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e The mechanism of hydrogen reduction of ilmenite is expounded.
e Stable existence of titanium suboxides at reaction temperatures exceed 1100 K.
¢ Titanium suboxides can reduce ilmenite is confirmed.

o The metallization rate can be increased by holding operation.
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ABSTRACT

Hydrogen metallurgy, as a green metallurgical technology, is one of the effective ways to
reduce carbon emissions. The generation of titanium suboxides (Ti,Ozn-1, 3 < n < 9) during
the hydrogen reduction of ilmenite results in abundant hydrogen and heat loss. In this
study, the ability of titanium suboxides to reduce ilmenite is systematically analyzed and
confirmed. Thermodynamic calculations reveal that these titanium suboxides exist stably
and reduce ilmenite when the reaction temperature exceeds 1100 K. Validation experi-
ments indicate that Ti;Os can be used to reduce ilmenite to iron and rutile. Furthermore, by
controlling the reduction time and holding operation in an inert atmosphere, the discovery
of metallic iron particles generated inside unreacted ilmenite. This shows that titanium
suboxides can reduce ilmenite, and also the metallization rate of iron is increased. This
study has great guideline significance for the clean and green production of ilmenite.
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Introduction

With the progress of China's carbon peak and carbon neutrality
targets and related actions, high-quality and low-carbon re-
forms in the metallurgical industry have become an inevitable
trend [1-3]. Hydrogen energy is regarded as the green energy
with the most development potential in the 21st century, which
has many advantages such as abundant sources, clean and
low-carbon, renewable, and a high reduction efficiency [4—8].
Hydrogen metallurgy uses hydrogen as a reducing agent
instead of a carbon-based reducing agent, which decreases CO,
emissions and ensures the green and sustainable development
of the metallurgy industry [6,9,10]. Ilmenite is the main raw
material for the production of titanium and titanium alloys
[11-13]. In a conventional process, the direct smelting of
ilmenite is mainly carried out in an electric arc furnace with a
carbon-based reducing agent to produce pig iron and titanium-
enriched slag. This consumes large amounts of energy and also
emits large quantities of CO,, resulting in severe environmental
pollution [14—17]. On the contrary, the direct reduction of
ilmenite by hydrogen has a fast reaction rate, low impurity
content of the products, and the tail gas produced that is water
vapor does not emit pollution into the atmosphere and can
achieve zero CO, emissions [18—21].

There are many studies related to hydrogen-reduced
ilmenite. Zhao and Shadman [22] and Vijay et al. [23] studied
the reaction kinetics and mechanism of the hydrogen reduc-
tion of ilmenite and concluded that the whole reduction re-
action proceeded through three stages: induction stage,
acceleration stage, and deceleration stage. By increasing the
reaction temperature and hydrogen concentration, during the
hydrogen reduction of ilmenite, the reduction rate and
reduction degree were also promoted [24—27]. Meanwhile,
reducing the grains size also helped increase the contact area
of gas, thus accelerating the reaction rate [28,29]. However,
upon increasing the reaction temperature, impurities such as
MgO, MnO, and SiO, gathered at the reaction interface to form
an impurity-enriched region that reduced the activity of Fe*"
and ultimately reduced the reduction degree of the entire
ilmenite sample [15,26,30]. Furthermore, related studies have
indicated that the thermodynamic and kinetic conditions of
ilmenite can be improved by pre-oxidation treatment
[14,31,32]. The initial reduction temperature and apparent
activation energy can be reduced during the reduction reac-
tion [14,33]. This is because many micropores, protrusions,
and cracks appear on the surface of pre-oxidized ilmenite,
which helps increase the gas contact area and improves the
reaction rate [34—36]. Dang [17] and Zhang et al. [28] discov-
ered that during the hydrogen reduction of ilmenite, when the
reaction temperature was higher than 1220 K, the reduction
degree of ilmenite obtained by thermogravimetric analysis
was greater than 1. They attributed this to the reduction of
rutile that produced Ti3Os, causing increased oxygen loss.

Obviously, the formation of TizOs consumes a large amount of
hydrogen. Xu et al. [37] concluded that the reaction activity of
plasma hydrogen gradually increased with the reaction tem-
perature during the hydrogen plasma reduction of rutile,
which caused rutile to be reduced step-by-step to produce the
Magnéli phase (Ti,02n-1, 4 < n < 9), and relatively stable Ti30s
and Ti,O3 phases.

Although there have been many studies on the hydrogen
reduction of ilmenite, the main focus of these papers has been
the reaction kinetics, phase transformation, impurity migra-
tion and strengthening reduction. Apparently, the role of ti-
tanium suboxides generated at high temperatures on the
reduction of hydrogen-reduced ilmenite can reduce ilmenite
is not given a clear explanation. The purpose of this paper is to
examine in detail the existence conditions of titanium sub-
oxides and their influence on the overall reduction reaction
mechanism on hydrogen reduction of ilmenite concentrate,
which is of great significance to complement and improve the
understanding of the mechanism.

Materials and experimental methods
Materials and analysis

The ilmenite concentrate was obtained from an iron and steel
plant, and its chemical composition is shown in Table 1, in
which the main oxides are TiO,, FeO, SiO, and Al,O3. In Fig. 1,
the XRD analysis indicates that phase compositions of raw
materials include ilmenite (FeTiOs) with a small amount of
rutile (TiO,) and pseudobrookite (FeTi,Os). The ilmenite
concentrate was ground and sieved to a particle size fraction

Table 1 — Chemical composition of ilmenite concentrate (wt. %).

Total Fe TiO, FeO Sio,

A1203

31.70 41.48 38.29 10.86
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Fig. 1 — XRD pattern of ilmenite concentrate.
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of (100 + 30) um. High-purity hydrogen (99.999 vol%) was used
as the reducing agent, and pure argon (99.99 vol%) was used as
the protective gas.

Experimental procedure

Isothermal reduction experiments were carried out in a
hydrogen reduction furnace (horizontal tube furnace). The
schematic of the experimental device is presented in Fig. 2, in
which the heating components were silicon carbon rods, and
the temperature control accuracy was +1 K. The sieved
ilmenite concentrate powder and corundum boat were put
into a vacuum-drying oven separately and kept under vacuum
at 373 K for 8 h to remove the moisture. After drying, the
corundum boat containing the sample was placed in the
central heating zone of the furnace tube. To ensure that the
furnace tube was in an oxygen-free environment throughout
the experiment, three gas washings were performed, and then
pure argon gas was injected for protection. The heating pro-
cess adopted a segmented heating procedure (T;: 273—473 K,
heating rate: 5 K min~%; T,: 473-1473 K, heating rate:
10K min™"). When the temperature in the furnace reached the
experimental temperature, the argon gas inlet valve was
closed, and then the hydrogen gas inlet valve was opened. The
gas flow rate was set to 200 ml/min. The remaining H, and H,0
generated during the reaction were discharged through the
gas outlet. To detect whether hydrogen leaked during the
whole reduction reaction, a fixed hydrogen detector was used
to detect each interface. After the reaction was finished, the
hydrogen was cut off, and then argon gas was injected for
protection and cooling. When the temperature in the furnace
reached room temperature, the sample was taken out.

Characterization

The chemical composition of the ilmenite concentrate was
obtained by X-ray fluorescence spectrometry (XRF, ZKS100e,

H, detector—

Japan). The phase compositions of the experimental samples
were investigated by X-ray diffraction (XRD, D8Advance,
Bruker, Germany). Thermogravimetric-differential thermal
analyses were performed in a thermal analyzer (TG-DTA,
STA449F3, NETESCH, Germany). The microstructure of the
samples was observed using a field emission scanning elec-
tron microscope equipped with X-ray energy-dispersive
spectroscopy (FESEM-EDS, Hillsboro, OR, FEI, USA). The
metallization rate of the reduced samples was measured by
chemical titration (GB/T 38812.2-2020, China) and can be
expressed as Eq. (1):
Fe®

Metallizati =—— x 1009 1

etallization rate = - x 00% (1)
where Fe® and TFe represent the mass fraction of metallic iron
and the total iron in the reduced ilmenite sample, respectively

[38].

Analysis and discussion
Thermodynamic analysis

The thermodynamic equilibrium of a chemical reaction in a
closed system was calculated in accordance with the Second
Law of Thermodynamics [39]. The standard Gibbs free energy
diagram of the involved Egs. (2)—(8) that varying with tem-
perature, and the dominant region diagram of the FeO—TiO, —
O, system were obtained using relevant thermodynamic cal-
culations (HSC 6.0) and phase diagram analysis (FactSage 8.0)
respectively, as shown in Fig. 3.
The relevant chemical equations were as follows:

H,(g) + FeTiOs(s) — Fe(s) + TiO4(s) + H,0(g) 2
H,(g) + 5/ 6FeTiOs(s) — 5/ 6Fe(s) + 1/ 6TisOq(s) + H,0(g) (3)

H,(g) + 3/ 4FeTiOs(s) — 3 / 4Fe(s) + 1/ 4Ti50s(s) + H,0(g) (4)
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Fig. 2 — Schematic apparatus of the hydrogen reduction furnace.
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Fig. 3 — Thermodynamics analysis: (a) standard Gibbs free energy of different hydrogen reduction temperatures of the
ilmenite, Egs. (2)—(8); (b) stable phase diagram of the FeO—TiO, — O, system.

H,(g) + 2FeTiOs(s) — Fe(s) + FeTi,0s(s) + H,0(g) (5)
H,(g) 4+ 3/ 5FeTi,Os(s) — 3 /5Fe(s) + 2 /5Ti3Os(s) + H,O(g)  (6)
TisOq(s) + FeTiOs(s) — Fe(s) + 6TiO5(s) (7)

Ti30s(s) + FeTiOs3(s) — Fe(s) + 4TiOx(s) (8)

In Fig. 3(a), It is found that when the reaction temperature
is above 852 K, the standard Gibbs free energy of Eq. (2) is
AGYs,¢ < 0, where ilmenite begins to be reduced by hydrogen.
The obtained products are H,0, Fe, and TiO,. When the tem-
perature is above 1100 K, the standard Gibbs free energy
gradually decreases. Therefore, TiO, in the products is grad-
ually reduced to form the Magnéli phase and Ti;Os, repre-
senting Egs. (3) and (4). When the temperature is higher than
1273 K, FeTi,0s is generated first, and then FeTi,Os is contin-
uously reduced by hydrogen. Finally, Fe, Ti;Os, and H,O are
generated, representing Egs. (5) and (6). However, it is worth
noting that these titanium suboxides and ilmenite can un-
dergo a reduction reaction to generate TiO, and Fe, as shown
by Egs. (7) and (8).

According to the experimental conditions and the molar
ratio of FeO: TiO, = 1: 1 in ilmenite (FeO-TiO,) [23], the pres-
sure (P = 10° Pa) and FeO/(FeO + TiO,) = 0.5 were set in the
FeO—TiO, — O, phase diagram. In the FeO—TiO, — O, phase
diagram, as the temperature of the system increases and the
partial pressure of oxygen decreases, the rutile phase gradu-
ally transforms into titanium suboxides. When the tempera-
ture is in the range of 1100—1673 K, a stable Ti;Os phase exists
in the system, as shown in Fig. 3(b).

Through thermodynamic calculations and phase diagram
analysis, it was found that titanium dioxide was gradually
reduced by hydrogen when the reaction temperature was
higher than 1100 K. Finally, a series of titanium suboxides
(Magnéli phase and Ti3Os) were generated, which could
reduce ilmenite. It was manifested that these titanium sub-
oxides could promote the reduction of ilmenite together with

hydrogen, thus changing the reaction path of hydrogen
reduction of ilmenite.

Phase transformation analysis

Based on the thermodynamic analysis, the reaction temper-
ature of hydrogen reduction ilmenite concentrate powder in
this experiment was 1073—1373 K. The phase transformation
of the samples under different reduction conditions was
characterized by XRD analysis, and the results are shown in
Fig. 4.

In Fig. 4(a), when the reduction temperature is 1073 K and
the reduction time is 40 min, the diffraction peaks of ilmenite
disappear, and only the diffraction peaks of iron and rutile are
present, indicating that the iron oxides in ilmenite concen-
trate are completely reduced by hydrogen to produce metal
iron. When the reaction temperatures are 1173 and 1273 K and
the reduction times are 30 min and 20 min, respectively, the
products are mainly composed of ilmenite, iron, and rutile.
Moreover, the intensity of the diffraction peaks of ilmenite
gradually decreases upon increasing the reaction tempera-
ture, while the diffraction peaks of iron and rutile are gradu-
ally broadened and the intensity is also gradually increased.
When the reaction temperature is 1373 K and the reduction
time is 20 min, the diffraction peaks of pseudobrookite appear
in addition to iron and rutile. However, in the XRD patterns of
the samples reduced by hydrogen under the above experi-
mental conditions, titanium oxides exist only in the form of
rutile, but the Magnéli phase and Ti;0s have not yet appeared.

The results of the phase analysis at a reduction time of
60 min and at reaction temperatures of 1173, 1273, and 1373 K
are shown in Fig. 4(b). When the reduction temperature is
1173 K, the diffraction peaks of iron and rutile and a small
amount of the Magnéli phase diffraction peaks appear. When
the reduction temperature increases to 1273 X, the diffraction
peak of rutile disappears, and the phase compositions are
iron, Magnéli phase and Ti;Os. The diffraction peak of the
Magnéli phase disappears when the reduction temperature is


https://doi.org/10.1016/j.ijhydene.2022.10.071
https://doi.org/10.1016/j.ijhydene.2022.10.071

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 1747—1757

1751

a [1373 K, 20 min _ %-Iron +-Rutile b 11373 K. 60 min % +-Iron  e-Magnéli Phase
Metallization ratio: 78.13% v-Ilmenite A-Pseudobrookite Metallization ratio: 91.71%|  -Rutile ©-Ti,O;
to It toamha v % 3 7
—~ 1273 K, 20 min oy — ???94:? .k )
. 3 3 1N 0, . L
=1 Metallization ratio: 75.97% 5 1273 K. 60 min
< 3 |Metallization ratio: 85.98%
N’ v I ,X A
> BRI b - >
a 1173 K, 30 min + E o,
S 0 I S e o % [
o |Metallization ratio: 65.13% = W
8 2 1173 K, 60 min T
E Ly Yt b * 2 J,____. E Metallization ratio: 74.03%
1073 K, 40 min +
Metallization ratio: 59.22%
b G b & % % [ Ig b 'K
Ll T L) Ll Ll T T T T T T T T L)
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
20 (°) 26 (°)

Fig. 4 — XRD patterns of hydrogen-reduced ilmenite under different conditions: (a) hydrogen reduction at a reaction
temperature of 1073—1373 K for 40—20 min; (b) hydrogen reduction at a reaction temperature of 1173—1373 K for 60 min.

increased to 1373 K, and the phase compositions are only iron
and Ti305.

According to the XRD analysis of the samples under
different experimental conditions and combined thermody-
namic calculation results, it was found that: when the reac-
tion temperature was 852—1100 K, the phase compositions of
the products included iron and rutile. When the reduction
temperature was raised to 1100—1373 K, it was difficult for the
titanium suboxides to exist stably by the short-term hydrogen
reduction, which was due to a reduction reaction that
occurred between the titanium suboxides and the remaining
ilmenite. However, when the hydrogen reduction time was
extended to 60 min, ilmenite was completely reduced upon
gradually increasing the reaction temperature. During this
process, rutile in the products was first reduced by hydrogen
to generate the Magnéli phase, and then the Magnéli phase
was further reduced by hydrogen to generate Ti;Os. In other
words, rutile was reduced step-by-step and finally existed as
stable Ti;0s upon increasing the reaction temperature, which
was consistent with the thermodynamic calculations.

Microstructural analysis of experimental products

To investigate the microstructural characteristics of hydrogen-
reduced ilmenite, the ilmenite samples after different reduc-
tion conditions were characterized using SEM and EDS, as
shown in Fig. 5 and Table 2.

In Fig. 5(a)—(b), many pores are found in the sample. It
might have been due to the removal of oxygen atoms from
iron oxide and tensile stress, which made the whole particles
loose and porous [26,40]. The SEM images clearly show that
there are two phases with a significant contrast difference in
the products. The single-point EDS analysis (Spots 1-2) in-
dicates that there is an obvious layered structure that is
mainly composed of iron and rutile, with iron particles
embedded in the rutile matrix. Combined with the XRD
analysis (Fig. 4(a)), this shows that the sample completely
reduced at 1073 K, but does not produce titanium suboxides.
In Fig. 5(c)—(f), the microstructure is similar between the two

incompletely-reduced samples. According to the EDS analysis
(Spots 3—8), it is detected that the two reduced-samples both
consist of three phases with different contrast differences,
which are iron, rutile, and ilmenite. Most metallic iron parti-
cles are located in the outermost layer of the ilmenite grains
and wrapped the whole particle. The rutile layer is located
between the iron layer and the ilmenite layer, a small number
of iron particles and flake iron filings exist in the rutile layer.
Simultaneously, there are many iron particles formed along
the crack, demonstrating a strong tendency for iron and rutile
to separate in the reduction products. The iron particles
diffuse through the rutile layer to the outer layer of the
ilmenite grains [22]. This is probably due to the fact that dur-
ing the hydrogen reduction ilmenite reaction, the nascent iron
particles have a high surface energy and chemical potential.
The higher the temperature, the higher their surface energy
and chemical potential. The nascent metallic iron particles
diffuse and converge to eventually form larger layered
metallic iron, thereby reducing the surface energy and even-
tually reaching a stable state.

In Fig. 5(g)—(h), the composition and distribution of the
phases in the sample are identified to be different from those
in Fig. 5(c) and (e). Combined with the EDS (Spots 9—11) and
XRD analysis (Fig. 4(a)), it is noticed that the metallic iron
particles do not converge in the outermost layer of the
ilmenite grain, eventually emerging in the iron layer, but are
instead embedded in the rutile matrix. The unreacted phase in
the grains is pseudobrookite. However, as indicated in the
above EDS analysis results (Spots 4, 7, and 10), there is a
phenomenon in which the oxygen atoms are lost in the rutile
layer at the reaction interface when the reduction tempera-
tures are higher than 1100 K. This illustrates that these tita-
nium suboxides generated during high-temperature
reduction may exist in the rutile layer.

Behavior analysis of Ti3Os during reduction process

According to the thermodynamic calculations and XRD anal-
ysis of hydrogen-reduced ilmenite, it was found that rutile
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Fig. 5 — Cross-section SEM images and EDS analysis of hydrogen-reduced ilmenite under different conditions: (a)—(b) T:
1073 K, t: 40 min; (c)—(d) T: 1173 K, t: 30 min; (e)—(f) T:1273 K, t: 20min; (g)—(h) T: 1373 K, t: 20 min (The bright white, dark gray,
and light gray parts respectively represent iron, rutile, ilmenite and pseudobrookite.).
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Table 2 — EDS point analysis of selected phases in different samples (at. %).

Spot Element Fe/Ti Ti/O Main Phase
(e} Fe Ti Mg Mn Total

1 12.4 77.8 9.8 - - 100.0 7.94 = Iron + Rutile

2 62.2 5.5 323 = = 100.0 = 0.52 Rutile

3 5.7 90.4 3.9 - - 100.0 23.18 = Iron + Rutile

4 63.7 0.5 35.7 - - 100.0 - 0.56 Rutile

5 55.0 20.7 22.9 1.0 0.4 100.0 0.90 - IImenite

6 7.3 89.5 3.2 = = 100.0 27.96 = Iron + Rutile

7 62.0 1.0 37.0 - - 100.0 - 0.60 Rutile

8 55.4 17.8 20.5 4.9 1.4 100.0 0.87 = Ilmenite

9 5.0 91.6 34 - - 100.0 26.94 = Iron + Rutile

10 61.6 1.6 36.8 - - 100.0 - 0.60 Rutile

11 55.3 13.0 28.8 2.3 0.6 100.0 0.45 - Pseudobrookite

was gradually reduced to the Magnéli phase and TizOs when
the reaction temperature was above 1100 K. Moreover, ther-
modynamic calculations showed that these titanium sub-
oxides could reduce ilmenite to produce iron and rutile.
Therefore, to further reveal the effect of TizOs on the reduction
process, corresponding verification experiments were
conducted.

In this validation experiment, Ti;Os was used as the
reducing agent. TizOs and ilmenite concentrate were mixed and
ground in a molar ratio of 1: 1, placed in a furnace under an
argon atmosphere, heated to 1273 K, and held for 60 min. The
mixed samples were also subjected to thermogravimetric-
differential thermal analysis at a heating rate of 10 K/min. In
addition, to further investigate if the titanium suboxides
generated in the reaction process could promote the reduction
of ilmenite, the hydrogen reduction of ilmenite was carried out
ata reaction temperature of 1273 K for 20 min, and then the gas
was changed to argon and held for 60 min. The results of its
correlation analysis are shown in Figs. 6—7, and Tables 3and4.

The pattern in Fig. 6(a) shows that the products of the TizOs
reduction of ilmenite are mainly composed of iron and rutile.
This indicates that ilmenite can be completely reduced by
Ti30s under these conditions. TG-DTA analysis shows that the
overall mass remains almost unchanged throughout the

reduction reaction, as shown in Fig. 6(b). Nonetheless, upon
gradually increasing the reaction temperature, a large
exothermic peak appears in the DTA curve when the tem-
perature is in the range of 600—1400 K. The exothermic peak
reaches the maximum at 926.3 K. After that, the exothermic
process in the system gradually decreases until the reaction of
Ti30s and ilmenite is completed.

From the above analysis, it could be concluded that when
ilmenite concentrate was reduced by hydrogen for a short
period of time and the hydrogen supply was stopped, the ti-
tanium suboxides generated and unreduced ilmenite during
the cooling process continued to underwent reduction re-
actions to produce iron and rutile, which causing the titanium
suboxides were consumed. This could also be explained that
in the above experiments of hydrogen-reduced ilmenite, the
experimental samples failed to detect the diffraction peaks
corresponding to these titanium suboxides by XRD analysis at
reaction temperatures of 1173—1373 K and reaction times of 30
and 20 min, respectively. Stable diffraction peaks of the
Magnéli phase and Ti;Os could be found in the XRD patterns
when the reduction time of hydrogen-reduced ilmenite
reached 60 min.

The microstructure and EDS single-point analysis of these
verification experiments are shown in Fig. 7(a)—(d) and Table

0.8
(a) *-Iron Reduction products (b) K0 —TG l exo
¢-Rutile ——DTA F0.6
105 -
F0.4
/\. 7~
= 1004 Lo2 89
< N3 0.0 E
2 5 95- e
2 003 : [-0.2 5
& (003) TiyO4 = eak:926.3 K,-0.821 pv/m <
3 90+ H-0.4 &
g o)
F-0.6
854
T . 5 L-0.8
(226)
T T T T T T T 80 1.0

80 90

800 1000 1200 1400 1600
T/K

400 600

Fig. 6 — XRD pattern and TG/DTA analysis: (a) XRD patterns of Ti,Os, products of ilmenite reduced by Ti;Os; (b) TG/DTA
analysis results of 1: 1 M Ti;Os and ilmenite (exo: exothermic reaction).
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L1} /
Rutile’

Fig. 7 — SEM images and EDS locations: (a)—(b) ilmenite reduced by Ti;Os; (c)—(d) ilmenite reduced by hydrogen at 1273 K for
20 min and then changing into argon holding duration of 60 min.

Table 3 — EDS point analysis of selected phases in different samples (at. %).

Spot Element Fe/Ti Ti/O Main Phase
(0] Fe Ti Mg Mn Total

1 58.3 13.0 28.7 - - 100.0 0.45 = Iron + Rutile

2 68.2 = 31.8 = = 100.0 = 0.47 Rutile

3 55.7 21.8 19.9 1.7 0.9 100.0 1.10 = Iron + Ilmenite

4 58.2 17.5 21.7 1.6 1.0 100.0 0.81 0.37 IImenite

Table 4 — Metallization rates of iron after different holding times for the hydrogen-reduced ilmenite.

sample Number Conditions Metallization Rate/% Average Metallization Rate/%
T/K  Reduction time/min Holding time/min
1 A 1273 20 0 76.32 75.97
B 1273 20 0 75.62
2 C 1273 20 60 85.31 85.17
D 1273 20 60 85.03

3. In Fig. 7(a)—(b), the large metallic iron particles are mainly
distributed at the edges of the whole grain, and the middle
part is rutile after the reaction of the mixed samples at the
predetermined temperature. Besides, there are some
submicron-sized metallic iron particles in the rutile matrix.
This may be because during the reduction of ilmenite by Ti3Os,
most of the generated metallic iron particles could diffuse to
the outside of the reaction interface and eventually accumu-
late on the whole grain exterior. During the cooling process,

however, a small portion of metallic iron particles may have
failed to diffuse completely to the exterior due to the deteri-
oration of the kinetics condition and eventually are embedded
in the interior of the rutile particles.

In Fig. 7(c)—(d), itis found that the majority of the generated
metallic iron particles converge in the outer layer of ilmenite
grains, and there are some small nanoparticles iron in the
interior of the unreacted ilmenite grains. However, in the
sample reduced under the same conditions without a holding
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operation, it is difficult to detect metallic iron particles inside
by the SEM images, as shown in Fig. 5(e)—(f). The comparative
experiment indicated that after the ilmenite is reduced by
hydrogen at high a temperature with a short time, and then
followed holding operation under an inert atmosphere, these
titanium suboxides (Magnéli phase and Ti;30s) in the reduction
products reacted with the internal unreduced ilmenite via
solid-solid reduction reaction. This may be due to the non-
stoichiometric amount of oxygen in the titanium suboxide
causes oxygen vacancies and Ti** defects, which has strong
catalytic properties and high electrical conductivity [41,42].
These titanium suboxides have the ability to reduce ilmenite
to iron and rutile. A small number of metallic iron particles
remained in the interior of the ilmenite particles because they
may have failed to migrate to the iron-rich phase during the
cooling process. Therefore, these generation of titanium sub-
oxides at high temperatures can promote the reduction of
ilmenite and thus increase the metallization rate.

The hydrogen reduction of ilmenite powder before and
after holding operation was analyzed by chemical titration,
as shown in Table 4. The average metallization rate of the
samples was 75.79% after hydrogen reduction at 1273 K for
20 min without a holding operation. However, under the
same hydrogen reduction conditions, the average metalli-
zation rate was 85.17% after the reaction by holding opera-
tion, which is a noticeable increase in the relative average
metallization rate. This fully indicates that the titanium
suboxides generated during the reaction can promote the

reduction of the entire ilmenite, thereby improving the
metallization rate of iron.

Reaction mechanism

In the whole process of hydrogen reduction of ilmenite, when
the reaction temperature was lower than 1100 K, hydrogen
diffused to the reaction interface of ilmenite grains and
ilmenite underwent a gas-solid reduction reaction to produce
iron, rutile, and water vapor. When the reaction temperature
was higher than 1100 K, the hydrogen reduction of ilmenite first
produced iron, rutile, and water vapor, while hydrogen
continuously reduced the rutile generated in the reaction
interface to generate the Magnéli phase, which was further
reduced to Ti3Os. These titanium suboxides generated at the
reaction interface and unreacted ilmenite underwent a solid-
solid reduction reaction to produce iron and rutile. The gener-
ated metallic iron particles migrated and aggregated into the
iron-rich phase of the ilmenite grains, while rutile was
continuously reduced by hydrogen at the reaction interface to
produce titanium suboxides, which, in turn, continued to
reduce unreacted ilmenite. Accordingly, the hydrogen reduc-
tion of ilmenite at a high-temperature and the overall gas-solid
and solid-solid reduction reactions occurred. The generated
titanium suboxides promoted the reduction of ilmenite, and
also were beneficial to improve the metallization rate. Corre-
sponding to the whole reduction reaction, the schematic dia-
gram of the reaction mechanism is shown in Fig. 8.

FeTiO, O Fe TiO,(Matrix) . Ti;O5, Magnéli phase
H,0
Gas boundary layer 2 H, . .
~ | S //+~2—External diffusion .27 TiO,
V «———Tnternal diffusion -~ !
) _ s Q /’Q’ﬁ' - "I t/ \\ (
- " )
° P ‘ e - ’, ll \l
. s 1
X B F T 0 Reaction interface ,’ H : :
eTi ] '
i 2 . T>1100K ! \ !
® / P~ \ \ !
o e 1 . !
o oy - ' \ I +
o o o\ e o0
. . ~_o FeTiO;
Product layer *Ti;05, Magnéli phase}
Interfacial chemical reaction ~._ e

Reaction paths:
(1) T<1100K

‘-.___—”

H,(g)+ FeTiO,(s) = Fe(s)+TiO,(s)+ H,0(g)

2) T>1100 K

H,(g)+n/(n+1)FeTiO,(s)—>n/(n+1)Fe(s)+1/(n+1)Ti O, .(s)+H,0(g)
Ti,0,, (s)+ FeTiO,(s) = Fe(s)+(n+1)TiO,(s) (3<n<9)

Fig. 8 — The schematic diagram of hydrogen reduction of ilmenite.
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Conclusion

According to thermodynamic calculations and experimental
results, when the reduction temperature was higher than
1100 K, rutile was first reduced by hydrogen to form the
Magnéli phase, and then the Magnéli phase was further
reduced by hydrogen to form stable Ti3Os. Because these ti-
tanium suboxides can synergistically reduce ilmenite with
hydrogen, thus the whole reduction reaction occurred via gas-
solid and solid-solid reactions. Ilmenite that underwent
hydrogen reduction for a short time was kept in an inert at-
mosphere, and the titanium suboxides could reduce the
unreduced ilmenite inside the grains, the metallization rate of
iron was increased relative to the sample without holding
operation. In conclusion, the rational utilization of titanium
suboxides generated in the process of hydrogen reduction of
ilmenite can not only reduce the loss of hydrogen and heat,
but also improve the metallization rate of iron, which is of
great benefit to promote the clean production of ilmenite.
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