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The high energy milling effect on positional redistribution of CO,-ions
in the structure of sedimentary apatite
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Different types of isomorphic substitutions in the apatite structure are well known, as the substitution of PO, by
CO,-ion is the most common. This specifies the existence of various members of the apatite isomorphic series.

Carbonate-hydroxyl-flour apatite sample (B-type with Ca/P ratio >1.67) from Tunisia sedimentary phosphorite ore
deposit are investigated.

The high energy milling is an environmentally friendly technological alternative for ore processing, to the con-
ventional acid leaching methods. The high energy milling creates defects in the apatite structure with simultaneous
accumulation of mechanic energy. The impact of the mechanical forces over the solids is mostly revealed through the
changes of the quantities being related to the energetic stability and reactivity of the solid phase. Under high energy
milling process the isomorphic substitution increases mainly of on the account of CO, and partly of water vapor.

Thermal with gas-mass analysis in the temperature interval 600-900 °C in air medium has been used to evaluate
the achieved effect of the high energy milling on the positional redistribution of CO,-ions and the structural phase-
transformations occurring in the investigated sample. The experimental analysis shows liberation of CO,-ions in three
temperature stages with varying mass losses. Peaks intensities are determined from the high energy milling effect, the

high temperature heating and the gas medium during the measurements.
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INTRODUCTION

Different types of isomorphic substitutions in the
apatite structure are well known. The end members
of the apatite (Ap) isomorphic series are hydroxyl-
apatite (HAp), flour-apatite (FAp) and chlorine-
apatite (ClAp) [1-3]. Two types of substitutions
are the most common: (i) PO, by CO,-ions in tet-
rahedral position (B-type position of CO;) and (ii)
F~ by OH (CI") and and vice versa in the channels
located nearby the hexagonal crystallographic axes
[2]. This specifies the existence of various members
of apatite isomorphic series: carbonate-flour apa-
tite (CFAp), carbonate-chlorine apatite (CClAp),
carbonate-hydroxyl-flour apatite (CHFAp), etc.
Under high energy milling process the isomorphic
substitution increases mainly through incorporation
of CO, and partly of water vapor [2, 4, 5].
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Previously we investigated the phase transi-
tions of sedimentary apatite ores from Tunisia and
Syria, using Infra-Red spectroscopy (IR) and pow-
der X-Ray Diffraction (XRD), and the results show
the isomorphic transitions from B- to A-type apatite
through positional migration of CO? -ions (from tet-
rahedral B-type to channel A-type position of CO,,
where CO, occupy the OH/F~ position in channels
located nearby the hexagonal crystallographic axes
[2]) and F~ additional incorporation of CO, from the
air during the high energy milling [2, 4-6]. The in-
corporated CO, occupy the A-type position of CO,.
The high energy milling activation also leads to de-
creasing of samples particle size and formation of
highly defective nano-particles with high degree of
reactivity. The obtained nano-samples are under-
sized (amorphous) for investigation with powder
XRD, so the identification of the phase composition
is not possible by this method.

The aim of the study is to evaluate the achieved
effect of the high energy milling on the possitional
migration of CO,-ions and the structural phase-
transformations occurring in the investigated sam-

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 601



B. Kostova et al.: The high energy milling effect on positional redistribution of CO-ions in the structure of sedimentary apatite

ple — natural fluorine-apatite (FAp) from Tunisia
using thermogravimetric and differential thermal
analyses with attendant mass-spectrometer analysis
of the gas phases.

MATERIALS AND METHODS

We investigated FAp (with Ca/P ratio >1.67)
from Tunisia sedimentary phosphorite ore depos-
it [8, 9]. The chemical composition of the mate-
rial includes (main components): 29.6% P,0 %
from which assimilated (ass.) is 6.9% P,0.* (by
2% citric acid); 3.5% F; 46.5% CaO; 0.55% R,0,
(R = Al, Fe); 1.1% SO,; 1.9% Si0,; 0.35% MgO;
0.05% CI; 6.6% CO,; moisture content 3.14% and
a granulometric size of the particles of 0.8 mm.
There are different forms of P,O; — water-soluble,
assimilable, and insoluble in water. They are re-
flected in the application of P,O; as a phosphate
fertilizers. The assimilable forms of P,O,** are in-
soluble in water but are soluble in soil solutions.
Evaluation of the forms of P,0O; is performed on
the basis of their solubility in the so-called condi-
tional solvents — solution of ammonium citrate or
2% solution of citric acid. The choice of the rea-
gent is based on its similarity with the soil solu-
tions. In the resent years greater advantage is given
to the assimilable fertilizers because their solubil-
ity is slower than that of the water-soluble ones
and thus they feed the plants for a longer time. The
method used for high energy milling is intended to
enhance the transformation of the insoluble forms
of P,O, in PO

The high energy milling activation was carried
out in a planetary mill Pulverisette-5, Fritsch Co

(Germany), for activation times 120 and 150 min,
milling bodies of unalloyed steel, diameter of the
milling bodies of 20 mm, and a sample weight
0.020 kg.

Thermogravimetric and differential thermal
analyses (TG-DTG-DTA) were performed on
a SETSYS2400 thermal analyzer (SETARAM,
France) in the temperature range 20-950 °C in air
medium, with a heating rate of 10 °C.min"! com-
bined with an OmniStar mass-spectrometer.

RESULTS

Our previous powder XRD studies on untreated
phosphorite ores from Tunisia have given evidence
that the sample contains the following mineral
phases: FAp, calcite and traces of quartz [10]. Our
carlier IR measurements have confirmed that the in-
vestigated FAp actually is CHFAp B-type, where
two types of isomorphic substitution take place:
PO;-group by CO; -ions and F- by OH-ions [5, 11,
12, 13]. The thermal decomposition mechanism of
untreated sample is described in details elsewhere
[9, 11-13]. In this work we are focused on the ther-
mal reactions in the temperature interval 600-900 °C
only, where decarbonization of CO,-ions from the
CHFAp-structure and impurity carbonate-contain-
ing phases occurs.

The obtained results of the present thermal in-
vestigations are shown on Figs 1-3 and in Table 1.

Table 1 shows the results from the thermal ex-
periments (temperature data for the inflex points)
together with calculated mass losses for the three
samples: untreated (TFO0), high-energy milled for
120 min (TF120) and for 150 min (TF150), respec-

Table 1. Multi-peak fitting of dTG-curves for untreated and high energy milled samples within the temperature

interval 600-850 °C

Activation time (min)

Thermal Untreated apatite (TF0) 120 (TF120) 150 (TF150)

decomposition of

mineral phases Peak Peak ML*, Peak Peak ML, Peak Peak ML,

posmon, N posmon, N pOSlthH, 0
TeC area % TeC area % T oC area %

A-type CHFAp - - 613.73 -3.73 0.49 630.32 -3.82 052

692.16 1445  0.84

B-type CHFAp 7012 -18.54 1.70 673.28 -16.22 1.65 10,16 10 050

CaMgCO;, (dolomite) 7240  —1.68 0.80 741.97 470  0.70

CaCO;, (calcite) 773.7 -8.47 1.66 741.32 -10.19 0.87 770.67 -5.81 091

798.85 ~7.14 0.55 810.1 3.8 0.46

A-B type CHFAp N N N 816.40 -3.50 0.81 828.5 52 086

Sum 4.23 Sum 4.37 Sum 4.06

* Mass losses
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Fig. 1. Thermal with gas-mass analysis of TF0. Insertion:
Multi-peak fitting (dashed line) of dTG in temperature
interval 600850 °C.

tively. There exist three main temperature intervals
for TF0O, where thermal reactions are accompanied
by mass losses as following: 1.70% between 650—
720 °C, 1.07% between 720-770 °C and 1.66% be-
tween 770-850 °C. At high energy milled samples
appear two new temperature ranges 620-650 °C
and 770-850 °C. The range 770-850 °C coincides
with the third range for the TF0 (770-850 °C) but
differs in new thermal reactions proven in a ther-
mal dependencies (TG, dTG, dTA) and mass losses.
The analysis of thermal dependencies for TF120
and TF150 shows overlapping of the thermal re-
actions. The gas-mass analysis shows existence of
CO, in all samples (Figs 1-3) and H,O — only for
the TF120 (Fig. 3). For more detailed visualization
of these processes, the Gauss decomposition of the

dTG-curves is made and the results are presented as
insertions in the figures.

DISCUSSIONS

Within the investigated temperature range (600—
850 °C) the decarbonization from CHFAp — B-type,
calcite and dolomite occurs [2, 7, 9, 11-13]. For
sample TFO (Fig. 1), peak situated at 701 °C cor-
responds to decarbonization of CHFAp — B-type
positions, the peak at 724 °C — to CO, —ions from
dolomite and the peak at 773 °C — to CO,—ions from
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Fig. 2. Thermal with gas-mass analysis of TF120.

Insertion: Multi-peak fitting of dTG in temperature
interval 600—850 °C.
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Fig. 3. Thermal with gas-mass analysis of TF150.
Insertion: Multi-peak fitting of dTG in temperature in-
terval 600-850 °C.

calcite (Table 1). The decarbonization of B-type po-
sition proceeds at lower temperatures because of the
weak chemical bonds in CHFAp, predetermined by
isomorphism of PO, by CO,, as the ionic radii of
PO,-group is bigger than that of CO,-ion [2].

The high-energy milled samples changed the
temperature of decarbonization in comparison to
TFO:

— for the ions of B-type position: in TF120 tem-
perature decreases, whereas in TF150 the tempera-
ture increases and splitting of dTG-peaks is ob-
served (Table 1, Figs 2-3);

— for calcite and dolomite: in TF120 the temper-
ature decreases, and falls down in the areca where
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overlay of the process is observed; in TF150 the
temperature increases and splitting of the dTG-
peaks is observed (Table 1, Figs 2-3).

The sum of the peaks areas and mass losses are
nearly constant which is determined from the perma-
nent quantities of the mineral phases in the experi-
ment. The temperature changes during the decarbon-
ization process can be explained with the alterations
of the particle sizes of the samples after the high
energy milling activation. At the beginning of the
milling stage, the particles reach nanosize [4, 6, 10],
the next stages of milling are followed by particle ag-
glomeration. The increasing level of agglomeration
depends contrariwise on the specific surface area and
determines: (i) diffusion difficulties in the thermal
decomposition and (ii) splitting of the dTG-peaks
and increasing of decarbonization temperatures.

During the thermal experiments of high energy
milled samples new peaks situated in the two temper-
ature intervals appear: 590-630 °C and 770-850 °C.

The peaks in the interval 590—630°C are assigned
to be due to decarbonization of weakly bonded ions
in the apatite structure. According to literature [2,
3, 14-16] and our previously published data [5, 6,
10] it is known that in this temperature interval the
decarbonization of CO,-ions from the A-type apa-
tite occurs, where these ions substitute OH-groups
in the channels with weak bonds. It is important to
note that mass losses are nearly 0.50% and are con-
stant and independent from the activation time of
the samples. It could be explained with the incorpo-
ration of CO, from the air, but in limited quantities,
uncontrolled by the activation time.

The peaks situated in the 770-850 °C tempera-
ture range are a result from the emission of CO,-
ions, as evidenced by the gas-mass analysis. Until
now, it was thought that at these temperatures OH-
-groups replacing F--ions in the apatite structure
are released. As it has already been reported [3, 5,
17] these peaks originate from the decarbonization
of mixed A-B-type apatite [3, 15]. In mixed A-B-
type apatite substitution of PO, and Ca-vacancy by
CO,-ions occur. That type isomorphism influenc-
es the length of the Ca-O-bonds, and the degree of
substitution depends on the activation time (i. e.
size of the particles) and water presence [2]. That
is why, the mass loses of TF120 are bigger than
those ones of TF150. The splitting of the dTG-
peak of TF150 could be explained with libera-
tion of CO,-ions from different crystallographic
positions. The diffusion difficulties of TF150 are
caused by particle agglomerationas manifested by
the increased temperature of decarbonization and
the decreased mass loses.

The TG-dTA-dTG analysis of untreated and ac-
tivated samples (Figs. 1-3) reveals that the decom-
position runs after the following main reaction:
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— 590-630 °C — decarbonization of CO; from  fully acknowledge the financial support of this work

A type positions of CHFAp

— 660-710 °C — decarbonization of CO;~ from
B type positions of CHFAp

— 730-770 °C — CaCO, = CaO + CO,

— 770-30 °C — decarbonization of CO; from
A-B type positions of CHFAp

— >850 °C — Ca, FOH(PO,), = 2Ca,y(PO,), +
Ca,P,0O, + HF
Ca,(PO,), +2CaO + SiO, = Ca,(PO,),.Ca,SiO,

CONCLUSIONS

High energy milling activation causes structural
and phase changes in the studied samples.

(i) The gas-phase analysis, clarified the mecha-
nism of chemical reactions and isomorphic substi-
tutions as a result of the high energy milling: all
samples absorbed CO, from the air, as the TF120
exhibits the highest level of absorption, which is
controlled from the specific surface area of the
powdered samples and does not depend on the
structural type.

(i1) The formation of two new apatite phases —
CHFAp-A and A-B-types via isomorphic substitu-
tion of CO,—ionsis detected. Their existence is evi-
denced by gas-mass analysis.

(iii) The temperature ranges and mass-losses for
each particular isomorphously substituted apatite
phase are determined and this new information sup-
plements the existing up to now data:

(iv) The isomorphic substitution is a result from
the obtained defects and energy-metastable struc-
ture condition achieved via high-energy milling.

(v) The activation effect in different samples
has no functional dependence with the high ener-
gy milling activation time, because of agglomera-
tion processes.
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E®EKT OT MUHTEH3MBHO EHEPITUMTHO CMUJIAHE
BBPXY IIPEPASIIPEJIEJIEHUE HA KAPEOHATHUTE MOHU
B CTPYKTYPATA HA CEJJUMEHTEH AIIATUT
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W3cnenBan e cequMeHTaMoHeH kapOoHaT-xuapokcui-dayop anarut (B-type) ot Tynuc. 3a noBuiaBaHe Ha Xu-
MHYHATa peaKkIOHHA CIIOCOOHOCT Ha anaTHTa € U3MOJI3BAaH CyX METOJ 32 BUCOKOGHEpreTHYHA aKTUBAIMA B IUIaHe-
TapHa MEJTHMLA.

To3u MeTox ce mpuiara KaTo ajTepHaTHBa HAa KHUCEIMHHUTE METOIM 3a NpepaboTBaHe Ha (ocdaTHH CypOBHHU
3a mosy4aBaHe Ha (POCHOPHU TOPOBE M HEOPraHMYHH KUCEIUHH. [0 BIMsSHUE HA CyxaTa aKTHUBAaIUs CC U3BBPIIBA
BHeApsiBaHe Ha Ha CO, U BOJHU Iapu OT Bb3[yXa B B Pa3jIMUHU KpUCTaIorpadcKu MO3UIMU B MOAPEIICTKATa Ha
armatuta — BbB BakaHuuure Ha Ca’ wiu 3amecTtBaiiku yactuuHo F. I3oMop(HKTE 3aMecTBaHUS ca aHATM3UPAHH Ype3
TEPMHYEH METO/] C aHAJIN3 Ha U3XO/SIINTE T03aBe C MAacCIEKTpoMeThp. JJoka3Ba ce n30MOpQHO 3aMecTBaHE Ha Kap-
OoHaTHM HOHM ¢ 0Opa3yBaHe Ha A-type U A-B type u ca onpejeneHu TeMiiepaTypHUTE HHTEPBAIM U MacoBHU 3aryoun
Ha OTJICJIHUTE TUIIOBE H30MOP(HO 3aMECTCHHU (ha3u Ha armaTuTa.
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