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Abstract

An experimental study was performed to measure the rate of reduction of iron oxide from
calcia-silica-alumina slag by carbon in iron, and to determine whether the reaction rate
can be increased by electrochemical means. It is shown that the reaction rate depends on
both the ferric-ferrous cation ratio, and on the total amount of iron in the slag. It was
observed that ferric cations are reduced at a faster rate than ferrous cations. This suggests
that the overall reaction rate is limited by the rate of the ferric-to-ferrous reduction
reaction when the slag contains significant quantities of ferric oxide. Results show that
the rate constant decreases at low concentrations of ferrous oxide in the slag. It is
concluded that mass transfer in the slag phase controls the overall reaction rate when the
slag contains mainly ferrous oxide.

Experiments were conducted in an attempt to increase the reaction rate by
electrochemical means. The reaction rate was increased by penetrating the slag layer
with a metallic rod or plate; this provided an electronic pathway from the metal bath into
the bulk slag phase. A small short-circuit current was measured. In order to increase the
current, a voltage was applied between the metal bath and an electrode that made
electrical contact with the top of the slag layer. The reaction rate increased by 60-100%,
and the increase was proportional to the current passed. A current efficiency of nearly
100% was observed for current densities on the order of 500 mA cm™.

The results of this study have been modeled with a new expression for the reaction rate:
— ) 3+ o 2+
rp = k[wt.%Fe ]M +k,[wt % Fe**)
The rate constant k, is the chemical rate constant for the ferric-to-ferrous reduction
reaction, and k, is the mass transfer coefficient for ferrous cations in the slag; numerical
values for the constants k, and k&, are offered for certain experimental conditions.

slag
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Chapter 1. Introduction

1.1  Motivation 1or the present study

In modern steelmaking, the final iron oxide content of slags is in the range 5-35 wt%
‘Fe()’ in the basic oxygen furnace (BOF), and 10-40 wt% ‘FeO’ in the electric arc
furnace (EAF), depending on the final carbon content of the steel. Most steelmaking slag
is not recycled; impurities in the slag limit the amount that can be recycled into the blast
furnace or steelmaking furnace. It would be desirable if the ‘FeO’ level in the slag could
be reduced before the slag is discarded (i.e. lost from the iron- and steelmaking process),

since this would improve iron yield.

The ‘FeO’ content of steelmaking slags could be decreased by the reaction in Equation
(1), in which iron oxide is reduced from slag by reacting with carbon dissolved in liquid
iron.

[FeO,s +[Cluua = [Fe] s +(CO) M)

slag
In order to make this practical, conditions must be maintained so that the rate of this slag-
metal reaction is high. The original motivation for this study was to see whether some
electrochemical means involving an electric arc or a plasma might be developed that

would increase the reaction rate (see Background below).



This slag-metal reaction is important in both iron- and steelmaking and has therefore
been the subject of study previously. Early studies of the reaction rate were motivated by
the desire to understand the reaction as it occurs in the hearth of the blast furnace, and in
basic open hearth steelmaking. Most studies in the past twenty years have aimed at
learning about the reaction as it occurs in steelmaking in the BOF and EAF, and in direct

smelting processes for ironmaking.

In pneumatic steelmaking processes, oxygen gas is blown into hot metal in order to
oxidize carbon, silicon, phosphorus, and other impurities. Slag droplets are formed at the
gas entrance into the metal bath. Iron oxide in the slag droplets is reduced by carbon
dissolved in the metal bath (Equation (1)) as the droplets rise upward through the metal
bath to the slag layer. The fluid flow pattern in the reactor influences the iron oxide

content of the slag'?, as does the total amount of oxygen blown into the metal bath®.

In direct smelting processes for ironmaking, molten iron is produced using ore, coal, and
flux®. As in the blast furnace, some reduction occurs by reaction between solid ore and
gas containing carbon monoxide and hydrogen. At the bottom of the furnace, however,

where hot metal and slag accumulate, reduction occurs by the reaction in Equation (1).

Previously published studies have shown that a high reaction rate is obtained under the
following conditions:

e high iron oxide concentration in the slag phase’



e high temperature®

e vigorous stirring of the slag and metal phases®'’

e high carbon concentration (in the metal phase)’

These studies provide a basic understanding of the reduction of ferrous oxide (FeO) from

slag. They do have some short-comings, however.

Most studies to date have neglected the effect of ferric oxide (Fe;Os) on the reaction rate;
in fact, they have purposely used slags that only contain FeO. A second short-coming of
previous studies is that they have treated this slag-metal reaction as a chemical reaction,
as if it were occurring between the compound FeO and carbon. It is known, however,
that iron oxide is dissociated in slags, so that the reduction of iron oxide probably occurs
as anodic and cathodic reactions. In the anodic reaction, oxygen from the slag reacts with

carbon dissolved in the metal bath.

[0* ],,ag +[C],.., —(CO)+2e @)

If both ferric and ferrous cations are present in the slag, then two cathodic reactions are

possible. One is the reduction of ferric cations to ferrous cations

3+ = 2+
[F € ]ﬂag +e” > [Fe ]slag , 3)
and the other is the reduction of ferrous cations to iron metal
[Fez*]mg +2e” —>[Fe] . )

A third deficiency in previous studies is that they have generally focused on one of the

following two extremes:
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e low carbon concentration, and high iron oxide concentration;
e low iron oxide concentration, and high carbon concentration.
The first type of study, on “decarburization,” often involves dropping solid iron pieces or
molten iron droplets into a slag layer. The second type of study, on “iron oxide

reduction,” usually involves dropping crushed or molten slag onto a molten iron layer.

In this study, two of these three deficiencies have been treated. First, the effect of ferric
cations on the rate has been explicitly studied. Second, the reduction of iron oxide from
slag by carbon in iron (Equation (1)) has been studied from an “electrochemical” point-
of-view, and experiments have been conducted to show that the overall reduction reaction
is indeed occurring as separate oxidation and reduction reactions (Equations (2), (3), and
(4)). In order to focus on rate-limitations in the slag phase, high carbon concentration has

been employed; iron oxide reduction experiments have been conducted.

1.2 Background to present study

A study by Krishna Murthy, Hasham, and Pal® showed that the rate of decarburization of
iron droplets slowed to nearly zero when the carbon level reached 2-3 wt%, even though
the slag still contained a high level of FeO. When the crucible (containing the molten
slag) was lined with molybdenum foil, the carbon level reached almost 0 wt%. The
investigators suggested that “an electrochemical transport barrier in the slag phase” was

preventing the final carbon level from dropping below 2-3 wt% when no foil was present.
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They proposed that electrons were built up in the metal droplet, because iron cation
diffusion was slower than oxygen anion diffusion to the surface of the metal droplet.
This electron build-up would eventually present a barrier to oxygen anion diffusion to the
droplet, and the decarburization rate would drop to nearly zero. They suggested that the
foil “drained” electrons away from the metal droplet, so that oxygen anions could once
again diffuse to the surface of the droplet, and the reaction could proceed to 0 wt% C.
Szekely and Pal® later proposed that an electronic short-circuit through the slag layer

using an electric arc or plasma might incrzase the reaction rate in a similar manner.

This study was initially undertaken to study the effect of electrically “short-circuiting”
the slag layer, as was done with molybdenum foil in the study by Krishna Murthy et al.
Two goals were defined. The first was to confirm that the rate is increased by electrically
short-circuiting the slag with a metallic conductor. The second was to show that the rate
could be increased by short-circuiting the slag layer with an electric arc or plasma
column. The experimental plan, in both cases, was to measure the reaction rate with and

without electrically short-circuiting the slag to show that the reaction rate is higher with

short-circuiting.

Before the experimental program began, the literature was reviewed to see if any other
investigators had seen the rate of decarburization stop at high values of carbon in the

metal, even though the slag contained significant quantities of FeO. This exercise

12



revealed that Gare and Hazeldean'® had observed that the decarburization rate of iron
droplets slowed to nearly zero when the carbon level reached 3 wt%. They noticed that
this occurred when the slag initially contained a high ratio of ferrous-to-total iron, in the
range 0.44-0.5. When the slag initially contained a lower ratio of ferrous-to-total iron, in
the range 0.15-0.28, the carbon level decreased to nearly 0 wt% in their experiments.
This study suggested to the author that a study focusing of the role of ferric cations was

necessary.

Further review of the literature showed that Mulholland, Hazeldean, and Davies’ had
made qualitative observations of the rate of decarburization of iron droplets by slags
containing iron oxide, and noticed that the rate was higher when the slag contained Fe,O;
than when it contained just FeO. They concluded that “slag oxygen potential, as given by
the ferrous/ferric ratio, and the absolute concentration of ferric ions, had the most
profound effect on the decarburization rate for a given carbon content.” Unfortunately,

they made no quantitative measurements of the reaction rate.

This study aimed therefore to determine what role ferric and ferrous iron in the slag
played in the reaction rate. The goals of this part of the study included the following: (1)
to determine quantitatively to what extent the overall reaction rate is higher when ferric
cations are present in the slag; (2) to determine whether ferric cations are reduced before
ferrous cations; (3) to understand the rate-limitation when only ferrous cations are

present, and when both ferric cations and ferrous cations are present. It was hoped that
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this study would explain why, in some cases, the decarburization of iron droplets does not

proceed to completion.

1.3 Overview of experimental program

When the experimental program was started, experiments were performed following the
method used in the study by Krishna Murthy et al.® In these initial experiments pieces of
high-carbon iron were dropped into slags containing iron oxide. The reaction rate was
measured by measuring the rate of pressure rise in a closed furnace. Soon it was apparent

that this method would not work well for the present study, however.

Several problems with this type of experiment were identified. First, it was difficult to
obtain a constant pressure reading. For many hours, at constant temperature in the “hot
zone,” the pressure in the furnace would rise. (The furnace that was used had a large
volume of cool gas that could exchange with the gas in the hot zone; the pressure would
rise slowly as the average temperature of the gas in the furnace rose.) Second, one could
not use a very large metal mass. As the metal mass increased, the amount of CO evolved
during the course of the reaction increased, so the peak pressure in the furnace increased;
recall that the furnace was closed during the experiment. When the peak pressure rose
too high, the furnace started leaking through various seals, and this made the pressure rise
measurement inaccurate. A third problem with the initial experiments was that the

pressure transducer’s “zero point” drifted; this made it difficult to measure a low reaction
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rate over an extended period of time, and most experiments were limited to about 30

minutes.

Another problem with the initial experiments was that the slag-metal area could not be
determined accurately. Mulholland et al.” observed that a single droplet could break up
into smaller droplets, and that the mass of a droplet could decrease during an experiment
if the slag was highly oxidizing, as some iron would be oxidized. Finally, it was also
realized that it would be difficult to perform “short-circuit” experiments with iron
droplets in a slag bath. Several studies”'®'""'*® have shown that, when the reaction rate is
high, a droplet can be buoyed in the slag phase by the CO evolution. With the droplet
“bouncing around” in the slag phase, it is not be possible to have continuous contact

between the iron droplet and the short-circuit material.

A new type of experiment was devised. The most dramatic shift was to change from
decarburization experiments to iron oxide reduction experiments. In the initial
experiments, the iron oxide content remained the same, and the carbon content of the
metal droplet decreased. In the new experiments, a much larger metal mass was used, so
that it formed a continuous layer. In these new experiments, the carbon content remained
the same, and the iron oxide content decreased. This change was made for two reasons.
First, a short-circuit between the metal and the bulk slag phase would be straightforward

since contact could be made continuously with the metal layer by simply penetrating the

slag layer.

15



Second, the literature review had revealed that the most interesting effects were occurring
as a result of the iron oxide content of the slag. By performing experiments in which
both the total iron content of the slag and the ratio of ferric to ferrous cations changed,
much more useful results would be obtained. In some experiments in this study, iron
oxide pellets were added to a calcia-silica-alumina “base” slag to start the reaction. In
other experiments in this study, crushed slag containing iron oxide was added to the

molten high-carbon iron to start the reaction.

With the large metal mass used in the new experiments, the pressure-rise measurement
had to be abandoned. In the new experiments, gas was passed continuously through the
furnace, and two measurements were made continuously: (1) the inlet gas flow rate; and
(2) the CO concentration in the outlet gas stream. The reaction rate is essentially the

product of these two values.

Measuring the reaction rate by continuous monitoring of the gas composition had two
important advantages over pressure-rise measurements. First, a large metal mass was
possible. Second, much longer experiments, on the order of six hours, were possible; a
low reaction rate could be measured over a much longer period than before since the gas

analyzer’s zero point was relatively stable.
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1.4  Objectives of present study

This study comprises two parts (Figure 1). In the first part, the mechanism and rate of

reduction of iron oxide from slag by carbon in iron were investigated. The author sought

to test the following hypotheses in the first part of the study:

e the overall reaction rate is limited by the mass transport of iron cations;

e the reaction occurs in two stages, marked by the nature of the fluid flow conditions in
the slag phase;

e the reaction occurs in two stages, marked by the dominant reduction reaction (i.e.
ferri.c-to-ferrous or ferrous-to-metal);

e the ferric-to-ferrous reduction reaction is faster than the ferrous-to-metal reaction.

The first two hypotheses have been advanced previously in the literature; they were first
proposed by Tarby and Philbrook®. The remaining two were developed by the author.
based on an “electrochemical view” of the reduction of iron oxide from slag. According
to this view, electrons supplied by the reaction ‘n Equation (2) travel “through” the metal
phase to another location on the slag-metal interface, where they are consumed by either
the reduction of ferric or ferrous cations (Equations (3) and (4)). Wagner" was a
proponent of this view, and several investigators®”'®® have discussed their results in

terms of these reactions. However, there has been little experimental work aimed at

studying these reactions individually.
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The author wanted to know which reduction reaction occurs more quickly. It was
expected that the ferric-to-ferrous reduction reaction would be faster since it requires only
one electron and does not involve the transfer of chemical species from the slag phase to
the metal phase. The ferrous-to-metal reduction reaction, on the other hand, requires two

electrons and involves the transfer of iron from the slag phase to the metal phase.

The author wondered whether the reaction is occurring in two stages, marked by the
dominant reduction reaction. Dun’ng.the first reaction stage, electrons produced by the
oxidation of oxygen anions (Equation (2)) would be consumed by ferric cations at the
slag-metal interface (Equation (3)), and the overall rate would be influenced by the rate
of the ferric-to-ferrous reaction. During the second stage, electrons produced by the
anodic reaction would be consumed at the slag-metal interface by ferrous cations

(Equation (4)), and the overall reaction rate would be limited by the mass transport rate of

ferrous cations.

In the second part of the study, the author sought to increase the rate of the reaction by
electrochemical means. To this end, the “electrochemical nature” of the reduction of iron
oxide under both unsteady- and steady-state conditions was studied. Unsteady-state
conditions were obtained by allowing the iron oxide concentration to decrease over time.
Steady-state conditions were obtained by oxidizing the slag at the gas-slag interface with
CO, gas; in these experiments, the iron oxide concentration would remain constant over

time. The author sought to test the following hypotheses in the second part of the study:

18



e the rate of reduction iron oxide from slag can be increased by short-circuiting the slag
layer;

e the rate of reduction of iron oxide from slag can be increased by applying a voltage
across the slag layer;

e the steady-state rate of decarburization of liquid iron is increased by applying a
voltage across the slag layer.

It was expected that short-circuiting the slag layer would provide an electronic pathway

from the metal bath to the bulk of the slag. If reduction reaction is limited by the mass

transfer of iron cations, then this would increase the reaction rate. It was expected that

applying a voltage would make this effect more dramatic.
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Objectives of Present Study

First Part

e Measure rate of reduction of iron
oxide from slag by carbon in liquid
iron

e Obtain understanding of mechanism
of reaction (e.g. stages of reaction,
dominant reactions)

Second Part

o Increase reaction rate by
electrochemical means

e Test electrochemical mechanism

Figure 1. The present study is divided into two parts

20



1.5 Outline of the thesis

Following this Introduction, the literature on the reduction of iron oxide from slag by
carbon in liquid iron is reviewed in Chapter 2. In Chapter 3, the experimental methods
and procedures are discussed: design and construction of the furnace, procedure for a
typical experiment, chemical analysis of metal and slag samples, and calculation of
reaction rate from gas analyzer data. In Chapter 4, significant results of the study are
presented. The first two sections of Chapter 4 cover the results from the first part of the
study, in which the reaction rate and rate constant were determined. The remaining
sections cover the short-circuit and applied-voltage experiments. In Chapter 5, the results
of the study are discussed, and a model of the reaction rate is proposed. In addition, a
physical explanation of the results of the short-circuit and applied-voltage experiments is
offered. In Chapter 6, the conclusions of the thesis are given. Chapter 7 contains
suggestions for further work. Appendices follow Chapter 7; these are referred to in the

main body of the thesis.
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Chapter 2. Literature Review

2.1  Literature on the reduction of iron oxide from slag by carbon in liquid iron

A number of studies have been performed to measure the rate of reduction of iron oxide
from slag by carbon in liquid iron. In all the studies reviewed here, the slag and metal
were in the form of molten layers. In addition, the iron oxide concentration fell
significantly during these experiments, whereas the carbon concentration remained
essentially unchanged. Therefore, this is a review of reaction rate measurements for
“iron oxide reduction” experiments. Most of the studies have not reported the reaction
rate, r, directly, but have instead reported the value of the “rate constant,” k, in a power-
law expression for the reaction rate, r = kc", where c is the bulk concentration of iron

oxide in the slag phase, and » is the “order of reaction.”

Philbrook and Kirkbride® found that their results obeyed a second-order rate expression.

g FeO
min cm? [wt% FeO]

at 1430°C for a 47% CaO-

They reported that & was 58-107°

slag

38% Si02-15% AlL,O; base slag. One can calculate that the reaction rate is 0.03 mozl 0
m°s
for 5 wt% FeO and 0.001 m02| 0 for 1 wt% FeO.
m°s
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Tarby and Philbrook® improved upon the study of Philbrook and Kirkbride. They found
that their results could be modeled by a first-order rate expression. They reported that k

g FeO

- 5 at 1575°C for a 50% Ca0O-50% AlLOs base slag, and
min cm® [wt% FeO]

was 9-107°

slag

g FeO

at 1575°C for a 50% Ca0-8% Si0;-42% Al,O; base slag.
min cm’ [wt% FeO] ’ P U ¢

1-107

slag

mol O

One can calculate that the reaction rate is in the range 0.0002-0.01 —— if the
m- s

concentration of FeO is in the range 1-5 wt%.

Sommerville et al.'* also used first-order rate expression to model their results. One can
. s m . .
estimate the value of k to be 16-10° — from the graphical results they provide;
s

temperature was 1380°C and the base slag was a 38% Ca0-42% Si0,-20% Al,03;. The

calculated reaction rate is 0.02 moj 0 for 3 wt% FeO and 0.007 mozl 0 for 1 wt% FeO.
m”s m°s

(It is assumed that the slag contains 1.63 moles per 100 grams of slag, and that the slag

density is 2.5 g cm™.)

Upadhya et al."”’, working in the same laboratory as Sommerville et al., obtained similar

. s m . .
results. One can estimate the value of k to be 2.2-10”° —; the experimental conditions
s
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were identical to those used by Sommerville et al. The calculated reaction rate is

MO for 2 wt% FeO and 0009 MU for 1 wisg Feo.

m s m s

0.02

Sato et al.'® modeled their results with a second-order rate expression. They reported that

gFeO

- at 1520°C for a 53% Ca0-36% Si0;-11% Al,O;
min cm’ [wt% FeO]

k was 4-10™

2
slag

gFeO

- at 1520°C for a 24% Ca0-65% Si0,-11%
min cm’ [wi% FeO]

base slag, and 1-107*

-

g

Al,O; base slag. These results are similar to those obtained by Philbrook and Kirkbride.
Sato et al. used an “integrating gas meter” to measure the volume of gas evolved as a
function of time, and they assumed that all the gas produced was CO. The motivation for
their study was to understand the “direct reduction” (i.e. direct smelting) process, and to

determine optimal conditions for reduction of iron oxide from slag.

Wei et al.'’, using a first-order rate expression, gave the rate of decarburization of the
metal bath in units of wt% C per minute. In their experiments, both the concentration of
carbon in liquid iron, and the concentration of iron oxide in slag, fell significantly. The
initial rate of decarburization was reported for FeO concentrations in the range 10-20

wt%. The slag and metal were stirred mechanically with an alumina stirring rod at 200
revolutions per minute.  The reported rates were in the range 1.107 to

wt% C
—[———O-.L‘ﬂ at 1300 for a 38% Ca0-41% Si0,-21% Li,O base slag. The
min

6-107
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calculated rates are in the range 0.003-0.02 m021 O. /The following values are used in
m- s

the calculation: 300 g for the metal mass, and 4.0 cm for the diameter of the crucible.)

Krishna Murthy et al.'® found that their results could be modeled with a first-order rate

expression. They reported that k was 12-10°° M at 1450°C for a 43% Ca0-38% Si0,-

s
. mol O
11% ALO; base slag. The calculated rate is 0.04 —— for 8.4 wt% FeO, and
m‘s
001 22O for 2 wivh FeO.
m’s

Paramguru et al.”® also used a first-order rate expression to model their results. They

reported that k varied with concentration of FeO in the slag. For experiments at 1400°C

with a 50% Ca0-50% SiO; base slag, k¥ was in the range 10-107°-92-10"° _r_rl. The
S

calculated rate is 0.04 mozl o for 10 wt% FeO.

m s

Most investigators have used a first-order rate expression. The results of several
investigators show that the order of reaction increases at low concentrations of iron oxide
in the slag. Table I summarizes results from the studies discussed in this section; results
from the present study are also included. Table II gives details on the experimental

parameters used in previous studies.
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Table 1. Literature on the rate of reduction of iron oxide from slag by Fe-C

Investigators Reaction rate Order of Reaction Rate Constant
observed
(mol O m?s™)
Philbrook and 0.001 to 0.03 2 8x10” m* mol s
Kirkbride’
Tarby and 0.0002 to 0.01 >1 initially 5x107 to 6x10° m 5™
Philbrook® 1 near completion
Sommerville et al."*  0.007 to 0.02 1 2x10° m s’
Upadhya et al."’ 0.009 to 0.02 1 2x10° m's™
>1 near
completion
Sato et al.' 0.006 t0 9 2 1x10? and 2x10°* m*
>2 near mol™” s
completion
Wei et al.!” 0.003 t0 0.2 N.A. N. A
Krishna Murthy et~ 0.011t0 0.04 1 1x10° ms™
al.
Paramguruetal.””  0.04 to2 1 1x10° to 9x10° m 5™
Present Study 0.001t0 0.1 1 1x10® to 1x10° m s™
>1 near
completion
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2.2  Literature on electrochemical aspects of slag-metal reactions

As discussed in the Chapter 1, Krishna Murthy et al® reported that the rate of
decarburization of an Fe-C droplet by slag containing FeO is increased by lining the
crucible with molybdenum foil. Several investigators have used metal wires to provide
“pathways” for the electrons produced in anodic reactions. In one study, Pal et al.?
showed that penetrating a lead oxide-silica slag with iridium wires increased the rate of

oxidation of liquid lead by oxygen in the gas phase.

If one metal wire is connected to the metal bath, a second wire is connected to the slag
layer, and they are connected through an external circuit, then the “short-circuit” current
should be measurable. In a study by Grimble et al.?!, silica in slag was simultaneously
reduced by a carbon rod dipped in the slag, and by a carbon-saturated iron bath; current

was measured through an external circuit that connected the carbon rod to the liquid iron

bath.

A direct-current power supply can be attached across two wires, where one wire is dipped
in the slag and one is dipped in the metal phase. A voltage can then be applied across the
slag layer. The applied voltage should result in an increase in the electrochemical
current, and an increase in the observed reaction rate. McLean et al.? in a study on the
desulfurization of steel, applied a voltage across the slag layer, and observed an increase

in the rate of desulfurization. They used a transferred-arc DC plasma as the anode, and
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the cathode was the metal bath; electrical contact was made with the bath through an

electronically conducting hearth.
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Chapter 3. Experimental Apparatus and Procedures

3.1  Design and construction of furnace and gas system

The experiments were conducted in an induction furnace (Figure 2). The “outer furnace
tube” is made of mullite, and has a diameter of 22.9 cm (9 in.) and a length of 91.4 cm
(36 in.). The outer furnace tube rests on the bottom plate, which is made of brass and is
supported by a frame (not pictured). Everything inside the outer furnace tube rests on a
steel plate, which is supported by six steel compression springs. On top of the steel plate
are alumina bricks. A layer of silica-alumina fiber insulation is placed above the bricks,
followed by several layers of graphite felt insulation. The susceptor, made of graphite,
rests on this graphite felt. The diameter of the susceptor is 17.1 cm (6.75 in.) and its

length is 45.7 cm (18 in.).

Graphite felt is wrapped around the susceptor, and is also placed above the susceptor. A
one-end closed alumina tube, the “inner furnace tube,” is placed inside the susceptor, and
rests on graphite felt. Alumina board-like insulation is placed in the bottom of the inner
furnace tube, and some alumina-silica, fiber-like insulation is placed on top of this. For
each experiment, an alumina crucible was used, and this was placed in the inner furnace
tube on the fiber insulation. Figure 2 shows a crucible that is just a bit smaller in

diameter than the inner furnace tube. Although this was the case in some experiments, in
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a number of experiments, the crucible was not so large as pictured in Figure 2, and there

was a significant space between the crucible and the inner furnace tube.

. »— Top
Ingluctlon CIZZZT77 77 plate
coils

(o]
Outer _o© o '
fumnace o 5~ Graphite
tube susceptor
Inner = L > Graphite
fumnace. °felt
tube °© o insulation
o o
° o
. (o]
Alumin: = °
bricks P ----z=-z-zff ©
o [Fo=—=———==—= L~ Steel plate
“““““““ A
Bottom e v '
plate N\ — Compression
LZLALTLLL ZZ  springs

Figure 2. An induction furnace was used in this study

Before the top plate, which was made of stainless steel, was put on the furnace, the inner
furnace tube extended above the top of the outer furnace tube by about 3 cm. Silica-
alumina fiber insulation was placed inside the inner furnace tube above the crucible, and
a silicone rubber gasket was positioned on top of the inner furnace tube. Then, the top
plate was lowered down onto the top of the inner furnace tube. The top plate was secured
to the top of the outer and inner furnace tubes by a set of bolts that connected the top

plate to a frame (not pictured) that was built around the outer furnace tube.
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When the top niate was bolted down, the compression springs positioned under the
bottom plate applied adequate upward force to form a good seal at three lines of contact:
(1) the outer tube with the bottom plate; (2) the outer tube with the top plate; and (3) the
inner tube with the top plate. Silicone rubber gaskets with a thickness of 0.64 cm (0.25
in.) were used between the furnace tubes and the top and bottom plates; the hardness of

the rubber was 30 durometer.

To hood
To hood Bubbler To hood
Gas cooling
Gas filter  section
Bubbl w ‘y
Gas in Mass
\6— spectr
{ Infrared
Cco
Inner analyzer
furnace
chamber
Outer furnace chamber
Gas in

Figure 3. Gas analysis was used to determine the reaction rate

A thermocouple protection tube, pyrometer sight tube, gas inlet tube, gas outlet tube, and
sampling tube passed through stainless-steel fittings in the top plate. (Holes were made

in the fiber insulation placed above the crucible to allow these to pass through.) In some

32



experiments electrodes also passed through the top plate. A gas seal was maintained

around these tubes by silicone rubber gaskets inside the fittings.

The furnace is composed of two “chambers” (Figure 3). The outer chamber is the space
between the outer and inner furnace tubes, while the inner chamber is the space inside the
inner furnace tube. During experiments argon was passed through both the inner and
outer furnace chambers. The flow rate of gas to the inner chamber was measured before
it entered the inner furnace tube. The gas exiting the inner furnace chamber was filtered
and cooled. Some of the outlet gas was passed through an infrared CO analyzer
(ANARAD Model AR-411 Single-Gas Portable Gas Analyzer), and some through a mass

spectrometer (AMETEK M200 Series Quadrupole Gas Analyzer).

3.2 Procedure for a typical experiment

In a typical experiment, a mass of iron-carbon alloy was melted in an argon atmosphere
and the temperature was stabilized at the desired temperature for the experiment (in the
range 1400-1600°C). The temperature was measured with a type-B thermocouple and
also with a two-color pyrometer (IRCON MODLINE R Series Two-Color Pyrometer,
Model R-20C05-0-1-0-31-0/642). Then, the CO analyzer was calibrated by passing a
certified Ar-10 vol% CO gas mixture through the system. The Fe-C alloy initially

contained 5 wt% C. Analysis of metal samples from the end of experiments showed that
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the carbon concentration had not decreased significantly. The mass of metal used in

each experiment was in the range 500-700 g.

Table III. Description of experiments in first part of study

Experi- Slag-metal Slag mass Total iron Ferrous iron Temperature
ment# area (cm?) (g) (weight (weight (°C)
percent) percent)
1 302 59.0 5.00 222 1400
2 30.2 116 5.00 2.22 1400
3 52.8 213 5.00 2.22 1400
4 52.8 213 5.00 222 1400
5 49.0 330 5.00 222 1400
6 49.0 302 5.00 222 1600
7 49.0 300 5.01 2.66 1400
9 49.0 200 16.1 8.05 1400
10 49.0 300 5.01 2.66 1400
16 49.0 300 5.01 2.66 1600
17 49.0 300 16.1 8.05 1600
18 49.0 300 16.1 8.05 1600
19 49.0 300 16.1 8.05 1500

For experiments in the first part of the study, the next step was to drop a mass of crushed
slag containing iron oxide through a port in the top of the furnace. The slag dropped
through an alumina “sampling” tube that had an outside diameter of 2.54 cm (1 in.), and
fell into the crucible, landing on top of the molten metal layer. The slag containing iron
oxide was made ahead of time in another induction furnace by adding Fe;O; powder to
molten “base slag.” The base slag composition was 48 wt% CaO, 40 wt% SiO,, and 12
wt% Al;Os, and the slag initially contained 5 or 16 wt% total iron (in the form of ferrous
and ferric cations). The mass of slag added in an experiment was in the range 59-330

grams. Details of the parameters for the experiments in the first part of the study are
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given in Table III. Note that in all the experiments about half of the iron oxide was ferric,

and half was ferrous.

Table IV. Description of experiments in second part of study

Experiment Inner Slag- Metal Metal Slag Slag Atmos-
description furnace metal mass depth* mass  depth** phere
tube area (g) (cm) () (cm)
volume (L) (cm?)
Short-circuit #1 3.79 52.8 605 1.7 200 1.5 Argon
Short-circuit #2 3.79 528 772 22 150 1.1 Argon
Short-circuit #3 3.79 528 519 1.4 289 22 Argon
Decarburization 3.79 528 657 1.8 296 22 Ar-6%
#1 CO;
Decarburization 3.79 528 519 1.4 289 22 Ar-6%
#2 (with CO;
electrolysis)
Decarburization 3.79 528 624 1.7 476 3.6 Ar-5%
#3 (with plasma CO,
electrolysis)
Reduction #1 3.79 528 519 1.4 289 22 Argon
(with electrolysis)
Reduction #2 474 52.8 515 1.4 167 1.3 Argon
(with plasma
electrolysis)
Reduction #3 474 52.8 579 1.6 177 1.3 Argon
(with plasma
electrolysis)

*Depth o3f liquid metal layer calculated by assuming that the density of the Fe-C metal is
6.8gcm™.

**Depth of slag layer calculated by assuming that the density of the slag is 2.5 g cm™.
Two types of experiments were done in the second part of the study. In the first type,
base slag and Fe-C metal were placed together in the crucible and melted; pure iron oxide

was later added to the slag during the experiment. In the second type of experiments, the

Fe-C metal was melted by itself, and during the experiment slag containing iron oxide
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was added to the crucible (as discussed above for experiments in the first part of the

study). The mass of slag used in each experiment was in the range 150-500 g.

Three power supplies were used during the second part of the study to apply a voltage
between the metal bath and a second electrode. The second electrode was either dipped
in the slag layer or held above the slag layer. For decarburization experiment #2 and
reduction experiment #1, a 10A-20VDC Hewlett-Packard power supply (Model HP
6033A) was used. For decarburization experiment #3, a 600A-44VDC Thermal Arc
welding power supply (Model 600 GMS) was used. For reduction experiments #2
through #4, a 100A-100VDC Electronic Measurements (EMI) power supply (Model
TCR100T100-4-OV) was used. Details of the parameters for experiments in the second
part of this study are included in Table IV. Some further details on the experimental

procedures used in specific experiments are included in the Results section.

33 Analysis of metal and slag samples

The metal samples were analyzed for carbon concentration by the analytical lab of the
LECO Corporation (St. Joseph, MI). In some experiments, slag samples were taken, and
these were analyzed by the author by titrating with a potassium dichromate
solution”?*% Each slag sample was ground to pass an 80-mesh sieve using a porcelain
mortar and pestle. The sample was then divided into two parts. One part was analyzed

for ferrous iron, and the other was analyzed for total iron (i.e. for the sum of ferrous and
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ferric iron, in the absence of metallic iron); the amount of ferric iron was then calculated

by difference.

To analyze a sample for ferrous iron, the following procedure was used. A sample of
about 0.5 gram of slag was weighed into a 250-ml filter flask. Then 50 ml deionized
water and 50 ml concentrated hydrochioric acid (HCI) were added. The flask was heated
under reflux and an argon atmosphere to incipient boiling on an hot plate (typically about
15 minutes). The flask was removed from the hot plate, and then 5 ml of concentrated
HCI was added. The solution was transferred quantitatively to a 400-ml beaker, and then
diluted to 200 ml with deionized water. Next 5 ml saturated mercuric chloride solution
was added. The solution was stirred for a few seconds with a glass stirring rod, and then
20 ml of a solution of sulfuric and phosphoric acids was added. Eight drops of
diphenylamine indicator solution were added, and then the sample was titrated with a

potassium dichromate solution to a purple endpoint.

To analyze a sample for total iron, a similar procedure was followed. A sample of about
0.5 gram of slag was weighed into a 150-ml beaker. Then 50 ml deionized water and 50
ml concentrated hydrochloric acid were added. The beaker was heated under reflux and
an air atmosphere to incipient boiling on a hot plate (typically about 15 minutes). The
beaker was removed from the hot plate, and then a stannous chloride solution was added,
one drop at a time, to a colorless endpoint. Next, 5 ml of concentrated HCl was added,

and the solution was transferred quantitatively to a 400-ml beaker. The solution was
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diluted to 200 ml with deionized water, and then 5 ml saturated mercuric chloride
solution was added. The solution was stirred for one minute with a glass stirring rod, and
then 20 ml of a solution of sulfuric and phosphoric acids was added. Eight drops of
diphenylamine indicator solution were added, and then the sample was titrated with a

potassium dichromate solution to a purple endpoint.

The saturated mercuric chloride solution is available for purchase. The solution of
sulfuric and phosphoric acids was made by filling a 1-L volumetric flask with about 400
ml of deionized water, then adding 125 ml concentrated sulfuric acid and 200 ml
concentrated phosphoric acid, and finally diluting with deionized water to 1 L. The
diphenylamine solution was prepared by dissolving 1.0 gram of the reagent in 100 ml of
concentrated sulfuric acid. The potassium dichromate solution was prepared by
weighing the desired amount of dried potassium dichromate (K,Cr,07) into a 250-ml
beaker and then adding 100 ml deionized water. The solution was stirred to completely
dissolve the K,Cr,0,, and then it was transferred to a 500-ml volumetric flask.
Deionized water was added to dilute to the mark, and the solution was transferred to a
500-ml bottle with a plastic screw cap for storage. The normality of the solution was

calculated using the following formula:

MY - ( e ®

49.032[ %qD(O.S[L])

where x was the mass of K;Cr,07 used. The stannous chloride solution was prepared by

weighing about 36 grams of stannous chloride (SnCl;.H;0) into a 400-ml beaker. Next,
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300 ml of hot, concentrated HCl was added. Afier all the stannous chloride was
dissolved, the solution was transferred to a 500-ml volumetric flask and diluted with
deionized water to the mark. The solution was then transferred to a 500-ml Erlenmeyer
flask; the flask was stored with a rubber stopper in place to prevent exposure of the

solution to air.

3.4  Analysis of gas composition data

The reaction rate “in terms of CO,” rco, was calculated from measurements of the inlet
gas flow rate and the CO concentration in the outlet gas stream (i.e. the gas coming out of
the inner furnace chamber), using the following formula:

rco[m% zs]:(1.08 ><10‘5)Q'L“(::f’—ng (6)

The inlet flow rate, Qi is in units of standard liters per minute of nitrogen (i.e. the flow
meter is calibrated for nitrogen), the concentration of CO in the outlet gas stream, %CO,
is in mole percent, and the slag-metal interfacial area, 4, is in square meters. Data from
the mass spectrometer showed the concentration of carbon dioxide (CO) in the outlet gas
stream was negligible; therefore the reaction rate “in terms of CO,” measured in this
study, is equal to the reaction rate in “terms of oxygen.”

Teco =70 @)
That is, there is a one-to-one correspondence between the reaction rate in units of moles

of CO per unit area per unit time, and moles of oxygen per unit area per unit time. The
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concentration of “oxygen associated with iron cations” in the slag phase was calculated

with the following formula:

[w1.%0],,, = 0287([wt.%Fe**] +15[w1.%Fe™] ) (8)

slag

The value of [w1.%0],  is a measure of the “oxidizing power” of the slag. (See

slag

Appendix A. Relationships between measures of iron oxide concentration.)
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Chapter 4. Results

4.1 Measurements of rate of reduction of iron oxide

Figure 4 shows the reaction rate as a function of time for a typical experiment. This plot
is essentially the “raw” data obtained in a typical experiment from the gas analysis. The
trace is not smooth, since the CO concentration in the outlet gas fluctuated when the
reaction rate was high; these fluctuations were the result of individual CO bubbles
bursting through the slag layer, or of the foamed slag layer collapsing periodically. (See
Appendix G. Contact time.) The trace has been “smoothed” by an averaging procedure,
so the frequency of the peaks in Figure 4 do not correspond to the frequency of bubbles

bursting.

The reaction rate rises rapidly after the slag is added to the crucible. As iron oxide is
reduced, the reaction rate decreases, and after several hours, the reaction rate is nearly
zero. Final slag analysis showed, however, that the slag still contained iron oxide (Table
V). Equilibrium calculations for the reduction of ferrous oxide from slag by carbon in
liquid iron show that the concentration of ferrous cations in the slag should be close to
zero when equilibrium is achieved. (See Appendix B. Concentration of FeG in slag in

equilibrium with liquid Fe-C.)
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Figure 4. Reaction rate vs. time for a typical experiment

Table V. Results of final slag analysis for several experiments

Experi- Total iron Ferrous iron [wt.%O]s,ag
ment #  (weight percent) (weight percent)

1 0.85 0.77 0.26

2 0.59 0.51 0.18

3 0.67 0.65 0.20

4 0.65 0.62 0.19

10 0.66 0.70 0.20

Figure 5 shows the reaction rate in terms of CO as a function of [wt.%O]slag for several

experiments at 1400°C. The value of [wt.%O]sIag at time 7 was calculated by integrating
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the reaction rate; the initial vajae of [W’~%0],,,,g was calculated from the data in Table III

using Equation (8). The following equation was used for the integration:

16004 t'=
L ©)

[we%0(1)],, =[w.%0(t,)],. - - Lz;rco(t')dt’

where rco is the reaction rate in terms of CO (i.e. moles of CO per unit area per unit

time), m; is the mass of slag, and 4;., is the slag-metal interfacial area.
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Figure 5. Reaction rate in terms of CO at 1400°C

The data in Figure 5 shows that the reaction rate falls as [wr.%0],  decreases. (The

reaction rate is low at the initial value of [wt.%O] since the slag initially is solid and

slag
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not reactive.) The reaction rate should be zero when equilibrium is achieved (i.e. when

[wt.%O] is nearly equal to zero). However, equilibrium is not achieved, and the

slag

reaction rate goes to zero at a value of [wt.%O]mg greater than zero; chemical analysis of
the slag showed that the final [wr.%0], was typically in the range 0.2-0.3 (Table V).

The final value of [wr.%0],, calculated from the gas analysis data was sensitive to the

slag

calibration of the gas analyzer, and was typically in the range 0.2-0.6.
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Figure 6. Reaction rate in terms of CO at 1400 and 1600°C

Figure 6 shows the reaction rate at 1400 and 1600°C for experiments in which the slag

mass was approximately 300 grams, and in which the initial total iron content was about
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5 wt%. The reaction rate is higher at 1600°C. Note that this behavior is expected
whether the rate-controlling mechanism is a mass transfer step or a chemical reaction

step. The activation energy for the reaction can be calculated from the reaction rate at

two temperatures:

RTT r
E =—121n 2 10
Y LT, n(n) 1o

Comparison of the reaction rates at 1400 and 1600°C for [wr.%0] =17 yields an

slag

activation energy of approximately 120 kJ mol™.
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Figure 7. Reaction rate in terms of CO for slag initially containing 5 or 16 wt% Fe
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Experiments were also conducted using slag initially containing 16 wt% total iron; these
were conducted over the temperature range 1400-1600°C. Data from these experiments
is plotted in Figure 7 along with rate data for experiments in which the slag initially
contained 5 wt% total iron. Note that the reaction rate is relatively insensitive to
temperature at high concentrations; comparison of reaction rates for experiments 9 and 17

(at 1400 and 1600°C) for [Wi-%o],,,,g =3 yields an activation energy of approximately

35 kJ mol™. For experiments 9 and 17 at [wt.%O] =17, the activation energy is 110

slag
kJ mol™. (The rates for these two experiments are the following: 0.0054 mol CO m? s’

for experiment 9 at 1400°C; 0.012 mol CO m™ s for experiment 17 at 1600°C.)
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Figure 8. Simultaneous gas analysis and slag analysis data from one experiment
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The data in Figure 7 also show that the reaction rate at [wt.%O]ﬂag =17 is lower in the

case of the experiments in which the slag initially contained 16 wt% Fe. It is proposed
that the reason for this difference is that in the case of experiments 5, 7, 10, 6, and 16,

there is ferric iron present in the slag when [wt.%O]mg =17, whereas in the case of

experiments 9, 17, 18, and 19, nearly all iron in the slag is ferrous at this point.

Several experiments were conducted in which slag sampling and gas analysis were
performed simultaneously. The results for one of these experiments are shown in Figure
8. It can be seen that ferrous iron in the slag, initially about half of the total iron, rises
rapidly, while the total iron remains nearly constant. Therefore, the ferric cations are

reduced to ferrous cations during the initial period of reaction according to the reaction in

Equation (3).
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42 Rate constant and mass transfer coefficient measurements

In a first-order rate expression, the reaction rate, r, is directly proportional to the

concentration (of a reactant), c,

ERBIE)

and the proportionality constant, &, is called the rate constant. (SI units for the quantities

are enclosed in square brackets.) The reaction rate can be written in terms of the

derivative of the concentration with respect to time.

r[mfl]z_V[ms]ig[mfl] (12)
m’s A[mz] dt[m’s

Substituting Equation (12) into Equation (11) and integrating, one obtains the following

equation;
k(t-1)= —%In[—c—(—t—)—) (13)

For the reduction of iron oxide from slag by carbon in liquid iron under conditions where
the concentration of carbon is constant, the reaction rate depends on the concentration of
iron oxide in the slag. In this study, both ferric and ferrous cations were present in the

slag initially, and the two concentrations have been used to calculate the “weight

percentage of oxygen in the slag associated with iron cations,” [wt.%O]s,ag, using
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Equation (8). If the concentration is given in terms of [wt.%O]dag, then Equation (13)

can be written as

Y0
[we350(0],, ”

V
—k(t-1,)) = —2%
(t=s) o sw0le,)], |

A

slag—metal

and a plot of the quantity on the right-hand side of Equation (14) versus time has a slope

equal to —£.

Figure 9 shows that the rate constant at 1600°C is higher than that at 1400°C. Also, the
rate constant decreases with time; this behavior is not expected for a chemical rate
constant. The observation that the rate constant decreases with time supports the
hypothesis that the reaction rate is limited by mass transfer in the slag phase. If the
reaction rate is indeed limited by mass transfer (of iron oxide) in the slag phase, then the
observed rate constant, k, is a mass transfer coefficient, and the reaction rate is
proportional to the difference in concentration (of iron oxide) between the bulk slag and

the slag at the slag-metal interface.
r= kD (Cbulk - cmlerface) (15)

The mass transfer coefficient is expected to decrease as the reaction rate decreases, since
the rate of CO evolution decreases, and the slag is less vigorously stirred. Interpreted in

this light, the data in Figure 9 show that the mass transfer coefficient decreases with time.
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Figure 9. Plot of V/A In[(%0)/(%O0)itial] vs. time

In Figure 10 the quantity on the right-hand side of Equation (14) is plotted versus time for
the experiments in which the slag initially contained 16 wt% total iron. Recall that the
rate of reaction was very high initially for these experiments (Figure 7). The data in
Figure 10 show that the rate constant was not any higher for these experiments than it
was for experiments 6 and 16 (conducted at 1600°C with slag initially containing 5 wt%
total iron). Note that the slope of the traces for experiments 17 and 18 increase at long

times, because in these experiments the calculated final value of [wz.%0],, was close to

zero; the quantity plotted on the ordinate therefore tends toward negative infinity at long

times.
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Figure 11. Plot of the rate constant vs. concentration at 1400 and 1600°C

The rate constant can also be calculated from the following equation:

o Vi 9 ln[wt.%O]mg (16)
Aslag—melal dt

The rate constant is plotted versus concentration for experiments at 1400 and 1600°C in
Figure 11. The results show that the rate constant drops at low concentrations.
Interpreted using Equation (15), Figure 11 shows that the mass transfer coefficient

decreases at low concentrations of iron oxide in the slag.

In Figure 12 are data from experiments in which the slag initially contained 16 wt% total

iron. It can be seen that the rate constant is not higher in these experiments than it was in
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experiments 6 and 16. Comparison of the rate constant for the three sets of experiments

at [w1.%0)]__ =17shows that the rate constant is lowest for the experiments in which

slag

the slag initially contained 16 wt% total iron; at this level of [wt.%O]shg the slags in

experiments 1-7, 10, and 16 contained ferric iron. Slag sampling and analysis from
experiments in which the slag initially contained 5 wt% total iron suggest that the ferric
iron is consumed during the early part of the experiments. It is therefore likely that in

experiments 9 and 17-19, when [w1.%0]__ =17, only ferrous iron remained in the slag.

slag
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Figure 12. Plot of the rate constant vs. concentration for 5 or 16 wt% Fe slag
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43  Short-circuit experiment #1

The purpose of this experiment was to test the hypothesis that the reaction rate is
increased by short-circuiting the slag layer with a metallic conductor. An iron (low-
carbon steel) “flag” was positioned so that it was above the molten Fe-C and base slag
initially (Figure 13). The steel flag was made by welding a 1.27 ¢cm (0.5 in.) diameter
steel rod onto a piece of steel 9.5 cm (3.75 in.) wide, 3.8 cm (1.5 in.) high, and 0.48 cm

(0.1875 in.) thick.

7
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. [ ?
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Figure 14. Iron flag in "down" position

Figure 13. Iron flag in "up" position
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With molten Fe-C and base slag in an alumina crucible, 2.78 g of pure Fe;O3 was

dropped into the crucible. (The Fe;O3 powder was pressed into pellets.) The rate of CO

evolution rose soon thereafter (see first “rise” in Figure 15). After the reaction subsided,

the iron flag was lowered so that it penetrated the slag layer and made contact with the

metal layer (Figure 14).

Reaction rate
(mol CO m2 s-1)

Figure 15. The reaction rate increased after lowering the iron plate
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Approximately two minutes after the flag was lowered, the concentration of CO in the

outlet gas stream (as measured by the CO analyzer) increased. Since the inlet flow rate

of argon was constant during the experiment (approximately 0.53 SLPM(Nz), or 0.73
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L(STP) argon min™, in this experiment), the increase in the CO concentration in the
outlet gas stream translates into an increase in the reaction rate (see second “rise” in

Figure 15). The reaction rate was calculated using Equation (6).

The delay between the lowering of the flag and the rise in the measured reaction rate is
due to the length of gas line between the inner furnace chamber and the CO analyzer
(Figure 3). (The iron flag was lowered at approximately 800 s. Refer to Figure 15.) The
iron flag was held loosely in the furnace top, so it could slide down as the iron flag
melted into the Fe-C bath. Approximately seven minutes after the flag was lowered, it

had melted in enough so that the rod passed through the hole in the furnace top; the hole

was then plugged with a short steel rod.

4.4  Short-circuit experiment #2

The purpose of this experiment was to test the following hypotheses: (1) the reaction rate
is increased by short-circuiting the slag layer; and (2) the degree to which the reaction
rate is increased by short-circuiting is proportional to the area of contact between the slag
and the short-circuit material. An iron flag of the same dimensions as before was
positioned above the slag layer. With molten Fe-C and base slag in an alumina crucible,

3.07 g of Fe;03 was added in the form of pellets. The reaction rate rose quickly (see first
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rise in Figure 16). At ar.rximately 1100 s, the iron flag was lowered, and the reaction

rate increased (Figure 16.
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Figure 16. The results of short-circuit experiment #1 were confirmed

The time lag between lowering the flag and observing the increase in the CO
concentration was much shorter in this experiment for two reasons. First, the flow rate of
argon through the inner chamber was four times higher than in short-circuit experiment
#1 (2.9 L(STP) min™ versus 0.73 L(STP) min). Second, and more importantly, the
suction pump in the CO analyzer was working properly during this experiment, whereas

it had not been working during short-circuit experiment #1.
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o Short-circuit experiment #2
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Figure 17. The increase in reaction rate was smaller when a rod was used

During this experiment, the rod attached to the iron flag was held tightly in the furnace
top, so that it could not slide down. The flag and the lower portion of the rod melted into
the Fe-C bath over several minutes after the flag was lowered. After the reaction rate
dropped again, approximately fifteen minutes were allowed to pass, and then 3.15 g of
Fe;0O; was added to the slag layer. This resulted in another rise in the reaction rate
(Figure 17). At approximately 3100 seconds (elapsed time), the remaining iron rod was
lowered so that it penetrated the slag layer and made contact with the metal bath. The
reaction rate increased, and the increase was smaller than when the whole flag penetrated
through the slag layer. (The carbon concentration was no doubt reduced because the flag

melted into the liquid iron bath, but the concentration was still high enough so that the
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reaction rate was most likely limited by mass transport of iron oxide in the slag phase.

See Appendix E. Carbon concentration during short circuit experiments #1 and #2.)

4.5  Short-circuit experiment #3

The purpose of this experiment was to measure the “short-circuit current.” This is the
current that flows from the metal bath through the short-circuit material. In the first two
short-circuit experiments, the short-circuit was formed by the iron flag or rod—the short-

circuit was “internal.” Therefore, in short-circuit experiments #1 and #2, the short-circuit

current could not be measured.

Figure 18. Apparatus for external short-circuit
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In this experiment, the short-circuit was “external,” and the short-circuit current could be

measured. A graphite rod with a diameter of 0.64 cm (0.25 in.) was lowered so that it

made contact with the Fe-C bath; an alumina tube prevented the slag from contacting the

graphite rod (Figure 18). A molybdenum rod with a diameter of 0.64 cm (0.25 in.) was

lowered so that it made contact with the slag layer; an alumina tube prevented the gas

phase from contacting the molybdenum rod.
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Figure 19. A short-circuit current was observed after adding iron oxide

Once the base slag and Fe-C metal were melted, 3.40 g of ‘FeO’ was added. (The ‘FeO’

was in the form of approximately 5-mm pieces, obtained by crushing commercial ‘FeO’

pellets.) The reaction rate rose quickly (Figure 19). Later, the current rose; electrons
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were flowing from the graphite rod through the external circuit to the molybdenum rod.

When the reaction rate (and short-circuit current) had subsided to zero, 7.04 g ‘FeOQ’ was

added to the slag layer. The reaction rate rose quickly (Figure 20). A bit later, the short-

circuit current rose.
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Figure 20. A short-circuit current was observed again
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The data in Figure 19 and Figure 20 can be explained by the sequence of events now

described. When the FeO pellets fell on the surface of the base slag, they floated; this

was observed through a sight glass. Through convection of the slag, pure FeO, or slag

very high in FeO, was brought in contact with the slag-metal interface. At this point, the

reaction rate rose rapidly. The CO gas evolved as a result of this initial burst of reaction
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stirred the slag phase, and distributed the remaining unreacted FeO evenly throughout the
slag phase. At this time, slag containing iron oxide contacted the molybdenum rod, and a
short-circuit current arose. Some of the electrons produced in the anodic reaction in
Equation (2) at the slag-metal interface flowed through the external circuit to the
interface between the molybdenum rod and the slag phase. There they were consumed

by the cathodic reactions in Equations (3) and (4).
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4.6  Decarburization experiment #1

The purpose of this experiment was to confirm that the steady-state rate of
decarburization by CO, through a slag containing iron oxide is proportional to the iron
oxide concentration in the slag phase. With argon gas flowing through the inner
chamber, 3.43 g of FeO was added to the molten base slag. (The FeO, obtained from a
chemical supply company, was crushed so that all pieces were less than 2 mm.) The CO
concentration temporarily rose after this “drop,” as it did during the short-circuit
experiments when a drop of iron oxide was made. A mixture of Ar-6 vol% CO; was
passed through the inner furnace chamber, and the CO concentration rose to a steady

value of approximately 0.4% CO.

Then the CO, flow was shut off and only argon was passed through the inner furnace
chamber. The CO concentration reading fell to less than 0.1 %CO. An additional 4.33 g
of the same FeO was added to the molten base slag. A gas mixture of Ar-6% CO; was

passed, and the CO concentration rose to approximately 0.7% CO.

A flow of pure argon was resumed, and the CO concentration fell to about 0.35% CO. A
mass of 3.21 g of ‘FeO’ was then added to the molten slag layer. (This ‘FeO’ was
crushed to approximately S-mm pieces, obtained from commercial ‘FeO’ pellets.) The
reaction rate temporarily rose, and then fell. The flow of Ar-6% CO; was resumed, and

the CO concentration rose to approximately 1% CO.
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The steady-state decarburization rate as a function of FeO concentration in the slag can
be estimated using Equation (6) (see Table VI). Calculations show that there was plenty
of CO; available for oxidation of the slag. (See Appendix F. Flux of CO in

decarburization experiment #1.)

Table VI . The rate of decarburization increased with FeO concentration

wt% FeO  Steady-state decarburization
rate (mol CO m?s™)

1.1 13-10°
2.6 23-10°
3.6 31-10°

4.7  Decarburization experiment #2

The purpose of this experiment was to test the hypothesis that the steady-state rate of
decarburization by CO; through a slag phase containing iron oxide could be increased by
applying a voltage between the cathode (in the slag) and the anode (in the metal bath). In
the first part of this experiment, the apparatus in Figure 18 was used; an alumina tube
prevented the molybdenum rod from contacting the gas phase. Iron oxide was added to
the slag layer, so that the slag contained approximately 3.5 wt% FeO. A mixture of Ar-6
vol% CO;, was passed through the inner furnace chamber. The slag was electrolyzed; the

current observed as a function of applied voltage for this case of a “shielded” electrode is

shown in Figure 21.
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Figure 21. Plot of current vs. voltage for decarburization experiment #2

The reaction rate in terms of CO responded to the passage of current. When the applied
voltage was 10 V, the CO concentration was approximately 0.75, and when the applied
voltage was reduced to 0 V, the CO concentration fell to approximately 0.60. If the
electrolysis was Faradaic, then the change in reaction rate would be proportional to the
current,

1

=] 17
zFA a7

where z is the number of equivalents per mole of CO, F is the Faraday constant, and 4 is

the slag-metal interfacial area. The observed change in current (in passing from a voltage
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of 0 V to 10 V) was approximately 2.4 A (Figure 21). If the anodic reaction is that given
in Equation (2), and the cathodic reaction is that given in Equation (3) or Equation (4),
then there are two equivalents per mole of CO. Using the slag-metal interfacial area in
Table IV, one calculates that the expected change in the reaction rate is 2.4-10 mol CO
m? 5™, Using Equation (6), and the fact that the total gas flow rate was 1.6 SLPM(N>),
one calculates that the observed change in the reaction rate was 4.9-10® mol CO m? 5™,

which implies that the current efficiency was 20%.

Figure 22. Molybdenum cathode is exposed to CO; in the gas phase

In the second part of the experiment the alumina tube around the molybdenum rod was
raised a bit, so that the gas phase could contact the molybdenum rod at the interface

between the rod and the slag phase (Figure 22). The slag was electrolyzed again, and the
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observed current in this case of an “exposed” cathode was higher than when the

molybdenum rod was shielded from the gas phase (Figure 21).
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Figure 23. The decarburization rate increased when a molybdenum cathode was used

The reaction rate in terms of CO increased when voltage was applied across the slag layer
(Figure 23). The current increased 3.4 A (Figure 21), and the CO concentration increased
1% CO. Suppose that the electrolysis was Faradaic, the anodic reaction is that given in
Equation (2), and the cathodic reaction is

(CO,)+2e™ —(CO)+[0™] (18)

slag ’
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Under these conditions, there is one equivalent per mole of CO. The expected increase in
reaction rate is 6.7-10° mol CO m? s’. The observed increase in reaction rate was
approximately 3.0-10” mol CO m? s™, which implies a current efficiency of 45%. (If
the anodic reaction is that given in Equation (2) and the cathodic reaction is given in
Equation (3) or Equation (4), then there are two equivalents per mole of CO, and the

current efficiency is 90%.)

4.8  Decarburization experiment #3

The purpose of this experiment was to test the hypothesis that the current efficiency was
limited in the previous decarburization electrolysis experiments by the area of the slag-
molybdenum rod interface; the investigators thought that the current efficiency might be
increased if the current density could be decreased. In this experiment, a DC electric arc
was generated between a graphite rod held above the slag layer, and the surface of the
slag layer. The electric arc served as the cathode. The anode was a graphite rod dipped

into the Fe-C bath, and this rod was protected from contacting the slag by an alumina

tube.

Iron oxide in the form of commercial ‘FeQ’ pellets was dropped into the molten base
slag, so that the iron oxide concentration was approximately 3.1 wt% FeO. A gas
mixture Ar-6 vol% CO, was passed through the inner furnace chamber. The CO

concentration achieved a steady reading of approximately 1.1 % CO, and the total gas
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flow rate was 1.76 SLPM(N;). Using Equation (6), one calculates that the steady-state

-1

rate of decarburization was 4.0-10° mol CO m? s”, in reasonable agreement with

decarburization experiment #1 (Table VI).
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Figure 24. The decarburization rate increased when an electric arc cathode was used

Both graphite rods were dipped in the metal phase, and a current of 40 A was passed with
13 V. One graphite rod was then raised 4 cm off the bottom of the crucible. (The
graphite rod was raised with a pulley-and-string system, so that the current could keep
flowing while the rod was raised.) An electric arc was formed, and a current of 8 A was
passed at 53 V. The decarburization rate increased when the anode was raised out of the

metal bath (Figure 24), even through the current decreased. (The arc “went out”
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temporarily at about 350 seconds, and was then reestablished; the current dropped to zero

and the reaction rate fell when the arc went out.)

If the electrolysis was Faradaic, the anodic reaction is given in Equation (2) and the
cathodic reaction is given in Equation (18), then there is one equivalent per mole of CO.
Given the current of 8 A, the expected reaction rate is 1.6:10™ mol CO m? s'. The
observed increase in reaction rate was approximately 8.0-10° mol CO m? s?, which
implies a current efficiency of 50%. (If the anodic reaction is given in Equation (2) and
the cathodic reaction is given in either Equation (3) or Equation (4), then there are two

equivalents per mole of CO, and the current efficiency is 100%.)
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49  Reduction experiment #1

The purpose of this experiment was to test the hypothesis that the rate of reduction of iron
oxide from slag could be increased by applying a voltage between the cathode (in the
slag) and the anode (in the metal bath). The apparatus used in this experiment is shown
in Figure 18. Iron oxide was added to the slag, so that the FeO concentration was
approximately 3.5 wt%. Argon gas was passed through the inner furnace chamber. The

reaction rate increased after the addition, and after some time dropped to a very low level.
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Figure 25. Plot of current vs. voltage for reduction experiment #1
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The voltage was increased in steps and the current was recorded at each step (Figure 25).

The rate of CO evolution increased as the current increased (Figure 26). Suppose that the

electrolysis is Faradaic, the anodic reaction is given in Equation (2) and the cathodic

reaction is given in either Equation (3) or Equation (4). Then there are two equivalents

per mole of CO. For a current rise of 2.25 A, the reaction rate should increase by

22-10” mol CO m? s, The observed increase was approximately 8-10™ mol CO m>

s, which implies a current efficiency of 36%.
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4.10 Reduction experiment #2

The purpose of this experiment was to test the hypothesis that the current efficiency was
limited in reduction experiment #1 by the area of the slag-molybdenum rod interface. In
this experiment, a DC electric arc was generated between a graphite rod held above the
slag layer, and the surface of the slag layer; the electric arc served as the cathode. The
anode was a graphite rod dipped into the Fe-C bath; the anode was protected from

contacting the slag by an alumina tube.

Argon was passed through the inner chamber during the experiment. One graphite rod
was lowered to the bottom of the crucible; it was protected by an alumina tube, except
over a length of 0.5 cm at the bottom. A second graphite rod was positioned so that its
bottom end was 4.6 cm from the bottom of the crucible; its lower end was above the
molten metal iayer. The 100A-100VDC EMI power supply was turned on and set for 10
A (constant current mode); the electrodes were under “live” power at this point, and the

voltage across them was 100VDC.

A mass of 167 g of crushed, pre-fused, iron oxide-containing slag was dropped into an
alumina crucible holding molten Fe-C. The slag had 5.00 wt% total iron, and 2.22 wt%
ferrous iron, as determined by wet chemical analysis. (The slag had been made earlier by
adding iron oxide to molten base slag.) The slag melted and began to react with the Fe-C

bath; the rate of CO evolution rose to approximately 0.015 mol CO m? s (Figure 27).

73



The slag began to foam, so the slag level rose in the crucible. About six minutes after the
slag was added to the crucible, the current rose from zero to 10 A, and when this

happened, the reaction rate rose to approximately 0.025 mol CO m? s (Figure 27).
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Figure 27. The reduction rate increased when an electric arc cathode was used

If the electrolysis is Faradaic, the anodic reaction is given in Equation (2) and the
cathodic reaction is given in either Equation (3) or Equation (4), then there are 2
equivalents per mol CO. For a current of 10 A, the expected increase in reaction rate is
98-10 mol CO m? s, The observed increase was approximately 1.0-10 mol CO m™?

s, so the current efficiency was nearly 100% when the current first began to flow.
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At 1000 s the reaction rate began to fall. That is, the rate of CO evolution began to fall.
The applied voltage decreased during the experiment (Figure 28), even though the current
remained constant (Figure 27). Therefore, it is likely that the drop in the rate of CO
evolution was due to electronic short-circuiting of the slag layer. (Metal is formed at the
cathode. Also, metal is entrained in the slag layer by the vigorous stirring accompanying

this relatively high reaction rate.)
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Figure 28. The voltage required to maintain constant current decreased over time

At the relatively high reaction rate obtained in this experiment, the concentration of iron

oxide falls significantly during the experiment. The data in Figure 29 show that the

75



reaction rate in terms of CO began to fall when [w1% O], was approximately 0.5. If all

the iron in the slag was ferrous at this point, then this corresponds to 2.2 wt% FeO.
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Figure 29. The reaction rate decreased as the value %O reached 0.5

4.11 Reduction experiment #3

In reduction experiment #2, the current efficiency was 100% for a significant period of
time (approximately 20 minutes). It was expected that if the current density were higher,

then electronic short-circuiting due to metal formation at the cathode would occur more
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quickly during an experiment. For this reason, it was expected that as the current density

increased, the period of 100% current efficiency would become shorter.

The plan for this experiment was to use an electric arc as the cathode, as in reduction
experiment #2, but to use a current of 20 A (i.e. twice that used in reduction experiment
#2). If the area of arc-slag contact was the same, then the current density would double.
In other respects, this experiment was conducted in the same manner as reduction

experiment #2. The amount of slag added in this experiment was 177 g.
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Figure 30. The reaction rate increased more when a higher current was used
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The 100A-100VDC EMI power supply was in constant-current mode set for 20 A.
About nine minutes after the slag was added to the crucible, the observed current rose to
20 A, and the reaction rate in terms of CO increased (Figure 30). For a current of 20 A,

-1

the expected increase in reaction rate is 2.0-107 mol CO m? s. The reaction rate

briefly rose to 2.0-107 mol CO m™ s, and then fell quickly to approximately 15-107

mol CO m™? s™. In other words, the current efficiency was briefly 100%, and then fell o

approximately 75%.
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Chapter 5. Discussion

5.1  New expression for the mass transfer coefficient

h

The usual “power-law” rate expression for an n™ order chemical reaction has the

following form:

r[ mol ] = kc" (19)

m’s
where 7 is the overall reaction rate, k is the rate constant, ¢ is concentration, and » is the
order of reaction. Most investigators who have studied the rate of reduction of iron oxide
from slag by carbon have concluded that a first-order model fits their data.

r=kc (20)
where c is the concentration of iron oxide in the slag. For a first-order model, the rate

constant has units of m s, since the concentration has units of mol m™.

In nearly all previous studies of the reduction of iron oxide from slag, ferrous oxide
(FeO) has been used to make the slags, so that the slag contains mostly ferrous iron
(Fe*"), and very little ferric iron (Fe**). The concentration of iron oxide in the slag is
usually expressed as wt% FeO.

r =k[wt.%FeO] ¢3))

slag
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(The rate constant must have appropriate units.) In these experiments, where only ferrous
cations are present in the slag, there is a one-to-one correspondence between the flux of
the following species to the slag-metal interface:

e ferrous cations (in the slag phase)

e oxygen (in the slag phase)

e carbon (in the metal phase)
This follows from the stoichiometry of the reaction in Equation (1). The “reaction rate in
terms of ferrous iron,” the “reaction rate in terms of carbon,” the “reaction rate in terms
of CO,” are all the same (on a molar basis).

Trere =Tc =Tco (22)
Under these conditions one could monitor the reaction rate by any of the following
methods:
o slag sampling and analysis for ferrous iron
¢ metal sampling and analysis for carbon concentration
o measuring the rate of CO evolution.
Since there is only ferrous iron in the slag phase, the “reaction rate in terms of total iron
(in the slag phase)” is equal to the reaction rate in terms of ferrous iron, and one could
monitor the reaction rate by slag sampling and analysis for total iron. If there is no CO,
evolution, then the “reaction rate in terms of oxygen” is equal to the reaction rate in terms

of CO. In this study, the reaction rate in terms of oxygen, o, was observed by measuring

the rate of CO evolution.

80



Plots of the rate constant, &, versus concentration show that % is, in fact, not constant, but
decreases as the concentration of iron oxide decreases (Figure 11 and Figure 12). This
observation supports the hypothesis that the reaction rate is limited by the rate of mass
transport of ferrous cations in the slag phase when the slag contains very little ferric
oxide. If this hypothesis is true, then the reaction rate in terms of oxygen is equal to the
flux of ferrous cations to the slag-metal interface.

ro=Jpa (23)

The flux of ferrous cations can be written in terms of the concentrations of ferrous cations

in the bulk of the slag and at the slag-metal interface.

J . = ku( cbulk _ cimerfaoe) (2 4)

Fé* Fe®*  TFe*
A gradient in the concentration of ferrous cations will exist in the slag phase adjacent to
the slag-metal interface (Figure 31). The constant kp is called the mass transfer
coefficient. If the reaction rate is limited by mass transport of ferrous cations, then the
concentration of ferrous cations at the slag-metal interface will be equal to the

equilibrium concentration.

For the reduction of ferrous oxide from slag by carbon in iron, calculations show that the
equilibrium concentration of ferrous oxide in the slag is very nearly zero. (See Appendix
B. Concentration of FeO in slag in equilibrium with liquid.) One can simplify Equation
(24) by setting the interfacial concentration to zero.

J . =k (25)

Fe Fe**
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Substitution of Equation (25) into Equation (23) gives the relation

r, = ket (26)

Fe*
which is of the same form as Equations (20) and (21)—a reaction rate that is first order in
the concentration of ferrous oxide or ferrous cations. The fact that so many investigators
have observed that this type of equation fits their data is evidence that the overall reaction

rate is limited by mass transfer of ferrous cations in the slag phase when the slag contains

very little ferric oxide.

bulk

slag

[wt % FeO)

[w { % C] metal

[wt.%FeO]"

N Slag-metal interface

Figure 31. Slag near the slag-metal interface is depleted in iron oxide

Some studies have shown a reaction order higher than one (Table I), or a reaction order

that changes with concentration. (In these studies only ferrous cations were present in the
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slag since FeO was used to make the slags.) To understand this observation, one needs to
examine the dependence of the mass transfer coefficient on the reaction rate or
concentration. If fluid flow conditions in the slag remained constant during the course of
an experiment, then one would expect that the mass transfer coefficient would remain

constant, and that the reaction would be first-order in FeO or Fe?* concentration

(Equation (26)).

However, there is vigorous stirring of the slag when the reaction rate is high, and little
stirring when the reaction rate is low, so the fluid flow conditions in the slag change
during the course of the reaction. One therefore expects that the mass transfer coefficient
will decrease as the reaction rate decreases, or, equivalently, that the mass transfer
coefficient will decrease as the concentration of FeO decreases. The data in Figure 11
and Figure 12 show that kp decreases at low concentration. In other words, the mass
transfer coefficient depends on the concentration of ferrous cations in the slag at low

concentrations.

A power-law relationship can be used to describe the dependence of the mass transfer
coefficient, kp, on the concentration of ferrous cations in the slag, c:

k,=B'c? 27)
where B’ and p are a positive constants. (See Appendix H. Analysis of results using
dimensionless numbers.) Substitution of Equation (27) into Equation (26) yields

r,=k,c=B'c"? (28)
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If the constant p is greater than zero, the reaction rate is greater than first-order. The
dependence of the mass transfer coefficient on the reaction rate, or the concentration, is

therefore an explanation for the observation of reaction orders higher than one.

Wagner'® used this approach to explain the second-order kinetics observed in the early
study by Philbrook and Kirkbride’. Most subsequent studies, done at higher
concentrations of FeO in the slag, have shown that the kinetics are first-order. However,
Phiibrook and Kirkbride used low concentrations of FeO (Table II), so they were in the
regime where the mass transfer coefficient depends on the concentration. The particular

value of the concentration at which the mass transfer coefficient begins to decrease must

depend on, among other things, the temperature and the base slag composition.

Wagner'? proposed that the diffusion boundary layer thickness depends on the reaction

rate according to the following equation:
s== (29)

where B and [ are positive constants. (This equation gives the thickness, &, of the

diffusion boundary layer for iron cations in the slag layer adjacent to the slag-metal
interface.) His idea in proposing Equation (29) was that the boundary layer thickness
must decrease as the reaction rate increases, since the increasing gas evolution would

cause more vigorous convection in the slag phase.
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Two models of the mass transfer coefficient are typically used to give the mass transfer
coefficient a “physical” meaning. In the first, the mass transfer coefficient is written in

terms of the diffusivity, D, and the “diffusion boundary layer thickness,” &.
k,=— (30)

In the second, the mass transfer coefficient is written in terms of D and the “contact
time,” 6.

4D
ky = |— 31
> =\ Gl

According to Equation (30), if the diffusion boundary layer thickness increases, then the
mass transfer coefficient decreases. Similarly, Equation (31) implies that if the contact

time increases, then the mass transfer coefficient decreases.

Equation (29) implies that the boundary layer thickness tends toward zero for very high
reaction rates. The following modification of Equation (29) is proposed:

B
§=5+8, (32)

where B and / are constants, and 0< S <1. Equation (32) implies that the effective
boundary layer thickness approaches some minimum value as the reaction rate grows
large. If the constant B is small, then the first term in the sum only becomes significant
when the reaction rate falls to a fairly low value. If Equations (32) and (26) are
substituted into Equation (30), one can obtain the following expression for the mass

transfer coefficient as a function of concentration:
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ky= 5 (33)
——+0
kic?
At high concentrations, Equation (33) reduces to
D
k D = 3— (34)
whereas at low concentrations, it reduces to
L g
-
k=[] (35)

For ﬂzy, for example, the mass transfer coefficient is proportional to the

concentration to the one-half power, &, «c. On the other hand, if ﬁzy, then

kpxc.

Figure 11 and Figure 12 show the relationship between the mass transfer coefficient and
the concentration observed in the first part of this study. (See also Appendix H. Analysis
of results using dimensionless numbers) At low concentrations (in terms of

[wi% O]ﬂag ), the results show that the mass transfer coefficient varies with concentration

according to the proportionality X, occ¢” where m=1. Therefore, the reaction rate is
first-order in the concentration of ferrous cations at high concentrations, and the order of
reaction increases at low concentrations. In other words, the effect of concentration on
the mass transfer coefficient becomes relatively more significant at low concentrations, a

conclusion which at first might seem counter-intuitive. Note that Tarby and Philbrook®,
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who considered the effect of CO evolution on the fluid flow conditions in the slag,
actually concluded the opposite; namely, that the reaction rate is second-order in iron

oxide concentration at high concentrations, and is first-order at low concentrations.

A similar approach can be used, based on the contact-time model. The contact time is

related to the reaction rate by the following equation:

9=%+60 (36)

where C’ and y are constants, and 0< y <2 . If Equations (36) and (26) are substituted

into Equation (31), one can obtain the following expression for the mass transfer

coefficient:
2D1/2
ky= - 7 (37)
7' +6,
kic*
At high concentrations, Equation (3) reduces to
4D
kp = 0 (38)
At low concentrations, it reduces to
—l' X
k, = Gg—,)' o (39)

For y = A the mass transfer coefficient is proportional to the concentration to the one-

half power, kaJE. For y =1, k, xc.
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To summarize, a good model of the reaction rate in terms of oxygen for the period when

only ferrous cations are present in the slag is given by the following expression:

Ty = kpCppn =9 2D (40)

12 cFez'
Cl
' +6
kxc* °
| DS

Note that in the Results section, the reaction rate and mass transfer coefficient have been

plotted versus the quantity [w?.%0] . When only ferrous cations are present in the slag

slag

phase, the [wt.%O]wz and c_,. are related by the following equation:

1.6 mol
[wz.%O]m=p i “F«’*[ms] (41)
slag m3

If the density of the slag is constant and equal to 2500 kg m™, then one obtains:

[w%0], =64.10%c_,. [—’“—Z'] (42)

slag Fe m
where c_,. is the concentration of ferrous cations in the slag in units of mol m>. If a slag
contains 5 wi% FeO and the density is 2500 kg m>, then €. = 1700 mol m> and

[wr.%0], =11.

slag
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5.2 New rate expression

Using Equation (40) to model the reaction rate is fine when the concentration of ferric
cations is low. However, when the concentration of ferric cations is significant, this
approach must be abandoned. When ferric cations are present in the slag, some electrons
are consumed by the ferric-to-ferrous reduction reaction (Equation (3)), and the reaction
rate in terms of total iron (in the slag phase) is lower than the reaction rate in terms of
CO. That is, oxygen is removed from the slag at a faster rate on a molar basis than iron is

reduced to metallic iron.

Slag analysis data show that ferric cations are reduced before ferrous cations, so that after
some time has passed, nearly all the iron cations remaining in the slag are ferrous (Figure
8). (See Appendix D. The rate constants.) During the first period of reaction, then, ferric
cations are reduced to ferrous cations. At the beginning of the second period, only
ferrous cations remain in the slag, and during the second period, ferrous cations are

reduced to metallic iron.

It is proposed that the reaction rate in terms of oxygen can be modeled by an expression

of the following form in the general case when ferrous and ferric cations are both present.

r, =k, [wt.%Fez"' ]slag +k, [wt.%Fez"] (43)

slag

where k; and k; are constants.
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When significant quantities of both ferric and ferrous cations are present in the slag, the

reaction rate is very high, which makes the mass transfer coefficient for ferric cations,
kg”‘ , and the mass transfer coefficient for ferrous cations, kg‘z‘ , very high. These two
mass transfer coefficients must be approximately equal,

ky = kp =k (44)
since the chemical diffusivity of ferric cations and ferrous cations should be
approximately the same, and the effective boundary layer thickness for both species

should be the same (Equation (34)).

It is proposed that the mass transfer coefficients, k[',‘""' and kg‘z' , are high enough under
these conditions that they are greater than the chemical rate constants for the two
reduction reactions (Equations (3) and (4)). Of these two reduction reactions, the ferric-

to-ferrous reaction must have a higher rate constant.

k >k (45)

Fe* > Fe® Fe** > Fe

In other words, the activation energy for the ferric-to-ferrous reaction must be smaller

than that for the ferrous-to-metal reaction.

If the following relation is true:

kge > kFe"—)Fe" = kFe" —Fe (46)

then with both ferric and ferrous cations present, the ferric cations will be reduced

preferentially (Figure 8). This will occur because the two reduction reactions occur in
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parallel, and, when mass transfer is not a problem, electrons will be consumed by

whichever reaction has the higher rate constant.

It is also possible to explain the observation that ferric cations are reduced before ferrous
by the following relation:

k >k >k

Fe* - Fe® Fe** —»Fe
Here the ferrous-to-metal reaction is chemical-reaction rate-limited, while the ferric-to-
ferrous reaction is limited by mass transfer of ferric cations to the slag-metal interface.

Under these conditions if both ferric and ferrous cations are present, electrons will be

consumed by the ferric cations, since this gives the highest possible overall reaction rate.

To summarize, when the slag contains significant quantities of ferric cations, the overall

reaction rate is limited by the rate of the ferric-to-ferrous reduction reaction. Under these

conditions, the rate expression can be simplified to r, = kl[wt.%Fe”]’ , and the rate
slag

constant k, is essentially the chemical rate constant for the ferric-to-ferrous reduction

reaction, k (See Appendix D. The rate constants.)

Fe* s Fe?* *

When the slag contains mainly ferrous oxide (i.e. very little ferric oxide), the overall

reaction rate is limited by mass transfer of ferrous cations in the slag phase. Under these

conditions, the rate expression is 7, =k2[wt.%Fe2*]l , and the rate constant k, is

slag

essentially the mass transfer coefficient for ferrous cations in the slag, kge". (See
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Appendix D. The rate constants.) If the concentration of ferrous oxide were very high, of
course, it is possible that other reaction steps could become rate-limiting. For example,
the flux of iron cations to the slag-metal interface could become large enough that carbon
transport in metal phase, or the chemical reaction rate of ferrous-to-metal reaction might

become rate-limiting.
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53 Evidence for electrochemical mechanism

The second part of the study aimed to verify that both the reduction of iron oxide and the
decarburization of liquid iron have an electrochemical component.  Short-circuit
experiments #1 and #2 showed that the reaction rate could be increased by penetrating the
slag with an electronic conductor. This can be understood if one considers that the rate-
limiting process in either the reduction of iron oxide or the decarburization of liquid iron

is, under most circumstances, the mass transport of iron cations in the slag phase.

Electronic Conductor

— Slag

Metal
(Liquid)

Figure 32. Iron cations in the bulk slag phase are reduced

Short-circuiting the slag layer provides a pathway for electrons, produced by the anodic
reaction at the slag-metal interface, to travel far from the slag-metal interface into the
bulk of the slag. Iron cations that are reduced at the interface between the slag and the
short-circuit material do not have to be transported all the way to the slag-metal interface
(Figure 32). In short-circuit experiment #3, the short-circuit current was actually
observed experimentally. Electrons flowed from the metal bath through the external

circuit to the cathode-slag interface, where they were consumed in the cathode reaction.
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To increase the reaction rate further, it makes sense to apply a voltage to drive the flow of
electrons from the metal bath to the cathode (Figure 33). This was done in
decarburization experiments #2 and #3, and in reduction experiments #1 through #3. It

was observed in these electrolysis experiments that the reaction rate could be increased

by applying a voltage across the slag layer.

Cathode

+ Anode
Figure 33. The reaction rate increases when current passes through the external circuit

The electrolysis experiments show that the current efficiency decreases with increasing
current density (Table VII and Table VIII). At high current densities, metal will be
deposited quickly at the cathode. This will lead to electronic short-circuiting of the slag
layer, and to a decrease in current efficiency. It should be noted that it is also possible
that a decrease in current efficiency, as we have calculated i: here, could be caused by a

change in the anodic reaction from that given in Equation (2) to the reversion of the

94



reaction in Equation (4). This would occur if the rate of mass transport of solute carbon

to the slag-metal interface were too low.

Table VII. Current density and efficiency for decarburization experiments

Experiment Cathode type Current Cathode- Current  Current

description (A) slag area* density efficiency (%)
(cm’) (A cm?)

Decarburization molybdenum 3.75 3.7 1 45

experiment #2  rod (exposed to
Ar-CO; phase)
Decarburization electric arc 8 20 0.4 50
experiment #3
*Estimated

Table VIII. Current density and efficiency for reduction experiments

Experiment Cathode type =~ Current Cathode-  Current Current

description (A) slag area* density (A efficiency (%)
(cm?) cm’?)

Reduction molybdenum 230 3.7 0.62 36

experiment #1 rod

Reduction electric arc 10 20 0.5 100

experiment #2

Reduction electric arc 20 20 1 75

experiment #3

*Estimated

5.4  Implications of this work

An important implication of this study relates to the problem of high iron oxide contents
of steelmaking slags. As was mentioned in the Introduction, the original motivation for
this study was to determine whether some electrochemical means involving an electric

arc or plasma might be developed to increase the rate of reduction of iron oxide from
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slag. In principle, three things can be done with slag from the EAF and BOF: (1) it can
be returned (i.e. recycled) to the steelmaking furnace or the blast furnace; (2) it can be
transferred to the ladle; and (3) it can be discarded. In practice, most slag is discarded.
Recycling the slag causes the level of impurities such as phosphorus and zinc to rise®.
Carrying over slag from the steelmaking furnace into the ladle decreases the efficiency of
deoxidation with silicon and aluminum?’, since the FeO in the furnace slag dissociates

slowly, releasing solute oxygen into the steel bath (i.e. the reversion of the reaction in

Equation (58)).

Iron “units” are lost when steelmaking slag is discarded, since the slag contains a
significant quantity of FeO. Under normal practice, the FeO level of steelmaking slag is
approximately 20 wt% during the main portion of the blow, and then rises rapidly near
the end of the blow levels as high at 35 or 40 wt%, depending on the final carbon content
of the bath at tap. Without increasing the rate of the reaction Equation (1), it unlikely that
sufficient time can be allowed in the BOF or EAF for the reaction in Equation (1) to
come to equilibrium; the rate of this slag-metal reaction is relatively slow when compared
to the rates of the main reactions occurring in the steelmaking furnace:

1

-2-(02) —[wit% O] (47)

melal

(€l +[0)eas = (CO) (59)

If the rate of the reaction could be increased somehow, however, the iron oxide content in

the slag might be held to a much lower level. The results of this thesis suggest that it may

96



be possible to reduce iron oxide from the slag phase at a relatively high rate if a voltage is

applied across the slag layer.

Two configurations are possible. If the metal bath contains significant quantities of
carbon, then the anode can contact the metal bath, and the cathode can be an electric arc
or plasma torch contacting the surface of the slag layer. The anode material could be
carbon, a high-melting point metal, or an electronically conductive refractory. Use of an
electric arc or plasma torch would increase the cathode-slag area, which would decrease
the current density, and therefore increase the current efficiency. The anodic reaction
would take place at the interface between the metal bath and the slag layer; oxygen from

the slag would react with carbon dissolved in the metal:

[02— ]slag + [C]metal - (CO) +2e” 2)

The cathodic reaction would take place at the interface between the arc and the slag layer;
ferrous cations would be reduced to metallic iron:
+2e” —[Fe] 4

metal

[Fe]

slag

If the metal bath is low in carbon, then a carbon rod could be dipped in the slag layer to
serve as the anode; the cathode would still be an electric arc contacting the slag layer

from above. The anodic reaction would take place between solid carbon and the slag:

C+[0* ]ﬂag —(CO)+2¢ {48)
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The cathodic reaction would take place at the interface between the arc and the slag layer;

ferrous cations would be reduced to metallic iron:

“

[Fez"] T [Fe] ..,

sla;

This process could be carried out in the EAF or BOF, in some new vessel into which the
steelmaking slag would be discarded, or in the ladle. The application of voltage may
increase the reaction rate sufficiently to make the process viable. Conditions would have
to be maintained so that iron oxide would be the least stable oxide in the slag. If the
steelmaking slag contained phosphorus oxide, for example, one might reduce phosphorus
oxide before iron oxide if process conditions were not maintained properly; proper

conditions would be relatively low temperature, and high slag basicity.
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Chapter 6. Conclusions

This study has resulted in many new findings that increase our knowledge of the slag-

metal reaction between iron oxide in slag and carbon dissolved in iron. Several of the

conclusions have the potential for practical application in the iron and steel industries. In

the first part of the study, the reduction of iron oxide from calcia-silica-alumina slag was

studied. Several significant observations were made:

o The reaction rate depended on both the ratio of ferric to ferrous cations, and the total
amount of iron cations in the slag.

e When ferric and ferrous cations were both present, ferric cations were reduced
preferentially.

e When the iron cations in the slag are mainly ferrous, the rate constant depended on

the concentration of iron in the slag.

Based on these observations, the following conclusions have been drawn:

e The reaction rate can be modeled by a rate expression of the following form:

r, =k, [wt.%Fe”] . +k2[wt.%Fe2*]I . Numerical values for the constants &, and
slag slag

k, were calculated for certain experimental conditions.

e When the slag contains significant quantities of ferric cations, the overall reaction rate

is determined by the rate of the ferric-to-ferrous reduction reaction. Under these
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conditions, the rate expression can be simplified to r, = &, [wt.% Fe“] ..» and the rate

slag
constant k, is the chemical rate constant for the ferric-to-ferrous reduction reaction.

e Starting from a slag containing both ferric and ferrous oxide, the total reaction period
can be divided into two parts. In the first part, mainly ferric cations are reduced, and
the concentration of ferrous oxide rises, while the total iron oxide content remains
fairly constant. In the second part, ferrous cations are reduced, and both the ferrous
oxide and total iron content of the slag decrease with time.

o When the slag contains mainly ferrous oxide (i.e. very little ferric oxide), the overall

reaction rate is limited by mass transfer of ferrous cations in the slag phase. Under

these conditions, the rate expression is 7, = kz[wt.%Fez*] g? and the rate constant
$iq;

k, is the mass transfer coefficient for ferrous cations in the slag.

o The mass transfer coefficient decreases as the concentration of ferrous oxide in the
slag decreases because the rate of CO evolution decreases; as this occurs, the fluid
flow conditions in the slag phase change from forced convection toward natural
convection. At high concentrations, the mass transfer coefficient approaches a

maximum value; the effective boundary layer thickness approaches some minimum

value, 9§, .

In the second part of the study, the electrochemical nature of two reactions involving iron

oxide in slag and carbon in liquid iron was studied. Several important observations were

made:
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e The rate of reduction of iron oxide from slag by carbon in liquid iron was increased
by electrically short-circuiting the slag layer with an iron rod or plate, and the effect
became more significant as the contact area between the slag and the short-circuit
material increased. A small short-circuit current of approximately 80 mA was
measured in two experiments.

e The rate of reduction of iron oxide from slag by carbon in liquid iron was increased
by applying a voltage across the slag layer. The reaction rate increased by 60-100%,
and the increase was proportional to the current passed.

e For the reduction of iron oxide with applied voltage, a current efficiency of nearly
100% was observed for current densities on the order of 500 mA cm™. The current
efficiency decreased as the current density increased.

e The steady-state rate of decarburization of liquid iron by CO, through slag containing
iron oxide was increased by applying a voltage across the slag layer.

e For decarburization with applied voltage, the current efficiency was approximately
50% for a current density on the order of 400 mA cm?. The current efficiency

decreased as the current density increased.

The following conclusions have been drawn from these observations:
¢ The reduction of iron oxide from slag by carbon in iron occurs as separate anodic and
cathodic reactions; the locations of these reactions may be physically separated by

macroscopic distances.
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e Short-circuiting the slag layer provides an electronically conductive pathway from the
metal bath into the bulk slag phase, and allows for the reduction of iron cations
located far from the slag-metal interface. When the reaction rate is limited by slag-
phase mass transfer, this increases the observed reaction rate.

e Applying a voltage across the slag layer drives the flow of electrons from the metal
phase to the cathode. As long as iron cations are the most easily reduced species in

the slag phase, application of a voltage increases the rate of reduction of iron oxide

from slag.
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Chapter 7. Suggestions for Further Work

This study has shown the feasibility of increasing the rate of reduction of iron oxide from
slag by “electric arc electrolysis.” Further work should be done to show that this works
on a larger scale. It may be possible to reduce the iron oxide content of steelmaking slag

by using this method (see Chapter 5. Implications of this work).

In the laboratory, further work should be done on the reduction of other oxides from slag.
McLean et al.? earlier suggested that it may be possible to remove unwanted impurities
from metal, and to add alloying elements at a high rate by applying a voltage across the

slag layer.
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Appendix A. Relationships between measures of iron oxide concentration

There are several ways to express the iron oxide content of slag?®*?’. Slag analysis gives

the weight percentage total iron, [w1% Fe,]s,ag, and the weight percentage ferrous iron,

[wt% Fez’“] , in the slag. (“Total iron” is the slag is the sum of ferrous and ferric

slag
cations, and does not include metallic iron entrained in the slag sample.) The weight
percentage ferric iron is then calculated by difference.

[wi% Fe] =[wi% Fe,], ~[wit% Fe*'] (49)

ag slag siag

The weight percentage FeO is calculated from the weight percentage ferrous iron.

s oo, = 1184

[wi% Fe*| (50)

slag

[wi% FeO], =129[wt% Fe™]

slag slag

The weight percentage Fe;0s is calculated from the weight percentage ferric iron.

_ 159.688 .
[Wl% Fe203]:,ag = m[W’% Fe ]Smg (51)

[wi% Fe,0,], = 1.43[wl% Fe* ]51

ag
In some cases the sum of FeO and Fe;O; is reported, using the values calculated with

, [wi% Fe,0

Equations (50) and (51). In other cases, a value called [wi% 'FeO'] ]slag,

slag
or [wt% FeQ,] . is calculated.

[wi% 'FeO,, =[wt% Fe,0), =[wt% FeO,] (52)

slag sl slag
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This value represents the amount of FeO that would be present if all of the iron (as

represented by [w1% Fe, ]Slag) were in the form of FeO.

71844
[wi% ' FeO'),, = 5;845

([wt% Fe* Lag +[wt% Fe* ]ﬂag) (53)

or, in terms of total iron in the slag phase,

. 71.844
[wi% ' FeO], = S5845 [wt% Fe,],,. - (54)
[wi% 'FeO,, =129[wt% Fe,]

Substituting Equations (50) and (51) into Equation (53) one obtains an equation for

[wi% ' FeO'],, in terms of [w1% FeO],,and [w1% Fe,0,),

lag

271844

+ 55
sleg 159688 (55)

[wi1% ' FeO), =[wi% FeO] [wi% Fe,0; ]

slag

slag

[wi% ' FeO, =[wt% FeO], +090[wt% Fe,0,]
The oxygen associated with iron cations in slag, [wi% O], is calculated with the

foilowing formula:

[wi% 0], = 155;94955 (Dwees Fe], +15[weth Fe*], ) (56)
[wi% 0], =029wi% Fe**] +043wi% Fe*'|

Another variation, also based on the idea that the oxygen associated with iron oxide is of

primary importance, is given in the following equation:

[w1% ' FeO'],_=[wt% FeO), + 1.5M[wz% Fe,0,),.. (57)

slog 159.688
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[wt% 'FeO, =[wt% FeO], +135[wt% Fe,0,]

sla;

Comparison of Equations (55) and (57) shows that these two approaches will yield quite

different results if the amount of ferric iron in the slag is significant.

The results of this study have been analyzed using Equation (56). This practice

emphasizes that the reduction of iron oxide from slag is the removal of oxygen associated

with iron cations from the slag. The value of [w1% O]s,ag approaches zero as the

reduction of iron oxide nears completion.
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Appendix B. Concentration of FeQO in slag in equilibrium with liquid Fe-C

Studies have been performed in the past on the thermodynamics and kinetics of the
reaction between iron oxide in slag and carbon in iron.

[FeO], +[C] .. —[Fe],. +(CO) )

slag

Equilibrium calculations for this reaction are based on studies of two simpler reactions,

30,31

the oxidation of iron and the oxidation of carbon®?,

[Fe], ., +X[0],., ©[FeO,] (58)

metal slag

[C]melal + [O]meta! - (CO) (59)

rather than on the actual slag-metal reaction in Equation (1). The solubility of oxygen in
liquid iron over the temperature range 1530 to 1960°C is given by the following

equation®":

log, [wi% O] " = 5380 2765 (60)

metal 7{ K]

The standard Gibbs free energy of reaction for the reaction in Equation (58) can be

calculated from this data; Elliott et al.*® give the following equation:

AG"[—J—] =-120900+5234-7[K] (61)
mol

The equilibrium constant for the reaction in Equation (59) is given by the following
equation’’:

log,, K = 1168 907 (62)

7K]
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The standard Gibbs free energy of reaction for the reaction in Equation (59) is therefore:

3

AG°[mo ] = -22370-39.64- T[K] (63)

Combining Equations (61) and (63), one finds that the standard Gibbs free energy of
reaction for the reaction in Equation (1) is

3

AG® =98530-9198- 71K 64
[mo,] 1K] (64)

The reaction quotient for Equation (1) is given by the following equation

Q - aFep co (65)

Areo9c
In Equation (64), the Raoultian activity scale is used for FeO in liquid slag, with
concentration measured in mole fraction; the standard state is pure liquid FeO. Also, the
Henrian activity scale is used for carbon in liquid ron, with concentration measured in
weight percent; the standard state is a 1 wt%-solution of carbon in liquid iron. Equation

(65) can therefore be written in the following form:

Pco
0= (66)
Y reoXreo ] C[WI % C]melal

The mole fraction of FeO in the slag, xrp, can be written in terms of the weight

percentage of FeO, [wt% FeO]s and the molecular weight (relative molar mass) of

lag >

FCO, MFeoZ
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[wi% FeO] ! /
M
Xpoo = —f 2 (67)
Z%

i

The term in the denominator is equal to the total number of gram-moles of oxides per 100
grams of slag, and is equal to 1.63 + 0.09 for typical iron- and steelmaking slags (see

Table IX).

For the slag used in this study, the term in the denominator of Equation (67) is equal to
1.63. The mole fraction of FeO can therefore be written more simply:

[wi% FeO] .
TN o
The value of the activity coefficient for carbon, fc, can be determined using the
appropriate first-order interaction coefficients for carbon and oxygen in liquid iron®*:

log fo =014[wt% C]_, ~034[wt% O], (69)

etal
The oxygen concentration is low enough to be neglected in the calculation of f- except
for steels with less than 0.05% C. (The value of 10 js about 0.98 for 0.1% C steel,

0.97 for 0.05% C, and 0.85 for 0.01% C). The activity coefficient fc can therefore be

written in terms of [w1% C)

metal *

fc - 100 14[w1% C,_. (70)
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Substituting Equations (68) and (70) into Equation (66), one obtains the following

expression for the reaction quotient:

(72)(1.63)pco
= 71
o ¥ reo| W% FeO]slag 10140% Claus [wt% C] 70

metal

If the reaction in Equation (1) is in equilibrium, then the reaction quotient, Q, is equal to
the equilibrium constant, K, and the concentration of FeO in the slag is given by the
following equation:

(72)(1.63)peo exp(l—;f'ks—]g -1 1.06)

wt% FeO|, = n 72
[ ° ]slag ¥ ro ] OO.M[wr % Cloest [w % C],,,e,,,, ( )

In this study, the experimental conditions were Pco= 1 atm, y ., = 2, [w1% C]mml= 5,

and the temperature was in the range 1400°C to 1600°C. Using Equation (72), one
calculates that the equilibrium concentration of FeO is 0.04 wt% at 1400°C and 0.02 wt%
at 1600°C; this is 0.03 wt% Fe?" at 1400°C and 0.015 wt% Fe*" at 1600°C. There is a
report in the literature® that the concentration of FeO in blast furnace slag in equilibrium
with carbon-saturated iron at 1500°C is in the range 0.03-0.1%; this agrees well with the

value of 0.03% given by Equation (72) using Pco= 1 atm, y .= 2, [wt% C]m 2 =516,

and T=1500°C. (Note that 5.16 wt% C is the carbon concentration in graphite-saturated

iron at 1500°C.)
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Appendix C. State of the iron oxide-carbon relation at tap in steelmaking furnaces

The equilibrium value of [wr% FeO]mg calculated using Equation (72) is significantly

lower than the observed value of [w1% FeO]  in BOF and EAF steelmaking practice’;

slag
the iron oxide level in steelmaking slags at tap is in the range 10-25 wt% FeO for 0.1% C

steel’®. In other words, the oxygen potential in the slag, as represented by [wt% FeO]s,ag ,

is higher than the oxygen potential in the metal, as represented by [wt% O] . The

reaction in Equation (58) is therefore not at equilibrium in industrial steelmaking
furnaces. (The reaction between solute and carbon and solute oxygen in Equation (59) is

close to equilibrium, however, for one atmosphere of CO'.)
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Appendix D. The rate constants

The rate constant has been calculated from the results of a number of experiments (Figure

12). The observed rate constant, £, is in the range 2-10 to 14-10~° m s™. Experiments
with slag sampling have shown that ferric cations are reduced initially. If one assumes

that the initial CO that is produced is the result of the reduction of ferric cations to ferrous

cations, then one can calculate the value of [wi% O]Slag at which the ferric cations are

depleted (Table X). One can see by examining Figure 12 that most of the ferric cations
are reduced to ferrous before the “transient” portion of the experiment is over. The

observed rate constant, £, is therefore essentially the rate constant k, (Equation (43)).

Table X. Calculation of %0 in slag when ferric cations are depleted

Experiment # 704 0]::;"' [wt% O], when ferric
(Equation (56))  cations are depleted

1-6 1.78 1.45

7, 10, 16 1.84 1.45

9,17-19 5.80 4.67

The units of k, must be mol m? s, but the units of & in Figure 12 are m s. One can
calculate the value of &, from the corresponding value of £. The rate constant k is used

in a rate expression of the following form:

r[ mol ] = k[—“l]cpe,. [1"—31] (73)
m s S m
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The concentration of ferrous cations in molar units is related to the weight percentage of

ferrous cations
kg
Fe2+

ol
m 100 55845. 10’3[£]
mol

(74)

where p,.  is the density of the slag. Substituting Equation (74) into Equation (73) one

obtains a rate expression in terms of [wt% Fez*]

slag

[wt"/ Fez*] P [58_]
0 siag 3
r[ m201 ] - k[_r_n_] - slag m - (75)
mosl Ls ! 55845. 10‘3[—g—]
mol
When only ferrous cations are present, Equation (43) reduces to
r=k,[wi% Fe* ]ﬂa’g (76)

Comparing Equations (75) and (76) one sees the relation between %, and £.

3

mol m)Pees [ rl;g ]
Jo o]

m’s s ] 55845

Since k is in the range 2-10™° to 14-107° m s (Figure 12), k, is in the range 9-10™ to

6.3-10™ mol m? s, assuming the slag density is 2500 kg m™.
The rate constant k, can be estimated from slag analysis results. During experiment #10

(Table III), the slag initially contained 2.66 wt% Fe** and 2.35 wt% Fe**. The first

sample, taken 15 minutes after the slag was added to the crucible, contained 4.43 wt%
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Fe** and 0.23 wt% Fe®*. One calculates that the reaction rate in terms of CO using the

Fe?* values is 0.011 mol CO m? s'. Using the Fe** values, one calculates that the

reaction rate is 0.013 mol CO m?2 s'. When the concentration of ferric cations is

significant, Equation (43) reduces to

o =k, [wt.%Fe’* L (78)

ag
(It is assumed that the rate in terms of oxygen is equal to the rate in terms of CO.) Using
Equation (78), a reaction rate of 0.012 mol CO m? s, and the average concentration of

Fe’* over the 15 minutes (i.e. 1.29 wt% Fe**), one calculates that &, is 9.3-10° mol m?

st

115



Appendix E. Carbon concentration during short circuit experiments #1 and #2

The mass of the complete rod-and-plate combination was approximately 743 g. During
short-circuit experiment #1, the whole flag melted into the metal bath. Since the original
metal mass was 605 g (Table IV), the final mass of metal was 1348 g. The original
concentration of carbon was approximately 5 wt%, so the final concentration was

0.05(605)/1348 = 2.2 wt% C.

During short-circuit experiment #2, the plate and a portion of the rod melted into the
metal bath. The original mass of the steel flag was 743 g, and the mass after the lower
portion melted off was 516 g. Since the metal mass in the crucible was initially 772 g,
the final mass of metal was 999 g. The original concentration of carbon in the bath was

approximately 5 wt%, so the final concentration was 0.05(772)/999 = 3.9 wt% C.

The results of Krishna et al.'® show that for the reduction of iron oxide (8.4 wt% FeO
initially) from 47%Ca0-41%Si0,-12%Al,0; base slag at 1450°C by carbon in liquid
iron, the initial reaction rate is independent of the carbon concentration in the range 1.3 to
2.2 wt% C. Upadhya et al.'> demonstrated that for the reduction of iron oxide (2.0 wt%
FeO initially) from 38%Ca0-42%Si0,-20%Al1,03 base slag at 1410°C by carbon in
liquid iron, the rate constant is independent of carbon concentration in the range 2.5 to
4.6 wt% C. These two studies suggest that, even after the iron flag melted into the liquid

iron bath, the carbon concentration was high enough so that the reaction rate was still
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limited by mass transport of iron oxide in the slag phase, rather than by mass transport of

solute carbon in the metal phase.
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Appendix F. Flux of CO in decarburization experiment #1

If the CO; entering the inner furnace chamber were fully converted to CO (i.e. 2 mol CO
evolved per mol CO; fed to the inner chamber), then the rate of CO evolution would be
approximately 2.1-10*mol CO s, or 3.9-107 mol CO m?s™. The observed rate of CO
evolution was more than an order of magnitude less than this, so there was excess CO;

for decarburization of the metal bath.
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Appendix G. Contact time

When slag that contains ferrous oxide contacts liquid iron containing a high concentration
of carbon, the two react, forming CO. One can analyze this process in detail by
considering a small volume element of slag in contact with a small area on the slag-metal
interface. (The following derivation is based on Higbie’s penetration model’’"%)
Imagine that at 1 =0, “fresh” slag makes contact with the interface at the location under
observation. For a CO bubble to form, a supersaturation of solute oxygen must develop
in the metal phase. Then solute carbon and solute oxygen can react to form CO.

[l +10),a = (CO) (79)
The degree of supersaturation required depends on the barrier to nucleation of a CO
bubble. For homogenous nucleation in the metal bath, the supersaturation is probably the
highest. The required supersaturation is probably lower for homogenous nucleation at
the slag-metal interface, since the bubble can form mainly in the slag phase. (The surface
tension of slag is significantly lower than the surface tension of liquid iron.) The
supersaturation may be even lower for heterogeneous nucleation at a site on the crucible-

metal interface, if their are cracks or pores of significant size in the crucible.

Consider the period between when the slag just makes contact with the metal, at 1=0,
and when a CO bubble stirs the location on the slag-metal interface under observation, at
t=6. This stirring could result from several phenomena: (1) a CO bubble may be

released from the slag-metal interface at some location near the location under
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observation; (2) a CO bubble may evolve from the bulk metal phase and pass through the
slag-metal interface at the location under observation; and (3) a CO bubble may be
released from some site on the crucible-metal interface and pass through the slag-metal
interface at the location under observation. During the period between =0 and 7=6,
the overall reaction is the dissociation of ferrous oxide.

(80)

[FeO),,. > [Fe],.. +[0]

metal metal
Since the compound FeO does not actually exist in the slag phase, this reaction (Equation

(80)) must comprise two reactions: the anodic reaction

[0~ Lag -[0], ., +2¢, (81)

and the reduction of ferrous cations (Equation (4)).

The results of this study indicate that the overall rate of reduction of iron oxide is limited
by the diffusion of ferrous cations to the slag-metal interface when only ferrous oxide
remains in the slag (i.e. no ferric oxide). Therefore, a concentration gradient of ferrous
cations must develop in the slag layer adjacent to the slag-metal interface during the
period between 7 =0 and ¢ =6 . This gradient is a “local” one (i.e. at the location under
observation), as opposed to the “overall” or “effective” gradient that was discussed

earlier (and pictured in Figure 31).

The local gradient in ferrous cations varies with position on the slag-metal interface. At
some moment, the slag at one location on the slag-metal interface may be high in ferrous

cations, while the slag at some other location may be low. The longer a volume
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“element” of slag remains in contact with the interface, the more highly depleted in

ferrous cations it becomes.

One can calculate the flux of ferrous cations toward the slag-metal interface as a function
of time during the period between ¢ =0 and 7=68. Let x be the direction perpendicular
to the slag-metal interface, with x =0 at the interface, and x >0 in the slag phase. This
is a one-dimensional transient diffusion problem, so one must solve

which is derived from a mass balance on a volume element Adx, for the flux of ferrous
cations, J. (The flux is positive if it is in the positive x direction.) Using Fick’s first law,
one can write the flux, J, in terms of the concentration gradient and the chemical

diffusivity of ferrous cations, D.

dc
J=-D— 83
= (83)

Substituting Equation (83) into Equation (82), and assuming that the diffusivity is
constant, one obtains Fick’s second law.

2
&_Ddc

a_pac 84
dt dx? (84)

At t =0, the concentration of ferrous cations is equal to the current concentration in the

bulk slag phase.

c(x,1=0)=¢,, (85)
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At 0<1 <@, the concentration of ferrous cations at the slag-metal interface (x =0) is
essentially given by Equation (72), since equilibrium is established as the interface.
(X = 0,1) = Cinterface = Coguitibrium (86)
The concentration far from the interface is equal to the concentration in the bulk slag
phase.
Jl:rg c(x,)=c¢, - (87)
The solution to Equation (84), given the initial condition in Equation (85) and the
boundary conditions in Equations (86) and (87), can be written in terms of the error

function.

b d
c xit = Cu —cm! 'ace erf P +cmc lace 88
(%,0) = (Cout ~ Coree (ZJD—,) ot (88)

Substituting Equation (88) into Equation (83) and differentiating, one obtains an

expression for the flux, J, of ferrous cations to the slag-metal interface.

/ D x’
J(x’ t) =- 72_-._; '(cbulk - cmlerface) : exp(_ 4Dt) (89)

The flux is negative since ferrous cations are diffusing in the negative x direction (i.e.

toward the slag-metal interface from the bulk slag phase). Note that the flux varies with
position, x, and time, z. At a given value of x, the flux decreases with time, as the
concentration profile (of ferrous cations) develops. The time-averaged flux at a given

value of x is given by the following expression:
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=0 D x2

J. —J: . (cbnlk ~Cnte acc) ) exp(— )dt

(. 0)) = =T ,j"rf o (90)
dt

t=0

The time-averaged flux depends on the parameter, 6, used in the integration. For x=0,

Equation (90) takes the form

_<J(0’ 0)) = J'%—g (cbulk - cinterfaae) s (91)

in which the flux is proportional to the difference in ferrous cation concentration between
the bulk slag phase and the slag at the slag-metal interface. The flux in Equation (91) is
the time-average flux at a single location. One can only observe a flux that is both

position-averaged and a time-averaged:

-<<J(O’ 6) > tme > position J—Q——«c”“"‘ )Pﬂ'i"f’" a <c"""f°“ )PQW‘"’") ©2)

7(0) s
This flux, on the left-hand side of Equation (92), is the same as that on the left-hand side
of Equation (24). (The concentrations on the right-hand side of Equations (92) and (24)
are position-averaged, as opposed to local concentrations at some point on the slag-metal
interface.) Comparison of Equations (92) and (24) shows that this derivation leads to the
relation

hy= |22 (93)

”<e)poxlhon
which was discussed in Chapter 5 (see Equation (31)). The contact time, 6, in Equation

(31) is equal to the position-averaged parameter, €, in Equation (93). The contact time is
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therefore the position-averaged time between CO bubbles’ stirring the slag-metal

interface.

It is interesting to calculate the contact time implied by the observed values of the mass

transfer coefficient (rate constant). The data in Figure 12 show that the mass transfer

coefficient was as high as 14-10° m s under some conditions. For this value of k_,

and using a value of 0.35-10° m®s™ for the chemical diffusivity, D, of ferrous cations in

the slag®, one calculates that @ is equal to 2.3 seconds. For k,=20-10° m s’ and

D =035-10"° m? s, one calculates that =110 s.
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Appendix H. Analysis of results using dimensionless numbers

Experimental results of studies on mass transfer are often analyzed using dimensionless
quantities. The following correlation has been used previously® to relate the Nusselt
number to the Reynolds number and the Schmidt number.

Nu=>b-Re"Sc" 94
The quantities b, m, and n are empirical constants. The Nusselt number for mass transfer,
also called the Sherwood number, is related to the mass transfer coefficient, kp, the
characteristic length, L, and the mass diffusivity, D.

kpL
D

Nu= (95)

The Reynolds number is related to the velocity of the fluid in the bulk, uu.u, the
characteristic length, L, and the kinematic viscosity of the fluid, v.

Re="oul (96)

v
The Schmidt number is related to the properties of the fluid, and is the mass transfer-

analogue of the Prandtl number.
Se=~ o7

Substituting Equations (95), (96), and (97) into Equation (94), one obtains the following
equation for the mass transfer coefficient:

k,=bu" L"'v""D"" 98
D bulk
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For the reduction of iron oxide from slag by carbon in iron,

S[Fe].. +(CO). )

metal metal

[FeO],,, +[C]
the evolved CO stirs the slag layer, and the velocity of the fluid in the bulk, %, must be

related to the rate of evolution of CO, rco.

,. RT
Uy =b'1eo P (99)

where b’ is a constant, T is the temperature, and P is the pressure. Substitution of
Equation (99) into Equation (98) yields the following expression for the mass transfer
coefficient:

ky = b(b' Yoo 5}-}) L'y="p'" (100)

For given experimental conditions, a plot of the natural logarithm of the rate constant, &,
(interpreted by the author as the mass transfer coefficient, kp) versus the natural
logarithm of the reaction rate in terms of CO, rco, should have a slope equal to the
constant m. This has been done for two typical experiments in the first part of this study
(Figure 34). For experiment #6, one finds that m is 0.57 (correlation parameter r* = 0.92).
For experiment #9, m is 0.62 (r* = 0.95). Richardson et al.*! pointed out previously that
most mass transfer data available for gas-stirred, liquid-liquid interfaces show that the
mass transfer coefficient, kp, is proportional to square root of the total gas flow rate, O,
k, o Q% (101)

which implies that m is equal t0 0.5.
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Figure 34. Plot of natural log of kp vs. natural log of 7¢co to obtain m

If the reaction rate (in terms of CO) is limited by the flux of ferrous cations to the slag-
metal interface, then the rate of CO evolution is given by the following equation:

Teo =kpCha =kpe (102)

where ¢, =c is the concentration of ferrous cations in the bulk slag phase.

Substitution of Equations (102) into Equation (100) yields the following equation for the

mass transfer coefTicient:

c-m [tyi-m pi-m (103)
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For given experimental conditions, a plot of the natural logarithm of the rate constant (i.e.

mass transfer coefficient) versus the natural logarithm of the concentration should have a

slope equal to . This has been done for two typical experiments in the first part of

I-m

this study (Figure 35). For experiment #6, one finds that the slope is 1.04 (correlation
parameter r° = 0.68), which implies that m is 0.51. For experiment #9, the slope is 1.33
(r* = 0.73), which implies that m is 0.57. (The observed mass transfer coefficient has
been plotted versus %0 in the slag, which is equivalent to wt% Fe*", since only ferrous

cations remained during the portion of data from which the slope is derived.)

In k
=
@T%o
m
X
0
_.l
©

Figure 35. Plot of natural log of kp vs. natural log of %0 to obtain m
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Appendix 1. Base slag

In this study a “base slag” composition of 48 wt% calcia (Ca0), 40 wt% silica (SiO,),
and 12 wt% alumina (Al,O3) was used. Between 5 and 16 wt% Fe was added to the slag
as iron oxide (Table III). This base slag composition was selected for the following
reasons:

o It resembles the slag used in the blast furnace (BF), so the reaction rate measurements
may be of some practical use; this slag may be used in the future in smelting
reduction (also known as direct smelting or direct ironmaking) processes.

e Itis a convenient slag for laboratory purposes, since it has a low melting point (1310-
1320°C) and low viscosity (5 P, or 0.5 Pa s, at 1400°C).

e It has been studied by many other researchers, so its thermodynamic and physical
properties are relatively well-known.

¢ A number of studies have been published on the reaction rate between iron oxide in

5.6,16,18

slags with compositions similar to this one and either carbon in liquid iron or

solid carbon**?* . The results of this study may be compared with the results of

these other studies.

The basicity, B, of the base slag composition used in this study is 1.0, where B is
calculated using the weight percentages of the constituent oxides*.

%Ca0 +14(% MgO)

= 104
%38i0, +084(% B,0;) +0.60(% AL0,) (104)
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(Note that Equation (104) is based on the following assumptions:
e one mole of MgO is equivalent to one mole of CaO,;
s one mole of P,Os is equivalent to two moles of SiO;;

e one mole of Al;O3 is equivalent to one mole of SiO,.)

The viscosity of CaO-MgO-FeO-Al,03-Si0; melts is a single function of the quantity

X0, +X,, the sum of the mole fraction of silica in the slag and the silica equivalence of

the mole fraction of Al,O; in the slag®. In slags containing less that 20 wt% Al,Os, the
silica equivalence of Al;0; is approximately equal to the mole fraction of Al;Os.

(105)

xa ExAl,O,
For the base slag composition, xg, +x,=048, and the viscosity at 1500°C is

approximately 0.32 Pa s (3.2 P). Adding iron oxide to the slag decreases the viscosity*
(Table X1); with 15 wt% FeO, the viscosity is approximately 0.21 Pa s (2.1 P). For
comparison, the viscosity of water at 25°C is 0.89 mPa s; the slag used in this study is
approximately 300 times more viscous than water at room temperature. The viscosity of
liquid iron*’ containing 5 wt% C at 1500°C is approximately 5.3 mPa s; the slag phase in
this study is approximately 50 times more viscous that the liquid metal phase. The
viscosity decreases with increasing temperature.  The viscosity of slag with

X0, +X, =045 is given in Table XII as a function of temperature*®*®.
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Table XI. Effect of iron oxide on viscosity of slag

%Ca0  %Si0;  %ALO;  %FeO x5, +x,  Viscosity at

1500°C (Pa s)
48 40 12 0 0.48 032
47 39 12 2 0.47 0.28
46 38 11 5 0.45 0.26
43 36 11 10 0.44 0.25
41 34 10 15 0.41 0.21

Table XII. Effect of temperature on viscosity of slag
Temperature (°C)  Viscosity* (Pa s)

1400 0.5
1500 03
1600 0.2

*Estimated for slag withxs, +x, =045

A comparison of the base slag useu in this study to slags used in iron- and steelmaking
(Table XIV) shows that the base slag used herein is relatively acidic (and therefore
relatively viscous). Alumina crucibles were used to contain the slag during the
experiments. For simplicity, the base slag did not contain any magnesia (MgO). In
contrast, blast furnace slag typically has about 10% MgO. Steelmaking slags also contain

significant quantities of MgO (to minimize corrosion of MgO refractories).
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