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Abstract: The carbothermic reduction and nitridation process of titanomagnetite concentrates with the
help of mechanical activation were investigated by particle size analysis, thermodynamic calculation,
thermogravimetric analysis, X-ray diffraction analysis, scanning electron microscopy, and energy-
dispersive spectroscopy analysis. The thermogravimetric and X-ray diffraction results indicated that
either the reduction of iron oxide or the reduction and nitridation of M3Os to TiN could be promoted
significantly with the increase in activation time. The results obtained from scanning electron
microscopy and energy-dispersive spectroscopy showed that, when samples were not activated, chunks
of and thin M3Os were derived from the reduction of ilmenite and titanomagnetite. They were severely
sintered with impurities to form a dense structure. As a result, M3Os was difficult to be converted to
TiN, especially chunks of M3Os. However, when samples were activated, the sintering degrees of the
impurity and Ms;Os were mitigated, and the particle size of the iron as a medium for delivering C to
M30s was decreased in the roasted product. This condition enhanced the diffusion of C to the surface
of M30s. Meanwhile, the bulk of ilmenite was broken in the activation process, which prevented the
formation of chunks of M3Os. Thus, the conversion of M3Os to TiN was promoted.

Keywords: titanomagnetite concentrates, carbothermic reduction, mechanical activation, titanium
nitride

1. Introduction

Titanomagnetite is an important resource for the metallurgical industry because it contains iron,
titanium, and vanadium (Paunova, 2002a). Reports indicate that it is widely distributed in China,
Russia, South Africa, and New Zealand (Li et al., 2017). In China, titanomagnetite reserves are more
than 18 billion tons and are mainly distributed in Panzhihua, Sichuan Province (Hu et al., 2013; Zhao et
al.,, 2019). At present, the blast furnace process is always used to recover Fe and V from TMC. Moreover,
nearly all of the Ti remains in the slag, which forms a titanium-bearing slag with the variation in the
content of TiO from 22% to 25% (Zhang et al., 2016; Lv et al., 2013; Chen et al., 2020; Jiang et al., 2021).
The titanium-containing phase is dispersedly distributed in the blast furnace slag with fine particle size.
Thus, no economical and environmentally friendly way to deal with this kind of slag is available to date
(Chen et al., 2011; Zheng et al., 2016).

In recent decades, many methods have been developed for the comprehensive utilization of TMC,
such as direct reduction (Liu et al., 2014; Sui et al., 2017; Zhou et al., 2019), direct acid leaching (Zhao et
al., 2013; Palliyaguru et al., 2020), selective chlorination (Zheng et al., 2017), and low-temperature
reduction-water leaching (Zhang et al, 2018). The carbothermal reduction method has obvious
advantages in the economic and environmental aspects (Li et al., 2019; Liu et al., 2013; Wang et al., 2020).
In this method, iron oxide is reduced to metallic iron by a solid or gas reducing agents in preference to
titanium oxide. Then the directly reduced iron and titanium slag separated from reduced products via
smelting or magnetic separation. However, the method of recovering titanium from titanium slag is
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extremely complicated because of high impurity content and low reactivity. Several studies have
prepared iron-based wear-resistant materials from TMC by the carbothermal reduction-nitridation
method, in which iron and titanium oxides are reduced to metallic iron and TiC or Ti (C, N), respectively
(Wu E, 2016; Zhang et al., 2016). Therefore, the new comprehensive utilization method was proposed
in our previous research (Yu et al., 2017). In this method, the TMC was reduced by anthracite to Fe and
TiN; then, directly reduced iron and impure TiN were obtained by magnetic separation; finally, pure
TiN was prepared from impure TiN through acid leaching. The high value-added TiN was obtained in
this process, but the reduction process needed to maintain a high temperature for a long time, which
increased the cost.

Several researchers have found that the carbothermal reduction process of iron-containing minerals
could be significantly promoted by mechanical activation. In the preparation of rutile or iron-based
wear-resistant materials (Fe-TiC or Fe-Ti(C, N) composite materials) by carbothermic reduction of
ilmenite, mechanical activation of ilmenite and graphite can observably increase the reaction rate and
decrease the onset reaction temperature (Chen et al., 2015; El-Sadek et al., 2013; Pan et al., 2003; Welham,
1996; Y. Chen, 1997). However, the effect of mechanical activation on the reduction of TMC to direct
reduced iron and TiN has not been reported.

In the present study, the effect of mechanical activation (referred to as activation hereinafter) on
carbothermic reduction and nitridation of titanomagnetite concentrates was investigated by particle size
analysis, thermodynamic calculation, thermogravimetric analysis, X-ray diffraction (XRD) analysis,
scanning electron microscopy (SEM), and energy-dispersive spectroscopy (EDS) analysis. The possible
mechanisms were also discussed.

2. Materials and methods
2.1. Materials

The TMC was obtained from Panzhihua, Sichuan Province, China, and it was subjected to a series of
properties analyses. Fig. 1(b) and Table 1 are XRD results and the compositions of TMC, respectively.
The SEM images and EDS results are shown in Fig. 2 and Table 2, respectively. Notably, the mineral
compositions of TMC are mainly titanomagnetite, magnetite, and ilmenite, and V were doped in the
first two phases. The anthracite was used as a reductant in this work, and its chemical compositions are
presented in Table 3.

Table 1. Chemical compositions of TMC (mass fraction, %)

Fe TiO, V205 ALO3 MgO SiO, CaO S
56.7 10.5 0.6 2.6 3.0 3.5 0.4 0.6

Fig. 2. Microstructure and EDS results of TMC: (a) typical SEM image; (b) partially enlarged view of (a), where

“+” refers to the analyzed point through EDS, and numbers refer to the composition data in Table 2
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Table 2. The elemental composition of points showed in Fig. 1 (mass fraction, %)

Point O Fe Ti A% Mg Al Mn Si Ca Na Phase

1 36.81 28.03 31.87 - 3.30- 1.70 0.95 - - - Ilmenite

2 31.56 6591 1.87 0.36 - 0.30 - - - - Magnetite

3 46.44 6.59 1.47 - 9.89- 7.43 - 16.15 9.95 2.07 Silicate

4 36.55 29.34 29.50 - 2.72 0.88 1.01 - - - Ilmenite

5 32.66 4942 1542 0.22 2.27 - - - - - Titanomagnetite
6 31.83  60.10 7.92 0.16 - - - - - - Titanomagnetite
7 3493 3828 17.75 041 3.98 4.65 - - - - Titanomagnetite

2.2. Methods

130.0 g TMC and 33.8 g anthracite (the amount of addition has been determined in our previous studies)
were placed into a stainless-steel tank. The planetary four-barrel mill (XPM-@100%x4, Wuhan
Exploration Machinery Factory, China) ran at a rotation speed of 300 rpm for 30, 60, 90, and 120 min,
respectively. The four samples above and inactivated samples were added with 0.5 mass % sodium
carboxymethyl cellulose and nearly 30 mass% water, respectively; this procedure was followed by
homogeneous mixing. The pellets with a diameter ranging from 6 mm to 8 mm were prepared by hands
and then dried for 2 h at 120 °C in an oven; Thereafter, the pellets were placed into a graphite clay
crucible and sealed with a graphite cover and then roasted in a muffle furnace at a constant temperature
for a certain period.

The influence of the activation time on the reduction behavior of TMC was investigated. For this
purpose, the mass loss behavior of the all samples was analyzed with the thermogravimetry (TG) and
derivative thermogravimetry (DTG) method in a thermogravimetric analyzer (HQT-4, Beijing Hengjiu

Experimental Equipment, China). Under the condition of a constant N> gas flow of 120 ml-min! with a
heating rate of 25 °C-min", the obtained data are processed using the following formula.

Lost weight

= 100%
Total weight of sample x100%

pr=20%)
- odr
TG is mass loss of the sample (mass%), DTG is differential of sample mass loss percentage to

temperature (%), T is temperature (°C)

2.3. Characterization

The particle size distribution of the samples before and after activation were revealed by a laser
diffractometer (Malvern Mastersizer 2000, Malvern, UK). All samples were separately dispersed in
absolute ethanol in an ultrasonic bath for 10 min to prevent particle agglomeration.

The phase compositions of the samples were obtained from XRD pattern analysis using an X-ray
diffractometer (DX-2700, Hao Yuan Instrument, China) with a 20 angle ranging from 5 to 80. The
morphological and micro-zone chemical composition analysis of the samples were performed by SEM
and EDS (MLAG650F, FEI, Hillsboro, OR, USA).

3. Results and discussion

3.1. Analysis of samples after activation

The results of the particle size analysis are shown in Fig. 1(a) dso (the cumulative frequency is 50% at
this particle size) is 13.30 pm for the inactivated samples. After activation for 30, 60, 90, and 120 min, dso
decrease to 7.37, 5.50, 4.87, and 4.27 pm, respectively. This finding indicates that the particle size drops
rapidly in the initial activation stage, and then stabilizes with the increase in activation time.
Interestingly, the content of the particles with size between 30 and 160 pm increases after the activation
time exceeds 60 min, which may be caused by the re-agglomerates of fine particles. By contrast, the
crystal phase of the samples insignificantly changes after activation, as shown in Fig. 1(b).
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Fig. 1. (a) Particle size distribution as a function of activation time, (b) XRD patterns of the unactivated and
activated samples (1-Fes 75Tip 2504; 2-Fe3Oy; 3-FeTiOs)

3.2. Thermodynamic calculation

According to reports (Hu et al., 2013; Paunova, 2002b; Yu et al., 2017; Yu et al., 2019; Zhang et al., 2016),
the reactions that may occur during the carbothermal reduction and nitridation of TMC are as follows:

C(s) + COx(g) = 2CO(g) 1)

FesO4(s) + CO(g) = 3FeO + COx(g) (2)

Fe;O4(s) + C(s) = 3FeO + CO(g) )

FeO(s) + CO(g) = Fe + COx(g) )

FeO(s) + C(s) = Fe + CO(g) ©®)

Fe;TiOx(s) + CO(g) = Fe + FeTiOs(s) + COx(g) (6)
Fe;TiOu(s) + C(s) = Fe + FeTiOs(s)+ CO(g) )
2FeTiOs(s) + CO(g) = Fe + FeTiOs(s) + COx(g) ©)
2FeTiOs(s) + C(s) = Fe + FeTizOs(s) + CO(g) ©)
3/5FeTi,0s(s) + CO(g) = 3/5Fe + 2/5Tis0s(s) + COx(g) (10)
3/5FeTi,O5(s) + C(s) = 3/5Fe(s) + 2/5TizOs(s) + CO(g) (11)
1/5Tis0s(s) + C(s) + 3/10Nx(g) = 3/5TiN(s) + CO(g) 12)

DG(KJ/mol)
3
T

-100

600 1200 1500

900
Temperature (°C)

Fig. 3. Gibbs free energy changes for each reaction

With the assumption that Eq. (1) reached equilibrium in the temperature range of 500-1500 °C, the
Gibbs free energy changes (AG, k] mol-) of these reactions were calculated using Fact-Web (Bale et al.,
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2021). Plots of AG against temperature are presented in Fig. 4. Standard Gibbs free energy changes
instead of AG of Eq. (12) and (13) were provided given that the reaction equilibrium constant cannot be
calculated.

Fig. 3 shows that AG of all reactions decreases with the increase in temperature, and the reaction of
Fe304 reduced to Fe (reactions 2-5) occurs first. Then, Fe;TiOy is reduced to Fe and FeTiOs (reactions 6,
and 7). Subsequently, FeTiOs is reduced to Ti3Os (reactions 8-11). Finally, Ti3Os is reduced to TiN
(reaction 12).

3.3. TG and DTG analysis

Fig. 4 displays the thermogravimetric results of samples activated at different times. Fig. 5(b), reveals
three apparent peaks in the DTG curve, from which four stages of mass loss can be observed. The
temperature range and the percentage of mass loss of each stage are shown in Table 3.

In the first stage, the mass loss is less than 3%. The release of the volatiles in the anthracite and the
slow reduction in TMC are the major reasons for the mass loss in this stage.

During the second stage, ATG is between 19.5% and 20.5%. Mass loss of samples at this stage is due
to the production of CO and CO; gas from reactions 1-7. In general, the reduction reaction is dominated
by gas-solid reaction (reactions 2, 4, and 6), and the rate of these reactions is controlled by the
gasificationrate of coal (reaction 1) (Kim et al., 2002; Otsuka et al., 1962). As the activation time increases,
the onset and ending temperatures of this stage are observably decreased. Moreover, the mass loss rate
increases significantly. This result implies that the reaction rate at this stage is accelerated by sample
activation. Some researchers attribute this finding to the increased solid-solid reaction between TMC
and anthracite (Ashrafzadeh et al., 2015; Chen et al., 2015). Furthermore, gasification reaction of carbon
(reaction 1) is improved by the decrease in the particle size of anthracite (Jung, 2014).
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Fig. 4. Thermogravimetric results of samples with different activation times
Table 3. Temperature range and a weight loss percentage at each stage of sample reduction process
. . First stage Second stage The third stage The fourth stage
Time/min
T/°C ATG/% T/°C ATG/% T/°C ATG/% T/°C ATG/%
1165-
0 110-850 2.646 850-1165 20.147 6.398
1300
1120- 1260-
30 110-800 2.416 800-1120 19.943 6.460 1.205
1260 1300
60 110-775 2330 775-1080  19.729 1080- 6.975 1215 2.283
' ' ) ' 1215 ' 1300 '
90 110-750 2248 750-1065  19.549 1065- 7.158 1205- 2.765
' ' ' ' 1205 ' 1300 '
1050- 1200-
120 110-750 2.215 750-1050 19.643 7.118 3.026

1200 1300




38 Physicochem. Probl. Miner. Process., 57(5), 2021, 33-45

At the third stage, ATG range from 6.35% to 7.20%. The results of thermodynamic calculations in Fig.
3 also indicate that ilmenite is more thermodynamically difficult to be reduced than iron oxides, because
it requires higher Pco/(Pco+Pcoy) ratio (Hu et al., 2013; Zhou et al,, 2019). Thus, the conversion of
ilmenite to Ti30s may occur mainly at this stage (reactions 8-11). Meanwhile, as the activation time
increased from 0 min to 120 min, no significant difference is discovered for the maximum rate of mass
loss, but the temperature required to reach the maximum rate of mass loss was reduced from 1196 °C to
1128 °C.

During the fourth stage, the mass loss rate of the sample increases slowly with the increase in
activation time. The results of the thermodynamic calculation also show that the Ti;Os may convert to
TiN at this stage. Furthermore, the decrease in the onset temperature can be clearly observed with
increased activation time at this stage. These results indicate that the transformation of Ti30s to TiN can
be improved by sample activation. When the temperature rises to 1300 °C, the mass loss of all samples
is unstable, which implies that the reaction is incomplete at this temperature.
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Fig. 5. XRD results of samples roasted at 1300 °C for different time
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3.4. XRD analysis of the roasted products

The effect of samples activation on phase evolution during their reduction was investigated by XRD,
and the results as shown in Figs. 5 and 6.

XRD results of unactivated and activated samples roasted at 1300 °C for different times are shown in
Fig. 5. According to Fig. 5(a), when the sample is not activated, Fe, M30s5, and MgAl,O, are observed in
the roasted product of roasting for 10 min. M3Os (MgTixOs, FeTi:Os, TizOs) is considered to be an
important precursor for the conversion of titanium oxide to TiN. The peak of TiN is first detected in the
product of roasting for 20 min. Then, its intensity increases with the extension of the roasting time. The
peak of M3Os is not detected in the product of roasting for 90 min. This finding means that the rate of
reduction from iron and titanium oxides to metallic iron and M3Os is very quick, but the rate of
conversion from M;Os to TiN is very slow. Thus, this stage is considered the speed-limiting step of TMC
reduction into TiN.

Fig. 5(b) demonstrates that, when the sample is activated for 30 min, only a low peak intensity of
M30:s is observed in the product of roasting for 60 min. As the activation time increases to 60, 90, and
120 min, the roasting times required for the complete disappearance of the peak of M3Os are 50, 40, and
30 min, respectively, as shown in Figs. 5(c), (d), and (e). This result proves that activation can shorten
the time required for TMC to be completely reduced to TiN. Furthermore, the spinel (MgALO,) is found
in all the products and has little effect on the reduction system, so it is not discussed in this paper.
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Fig. 6. XRD results of five samples roasted at different temperatures for 90 min

Fig. 6 shows the XRD results of inactivated and activated samples roasted at different temperatures
for 90 min. Fig. 6 shows that, when the sample is not activated, M3Os is detected in the roasted products
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of roasted at 1225 °C, 1250 °C, and 1275 °C. When samples are activated for 90 and 120 min, the
temperatures required to completely convert TisOs to TiN decrease to 1250 °C and 1275 °C, respectively.
This result indicates that activation of the sample can decrease the temperature required for TMC to be
completely reduced to TiN.

From the abovementioned discussion, the reduction process of TMC to TiN can be divided into two
stages. The first stage is the reduction of iron and titanium oxides to metallic iron and M3Os. This stage
is completed very quickly. Thus, the influence of the activation of the sample on this stage not obvious.
The second stage is the transformation of M3Os to TiN. This stage is the rate-limiting step in the entire
process and can be promoted by activation.

t W | mag O
£D | 20.00 kv | 4000 x

Fig. 7. SEM images of the products obtained from unactivated and activated samples roasting at 1300 °C for 10
min: (a), (b) unactivated; (c), (d) activated 60 min; (e), (f) activated 120 min
3.5. SEM and EDS analysis of the roasted products

Some roasted products were selected for SEM and EDS analyses. to explore the mechanism of
mechanical activation accelerating the reduction and nitridation of M3Os to TiN.
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Fig. 7 and Table 4 show the SEM images and EDS results of the roasted products, respectively. These
roasted products were obtained by roasting the samples without activation and activation for 60 and
120 min at 1300 °C for 10 min. The XRD results presented in Fig. 5 also show that the white particles
(points 1, 6, and 10) are the metallic iron, the irregular polygonal gray-white particles (points 9 and 11)
are the TiN, the gray particles (points 2, 3, 7, and 12) with smooth curved surfaces are the M3Os, and the
dark gray area (points 4, 5, 8, and 13) is the impurity phase.

Table 4. Chemical composition of points indicated in Fig. 7. (mass fraction, %)

Point C N O Mg Al Si S Ca Ti )\ Fe Phase
1 4.31 0.40 0.20 95.09 Fe
2 2.89 39.03  3.62 234  0.37 046 4976 021 132 M0
3 2.87 3891 494 50.66 262 M;0s
4 2.69 42.02 16.86 11.05 23.72 137 1.63 0.66 Slag
5 1.18 4183 433 1226 2372 1.05 1048 448 0.67  Slag
6 5.38 0.77 0.36 93.49 Fe
7 4.81 38.90 256 1.81 1.12 4935 030 074 Ms0Os
8 4.96 49.02 572 1353 1517 119 848  0.86 1.07  Slag
9 6.51 17.05 7041 537  0.66 TiN
10 4.29 0.81 0.29 94.61 Fe
11 3.93  19.89 7094 372  1.32 TiN
12 2.46 39.10 295 1.59  0.20 52.85 0.85  M;0s
13 5.28 4819 1765 6.68 1554 032 391 1.73 0.70 Slag

Fig. 7(a) shows the chunks of Fe particles distributed in the roasted products when the sample is
unactivated, most of which have a diameter of above 100 pm, and seriously sintered impurity phase
and M30s. Two different morphologies of M3Os are observed in Fig. 7(b). The first type of M3Os is
distributed on the lower left of figure, it has a particle diameter of several microns, and contains 0.21
mass % V (point 2). Another kind of M3O:s is located in on the right side of the figure, and it has a
diameter of tens microns, and does not contain V (point 3). The distribution of V element in the samples
before and after roasting, reveals that the former M;O:s is derived from the reduction in titanomagnetite,
and the latter M;Os is due to the reduction in ilmenite. Both M3Os are sintered with impurities to form
a dense structure. M;0:s is reportedly reduced by C to TiN, and the diffusion rate of C to the surface of
M30:s is the rate-determining step (Gou et al., 2017; Welham et al., 1998). TisOs in these dense structures
has difficulty contacting to C, which prevents Ti3Os from being reduced to TiN.

Table 5. Chemical composition of points indicated in Fig. 8. (mass fraction, %)

Point C N O Mg Al Si Ca S Ti A% Fe Phase
1 4.52 0.21 95.27 Fe
2 559  26.70 0.24 0.17 6254  3.60 4.11 TiN
3 428 2513 67.80 1.36 1.43 TiN
4 2.05 36.49  3.33 0.86 49.92 735  M30Os
5 3.67 47.70 1011 10.77 1454 8.99 0.78 3.04 0.40 Slag
6 6.24 0.32 0.54 92.89 Fe
7 328 2133 7046  4.00 0.93 TiN
8 4.19 45.08 2197 826 1647 3.70 0.30 1.08 0.57 Slag

Fig. 7(c) shows that, when the activation time is 60 min, the iron particles are mostly between 20 and
40 pm in diameters in the roasted products, and the sintering degrees of M3Os and impurity decrease
obviously. As shown in Fig. 7(e), iron particle size is decreased to less than 20 pm, and the sintering
degrees of the M3;Os and impurity phase are known further mitigated in the roasted products as
activation times prolongs to 120 min. Anthracite particles are known to be more fragile than TMC. Thus,
the former is being broken into finer particles than the latter, and the latter is wrapped during the
activation process. Thus, the sintering between particles is prevented by anthracite in the roasting
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process (Yuki Tanaka, 2011). This condition promotes the conversion of M3Os to TiN by increasing the
contact area between C and M;0:s.

On the other hand, the chunks of M3Os was not observed in the roasted products of activated samples
as shown in Fig. 7 (c) and (e), this is due to that ilmenite was broken into smaller particles during
activation process, and the resulting fine M3Os particles are more easily reduced to TiN. Moreover, Gou,
H. et al. (2017) proposed that the metallic iron is an important medium for delivering C to M3Os. The
contact area of Fe with C and M3;Os were increased by decreasing of Fe particle size, this accelerates
conversion of M3Os to TiN by enhancing the carburization of iron. Fig. 8(d) and (f) shows that TiN
(points 9, 11) was first found in the surface of Fe, which supports the above-mentioned mechanism. The
peak of TiN was not detected in the XRD in Fig. 6(c) and (e), which may be because the amount of TiN
is too small to be detected by XRD.

Fig. 8 and Table 5 display the SEM image and EDS results of the products obtained from unactivated
and activated samples under roasting at 1250 °C for 60 min. Fig. 8(a) and (b) reveal that TiN and two
kinds of M30s was found in the roasted product without activation. However, MsO:s is not observed in
the roasted product after 120 min of activation, as shown in Figs. 8(c) and (d). This result also proves
that the transformation of M3Os to TiN is promoted through the activation of the sample.
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Fig. 8. SEM images of the products roasting at 1250 °C for 60 min: (a), (b) unactivated; (c), (d) activated 120 min

4. Conclusions

The effect of mechanical activation on carbothermic reduction and nitridation of titanomagnetite
concentrates was investigated for the first time, which mechanism was discussed in detail. The major
conclusions are drawn as follows. The reduction and nitridation of TMC could be divided into two
stages under constant temperature. The first stage is the reduction in iron and titanium oxides to
metallic iron and M;Os. The second stage is the reduction and nitridation of M3Os to TiN, which is the
rate-limiting step for the entire process. Two reasons have been found to hinder the conversion of M3Os
to TiN by impeding the transfer of carbon to the M3Os surface: firstly, M;Os were severely sintered with
impurities to form a dense structure. It's worth noting that the chunks and thin of M3Os well formed by



43 Physicochem. Probl. Miner. Process., 57(5), 2021, 33-45

reducing ilmenite and titanomagnetite, respectively, and the former is more difficult to convert to TiN
than the latter; secondly, Iron as a medium for delivering C to M3Os had a diameter of more than 100
pm. The conversion of M3Os to TiN were promoted by activation of sample, because with the extension
of the activation time of the sample, the sintering degrees of the impurity and M3;Os were mitigated. The
size of the iron particles was also decreased, which enhanced the diffusion of C to the surface of M3Os.
Meanwhile, the bulk of ilmenite was broken in the activation process, which prevented the formation
of chunks of M;O:s.

There will be further study on the influence of mechanical activation on the sintering phenomenon
in the reduction process of titanomagnetite concentrate, which has rarely been reported. In addition, the
difference in the reduction behavior of ilmenite and titanomagnetite in titanomagnetite concentrates
deserves further attention.
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