 1

H2O 16 1 1 0 0 1

Table 3. Independent reaction matrix (ν) obtained for the iron–oxalic acid–water system.

ν B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

ρ1 −1 1 0 0 0 0 0 0 0 0 0 0 0
ρ2 −1 0 1 0 0 0 0 0 0 0 0 0 0
ρ3 −1 0 0 1 0 0 0 0 0 0 0 0 −1
ρ4 −1 0 0 0 1 0 0 0 0 0 0 0 −2
ρ5 −1 0 0 0 0 1 0 0 0 0 0 0 −2
ρ6 −1 0 0 0 0 0 1 0 0 0 0 0 −3
ρ7 −1 0 0 0 0 0 0 1 0 0 0 0 0
ρ8 −1 0 0 0 0 0 0 0 1 0 0 0 0
ρ9 −3 0 0 0 0 0 0 0 0 1 0 0 0
ρ10 0 0 0 0 0 0 0 0 0 0 1 0 −1
ρ11 0 0 0 0 0 0 0 0 0 0 0 1 −1

In each row from Table 3, a negative value represents the stoichiometric coefficient
of a reactant, and a positive one the coefficient of a product. Table 4 summarizes the
stoichiometric representation of the eleven independent reactions for the iron–oxalic acid–
water system.

Table 4. Stoichiometric representation of the eleven independent reactions for the iron–oxalic acid–
water system.

Independent Reaction Stoichiometric Reaction

ρ1 Fe→ Fe+2 + 2e−

ρ2 Fe→ Fe+3 + 3e−

ρ3 Fe+2 + C2O−2
4 → FeC2O4

ρ4 Fe+2 + 2C2O−2
4 → Fe(C2O4)

2−
2

ρ5 Fe+3 + 2C2O−2
4 → Fe(C2O4)

1−
2

ρ6 Fe+3 + 3C2O−2
4 → Fe(C2O4)

3−
3

ρ7 Fe + 2H2O→ FeOOH + 3H+ + 3e−

ρ8 Fe + 2H2O→ Fe(OH)2 + 2H+ + 2e−

ρ9 3Fe + 4H2O→ Fe3O4 + 8H+ + 8e−

ρ10 H2C2O4 → H+ + HC2O−4
ρ11 HC2O−4 → H+ + C2O−2

4



Metals 2022, 12, 1424 7 of 11

These independent reactions explain the formation or the interaction of each species
involved in the process. For example, reactions 1–2 explain the speciation of iron as redox
reactions, reactions 3–6 explain the reactions between iron species and oxalate to generate
multiple iron oxalate complexes, reactions 7–9 explain the oxidation reactions of iron to
generate oxides and hydroxides, and reactions 10–11 represent the oxalic acid dissolution.
The reactions coincide with the previous results found in the reviewed literature. However,
when expressing a purely stoichiometric and independent system, it is not necessary that
the eleven reactions coincide with the reaction mechanisms that occur in the experimental
reality of this process since the changes in free energy will be the same, given the law of
conservation of matter [9,31,37].

3.3. Stability Functions and Pourbaix Diagrams

For each species, the global thermodynamic stability (Σi) was calculated as a function
of the pH and the redox potential Eh, using the software developed in MATLAB and
applying the matrix expression shown in Equation (6). The stability functions obtained for
the system are listed in Equations (8)–(20):

Σ1 = 0.1167(pH) + 2.3964(Eh) + 4.5059 (8)

Σ2 = 0.1167(pH) + 0.3964(Eh) + 3.5571 (9)

Σ3 = 0.1167(pH)− 0.6036(Eh) + 4.3276 (10)

Σ4 = 0.0615(pH) + 0.5200(Eh)− 2.3316 (11)

Σ5 = 0.0615(pH) + 0.5200(Eh)− 41.3973 (12)

Σ6 = 0.0062(pH)− 0.3564(Eh)− 20.1779 (13)

Σ7 = −0.0490(pH)− 0.2327(Eh) + 4.3163 (14)

Σ8 = −0.0606(pH)− 0.6036(Eh) + 4.3450 (15)

Σ9 = −0.0015(pH) + 0.3964(Eh) + 4.3745 (16)

Σ10 = −0.1227(pH)− 0.8109(Eh) + 12.8268 (17)

Σ11 = −0.0552(pH) + 0.1236(Eh) + 23.9049 (18)

Σ12 = 0.0039(pH) + 0.1236(Eh) + 23.6525 (19)

Σ13 = 0.0630(pH) + 0.1236(Eh) + 23.5784 (20)

These stability functions, understood as scalar fields, make up a set of three-dimensional
planes whose intersections define stability regions and boundaries of an Eh-pH diagram.
The intersection of two planes represents a boundary line as a function of Eh and pH
variables, and the simultaneity of the three planes indicates a point on a 2D display of a
Pourbaix diagram.

Using a species combinatorics’ algorithm two by two and three by three, it was
possible to obtain the triple points and boundaries of the Eh-pH diagram for the iron–oxalic
acid–water system using a calculation routine in the MATLAB software. The points that
generated a solution in the domain of real numbers are shown in Figure 1.

According to the Pourbaix diagram, the stability regions include metallic iron (Fe),
oxidized iron species (Fe+2, Fe+3), goethite (FeOOH), and only one of the three iron oxalates,
namely, ferrioxalate, Fe(C2O4)

3−
3 .

Along with the stability boundaries between the species, the numerical value of the
global stability is shown in colors. It was found that for leaching processes at acidic pH and
under oxidative conditions, Fe+2 is the most stable species. When the leaching pH alka-
linizes and approaches values above 6.6, the ferrioxalate species becomes more stable and
predominant in the system. It subsequently complexes the iron into a thermodynamically
stable structure.
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Studies reported by [29], in which iron species removal processes were performed
in kaolin, suggest that at concentrations of Fe+3 greater than 10−6 M, an iron complex is
exclusively formed. The Fe+3 oxalate complexes are more stable than the Fe+2 complexes
according to the order of magnitude of their respective formation energies. This fact was
verified by [8], who verified this fact through equilibrium-constant calculations and found
that the dissociation constant is 3 × 10−21 and that of 2 × 10−8.

Figure 2 shows the 3D surface of the global thermodynamic stability diagram obtained
for the iron–oxalic acid–water system at 25 ◦C and 101.3 kPa as a function of Eh and pH.
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The topology of the global thermodynamic stability diagram shows how the species
become predominant at specific Eh and pH during the leaching process. The overall stable
species is ferrioxalate, followed by Fe+2. On a 3D overall Pourbaix diagram, only the planes
with the lowest value of the overall stability should be present.

The ferrioxalate molecule is described in Figure 3. One of the explanations for its
stability is the orientation of the oxalate coordination around the iron atom. The repulsion of
oxygen atoms locates the oxalate bonds symmetrically, and the iron center in the ferrioxalate
anion has a distorted octahedral geometry. If compared with other iron oxalates, such
as Fe(C2O4)

2−
2 and Fe(C2O4)

1−
2 , the Gibbs free energy of formation for ferrioxalate was

estimated as the lowest, which demonstrates its further thermodynamic stability. In the
absence of light or other radiation, the ferrioxalate complex is quite stable
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According to the mathematical model developed in this article, the overall stability
of the species may be considered as an exact, complete, and unique thermodynamic and
stoichiometric balance in the system. Calculating the global stabilities of the species as
a function of the pH and the redox potential Eh, as well as the global stability diagram,
represents a thermodynamic tool for predicting the leaching processes. This tool establishes
the practical limits of the leaching processes and consequently allows for optimizing the
operative variables or defining the control points during automation on an industrial scale.

Although the leaching processes are a crucial stage in metal recovery processes, the
techniques adopted are somewhat empirical, and only a few works have analyzed the
processes from a thermodynamic point of view before their implementation. This work
provides a thermodynamic approach for developing efficient processes and reduces the
consumption of resources used in research, which benefits future research in practical
applications.

Pourbaix diagrams are a valuable tool for exploring the corrosion profiles of materials
as a function of ambient pH and electrochemical potential (Eh). In multicomponent systems,
these diagrams serve as a tool to assess the chemical behavior of catalysts in mining
processes to predict the ease or operational conditions of leaching processes. However,
Pourbaix analysis was limited to three or fewer elements, largely because calculating the
electrochemical phase stability of higher composition spaces was proved to be ineffective
with the traditional methods reported in the literature [28].

4. Conclusions

In this work, a model was developed to estimate the thermodynamic stability of
organic substances in leaching processes, and iron leaching with oxalic acid was used
as a case study. The Pourbaix and the global thermodynamic stability diagrams for the
iron–oxalic acid–water system that were not previously reported in the literature were
developed in this study. Using computational calculations, it was possible to estimate the
Gibbs free energy of formation for Fe(C2O4)

2−
2 , Fe(C2O4)

1−
2 , and Fe(C2O4)

3−
3 as −1407.51,

−2308.38, and −3068.89 kcal/mol. A set of eleven independent reactions was formulated
for the sixteen species involved in the leaching process, and its stability functions in terms
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of Eh and pH were calculated to generate a 3D global thermodynamic stability diagram.
According to the Eh-pH diagrams for the leaching process, ferrioxalate was identified as
the most stable and predominant species in the leaching process at a pH above 6.6 and
reductive conditions (Eh < 0). The mathematical model developed in this work resulted
in a thermodynamic tool for predicting leaching processes, with a particular focus on
organometallic species where organic acids are used as the leachate agents.
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