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Measurements of the rates of reduction of iron oxide from molten CaO-SiO2-Al2O3-FexO slags by
Ar-CO mixtures have been made using a thermogravimetric method. The apparent first-order rate
constant, with respect to the partial pressure of CO, of the gas/slag interfacial reaction was deduced
from the measured rates, where the effects of the mass transfer in the gas and slag phases were
minimized. It was found that the apparent first-order rate constant decreased with the concentration
of ‘FeO’ from 100 to 20 wt pct, whereas it remained essentially constant in the range from 5 to 20
wt pct ‘FeO’. At a given iron oxide concentration, the reduction-rate constant increased significantly
with an increase in the CaO/SiO2 ratio. For fixed slag compositions, the reduction rate increased
slightly with the oxidation state of the slags. When the rate constant is expressed in the form of
k 5 k8(Fe3+/Fe2+)a, the values of a range from 0.15 to 0.25. The effect of temperature in the range
from 1673 to 1873 K on the reduction rate of iron oxide in a 40.4CaO-40.4SiO2-14.2Al2O3-5‘FeO’
(wt pct) slag was studied. The calculated activation energy, based on these results, is 165 kJ/mol.

I. INTRODUCTION (2) mass transfer of Fe2+ and O22 from the bulk slag to the
slag/gas interface;DRIVEN by the needs in the development of new bath-

(3) mass transfer of CO from the gas/carbon interface tosmelting technology, a great deal of research attention has
the gas/slag interface and of CO2 from the gas/slagbeen given to the reduction of iron oxide in the liquid state
interface to the gas/carbon interface;by solid carbon or carbon dissolved in liquid iron. In the

(4) reaction of CO2 and solid carbon or carbon in metalDIOS and AISI processes, for example, the iron oxide dis-
on the gas/solid or gas/metal interface, i.e., Reactionsolves in the slag, and about half of it is reduced by the
[3]; andcarbon in iron droplets ejected from the iron bath. The other

(5) mass transfer of carbon in the metal in the case of ahalf of the iron oxide is reduced by coal char. The overall
metal/slag reaction.reactions can be expressed as

(FeO) 1 C (or C) 5 CO 1 Fe [1] Numerous studies have been carried out on the kinetics
of reduction of iron oxide from liquid slag by solid carbon

They are typical heterogeneous reactions involving iron or carbon dissolved in liquid metal. Nevertheless, there were
oxide-containing liquid slag, solid carbon (or liquid metal), large discrepancies among the results of different researchers
and gases. As soon as the reaction is initiated, a gas phase regarding the magnitude of the rate and the controlling steps
is formed and the direct contact between the slag and solid of the overall reaction. For a better understanding of the
carbon or liquid metal is blocked. The reaction is then likely kinetics of the overall Reaction [1], sound knowledge about
to proceed via two sequential reactions, with CO-CO2 acting the rate of each individual step, from 1 through 5, is needed.
as gaseous intermediates, i.e., Among these steps, the two interfacial chemical Reactions

[2] and [3] are very important and could be the ultimateCO 1 (FeO) 5 CO2 1 Fe [2]
limit on how far we can go to enhance the bath-smelting

at the gas/slag interface, and process. The reaction of CO2 with carbon in the liquid iron
was the subject of several studies,[8–11] and consistent resultsCO2 1 C (or C) 5 2CO [3]
were obtained. The reaction of CO2 with solid carbon in

at the gas/carbon or gas/metal interface. The existence of a the forms of char, graphite, and coke was also extensively
gas film or halo between an iron oxide–containing slag and studied, and, more recently, a comprehensive study[12] was
the solid carbon or liquid metal has been confirmed by direct carried out at temperatures and gas compositions pertinent
observations of the reaction using X-ray fluoroscopy.[1–7]

to bath smelting. The knowledge of the rate of the carbon
There are several possible rate-controlling processes, plus gasification reaction allowed one to re-evaluate its role in
combination of these in series: the complex system.[13] However, our knowledge of the rate

phenomena for the gas/slag interfacial reaction, particularly(1) reduction of iron oxide in slags by CO on the gas/slag
for slag compositions pertinent to bath smelting, is by farinterface, i.e., Reaction [2];
inadequate.

The present study on the rates of the reduction of iron
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II. EXPERIMENTAL DETAILS
v 5

1
16A

dw
dt

[4]
A. Apparatus and Materials

where A is the surface area (cm2) of the melt and dw/dt isThe experimental setup is the same as the one used in a
the weight loss/gain rate (g/s). Based on the results of theprevious study.[14] A molybdenum-wound resistance furnace
cold model experiments,[15] the cross-sectional area of thewas equipped with a 52-mm-i.d. alumina working tube. The
crucible was taken as the surface area. The term dw/dt wastemperature was controlled by an EUROTHERM (Euro-
evaluated from the continuously recorded sample weight.therm Controls Inc., Worthing, West Sussex, UK) controller

The effects of mass transfer in the gas and liquid phaseswith a Pt-6 pct Rh/Pt-30 pct Rh (type B) thermocouple
were eliminated experimentally in the same way as in alocated close to the sample. The temperature profiles in
previous study.[14] The apparent first-order rate constant (ka)the working tube were carefully measured under the same
was calculated from the measured rate using the equationexperimental conditions (such as the mass of the sample

and the gas-flow condition) as those used in the kinetic
experiments. A 50-mm-long hot zone was obtained, in which v 5 ka 1PCO 2 PCO2 1PCO2

PCO 2
21

eq.
2 [5]

the temperature varied within 61.0 K. The liquid slag was
contained in a platinum crucible, 25 mm in height and

The initial slag compositions, including the Fe3+/Fe2+ ratio,tapered from a 25-mm i.d. at the top to a 12-mm i.d. at the
were obtained from the chemical analysis of the quenchedbase. An alumina crucible, containing the platinum crucible
slag samples from an independent experiment in which theand the slag, was attached to the balance through a platinum
same procedures were followed except for the reductionwire. The electrobalance (connected to a personal computer
step. The change of the slag composition, primarily thefor data logging) was accurate to 60.1 mg. The gas delivery
change of the Fe3+/Fe2+ ratio, during the reduction was calcu-tube was a high-purity transparent silica tube of 10-mm o.d.
lated using the initial slag compositions and weight lossand 8-mm i.d. The outlet of the gas delivery tube was located
based on the mass-conservation law. Good agreement was5 to 10 mm above the surface of the melt.
found among the calculated and the analyzed compositionsThe gases used in the experiments included CO (99.97
of the “end-point” slag. Weight-loss rates were obtainedvol pct), CO2 (99.9 vol pct), and Ar (99.99 vol pct), supplied
from linear regressions of weight vs time data over a shortby Linde Gas (Sydney). All the gases were passed through
period of time, during which a fairly straight line wasDRIERITE (Drierite Co., Xenia, OH) (CaSO4) to remove
observed. The rates were assigned to the corresponding slagmoisture, and, except for CO2, through Ascarite (granulated
compositions. The effect of the oxidation state of the slags,sodium hydroxide on a support) to remove CO2. The Argon
iron oxide content, basicity, and temperature on the reductionwas further purified by passing through a bed of copper
rate of iron oxide were studied.turnings at 873 K and magnesium turnings at 723 K to

remove trace amounts of oxygen. The gas flow rates were
controlled by a set of mass-flow controllers calibrated by A. The Effect of Iron Oxide Content in the Slags
means of soap-film burettes. Analytical-grade Fe2O3,

Three series of experiments were conducted using a mas-CaCO3, MgO, Al2O3, and SiO2 were used to prepare the
ter slag with a CaO/SiO2 (wt pct) ratio of unity and an Al2O3slags.
content of 15 to 20 wt pct.

In the first series of experiments, 5 to 90 wt pct of ‘FeO’
B. Procedure as Fe2O3 were added to the master slag 42.5CaO-42.5SiO2-

15Al2O3 (wt pct) and premelted in air in platinum crucibles.To prepare the iron-free “master” slags, the mixtures of
The slags, contained in the platinum crucible, were then putappropriate composition were melted in a 220 mL platinium
into the furnace and heated to 1773 K in argon. Weight losscrucible in air at 1873 K and quenched on a copper plate.
due to the oxygen evolution, which accelerated after the slagThe slags were then ground and remelted, followed by
was melted, was observed. The slag was kept at 1773 Kquenching and grinding. To prepare the sample for an experi-
under argon flow for 2 hours, until the rate of weight lossment, 10 g of slag sample, including an appropriate amount
became negligible compared with that in the reduction stage.of iron oxide in the form of Fe2O3, were put in a platinum
At that point, the gas was changed from argon to an Ar-COcrucible and melted in air at 1873 K. The slag was then
mixture and the reduction commenced. Figures 1 and 2 showquenched with the crucible.
the effect of the iron oxide content and the oxidation stateIn a typical experiment, the crucible, containing the slag
of the slag (represented as the Fe3+/Fe2+ ratio) on the reduc-sample, was introduced into the molybdenum furnace and
tion-rate constant. The Fe3+/Fe2+ ratios shown in Figures 1attached to the balance. Under the flow of a gas mixture of
and 2 were calculated from the Fe3+/Fe2+ ratio at the begin-known composition, the sample was heated to the required
ning of the reduction and the weight loss. The rate increasedtemperature. The sample was equilibrated with the gas before
with the increase of iron oxide content in the slags abovethe commencement of the reduction. At the beginning of
,20 wt pct ‘FeO’. It remained essentially constant belowthe reduction, the gas was changed to a CO-Ar mixture.
20 wt pct ‘FeO’. This trend is clearly shown in Figure 3,
in which the rates on different slags at an Fe3+/Fe2+ ratio of

III. RESULTS 0.2 are plotted against the iron oxide content. Another feature
of Figures 1 and 2 is that they show the reduction-rateIn the present study, the sample weight change, due to

the removal of oxygen from the melts as a result of gas/ decreases with the Fe3+/Fe2+ ratio or, in other words, the
oxygen potential of the slags. However, this dependence isslag interfacial reactions, was continuously measured. The

reaction rate (v), in units of mol-O cm22 s21, is given by rather weak when compared with that of oxidation of the
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Fig. 1—The dependence of the reduction rate constant on the Fe3+/Fe2+

Fig. 3—The dependence of the apparent rate constant on iron oxide contentratio and iron oxide content for slags based on 42.5CaO-42.5 SiO2-15Al2O3
in slags based on 42.5CaO-42.5SiO2-15Al2O3 (wt pct) in equilibrium with(wt pct) containing 50 to 90 wt pct ‘FeO’ at 1773 K.
a gas mixture with a CO2/CO ratio of unity at 1773 K. Data represented
by solid diamonds are taken from Figs. 1 and 2 at Fe3+/Fe2+ 5 0.2.

100 wt pct ‘FeO’ and pre-equilibrated with a gas mixture
with a CO2/CO ratio of unity, were measured. Figure 3
shows the results. Following the principle of microscopic
reversibility, the oxidation rate by CO2 and reduction rate
by CO of the melts should be of equal value when the melt
is pre-equilibrated at the oxygen potential of a CO2/CO ratio
of unity. The results shown in Figure 3 agree fairly well
with this theoretical prediction. This is consistent with the
equilibrium being indeed reached before the reduction- or
oxidation-rate measurement commenced and, second, with
the measured rates being those for the interfacial chemical
reaction.

The Fe3+/Fe2+ ratios in the melts with different iron
oxide contents in equilibrium with a gas mixture having a
CO2/CO ratio of unity were measured, and the results are
shown in Figure 4. The Fe3+/Fe2+ ratio remained fairly con-
stant, while the iron oxide content in the slags varied from
30 to 100 wt pct. A similar dependence of the equilibrium
Fe3+/Fe2+ ratio on iron oxide content at given CO2/CO ratiosFig. 2—The dependence of the reduction rate constant on the Fe3+/Fe2+

was also found by Yang and Belton,[19] who studied theratio and iron oxide content for slags based on 42.5CaO-42.5 SiO2-15Al2O3

(wt pct) containing 5 to 40 wt pct ‘FeO’ at 1773 K. redox equilibria for a similar slag system containing 3 to
13 wt pct of iron oxide.

Taking data from Figures 1 and 2 at a fixed Fe3+/Fe2+

ratio of 0.2, which is the value of the equilibrium Fe3+/Fe2+melt by CO2. If the form ka 5 ka8 (Fe3+/Fe2+)a is assumed,
the exponent a will be 0.3 to 0.4 for the reduction, while ratio at a CO2/CO ratio of unity, the reduction-rate constants,

obtained from the first series of experiments, are also plottedthe value for the oxidation was deduced to be 22 by
Belton.[16] The rate data for slags with an iron oxide content in Figure 3. The results from these two series of independent

experiments agree very well.of 80 wt pct or higher are likely to refer to two-phase systems
at high values of the Fe3+/Fe2+ ratio. Magnetite separation In the third series of experiments, the reduction rate

of iron oxide in slags, based on 40CaO-40SiO2-20Al2O3would occur if the Fe3+/Fe2+ ratio exceeds about 0.73 with
pure liquid iron oxide at 1773 K.[17] No direct data are (wt pct) with varying FexO contents and saturated with metal-

lic iron, was measured at 1673 K. High-purity iron bars,available for the pertinent melts of the present study, but for
aluminum-free calcium silicates containing 90 wt pct iron made by melting electrolytic iron in a vacuum furnace, were

used to make the iron crucibles with an i.d. of 24 mm andoxide, the data of Timucin and Morris[18] indicate that mag-
netite would separate at Fe3+/Fe2+ ' 1 at 1723 K. a height of 10 mm. FexO was prepared by heating a mixture

of equimolar pure iron powder and analytical-grade ferricIn the second series of experiments, the reduction
and oxidation rates of iron oxide in slags, based on a oxide powder in an iron crucible at 1473 K in argon for

4 hours, followed by grinding and magnetic separation. The42.5CaO-42.5SiO2-15Al2O3 (wt pct) slag containing 30 to
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Fig. 6—Variation of the apparent rate constant for the reduction by CO atFig. 4—Variation of the Fe3+/Fe2+ ratio with iron oxide content in slags
1773 K of iron oxide with Fe3+/Fe2+ ratio and slag basicity for slag CaO-based on 42.5CaO-42.5SiO2-15Al2O3 (wt pct) in equilibrium with a gas
SiO2-15Al2O3 1 5 wt pct ‘FeO’mixture with a CO2/CO ratio of unity at 1773 K.

Fig. 5—Dependence of the reduction rate constant of iron oxide on ‘FeO’
Fig. 7—Variation of the apparent rate constant for the reduction by CO ofcontent in iron-saturated 40CaO-40SiO2-20Al2O3 (wt pct) slag at 1673 K.
iron oxide with Fe3+/Fe2+ ratio and slag basicity for slag CaO-SiO2-15Al2O3

1 5 wt pct ‘FeO’ at 1873 K.

mixture of prefused master slags and the appropriate amount
of wüstite was put into the iron crucible and heated to
1673 K in the furnace under the flow of ultrahigh-purity The ‘FeO’ and Al2O3 contents in the slags were kept at 5
argon. The sample was kept at 1673 K for 2 hours to let and 15 wt pct, respectively. The CaO/SiO2 ratio was varied
the slag equilibrate with the metallic iron crucible before from 1.0 to 1.3 at 1773 K and from 0.5 to 1.3 at 1873 K.
the reduction was conducted. Figure 5 shows the results The slag, contained in a platinum crucible and premelted in
of this series of experiments. The reduction rate decreased air at 1873 K, was heated and then kept at the experimental
sharply with the decrease of the iron oxide content in the temperature for at least 2 hours until the rate of weight loss
slag in the high-iron-oxide range from pure iron oxide to became negligible compared with that during reduction. An
about 30 wt pct FexO. The rate was essentially independent independent experiment was carried out to obtain the initial
of iron oxide in the low-iron-oxide range, at least in the Fe3+/Fe2+ ratio for each slag.
range from 5 to 20 wt pct FexO. The effects of slag basicity on the reduction rate are shown

in Figures 6 and 7. The reduction rate of iron oxide increased
B. The Effect of Slag Basicity significantly with the increase in slag basicity. At 1773 K,

the reduction rate of iron oxide in CaO-SiO2-15Al2O3-5FexOThe effect of slag basicity on the reduction rate of
iron oxide was studied in the CaO-SiO2-Al2O3-FexO system. was tripled when the CaO/SiO2 ratio was increased from
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v 5 kaFeOPCO 11 2
1
K2

aFePCO2

aFeOPCO2 [7]

where the term in the parentheses denotes the departure from
equilibrium, and k is expected to be a function of temperature
only. If the amount of CO2 in the gas phase is negligible,
as in the case in which high-purity CO and Ar mixtures are
used as a reductant and the partial pressure of produced CO2

is negligibly small, the term in the parentheses of Eq. [7]
becomes 1.0. The apparent first-order (with respect to PCO)
rate constant (ka) would then be proportional to the activity
of iron oxide. Experimental results show that this is not the
case. Nagasaka et al.[20] found that the addition of a basic
oxide to pure iron oxide, which will definitely decrease the
activity of FeO, actually increases the reduction rate. Results
of the present authors[15] on the reduction rates for binary
systems support Nagasaka’s conclusion. This phenomenon
cannot be explained by Eq. [7], even if we put an exponent
of positive value other than 1.0 to aFeO. However, one might
attribute the higher reduction rate to the higher Fe3+/Fe2+

Fig. 8—Arrhenius plot of the apparent rate constant k for the reduction of ratio in the basic melts than that in pure iron oxide, by
iron oxide from 42.5CaO-42.5SiO2-15Al2O3 1 5 wt pct ‘FeO’ slag to assuming that Fe3+ can be reduced by CO “more easily”metallic iron.

than Fe2+. If this assumption is valid, following the same
logic, we would expect lower oxidation rates on basic melts,
like CaO-FexO, than on pure iron oxides. However, experi-

1.0 to 1.3, as shown in Figure 6. Similar trends were observed mental results[21] showed that, at a given oxygen potential,
at 1873 K for a wider range of CaO/SiO2 ratios, as shown the oxidation rates on FexO-CaO melts are higher than those
in Figure 7. The activity of FeO, of course, will increase on pure iron oxide, despite the higher Fe3+/Fe2+ ratios.
with the increase of slag basicity. The activities of iron oxide Details about the effect of slag basicity on the reaction rate
in a CaO-SiO2-Al2O3-5 wt pct ‘FeO’ slag system with a will be discussed in the next section.
CaO/SiO2 ratio of 1.0 and 1.3 are calculated to be 0.0788 The previous discussion indicates that no simple rate law,
and 0.0979, respectively. The difference of the iron oxide like Eq. [7], can be used to describe the effect of iron oxide
activities in these two slags was only 24 pct and, therefore, content on the reaction rate. It also warns us that caution
cannot explain the large difference in the rate. must be taken when we try to deduce a rate law from a

stoichiometric chemical-reaction equation. The reaction
must be elementary and represent the true rate-controlling

C. The Effect of Temperature step if such attempt is to be made. Reaction [2] is an overall
reaction in which several elementary reactions, e.g., adsorp-The effect of temperature on the reduction rate of iron
tion, combination, and desorption, are involved. Details ofoxide in a CaO-SiO2-Al2O3 1 5 wt pct ‘FeO’ slag with a
the reaction mechanisms can be found elsewhere.[14,16]CaO/SiO2 ratio of 1.0 is shown in Figure 8. The data at 1673

For the aforementioned reason, no attempt is made toK are taken from the experimental results for the reduction of
deduce a rate law concerning the iron oxide content in slags.iron oxide in iron-saturated 40CaO-40SiO2-20Al2O3 1 5 wt
General trends are discussed qualitatively, and appropriatepct ‘FeO’. The data at 1773 and 1873 K are taken from the
comparisons to other studies are made quantitatively.experimental results for continuous reduction of iron oxide

Figure 9 shows the dependence of the apparent rate con-in the 42.5CaO-42.5SiO2-15Al2O3 1 5 wt pct ‘FeO’ slag,
stants on iron oxide contents for slags based on 40CaO-as shown in Figures 6 and 7, where the Fe3+/Fe2+ ratio is
40SiO2-20Al2O3 saturated with metallic iron at 1673 K (solidapproximately the same as the one in equilibrium with metal-
circles) and for 42.5CaO-42.5SiO2-15Al2O3 at an Fe3+/Fe2+lic iron. The Arrhenius plot of these data, as shown in Figure
ratio of 0.2 and at 1773 K (solid triangles). Similar trends8, gives
can be seen at both temperatures. The rates at 1773 K are

ln ka 5 219,820/T 2 1.699 [6] approximately twice as high as those at 1673 K at the same
iron oxide content in the slags. In the low-iron range (5 toThe activation energy, calculated from the equation, is
20 wt pct ‘FeO’), the reduction rate is essentially constant.165 kJ/mol.
In the middle-iron range (20 to 60 wt pct ‘FeO’), the reduc-
tion rate increases sharply with the increase of the iron oxide

IV. DISCUSSION content. In iron-rich slags (60 to 100 wt pct ‘FeO’), the
reduction rate increases, at a lower rate, with the increaseA. The Effect of Iron Oxide Content on the Reduction of the iron content. It should be noted that the rate in theRate very-low-iron range (,5 wt pct FeO) was not measured. In
that range, very low CO partial pressures (,0.01 atm) mustFor the reduction of iron oxide in slags by CO, we may

tend to write the reaction equation as Eq. [2] and assume be used in order to overcome the liquid-phase diffusion
limitation. Problems associated with this range include diffi-that the reaction rate is proportional to the activities of the

reactants, i.e, culty in preparing the gas mixture precisely and the slow
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Fig. 10—Dependence of the apparent rate constant on iron oxide contentFig. 9—Dependence of the apparent rate constant for the reduction of iron
in slag equilibrium with CO2/CO ratio of 1.0.oxide by CO on iron oxide content in slags.

rate, which precludes accurate measurement with the present which is about 90 pct of the value of the rate constant he
claimed for a 20 pct FeO slag at 1773 K.setup. However, the results of the “blank” experiments on

“pure” master slags (slags without iron oxide) showed negli- The dependence of the apparent rate constant (k0), for
slags in equilibrium with a CO2/CO ratio of 1.0, on irongibly low rates. Accordingly, there may be a sharp drop

somewhere below 5 wt pct ‘FeO,’ as depicted by the dotted oxide content is presented in Figure 10. In addition to the
results from the present work, results from isotope-exchangelines in Figure 9.

Nagasaka et al.[22] studied the reduction rate of iron oxide studies performed by Sun[24] and Mori et al.[25] are presented
for comparison. Similar trends, i.e., a nearly constant ratein a master slag with equal CaO and SiO2 molar contents,

contained in metallic iron crucibles at 1673 K. Their results, in the low-iron range (,20 wt pct ‘FeO’) and a sharp increase
in the middle-iron range, are followed by results from allas shown by the open circles in Figure 9, show a very slight

change as the iron oxide content varied between 35 and 100 three studies. Compared to the present study, Sun’s results
show lower rates, presumably due to the lower temperature.wt pct. The results from the present study, under similar

conditions, disagree with their results. Kim[23] studied the Mori’s results, on the other hand, show slightly higher rates,
while the temperature employed was higher.dependence of the reduction rates on the iron oxide contents

in a master slag of 45CaO-15MgO-40SiO2. Initially, the In a previously published article,[14] the kinetics of the
reaction between liquid iron oxide and CO-CO2 gases wasslags were in equilibrium with gas mixtures, having a

CO2/CO ratio of 0.2. His results are also shown in Figure described by a “charge-transfer” model. Since charge trans-
fer is involved in the reaction processes, the electrical con-9 as triangles and diamonds at 1873 and 1773 K, respectively.

By comparing the two sets of data at 1773 K, it is seen that ductivity of the melts is expected to affect the reaction rate.
Figure 11 shows the variation of the electrical conductivityat high iron oxide contents, Kim’s results tend to agree with

the results from the present study, while at low iron oxide of CaO-SiO2(-Al2O3)-FeO slags with the iron oxide content.
The Data include results from studies by Narita et al.,[26]contents, Kim’s values are much higher. For example, at 20

wt pct ‘FeO’, his value is 4 times that of the present study. Kato and Minowa,[27] Adachi and Ogino,[28] and Fontana et
al.[29] By comparing Figure 11 to Figures 3 and 5, a similarityThis may largely be due to the higher basicity of his slag.

The (CaO 1 MgO)/SiO2 ratio of his master slag is 1.5, while can be seen between the dependence of the reaction rate and
electrical conductivity on the iron oxide content in the melts.the one used in the present study is 1.0. As shown in Figure

6, the reduction rate of iron oxide is tripled when the On the other hand, the aFeO-‘FeO’ wt pct curve, as shown
in Figure 12, differs significantly from the rate-‘FeO’ wtCaO/SiO2 ratio is raised from 1.0 to 1.3. The effect of master-

slag basicity on the rate is expected to decrease with the pct curves shown in Figures 3 and 5. This indicates, again,
that the activity of iron oxide, a thermodynamic property ofincrease of iron oxide content and, ultimately, disappear

when the iron oxide content approaches 100 wt pct. Experi- the bulk slag, plays, if any, a minor role in the gas/slag
interfacial kinetics.mental results show agreement with this consideration.

Another reason for Kim’s higher rate may be the larger
uncertainty in his measurement when the iron content

B. The Effect of Slag Basicity on the Reaction Ratebecomes lower, due to the generation of CO2 from the carbon
deposition reaction. For example, the measured CO2 concen- The effect of slag basicity on the rate of reduction of FexO

in slags by CO cannot be perceived directly, because itstration in the off gas of a blank experiment was 173.3 ppm
when a 1 vol pct CO-Ar mixture was used. This translates relevant components, e.g., CaO, MgO, and SiO2, do not

directly take part in the reactions. However, some physicalto a rate constant of 8.79 3 1026 mol-O cm22 s21 atm21,
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Fig. 13—The effect of slag basicity on reduction and oxidation rates ofFig. 11—The electrical conductivity of CaO-SiO2 (Al2O3) melts with CaO/
iron oxides by CO-CO2 gases.SiO2 ratio of 1.0 as a function of ‘FeO’ content.

was also observed by Nagasaka et al.,[22] Tran,[31] and Kim[23]

when they studied the reduction rate of iron oxide in
CaO-MgO-SiO2 slags and by Jahanshahi and Wright[32]

when they studied the reduction of lead slags. It is now
generally accepted that the increase of basicity will increase
the rates. However, the reason(s) for this kind of dependence
are still under debate. Several opinions are presented and
discussed below.

1. The reaction rate increases with the increase of slag
basicity because of the increase of the iron oxide
activity coefficient

In the CaO-SiO2(-Al2O3) slag, the activity coefficient of
iron oxide was found to increase with the increase of basicity
when CaO/SiO2 , 2.0.[18,33,35] For low-iron slags, Timucin
and Morris’s results[18] showed a very weak dependence.
Taniguchi, Morita, and Sano’s results[33] showed a relatively
stronger dependence. Even taking the latter results, the activ-
ity of iron oxide is expected to increase by only 30 pct when
the CaO/SiO2 ratio increases from 1.0 to 1.5. If this factor

Fig. 12—The activity of iron oxide in CaO-SiO2 (-Al2O3) melts with vary- were used to normalize the ‘FeO’ contents of the slags
ing amounts of ‘FeO’. Lines represent the calculated values using the KFS containing 5 wt pct ‘FeO’ but having different CaO/SiO2model developed by CSIRO (Melbourne, Victoria, Australia).

ratios, they would all fall into the range (FeO , 20 wt pct)
where the reaction rate was found to be essentially constant,
as discussed in the previous section. Furthermore, the CO2or thermodynamic properties that may be relevant to the dissociation rate was found to increase with the increase of

reaction rate, such as the surface tension, electrical conduc- the CaO/SiO2 ratio all the way up to 11.0, where gFeOtivity, redox equilibria, and activity of FeO, are affected by certainly will decrease.[30] Therefore, the change of iron
the slag basicity. oxide activity cannot be used to explain the effect of slag

Figure 13 shows the effect of slag basicity on the reduction basicity on the gas/slag interfacial reaction rate.
and oxidation rate of iron oxide by CO-CO2 gases. It can
be seen that the reduction rate of iron oxide increases sharply 2. With the increase of slag basicity, the Fe3+/Fe2+

ratio in the slag increases and, since Fe3+ (Fe2O3) iswith the increase of slag basicity. For example, at 1773 K,
the reduction rate of iron oxide (5 wt pct) is tripled when more easily reduced than Fe2+ (FeO), the reduction

rate increases.the CaO/SiO2 ratio increases from 1.0 to 1.3 Also shown in
Figure 13 are results of the CO2 dissociation rates on calcium At a given oxygen potential, the Fe3+/Fe2+ ratio in the

slag increases with the increase of slag basicity. Thermody-iron silicates, measured by El-Rahaiby et al.[30] and Mori et
al.[25] using the isotope-exchange technique. These rates can namically, Fe3+ (or Fe2O3) is more easily reduced than Fe2+

(or FeO). However, this fact does not necessarily mean thatbe regarded as the oxidation rates of iron oxide by CO2.
A trend similar to that of reduction was observed. This trend the reduction rate, a kinetic quantity, of Fe3+ is higher than
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that of Fe2+. Even if it does, as it may, we can only rationalize
that the reduction rate will increase with the increase of
basicity. Based on the same logic, we will expect that the
oxidation rate of iron oxides should decrease with the
increase of slag basicity. The experimental results from iso-
tope-exchange studies, as shown in Figure 13, show the
opposite. Therefore, this statement may be rejected.

3. Tran[31] and Jahanshashi and Wright[32] explained the
effect of basicity on reaction rate in terms of the activity of
free oxygen (aO

22) and/or the Fe3+/Fe2+ ratio at the gas/slag
interface according to the following steps involved in the
formation of CO2 species:

CO(g) 1 (O22)slag 5 CO2(ads)
22 [8]

CO2(ads)
22 1 2(Fe31) 5 2(Fe21) 1 CO2(g) [9] Fig. 14—Simplified energy band diagram assumed for liquid ‘FeO’: (a)

pure iron oxide or CaO-SiO2-Al2O3-‘FeO’ with CaO/SiO2 5 1.0 and (b)
An increase in slag basicity will increase the activity of the the addition of basic oxides (superscript b) or acidic oxide (superscript a).
oxygen ion and the Fe3+/Fe2+ ratio. Accordingly, the driving
forces of Reactions [8] and [9] will increase and, hence,
the reaction rate will increase. Similar to the arguments in The nature of these ions and, hence, the structure of the
statement 2, this opinion can be rejected by considering the slags, changes with slag compositions and is not yet fully
oxidation rate of the melts. understood. Mills and Keene[41] have reviewed the available

surface-tension data for slags containing iron oxide. Broadly,4. Occupation of reaction sites by surface-active
the surface tensions of pure liquid oxides and slags are lowercomponents such as SiO2 than for the metals, and the magnitude of the depression ofIn case of the gas-metal reaction, the “surface-blockage”
the surface tension by surface-active components tends tomodel, considering the occupation of reaction sites by sur-
be very much lower than, for example, that by the Groupface-active elements such as O, S, Se, etc., was successfully
VI elements in liquid iron. It may be, for this reason, thatused to explain the rate phenomena.[16] There is good reason
the surface-constitution change plays only a minor role onto consider the surface constitution of the slag when we deal
the gas/slag interfacial reaction-rate phenomena.with the gas/slag interfacial reaction rate. In fact, Fine

et al.,[36] acknowledging this effect, used the expression 5. Charge-transfer consideration
Molten slag is a mixture of different ions. Transition met-k (1 2 0.7(aSiO2)

1/3) (aFeO PCO 2 aFe PCO2), where the first
term in parentheses reflects the reduction of surface sites by als, like iron and titanium, regardless of their exact forms,

exist in slags as ions. The reduction or oxidation of ironsilica, to explain their experimental results. Richardson[37]

has analyzed the available surface-tension data for liquid and titanium in slag from one valence to another inevitably
involves the transfer of charge. This means, for the gaseousbinary iron silicates at 1420 8C and has shown that at bulk

saturation with solid silica, the surface is still unsaturated. species CO and CO2, in the course of changing from one
to another, there must be intermediate, adsorptive, chargedThe surface coverage by SiO2 was deduced to be about 70

pct. The observed apparent rate constant at 1500 8C and radicals on the surface of the slag. For a given coverage of
the surface and partial pressures in the gas phase, the numberCO2/CO 5 1.0 decreases from 4.1 to 1.0 3 1025 mol-O

cm22 s21 when 30 wt pct silica was added to liquid iron of active forms of such radicals, hence, the reaction rate,
depends on the position of the Fermi level: the electrochemi-oxide. This is a somewhat larger decrease than the expecta-

tion from the consideration of surface constitution. A recent cal potential of the electrons.[42]

The energy change for the transfer of electrons to reactantspublication by Sun and Belton[38] showed that the effects of
two strong surfactants, P2O5 and Na2O, on the gas (CO- is given by the difference between the energy of the electrons

in the bottom of the conduction band at the surface and theCO2)/slag (liquid iron oxide) interfacial reaction rates are
totally opposite: while the addition of P2O5 significantly Fermi energy.

This is represented by the simplified energy-band diagramdecreases the rate, which is in accordance with the surface-
blockage consideration, the addition of Na2O significantly in Figure 14(a). In this Figure, the bottom of the conduction

band in the bulk of the melt is represented by the level EC ,increases the rate. The failure of using the surface-blockage
model to explain the gas/slag interfacial-rate phenomena and the top of the valence band in the bulk is represented

by the level EV . In general, a space charge will exist due tomay be due to the fact that the surface (even the bulk)
constitution of slags is far more complex than that of metal. excess negative or positive ions at the surface. This results

in bending of the conduction and valence bands upward inLiquid metal can be treated as a homogeneous mixture of
atoms in the bulk and concentrated surfactant atoms on the case of excess negative ions at the surface, or downward in

case of excess positive ions at the surface. The change insurface. The surface-segregation phenomena of metal, at
least in the solid state at elevated temperatures, have been the energy by the surface potential (FS) is shown to be

toward higher electron energy, on the assumption that surfacestudied directly.[39,40] The availability of a large amount of
data on surface tension (an indirect form of information on “lattice” O22 ions have less than the normal complement of

cations. This assumption is not important to the discussion.adsorption equilibria for liquid alloys) allows reasonably
good estimates of the surface coverage. A liquid slag, on The Fermi energy is indicated by the level EF , and the

difference in energy between electrons at the bottom of thethe other hand, is a mixture of different cations and anions.

658—VOLUME 33B, OCTOBER 2002 METALLURGICAL AND MATERIALS TRANSACTIONS B



can be easily found from Figure 15(b) that Fb 5 F 2
DFV

b 2 DFS
b and Fa 5 F 1 DFV

a 1 DFS
a. For the rela-

tive rate or apparent rate-constant (note here that CO2/CO
5 1.0) change, it follows that

ln
v b

v
5 ln

kb
0

k0
5 2

2(Fb 2 F)
kT

5
2(DFb

s 1 DFb
v)

kT

[13]

for the addition of basic oxides, and

ln
v a

v
5 ln

ka
0

k0
5 2

2(Fa 2 F)
kT

5 2
2(DFa

s 1 DFa
v)

kT

[14]

for the addition of acidic oxides.
Equations [13] and [14] clearly show that the addition of

basic oxides will increase the apparent rate constant, and
the addition of acidic oxides has the opposite effect. ThisFig. 15—Schematic diagram of the apparent rate constants showing the

effect of slag basicity on the reduction and oxidation rates. is depicted in Figure 15, where k 0 represents the apparent
rate constant for a melt (base case) equilibrated with a CO2/
CO ratio of 1.0, and k b

0 and k a
0 represent the change of k0

with the addition of basic oxides and acidic oxides to the base
conduction band at the surface and the Fermi energy is melt, respectively. Following the microscopic reversibility of
indicated by F 5 EC 1 FS 2 EF . For an “acceptor” reaction, the reaction, the apparent rate constants for reduction and
such as oxidation are identical at a CO2/CO ratio of 1.0. It was

found in this and previous studies[14] that with the increasingCO2(ad) 1 2e2 → O22
(ad) 1 CO(ad) [10]

oxidation state of the slag, denoted by the CO2/CO ratio
the rate can be expressed as[38]

in Figure 15, the apparent reduction-rate constant slightly
increases and the apparent oxidation-rate constant sharply

v 5 k8 PCO2 exp
2 2F

kT
[11] decreases. In Figure 15, the solid and dashed lines represent

the apparent rate constants of reduction and oxidation,
where k8 is a function of the temperature and density of respectively. A detailed discussion on the relationship
surface reaction sites, and k is the Boltzmann constant. Let’s between the reduction- and oxidation-rate constants can be
now assume that Figure 14(a) represents the case of pure found in our previous publication.[14]

liquid iron oxide or liquid CaO-SiO2-Al2O3-FeO (CSAF) No experimental data are available for the change of the
slags with a CaO/SiO2 ratio of 1.0 in equilibrium with CO/ potential of the surface and bulk (DFS and DFV) with the
CO2 5 1.0. When “basic” oxides, such as CaO, are added slag composition change. Thus, quantitative analysis is not
to the pure liquid iron oxide or CSAF slags, both the bulk possible at this stage. At 1773 K, one order of magnitude
and the surface properties of the melts will change. For the of rate change corresponds to a potential change of 0.18 eV.
bulk, the Fermi level will be displaced to a higher position, This value is not physically impossible, recognizing that the
with a change of DFV

b, because more-basic oxides have a difference of the Fermi energy between CaO and SiO2 is
higher Fermi energy.[43] For the surface, the conduction band about 1.736 eV.[43]

and valence band will bend downward for DFS
b, because

of the segregation of ‘CaO’ leading to an increase in the
cation (Ca2+) concentration at the surface. The addition of

V. CONCLUSIONSan acidic oxide such as SiO2 and P2O5 has the opposite
effect, as shown in Figure 15(b). For such a potential change,

The rates of interfacial reaction between molten CaO-Eq. [11] becomes
SiO2-Al2O3-FexO and CO-CO2 were measured using a gravi-
metric technique, where the mass-transfer rates in the gasv b 5 k8 PCO2 exp

2 2Fb

kT
[12a]

phase and liquid slag were sufficiently high compared to
the interfacial reaction rate. Based on the experimental

where Fb is the the difference in energy between electrons results, the following conclusions can be made.
at the bottom of the conduction band at the surface and the
Fermi energy for the melt with a basic oxides addition, and 1. For slags of the CaO-SiO2-Al2O3-FexO system at a fixed

oxidation state, the apparent rate constant decreased with
v a 5 k8 PCO2 exp

2 2Fa

kT
[12b] ‘FeO’ content from 100 to 20 wt pct, whereas it remained

essentially constant in the range from 5 to 20 wt pct.
No direct relationship between the rate of the interfacialwhere Fa is the difference in energy between electrons at

the bottom of the conduction band at the surface and the reaction and the activity of iron oxide could be
established.Fermi energy for the melt with an acidic oxides addition. It
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6. D.J. Min and R.J. Fruehan: Metall. Mater. Trans. B, 1992, vol. 23B, Steelmaking, 1985, vol. 12, pp. 157-62.
37. F.D. Richardson: Physical Chemistry of Melts in Metallurgy, Academicpp. 29-37.

7. B. Sarma, A.W. Cramb, and R.J. Fruehan: Metall. Mater. Trans. B, Press Inc., Landon, 1974, vol. 2, pp. 441-42.
38. S. Sun and G.R. Belton: Metall. Mater. Trans. B, 1998, vol. 29B, pp.1996, vol. 27B, pp. 717-30.

8. D.R. Sain and G.R. Belton: Metall. Mater. Trans. B, 1976, vol. 7B, 137-45.
39. H.J. Grabke: Iron Steel Inst. Jpn. Int., 1989, vol. 29, pp. 529-38.pp. 235-44.

9. D.R. Sain and G.R. Belton: Metall. Mater. Trans. B, 1978, vol. 9B, 40. H.J. Grabke, V. Leroy, and H. Viefhaus: Iron Steel Inst. Jpn. Int.,
1995, vol. 35, pp. 95-113.pp. 403-07.

10. F.J. Mannion and R.J. Fruehan: Metall. Mater. Trans. B, 1989, vol. 41. K.C. Mills and B.J. Keene: Int. Mater. Rev., 1987, vol. 32, pp. 1-120.
42. T. Wolkenstein: Adv. Catal. Relat. Subj., 1960, vol. 12, pp. 189-264.20B, pp. 853-61.

11. T. Nagasaka and R.J. Fruehan: Metall. Mater. Trans. B, 1994, vol. 43. W.M. Mullins: Surface Sci. Lett., 1992, vol. 262, pp. L144-L146.

660—VOLUME 33B, OCTOBER 2002 METALLURGICAL AND MATERIALS TRANSACTIONS B


