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Introduction

The natural mineral mixture of apatite, quartz, and
calcite is investigated system as a raw material for
fertilizers and soil improvers (Kawatra, Carlson,
2014). The predominant components in chemical
composition of the mixture, CaO, SiO,, and P,O;,
are essential part of ancient and modern cement and
ceramic composites. They are successfully investi-
gated by thermal analysis. On the other hand, their
preparation includes preliminary milling of the raw
material. Consequently, the study of their behavior
after milling by thermal analysis is of practical im-
portance for modern cement and ceramic compos-
ites and archaeological chemistry as well.

It is well known that milling and rising tempera-
tures lead the formation of defects in minerals. The
defectiveness in studied system will occur in the
apatite, mainly by redistribution of CaO and P,O;
(Chaikina, 2002).

The aim of this work is to reveal the depend-
encies between the milling time and the cationic/
anionic substitution at elevating temperatures, pre-
sented by experimentally measured mass losses.

Materials and methods

The investigated raw material is from Sanadinovo,
Bulgaria. It is low-phosphate and unpromising ore
(Sample B0) (Kovatchev et al., 1991), having the
following chemical composition (mass%): 38.97
Si0,, 26.34 CaO, 14.61 P,0O,,, 7.91 R,0, (R,0, =
Fe,0,+AlL0,) 2.63 F,, 2.10 K,O, 1.13 Na,O, 0.95
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SO,, 0.84 MgO, and the mineral composition: —
quartz, calcite and fluorapatite.

The raw sample BO was high energy milled
(HEM) 10, 30, 60, 120, and 240 min (samples B10,
B30, B60, B120, and B240, respectively) in a plane-
tary mill Pulverisette-5, Fritsch Co (Germany), with
a diameter of the Cr-Ni milling bodies of 20 mm,
and sample mass of 0.020 kg.

Thermal analyses (TG-DTG) were performed
on a LABSYS/SETSYS evo thermal analyzer (SE-
TARAM, France) in air medium in the temperature
range — from room temperature (RT) to 1050 °C and
heating rate of 10 °C.min"".

Results and discussion

The measured mass losses (ML) of HEM activated
samples are separated in three temperature intervals:
50-370 °C (0.40-2.70% ML); 430-530 °C (0.72—
1.67% ML) and 530-920 °C (decrease from 6.40%
to 4.56% ML). ML increase in the first temperature
interval, while in the third ML decrease from 6.40%
to 4.65%. In the second temperature range the mass
losses increase from 0.95% to 1.67% (B120) and
decrease to 0.92% (B240) (Fig. 1a). In the 1st tem-
perature range, the process of dehydratation occurs.
After application of HEM, the free surface of the
sample increases and it easily incorporates water
from the atmosphere. This water is released during
the process of dehydratation (Chaikina, 2002). In
the 2nd range, the dehydrohylation (release of struc-
turally bound water) and the decarbonation (release



of CO,) take place. The dehydrohylation is probably
from HCO,™ and H,P,O,*, formed during the HEM
activation, as the presence of structurally bound wa-
ter is explained by the charge compensation mecha-
nism in isomorphic substitutions (Chaikina, 2002).
At the beginning of the 3rd range the decarbonation
occurs simultaneously with dehydrohylation, and
the CO,* release from OH- positions in apatite (A-
type isomorphism) occurs — 530-580 °C. During
the 3rd temperature range, the other three stages of
decomposition are distinguished: (i) decarbonation
of CO,* in apatite, realized by isomorphic substitu-
tion of PO,* by CO,* (B type isomorphism) — 670—
710 °C; (ii) decarbonation of CO,* from calcite —
750-850 °C; and (iii) decarbonation of CO,* from
apatite, realized by isomorphic substitution of PO,*-
by CO,* and occupancy of the vacancy (A-B type
isomorphism) — 800-840 °C, (Elliott, 1994; Chai-
kina, 2002; Petkova et al., 2015) (Fig. 1a).

Based on measured ML in the three decomposi-
tion temperature intervals and time of HEM acti-
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vation, the dependencies with a coefficient of de-
termination above 0.9 were made (Fig. 1b—d). The
obtained dependencies allow commenting on the
relationship between ML changes and HEM activa-
tion time.

Figure 1b shows the exponential dependence of
HEM activation time by ML for apatite decarbona-
tion of CO,> from OH-position (A-type isomor-
phism) with the best fit: y = exp (0.167 — 0.011x
—4.792*10°x?) (R* = 0.94). The measured increase
of ML from 0.95% to 1.82% is due to increase of
CO,* incorporation in OH-positions, i.e. structural
defects rise. It is likely that A-type defects forma-
tion is related to CO, absorption from the air (Kole-
va et al., 2012). The decrease in ML after 120 min
HEM should be explained by both of the particles’
aggregation and the difficult access of CO, to the
fresh surface, where the reaction occurs.

Figure 1c presents exponential decrease of ML
with increase the HEM activation time for CO,*
decarbonation from PO, position (B-type isomor-
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Fig. 1. a, TGs curves of B0, B30, B120, and B240; HEM activation time dependence of the measured ML during decarbonation and
best fit to these data: b, apatite A-type substitution; c, apatite B-type substitution; d, apatite A-B-type substitution
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phism) with the best fit: y = exp (1.727 — 0.009x +
2.600*10x?) (R*> = 0.93) in the temperature range
670—710 °C. The reduction of ML from B0 (5.74%)
to B240 (2.42%) is by 58%, which shows a signifi-
cant decrease in CO,?" at B-type position in apatite.

Figure 1d presents exponential increase of ML
with increase the HEM activation time for CO,* de-
carbonation from PO,* position and vacancy (A-B-
type isomorphism) (Lafon et al., 2008; Tonsuaadu
et al., 2012), with the best fit: y = exp (-0.747 —
0.008x — 0.355x%) (R? = 0.96). The ML rise from
0.31% (BO) to 2.70% (B240), i.e., with 88%. This
is a result of defects increasing during HEM acti-
vation.

The quartz from the studied system stay inactive
during HEM activation (does not participate in iso-
morphic processes), due to high hardness.

Conclusion

A relationship has been established between mass
losses (ML) and high energy milled (HEM) time. It
can be used to determine the tendency for presence/
absence of defects in the apatite structure. In well-
studied systems, such as the current one, the thermal
method is sufficiently sensitive and can justify the
need for structural studies.
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