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Abstract:

is paper examines the thermodynamics of hydrometallurgical processes applied to phosphate rock treatment. It analyzes the 
stability of precipitated phases at different pH levels and molar concentrations in solutions containing phosphorus and calcium 
ions. e thermodynamic study was carried out by generating Pourbaix diagrams and species distribution (speciation) diagrams 
using Hydramedusa soware. In addition, XRD and SEM characterizations of the different types of calcium phosphate were 
performed to corroborate the thermodynamic results under varying pH and ion concentrations. e study determined that 
hydroxyapatite and monetite can be obtained through hydrometallurgical processes by adjusting the pH and ionic 
concentrations of PO4 3- and Ca2+, directly from the acid leach of phosphate rock.
Keywords: Calcium Phosphates, Hydroxyapatite, Monetite, Phosphate Rock, ermodynamics.

Resumen:

Este documento aborda la termodinámica de los procesos hidrometalúrgicos utilizados en el tratamiento de la roca fosfórica. Se 
analiza la estabilidad de las fases precipitadas a diferentes niveles de pH y concentraciones molares en soluciones que contienen 
iones de fósforo y calcio. El análisis termodinámico se llevó a cabo mediante la generación de diagramas de Pourbaix, diagramas de 
distribución de especies y diagramas de especiación, utilizando el software Hydramedusa. Además, se realizó una caracterización 
por DRX y SEM de los diferentes tipos de fosfato de calcio encontrados, con el n de corroborar los resultados termodinámicos 
a distintos niveles de pH y concentración iónica. A partir de este estudio, se pudo determinar que la hidroxiapatita y la 
monetita pueden obtenerse mediante procesos hidrometalúrgicos con variaciones en el pH y las concentraciones iónicas de 
PO4

3– y Ca2+, directamente desde el lixiviado ácido de la roca fosfórica.
Palabras clave: fosfatos de calcio, hidroxiapatita, monetita, roca fosfatada, termodinámica.

Introduction

Phosphorus is a mineral present in every cell of an organism. Most phosphorus is found in the bones and
teeth, with a smaller portion located in genetic material. Organisms need phosphorus to produce energy
and to carry out essential chemical processes [1]. It is also a vital nutrient for both plants and animals.
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e appropriate and efficient use of phosphate rock as a phosphorus source can help strengthen sustainable
agricultural practices in developing countries, particularly those with phosphate rock deposits [2].

e term phosphate rock (or phosphorite) refers to any geological material with a high concentration of
phosphorus. e most abundant and cost-effective source of phosphorus is obtained through mining and
beneciation of phosphate rock from deposits worldwide [3]. Phosphate rock (PR) is a valuable mineral
resource with a wide range of agricultural and environmental applications. It is used in the production of
detergents, animal feed, and phosphate (P) fertilizers. While the direct application of PR reduces pollution
by serving as a slow-release fertilizer, its effectiveness is constrained by several factors. e primary limitation
of direct PR use is its low solubility, which reduces its availability for soil reactions and plant uptake [4].

In 2023, global phosphate rock (PR) production reached 220 million metric tons [5]. Of this total, 41%
was concentrated in China, followed by Morocco (16%), the USA (9%), Russia (6%), and Jordan (5%).
Together, these countries accounted for 77% of global PR mining [6]. On the American continent, Colombia
ranked as the h-largest producer, aer the USA, Brazil, Peru, and Mexico, with an annual output exceeding
65,000 tons [7]. e average value of phosphate rock in 2023 was USD 147.32 per metric ton (f.o.b. mine),
representing an 8.3% increase compared to the 2022 average of USD 136.00 per ton [8][9].

e acidulation of phosphate rock is a hydrometallurgical process used to produce phosphoric acid [10]
[11], a key intermediate in fertilizer production [12][13]. In Colombia, 75% of the phosphate rock extracted
is directed to phosphoric acid production [12]. During this process, various acids—including sulfuric, nitric,
and hydrochloric—can be used to obtain P-rich solutions [10][11]. However, due to the composition of
phosphate rock, the leaching process also dissolves impurities such as Ca compounds, thereby releasing both
P and Ca ions into the resulting solution [15].

Regarding the thermodynamics of phosphate rock processing and the formation of calcium phosphate,
several studies stand out. In 2004, one study examined brushite, a crystalline hydrated calcium phosphate,
to better understand the crystal growth mechanism and the mineralization behavior of calcium phosphate
compounds. is analysis was carried out using a quantum mechanical model [16]. Later, in 2008, another
study investigated the relationship between hydroxyapatite and mullite extraction processes, focusing on
the stability of different stages and the development of structures. Based on chemical and morphological
characterization, the study discussed the sintering reactions that occurred [17].

In 2013, the decomposition of apatite into tricalcium phosphates made it possible to better understand the
synthesis, sintering, and mechanical properties of the hydroxyapatite phase. is, in turn, facilitated further
studies evaluating the applicability of sintering techniques to apatite-containing varieties [18]. at same year,
monetite was obtained from the decomposition of brushite through sonication tests, where ultrasonic energy
was applied to induce and accelerate reactions. e study showed that phase transformations can be achieved
using sonication and that such transformations involve changes at the single-cell level of the material [19].

In 2008, different calcium sources were used to synthesize various calcium phosphate compounds.
e study concluded that natural sources were more economical due to the abundance of ores. Within
this framework, the CaCO.–H.O– P.O. ternary system was investigated to determine stability zones for
hydroxyapatite and other phases at temperatures of 70 °C [20].

In 2020, thermodynamic models were developed for several processes aimed at enriching phosphorus
and calcium solutions. One example involved evaporating chemical phosphorus species under controlled
atmospheric conditions to evaluate phosphate layer formation and predict surface modications. ese
experiments led to the production of hydroxyapatite, tricalcium phosphate, and other phases [21].

Most recently, in 2024, thermodynamic models were used to prepare highly pure tricalcium phosphate
powders via solid-state synthesis. e models guided experimental determination of the optimal synthesis
temperature, established at 1000 °C. Notably, this synthesis route improves the quality of the products
generated [22].
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A review of the available literature shows that relatively few studies have successfully addressed the
relationship between thermodynamics and the stability of aqueous systems involved in phosphate mineral
decomposition. In light of this gap, the objective of the present study is to evaluate the behavior and stability
of the phases obtained through hydrometallurgical treatment of phosphate rock. e aim is to generate
chemical stability diagrams that dene operational ranges for producing phosphate compounds, which may
subsequently be applied in fertilizers and potentially in biomaterials.

Materials and Methods

Materials and Characterization

Ore samples were collected from a phosphate rock (PR) mining company located in the Department of
Boyacá, Colombia, and were subsequently crushed and ground to a particle size of less than 103 µm. ese
samples were chemically and mineralogically characterized using an Epsilon 13V 1.5 Malvern Panalytical
X-ray uorescence spectrometer and a Panalytical X’Pert Pro MPD X-ray diffractometer, respectively. For
XRD analysis, the operating conditions were set to scan the 2θ axis from 5° to 70° with a step size of 0.02°
and a counting time of 0.5 s per step, employing Cu Kα radiation with a wavelength -λ- of 1.5406 Å, while
the X'pert High Score Plus soware was used for data processing.

Leaching Tests

e objective of phosphate rock (PR) leaching is to obtain solutions with a predominant presence of
phosphate (PO4)-3 and calcium (Ca2+) ions. For this purpose, the PR sample was subjected to laboratory-
scale leaching in nitric acid (HNO3) solutions at concentrations of 2, 3, 4, and 5 M for 24 h, to analyze
the dissolution behavior of P and Ca as a function of acid concentration. e process was carried out in
beakers with mechanical agitation at a xed speed, maintaining a constant solid-to-liquid ratio of 1:3. e
concentrations of P and Ca in the resulting acid leach solutions were analyzed using semiquantitative XRF
characterization.

Variety, Precipitation, and Characterization

e solutions containing P and Ca ions were separated by ltration and used as raw materials for this study.
A volume of 10 mL from the acid leaching solutions (4 M HNO3) was transferred to a beaker under constant
magnetic agitation and reacted with a 0.5 M NaOH solution to adjust the pH to three target values: 3, 5,
and 10, measured with an Apera Instruments Premium Series PH8500-SA pH meter. Once the desired pH
was reached, agitation was stopped, and from each pH condition, three solid precipitates were obtained.
e solids were washed to remove soluble residues and dried on heating plates at 100 °C. Each precipitate
was then analyzed by XRD using a Panalytical X’Pert Pro MPD diffractometer, and by SEM using a JEOL
JSM-5910LV microscope.
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Results

Elemental and Mineralogical Composition of the PR Sample

Table 1 presents the XRF results for the elemental composition of the phosphate rock (PR) mineral samples.
e analysis indicates that the major elements in PR are Ca, P, Si, and Mg; however, the XRF soware also
provides a quantitative assessment expressed as oxides derived from these metals, which are likewise reported
in Table 1. Both the elemental concentrations and the corresponding oxide values fall within the ranges
reported by other researchers for PR minerals worldwide [23][24].

TABLE 1.
Elemental chemical composition analysis and stoichiometric oxides in the PR sample

Source: Author.

Table 2 presents the quantication of the predominant mineral phases identied in the phosphate rock
(PR) samples, with uorapatite accounting for an average of more than 58%. Figure 1 shows a diffractogram
highlighting the main peaks of the predominant minerals present in a PR sample: uorapatite, quartz, and
calcite. Based on the identied patterns, the following characteristic positions and planes were determined:
31.94(4)° (2 1 1) for uorapatite (#), 26.64(6)° (0 1 1) for quartz (#), and 29.45(2)° (1 0 4) for calcite (#). e
principal peaks of the uorapatite phase are consistent with results reported in previous studies [24][25].

TABLE 2.
Mineralogical phases present in the PR samples

Source: Author.



Sandra Consuelo Diaz Bello, et al. Thermodynamic Analysis in the Obtention of Calcium Phosp...

FIGURE 1.
X-ray Diffraction Diagram of a Sample of PR

Source: Author.

Leaching Tests

Solutions containing phosphate and calcium ions are required for the formation of calcium phosphates.
Equation 1 represents the leaching reaction of uorapatite with nitric acid, which produces phosphoric acid
and calcium nitrate, while Equation 2 shows the leaching reaction of calcite, which also yields calcium nitrate.

[ Ec. 1]

[Ec. 2]

Both reactions generate a solution containing calcium; however, mass balance shows that the largest
calcium contribution comes from uorapatite (Ec.1).

Figure 2 illustrates the percentages of P and Ca present in the leachate, revealing a directly proportional
relationship between the concentrations of P and Ca ions and the nitric acid concentration.
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FIGURE 2.
P and Ca Extraction in the Leaching Process

Source: Author.

e extraction of P and Ca ions is limited by the concentration of HNO. in the solution. For example, a 75
g sample of PR contains approximately 10.08 g of phosphorus, equivalent to 0.325 moles. In an acid solution
with a concentration of 3 M, there are 0.675 moles of HNO3 available.

According to the stoichiometric relationship in Equation 1 (10 HNO3 / Ca5 (PO4)3F), this amount of
HNO3 is insufficient to completely react with the calcium phosphate, indicating that HNO3 is the limiting
reagent and, consequently, the extraction of P and Ca ions is restricted by its availability. When the pH of the
leaching solutions is adjusted to different values (3, 5, and 10), the effect of NaOH addition is represented
by the reaction in Equation 3:

[ Ec. 3]

∆G°=-2533.31 Kcal/mol
e previous calculations indicate that with a negative ΔG, the reaction proceeds spontaneously, leading 

to the simultaneous precipitation of hydroxyapatite and brushite. In this case, NaOH acts as the limiting 
reagent, being fully consumed as new calcium phosphate phases, favored by the presence of P and Ca, 
are generated. Studies have demonstrated that various calcium phosphates can be obtained from 
solutions enriched with Ca2+ and PO4

3-[26].
e pH plays a crucial role in determining which calcium phosphate phase predominates, as illustrated 

in the thermodynamic stability diagram P–Ca–H2O (Figure 3). Two distinct solid phases are shown: 
dihydrated calcium phosphate (brushite (CaHPO4) ·2H2O) and hydroxyapatite (Ca5(PO4)3OH). Brushite 
is stable at 0.3 M concentration of P, 4.5 M of Ca, 3M of HNO3, and pH values between 2 and 5, whereas 
hydroxyapatite is stable at concentrations up to 1 M of P, 4.5 M of Ca, 3 M of HNO3, and pH values over 6.
e higher the pH, the greater the stability of the hydroxyapatite phase.
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FIGURE 3.
Diagram of species predominance for phosphorus - calcium - water system at 25 °C and 3 M HNO3

Source: Author.

e type of calcium phosphate obtained depends largely on factors such as the Ca/P ratio resulting
from the phosphate rock leaching process, the reaction pH, and the rate at which the pH modier
is added. Although this study did not specically analyze precipitation kinetics, the literature and the
experimental conditions suggest that kinetics may have signicantly inuenced the phases formed. In general,
the precipitation rate directly affects nucleation and crystal growth: rapid precipitation, particularly under
certain concentration and agitation conditions, tends to favor the formation of amorphous or metastable
phases, while slower precipitation allows greater structural reorganization, promoting the formation of more
stable crystalline phases such as hydroxyapatite. us, precipitation kinetics can play a decisive role in the
morphology, crystallinity, and phase of the products obtained [27][28].

Figure 4 shows the distribution of calcium phosphate species as a function of pH. At the intersections of
the curves, the molar fractions of the predominant species are equal. Phosphoric acid (H3PO4) is present
in P- and Ca-containing solutions at pH values below 3, while aqueous calcium phosphate (CaH2PO4 +)
predominates between pH 0 and 2. Solid phases emerge at higher pH: brushite (CaHPO4·2H2O), the most
common in this range, occurs between pH 2 and 4, whereas hydroxyapatite (Ca5(PO4)3OH) becomes the
dominant phase above pH 4. Hydroxyapatite is widely reported in the biomedical and bioceramics elds
[29-34].
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FIGURE 4.
Distribution diagram of calcium and phosphorus species as a function of pH

Source: Author.

Figure 5 is a speciation diagram for the binary P – Ca system, where the high stability of the Ca 2+ ion is
evident across the entire pH scale. In contrast, the phosphate ion becomes increasingly negative as the average
pH rises, which explains the phase transitions shown in Figure 4. Notably, gradient changes occur between
pH 2 and 4 with the formation of brushite (Figure 4), and again above pH 4 as brushite transforms into
hydroxyapatite (Figure 4).

FIGURE 5.

Speciation diagram for the binary (PO43–) – (Ca2+) system
Source: Author.

Precipitation of Solid Varieties

e solids obtained by precipitation at pH values of 3, 5, and 10 were characterized using XRD and SEM.
Figure 6A shows the diffractogram of the solid precipitated at pH 3, where a single phase identied as
monetite (CaHPO4) was observed. is phase corresponds to brushite once the water is eliminated from the
composition by heating the precipitated sample at pH 3 to 100 °C. e crystalline monetite phase exhibits
characteristic peaks at 26.36(0) °, 26.54(7) ° and 30.24(1) °, corresponding to diffraction planes (002), (200),
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(-120), with lattice parameters a = 6.9100 Å, b = 6.6270 Å and c = 6.9980 Å, α = 96.34 °, β = 103.82 °, 
and γ = 88.33 °.

FIGURE 6.
XRD patterns plot and B. SEM images of the precipitated monetite at pH 3

Source: Author.

Figure 7A presents the diffractogram of solids precipitated at pH 5. According to the stability diagram 
in Figure 3, these solids correspond to two phases in similar proportions, identied as 56% hydroxyapatite 
and 44% monetite. e diffractogram displays the characteristic peaks of each phase, consistent with results 
reported by other researchers [35-37].

FIGURE 7.
XRD patterns plot and B. SEM images of the precipitated monetite and hydroxyapatite at pH 5

Source: Author.

Figure 8A shows the diffraction pattern of a phase identied as hydroxyapatite. is monoclinic phase is 
characterized by lattice parameters a = 9.4214 Å, b = 18.8428 Å, and c = 6.8814 Å, with α = 90°, β = 90°, 
and γ = 120°. e characteristic triad of monoclinic hydroxyapatite is also clearly visible in the range 2θ = 
30°–35°, corresponding to the Miller indices (221), (−222), and (−360).
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FIGURE 8.
XRD patterns plot and B. SEM images of the precipitated hydroxyapatite at pH 10

Source: Author.

Figures 6B, 7B, and 8B present microphotographs of the solids precipitated at pH 3, 5, and 10, 
respectively. e crystals obtained exhibit plate-like structures with at surfaces, and their growth at different 
granulometries reects the production parameters established during the precipitation process.

Conclusions

Leaching phosphate rock with nitric acid makes it possible to obtain solutions containing up to 5% P ions 
and 20% Ca ions, with the quantity of leached metals being directly proportional to the acid concentration 
in the range of 2–5 molars.

e pH plays a decisive role in the precipitation of calcium phosphates when sodium hydroxide is added to 
acid solutions containing phosphate and calcium ions. Brushite ((CaHPO4) ·2H2O is the dominant phase at 
pH 2–3, but it gradually transforms into hydroxyapatite (Ca5(PO4)3OH) as the pH rises above 4, a process 
driven by a ΔG° of −2533.31 kcal/mol. is behavior is illustrated in the species predominance diagram and 
the distribution diagram, which show the transition of calcium phosphate into brushite at pH 2–3 and its 
subsequent transformation into hydroxyapatite at pH 3–4.

ese conclusions are supported by XRD analysis and SEM images of solids precipitated at pH 3, 5, and 
10, which identied 100% monetite, a mixture of monetite and hydroxyapatite, and 100% hydroxyapatite, 
respectively.
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