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Abstract. Treatment of apatite raw materials is associated with the formation of large-tonnage waste — phosphogypsum.
The content of rare earth metals in such waste reaches 1 %, which makes it possible to consider it a technogenic source
for obtaining rare earth metals and their compounds. Up to the present moment, there are neither processing plants, nor
an efficient process flow to handle phosphogypsum dumps. It is rational to use a way that involves extraction of valu-
able components and overall reduction of phosphogypsum dumps. Such process flow is available with carbonate con-
version of phosphogypsum to alkali metal or ammonium sulfate and calcium carbonate upon the condition of associated
extraction of rare earth metal (REM) compounds. Associated extraction of REM compounds becomes possible since
they form strong and stable complexes with hard bases according to Pearson, which among other things include car-
bonate, phosphate and sulfate anions. Formation of lanthanide complexes with inorganic oxygen-containing anions is
facilitated by the formation of high-energy Ln-O bonds. The study focuses on the dissolution of lanthanide phosphates
in carbonate media. It was established that formation of REM carbonate complexes from their phosphates is a sponta-
neous endothermic process and that formation of lanthanide carbonates and hydroxides serves as thermodynamic lim-
itation of dissolution. A shift in equilibrium towards the formation of carbonate complexes is achieved by increasing
the temperature to 90-100 °C and providing an excess of carbonate. The limiting stage of REM phosphate dissolution
in carbonate media is external diffusion. This is indicated by increasing rate of the process with an intensification of
stirring, first order of the reaction and the value of activation energy for phosphate dissolution from 27 to 60 kJ/mol.
A combination of physical and chemical parameters of the process allowed to develop an engineering solution for
associated REM extraction during carbonate conversion of phosphogypsum, which included a 4-5 h conversion of
phosphogypsum at temperature of 90-110 °C by an alkali metal or ammonium carbonate solution with a concentration
of 2-3 mol/l. As a result, a solution with alkali metal (ammonium) sulfate is obtained, which contains REMs in the form
of carbonate complexes and calcium carbonate. The rate of REM extraction into the solution reaches no less than 93 %.
Rare earth metals are separated from the mother liquor by precipitation or sorption on anion exchange resins, while the
excess of alkali metal or ammonium carbonate is returned to the start of the process.
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Introduction. Nowadays, development of many industries is directly related to the use of rare
earth metals (REMs). The Russian Federation is among the top four countries in terms of the amount
of explored REM re-serves; however, it cannot satisfy its own demand for individual REMs or a
mixture of their com-pounds, which in turn leads to dependence on import producers (for example,
China — the largest world producer of rare earths). A constantly growing demand for REM compounds
requires handling of unconventional raw materials, for example, the products of processing the Kola
Peninsula apatites.

The main part of geographically accessible REM reserves, located in the regions with a developed
infrastructure, is found in the deposits, where they represent associated components [ 1, 8-11].

For example, the apatite-nepheline ores of the Khibiny group deposits in the Murmansk region
contain over 40 % of Russian REM reserves, which under the current processing procedure remain
in phosphogypsum dumps. In accordance with the state program of the Russian Federation “Development
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R
of the industrial sector and increasing its competitiveness to 20207, development of a technology for
REM extraction, separation and recovery, including the treatment of apatite and phosphogypsum, is
a critically important strategic task.

Phosphogypsum is a by-product of processing phosphate ores (apatites, phosphorites) by the wet
acid method, which currently accounts for more than 90 % of phosphoric acid production. According
to various estimates, world production of phosphogypsum equals about 160-170 million tons per
year. For each ton of phosphoric acid obtained from the phosphate ores, 4-5 tons of phosphogypsum
are formed [ 15, 24, 26, 29].

Worldwide, more than 22 million tons of phosphoric acid are produced annually. The major
amounts of phosphate ores are processed in the USA, former Soviet states, China, Africa and the
Middle East, as well as in the East and South-East Europe. Phosphogypsum dumps play a key role in
the extraction of REMs and other critical metals [25, 28].

The trend of European mineral policy for providing critical raw materials for sustainable non-
polluting industries aims at involving phosphogypsum in the production process. Phosphogypsum
contains about 0.5-1 % of REMs and other critical metals (Te, V, F, Ag, Mo, Se), which pass into
phosphogypsum in the course of processing phosphate ores (for example, apatites) treatment [32-34].

The organization of phosphogypsum treatment can significantly reduce the criticality of these
elements for many high-tech industries [40]. It is a well-known fact that many branches of the chem-
ical industry face depletion of their raw material base, which increases the relevance of using pro-
cessing waste and raw materials with a low content of valuable components in the production process.
In addition, phosphogypsum dumps exert significant influence on the biological environment. For
example, soils within a radius of up to two kilometers from phosphogypsum dumps become contam-
inated with waste compounds [17].

The mass fraction of REM oxides in phosphogypsum is lower than in bastnaesite ores or in the
ores of the Bayan Obo deposit in China (this deposit is justly considered unique in terms of its REM
content), but comparable to the mass fraction of REM oxides in less rich deposits. In terms of individual
elements, the composition of rare earths is much better than in loparite and monazite due to a signifi-
cantly higher content of scarce middle-group elements (europium, terbium, dysprosium) [2, 13].

Unlike other REM sources, phosphogypsum practically does not contain radioactive thorium.
Thus, the treatment of apatite ores in the main production cycle and their long-term storage in tailing
ponds can be considered a stage in the preparation of phosphogypsum for industrial processing.

The phosphate ores treatment can be carried out using both acidic and alkaline technologies,
including treatment of monazite or xenotime concentrate with strong alkali or soda solutions [3].

All the options of acid treatment of phosphogypsum, aimed at extracting REM compounds, cen-
ter around the stage of acid leaching using nitric [22, 30, 36], sulfuric [4, 5, 18, 31] or hydrochloric
acids of various concentrations [ 14, 38]. The methods differ in the number of processing stages and
the rate of REM extraction into the acidic solution, which does not exceed 80-85 %. However, neither
of the options implies complete processing of phosphogypsum dumps, and some of the proposed
engineering solutions can only worsen the ecological situation due to the use of organic extractants
(for example, tertiary amines that belong to the 2nd hazard class) [21].

The reaction of carbonate conversion of gypsum to ammonium sulfate and calcium carbonate is
well known since the beginning of the last century and serves as the basis for the majority of available
engineering solutions for reducing the amount of phosphogypsum dumps using the technology of its
carbonization [10].

Derivation of alkali metal (ammonium) carbonate by means of carbon dioxide absorption of the
alkali or ammonium solution achieves the effect of binding one of the main greenhouse gases, which
can be beneficially used for mitigating the consequences of global climate change and development
of green technologies. Annual production of phosphogypsum (100-280 Mt) can bind 26-72 Mt of
CO», while already accumulated phosphogypsum dumps can handle noticeably larger amounts of gas
[16, 23, 27].
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Technologies of carbonate conversion of phosphogypsum in order to increase the processing
depth can be augmented by the extraction of valuable components, for example, REMs and/or stron-
tium salts [20, 37].

The disadvantages of the described methods include the multistage structure of the process, high
costs of chalk roasting and subsequent dissolution-precipitation cycle. Nevertheless, the main advantage
of the proposed methods for REM extraction during carbonate conversion of phosphogypsum is a de-
crease in the number of dumps and recovery of the valuable components.

Thus, development of an effective technology for processing phosphogypsum and recovery of
REM concentrate and other marketable products is a relevant and promising task.

It is known that scandium can form soluble carbonate complexes composed of [Sc(CO3).] and
[ScCOs3]" [6]. There is also a possibility of dissolving REM carbonates under the effect of excess
ammonium or potassium carbonate [19, 25, 39]. However, the information on kinetic laws of dissolv-
ing poorly soluble REM salts in carbonate media is very sketchy.

The purpose of present research is to analyze the dissolution kinetics of REM phosphates in car-
bonate media.

Methodology. Thermodynamic analysis of REM phosphate solubility in carbonate media was
carried out by means of mathematical modeling using the data on Gibbs energy of the formation of
yttrium and lanthanide carbonate complexes at a temperature of 298 K, taken from literature sources
[19, 25, 39].

To estimate thermal effects of carbonate complex formation at a temperature of 298 K, a well-
known relation was used:

dG =dH -T8S.

The entropy of complex ion formation for ordinary temperature conditions was calculated using
the empirical Powell- Latimer equation [28]:

_11.5R-InM-1.17-10* -|z|

(r+x)2

where M is the molar mass of the ion, g/mol; z is the charge of the ion; (» + x) is the radius of complex
ion, calculated as a sum of thermochemical radii of the REM cation 7 and carbonate ion x, pm.

Information on thermochemical radii of yttrium and lanthanides was taken from paper [35]; ther-
mochemical radius of the carbonate ion was assumed to be 155 pm [7].

Dissolution kinetics of REM phosphates in carbonate media was studied on model objects — REM
phosphates obtained by means of inorganic synthesis [ 12] from nitrates of yttrium, cerium, neodymium,
chemically pure erbium and ytterbium. Reliability of the obtained composition of REM compounds
was confirmed by the analysis of precipitates using X-ray powder diffractometry and X-ray fluores-
cence spectroscopy. The choice of synthetic REM compounds was determined by phosphogypsum
composition, which apart from cerium and yttrium contained REMs of the medium-heavy group, in-
cluding neodymium. The behavior of yttrium REMs was studied on the example of yttrium and ytter-
bium phosphates.

The patterns of REM phosphate dissolution in carbonate media were studied in a temperature-
controlled installation on the HEL. Auto-MATE Reactor System platform with an adjustable stirring
speed and reagent supply.

A weighted portion of the test material was placed in a glass vessel, a solution of potassium car-
bonate of specified concentration was added and stirred at a constant temperature, then the solid phase
was separated by filtration on a vacuum filter at the temperature of the experiment. The aqueous solution
was analyzed for the content of yttrium or lanthanides; the precipitate was dried to constant mass and
weighed. Thus, the rate of extraction into the solution was controlled both by the gravimetric method
according to a decrease in the mass of lanthanide phosphate and by lanthanide concentration in the
aqueous solution according to the results of complexometric analysis of the solution in the presence of
the arsenazo (III) indicator.

+155,
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The solution of potassium carbonate was
prepared by dissolving a calculated amount of
chemically pure compound in distilled water.

The rate of REM extraction into the solu-
tion was estimated by the formula:

_ CLan]MLnPo4 —1 m

Ln - — 1= H
m. m.

1 1

where CLn — 1S the molar concentration of lan-
thanide ions in the final solution, mol/l; V, is the
volume of the solution, I; M0, is the molar

mass of lanthanide phosphate, g/mol; m;, m are
the initial and final masses of lanthanide phos-
phate quantity, respectively, g.

Calculation of thermodynamic parameters
of lanthanide phosphate carbonization. Carbon-
ization of lanthanide phosphates can occur in
two ways:

« Formation of lanthanide carbonate from
the phosphate:

2LnPO, +2CO;, =Ln,(CO,), +2PO;

3,aq 4,aq

and its subsequent dissolution with formation of
a bicarbonate complex:

Ln,(CO,); +CO 3, =2Ln(CO;), ,, -

« Dissolution of lanthanide phosphate in the
media of alkali metal carbonate with formation of
mono- and bicarbonate complexes:

=LnCO! +PO*

3,aq 4,aq °

LnPO, +CO?,

3,aq

LnPO, +2CO3,

3,aq

=Ln(CO;),, +PO7,

4,aq *

Figure 1 demonstrates the effect of temper-
ature on the reaction behavior in both cases, cal-
culated using the isobar equation of the chemi-
cal reaction.

The reactions of REM carbonate formation
from the phosphate and dissolution of lanthanide
phosphates with formation of carbonate com-
plexes occur spontaneously and have an endother-
mic effect (Fig.1, d). The endothermic effect of
carbonate complex formation is much greater than
that of carbonate production.
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Fig.1. The effect of temperature on the formation
of carbonate REM compounds:
25 °C (a), 50 °C (b), 90 °C (¢), and enthalpy change (d)

Formation of yttrium and lanthanide hydroxides can become a thermodynamic hindrance to the
dissolution of REM phosphates and formation of carbonate complexes:

LnPO, +30H,, =Ln(OH),+POj

4,aq *
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E % Formation of carbonate complexes from lantha-
" nide hydroxides in the following reactions:
y A Ln(OH),+CO%,, =Ln(CO)},+30H,,;
S Ln(OH);+2C0%,, =Ln(CO,);,, +30H,,
- I T e I N (pp— °
e e occurs with much lower intensity compared to REM
. carbonates or phosphates, but due to the endother-
0 4

200 400 60 800 1000 npm Mic effect of the complex-forming reaction, as the
temperature increases to 90-100 °C, the dissolution
process of REM hydroxides becomes spontaneous.
Fig.2. The effect qf stirring s'pee('i on the rate gf yttrium Under normal conditions, REM phosphate is
and lanthanide extraction into the solution more likely to be converted to carbonate or hydroxide.
As the temperature growing, increasing intensity of
reactions accompanied by phosphate dissolution and formation of carbonate complexes.

Results. Due to heterogeneity of the process, dependence of the extraction rate on the stirring
speed allows to assume the limiting stage for the reaction of lanthanide phosphate dissolution in car-
bonate media. The effect of stirring speed was obtained for solutions with a potassium carbonate
concentration of 2 mol/l at temperature of 90 °C (Fig.2).

The rate of extraction decreases from ytterbium to cerium, which among other things may be
associated with differences in the activation energy for leaching the lanthanide phosphate. An in-
crease in the stirring speed leads to an increase in the rate of extraction into the solution, which is
typical for processes limited by external diffusion of the reagents.

Figure 3 demonstrates time dependences of the extraction rate for cerium (Ce, Nd) and yttrium
(Y, Yb) REMs, obtained for temperatures of 50, 70 and 90 °C — i.e. the conditions more likely for REM
carbonate formation and conditions, under which phosphate is more likely to dissolve and form car-
bonate complexes in the solution. Taking into account the experience of relatively few studies on the
solubility of REM compounds in carbonate media, as well as the excess of alkali metal carbonate, rec-
ommended for carbonate conversion of phosphogypsum, the concentration of carbonate ion in the so-
lution was 2 mol/l.
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Fig.3. The effects of temperature and phase contact duration on the rate of REM extraction
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Elements of the yttrium group have a higher £ %

rate of extraction into the solution than REMs of -

the certum group. The equilibrium state is v R
achieved at a phase contact duration of 2-3 hours 2 . | —
for the yttrium-group REMs and 4-6 hours for the - 9. el
light lanthanides. Increasing temperature leads to : Py,
increasing extraction into the solution, which can ol e

be attributed to thermodynamic specifics (endo- 30 P

thermic effect of the process), as well as kinetic |

parameters of the reaction. For example, in case o J,I .

of neodymium, the time needed to reach a state O]' 5 3 4
close to equilibrium largely depends on the tem- [K>CO5], mol/l

perature and decreases, as the temperature rises Yb eY eNd eCe

from 50 to 90 °C. Fig.4. Dependence between the rate of lanthanide phosphat
. . ig.4. Dependence between the rate of lanthanide phosphate
Flgure 4 shows the results of the influence extraction into the solution and potassium carbonate

that the concentration of potassium carbonate so-  concentration at a stirring time of 6 h and temperature of 90 °C
lution exerts on the rate of REM extraction into the

solution under conditions close to equilibrium, at

a stirring time of 6 h. Further increase in the duration of the phase contact does not lead to any significant
changes in solution concentration or in the mass of the residual lanthanide phosphate.

Increasing carbonate concentration in the solution leads to a consistent increase in the rate of REM
extraction into the solution. The maximum extraction is obtained at a 4 mol/l concentration of potassium
carbonate in the solution. Further increase in concentration does not result in any improvement. An
increase in the extraction rate is observed during a transition from cerium to yttrium REMs.

Discussion. To describe the kinetics of the process, a model of stationary convective diffusion
(model of effective diffusion layer) was adopted. The reaction rate law takes the form of the first
order equation:

w=C,.

Since there 1s an excess of potassium carbonate with respect to the REM phosphate, the rate of the
process and the change of the sample mass are determined by the amount of lanthanide phosphate en-
tering the complex-forming reaction:

dm,
w= =Bm,,
dt b,

where B — is the mass transfer coefficient; m, — is the mass of lanthanide phosphate.

Therefore, time dependences of the mass logarithm should be linear, with a slope corresponding
to the coefficient of mass transfer. Semi-logarithmic time dependences of lanthanide phosphate mass,
obtained as a result of studying the effect of temperature on the rate of lanthanide extraction into the
solution, are shown in Fig.5.

Obtained dependences are adequately approximated by linear dependences presented in Table 1
with a determination coefficient no less than 90 %. As the temperature increases, so does the value of
the slope (reaction rate constant).

Apparent activation energy of the process was derived from the temperature dependence of the
conversion rate at an arbitrarily chosen (identical for all temperatures) degree of conversion in ac-
cordance with the equation:

(dovdt), Ky (my—avm,)"  k;

(d(l/dl )Tz sz (m o —oavm, )” sz .
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Fig.5. Time dependences of mass logarithm, obtained during the dissolution of lanthanide phosphate
in a 2 M solution of potassium carbonate at different temperatures of the experiment

Table 1
Time dependence equations of the mass logarithm of lanthanide phosphate
T, °C
Element
50 70 90
—Inm = 0.1024¢ + 3.1782 —Inm = 0.1344¢ + 3.2828 —Inm = 0.1481¢ +3.3936
Yittrium R>=10.9478 R>=0.9681 R>=0.9492
Cerium —Inm = 0.0408¢ +2.9745 —Inm = 0.0569¢ +2.983 —Inm = 0.0691¢ + 3.0062
e R>=0.9655 R>=0.9905 R>=0.9983
Neodvinium —Inm = 0.0236¢ + 3.0003 —Inm = 0.0293¢ + 3.0553 —Inm = 0.0448¢ +3.1145
codymiu R>=0.9654 R*=0.9774 R>=0.9643
Viterbium —Inm = 0.1258¢ +3.2624 —lnm = 0.122¢ + 3.3854 “Inm = 0.1452¢ + 3.4932
erom R>=0.9955 R>=0.9859 R =0.977
Taking into account the Arrhenius equation
EZI
k= Ae RT,
(dovdt), ke E(1 1
In| ——+|=Ih—+|=—-——| ———
(dovdt),, ey, R\T, T,

or

{250

Semi-logarithmic dependences of leaching rate on the inverse temperature are shown in Fig.6.
Linear dependences are approximated by the equations presented in Table 2 with a determination
coefficient no less than 98 %.

718




DOI: 10.31897/PMI.2021.5.10

dt dt 7 K
3.5 1 P .0
3 3.5 —-
2.5 4 T o .
2 A = 3 .
1.5 ~ - e
14 : 2.51
0.5 1 =7
0 T T T 1 2 T T T 1
2.7 2.8 2.9 3 77103 K 2.7 2.8 29 3 T710% K1
®0.25 030 «0.35 *0.07 =0.10 0.12
lnM — 1nm
dt 7 dt 7 =
4 7 3 b e
3.5 1 2.5
3 b o 2 4 e
1-e. °
2.5 4 e 1.5 -
2 - 1 A
-
1.5 .- T T T 1 0.5 T T T 1
2.7 2.8 2.9 3 71103 K! 2.7 2.8 2.9 3 71105, K1
©0.06 = 0.07 =0.08 °0.35 «0.37 040
Fig.6. Logarithmic dependence of instantaneous reaction rate of REM phosphate dissolution
Table 2
Temperature dependences of reaction rate logarithm
o Yttrium o Neodymium
0.25 In(do/df) = —6397.8/T + 17.352 0.06 In(do/dt) = —6724.5/T + 17.045
R?=0.9943 R?=0.9996
0.30 In(do/df) = —-6727.9/T + 17.687 0.07 In(do/df) = —6950.9/T + 17.536
R?=0.9916 R?=0.9999
0.35 In(da/df) = —7058/T + 18.022 0.08 In(do/df) =-7177.4/T + 18.027
R?=0.9887 2=
o Cerium o Ytterbium
0.07 In(do/df) = -3095.8/T + 6.2684 0.35 In(do/df) = -5800.9/T + 15.227
R?=0.9956 R?=0.9929
0.10 In(do/df) = -3353.1/T + 6.6829 0.37 In(do/df) = -5671.7/T + 14.568
R?=0.9925 R?=0.9889
0.12 In(do/dt) = -3524.6/T + 6.9593 0.40 In(do/df) = -5477.9/T + 13.579
R?=0.9903 R?=0.9807

The slope of the dependences is proportional to the activation energy. The values of apparent
activation energy of lanthanides range from 30 to 61 kJ/mol, which is typical for diffusion or transient
modes. Obtained values of activation energy and reaction orders are presented in Table 3.

Heterogeneous solid-liquid systems, where the dissolution of a poorly soluble compound takes
place, are typically described by a first-order reaction, which has been confirmed experimentally. Pre-
sented kinetic data describe a complicated diffusion process of a complex-forming agent — a carbonate
ion — to the surface of a lanthanide precipitate, dissociation and formation of a complex compound.
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The difference in kinetic parameters of cerium from those of yttrium and other lanthanides can be
explained by rapid oxidation to the tetravalent state, which leads to reduced yield into the solution in terms
of thermodynamic parameters, despite lower activation energy compared to other elements.

Table 3
Kinetic parameters of lanthanide phosphate dissolution in carbonate media
Element ACtivf;(/);Oeln crey, k Arrhenius constant Apparent order of reaction n
Y 55.91 0.150 1.68-107
Ce 27.63 0.070 6.68-10? |
Nd 57.76 0.048 1.00-107
Yb 46.95 0.155 8.91-10°

Development of the engineering solution. Analysis of the combination of physical and chemical pa-
rameters of REM phosphate carbonization allowed to outline the technology of associated REM extraction
during carbonate conversion of phosphogypsum. The processing of phosphogypsum by means of carbonate-
alkaline method accompanied by associated REM extraction is a combination of the following operations
(Fig.7): preparation of an alkali metal or ammonium carbonate solution; conversion of phosphogypsum;
filtration, washing and drying of phosphochalk; REM separation from the carbonate-sulfate solution; sepa-
ration of sulfate from alkali metal or ammonium carbonate.

Preparation of an alkali metal or ammonium carbonate solution can be performed in two ways: by
dissolving industrial compounds or by absorbing carbon dioxide with ammonium or alkali hydroxide. In the
latter case, a beneficial effect of CO, utilization is achieved.

Phosphogypsum from the dumps is mixed for 4.5 + 0.5 h with an alkali metal or ammonium car-
bonate solution with a concentration of 2.5 + 0.5 mol/I at a temperature of 110 + 10 °C and a liquid-to-
solid ratio equal to 1900 + 100 in respect to the sum of REM oxides in the phosphogypsum. Under given

conditions, REM compounds pass into

H0 Alkali metal carbonate the solution in the form of carbonate com-
plexes. The insoluble part of the pulp is

Alkali metal/ammonium o represented by calcium carbonate, con-

Phosphogypsum carbonate solution taining impurities of iron and other com-
: ¢ pounds of Phosphogypsum. The. conver-

[ Conversion of phosphogypsum | sion solution contains alkali metal
(ammonium) sulfate, excess alkali metal

Pulp (ammonium) carbonate and REMs in the

form of carbonate complexes. The rate of

REM extraction into the solution is

Calcium carbonate Solution: alkali metal sulfate, 95£3 %.

lanthanide and alkali metal carbonates REMs can be separated from the
l carbonate-sulfate solution in the form of
Cyma [ REE separation ] hydroxides by means of precipitation, as
the solution is cooled to 20 £ 5 °C, or iso-
Technical REE concentrate ~ Solution: alkali metal sulfate lated by sorption on anion exchange res-
calcium carbonate and carbonate ins or by liquid extraction using anion
l exchange extractants — for example, salts

Extraction of Separation of quaternary am-monium bases.
individual REEs | of alkali metal sulfate After REM separation, the solution
and carbonate of potassium sulfates and carbonates is
¢ ¢ passed to the stage of separation between

Sulfate  Carbonate —! 4]kalj metal (ammonium) carbonates and

sulfates. During the conversion, potas-

Fig.7. The scheme of complex phosphogypsum processing sium carbonate is used to extract potas-
with associated REM extraction sium sulfate as a commercial product,
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whereas potassium carbonate in the form of a cycling solution is returned to the stage of solution prepa-
ration and conversion.

Conclusions

1. A new approach to the processing of technogenic waste has been introduced; it is based on theo-
retical concepts of hard and soft acids and bases according to Pearson: REM cations, being hard acids,
form strong anionic complexes with oxygen-containing inorganic ligands as hard bases, which among
other things include carbonate ions.

2. Thermodynamic patterns of carbonate conversion of poorly soluble REM compounds with the
formation of carbonate complexes have been established. It has been demonstrated that dissolution of
REM phosphates in carbonate media is a spontaneous endothermic process. Increasing temperature leads
to intensification of REM phosphate dissolution with the formation of carbonate complexes.

3. Formation of yttrium and lanthanide carbonates and hydroxides can serve as a thermodynamic
limitation of REM phosphate dissolution in carbonate media. Dissolution of REM carbonates and hydrox-
ides with the formation of carbonate complexes is an endothermic reaction, which prevails at a tempera-
ture of at least 90 °C in an excess of carbonate.

4. The limiting stage of carbonate conversion of REM phosphates with the formation of carbonate
complexes is external diffusion; the activation energy reaches 30-60 kJ/mol, but the possibility of intra-
diffusion processes is also conceivable.

5. The sequence and conditions of technological operations have been determined for associated ex-
traction of REM compounds during carbonate conversion of phosphogypsum to calcium carbonate and
alkali metal (ammonium) sulfate.
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