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Abstract: Rare earth elements comprise a group of 17 chemically similar elements, which increases
the difficulty of separating them by traditional methods. For this reason, hydrometallurgy has been
the most used method. However, it is important to evaluate the efficiency of the leaching processes
used because, in addition to depending on the operating parameters of the leaching, they also depend
on the mineralogical composition of the sample. In the present work, the extraction of Ce and La
contained in the ferrocarbonatite mineral from the north of Mexico was studied. For the leaching
tests, several leaching agents were used (HCl, H2SO4, HNO3, and H3PO4 in different concentrations
(0.5 [M], 1 [M], 1.5 [M]) and the temperature was modified to 20, 40, and 60 ◦C. A maximum recovery
of 70% for Ce and La was obtained using HCl 1M in 4 h. The results of the kinetic study of the
experiments showed that the best fitting model according to these kinetic models was the SCM
controlled by a chemical reaction.

Keywords: leaching; kinetics; lanthanum; cerium; ferrocarbonatite ores

1. Introduction

According to Ford et al. (2023), rare earth elements consist of a group of 15 elements
(La, Ce, Pr, Nd Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y, and Sc) which are classified
into light rare earths (LREE), from La to Gd, and heavy rare earths, which include elements
from Tb to Lu plus Y. According to these researchers, rare earths are considered critical
metals, and their production is necessary for a low-carbon economy to be established, since
among the applications of this type of metals is the manufacture of batteries [1].

REEs represent around 0.015% of the composition of the Earth’s crust, with average
values ranging from 10 to 500 ppm. Although they exist in abundance in the Earth’s
crust, their respective levels of concentration constitute an important limiting variable
for developing economically feasible exploitation. The United States Geological Survey,
the principal compiler of data on the REEs, estimates that worldwide reserves total some
120 million tons. China has the largest reserves, approximately 37%, followed by Brazil
and Vietnam, each wdith 18%, Russia with 15%, India with around 6%, Australia with
3%, and the U.S. with 1% [2]. Of these reserves, the majority of global REE production
currently comes from four minerals: bastnäsite, monazite, xenotime, and loparite. In
China, bastnäsite constitutes the largest percentage of global REE production, followed by
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monazite in Australia and India, loparite in Russia, and xenotima in Malaysia. These rare
earth-containing minerals are mainly associated with igneous rocks (alkaline rocks and
carbonatites) [3].

As mentioned earlier, China is the main producer of REE worldwide since it produces
more than 60% of these metals from deposits that are related to carbonatite, an element
which also contains metals considered critical, such as Nb, Th, and Sc. According to
researchers, carbonatite deposits can be divided into three types: primary magmatic,
hydrothermal type, and eroded carbonatite crust type [4]. The carbonatite deposits contain
at least 15 different earth minerals identified as silicocarbonatite, magnesiumcarbonatite,
ferrocarbonatite, and calciumcarbonatite, among others, which are concentrated by flotation
with acid-based collectors [5].

Some researchers have established that the enrichment of REE in these mineral species
is due to the fractional crystallization of large amounts of calcites, which are incompatible
with REE, associated with barite and alkaline silicates [6].

Carbonatite deposits generally contain high concentrations of LREE; some researchers
have reported carbonatite deposits with high concentrations of Fe and LREE [7]. When
carbonatite is rich in iron, it is called ferrocarbonatite [8]. Derived from the above, some
researchers have reported that iron has a negative effect during the leaching processes
of rare earths, which is why it is important to study the influence of iron in leaching
systems [9].

Regarding their properties, the REEs appear together in nature due to their similar
physicochemical characteristics: except for Ce+4 and Eu+2, which have similar ionic radius,
they are all trivalent ions (state of oxidation +3). This similarity allows for some REEs to be
substituted for others in certain crystalline networks. This explains why multiple elements
of this group may be present in the same mineral ore. This set of chemical elements has
specific magnetic, optical, and conductive properties that make them unique and, for this
reason, coveted by modern industry [10].

REEs belong to a group of elements that are very difficult to separate using traditional
techniques because, as mentioned above, they possess such similar chemical properties.
The method most used in recovery, then, involves hydrometallurgy [2]. This means that
it is extremely important to evaluate the efficiency of the leaching processes utilized, as
this depends largely on the precise mineralogical composition of the sample ore and
related operative parameters, including the nature of the acid used, its concentration,
temperature, reaction time, and the presence of impurities. The acids that can be utilized in
decomposition processes include H2SO4 [11,12], HNO3 [13], HCl [14], and H3PO4 [15].

Innocenzi and Veglió (2012) proposed a two-stage hydrometallurgical process for
sequential leaching: the first stage is performed with H2SO4 at 2 [M], at a temperature in a
range of 80–85 ◦C, and a time of 3 h. The second requires H2SO4 at 1 [M], at a temperature
of 25 ◦C for one hour of contact. Extraction after running both stages can be as high as 99%
of the REEs present in the ore. Selective precipitation with NaOH, adjusted to pH < 1.5, is
used to obtain precipitated solids with recovery rates of REEs that approach 80% [16].

Studies by Kim et al. (2016) assessed the recovery process of lanthanum and cerium
utilizing hydrochloric, sulfuric, and nitric acid. Their leaching tests revealed that the best
agent for REEs is hydrochloric acid at ambient temperature and pressure, as recovery rates
of 92 and 94% were registered [17]. Shen, Y., Jiang, Y., and Qiu, X. (2017), meanwhile,
proposed a new and easier process for the selective leaching of trivalent REEs from the
tetravalent cerium in the mineral bastnäsite. Their experiments explored the effects of acid
concentration, leaching time, and temperature on the efficiency of leaching REEs from
hydrothermally treated leached slag, followed by complete leaching with nitric acid at
4.0 mol/L. The specific surface area of the final leached slag was 57.7 m2/g, approximately
650 times greater than the brute mineral. Finally, they carried out selective leaching of
RE (III) (>90%) without utilizing an organic dissolvent during extraction. There, the lowest
Ce (IV) value occurred in the leached slag (>92%) [18].
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Xu et al., 2019 studied the efficiency of extracting REEs from nitric acid leach solutions
of phosphate ores using solvent extraction with a new amide extractant denominated
TODGA. When the concentration of extractant increased to 0.1 mol/L, the extraction
rates of lanthanum, cerium, praseodymium, and neodymium were found to be 98.1%,
99.1%, 98.8%, and 98.6%, respectively. The recovery rate reached 99.9% when a three-stage
countercurrent extraction was carried out on the simulated leach solution. There was
almost no extraction of other impurity ions, and the rare earths could be separated with
TODGA from Ca2+, Fe3+, and Mg2+ [19].

Liu F., Porvali, A., Halli, P., Wilson, B., and Lundström, M. (2020) systematically
analyzed and compared two processes. During the leaching stage, they studied the effect
of increasing the concentrations of H2SO4 or HCl, determining that, while both can suc-
cessfully promote the leaching of REEs, the HCl solutions extracted a broader range of
metals. After leaching, they applied the oxalate and sulfate double precipitation methods
to separate the REEs from the leached elements using HCl or H2SO4. Their results suggest
that that they achieved precipitation rates of REEs < 99% with oxalate, but the purity of the
products containing them was affected significantly by impurities like Fe and Co [20].

Echeverry Vargas, L. (2022) studied distinct leaching conditions with HCl and H2SO4,
attaining the maximum degree of extraction of cerium, lanthanum, and neodymium,
and demonstrating that the highest extraction of these elements was accomplished with
H2SO4 [21]. Table 1 presents the results of a literature review on the methods mentioned
above for leaching processes based in acid to extract REEs.

Table 1. Leaching conditions using different aqueous solutions.

Solution Concentration Temperature, ◦C Time, h Reference

H2SO4 15% 100 2 [22]
HNO3 3 M 25 8 [23]
HNO3 2.5% 25 0.25 [24]

HCl 1.5 M 85 1 [25]
H2SO4 275 4.3 [26]
H2SO4 0.01 M 24 20–22 [27]
H2SO4 10% 2 20 [28]
H2SO4 1 g/L 24 [29]
H2SO4 10–30% 50 2 [30]
H2SO4 10% 60 1–2 [31]

HCl
1.5 M 80 0.33 [32]H2SO4

HNO3
HNO3 36% 72

1 [33]H2SO4 and H3PO4 90–10% 72
HCl 2 M

25 3 [34]H2SO4 4 M

It is very important to mention that there are no research studies about Mexican REE
deposits, and none related to leaching of REEs contained in Mexican ferrocarbonatites.

In this context, research on the leaching of REEs (contained in Mexican ferrocarbon-
atite ore) has focused on (1) determining the feasibility of treating this type of mineral
through acid leaching and (2) evaluating, thermodynamically and kinetically, the Ce and
La dissolution in these types of minerals.

Although La and Ce are the most abundant elements of REEs, their study has been
increasing due to their applications in the manufacture of new alloys with high mechanical
properties. Therefore, it is expected that the demand for La and Ce will continue to rise in
the coming years [35,36]

Systematic studies of the kinetics of the leaching of REEs are, however, scarce, so it is
necessary to explore this topic from both the mineralogic and kinetic perspectives during
processes designed to leach REEs to increase leaching rates.
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2. Materials and Methods

To carry out the tests, a mineral from the north of Mexico was used. It was ground
in a ball mill (Model BINCO Inc., PO BOX 6339, North St Paul, MN, USA) and screened
to obtain a particle size of less than 0.106 mm (Tyler 150 Mesh). After, a magnet was
then used to separate the magnetic fractions containing ferromagnetic minerals from the
paramagnetic and non-magnetic minerals containing the REEs. All particles were cleaned
with deionized water. After each collection, non-magnetic particles were filtered, dried,
and weighed for their respective content analysis of the elements of interest. Samples were
analyzed using an energy dispersive XRF spectrometer to determine the percentage of REEs
for the non-magnetic fraction obtained from the mentioned magnetic separation process.

The elemental chemical composition was determined using the X-ray fluorescence
technique (XRF, Panalytical Epsilon) (Malvern Panalytical, Worcestershire, UK). This tech-
nique detects (in the equipment model used in this work) concentrations above 0.002%,
with a precision of 0.001%. The presence of La and Ce was confirmed using a quadrupole
mass spectrometer (QMS, Thermo iCAP Q) (Thermo Fisher Scientific, Waltham, MA, USA).
The phases present in the mineral were determined using an X-ray diffractometer (XRD,
Brucker D8) (Bruker, Billerica, MA, USA). Petrographic analysis was carried out by select-
ing representative rock samples of the mineral, and for this, a Carl Zeiss Axio Scope A.1
microscope (Carl Zeiss AG, Baden-Württemberg, Germany) was used. This step involved
identifying the textural characteristics and alterations of the mineralogical species.

Leaching Tests

Three series of leaching tests were carried out using the non-magnetic fraction of the
mineral. The experiments were carried out in Erlenmeyer flasks under magnetic stirring
with an S/L (solid to liquid) ratio of 1/6 (50 g of sample in 300 mL of solution) and a
stirring speed of 400 rpm.

The first series consisted of leaching experiments using different acid solutions (HCl,
H2SO4, H3PO4, H2SO4 with HNO3) at different molar concentrations (0.5, 0.5, 2.3, 0.5 + 0.1 M)
for 1 h at room temperature. These concentrations were chosen within the range reported
in the literature.

In the second series of experiments, the dissolution of Ce and La (Fe, Ca, and P) with
respect to time was evaluated. In this series, only HCl and H3PO4 (both at 1 M) were used,
since they are the ones that offered the best results in the first series.

The third series was carried out using only HCl at different temperatures (0, 20, 40
and 60 ◦C) in order to determine the activation energy in this aqueous medium.

3. Results and Discussion
3.1. Characterization

Table 2 shows the chemical analysis of the non-magnetic fraction sample used in this
study. From the analysis, total element oxides for XRF in % and elements for QMS in ppm
are reported.

Table 2. Chemical analysis of samples used in the experimental part.

By XRF, % By QMS, ppm

FeO CaO SiO2 PO2 ZnO CeO LaO Ce La

30.09 12.55 9.04 2.35 1.79 0.253 0.163 2280 1470

It is important to mention that the non-magnetic fraction represents 50% of the sample.
Even so, the high iron content indicates the presence of this element in the form of magnetite
(magnetically separated) and other non-magnetic species such as hematite, goethite, or
wustite. The content of Ce and La, in quantities that add up to a little more than 0.4%, are
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equivalent to 4160 ppm or 4.16 kg/ton. It should also be mentioned that, in the previous
balance, the non-magnetic fraction contains 80% of these rare earths.

To determine the mineral species present in the sample, X-ray diffraction analysis was
carried out. The results are shown in Figures 1 and 2. Figure 1 shows the different mineral
species of iron oxides. The analysis shows that the main phase present is wustite (FeO), also
highlighting Fe-bearing (ferroan) dolomite and franklinite, and a presence of magnetite
was also detected.
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Figure 2 shows other mineralogical species that contain the elements obtained in
the XRF analysis. The main species detected were wollastonite, quartz, and the presence
of apatite.
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According to the literature, this type of mineral corresponds to a ferrocarbonatite,
where rare earth elements can be associated with phosphate-type minerals, such as apatite,
in the form of monazite. To confirm the type of association of phosphates with other
mineral rocks, the cleanest sample of iron oxides was obtained for petrographic analysis.
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The petrographic analyses of the thin sections revealed predominant mineralogy. Ob-
servations included occasional euhedral and fibrous altered crystals. Figure 3 presents
six microphotographs that correspond to the samples analyzed. From the optical perspec-
tive, all samples present similar characteristics. The relief is quite high, with a very low
birefringence, interference colors up to first-order orange, and a parallel extinction. The
analysis showed that they were biaxial with a negative optical sign. The 2 V angle oscillated
from 36 to 60, and the extinction angle from 0 to 44. Alterations were observed mainly in
the crystals rich in phosphates, likely due to the presence of apatite and/or monazite.
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phosphates, apatite, calcite and quartz is observed. Abbreviations: Wo = wollastonite; Ap = apatite;
Pho = phosphates; Cal = calcite; Qz = quartz.

The optical characteristics observed under transmitted light petrographic microscopy
made it possible to elucidate that the mineralization present was composed principally
of altered wollastonite and phosphates (Figure 3a–f), with traces of calcite, quartzes, and
opaque minerals. The petrographic analysis did not reveal the presence of mineral phases
like granites, diopside, pectolite, or other minerals found in deposits of the Skarn type;
thus, the proposal is that this mineralization is of magmatic origin, associated with alkaline
magmatism in the study zone.

The phosphates of REEs form during the late stages of the hydrothermal process, in
association with the generation of altered apatite (Figure 3a,b). These are, once again, phases
rich in REEs, during which the separation of La and Ce occurs, forming small aggregates
of cumulate texture [22]. These are very abundant minerals, usually of acicular shape,
distributed in growing radials, very often associated with apatite or monazite (Figure 3b–d).
In addition, the traces of apatite have been altered along the limits of their grain to form
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an intergrowth type of corona made up of iron oxides (pale orange due to the alteration
(Figure 3b).

Two types of apatite can be distinguished based on mineralogical studies:
Apatite 1: this type is found as intergrowth with magnetite. Euhedral crystals form;

they can range in diameter from a few millimeters to a few centimeters. Their color
generally appears to be yellow or light pink with different intensities. Only rarely are they
seen to be pallid. This type correlates strongly with magnetite (Figure 3f).

Apatite 2: This apatite differs from Type I because its texture is finer and has less
transparence and accumulation. Apatite II is characterized by very fine grains and a size
that varies from 10 to 200 µm. This type occurs in the form of subhedral to anhedral crystals
in the lenses with different-sized, thick veins that cut through the magnetite apatite mineral
(see Figure 3a,b).

Considering the above, it is possible to deduce that the REEs (La and Ce) can be found
hosted in apatite Ca5(PO4)3(OH,F,Cl), partially replacing calcium within its crystalline
structure, or perhaps in the form of monazite, (Ce,La)PO4, associated or included in apatite.
This type of association has been reported in carbonatite-type minerals [20].

3.2. Leaching

Leaching tests were carried out at distinct concentrations of HCl, H2SO4, H3PO4,
and H2SO4+HNO3. The objective was to determine the concentration most indicated
for dissolving the REEs, as shown in Figure 4. The comparison of the leaching trials
with the different acid solutions demonstrated that the best result was achieved with
hydrochloric acid (HCl) at 1 M, as this produced over 50% extraction for both elements in a
time of one hour. The findings further show that leaching with phosphoric acid (H3PO4)
permitted obtaining extractions near 50%. However, this result was reached only at high
concentrations of 2.3 M. The results of extraction with sulfuric acid were around 45%.
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Figure 4. Extraction of La and Ce at different types of leaching solutions (temperature = 25 ◦C;
leaching time = 1 h).

The principal reactions of the REEs with sulfuric acid during leaching are described
below (reactions and Gibbs free energy obtained from HSC Software 6.1). Chemical
compounds are considered simplified or separated from the formula of the mineral (apatite
or monazite).

2CePO4 + 3H2SO4(ia) = Ce2(SO4)3 + 2H3PO4(a) ∆G25 ◦C = −36.04 kJ (1)

2LaPO4 + 3H2SO4(ia) = La2(SO4)3 + 2H3PO4(a) ∆G25 ◦C = −97.45 kJ (2)
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From the results, the major La and Ce quantity was dissolved when they were treated
with HCl and H3PO4. According to HSC Software 6.1, the following chemical reactions can
be proposed:

CePO4 + 3HCl(ia) = CeCl3(a) + H3PO4(a) ∆G25 ◦C = −7.96 kJ (3)

LaPO4 + 3HCl(ia) = LaCl3(a) + H3PO4(a) ∆G25 ◦C = −51.4 kJ (4)

CePO4 + H3PO4(a) = CeH2PO4
2+ + HPO4

2− ∆G25 ◦C = +48.64 kJ (5)

LaPO4 + H3PO4(a) = LaH2PO4
2+ + HPO4

2− ∆G25 ◦C = +4.04 kJ (6)

To determine which species can predominate under the conditions of the selected
acids, predominance diagrams were obtained using the Medusa software version 2.2.5.2.
Ce and La molar concentrations were used for diagram construction and calculated from
the chemical analysis (Table 2) and experimental conditions (50 g in 300 mL) at 25 ◦C.
Figure 5 shows the species of Ce and La in a 1 M HCl medium. In both cases, both Ce and
La were found predominantly as CeCl2+ and LaCl2+ ions at acidic pH (less than seven).
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So, the reactions can be rewritten as

CePO4 + 3HCl(ia) = CeCl2+ + 2Cl− + H3PO4(a) ∆G25 ◦C = −11.68 kJ (7)

LaPO4 + 3HCl(ia) = LaCl2+ + 3Cl− + H3PO4(a) ∆G25 ◦C = −55.47 kJ (8)

Figure 6 shows the predominance diagrams for Ce and La using H3PO4. At pH of
less than 1.5, the predominant species were Ce3+ and La3+. At pH between two and four,
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the species were CeH2PO2+
4 and LaH2PO2+

4 . Therefore, given that leaching ends at a pH
of three for this medium, these species are present in the leaching solution. These species
coincide with those shown in the reaction products of Equations (5) and (6).

Minerals 2024, 14, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 6. Predominance diagrams of (a) Ce and (b) La in a 1 M H3PO4 aqueous medium. 

Therefore, according to the species distribution diagrams, the dissolution of La and 
Ce is thermodynamically possible under the acids considered in the present work and 
according to the works cited in the literature. 

3.3. Kinetics 
Extraction tests (in triplicate) were carried out with respect to time only for the two 

cases of the highest extraction observed in Figure 4, that is, H3PO4 and HCl. Figure 7 shows 
the extraction of the elements that make up the apatite with La and Ce and the behavior 
of Fe, with respect to time, using H3PO4. The Ca and P curves follow the same trend until 
180 min, reaching a dissolution of 95 and 75%, respectively. La and Ce dissolve following 
a similar trend until reaching an extraction of 47% at 180 min, after which it decreases. In 
the case of Fe, it is observed that it dissolves gradually, dissolving 16 and 28% at 180 and 
240 min, respectively. The results indicate that phosphoric acid almost completely dis-
solves the compounds or mineral species that contain calcium (calcite, apatite, monazite). 
The achieved dissolution of 75% phosphorus extraction indicates the dissolution of the 
apatite and monazite species. The fact that only a 47% extraction of La and Ce has been 
achieved indicates that there is still undissolved monazite, and perhaps there is a presence 
of these rare earths in another mineral species less reactive to acid. 

Figure 8 shows the extraction behavior of the elements of interest using HCl. The Ca 
and P curves follow the same trend (similar slope), reaching a maximum extraction of 96 
and 88% respectively, after 240 min of reaction. In the case of La and Ce, it is interesting 
to note that they practically have the same extraction behavior, and that both reach an 
extraction of 70% at 240 min. In the case of iron, the dissolution obtained was 20% at the 
mentioned time. 

Figure 6. Predominance diagrams of (a) Ce and (b) La in a 1 M H3PO4 aqueous medium.

Therefore, according to the species distribution diagrams, the dissolution of La and
Ce is thermodynamically possible under the acids considered in the present work and
according to the works cited in the literature.

3.3. Kinetics

Extraction tests (in triplicate) were carried out with respect to time only for the two
cases of the highest extraction observed in Figure 4, that is, H3PO4 and HCl. Figure 7 shows
the extraction of the elements that make up the apatite with La and Ce and the behavior of
Fe, with respect to time, using H3PO4. The Ca and P curves follow the same trend until
180 min, reaching a dissolution of 95 and 75%, respectively. La and Ce dissolve following a
similar trend until reaching an extraction of 47% at 180 min, after which it decreases. In
the case of Fe, it is observed that it dissolves gradually, dissolving 16 and 28% at 180 and
240 min, respectively. The results indicate that phosphoric acid almost completely dissolves
the compounds or mineral species that contain calcium (calcite, apatite, monazite). The
achieved dissolution of 75% phosphorus extraction indicates the dissolution of the apatite
and monazite species. The fact that only a 47% extraction of La and Ce has been achieved
indicates that there is still undissolved monazite, and perhaps there is a presence of these
rare earths in another mineral species less reactive to acid.
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Figure 7. Leaching in a phosphoric acid medium (H3PO4 = 1 M; T = 40 ◦C; S/L = 1/6).

Figure 8 shows the extraction behavior of the elements of interest using HCl. The Ca
and P curves follow the same trend (similar slope), reaching a maximum extraction of 96
and 88% respectively, after 240 min of reaction. In the case of La and Ce, it is interesting
to note that they practically have the same extraction behavior, and that both reach an
extraction of 70% at 240 min. In the case of iron, the dissolution obtained was 20% at the
mentioned time.
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These results show that hydrochloric acid can dissolve calcium species almost entirely;
they also indicate a greater dissolution of phosphorus-containing species. Consequently,
greater extraction of rare earths is obtained. On the other hand, the relatively low ex-
traction of iron coincides with the slower dissolution of the predominant species of this
element, hematite.

A kinetic analysis was conducted to determine the model that can best be applied
to this process of mineral dissolution. The results of the chemical analyses obtained
from the leaching experiments with respect to time were used to evaluate the kinetic
models and determine the one with the best adjustment. Studying kinetic behavior or
model is important for designing or broadening the leaching process, since it describes the
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dissolution rates of phosphorous, calcium, iron, lanthanum, and cerium using solutions of
hydrochloric (HCl) and phosphoric acids (H2PO3) as leaching agents.

Many authors assume that heterogeneous reaction kinetics for most of the metal’s
extraction process can be interpreted by using shrinking models. Of these, the shrinking
core model (SCM) is the most used model for describing the kinetics in leaching pro-
cesses [37–44]. In this case, the following steps are identified during the leaching: diffusion
of the leaching agent through the thin liquid film surrounding the particle, diffusion of the
leaching agent through the solid product layer, and reaction on the surface of the unreacted
core. If there is a liquid product, it needs to be evacuated by diffusion through product layer
and liquid film to the bulk of the liquid. As a result, three main mechanisms of liquid film
diffusion, product layer diffusion, and chemical reaction affect the leaching kinetics [37,44].

In the case of present study, the mechanism of the heterogeneous reaction may take
place as follows. Initially, the reactants (the acids) diffuse from the bulk of the aqueous
phase to the interface between the aqueous phase and the solid (mineral sample). If
an additional layer of inert material (iron oxides, mainly) is present at the interface, the
reactants have to overcome the resistance of this layer before reaching the surface of the
monazite (or apatite containing La and Ce).

As scanning electron microscopy (SEM) photographs show (Figure 9), the particle
size maintains the same approximate value after the leaching reaction, assuming that these
particles are mostly iron oxides (as indicated by chemical analysis) and that the minerals
containing La and Ce are released. After 4 h, the EDS spot analysis indicates that there
is no presence of said La and Ce minerals. Therefore, it is possible to affirm that they
were dissolved.
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Figure 9. SEM microphotograph from solid at different leaching times: (a) 0 h, (b) 1 h, (c) 4 h. (d) EDS
of sample at 4 h.

Then, diffusion of the reactant from the interface to the bulk of the host mineral
containing rare earths takes place. Further, chemical reactions between the reactants and
those in this mineral occur. Finally, the products diffuse into the bulk of the aqueous phase.
However, the products of reactions are aqueous species, according to Equations (1)–(8).
Then, reaction can proceed in a topochemical manner, in which the inner core of a REE
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mineral decreases with time. In this case of low particle liberation or low porosity in inert
mineral, the reaction products could be accumulated into porous of the inert material to
form the named “product layer” around the reacting core. So, diffusion is the rate-limiting
step of the reaction. But if the inert material is porous, or there is high particle liberation of
La and Ce minerals, reactants and reaction products (both aqueous) diffuse into the solution
without a layer that slows the reaction. In this case, chemical reaction is the rate-limiting
step of rare earth leaching.

Therefore, to determine the rate-limiting step of the SCM model, the following equa-
tions are considered [35]:

(a) control by the chemical reaction:

kt = 1 − (1 − x)1/3 (9)

where x is the fraction of REEs reacted; it can be calculated from the relationship between
REE concentrations at the different time intervals with respect to initial concentration. k is
the apparent rate constant.

(b) control by the diffusion of the reagents or dissolved species through the aqueous
layer of reaction products. The fraction of REE reacted at any time t can be predicted from
Equation (7):

kt = 1 − 2
3

x − (1 − x)2/3. (10)

The best adjustment model according to these kinetic models is SCM controlled by
the chemical reaction. The obtained graphs show that the experimental data adjust to a
straight line, given that the apparent rate constant will be determined.

Figure 10 shows the decreasing nucleus model versus time for phosphorus, calcium,
iron, lanthanum, and cerium during leaching in a phosphoric acid medium.
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Figure 10. Shrinking model controlled by chemical reaction for leaching in phosphoric acid medium
(H3PO4 = 1 M; T = 40 ◦C; S/L = 1/6).

Figure 11 provides evidence that the kinetics adjust better to the experimental data for
the leaching solution with hydrochloric acid, as this presents a significant approximation to
the tendency line for the cases of lanthanum and cerium.
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Figure 11. Shrinking model controlled by chemical reaction for leaching in hydrochloric acid medium
(HCl = 1 M; T = 40 ◦C; S/L = 1/60).

To determine the activation energy and confirm that the leaching reaction of Ce and
La is governed by the chemical reaction stage, the kinetic constants were determined
at temperatures of 10, 20, 40, and 60 ◦C. For this analysis, only leaching with HCl was
conducted, considering that it is the medium in which the best extraction percentages
were obtained. Figure 12 shows the leaching of Ce and La at the different temperatures
mentioned. The behavior of the two rare earths was similar, confirming that both are found
as phosphates and react in a similar way with the acidic medium. In both cases, as the
temperature increased, the extraction percentage increased. And at each temperature, as
time passed, the amount of the leached component also increased. However, it was also
observed that the percentage of extraction of both rare earths between the temperatures of
40 and 60 ◦C no longer increased proportionally.
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Kinetics apparent rate constants calculated from the shrinking model controlled by a
chemical reaction at different temperatures were used to calculate activation energy (Ea).
The plot of ln k against 1/T (Figure 13) offers a straight line with a slope of −Ea/R and the
intercept of ln k, according to a linearized Arrhenius equation [37]:



Minerals 2024, 14, 504 14 of 17

ln k = ln A −
(

Ea

RT

)
(11)

where k is the apparent rate constant, A is the pre-exponential factor, R is the universal gas
constant, and T is the absolute temperature.
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Figure 13. Activation energies obtained from the linearized Arrhenius equation.

The estimated activation energies from the slope were 205.84 and 184.5 kJ/mol for
La and Ce, respectively. According to Habashi (1999), a chemically controlled process
is usually greater than 10 kcal/mol (41.8 kJ/mol) [35]. The magnitude of the activation
energies clearly confirms that the leaching of La and Ce in a HCl 1 M solution is most likely
controlled by a chemical reaction.

As mentioned above, the rate of dissolution of an element or a compound and the
model that represents its dissolution depend on many factors that do not allow for com-
parisons to be drawn. Table 3 shows some kinetic studies of REE leaching. The most used
kinetic model is the SCM, regardless of the type of material that contains the REE and the
experimental conditions. In most cases, the limiting stage encountered is diffusion in the
product layer. In this sense, formation of solid products is assumed.

Table 3. Kinetic models and apparent activation energies reported in the literature.

Material Conditions Kinetic Model Apparent Activation Energy Ref.

REE in Polishing
Powder Waste HCl, 2 M; S/L ratio, 1/4

Shrinking core model; Control: interfacial
transfer and product layer diffusion (La)

and product layer diffusion
(Ce), respectively

La and Ce leaching,
89.97 kJ/mol and

79.03 kJ/mol, respectively
[39]

REE from
Phosphogypsum

HCl, 1.65 M;
S/L ratio, 1/10

Shrinking core model; Reaction rate
controlled by the interfacial transfer and

diffusion across the product layer

For ∑REE leaching,
20.65 kJ/mol [40]

REE from
Phosphate Rock

H3PO4, 30%;
S/L ratio, 1/12

Shrinking core model;
Fast stage controlled by solid product

layer diffusion; Slow stage controlled by
chemical reaction and

solid product layer diffusion

REE leaching,
11.22 kJ/mol (fast stage).

6.99–10.74 kJ/mol
(slow stage)

[41]
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Table 3. Cont.

Material Conditions Kinetic Model Apparent Activation Energy Ref.

Zircon tailings
containing REE HCl, 2 M; S/L ratio, 1/10 Zhuravlev–Leshokin–Templeman model Light rare earth element

leaching, 25.31 kJ/mol [42]

REE from fire
clay seam Sulfuric acid

Shrinking core model: Chemical reaction
control followed by the formation of a

product layer
27–36 kJ/mol [43]

REE in slag H2SO4, 0.3 M
S/L ratio, 1/67

Shrinking core model: Diffusion through
an ash layer 24.8 kJ/mol [44]

This study HCl, 1 M; S/L ratio, 1/6 Shrinking core model: Chemical
reaction control

205.84 and 184.5 kJ/mol for
La and Ce, respectively

In our case, the chemical reactions presented in Equations (1)–(6) (and supported by
predomination diagrams, Figures 5 and 6) show the formation of aqueous products. So,
the diffusion could occur through a liquid layer. However, the presence of good agitation
conditions and a relatively high volume of solution with respect to the solid component
facilitates, in both conditions, diffusion, so the limiting stage is the chemical reaction. This
is in agreement with the apparent activation energy values obtained in this study.

4. Conclusions

The presence of La and Ce in ferrocarbonatite-type minerals (from the north of Mexico)
was determined. These rare earth elements appear in the form of phosphates, mainly as
monazite associated with apatite.

These phosphates dissolve in an acid medium the efficiency of which depends on the
type of acid and its concentration. The results indicated that the greatest dissolution is
obtained using 1 M HCl and 2.3 M H3PO4. The species resulting from the leaching were
determined thermodynamically using the predominance diagrams of the resulting species.

The extraction of La and Ce by leaching with HCl and H3PO4 is associated with
the dissolution of apatite, given the high dissolution of calcium and phosphorus, which
corroborates the notion that rare earth elements are also present as phosphates. The
percentage of dissolution obtained also indicates that there was good liberation of the
mineral that contains these rare earths at a particle size of less than 150 microns.

Iron dissolution was lower when using HCl (20%) than when using H3PO4 (almost 30%).
This is important to highlight given that the mineral is rich in this element. High concentra-
tions of iron in the solution result in greater difficulties in the recovery of rare earths.

For kinetics, only leaching with HCl was evaluated, as it had better results when
compared with H3PO4 at the same initial concentration (1 M). The results indicated that the
leaching kinetics follow the SCM model and that the limiting step is the chemical reaction,
according to the activation energy values obtained.
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