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Abstract

High-chromium vanadium-titanium magnetite (HCVTM) is a valuable resource containing metal elements such as iron,
vanadium, titanium, and chromium. To recycle these elements, direct reduction is an efficient way. The mechanism and
reaction kinetic parameters for the direct reduction of HCVTM were studied. Experimental results show that the reduction
degree increases obviously when the C/O ratio and temperature increase. Thermodynamic analysis showed a dramatic mass
loss in the direct reduction of HCVTM in the temperature range of 985-1160 °C. From 1200 to 1350 °C, the reduction
curves for the isothermal reduction of HCVTM followed the same trend, with a sharp increase in the initial reaction zone
and a slight increase in the reduction rate with increasing time, and finally, the isothermal reduction process of HCVTM
was divided into several limiting stages with varying degrees, with inconsistent limiting factors for the reaction rate at
different stages. The results also show that the activation energy decreases slightly at larger degrees of reduction. Also, the
apparent rate constant k(7) increased with increasing reduction temperature, with Ink(7) showing a good linear relationship
with temperature.

Keywords High-chromium vanadium—titanium magnetite - Direct reduction - Reduction rate - Kinetic - Thermodynamic
analysis

1 Introduction

Vanadium-titanium magnetite is a kind of iron ore that
contains titanium (Ti) and vanadium (V) mainly, combined
with a small amount of chromium (Cr), gallium (Ga),
scandium (Sc), cobalt (Co), nickel (Ni), platinum (Pt), and
other components [1, 2]. It is present as V, Ti, and Fe in a
symbiotic form. Thus, it is called vanadium titanomag-
netite [3]. It can be classified into two categories due to the
amount of Cr,O3 contained: the ordinary vanadium-tita-
nium magnetite and high-chromium vanadium-titanium
magnetite (HCVTM). The world’s vanadium and titanium
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magnetite resources are mainly distributed in Russia, South
Africa, China, the USA, Canada, Norway, Finland, Swe-
den, India, Australia, and New Zealand, and the world
reserves are nearly 48 billion tons [4]. In China, it is mainly
deposited in the Panxi area, Sichuan province. Hongge in
the Panzhihua—Xichang area has the highest reserves (up to
3.6 billion tons). In this area, vanadium titanomagnetite
belongs to HCVTM, and it has a high value of compre-
hensive utilization [5]. The main phase in HCVTM is
magnetite (Fe;0,4), ilmenite (FeTiO;), and chromite
(FeCr,04). V in HCVTM is mainly in the phase of FeV,0,.
HCVTM is a good valuable resource with high iron con-
tent. Iron (Fe), vanadium, titanium, and chromium are
recognized as important strategic resources all over the
world.

Over the years, metallurgical researchers have con-
ducted a lot of research on the comprehensive utilization of
vanadium—titanium magnetite concentrate [6—12]. Based
on the characteristics of these methods, the typical methods
can be divided into two categories: blast furnace method
and non-blast furnace methods [6]. By blast furnace
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method, metals are recovered by using the blast furnace
and converter furnace. It can realize the recovery of iron
and vanadium in vanadium—titanium magnetite concentrate
[7, 8]. However, most Ti enters the slag by this method,
which has an influence on the performance of building
materials to produce slag cement as raw material.

Non-blast furnace methods include the rotary kiln—
electric furnace method, reduction—grinding method, and
sodium-extracted vanadium-rotary kiln—electric furnace
method [13]. The rotary kiln—electric furnace method needs
to meet the high operational control requirements. The
reduction—grinding method required a high metallization
ratio and grain size of ores. By sodium-extracted vana-
dium-rotary kiln—electric furnace method, HCI, Cl,, SO,,
SOs, and other gases will corrode the equipment during the
sodium roasting process.

In recent years, coal-based direct reduction of vanadium
titanomagnetite has been studied broadly to achieve the
efficient separation and comprehensive utilization of Fe, V,
Ti, Cr, and other resources [7, 14-18]. The research
involves the effects of carbon distribution, reduction tem-
perature, reduction time, reduction atmosphere, raw mate-
rial particle size, and pellet size on the direct reduction
characteristics of vanadium-titanium magnetite concen-
trate. The process parameters of direct reduction of coal-
based pellets are optimized under laboratory conditions
[15, 19-23].

Rotary hearth furnace direct reduction technology was
proposed to reduce vanadium—titanium magnetite concen-
trate, and the orthogonal experiment method was employed
to study the effects of C/O ratio, roasting time, and roasting
temperature on metallization ratio and compressive
strength [24]. The results showed that the C/O ratio of 1.3,
the roasting temperature of 1330 °C, and the roasting time
of 25 min were the optimal experiment scheme. In an
experiment performed by Chen et al. [22], the process of
metalizing reduction and magnetic separation for vanadium
titanomagnetite was proposed. The recovery ratios of Fe,
V, and Ti were 91.19%, 61.82%, and 85.31%, respectively.
In the study of Zhao et al. [15], most of V, Cr, and Ti were
concentrated into slag by the process of coal-based
reduction—magnetic separation for HCVTM. The recovery
ratios of V, Cr, and Ti were only about 40%, 80%, and
20%, respectively.

Liu et al. [25] carried out high-temperature experiment
in a furnace at 1350 °C. In N, atmosphere, carbon-con-
taining pellets were reduced for different time, and the
composition and microstructure of carbon-containing pel-
lets were analyzed by thermogravimetry (TG), differential
scanning calorimetry (DSC), X-ray diffraction (XRD), and
scanning electron microscopy (SEM). The experimental
results show that the reduction process of vanadium—
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titanium concentrate is Fe,TiO, and Fe3Q,4, 3Fe;0,4-Fe,.
TiO4, FC304'F€2TiO4, FezTiO4, FCO, and Fe.

Liu et al. [26] also carried out a direct reduction
experiment of vanadium-titanium iron concentrate. The
reaction process was developed into two stages: the initial
stage of reduction and the final stage of reduction. The
reaction activation energy of the initial stage was
73.17 kJ/mol, and the reaction activation energy of the
final stage was 152.02 kJ/mol. The reaction speed at the
final stage of reduction was lower than that at the initial
stage.

Besides, in a study performed by Ding et al. [27],
vanadium-titanium magnetite concentrate was directly
reduced and smelting-separated isothermally with graphite
and CaCOj;. The influences of basicity and cooling tech-
nique on reduction and smelting separation were studied. In
the study of Sun et al. [28], the effective separation of slag
and metal phases could be obtained in which over 95% Fe
was transferred into metal phase and over 90% Ti was
remained in slag. The effects of molar ratio of C to Fe n(C)/
n(Fe) and temperature on the behavior of vanadium and
chromium during direct reduction and magnetic separation
were investigated in another study performed by Zhao et al.
[15]. These studies mainly focus on the optimization of
direct reduction and smelting separation operation param-
eters and investigate the effects of temperature and time on
the reduction rate and metal recovery of vanadium-tita-
nium magnetite.

In this paper, the mechanism and reaction Kinetic
parameters of the direct reduction of a high-chromium
vanadium-titanium magnetite from western China are
investigated. Due to the existence of chromium, the
reduction kinetics and mechanism of this mineral need to
be further analyzed, which is also the original intention of
this paper. In order to understand the reaction rate, the
effects of various factors on the reaction rate, the restrictive
step in the reaction process, and the reaction mechanism
are investigated. It is necessary to study the reaction
kinetics of HCVTM. Isothermal kinetics of direct reduction
of HCVTM is developed by the thermogravimetric method.
The research contains calculation of kinetic mechanism
function and kinetic parameters, coal-based direct reduc-
tion kinetic model, and mechanism of the reaction. It is
expected to select proper reduction conditions, control the
reduction reaction, and optimize the reduction process.

2 Experimental
2.1 Materials

To investigate the direct reduction characteristic of
HCVTM, the reduction experiments were carried out by
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Table 1 Chemical composition of HCVTM concentrate (wt.%)

TFe FeO T102 SlOz A1203 MgO CaO V205 Cl‘203 P S
50.16 26.47 12.44 4.60 2.58 3.68 0.48 0.57 1.28 < 0.01 0.15
Table 2 Composition of coal (wt.%)
Fixed carbon Volatile Moisture S Ash
FeO CaO MgO SIOZ A1203
78.62 6.80 2.74 0.67 0.04 0.56 0.37 0.15 5.97 4.08
Table 3 Distribution of particle size of ore and coal
Particle size/pm < 0.5000 < 1.000 < 2.000 < 5.000 < 10.00 < 20.00 < 45.00 < 75.00 < 100.0 < 200.0
Ratio in ore/% 26.54 27.76 37.40 67.86 87.17 96.81 100 100 100 100
Ratio in coal/% 11.19 11.83 16.91 36.96 54.01 66.38 78.02 89.13 95.89 100
14,500 3 merely 0.57% and 1.28%, respectively. Therefore, the
A A-Fe:Os content of iron in HCVTM was used to calculate the
®-FeTiO, amount of theoretical carbon content. The molar ratios of
11,500 | %*- FeCr:04 oxygen atoms in iron oxides and fixed carbon in coal
z powder were calculated. The calculation formula is as
2 follows:
9
>
£ 8500 M. Mre,0,
g Wre,0, = (WTFe — Wreo X ) X ——— (1)
g MFeO 2ME.
where W is the mass content of components in HCVTM,
5500 %; and M is the molar mass of components, g/mol. In this
paper, 100 g HCVTM was taken as an example for cal-
culation, and the mass of FeO and Fe,O5; is 26.47 and
2500 1 1 1 1 1 1 1

20 30 40 60 70 80

50
20/(°)
Fig. 1 XRD pattern of HCVTM concentrate. 20—Diffraction angle

using a reduction furnace. The sample in the experiment
was a mixture of coal and HCVTM. The main contents of
coal and HCVTM are shown in Tables 1 and 2, and the
particle sizes of the ore and the coal are listed in Table 3,
which are tested using a laser particle size analyzer
BT6300. The phases of raw materials were identified with
an X-ray diffractometer. Figure 1 presents the XRD pat-
terns of HCVTM concentrate before the reduction reaction.
It indicates that the main phases in HCVTM are magnetite
(Fe50,), ilmenite (FeTiO3), and chromite (FeCr,0,).

At experimental temperature, the reduction reaction of
Ti oxide could not occur. Contents of V,0s5 and Cr,05 are

42.25 g, respectively. The mole of oxygen n(O) is
1.1598 mol. Composition of the sample at different carbon
to oxygen ratios is shown in Table 4.

2.2 Experimental apparatus and methods

Before experiments, HCVTM and coal were dried for 24 h.
The HCVTM and coal were then placed in a ball mill tank
and ground for 10 h so that they were less than 74 pm in
size. In the mill tank, as a binder, vinol was mixed with
coal and HCVTM. By pressure forming equipment, a
carbon-bearing pellet was prepared with pressure of
35 MPa. The compressed sample is a 21 mm x 19
mm X 13 mm ellipsoid pellet, as shown in Fig. 2. The
prepared carbon-bearing pellet was put into the drying
oven under 110 °C for 6 h.
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Table 4 Composition of sample at different C/O ratios

C/O Coal/g HCVTM/g
0.7 12.39 100
0.8 14.16 100
0.9 15.93 100
1.0 17.70 100
1.1 19.47 100
1.2 21.24 100
1.3 23.01 100

19 mm

Fig. 2 Carbon-bearing pellet

Fig. 3 Three kinds of pellets

A high-temperature tubular furnace was used in this
experiment. The furnace was heated at a heating rate of
10 °C/min. When the temperature reached the setting
temperature (1200, 1250, 1300, and 1350 °C), N, was
input to provide an inert atmosphere. The mass flow rate of
N is 1 L/min. The temperature was kept for 10 min. Then,
the hanging basket was put into the furnace tube and sus-
pended by nickel chromium alloy wire at the bottom of the
electronic balance on the upper part of the furnace cover.
The mass of pellet was analyzed every 30 s. The temper-
ature was controlled by the precision of 0.5 °C, and the
measurement error of the balance was 0.0001 g. After
30 min, the sample was quickly taken out and put into a
nitrogen reactor for cooling. After the sample was com-
pletely cooled, the sample was taken out and ground to
74 pm, and then, its metallization ratio was calculated
based on chemical analysis.
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Fig. 5 TG-DSC curves of mixture of HCVTM and coal

2.3 Determination of reduction degree
of HC(VTM

By the thermogravimetry method, the reduction degree of
HCVTM is calculated at 1200, 1250, 1300, and 1350 °C,
respectively. In this experiment, all data are acquired in
isothermal reduction conditions. Based on the analysis of
the mass loss of samples, the reduction degree is calcu-
lated. The reduction degree R, is defined by the following
formula:

_ Amg

R, =
! Am%

(2)

where R, is the reduction degree at time ¢, s; Amf is the
mass loss of oxygen at time #, g; Am) is the total mass of
oxygen in HCVTM, g, Amd = 0.18557mq; and my is the
initial mass of HCVTM, g.

The mass loss of reduction oxygen and fixed carbon
from coal can be calculated by:
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Fig. 6 Reduction degree of HCVTM with different C/O ratios. a C/
0=06;bC/O=10;cC/O=14

Am; = Am — Aml;, — Amjy, (3)

where Am, is the mass loss of reduction oxygen and fixed
carbon at time ¢, g; Am’2 is the total mass loss of sample
mixture at time ¢, g; Am{, is the mass loss of volatiles and

Table 5 Differential and integral expressions of common reaction
mechanism functions

Code Reaction Differential f(o) Integral G(o)
model
1 A, -« —In(1 — &)
2 A 31 -ol(—a)f [l —a)f
3 Ain L1 —a)[~In(1 —a)] " Hn(] —a)?
4 R 2(1 — a) —(1—a)
5 R; 3(1 —a)f —(1—a)
2 171 112
6 Ds 3 -l - (1 - )] [1-(1-@?]
7 Ds -0 1-30—(1 -2

water at time #, g; and Amj; is the mass loss of heating
process of iron ore, g. To determine the mass loss per-
centage of the sample, three kinds of pellets were prepared
in the experiment. Pellet (1) is carbon-bearing HCVTM
pellet, pellet (2) is carbon-bearing Al,O5 pellet, and pellet
(3) is vanadium-titanium magnetite pellet. The coal mass
in three kinds of pellets is equal. A picture of three kinds of
pellets is shown in Fig. 3.

The curve of carbon gasification is shown in Fig. 4,
when the temperature is higher than 1100 °C and the
partial pressure of CO is close to 1. Thus, the direct
reduction by CO can be neglected when the temperature
is higher than 1100 °C. In the reduction process, reduc-
tion oxygen and fixed carbon are both output in the form
of CO. Thus, the reduction oxygen mass loss at time 7 is
as follows.

Reduction degree

0.0 & 1 1 1 1 1 1

0.0 05 1.0 15 2.0 25 3.0 35
t/tos

Fig. 7 Relationship between reduction degree and dimensionless
reduction time
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16 (Amt. — Amt, — Amt!, )

Ampy = — Am 4) R :28( b2 v M 5
© 28 : 0.18557mqg ®)
When Egs. (3) and (4) are substituted in Eq. (2), R, is

obtained as Eq. (5).
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Fig. 8 Relationship between activation energy and reduction degree. Fig. 9 Linear fitting of G(o) versus time of reaction model at initial
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Fig. 10 Linear fitting of G(«) versus time of reaction model at final stage. a C/O = 1.0; b C/O = 1.3

3 Results and discussion
3.1 Reduction characteristics of HCVTM

To figure out the mass loss of the reduction oxygen and
fixed carbon in samples, TG-DSC curves of the mixture of
HCVTM and coal were analyzed by NETZSCH STA
409C/CD. TG-DSC curves are shown in Fig. 5. There are
three mass loss temperature regions. In the region of
644-985 °C, the DSC curve has an endothermic peak. In
this region, the reduction reaction of Fe;0, takes place. In
the region of 985-1160 °C, the drastic mass loss appears.
In this region, reduction reactions of FeO-TiO, propor-
tionally take place. At 1160-1400 °C, DSC endothermic
peaks appear. Deoxidation of Cr,0O3, V,03, and TiO, takes
place.

The reduction degree of HCVTM is shown in Fig. 6,
when the C/O ratios are 0.7, 1.0, and 1.3 at 1200, 1250,
1300, and 1350 °C, respectively. The tendency of sample
reduction degree curves is the same. In the initial reaction
region (1-5 min), the reduction degree increased sharply.
With the increase in time, in the medium reaction region
(5—-10 min), the increase rate of reduction degree becomes
lower. In the final reaction region (10-30 min), curves
level off.

With the increase in C/O ratio and temperature, reduc-
tion degree increases obviously. When the temperature is
1350 °C, the reduction degree increases from 0.70 to 0.95.
With the increase in temperature, reduction rate and
reduction degree rise up to different degrees. When tem-
perature increases from 1200 to 1350 °C, reduction degree
increases by 0.15-0.30 with different C/O ratios.

Table 6 Mechanism functions and apparent rate constants at initial
stage (o < 0.25)

C/O Temperature/°C G(a) R? k(T)/min~"!
0.7 1200 [-In(1 — a)}% 0.9958 0.1129
1250 0.9990 0.1470
1300 0.9987 0.1774
1350 0.9985 0.2347
1.0 1200 [-In(1 — oc)]% 0.9986 0.1284
1250 0.9981 0.1475
1300 0.9975 0.1845
1350 0.9989 0.2629
1.3 1200 [~ In(1 — oc)]% 0.9936 0.1218
1250 0.9974 0.1618
1300 0.9992 0.2033
1350 0.9964 0.2690

Table 7 Mechanism functions and apparent rate constants at final
stage (o > 0.25)

C/O  Temperature/°C  G(«) R? k(T)/min™"

1.0 1200 [1 - a)%]z 0.9816  0.0021
1250 0.9545  0.0041
1300 0.9752  0.0047
1350 0.9809 0.0124

1.3 1200 [1 (- oc)%]z 0.9902  0.0030
1250 0.9783  0.0073
1300 0.9676  0.0118
1350 0.9659  0.0180
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3.2 Kinetic analysis

Under isothermal conditions, dynamic equation of homo-
geneous or heterogeneous chemical reactions is expressed
as follows:

do
r= = KT (%) (©)

where r is the reduction reaction rate, %/min; o is the
conversion ratio of reduction degree, oo = R/R;; R, is the
final reduction degree; k(7) is the apparent reaction con-
stant, which is a function of reaction temperature 7; and
f(o) is a function that describes the mechanism of reaction.

After integration, Eq. (6) can be changed into the fol-
lowing form:

o dO( t
G(a) = Jo 7o) Jok(T)dr = k(T)t (7)
where G(«) is the reduction reaction rate, %/min.

G(2) has a linear relation with ¢. The highest linear
correlation of G(o) and ¢ is the optimal mechanism function
of direct reduction. The slope of the regression line is k(7).
The pre-exponential factor and apparent activation energy
are obtained by using the logarithmic form of Arrhenius
equation as follows:

Ea

Ink(T) =InA — RT (8)
where R is the universal gas constant, 8.314 J/mol; A is the
pre-exponential factor, min~'; and E, is the activation
energy. In this paper, an equal conversion ratio method is
applied. The equal conversion ratio method is based on the
calculation of the linear correlation of activation energy
and reduction degree conversion ratio.

By the equal conversion ratio method, we can get rid of
k(T) by the combination of Egs. (7) and (8)

Glo) | B )

Int, = In
A RT

where 1, is the reaction time when the conversion ratio is o
and temperature is 7. Scholars have established many
different mechanism functions to describe chemical reac-
tions, which can be summarized as the Avrami-Erofeev
equation model, the diffusion model, the power function
model, the shrinking core model, and the chemical reaction
model. In this paper, 7 kinds of kinetic mechanism func-
tions that are commonly used to describe solid-phase
reaction are selected and shown in Table 5. In Table 5, the
integral form and differential form of the kinetic mecha-
nism function are all presented.

3.3 Kinetic research of HCVTM direct reduction

In order to determine the optimal kinetic mechanism
function, reduction degree and #/ty 5 (wWhere 7, 5 is the time
when the conversion ratio is 0.5) are plotted in Fig. 7,
based on the experimental data and mechanism functions
listed in Table 5. All the experimental data cannot com-
pletely accord with a single kinetic mechanism function.
Kinetic mechanism changes with the reduction degree,
which indicates that the reaction mechanism is complex in
the isothermal reduction process. When o is lower than
0.25, the experimental data curve is in accord with mech-
anism 2 (As, model). When the C/O ratio is 0.7 and o is
larger than 0.25, experimental data curve is in accord with
mechanism 1 (A; model), 5 (R3 model), and 6 (Dg model).
When the C/O ratio is 1.0 and 1.3, « is in the region of
0.25-0.60, experimental data curve is in accord with

Table 8 Correlation coefficients of three modes of C/O ratios (0.7, 1.0, and 1.3) at different stages

C/O Reduction stage Temperature/°C R?
A R; Ds

0.7 Final 1200 0.9668 0.9686 0.9884
1250 0.9701 0.9723 0.9890
1300 0.9817 0.9795 0.9978
1350 0.9819 0.9817 0.9977

1.0 Medium 1200 0.9845 0.9775 0.9975
1250 0.9971 0.9936 0.9983
1300 0.9951 0.9908 0.9991
1350 0.9995 0.9977 0.9937

1.3 Medium 1200 0.9825 0.9752 0.9965
1250 0.9982 0.9953 0.9956
1300 0.9979 0.9954 0.9963
1350 0.9978 0.9953 0.9934
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mechanisms 1, 5, and 6; when the C/O ratio is 1.0 and « is
larger than 0.60, the experimental data curve is in accord
with mechanism 6. This means that the reaction mecha-
nism in the isothermal reduction process of HCVTM is
changed with the change of C/O ratio and reduction degree.

When the C/O ratio is 0.7, the process of isothermal
reduction includes two stages: the initial stage of the
reduction (x < 0.25) and the final stage of reduction
(o > 0.25). The reaction rate is controlled by the rate of
nucleation when o < (0.25, and the optimal kinetic mech-
anism function is G(x) = [— In(1 — oc)]z/3 . The reaction
rate is controlled by carbon gasification reaction, phase
interface reaction, and three-dimensional diffusion when
o > 0.25.

When the C/O ratio is 1.0 and 1.3, the process of
isothermal reduction includes three stages: the initial stage
of reduction (o < 0.25), the medium stage of reduction
(0.25 <o <0.60), and the final stage of reduction
(o > 0.60). Reaction rate is controlled by the rate of
nucleation when o < 0.25, and the optimal kinetic mech-
anism function is G(o) = [— In(1 — o)]**. The reaction
rate is controlled by carbon gasification reaction, phase
interface reaction, and three-dimensional diffusion when
0.25 < o < 0.60. The reaction rate is controlled by the rate
of three-dimensional diffusion when o > 0.60, and the
optimal kinetic mechanism function is G(o) = [1 — (1 —
)32,

The relationship between activation energy and reduc-
tion degree is shown in Fig. 8. The activation energy of the
three different C/O ratios is almost unchanged when o is
less than 0.25, which is about 100 kJ mol~!. Reaction rate
is controlled by the growth rate of nucleation. When
o > 0.25, activation energy gradually increases up to about
200 kJ mol~'. This is owing to the gradual reduction of
iron oxides as the reaction is ongoing. In the initial stage,
the reduction reaction of HCVTM is Fe;0,4 and FeO. In the
final stage, the main process transforms to FeTiO; reduc-
tion, which is more difficult than the reduction of Fe;O,
and FeO.

The dynamic analysis of isothermal reduction process of
pellets was carried out by integral method. The linear
regression analysis and correlation coefficient of the
reduction mechanism function G(«) are shown in Figs. 9
and 10. It indicates that the determined mechanism func-
tion has a good linear relation. Linear correlation coeffi-
cient R? is all above 0.95 at different C/O ratios. Based on
the determined optimal mechanism function, we can obtain
the apparent rate constant under different temperatures and
different C/O ratios conditions, as shown in Tables 6 and 7.

The reduction degree was analyzed by linear regression
with the comparison of the medium stage with C/O ratio of
0.7 and the final stage with C/O ratios of 1.0 and 1.3.
Results are shown in Table 8. The correlation coefficients
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Fig. 11 Linear fitting of Ink(7) versus 1/T. a C/O = 0.7; b C/O = 1.0;
¢ C/O=1.3

of the lines were high and close to each other by fitting the

experimental data with three models. This illustrates that
the mechanism is complex and influenced by the three

@ Springer
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Table 9 Kinetic models and parameters of coal-based reduction process
C/O Stage Restrictive stage Kinetic equation E,/(kJ mol™") A/min™!
0.7 Initial Nucleation and growth 99.06 374.44
d 1
% 2 Aexp(——)(1 — a)[~In(1 — a)]*
Final - - - -
1.0 Initial Nucleation and growth 98.70 360.95
d
= d—"f =5 x Aexp()(1 = ) ~In(1 - o))’
Medium - - - -
Final Three-dimensional diffusion 201.8 1.899 x 10°
do 2 1711
—_—— = —_ — 3 — — 3
r=5 =3 x Aexp(ot) (1~ ) [1 (1 oc)]
1.3 Initial Nucleation and growth 108.37 356.34
da 3 —E 1
= oTO; =5 x Aexp( =) (1 = 2)[~In(1 — )]
Medium - - - _
Final Three-dimensional diffusion 223.14 1.185 x 10°
do 2 1!
= d—: =X Aexp(—)(1 — oc)»% [1 — (1= oc)‘]

models at the medium stage with C/O ratio of 0.7 and at the
final stage with C/O ratios of 1.0 and 1.3.

At the same C/O ratio, k(T) increases gradually with the
increase in reduction temperature. And Ink(7) presents a
good linear correlation with temperature. Linear fitting of
Ink(T) versus 1/T is shown in Fig. 11. And linear correla-
tion coefficient of Ink(7T) with 1/T is all above 0.92 at
different C/O ratios. At the same C/O ratio and tempera-
ture, k(7) at the initial stage is significantly higher than that
at the final stage. A and E, can be calculated, and the results
are shown in Table 9.

When the C/O ratio is 1.3, the E, values of nucleation
and growth model and three-dimensional diffusion model
are all higher than those with C/O ratios of 0.7 and 1.0.
This is because iron oxide is almost completely reduced at
the final reduction stage. With the increase in C/O ratio,
unreacted carbon increases and hinders mass transfer,
which weakens the driving force of the chemical reaction.

Generally speaking, isothermal reduction process of
HCVTM has different restrictive stages at different
reduction degree. Moreover, in the reduction process, the
activation energy is in the range of 99.06-223.14 kJ/mol
with different C/O ratios in the experimental conditions.

@ Springer

4 Conclusions

1.  With the increase in C/O and temperature, the reduc-
tion degree increases obviously. When temperature is
1350 °C, the reduction degree increases from 0.70 to
0.95. When the temperature increases from 1200 to
1350 °C, the reduction degree increases 0.15-0.30
with different C/O ratios.

2. Isothermal reduction process of HCVTM has different
restrictive stages at different reduction degrees. When
the C/O ratio is 0.7, the reduction process has two
stages: the initial stage (o < 0.25) and the medium
stage (a > 0.25). When the C/O ratio is 1.0 and 1.3, the
reduction process has three stages: the initial stage
(o < 0.25), the medium stage (0.25 < « < 0.60), and
the final stage (o > 0.6). In the initial stage, the
reaction rate is controlled by the growth rate of nuclei,
and the optimal kinetic mechanism function is
G(o) =[— In(1 — oc)]2/ 3. In the medium stage, the
reaction rate is affected by chemical reaction and
diffusion without optimal kinetic mechanism function.
In the final stage, the reaction rate is controlled by the
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three-dimensional diffusion, and the optimal kinetic
mechanism function is G(o) = [1 — (1 — oz)m]z.

3. With the increase in reduction degree, the activation
energy decreases slightly and increases gradually from
100 to about 200 kJ mol~' when « > 0.25. The
apparent rate constant increases gradually with the
increase in reduction temperature. Ink(7) presents a
good linear correlation with temperature, and the linear
correlation coefficients are all above 0.92 at different
C/O ratios.
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