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Abstract: The increasing need for phosphorus and rare earth elements (REEs) has initiated the studies
of new mineral deposits and new complex processing technologies. Estonian phosphate rock (EPR)
resources, which are not in use, are estimated to be more than 3 billion metric tons or 800 million
tons of P2O5. The experiments of dissolution of three different EPR samples in hydrochloric acid
were carried out with the aim of studying the impact of the chemical and mineralogical composition
of EPR on the leaching process. The leaching of P, Ca, Mg, and consumption of H+ ions depend
on HCl concentration and dosage. The solubility of fluorine and REEs are also influenced by CaF2

and REEs-phosphates precipitation. Fe solubility depends on the mineralogical composition of EPR
but also on particle size, acid dosage, pH, and phosphorus content in the solution. The dissolution
of pyrite is much lower than the solubility of carbonate apatite. Dolomite dissolution depends on
the acid dosage and the fractional composition of EPR. Dolomite dissolution also rests lower than
that of apatite. For all the samples studied, the best regression models that describe P, Mg, and
Ca solubility and the optimum concentration of HCl for phosphorus dissolution were found using
mathematical modeling.

Keywords: phosphate rock; impurity minerals; HCl; solubility; REEs; regression analysis

1. Introduction

Phosphate minerals are the main source of phosphorus in fertilizer production but can
also be considered a source of rare earth elements (REEs). In Europe, both phosphorus and
REEs are proclaimed as critical raw materials [1].

Estonian phosphate rock (EPR) resources are estimated to be more than 3 billion metric
tons or 800 million tons of P2O5. The content of P2O5 in the Estonian phosphate ore varies
between 6% and 20% [2]. Phosphorus in EPR is contained in the brachiopod shells in the
form of carbonate fluorapatite but can also be found on the surface of quartz particles [3].
The total content of REEs expressed as the ratio of REEs in ppm and P2O5 %, varies from
20 to 70 [2]. The other main minerals in EPR are quartz, calcite, dolomite, pyrite, feldspar,
and ferrous hydroxide, which content varies depending on the deposit.

The basic process used for the production of phosphoric acid and fertilizers is sul-
furic acid decomposition of phosphate concentrate. In this process, REEs are distributed
between the phosphoric acid produced (5%–30%) and phosphogypsum (up to 95%) [4].
Separation of REEs from phosphogypsum is complicated and expensive [4,5]. According
to stronger environmental requirements and the need for more efficient, economical use of
raw materials, new complex processing methods of phosphate ore are needed [6].

To improve the treatment technology, the dissolution of PR in other mineral acids is
studied [7,8]. Thereby, in the last years, more attention has been paid to hydrochloric acid
treatment, and different flowsheets have been proposed for phosphoric acid or calcium
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phosphate production, combined or not with REEs separation [4]. The PR dissolution
studies have been carried out in a wide parameter range and with samples of different type
and chemical composition that complicates the analysis of the results obtained. If the target
is the production of phosphoric acid, at least 10% HCl is suggested for the decomposition
of high-quality PR, followed by the separation of H3PO4 by applying solvent extraction
technology [9–12]. The studies of the dissolution of different phosphate concentrates with
HCl [11–17] have revealed that the leaching rate of phosphorus increases with the increase
in acid concentration and liquid/solid ratio and decreases with the increase in particle size
of PR. Agitation intensity and duration over 30 min have less impact [15]. The increase in
the solubility of REEs in 10% HCl was achieved by increasing temperature up to 60 ◦C [16]
or 90 ◦C [14].

Calcium phosphates manufacturing technology for P-fertilizers or food supplements
from PR hydrochloric acid leachate provides an opportunity to process low-grade PR using
lower concentrations of HCl [18,19]. In the studies of impurity-rich ores, it has been found
that higher concentrations of the acid (above 4%) favor the dissolution of apatite rather
than that of carbonates in PR. Part of the acid is consumed in the decomposition of the
impurities, mainly carbonates, present in the rock [20,21].

REEs, which are found in the structure of apatite [21,22], dissolve simultaneously with
apatite. Their dissolution and separation from the solution before H3PO4 or CaHPO4 are
studied intensively [7,8,14–17,21,23]. Regardless of the fast and complete dissolution of
apatite in HCl solutions, the solubility of REEs does not follow the same rules. Their
solubility is additionally strongly affected by the pH of the solution formed and the
phosphate ions content in it [7,24]. The precipitation of REEs has been analyzed by kinetic
studies with 1 M HCl [21].

The impact of HCl concentration, solid/liquid ratio, temperature, particle size, mixing
time, and intensity on the solubility of phosphorus and/or REEs is studied widely, but little
attention has been paid to the solubility of other minerals found in PR and their impact on
the dissolution process. Yet the solubility of impurity minerals has significant importance
in the case of complex treatment of low-quality rocks.

The aim of the study was to investigate the conditions of the first step of the complex
treatment of Estonian phosphorite with hydrochloric acid, more in detail, the impact
of impurity minerals on the solubility of phosphorus, REEs, and other elements in HCl
solutions. In addition to the analysis of solubility data, regression models were provided
on the basis of the data attempting to optimize the dissolution conditions.

2. Materials and Methods
2.1. Materials

Three different Estonian PR samples without preceding beneficiation were used in the
experiments. The samples were used as received after crushing. The chemical, mineralogi-
cal, and fractional composition is given in Tables 1 and 2. It is important to mention that
the samples were obtained from three different locations and represent somewhat different
stratigraphic intervals and lithologies. Ülgase (Y) sample, obtained near drift surfaces,
belongs to the chemically weathered ore where pyrite is partially decomposed and oxidized.
As a result of these geochemical processes, part of iron is apparently present in amorphous
or poorly crystalline forms, such as goethite [25]. The content of gypsum and/or basanite
that is formed in the reaction of calcite with the acidic environment supports the pyrite
oxidation idea.

Ülgase sample is characterized by the highest content of apatite, therefore, also by the
highest content of P2O5 and REEs. Toolse samples 1 and 2 (T1 and T2) are characterized by
a higher content of dolomite and, accordingly, higher content of Mg. Toolse sample 2 also
differs by a higher content of pyrite and the share of smaller particles (Table 2). Quartz is
contained mainly in the 100–400 µm fraction and apatite in the fraction bigger than 400 µm
and smaller than 100 µm.



Minerals 2023, 13, 578 3 of 14

Table 1. Chemical and mineralogical composition of Estonian PR samples.

Chemical Composition (%) Ülgase Toolse 1 Toolse 2

P2O5 18.8 10.9 15.5
CaO 27.3 14.5 23.6

F 1.6 1.0 1.5
Fe2O3 1.2 1.1 1.5
MgO 0.2 0.3 1.3
CO2 1.7 1.8 4.1

Total REEs (ppm) 982 658 756
REEs/P2O5 52 60 48

Minerals (%)

Apatite 50.4 25 37.0
Quartz 46.1 73 55.7
Pyrite 0.4 0.6 1.6

Orthoclase 0.3 - 0.1
Gypsum 2.8 - -
Dolomite - 1.5 5.6

Table 2. Fractional composition of Estonian PR samples (as received), %.

Fraction Size (µm) Ülgase Toolse 1 Toolse 2

+2000 0 4 9
−2000 + 1000 0 2.1 3
−1000 + 630 32 6.6 6
−630 + 400 17 16.3 11
−400 + 200 23 53.6 32
−200 + 100 25 11.9 18
−100 + 71 2.7 2.4 10
−71 1 3.1 11

Concentrated HCl (Sigma-Aldrich, ACS reagent) was used for the preparation of the
0.5, 1.0, and 1.5 M solutions. The concentrations of the acid solutions were checked by
potentiometric titration with KOH solution. The acid dosage (HCl/Ca) was calculated as
moles of HCl per moles of Ca in the sample.

2.2. Experimental
2.2.1. Experiment Planning

Laboratory tests were carried out using experiment planning as shown in Table 3,
according to which HCl concentration, sample mass, and mixer rotation speed were the
parameters to be varied. The HCl concentration range (×1) was chosen by the previous
results of carbonate apatite dissolution that is fast even in diluted acid [20,21] and with the
aim to avoid fluorine evolvement into the atmosphere.

The central point of the experimental plan (sample mass) was chosen according to the
simplified reaction of apatite and calcite with hydrochloric acid, where for the dissolution
of 1 mole of apatite, 10 moles of HCl is needed (Equations (1) and (2)) or 2 moles of HCl
per 1 mole of CaCO3.

Ca5(PO4)3F + 10H+ + 10Cl− → 5Ca2+ + 3H3PO4 + 10Cl− + HF (1)

CaCO3 + 2H+ + 2Cl− → Ca2+ + 2Cl− + CO2 + H2O (2)

The first results of modeling demonstrated that including the rotation speed (in
the 350–650 rpm range) into the experimental plan did not improve the model quality,
and experiments with Ülgase and Toolse 2 samples were carried out at a fixed mix-
ing rate of 550 rpm. The insignificant impact of mixing speed was also followed by
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Amine et al. [15], despite of high solid/liquid ratio of 0.2–0.5, explained by a high HCl
concentration of 13.23%.

Table 3. Experiments plan.

Test nr.
HCl Conc. (x1)

Sample Amount (x2) HCl Dosage (x1/x2) Mixing Rate (x3)

Toolse 1 Ülgase Toolse 2 Toolse 1 Ülgase Toolse 2 Toolse 1

M kg·L−1 Mol HCl·kg−1 rpm

1 0.5 0.090 0.040 0.042 5.46 12.25 12.30 550
2 0.5 0.150 0.050 0.056 3.27 9.80 9.25 550
3 0.5 0.150 0.068 0.070 3.27 7.62 7.38 650
4 0.5 0.250 0.100 1.96 4.90 450
5 0.5 0.248 1.96 350
6 1 0.194 0.072 0.080 5.21 14.03 12.26 550
7 1 0.194 0.102 0.106 5.21 9.90 9.27 650
8 1 0.194 0.134 0.134 5.21 7.54 7.33 450
6 1.5 0.150 0.104 0.120 9.53 14.42 12.37 550
7 1.5 0.250 0.152 0.160 5.72 9.87 9.28 550
8 1.5 0.250 5.72 650
9 1.5 0.280 0.200 0.200 5.11 7.50 7.42 650

2.2.2. Experiment

Dissolution of PR samples was performed in LARA CLR reactor (Radleys, Essex,
UK) of volume 1 L using 500 mL of acid and mixing for 60 min at room temperature
25 ± 1 ◦C. The reaction time was chosen according to the preliminary experiments. The
pH change was recorded with a combination VP pH probe electrode, calibrated with pH
buffer solutions 4.01; 7.00; 9.0 (Hamilton Bonaduz AG, Switzerland).

Immediately after 60 min, the suspension obtained was centrifuged, the clear solution
was diluted 1/25 with distilled water to avoid further precipitation, and the content of P,
Ca, F, Fe, Mg, and REEs was determined.

2.2.3. Analyses

The element’s content in solutions was determined as follows: the concentration of
phosphorus spectrophotometrically (Biochrom Libra S70PC) as the phosphomolybdate
yellow complex (λ = 430 nm); Ca, Fe, and Mg by atomic absorption spectrometry (Spectr
AA 55B, Varian BV, Varian Australia Pty Ltd., Belrose, Australia); fluorine by F sensitive
electrode (Mettler Toledo GmbH, Schwerzenbach, Switzerland); REEs by quadrupole mass
spectrometer (ICPC-MS, Thermo X- series II quadrupole mass spectrometer by Thermo
Electron Corporation, Cheshire, UK). The instrument was calibrated using multielement
standard solutions from Inorganic Ventures. Standards and diluted samples were spiked
with 50 ppb of In and Bi for instrumental drift correction.

X-ray diffraction (XRD) analysis was used for the characterization of the mineralogical
composition of the PR samples and the solid residue (X-Ray diffractometer Bruker AXS
GmbH, model D8 Advance, Fe-filtered Co radiation, Lynxeye detector). Quantitative
analysis was carried out by TOPAS software (Rietveld refinement method).

The fractional composition of the samples was determined by sieve analysis: the sieves
of 2, 1, 0.64, 0.40, 0.20, 0.1, and 0.071 mm were used (Sieves from Retsch, Leuven, Germany).

2.2.4. Mathematical Modeling

The effect of experimental parameters on the solubility of different elements was
determined using the regression analysis by MatLab R2020b software (update 4, The
MathWorks, Inc., Natick, MA, US). Five different models were tested for the dissolution
extent (%) of all analyzed elements y = P, F, Fe, REEs, Ca, Mg, and consumption of H+ ions
per moles of P dissolved (∆H+/∆P).

Model 1 y = a + bx1 + cx2 + dx3



Minerals 2023, 13, 578 5 of 14

Model 2 y = a + bx1 + cx2 + d(x1/x2)
Model 3 y = a + b(x1/x2)
Model 4 y = a + b(x1/x2)2

Model 5 y = a + b(x1/x2) + c(x1/x2)2, where
x1-HCl concentration in M (mol·L−1);
x2-sample mass in one L, kg·L−1;
x3-mixing rate, rpm.

R-squared correlation coefficient (R) and root mean squared error (s) were evaluated
in the analysis process to choose the best model for every element.

Optimum conditions of P dissolution were found using Wolfram|Alpha Widgets:
“Constrained Optimization” program [26].

3. Results and Discussion

The results of leachate chemical analyses are shown in Supplementary Materials
Tables S1–S3.

3.1. Solubility of P, F, Mg, Fe, and REEs

As a result of the HCl reaction with PR, the pH of the forming solution increases
depending on the HCl concentration and dosage (Figure 1). The pH change is more visible
in 0.5 M solution. The pH value also depends on the sample composition being higher for
carbonate-rich sample T2. The final value of pH at acid dosage above 2 varies from 0.88 to
1.4 or from 1.4 to 1.7 for the samples T1 and T2, respectively.

Minerals 2023, 13, 578 5 of 15 
 

 

The fractional composition of the samples was determined by sieve analysis: the 
sieves of 2, 1, 0.64, 0.40, 0.20, 0.1, and 0.071 mm were used (Sieves from Retsch, Leuven, 
Germany). 

2.2.4. Mathematical Modeling 
The effect of experimental parameters on the solubility of different elements was 

determined using the regression analysis by MatLab R2020b software (update 4, The 
MathWorks, Inc., Natick, MA, US). Five different models were tested for the dissolution 
extent (%) of all analyzed elements y = P, F, Fe, REEs, Ca, Mg, and consumption of H+ ions 
per moles of P dissolved (ΔH+/ΔP). 
Model 1 y = a + bx1 + cx2 + dx3 
Model 2 y = a + bx1 + cx2 + d(x1/x2) 
Model 3 y = a + b(x1/x2) 
Model 4 y = a + b(x1/x2)2 
Model 5 y = a + b(x1/x2) + c(x1/x2)2, where 
x1-HCl concentration in M (mol∙L−1); 
x2-sample mass in one L, kg∙L−1; 
x3- mixing rate, rpm. 

R-squared correlation coefficient (R) and root mean squared error (s) were evaluated 
in the analysis process to choose the best model for every element. 

Optimum conditions of P dissolution were found using Wolfram|Alpha Widgets: 
“Constrained Optimization” program [26]. 

3. Results and Discussion 
The results of leachate chemical analyses are shown in Supplementary Materials Tables 

S1–S3. 

3.1. Solubility of P, F, Mg, Fe, and REEs 
As a result of the HCl reaction with PR, the pH of the forming solution increases 

depending on the HCl concentration and dosage (Figure 1). The pH change is more visible 
in 0.5 M solution. The pH value also depends on the sample composition being higher for 
carbonate-rich sample T2. The final value of pH at acid dosage above 2 varies from 0.88 
to 1.4 or from 1.4 to 1.7 for the samples T1 and T2, respectively. 

 
Figure 1. pH value depending on HCl dosage and concentration in the reaction with Toolse 2 
sample: ○ before reaction; • after reaction. 

Both phosphorus and fluorine are released into the solution from fluorcarbonate 
apatite (Ap) in the dissolution process of PR. In Figure 2a, it is clearly seen the importance 
of acid dosage on the solubility of phosphorus, in other words, of Ap. Phosphorus 
dissolution increases linearly up to acid dosage ~2–2.2 (HCl/Ca mole ratio). P solubility is 
higher in more concentrated solutions at acid dosage below 2–2.2, but above this level, 
~100% solubility is reached, independently of the acid concentration. 

Figure 1. pH value depending on HCl dosage and concentration in the reaction with Toolse 2 sample:
# before reaction; • after reaction.

Both phosphorus and fluorine are released into the solution from fluorcarbonate apatite
(Ap) in the dissolution process of PR. In Figure 2a, it is clearly seen the importance of acid
dosage on the solubility of phosphorus, in other words, of Ap. Phosphorus dissolution
increases linearly up to acid dosage ~2–2.2 (HCl/Ca mole ratio). P solubility is higher
in more concentrated solutions at acid dosage below 2–2.2, but above this level, ~100%
solubility is reached, independently of the acid concentration.

At the same time, fluorine dissolution (Figure 2b) is scattered, however, being lower
at lower acid dosages. The F solubility over 80% is achieved at an acid dosage above
2.3. In our previous study [27], it was ascertained that precipitation of CaF2 takes place
in the Ap-HCl system. Therefore, the content of fluorine in the solution depends on the
solubility of Ap and CaF2, as CaF2 precipitation depends strongly on the solution’s pH and
Ca concentration [28].
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During PR dissolution, Mg2+ ions are released into the solution mainly as a result of
dolomite reaction with HCl (3) that also causes the increase in solution pH.

CaMg(CO3)2 + 4HCl→ Ca2+ + Mg2+ + 4Cl− + 2CO2 + 2H2O (3)

Mg solubility increases with the increase in acid dosage (Figure 3), and it almost does
not depend on acid concentration under the conditions used (Supplementary Materials).
The higher solubility level of the Toolse 2 sample can be explained by the smaller particle
size (Table 2). Dolomite dissolution reaches 60%–80% at acid dosage 2 when Ap (P)
dissolution is 90%–100%. The incomplete dissolution of dolomite was also proved by XRD
analysis of the insoluble residue. The lower solubility of dolomite in comparison with Ap
is explained by its relative stability in mineral acids [29].
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Fe ions can be released into the solution as a result of numerous reactions (4)–(7) of
pyrite and other iron compounds, which can take place simultaneously:

FeO(OH) + 3HCl→ Fe3+ + 2H2O + 3Cl− (4)

FeS2 + 2HCl→ Fe2+ + H2S + S + 2Cl− (5)
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FeS2 + 8H2O + 14Fe3+→15Fe2+ + 2SO4
2− + 16H+ (6)

2FeS2 + 2H2O + 7O2→2Fe2+ + 4SO4
2− + 4H+ (7)

The dissolution extent of iron increases linearly with the increase in acid dosage
(Figure 4a) and almost does not depend on acid concentration, similarly, with Mg release.
Fe solubility reaches from 12% for Toolse 1 to 55% for Ülgase at acid dosage 2. This is
explained by the different mineralogical compositions of the samples. The Ülgase sample
represents a weathered sample that probably contains part of iron in the form of hydroxide
(goethite), which is easily soluble in acids, compared to the Toolse samples where pyrite
dominates (Table 1), which is hardly soluble in HCl [30].
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Fe dissolution is also influenced by the content of phosphorus in the solution (Figure 4b).
The increase in P content causes a decrease in Fe solubility, most likely, due to the increase in
pH value that favors the precipitation of FePO4 [31]. Unfortunately, the detection of FePO4
in the solid residue is complicated because of its amorphous structure. The main insoluble
iron-bearing phase detected by XRD was pyrite.

REEs in PR are mainly bound into the Ap structure, and therefore their dissolution
is expected to follow the Ap dissolution behavior. In reality, the solubility of REEs from
Ülgase reached 100% only just when the acid dosage was 2.6 and HCl concentration 1.5 M
(Supplementary Materials). In the experiments with Toolse (acid dosage 1–2.4) and with
Ülgase in 1 M HCl, the REEs solubility is below 10% (Figure 5). The low solubility of REEs
in some cases is explained by the change of REEs-phosphates solubility depending on solu-
tion pH and phosphate ions concentration [24]. The increase in pH and phosphate content
leads to REEs-phosphates formation. Therefore, the REEs solubility is more dependent
on solution phosphate concentration and pH than on the acid dosage that determines Ap
solubility. The formation of REEs-phosphates at certain conditions is a group of other sec-
ondary reactions, similar to the CaF2 precipitation, which takes place simultaneously with
PR dissolution in an HCl solution. This result indicates the possibility of REEs separation
with solid precipitate at slightly higher pH values (~2.5–3) as needed for Ap dissolution.
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3.2. Regression Analysis

The regression analysis with Matlab 2020b and the following optimization was per-
formed with the aim of establishing optimum values for acid concentration and sample
mass to achieve at least 98% apatite dissolution extent. The squared correlation coefficient
(R) and the root mean squared error (s) values were evaluated for all five proposed models
(see Experimental) using Toolse 1 sample data. The results are presented in Table 4.

Table 4. The comparison of regression models in the case of the Toolse 1 sample.

Model Element P F Fe REEs Ca Mg

1
R 0.969 0.866 0.917 0.681 0.951 0.978
s 4.79 2.18 1.44 0.232 6.21 3.07

2
R 0.985 0.889 0.917 0.645 0.967 0.985
s 3.31 1.98 1.44 0.245 5.14 2.56

3
R 0.951 0.839 0.901 0.532 0.962 0.982
s 5.2 2.07 1.37 0.244 4.72 2.42

4
R 0.897 0.821 0.918 0.602 0.922 0.974
s 7.53 2.18 1.24 0.225 6.8 2.89

5
R 0.99 0.841 0.919 0.743 0.98 0.982
s 2.5 2.2 1.32 0.193 3.67 2.56

The best fit for P, Fe, Ca, and Mg solubility for Toolse 1 sample was obtained with
model 5 that is based on acid molar concentration (mol·L−1) and sample mass in kg per
liter (kg·L−1) ratio (x1/x2). The fluorine and REEs solubility do not follow any studied
model as the best R values are below 0.75 for REEs and 0.89 for F. This can be explained by
the secondary precipitation reactions of these elements in the system. At the same time, Fe
solubility fits well with all tested models. The equations describing the solubility of these
elements according to model 5 as dissolution extent in % are given in Table 5.

To clarify more in detail the reaction mechanism, a variable y = ∆H+/∆P was cal-
culated, where ∆H+ is the amount of H+ in moles used and ∆P amount of P in moles
dissolved. The concentration of H+ ions in the solutions of the experiment was found by
the cH+ = f(pH) calibration curve. The change in ∆H+/∆P also correlates well with the
regression model 5 (Figure 6).
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Table 5. The equations with the best squared correlation coefficient (R) and the root mean squared error (s) values for the dissolution of different elements of the
studied samples and of ∆H+/∆P.

Model nr. Toolse 1 R s Ülgase R s Toolse 2 R s

5

P y = −23.79 + 40.74(x1/x2) −
3.42(x1/x2)ˆ2 0.99 2.5 y = −22.12 + 18.899(x1/x2) −

0.72523(x1/x2)ˆ2 0.90 5.2 y = 31.27 + 12.00(x1/x2) −
0.54(x1/x2)ˆ2 0.81 1.8

Ca y = −12.61 + 33.37(x1/x2) −
2.38(x1/x2)ˆ2 0.98 3.7 y = −2.01 + 13.15(x1/x2) −

0.44(x1/x2)ˆ2 0.95 3.1 Not acceptable

Fe y = 3.56 − 0.73(x1/x2) +
0.43(x1/x2)ˆ2 0.92 1.3 y = 29.02 + 1.23 × (x1/x2) +

0.13(x1/x2)ˆ2 0.97 2.2 Not acceptable

Mg y = 6.51 + 9.26(x1/x2) +
0.26(x1/x2)ˆ2 0.98 2.6 Mg was not detected y = 59.64 − 0.29(x1/x2) +

0.24(x1/x2)ˆ2 0.95 2.5

∆H+/∆P y = −0.51 + 1.64(x1/x2) +
27.49(x2/x2)ˆ2 0.96 0.4 Not acceptable y = 2.25 + 0.03(x1/x2) +

0.018(x1/x2)ˆ2 0.99 0.08

2

REEs Not acceptable y = −55.23 − 76.53x1 + 175.38x2 +
16.15(x1/x2) 0.85 21 y = −30.80 − 28.30x1 + 220.12x2 +

4.20(x1/x2) 0.86 2.54

∆H+/∆P y = −7.34 − 7.11x1 + 56.54x2 +
2.05(x1/x2) 0.72 1.1 y = 3.02 + 0.51x1 − 0.32x2 +

0.14(x1/x2) 0.86 0.3 Not acceptable

Ca Not acceptable Not acceptable y = 66.26 − 8.45x1 − 3.65x2 +
3.09(x1/x2) 0.89 1.8
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1 sample according to model 5.

The regression analysis of Ülgase and Toolse 2 solubility data was performed with
models 1, 2, 3, and 5, and the most suitable equations for dissolution extent are presented
in Table 5. The results are similar to Toolse 1 results for all the samples considering P and
Mg, whereas model 5 gives the best fit. Model 5 was also the best for Ca and Fe dissolution
in the experiments with Ülgase and for ∆H+/∆P with Toolse 2. In the case of Toolse 2,
Ca(%) solubility was better described by model 2. The best model for the description of
REEs solubility was also model 2; however, the R value is below 0.9. The dissolution data
of Fe did not fit into any regression model satisfactorily. Therefore, regression modeling
of solubility of the elements whose content in solutions is impacted by simultaneous
precipitation does not give satisfactory results.

The fitted values of ∆H+/∆P according to model 2 for the Ülgase sample are presented
in Figure 7. It can be seen that the correlation is remarkably weaker than it was for Toolse 1
(Figure 6).
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by model 2.

The calculated and experimental values of ∆H+/∆P for Toolse 2 are presented in
Figure 8. The difference between the experimental and the calculated values were found to
be minimal, which indicates good accuracy of the tested model 5 to describe the consump-
tion of H+ ions in the dissolution process per dissolved P and its strong dependence on the
x1/x2 ratio.
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sample according to model 5.

At the same time, ∆H+/∆P values are remarkably higher than expected by the
reaction (1) (10/3) as part of H+ ions are used in the reactions of dissolution of other
minerals (dolomite, pyrite, goethite) that increases the acid consumption. In addition, the
reactions of solid phosphates formation must be considered as well.

3.3. Optimization of the Conditions of Phosphorus Dissolution

According to the experiment matrix (Table 3), all series of experiments with different
samples (Toolse 1, Ülgase, and Toolse 2) have their definite limits of parameters (Table 6)
defined by the experimental conditions used and apatite content in it. For example, for all
the experiments, the molar concentration of HCl is limited by 0.5 < x < 1.5.

Table 6. Parameter limits used in the optimization calculations.

Sample Toolse 1 Ülgase Toolse 2

x1 HCl (M) 0.5 < x < 1.5
x2 sample mass (kg·L−1) 0.09 < x2< 0.248 0.04 < x2 < 0.2 0.042 < x2 < 0.2

x1/x2 1.96 < x1/x2 < 9.53 4.90 < x1/x2 < 14.42 7.33 < x1/x2 < 12.37

To optimize the dissolution conditions, calculation of the maximum and minimum
values for P dissolution according to the equations of model 5 (Table 5) for each sample
as well as the optimum values for x1 and x2 within the given limits for x2 and x1/x2, was
performed. The 3D plots of the calculation results are presented in Figure 9. The marked
points are as close to real optimums as possible. The restriction for x1/x2 influences the
optimum values but is hidden in 3D graphs. The minimum values help to understand the
validity region of the model. Within the defined limits, the following optimum values for
x1 and x2 were obtained (Table 7). In the case of Toolse 2, the maximum and minimum
point coordinates are quite close as during the experiments, all values of P dissolution (%)
received were higher than 90%.

Table 7. Calculated values of parameters for P solubility optimization.

Toolse 1 Ülgase Toolse 2

Max P dissolution (%) at: 97.48 100 98.50
x1 (HCl, M) 1.28 1.31 1.35

x2 (mass, kg·L−1) 0.21 0.10 0.12

Min P dissolution (%) at: 42.91 53.89 90.67
x1 (HCl, M) 0.50 0.62 1.32

x2 (mass, kg·L−1) 0.25 0.12 0.18
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4. Conclusions

The dissolution of three different Estonian phosphorite ore samples in HCl acid was
studied, and the impact of the chemical and mineralogical composition of PR on the release
of P, F, Fe, Mg, and REEs was shown.
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Analysis of the data obtained, modeling calculations, and optimization of the dissolu-
tion conditions permit us to conclude the complexity of the reactions and equilibrium in
the system.

The experiments carried out revealed that complete phosphorus solubility from Es-
tonian phosphate rock could be achieved in quite dilute 0.5 M (3%) HCl in 60 min at acid
dosage 2.2 (HCl/Ca mole ratio).

Phosphorus (carbonate apatite) dissolution in 1 h depends mainly on acid dosage up
to 2.1. The increase in HCl concentration (0.5–1.5 M) has less impact. Mixing intensity had
a minor impact on PR solubility under the conditions used in the experiments.

The solubility of fluorine and REEs is also influenced by CaF2 and REEs-phosphates
precipitation, accordingly.

Fe solubility depends first of all on the mineralogical composition of PR (pyrite content)
but also on particle size, acid dosage, pH as well as phosphorus content in the solution—higher
P content with a simultaneous increase in pH causes precipitation of FePO4. The dissolution
of pyrite is much lower than the solubility of carbonate apatite.

Dolomite dissolution is expressed by Mg release into the solution that depends on the
acid dosage and on the fractional composition of PR. Dolomite dissolution also rests lower
as compared to apatite dissolution.

This was the first attempt to model the carbonate fluorapatite dissolution in a weak
HCl solution. It was shown by regression analysis of the experiment data that dissolution
of P, Ca, Mg, and consumption of H+ ions per P dissolved could be described by the ratio
of HCl moles and sample mass per one liter (x1/x2). For all the samples, the best model to
describe P and Mg solubility can be given as y = a + b(x1/x2) + c(x1/x2)2.

A comparison of the results of optimization calculations for different samples estab-
lished that for total dissolution of apatite, the optimum HCl concentration is 1.28–1.35 M.
Sample mass dissolved in 1 L HCl (0.1–0.21 kg) depends on the apatite content in it.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13040578/s1, Table S1: Final pH and solubility data of Toolse 1.
Table S2: Solubility data of Ülgase. Table S3: Final pH and solubility data of Toolse 2.
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