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Abstract: In this study, the effect of the addition of Na,CO; on the isothermal kinetics of
carbothermic reduction of low-grade ilmenite concentrate is studied; this is a novel
technique for obtaining high-quality upgraded titanium slag for chlorination through
semi-molten states. The results indicate that the addition of Na,COs can reduce the initial
temperature of the reaction and promote reduction, which is beneficial for improving the
reaction kinetics by enhancing the carbon gasification reaction. The iron metal produced
during the reaction tends to migrate and increase with the formation of the molten phase.
The reduction of ilmenite concentrate gradually changes from being controlled by the
interfacial chemical reaction to being controlled by diffusion with the increase in Na,COs.
At 0%, 3%, and 6% Na,CO;, the apparent activation energies were 105.01, 112.07, and
123.48 kJ/mol, respectively.
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1. Introduction
Owing to its strong chemical activity, titanium naturally exists in the form of oxides,
and it is often symbiotic with iron. In China, sources of titanium mainly include

vanadium titanomagnetite, ilmenite concentrate, and other relatively low-grade titanium
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sources. With the rapid development of the titanium industry, the reserves of high-grade
titanium minerals are gradually being exhausted globally, and low-grade titanium sources

2 Electric furnace smelting is the major

are being used in industrial applications
technology for producing titanium slag; however, the production efficiency is low and the
energy consumption is high when low-grade ore is used in the process. **°. Therefore, to
produce high-quality titanium-rich materials for chlorination, a novel low-energy
consumption process should be developed.

During the electric furnace smelting of titanium slag, effective separation of iron
slag is the key step. In recent years, various studies have been conducted on the enhanced
reduction of ilmenite concentrate by the use of additives. "> Generally, it is believed that

additives can enhance the reduction of ilmenite concentrate and facilitate the growth of

metal particles. Studies on the kinetics of conventional carbothermal reduction >'**°, pre-

21,22 23-25

oxidation reduction and vacuum carbothermal reduction of ilmenite concentrate

have been conducted. In conventional reduction, the control models of the reaction are
mainly interfacial chemical reaction control, diffusion control, and mixed control. In the
carbothermal reduction of the original ilmenite concentrate and the pre-oxidized ilmenite
concentrate, the average apparent activation energy of the pre-oxidized ilmenite
concentrate is less than that of the original ilmenite concentrate by approximately 25%. *'.
The reduction of ilmenite concentrate in vacuum can reduce the initial temperature and
increase the reaction rate. 2%’

Therefore, based on previous studies, a low-energy process for producing high-
quality upgraded titanium slag for chlorination is proposed by adding Na,COs; to achieve
a semi-melting condition for reduction. However, there are very few reports on the
kinetics of the additive enhanced reduction of ilmenite concentrate, and the mechanism
and kinetics of the reduction by the addition of Na,CO; are further explored in this study.
2. Material and methods
2.1 Raw Materials

The chemical composition and the X-ray diffraction pattern of ilmenite concentrate
used in the experiment are shown in Table 2 and Figure 1, respectively, which indicates
that the main phases in the ilmenite concentrate are FeTiO; and Fe,Os;. The particle size

analysis of ilmenite concentrate is shown in Figure 2. Most of the particles falls within



the range of 48—150 um. The reducing agent used was graphite powder with >99.9 %
purity and <13 pm particle size. The instrument used in the experiment was a high
temperature silicon-molybdenum furnace with MoSi, as the heater, as shown in Figure 3.

Tablel. Chemical composition of the ilmenite concentrate as pure oxides (wt%)

Compositions TiO, FeO  Fe,O; SiO, MnO MgO CaO V,0s ALO; P,Os S

Content 4573 3241 17.09 268 0.78 059 026 0.198 0.163 0.094 <0.005
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Fig. 1. XRD diagram of ilmenite concentrate
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Fig.2 Analysis of size of ilmenite concentrate
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Fig. 3 Schematic diagram of high temperature silicon molybdenum furnace

2.2 Experimental procedure

The dosage of graphite powder was set as 13wt%, and that of the Na,CO; additives
was set at 0, 3 and 6wt%. The temperature was kept at 1373 K, 1423 K, 1473 K, 1523 K
and 1573 K for 5min, 10min, 20min, 30min, 60min and 90min, respectively. All the
materials were well mixed and then placed into a cylinder mold with a diameter of 16
mm to form tablets under the pressure of 8 Mpa, and the weight of the individual sample
was 15 g. The sample was dried at 378 K for 120 min, and then the alumina crucible
containing the sample tablet was placed in the furnace. The samples were quickly taken
out for water cooling after the heating was finished, and then the samples were analyzed
by XRD. In addition, the furnace was heated with a flowing argon gas (0.6 L/min, purity:
99.99 %).

Herein, in the isothermal reduction process, the reduction conversion degree is
calculated as follows:

W, w,

a=
(x)o—(x)f

Where « is the reduction degree, @,, @,and @, represent the initial mass, the mass at
time t, and the final mass of the sample with 100% reduction, respectively.
3. Results

3.1 Reduction degree analysis
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Fig. 4 Reduction degrees of reduced samples under different conditions ((a) 0% Na,COs;,
(b) 3% Na,COs, (c) 6% Na,COs)

As shown in Figure 4, the reduction degree of the reduced sample increased with
increasing amount of Na,COs at a constant temperature. This shows that the addition of
Na,CO; can promote reduction and enhance the reduction effect. For a similar amount of
Na,COs;, the reduction degree of the sample increased with an increase in temperature;
the increase in temperature improved the activity of reactants and promoted the reaction,
causing the modified reduction to occur with an increase in temperature, which led to an
increase in the reduction degree. At 1373 K, the addition of Na,CO; significantly
improved the reduction degree and promoted the reaction. At a temperature above 1423
K, reduction mainly occurred within the initial 30 min, and the degree of reaction
changed slightly after that.

3.2 Phase transitions analysis

To explore the enhancement mechanism by the addition of Na,CO; during the
carbothermal reduction of ilmenite concentrate, X-ray diffraction (XRD) analysis was
carried out on the reduced samples at different temperatures, time, and amount of
Na,COs;, as shown in Figure 5 and Figure 6.

When no Na,CO; was added, diffraction peaks of TiO, were observed in the sample
below 1473 K; when the temperature rose to 1473 K, the TiO, diffraction peaks
disappeared and peaks of Ti;Os appeared. When Na,CO; was added, the diffraction peaks
of TiO, disappeared, Na,»;TiO, peaks appeared, and the strength of Ti;Os peaks reduced.
This indicates that the addition of Na,CO; converted TiO, with a melting temperature of
2127 K to Nay»TiO, with a low melting temperature of 1238 K. **, This prevented the



reduction to the high-melting temperature titanium suboxide (with a melting temperature
of 2453 K),>", thus enhancing the semi-molten effect and promoting the separation of

metal from the slag.
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Fig. 5 Xrd patterns of reduced samples under different Na,CO; samples with the
change of temperature
Figure 6 shows that the FeTiO; peaks existed in the samples at a reduction
temperature of 1473 K with a holding time of 10 min. However, the intensity of the peaks
reduced after the addition of Na,CO;, indicating that Na,CO; promoted the reduction
reaction. When the holding time was 30 min, the FeTiO; peaks gradually disappeared and
Ti;05 peaks appeared; the peak of TiO, disappeared at the same time. The phase change
of the reduced sample was not significant when the holding time exceeded 30 min; a
solid solution (M;0s (M: Fe, Mg, Ti, etc.)) was observed in the reduction sample, which

was considered to affect the reduction effect.
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Fig. 6 Xrd patterns of reduced samples under different Na,CO; samples with the

change of time
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Fig. 7. Phase transitions of reduction of ilmenite concentrate enhanced by Na,COs

As shown in Figure 7, the main phase transition in the reduction process can be
analyzed from Fig. 4 and Fig. 5. The main phases of the ilmenite concentrate used in the
experiment were Fe,O; and FeTiOs; therefore, the reduction process was as follows:
Fe,0Os—Fe;0,—FeO—Fe and FeTiO;—TiO,—Ti;0s. In addition, Na,CO; decomposed
into Na,O and CO,, and Na,O reacted with TiO, to form sodium titanate with a low
melting point. *
4. Discussion

4.1 Apparent activation energy analysis



According to Figure 4 and the XRD analysis, the reduction mainly occurred within
the first 30 min, after which the reaction degree changed only slightly; the complete
reduction reaction and the migration and growth of the metallic iron essentially occurred
within the initial 30 min. Therefore, only the processes that occurred during this duration
were considered in the kinetics analysis. Generally, the "Mode fit method" is adopted to
calculate the kinetics, wherein the experimental data is matched with the kinetics. 2.
The reduction degree under different conditions within 30 min (Figure 4) was substituted
into different kinetic models for the calculation.>****** As shown in Figure 8, the best
fitting degree was selected as the kinetics control condition. As indicated in Figure 9 and
Table 2, the apparent activation energy was obtained by the fit of the Arrhenius

equation.’* In addition, the relationship between the Gibbs free energy and temperature

of the reaction equation was calculated using FactSage software, as shown in Figure 10.
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Fig. 8 Relationship between fitting diagrams of mechanism functions and reduction time

under the different conditions ((a) 0% Na,COs, (b) 3% Na,COs, (c) 6% Na,COs»)
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Fig. 9 Relationship between Ink and 1/T under different addition of Na,COs

Table 2 Control model and kinetic parameter at different addition of Na,CO;

Na,CO, . o Ea (kJ/
. Control link Kinetic models G(a)
additive mol)
Interfacial chemical Three-dimensional phase
0% ) ) 1-(1-0)" =kt 105.01
reaction control boundary reaction
Mixed control of First-order reaction
) ) ) -In(1-a) =kt
3% interfacial chemical (Mample) 112.07
(1-2/30)-(1-0)" =kt
reaction and diffusion ~ Three-dimensional diffusion
6% Diffusion control Three-dimensional diffusion [1-(1-0)"3 ]*=kt 123.48

From Table 2, it is evident that as the amount of Na,CO; increased, the reduction

process of ilmenite gradually changed from being controlled by interfacial chemical

reaction to being controlled by diffusion. When the Na,CO; content was 0 %, the

reduction reaction was controlled by the interfacial chemical reaction, which included the

gasification reaction of carbon (Boudouard reaction **) and the reduction reaction of

ilmenite. The corresponding kinetic model was represented by the integral expression

function given by G(a)=1-(1-a)'?, and the apparent activation energy was 105.01 kJ/mol.

When the Na,CO; content was 3 %, it decomposed into Na,O and CO, during

heating; the Na,O participated in the reaction of the ilmenite concentrate, thus reducing

the Gibbs free energy of the reaction, as shown in Figure 10. Thus, the reaction occurred

faster and at a lower temperature. The addition of Na,COs has a certain catalytic effect on

9



the carbon gasification reaction, which promotes the gasification of carbon,* thereby
increasing the reaction rate and promoting the direct reduction of the ilmenite
concentrate. Therefore, the interfacial chemical reaction was more efficient with the
increase of Na,CO; at a constant temperature, which reduced the possibility of interfacial
reaction as a restrictive link during reduction. In addition, a molten phase was produced
with the addition of Na,CO;, which reduced the diffusion rate of gas during reduction.
Therefore, the reduction reaction was controlled by a combination of the interfacial
chemical reaction and diffusion. The apparent activation energy slightly increased to
112.07 kJ/mol, and the kinetic model was represented by the integral expression function
given by G(a)=-In(1-a)+(1-2/3a)-(1-a)*?. The molten phase increased as the Na,CO;
content increased to 6%, and the reduction reaction was controlled solely by diffusion
control. The corresponding kinetics model was represented by the integral expression
function given by G(a)=[1-(1-a)"”]’, and the apparent activation energy increased to

123.48 kJ/mol.
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Fig. 10 Relationship between Gibbs free energy and temperature

4.2 Apparent activation energy contrastive analysis
Ilmenite is a complex solid solution, which can be expressed as follows: m[(Fe, Mg,
Mn)O-TiO,]-n[(Fe, Al, Cr),0;], m+n=1, that is, the Fe*" in ilmenite can be replaced by
Mg*" and Mn*" of the isomorphism, and Fe’" can be replaced by AI*" and Cr*" of the
isomorphism. Therefore, there are several derivatives depending on the type and number
of impurities in the ore, all of which have an effect on the reduction of minerals. The

relationship between the Gibbs free energy and temperature of the major derivatives and
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carbon is shown in Figure 11. The difficulty of reduction was in the following order:
CaO-TiO,, MgO-TiO,, MnO-TiO,, and FeO-TiO,. Hence, the apparent activation energy
of reduction of the wvarious initial ilmenite concentrates was studied, and the
corresponding values are summarized in Table 3. The chemical composition of the raw

material is listed in Table 4.
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Fig. 11 Relationship of Gibbs free energy and temperature between the main

derivatives and carbon

Table 3. Comparison of apparent activation energies from this research with those of
previous researches

Raw materials T (K) Ea(kJ/mol) Reference
Bama ilmenite concentrate, graphite 1123-1373 265 Wang et al."”
Ilmenite concentrate, charcoal 1273-1473 135 El-Tawil et al. ¥’
Bama ilmenite concentrate, graphite 1373-1523 164 Wang et al."”
[lmenite concentrate, graphite 1373-1573 105.01 This study
Bama ilmenite concentrate, graphite 1523-1673 157 Wang et al."”
Panzhihua ilmenite concentrate,
' 1573-1773 219.2 Gou et al."
graphite
Ilmenite concentrate with 3% Na,COs, )
_ 1373-1573 112.07 This study
graphite
Ilmenite concentrate with 6% Na,COs,
. 1373-1573 123.48 This study
graphite
Ilmenite concentrate with 30% 1273-1473 67 El-Tawil et al. °
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Na,COs, charcoal

Table 4. Comparison of chemical composition of the raw material from this research with

those of previous researches (wt%)

Reference TiO, FeO Fe,0; SiO, MnO MgO CaO AlLO; Main phase

FCO'TiOZ,
This study 4573 3241 17.09 268 0.78 0.59 0.26 0.16

F€203

FeO-TiO,,
El-Tawil et al. ¥’ 42 2479 2881 298 0.16 - - -

F€203

FeO'TiOZ,
Wang et al. 4978 2433 1294 526 124 0.16 0.16 3.18

F6203‘3Ti02
Gouetal. '® 43.68 39.30 - 3.15 0.39 799 1.28 291 FeO-TiO,

From Table 3 and Table 4, it can be observed that the raw materials investigated by
El-Tawil et al.*” and this study are mainly composed of ilmenite and hematite with low
impurity content. In particular, the existence of hematite reduced the difficulty of mineral
reduction and led to the low apparent activation energy. The raw materials studied by
Wang et al. ' are mainly composed of ilmenite and arizonite (formed after the weathering
of ilmenite), which are difficult to reduce. In addition, the high content of Mn and Al in
the raw materials increases the amount of solid solution and thus, the difficulty of
reduction, as shown in Figure 11. Moreover, the existence of manganese oxide is
detrimental to the reduction of iron oxide, ® resulting in a high apparent activation energy.
The highest apparent activation energy is presented by the raw material used by Gou et
al., ' which is composed of ilmenite with high contents of Ca and Mg. The greater the
amount of impure oxides such as CaO and MgO in the raw material, the greater is the
formation of compounds such as CaO-TiO, and MgO-TiO, with TiO,; these compounds
in turn form solid solutions with FeO-TiO,, which increases the difficulty of reduction.
Moreover, the existence of high Ca and Mg content inhibits the reduction kinetics of the
ilmenite, making its reduction progressively difficult, with the inhibition effect even
higher than that of manganese oxide. ****°. Furthermore, the reduction products can form
a solid solution (M;0s (M: Fe, Mg, Mn, Ti, etc.)), which hinders the reduction process.

340 Generally, the apparent activation energy represents the difficulty of the reaction.
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According to the above analysis, it can be concluded that the reduction difficulty of
different raw materials was in the following order: the ilmenite with high Ca and Mg
content > ilmenite > ilmenite with hematite.

As discussed above, a molten phase was produced with the addition of Na,COs;,
which restricted the diffusion of CO, thus causing the reaction to have an increased
apparent activation energy and become more difficult. However, compared with the study
by El-Tawil et al., ? the apparent activation energy of ilmenite was low when 30%
Na,CO; was added. This was because of the presence of a sufficient amount of Na,O that
participated in the reduction of ilmenite when excessive sodium carbonate was added,
causing the rapid completion of the reaction and resulting in a low apparent activation
energy.

4.3 Enhanced reduction mechanism analysis

The reduction mechanism of the ilmenite concentrate enhanced by Na,CO; is shown
in Figure 12. In the conventional reduction process, solid minerals surrounded the
reaction nucleus in the early stage of the reaction. Therefore, the reduction reaction
mainly occurred through direct contact with the reductants. As the reaction progressed,
the product layer generated via reduction surrounded the reaction nucleus, and the
reductant needed to migrate to the surface of the reaction nucleus through the diffusion
channel to continue the reaction. The iron produced during the reaction formed a dense
metal shell surrounding the reaction core, which hindered the migration of the reducing

agent, thus affecting the reduction process.

13
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Fig. 12 Mechanism diagram of ilmenite concentrate reduction enhanced by Na,CO;

When Na,CO; was added, the Na,O produced via the decomposition of Na,COs
reacted with TiO, to form sodium titanates with a low melting point, and the reaction
nucleus was surrounded by the molten phase. Although an increased amount of the
molten phase restricted the diffusion of CO and hindered the reaction, the reaction
progressed efficiently at the beginning and at a low temperature, where the molten phase
was beneficial to the diffusion and migration of particles; the reductant rapidly diffused to
the surface of the reaction nucleus through the migration channel in the molten phase to
participate in the reduction reaction, thus increasing the reaction rate. In addition, the iron
produced during reduction migrated to the molten phase, and accumulated to form metal
particles. Thus, no dense iron shell was formed surrounding the reactants, and the contact
probability between the reaction nucleus and reducing agent increased in the presence of
the molten phase; this in turn increased the probability of reaction and promoted the
reduction reaction. The addition of Na,CO; not only promoted the reaction, but also the
nucleation growth of the metallic iron, thus facilitating the subsequent separation of metal
from the slag.
5. Conclusion

(1) Both, the increase in the temperature and the extension of the holding time, are
important for improving the reduction reaction. The addition of Na,CO; can reduce the
initial temperature of the reaction and produce a molten phase, which is beneficial for the
reaction kinetics between the reaction core and the reducing agent, and enhances the

14



reduction effect. The iron metal produced during the reaction tends to migrate and grow
with the formation of the molten phase.

(2) The formation of the molten phase was detrimental to the diffusion of gas, and
the reduction process gradually changed from being controlled by interfacial chemical
reaction to being controlled by diffusion as the amount of Na,CO; increased. When the
amounts of Na,CO; were 0%, 3%, and 6%, the reduction reaction was controlled by
interfacial chemical reaction, a combination of interfacial chemical reaction and
diffusion, and diffusion, respectively. The corresponding kinetic models were expressed
by the following functions: G(a)=I-(I-a)"”, G(a)=-In(1-a)+(1-2/3a)-(1-a)*”, and
G(a)=[1-(1-a)""]*, and the apparent activation energies were 105.01, 112.07, and 123.48
kJ/mol, respectively.

(3) The type and amount of impurities in the raw material affect the reduction of
minerals; hematite as a constituent material and low contents of impurities such as Ca and
Mg reduce the difficulty of reduction, which leads to low apparent activation energy and
easy reduction of minerals. The difficulty of reduction based on the content of raw
material was in the following order: the ilmenite with high Ca and Mg content > ilmenite

> 1lmenite with hematite.
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Figure Captions:

Fig. 1. XRD diagram of ilmenite concentrate

Fig.2 Analysis of size of ilmenite concentrate

Fig. 3 Schematic diagram of high temperature silicon molybdenum furnace

Fig. 4 Reduction degrees of reduced samples under different conditions ((a) 0% Na,COs;,
(b) 3% Na,COs, (c¢) 6% Na,COs)

Fig. 5 Xrd patterns of reduced samples under different Na,CO; samples with the change
of temperature

Fig. 6 Xrd patterns of reduced samples under different Na,CO; samples with the change
of time

Fig. 7. Phase transitions of reduction of ilmenite concentrate enhanced by Na,COs;

Fig. 8 Relationship between fitting diagrams of mechanism functions and reduction time
under the different conditions ((a) 0% Na,COs, (b) 3% Na,COs, (¢) 6% Na,COs)

Fig. 9 Relationship between Ink and 1/T under different addition of Na,COs

Fig. 10 Relationship between Gibbs free energy and temperature

Fig. 11 Relationship of Gibbs free energy and temperature between the main derivatives
and carbon

Fig. 12 Mechanism diagram of ilmenite concentrate reduction enhanced by Na,COs
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Table Captions:

Table 1. Chemical composition of the ilmenite concentrate as pure oxides (Wt%)

Table 2. Control model and kinetic parameter at different addition of Na,COs

Table 3. Comparison of apparent activation energies from this research with those of
previous researches

Table 4. Comparison of chemical composition of the raw material from this research

with those of previous researches (Wt%)
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