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The thermodynamic equilibrium in TiO2–SO3–H2O and TiO2–NaF–SO3–H2O systems
is studied. It is shown that rutile can spontaneously dissolve in sulfuric acid solutions.
However, rutile is considered as an inert component of the titanium-bearing raw material
due to the inhibition of such reactions. The kinetic deceleration of rutile dissolution in
sulfuric acid is explained by the lability of Ti(IV) cations and the specific features of the
rutile crystal structure. The breaking of Ti–O–Ti bonds without additional deformations
of the crystal lattice is suggested to be more beneficial when using smaller anions; thus,
fluoride ions can be used to this end. The thermodynamic analysis of sulfate-fluoride
leaching of titanium confirms an additional decrease in Gibbs energy values for the
dissolution of rutile in sulfuric acid in the presence of fluoride ions. A reaction mechanism
is proposed for the interaction of rutile with sulfuric acid. The mechanism includes the
stage of substitution of oxygen ions on the rutile surface by fluoride ions and the stage of
sulfate-acid decomposition of titanium dioxide in places of «defects» of the rutile surface.
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Introduction
Currently, the global production of titanium
dioxide is about 6 million tons per year and its
demand grows continuously by an average on 2.5%
per year. The raw material base of titanium placers
counts more than 40 deposits in Ukraine. Nowadays,
the main raw materials for the industrial production
of titanium dioxide are ilmenites from Irshanske and
Malyshevske deposits, which are processed by the
sulfate-acid method. The mineral raw materials from
these deposits are distinguished by their mineralogical
compositions and, as a consequence, by their
chemical properties. Therefore, materials are
characterized by different leaching degrees. Thus,
the ilmenite concentrate from Irshanske deposit
contains at least 94% FeTiO3 and it is leached by
concentrated sulfuric acid almost completely [1].
The leaching degree of titanium barely reaches
15% with a leaching process duration of 5 hours for
ilmenite from the Malyshevske deposit even when
using 90–92% sulfuric acid solutions [2,3]. The
reason for the low leaching degree of this ore is a
change in its composition due to the removal and
oxidation of bivalent iron with the formation of

trivalent iron, which leads to a decrease in FeTiO3
content and an increase in the proportion of
pseudorutil Fe2Ti3O9 and TiO2 (rutile modification)
to 65%. These ores are called «altered ilmenites» or
«leukoxenized ilmenites». The leaching with sulfuric
acid cannot ensure complete recovery of titanium
from this ore due to the chemical inertness of rutile
with respect to concentrated sulfuric acid. The
undissolved rutile in the composition of the sludge
after processing of ilmenite ores moves into dumps,
which leads to the accumulation of waste products
in the production area, environmental degradation
and losses of the target component (titanium).
In our opinion, the improvement of the
technological parameters of the sulfate leaching of
titanium from the rutile fraction of altered ilmenites
is possible by means of the addition of a fluorinating
reagent in the reaction mixture. Direct fluorination
of ilmenite ores are described in literature [4,5]. It is
shown that fluorination reactions occur by the
mechanism of successive substitution of oxygen atoms
by fluorine atoms on the surface of ore particles in a
wide temperature range (from 298 to 1800 K). A
method for indirect fluorination of ilmenites by using
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solutions of hydrogen fluoride has bee also described
[6,7]. It is interesting to note that fluorination of
TiO2 with anhydrous HF is impossible and the
presence of water is necessary for reactions to occur.
In our opinion, an explanation of this is possible
from the standpoint of the dissociation process of
HF (HF+H 2O=H 3O++F –) with the subsequent
participation of fluorine ions in the substitution
reaction.
A method for indirect fluorination of ilmenites
has been suggested that involves the use of saturated
aqueous solutions of hydrodifluoride or ammonium
fluoride at boiling point [8,9]. This fluoride method
is considered quite promising not only due to
possibility of efficient processing of altered ilmenites,
but also from the point of view of recycling of the
main components. Its significant disadvantages
include a relatively high consumption of a leaching
reagent (fluorides are consumed in reactions not only
through the interaction with titanium(IV), but also
with iron(III)) and a large number of process steps.
These disadvantages lead to increased cost of the
product as compared with the cost of the product
obtained by sulfate-acid leaching method.
We think that the combination of fluoride and
sulfate methods will overcome the above-mentioned
disadvantages due to possible synergy of the
simultaneous interaction of sulfuric and hydrofluoric
acids with titanium dioxide, since the main source
of titanium losses are associated with the formation
of sludge during sulfuric leaching of altered ilmenites.
The preliminary experiments with the titanium
leaching from altered ilmenite by the sulfate-fluoride
method have confirmed this assumption. Sodium
fluoride was used as a fluoride precursor. It was found
that the fluoride additives sharply accelerate the
process of sulfuric dissolution of ilmenite. In our
opinion, it is of interest to investigate the mechanism
of such a process in order to determine optimal
conditions for industrial implementation.
However, it is necessary to evaluate the
the rmodynam ic p ossibility of chemical
transformations in the TiO 2 –SO 3 –H 2 O and
TiO2–NaF–SO3–H2O systems. The effectiveness of
this approach was demonstrated by us previously [10–
12]. Thus, this work was aimed at thermodynamic
modeling of the reaction of decomposition of rutile
by sulfuric acid in the absence and presence of
fluoride ion.
Calculations
Titanium dioxide (the main component of the
sludge), 100 wt.% or 85 wt.% solutions of sulfuric
acid and crystalline sodium fluoride (a source of
fluoride ions) were considered as initial materials

for thermodynamic modeling of the leaching process.
Titanium(IV) sulfate and oxysulfate were considered
as the main products of the rutile dissolution reaction
[13]. It was assumed that the reactants and reaction
products are in the form of pure phases, i.e. in their
respective stan dard states. All necessary
thermodynamic data for the participants of the
chemical transformations were taken from Ivtantermo
electronic
database
(avail able
fro m:
http://www.chem.msu.ru/cgi-bin/tkv.pl?show=
welcome.html). Reliability of the data was checked
by the correlation-graphical method. The essence
of that method is to consider the correlations between
the thermodynamic parameters of the external
electronic shells of compounds of the same
composition and electronic structure. For example,
to evaluate the correctness of the enthalpy of titanium
oxysulfate formation given in the handbook, the
correlations between the standard enthalpies of
titanium(IV) and zirconium(IV) oxides, sulfates and
oxysulfates were considered. It was established that
such a correlation is described by the following linear
equation (in kJ/mol):
H0298(Zr)=–86.64+1.057H0298(Ti).
The proximity of the correlation coefficient to
unity confirms the possibility of assessing the
thermodynamic parameters of titanium compounds
based on a comparison with similar data for
compounds of zirconium, which is an electronic
analog of titanium with respect to valence shells.
For example, the calculated value of H0298 for
TiOSO4 is –1569 kJ/mol and the reference value is
–1601.6 kJ/mol.
In addition, the difference in the
thermodynamic parameters of 100% sulfuric acid
and its aqueous solutions was taken into account
during the calculations. The data for sulfuric acid
and its hydrates were taken from literature [14]. The
analysis of these data by the correlation-graphical
method showed a linear dependence (with a
correlation coefficient R2=0.9997) between the
enthalpy of formation of sulfuric acid solutions and
the number of water molecules (n) in the hydrate:
H0298(H2SO4nH2O)=–822.62–298.72n.
For example, the calculated value of H0298 for
the H2SO4H2O hydrate is –1121 kJ/mol, and the
reference value is –1127.6 kJ/mol.
The changes of standard Gibbs energy during
chemical transformations were determined by the
Temkin-Schwartzman method according to the
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The change in heat capacity was determined
by the equation ÑÐ=a+bÒ+cÒ–2, (here the
temperature dependence of heat capacity is written
in the form of an interpolation formula
ÑÐ=a+bÒ+cÒ–2. The last member in the right side
of equation for G0 was calculated by the formula:
T
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depend on temperature as follows:
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following fact: the water that is not evaporated before
sludge solidification is bound into relatively strong
sulfuric acid hydrates H2SO4nH2O.
Since water cannot be considered as a pure
phase in concentrated solutions of sulfuric acid (i.e.
in the standard state) due to the formation of
H2SO4nH2O, the reactions of rutile dissolution in
sulfuric acid were written taking into account the
formation of sulfuric acid hydrates. Evidently, n=0
and n=1 for 100% and 85% sulfuric acid, respectively.
Therefore, we considered the dissolution reaction of
rutile in sulfuric acid for two particular cases when
two acid hydrates are formed (with n=1 and n=2):
a) for 100% sulfuric acid:
TiO 2 +4H 2 SO 4 =Ti(SO 4 ) 2 +2(H 2 SO 4 H 2 O),

(1)

TiO 2 +2H 2 SO 4 =TiOS O 4 +H 2 SO 4 H 2 O,

(2)

b) for 85% sulfuric acid:
TiO2+6(H2SO4H2O)=Ti(SO4)2+4(H2SO42H2O), (3)

1
M1 
(T  298.16) 2 ;
2T

TiO2+3(H2SO4H2O)=TiOSO4+2(H2SO42H2O). (4)

2

1 1
1
M 2  
  .
2  298.16 T 

Table 1 shows the calculation results for H0298,
S , G0298 and the coefficients a, b and c of
the heat capacity change for reactions (1)–(4).
The highest decrease in the standard Gibbs
energy is observed for the reaction of Ti(SO4)2
formation resulted from dissolution of rutile in 100%
sulfuric acid. The standard formation energy of
Ti(SO4)2 decreases by almost 50 kJ/mol in 85%
sulfuric acid. However, this salt is the most
thermodynamically stable sulfate compound of
titanium(IV) even in this case. The dissolution of
titanium dioxide in sulfuric acid with the formation
of TiOSO4 is also characterized by negative values
of the standard Gibbs energy (Eqs. (2) and (4)).
The results of the calculation of temperature
dependences for the change in the standard Gibbs
energy of reactions (1)–(4) are presented in Fig. 1.
The calculations were carried out for the temperature
range of 298 to 510 K. The upper temperature value
is limited by the boiling point of 85 wt.% sulfuric
0
298

Results and discussion
Thermodynamic model of rutile dissolution in
sulfuric acid
The composition of titanium sulfates does not
remain constant in course of the process of sulfateacid leaching of altered ilmenites [13]. The salt
Ti(SO4)2 is a dominant form at the first stage when
the temperature of the reaction medium reaches
2000C. A decrease in the acid concentration and a
decrease in temperature from the moment of a sludge
formation (solidification of the reaction mixture)
during the chemical reaction lead to the formation
of the TiOSO4 salt. This salt also crystallizes when
the titanium content in the reaction medium
increases. This sal t do es n ot contain any
crystallization water, which is well explained by the

Table 1
Thermodynamic data of chemical transformations in TiO2–SO3–H2O system

Reaction
TiO2+4H2SO4=Ti(SO4)2+2(H2SO4H2O)
TiO2+6(H2SO4H2O)=Ti(SO4)2+4(H2SO42H2O)
TiO2+2H2SO4=TiOSO4+H2SO4H2O
TiO2+3(H2SO4H2O)=TiOSO4+2(H2SO42H2O)

H0298,
kJ/mol
–235.2
–178.8
–157.3
–129.1

S0298,
kJ/molК
–79.9
–38.7
20.4
41.0

G0298,
kJ/mol
–211.3
–167.2
–163.4
–141.3

a

b103

c10–5

–226.7
–226.7
–69.8
–69.8

–58
–58
–30
–30

56.9
56.9
33.4
33.4
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acid solution (2370C). The choice of this temperature
range allows disregarding the thermal effects of the
processes of evaporation and decomposition of
sulfuric acid with the formation of water and
sulfur(VI) oxide. In addition, temperatures above
500 K are not used for sulfate-acid leaching of
ilmenites. We neglected the thermal effects of the
processes of water evaporation and an additional
hydration of sulfuric acid due to the water which is
formed during dissolution of TiO2 and does not leave
the reaction mixture upon evaporation. The fact is
that it is not possible to quantify the proportion of
evaporated water that forms hydrates with sulfuric
acid.

Fig. 1. Temperature dependences of changes in Gibbs energies:
1 –reaction (1); 2 – reaction (2); 3 – reaction (3);
4 – reaction (4) and 5 – reaction (8)

The temperature dependences of the Gibbs
energy for the formation reactions of Ti(SO4)2 (Eqs.
(1) and (3) are characterized by positive angular
coefficients. This can be explained by the fact that
the reactions (1) and (3), unlike all other considered
reactions, proceed with a decrease in entropy.
Obviously, such values of S0298 are associated with
a higher degree of ordering of Ti(SO4)2 crystal than
of TiO2 or TiOSO4.
The graphs of the G vs. Ò dependence
monotonical ly decline w ith increasing t he
temperature for reactions (2) and (4). It is easily
explained by a low degree of the crystal lattice
ordering of the reaction product TiOSO4 as compared
with TiO2.
The results of thermodynamic calculations of
the interaction between rutile and sulfuric acid
confirm the widespread opinion: titanium dioxide
can be dissolved in concentrated sulfuric acid with

the formation of tetravalent titanium salts. However,
in cases of the dissolution of rutile, this process usually
occurs slowly even in concentrated sulfuric acid at
the temperature of its decomposition into SO3 and
H2O. A slow dissolution of rutile allows us to consider
it as a chemically inert (ballast) component of the
feedstock in the technological process of sulfateacid decomposition of altered ilmenites.
In our opinion, the deceleration of reactions
(4)–(7) may be explained by the features of the
properties of Ti(IV) cation and the crystal structure
of rutile. It is known that Ti(IV) ions belong to the
group of cations with a low degree of lability in terms
of coordination chemistry. It is believed that a large
positive charge of the titanium cation and its relatively
small radius increase the activation energy of the
substitution reaction. This reduces the rate of the
exchange of intra-sphere ligands (oxygen ions in
rutile) for other ligands from the solution (in our
case, these are sulfate ions: its concentration is rather
small in H2SO4 concentrated solutions).
Every titanium ion is surrounded by six oxygen
ions located at the corners of the octahedron in the
rutile crystal lattice. The octahedra are connected
by two common edges and form chains parallel to
the layers of the densest hexagonal packing. Although
the tetragonal structure is typical of many other
oxides, however it differs for rutile from «common»
close-packed structures, like corundum. Whereas the
layers of the densest packing of oxygen ions in the
crystal structure of corundum are perpendicular to
the triple axis and the layers are parallel to the faces
of the octahedron in the spinel structure, the layers
of the densest packing in rutile crystals are parallel
to the main (quadruple) axis of the crystal structure.
Obviously, a local widening of the crystal lattice will
be required in the process of replacement of oxygen
ions in such layers by larger anions of sulfuric acid.
This process is associated with the additional energy
consumption. The breaking of –Ti–O–Ti– bond
without additional deformation of the crystal lattice
is more beneficial in case of smaller anions (for
instance, fluoride ions). In fact, according to the
reference data, ionic radii vary in the following
sequence: SO42– 0.295 nm; Î2– 0.136 nm; and
F– 0.133 nm. Therefore, it was of interest to consider
the effect of fluorides on the effectiveness of the
rutile sulfatization process.
Thermodynamic model of rutile dissolution by
sulfate-fluoride method
We considered reactions that involve the
formation of titanium(IV) sulfate and oxysulfate,
sodium sulfate and sodium hydrogen sulfate, as well
as hydrogen fluoride for modeling of the sulfate-
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fluoride leaching process with the addition of
crystalline NaF. The dissolution of rutile in sulfuric
acid was accepted to proceed with the formation of
two acid hydrates with n=1 and 2, as in previous
models:
a) for 100% sulfuric acid:
TiO2+5H2SO4+2NaF=
=Ti(SO4)2+Na2SO 4+2(H 2SO 4H2O)+2HF,

(5)

TiO2+5H2SO4+NaF=
=Ti(SO4)2+NaÍSO 4+2(H 2SO4H2O)+HF,

(6)

TiO2+3H2SO4+2NaF=
=TiOSO 4 +Na 2 SO 4 +H 2 SO 4 H 2 O+2HF,

(7)

TiO2+3H2SO4+NaF=
=TiOSO 4 +NaÍS O 4 +H 2 SO 4 H 2 O+H F.

(8)

b) for 85% sulfuric acid:
TiO2+8(H2SO4H2O)+2NaF=
=Ti(SO4)2+Na2SO4+5(H2SO42H 2O)+2HF,

(9)

TiO2+8(H2SO4H2O)+NaF=
=Ti(SO4)2+NaÍSO4+5(H2SO42H2O)+HF,

(10)

TiO2+5(H2SO4H2O)+2NaF=
=TiOSO4+Na2SO4+3(H2SO42H2O)+2HF,

(11)

TiO2+5(H2SO4H2O)+NaF=
=TiOSO4+NaHSO4+3(H2SO42H2O)+HF.

(12)

The calculated values of H0298, S0298, G0298
as well as the coefficients a, b and c in equations
for the heat capacity change for reactions (5)–(12)
are summarized in Table 2. Figures 2 and 3 show
the results of calculations of the change of Gibbs
energy for these reactions for rutile in the temperature
range of 298–510 K.
The calculated values of Gibbs energy changes

Fig. 2. Temperature dependences of Gibbs energies changes of
Ti(SO4)2 formation reactions at dissolution of rutile in sulfuric
acid with the participation of NaF activator reagent:
1 – reaction (5); 2 – reaction (6); 3 – reaction (9);
4 – reaction (10)

Fig. 3. Temperature dependences of Gibbs energies changes of
TiOSO4 formation reactions at dissolution of rutile in sulfuric
acid with the participation of NaF activator reagent:
1 – reaction (7); 2 – reaction (12); 3 – reaction (8);
4 – reaction (11)

Table 2
Thermodynamic data of chemical transformations in TiO2–NaF–SO3–H2O system with formation
of Ti(SO4)2 and TiOSO4

H0298, S0298, G0298,
kJ/mol kJ/molК kJ/mol
–206.4 157.8 –253.4
TiO2+5H2SO4+2NaF=Ti(SO4)2+Na2SO4+2HF+2(H2SO4H2O)
–251.2
11.2
–254.6
TiO2+5H2SO4+NaF=Ti(SO4)2+NaНSO4+HF+2(H2SO4H2O)
–128.5 258.1 –205.4
TiO2+3H2SO4+2NaF=TiOSO4+Na2SO4+2HF+H2SO4H2O
–173.4 111.5 –206.6
TiO2+3H2SO4+NaF=TiOSO4+NaНSO4+HF+H2SO4H2O
TiO2+8(H2SO4H2O)+2NaF=Ti(SO4)2+Na2SO4+2HF+5(H2SO42H2O) –135.9 209.3 –198.3
62.7
–199.4
TiO2+8(H2SO4H2O)+NaF=Ti(SO4)2+NaНSO4+HF+5(H2SO42H2O) –180.7
289.0 –172.4
TiO2+5(H2SO4H2O)+2NaF=TiOSO4+Na2SO4+2HF+3(H2SO42H2O) –86.2
–131.1 142.4 –173.5
TiO2+5(H2SO4H2O)+NaF=TiOSO4+NaHSO4+HF+3(H2SO42H2O)
Reaction

a

b103

c10–5

–334.5
–317.9
–177.6
–161.0
–334.5
–631.7
–177.6
–161.0

43
55
71
84
43
55
71
84

85.3
82.8
61.8
59.4
85.3
82.8
61.8
59.4
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in dicate t hat the reaction s (5)–(12) are
thermodynamically possible: the Gibbs energy
changes are negative in the whole temperature range.
The addition of sodium fluoride leads to a decrease
in the standard Gibbs energy by about 30 kJ/mol,
and this difference is almost doubled with increasing
temperature up to 500 K. The only exceptions are
reactions (6) and (10). The temperature dependences
of the Gibbs energies for these reactions pass through
a weakly pronounced minimum. The S0298 values
for these reactions are positive, although, an order
of magnitude is less than for other reactions.
Therefore, the positive angular coefficients of the
dependences G vs. Ò in this case can be explained
by a change in the heat capacity of the participants
in the chemical transformation, which is described
by the last term of the Temkin-Schwartzman
equation.
The temperature dependences of the Gibbs
energies are characterized by relatively large negative
angular coefficients for all other reactions involving
the presence of NaF. This can be explained by the
following fact: these reactions proceed with a large
increase in entropy due to the formation of gaseous
HF. If we take into account that the removal of
gaseous HF from the reaction zone displaces its
equilibrium to the right (according to the Le Chatelier
principle), then it should be concluded that the rutile
can be completely dissolved. In addition, it should
be noted that reactions (6), (8), (10) and (12) reduce
the molar ratio of NaF/TiO2 from 2 to 1. However,
the complete conversion of TiO2 will require the use
of an excess of fluorides in the reaction mixture
because of possible losses of hydrogen fluoride during
the leaching process.
In conclusion, it should be noted that the
thermodynamic calculations considered above for
the TiO2–NaF–SO3–H2O system were performed
without taking into account the formation of
titanium(IV) fluoride compounds. Table 3 and
Figure 4 show the results of calculations of the
thermodynamic possibility of the reactions of rutile
dissolution with the formation of TiF4 and TiOF2:
TiO2+4H2SO4+4NaF=

Fig. 4. Temperature dependences of Gibbs energies changes of
formation and decomposition reactions of TiF4 and TiOF2:
1 – reaction (16); 2 – reaction (15); 3 – reaction (14);
4 – reaction (13)

=TiF 4 +2Na 2 SO 4 +2(H 2 SO 4 H 2 O),

(13)

TiO2+2H2SO4+2NaF=
=TiOF 2 +Na 2 SO 4 +( H 2 SO 4 H 2 O).

(14)

Titanium fluorides and oxyfluorides in the
temperature range under consideration, as well as
HF, are in a gaseous state. Considering these
substances in the standard state in the form of a gas,
one should take into account the possibility of its
decomposition, for example, by the following
reactions:
TiF 4 +2H 2 SO 4 =Ti(S O 4 ) 2 +4HF,

(15)

TiO F 2 +H 2 SO 4 =TiOSO 4 +2HF.

(16)

The calculated changes of Gibbs energy show
that reactions (13) and (14) are thermodynamically
impossible, since the values are higher than zero.
On the contrary, reactions (15) and (16) in the whole
temperature range under study are characterized by
negative G values, which additionally confirms the
impossibility of the formation of TiF4 and TiOF2 in

Table 3
Thermodynamic data of chemical transformations in TiO2–NaF–SO3–H2O system with formation of TiF4 and TiOF2

Reaction
TiO2+4H2SO4+4NaF=TiF4+2Na2SO4+2(H2SO4H2O)
TiO2+2H2SO4+2NaF=TiOF2+Na2SO4+(H2SO4H2O)
TiF4+2H2SO4=Ti(SO4)2+4HF
TiOF2+H2SO4=TiOSO4+2HF

H0298,
kJ/mol
1033.2
280.0
138.2
–408.5

S0298,
kJ/molК
–63.2
179.1
247.1
78.9
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G0298,
kJ/mol
1052.0
226.6
–59.8
–432.0

a

b103

c10–5

–393.0
–224.5
–206.2
–103.1

158
82
–43
–21

85.9
36.1
51.3
25.6
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un der inve stigated con ditions. Thus, t he
consideration of the thermodynamic equilibrium in
the TiO2–NaF–SO3–H2O system without taking into
account the formation of fluoride and oxyfluoride
titanium(IV) compounds is completely justified and
does not contradict the above conclusions.
Conclusions
The rutile can spontaneously dissolve in H2SO4
solutions with the formation of salts Ti(SO4)2 and
TiOSO4 as was shown by thermodynamic analysis of
the leaching of titanium in the TiO2–SO3–H2O
system. At the same time, the experimentally proven
inhibition effect of such reactions forces to consider
rutile as an inert (ballast) component of titaniumbearing raw materials. In our opinion, the kinetic
decelaration of the reactions of rutile dissolution in
sulfuric acid should be explained by the features of
Ti(IV) cation properties and the rutile crystal
structure. A low degree of lability of Ti(IV) cation
increases the activation energy of substitution
reactions in its coordination sphere and it reduces
the rate of exchange of oxygen ions by sulfate ions.
It should be noted that the concentration of sulfate
ions in concentrated H2SO4 solutions is rather small
and it further reduces the rate of substitution reaction.
In addition, it should be remembered that the size
of sulfate ions is more than two times larger than
oxygen ions. Therefore, the exchange of oxygen ions
by sulfate ions in the rutile lattice should be inhibited
by the processes of local expansion of the rutile crystal
lattice. The breaking of Ti–O–Ti bonds without
additional strains of the crystal lattice is suggested to
be more beneficial when using smaller anions, among
which fluoride ions can be considered. The
thermodynamic analysis of sulfate-fluoride leaching
of titanium confirmed an additional decrease in the
Gibbs energy values of the reaction of rutile
dissolution in sulfuric acid in the presence of fluoride
ions. A reaction mechanism was proposed that
describes the interaction of rutile with sulfuric acid.
The mechanism involves the stage of breaking of
Ti–O–Ti bonds on the surface of rutile due to the
replacement of oxygen ions by fluoride ions and the
stage of sulfuric acid decomposition of titanium
dioxide on the sites of surface «defects» in the rutile
lattice.
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ÒÅÐÌÎÄÈÍÀÌ²×ÍÅ ÌÎÄÅËÞÂÀÍÍß
ÑÓËÜÔÀÒÍÎÊÈÑËÎÒÍÎÃÎ ² ÑÓËÜÔÀÒÍÎÔÒÎÐÈÄÍÎÃÎ ÂÈËÓÃÎÂÓÂÀÍÍß ÒÈÒÀÍÓ
À.Â. Äóáåíêî, Ì.Â. Í³êîëåíêî, Î.Á. Âåë³÷åíêî,
Î.Ä. Ñóùèíñüêèé
Âèâ÷åíà òåðìîäèíàì³÷íà ð³âíîâàãà â ñèñòåìàõ
TiO2–SO3–H2O ³ TiO2–NaF–SO3–H2O. Ïîêàçàíî, ùî ðóòèë
ìîæå ñàìî÷èííî ðîç÷èíÿòèñÿ â ðîç÷èíàõ ñóëüôàòíî¿ êèñëîòè.
Îäíàê, ÷åðåç çàãàëüìîâàí³ñòü òàêèõ ðåàêö³é ðóòèë ðîçãëÿäàºòüñÿ ÿê ³íåðòíèé êîìïîíåíò òèòàíâì³ñíî¿ ñèðîâèíè. Ê³íåòè÷í³
óñêëàäíåííÿ ðåàêö³¿ ñóëüôàòíîêèñëîòíîãî ðîç÷èíåííÿ ðóòèëó
ïîÿñíåí³ ëàá³ëüí³ñòþ êàò³îí³â Ti(IV) ³ îñîáëèâîñòÿìè êðèñòàë³÷íî¿ ñòðóêòóðè ðóòèëó. Ïðèïóùåíî, ùî ðîçðèâ çâ’ÿçê³â
Ti–O–Ti áåç äîäàòêîâèõ äåôîðìàö³é êðèñòàë³÷íî¿ ðåø³òêè
á³ëüø âèã³äíèé ïðè âèêîðèñòàíí³ ìåíøèõ çà ðîçì³ðîì àí³îí³â, â
ÿêîñò³ ÿêèõ ìîæíà âèêîðèñòîâóâàòè ôòîðèä-³îíè. Òåðìîäèíàì³÷íèé àíàë³ç ñóëüôàòíî-ôòîðèäíîãî âèëóãîâóâàííÿ òèòàíó
ï³äòâåðäèâ äîäàòêîâå çíèæåííÿ åíåðã³¿ Ã³ááñà äëÿ ðåàêö³¿ ðîç÷èíåííÿ ðóòèëó â ñóëüôàòí³é êèñëîò³ â ïðèñóòíîñò³ ôòîðèä³îí³â. Çàïðîïîíîâàíî ìåõàí³çì ðåàêö³¿ âçàºìîä³¿ ðóòèëó ç ñóëüôàòíîþ êèñëîòîþ, ùî âêëþ÷àº ñòàä³þ çàì³ùåííÿ ³îí³â êèñíþ
íà ïîâåðõí³ ðóòèëó ôòîðèä-³îíàìè ³ ñòàä³þ ñóëüôàòíîêèñëîòíîãî ðîçêëàäàííÿ ä³îêñèäó òèòàíó ïî ì³ñöÿõ «äåôåêò³â» íà
ïîâåðõí³ ðóòèëó.
Êëþ÷îâ³ ñëîâà: òåðìîäèíàì³÷íå ìîäåëþâàííÿ,
ñóëüôàòíà êèñëîòà, ôòîðèä-³îíè, çì³íåíèé ³ëüìåí³ò, ðóòèë.
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The thermodynamic equilibrium in TiO2–SO3–H2O and
TiO2–NaF–SO3–H2O systems is studied. It is shown that rutile can
spontaneously dissolve in sulfuric acid solutions. However, rutile is
considered as an inert component of the titanium-bearing raw material
due to the inhibition of such reactions. The kinetic deceleration of
rutile dissolution in sulfuric acid is explained by the lability of Ti(IV)
cations and the specific features of the rutile crystal structure. The
breaking of Ti–O–Ti bonds without additional deformations of the
crystal lattice is suggested to be more beneficial when using smaller
anions; thus, fluoride ions can be used to this end. The thermodynamic
analysis of sulfate-fluoride leaching of titanium confirms an additional
decrease in Gibbs energy values for the dissolution of rutile in sulfuric
acid in the presence of fluoride ions. A reaction mechanism is proposed
for the interaction of rutile with sulfuric acid. The mechanism includes
the stage of substitution of oxygen ions on the rutile surface by fluoride
ions and the stage of sulfate-acid decomposition of titanium dioxide
in places of «defects» of the rutile surface.
*

Keywords: thermodynamic modeling; sulfuric acid; fluoride
ions; altered ilmenite; rutile.
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