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Heat effects in the reaction of sulfuric acid with ilmenites infl uenced by 
initial temperature and acid concentration 
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The infl uence of temperature and sulfuric acid concentration on the enthalpy and the rate of heat release during the 
reaction of Norwegian and Australian ilmenites with sulfuric acid was determined. The experimental results obtained 
from calorimetric measurements were compared with theoretical calculations based on the oxide composition and 
the phase composition of the raw material. Experimentally determined heat of reaction for Norwegian ilmenite 
(900–940 kJ/kg) and Australian ilmenite (800–840 kJ/kg) showed good agreement with theoretical calculations 
based on the phase composition of the raw material. It was found that the enthalpy of ilmenites decomposition 
reaction does not depend on the concentration of sulfuric acid in the concentration range from 83% to 93%. It 
was also demonstrated that the temperature and concentration of sulfuric acid have a signifi cant impact on the 
thermokinetics of the decomposition process, increasing the value of the average rate of temperature change.
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INTRODUCTION

  The reaction of titanium-bearing minerals with sulfuric 
acid is of great practical and technological importance, as 
it is the fi rst stage in the production of titanium dioxide 
pigments by the sulfate method1–4. Recently, attention 
has been paid to the importance of this technology, 
both in the context of using the fl otation process in  the 
extraction and preparation of raw materials5, 6, as well 
as the mechanism and thermodynamics of raw materials 
decomposition7 and mechanical, thermal and chemical 
activation of raw materials8. 

In the sulfate process, ilmenite ores (mostly FeTiO3 
with TiO2 content of 43–65%) and/or titaniferous slags 
(metallurgy-enriched ilmenite ores with TiO2 content of 
70–80%) are digested with highly concentrated sulfuric 
acid (80–95%) to produce liquor containing mainly titanyl 
and iron sulfates. The reaction is strongly exothermic, 
accompanied with a signifi cant emission of gases, takes 
place in highly corrosive environment at a high tempe-
rature and runs the risk of real thermal explosion as 
a result of uncontrolled rate of reaction9. The reactions 
with a risk of uncontrolled run, leading to thermal ru-
naway, are called the hazard-type reactions10, 11. One of 
the methods used to determine the safety of hazard-type 
reactions is the study of changes in thermal power during 
the process (thermokinetics), using reaction calorimeters 
of different types12–17. The thermal effect and thermo-
kinetics of the sulfuric acid reaction with titanium raw 
materials strongly depend on such parameters as the 
initial concentration of sulfuric acid18, reaction initiation 
temperature19 and the particle size of the titanium raw 
material20. The impact of these parameters on the course 
of the reaction is also dependent on the elemental and 
phase composition of titanium raw materials21. Because 
of a large variety of titanium-bearing minerals, the results 
of the reaction thermokinetics refer only to a given type 
of raw material. Knowledge of the impact of initial pa-
rameters on the thermal effects of the reaction is of key 
importance for the safety of the technological process 
because excessive emission of heat generated during 

the reaction risks the danger of explosion9, 22. On the 
other hand, improper selection of the initial reaction 
parameters may also lead to incomplete reaction of the 
reaction mixture, which in turn contributes to specifi c 
and measurable economic losses.

The thermal effect of the reaction and its thermokine-
tics are closely related. The reaction rate is a function 
of temperature. The greater the amount of heat evolved 
during the reaction (thermal effect of the reaction), the 
higher the temperature of the reaction mixture and thus 
the faster the reaction rate. Knowledge of the thermal 
effect of the reaction is very important because it allows 
assessment of the reaction kinetics and thus corrects 
choice of its optimal initial conditions. From the techno-
logical point of view and taking into account the process 
safety, it is extremely important to accurately analyze 
and specify the total thermal effect and thermokinetics 
of the decomposition reaction as well as the infl uence 
of sulfuric acid concentration. Therefore, this study 
was aimed to exactly determine the effect of the initial 
sulfuric acid concentration on the total amount of heat 
released during the reaction of sulfuric acid with titanium 
raw materials as well as on the rate of heat release in 
this process. The purpose of this research was also to 
determine the infl uence of temperature on the thermal 
effects of the raw materials decomposition reaction in 
correlation with precise theoretical calculations. Such an 
approach to issues related to the technology of processing 
titanium-bearing raw materials has not been presented 
in the available literature so far.

EXPERIMENTAL

Methods
The heat of the reaction of ilmenites with sulfuric 

acid can be determined by experimental methods using 
reaction calorimeters. The results obtained from the 
calorimetric measurement allow estimation of the degree 
of raw material conversion with time, based on the amo-
unt of heat generated during the reaction. Norwegian 
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and Australian ilmenites, differing signifi cantly in both 
elemental and phase composition, were used in the study. 
On the basis of the X-ray fl uorescence analysis and ther-
mogravimetric measurements, the following elemental 
compositions were obtained (expressed as oxides): TiO2 
– 44.4%, FeO – 34.8%, Fe2O3 – 11.6%, MgO – 4.1% for 
Norwegian ilmenite20, and TiO2 – 55.1%, FeO – 20.8%, 
Fe2O3 – 19.6%, MgO – 0.3%, MnO – 1.8% for Australian 
ilmenite21. X-ray absorption, diffraction and fl uorescence 
measurements21 have shown that the main phases in 
Norwegian ilmenite ores are: ilmenite FeTiO3 – 74.5%, 
hematite Fe2O3 – 11.6% and geikielite MgTiO3 – 7.9%. 
In addition, a probable presence of enstatite MgSiO3 – 
4.3% and less than 1% of MnTiO3 was established. In 
Australian ilmenite ores, the main phases are: ilmenite 
FeTiO3 – 44.0%, pseudorutile Fe2Ti3O9 – 44.0%, hematite 
Fe2O3 – 2%. In addition, a probable presence of klebe-
rite FeTi3O6(OH)3 – 4%, MnTiO3 – 3% and geikielite 
MgTiO3 – 1% was also indicated. 

Due to the specifi c reaction conditions (high tempe-
rature during the reaction, the fact that heat released 
increases the temperature of the reaction mixture to 190–
220 oC, depending on the type of titanium raw material, 
highly corrosive environment, possible gas emission and 
risk of thermal explosion), in calorimetric measurements 
a non-isothermal and non-adiabatic calorimeter of our 
construction was used. The calorimeter was equipped 
with a calorimeter vessel with a capacity of 0.6 dm3, in 
which an electric heater, stirrer, temperature sensor, 
dispenser and safety valve were placed. The calorimetric 
vessel parameters were as follows: time constant – 257.5 
min, heat transfer coeffi cient – 0.098 J.K–1.s–1. The mass 
of ilmenite sample used in the study was about 100 g, 
while the mass of sulfuric acid was in the range from 
200 g to 400 g, depending on the concentration of the 
acid. The reaction was initiated by introducing ilmenite 
into sulfuric acid at a given temperature. The reaction 
time depended on the process conditions used and ranged 
from 70 to 100 minutes.

As a result of the calorimetric measurements, the de-
pendencies T = f1(t), dT/dt = f2(t) and W = dQ/dt = f3(t) 
have been obtained (with the symbols having the usual 

meaning). Integrating the expression  
for the time t, at which W(t) = 0, the average rate of 
temperature change during the reaction has been obta-
ined, whereas integrating the expression  
the thermal effect of the reaction has been obtained.

During the investigated process, the heat of ilmenite 
wetting with sulfuric acid should also be considered. 
Based on earlier studies23, it was found that the average 
value of heat of titanium-bearing minerals wetting with 
sulfuric acid is from 4 kJ/kg to 10 kJ/kg, and the total 
error related to the measurement of the heat of wetting 
and the amount of thermal effects associated with the 
reactions of accompanying compounds is about 1%.

RESULTS AND DISCUSSION

In the interpretation of the experimental results, the-
oretical calculations of the thermal effects have been 
used. In the reaction of sulfuric acid with titanium raw 
materials, the amount of heat released depends on the 

elemental and phase composition of the titanium raw 
material and the concentration of sulfuric acid. The en-
thalpy effect of the reaction has been calculated based 
on thermodynamic data (enthalpy of formation) for all 
components of the reaction mixture, taking into account 
a) the oxide composition, and b) the phase composition 
of the raw material. 

Calculations based on the oxide composition of the raw 
material

It has been shown18 that the degree of conversion 
(leaching – transition to the solution phase) of TiO2, 
FeO and Fe2O3 is similar for both titanium and iron. 
Because in the studied ilmenites titanium and iron are 
dominant elements (the remaining elements are present 
in a small amount of about 1–2%), it can be assumed 
that the heat generated during the process is the result 
of the following reactions:
TiO2 + H2SO4 → TiOSO4 + H2O (1)
FeO + H2SO4 → FeSO4 + H2O (2)
Fe2O3 + 3H2SO4 → Fe2(SO4)3 + 3H2O (3)
MgO + H2SO4 → MgSO4 + H2O (4)

For Australian ilmenite, the following reaction should 
also be considered:
MnO + H2SO4 → MnSO4 + H2O (5)

Based on our unpublished research and other works7 it 
was found that rutile is highly resistant to sulfuric acid, 
thus only thermodynamic data for anatase have been used 
in the calculations. In the case of the reaction taking place 
under the presented conditions, mainly TiOSO4 is formed, 
which is confi rmed by calorimetric measurements and 
the results presented in the referenced paper24. However, 
the formation of other compounds in this reaction (for 
example Ti(SO4)2) should not be excluded7.

To calculate the thermal effect of the reaction of 
titanium raw materials with sulfuric acid, the available 
thermodynamic data on the enthalpy of formation of 
individual compounds present in the reaction mixture 
were used25–28 and the calculated enthalpies of individual 
reactions are presented in Table 1.

Table 1. Enthalpies of reactions calculated on the basis of 
thermodynamic data

Due to differences in the enthalpies of formation of 
some compounds (especially magnesium compounds) 
available in the literature, the reaction enthalpy may be 
charged with up to 10% error. Taking into account the 
elemental composition of both raw materials, the calcu-
lated enthalpy of the reaction with sulfuric acid at 298.15 
K is –994.1 kJ/kg (of the raw material) for Norwegian 
ilmenite and –822.2 kJ/kg for Australian ilmenite. In the 
calculations, 100% conversion of titanium oxides and iron 
oxides was assumed. In the case of magnesium oxide the 
conversion of about 63% was assumed because a part 
of this component content is in the form of magnesium 
silicate MgSiO3, which in the process conditions does 
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the reaction heat, the experiments were carried out at 
the following reaction initiation temperatures: 333 K for 
Norwegian ilmenite and 353 K for Australian ilmenite. 
The evaluated experimental data – the thermal effects 
(reaction heat values) of the reaction of both ilmenites 
with sulfuric acid of 84% at four different temperatures 
from the aforementioned temperature ranges are also 
shown in Fig. 1 and Fig. 2. 

As follows from these data, in the analyzed tem-
perature range the changes in the heat of reaction are 
not signifi cant and are from 900 kJ/kg to 940 kJ/kg for 
Norwegian ilmenite (Fig. 1) and from 800 kJ/kg to 840 
kJ/kg for Australian ilmenite (Fig. 2). In addition to the 
experimental results, Fig. 1 and Fig. 2 also present the 
values of reaction enthalpy calculated theoretically. Lines 
(a) on both Figures correspond to the enthalpy of the 
reaction calculated based on the oxide composition of 
the raw material. The calculated enthalpy of the reaction 
signifi cantly exceeds the values obtained experimentally, 
even taking into account the error resulting from different 
values of enthalpy of formation given in the literature 
(±27.7 kJ/kg).

Lines (b) on both Figures present the results of 
calculations of the enthalpy of the reaction obtained 
based on the phase composition of the raw material. 
Taking into account the calculation error resulting from 
different values of enthalpy of formation given in the 
literature, and the error of experiments marked on the 
graph, a satisfactory agreement of results was obtained 
in this case. 

The effect of temperature on the enthalpy of the reac-
tion is not great, since the heat capacity of the reactants 
and products is weakly temperature-dependent, except 
for water and sulfuric acid. As follows from analysis 
of the reaction enthalpy values calculated for analyzed 
temperatures, the reaction enthalpy both for Norwegian 
and Australian ilmenites in this temperature range var-
ies within 5%, which is confi rmed by the experimental 
results presented in Fig. 1 and Fig. 2.

not react with sulfuric acid24. The enthalpy of reaction 
obtained in this way is an approximate value, since in 
the actual reaction mixture more complicated processes 
may occur (e.g. indirect reactions). 

Calculations on the basis of the phase composition of 
the raw material

Similar calculations of the enthalpy of reactions can be 
made taking into account the phase composition of raw 
materials, and assuming that, in addition to the reaction 
of hematite with sulfuric acid (reaction 3), the following 
reactions take place:
FeTiO3 + 2H2SO4 → FeSO4 + TiOSO4 + 2H2O (6)
MgTiO3 + 2H2SO4 → MgSO4 + TiOSO4 + 2H2O (7)
2Fe(OH)3 + 3H2SO4 → Fe2(SO4)3 + 6H2O (8)

Due to the lack of thermodynamic data for Fe2Ti3O9 
and FeTi3O6(OH)3, these phases were treated as mix-
tures of appropriate compounds: Fe2O3

.3TiO2 and 
Fe(OH)3

.3TiO2 in the case of pseudorutile and kleberite, 
respectively. Using the thermodynamic data available in 
literature25–28, the enthalpies of the above reactions were 
calculated to be –131.7 kJ/mol for reaction (6), –151.9 kJ/
mol for reaction (7) and –208.7 kJ/mol for reaction (8). 
The value of 1495 kJ/mol was assumed as the enthalpy 
of titanyl sulfate TiOSO4 formation25. Literature also 
provides the value of enthalpy of titanyl sulfate TiOSO4 
formation as 1870 kJ/mol29. However, inclusion of this 
value in theoretical calculations gives the enthalpies of 
decomposition reactions far different from the experi-
mental values obtained for Norwegian and Australian 
ilmenite. The enthalpy of the reaction of Norwegian 
and Australian ilmenite with sulfuric acid at 298.15 K, 
calculated based on the phase composition of the raw 
material is –871.0 kJ/kg and –746.8 kJ/kg, respectively.

The difference in the enthalpy of the reaction de-
termined by the two methods (calculations based on 
the oxide composition and the phase composition of 
the raw material) is quite signifi cant (–994.1 kJ/kg and 
–871.0 kJ/kg for Norwegian ilmenite and –822.2 kJ/kg 
and –746.8 kJ/kg for Australian ilmenite). It should be 
noted, however, that the enthalpies of oxide formation 
are different from the enthalpies of formation of the 
compound identifi ed by the phase analysis. And this very 
difference is refl ected in the obtained reaction enthalpies.

The results of calculations of the enthalpy of the 
above reactions refer to a temperature of 298.15 K, 
while the fi rst thermal effects of sulfuric acid reaction 
with Norwegian and Australian ilmenites are visible 
above 323 K and 333 K, respectively. Therefore, based 
on the available thermodynamic data25–28, theoretical 
calculations of the enthalpy of the reaction were car-
ried out in the temperature range from 333 K to 363 K 
for Norwegian ilmenite and from 353 K to 383 K for 
Australian ilmenite. The results of these calculations 
are presented in Fig. 1 and Fig. 2 for Norwegian and 
Australian ilmenites, respectively. 

Due to the signifi cant impact of temperature on the 
progress of ilmenite decomposition reaction, it is im-
portant to choose the optimal reaction temperature so 
that the process would not run too slowly (unsatisfac-
tory conversion) or too fast, which could bring thermal 
explosion. To determine the infl uence of temperature on 

Figure 1. The experimental heat of reaction of sulfuric acid 
with Norwegian ilmenite depending on the reaction 
initiation temperature (markers on the chart) in 
comparison with (a) reaction enthalpy calculated 
based on the oxide composition of the raw material, 
(b) reaction enthalpy calculated based on the phase 
composition of the raw material

Fig. 3 and Fig. 4 show the relationship between the 
average rate of temperature changes (dT/dt)av and the 
temperature at which the reaction was initiated for 
Norwegian and Australian ilmenites, respectively. The 
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material (line b) are also plotted on both graphs. The 
calculated values of reaction enthalpy are 1048.4 kJ/kg 
(line a) and 938.1 kJ/kg (line b) for Norwegian ilmenite 
and 906.9 kJ/kg (line a) and 824.4 kJ/kg (line b) for 
Australian ilmenite. On both Figures, the most of the 
experimental points fall between the theoretical lines. 
The average heat of reaction in the investigated range of 
sulfuric acid concentrations is 977.4 kJ/kg and 844.6 kJ/
kg for Norwegian and Australian ilmenites, respectively. 
Both values are more similar to the heat of the reaction 
calculated theoretically based on the oxide composition of 
the raw material. Taking into account the measurement 
error of about 2%, it can be concluded that the heat of 
ilmenites decomposition reaction does not depend on the 
initial concentration of sulfuric acid in the concentration 
range from 83% to 93%. 

average rate of temperature changes is a very impor-
tant thermokinetic parameter of the process. Analysis 
of the presented results suggests that the temperature 
of the reaction mixture substantially affects the kinet-
ics of the reaction. The practically linear relationship 
between the average value of (dT/dt)av indicates the 
signifi cant slowdown of the reaction below 333 K for 
Norwegian ilmenite and below 353 K for Australian 
ilmenite. It can be also seen that the temperature has 
a greater infl uence on the thermokinetics of Australian 
ilmenite decomposition. The initiation temperature of 
Australian ilmenite decomposition is indeed higher than 
that of Norwegian ilmenite, but the change of (dT/dt)av 
is signifi cantly greater in the case of Australian ilmenite 
(~2 K/min) in the temperature range 353–383 K than 
in the case of Norwegian ilmenite (~1.4 K/min) in the 
temperature range 333–363 K.

Figure 2. The experimental heat of reaction of sulfuric acid 
with Australian ilmenite depending on the reaction 
initiation temperature (markers on the chart) in 
comparison with (a) reaction enthalpy calculated 
based on the oxide composition of the raw material, 
(b) reaction enthalpy calculated based on the phase 
composition of the raw material

Figure 3. The dependence of the average rate of temperature 
change on the temperature of reaction initiation for 
Norwegian ilmenite

Figure 4. The dependence of the average rate of temperature 
change on the temperature of reaction initiation for 
Australian ilmenite

Figure 5. Dependence of the heat of reaction of Norwegian 
ilmenite with sulfuric acid on the initial acid con-
centration (markers on the chart) in comparison 
with (a) reaction enthalpy calculated based on the 
oxide composition of the raw material, (b) reaction 
enthalpy calculated based on the phase composition 
of the raw material

Fig. 5 and Fig. 6 present the dependence of the experi-
mentally determined heat of reaction of Norwegian and 
Australian ilmenites with sulfuric acid on the initial acid 
concentration. The lines corresponding to the enthalpy 
of reaction calculated based on the oxide composi-
tion of the raw material (line a) and reaction enthalpy 
calculated based on the phase composition of the raw 

To gain even deeper insight into the thermokinetics 
of the ilmenite decomposition reaction, the dependence 
of the average rate of temperature change on the con-
centration of sulfuric acid has been investigated. The 
obtained relationships are shown in Fig. 7 and Fig. 8 
for Norwegian and Australian ilmenite, respectively. 
Both graphs reveal a very strong infl uence of sulfuric 
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CONCLUSIONS

As a result of the research on the reaction of Norwegian 
and Australian ilmenites with sulfuric acid, the enthalpies 
of these reactions were determined experimentally. The 
obtained values for Norwegian ilmenite (900–940 kJ/kg) 
and Australian ilmenite (800–840 kJ/kg) showed good 
agreement with theoretical calculations, performed with 
the use of available thermodynamic data and based on 
the phase composition of the raw material. 

It was found for both ilmenites that the heat of reaction 
does not depend on the initial concentration of sulfuric 
acid (in the concentration range from 83% to 93%). On 
the other hand, a very strong infl uence of temperature 
and sulfuric acid concentration on the thermokinetics of 
the reaction was observed. At a sulfuric acid concentra-
tion below 80% and at temperatures below 333 K for 
Norwegian ilmenite and 353 K for Australian ilmenite 
a signifi cant slowdown of the reaction was found. Increas-
ing the temperature and concentration of sulfuric acid 
substantially increased the value of a crucial thermoki-
netic parameter of the decomposition process, namely 
the average rate of temperature change.
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