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Abstract: Reduction kinetics of fine iron ore powder in different gas mixtures were investigated in high-temperature

fluidized bed at a scale of kilograms. Influcnce of processing paramcters, such as particle size, gas [low vclocity,

hcight of charge, temperaturc, compositions of gas mixturc, and percentage of incrt components, on reduction ki-

netics was experimentally determined under the condition of fluidization. The equations for calculating instantaneous

and average oxidation rates were deduced. It was found that an increasing H, O percentage in the gas mixture could

obviously decrcase the reduction rate because the equilibrium partial pressurc of H, decrcased with increasing content

of H; O in the gas mixturc and then the driving [orce of reduction reaction was reduced. When the H, content was

high, the apparent reaction rate was so rapid when the average size of iron ore fines was less than 1 mm that the re-

action temperature can be as low as 750 °C; when the average size of iron ore fines was more than 1 mm, a high re-

action temperaturc of 800 C was required. In addition, it was also found that the content of H; ) should be less than

10% for clficient reduction.
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Besides established blast furnace route, direct
reduction based on the technology of fluidized bed
has become one of the most competitive technology

121 Both poduction efficiency and en-

in ironmaking
ergy consumption depend on the reduction rate of
iron oxide in the gas-based direct reduction process.
Thus, the researches on improving reduction rate of
iron oxide have received world-wide attention™'*.
However, less attention has been paid to the gase-

ous reduction of fine iron ore powder'®®°!,

espe-
cially the influence of processing parameters, such
as iron ore particle size, gas flow velocity, height of
charge, temperature, atmosphere, and content of
inert gas, on the reduction kinetics under the condi-
tion of fluidization.

In this study, the reduction kinetics of iron ore

fines was investigated under a home-made high-tem-
perature fluidized bed at the scale of kilograms in the
gas mixtures of H,-N, and H,-H,O-N,, which is

expected as a basis for the large scale test.
1 Experimental

Hematite, an Australian iron ore, was used in
the study and its composition is shown in Table 1.
The particle size of iron ore powder was determined
after screening, H,, H,O and N, with high purity
were employed in the test.

The reduction reaction was conducted in a
home-made high-temperature fluidized bed, whose
schematic diagram is shown in Fig. 1. Temperature,
pressure and flow velocity of gas mixture during the
reduction varied in this study.

Table 1 Composition and particle size of hematite

TFe/% Si0. /% ALOs/%  CaO/% MgO/% P,Os/% S/ % FeO/ % Burning loss/ %  Particle size/mm
62. 81 3.01 2.18 0.01 0.07 0. 202 0.026 0. 39 1. 85 0—8
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Fig. 1 Schematic diagram of the home-made fluidized bed system E 9t
g
The procedure of the test is as follows. A certain é sl
amount of fine powder of iron ore is charged to the flu- 0 1 5 3 n 5

idized bed with feeder facility. Then, the fluidized bed
and gas pre-heater are heated to a target temperature.
After isothermal holding for several hours at the de-
signed temperature, pure N, flows through the fluidized
bed for 20—40 min so that the system is free from O,.
After that, switch the pure N, flow to the flow of the
reducing gas mixture and then maintain for 10—30 min.
Finally, switch back to the pure N, flow until the sys-
tem was cooled down to room temperature.

The phases of the product after the reduction reac-
tion were identified by X-ray diffraction (XRD, X'Pert
Pro, PANalytical, Co target, A =0.178897 nm, 20 in
the range of 20°—80°, and scanning rate of 5 (°)/min).
Prior to XRD analysis, the reduced iron fines were
ground and then mixed uniformly. Its metallization
ratio and reduction degree was calculated by Egs. (1)
and (2), respectively, as suggested in Ref. [147].

M=(0.56Ip +1.56I5c)/ (5. 1410, -

2. 611 vey00 +0. 94711+ 0. 5614, —+

1. 561 5epc) X100 % (1)

R= (7. 7111000 +3. 48T ves0, +Tre0)/

(7. T 00 +3. 915  goyo, +1. 4205 5+

0. 8415 +2.341:.c) X100% 2
where, M is the metallization ratio of iron ore fines;
R is the reduction degree of iron ore fines; and I is
the XRD intensity of corresponding single phase.

The utilization ratio of reducing gas, 7, was
calculated by Eq. (3) according to the quantity of the
ventilated reducing gas, Qr, and the reduction quan-
tity, QgrM¥.

7=Qr/QrX100% (3

2 Results and Discussion

2.1 Influence of particle size on reduction kinetics
Fig. 2 describes the influence of particle size on

Average particle size of hematite/mm

Fig. 2 Influence of particle size on reduction
degree and gas utilization ratio

reduction degree and gas utilization ratio after reduc-
tion for 10 min at 700 ‘C with the gas velocity (U,)
of 0.8 m+ s '. The reduction degree and gas utilization
ratio decrease from 69% and 13.4% to 33.3% and
6.49% respectively when the average size increases
from 0. 30 to 4. 24 mm. Under the same condition, the
smaller the average size of iron ore powder, the fas-
ter the reaction speed and the higher the utilization
ratio of gas. The dependence of reduction degree on
the average particle size is similar to that of gas utili-
zation ratio. This is because a smaller average size
leads to a larger specific area of iron ore particles,
thereby resulting in the decrease of the apparent ac-
tivation energy of chemical reaction and the increase
of the reduction rate and finally the increase of both

reduction degree and gas utilization ratio.

2.2 Influence of hydrogen content on reduction Kinetics

In the case of iron ore fines with the average size
of 4. 24 mm reduced at 750 C for 10 min, the influ-
ence of hydrogen content of the gas mixture on re-
duction degree and gas utilization ratio is given in
Fig. 3. The reduction degree increases almost linear-
ly with hydrogen content. For example, the reduc-
tion degree at 750 °C increases from 34.67% to
70. 87% when hydrogen content increases from 40%
to 100% , indicating that hydrogen content of the gas
mixture has a remarkable influence on the reduction
reaction.

The gas utilization ratio decreases with increasing

hydrogen content, as shown in Fig. 3(b). When the
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ydrogen content of gas mixtures leads to larger k&.
80 hyd t f t lead 1 k
0 @) The relationship between them can be derived as fol-
lows by the least-square method.
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Fig. 3 Influence of hydrogen content on
reduction and gas utilization ratio

' and the reduction re-

gas flow velocity is 0. 8 m * s~
action lasts for 10 min, the gas utilization ratio is
8.45% at the hydrogen content of 40% and just
6.91% at the hydrogen content of 100%. This is be-
cause higher H, content leads to smaller percentage
of H, consumed for reduction although the reduction
degree increases, and therefore, the gas utilization ratio
is smaller according to the definition of gas utiliza-
tion ratio.

2.3 Influence of hydrogen content on reaction rate con-
stant

The reduction reaction of iron oxide by hydro-

[13]

gen is a first-order reaction""™, and the reaction rate

is given by

dR de

i *E—ks 4)

Integrating the two sides of Eq. (4) leads to

Ine —lne, = —kt 5
Thus,

lne, —lne
- (6)
T

where, €, is the initial proportion of unreacted iron
oxide, % ; € is the proportion of unreacted iron ox-
ide, %; ¢ is the reduction time, s; and £ is the con-
stant of apparent reaction rate.

The influence of hydrogen content on £ can be
calculated by Eq. (6) when the average particle size
is 4. 24 mm (Fig. 4). It can be seen that the higher

reaction rate constant

2.4 Influence of hydrogen potential on reduction re-
action

When iron ore fines with the average size of
1. 73 mm are reduced in the gas flow with the gas
velocity of 0.8 m + s™* at 700 C for 10 min, the in-
fluence of hydrogen potential on gas utilization ratio
is shown in Fig. 5. It can be seen that the metalliza-

tion ratio, reduction degree and gas utilization ratio
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Fig. 5 Influence of reduction potential on iron ore

fines reduction and gas utilization ratio
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all increase with increasing hydrogen potential be-
cause increasing reduction potential, i. e. increasing
hydrogen content in the gas mixture, leads to a de-
and thus,
speed increases due to enhanced reducing capability

crease In water content, the reduction

of gas mixture.

It is also found that the metallization ratio, the
reduction degree and the gas utilization ratio are all
the largest when the hydrogen potential increases
from 75% to 80%.

The previous research showed that the reduc-
tion should be an interface-controlled chemical reac-

[14]

tion'""', The relationship between the metallization

ratio and hydrogen potential can be given as follows
according to the shrinking core model™™ ;
T E.(1+K) 8

M=1—|1— (44.643&x —cx)

Qo7 o K

(8

where, p, is the molar concentration of oxygen in the
iron ore fines, mol/m?*; r, the radius of the particle,
m; k_ is the intrinsic reaction rate constant, m/s;
K is the reduction reaction equilibrium constant; & is
the working hydrogen fraction of the gas mixtures;

P11z

PH0 +§0H2

and cg is the equilibrium concentration of reducing

3

x is the hydrogen potential fraction, x=

gas, mol/m”’.

The measurements and the calculated results on
metallization ratio using Eq. (8) are shown in Fig. 6
for various hydrogen potentials. It can be seen that
metallization ratio increases with increasing hydro-
gen potential but the slope tends to decrease slightly.
For example, when the water vapour content increa-
ses from 0 to 5% in the gas mixtures, the

4

o Experimental value
—— Theoretical value

105

Fig. 6 Comparison between experimental value and
theoretical value of influence of hydrogen
potential on iron ore fines reduction

metallization ratio decreases from 39.7% to 27. 3%,
and the reduction extent is about 31. 5% ; whilst the
water vapour content increases from 5% to 10%, the
metallization ratio decreases from 27.3% to 11.8%
and the reduction extent is about 56.8%. This can
be explained by equilibrium diagram of iron oxide re-
duction by H, and the shrinking-core kinetic model,
as discussed below.

Eq. (8) indicates that the metallization ratio of iron
ore fines depends on both the reaction rate constant and
the reduction potential. The parameters in Eq. (8) do
not change during reduction except x and M in the
case of constant particle size and temperature. It can
be seen from Fig. 7 that the hydrogen potential di-
minishes with decreasing hydrogen content. The de-
crease in metallization ratio of iron ore fines due to
the varying content of water vapour should be calcu-

(§0Hz)1*(§0112)2 A¢Hz()
lated by N = = -
ae Y (50112)*(%12)1: (¢112)17(¢112)E n
(g, )1 — (@u, ) Apw,
stead of N = Prz LR % Therefore,
(@m ) (o 1

the influence of hydrogen potential on iron ore fines
reduction is more than the contribution resulting
from increasing water vapour in the gas mixtures.
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Fig. 7 Equilibrium diagram of iron oxide reduction by H,
3 Conclusions

(1) The reducing kinetics of the iron ore fines
in the fluidization condition was studied. The quanti-
tative relationship between reduction kinetics of ore
fines and processing parameters was determined and
the formulas for calculating the instantaneous and
average oxidation rates were presented.

(2) H,0 in the reducing gas can obviously re-
duce the apparent reduction rate of ore fines due to
the reduced driving force for the reaction at the in-
creasing H, O content.
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(3) When the reducing gas is rich in hydrogen and
the average size of iron ore powder is less than 1 mm,
the apparent reaction rate constant is so large that
the temperature of reaction can be less than 750 °C;
whilst a high temperature of about 800 °C is required
for reduction reaction when the average size of iron
ore powder is more than 1 mm.

(4) The content of H,O in the gas mixture
should be no more than 10% for an efficient reduc-

tion reaction.
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