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Kinetic study on carbothermic reduction of ilmenite with activated carbon
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Abstract: The carbothermic reduction of Panzhihua ilmenite with various additions of activated carbon was investigated by
isothermal experiments over the temperature range of 1373 to 1773 K in the argon atmosphere. According to the reaction kinetics
recorded by the infrared gas analyzer, it was found that the amount of carbon addition had little influence on the reaction rates at
various temperatures except 1473 K. When the reaction temperature was above the eutectic temperature of 1427 K of Fe—C binary
system, part of carbon would dissolve into Fe to form a liquid phase, which made the liquid Fe as a diffusion channel of carbon to
diffuse to the reaction interface. The carbothermic reduction above 1573 K obeyed the shrinking-core model. The mass fraction of

TiC could be determined by the standard addition technique.
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1 Introduction

As is known to all, ilmenite is one of the major
sources for titanium. In China, more than 90% (mass
fraction) of ilmenite is located in Panzhihua, Sichuan
Province. The content of titanium dioxide in ilmenite is
higher than 40%. Although the ilmenite is expressed as
FeO'TiO,, it can also accommodate many other
components in its structure, for instance, Fe,O3;, MgO,
AL O;, MnO and CaO [1]. With the exhaustion of the
high grade titanium ores, such as rutile, more attention
has been paid on ilmenite [2—7]. Nowadays, ilmenite is
widely used as an alternative raw material for rutile in
producing titanium metal and titanium containing
compounds, for example, titanium sponge, synthetic
rutile, titanium tetrachloride, titanium carbide, titanium
nitride and so on. Therefore, the carbothermic reduction
of ilmenite has a crucial influence on the commercial
productions of synthetic rutile, titanium carbide, titanium
nitride or titanium carbonitride.

Carbothermic reduction of ilmenite was investigated
by Welham and Williams from the ambient temperature

to 1773 K in Ar atmosphere [8]. It is demonstrated that
iron and rutile initially appeared during the carbothermic
reduction. Then, rutile was reduced to a series of oxides
(Ti, 05,1, n>3), Ti30s, Ti,0O; and TiC in sequence.
REZAN et al [9] studied the carbothermic reduction and
nitridation of ilmenite in 50%H,—50%N, (volume
fraction) atmosphere and N, atmosphere, respectively. It
is found that Ti,O; did not appear as an intermediate
reaction product if the nitrogen was present. In addition,
the reduction rate in 50%H,—50%N, atmosphere was
significantly faster than that in pure nitrogen. GUPTA et
al [10,11] studied the kinetics of ilmenite with graphite
from 1273 to 1373 K in Ar atmosphere. The reduction
reaction rate of ilmenite was increased significantly by
the addition of FeCl;-6H,O. It is thought that the
addition of FeCl;-6H,0 promoted the nucleation of iron.
WELHAM and WILLIS [12] and EL-HUSSINY and
SHALABI [13] studied the carbothermic reduction of
ilmenite in N, atmosphere from 973 to 1673 K and 1073
to 1423 K, respectively. The diffusion of the solid-state
carbon was regarded as the rate determining step for both
carbide formation from oxide and nitridation of carbide.
However, part of carbon would dissolve into Fe to form a
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liquid phase when the experimental temperature was
above the eutectic temperature of Fe—C binary system
1427 K. This led to a solid-liquid reaction in the
reduction process, which was ignored by many
researchers. The reduction kinetic and mechanism of
solid—liquid reaction during the carbothermic reduction
is still not sufficient.

In the present work, the carbothermic reduction of
Panzhihua ilmenite was investigated under isothermal
conditions to illustrate the reaction kinetics and reaction
mechanism. The solid—liquid reaction interface was
proposed for the first time in the carbothermic reduction
of ilmenite, which played an important role in the
dynamic diffusion.

2 Experimental

2.1 Carbothermic reduction of ilmenite with activated

carbon

The ilmenite was supplied by Panzhihua Iron and
Steel (Group) Co., Ltd, China. It was analyzed by the
National Analysis Center for Iron and Steel (NACIS), as
listed in Table 1. The activated carbon (analytical
reagent, >97%) was supplied by Sinopharm Chemical
Reagent Beijing Co., Ltd, China. Both ilmenite and
activated carbon were characterized using X-ray
diffraction (XRD, Rigaku Ultima IV) with Cu K,
radiation (1=1.5406 A). The accelerating voltage and the
applied current were 40 kV and 40 mA, respectively.
XRD patterns of ilmenite and activated carbon are shown
in Fig. 1. The ilmenite and the activated carbon were
mixed evenly with the addition of polyvinyl alcohol
solution (PVA, 2%, mass fraction) in an agate mortar.
Then, the mixtures were made into cylindrical briquettes
(diameter 18 mm, thickness 4 mm) using a stainless steel
mold under a pressure of 230 MPa. All cylindrical
briquettes were roasted in an electric resistance furnace
(BLMT-1973 K) at 673 K for 2 h under a flowing Ar
atmosphere (300 mL/min) to get rid of the PVA. The
mass of each cylindrical briquette was 2 g. As shown in
Table 2, the mass ratios of activated carbon to ilmenite
were set to be 0.276, 0.316 and 0.395, respectively. The
reaction temperatures were 1373, 1473, 1573, 1673 and
1773 K, respectively.

Table 1 Chemical compositions of ilmenite (mass fraction, %)

FeO Fe,03 TiO, MgO Si0,
36.85 5.59 45.34 5.76 3.46
Al,O5 Ca0O MnO Total
1.35 0.96 0.69 100
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Fig. 1 XRD patterns of ilmenite (a) and activated carbon (b)

Table 2 Experimental conditions of carbothermic reduction

Group Mass ratio of acti\fated Reaction
carbon to ilmenite temperature/K
Al 0.276 1373
A2 0.276 1473
A3 0.276 1573
A4 0.276 1673
AS 0.276 1773
Bl 0.316 1373
B2 0.316 1473K
B3 0.316 1573
B4 0.316 1673
B5 0.316 1773
C1 0.395 1373
C2 0.395 1473
C3 0.395 1573
C4 0.395 1673
C5 0.395 1773

A schematic diagram of the experimental apparatus
is shown in Fig. 2. It consists of a mass flowmeter
(Alicat 21-1-10-0-500-Km0410), an electric resistance

furnace and an infrared gas analyzer (XLZ-1090). CO,,
CO and O, can be analyzed by the infrared gas analyzer
over ranges of 0—30 % (£0.1%), 0—40% (£0.1%) and
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Fig. 2 Schematic diagram of experimental apparatus

0-60% (£0.1%), respectively. Before the experiment, the
infrared gas analyzer had been calibrated by a gas
mixture of CO,, CO, O, and Ar under a flow rate of
300 mL/min. In order to diminish the effect of the
alumina crucible (diameter 25 mm, height 25 mm) on the
reaction temperatures, it was put into the tube at ambient
temperature in advance. The furnace was accurately
controlled within =1 K under a flowing Ar atmosphere
(300 mL/min). When the furnace temperature reached
the desired value, a cylindrical briquette was added into
the alumina crucible quickly through a hollow quartz
tube (diameter 20 mm). The volume fraction Oof CO was
recorded by the infrared gas analyzer every 5 s during
the carbothermic reduction process until its value
decreased to 0.1%. The reduction products were
examined by scanning electron microscope (SEM,
Mineral Liberation Analyzer 250, voltage 200 V=30 kV).

2.2 Quantitative determination of titanium carbide in
reduction products

The sample with a mass ratio of 0.316 was reduced
at 1773 K in the electric furnace under a flowing Ar
atmosphere (300 mL/min). After 6 h, the sample was
taken out from the furnace and cooled in a flowing Ar
atmosphere (300 mL/min). Various mass fractions of
pure titanium carbide (>99.5%, 10 um) were added in the
reduction products. The mass fractions of the added
titanium carbide were 5%, 10%, 20%, 30% and 40%,
respectively. All the samples were mixed homogenously

in an agate mortar and analyzed by XRD. The peak
intensities in the XRD patterns reflect the information of
the phase’s crystal structure and the distribution of
particular atoms in the structure. In the present case, the
standard addition technique [14] was employed to
determine the mass fraction of TiC in the reduction
products.

3 Results

3.1 Influences of mass ratio and reaction temperature
on carbothermic reduction of ilmenite

The variation of volume fraction of CO generated
by per gram of ilmenite during the carbothermic
reduction reaction is shown in Fig. 3. It is important to
note that the variation trends of volume fraction of CO
with various mass ratios of activated carbon at 1373,
1573, 1673 and 1773 K were overlapping like Fig. 3(b).
It is clearly shown that the volume fraction of CO first
increased and then decreased as time went by. At the
beginning of the reaction, the reactants were rapidly
heated up from the ambient temperature to the reaction
temperature. At the same time, the generated CO
gradually filled the furnace tube evenly and then was
carried out by Ar gas to the infrared gas analyzer, which
explained why the volume fraction of CO increased
rapidly at the very beginning. With the increase of the
reduction degree, the unreacted reactants were less and
less, which led to the decrease of the volume fraction of
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CO. It can be seen that the mass ratios had little
influence on the reaction rates at various temperatures
except 1473 K. The possible reasons for the distinction at
1473 K were given in the section of discussion. The
reaction rates were obviously increased by increasing the
reaction temperatures.
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gram of ilmenite

3.2 Mass fraction of TiC in reduction products

The XRD patterns of the reduction products with
adding various mass fractions of titanium carbide are
shown in Fig. 4(a). The intensity of (200) reflection from
TiC (26=41.9°) is chosen as comparison because it is the
most intense of all reflections from TiC. When plotting
the integrated intensities of the (200) reflection of TiC
(from 26=41.5° to 42.5°) as a function of concentration,
a linear relationship is obtained as shown in Fig. 4(b).
The x-intercept is the mass fraction of TiC in the
reduction products. The obtained relationship is y=
22.44x+879.08, which gives the x-intercept of —39.17.
According to Table 1, the theoretical value of the mass
fraction of TiC in the reduction products is 41.18%,
which provides that all the TiO, and iron oxide are

reduced to TiC and iron, respectively. The result
calculated by the standard addition technique is
approximate to the theoretical value.
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Fig. 4 XRD patterns (a) of reduction products with various
mass fractions of titanium carbide and integrated intensities (b)
of (200) reflection of TiC as function of concentration

4 Discussion

4.1 Mechanism of carbothermic reduction reaction

The main reactions that occur during the
carbothermic reduction are shown as Eq. (1) and Eq. (2).
The change of standard Gibbs free energy AG® for
Egs. (1) and (2) are calculated by a thermodynamic
database Factsage 6.4. The reactions of Eq. (1) and
Eq. (2) occur when the reaction temperatures are higher
than 1127 and 1573 K, respectively.

FeTiOs+C—Fe+TiO+CO, AG®=1743253-154.7T (1)
TiO,+3C—TiC+2C0, AG®=533760-339.4T ©)

When the reaction temperatures were 1373 and
1473 K, the reduction products were Fe and titanium
suboxides (Ti,0,,-1, =2, 3) [15]. The reduction reaction
that occurred at 1373 K was solid—solid reaction or
gas—solid reaction by way of CO,. The reaction rate at
1373 K was too slow to consume the solid—state carbon
around the ilmenite. The reactant carbon was sufficient
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even for group Al. As a result, the increase of amount of
carbon addition had little influence on the reaction rate at
1373 K. When the experimental temperatures were above
the eutectic temperature of Fe—C binary system 1427 K,
a liquid phase composed of Fe and C was formed. The
products reduced at 1473 K for 1 h are shown in Fig. 5(a).
It can be seen that there were a large number of Fe—C
droplets on the surface of samples. The carbon
participated into the reaction in both forms of solid state
and liquid state in liquid iron. The liquid Fe—C droplets
had a better fluidity than the solid carbon particles,
which made liquid Fe form a diffusion channel for
carbon to contact with titanium suboxides. The reaction
rate at 1473 K was much higher than that at 1373 K. It is
speculated that the carbon around the ilmenite was
rapidly consumed by the carbothermic reduction of
ilmenite and the formation of Fe—C droplets. As a result,
the increase of amount of carbon addition could increase
the contact area between the reactants, which increased
the reaction rates at 1473 K.

When the reaction temperatures were above 1573 K,
TiC appeared in the reduction products [15]. Figures 5(b)
and (c) show the reduction products reduced for 1 h at
1773 K. The reduction products were porous due to the
generation of CO. Equation (1) reacted so fast that the
generated Fe—C droplets connected together to form a
continuous liquid phase. Particles of TiC and Mg,SiO,4
were wrapped in the liquid iron. The carbon dissolved in
the Fe so fast that most of the carbon participated into the
reaction through the liquid phase. In this case, the real

concentration of the carbon was not controlled by the
amount of carbon addition but the solubility of carbon in
the Fe—C liquid phase. Furthermore, the solubility of
carbon in the Fe—C liquid phase was only decided by the
reaction temperature. This explained the overlaps of the
volume fraction of CO curves with various mass ratios
above 1573 K like Fig. 3(b).

4.2 Shrinking-core model

The carbothermic reduction of ilmenite above
1573 K was the typical solid—liquid interface. As shown
in Fig. 5(b), the formation and growth of pore and crack
on the unreacted particles were clearly visible. The
reaction mechanism was analyzed by using the
shrinking-core model [16,17]. To simplify the analyses,
the particle shapes of all phases are assumed to be
spherical. The shrinking-core model scheme for the
carbothermic reduction of ilmenite above 1573 K is
shown in Fig. 6. At the beginning of the carbothermic
reduction of ilmenite, the carbon participated into the
reduction reaction in the form of solid particles. When
the reduction product Fe appeared on the surface of the
mineral particles, part of carbon dissolved in Fe to form a
liquid phase. Due to the good fluidity, the Fe—C droplets
gathered and formed a liquid layer out of the unreacted
core, which cut off the direct contact between the solid
carbon and the unreacted core. Although the content of
dissolved carbon in the liquid layer was small, there was
a large amount of solid carbon on the outside of product
layer. Once the dissolved carbon in the liquid iron was

Fig. 5 SEM images of reduction products reduced for 1 h at different temperatures: (a) 1473 K; (b) 1773 K; (c) 1773 K
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Fig. 6 Mechanism of carbothermic reduction of ilmenite above 1573 K
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consumed by the titanium suboxides (Ti,0,,-1, n=2, 3) at
the reaction interface, there would be a diffusion of
carbon from solid carbon to liquid phase continuously.

5 Conclusions

1) The reaction rate and extent of the carbothermic

reduction increase with increasing the reaction

temperature.

2) The amount of carbon addition has little
influence on the reaction rates at various temperatures
except 1473 K.

3) When the reaction temperature is above 1573 K,
the reaction rate is dominated by the solid—liquid
reaction and the carbothermic reduction obeyed the
shrinking-core model.

4) The Fe—C droplets gather and form a liquid layer
out of the unreacted core, which make the liquid phase
form a diffusion channel for carbon to transport to the
reaction interface.
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