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The reactivity of calcite in phosphoric acid solutions of concentrations between 0 and 0.5 M was monitored during 15 minutes with complementary in-situ and ex-situ analytical techniques such as Raman and infrared spectroscopies, XRD and SEM analysis. The Raman and infrared spectra show the characteristic carbonate peaks of calcite and phosphate peaks attributed to a new phosphate phase which intensity decreases and increases, respectively with increasing phosphoric acid concentration and reaction time. A similar trend was observed with increasing acid concentration in the XRD analysis of calcite which also revealed that this new phosphate phase is dicalcium phosphate dihydrate or brushite. Fine sheets of calcium phosphate particles were observed by SEM analysis covering the calcite particles at a high phosphoric acid concentration. These changes on the calcite surface were compared to the consumption of protons by the calcite particle suspension with increasing phosphoric acid concentration. The formation and stability of passivating calcium phosphate phases on the calcite surface was evidenced. The obtained results allow to define the contact time and phosphoric acid concentration intervals where the surface of calcite is not passivated by the brushite formed or adsorbed on the mineral surface.

Introduction

The reactivity of calcium carbonate and phosphate materials has received considerable attention because of the abundance of these materials in the environment, their importance in the living organism and their wide range applications in the industry [START_REF] Abouzeid | Physical and thermal treatment of phosphate ores -An overview[END_REF][START_REF] Abu-Eishah | Beneficiation of calcareous phosphate rocks using dilute acetic acid solutions: optimisation of operating conditions for Ruseifa (Jordan) phosphate[END_REF][START_REF] Reeder | Crystal chemistry of the rhombohedral carbonates[END_REF][START_REF] Sayilgan | Effect of carbonate alkalinity on flotation behavior of quartz[END_REF]. The reactivity of calcium carbonate and phosphate minerals in solution, including their dissolution, is also a key factor for a successful separation of these minerals by flotation [START_REF] Abouzeid | On leaching lime and calcite from calcined calcareous phosphate with triammonium citrate solution[END_REF][START_REF] El-Jallad | Calcination of phosphates: reactivity of calcined phosphate[END_REF].

The crystal structure and the presence of impurities in these sparingly soluble minerals (eg., calcite and apatite) have been found to affect their dissolution and reactivity [START_REF] Baig | Effect of carbonate content and crystallinity on the metastable equilibrium solubility behavior of carbonated apatites[END_REF][START_REF] Meyer | The influence of impurities on the growth rate of calcite[END_REF]. Dissolution of ions from these different minerals, followed by their interaction in solution, and their indiscriminate adsorption/precipitation on the surface of all minerals present in the ore have resulted in a poor separation of these minerals by flotation [START_REF] Filippov | Selective flotation of silicates and Ca-bearing minerals: The role of non-ionic reagent on cationic flotation[END_REF][START_REF] Gharabaghi | Lar mountain phosphate ore processing using flotation approach[END_REF][START_REF] Somasundaran | Role of surface chemistry of phosphate in its beneficiation[END_REF]. [START_REF] Thompson | Surface electrical properties of calcite[END_REF] proposed that the formation of a new surface phase modifies the physical and electrical properties of the calcite surface. Numerous investigations devoted to the dissolution of calcite in acidic media can be found in the literature [START_REF] Klasa | An atomic force microscopy study of the dissolution of calcite in the presence of phosphate ions[END_REF][START_REF] Perassi | Adsorption and surface precipitation of phosphate onto CaCO3montmorillonite: Effect of pH, ionic strength and competition with humic acid[END_REF][START_REF] Somasundaran | The zero point of charge of calcite[END_REF][START_REF] Wilkins | The Effect of surface pretreatment with polymaleic acid, phosphoric acid, or oxalic acid on the dissolution kinetics of calcium carbonate in aqueous acid[END_REF]. Their results indicate the formation of a passivation layer on the calcite surface which is associated to a decrease in calcite dissolution. This phenomenon has been observed for other minerals, such as chalcopyrite where its leaching is significantly reduced as a result of passivation of its surface with formation of a layer of polysulfide/elemental sulphur and/or precipitation of jarosite [START_REF] Harmer | The evolution of surface layers formed during chalcopyrite leaching[END_REF]. The nature of this layer depends on the type and strength of the acid used for the dissolution (e.g. H3PO4, H2SO4, KH2PO4, C2H2O4, H2SiF6, HF, tannic acid). Among these acids, phosphoric acid is the most used for the separation of carbonate minerals (calcite, dolomite) from phosphate by reverse flotation, mainly in acidic flotation [START_REF] Abdel-Khalek | Evaluation of flotation strategies for sedimentary phosphates with siliceous and carbonates gangues[END_REF][START_REF] Zhang | Depressants in nonsulfide mineral flotation[END_REF]. The reaction between calcite and phosphoric acid gives essentially Caphosphate compounds as products (e.g., dicalcium phosphate dihydrate, CaHPO4 . 2H2O; dicalcium phosphate anhydrous, CaHPO4; octacalcium phosphate, Ca8H2(PO4)6 . 5H2O; tricalcium phosphate, Ca3(PO4)2; amorphous calcium phosphate (Ca9(PO4)6xH2O); hydroxyapatite, Ca10(PO4)6(OH)2) which have all different structures, compositions, solubilities and stabilities [START_REF] Tung | Calcium Phosphates: Structure, Composition, Solubility, and Stability[END_REF]. Several studies [START_REF] Cole | The Nature of Phosphate Sorption by Calcium Carbonate[END_REF][START_REF] Perassi | Adsorption and surface precipitation of phosphate onto CaCO3montmorillonite: Effect of pH, ionic strength and competition with humic acid[END_REF] have suggested that the initial uptake of phosphate onto calcite occurs via chemisorption, which is then followed by a slow transformation of amorphous calcium phosphate to crystalline apatite. The formation of a protection coating on the calcite surface through pretreatment is aimed at reducing the reactivity of calcite [START_REF] Mihajlović | Mechanism of stearic acid adsorption to calcite[END_REF][START_REF] Wilkins | The Effect of surface pretreatment with polymaleic acid, phosphoric acid, or oxalic acid on the dissolution kinetics of calcium carbonate in aqueous acid[END_REF].

Although the reactivity and dissolution of calcite in phosphoric acid solution has been largely investigated there is still a lack of understanding about the exact species formed at the calcite surface, especially at low phosphoric acid concentrations, and its kinetic of formation.

Therefore, in the present study, the reactivity of calcite in the presence of phosphoric acid and the species formed at its surface were measured with complementary analytical techniques as a function of reaction time and acid concentration. In particular, Raman spectroscopy was used to measure in-situ the kinetic of the reaction between calcite and phosphoric acid.

Materials and experimental procedure

Materials

The calcite sample used in this investigation is from Madagascar. Its chemical and mineralogical compositions were determined to check its purity. The XRD analysis shows that the sample is relatively pure and does not contain other minerals in significant proportion except for a small amount of quartz and tremolite (Fig. 1). The chemical analysis in Table 1 reveals the presence of Mg which can be attributed to tremolite (Fig. 1) or the substitution of Ca by Mg in the calcite structure. Its BET surface area is 0.6 m 2 /g. Phosphoric acid from Aldrich (high grade purity) was used in the experiments. The mineralogical composition of calcite was determined with a Bruker D8 instrument using CoKα radiation of wavelength 1.78026 Å. The chemical composition was determined using a Perkin Elmer Elan apparatus. An ICP-OES Icap 6500 with a radial torch Thermo was used for oxide component analysis and an ICP-MS X7 Thermo without pre-concentration of REE and U/Th was used for elemental analysis.

The particle morphology was observed using a HITACHI 500 SEM equipped with a Si-Li Xray detector and a back scattered electron detector (KE Development).

The infrared spectra were measured using a spectrometer Bruker Equinox 55 (source GLOBAR SiC and MCT detector) equipped with a Harrick diffuse reflectance accessory. The Raman spectra were measured using a Kaiser (RXN4) spectrometer with a laser excitation wavelength of 532 nm and a fiber-optic Raman sampling probe for in-situ analysis. The probe with a head in sapphire produces Raman peaks at 377, 417, 447, 576 and 749 cm -1 .

Experimental procedure

A sample of 3 g calcite in the particle size range 20 -100 µm was added to 100 ml of deionized water with a resistivity of 18 MΩ or phosphoric acid solutions at concentrations 0.001, 0. According to the flowsheet used by different authors [START_REF] Rao | Flotation of calcareous Mussorie phosphate ore[END_REF][START_REF] Mohammadkhani | Double reverseflotation of a very low grade sedimentary phosphate rock, rich incarbonate and silicate[END_REF]Abdel-Khalek, Selim, and Abdallah 2014), the total conditioning time of the reagents (depressant, collector) during the separation of a carbonated gangue from the phosphate ores by flotation in acidic media varies between 2 and 11 minutes. In this study, the reaction time from 1 to 15 minutes for each test was chosen in order to analyse the reactivity between calcite and phosphoric acid over a wide range of conditioning time.

Results

Raman spectra of phosphoric acid in water

The Raman spectra of the solutions containing phosphoric acid (without mineral present) at various concentrations are shown in Fig. 2. Three peaks are present in the spectra which intensity increases with the phosphoric acid concentration: the major one occurs at 890 cm -1 while the other two of weaker intensity are found at 1075 cm -1 and 1174 cm -1 . These peaks are only observed in solution of high phosphoric acid concentrations above 0.1 M; at lower concentrations these peaks are indistinguishable from the spectral background noise. These peaks correspond to PO4 symmetric vibrations [START_REF] Brandão | Synthesis, characterization and use of Nb2O5 based catalysts in producing biofuels by transesterification, esterification and pyrolysis[END_REF]. 

Raman spectroscopy analysis of calcite

Raman spectra of calcite after 15 min of contact with phosphoric acid

Figures 3 and4 show the Raman spectra over the entire spectral region of calcite after contact with phosphoric acid. The spectra present a broad peak at around 3450 cm -1 which does not change shape, intensity or position with increasing phosphoric acid concentration (Fig. 3). It is attributed to OH vibrations at the calcite surface [START_REF] De Ligny | Raman Spectroscopy of Adsorbed Water in Clays: First Attempt at Band Assignment[END_REF][START_REF] Sánchez-Pastor | Crystallization of ikaite and its pseudomorphic transformation into calcite: Raman spectroscopy evidence[END_REF]. The peak at 890 cm -1 increases in intensity with phosphoric acid concentration and is attributed to the PO4 vibration of phosphoric acid as it only appears in the spectra at the same acid concentration of 10 -1 M in the absence (Fig. 2) or presence of calcite (Figs. 3 and4), and also because it is not present in the spectra of the same sample after filtration and drying in Figs. 5 and6. The peak at 1085 cm -1 decreases in intensity but becomes broader with increasing phosphoric acid concentration (Fig. 3). Very small peaks are observed at 984, 713 and 282 cm - 1 which intensity is phosphoric acid concentration dependent. Fig. 4 shows more details of the spectral regions, 250-400 cm -1 and 800-1200 cm -1 , of the same samples. The peaks at 378 and 984 cm -1 increase in intensity with phosphoric acid concentration and are attributed to PO4 vibrations [START_REF] Crane | Raman spectroscopic evidence for octacalcium phosphate and other transient mineral species deposited during intramembranous mineralization[END_REF]. These peaks were not observed in the Raman spectrum of phosphoric acid (Fig. 2) and therefore must originate from a new phase being formed at the calcite surface involving the phosphate group. The peak at 283 cm -1 , translational lattice mode T(Ca,CO3) vibrations [START_REF] Klasa | An atomic force microscopy study of the dissolution of calcite in the presence of phosphate ions[END_REF], is present in the calcite spectrum in the absence of phosphoric acid and its intensity decreases with increasing phosphoric acid concentration (Fig. 4). This is also the case for the 1082-1085 cm -1 peak (attributed to carbonate as it is present in the calcite spectrum; [START_REF] Martinez-Ramirez | Micro-Raman spectroscopy applied to depth profiles of carbonates formed in lime mortar[END_REF][START_REF] Sánchez-Pastor | Crystallization of ikaite and its pseudomorphic transformation into calcite: Raman spectroscopy evidence[END_REF] while a distinct new peak appears at 1078 cm -1 first as a shoulder of the 1082 cm -1 peak at a phosphoric acid concentration of 0.25 M and thereafter as the main peak. This 1078 cm -1 peak is attributed to phosphoric acid (Fig. 2) as it increases in intensity with increasing acid concentration and because it is not present in the calcite dry samples (after removal of the liquid phase by filtration) in Fig. 6.

The peaks at 890 and 1078 cm -1 disappear from the Raman spectra after filtering and drying the calcite sample in a desiccator (Figs. 5 and6). The peaks at 283, 713 and 1085 cm -1 , attributed to CO3 vibrations [START_REF] Jehlička | Application of portable Raman instruments for fast and non-destructive detection of minerals on outcrops[END_REF][START_REF] Potgieter-Vermaak | The application of Raman spectrometry to investigate and characterize cement, Part I: A review[END_REF] decrease in intensity while the ν1PO4 peak at 984-988 cm -1 increases in intensity with acid concentration. As this peak at 984-988 cm -1 is not present in the spectra of calcite and phosphoric acid, it must be attributed to a PO4 vibration of a new species formed on calcite after phosphoric acid treatment. Indeed, a peak at 984-988 cm -1 is observed in the Raman spectrum of several calcium phosphate species such as monetite (CaHPO4) or brushite (CaHPO4 . 2H2O). The Raman shifts for this vibrational band (ν1PO4) and references [START_REF] Crane | Raman spectroscopic evidence for octacalcium phosphate and other transient mineral species deposited during intramembranous mineralization[END_REF][START_REF] Cukrowski | Modeling and spectroscopic studies of bisphosphonate-bone interactions. The Raman, NMR and crystallographic investigations of Ca-HEDP complexes[END_REF] for these two calcium phosphate species are given in Table 2. 998 [START_REF] Xu | FT-Raman and high-pressure infrared spectroscopic studies of dicalcium phosphate dihydrate (CaHPO4•2H2O) and anhydrous dicalcium phosphate (CaHPO4)[END_REF] 998 [START_REF] Xu | Vibrational Spectroscopic Investigations of Calcium Phophates and dental materials[END_REF] 989 [START_REF] Kodati | Raman Spectroscopic Identification of Phosphate-Type Kidney Stones[END_REF] 

Raman kinetic analysis of calcite at pH 4.6

The Raman spectra of calcite measured in-situ are shown in Fig. 7a as a function of contact time with solutions of phosphoric acid at a pH maintained at 4.6 (±0.1).

Fig. 7a.

In-situ Raman spectra of calcite as a function of contact time with phosphoric acid at pH 4.6.

The broad peak at 880 cm -1 belongs to phosphoric acid (Fig. 2) and its position and intensity remain more or less constant with time. After 3 minutes, a peak at 988 cm -1 appears and increases in intensity with time. It is not present in the spectra of calcite or phosphoric acid, and should correspond to the ν1PO4 984 cm -1 peak in Figs. 4 to 7 attributed to a new species formed on calcite after phosphoric acid treatment. The position of the ν1CO3 peak at 1085 cm -1 remains constant with time although its intensity decreases. The phosphate peak at 1078 cm -1 observed in Fig. 4 which was attributed to phosphoric acid is absent in Fig. 7a probably because the concentration of phosphoric acid at this pH is not high enough in solution (Fig. 2 shows that the intensity of the 1075-1078 cm -1 peak is very small compared to that of the 880-890 cm -1 peak). Fig. 7b shows the change in intensity of the ν1PO4 988 cm -1 and ν1CO3 1085 cm -1 peaks as a function of contact time with phosphoric acid. No change in intensity was observed in the first 2 min of contact with the acid as it was the case in Fig. 11a for the change of pH; then the intensity of both peaks increases sharply until approximately 8 min of contact before levelling off at longer times.

Fig. 7b.

Change in the intensity of the 988 cm -1 ν1PO4 and 1085 cm -1 ν1CO3 peaks in the Raman spectra of calcite (Fig. 8a) as a function of contact time with phosphoric acid at pH 4.6.

Infrared spectra of calcite after treatment with phosphoric acid

Large changes were observed in Figs. 8a and 8b in the infrared spectra of calcite after treatment with phosphoric acid. With increasing phosphoric acid concentration, a large increase in the peaks associated with H2O vibrations (3100-3600 cm -1 ), OH vibrations (1216 cm -1 ) and PO4 vibrations (1649 cm -1 , 985-1134 cm -1 , 782 cm -1 and 663 cm -1 ) were observed [START_REF] Farmer | Infrared spectroscopy in mineral chemestry[END_REF][START_REF] Frost | Vibrational spectroscopic characterization of the phosphate mineral hureaulite -(Mn, Fe)5(PO4)2(HPO4)2•4(H2O)[END_REF] while the peaks associated with CO3 vibrations at 3940, 1795, 1444, 873 and 713 cm -1 [START_REF] Regev | Distinguishing between calcites formed by different mechanisms using infrared spectrometry: Archaeological applications[END_REF][START_REF] Singh | Aragonite-vaterite-calcite: Polymorphs of CaCO3 in 7th century CE lime plasters of Alampur group of temples, India[END_REF][START_REF] Van Olphen | Data handbook for clay materials and other non-metallic minerals[END_REF]) decreased in intensity. More importantly, the apparition of these H2O/OH and PO4 vibrations and the start of the disappearance of the CO3 vibrations occur all between phosphoric acid concentrations of 10 -2 and 10 -1 M, which matches exactly the trends seen in the Raman spectra. slightly decreases up to 10 -1 M followed by a sharp decrease for higher acid concentrations.

This is in contrast with the changes in pH measured in similar experiments using nitric acid instead of phosphoric acid in this study and those by. [START_REF] Somasundaran | The zero point of charge of calcite[END_REF] where

ΔpH continues to increase with increasing acid concentration (Fig. 11b). These changes in solution pH following mineral addition are well known for semi-soluble minerals and have been associated in the case of calcite with the hydrolysis of carbonate and calcium ions in solution after their dissolution and at the surface to produce OH -and H + , respectively as in Eqs. 1 and 2 [START_REF] Somasundaran | The zero point of charge of calcite[END_REF].

CaCO3

Ca 2+ + CO3 2- (1)

Ca 2+ + H2O CaOH + + H + and CO3 2-+ H2O HCO3 -+ OH - (2) 
The smaller change of pH after 2 min of contact of the solution with the mineral may be associated with the adsorption/precipitation of the hydrolysis products of Eq. 2 resulting in the 

ΔpH

Acid concentration, M slow diffusion of protons at the mineral-solution interface [START_REF] Somasundaran | The zero point of charge of calcite[END_REF].

Although different mechanisms at the solid-liquid interface may be involved to explain the fast and slow changes in pH with time observed in Fig. 2a [START_REF] Somasundaran | The zero point of charge of calcite[END_REF], these changes may be simply related to the relatively large range of particle sizes of calcite used in this study with a faster dissolution of the finer particles and a slower dissolution of the coarser particles as reported in the literature [START_REF] Fulmer | Measurements of the solubilities and dissolution rates of several hydroxyapatites[END_REF][START_REF] Zhu | A comparative study on the dissolution and solubility of hydroxylapatite and fluorapatite at 25 °C and 45[END_REF].

It is interesting to compare the results obtained for calcite using nitric acid and those using phosphoric acid. [START_REF] Somasundaran | The zero point of charge of calcite[END_REF] found that the change of solution pH, ΔpH, was related to calcite dissolution and it increased with nitric acid concentration although the final (equilibration) pH was invariably the same at approximately 8.2. This is certainly not the case using phosphoric acid where these pH changes and equilibrium pH (Figs. 11a and 11b) decrease at high phosphoric acid concentrations. This difference seems to indicate that the consumption of proton and calcite dissolution are reduced in the presence of phosphoric acid, which may be the result of a passivation of the mineral surface after the formation of calcium phosphate species at the surface or in solution followed by their adsorption/precipitation, such as with ions species adsorption [START_REF] Fredd | The kinetics of calcite dissolution in acetic acid solutions[END_REF] or the precipitation of gypsum [START_REF] Al-Fariss | Flotation of a carbonate rich sedimentary phosphate rock[END_REF], monetite [START_REF] Somasundaran | Mineral-solution equilibria in sparingly soluble mineral systems[END_REF] or calcium phosphate [START_REF] Freeman | The adsorption and precipitation of phosphate onto calcite[END_REF][START_REF] Klasa | An atomic force microscopy study of the dissolution of calcite in the presence of phosphate ions[END_REF][START_REF] Wilkins | The Effect of surface pretreatment with polymaleic acid, phosphoric acid, or oxalic acid on the dissolution kinetics of calcium carbonate in aqueous acid[END_REF].

Discussion

The SEM analysis has shown that after treatment with phosphoric acid the calcite surface was covered with micron size calcium phosphate particles which were identified by XRD as brushite (CaHPO4 . 2H2O). Results of the infrared and Raman spectroscopic analyses are in agreement with this finding because they showed a decrease in intensity of the IR peaks associated with carbonate and an increase of those associated with phosphate and hydroxyl after phosphoric acid treatment, which can be interpreted as a hydrated phosphate species adsorbed on and covering the calcite particles. This hydrated phosphate species identified in this study as brushite may be formed directly at the surface with the replacement of carbonate by phosphate ions or in solution from the reaction between phosphoric acid and calcium ions dissolved from calcite followed by the precipitation of calcium phosphate. [START_REF] Klasa | An atomic force microscopy study of the dissolution of calcite in the presence of phosphate ions[END_REF] have shown that calcite dissolution in the presence of phosphate ions is coupled with the precipitation of a Caphosphate phase on the calcite surface which was attributed to octacalcium phosphate or hydroxyapatite based on thermodynamic considerations. [START_REF] Perassi | Adsorption and surface precipitation of phosphate onto CaCO3montmorillonite: Effect of pH, ionic strength and competition with humic acid[END_REF] investigated by Raman spectroscopy calcite and montmorillonite mixture after treatment with phosphoric acid and found calcium-phosphate compounds, mainly carbonate-apatite, on the calcite surface. Investigation carry out by [START_REF] Kamiya | AFM analysis of initial stage of reaction between calcite and phosphate[END_REF] on calcite surface reactivity with di-ammonium hydrogen phosphate, concluded that hydroxyapatite ((Ca10(PO4,CO3)6(OH,CO3)2), where PO4 3-and OH -are partially substituted by CO3 2-, was formed on the calcite surface.

The observation of new phosphate peaks in the Raman and IR spectra and XRD of calcite after treatment with 0.1 M phosphoric acid (Figs. 456789) coincides with the sharp decreases in pH change, proton consumption, observed in solution in Fig. 11b. Also, this phosphate phase starts to appear on calcite after only 2 min of contact of calcite with phosphoric acid (Fig. 7b), which corresponds well to the contact time where the pH of the solution containing calcite changes no more (Fig. 11a). It is possible that brushite formation and its coverage of the calcite surface after phosphoric acid treatment reduce acid diffusion to the calcite surface and therefore decrease calcite dissolution. Indeed, Somasundaran and co-workers [START_REF] Somasundaran | Mineral-solution equilibria in sparingly soluble mineral systems[END_REF] have discussed the possibility that a coating of calcium phosphate species such as monetite can prevent proton diffusion and reduce apatite solubility. Wilkins and co-workers [START_REF] Wilkins | The Effect of surface pretreatment with polymaleic acid, phosphoric acid, or oxalic acid on the dissolution kinetics of calcium carbonate in aqueous acid[END_REF] reported results on the reaction of calcite with different acids.

Unfortunately, their atomic force microscopy (AFM) and dissolution experiments were only made one hour after the calcite was exposed to the acids. At that time, their AFM images showed clearly deposits of calcium phosphate crystals on calcite after treatment with phosphoric acid and etched pits at the surface which are evidence of calcite dissolution. Indeed, their calcite dissolution rate measured independently was reduced by a factor of 4 in the presence of phosphoric acid [START_REF] Thompson | Channel flow cell studies on the evaluation of surface pretreatments using phosphoric acid or polymaleic acid for calcite stone protection[END_REF]. The coating phenomenon or "surface passivation" of calcite decreases calcite solubility [START_REF] Al-Fariss | Investigating sodium sulphate as a phosphate depressant in acidic media[END_REF]. [START_REF] Ukrainczyk | Influence of etidronic acid and tartaric acid on the growth of different calcite morphologies[END_REF] also observed the formation of calcium complexes at the calcite surface after addition of etidronic acid and tartaric acid which reduce calcite dissolution. The present study has clearly shown that the formation of a calcium phosphate phase at the calcite surface is fast, occurring in the first 2-3 minutes of contact with the phosphoric acid solution, and this phase is responsible for the reduced reactivity of calcite, including calcium dissolution and consumption of protons.

Conclusion

The changes in solution and at the surface of calcite after contact with various concentrations of phosphoric acid have been monitored using in-situ Raman spectroscopy and completed with complementary analytical techniques. The trends observed in the Raman, IR and XRD analyses with increasing phosphoric acid concentration are similar with the apparition of characteristic peaks of PO4 and the disappearance of CO3 peaks all occurring at a phosphoric acid concentration between 10 -2 and 10 -1 M, and in the first 2-3 minutes of contact with the acid.

Furthermore, SEM images showed that small particles of calcium phosphate, clearly identified by XRD analysis as brushite, were covering the calcite surface.

Brushite have been formed on the calcite surface or in solution from the reaction of phosphoric acid and calcium ions dissolved from calcite, followed by its precipitation when its solubility limit is reached. This coverage of the calcite surface with tiny sheets of brushite passivates the surface and therefore is responsible for the reduced consumption of proton in solution and reactivity of calcite.

As main funding, this work evidences that the brushite formation on the calcite occurs for low phosphoric acid concentration (<10 -2 M/L) and/or for a short contact time of calcite with phosphoric acid solution. Thus, the surface of calcite remains reactive to the flotation collector adsorption. The results obtained in this work allow to optimize the acidic flotation process by monitoring the very narrow contact time and concentration windows where the surface of calcite is not passivated by the brushite formed or adsorbed on the mineral surface. This finding compared to the calcium phosphate precipitation at the calcite surface as a function of phosphoric acid concentration allows to understand the flotation separation mechanism of the apatite and calcite occurring in a narrow and constant pH range (4.5-5.5) when using the fatty acids as collector. Further investigations of the single mineral and binary apatite-calcite samples flotation will be next performed to improve the flotation separation between calcite and apatite with phosphoric acid used as depressant for apatite.

Fig. 1 .

 1 Fig. 1. XRD patterns of calcite (Cal: calcite; Tre: tremolite; Qtz: quartz).

  25 or 0.5 M and stirred at 200-300 rpm during 15 min. The pH of the solution and the Raman spectrum of the pulp were continuously recorded. At the end of the 15 min conditioning time, the pulp was filtered and dried in a desiccator for 24 hours at room temperature. The dry sample was then analysed by Raman and IR spectroscopies, XRD and SEM. Raman spectra of calcite in solution were also measured as a function of time with continuous phosphoric acid addition to maintain the pH approximately constant at 4.6 (±0.1) during 15 minutes. The phosphoric acid concentrations were chosen (i) based on the conditioning pH used to separate a carbonate gangue (calcite, dolomite) from phosphate ores by flotation in acidic media; (ii) in order to investigate the sensitivity of calcite reaction with phosphoric acid to pH change.

Fig. 2 .

 2 Fig. 2. Raman spectra of phosphoric acid in deionized water at different acid concentrations (C).

Fig. 3 .

 3 Fig. 3. Raman spectra (210 to 3710 cm -1 region) of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations (C).

Fig. 4 .

 4 Fig. 4. Raman spectra (250 to 1200 cm -1 region) of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations (C).

Fig. 5 .

 5 Fig. 5. Raman spectra (250 -1160 cm -1 region) of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations (C) followed by filtration and drying.

Fig. 6 .

 6 Fig.6. Raman spectra (250 -1200 cm -1 region) of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations (C) followed by filtration and drying.

Fig. 8a .

 8a Fig. 8a. Infrared spectra of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations (C) followed by filtration and drying.

Fig. 8b .

 8b Fig. 8b. Infrared spectra (611 -1770 cm -1 ) of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations (C) followed by filtration and drying.

Fig. 9 .

 9 Fig. 9. XRD patterns of calcite after 15 min of contact with solutions of phosphoric acid at different concentrations followed by filtration and drying.

Fig. 10 .

 10 Fig. 10. SEM of calcite after 15 min of contact with solutions of (a) 0 M and (b) 0.1 M of phosphoric acid followed by filtration and drying (Cal: calcite; CP: calcium phosphate). 3.5. Change of solution pH with phosphoric acid addition The changes of pH with time of a solution containing calcite in suspension at different concentrations of phosphoric acid are shown in Fig. 11a. Results show that the pH of the solution increases rapidly in the first 1-2 mins after addition of the mineral and then remains constant, slightly increases or slightly decreases. The change in pH, (ΔpH = pH15 min -pHt=0,without mineral), or consumption of protons by the calcite pulp, is reported in Fig. 11b. It increases with phosphoric acid concentration up to a maximum value at 10 -3 M acid, then

Fig. 11a .

 11a Fig. 11a. Change of calcite pulp solution pH with time at different concentrations (C) of phosphoric acid.

Fig. 11b .

 11b Fig. 11b. Change in pulp pH (ΔpH=pHt=15 min -pHt=0, without mineral) for calcite as a function of nitric acid and phosphoric acid concentration.

  

  

  

Table 1 .

 1 Chemical analysis of calcite by (top) ICP-OES and (bottom) ICP-MS.

	Oxides	CaO	P2O5 SiO2	MgO	Al2O3 Fe2O3 Na2O	K2O TiO2 MnO	F	LOI
	%	55.16	-	-	0.29	0.06	0.05	-	0.02	-	-	-	41.9
	Elements	Ba	Ce	Cr	La	Nb	Rb	Sn	Sr	Th	Zn	Zr
	ppm	1.8	0.4	-	0.3	0.1	0.8	1.4	101	0.1	-		0.9
	2.2. Analytical methods										
	The pH of the solution was measured with a pH meter, pH 3110 WTW model (calibrated with
	standard solutions of pH 4.01, 7.00 and 10.0) while a pH monitor, pH 170 WTW model, was
	used to keep the pH at constant values with addition of concentrated solutions of phosphoric
	acid.												

Table 2 .

 2 Phosphate vibrational band (ν1PO4) in Raman spectra of monetite and brushite reported by other workers and in this work.

	Compound	Raman shift wavenumber (cm -1 )	References
		988	This work
		985	(Cukrowski et al., 2007)
	Monetite	988	(Xu et al., 1999)
	(CaHPO4)	988	(Xu, 1996)
		983	(Casciani and Condrate, 1980)
		984	This work
	Brushite	980-985	(Crane et al., 2006)
	(CaHPO4 . 2H2O)		
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