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Non-isothermal reduction kinetics of titanomagnetite by hydrogen
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Abstract: Reduction of titanomagnetite (TTM) powders by Ha-Ar gas mixtures was investigated under a non-isothermal
condition by using a thermogravimetric analysis system. It was found that non-isothermal reduction of TTM proceeded
via a dual-reaction mechanism. The first reaction was reduction of TTM to wiistite and ilmenite, whereas the second one
was reduction of wiistite and ilmenite to iron and titanium dioxide. By using a new model for the dual reactions, which was
in an analytical form and incorporated different variables, such as time, temperature, particle size, and hydrogen partial
pressure, rate-controlling steps for the dual reactions were obtained with the apparent activation energies calculated to be

90-98 and 115-132 kJ/mol for the first and second reactions, respectively.
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1. Introduction

As mentioned in the previous work [1], the direct re-
duction process, especially gas-based reduction, is being
actively pursued because coke and high-grade mineral re-
sources are getting exhausted. Furthermore, coking and
sintering involved in the traditional blast furnace ironmak-
ing process can lead to high cost and serious environmen-
tal problems. As a high-temperature metallurgical process
based on carbon, a great amount of CO2 and many kinds
of pollutants such as oxysulfide, oxynitride, and dusts are
generated [2].

Titanium-containing iron ores from New Zealand,
which are mainly composed of titanomagnetite (TTM),
have been becoming an alternative source of iron for their
large deposit and lower price than conventional hematite
iron ores [3]. However, because of the strong influence of
titanium on the reduction mechanism and rate of iron ox-
ides in TTM ores, complete reduction of TTM by carbon
monoxide or carbon requires long time and high tempera-
ture as well as high reducing potential [4-5]. Hydrogen, as
a clean energy, can be used as a reducing gas in production
of iron [6] and other metals, such as copper [7] and tung-
sten [8]. Therefore, reducing TTM by hydrogen seems to
be a promising method to obtain direct reduction iron at
low temperature.
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In literatures, many excellent researches on hydrogen
reduction of titanium-containing iron ores (ilmenite) have
been published [9-12]. However, researches on TTM re-
duction by hydrogen are very limited, except some works
that are focused on isothermal reduction [1,13]. Because
during the practical production process, iron ore reduc-
tion is not always under a constant temperature condi-
tion from the beginning to the end but under a variable
temperature condition, it is necessary to study the kinetics
of non-isothermal reduction of TTM by hydrogen.

2. Material and experimental procedure

2.1. Material

The chemical compositions of TTM ores from New
Zealand are presented in Table 1. X-ray diffraction (XRD)
analysis (Fig. 1) indicates that TTM ores are mainly com-
posed of a solid solution Fes_;TizO4(x &~ 0.27) of mag-
netite (FesO4) and iilvospinel (Fe2TiO4). The ore particle
size was screened to be in the range of 150-160 um. The
specific surface area was determined as 0.8 m2/g by us-
ing the BET method on an Autosorb-1C Quanta chrome
analyzer.

2.2. Experimental procedure

The weight change of TTM powders during reduction
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Table 1. Chemical compositions of TTM powder wt%
Total Fe CaO MgO Al,O3 SiOo TiOo
56.9 0.17 3.23 2.99 3.78 9.01
) a=TTM (Titanomagnetite)
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Fig. 1. XRD pattern of TTM.

was monitored using a thermal analysis system (HCT-2,
Beijing Hengjiu Instrument Ltd., Beijing, China). Ther-
mogravimetric microbalance was sensitive within £0.1 pg.
Experimental setup and the schematic of the reactor are
presented elsewhere [1]. In each experimental run, the
powders of about 100 mg were weighted and put into an
alumina crucible. When the crucible with a sample was
placed in the furnace, argon was introduced into the system
to drive air out. The furnace was first heated from room
temperature to 973 K at a heating rate of 20 K/min in ar-
gon atmosphere, and then the rate of heating was changed
to 8, 10, 12, or 14 K/min, respectively, and at the same
time, argon was switched to hydrogen or hydrogen-argon
gas mixtures to start the reaction. After a predetermined
time, the reducing gas was changed to argon again, and the
sample was cooled to room temperature for XRD analysis.
Hydrogen and argon used in the experiments were in
high purity (< 5 x 107% Oz). The flow rates of gases
were controlled by gas flow controllers (Alicant, Model
MC-500SCCM-D). In all of the experimental runs, a con-
stant flow rate of 50 mL/min was remained during the
reduction. This level was found to be sufficient for dimin-
ishing the resistance of diffusion in the gas-boundary layer
around the sample. XRD (Model, TTRIII, Japan) mea-
surements were carried out for samples. The morphologies
of the samples were observed by using a scanning electron
microscope (SEM, Model S250MK3, Cambridge, UK).

3. Results and discussion

At temperatures above 843 K, the existence of wiistite
as an intermediate phase in the reduction course of mag-
netite has been proven by Jozwiak et al.[14]. Also, it has
been found that TTM reduction was started from mag-
netite in the magnetite-iilvospinel solid solution, which was
reduced to wiistite [1,4]. Therefore, the main reduction
path will be approximately expressed as follows:

TTM —wistite— iron (1)

The extent of reduction was calculated as a mass frac-
tion of oxygen removed during reduction to that in iron
oxides. The extent of reduction was calculated by

Wy
R = w (2)
where wy is the mass loss of the sample after time ¢ and
w is the theoretical total mass loss of the sample. If TTM
was reduced completely, w is calculated to be 0.2053wo
(according to the mass of oxygen combined with iron), in
which wo is the initial mass of TTM powders.

3.1. Influence of heating rate

The experiments of non-isothermal reduction at dif-
ferent heating rates were carried out in order to interpret
the reaction mechanism and to optimize the kinetic pa-
rameters by the following kinetic analysis. Fig. 2 shows the
variations of reduction extent with temperature at four
different heating rates, namely, 8, 10, 12, and 14 K/min
(from 973 to 1300 K). It is indicated in Fig. 2(a) that the
rate of reduction reaction became fast at around 1000 K,
although the reaction temperature was slightly different at
different heating rates, and in the experimental range, all
of the non-isothermal reduction experiments were finished
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Fig. 2. Non-isothermal reduction curves: (a) reduc-

tion extent versus temperature; (b) reduction rate ver-

sus temperature.
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when the temperature rose to 1290 K. From Fig. 2(b), it
can be obtained that a high heating rate could lead to
a high reaction rate and the maximum rate appeared at
1191, 1204, 1213, and 1227 K for the heating rates of 8,
10, 12, and 14 K /min, respectively. The small reaction rate
at low temperature was due to the relatively small reduc-
tion rate constant but at high temperature was because of
the depletion of oxygen combined with iron and the large
diffusion resistance of hydrogen in the product layer. The
highest reduction rate occurred at a temperature at which
both the reduction rate constant and the iron oxide con-
centrations were at high levels as well as the resistance of
diffusion was at a small level.

3.2. Influence of hydrogen partial pressure

The influence of hydrogen partial pressure on the non-
isothermal reduction of TTM was studied by reduction of
TTM powders in Ha-Ar gas mixtures. The ratio of Pu2 to
Pi2 + Par varied in the range of 0.5-1 (P was the partial
pressure). The reduction curves are presented in Fig. 3,
which shows clearly that the increase of hydrogen partial
pressure caused an increase of reduction extent, which was
because that the increase of hydrogen partial pressure re-
sulted in the increase of reaction rate. In the temperature
range of 1100-1250 K, there was a sharp increase of reduc-
tion rate as the hydrogen partial pressure increasing. Also,
it was found that the increase of hydrogen content from
50vol% to 70vol% and from 70vol% to 90vol% caused visi-
ble increases of reduction rate. However, a further increase
from 90vol% to 100vol% had a relatively slight effect. The
reason causing the above phenomena should be that the
reaction rate was not linearly related to hydrogen partial

pressure.
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Fig. 3.

different reducing atmospheres.

Non-isothermal reduction of TTM powders in

3.3. Phase evolution during non-isothermal re-
duction of TTM

Phase evolution during the non-isothermal reduction
of TTM at a heating rate of 10 K/min is shown in Fig. 4.

Phases in samples based on Fig.4 are presented in Table
2. Tt can be seen that the intermediate phases (wiistite
and ilmenite) and the final products (iron and titanium
dioxide) were detected in the course of reduction. When
the temperature achieved 1290 K, the peaks of metallic
iron became dominant in XRD patterns, and some traces
of titanium dioxide peaks also appeared.
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Fig. 4. Phase evolution during the non-isothermal re-

duction of TTM by hydrogen.

Table 2.
hydrogen (based on XRD analyses; Fig. 4)

Phases identified by XRD

Phase evolution during TTM reduction by

Temperature / K

1023 TTM, Fe, FeO
1073 TTM, Fe, FeTiOs3
1123 TTM, Fe, FeO, FeTiO3
1173 TTM, Fe, FeO, FeTiO3
1290 Fe, TiO,

According to above analyses, it can be concluded that
magnetite in the TTM was first reduced to wiistite and
thereafter to iron, whereas tilvospinel was first reduced to
iron and ilmenite and then to iron and TiO2. Further-
more, the two reactions (reduction of TTM to wiistite and
ilmenite as well as reduction of wiistite and ilmenite to iron
and titanium dioxide) proceeded simultaneously from the
beginning to the end, which was similar to TTM reduction
under the isothermal condition [1]. Therefore, the reduc-
tion path of TTM under the experimental condition can
be expressed as follows.

The first reaction:

Fes—¢TizO04 + (1 — z)Ha = (3 — 22)FeO + zFeTiO3 +
The second reaction:

(3 —2z)FeO + 2FeTiO3 + (3 —z)Hz = (3 —x)Fe+ 2TiO2 +

(3 — 2)H20 (4)

3.4. SEM analysis

Figs. 5(a) and 5(b) present the SEM images of the raw
sample and the sample reduced completely under the non-
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isothermal condition, respectively. It can be obtained that
the raw TTM powders were nonporous. Therefore, hydro-
gen gas should first diffuse to the surface of TTM powders
and react from the outer surface to the inner part. How-

ever, the product layer was porous and many pores were
formed. This volume decrease was due to oxygen removing
during the reduction process, which was beneficial for Hs

and the product water vapor diffusion.

Fig. 5.

3.5. Reaction kinetics

3.5.1 Theory

According to the results of XRD analyses, it can be
concluded that the dual reactions shown in Egs. (3) and
(4) occurred simultaneously. Thus, the reduction mecha-
nism can be described as the one that the reduction pro-
ceeds first between T'TM and Hs> at the outer surface of the
powders with the forming of wiistite and ilmenite. Once
wiistite and ilmenite are formed, the second reaction will
proceed immediately. Therefore, it can be assumed that
TTM reduction proceeds topo-chemically and two reaction
fronts exist corresponding to reactions (3) and (4) as shown
in Fig. 6.

As clearly shown in Fig.5(b), many pores formed in
the outer product layer, which would be beneficial for hy-
drogen and water vapor diffusion. Thus, it may be reason-
able to assume that the second reaction is not controlled by
the diffusion of gaseous species through the product layer
but most likely controlled by the chemical reaction at the
interface II (Fig. 6). However, for the first reaction, due to
the forming and growing of two product layers, the diffu-
sion of gaseous species through the wiistite and ilmenite
layer will become relatively slow. Therefore, the diffusion
of gaseous species in the product layer may become the
rate-controlling step in the reduction of TTM to wiistite
and ilmenite.

Based on above analyses, the dual-reaction kinetic
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Fig. 6.
drogen.

Interface progressions for TTM reduced by hy-

model [15-16] can be used to describe the reduction be-
havior of TTM. The formula for describing the reduction
extent & with temperature 7', hydrogen partial pressure
Pu,, and other variables has been deduced as follows [15]:

3

n
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where indices “1” and “2” refer to the first and second re-
actions, respectively; a; and azare coefficients depending
on the oxygen loss of each single reaction; Ky and K, EI’B are
temperature-independent constants; Py, is the hydrogen
partial pressure; R and T are the gas constant and abso-
lute temperature in Kelvin, respectively; Tp is the initial
temperature for reduction reaction; DY is the diffusion co-
efficient of hydrogen in the product layer; Pf{;l is the equi-
librium hydrogen partial pressure at the reaction interface
and should be related to T'; Rois the particle radius; Vin1
and V.o are coefficients that depend on substances and
reactions; AF.pp1 and AFE,pp2 are the apparent activa-
tion energies of the dual reactions. If the value of Pﬁzl is
very small or the temperature coefficient of Pfgl can be ne-

2K3 DR (s /75
RO 2le

as the hydrogen partial pressure and the particle radius are

fixed.

It should be noted that hydrogen diffusion is assumed

glected, then will be constant

to be the controlling step of the first reaction (Eq.(3)).
However, water vapor diffusion in the product layer may
also be the controlling step. In this case, the hydrogen
diffusion resistance in the product layer can be neglected
and the chemical reaction at the interface can be approx-
imately considered to be in equilibrium. Therefore, water
vapor partial pressure at the reaction interface can be cal-
culated to be a linear function of hydrogen partial pressure
at the interface that is equal to hydrogen partial pressure
in the initially introduced gas. Thus, the kinetic formula
for the case that water vapor diffusion in the product layer
is the rate-controlling step should have a similar form to

RT

3.5.2 Application of the new model

Considering the small value of z (= 0.27) relative to 3
in TTM (Fes_,Ti;O4), which corresponds to the fractions
of FesO4 and FesTiO4 in Fesz_;TizO4, Fe3Os reduction
is dominated with respect to FeoTiO4. Therefore, for sim-
plicity, a1 and a2 will be approximately calculated accord-
ing to Fe3O4 reduction: magnetite — wiistite and wiistite
— iron. Thus, a; and a2 are calculated to be 0.25 and
0.75, respectively. According to thermodynamics calcula-
tion, Pp; is very small, so, in this study, Py, is neglected.

(a) Influences of temperature 7" and heating rate 7.

Eq. (8) was used to fit the non-isothermal reduction
curves of TTM. The fitting results are shown in Fig. 7,
from which it can be seen that Eq. (8) can well describe
experimental data, and the apparent activation energies
of the first and second reactions were calculated to be

eql
\/PH2 _\/PHC; exp (_AEappl) ) T —Th

n

Bri = 1 6)

KDY/ Viur) (V/Pa = (P32 / R
Bro = ! (7)

(Ko / V) Pats / Ro
where Br is a function of Py, and Ro, which will be con-
stant when the hydrogen partial pressure and the particle
size are fixed. Substituting Egs. (6) and (7) into Eq. (5),
Eq. (5) will become

3

exp | — AEapp1
P P RT ) T-T
! Bri n
exp | — ABapp2
i RT ) T-T ®)
2 Bro n

(b) Influence of hydrogen partial pressure.
Define

1
B = 0K DY Vi) B2 )
1
Bre= (K, [ Vo) Ro (10)

where Bp is a function of Rg. Bp will be constant as the
particle size is fixed. Combining Egs. (5), (9), and (10),
one obtains

3

3
- {1 _ P exp <— AEapp2> T TO} (11)
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92.14 and 129.49 kJ/mol, respectively. The model describ-
ing non-isothermal reduction behavior of TTM by hydro-
gen is given as follows:

o [ 92139.35635
P RT T-Tp

3

=1-025|1-
¢ 0-25 0.006798 n
exp (_ 129493.5793> 3
RT T-Tp
75 [1— : 12
0-75 0.000148 n (12)

(b) Influence of hydrogen partial pressure.

Based on Eq. (11), a cluster of theoretical curves has
been calculated as shown in Fig.8, from which it can be
seen that most of the experimental points coincide with
the theoretical predicted curves. Thus, the influence of
hydrogen partial pressure on TTM reduction by hydrogen
can be expressed as

3

P —
£ l-a 1_\/ v/ Pi, exp (_90279.58) T-Ty|

0.01264 RT 10

Table 3.
tion model
Ttem TTM—wistite
Bri1/Bp1 AE,pp1/(kJ-mol—1)
Isothermal reduction 3.71x103 98.04
Non-isothermal reduction 6.80%10—3 92.14
(pure hydrogen)
Non-isothermal reduction
(different hydrogen partial 12.64x10~3 90.28

pressure)

4. Conclusions

(1) Increasing the heating rate can increase the re-
duction rate of TTM by hydrogen, and the maximum re-
duction rate appears at around 1200 K during the non-
isothermal reduction process.

(2) The non-isothermal reduction of TTM by Hy pro-
ceeds via a dual-reaction mechanism. The first reaction
is reduction of TTM to wiistite and ilmenite and the sec-
ond one is reduction of wiistite and ilmenite to iron and
titanium dioxide.

(3) The present model can be applied to describe
the non-isothermal reduction kinetics of TTM, and the
predicted curves agree well with experimental results. Ac-
cording to this model, the rate-controlling steps for the
first and second steps as well as kinetic parameters are ob-
tained. The apparent activation energies are 90-98 and 115-
132 kJ/mol for the first and second reactions, respectively.
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