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Abstract: The carbothermic reduction of ilmenite concentrate was performed with the addition of
calcium carbonate (CaCO3) as an additive. The effects of roasting temperature and CaCOj3 content
on calcium titanate (CaTiO3) formation and metallic iron reduction were investigated. The Rietveld
method was employed for qualitative and quantitative analysis of roasting products. It was found
that as the temperature increased from 1000 °C to 1400 °C, the calcium titanate content increased
from 21.95% to 83.02%. Similarly, as the CaCOj3 content increased, the calcium titanate content
rose from 0% to 83.11%, while the metallic iron content increased from 4.52% to 10.37%. SEM-EDS
analysis suggested that adding CaCOj3 during the carbothermic reduction of ilmenite promoted the
aggregation and growth of metallic iron particles. The roasting products obtained under optimal
conditions were subjected to three-stage grinding and three-stage magnetic separation. The final
metallic iron product had a grade of 90.01% and a recovery rate of 91.32%. The calcium titanate
product contained 55.43% TiO,, with a titanium recovery rate of 85.90%. Rietveld results indicated
that the calcium titanate product had a high purity, with a content of 90.87%. This study effectively
improved the comprehensive utilization of titanium and iron resources in ilmenite.
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1. Introduction

Calcium titanate is a typical material with perovskite structure [1]. Due to its excellent
dielectric properties, such as low dielectric loss and high dielectric constant [2,3], it is
widely used in ceramics, catalytic tubes, display, and storage devices [4-6]. Additionally, its
conductivity and polarity make it widely applicable in biomedical fields [7,8] and its photo-
catalytic application in advanced oxidation processes (AOPs) [9,10]. The synthesis methods
of calcium titanate mainly include the conventional solid-state reaction method, molten
salt synthesis, mechanical synthesis, sol-gel method, and hydrothermal synthesis [11-13].
However, these methods generally involve long reaction times, complex procedures, and
high energy consumption and may lead to serious environmental contamination [14,15].
Therefore, it is necessary to find an environmentally friendly and low-cost alternative
process for the preparation of calcium titanate.

Ilmenite (FeTiO3) is one of the most important titanium-bearing minerals, primarily
composed of iron oxide and titanium oxide. It is extensively utilized in various fields such
as aerospace, healthcare, chemical engineering, and machinery manufacturing [16,17]. The
carbothermic reduction is a well-established method for the treatment of ilmenite and has
become one of the important methods for developing and utilizing ilmenite resources due
to its simplicity of operation and short process [18-20]. In this method, iron is reduced to
metallic iron, while titanium remains in the form of oxides. The titanium and iron resources
can be separated through grinding and magnetic separation. However, the titanium slag
obtained through this method has a high impurity content and cannot be directly used as a

Metals 2024, 14, 1321. https:/ /doi.org/10.3390/met14121321

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met14121321
https://doi.org/10.3390/met14121321
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met14121321
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14121321?type=check_update&version=1

Metals 2024, 14, 1321

2 of 14

raw material for producing titanium dioxide, leading to inefficient utilization of titanium
resources [21,22].

Recent research demonstrated that the addition of calcium, magnesium, or sodium
compounds in the direct reduction process of vanadium-titanium magnetite allows for
the conversion of titanium into calcium titanate or magnesium titanate [23-26]. Li et al.
investigated the effect of calcium compounds on the carbothermic reduction of vanadium-
titanium magnetite concentrate and concluded that calcium compounds can improve the
metallization rate of the reduced products [27]. Chen et al. found that adding magne-
sium oxide during the carbothermic reduction process of vanadium-titanium magnetite
promotes the reduction of metallic iron [28]. Yu et al. conducted a direct carbothermic
reduction of ilmenite concentrates using a high dose of Na,COj3 in a microwave field.
They found that the addition of Na,COj significantly reduced the reduction temperature
and time, promoting the reduction of metallic iron [29]. It can be concluded that calcium
or magnesium compounds have a significant impact on the carbothermic reduction of
ilmenite. However, previous studies did not specifically quantify the reduction roasting
products but rather made judgments based on the intensity of diffraction peaks, lacking
strong evidence to confirm the promoting effect of calcium or magnesium compounds on
the direct reduction roasting process. The Rietveld method [30] is an effective technique for
conducting quantitative phase analysis. However, the application of the Rietveld method
in the analysis of roasting products has been explored in only a few studies.

This study focuses on the carbothermic reduction of ilmenite concentrate using bitu-
minous coal as a reductant and calcium carbonate (CaCO3) as an additive. The formation
mechanism of calcium titanate is studied through thermodynamic analysis, X-ray diffrac-
tion (XRD), and scanning electron microscopy—energy dispersive spectroscopy (SEM-EDS).
Furthermore, the effects of roasting temperature and calcium carbonate content on calcium
titanate production are also investigated. The Rietveld method is used for qualitative and
quantitative analysis of the raw materials and roasted products. This technique enables
precise quantification of phase transformations, offering insights into the impact of roasting
temperature and calcium carbonate addition on the formation of calcium titanate and metal-
lic iron. This study aims to enhance the comprehensive utilization efficiency of titanium
and iron resources in ilmenite.

2. Materials and Methods
2.1. Materials

The ilmenite concentrate used in this study was collected from Panxi, Sichuang
Province, China. It was obtained from the tailings of vanadium-titanium magnetite after
iron selection through strong magnetic separation and flotation. The main chemical compo-
sitions of ilmenite concentrate are presented in Table 1. The contents of TiO, and Fe;O3
were 43.77% and 51.41%, respectively. The phase contents of ilmenite concentrate were
determined by the Rietveld method. The result is shown in Figure 1 and Table 2. According
to the results, the measured patterns showed a good agreement with calculated patterns.
The Ryp value was 6.62%, which indicated high reliability of the results. The ilmenite
(PDEF: 01-075-1203) content of the sample was 86.13%. Moreover, there were several other
minerals, including the following: forsterite (PDF: 97-000-0686) (3.01%), diopside (PDF:
01-071-6477) (2.52%), chlorite (PDF: 01-075-8295) (2.75%), magnetite (PDF: 01-071-4918)
(1.45%), hornblende (PDF: 01-073-3984) (1.18%), quartz (PDF: 01-070-2516) (1.25%), and
traces of anatase (PDF: 01-070-6826) (0.82%) and plagioclase (PDF: 01-073-9850) 0.79%. The
particle size composition of the sample is shown in Figure 2. It can be seen that the particle
size of less than 0.074 mm accounts for 80.48%.

Table 1. Main chemical compositions of ilmenite concentrate.

TiOZ Fe203 MnO 5102 CaO MgO A1203 P205 NazO SO3
Content wt. % 43.77 5141 1.06 0.97 0.72 0.69 0.62 0.42 0.10 0.09
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Figure 1. Rietveld refinement result of ilmenite concentrate sample.
Table 2. Quantitative results of sample by Rietveld method.
Mineral Rwp =6.62%
Phase Ilmenite  Forsterite  Diopside  Chlorite = Magnetite Hornblende Quartz Anatase  Plagioclase

wt.% 86.13(5)*  3.01(3) 2,52 (2) 2.75 (1) 1.45 (1) 1.18 (3) 1.25 (1) 0.82 (1) 0.79 (2)

*. the standard deviation.
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Figure 2. Particle size composition of sample.

The reducing agent used in this study is bituminous coal from Sichuan Province,
China, which was crushed to a particle size of less than 2 mm. The industrial analysis of the
bituminous coal was performed, and the results are shown in Table 3. The contents of fixed
carbon, volatile ash, and moisture were 62.24%, 30.92%, 4.69%, and 2.15%, respectively. The
additive used in the experiment was analytically pure calcium carbonate (CaCOs3), which
was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

Table 3. Industrial analysis of bituminous coal.

Fixed Carbon/% Volatile/% Ash/% Moisture/%
Bituminous coal 62.24 30.92 4.69 2.15
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2.2. Methods
2.2.1. Experiment Procedures

Figure 3 presents the flow diagram of the direct carbothermic reduction and magnetic
separation process of ilmenite concentrate using calcium carbonate as an additive, which is
mainly divided into the following three sections:

(1) Pelletizing: 100 g of ilmenite concentrate was mixed with a certain amount of calcium
carbonate in a certain proportion, and then an appropriate amount of water was
added and mixed to form pellets with a diameter of 8~10 mm. The pellets were placed
in a constant-temperature drying oven at 105 °C and dried for 4 h.

(2) Reduction roasting: Three pellets were placed in a graphite crucible, which was then
filled with varying amounts of bituminous coal to fully embed the pellets, ensuring an
adequate reducing atmosphere. The muffle furnace was heated at a rate of 10 °C/min.
Once the target temperature was reached, the graphite crucible was placed in the
muffle furnace. After roasting for 3 h, the crucible was removed and cooled at room
temperature to obtain roasted pellets.

(3) Magnetic separation: After cooling, the roasted pellets were crushed to less than 2 mm.
The crushed products were then subjected to a three-stage grinding and three-stage
magnetic separation process. The grinding was performed using a three-roller, multi-
cylinder rod mill, operating at a grinding concentration of 67% and a rotational speed
of 289 rpm. The magnetic separation intensities were set as follows: 263 kA /m for the
first stage, 95 kA /m for the second stage, and 80 kA /m for the third stage. The non-
magnetic product obtained from the first stage of magnetic separation was calcium
titanate, while the magnetic product obtained from the third stage was reduced iron.
The non-magnetic product obtained in the second stage is an intermediate product.

reduction roasting

Ilmenite CaCO; bituminous coal
FeTiO; a pelletizing
& -
+ )
H,0 = 7
samples *
l - reduction product
Calcium carbonate grinding
Fe CaTiO,

magnetic separation

Figure 3. Flow diagram of the carbothermal reduction and magnetic separation process of ilmenite.

2.2.2. Rietveld Method

The Rietveld method was employed to determine the types and contents of reduction
products and the phase transition process in this study. This method minimizes the
difference between calculated and measured XRD patterns by the least squares approach
(Equation (1)) and extracts crystal structure information from patterns [31]. The weighted
profile R factor (Ryy) is one of the indicators used to evaluate the Rietveld refinement results
(Equation (2)). Generally, the smaller the Ry, value, the better the pattern fit and the higher
the reliability of the result.

Y- wiyio — Yie)* = Minimum 1
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where y;, and y;. are observed and calculated intensities at point 7, and w; is the weight
assigned to each intensity.

The program BGMN was used for the Rietveld refinement, which includes an extensive
database of common minerals and compounds crystal structure models [32,33]. BGMN also
supports adding additional crystal structure models via CIF files from the Inorganic Crystal
Structure Database (ICSD) [34] and the COD Crystallography Open Database [35]. During
the refinement, the lattice parameters, scaling factor, and peak broadening parameters
and the parameter of preferred orientation correction were refined. The zero point shift
correction and the sample displacement error were refined as non-structural parameters.
The initial structural models of calcium titanate, iron and ferropseudobrookite during the
refinement are provided in the Supplementary Materials.

)

pr -

2.2.3. Analytical Methods

The X-ray powder diffraction measurements were performed on a D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) with Cu Ko radiation (A = 0.1542 nm) operating at
40 kV and 40 mA. The scanning angle 20 ranged from 5° to 80° with a step size of 0.04°. The
microstructure of the sample was investigated by scanning electron microscopy—energy dis-
persive spectrometer (SEM-EDS) using a SUPRA 55 field emission-scanning electron micro-
scope equipped with a LinkNA1000 energy spectrometer (Zeiss, Oberkochen, Germany).

3. Results and Discussion
3.1. Effect of Temperature on Mineral Phase Transformation Duing the Carbothermic Process

To investigate the effect of roasting temperature on the formation of calcium titanate,
the mineral phase transformation was analyzed within the temperature range of 1000 °C
to 1500 °C under conditions of 60 w.t.% CaCOj3; addition and a reduction time of 120 min.
The XRD patterns of reduction products at different roasting temperatures are shown in
Figure 4. The results indicated that the roasting temperature greatly affects the phase
composition of direct reduction roasted products. At a temperature of 1000 °C, the primary
reduction products are CaO (PDF: 01-070-5490), calcium titanate (PDF: 01-070-7337), and
iron (01-071-3763), suggesting that only a limited amount of ilmenite reacts with CaCOs3
to form calcium titanate at this temperature. With increasing temperature, the diffraction
peak intensity of calcium titanate progressively increased, while the intensity of the CaO
diffraction peak sharply declined (Figure 4).

1- Calcium titanate
- 2- Fe

3- CaO

4- TiC 1

C 1500°C L i '

1300°C

Intensity (a.u.)

1200°C

1000°C

10 20 30 40 50 60 70 80
°20 (CuKa)

Figure 4. Effect of roasting temperature on phase transformation of roasted products.
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Table 4 presents the results of the Rietveld refinement, which reflect the changes
in the content of the roasted products. The refined results of the lattice parameters for
calcium titanate, iron, and ferropseudobrookite are detailed in the Supplementary Materials.
Figure 5 illustrates the trend of the calcium titanate, CaO, and iron content in the reduction
products as the temperature varied. As the temperature increased, the calcium titanate
content rose from 21.95% at 1000 °C to 83.02% at 1400 °C, while the CaO content decreased
from 67.77% at 1000 °C to 0% at 1500 °C. It was evident that the rise in roasting temperature
promoted the formation of calcium titanate. The Fe content increased from 7.34% at 1000 °C
to 10.86% at 1300 °C and then decreased to 5.88% at 1500 °C (Figure 5). Therefore, the
optimal roasting temperature is 1400 °C. This conclusion is consistent with the study of
Li et al. [36]. They investigated the formation of calcium titanate during the carbothermal
reduction of vanadium titanomagnetite concentrate with the addition of CaCOg. It was
found that at a specific amount of CaCOj3, the XRD diffraction peak of calcium titanate was
strongest when the roasting temperature reached 1400 °C. This suggested that 1400 °C is
optimal for the formation of calcium titanate.

Table 4. The Rietveld refinement results of roasted products at different temperatures (wt.%).

Temperature/°C
1000 1200 1300 1400 1500
Rup 11.90 11.16 10.98 11.47 10.53
Calcium titanate CaTiO3 21.95(3) * 55.53 (3) 76.83 (3) 83.02 (3) 81.76 (5)
iron Fe 7.34 (2) 9.57 (1) 10.86 (1) 9.35 (8) 5.88 (8)
CaO CaO 67.77 (5) 30.44 (2) 2.96 (8) - -
Ferropseudobrookite FeTi, O3 - 0.45 (3) 3.40(3) 0.96 (2) 2.28 (5)
Ferrosilite FeSiO3 1.88 (4) 1.49 (2) 1.38 (2) 2.03 (2) 3.08 (3)
TiC TiC 0.6 (1) 2.32 (1) 4.07 (1) 6.39 (2)
Armalcolite (Mg, Fe?*)Ti,Os - 0.3 (2) 0.45 (1) 0.57 (2) 0.62 (3)
Magnetite Fe;0,4 1.06 (1) 1.63 (8) 1.81 (7) - -
*: the standard deviation.
90
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70
X
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Figure 5. Variation of calcium titanate, CaO, and Fe content in roasted products with temperature.

Rietveld analysis revealed that the ilmenite concentrate contained small amounts of
silicate minerals such as chlorite, diopside, and hornblende, which were converted into
ferrosilite after roasting (Table 2). The content of ferrosilite (PDF: 01-076-0886) increased
with the rise in roasting temperature (Table 4). Additionally, a small amount of TiC (PDF:
01-070-7697) was observed to form with the rise in temperature.
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3.2. Effect of Calcium Carbonate Dosage on Mineral Phase Transformation Duing the
Carbothermic Process

The effect of calcium carbonate (CaCOj3) content (0%, 20%, 40%, 50%, 60%, and 70%)
on the formation of calcium titanate (CaTiO3) was investigated under the conditions of a
roasting temperature of 1400 °C, 60 w.t.% bituminous coal, and a roasting time of 120 min.
As shown in Figure 6, the variation in CaCO3 content affected the phase transformation of Fe
and Ti in the roasting products. In the absence of CaCOj3, the direct reduction products were
mainly composed of Fe and ferropseudobrookite (FeTi,Os) (PDF: 01-076-2372). However,
when CaCOj3 was added, the main reduction products consisted of Fe, ferropseudobrookite,
and calcium titanate. As the amount of CaCOj increased, the diffraction peak intensity of
ferropseudobrookite in the reduction products continuously decreased, while the diffraction
peak intensity of calcium titanate steadily increased (Figure 6).

2 1- Ferropseudobrookite
2- Calcium titanate 3- Fe 4- TiC
3 P 2
70 % CaCO, 2, ﬂ 1 14 2
3 ) 2
60 % CaCO, 2, )14 2
Sc~— 21 20
_ )
=
S |50 % Caco, o | 2143 2 2
>
7 2 3 2
2 [40%cCaCoy | } J 1 214 i
i3]
S 1
30%CaCO; 1 2 11 5143 2 2
1 2
20%CaCOy 1 1143 2 2
I i I
0%CaCO; | n g, 31 g
| | | | | | |
10 20 30 40 50 60 70 80
°20 (CuKa)

Figure 6. Variation of calcium titanate, CaO, and Fe content in the roasted products with increasing
CaCOj content.

Rietveld results showed a significant change in the phase content of the roasted
products (Table 5). The refined results of the lattice parameters for calcium titanate, iron, and
ferropseudobrookite are detailed in the Supplementary Materials. Without the addition of
CaCO;3, the reduction roasting products were primarily ferropseudobrookite (89.48%), and
no calcium titanate was formed. With the addition of CaCQO3, calcium titanate was formed,
and its content increased with the amount of CaCOs, rising from 0% to 83.11% (Table 5).
Additionally, as the CaCOj; content increased, the metallic iron content rose from 4.52%
to 10.37%, indicating that the addition of CaCOj3 can promote the reduction of ilmenite
to metallic iron. In contrast, as the amount of CaCOj increased, the ferropseudobrookite
content decreased from 89.48% to 1.01% (Table 5 and Figure 6).

Figure 7 shows the trend of calcium titanate, ferropseudobrookite, and iron content
in the reduction products as the amount of CaCO3 varies. The results indicated that
CaCQj; reacted with ilmenite to form calcium titanate, and when CaCO3; was insufficient,
ilmenite primarily converted into ferropseudobrookite. The optimal amount of CaCOj3 is
60 w.t.%. The Rietveld refinement results also showed that a small amount of ferrosilite
and TiC was produced in the roasted product, which was consistent with previous research
result (Table 4).
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Table 5. The Rietveld results of roasted products with different amounts of calcium carbonate (wt.%).

CaCO;
0 20 30 40 50 60 70
Rap 11.43 10.77 10.33 12.81 12.53 11.92 11.93

Calcium titanate CaTiO; - 5142 (4) 6451(2) 77.13(5) 79.92(3) 83.11(3)  81.37(3)
iron Fe 452(2¢  441(1) 436 (1) 6.3 (1) 7.14 (1) 822(1)  10.37(1)
Ferropseudobrookite FeTi,O5 89.48 (5)  41.83(8) 28.93(8)  8.29(7) 451 (8) 1.01 3) 1.79 (7)
Ferrosilite FeSiO; 2.39 (4) 112 (3) 1.0(2) 419 (3) 422 (5) 2,53 (2) 2.03(2)
TiC TiC 1.61 (2) 1.28 (1) 1.19 (1) 4.09 (1) 421 (1) 5.12 (1) 444 (1)

*: the standard deviation.

90 - —=— ferropseudobrookite

—*— Fe

.
80 —e— calcium titanate — —
70
60
50 b

40 -

30

Weight percentage / %

20

3
0 I 1 1 I 1 %

0 10 20 30 40 50 60 70
CaCO; content / w.t. %

Figure 7. Variation of calcium titanate, ferropseudobrookite, and Fe content in the roasted products
with CaCOj content.

3.3. Thermodynamic Analysis of Ilmenite Direct Reduction

The carbothermic reduction reaction of ilmenite is a complex process, involving a
series of intermediate reactions. Thermodynamic analysis was conducted on the reduction
process of ilmenite with the addition of calcium carbonate. The possible reactions occurring
in the reduction system are shown in Equations (3)—(8). Thermodynamic calculations of
the main reactions in the direct carbothermic reduction process of ilmenite were carried
out using Factsage software (version 8.3), and the relationship between the standard Gibbs
free energy (A,GP) of each reaction and temperature was obtained. The results are shown
in Figure 8.

C(s) + COa(g) — 2CO(g) 3)
CaCOs3(s) — CaOf(s) + COx(g) 4)

2FeTiO3(s) + CO(g) — FeTiyOs5(s) + Fe(s) + COx(g) (5)
FeTiO3(s) + CaCO3(s) + CO(g) — CaTiOs(s) + Fe(s) + CO,(g) (6)
FeTiO3(s) + CaO(s) + C(s) — CaTiOs(s) + Fe(s) + CO(g) (7)
FeTiO3(s) + 4C(s) — TiC(s) + Fe(s) + 3CO(g) (8)

As shown in Figure 8, calcium carbonate undergoes a decomposition reaction
(Equation (4)) at around 850 °C. Reaction (5) can proceed spontaneously at a temperature
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above 1100 °C, as the value of A,G? is less than zero beyond this temperature. Equations
(6) and (7) are easier to occur than Equation (5), as Equation (6) can spontaneously proceed
at approximately 400 °C (A,G? < 0) and Equation (5) at around 300 °C (A,G? < 0). It can
be concluded that the addition of calcium carbonate can promote the direct reduction of
ilmenite, lower the reduction temperature, and make the reduction of ilmenite to metallic
iron easier. Moreover, it can be observed that with the addition of calcium carbonate,
titanium is present in the reduction products as calcium titanate (CaTiO3), whereas without
the addition of calcium carbonate, titanium is present in the form of ferropseudobrookite
(FeTipOs) in the reduction products. This conclusion is consistent with the previous XRD
analysis results (Table 5). And the content of calcium titanate in the roasted products
increased as the roasting temperature rose.

120 -
80 - (®)
40 — / X
i*‘i' — 5
= 0 "7{\3\'"\‘3‘:‘:“"‘“ N 7ZL‘
5 g R A
g el
Eol © ~ —
o) 40 ~. /1(6)
Q.80 - ~
< \
(7) «— \\
-120 — \,\
-160 | ™~
-200 -
[ 1 : ! g ! g ! : ! . ! g L : !
200 400 600 800 1000 1200 1400 1600

T /°C
Figure 8. The relationship between A,G? and T in the carbothermic reduction process.

Equation (8) cannot proceed spontaneously below approximately 950 °C, as its A,G?
value is greater than zero within this temperature range. However, when the temperature
exceeds 950 °C, the reaction can occur spontaneously. Rietveld analysis showed that TiC
formed at a roasting temperature of 1200 °C, and as the temperature increased, the TiC
content rose from 0.6% to 6.39%. This indicated that a higher temperature was required for
TiC formation in the actual reaction, which also promoted its formation.

3.4. Morphology of Roasted Products

SEM-EDS analysis was conducted on the roasted products under the optimal calcina-
tion conditions: 60 w.t.% CaCOj3, reduction temperature of 1400 °C, and reduction time of
120 min. The results are shown in Figure 9. The EDS analysis indicated that the brighter
particles (point 1) corresponded to metallic iron, whereas the darker particles (point 2) were
identified as calcium titanate. The SEM results indicated that under the optimal roasting
conditions, large metallic iron particles formed in the reduction products, with particle
sizes reaching approximately 100 um. It was evident that the addition of CaCOj3 in the
carbothermic reduction of ilmenite can promote the aggregation and growth of metallic
iron particles. Additionally, the separation between metallic iron and calcium titanate
was distinct and with large particles and clear boundaries, which were beneficial for the
subsequent magnetic separation. Furthermore, the energy spectrum analysis in Figure 9
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reveals that the reduction products contain only the constituent elements of the metallic
iron and calcium titanate particles, with no impurity elements detected, indicating that the
purity of these two reduction particles is high.

2 s R v/ -
VEGA3 TESCANJ SEM MAG: 1.15 kx WD: 15.60 mm

y - 2 & LFs
SEM MAG: 525 x WD: 15.56 mm
View field: 527 ym Det: BSE 100 pm View field: 242 ym Det: BSE 50 um
Scan speed: 3 Date(m/dly): 09/26/24 Performance in nanospace Scan speed: 3 | Date(m/dly): 09/26/24 Performance in nanospace
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Figure 9. SEM and EDS analysis of roasted products under optimal conditions: (a,b) SEM image;
(c,d) EDS analysis.

3.5. Magnetic Separation of Calcium Titanate and Metallic Iron

The roasted products obtained under the optimal roasting conditions were subjected
to grinding and magnetic separation to obtain metallic iron and calcium titanate products.
Figure 10 presents the flowchart of magnetic separation indexes for roasted products. The
first stage primarily recovers calcium titanate, while the second and third stages concentrate
and recover reduced iron. The reduced iron product obtained from the first stage had a
low iron grade, but the calcium titanate product achieved a higher grade and recovery
rate (Figure 10). Therefore, the calcium titanate product was separated in the first-stage
grinding and magnetic separation, while the reduced iron product from the first stage
was re-ground and further separated to achieve a higher-grade reduced iron product. The
reduced iron product obtained after the final magnetic separation with a total iron grade
of 90.01% and a recovery rate of 91.321%. The calcium titanate product contained 55.43%
TiO,, with a titanium recovery rate of 85.90%.

Figure 11 presents the XRD analysis results of reduced iron and calcium titanate
products after magnetic separation. Table 6 shows the Rietveld analysis results of the
concentrate and tailings from the roasted products after magnetic separation. The results
indicated that after magnetic separation of the roasted products, the main phase in the
tailings was calcium titanate with a content of 90.87%, accompanied by a small amount of
metallic iron at approximately 4.78%. The concentrate was composed primarily of metallic
iron, with a content of 78.05%, and also contained 16.58% calcium titanate. Additionally,
the concentrate and tailings contained a small amount of TiC, 3.19% and 1.35%, respec-
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tively. This result is consistent with the previous XRD analysis of the roasted products,
demonstrating that grinding and magnetic separation can effectively separate metallic iron
from calcium titanate, yielding calcium titanate with relatively high purity.

Roasted products
Yield; Fe grade; TiO, content

Fe Recovery; Ti Recovery 100.00; 23.02; 35.93
100.00; 100.00

C) 95.4 % passing 45um

Magnetic | separation

55.84;23.02; 35.93
95.07; 14.10

C) 80.2 % passing 38um

Magnetic|separation

36.90; 71.11; 4.55
90.45; 3.69

( 88.4 % passing 25um

Magnetic |separation

28.10;90.01; 1.55
91.32;0.97
26.68; 8.07; 21.53 70.16; 2.04; 55.43
7.67;13.13 4.93; 85.90
Reduced iron Middling  Calcium titanate

Figure 10. Flowchart of magnetic separation indexes for roasted products.

1 9 1- calcium titanate
2- iron

3-TiC

Reduced iron

Intensity (a.u.)

Calcium titanate

B 1 1 | | 1 | |
10 20 30 40 b 60 70 80
°20/(CuKo,)

Figure 11. XRD analysis of reduced iron and calcium titanate products after magnetic separation.
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Table 6. Rietveld results of magnetic separation products.
Ruyp Calcium Titanate CaTiO3 Fe TiC Magnetite
Reduced iron product (concentrate) 9.69 16.58 (3) * 78.05 (1) 3.19 (2) 1.28 (1)

Calcium titanate product (tailings) 8.36 90.87 (2) 478 (1) 1.35(1) -

*: the standard deviation.

4. Conclusions

In this study, calcium carbonate (CaCO3) was used as an additive for the carbothermal
reduction of ilmenite concentrate. Metallic iron and calcium titanate products were obtained
through magnetic separation. The conclusions are as follows:

(1) Theroasting temperature significantly influences the phase composition of the roasted
products. With increasing temperature, calcium titanate (CaTiO3) content rose from
21.95% to 83.02%. The addition of CaCOs is also crucial in calcium titanate formation,
as Rietveld analysis showed that increasing CaCO3 content led to a rise in calcium
titanate from 0% to 83.11%. Calcium carbonate also promotes the reduction of metallic
iron, as the metallic iron content in the reduction products increased from 4.52% to
10.37% with higher CaCO3 content. SEM-EDS results further indicated that adding cal-
cium carbonate in the carbothermic reduction of ilmenite encourages the aggregation
and growth of metallic iron particles.

(2) The thermodynamic analysis results demonstrated that the standard Gibbs free energy
of the chemical reaction was lower with the addition of calcium carbonate compared
to without adding calcium carbonate. It indicated that adding calcium carbonate can
facilitate the direct reduction of ilmenite, lower the reduction temperature, and make
the process of reducing ilmenite to metallic iron more efficient.

(3) The roasted product, obtained under the optimal roasting conditions of 60% carbon
dosage, 1400 °C roasting temperature, and 120 min roasting time, was subjected
to three-stage grinding and three-stage magnetic separation. The final magnetic
separation yielded a reduced iron product with a total iron grade of 90.01% and
a recovery rate of 91.32%. The calcium titanate product contained 55.43% TiO,,
achieving a titanium recovery rate of 85.90%. Rietveld analysis results showed that
the calcium titanate content in the tailings was 90.87%, while the iron content in the
concentrate was 78.05%. This approach can effectively separate iron and titanium
from ilmenite and produce calcium titanate with relatively high purity.
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mdpi.com/article/10.3390/met14121321/s1, Figure S1: title; Table S1: The Rietveld results of roasted
products at different temperatures (lattice parameters). Table S2: The Rietveld results of roasted
products with different amounts of calcium carbonate (lattice parameters). Figure S1: Structure model
of calcium titanate (including atomic coordinates) during the Rietveld refinement. Figure S2: Structure
model of iron (including atomic coordinates) during the Rietveld refinement. Figure S3: Structure
model of Ferropseudobrookite (including atomic coordinates) during the Rietveld refinement.
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