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Abstract: The problem of the complex use of mineral raw materials is significant in the context of
many industries. In the rare earth industry, in the context of limited traditional domestic reserves
and dependence on imports of lanthanides, an unambiguous and comprehensive solution has not
yet been developed. Promising areas include the involvement of technogenic raw materials in the
industrial turnover. The present study examines the kinetics of the dissolution process of poorly
soluble lanthanide compounds when changing the parameters of the system. The results obtained
reflect the dependence of the degree of extraction of lanthanide on the following variable parameters
of the system: temperature, concentration of the complexing agent, and intensity of mixing. On the
basis of the experiment, the values of the activation energy and the reaction orders were calculated.
The activation energy of the carbonate dissolution process, in kJ/mol, was as follows: 61.6 for cerium,
39.9 for neodymium, 45.4 for ytterbium. The apparent reaction orders of the carbonates are equal to
one. The prospect of using the research results lies in the potential to create a mathematical model of
the process of extracting a rare earth metal by the carbonate alkaline method.

Keywords: carbonate; isotherm; dissolution; rare earth metals; technogenic raw materials; lanthanides;
mud

1. Introduction

The need for the integrated processing of raw materials entails the principles of
environmental law, in terms of both the rational use of resources and the protection of
life and health. The increase in the world population, as well as its consumer abilities, is
accompanied by an increase in production capacity. The high degree of automation and the
development of new technologies requires an increasing number of economic and mineral
resources, which, in turn, pollute the environment. The annual increase in the volume of
human-made waste contributes to an increase in the cost of environmental measures for
the disposal of sludge, their storage, and transportation.

Rare earth metals are essential raw materials for developing industries. However,
methods of producing REM from traditional sources require considerable investment. The
raw materials for producing REM can be minerals such as loparite, monacite, gadolinite,
and pegmatite, etc. Currently, the direction of obtaining rare earth metals from technogenic
raw materials is actively developing, including red mud, phosphogypsum, coal, and ash
slag waste.

According to literary data, a significant amount of La, Ce, Pr, Nd, and other rare
earth elements, with a sum of REM from 0.5 to 2.5 kg/t [1], including from 90 to 110 g/t
Sc2O3 [2], are found in red mud. The data in Ref. [3] indicate the content of scandium,
yttrium, lanthanum, and ytterbium in the feedstock (bauxites). The sum of REM oxides is
more than 1 kg/t.

In the production of 1 ton of fertilizers, 1.5–4.5 tons of phosphogypsum occurs as
non-poisonous, but unsuitable waste. Rare earth metals may be contained in apatite
feedstocks. Due to their conversion to sulphate solutions, rare earth metals gradually pass
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into dumps [4–6]. The accumulation of red mud, which increases up to 1.5 tons per 1 ton
of ore processed, can cause an environmental disaster [7,8]. The amount of stored red mud
wastes is growing every year and may reach up to 200 million tons in the near future. The
costs of the largest companies for the production of mineral fertilizers and aluminum for
environmental protection enterprises will only grow.

The problem of recycling red mud can be solved in various ways, the process diagram
is described in detail by the authors in works [9,10]. Preferably, it is proposed to sinter
sludge [11], use the waste in iron smelting, and use the waste as catalysts of the chemical
industry, as well as in the construction industry [12–14]. Thus, red muds are wastes that
make up a significant share of the costs of production, on the other hand they are valuable
raw materials. The following components of red mud are of great value: iron, titanium,
and scandium, as well as rare earth elements [15]. However, this type of human-made
raw material cannot be used without sufficient dewatering; however, these aspects have
already been considered in the works [16,17].

The vast majority of scientific works are devoted to the extraction of REM from
human-made raw materials using mineral acids (hydrochloric, nitric, and sulfuric acids).
Disadvantages of acid-leaching technologies include the high cost of reagents, insufficient
degree of recovery (mainly from 30 to 80%), as well as the economic inexpediency of
extraction process from solutions by, for example, nitric acid [18]. In works [19–22], aspects
of extraction of rare-earth metals by the method of extraction from various technogenic
sources are considered. With regard to the use of both the acidic treatment of red mud
and the extraction of REM, it is worth noting that such a method is poorly applicable to
highly alkaline red mud. In work [23], the applicability of rare-earth metal sorption is
considered. There is also information on less common methods of extraction, for example,
using nanomaterials [24]. It is the high alkali content that is one of the factors complicating
the processing of this waste.

There are various technologies for processing red mud, in particular, those discussed
in scientific study [25]. Currently, there is a technology of processing red mud using carbon
dioxide, which allows the extraction of scandium [26,27]. The technology of scandium
extraction from red mud using carbon dioxide of exhaust gases was developed [3]. How-
ever, scandium is quite different from lanthanides, so it is not possible to stably recover
lanthanides by the same industrial method.

It should be noted that, in the proposed process modes, the degree of recovery of
lanthanides is unstable and most REM remain mainly in the composition of the sludge. In
order to carry out the complex extraction of REM from sludges, it is necessary to determine
the thermodynamic and kinetic parameters of the lanthanide–carbonate–alkali system.
Using these data, it becomes possible at various stages of the process to transfer rare earth
metals from sludge to solution, separate scandium, and then separate light and heavy
lanthanides. The extraction method makes it possible to obtain extraction of rare-earth
metals, as shown by a number of works [28,29]. When processing phosphate raw materials,
stability of phosphate complexes of lanthanides should be taken into account [30].

Lanthanide ions are very active and form naturally insoluble salts, for example car-
bonates. Low equilibrium constants, related to the following reaction:

Ln2(CO3)3(s) = 2Ln3+ + 3CO2−
3

are presented in Table 1.
Apparently, an excess of carbonate ions is needed to dissolve the slightly soluble salt.

In parallel with displacement, water-soluble complexes are formed. Carbonate treatment of
red mud converts water-insoluble carbonates to stable carbonates, according to Wood and
Millero [31], carbonate complexes of composition Ln(CO3)2]−, by the following reaction:

Ln2(CO3)3(s) = 2Ln3+ + 3CO2−
3 ,

where M is an alkali metal or ammonium cation.
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Table 1. Dissolution constants.

Element logK

La −35.1
Ce −35.3
Pr −34.8
Nd −34.65
Sm −34.5
Eu −35.0
Gd −34.7
Tb −34.2
Dy −34.0
Ho −33.8
Er −33.6
Tm −33.4
Yb −33.3
Lu −33.0

The economy, selectivity, and recoverability of carbonates are the main advantages of
carbonate leaching over acid leaching. The potential use of spent carbonate solutions in the
chemical and agricultural industries is also important.

For mathematical modeling of the process of extraction of rare-earth metals (REM)
from human-made raw materials, the main thermodynamic and kinetic parameters of the
process of carbonation of REM deposits should be determined. The process of dissolving
slightly soluble compounds does not have a thermodynamic prohibition but seems to be
limited by kinetic features.

The aim of the present study is to establish the kinetic parameters of the process of
dissolving carbonates, light lanthanide hydroxides (Ce, Nd), and a member of the heavy
group, REM–ytterbium (Yb).

2. Materials and Methods

Synthetic preparations of lanthanide carbonates and hydroxides were used to study
the kinetic features of complex formation. They are obtained by inorganic synthesis meth-
ods, namely, by precipitation from solutions of the corresponding nitrates of chemically
pure lanthanides. Reliability of composition of obtained REM preparations is confirmed
by analysis of obtained precipitates by methods of X-ray powder diffractometry and X-
ray fluorescence analysis, applicability of these methods is specified in [32]. Part of the
study is performed in Ref. [33]. Precipitation dissolution is carried out in chemically pure
potassium carbonate.

Dissolution of lanthanide carbonates and hydroxides was carried out in static mode at
the HEL Auto-MATE Reactor System, which ensures maintenance of process parameters,
such as mixing speed, temperature, and the pH of the solution. The sizes of the powder
particles were investigated using MicroSizer-201C. The integrated diagram is shown in
Figure 1.

The dimensions of the fractions are shown in Table 2.
The conditions of the experimental studies are shown in Table 3.
Analysis of the lanthanide content in the solution was performed on the basis of weight

loss during REM preparation suspension, and on the results of the complexonometric
analysis of solution in presence of arsenazo (III) [34]. The degree of REM recovery into
solution was determined by the following equation:

ELn =
CLn·Vl·MLn s.

ms
·100%,

where: ELn—the degree of ion recovery into the solution Ln3+ (%); CLn—molar concentra-
tion of lanthanide ions in final solution (mol/L); Vl—liquid phase volume, l; MLn s —molar
mass of lanthanide precipitate (g/mol); ms—weight of lanthanide sediment suspension (g).
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Figure 1. Granulometry of powders.

Table 2. Size of fractions.

Element P, %

Ce 0.1 0.5 1.4 3.2 6.2 11.0 18.1 27.6 37.8
Nd 2.1 3.4 5.3 7.8 11.4 16.3 22.7 30.2 37.1
Yb 2.4 4.1 6.3 9.5 13.9 19.9 27.5 36.5 45.7

D, microns 2.02 2.54 3.2 4.03 5.08 6.40 8.06 10.2 12.8

Ce 48.5 59.5 69.7 75.8 81.5 86.1 89.6 95.0 97.7
Nd 43.9 51.4 58.6 64.3 69.8 74.4 77.6 83.1 88.4
Yb 56.1 68.1 79.8 87.8 93.6 97.1 99.0 99.7 99.7

D, microns 16.1 20.0 25.6 32.3 40.6 50 60 81.3 102.0

Table 3. Parameters of sediment carbonation of REM.

Process Parameter Value Dimension

Concentration CO3
2− in

solution
0.5–1.5 mol/L

Agitation intensity 1000 rpm
Temperature 293–313 К
Mixing time 0.5–50 min

pH 11.5–12.0 -
Ratio l:s 2100 mL/g

3. Results

During the study, experimental relationships were obtained for the recovery of lan-
thanide into solution. The following absolute concentrations of lanthanides in solution
were obtained: 1.2–2.05 mmol/L for Ce; 0.5–1.75 mmol/L for Nd; 0.67–1.58 mmol/L for
Yb. The values were then converted to ELn. The effect of the concentration of potassium
carbonate solution on the recovery rate of lanthanides at 20 ◦C, with the stirring rate of
1000 rpm is shown in Figure 2.

Dependencies with an approximation validity of at least 98% are described by loga-
rithmic dependencies (Table 4), which suggests the first order of the leaching reaction.
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Table 4. Empirical dependence of the degree of recovery into the solution on the concentration of
potassium carbonate.

[K2CO3], mol/L Dependency
Equation (Nd)

Dependency
Equation (Yb)

0.5 y = 0.1346ln(x) + 0.0972 y = 0.1282ln(x) + 0.2724
0.7 y = 0.1452ln(x) + 0.1752 y = 0.1161ln(x) + 0.3738
1 y = 0.1492ln(x) + 0.2393 y = 0.1008ln(x) + 0.4667

[K2CO3], mol/L Dependency
Equation (Ce) -

0.5 y = 0.1424ln(x) + 0.1059 -
1 y = 0.1127ln(x) + 0.2983 -

1.5 y = 0.0857ln(x) + 0.5645 -

Due to the fact that the leaching was carried out with an excess of potassium carbonate,
the effect of the concentration of the solution on the degree of recovery is mainly due to a
shift in equilibrium towards the reaction products, according to the Le Chatelier principle,
and it has little effect on the kinetic parameters of the process. A close to equilibrium state
was achieved with a stirring time of 10 min, which was characterized by a negligible effect
of the phase contact time on the recovery rate. The effect of the stirring rate on the recovery
rate of lanthanide carbonate into the solution at 20 ◦C, and the concentration of potassium
carbonate solution of 1 M, is shown in Figure 3.
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The degree of recovery decreases in the direction from neodymium to cerium, which
may be due to differences in the activation energy of lanthanide carbonate leaching. An
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increase in the mixing rate led to an increase in the degree of recovery into the solution,
which is characteristic of processes limited by the external diffusion of reagents. The effect
of temperature (in 1 M potassium carbonate solution and 1000 rpm) is shown in Figure 4.
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Figure 4. Dependence of lanthanide recovery on temperature and stirring time: (a) for Ce; (b) for Nd; (c) for Yb.

An increase in temperature led to a regular increase in the degree of extraction. The
dependencies were approximated by logarithmic dependence with a validity of 98%, the
empirical approximation equations are shown in Table 5.

Table 5. Degree of extraction versus time and temperature.

Т, ◦C Nd Yb Ce

20 y = 0.1719ln(x) + 0.2658 y = 0.1158ln(x) + 0.4679 y = 0.0898ln(x) + 0.5625
30 y = 0.1724ln(x) + 0.3395 y = 0.1201ln(x) + 0.5243 y = 0.0938ln(x) + 0.6295
40 y = 0.1719ln(x) + 0.4461 y = 0.1154ln(x) + 0.6063 y = 0.0944ln(x) + 0.7087

The logarithmic approximation of the extraction degree, versus time dependencies
obtained at different temperatures, indirectly indicated the first order of the reaction.

4. Discussion

The reaction proceeds through a series of successive steps that involve external and
internal diffusion of the reagent from the solution to the surface of solid phase, adsorption,
reaction on surface solid phase, desorption of product, and reverse mass transfer of product
to liquid phase. The solid phase, in the form of a fine powder, is mixed with the liquid
solution, while constantly suspended. The particles of the dispersed phase do not have
a porous structure, which makes it possible to not take into account the stage of internal
diffusion. To describe the patterns of the process, it is first necessary to determine its
limiting stage, reaction order and process-activation energy. There are various mathematical
models describing a heterogeneous reaction.

We took into account the dependence of the degree of extraction on the concentration
of carbonate and the rate of mixing. The effective diffusion layer model was selected. It de-
scribes the kinetics of the process. This method is widely used to describe leaching [35–37].
The method allows you to establish the order of the reaction and the effective activation
energy. The combination of these parameters allows you to identify the limiting stage of
the process.

If the chemical reaction itself proceeds quickly enough, then the concentration of
the substance at phase boundary = 0 and the reaction rate equation takes the form of a
first-order equation as follows:

w = βC0

Since potassium carbonate is in excess with respect to rare earth metal carbonate, the
process rate and the change in sample weight is determined by the amount of lanthanide
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carbonate that entered the complexing reaction, and the kinetic equation is recorded
as follows:

w =
dmt

dt
= βmt

where β—mass transfer factor; mt—weight of lanthanide carbonate.
Accordingly, the dependence of the logarithm of lanthanide carbonate mass against

time must be linear, with an angular coefficient corresponding to the mass transfer coeffi-
cient. The semilog time-dependent weight of lanthanide carbonate, based on studies of the
effect of temperature and potassium carbonate concentration on the degree of lanthanide
recovery into solution, is shown in Figures 5 and 6.
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The resulting dependencies are satisfactorily approximated by the linear dependencies
shown in Table 6. The value of approximation validity was less than 96%.

Table 6. Degree of extraction versus time and temperature in linear form.

Т, oC Nd Yb Ce

20 y = 0.0819x + 3.3162 y = 0.0722x + 3.6451 y = 0.0642x + 3.8559
30 y = 0.0961x + 3.4225 y = 0.0668x + 3.8901 y = 0.087x + 4.0255
40 y = 0.1552x + 3.4563 y = 0.0994x + 4.0251 y = 0.139x + 4.2301

The value of the angular coefficient naturally grows with an increase in temperature.
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Figure 6. Time-dependent logarithm of weight obtained by dissolving lanthanide carbonate at a temperature of 20 ◦C:
(a) for Ce; (b) for Nd; (c) for Yb.

Table 7 shows the linear relationships that are described by empirical equations.
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Table 7. Empirical dependence of the degree of recovery into the solution on the concentration of
potassium carbonate.

[K2CO3], mol/L Dependency
Equation (Nd)

Dependency
Equation (Yb)

0.5 y = 0.0559x + 3.0316 y = 0.0729x + 3.2243
0.7 y = 0.0678x + 3.1042 y = 0.0735x + 3.3784
1 y = 0.0708x + 3.1905 y = 0.0754x + 3.5312

[K2CO3], mol/L Dependency
Equation (Ce) -

0.5 y = 0.0611x + 3.037 -
1 y = 0.0639x + 3.278 -

1.5 y = 0.0642x + 3.856 -

The values of angular coefficients, obtained for different concentrations, differ slightly
from each other, which can be explained by some error in the performance of experimental
studies. The value of the angular coefficient of semilog dependencies is the mass transfer
coefficient (reaction rate constant) and the average values, which are 0.0631 for cerium,
0.0648 for neodymium, and 0.0739 for ytterbium.

If the process conditions are constant, then the initial concentration of the reagent, its
amount, size, and shape, the flow rate of the mobile phase, and the apparent activation
energy of the process can be calculated from the temperature dependence of the conversion
rate of the substance, at an arbitrarily selected (equal for all temperatures) conversion
degree, in accordance with the following equation:

(dα/dt)T1

(dα/dt)T2

=
kT1(m0 − ανm0)

n

kT2(m0 − ανm0)
n =

kT1

kT2

Taking into account the Arrhenius equation, as follows:

k = Ae−
Ea
RT

ln

[
(dα/dt)T1

(dα/dt)T2

]
= ln

(
kT1

kT2

)
= − E

R

(
1
T1

− 1
T2

)
or

ln
(

dα

dt

)
= −Ea

R

(
1
T

)
The semilog relationship between the leaching rate and the inverse temperature is

shown in Figure 7.
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Linear dependencies are approximated by the equations shown in Table 8, with an
approximation validity value of at least 98%.
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Table 8. Linear approximation of leaching data.

Т, oC Nd Yb Ce

20 y = 4.7987x − 13.22 y = 5.4689x − 16.199 y = 7.1671x − 22.721
30 y = 4.7989x − 12.639 y = 5.4584x − 15.311 y = 7.4179x − 22.47
40 y = 4.799x − 12.059 y = 5.448x − 14.422 y = 7.6687x − 22.218

The angular coefficient of dependencies is proportional to the activation energy. The
calculated value of the activation energy is also presented in Table 9. The apparent activa-
tion energy of lanthanides ranges from 30 to 61 kJ/mol, which is characteristic of diffusion
or transient modes.

Table 9. Kinetic parameters of carbonate dissolution of lanthanide precipitates.

Element Activation Energy,
kJ/mol

Arrhenius Constant,
min−1

Apparent Order of
Reaction n

Ce 61.6 1.29 × 1010 1.00
Nd 39.9 1.85 × 1010 1.00
Yb 45.4 1.47 × 1010 1.00

For heterogeneous solid–liquid systems, where a dissolution reaction of a slightly
soluble compound occurs, a first-order reaction is characteristic, which was confirmed
experimentally. The presented kinetic data describe the complex process of diffusion of the
complexing agent–carbonate ion to the surface of the lanthanide precipitate, dissociation
and formation of the complex compound; in this regard, the system under consideration
cannot be called ideal. An important consideration is the size of the precipitate and the
degree of amorphism.

5. Conclusions

Analysis of the kinetic parameters of the dissolution of lanthanide precipitates and the
formation of carbonate complexes allows us to conclude on the complexity of the process.
Various factors must be taken into account, as follows: the temperature of the system, the
concentration of carbonate ion—which acts as a complexing agent—the influence of mixing
intensity, and the nature of the reacting substances. Empirical equations were obtained,
describing the dependence of dissolution of lanthanide carbonate on these factors.

The data obtained indicate the predominantly diffusion nature of the process of
dissolving lanthanide precipitates, as indicated by the dependence of the degree of re-
covery on the stirring rate, the first reaction order, and the relatively low activation
energy—dissolution of cerium carbonate 61.6 kJ/mol, ytterbium carbonate 45.4 kJ/mol,
and neodymium carbonate 39.9 kJ/mol. The Arrhenius constant was used for dissolv-
ing cerium carbonate 1.29 × 1010 min−1, ytterbium carbonate 1.47 × 1010 min−1, and
neodymium carbonate 1.85 × 1010 min−1.

The results of the study can be used in modeling the process of carbonation of techno-
genic raw materials and extraction of rare earth metals. Maintaining the process at optimal
parameters will allow one to obtain the greatest degree of extraction, to reduce energy
and capital costs for implementation, to increase profitability, and to increase the depth of
processing of mineral raw materials.
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