Vol. 12 Ne 2

Trans. Nonferrous Met. Soc. China

Apr. 2002

[Article ID] 1003- 6326(2002) 02— 0326— 04

Electrochemistry of oxygen ion transport in slag®

LU Xiong-gang( & HENI) !, DING Wer zhong( T ffit) ', LI Fushen( 254 %) 2,
LI Lifen( Z50i25) 2, CHOU Guorzhi( JH [H4) >
(1. State Enhance Laboratory of Ferrometallurgy, Shanghai University, Shanghai 200072, China;
2. Laboratory on Solid Electrolytes and Metallurgical Testing T echniques,

University of Science and Technology Beijing, Beijing 100083, China)

[ Abstract] A systematic experiment relating to the electrochemistry of oxygen ion transport in slag has been studied in

lab. An equivalent circuit has been used to describe ion transfer between metal and slag in this paper and a kinetic model

with electrochemical characteristic representing oxygen ion immigration has been worked out. The different experimental

phenomena can be explained generally by this model. It can be seen that the theoretical results are in good agreement with

experiments. The comparison of experimental data with model calculation proved that the electrochemical model is right.
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1 INTRODUCTION

The reaction between a metal droplet and slag is
a very interesting subject in metallurgical research,
since it is directly related to iron and slag reaction ex-
isting in many metallurgical processes. The result of
this research will be very helpful for understanding
and controlling metallurgical processes. Many scien
tists have studied this problem and found many inter

1~ 3 .
11=31 " For example, when an iron

esting phenomena
droplet containing 4% carbon was reacted with an
oxidation slag, the decarburization rate would be very
fast at the beginning, however, when the carbon
content reached to around 2% , the reaction stopped.
It is completely against the thermodynamic calcula
tion, since the system was still far from equilibrium.
The interesting thing was that, if a molybdenum foil
was placed inside the crucible to support the iron
droplet, the decarburization reaction would continue
until reaching equilibrium. This phenomenon could
not be explained by means of the traditional mecha
nism. Speelman and co-workers ! showed that oxy-
gen transfer might be enhanced by improving the
electronic conduction in slag. Recently, Pall” et al
found that as external EMF was applied between slag
and metal, the reaction rate was accelerated. We
have studied this topic checking the old experiments
and designing a series of new experiments ® '
based on which we successfully used an electrochemit
cal kinetic theory in it.

2 THEORETICAL

The oxidation-reduction reaction may be visual-

ized as consisting of reactions at slag/ gas and slag/
metal interfaces and the transport of ionic such as
0%, Fe'*, Fe**, and electrons e through the slag
layer as illustrated in Fig. 1.

Equivalent circuit has been used to represent the
ions immigration process in some solid electrolyte
studies' "', Analyzing the immigration process existed
in gas/ slag and slag/ metal melt as depicted in Fig. 1,
the reaction mechanism can be simplified to equivalent
circuit as shown in Fig. 2. In which, R; represents
the resistance of constitute i, £, is the Nernst volt-
age, E o is the external applied voltage and R is the
external resistance.

Applying the Ohm law to the equivalent circuit
of Fig. 2, the following equations can be obtained:

Lo + Ip = Ip + Tet L

(
Ex+ 1o Ro* = Ir Ry =0 (
E.+ 1o Ro>+ Ivs Ry =0 (
E.— 10> Ro*-1.R.=0 (
E+ 10" Ro* — Eq+ [4xR&=0 (

where [; represents electrical current produced

constituent 1.

Combining the above five equations and using
the relation existed between resistance R and conduc-
tance O, obtaining:

lo = - E,*| — —iz0" Vi -
D
Oy * O
E. ﬁ‘“ (6)

w here Z G is the total ionic conductance of slag
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Fig. 1 Schematic diagram of transport of ionics and electron

Fig. 2 Equivalent circuit of reaction process

and Zoi is the total ionic conductance except oxy-
i 70

gen ionic conductance in slag.
According to the Nernst equation:

_Rr [0].
E.= 2Fln[0]i (7)
where [O]; is the oxygen concentration at interface

of slag/ metal melt which is dependent on carbon con-
centration in metal melts, [ O], is oxygen concentra-
tion at reference state which is dependent on gas at-
mosphere. Combining Eqns. (6) and (7) and differ
entiating, the following equation gained:

d/O/; d[O],
= q cep(B+ 0]
2F 208 dlg 5
RS o e O
i 20%
where
B= —2F lo™ ° 9 &
Tk 3o et Eer
iz0r
(9)

Oxygen diffusion in the melt can be described
using Fick’ s first law, the following equation holds:

J:D,A,L&L'a;x&hzl

= a*A=([O]i- [O])

[o* *Moe10°

2FW (10)
where J is the flux of oxygen ions in the slag, D is
diffusion coefficient, a= D/ 6 is oxygen transfer co-
efficient at slag/ metal layer, A is interface area of
slag/ metal layer, [ O]}, is oxygen concentration in
slag, Mo is atomic mass of oxygen, F is Faraday
constant, W is mass of slag.

Eqgn. (10) can be differentiated to obtain

dO]; dlO0]y, Mqo®10° dlg>

de = dt  20FW i L1
Because Eqn. ( 8) is equal to Eqn. (11), then:
dlo”
de ~
> . . 10°
I 21;4[?/ 10 N dde,L + exp( B)
Mo 10° _op s
SUFW + [OJI.RT Zq ‘ Op* 'exp(B)
70"
(12)

Thus, the electrochemical full process kinetic
model has been established, all phenomena in experi
ment can be explained using Eqn. (6) and Eqn. (12).

3 DISCUSSION AND VERIFICATION

Based on Eqn. (12), it can be presumed that re-
action can be enhanced when transfer coefficient a of
oxygen ion at slag/ metal layer and interface area A
were increased. From Eqn.(6), It can be deduced
that as the composition of slag is unchanged, which
means the conductance of ions and electrons ( holes) is
constants, current of oxygen ion in slag is dependent
on Nernst voltage or external applied voltage. Because
the Nernst voltage is controlled by oxygen pressure
differential between gas phase and slag/ metal inter
face, so, the current of oxygen ion will increase and
the reaction can be processed with the increase of
oxygen partial pressure in atmosphere. The positive
and negative polarity of external applied voltage can
either enhance or hinder the reaction. Under the con-
dition of no external applied voltage, the Eqn. (6)
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can be simplified to

Op> * § :Oi
o>

>0

at the initial period of metakslag reaction, different

[027 = - En.

ions concentration is very big and electrical conductiv-
ity due to oxygen ion 0> is small, so 0y <, then
current of oxygen ion Io> will be controlled by con-
ductance of oxygen ion:

I = — E» O (14)

as time going on, the concentration of ferric ion de-
creased, the reaction will appeared as complex con-
trolling reaction mechanism, the current of oxygen
ion is controlled by the mechanism determined by
Eqn. (13). At the later period of reaction, the react
ion such as Fe** and Fe™* is decreased to very small,
so the condition that 0y > O appeared, the
Eqn. (13) changes to

Io* =— E,+ 2.0 (15)

i #0”

under this condition, oxygen ionic current is con-
trolled bv conductance of electron and/or hole. This
theory is supported by the fact'” that when the slag
and the droplet (or metal melt) were brought in con-
tact with an inert metallic conductor (Mo foil or Pt
lead) which is much less electronically resistive than
the slag, the decarburization reaction proceeded to
thermodynamic equilibrium.

21 had shown that electrical

The past studies!
conductivity and electronic conductivity is in the
range of 2~ 0.4S*cm™ ' and 10” *~ 10" *S*cm™ ! re-
spectively. The conductance due to oxygen ion is
small which can be estimated by Nernst-Einstein e

quation and the parameters using for model calculation

with Eqn. (12) are listed in Table 1.

Table 1 Experimental conditions and
parameters using for calculation ( 7= 1773 K)

Exp. No. Mass of metal/g  Mass of slag/ g  Area/ cm?
1 100 80 21.9
2 100 80 22.1
3 100 80 20. 8
4 100 80 21.9
Transfer Oxygen Oxygen ionic
coefficienl concenlralionl . Conduclancel 14
/(emes™ 1) /107 ¢ /(S*em™
1x10™* 1000 0. 020
1x10°° 800 0.017
1x107° 1200 0.024
1x10™* 1000 0. 020

Experimental results and calculation values under
different experimental conditions are shown in Fig. 3
and Fig. 4. It can be seen that the theoretical results
are in good agreement with experiments. This also
proved that the mechanism of reaction is very right.
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Fig. 3 Comparison between experimens and
theoretical model under different

oxygen partial pressure
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Fig. 4 Comparison between experimens and
theoretical model with and without

electronic conductor
(Exp. 3 with electronic conductor,
Exp. 4 without electronic conductor)

4 CONCLUSIONS

An electrochemical model for oxygen ion current
transport in slag has been carried out in this paper.
Oxygen ion current through slag which represent the
rate of decarburization reaction can been drawn as:

dlg>
de ~
Io* * Mg~ 10° d/0OJ,
- 2FW T nen(B)
Mg * 10° O, » 2F | Ekﬁ. 8
2aFw * IO g ST T o T exp(Y)

i 207
where
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B— L 1027 ° OL e O
T RT D0 T
i 207

this model can explain different experimental results

fully. The model has been proved accurately through

experimental results and phenomena.
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