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ABSTRACT

Hongge vanadium titanomagnetite (HVTM) pellets were reduced by H;-CO gas mixture for
simulating the reduction processes of Midrex and HYL-III shaft furnaces. The influences of re-
duction temperature, ratio of ¢(H;) to ¢(CO), and pellet size on the reduction of HVTM pel-
lets were evaluated in detail and the reduction reaction kinetics was investigated. The results
show that both the reduction degree and reduction rate can be improved with increasing the re-
duction temperature and the H content as well as decreasing the pellet size. The rational reduc-
tion parameters are reduction temperature of 1050 °C, ratio of ¢(H;) to ¢(CO) of 2. 5, and pel-
let diameter in the range of 8—11 mm. Under these conditions (pellet diameter of 11 mm), final
reduction degree of 95.51% is achieved. The X-ray diffraction (XRD) pattern shows that the
main phases of final reduced pellets under these conditions (pellet diameter of 11 mm) are re-
duced iron and rutile. The peak intensity of reduced iron increases obviously with the increase
in the reduction temperature. Besides, relatively high reduction temperature promotes the
migration and coarsening of metallic iron particles and improves the distribution of vanadium
and chromium in the reduced iron, which is conducive to subsequent melting separation. At
the early stage, the reduction process is controlled by interfacial chemical reaction and the
apparent activation energy is 60. 78 kJ/mol. The reduction process is controlled by both interfa-
cial chemical reaction and internal diffusion at the final stage, and the apparent activation energy

is 30. 54 kJ/mol.

1. Introduction

The Hongge mining area in Panxi region of
southwest China is endowed with 3. 55 billion tons
of vanadium titanomagnetite resources with high
content of chrome!? | and it is also recognized as
the largest chromium-bearing deposit, which amounts
to 9 million tons, accounting for 68% of the chro-
mium reserve in China™®’. Since the chemical compo-
sition and phase structure of Hongge vanadium tit-
anomagnetite (HVTM) are much more complicated
than those of other vanadium titanomagnetites, it is
more difficult to achieve high-efficiency utiliza-
tion'® , and therefore, HVTM has not been put into
practical industrial production. With the continuous
consumption of high-grade iron ore resources, large-
scale development and utilization of HVTM is be-
coming highly significant™!.

At present, most vanadium titanomagnetite is smel-
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ted in blast furnaces at Panzhihua Iron and Steel
Corporation, China™’. In the blast furnace process,
concentrates are sintered or pelletized and smelted
to produce hot metal and slag, and the slag is more
difficult to be utilized efficiently in traditional sepa-
ration processes'®’-. The hot metal obtained from
blast furnaces is oxidized to produce vanadium slag,
where chromium also exists in the form of spinel. It
is more difficult to obtain vanadium and chromium
efficiently by sodium salt roasting-water leaching
process because of stable spinel structure, which al-
so causes serious environment degradation in soil
and water!®",

In order to utilize the HVTM efficiently, a new
process is proposed for comprehensive utilization of
HVTM. In this process, HVTM was firstly pelletized,
reduced in shaft furnace, and then melting separated
to produce metal phase and molten slag. The metal
phase was used as raw materials for steel making or
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casting and slag needed further treatment for recov-
ering titanium, vanadium, and chromium. The fo-
cus of the present study is on the simulation of the
direction reduction process of the HVTM pellets in
shaft furnace. The factors that affect the reduction
degree and rate, phase composition and morphology
change were investigated. Furthermore, the reaction
kinetics was discussed. The results can provide a
theoretical basis and technical support for the com-
prehensive utilization of HVTM, and increase the
recovery rates of vanadium, titanium, and chromium.

2. Experimental

2. 1. Experimental materials

In this experiment, the green pellets were pre-
pared and dried for 5 h at 105 °C in a drying cabinet.
The dried pellets were preheated at 900 °C, roasted
at 1200 °C for 15 min in a muffle furnace with an air
stream blown in, and then cooled to ambient tem-
perature. The chemical composition of pellets, whose
compressive strength was about 2893 N on average,
is shown in Table 1.

The mineralogical components of the product pellets
were investigated by X-ray diffraction (XRD) analysis
(Fig. 1). As shown in Fig. 1, the dominant iron phase
is Fe, O; and the majorities of titanium and chromium
mainly exist in the form of solid solution Fe, TiO; ,

Fig. 2.

2.2. Apparatus and procedure

Reduction experiments were conducted in a high-
temperature electric resistance furnace to simulate
the shaft furnace production process. The schematic
diagram of experimental apparatus is shown in Fig. 3. It
consists of the main body, a temperature control cabi-
net, a water drier, and an electronic balance with a
detection precision of 1 mg. The gas composition

Table 1
Chemical composition of HVTM pellets (mass% )

TFe FeO CaO SIOZ MgO AlZOS TIOZ VzO; Cr203

54.40 0.81 0.73 4.20 2.43 2.38 9.11 0.61 1.48
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Fig. 1.  XRD pattern of HVTM pellets.

(Fey.¢Cro.4 )20, , and Fey,;Cry.50;. Besides, chromi-
um is also combined with vanadium in a solid solu-
tion (Cro.15 V.35 )2 Q3. The scanning electron micros-
copy (SEM) and energy-dispersive spectrometry
(EDS) results are shown in Fig. 2. The gases (H,,
CO, CO,, and N,) used in the investigation are of
99. 99% purity.
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SEM image (a) and EDS analysis (b) of HVTM pellets.

(0% (H, +CO)+5% N, +5%CO,) was obtained
according to the rules of Midrex and HYL-III shaft
furnaces and controlled by mass flow controller.

In each experiment, when the shaft furnace was
heated to the preset temperature in a pure nitrogen
atmosphere, the crucible containing twenty oxidized
pellets was put into the furnace and connected to an
electronic balance for continuous measurement of
the mass loss as a function of time. After stabilization
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1—Gas containers; 2—Driers; 3—Mass flow controllers;
4—Gas inlet;  5—Electronic balance; ~ 6—Shaft furnace;

7, 10—Thermocouple; ~ 8—Crucible;  9—Gas outlet;
11—Temperature controller; 12—Computer.
Fig.3.  Schematic diagram of experimental apparatus.
of the temperature, reducing gas was introduced into
the furnace. When the experiments were finished,
the pellets were immediately taken out of the fur-
nace and cooled to room temperature under the pro-
tection of argon atmosphere.

After the experiments, the phases of the reduced
pellets were analyzed by XRD and the microstruc-
tures of the reduced pellets were observed by using a
scanning electron microscope equipped with an ener-
gy-dispersive spectroscope.

2. 3. De finition of reduction degree and reduc-
tion rate

In this study, the reduction degree (R) is the mass
percentage of oxygen that is reduced from Fe, O; and
is calculated by the following formula:

1 0. 11w, mi;—m, 0

R= |:O. 43w, myw, X0.43 X100:| X100% (1)
where, w,; is the ferrous content in the oxidized pel-
let; w, is the content of total iron before reduction;
m, is the initial mass of pellet; m, is the initial mass
of pellet after removal of moisture; m, is the mass
of pellet at time z; and 0. 11 and 0. 43 are conversion
coefficients.

The reduction rate (r) can be obtained by differ-
entiating the reduction degree with respect to reduc-
tion time in Eq. (2).

rzﬁzﬁzR“m R, (2)
dt  As At
where, AR is the difference of reduction degree in
each time interval; and At is the time interval.

3. Results and Discussion

3. 1. Effect of reduction tem perature

To show the effect of reduction temperature on

reduction degree of HVTM pellets clearly, a series
of reduction experiments were carried out at differ-
ent reduction temperatures from 900 to 1100 °C by
keeping the ratio of ¢(H;) to ¢ (CO) at 2. 5 and the
pellet diameter at 11 mm. The changes of reduction
degree with time at different temperatures are
shown in Fig. 4. It can be seen that the reduction de-
gree rises up quickly with increasing the reduction
temperature. From the kinetic view, increasing the
reduction temperature can improve the rate constant
of direct reduction by H, and CO. The results show
that the final reduction degree increases from 77.43%
to 88. 46 % when the reduction temperature increases
from 900 to 1000 °C. The reduction of pellets has
been further enhanced at 1050 °C, with the final re-
duction degree of 95.51%. When the reduction tem-
perature exceeds 1050 °C, further increasing the re-
duction temperature has slight influence on the re-
duction degree and the reduction reaction is almost
completed. It should be noted that compared with
ordinary iron ores, the HVTM pellets are more dif-
ficult to be reduced and the final reduction degree
could not reach 100 % because of the complex chemi-
cal composition and special mineral structure.
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Fig. 4. Reduction degrees of HVTM pellets at various
temperatures.

To highlight the influence of reduction tempera-
ture on reduction process, the relationship between
reduction rate and reduction degree was calculated,
as shown in Fig. 5. It is obvious that the reduction
temperature apparently promotes the reduction and
the reduction rate increases gradually with the in-
crease in reduction temperature. The curves of re-
duction rate versus reduction degree at different re-
duction temperatures present an analogous trend.
The reduction rate increases sharply when the reduc-
tion degree is within 10%, while it decreases consid-
erably in the reduction degree range of 10% —50%,
and then turns to steady when the reduction degree is
larger than 50%. Considering energy consumption and
demand of practical production, a reduction temperature
of 1050 C is sufficient for the reduction process.
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Fig. 5. Reduction rate versus reduction degree at various
temperatures.

3. 2. Effect of gas com position

Keeping the reduction temperature at 1050 C and
the pellet diameter at 11 mm, the variations of re-
duction degree versus the ratio of ¢ (H;) to ¢ (CO)
between 0. 4 and 2. 5 are shown in Fig. 6. It indicates
that gas atmosphere has a pronounced effect on the
reduction of pellets, When the ratio of ¢(H,) to ¢(CO)
is 0. 4, the final reduction degree is only 76. 53% af-
ter being reduced for 75 min; when the ratio reaches
1. 0, the final reduction degree has reached 87. 01 %.
Further increasing H, content consistently acceler-
ates the reduction process for the reason that in-
creasing the H, content enlarges the interfacial
chemical reaction, thereby increasing the reduction
degree. And the increase in the reduction degree at a
low ratio is more obvious than that at a high ratio.
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Fig. 6. Reduction degrees of HVTM pellets at various
ratios of ¢(H,) to ¢(CO).

Moreover, it can be seen from Fig. 7 that the in-
crease in the ratio of ¢ (H;) to ¢ (CO) causes a visi-
ble increase in the reduction rate. The reduction rate
increases with increasing the ratio of ¢ (H,) to ¢(CO)
in the whole range of the experiment, but it does
not increase evidently when the ratio is greater than
1.5. The curves of the reduction rate have almost

the same trend with the reduction degree. The re-
duction rate increases immediately at the initial stage
of the experiment when the reduction degree is less
than 10%; it then decreases rapidly at the reduction
degree in the range of 10% —50%, and finally, it
stabilizes at a certain rate as the reduction degree
further increases.
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Fig. 7. Reduction rate versus reduction degree at various

ratios of ¢(H,) to ¢(CO).

At the initial stage of the reduction process, the re-
duction rate increases rapidly because of a start effect
and the very fast reduction of hematite to magnetite.
As the reduction reaction proceeds, a thin layer of
ferrous oxides or metallic iron forms. As the reduc-
tion reaction further proceeds, a continuous surface
layer of metallic iron is produced and becomes thick,
impeding gas diffusion, and the reduction rate con-
sequently decreases. Therefore, in order to improve
the reduction degree of HVTM pellets, a reasonable
ratio of ¢(H,) to ¢(CO) is necessary.

3.3. Effect of pellet size

When the reduction temperature was kept at 1050 ‘C
and the ratio of ¢ (H,) to ¢ (CO) was fixed at 2. 5,
reduction tests were conducted to investigate the
effect of pellet size on the reduction degree. Fig. 8
depicts the variations of reduction degree versus
time with different pellet diameters. It is obvious
that smaller pellet diameter corresponds to a higher
reduction rate; after 30 min, the reduction degree of
the pellet of 8 and 11 mm in diameter is more than
90% , while it is less than 80% for the pellet of 17 mm
in diameter. The final reduction degree decreases
from 95.62% to 87.22% as well with increasing the
pellet diameter from 8 to 17 mm. Some investiga-
tions'"'?! indicate that with the increase in pellet
size, the thermal conductivity performance becomes
poor, which greatly leads to the decline in the reduc-
tion degree. In addition, the increase in pellet diame-
ter also reduces specific surface area, which has an
adverse effect on the diffusion of reducing gas inside
the pellets, resulting in the decrease in the reduction
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Fig. 8. Reduction degrees of HVTM pellets at various
diameters of pellet.

degree. Therefore, to achieve a better reduction de-
gree, the diameter range of 8—11 mm is recommen-
ded for practical industrial production of pellets.

3. 4. Phases of reduced pellets

To illustrate the effect of reduction temperature
on phase transformation, XRD was used to examine
the pellets after reaction at 900—1050 °C for 60 min
when the ratio of ¢(H;) to ¢ (CO) was 2.5 and the
pellet diameter was 11 mm. The results are shown
in Fig. 9. It indicates that with rising the reduction
temperatures, the peak intensity of reduced iron in-
creases obviously as iron oxides are reduced gradually.
The phases of the pellets reduced at 900 °C mainly con-
sist of reduced Fe, Fe, TiO,, Fe, VO, , and FeCr, O,.
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Fig. 9. XRD patterns of samples reduced at different
temperatures for 60 min.

When the reduction temperature is 950 ‘C, FeTiO,
peaks appear and Fe, TiO, peaks become weak, which
means that the content of FeTiO; rises and that of
Fe, Ti0O, falls. With increasing the reduction temper-
ature from 950 to 1000 °C, the peak intensity of Fe-

TiO; becomes strong, while the Fe, TiO, peaks dis-
appear, which suggests that Fe, TiO, is reduced
completely, with the formation of Fe and FeTiO;.
At 1050 °C, titanium oxide phase is observed. It
should be mentioned that other valuable elements
are not detected by XRD at 1050 °C. This is probably
because the concentrations of vanadium and chromi-
um, as well as some iron oxides, are below a detect-
able level of XRD technique, which will be discussed
later. These results show that high reduction tem-
perature is favorable for the reduction of HVTM
pellets. The results are consistent with the afore-
mentioned analysis.

3. 5. Morphologies of reduced pellets

After the reaction, four pellets reduced at 900 —
1050 °C for 60 min were randomly selected to be pol-
ished with the diamond paste, with the polished sur-
face exposing to the circular section across the center
of the sphere, and being sputter-coated with gold
and used for SEM and EDS analysis.

Fig. 10 shows the morphologies and EDS results
of the pellets reduced at 900 °C. Basically, there are
three morphological regions, i.e., white phase, gray
phase, and black phase. The EDS analysis indicates
that the white region is mainly composed of iron
phase, the dark region is the slag phase, and the
gray region comprises mainly of elements Fe, Ti,
and O. It is also observed that metallic iron is
formed at the presence of macro- and micropores due
to the oxygen removal, and integrated tightly with
unreduced phases owing to the low reduction tem-
perature. It can also be seen that the distribution re-
lationships between metallic iron and slag phases are
very complicated, and slag phases are embraced by
metallic iron particles.

Fig. 11 shows the SEM images and EDS results of
pellets reduced at 950—1050 °C. Metallic iron tends
to be massive and the growth of the metallic iron
particles results in the compact structure of pellet
with increasing the reduction temperature. Further-
more, the metallic iron particles are unstable and
tend to migrate. High temperature makes newly
generated metallic iron particles diffuse and aggre-
gate more freely, which is consistent with the re-
sults of the reduction degree and reduction rate. Be-
sides, the boundaries between metallic iron particles
and slag phases can be clearly seen. Thus, with the
compact metallic iron particles gradually formed and
connected to each other, the generation of slag pha-
ses and ulvite is hindered, making internal gas diffu-
sion more difficult and hindering the reduction.

This phenomenon can be explained by the minimi-
zation of the total surface energy thermodynamically.
At high reduction temperatures, accompanying the
quick growth, the coalescence of metallic iron crystal
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Fig. 10. SEM images (a, b) and EDS analysis (c, d) of pellets reduced at 900 °C for 60 min.
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Fig. 11. SEM images and EDS analysis of reduced pellets at different temperatures for 60 min,
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nucleus and the connections between the metallic iron
grains simultaneously happen, the higher rate of re-
duction is accommodated, and the generated metal-
lic iron is accumulated. When the metallic iron
grows up to some extent, the global shape is de-
stroyed. Therefore, iron is mainly in the strip shape
and some global iron could also be observed in the
reduced pellets. Besides, at 1050 °C, unreduced iron
oxides and ferrum-titanium oxides almost disappear
and the coalescence and densification of iron are evi-
dent. Different phases are clearly observed in the mi-
crostructure, in which considerable quantities of
metallic iron shown as white parts (point A) gather,

grow up and separate from slag phases (points B and
C), and valuable elements like Ti, V, and Cr are al-
so found. However, V and Cr phases are not present
in all slag phases.

The elemental mappings were conducted to further
clarify the distribution of V and Cr in the reduced prod-
uct as shown in Fig. 12. It shows that Fe and O are
relatively concentrated, and there is an obvious sep-
aration between iron and slag phases. Moreover, V
and Cr have a similar dispersive distribution in me-
tallic iron. The findings have important implications
for the separation of Fe and other valuable elements,
particularly for the melting separation method.

| NS

SEM image of pellets reduced at 1050 °C (a) and area mappings of Fe (b), Ti (c¢), V (d), Cr (e), and O (f).

Fig. 12.

3. 6. Reduction reaction kinetics

13191 the reduction process

According to literatures!
of pellets is a typical gas solid reaction that can be
described using an approximate unreacted core model.

The relationship between R and ¢ is given in Eq. (3)!%:%" ,

_ roeR 7000 L
= —Ck. TR(C —c LT AT R
7’5(00 B o »
m[l/z R/3—(1—R)™/2]  (3)

where, r, is the characteristic initial radius of HVTM
pellet, cm; p, is the density of oxygen of solid phase,
mol/cm?®; C, is the initial volume concentration of
reduction gas, mol/cm®; C, is the balance volume con-
centration of reacting gas, mol/cm®; &, is the mass
transfer coefficient of gas phase in the phase boundary
layer, cm/min; %k is the reaction rate constant, cm/
min; and D, is effective diffusion coefficient, cm?’/min.

The first term in the right hand of Eq. (3) refers
to the contribution of external diffusion, the second

term refers to the contribution of the internal diffu-
sion and the last term shows the contribution of the
interfacial chemical reaction. Owing to the critical gas
flow adopted, the resistance of external diffusion is
negligible and Eq. (3) can be simplified as follows:
o oo 1 N3 7’5(00 .
TRC, -yt R e ey
[1/2—R/3—(1—R)**/2] (4)
Given that the reduction of HVTM pellets is a
multi-step complex process, C, is difficult to be de-
termined exactly. o0, /k (Co, —C,) is defined to be
equal to 1/k,, where %, is the apparent reaction rate

t

constant. In the following analysis, & appears in the
form of first power; thus, there is no effect on rela-
tive calculation using &,.

When the reduction process is controlled by inter-
facial chemical reaction, based on the results shown
in Fig. 4 and applied into Eq. (4), the plots of [1—
(1—R)Y*] versus time at different temperatures are
shown in Fig. 13. It is found that there is excellent
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linear dependence between [1—(1—R)Y* ] and ¢ all
through the reduction process, indicating that the
reaction is controlled by the interfacial chemical re-
action. The apparent reaction rate constant is regar-
ded as the slope of the line. The higher the reduction
temperature, the higher the apparent reaction rate
constant.

0.7
m1173K
®1223K
A1273K
br 41323K

0.3

1 _(] _R.}l.’.!

0 10 20 30 40
Reduction time/min

Fig. 13.  Relationship between 1—(1—R)Y® and ¢ at
different temperatures.

If the reduction process is controlled by internal
diffusion, the relationship between [1/2—R/3—(1—
R)?*/2] and t could be calculated. The results can
be fitted as shown in Fig. 14. It is found that [1/2—
R/3—(1—R)%*/2] is linear with ¢ only at the final
stage of reduction, indicating that the reaction is con-
trolled by the internal diffusion. It can also be found
that the higher the temperature, the sooner the start
time of reaction is controlled by internal diffusion.
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Fig. 14.  Relationship between 1/2—R/3— (1—R)**/2 and

t at different temperatures.

Supposing that the reduction process is controlled
by both interfacial chemical reaction and internal dif-
fusion, and dividing both sides of Eq. (4) by [1—(1—
R)Y*], Eq. (4) can be simplified as:

t ___ T 500 )
1—(1—R)” k(C,—C,) 6D.(C,—C,)
[1+(1—R)¥ —2(1-R)"" | (5)

The relationship between t/[1—(1—R)¥*] and
[1+(1—R)*—2(1—R)**] is shown in Fig. 15. As
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Fig. 15.  Relationship between ¢/[1—(1—R)¥*] and [1-+
(1—R)'®*—2(1—R)?%?] at different temperatures.

can be seen in Fig. 15, an excellent linear depend-
ence between ¢/[1—(1—R)"* ] and [1+(1—R)"* —
2(1—R)**] is obtained at the final stage, which
further proves that the reduction process is con-
trolled by both interfacial chemical reaction and in-
ternal diffusion.

According to the Arrhenius equation,

E,

k., Aexp[ RTJ (6)
where, A is the frequency factor, s '; E, is the ap-
parent activation energy, kJ/mol; R is the ideal gas
constant, 8.314X107* kJ/(mol + K); and T is the
absolute temperature, K. Taking the logarithm of
both sides of Eq. (6), following equation can be ob-
tained:

E,
RT

By plotting Ink, against 1/T, the slope could be
used to calculate the apparent activation energy value.

According to the slope in Fig. 13 and Fig. 15, the
relationship between Ink, and 1/T is shown in
Fig. 16. Thus, the apparent activation energies are
60. 78 kJ/mol at the early stage and 30. 54 k] /mol at
the final stage, respectively.

Ink,=——5—~+InA (7)

-38 M _ £ (final stage)=30.54 ki/mol

o
4.0 F
a2} .
£
_44 E, (early stage)=
: 60.78 kJ/mol
-4.6
-4.8 1 1 1 1
0.000 75 0.000 78 0.000 81 0.00084  0.000 87
1.,
7K
Fig. 16.  Arrhenius plot of apparent rate constant for reduction

process of pellets.
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4. Conclusions

(1) The reduction degree and reduction rate of
HVTM pellets increase with the increase in the re-
duction temperature and the ratio of ¢ (H,) to ¢ (CO)
and the decrease in the pellet diameter.

(2) The rational reduction parameters are reduc-
tion temperature of 1050 °C, ratio of ¢ (H,) to ¢(CO)
of 2.5, and pellet diameter in the range of 8 —11 mm.
Under these conditions (pellet diameter of 11 mm),
final reduction degree of 95. 51% is achieved and the
main phases of reduced pellets are reduced iron and
rutile.

(3) With the increase in reduction temperature,
the peak intensity of metallic iron becomes strong
and the metallic iron particles agglomerate; the slag
phases are embraced by metallic iron particles and
vanadium and chromium dispersively distribute in
the reduced iron.

(4) The reduction reaction kinetics by the unre-
acted core model indicates that the reduction process
is controlled by interfacial chemical reaction at the
early stage and the apparent activation energy is
60. 78 kJ/mol. The reduction process is controlled
by both interfacial chemical reaction and internal dif-
fusion at the final stage and the apparent activation
energy is 30. 54 kJ/mol.
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