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Synopsis 

  (I) Reduction of molten iron oxide and Fe0 bearing slag by H2 Ar 
plasma was studied using water cooled Cu crucible. The sample weights 
were 25 to 75g, the flow rate of mixture-gas was 20 1/mm n and DC electric 

power of plasma was 8.3 kW. Results obtained were as follows: 
  (1) The reduction of molten iron oxides proceeds linearly with time 

and the reaction rate is proportional to the partial pressure of atomic 
hydrogen. Therefore, it is considered that the rate determining step is the 
chemical reaction between Fe0 and the atomic hydrogen formed by thermal 
dissociation in the plasma. 

  (2) The rate of reduction of Fe0 bearing slag is lower than that of 
molten iron oxide and is proportional to the Fe0 concentration in slag. 
It is presumed that the reduction rate is controlled by both the chemical 
reaction rate of Fe0 with atomic hydrogen at the gas-solid interface and 
the mass transport rate of Fe0 across the boundary layer between the inter-

face and the molten slag bulk. 
  (3) The reduction of molten iron oxide and Fe0 bearing slag by 

H2 Ar plasma takes place only on the cavity formed at the surface of melt 
by the momentum of plasma jet gas. 

  (II) Continuous melting of pre-reduced ore powder, obtained by a 
fluidized bed reduction was examined using MgO crucible and H2 Ar 
plasma. 
  Following results were obtained: 

  (1) Carry-over loss of the pre-reduced ore powder during the melting 
in plasma arc furnace was small, when the condition of powder feeding 
and plasma arc were properly chosen. 

  (2) Reduction of Fe0 in slag, accompanied in fed material, by 
H2-Ar plasma, could be described by a simple model of continuous melting 
and reduction, based on experimental results of the reduction of Fe0 
bearing slag as described (1-2). 

  With this model, the rate of reduction during continuous melting was 
determined. 

I. Introduction 

  Utilization of plasma technology on melting of 
metals and smelting of ores has been investigated since 

late 1950's1) and some processes including melting of 
special steels and alloys2-12) were adopted in commer-

cial scale production processes.4'5) 

  Plasma smelting is also investigated up to mega 
watt scale in recent years.9) 

  Gilles13) tried reduction of iron oxide by injecting 
it into H2Ar plasma jet. He showed that 70 % 
reduction was achieved within 10 ms, and the rate 

of reduction was controlled by heat transport to the 

particles of iron oxide. Saito et a1.14> also tried a 
similar experiment and achieved higher degree of 

reduction. Nakamura et al.15) carried out reduction 
of molten iron ore by H2Ar plasma, and reported 
that the degree of reduction increased proportionally 

to the amount of hydrogen used, and the rate was 
independent of the degree of reduction. 

  Gold et a1.10 investigated melting reduction of iron

ore by hydrogen and methane plasma with 1 MW 

scale apparatus, and reported that the amount of 

electric energy consumption was nearly equal to that 

of the theoretical value. 
  We intended to utilize plasma to continuous melting 

of the pre-reduced iron ore obtained by fluidized bed 
reduction,23) because the plasma furnace is suitable 
to melt continuously such powdered material and to 

complete final reduction of iron oxides accompanied 

in the pre-reduced ore. 
  Present investigation is to study the feasibility of 

such process, where studies were made on reduction 
of iron oxide and Fe0 bearing slag (usually ac-

companied in pre-reduced iron ore) by H2 Ar plasma 
at first, and continuous melting and reduction aspect 

of the pre-reduced iron ore.

II. Raw Materials 

1. Reduction of Iron Oxide and Fe0 Bearing Slag 

  For the purpose of reduction of iron oxide, reagent 

grade Fe203 was calcined at 1 150 °C for 3 hr, and 
then pressed to make briquettes of 25 N 75 g at 2 t/cm2 

pressure. 
  Fe0 bearing slag samples were prepared by mixing 
reagent grade Fe203, iron powder, Ga0 and Si02, 

where basicities were varied between 0 to 2. Each 
briquette was melted by Ar plasma and then reduced 

by H2Ar plasma. 
  Samples melted by Ar plasma were examined by 

means of X-ray diffraction and Fe and Fe304 were 

not detected. 
  All samples except that used to examine the effect 

of sample weight, were made to briquette of 50 g. 

2. Continuous Melting and Final Reduction of Pre-reduced 
   Iron Ore 

  Pulverized feed stock of pre-reduced iron ore was 

selected from the product of high temperature, pres-

surized fluidized bed reduction. Details of the flu-
idized bed reduction has been reported before.23) 

The pre-reduced ore was screened and that of 24-. 
60 mesh was used. 

  Chemical analysis of the raw material is shown in 

Table 1.

III. Experimental Apparatus and Procedure 

1. Reduction of Iron Oxide and Fe0 Bearing Slag 

  Experimental apparatus for the study of reduction
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rate is composed of a direct current plasma torch , 
and a water cooled copper crucible as shown in 

Fig. 1. 

  The torch nozzle portion and the crucible are 
enclosed in a sleeve made of aluminum oxide, and 

insulated from aerial atmosphere. 
  The plasma torch is composed of a W-cathode 

(containing thorium) attached to an end of a water 
cooled copper pipe and a water cooled copper anode 

having opening-nozzle of 10 mm inner diameter . 
  Water cooled copper crucible is of 60 mm outer 

diameter and it can contain about 25 ml liquid . 
  Experiments were carried out as follows. The 

briquetted sample is placed on the concave surface of 
the copper crucible, and is partially melted by non-

transferred Ar plasma and then is melted down by 
transferred Ar plasma. The molten sample is further 

held for 2 min at a constant electric power of Ar 

plasma. After that, plasma gas is changed to a 
H2 Ar mixture and reduction is carried out under 

a constant power input. 
  The reduced sample is cooled in Ar atmosphere, 

and crushed to separate iron and slag. 
  Degree of reduction of sample based on pure Fe203 

was calculated by chemical analysis of slag and 

amount of metal and slag formed. 

2. Continuous Reduction of Pre-reduced Iron Ore Powder 

  Continuous melting test of pre-reduced iron ore

powder was carried out with the same plasma torch 
but the crucible was changed to that of Mg0 refrac-
tories. This refractory crucible has a bottom opening 

through which a water cooled copper electrode is 

inserted. 

  The furnace is shown in Fig. 2. 

  Experimental procedure was as follows. Electro-
lytic iron is melted in the crucible by Ar plasma. 

Then slag making reagents are introduced on the sur-

face of molten iron, and slag layer is formed. After 
measurement of bath temperature by thermocouple, 

reduced iron powder is introduced from constant 

volume feeder to the surface of molten slag, through 
water cooled feeding pipe. 

  Slag samples are taken out and chemically ana-
lyzed. Proceeding of reduction is calculated, based 

on mass balance and chemical analysis of slag samples. 

Iv. Experimental Results 

1. Reduction of Molten Iron Oxide 

1. Effect of Gas Flow Rate on Reduction Rate 

  Effect of gas flow rate on reduction rate of molten 

iron oxide was studied under the conditions of electric 

power input 8.3 kW and 7 %H2-Ar gas mixture. Gas 
flow rates were 10, 20 and 30 l/min. Results obtained 

are shown in Fig. 3. 
  Degree of reduction increased linearly with time, 

and reduction rate was independent of degree of 

reduction. 
  The reduction rate was almost independent of the 

gas flow rate where the flow was over 20 l/min. Thus, 
the flow rate of 20 l/min was selected as a standard 
condition. 

2. Effect of H2 Concentration on Reduction Time 
  Figure 4 shows the effects of hydrogen concentra-

tions of H2 Ar plasma on reduction rate at constant 

power input; 8.3 kW and constant gas flow; 20 1/mm.

Table 1. Chemical analysis and 

reduced ore sample.

reduction degree of

Fig. 1. 

Experimental apparatus for reduction.

Fig. 2. 

Experimental apparatus for continuous reduction.

Fig. 3. 

Effectt of total flow rate 

H2-Ar) on the reduction 

iron oxide.

of plasma 

behavior

gas (7%-
of molten
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  Linear relation is observed between degree of 

reduction and time, and reduction rate is constant 
independent of degree of reduction. 

  Rate of reduction showed a tendency to increase 

with H2 concentration. Reduction curves in Fig. 4 
do not pass through the origin of coordinate. This 
is because a thermal decomposition of hematite has 

occurred during the initial melting by Ar plasma. 

  Molten iron oxide showed about 14 % reduction 

before plasma gas was changed from pure Ar to H2 
Ar gas mixture. 

  Figure 5 shows the effect of H2 gas concentration on 
the utilization of H2 gas during the reduction of molten 

iron oxide by H2Ar plasma. 

  At lower range of H2 concentration relatively wide 
fluctuation were encountered but at the range higher 

than 10 %, utilization of H2 gas was almost constant 
at about 44 %. 
3. Effect of Sample Weight on Reduction Rate 

  Similar reduction experiments were carried out to 

know the effect of sample weights. Weight of sample 

25 g, 50 g and 75 g were selected and the other condi-
tions were unchanged. 

  As shown in Fig. 6, the rate of oxygen removal 

during reduction by H2 Ar plasma (15 % H2) was 
about 1.2 g/min and almost independent of sample 

weight, though the area of free surface of the melt 

varied largely. 

2. Reduction of Molten Fe0 Bearing Slag 

1. Effect of Gas Flow Rate on Reduction Rate 

  Similar to the experiment of molten iron oxide,

the effect of gas flow rate on the reduction rate was 

studied. 
  As shown in Fig. 7, the reduction rate was almost 

independent of the gas flow rate where the flow rate 

was over 20 1/mm. 
2. Effect of Slag Basicity on Reduction Rate 

  In order to study the rate determining stages for 

reduction of Fe0 bearing slag, reduction experiments 

were carried out with varing Basicity 0 to 2. Results 

were shown in Fig. 8. 

  Effect of Basicity on the reduction rate were not 

obvious. 

  Almost no difference was found in reduction curves 

except that for Fe0-Si02 slag.

Fig , 4. Effect of H2 gas concentration on the reduction be-

    havior of molten iron oxide with H2-Ar plasma.

Fig. 5. Effect of H2 gas concentration on the utilization of 

   H2 gas during the reduction of molten iron oxide 

   with H2-Ar plasma.

Fig. 6. Relation between rate of oxygen removal during 

       reduction with H2-Ar plasma (15%H2) and weight 

       of briquettes to be melted and reduced.

Fig. 7. Effect of total gas flow rate 

       reduction behavior of FeO 

      (80%FeO-CaO-SiO2).

(l5%H2 Ar) on 
bearing molten

the 

slag

Fig. 8. Effect of basicity 

       on the reduction 

     (12.1 % H2).

of slags 

behavior

(80%FeO-CaO-SiO2) 
with H2Ar plasma
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  Figure 9 shows the changes of slag composition 

during reduction for molten slag of basicity of 1.5. 
Though some changes in composition were recognized, 

the basicity defined as CaO/Si02 was almost unvaried. 
3. Effect of H2 Concentration on Reduction Rate 

  Figure 10 shows reduction curves for slaps of ba-

sicity 1.5 at H2 concentration of 5 to 25 %. 
  In the case of molten FeO bearing slag, the effect 

of H2 concentration on the reduction rate decreased 

at H2 concentration higher than 20 %, in contrast to 

the reduction of molten iron oxide in which the 
reduction rate increased in proportion to H2 con-

centration. 

4. Effect of Sample Weight in FeO Bearing Slag 

  Similar to the reduction of molten iron oxide, 
effect of sample weight on the reduction rate was 

studied for molten FeO bearing slag. 
  Results are shown in Fig. 6. 

  Rate of oxygen removal for molten FeO bearing 

slag was about a half of that for molten iron oxide, 
and decreased with an increase of reduction degree. 

3. Continuous Melting and Final Reduction o, f Pre-
   reduced Iron Ore 

  When continuous melting of pre-reduced iron ore 
is aimed, it is important to keep the recovery of iron 

as high as possible and to reach high extent of final 
reduction. 

  Thus the recovery of Fe under various condition 

and proceeding of final reduction during the con-
tinuous feeding was studied. 

1. Fe Recovery at the Continuous Melting of Pre-reduced 
   Iron Ore 

  Fe recovery at the melting reduction by H2-Ar 

plasma was studied. 
  In this case Fe recovery was defined as a ratio of 

total Fe of product to that fed as reduced ore. 

  As shown in Fig. 11, when H2 concentration in 

plasma gas was varied from 10 to 40 %, recovery of 
Fe was almost 100 %. 

  When feeding rate of reduced ore was varied from 
30 to 90 g/min, the recovery was high enough as well 
as the case cited before. These results show that the 

collection of particles at the surface of the melt are 

fairly good. 

2. Amount of Oxygen Combined with Fe in Slag 
  In order to show the proceeding of reduction in 

the slag phase quantitatively, amount of oxygen 
combined with Fe in slag was calculated. 

  At first, blank test was carried out by holding 
molten iron at constant temperature by H2 Ar plasma 

in MgO refractory crucible and weight loss was 

measured. Then, mass balance was taken on account 

of the analytical data of slag phase for each case of 
continuous melting and final reduction of pre-reduced 

ore. 

  On these bases, the amount of oxygen combined 
with Fe in slag phase was calculated and shown in 

Fig. 12. 
  If the concentration of H2 is zero, namely no 

reduction of FeO is accompanied, increase of the

oxygen is considered to be equal to the amount of 

oxygen fed as raw material. With increase of H2 

concentration, the reduction rate increases. Thus, 

the rate of increase in the amount of oxygen in slag

Fig. 9. Changes in concentration of slag 

basicity during reduction with 

(15% H2).

components and 

HZ Ar plasma

Fig. 10. Effect of H2 gas concentration on the reduction 

behavior of slags (80%FeO-CaO-Si02) with 

H9-Ar plasma (gas flow rate: 20 1/mm).

Fig. 11. Effect of H2 concentration 

recovery of Fe.

of plasma gas on the

Fig. 12. Oxygen combined to Fe in 

continuous melting.

the slag phase d uring
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is depressed. Above 20 % H2, this tendency is 

diminished. 

V. Discussion 

1. Mechanisms and Rate Equation of the Reaction 

  Reduction steps taking place in this experiment 
are presumed as follows. 

  (1) Mass transfer of hydrogen through gas film 
from bulk phase to the reaction interface between 

plasma gas and molten iron oxide or FeO bearing 
slag. 

  (2) Mass transfer of oxygen through liquid film 
from molten iron oxide or molten FeO bearing slag 

bulk to the reaction interface. 

  (3) Adsorption of molecular or atomic hydrogen 
at the reaction interface. 

  (4) Adsorption with dissociation of FeO at the 
reaction interface. 

  (5) Chemical reaction at the reaction interface. 

  (6) Desorption of H2O from the reaction interface. 

  (7) Mass transfer of H2O through gas film from 
the reaction interface to bulk phase. 

  In these steps, (1), (2) and (7) are mass transfer 

process, and (3) to (6) are elementary steps in chemical 
reaction at the interface. 

  In present investigation, gas flow rate is sufficiently 
high so as to reduction rate is no more influenced by 

the gas flow rate, steps (1) and (7) will not become 
the rate determining step. 

  For the reduction of molten iron oxides, starting 
from Fe203, oxygen concentration gradient must be 

considered in a range of low reduction degree up to 

30%. 

  But in this case, the experiment were carried out 

almost above 30 % degree of reduction, the concen-
tration gradient in the liquid can be neglected and 

relation aFeo-, 1 is established. Therefore, existence 

of liquid film is neglected. 
  In the case of reduction of molten iron oxide, reduc-

tion took place as a 0-order reaction when gas flow 
rate was over the critical value. 

  Such phenomena may be presumed as that the area 

of reaction and concentration of oxygen at the reac-
tion interface are constant. 

  Figure 6 shows the relation between rate of oxygen 
removal and weight of briquette. As this experi-

ment was carried out with crucible of concave top 
surface, the melting surface area is varied according 

to the weight of briquette sample. From this figure 
it is recognized that the rate of oxygen removal is not 

affected by the area of free surface of the melt. 

  Chemical reaction step at the interface may be 

examined for two cases. 

  (1) H2 molecules in plasma gas do not dissociate 
to atoms and adsorption with dissociation takes place 
at the interface between gas and liquid. 

  (2) H2 molecules in plasma gas dissociate to 
atoms. 

  For the case (1) elementary reaction steps may be 
described as follows.

     {1 + K2 • aFeoi+' ~I J • PH2+PH2O/(K4' /K1 • PH2)} 2 

                                                                                          ...........................(6) 

  As the other terms besides 1 in the braces of 
denominator are much less than 1, reaction rate is 

proportional to PH2 and aFeoi• 
  In the case of molten iron oxide, aFeoi is regarded 

as unity, the rate should be proportional to ~/PH2 
as reported by Katayama et a1.17~ 

  Results obtained in this experiment did not show 
the linear relation between the reduction rate and 
~/PH2. Thus the reduction mechanism (1), assum-

ing the adsorption with dissociation of hydrogen 
molecule is considered to be inadequate. 

  In the case of (2), instead of Eq. (1) 

                         H(g)+ ± H .....................(7) 

                                    K7 = eH- .................:............(7),                      P
x•Bv 

is applied and following equation is derived,

                H2(g)+2 ~2 H ...........................(1) 

          (Adsorption equilibrium of H2 with 
          dissociation at the interface) 

                   eH = Kl•PH2.t4 ....................................(1), 

             (FeO)Z+ _I ± Fe+ 0 I .....................(2) 

          (Adsorption equilibrium of FeO with 
          dissociation at the interface) 

              eo - 72'S I                                        2' aFeoi' uv ................................. (2) 

                  H + O ---~ OH + I ..................... (3) 

           (Rate determining reaction, backward 
          reaction is neglected) 

                      v = k•0H•eo .......................................(3), 

            OH + H =± H2O (g)+2 ............(4) 

          (Desorption of H20) 

              82 K Box • ex ............ (4).                    iT- 4• 7) 

                 8H+80+BoH+BV = 1.0 ...........................(5) 

where, : vacant site 

     H I, 0 I, I OH : adsorbed H, 0, OH 
    ev, °H, eon 001: ratio of those sites to the total 

                   site of adsorption that is va-

                    cant, adsorbed by H, 0 and 

              OH 

        K1, K2, K4: equilibrium constant for each 

                    reaction 

                 k : rate constant 

             aFeoi : activity of FeO at the interface 

                    of reaction. 

  When 0's are eliminated form these equations, 

reaction rate, o [mol. cm-2 • mind] can be derived. 

                 k • /K1 • K2 • /PH2 • aFeoi
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        _ k•K2•K7•PH'aFe02     V 
{1+K7•PH+K2•aFeoi+PH2o/(K4•K7•PH)12 

                                                                                           ...........................(8) 

  As the other terms beside 1 in the braces of 

denominator are neglected as done in Eq. (6), Eq. 

(9) is obtained and o is proportional to PH•aFeoi• 

                                     V = Kc• PH • aFeoi ........................(9) 

                                 k~ = k•K2•K7 ........................(9)' 

If the complete dissociation of H2 is assumed, 

           2FH2 10 
                                                                                                                                                                                                                 ......( )           F

Ar+2FH2 T 

          2(%H2) 2(%H2) 

       100-(%H2)+2(%H2) 100+(%H2) 

                                                                                 ........................(11) 

where, F: flow rate [1/min] 

      PT : total pressure [atm]. 
  Figure 13 shows relation between reduction rate, 

obtained from Fig. 4 and PH. 
  The reduction rate is proportional to PH and the 

linear relation is observed. From this fact, it is 
considered that the assumption of complete dissocia-

tion of H2 molecule is reasonable. 

  The equilibrium vapor pressure of H2O for the 
reduction of FeO by molecular H2, FeO+H2=Fe+ 

H2O, between 2 000 K and 3 000 K, is calculated to 

0.313.'0.325 atm. These values correspond to the 
theoretical maximum values of gas utilization. 

  In contrast, when hydrogen moleculars are com-

pletely dissociated, equilibrium is described as follows. 

                   FeO+2H = Fe+H2O ..................(12) 

  Similar calculation shows that the theoretical maxi-
mum value of utilization of gas for atomic hydrogen 

is 0.999 0.887, between 2 000 K and 3 000 K. 

  As shown in Fig. 5 utilization of hydrogen gas in 
this experiments was about 44 % which was greater 

than the maximum value for molecular hydrogen. 
This fact may be accounted by the contribution of 

atomic hydrogen to the reduction of FeO. 
  The mixing condition of liquid is the same as the

electric power input is held at constant and little 
change in concentration of iron oxide in the bulk 

phase may be encountered, and so reduction rate is 

proportional to PH in the case of molten iron oxide. 
From these facts, it was presumed that the reduction 
rate is controlled by chemical reaction of the interface. 

  In the case of molten FeO bearing slag reduction, 

mass transfer from slag bulk phase to reaction inter-
face should be considered. 

  Though resistance to mass transfer in the gas 

boundary layer is ignored in these experiments as 
before. 

  Mass transport rate (V) [mol • cm-2 • min-1] from 
slag bulk to the reaction interface may be defined 

by Eq. (13). 

                          V = kd(aFeo-areoi) ..................(13) 

where, kd : mass transport coefficient through liquid 
            film [mol • cm-2 • min-1] . 

  Following equation is derived by Eqs. (9) and (13), 
at a steady state condition. 

         o=V 

          V - aFeo' kd aFeo (14) 

               1-[- k~ 1 +-1                   k
,•PH k, •PH kd 

  As a result, if the over all rate of reaction is ex-

pressed by the moles of FeO changed in a small unit 
of time, Eqs. (9) and (14) are shown as following 
equations (15) and (16), respectively. 

                           _ dnFeO =k~,A.pI1 ..................(15)              dt 

             (molten iron oxide) 

                 dnFeo 
_ A • aFeo .. (16)                                  d

t 1 1 ............. 

                      kC • PH + kd 

            (FeO bearing slag) 

where, n : number of mols [mol] 
      t : time [min] 

      A : reaction area [cm2]. 

  From Eq. (16), following relation is derived for 
reduction of FeO bearing slag. 

  kC • PH C kd chemical reaction controlled. 

  k, • PH>> kd mass transport through liquid film con-
          trolled.

2. Discussion on Rate Constant 

  In the preceding section, the over all rate of reac-

tion was shown as Eq. (15) for molten iron oxide and 

as Eq. (16) for molten FeO bearing slag. Rate con-
stants for each case are dealt with in this section. 
1. Reaction Rate Constant of Molten Iron Oxide 

  For pure Fe203, sample of 50 g weight contain 

oxygen (at R=0, where R : degree of reduction based 

on pure Fe203) as, 

          50x -- 3 159
.7 = 0.939 [mol-O] 

  This corresponds to 0.939 mol FeO, and then 

relation between nreo and R is,

  Fig. 13. Effect of partial pressure of atomic hydrogen, PH 

           and square root of molecular hydrogen, 

           in plasma gas on the rate of reduction of molten 

         iron oxide with H2 Ar plasma (5-25 % H2). 
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                       nFeo = 0.939(1-R) ..................(17) 

Eq. (15) is transformed as 

                 dnFe0 = 0.939 d
dtR k~ • A • PII ............ (18)           dt 

  Following relation is obtained from Fig. 13. 

               d
dtR = 0.264PII 

  As we assumed that the reaction interface was 
spherical surface of the cavity formed by the mo-

mentum of plasma jet gas, the area of reaction inter-
face is calculated as A=2.26 cm2 and k~ = 0.110 

[mol • cm-2 • atm~ • 1min-'] is obtained. 
2. Reaction Rate Constant for FeO Bearing Slag 

  Assuming that A and PH are constant and activity 
coefficient of FeO, IFeO does not change during reac-

tion, Eq. (16) becomes 

                    dnFeo                                - = k 
dt NFeo .....................(19) 

where, 

                   k' = A • TP+ e0 
                     _ 1 + 1 

                    k~•PH kd 

and 

                                       FeO 
                 JVFeO = -- - --

                      fFeO+nCaO+fSi02 

  Amount of CaO and Si02 are presumed not to 
vary during reaction, thus 

              dn~,eo fCaO+fSio2 dNFeO 20 
            dt (1-NFeO)2 dt 

  From Eqs. (19) and (20) 

               - dNFeO - k'NFeO(1 NFeO)2 ............ (21) 
               dt ncao+nsio2 

  When this equation is solved at an initial condition 
of NFeO=NFeO 

     INF0O(1 NFeo) + NFeO NFeO       n N
Feo(1-NFeo) J (1-Nreo)(1-NFeo) 

                         = k't .......................................(22) 
             ncao+nsio2 

NFeO is determined by experimental condition. 
  If the left side of the equation is plotted against t, 

a straight line of slope k'/(ncao+nsio2), through origin 
of the coordinate should be obtained. 

  Examination of the experimental data presented 
in Fig. 10 was made as follows. As the weight of 
sample is 50 g, FeO concentration is 80 %, Ca0 
concentration is 12 %, Si02 concentration is 8 % and 
degree of reduction based on Fe203 is 1/3, (becausE 
of starting material is FeO), the relation between 
NFeo and R is, 

                _ nFeo          N
FeO _            n

Feo + nCaO + S!02 
                  3/2 • nFe0(1-R) 23 

              3/2 •nFeo(1 -R)+ncao+nsio2

       nFeo = 50x -0.80 = 7185 0.557 [mol] 

. 

        ncao = 50x 0' 12 56 08 = 0.107 [mol] 

. 

                    0.08 
        nsio2 = 50x 6009 = 0.067 [mol] 

thus 

                           1-R 
                                                                                                                                                               ...............             NFeo - (1 -R)+0 .208 (24) 

' NFeo is calculated by Eq. (24) for each experimental 
data of varing H2 concentration in Fig. 10 and 

plotted according to Eq. (22). 
  Results are shown in Fig. 14. As the slopes of 

these lines are equal to k'/(ncao+nsio2), we obtain k', 
listed in Table 2. 

  From Eq. (19) following equation is derived. 

                      k'- A • TFeO                   1 1 

                       kC•PH kd 

           A • nFeo 1(l 1 (25) 
                                  1-' 1D PH kd .............. 

  If A • IFeO/k' is plotted against 1/F11, a straight line 

should be obtained. Value of k~ and kd are obtained 
from slope of the line and the point of ordinate where 

the line pass through. 
  Figure 15 shows the relation of Eq. (25) at A= 

2.26 cm2, TFeO=1. 
  From this figure, k~=0.187 [mol•cm-2•atm-1• 

min-'] and kd = 0.115 [mol • cm-2 • min-'] are obtained. 

The value of k~ obtained here is 1.7 1.8 times greater 

than that obtained for iron oxide, 0.11 [mol • cm -2

Fig. 14. Relation between 

             In NFeO(1 ̀ NFeo) NFeO-NFeO                N
FeO(1 ̀NFeO) (1 ̀NFeO)(1- NFeO) 

        and reduction time for the FeO bearing slag (80% 

        Fe0-Ca0-Si02) with H2-Ar plasma (5N25 % H2). 

   Table 2. Apparent rate constant of reduction k' and 

             concentration of hydrogen gas.
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atm-1 • min-1] . This may be derived from the fact 

that rFeo=1 is assumed in calculation. 
  Real value of rFeo is not known at the temperature 

of the molten slag blown directly by plasma. 

  The value of rFeo varies from 1.3 to 3 for XFeO 
corresponding to our experiments at 1 600 °C and 

basicity 1.5, in the diagram of J. F. Elliott.18) 

  If this rFeo=1.7N 1.8 is adopted to calculate k~, 
obtained value will agree with that of the k~ for molten 

iron oxide. 
  On the other hand, kd can not be strictly discussed 

in details, because no critical value of diffusion con-

stant of FeO in slag and effective thickness of film o 

are available. 
  But, as kd is defined by 

                dfFeO                _. 
A•dt = kd(aFeo-aFe02), 

if C is molar concentration of slag. 

                      kd'TFeO D 

                 60.C o 

(D : diffusion coefficient of FeO [cm2 • s-1], o : effective 
film thickness [cm] ) 

  The effect or rFeo on Ice, calculated by the equation 

shown before is cancelled. 
  If slag composition is assumed to NFeo=0.6, at 

intermediate state of reaction, and density of slag is 

3.9[g • cm-3] ,19) 

       C=3.9x 0.6 0.24 0.16       C=3.9x71
.85 +56.08 +60.09 

          =, 0.06 [mol • cm-3] 

  If D is calculated by the equation proposed by 
Mori and Suzuki,20) the value is about 4.5 x 10_4 

[cm2 • s-1] but this is for pure molten iron oxide, and 
the D for silicate bearing slags at 1 600 °C is an order 
of 10-5 [cm2 • S-1] . 

  Regarding that the slag has higher composition of 

FeO and is high temperature, the D is assumed to

1 X 10^4[cm2•s-1]. o is calculated by experimental 

value, kd 0.1 [mol • cm-2 • min-1] . 

       60 x0.06 x 1 x 10.      o _ 4 _ 
0.1 3.6X103[cm]                                  -

This value is considered to be of appropriate order. 

3. Comparison of Oxygen Removal Rate 

  The rate of oxygen removal by H2 Ar plasma 

reduction is compared with those by other processes. 
  In this experiment, the cavity of melt formed by 

plasma jet was assumed to be the reaction interface. 
  The rate of oxygen removal by H2-Ar plasma at 

H2 concentration of 15 % was 1.2 g/min. From the 

results shown in Fig. 6, the rate of oxygen removal 

per unit surface area was 0.53 g/cm2 • min. 
  Similar calculation was made for FeO bearing slag 

and 0.27 g/cm2 • min was obtained. 

  These values are shown in Table 3 in comparison 
with values obtained by other processes. 

  The value is greater than those reported by Sasaki 

et al.16) and Sugata et al.21) by one order, and higher 
than that of W. M. McKewan.22) 

  The rate at fluidized bed reduction is much lower 

than that of plasma reduction. 
  As mentioned above, the rate of reaction per unit 

area is higher than those of other processes. If the 

area of reaction interface is increased, plasma reac-

tion may become a more effective process. 

4. Experiments on the Continuous Melting 

  Figure 16 shows schematically the continuous 

melting system. 
  The system consists of a molten slag phase, a molten 

iron phase and a gas phase. The reduction takes 

place at the gas-slag interface, and iron formed goes 
to the molten iron phase. 

  Loss of feed by entrainment in gas stream was 

postulated as zero based on the experimental results. 
  Rate of reduction of FeO in slag by H2-Ar plasma 

is given by Eq. (19). 

                   dnreo = k'NFe0 .................................... (19) 
       dt 

           k' = A • TFeO             1 1 

             k~ • PH +7; 

                 _ nFeO ...... (26)        NFeO -' 
               nFeo + nca0 + nsi02 + nA12o3 + nMgo 

  Pre-reduced ore is fed continuously at a constant 

rate. Thus the contents of FeO, CaO, Si02, A1203, 
etc. in slag phase increase with time as Eq. (27). 

               (4nFeo)f _ a • F • 4t 

            (d ns)f = fi•F•dt 27 

             ns = ncao+nsio2+nA12o3+nMg0 

where, a, i : amount of FeO and gangue contained 

             in fed raw material [g • reduced ore g-1] 
         F : feed rate [g • min-1].

Fig. 15. Relation between 

reduction of Fe0 

Si02) with H2 Ar

A'YFeoIK' and 1/PH for the 

bearing slag (80%Fe0-Ca0-

plasma (5-25 % H2).
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  Dissipation of FeO from slag phase through reduc-

tion is described by Eq. (28). 

                     (4nFeo)r FeO 4t ...............(28)          - 
-

                           fFeO +nS 

  Taking as a initial condition; t = 0 

                                fFeo - (fFeO)0 ........................(29) 

  Amounts of dissipation of FeO from slag; 
- (4fFeO)rl, increase of FeO in slag by fed material; 

(4ofFe) fl, and increase of gangue constituents; (4n8) f1, 
during the first period of very short time; 4t are 

described as Eq. (30). 

          - (QnFeO)r - kl (nFeO)0 4t                 1 (f
Feo)o + (ns)o 

           (4nFeo)f i = a • F • 4t 

         (4ns)f, _ j3 • F • 4t 

And then, at the second interval of time, 

  - (4fFeo)r2 

               (nFeO)0-(AnFeO)r -f-(AnFeO)f                                At - k' (
nFeO)0- (4fFeO)r +" (4fFeO) f + (4fS)f + (fs)o 

(4fFeO) f 2 = a • F • 4t 

(4ns)f2 = jS • F • 4t J

(31)

and so on. 

  If the rate constant k' is given, FeO contents in 

the slag at a certain time may be calculated successive-
ly like above. 

  An example of experimental results obtained at 

feeding rate; 62 g/ min, H2 concentration in plasma 

gas; 20 %, is shown in Fig. 17. In this figure, the 
amount of oxygen present as unreduced FeO in slag 

phase is plotted to experimental time and solid lines 
show the results of calculation according to above 

model, assuming k'=0.2, 0.42 and 0.6. Plotts are in 

good agreement to the solid line of k'=0.42. 
  Figure 18 shows the similar calculation made for 

the experimental results of feeding rate; 62 g/min 

and H2 gas concentration; 40 %. 

  In this case the calculated value assuming /c'=0.5 

was in good agreement to the results. Thus obtained 
k's by a trial and error method are summarized in 

Table 4. 
  If chemical reaction rate constant, k~, and mass 

transfer coefficient, kd, are the same as obtained be-

fore, the apparent area of reaction interface, A, may 

be calculated. 
  Thus obtained values of A were about 9 N 10 cm2 

and corresponding to 1.6 2 times larger than the 

diameter of cavity encountered before.

Table 3. Comparision of rate of oxygen removal between reduction by
plasma and other processes.

Fig. 16. 

Model of continuous melting and reduction.

Fig. 17. 

Oxygen combined to Fe in the slag 

phase during continuous melting 

(comparison of observed value with 
calculated ones).

Fig. 18. 

Oxgen combined to Fe in the slag 

phase during continuous melting (com-

parison of observed value with calculat-
ed ones).
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  It was difficult to observe precise cavity diameter 

due to the disorder of the melt surface by injection of 
material, but an apparent enlargement of reaction 

area was recognized. 

VI. Conclusion 

  (I) Reduction of molten iron oxide and Fe0 
bearing slag by H2Ar plasma was studied using water 
cooled Cu crucible. The sample weights were 25 

to 75 g, the flow rate of mixture-gas was 20 1/mm and 

DC electric power of plasma was 8.3 kW. Results 
obtained were as follows. 

  (1) The reduction of molten iron oxides proceeds 
linearly with time and the reaction rate is proportional 

to the partial pressure of atomic hydrogen. There-
fore, it is considered that the rate determining step 

is the chemical reaction between Fe0 and the hydro-

gen atom formed by thermal dissociation in the 
plasma. 

  (2) The rate of reduction of Fe0 bearing slag is 
lower than that of molten iron oxide and is propor-

tional to the Fe0 concentration in slag. It is pre-

sumed that the reduction rate is controlled by both 
the chemical reaction rate of Fe0 with dissociated 

hydrogen at the gas-solid interface and the mass 
transport rate of Fe0 across the boundary layer 

between the interface and the molten slag bulk. 

  (3) The reduction of molten iron oxide and Fe0 
bearing slag by H2 Ar plasma takes place only on 

the cavity formed at the surface of melt by the mo-
mentum of plasma jet gas. 

  (II) Continuous melting of pre-reduced ore pow-
der, obtained by a fluidized bed reduction was ex-
amined using Mg0 crucible and H2Ar plasma. 

  Following results were obtained. 

  (1) Carry-over loss of the pre-reduced ore pow-
der during the melting in plasma arc furnace was 

small, when the condition of powder feeding and 

plasma arc were properly chosen. 
  (2) Reduction of Fe0 in slag, accompanied in

fed material, by H2 Ar plasma, could be described 

by a simple model of continuous melting and reduc-
tion, based on experimental results of the reduction 

of Fe0 bearing slag as described (I-2). 

  With this model, the rate of reduction during 
continuous melting was determined. 
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