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Abstract: The reduction of vanadium titano-magnetite pellets by H,~CO at temperatures from 850 to 1050°C was investigated in this paper.
The influences of pre-oxidation treatment, reduction temperature, and Vi, / (Vu, + Vo) on the metallization degree were studied. The results
showed that pre-oxidation played a substantial role in the reduction of vanadium titano-magnetite pellets. During the reduction process, the
metallization degree increased with increasing temperature and increasing Vi, / (Vu, + Vo). The phase transformation of pre-oxidized vana-
dium titano-magnetite pellets during the reduction process under an H, atmosphere and a CO atmosphere was discussed, and the reduced
samples were analyzed by scanning electron microscopy (SEM) in conjunction with back scatter electron (BSE) imaging. The results show
that the difference in thermodynamic reducing ability between H, and CO is not the only factor that leads to differences in the reduction re-
sults obtained using different atmospheres. Some of Fe;_, Ti,04 cannot be reduced under a CO atmosphere because of the densification of
particles’ structure and because of the enrichment of Mg in unreacted cores. By contrast, a loose structure of particles was obtained when the
pellets were reduced under an H, atmosphere and this structure decreased the resistance to gas diffusion. Moreover, the phenomenon of Mg
enrichment in unreacted cores disappeared during H, reduction. Both the lower resistance to gas diffusion and the lack of Mg enrichment fa-

cilitated the reduction of vanadium titano-magnetite.
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1. Introduction

Vanadium and titanium are important strategic metals
that can be used in spaceflight, national defense, transporta-
tion, and the chemical industry [1]. According to statistics,
vanadium titano-magnetite ore is one of the largest re-
sources of vanadium and titanium, and the vanadium tita-
no-magnetite reserves in China total approximately ten bil-
lion tons [2]. Vanadium titano-magnetite ore is becoming
increasingly important for its high values of utilization in
high-tech industries.
developed for utilizing vanadium tita-
no-magnetite fall into one of two general categories: blast

Processes

furnace (BF) process or non-BF processes. The BF process
has been used in industry in China and Russia for many
years. However, only iron and vanadium can be extracted by
the BF process; almost all of the titanium remains ineffec-
tively utilized in the slag [3—4]. Obviously, the BF process
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not only wastes titanium resources but also causes environ-
mental pollution with long-term consequences. Currently,
extensive research is being devoted to the comprehensive
utilization of vanadium titano-magnetite by non-BF
processes, and many technological processes for the utiliza-
tion of vanadium titano-magnetite have already been devel-
oped, including the hydrometallurgical process [5—7], mol-
ten salt roasting process [8], pre-reduction electric furnace
smelting process [9-10], and the reduction roasting magnet-
ic separation process [4,11-12]. Among these processes, the
pre-reduction electric furnace smelting process and the re-
duction roasting magnetic separation process are two of the
most promising processes because of their low processing
costs and high recovery rates of valuable elements. Notably,
reduction is an essential procedure in both processes.

In most previous research into reduction processes, coal
was used as the main reducing agent [13—14]. However, va-
nadium titano-magnetite is difficult to reduce because of its
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complicated crystal structure [4,15]. Thus, the rate of the
reduction reaction between vanadium titano-magnetite and
coal is relatively slow; in addition, the product has a low
metallization degree. Compared with coal-based reduction,
gas-based reduction has obvious advantages, including a
higher reduction rate, a higher handling capacity, and the
generation of less pollution. With increasing shortages of
coal resources and increasing political pressure toward en-
vironmental protection, gas-based reduction has attracted
considerable attention [16—19]. Park and Ostrovski [20] re-
ported that titano-magnetite was reduced to iron and tita-
nium oxides after the reduction process under an atmosphere
consisting of a CO-CO,—Ar gas mixture. Sun et al. [21]
proposed a reduction path for titano-magnetite concentrate
by H—Ar gas. Tang [22] investigated the reduction mechan-
ism of high-chromium vanadium-titanium magnetite by gas
mixtures and confirmed its phase transformations during the
reduction process.

Although the reduction of vanadium titano-magnetite by
H, or CO has been studied intensively by various research
groups, information about the reduction behaviors of vana-
dium titano-magnetite by CO—H, mixtures is limited. Thus,
clarifying the reduction behaviors and mechanisms of
H,—CO-based reduction of vanadium titano-magnetite is
important. In this paper, vanadium titano-magnetite pellets
were roasted at the temperatures ranging from 850 to
1050°C at different Vyy /(Vy, +Vco) values. The influ

ences of reducing conditions such as the pre-oxidation
treatment, reduction temperature and hydrogen content on
the reduction of vanadium titano-magnetite were studied.

2. Experimental
2.1. Raw materials

The vanadium titano-magnetite concentrate used in this
study was obtained from the Panxi area of China. The
chemical composition and XRD pattern of the sample are
given in Table 1 and Fig. 1, respectively. As evident in Fig. 1,
the main mineral phases of the raw material were magnetite
(Fe;0,4) and ilmenite (FeTiO;).

Table 1. Main chemical composition of the vanadium tita-
no-magnetite concentrate wt%

TFe TIOZ V205 SIOZ CaO MgO A1203 S P
57.69 13.15 0.61 276 127 1.02 276 0.05 0.02

2.2. Experimental procedure

Vanadium titano-magnetite concentrate was thoroughly

mixed with a binder and water at certain ratios and pelle-
tized to $12—-15 mm in a disc pelletizer. The pellets were
then loaded into a quartz reactor after drying for 4 h in a
constant-temperature drying oven. The quartz reactor was
then placed into a vertical roaster. The CO-H, gas inlet is
located in the bottom of the quartz reactor, and the exhaust
gas outlet is located at the top of the reactor, as shown in Fig.
2. The oxidized pellets were roasted at different tempera-
tures under various gas atmospheres. For each reduction
experiment, 100 g of pellets was heated to the required
temperature and the gas flow rate of the reduction process
was 0.3 m>h™'. When the reduction time ended, the reduced
pellets were cooled to room temperature under a nitrogen
atmosphere.
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Fig. 1. XRD pattern of the vanadium titano-magnetite con-
centrate.
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Fig. 2. Schematic of the experimental apparatus. (1 — gas, 2
— mixed flowmeter, 3 — flowmeter, 4 — oxidized concentrate,
5 — thermocouple, 6 — reduction furnace, 7 — lining, 8§ —
quartz reactor)

The total iron, ferrous, and metallic iron contents in the
reduced sample as well as those in the oxidized vanadium ti-
tano-magnetite concentrate were analyzed by chemical me-
thods. The metallization of the pellets M was then calculated
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according to the following formula: M = w(MFe)/ w(TFe).

The mineral compositions of the oxidized vanadium ti-
tano-magnetite concentrate and reduction products were in-
vestigated by X-ray powder diffraction (Rigaku 2550) using
Cu K, radiation (40 kV, 100 mA); samples were scanned at
a rate of 4°min ' from 8° to 80°(26). The microstructures of
the roasted products were analyzed and the elemental dis-
tribution was mapped using a scanning electron microscope
(FEI Quanta-200).

3. Results and discussion
3.1. Effect of pre-oxidation on the reduction process

3.1.1. Phase transformation during pre-oxidation

The XRD patterns of the pre-oxidized vanadium tita-
no-magnetite pellets are shown in Fig. 3. These samples
were pre-oxidized in air at temperatures ranging from 500 to
1200°C for 20 min. As shown in Fig. 3, the main phases in
the raw material were Fe;O, and FeTiO;. Peaks of Fe,O3
appeared when the oxidation temperature was increased to
500°C:
4Fe;04 + O, = 6Fe,04 (1)
When the oxidation temperature was increased to 700°C, the
diffraction peaks of FeTiO; and Fe;O, were continually
weakened. The main reactions are Egs. (1) and (2):
4FeTiO; + O, = 2Fe,0; + 4TiO, )
At 900°C, the peaks of Fe;04 and FeTiO; disappeared, and
peaks of Fe,TiOs appeared:
TiO, + Fe,0; = Fe, TiOs 3)
4FeTiO; + O, = 2Fe,TiOs + 2TiO, “4)
The intensities of the diffraction peaks of Fe,O5 and Fe,TiOs
increased with increasing temperature from 900 to 1200°C,
and no new phases appeared.
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Fig. 3. XRD patterns of the pre-oxidized samples heated at
different temperatures for 20 min.
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3.1.2. Effect of pre-oxidation on the metallization degree of
reduction

The effects of pre-oxidation on the metallization degree
of reduced vanadium titano-magnetite pellets were studied
in the following experiments. The oxidation process condition
was an oxidation temperature of 1200°C and an oxidation
time of 20 min. The reduction experiments were performed at
850-1050°C for 120 min under a gas atmosphere of
Viy ! (Vhy + Vo) = 0.72. The results are shown in Fig. 4.
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Fig. 4. Effect of pre-oxidation on the metallization degree of
the pellets.

As evident from Fig. 4, pre-oxidation clearly affected the
metallization degree of the pellets. At 850°C, the metallization
degree of the pre-oxidized pellets was 78.42%, whereas that
without pre-oxidation was 71.95%; by contrast, at 1050°C,
the metallization degree of the pre-oxidized pellets and that of
the pellets without pre-oxidation were 90.11% and 88.37%,
respectively. These results indicate that pre-oxidation can im-
prove the reduction of the vanadium titano-magnetite to a cer-
tain extent, although the effect is limited at high temperatures.

The phase transformation of pre-oxidized samples was
investigated by XRD; the results are presented in Fig. 3,
which shows that magnetite (Fe;0,4) and ilmenite (FeTiOs)
transformed to hematite (Fe,O;) and pseudobrookite
(Fe,TiOs) during the pre-oxidation process. Thus, previous
crystal lattices of minerals were regenerated and recombined
by oxidation reactions, which was beneficial to the subse-
quent reduction process [14].

Fig. 5 shows the microstructure of samples reduced from
vanadium titano-magnetite pellets before and after
pre-oxidation. As evident in Fig. 5, raw vanadium tita-
no-magnetite had a relatively dense structure and the boun-
dary of particles was ruled and clear. Pre-oxidation destroyed
the pervious structure of the particles and formed cracks and
holes. The cracks and holes in particles provided gas channels

for the reduction gas, which accelerated the reduction process.
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Fig. 5. SEM images of the vanadium titano-magnetite before gas-based reduction: (a) raw samples; (b) samples after pre-oxidation.

3.2. Effect of temperature on the reduction process

The general results of the reduction process of oxidized
vanadium titano-magnetite pellets between 850 and 1050°C
in different gas atmospheres are shown in Fig. 6.
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Fig. 6. Effect of temperature and V, /(V, +V,,) on the
metallization degree of reduction.

As shown in Fig. 6, the metallization degree of the pellets
increased with increasing reduction temperature under both
gas atmospheres. In the case of the H, atmosphere, the me-
tallization degree of the pellets was 82.74% at 850°C and
increased to 92.65% when the temperature was increased to
1050°C. The effect of temperature on the metallization de-
gree was more obvious when the pellets were roasted under
a CO atmosphere: as the temperature was increased from
850 to 1050°C, the metallization degree of the pellets in-
creased from 53.54% to 81.85%. These results show that the
reduction temperature strongly affects the reduction of oxi-
dized vanadium titano-magnetite. As noted by Wang [23],
the crystal lattices of minerals are more easily destroyed and
regenerated at high temperatures than at low temperatures.
Thus, the acceleration of the reduction of pellets with in-
creasing temperature is reasonable.

To reveal the phase transformations of oxidized vana-

dium titano-magnetite during gas-based reduction processes,
we used XRD to analyze the phase composition of the re-
duced products obtained at different temperatures, as shown
in Figs. 7 and 8. To better illustrate the phase transformation
in the whole process, XRD pattern of oxidized vanadium ti-
tano-magnetite was also listed.

As evident in Figs. 7 and 8, the main phases of the oxi-
dized vanadium titano-magnetite pellets were Fe,O; and
Fe,TiOs. When the oxidized vanadium titano-magnetite pel-
lets were reduced for 120 min under H,—CO atmosphere at
600°C, all of the Fe,0O5 and Fe,TiOs were transformed into
Fe;0,4 and Fe; Ti,04 (0<x<1). The following reactions oc-
cur:
3Fe;0; + Ha(g) = 2Fe;04 + HO(g) (5)
3Fe,05 + CO(g) = 2Fe;04 + COx(g) 6)
xFe,Ti0s + (1-x)Fe;04 + xH,(g) = Fe; Ti,04 + xH,0(g) (7)
xFe,TiOs + (1—x)Fe;04 + xCO(g) = Fe; Ti,04 + xCOx(g) (8)

When the reduction temperature was increased to 900°C,
all of the diffraction peaks of Fe;O,4 disappeared, and most
of the Fe;_, Ti,04 (0<x<1) were transformed into Fe and Fe-
TiO;. Notably, the diffraction peaks of Fe;_,Ti,O, formed
under an H, atmosphere (0<x<1) are less intense than those
of Fe;_, Ti,0, formed under a CO atmosphere.

Fe; ,Ti,0, + (43x)Hy(g) = xFeTiO; + (3—2x)Fe +

(4-3x)H,0(g) )
Fe; ,TiO;, + (4-3x)CO(g) = xFeTiO; + (3-2x)Fe +
(4-3x)COx(g) (10)

When the temperature was increased from 900 to 950°C,
the intensity of the Fe;_,Ti,O, diffraction peaks decreased
accordingly under both atmospheres. Almost all of the
Fe;_,Ti,0O, disappeared under an H, atmosphere at 950°C.
These results illustrate that all of the Fe;_, Ti,04 (0<x<1) was
transformed into FeTiO; and Fe by H,. As also clearly ob-
served, the samples that were reduced under an H, atmos-
phere exhibited a higher FeTiO; diffraction intensity than
those reduced under a CO atmosphere.
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When the pellets were reduced under an H, atmosphere
at 1000°C, the diffraction peaks of FeTiO; disappeared and
peaks associated with new phases of FeTi,Os appeared. The
reaction shown in Eq. (11) occurs:
2FeTiO; + Hy(g) = FeTi,O5 + Fe + HyO(g) (11)
When the reduction temperature was increased to 1050°C,
the main mineral phases of the product were Fe and FeTi,0s,
similar to the results observed when the reduction tempera-
ture was 1000°C.

& — Hematite (Fe,O,) [}
\—Pseudobrookite (Fe,TiOs)

vaov O
'W— Magnetite (Fe,0,) |
V- Titanic magnetite (Fe,.,T1,0,)
vav o Z: 950°C
O-Ilmenite (FeTiO;)
®— Metal iron (Fe)
voy

® 1050°C

Intensity / a.u.

o v®900°C
SO Ny

*
L ¢ AO NN d
.Z 5x|alzela pellet

10 20 30 40 50 60 70 80
20/ (°)

Fig. 7. XRD patterns of the reduced products formed during
the CO-based reduction process.
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Fig. 8. XRD patterns of the reduced products formed during
the H,-based reduction process.

Therefore, the Ti-containing mineral phase transforma-
tion of oxidized vanadium titano-magnetite during the
H,-based reduction process can be described as follows:
oxidized vanadium titano-magnetite — Fe; ,Ti,04 (0<x<l1)
— FeTiO; — FeTi,0s.

However, different results were obtained using a CO at-
mosphere: as the temperature was increased from 950 to
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1050°C, the diffraction intensity of Fe increased slightly and
the diffraction intensities of Fe; ,Ti,O4 and FeTiO; slowly
decreased. Fe, Fe; \Ti,O4 (0<x<1), and FeTiO; were the
main mineral phases in the product when the oxidized vana-
dium titano-magnetite pellets were reduced under a CO at-
mosphere at 1050°C for 120 min.

3.3. Effect of gas composition on reduction process

The effects of gas composition on the metallization de-
gree of reduction at different temperatures are presented in
Fig. 9. As shown in Fig. 9, the metallization degree of re-
duction increased with increasing Vu, / (Vi, + Vco). The re-
duction trends at different temperatures varied: at 850°C,
when the ratio of Vi, / (Vu, + Vo) was increased from 0 to
1, the metallization degree of pellets increased from 53.54%
to 82.74%. By contrast, at 1050°C, the metallization degree
of pellets was 81.85% and 92.65% at condition of
iy / (Viy + Veo) =0 and Vi, / (Vi, + Vo) = 1, respecttively.
These results show that the acceleration effect of H, on re-
duction is more presentable at lower temperatures.
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Fig. 9. Effectof V, /(V, +V.,) on the metallization degree

of reduction.

Figs. 7 and 8 indicate that the mineral phases of the re-
duced pellets differed when the pellets were reduced under
different gas atmospheres. The reduction of FeTiO; to Fe-
Ti,O5 in a CO-based reduction process is difficult at temper-
atures below those used in the experiments. Fig. 10 shows
the effect of Vu, / (Vu, + Vo) on the mineral phase of
reduced product at 1000°C.

As evident in Fig. 10, Fe; [ Ti,O4 (0<x<1) and FeTiO;
were the main Ti-bearing mineral phases in the reduced pel-
lets when the pellets were reduced at 1000°C under a CO
atmosphere. Fe; Ti,04 (0<x<1) and FeTiO; were trans-
formed into FeTi,Os when H, was added into the gas mix-
ture. In a thermodynamics study, CO was demonstrated to
have a lower reduction ability than H, at temperatures
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Fig. 10. XRD patterns of the reduced products obtained at
1000°C using different V,, /(V, +V,,) values.

greater than 814°C [23], which is why the stage of FeTiO;
— FeTi,Os is difficult to carry out in a CO atmosphere in
the temperature range used in our experiments. However,
thermodynamics cannot explain why Fe; Ti,O, (0<x<l)
was present in the final product after the reduction process

under a CO atmosphere. To investigate this phenomenon,
we analyzed the reduced samples by scanning electron mi-
croscopy (SEM), as shown in Figs. 11 and 12. Other para-
meters during the reduction experiments were constant as
follows: reduction temperature of 1050°C, reduction time of
120 min, and gas flow of 0.3 m*h ™.

Fig. 11 shows the backscattered electron (BSE) image
and elemental mapping images (Fe, Ti, Mg) of the reduced
products after CO-based reduction. The reduced samples
were obtained by reducing the oxidized vanadium tita-
no-magnetite concentrate at 1050°C. As shown in Fig. 11,
the structures of particles are relatively dense and the par-
ticles contain few inner pores. Thus, the contact opportunity
for the core of grains and CO is low. The elemental mapping
images also reveal that Mg was concentrated in the unreacted
cores of particles during the reduction process. The enrichment
of Mg could impede the diffusion of reactants and decrease the
reduction rate of Ti-bearing minerals [10,21]. In this case,
some of Fe;_,Ti,O4 cannot be reduced via the reduction
process, which leads to a lower metallization degree.

Fig. 11.
the selected area: (b) Fe; (c) Ti; (d) Mg.

Fig. 12 shows the backscattered electron (BSE) image
and elemental mapping images (Fe, Ti, Mg) of the reduced

products obtained after H,-based reduction. As shown in Fig.

12, a cellular and loose structure is observed inside the par-
ticles. This type of structure provides channels for gas
transport during the reduction process and can therefore de-

BSE image of the reduced products obtained using a CO atmosphere (a) and corresponding elemental mapping images of

crease the resistance to gas diffusion. Mg was clearly distri-
buted relatively equally among the particles rather than be-
ing concentrated in a localized area. We deduced that H; has
a restraining effect on the enrichment of Mg and that this
effect is beneficial to the reduction of the vanadium tita-
no-magnetite.
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-
-

Fig. 12. BSE image of the reduced products obtained under an H, atmosphere (a) and corresponding elemental mapping images of

the selected area: (b) Fe; (¢) Ti; (d) Mg.

Therefore, the difference in the thermodynamic reduction
ability between H, and CO is not the only factor responsible
for the different reduction results obtained under different
atmospheres. Some of the Fe;_,Ti,0, cannot be reduced in
the process under a CO atmosphere because of the dense
structure of the particles and because of the enrichment of
Mg in unreacted cores, which leads to a lower metallization
degree. In the case of H, reduction, the cellular structure of
particles decreased the resistance to gas diffusion. In addi-
tion, H, prevented the enrichment of Mg in the unreacted
cores during the reduction process. All of these factors were
beneficial to the reduction of vanadium titano-magnetite.

4. Conclusions

(1) Pre-oxidation played a considerable role in the reduc-
tion of vanadium titano-magnetite pellets. The oxidation
process destroyed the pervious structure of particles and
formed cracks and holes inside the particles, which accele-
rated the reduction process.

(2) The metallization degree of reduced pellets increased
with increasing reduction temperature and increasing
Vi, / (Viy + Vo). The Ti-bearing mineral phase transforma-
tion of oxidized vanadium titano-magnetite pellets under an
H, atmosphere is described as Fe,TiO5 — Fe; ,Ti,04 — Fe-
TiO; — FeTi,Os. In the case of CO-based reduction, the

stage of FeTiO; — FeTi,Os hardly occurred in the experi-
mental temperature range and the Ti-bearing phases of final
product were Fe;_, Ti,0, and FeTiO;.

(3) The difference in thermodynamic reduction ability
between H, and CO is not the only factor that leads to the
different reduction results obtained under different atmos-
pheres. SEM analysis indicated that some of the Fe;_ Ti,04
cannot be reduced in the process under a CO atmosphere
because of the densification of the particles’ structure and
because of the enrichment of Mg in the unreacted cores.
However, a loose structure of particles was obtained when
pellets were reduced under an H, atmosphere, and this loose
structure decreased the resistance to gas diffusion. Further-
more, H, prevented the enrichment of Mg in the unreacted
core during the reduction process, and all of these factors
facilitate the reduction of vanadium titano-magnetite.
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