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Abstract

Flotation mechanisms of calcareous phosphates ores, and in particular the reaction between
phosphoric acid and fluorapatite have still to be elucidated. In the present work, variations of
carbonated hydroxyfluorapatite (C-HFAp) in contact with various concentrations of
phosphoric acid were studied using ex-situ and in-situ techniques, namely Raman and Infrared
spectroscopy, X-Ray diffraction (XRD) and Scanning Electron microscopy (SEM). Raman
spectra showed a calcium carbonate peak (CaCO3) (1085 cm™) at low acid concentrations
(between 107 and 102 mol.L'"), disappearing at higher concentrations. Similarly, kinetic
studies showed that, even if CaCOs3 appeared after 2 min reaction, it disappeared after 3 min.
IR spectra and diffractograms seemed to display the presence of CaCOs; at low acid
concentrations (peak at 713 cm™ on the IR spectra), with a change in CaCOj crystallinity and
in the C-HFAp surface with increasing acid concentrations (broadening of the peak). Our
results highlight the conversion of hydroxyfluoroapatite at high acid concentrations, with a
coating of the mineral surface which prevents the dissolution of the mineral and can impact
the adsorption of collectors. Our work contributes to the understanding of the mechanisms of

depression of apatite minerals in phosphate ores flotation.

Keywords: Carbonated hydroxyfluorapatite; phosphoric acid; flotation; Raman and infrared

spectroscopies.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0032591020312250
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0032591020312250

1. Introduction

Phosphates are a fundamental finite resource, mainly used (> 90%) in agriculture for
fertilizers production. Agriculture depends on phosphate ores because they are nonrecyclable,
and currently, no minerals can replace them. Moreover, the increasing world crop production
results in an increasing phosphate demand (Sis and Chander, 2003). Among the main
phosphate ores (sedimentary, igneous or biogenic), sedimentary phosphates with a siliceous
gangue are readily processable for fertilizers production. However, the rarefaction of siliceous
phosphate resources results in the exploitation of phosphate ores with a carbonate gangue,
which are considerably more complex and difficult to process than siliceous phosphates (Al-
Fariss et al., 2014). Numerous laboratory and pilot plant studies were performed for extracting
apatite (main phosphate bearing mineral), which represents more than 80% of the globe’s
phosphate reserve (Sis and Chander, 2003). Actually, flotation is the major process used for
apatite extraction, allowing more than 60% of the worldwide phosphate recovery (Sis and
Chander, 2003). The process performances are influenced by several variables such as the ore
composition, particle size, reagents type, and ionic species present in the mineral pulp

(Santana et al., 2008).

Apatites (hydroxylapatite, fluorapatite, francolite, etc) are the predominant phosphate minerals of
sedimentary phosphates ores, while gangue commonly comprises silicates, metal oxides,
carbonates and fluorite (Ashraf et al., 2005). Among these minerals, apatite, calcite, dolomite,
barite, fluorite, scheelite, and any salt-type minerals which are highly soluble in aqueous
media may be easily separated by flotation from oxides and silicates (Filippov et al., 2012).
However, the separation of these minerals from each other is complex because of the presence
of similar alkaline earth cations in their structure, leading to identical surface properties, and
therefore close reactivity towards flotation collectors and depressants (El-Midany 2004,
Filippova et al., 2014). Additionally, their close zero point of charge (ZPC), ranging between
pH 4.5-5 results in similar electrokinetic properties of phosphates and carbonates, adding
difficulty to their separation (El-Midany, 2004, Filippov et al., 2012). However, pH is a key
parameter for the stability of calcium phosphates (Elliott, 1994) and for carbonate flotation
(Gharabaghi et al. 2007). Moreover, complex reactions occur between dissolved species and
mineral surfaces during flotation, modifying surficial properties and in consequence,
separation performances (Yuehua et al. 1994). Therefore, the separation of these minerals

requires additional treatments.



Calcite-dolomite-type impurities and phosphates show a similar response towards anionic and
cationic collectors, resulting in separation difficulties (Abouzeid et al., 2009; Elgillani and

Abouzeid, 1993; Gharabaghi et al., 2007; Mishra, 1978; Somasundaran et al., 1985).

Concerning the separation of apatite/calcite, which is the subject of the present work, one
treatment consists in depressing apatite and preventing collectors adsorption on its surface.
Among the various acidic depressants used (H3PO4, H2SO4, KH2PO4, C2H204, HoSiFe, HF,
tannic acid), phosphoric acid is the most commonly used, and the most efficient for separating
phosphates from carbonates (calcite, dolomite) through reverse flotation (Abdel-Khalek,
2000; Zhang et al., 2007). This method leads to rather good separation results between apatite
and carbonates, with the obtention of marketable phosphate concentrates as indicated as

follows:

*  21.7% P>0s grade and 65.5% recovery from a feed containing 5.0% P>0s, 45.8% CaO
and 6.7% SiO2 (Mohammadkhani et al., 2011);

* 15-30% P20Os grade from an original mineral comprising 5.6% P20s, 51.1% CaO and
7.4% Si0» (Hernainz et al., 2004);

*  27.2% P,0s grade with 73% recovery from ore containing 12.5% P20s, 32% CaO and
26.5% SiO; (Prasad et al., 1995).

Mechanisms responsible for these good separation performances remain poorly understood.
Several studies indicated a passivation of the apatite surface by a new layer formed (Abouzeid
et al., 2009; Chairat et al., 2007; Dorozhkin, 2002; Schaad et al., 1997; Somasundaran et al.,
1985), whose nature depends on the type and the strength of the acid used as depressant.
Reactivity studies carried out on calcite-phosphoric acid and apatite-phosphoric acid systems
showed the formation of a calcium-rich layer on the minerals. Performing chemical equilibria
in heterogeneous systems with apatite and calcite, Somasundaran et al. (1985) mentioned a
coverage of the apatite surface by monetite, at a pH below 4.8. Chairat et al. (2007)
investigations on fluorapatite (FAP) dissolution in aqueous media showed the alteration of the
fluorapatite surface, with a fast decrease of the Ca/F ratio and an enrichment in P, through
chemical interactions between dissolved species at the FAP surface (H* and Ca**, OH™ and F).
Chairat and co-workers (2007) indicated that the newly-formed layer was a dicalcium

phosphate or monetite (CaHPO4) leading to an apparent low solubility of FAP.



Most proposed mechanisms for controlling apatite reactivity in acidic media are based either
on hypothesis or thermodynamics calculations. Although numerous experimental studies have
been performed, using analytical techniques such as infrared spectroscopy (Fowler, 1974),
XRD (Dickens et al., 1972), Raman spectroscopy (Klasa et al., 2013) and atomic force
microscopy (Klasa et al., 2013), interactions between apatite and inorganic acids resulting in

apatite depression have still to be elucidated.

The present work involved a range of analytical techniques for obtaining complementary
results on the reactivity of carbonated hydroxyfluoroapatite (C-HFAp) with phosphoric acid,
and more particularly to identify surface products which may affect flotation. Chemical
species produced on the apatite surface have been monitored as a function of the
concentration of phosphoric acid and the exposure time, using in-situ and ex-sifu Raman and

infrared spectroscopies, X-ray diffraction and scanning electron microscopy.
2. Materials and experimental procedure

2.1. Materials
The C-HFAp sample was obtained in Madagascar and the ICP-OES/MS (Table 1) and XRD
(Fig. 1) analyses revealed the presence of small amounts of quartz and impurities such as

caesium, thallium and lanthanum.

The Ca/P and Ca/F ratios of the sample (1.79 and 5.96, respectively), determined through
chemical analyses (Table 1), differ from the theoretical stoichiometry of apatite (Ca/P = 1.67
and Ca/F = 5). They indicate a deficiency in both phosphate and fluorine relatively to
calcium, which may be due to the substitution of phosphate and fluorine in the lattice, by
carbonates as it is the case in carbonated apatite (Chhettry et al., 1999). This could be
confirmed by the non-negligible loss on ignition (LOI) value that may indicate the presence of

a small amounts of carbonate in the sample (<1%). Its BET surface area is 0.8 m?/g.
Phosphoric acid of high-purity grade (Aldrich) was used in the experiments.

2.2. Analytical methods

The pH was measured with a pH meter (pH 3110, WTW) calibrated with pH 4.01, 7.00 and
10.0 standard solutions. pH-control was performed using a pH monitor (pH 170, WTW), with

the addition of concentrated solutions of phosphoric acid.



The mineralogical composition of the samples was determined using XRD, with a Bruker D8

instrument using Co Ka radiation at a wavelength of 1.789 A.

The chemical compositions of the minerals were determined using a Perkin Elmer Elan
apparatus comprising an ICP-OES Icap 6500 with radial torch (Thermoscientific) for major
component analysis, associated to an ICP-MS X7 (Thermoscientific) (without pre-

concentration of REE and U/Th) for traces analysis.

An Ion 450 millivoltmeter (MeterLab) equipped with a specific electrode was used to analyse

fluorine.

The particle morphology was observed using a HITACHI 500 SEM equipped with a Si-Li X-

ray detector and a back scattered electron detector (KE Development).

Infrared spectra were measured using a Bruker IFS 55 spectrometer (with a GLOBAR SiC

source and a MCT detector) equipped with a Harrick diffuse reflectance accessory.

Raman spectra were measured in the 200 - 4000 cm™ wavenumber range using an RXN4
spectrometer (Kaiser) at a laser excitation wavelength of 532 nm, with a fiber-optic Raman
sampling probe. The sapphire-head probe produces Raman peaks at 377, 417, 447, 576 and
749 cm’!.

2.3. Experimental procedure

A 3 g sample of C-HFAp in the particle size range 20-100 um was added to 100 ml of
deionized water or phosphoric acid solutions at concentrations of 0.001, 0.01, 0.1, 0.25 and
0.5 M, and stirred at 200-300 rpm during 15 minutes. The pH of the solution and the Raman
spectrum of the pulp were continuously recorded. After 15 minutes conditioning, the pulp was
filtered, and then dried in a desiccator for 24 hours at room temperature. The dry sample was
analysed by Raman and IR spectroscopies, XRD and SEM. The Raman spectrum of C-HFAp
in solution was also measured as a function of time with continuous addition of phosphoric
acid to maintain the pH approximately constant at 4.6 (+0.1) during 15 minutes. This
continuous addition of concentrated H3POs injection only led to a slight variation in the

solid/liquid ratio from 30 to ~29 g/1, but did not significantly affect the solubilisation rate.

The choice of phosphoric acid concentrations was (i) based on the conditioning pH used to
separate phosphate ores from a carbonate gangue (calcite, dolomite) by flotation in acidic

media; (ii) performed in order to investigate the reactivity of fluorapatite with phosphoric acid
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under pH variations. According to the flowsheet (Abdel-Khalek et al., 2014;
Mohammadkhani et al., 2011; Rao et al., 1985), the total conditioning time of the reagents
(depressant, collector) during the separation of the phosphate ores from a carbonated gangue
by flotation in acidic media varies between 5 and 11 minutes. In this study, 15 minutes
reaction time for each test was chosen for analysing the reactivity between fluorapatite and

phosphoric acid over a prolonged conditioning time.

3. Results and discussion

3.1. Raman spectroscopy

3.1.1. Raman spectroscopy of phosphoric acid

Raman spectra of phosphoric acid (without mineral) at various concentrations are shown in
Fig. 2. These spectra show three peaks with intensities increasing with the concentration of
phosphoric acid: a major one at 890 cm™!, and two other peaks of lower intensity at 1075 cm’!
and 1174 cm™. These peaks, which appear from a concentration of 0.1 mol.L"! phosphoric

acid, correspond to symmetric PO4 vibrations (Brandao et al., 2009).

3.1.2. Raman spectroscopy of C-HFAp

Raman spectra of C-HFAp after 15 minutes contact with phosphoric acid at various

concentrations are shown before (Figs. 3 and 4a) and after filtration and drying (Fig. 4b).

The spectrum of C-HFAp without phosphoric acid (Fig. 3, C = 0 mol.L"! ) presents a broad
and intense peak around 3450 cm™! due to OH vibrations (de Ligny et al., 2013), and a smaller
peak at 963 cm™ due to ViPOy vibrations (Casciani and Condrate, 1980). The shape, intensity
and position of these two peaks remain constant with increasing the concentration of
phosphoric acid.

From 0.25 mol.L"! phosphoric acid, a VPO4 peak appears at 890 cm™, and its intensity
increases with the concentration of phosphoric acid. This peak, also observed in Fig. 2,
corresponds to phosphoric acid. Fig. 4 shows in details the spectral region 800-1200 cm™’. In
particular, in Fig. 4a (without filtration nor drying of C-HFAp) a new peak is present at 1085
cm?' at 102 and 102 mol.L"! phosphoric acid. Another peak appears at 1078 cm’' at

I and makes it look

0.1 mol.L"! phosphoric acid which merges with the peak at 1085 cm’
broader. Although the intensity of the peak at 1078 cm’! increases with the concentration of

phosphoric acid, the intensity of the peak at 1085 cm™ also increases up to 10 mol.L’!
6



phosphoric acid but decreases above this concentration. Attribution of the peak present at
1085 cm™' is complex, because it could be due either to PO4 or COs3 vibrations, according to
Table 2 which shows the assignments of Raman bands from 1070 to 1088 ¢cm™ in relation
with various minerals. Results of band component analysis of the Raman spectra are reported
in Table 3. The peak at 1085 cm™ has been assigned to V3POu vibrations (Brandio et al.,
2009; Casciani and Condrate, 1980), and also to v{CQOs3 vibrations in other studies (Klasa et
al., 2013; Termine and Lundy, 1974). Termine and Lundy (1974) investigated the POs
vibration of some phosphate salts and assigned the peaks at 1086-1088 cm™ to VPO4 in
calcium phosphate and magnesium phosphate materials, but the authors found no VPO4 peak
in the 1086-1088 cm™! region for calcium carbonate phosphates. They explained this absence
with a dominant viCO3 band in this region for carbonate phosphates. In the present work, the
Raman spectrum of untreated C-HFAp shows a peak at 1085 cm™'. When the sample is
brought in contact with phosphoric acid, the intensity of the peak at 1085 cm™! increases up to
102-102 mol.L"! phosphoric acid. It decreases, and the peak disappears at higher
concentrations of phosphoric acid (Figs. 4a and 4b). As we observed a strong peak at 1085
cm! in our recent Raman study for a sample of pure calcite (Filippov et al., 2019), the 1085
cm’! peak observed in Figs. 4a and 4b is therefore attributed to a CO3 vibrations, in agreement
with previous studies (Klasa et al., 2013; Termine and Lundy, 1974).

It is likely that the peak at 1078 cm’!, or part of it, belongs to phosphoric acid (Fig. 2) as its
intensity increases with phosphoric acid concentration, as for the peak at 890 cm™! Moreover,
this peak is only observed at a phosphoric acid concentration of 0.1 mol.L™! and above, which

is also the case for phosphoric acid (Fig. 2).

The Raman analysis performed on dried C-HFAp (Fig. 4b) confirms the previous spectral
interpretations with, in particular, disappearance on the spectrum of both the 890 cm™ and
1078 cm™! peaks attributed to phosphoric acid which is removed by filtration, and presence of
the peak at 963 cm™ attributed to C-HFAp, the intensity of which remains constant (same
amount of mineral in each experiment). Also, the behaviour of the peak at 1085 cm™! is more
clearly seen in Fig. 4b than in Fig. 4a because of the absence of the 1078 cm™! adjoining peak;
it is present in the absence of acid and increases in intensity up to a maximum value at 0.01
mol.L"! phosphoric acid before vanishing or drastically decreasing in intensity at higher acid
concentrations (>0.1 mol L'). The major difference between Fig. 4a and Fig. 4b is the
presence of a broad peak around 1052 cm™ in the spectra of the dry sample. The intensity of

this broad peak was lower for the sample in solution. It belongs to C-HFAp as it is also
7



present in the absence of phosphoric acid (Fig. 4a) and its intensity and shape remain

constant. It is attributed to V3POs vibrations (Nathanael et al., 2013; Penel et al., 1997).

The presence of calcium carbonate in the system for the pH ranging between 4.6 and 7.5 was
attributed to a surface conversion phenomenon of apatite into calcite. Somasundaran and
Wang (2006) indicated two possibilities that may occur if the apatite system is in contact with
atmospheric CO» (as in this study): (i) calcite can precipitate with subsequently coating the
apatite surface, (ii) the surface of apatite particles could be converted into calcite through
various surface reactions leading to surface precipitation. In flotation, consequences of such
phenomena are relevant, in particular for the separation of apatite from other calcium minerals
(e.g. calcite, dolomite) by selective flotation. Thus, in the flotation of apatitic minerals,
calcium carbonate newly formed by surface conversion of apatite probably acts as a coating
layer on the apatite surface which prevents apatite dissolution on one hand and impact the

adsorption of collectors on the other hand.

3.2. Infrared spectroscopy

Infrared spectra of C-HFAp as a function of phosphoric acid concentrations are shown in
Figs. 5a, 5b and 5c for the spectral regions 4100-600 cm™!, 900-670 cm™ and 1600-1360 cm™,
respectively. Table 3 shows the results of IR band component analysis together with the
attribution of each band.

IR spectra are complex and present peaks attributed to OH vibrations at 3540 cm’!
(Arifuzzaman and Rohani, 2004), and to CO3 and PO4 vibrations. Contamination by silicates-
probably quartz (Table 1 and Fig. 1) is shown by the presence of peaks at 804, 730, 695 and
1160 cm™! attributed to v(Si-O) (Hlavay et al., 1978). The presence of COs peaks in the
infrared spectra confirms that carbonate is present in the C-HFAp sample. The presence of
CO; and OH in the sample may be the result of their substitutions with POs and F
respectively, in the crystal lattice of the untreated sample, as it is the case for carbonated
hydroxy-fluorapatite (C-HFAp). Other authors report this similar type of apatite in their
studies (Regnier et al., 1994).

Major changes observed with increasing phosphoric acid concentrations occur for some COs
peaks. In particular, new COs peaks at 2987, 2879, 2514, 1795, 876, 848 and 713 cm’!, which
were absent in the spectrum of C-HFAp without phosphoric acid, appear in the spectra with
10 and 102 mol.L"! phosphoric acid, but their intensity decreases or peaks disappear at

8



higher acid concentrations (Fig. 5a). The peaks at 2987, 2879 and 2514 cm™ are attributed to
overtones of the stretching vibrations of v3COs (Table 3) (Van Olphen and Fripiar, 1979). In
the untreated sample, these peaks have a low intensity that becomes relatively intense in
presence of phosphoric acid, particularly at 10 and 10 mol.L"!. The peak at 1795 cm™ (Fig.
5a) is due to an overtone of v3COs3 vibration (Farmer, 1975). It is already present in the
untreated sample and increases in intensity up to 102 mol.L"! phosphoric acid before
decreasing at higher acid concentrations. The peaks at 876 and 848 cm™! are also assigned to
v2COs (Regnier et al., 1994); they appear at 10 and 102 mol.L"! phosphoric acid (Fig. 5b).
Regnier and co-workers indicated that these two peaks are characteristic of natural C-HFAp
(Regnier et al., 1994). The v4 peak at 713 cm™!, also appearing at 10~ and 102 mol.L"!, and
disappearing when the phosphoric acid concentration reaches 107! mol.L! (Fig. 5b), is
attributed to CO3 vibration (Farmer, 1975). However, Ren et al. (2014) attributed this peak to
a COs vibration of calcite, indicating the presence of detectable CaCO3z formed on the C-
HFAp surface during treatment at low phosphoric acid concentrations. The three peaks at
1454, 1425 (Fig. 5c¢) and 866 cm! (Fig. 5b) are due to v3COj; (Okazaki, 1983). These
vibrations correspond to COj3 ions which have substituted PO4 ions in the C-HFAp lattice
(Regnier et al., 1994). The weak or absence of phosphoric acid’s influence on the intensity of
the peaks at 1454, 1425 and 866 cm™, even at high acid concentrations, seems to be due to
different structural states of COj3 . v3COs-corresponding peak (1454, 1425 and 866 cm) is
probably for a better ordered state than the one corresponding to v4CO3 (713 cm™). Thus, this
difference in COs structural state may lead to a differential dissolution, as it was reported that
the substitution of PO4 ions by COs in the apatite lattice leads to structural disorder and also to
higher solubility (Hontsu and Yoshikawa, 2015). A shoulder peak at 1544 cm™ (Figs. 5a and
5¢) due to v3COs (Okazaki, 1983; Ren et al., 2014) appears at 10"! mol.L"! phosphoric acid

and is better defined at higher acid concentrations.

At least two types of carbonated apatite exist, called type A and type B (Ren et al., 2014).
Type A can be prepared through hydrothermal route or by the reaction of apatite with CO; at
a high temperature, while type B is prepared from aqueous precipitated carbonated apatite.
Ren et al. (2014) found that type A has a characteristic CO3 IR peak at 1546 cm™ which
corresponds to the COj3 substitution for OH, while type B has a characteristic CO3 IR peak at
1465 cm™ which corresponds to the COs substitution for PO4 (Ren et al., 2014). They also
reported that the IR peaks at 880, 1413 and 1450 cm™' may also be attributed to type B, but



may also originate from carbonate adsorption on the apatite surface or to a separate

intermixed carbonate containing phase (no substitution).

Peaks at 2143 — 1872 cm’! due to overtones of vsPO4 (Jouve, 1995) and peaks at 1086 — 933
cm! (Fig. 5a) assigned to viPOs4 and vsPOs (Grunenwald et al., 2014) did not change
significantly with variations in phosphoric acid concentration. However, the PO4 large band at
1086 — 933 cm™! seems to decrease in intensity and mostly becomes broader with increasing
phosphoric acid concentration over 10" M. These changes in intensity and broadness indicate
modifications in the C-HFAp structure/crystallinity after reaction with phosphoric acid.
Drouet (2013) also observed a broadening of IR peaks as a function of crystallinity degrees, in

infrared spectra of different Ca-phosphate.
3.3. XRD and SEM analysis of C-HFAp

Fig. 6 displays XRD patterns of C-HFAp. The sample has been 15 minutes in contact with
phosphoric acid at concentrations ranging between 10~ and 0.5 mol.L"!, then filtrated and
dried. All XRD patterns are compared to those in the database JCP2.ca. Fig. 6 shows no clear
evidence for new crystalline phases in the XRD of C-HFAp after contact with phosphoric acid
(Fig.6), except for a new peak at ~34° (d = 3.03) which only appears at phosphoric acid
concentrations of 102 and 102 mol.L'!. This peak is present in some Ca-phosphate
compounds (e.g. brushite, pyrophosphate) but is also the main XRD peak of calcium
carbonate (JCP2.ca 05-0586). As previously indicated, this peak corresponds to the main
XRD peak of calcium carbonate. Calcium carbonate is indeed present in the C-HFAp sample
(also identified in several other calcium phosphate materials, (Lu et al., 2000)) and clearly
identified in the infrared spectra.

SEM images of C-HFAp samples are shown in Fig. 7. The surface and particle morphology
appears unchanged after treatment with 0.5 mol.L! phosphoric acid, indicating that no new
mineral phases are produced at this high acid concentration. This observation is in
contradiction with (Dorozhkin(1997) who observed the formation of a thin surface layer of
acidic calcium phosphates (CaHPO42H>0 and/or Ca(H2PO4)2’H2O) on apatite treated with
phosphoric acid.

3.4. Change of solution pH with phosphoric acid concentration

10



Variations of pH for C-HFAp pulp solution in contact with phosphoric acid are shown in Fig.
8a. From 0 to 102 mol.L! phosphoric acid, the pH increases rapidly in the first 2 minutes
after addition of the mineral. It then remains constant, and slightly increases or decreases later
up 15 minutes where it reaches an equilibrium. Moreover, pH values at equilibrium decrease
with increasing the phosphoric acid concentration. They are higher than 6, for 0 to 102 mol.L"
! phosphoric acid, and become close to or lower than 2, at a phosphoric acid concentration of
10"! mol.L"! or higher. Phosphate minerals are known to be sparingly soluble (Valsami-Jones,
1998) and it was found that addition of C-HFAp to a phosphoric acid solution increases the
pH, indicating a proton consumption by the C-HFAp surface and/or by C-HFAp dissolution
products (Eq. 1).

PO4 + H* > =POsH Cas(PO4)sF + 3H" <> 5Ca** + 3HPO,* + F (1)

This proton consumption or pH-variation in solution (ApH in Fig. 8b) is drastically reduced at
phosphoric acid concentrations above 102 mol.L’!, which may be the result of surface
passivation after formation of a new phase, at the surface or in solution, between dissolved
calcium ions and phosphoric acid, followed by precipitation as suggested by Somasundaran et

al (1985).

These pH-variations in solution following mineral addition are well known for semi-soluble
minerals, and have been associated for calcite, to the hydrolysis of carbonate and calcium ions
in solution after solubilisation of the mineral surface, with production of OH and H*

respectively, according to Egs. 2 and 3 (Somasundaran and Agar, 1967).

CaCO3 < Ca%t + COs> (2)
Ca* + H,0 © CaOH* + H* and COs% + H,O < HCO5 + OH" (3)

The small pH-variation after 2 minutes contact of the solution with the mineral may be
associated with the adsorption and/or precipitation of hydrolysis products (Eq. 3), resulting in
the slow diffusion of protons at the mineral-solution interface (Somasundaran and Agar,
1967). Although different mechanisms at the solid-liquid interface may be involved to explain
the fast and slow pH-variations observed in Fig. 8a (Somasundaran and Agar, 1967), these
variations may be simply related to the relatively large range of particle sizes (20-100 pm) of
samples used in the present, study with a quick dissolution of the finest particles, and a slower

dissolution of the coarsest particles, as reported in the literature (Fulmer et al., 2002).
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Variations in pH (ApH=pHi=15 min — pHi=0, without mineral) OF proton consumption by the C-HFAp
pulp (obtained from the results in Fig. 8a) is reported in Fig. 8b. The decrease in proton
consumption at phosphoric acid concentration above 102 mol.L! seems to indicate a
reduction of the C-HFAp dissolution at high concentrations of phosphoric acid. It may be the
result of a mineral surface passivation after the formation of calcium phosphate species (e.g.,
monetite) on the surface or in solution, followed by their adsorption and/or precipitation
(Somasundaran and Agar, 1967; Dorozhkin, 1996). Indeed, Somasundaran and co-workers
(Somasundaran et al., 1985) have discussed the possibility a reduction of apatite solubility
caused by a coating of calcium phosphate. Moreover, several studies have shown that the
dissolution of apatite in phosphoric acid results in the formation of calcium phosphate species
such as monetite or brushite (Larsen and Jensen, 1989), on the apatite surface (Valsami-Jones,
1998). Schaad et al. (1997) proposed a dissolution model where the proton diffusion process

is restricted by spontaneous formation of an adsorbed calcium-rich layer at the solid interface.

5. Conclusion

The experimental approach used in the present work consisted in in-situ and ex-situ studies of
the reactivity of C-HFAp in contact with various concentrations of phosphoric acid, by using
Raman spectroscopy, infrared spectroscopy, XRD and SEM. Raman and infrared spectra as
well as XRD patterns of C-HFAp showed the apparition and growth of new carbonate peaks
attributed to calcium carbonate, between 10 and 102 mol.L"! phosphoric acid concentration,
and their decrease/disappearance at higher concentrations. Intensity- and shape-variations of
infrared peaks indicated modifications of the C-HFAp structure/crystallinity with increasing
phosphoric acid concentrations. The formation of this calcium carbonate phase on C-HFAp
coincides with the decrease in mineral reactivity and more precisely proton consumption.
Results obtained in this study may have a strong implication for the separation of apatite-
from carbonate-minerals by flotation, and more particularly if this calcium carbonate phase

reduces apatite dissolution and collector’s adsorption processes.
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Fig. 2. Raman spectra of phosphoric acid in deionized water at different concentrations.
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Tables

Table 1. ICP-OES and ICP-MS analyses of fluorapatite

Oxides CaO P05 SiO2 MgO AlLOs Fe:Os; Na,O KoO TiO2 MnO F LOI

(%) 53.45 37773 3.89 - - - 005 - - 0.03 3.04 0.6

Elements Ba Ce Cr La Nb Rb Sn Sr Th 7/n Zr

(ppm) 6.86 2649 - 1214 289 057 - 549.2 1781 - 7.44




Table 2. Assignments of Raman bands from 1070 to 1088 cm’!
according to the type of minerals in the literature.

, Assignments according to literature

viCOs* v3PO4>
(Penel et al., 2003)*
(Mandair and Morris,

Raman wavenumber, cm”

(Penel et al., 2003)*

1070 in Carb-Ap (Mandair and Morris, 2015)*

2015)*
1071 in Carb-Hap (Sakae, 2006)
1073 in Carb-Hap (Sakae, 2006)
1076 in Carb-Ap (Mandair and Morris, 2015)* 28\1’[;;(1&“ and  Morris,
1077 in Hap (Penel et al., 2003)
1080 in HFAp
1080 in Hap (Nathanael et al., 2013)
1081 in Fap (Penel et al., 1997)
1084 in Brushite (Kodati et al., 1991)
1085 (Juillard et al., 2010)
1036 in Calcite (Awonusi et al., 2007; Penel et al., .
. 2000) (Termine and Lundy,
1086 in Mg-phosphate
1974)
) (Termine and Lundy,
1088 in Ca-phosphate 1974)

1086-1088 in  Carb-

phosphate (Termine and Lundy, 1974)

(*) Authors suggests an overlap of vi€COs; and  viPO4  peaks.
Carb-Ap: Carbonate-Apatite; Carb-HAp: carbonate hydroxyapatite; HAp: Hydroxyapatite;
HFAp: Hydroxy-fluoroapatite; FAp: Fluorapatite; HFCIAp: Hydroxy-fluoro-chloroapatite.



Table 3. Bands component analysis of the Raman and infrared spectra of C-HFAp.

Raman IR Assignments References
3540 OH stretching (Arifuzzaman and Rohani, 2004)
3450 OH stretching (de Ligny et al., 2013)
2987  OH in carboxylic acids
2879 v,CO5* (Lambert et al., 1987)
2514
2143
2080 vsPO>
1995 (Jouve, 1995)
1872
1795
1544 v3CO5*
1454 (Farmer, 1975)
1425
1211 OH in plane bending (Xu, 1996)
i 123 v(Si-O-Si) (Arifuzzaman and Rohani, 2004)
1140 3
1036 v3POy (Frost et al., 2013; Sakae, 2006)
1140 3 )
1036 v3POy (Juillard et al., 2010)
1087 viCOs* (Potgieter-Vermaak et al., 2006)
1087
1086 viCOz> (Klasa et al., 2013)
1085
1078 3 ~
1075 v3PO4 (Brandao et al., 2009)
1056 vsPO4* (Gadaleta et al., 1996)
1052 3 .
1050 v3POy (Awonusi et al., 2007)
1020 v3;PO4* (Frost et al., 2013)
964  viPO4s* (Sakae, 2006)
963 viPO4* (Sakae, 2006)
933  vPO4* (Grunenwald et al., 2014)
890 P=OH (Brandao et al., 2009)
876
866  viCOz> (Sakae, 2006)
848
804 ) ) .
730 v(Si-O-Si) (Madejova and Komadel, 2001)
713 v4COs* (Regnier et al., 1994)
648  v(Si-O-Si) (Madejova and Komadel, 2001)
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