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Reduction Kinetics of Fine Iron Ore Powder in Mixtures of

H 2-N2 and H 2-H20-N2 of Fluidized Bed

j ia n- rni ng P A NG, P ei-min G U O , P ei ZHAO
(Center of E fficient Uti lizat ion of Resour ces by Low-t emperature Metallu rgy, China Iro n and

S teel Research Inst itute Group, Beijing 10008 1 , China)

Abstract : Reduct ion kinetics of fin e iron ore powd er in differen t gas m ixtures were invest igated in high- tem perature

fluidized bed at a scale of kilogram s. Influence of pro cessin g parameter s, such as parti cle s ize , gas flow veloci ty,

height of charge , temperature , com posi tions of gas mi xture , and percentage of inert com pone nts , on red uct ion ki

net ics was experimentally determined under the condit ion of fluid ization . T he equations for calculat ing instantaneo us

and average oxi dation rates were deduced . It was found t hat an inc reasing H z0 pe rcentage in t he gas mi xture could

obviously decrease the reduct ion ra te because the equilib rium par tial pr essure of H z decreased wit h incr easing conte nt

of H z0 in the gas mixt ur e and then th e driving force of redu ction reac tion wa s reduced. Wh en th e H z conte nt wa s

high, the appa re nt reaction ra te was so rapid when the average size of iro n ore fin es was less t han 1 mm t ha t t he re

act ion tem perature can be as low as 750 'C ; whe n the average size of iro n ore fines was m or e tha n 1 mrn , a high re

ac tion temperature of 800 'C wa s required. In addition , it was also foun d that th e content of H z0 should be less th an

10% for eff icient reduc tion.
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Besides es ta b lis he d bl ast fu rnace rou te, di rect

reduction based on the t echnol ogy of flu id ized bed

has become one of the m ost competitive t echnol og y

in ir on rna k ing'{r ", Bo th poduct ion eff icie ncy and en

ergy cons u m pt ion dep end on th e r edu c tion ra te of

iro n oxide in the gas-based direct reduction proc ess.

Thus, the researches on imp ro ving reduct ion rate of

iron oxid e have receive d wo rld- wide a t ten t ion[3-l1] .

H owever, less atten tion h as been paid to th e gase

o us reduct ion o f fin e iron ore powder[5.6.10], espe 

cia ll y the in fl uenc e of proc essing parameters, s uc h

as iron ore pa r ticl e size , gas flo w ve locity , heigh t of

charge , te m pe ratu re , at m osphe re , and con ten t of

iner t gas , on the reducti on kinetics under the co ndi 

t ion of flu idization.

In this st udy , the reduction kinetics of ir on ore

fin es was in ves tiga ted und er a home-mad e h igh- tem

perature flu id ized bed a t the sca le of kil ograms in the

gas m ixtures of H z- Nz and H z-HzO -Nz, which is

expe cte d as a basis for the la rge sca le test.

1 Experimental

H ema ti te, an Aus t rali an Iron ore, was used In

the s tu dy and its com pos iti on is shown in T able 1.
The part icl e size of iro n ore powder w as det ermin ed

after screening. H z, H z0 and N , with hi gh p urity

w ere em ploye d in the test.

The red uction reaction was conducted in a

home-mad e high- tempera t ure fl uid ized bed , w hose

schemati c diagram is sho w n in Fi g. 1. T emperature,

pressure and flow velocity of gas m ixture during the

reduct ion varied in this st udy.

Table 1 Composition and particle size of hematite

T Fe/ %

62.81

SiOz!% Al, 0 3/% CaO/ %

3. 01 2. 18 0.0 1

MgO/ % PZ0 5 / %

O. 07 O. 202

S/ %

0.0 26

FeO/ % Burn ing loss/ % Par t icle size/ mm

0. 39 1. 85 0- 8
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Fig. 2 Infl uence of particle size on red uctio n

degree and gas util ization ra tio

reducti on degree and gas util ization ratio af ter reduc 

t ion for 10 m in a t 700 °C w ith the gas velocit y (U.)

of O. 8 m • s - I . The reduction degree and gas ut ilizat ion

rat io decr ease fro m 69 % and 13. 4 % to 33. 3 % and

6. 49 % respect ivel y when the average size increases

from O. 30 to 4. 24 mm. Under the same condit ion , the

smaller the average size of iron are powd er , the fas

ter the reaction speed and the higher the ut ilization

ra tio of gas. The de pe ndence of re duction de gree on

the ave rage par ti cl e size is similar to that of gas ut ili 

za tion ra tio. T his is because a smalle r average size

lead s to a larger s pecific a rea of iro n a re parti cles ,

thereb y result ing in t he decrease o f the apparen t ac 

t ivation energy of chemica l react ion an d the in crease

of the reduct ion rate and fin all y the increase of both

red uction degree and gas ut ilizat ion ratio.

2. 2 Influence of hydrogen content on reduction kinetics
In the case of iron are fines with the average size

of 4. 24 mm reduced a t 750 °C for 10 min, the in fl u

ence of hyd rogen conten t of the gas m ixture on re

du cti on deg ree and gas ut ili za ti on rat io is g ive n in

F ig. 3. The re duct io n degree increases almost linear

ly wi th hydrogen con te nt. F or exa mple, the red uc

t ion degree a t 750°C incr eases from 34.67 % to

70. 87 % w hen h yd rogen content in creases from 40 %

to 100 % , in dic at ing that h yd rogen content of the gas

m ixture has a r emarkabl e in fl ue nce on the r ed uc tion

reaction .

The gas ut ilizat ion ratio decreases with increasing

h yd rogen co ntent , as shown in F ig . 3 ( b ) . When the
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T he procedure of th e test is as fo llo ws. A certain

amount of fine powder of iron are is charged to the flu 

idized bed with feeder facilit y. Then , the flu idized bed

and gas pre-hea ter are heat ed to a target temperature.

After isoth ermal holding for several hou rs at the de

sig ned temperature, pure Nz flows through the flu idized

bed for 20-40 mi n so that the system is free from O2 •

A fte r that, swi tch the pure Nz flow to the flow of the

reducing gas mi xtur e and then maintain for 10 - 30 min.

F inally, swi tc h back to th e pure Nz flow until the sys

tem was cooled down to roo m temperature.

The phases of the prod uct after the reduction reac 

tion were identified by X-ray diffraction (XRD , X' Pe rt

P ro , P ANalyt ical, Co target , i\ = 0. 178 897 nm , 2() in

the range of 20°-80°, and scanning rate of 5 C ) /min ) .

P rio r to XRD analysis , the red uced iron fin es were

ground and then m ix ed un iformly. Its m et all ization

ra tio and re d uction degree was calcu lated by Eqs. ( 1 )

and ( 2 ) , respectively , as suggested in Ref. [1 4].

M = (O. 56lr-e+1. 56 [ Fe3C ) / (5. 14[Fe203 +

2. 6II F'304+ 0. 947 [ 1', ,0 +0. 56 [ 1', +

1. 56lr-e3c)X 100 % (1)

R = ( 7. 71I Fe2 03 + 3. 48 t Fe3 0, + [ Fe,0 ) /

(7. 7l lr-e203 + 3. 915lr-e304 + 1. 420 5 lr-e, 0 +
0.84 [ Fe+2.34[ F,3C)X100 % (2 )

where , M is the m etalliza tion ratio of iron are fines;

R is t he red uct ion degree of iron a re fines; and l IS

the XRD intensity of corresponding single phase.

T he u ti liza t ion rat io of re d uc ing gas , r; , was

calculated b y E q. (3 ) according to the quantity of the

ve nt ilated reducing gas, Q T ' and the reduction quan

t ity , Q RCI5J •

r;= Q R/ Q T X 100% (3 )

2 Results and Discussion

I - N 2 cylinder ; 2-H2 cy linder ; 3- Mi xing vessel ;

{-Steam boi le r ; 5- G a s pre- heater; 6-Al umina balls ;

'i- F lu id ized bed; 8-Feeder system; 9- C yclo ne scrubber;

10-Bag- t ype d ust collector ; ll-T emper atur e se nsing loca t io n.

Fig. I Schematic diagram of the home-made fluidized bed system

2. 1 Influence of particle size on reduction kinetics
Fi g. 2 describ es the infl uence of particle size on
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h ydrogen co ntent of gas mixtures leads to la rger k.

T he relationship between t hem can be der ived as fo l

lows by t he least-squ are m ethod.

k =(2.194cj> -0.213) /1000 S - I (7)

whe re cj> is the h ydrogen content in h ydrogen- nit ro

gen mixture, %.
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Fig. 5 Influence of reducti on pot ential on ir on ore

fines reduction and gas utilization ratio

2. 4 Influence of hydrogen potential on reduction re

action
When tr on ore fines with the average size of

1. 73 mm are reduced in t he gas flow wi th t he gas

velocity of O. 8 m • S - I at 700 °C for 10 min, t he in 

fl uence of hydrogen potent ia l on gas uti lization ratio

is shown in Fig. 5. I t can be seen that the meta lliza

t ion ratio, re duct io n d eg ree and gas uti lizat ion rat io
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Fig. 3 Influence of hydrogen content on

reduction and gas utilization rati o

2.3 Influence of hydrogen content on reaction rate con
stant

T he red uc tio n reaction of iron oxide by h ydro

gen is a firs t- o rder reactionCl5J , and the reaction rate

is given b y

dR de
- = --= ke (4)
dr dr
In teg ra ti ng the two sides of Eq. ( 4) leads to

Ins - Ineo= - k r (5)

Thus,

lne , -Ine
k = (6)

t:

w here, eo is t he ini tial proportion of unreacted iron

oxide, %; e is the proport ion of unreacted iron ox

ide, %; t: is the re d uction t ime , s; and k is t he con 

stant of apparent reaction rate.

T he in fluence of hydrogen content on k can be

calculated by Eq. (6) w hen the average particle size

is 4. 24 m m (Fig. 4). It can be seen that t he higher

gas flow ve locity is O. 8 m • S - I and the re duction re

action las t s fo r 10 min , the gas uti lizat io n ra tio is

8.45 % at the h yd rogen content of 40% and just

6.91 % at the hydrogen content of 100 %. This is be

cause higher H 2 content lead s to smalle r percen tage

of H 2 consumed for red uc tio n although the reduction

degree increases , and therefore, the gas uti lizat ion ratio

is smaller according to the definit ion of gas uti liza 

t ion rat io.
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Fig. 7 Equili brium diagram of iron oxide reductio n by H,

metalli zation ratio de creases from 39. 7 % to 27. 3%,
and the reduction exte n t is about 31. 5 % ; whilst the

water vapour content increases from 5% to 10%, th e

meta lli zation 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 Hz and the shrinking-core kinetic model,

as discussed below.

Eq, (8) indic ates 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 exce pt .T and M in the

case of constant particle siz e and temperature. It can

be seen from Fig. 7 that the hydrogen potent ial di 

minishes with de creasing hydrogen con ten t. The de 

cr ease in m etallization ratio of iron ore fin es due to

the varying con ten t of wa ter vapour should be calcu-

(ep 1l2) 1 - (ep 1l2) z t.ep 1l20 .
lated by N = = i n-

( ep 112 ) - ( ep 112 ) E ( ep 112 ) 1 - ( ep 112 ) E

N
- (ep 112 ) 1 - (ep 112 ) z t.ep 112 0 Th f

stead of - . ere ore,
(ep 112 ) 1 (ep 112 ) 1

the influence of hydrogen potential on iron ore fines

reduct ion is more than the con t rib ut ion resulting

from increasing water vapour in the gas mixtures.

( 1) The reducing kinetics of the Iron ore fin es

in the fluidization condition was studied. The quanti

tative re lationship be tween reduction kinetics of ore

fin es and processing parameters was determined and

the formulas for calculating the instantaneous and

average oxidation rates were presented.

(2) HzO in the reducing gas can obviously re 

du ce the appa ren t reduction rate of ore fines due to

the reduced driving force for the reaction at the in 

cr easing Hz0 content.

3 Conclusions

100 10)75
O.........<...-...L-_....L._----''--_.J..-_--'-_---L_--'

70

a ll increase with increasing hydrogen potential be 

cause increasing reduction potential, i. e. increasing

hydrogen content in the gas mixture, leads to a de

crease in water content, and thus, the reduction

speed increases due to enhanced reducing capability

of gas mixture.

It is also found that the m etallization ratio, the

reduction degree and the gas utilization ratio are all

the largest when the hydrogen potent ial in creases

from 75 % to 80 %.
The previous research showed that the reduc

tion should be an interface-controlled ch emical reac

tion[I1] . The relationship between the m etallization

ratio and hydrogen potential can be given as follows

ac cording to the shrinking core model[16J :

l t: k + (l +K) ]3
M =I - 1- - · K ( 4 4.6 43~.T -C E)

poro
(8)

where, po is the molar concentration of oxygen in the

iron ore fin es, moll 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 fr action of the gas mix tures;

. h h d . If ' ep ll2.T IS t e y rogen potentia ractton v z = +
ep 112 0 ep ll2

and CE is the equilibr iu m concentration of reducing

gas, molz'm".

The measurements and the calculated resul ts on

metall ization ratio using Eq. (8) are shown in Fig. 6

for various hydrogen potentials . It can be seen that

m etallization ratio increases with increasing hydro

g en potential but the slope tends to decrease slightly.

For exam ple , when the water vapour content increa 

ses from 0 to 5% in the gas mixtures, the

33

o Experimental value
- Theoretical value

::oR
~ 22

44 r-------------~...,

11

Fig. 6 Comparison bet ween experime ntal value and

theoretical value of influe nce of hydro gen

poten tial on iron ore fines reduction
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e3) Wh en the reducing gas is rich in hydrogen and

the averag e size of iron ore powder is less th an 1 mrn ,

the appa re n t reaction rate constant is so large that

the te m pe ra t ure of reac tion ca n 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.

e4) The content of H 2 0 in the ga s mixture

should be no more than 10 % for an eff icient reduc

tion reaction.
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