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In this study, the reduction of Hongge vanadium titanomagnetite pellet
(HVTMP) with different MgO additions was investigated under a simulated
shaft furnace atmosphere. The HVTMP porosity was found to increase with
MgO addition, which promoted the initial reduction rate; however, the final
reduction degree decreased as the reduction proceeded. X-ray diffraction
showed that MgFe,O, was formed by adding MgO, and the metallic iron peak
intensity weakened. The formed MgFe;O4 was embedded into Fe,TiOy4, which
prevented the further reduction of Fe;TiO4 or the migration of metallic iron,
thereby reducing the degree of metallization. The reduction swelling de-
creased and the compressive strength of the reduced HVTMP increased as

MgO addition increased, which was mainly attributed to an increase in its
hardness. This work establishes a relationship between MgO and reduction,
which could provide a useful reference regarding the effective utilization of
HVTMP in shaft furnaces and promote the development of sustainable met-

allurgy.

INTRODUCTION

The iron and steel industry plays an essential role
in supporting the sustainable development of the
Chinese economy. Vanadium titanomagnetite
(VTM) is a typical multimetallic mineral resource
in China.'”® Hongge VTM (HVTM) from the Panxi
region of China contains not only iron, vanadium,
and titanium, but also a high chromium content.
This so-called high-chromium VTM accounts for
68% of the total chromium reserves in China,*®
making it necessary to find an effective process to
utilize this potentially valuable HVTM resource.

Previously proposed techniques for the utilization
of VIM include blast furnace (BF) and coal-based
direct reduction processes.”'* In the BF pro-
cess, > 90% of titanium enters the BF slag and
almost all of the iron is reduced into a hot metal.
More than 70% of vanadium is contained in the pig
iron, which is oxidized into vanadium slag in a
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converter furnace. The titanium in the BF slag is
difficult to recover because of the low TiO, grade
(only 10-25%), which wastes large quantities of
titanium resources.'® The coal-based direct reduc-
tion process has a relatively low efficiency, high
energy consumption, and high operating tempera-
ture, which hinder the development of sustainable
metallurgical processes.'® Therefore, HVTM has not
been put into industrial production or large-scale
commercial use.

An innovative, sustainable HVTM smelting pro-
cess has been proposed to increase the recovery
rates of valuable elements in our laboratory.'”'® In
this method, HVTM is first pelletized and roasted.
Then, the roasted HVTM pellet (HVTMP) is reduced
in a gas-based shaft furnace before being melted in
an electric furnace to recover iron, titanium, vana-
dium, and chromium. The roasted pellet has excel-
lent metallurgical properties, uniform size, and high
physical strength. The gas-based direct reduction of
HVTMP is the most important step of this process.
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Many previous researchers have investigated the
gas-based direct reduction of VTM and other min-
erals.'®?% Zhang et al.’® investigated the weak
reduction of preoxidized Panzhihua ilmenite by
hydrogen. Sun et al.?? studied the reduction mech-
anism of VI'M by Ho-Ar gas mixtures in a laboratory
fixed bed reactor. Wang et al.?® reduced titania-
ferrous solution ore in a temperature range from
800°C to 1100°C with a 10-100 vol.% Hy-Ar gas
mixture. Magnesium is an important component of
HVTM and may affect its reduction behavior.
However, in most previous studies, gas-based direct
reduction behavior of pellet affected by MgO was
not clearly evaluated. In particular, clear under-
standing was limited about the effect of MgO on the
swelling of reduced HVTMP. Besides, similar stud-
ies on ordinary iron ores may not be applicable to
the gas-based direct reduction of HVTMP, especially
under a simulated shaft furnace atmosphere. Thus,
as an integral part of developing a novel and clean
smelting process for the comprehensive utilization
of HVTM, it is worth to investigate the influence of
MgO on the gas-based direct reduction of HVTMP,
which could help us optimize process parameters.

The objective of the present study is to determine
the effects of MgO addition on the gas-based
reduction of HVTMP using shaft furnace reducing
gas simulations. The reduction degree, phase com-
position, microstructure, reduction swelling, and
compressive strength of reduced HVITMP with
different MgO additions were investigated as dis-
cussed in detail below. The results of this work show
a noteworthy relationship between MgO and its
reduction, which could provide guidance for improv-
ing the comprehensive utilization of HVTM.

EXPERIMENTAL PROCEDURE
Materials

HVTM used in this study was obtained from
Hongge mineral resources in the Panxi region of
China. The chemical compositions of HVTM are
provided in Table I. The total iron content is 54.54%,
the TiO, content is 9.26%, and the Cr,03 content is
as high as 1.48%. The phase composition of HVTM
is shown in Fig. 1. The main phases are magnetite
(Fe304) and titanomagnetite (Fes 75Tig 2504). Chro-
mium and vanadium exist in the form of chromite
(FeCry04) and coulsonite (FeaVO,). Analytically
pure MgO was used as the additive.

Experimental Apparatus and Methods

Roasted HVTMP with different MgO additions
was prepared in a step-wise process. The binder was
bentonite, and 8.5% water was used in the disc-
pelletizer process. First, HVTM and bentonite were
uniformly mixed with MgO at mass ratios in the
range 0—6% in increments of 2%. The mixture was
pelletized into 11.5-12.5-mm green pellets in a disc
pelletizer. The green pellets were dried at 105°C for
5h in a constant temperature drying oven. The
oxidation roasting of HVITMP was performed in a
muffle furnace. When the muffle furnace was heated
to the preheating temperature of 900°C at a con-
stant heating rate of 10°C/min, HVTMP was placed
in the constant temperature zone and held for
10 min. Subsequently, the muffle furnace was
increased to the roasting temperature of 1200°C
and held for 20 min. Air was introduced through the
gas inlet throughout the oxidation roasting process.
The roasted HVTMP was quickly removed from the
muffle furnace and cooled to ambient temperature.

A gas-based shaft furnace was used for the
reduction experiment (Fig. 2). The shaft furnace
reactor was made of corundum, with a height of
550 mm and inner diameter of 60 mm. The system
mainly consisted of a shaft furnace connected with
an electric balance. The output of the electric
balance was connected to a computer to continu-
ously measure the weight of pellets as a function of
time during the reduction process. The flow rate of
different gases was adjusted precisely through a
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Fig. 1. XRD patterns of HVTM.

Table I. Chemical composition of HVTM (%)

TFe FeO CaO SiO, MgO

Al203 T102 V205

CI‘203 S P

54.54 26.25 0.98 4.88 2.98

9.26 0.62 1.48 0.48 0.01
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Fig. 2. Schematic diagram of shaft furnace.

mass flow controller. The actual temperature of the
furnace and pellets was measured through a tem-
perature controller. The constant zone of the fur-
nace was measured to ensure a relatively
stable (within + 2 C) temperature. The roasted
HVTMP was placed into a heat-resistant steel
crucible and then into the furnace. A gas mixture
of 64.3%H, + 25.7%CO + 5%CO5 + 5%Ns5 at a flow
rate of 4 L/min was used to simulate the reduction
process in a gas-based shaft furnace. The roasted
HVTMP was heated to 1050°C under Ny atmo-
sphere, and then Ny was switched to a reducing gas
to start the reduction. The weight of the pellet was
automatically measured and recorded by a com-
puter throughout this process. The reduced HVTMP
was then taken out of the furnace and cooled to
room temperature under Ar protection.

The reduction degree (R) was calculated as
follows:

~ [0.11w,
~ 10.43w;

mi —my;

E mowg X 0.43

x 100| x 100% (1)

where w1 is the ferrous content in the roasted pellet,
m is the initial mass of the pellet after the removal
of moisture, m; is the mass of the pellet after time ¢,
ws is the total iron content before reduction, mg is
the initial mass of the pellet, 0.11 is a necessary
conversion factor for the amount of oxygen required
to oxidize FeO to Fey;Os, and 0.43 is a conversion
factor for the amount of oxygen required to oxidize
the total amount of Fe to FeyOs.

The metallization degree was calculated as
follows:

Metallization degree = My, /Tre x 100%  (2)

where My, is the mass fraction of metallic iron and
T, is the mass fraction of total iron after reduction.
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Fig. 3. Effect of MgO on the porosity of roasted HVTMP.

The reduction swelling index is an important
indicator of pellet swelling behavior throughout
reduction, which can be calculated as follows:

Swelling index = (V, — Vy)/Vy x 100% (3)

where V, is the volume of the reduced pellet and V),
is the volume of the roasted pellet.

Characterization

A mercury injection apparatus (Micromeritics
Instrument Corp., AutoPore-9500, USA) was used
to measure the porosity of HVTMP. The porosity
was measured using the following procedure: the
selection of the penetrometer, low-pressure opera-
tion, high-pressure operation, and obtaining the
output data. The chemical composition was ana-
lyzed by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The Fe?* content was
measured by chemical titration. X-ray diffraction
(XRD, PANalytical, The Netherlands) was used to
characterize the phase composition of samples. The
morphology was observed by scanning electron
microscopy (SEM, Zeiss, Germany) combined with
energy-dispersive spectroscopy (EDS). The reduc-
tion swelling and compressive strength were mea-
sured according to the standards of ISO 4689:2007
and ISO 4700, respectively. The hardness of the
reduced HVTMP was analyzed on a digital micro-
hardness tester (HVS-1000).

RESULTS AND DISCUSSION
Characterization of Roasted HVTMP

The porosity and microstructure of roasted
HVTMP with different MgO additions are shown
in Figs. 3 and 4, respectively. The porosity of
roasted HVTMP was found to increase gradually
with MgO addition. When roasted without MgO, the
porosity was 19.78% and reached 21.05% upon MgO
addition of 2%. The grains were in close contact and
were uniformly distributed when MgO addition was
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0%, with no observable pores, suggesting a homo-
geneous microstructure. After 4% MgO addition, the
grains became loose and disordered with some
separated grains and residual pores. Because of
this, MgO negatively affected the induration of
roasted HVTMP.

Reduction Degree

Figure 5 shows the reduction degree-time curves
of HVTMP with different MgO additions. The
curves suggest that HVTMP reduction was strongly
affected by the addition of MgO. At the original
reduction stage, MgO addition increased the reduc-

tion degree, which further increased upon continu-
ally increasing the MgO addition. This was
attributed to the increased porosity of HVTMP with
MgO addition, which allowed reducing gases to pass
easily through the pellets. However, at a certain
point in the reduction process, the final reduction
degree decreased with further increase in MgO
addition.

MgO addition also decreased the metallization
degree of reduced HVTMP, as shown in Fig. 6. As
the MgO addition increased from 0 to 2%, the
metallization degree of the reduced HVTMP
decreased from 91.05% to 73.26%. When the MgO
addition further increased from 2% to 4%, the
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Fig. 5. Effect of MgO on the reduction degree of reduced HVTMP.
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Fig. 6. Metallization degree of reduced HVTMP with different MgO
additions.
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Fig. 7. Effect of MgO on the phase transformation of reduced HVTMP.
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metallization degree decreased from 73.26% to
67.52%.

Phase Composition

The XRD patterns show the effects of MgO on the
phase transformation of HVTMP during the reduc-
tion process (Fig. 7). The diffraction peaks of differ-
ent phases changed gradually as the MgO addition
increased. The main phases of reduced HVTMP
without MgO addition included metallic iron and a
small amount of TiOy. When the MgO addition was
2%, the peak intensity of metallic iron was weak-
ened and TiOs became undetectable as diffraction
peaks of Fe,TiO4 and M% e;0,4 appeared.

The ionic radii of Fe** and Mg?* are similar,
allowing Mg?* to easily enter the magnetite lattice
to form MgFe,0, by displacing Fe?* ions. Mg?* and
Fe?* can also replace each other to form a completely
continuous (Fe, Mg)O solid solution. When MgO was
added, Mg** diffused into the magnetite lattice,
replaced Fe?*, and formed MgFe,0,4. At relatively
high MgO additions, the peak intensities of metallic
iron further decreased, while those of Fe,TiO4 and
MgFe,O4 became stronger. MgO may inhibit the
further reduction of FesTiO4 and therefore weaken
the peak intensity of metallic iron, which was evi-
denced by the observed metallization degree.

Microstructure Evolution

MgO addition appears to markedly change the
reduction process of HVTMP. SEM-EDS observa-
tions of this process are shown in Supplementary
Fig. S1 (refer to online supplementary material).
When reduced without MgO addition, the
microstructure showed three distinct regions,
including bright, light gray, and gray phases. The
bright phase, which was identified as metallic iron,
was distributed evenly and aggregated to form a
large and continuous area. Gangue phases sur-
rounded the dense metallic iron grains with clearly
observable boundaries. When MgO addition was

2%, some metallic iron grains were broken from
large pieces into small grains. The connection
between metallic iron grains weakened, and several
pores formed. The EDS of point 2 showed that
magnesium titanium compounds containing unre-
duced iron oxide also formed and remained in the
gangue phase. The XRD analysis confirmed that
this phase was MgFe;04 connected with Fe,TiO,.
The further reduction of Fe;TiO4 and the diffusion
and growth of metallic iron grains were prohibited,
resulting in a decrease in metallization degree
(though MgO did enhance the reduction degree
initially).

With the increase of MgO addition, more large
pores formed as the metallic iron grains further
decreased in size. Only a few of them aggregated or
connected with each other. The scattering of metal-
lic iron grains became more obvious, and more Mg-
rich phases were embedded into the Ti—rich phases,
restricting the further reduction of Ti—rich phases.
The map scanning analysis of the reduced HVTMP
with 4% MgO addition is shown in Supplementary
Fig. S2, where magnesium is randomly distributed
with metallic iron. Thus, MgFe,O4 was not reduced
during the reduction process.

Reduction Swelling and Compressive
Strength

Reduction swelling and compressive strength are
important performance indicators for reduced pel-
lets. A low reduction swelling and high compressive
strength are conducive to favorable gas permeabil-
ity in a gas-based shaft furnace. The relationship
between the reduction swelling index and compres-
sive strength of reduced HVTMP with different
MgO additions is shown in Supplementary Fig. S3.
An increase in MgO addition appears to signifi-
cantly decrease the reduction swelling. Without
MgO addition, the reduction swelling of reduced
HVTMP was 12.95% and reached a minimum of
6.92% with MgO addition of 6%. The compressive
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strength of reduced HVTMP increased with the
MgO addition, which was contrary to the change in
reduction swelling. The reduction swelling and
compressive strength showed an obvious linear
correlation in Supplementary Fig. S4, as calculated
by the following linear regression equation:

C = —27.32S + 810.04 (4)

where C is the compressive strength and S is the
reduction swelling index of the reduced HVTMP.

To analyze the mechanism whereby MgO influ-
enced the compressive strength and reduction
swelling, the hardness of the reduced HVTMP
was measured on a digital micro-hardness tester.
As shown in Supplementary Fig. S5, the hardness
of the samples increased gradually with increase in
MgO addition. The hardness was 386.5 kg/mm? in
the absence of MgO and increased to 441.9 kg/mm?
as MgO addition increased to 2%. Hardness reflects
the extent of defects. Structural defects such as
cracks readily form during the reduction of
HVTMP, which decrease their hardness. MgO
addition in this experiment caused hardness to
increase, thus increasing the compressive strength
and decreasing the reduction swelling of reduced
HVTMP.

CONCLUSION

In this study, the gas-based direct reduction of
HVTMP with different MgO additions was investi-
gated under a simulated shaft furnace atmosphere.
Our conclusions can be summarized as follows.

1. The reduction degree initially increased with
MgO addition, which was mainly attributed to
an increase in the porosity of HVITMP. However,
the final reduction degree decreased because of
the formation of MgFe;0,4, which was difficult to
reduce, and eventually inhibited the reduction
process.

2. With the increase of MgO addition, more
MgFe,O4 was formed and embedded into Fes.
TiO,4, which prevented the further reduction of
Feo,TiO4. The number and size of metallic iron
grains gradually decreased, and only some
eventually aggregated and connected with each
other, thereby decreasing the metallization
degree.

3. The MgO addition significantly affected the
reduction swelling and compressive strength of
reduced HVTMP. With the increase of MgO, the
hardness of reduced HVTMP increased, result-
ing in the increase of compressive strength and
decrease of reduction swelling of reduced
HVTMP.
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