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Abstract�Methods of crystal-optic, X-ray phase, chemical, and IR spectroscopic analyses were used to
study the interaction of sphene and fluorapatite concentrates with dilute mineral acid solutions. The conditions
under which the sphene concentrate can be purified to remove admixtures of phosphorus-containing com-
pounds were found.
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Sphene (CaTiSiO5) is a rock-forming mineral
in apatite-nepheline ores of the Khibiny deposits.
The sphene concentrate obtained in dressing of these
ores is regarded as a promising raw material for pro-
duction of titanium pigments and for use in coatings
of welding electrodes [1]. Presence of phosphorus in
the concentrate intended for manufacture of the titani-
um dioxide pigment leads to a pronounced decrease in
the yield of titanium into the final product [2] and
precludes direct use of the concentrate in coatings of
welding electrodes. According to technical specifica-
tions for the sphene concentrate for welding electrodes
[TU (Technical specification) 1715-069-00 203 938�
2000], the content of phosphorus should not exceed
0.1% in terms of P2O5. The presence of phosphorus is
due to the fact that the sphene concentrate contains
an admixture of a fluorapatite mineral, Ca5(PO4)3F,
both as aggregations with sphene and separately.

Phosphorus compounds cannot be removed to
the required extent in the dressing stage. Therefore,
chemical purification methods based on decomposi-
tion of fluorapatite with dilute solutions of mineral
acids (sulfuric acid, for the most part) have been sug-
gested [3]. In this process, sphene remains unchanged.

The content of phosphorus in the initial sample of
the sphene concentrate used to develop the purifica-
tion procedure was 1.88% in terms of P2O5.

The conditions of the given process require an ad-
ditional study to substantiate the choice of an acid

and minimize its expenditure at satisfactory purifica-
tion parameters. The mineralogical1 and chemical
compositions of the starting sphene and fluorapatite
concentrates used in this study are listed in Tables 1
and 2, respectively.

Chemical purification to remove fluorapatite can be
performed not only with sulfuric acid, but also with
hydrochloric and nitric acids [3]. With H2SO4 used,

Table 1. Mineralogical composition of sphene and fluor-
apatite concentrates
����������������������������������������

� Sphene � Apatite

Mineral � concentrate � concentrate
��������������������������
� content, wt %

����������������������������������������
Sphene � 86.0 � 0.4
Fluorapatite � 4.5 � 95.1
Nepheline � 3.2 � 1.8
Aegirine � 4.5 � 0.8
Feldspars � 1.5 �
Microcline � � 0.1
Hydromicas � 0.5 � 0.1
Titanomagnetite � � 0.1
����������������������������������������
����������
1 Mineralogical analysis was made by V.F. Fedchenko at

the Central laboratory of Apatit Open Joint-Stock Company.
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Table 2. Chemical composition of sphene and apatite concentrates
������������������������������������������������������������������������������������

Concentrate
� Content, wt %
���������������������������������������������������������������������
� TiO2 � SiO2 � CaO � Fe2O3 � P2O5 � MgO � Na2O � F

������������������������������������������������������������������������������������
Sphene � 35.9 � 30.4 � 25.1 � 1.7 � 1.88 � 0.6 � 0.7 � 0.4
Fluorapatite � 0.4 � 2.3 � 49.6 � 0.4 � 39.2 � 0.2 � 0.2 � 3.1
������������������������������������������������������������������������������������

the purified sphene concentrate is contaminated with
an additional impurity to be controlled, sulfur. Never-
theless, use of this acid can be justified by the simpler
utilization of spent sulfuric acid solutions, compared
with those of hydrochloric and nitric acids. To choose
rational purification conditions, the behavior of fluor-
apatite and sphene concentrates in their interaction
with dilute mineral acids was studied.

Samples of apatite and sphene concentrates, taken
from the dressing stage, were treated with acids of
various concentrations and subjected to chemical,
crystal-optic, X-ray phase, and IR spectroscopic ana-
lyses. The behavior of aegirine, feldspars, and neph-
eline was not studied because they contain no phos-
phorus. In addition, the first two of these minerals
are stable against dilute acids and the decomposition
of nepheline has been studied in sufficient detail [4].

Because it is fluorapatite that is the source of phos-
phorus impurity limited in the sphene concentrate, its
interaction with mineral acids was studied separately.

To determine the behavior of fluorapatite under
sphene concentrate purification conditions, experi-
ments on fluorapatite decomposition with dilute sul-
furic, hydrochloric, and nitric acids were performed
at room temperature and s : l = 1 : 3. The chosen ex-
penditure of the acids was lower than the stoichio-
metric value even for 5% solutions. The interaction of
fluorapatite with dilute mostly occurs under the chosen
conditions by the reactions

2Ca5(PO4)3F + 3H2SO4 = 6CaHPO4 + 3CaSO4 + CaF2,

2Ca5(PO4)3F + 6HCl = 6CaHPO4 + 3CaCl2 + CaF2,

2Ca5(PO4)3F + 6HNO3 = 6CaHPO4 + 3Ca(NO3)2 + CaF2.

The degree of apatite decomposition was judged
from the increase in the phosphorus concentration in
solutions in the course of time. The results obtained
(Table 3) characterize the kinetics of fluorapatite de-
composition. It follows from these data that the de-
composition of fluorapatite by sulfuric and hydro-

chloric acids occurs at approximately equal rates ex-
ceeding that for nitric acid. The choice of nitric acid
is also undesirable because of the more difficult utili-
zation on nitrate waste solutions.

The data furnished by chemical, crystal-optic,
X-ray phase, and IR spectroscopic analyses of precip-
itates formed in decomposition of fluorapatite with di-
lute H2SO4 at an acid expenditure exceeding the stoi-
chiometric value show that these precipitates are com-
posed of anhydrite, CaSO4. The IR spectra of precip-
itates not washed to remove the mother liquor and
dried at room temperature and at 90�C also coincide
with the spectrum of anhydrous calcium sulfate [5]
(see figure, curves 1 and 2).

At the same time, the spectra of the precipitates
washed with water and dried at room temperature show
that anhydrite is converted into gypsum in the course
of washing. The IR spectrum reveals the appearance
of a doublet of absorption bands in the ranges of both
stretching (3400�3600 cm�1) and deformation vibra-
tions (1630�1690 cm�1) of water molecules (see fig-
ure, curve 3).

In drying of washed precipitate at 90�C, gypsum
loses 1.5 molecules of water and is converted into
a semihydrate CaSO4 � 0.5H2O. This is indicated by
the disappearance of splitting in the region of defor-
mation vibrations and a shift of the absorption bands

Table 3. Decomposition of fluorapatite with dilute acids
����������������������������������������

� P2O5 concentration, g l�1, in treat-

Treatment
� ment with indicated acid, wt %
������������������������������

time, h � H2SO4 � HCl � HNO3
������������������������������
� 2 � 5 � 2 � 5 � 2 � 5

����������������������������������������
1 � 8.1 � 25.2 � 8.8 � 26.5 � 5.1 � 14.9
2 � 8.4 � 26.5 � 9.2 � 27.6 � 5.6 � 15.6
3 � 8.5 � 26.8 � 9.3 � 28.4 � 6.5 � 20.5

����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 80 No. 6 2007

862 NIKOLAEV et al.

IR spectra of calcium sulfates. (�) Wave number.
(1) CaSO4 not washed to remove the mother liquor with
water and dried at room temperature, (2) CaSO4 not
washed to remove the mother liquor with water and dried
at 90�C, (3) CaSO4 � 2H2O washed to remove the mother
liquor with water and dried at room temperature, and
(4) CaSO4 � 0.5H2O washed to remove the mother liquor
with water and dried at 90�C.

in the range of stretching vibrations of water to higher
frequencies (see figure, curve 4).

The methods used in this study did not reveal any
content of calcium phosphate in the precipitates.

Similarly to experiments on apatite decomposi-
tion with dilute acid solutions, the purification of
the sphene concentrate to remove phosphorus (fluor-
apatite) was studied. The results obtained are listed
in Table 4.

Table 4. Kinetics of purification of the sphene concentrate
to remove fluorapatite (s : l = 1 : 3)
����������������������������������������

� Residual content of P2O5, wt %, upon

Treat- � treatment with indicated acid, wt %
����������������������������������

ment � H2SO4 � HCl � HNO3
����������������������������������time, h

� 2 � 5 � 2 � 5 � 2 � 5
����������������������������������������

1 � 1.1 � 0.25 � 0.9 � 0.18 � 1.15 �0.17
2 � 0.41 � 0.09 � 0.38 � 0.083 � 0.51 �0.10
3 � 0.24 � 0.056 � 0.19 � 0.042 � 0.27 �0.061
4 � 0.14 � � 0.12 � � 0.16 �
5 � 0.094 � � 0.081 � � 0.11 �

����������������������������������������

The results of purification of the sphene concen-
trate to remove the phosphorus impurity confirm
the data obtained in fluorapatite decomposition and
demonstrate that nitric acid is less effective than
hydrochloric and sulfuric acids. The efficiency of
the acids decreases in the order HCl > H2SO4 >
HNO3. In the same order grows the overstoichiomet-
ric expenditure of the acid for fluorapatite decompos-
ition. At equal percentage concentrations of the acids,
nitric acid has the lowest concentration in gram-equiv-
alents. Nevertheless, the characteristics obtained with
any of the three acids can give a sphene concentrate
satisfying the requirements of TU 1715-069-00 203 938�
2000 to the content of phosphorus (less than 0.1% in
terms of P2O5).

From the ecological standpoint, use of nitric acid
for purification of the sphene concentrate to remove
phosphorus is less attractive because the maximum
permissible concentration (MPC) of nitrate ions is
lower than that for sulfate and chloride ions. The MPC
is most simply provided in purification of waste solu-
tions containing sulfate ions. Use of H2SO4 solutions
leads to contamination of the concentrate with calcium
sulfate having low solubility, and the technical speci-
fication for welding materials does not limit the con-
tent of sulfur. It is necessary to take into account that
the expenditure of water for washing of the purified
sphene concentrate to remove mother liquor contain-
ing sulfate ions is approximately 2�3 times that for
washing to remove chloride ions. The real expenditure
of water for purification to remove phosphorus is at
a minimum for hydrochloric acid.

It follows from the data in Table 4 that purification
to remove fluorapatite is sufficiently effective and
the content of phosphorus in the target product de-
creases to the required level already in 3�5 h, de-
pending on the acid concentration.

Starting from the assumption that there exist ag-
gregations of sphene and fluorapatite [3], it was de-
cided to check the effectiveness of the purification
conditions for a finely ground sphene concentrate,
in which the content of aggregations is virtually zero.
The sphene concentrate was ground in a ball mill to
grain size of �28 �m and treated with 2% hydro-
chloric acid. The choice of the acid was due to its
higher efficiency, compared with sulfuric and nitric
acids.

The reactivity of sphene in its interaction with
the acid grows with the grinding fineness, and the
higher the acid concentration, the stronger the inter-
action. Simultaneous decomposition of sphene and
fluorapatite may lead to formation of a poorly soluble
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titanium phosphates, i.e., to lower degree of purifica-
tion to remove phosphorus. Therefore, 2% hydro-
chloric acid was taken for the treatment in order to
reduce the degree of sphene decomposition. The fine-
ly ground sphene concentrate was processed using
the procedure described above. The results of the ex-
periments are presented below

Treatment time, h 1 2 3
Residual content of P2O5, wt % 0.14 0.029 0.024

Comparison with the data in Table 4 shows a con-
siderably higher efficiency of purification to re-
move phosphorus for the finely ground sphene con-
centrate.

The final stage in preparation of the sphene concen-
trate is its washing with water to remove the mother
liquor. Because of the low solubility of the precipi-
tated calcium sulfate (�2 g l�1), its removal by wash-
ing requires a water volume exceeding that of the acid
by a factor of 6�8. At the same time, the expenditure
of water to removal of chloride and nitrate ions by
washing is 2�3 times smaller than that for calcium
sulfate.

The problem of utilization of solutions formed in
decomposition of fluorapatite and washing solutions
requires an additional analysis. One of suggestions
is to purify the sphene concentrate in fluidized-bed
apparatus, which will enable fuller consumption of
the acid and lower expenditure of water for washing
of the purified concentrate. In this case, the acid will
be consumed nearly completely. With hydrochloric
acid used for purification, the waste solution will be
a solution of CaCl2, which can be utilized, e.g., by
electrodialysis [6, 7].

With sulfuric acid used for purification to remove
phosphorus, the forming finely crystalline CaSO4 will
be carried away from the apparatus by the washing
solution and then can be separated by hydroclas-
sification, which was confirmed in the stage of
pilot industrial tests at Apatit Open Joint-Stock
Company.

CONCLUSION

The efficiencies of purification of the sphene conc-
entrate to remove a phosphorus impurity with hydro-
chloric and sulfuric acids are close, but preference
should be given to hydrochloric acid, which rules
out any contamination of the concentrate with sulfur
impurity and makes it possible to reduce the expen-
diture of water for washing by a factor of 2�3.
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