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The kinetics of the oxygen exchange reaction between carbon dioxide and carbon monoxide
were measured on iron, wüstite, and magnetite surfaces. This was done through the use of an
isotope exchange technique. The measured rate constants are dependent on the oxygen activity.
This dependence is expressed by ka = koaO

�m. The parameter m was found to have values
between 0 and 1. It was found that, in the iron region, the apparent rate constant was inde-
pendent of the oxygen partial pressure (i.e., m = 0) at 1123 K (850 �C) and that it was inversely
dependent on the oxygen partial pressure (i.e., m = 1) for the magnetite region at 1123 K
(850 �C) and 1268 K (995 �C). In the wüstite region, m was found to be equal to 0.51, 0.66, and
1.0 for the w1, w2, and w3 pseudo phases, respectively, at 1268 K (995 �C). At 1123 K (850 �C),
in wüstite, m was found to be equal to 0.59 and to 1.0 for the w1¢ and w3¢ pseudo phases,
respectively.
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I. INTRODUCTION

THE kinetics of oxygen exchange between gases and
metal or oxide substrates is important in understanding
oxidation and reduction. Even when diffusion in the
solid controls the overall rate, the relative kinetics of
competing reactions can have a strong influence on the
local thermodynamic conditions and can control which
phase will form.[1–7] As part of an overall study on the
role of competition between reactions of different gases
at solid surfaces, the authors investigated the kinetics of
oxygen exchange on the surface of iron and iron oxides.

A. Kinetics of Oxygen Exchange on Iron Oxide

In previous research on oxygen exchange between
CO2 and iron oxide, Grabke and Viefhaus[8] found the
oxygen activity dependence of the apparent rate con-
stant, ka, to follow Eq. [1] with a constant value of m,
which is expressed as follows:

ka ¼ koa
�m
O : ½1�

Grabke[9,10] proposed a mechanism for the reaction
based on electron transfer to an adsorbed CO2 molecule.
These workers claimed the oxygen activity dependence
resulted from the electron defect structure of the oxide.
However, it is now known that the defect structure of
wüstite is much more complex than assumed by Grabke.
The complexity of the defect structure is such that some

workers have proposed several pseudo phases to exist
within the wüstite phase field. The existence of pseudo
phases remains controversial, but the complexity of the
defect structure and the fact that it changes with oxygen
potential is now well established. It should be expected
that such a complex defect structure would lead to a
more complex relationship than that defined by Eq. [1].

B. Pseudo Phases of Iron Oxide

The existence of pseudo phases in the wüstite phase
field has been the subject of much debate. Vallet et al.[11]

were the first to suggest that the wüstite phase was more
complex than originally thought. Since the initial work
by Vallet et al., the wüstite phase field has been probed by
many methods to determine whether the pseudo phases
exist. Evidence for their existence has been provided by
dilatometry,[12–14] X-ray diffraction,[12,13,15,16] thermo-
gravimetry,[17–25] neutron diffraction,[26] electromotive
force,[27,28] and electrical conductivity[29,30] measure-
ments. However, various studies have been conducted
that have provided no evidence for the existence of more
than one phase in wüstite. These studies include those
which provide thermogravimetetric,[31] electromotive
force,[32–34] X-ray diffraction,[35] and work function[36]

measurements.

C. Effect of Defect Structure on Kinetics
of Interfacial Reactions

In studies using the isotope exchange technique, the
gases are in equilibrium with the condensed phase, but
the isotopes of these gases are not in equilibrium. In this
situation, the kinetics of the reaction can be determined
when the system is at chemical equilibrium. The
resulting data can be used to determine the rates at
which surface reactions take place and the reactions that
will dominate nonequilibrium systems. In using this
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method to study corrosion, the influence of solid-state
diffusion control is eliminated, and so, the surface
reaction rates can be determined.

This technique has been employed for studying
metallurgical reactions at high temperatures by Grabke,
Belton, and Sano and their associates in order to
investigate the water–gas shift reaction on metal[37] and
on FeO[9,38] surfaces. This method also has been used to
look at the rate of oxygen transfer reactions at high
temperatures on metal surfaces,[39–41] oxides,[10] liquid
metals,[42,43] and liquid slags.[5,44–47]

Both Grabke and Belton explored the kinetics of
oxygen transfer in high-temperature reactions on many
surfaces using an isotope exchange reaction. The overall
reaction in these studies is given by Eq. [2] in which *
indicates a labeled isotope (i.e., either carbon 13 or 14).

�CO2 þ CO� �COþ CO2 ½2�

This reaction can be broken down into the following
two partial reactions:

�CO2�
�COþOðadsÞ ½3�

COþOðadsÞ�CO2 ½4�

The rate constant determined from isotope exchange
experiments is not necessarily a true rate constant. It has
been determined to be proportional to the carbon
dioxide partial pressure as well as dependent on the
ratio of CO2/CO in the gas and the oxygen activity on
the oxide surface. In keeping with convention, the
authors have termed this measured rate constant the
apparent rate constant. The apparent rate constant
therefore was determined to be equated to a true rate
constant multiplied by the oxygen activity to some
power. This can be seen in Eq. [1] where ka is the
apparent rate constant, ko is the true rate constant
(dependent on temperature only), aO is the oxygen
activity, and m is a value between 0 and 1. The
dependence on the oxygen activity given by m has been
stated by Grabke and Viefhaus[8] to be influenced by the
degree of coverage with adsorbed oxygen or by the
electronic or ionic disorder of the oxide. However,
Grabke and Viefhaus also have shown that there is little
preferential adsorption of oxygen at temperatures above
1073 K (800 �C).

The electronic or ionic disorder of the oxide also can
have an effect on m. For a simple defect structure
involving randomly distributed cation vacancies, the
concentration of electron holes is proportional to the
oxygen activity to the 1/2 or to the 1/3 for singly and
doubly charged metal vacancies, respectively. Taking
into account the surface reaction (i.e., the decomposi-
tion of carbon dioxide) it is seen that an electron
transfer to the oxygen atom must take place. This
transfer can occur during the adsorption step (Eq. [5]),
in the dissociation step to the activated complex
(Eq. [6]), or to the adsorbed oxygen after the reaction
(Eq. [7]).[9]

CO2ðgÞ�COd�
2ðadsÞ�

yCOd�
2ðadsÞ�COðgÞ þOd�

ðadsÞ ½5�

CO2ðgÞ�CO2ðadsÞ�
yCOd�

2ðadsÞ�COðgÞ þOd�
ðadsÞ ½6�

CO2ðgÞ�CO2ðadsÞ�
yCO2ðadsÞ�COðgÞ þOd�

ðadsÞ ½7�

In these equations, d is the number of transferred
electrons and can be equal to 1 or 2. If the electron
transfer to the oxygen occurs after the reaction to form
adsorbed oxygen (Eq. [7]), then the reaction rate is not
dependent on the electronic properties of the oxide. If
the electron transfer is from either mechanism in Eqs. [5]
or [6], then the reaction rate may be dependent on the
oxide electronic properties, provided the adsorption step
is not rate controlling. The surface concentration for the
adsorbed charged carbon dioxide molecule is given by
Eq. [8] for Eq. [5] and by Eq. [9] for Eq. [6], for p-type
reactions as follows:

CO2ðgÞ�COd�
2ðadsÞ þ dh� ½8�

CO2ðadsÞ�
yCOd�

2ðadsÞ þ dh� ½9�

From this, it can be seen that the surface concen-
tration of CO2(ads)

d� or �CO2(ads)
d� molecules is inversely

proportional to the concentration of holes and to the
number of transferred electrons. Taking into account
both the defect structure of the oxide and the electron
transfer in the surface reaction for Eqs. [8] and [9], the
dependence on the oxygen activity can be determined.
The surface concentration of the adsorbed charged
carbon dioxide molecule is proportional to a

�d=2
O or

a
�d=3
O for singly and doubly charged metal vacancies,

respectively.
Taking into account both the degree of coverage

with adsorbed oxygen and the electronic or ionic
disorder of the oxide, Eq. [1] can be rewritten as
Eq. [10] for doubly charged metal vacancies.[8] The
dependence on the oxygen activity m then equals
c+ d/3, in which c is the exponent for the adsorbed
oxygen effect and d/3 is the exponent for the effect
of the electron transfer. A similar equation can be
written for singly charged metal vacancies. It should be
noted that, in the present work, c can be assumed to
equal to 0 because adsorbed oxygen was shown to
have a negligible effect by Grabke and Viefhaus.[8]

Equation 10 is expressed as follows:

ka ¼ koa
�c
O a
�d=3
O pCO2

½10�

Grabke[10] conducted experiments on wüstite and
magnetite and the experimental values of m were
determined, which can be seen in Table I. Table I also
shows the results obtained by Meschter and Grabke[38]

on wüstite as well as the expected values for the
participation of one or two electrons in the surface
reaction. As suggested previously, it seems unlikely that
m will have a constant experimental value throughout
the wüstite phase field, as the concentration of electron
holes is known to have a complex dependency on
oxygen activity.
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II. EXPERIMENTAL PROCEDURE

The surface reaction rates were measured using an
isotope exchange reaction in which a setup similar to
that employed in previous studies by Grabke and
Belton[5,9,10,37–46] was used. A schematic of the appara-
tus can be seen in Figure 1, and a diagram of the sample
arrangement is shown in Figure 2.

The experiments conducted involved flowing carbon
dioxide and carbon monoxide gases, of varying ratios,
over iron and iron oxides at various temperatures. The
carbon dioxide portion of the gas consisted of both
labeled and unlabeled carbon. The labeled carbon was
tracked throughout the reaction by analyzing the
ingoing and outgoing gases.

The flow rates of the gases, as they exited the gas
cylinders, were regulated by electronic mass flow con-
trollers. Each of the gases present in the experiment
passed through separate drying columns. The drying
columns were 42 cm in length and 3 cm in diameter and
contained equal amounts of first, silica gel and then,
Drierite (anhydrous calcium sulfate). The carbon mon-
oxide gas then went though a similar size column
containing Lecosorb (Leco, St. Joseph, MI) indicator
pellets to clean the gas of any carbon dioxide. Lecosorb
consists of sodium hydroxide on a nonfibrous silicate
carrier. Once all gases had been dried and cleaned, they
were mixed in a column containing glass beads. The
resulting gas stream then was directed to the tube
furnace that contained the metal sample. The gas stream
was jetted continuously onto the sample for the duration
of the experiment.

Unlabeled carbon dioxide and carbon monoxide
gases in the desired ratio and flow rates were passed
over the sample until the desired temperature was
reached and for several hours thereafter to establish
equilibrium. The labeled carbon dioxide then was
introduced into the stream, and the unlabeled carbon
dioxide was adjusted so that the CO2/CO ratio
remained constant, and samples then were taken.
Multiple samples were taken to ensure that the system
had reached steady-state conditions. Once a steady
state condition had been reached, the CO2/CO ratio,

temperature, or flow rate could be changed, and
another experiment conducted.
Iron foil samples, 99.5 pct pure,<0.05 pct S, supplied

by Goodfellow Corporation (Oakdale, PA), were cut to
approximately 2.5 cm 9 2.5 cm and cleaned with ace-
tone. Samples then were placed in the furnace and
exposed to the experimental atmosphere in the manner
described. In most cases, the conditions resulted in oxide
formation on the surface. To check the effect of the
oxidation procedure on the measurements, repeat exper-
iments were conducted in which the sequence of
oxidation was changed. An example of one sequence is
as follows: the metal was oxidized to form wüstite, and
after equilibration, a measurement was taken; the
oxygen potential then was increased and another mea-
surement taken, and this process was repeated several
times. In other cases, the process would start with the
most oxidizing condition, and increasingly, more reduc-
ing conditions would be employed in subsequent mea-
surements. In other cases, a random change in oxidizing
condition was employed. In all these cases, the mea-
surements at a particular condition were the same within
experimental error. The only exception to this was when
a sample was oxidized and subsequently reduced across
a phase boundary—wüstite to iron or magnetite to
wüstite. In these cases, there was considerable scatter in

Table I. Experimental Values of m for Wüstite

and Magnetite and Expected m Values for the Participation

of One or Two Electrons (d Equaling 1 or 2)
[9]
.

A – Grabke,[10] and B – Meschter and Grabke[38]

Oxide
Temperature
(K (�C))

m (Expected
Value)

m
(Experimental)

d = 1 d = 2 A B

Fe1�xO 1073 (800) 1/3 2/3 1 0.52
1173 (900) 1/3 2/3 0.7 0.68
1256 (983) 1/3 2/3 0.6

1273 (1000) 1/3 2/3 0.59
Fe3O4 1073 (800) 0 0 0.5

1173 (900) 0 0 0.5
1256 (983) 0 0 0.5

Fig. 1—A schematic of the experimental apparatus for the isotope
exchange experiments.

Fig. 2—A diagram of the sample arrangement. Small arrows show
the direction of the gas flow.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 41B, AUGUST 2010—815



the data, which was ascribed to differences in the surface
area caused by reduction. All data obtained this way
was discarded.

Samples of iron and oxidized iron were taken for
X-ray diffraction and scanning electron microscopy to
verify that the phase being investigated actually was
produced. That is, for the iron samples, that no oxide
was formed, and for FeO and Fe3O4 samples, that the
oxide had formed and completely covered the metal
surface. Metal samples showed no visual discoloration,
and oxide samples were fine grained and essentially
featureless.

A. Carbon-14 Experiments

For the carbon-14 analysis, the ingoing carbon
dioxide and the outgoing carbon monoxide were ana-
lyzed. To analyze the outgoing gas, the carbon monox-
ide had to be separated from the carbon dioxide, and
then the carbon monoxide had to be converted to
carbon dioxide. Therefore, on leaving the tube furnace,
the gas stream was passed through two molecular sieve
columns (approximately 220 grams) and one column
containing Lecosorb. This process stripped the carbon
dioxide from the gas stream. After this was done, the gas
was oxidized in a furnace containing approximately
100 grams of CuO to produce carbon dioxide. The
oxidized carbon monoxide then was bubbled through
4 ml of a carbon dioxide absorber—a 0.33M NaOH
solution—using a coarse fritt. The waste gas then was
passed through two columns of molecular sieve and one
of Lecosorb. The 4-ml sample was removed from the
apparatus when the indicator, phenolpthalein, changed
from pink to clear. This indicator was employed to
ensure that the same concentration of carbon dioxide
was absorbed for each experiment.

In preparing the experiment, the molecular sieves first
had to be conditioned to extract any water, carbon
dioxide, and other impurities. This extraction was done
by increasing the temperature to 823 K (550 �C) for
24 hours while passing argon at a rate of 150 ml per
minute through the columns.[48] To achieve the necessary
temperature, heating tapes were used, and insulation was
wrapped around the columns and the heating tapes.
When the column of Lecosorb started to turn white, the
carbon dioxide was getting through the molecular sieve
without getting trapped, indicating that saturation with
carbon dioxide had occurred. For regeneration to occur,
the molecular sieves had to be heated to a temperature of
698 K (425 �C) for 5 minutes.[48]

The samples obtained from the ingoing gas and from
the outgoing oxidized carbon monoxide gas then were
analyzed. To prepare the samples for counting, 1 ml of a
sample was pipetted into 10 ml of a scintillation
cocktail. A Beckman 6000 series liquid scintillation
counter (Beckman Coulter, Brea, CA) was used to
determine the counts per minute (cpm). The samples
were left in the counter overnight before any measure-
ments were taken to avoid any counts resulting from
photoluminescence. Each sample was counted for
2 minutes before the final reading was obtained. These
count rates then were used to obtain the apparent rate

constant, ka, via Eq. [11], which is expressed as
follows[39]:

ka ¼
V
�

ART

1

1þ B

� �
ln

1

1� ðNð1þ BÞ=N0BÞ

� �
½11�

where V
�
is the volume flow rate, T is the temperature, A

is the sample surface area, B is PCO2
=pCO; N¢ is the

counting rate of initial CO2, and N is the counting rate
of CO2 resulting from conversion of CO.

B. Carbon-13 Experiments

For the experiments employing carbon 13 as the
labeled species, an isotope ratio mass spectrometer
(IRMS) was used to analyze the gas samples. From
Figure 1, it can be seen that there were two sampling
ports in the experimental apparatus, one before the
furnace and one after the furnace. Syringe samples of
the gas were taken at these points and then injected into
a gas chromatograph/IRMS system. The gas chromato-
graph separated the carbon dioxide and the carbon
monoxide so that the two gases went into the IRMS at
different times, and the IRMS was set up to analyze the
carbon dioxide gas. The values obtained from the IRMS
were, in the case of CO2, the ratios of mass 45 (13CO2,
C17OO) to mass 44 (CO2) were termed the 2=1ð ÞCO2

ratio, and mass 46 (14CO2, C
18OO, 13C17OO) to mass 44

were termed the 3=1ð ÞCO2 ratio. The same terminology is
used for CO, except the superscript is CO.
The equation for the calculation of the apparent rate

constants using carbon 13 as the labeled species is more
complicated than when carbon 14 is used. This is
because the natural abundance of the isotope is not
negligible and so cannot be ignored in the carbon
monoxide gas as was done when the carbon 14 was the
labeled isotope. The following is the development of the
equation used to obtain the apparent rate constants and
the formulae needed to use the information given by the
IRMS. The overall reaction is given by Eq. [12], which
can be broken down into the two partial reactions, given
by Eqs. [13] and [14]. The experiments conducted dealt
with the first of the two partial reactions, as the ingoing
gases were carbon monoxide as well as labeled and
unlabeled carbon dioxide. Equation [15] gives the rate of
this reaction. The equations are as follows:

13CO2 þ CO� 13COþ CO2 ½12�

13CO2�
13COþOðadsÞ ½13�

COþOðadsÞ�CO2 ½14�

R ¼ 1

A

d n13CO � n�13CO

� �
dt

¼ k0p13CO2
1� Rihið Þ � k00p13COho

½15�

where k¢ is the forward rate constant, k¢¢ is the reverse
rate constant, hi is the fractional coverage’s by adsorbed
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species I, ho is the fractional coverage by oxygen, n13CO is
the number of moles of labeled carbon monoxide in the
outgoing gas, n�13CO is the number of moles of labeled
carbon monoxide in the ingoing gas, and p is the partial
pressure.

The number of moles then can be converted into
partial pressures to give Eq. [16], which is expressed as
follows:

V

ART

d p13CO � p�13CO

� �
dt

¼ k0p13CO2
ð1� RihiÞ � k00p13COho

½16�

where V is the volume of gas, T is the temperature, and
A = is the sample surface area.

The initial partial pressure of the labeled carbon
monoxide is a constant value and can be eliminated
from the derivative in Eq. [16]. Then, by considering
that for isotope exchange equilibrium, Eq. [17] is true,
the reverse rate constant can be eliminated to obtain
Eq. [18]. Equations [17] and [18] are expressed as
follows:

k00ho
k0ð1� RihiÞ

¼ pCO2

pCO
¼

p13CO2

p13CO

� �
eq

¼ B ½17�

V

ART

dp13CO
dt
¼ k0ð1� RihiÞ p13CO2

� p13CO
p13CO2

p13CO

� �
eq

 !

½18�

Equation [18] then can be rearranged and integrated
to get Eq. [19],[49,50] in which ka is the apparent rate

constant for the reaction and V
�
is the volume flow rate

of the gas and is expressed as follows:

ka ¼ k0ð1� RihiÞ ¼
V
�

ART

1

ð1þ BÞ ln
1� p�13CO=ðp13COÞeq
1� p13CO=ðp13COÞeq

 !

½19�

From Eq. [19], it can be seen that the terms for the
partial pressure of the labeled carbon monoxide of the
ingoing (p�13CO), outgoing (p13CO), and equilibrium

ðp13COÞeq
� �

gases need to be determined. These are

given by Eqs. [20] through [22], which are in terms of
data that can be obtained from the IRMS and are as
follows:

p�13CO ¼
ð2=1Þ

�CO

ð1þ BÞð1þ ð2=1Þ�COÞ
½20�

p13CO ¼
1

ðBþ 1Þ

"
Bð2=1Þ

�CO2

1þ ð2=1Þ�CO2

 !
þ ð2=1Þ�CO

1þ ð2=1Þ�CO

 !

� Bð2=1Þ
�CO2

1þ ð2=1Þ�CO2

 !#
½21�

peq13CO ¼
1

ð1þ BÞ2
Bð2=1Þ

�CO2

1þ ð2=1Þ�CO2

 !
þ ð2=1Þ

�CO

1þ ð2=1Þ�CO

 !" #

½22�

Equations [20] through [22] then were evaluated to get
the ingoing, outgoing, and equilibrium partial pressures
of the labeled carbon monoxide gas. These values then
were substituted into Eq. [19] to get the apparent rate
constants for the surface reaction (i.e., the dissociation
of carbon dioxide) on the various surfaces considered.

C. Sources of Error

The main sources of error in determining the apparent
rate constant were measurement and control of flow rate
as well as the determination of the concentration of
labeled isotopes in ingoing and outgoing gases. In the
case of carbon-14 experiments, typical values ofN andN¢
were 3500 to 19,200 and 350,000 to 940,000, respectively.
The error for N¢ was negligible but that for N was 1 pct
based on repeat measurements during the same experi-
ment. In the case of carbon-13 experiments, the primary
measurement is the ratio of carbon 13 to carbon 12
relative to the same measurement in a standard reference
gas. The precision of this measurement is 0.05 pct. The
way in which error in flow rate was assessed was changed
during this study. Flow rates were measured and found
to be precise to 2 pct. When this value is used, propa-
gation of errors gives us an error in ka of 15 pct to 20 pct
for carbon 13 and about twice that for carbon 14.
However, repeat experiments under the same conditions
suggest an error substantially greater for carbon 14
experiments. As can be seen from Figure 4, this is
particularly significant at low pO2 values. This discrep-
ancy can be understood if we take into account the drift
in the electronic flow controllers with temperature on a
given day. Periodic calibration of the flow controllers
showed very stable behavior. However, later in the study
it became clear that significant fluctuations occurred
from changes in lab temperature. Consequently, in the
later part of the study, flow controllers were calibrated
immediately before each experiment, and a spot check
was conducted at the end. In this way, it was possible to
maintain a precision in the measured ka for carbon 13
measurements of 15 pct to 20 pct. However the data for
carbon14 were obtained early in the study and have
built-in errors that limit the conclusions that can be
drawn from the data. As far as the errors in the slopes
determined for various plots in this study is concerned,
these were determined by standard linear regression
techniques and are included with the appropriate equa-
tion. Blank measurements were done with no sample,
and the exchange was considered to be negligible in
relation to the measurements on iron and iron oxide.

III. RESULTS

Initial experiments were conducted to determine the
range of gas velocities that were acceptable. In isotope

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 41B, AUGUST 2010—817



exchange studies there are two following limitations on
flow rate: (1) the flow must be sufficiently fast to
eliminate gas phase mass transfer control, and (2) the
flow must be sufficiently slow to ensure a change in
labeled species that can be measured with acceptable
precision. This was done by varying the volume flow

rate V
�� �

of the gas at a given oxygen partial pressure.

These experiments were conducted at 1268 K (995 �C)
using CO2/CO ratios of 1.13 and 0.56 and flow rates of
100 ml/min to 225 ml/min. It was concluded from these
experiments that for the entire range of flow rates used,
the reaction was in the chemical control regime, as the
flow rate did not affect the rate of the reaction.
Therefore, only the second limitation was an issue in
this case, and for future experiments, flow rates were
chosen to be as low as possible while still allowing
accurate control of the flow meters.

Experiments were undertaken to determine the tem-
perature dependence of the rate constants at various
CO2/CO ratios and a graph of the results can be seen in
Figure 3. The equations of the three lines are given by
Eqs. [23] through [25] for CO2/CO ratios of 0.61, 1.13,
and 2.42 respectively, which are as follows:

ln ðkaÞ ¼
�23; 100

T
þ 1:97 ½23�

ln ðkaÞ ¼
�21; 700

T
þ :54 ½24�

ln ðkaÞ ¼
�23; 100

T
þ 1:00 ½25�

where ka is the apparent rate constant (mole.cm�2.
sec�1.atm�1). The activation energies calculated
from Eqs. [23] through [25] are 192 ± 3 kJ/mol, 180 ±
14 kJ/mol, and 192 ± 5 kJ/mol, respectively.

Experiments also were conducted to determine the
dependence of the apparent rate constant on the oxygen
partial pressure at temperatures of 1123 K (850 �C) and

1268 K (995 �C). These experiments were done using
CO2/CO ratios (0.15 to 6.5) that allowed the experi-
ments to be carried out in the iron, wüstite, and
magnetite phase fields. Results were obtained using
both carbon 13 and carbon 14.
The results at 1268 K (995 �C) using carbon 14, with

CO2/CO ratios ranging from 0.578 to 6.5, can be seen in
Figure 4. The error bars in this figure represent the
standard deviation of the data, and these errors are
typical for all of data obtained in this study. In the
wüstite phase field, the data is represented by two
vertical dashed lines. The line closest to the iron–wüstite
boundary is given by Eq. [26] and the one closest to the
wüstite–magnetite boundary is given by Eq. [27]. Equa-
tion [28] represents the line in the magnetite phase field.
It also should be noted that, in the current work, the
data in the low oxygen potential region of Figure 4 is
relatively scattered. Equations [26] through [28] are
depicted as follows:

Log ðkaÞ ¼ �0:14ð�0:10ÞLog
CO2

CO

� �
� 7:23ð�0:02Þ

½26�

Log ðkaÞ ¼ �0:99ð�0:06ÞLog
CO2

CO

� �
� 7:10ð�0:03Þ

½27�

Log ðkaÞ ¼ �0:89ð�0:13ÞLog
CO2

CO

� �
� 7:01ð�0:10Þ

½28�

At 1123 K (850 �C), the exchange reaction on iron
was found to be independent of the oxygen partial
pressure, and the apparent rate constant that was found
is given by Eq. [29], which is expressed as follows:

Log ðkaÞ ¼ �0:04ð�0:49ÞLog
CO2

CO

� �
� 6:93ð�0:22Þ

½29�

Fig. 3—The temperature dependence of apparent rate constants for
various CO2/CO ratios in the wüstite phase field. Open data points
are for extrapolated values.

Fig. 4—The effect of the oxygen partial pressure on the rate con-
stant in the wüstite and magnetite regions at 1268 K (995 �C) using
carbon 14. The dashed lines represent the phase boundaries.
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In the wüstite region, one straight line did not fit the
data accurately. At 1123 K (850 �C) two straight lines
could be used to represent the data as is shown in
Figure 5, and at 1268 K (995 �C) three straight lines
were used, which can be seen in Figure 6.

Experiments also were conducted in the magnetite
phase field at 1123 K (850 �C) and 1268 K (995 �C).
Figure 7 shows the results for this phase field. The data
at 1123 K (850 �C) is given by Eq. [30] and at 1268 K
(995 �C) is given by Eq. [31], which are as follows:

Log ðkaÞ ¼ �1:04ð�0:07ÞLog
CO2

CO

� �
� 7:83ð�0:04Þ

½30�

Log ðkaÞ ¼ �1:03ð�0:07ÞLog
CO2

CO

� �
� 6:86ð�0:05Þ

½31�

IV. DISCUSSION

A. Activation Energy

It was shown earlier that the activation energies in the
wüstite phase field were equal to 192 ± 3 kJ/mol,
180 ± 14 kJ/mole, and 192 ± 5 kJ/mol for CO2/CO
ratios of 0.61, 1.13, and 2.42, respectively. These
activation energies are equal within the uncertainty,
and so, it can be stated that that activation energy of the
reaction is independent of the oxygen partial pressure
(i.e., the CO2/CO ratio) within the wüstite phase field.
The reason for the greater deviation for the activation
energy for the CO2/CO ratio of 1.13 is likely because this
was obtained from the experiments using carbon 14,
which were generally less precise than the carbon-13
experiments, particularly at the lower CO2/CO ratios.
Turkdogan and Vinters[51] compiled data from various
researchers and found the activation energy to be
192 kJ/mol for the dissociation of carbon dioxide on
the surface of wüstite when a CO2/CO ratio of 1 was
used. This value agrees with the values obtained from
the experimental data from this study. Similarly, a value
of 193 kJ/mol was found for liquid slags,[50] which is
also consistent with the value found from this study.
However, Grabke[10] obtained a value of 143 kJ/mole
with a ratio of CO2/CO equal to 1, using the isotope
exchange technique. This is in contradiction of the value
obtained from this study and that of Turkdogan and
Vinters.
Over the relatively limited oxygen potential range, a

single straight line can describe all magnetite data at a
given temperature. Only two temperatures were con-
sidered for magnetite, both of which produced essen-
tially the same slope (i.e., slope equals 1). By using
Eqs. [30] and [31], the change in the rate constant from
1123 K (850 �C) to 1268 K (995 �C) was found to be
consistent with the reaction on magnetite having an
activation energy of 181 kJ/mol. This is consistent with
the activation energies found for the reaction on
wüstite.

Fig. 5—The effect of the oxygen partial pressure on the appar-
ent rate constant at 1123 K (850 �C) in the wüstite phase field
(carbon 13).

Fig. 6—The effect of the oxygen partial pressure on the appar-
ent rate constant at 1268 K (995 �C) in the wüstite phase field
(carbon 13).

Fig. 7—The effect of the oxygen partial pressure on the apparent
rate constant at 1123 K (850 �C) and 1268 K (995 �C) in the magne-
tite phase field (carbon 13).
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B. CO2 Dissociation on Magnetite

Work was done in the magnetite region using carbon
14 at a temperature of 1268 K (995 �C) and using
carbon 13 at temperatures of 1123 K (850 �C) and
1268 K (995 �C). At 1268 K (995 �C), the data using
carbon 14 gave a slope of –0.9 (Eq. [28]) and using
carbon 13 gave a slope of –1.0 (Eq. [31]) on graphs of the
apparent rate constant vs the CO2/CO ratio. At 1123 K
(850 �C), using carbon 13, the data gave a slope of –1.0
(Eq. [30]). It can be seen from this that the carbon-14
and carbon-13 values at 1268 K (995 �C) are in agree-
ment. The carbon-13 data are less scattered than the
carbon-14 data and so seems more reliable. The slopes
of the lines of the carbon-13 data do not compare well
with the values that Grabke[10] obtained. Grabke found
slopes of –0.5 for temperatures of 1073 K (800 �C),
1173 K (900 �C), and 1256 K (983 �C). The authors
offer no explanation for this discrepancy. The experi-
ments done in this study for the magnetite phase field all
were conducted in the oxygen partial pressure range,
where the oxide would have a metal excess. This means
that the predominant defects were interstitial iron
ions.[52] According to Dieckmann,[53] because the stoi-
chiometry of magnetite does not vary much in this
region, the concentration of free electrons is buffered by
Eq. [32], which is expressed as follows.

Fe2þ�Fe3þ þ e0 ½32�

The apparent rate constant is given by Eq. [33] as
follows:

ka ¼ koa
�m
O ½33�

Grabke and Viefhaus[8] have stated that the oxygen
activity dependence can result from either adsorbed
oxygen or the electronic or ionic disorder of the oxide.
The first of these two influences does not seem to be
feasible, as it was found for wüstite that adsorbed
oxygen was not a factor above 1173 K (800 �C).[8]
Because this was the case for wüstite, it seems unlikely
that adsorbed oxygen would influence the kinetics in
magnetite for the temperatures studied. This means that
the second influence must occur. Therefore, the oxygen
activity dependence must be from the electronic disorder
of magnetite. In magnetite, a redox equilibrium exists
given by Eq. [32]. Therefore, if Eq. [33] is taken into
account along with Eq. [34], which gives the surface
reaction of the dissociation of carbon dioxide, it is found
that the proportionality given by Eq. [35] is true.
Equations [34] and [35] are as follows:

CO2 þ 2e0�COþO2� ½34�

Fe3þ

Fe2þ

� �2

/ PCO2

PCO

� �
½35�

From this, it is evident that the m parameter, given
in Eq. [33], has a value of 1 if the electron concentra-
tion is controlled by the previous equations. Therefore,
the data obtained in this study is consistent with the

transfer of two electrons to the adsorbed gas (i.e.,
CO�2ðadsÞ�O2�

ðadsÞ þ COþ h�).

C. CO2 Dissociation on the Surface of Wüstite

In this range it can be seen that one straight line does
not accurately describe the data. At 1268 K (995 �C)
(Figure 6), the data can be broken into three regions.
The one closest to the iron–wüstite border is given by
Eq. [36]. The middle line is given by Eq. [37] and the one
closest to the wüstite–magnetite border is given by Eq.
[38]. Equations [36] through [38] are expressed as
follows:

Log ðkaÞ ¼ �0:51ð�0:05ÞLog
CO2

CO

� �
� 7:19ð�0:01Þ

½36�

Log ðkaÞ ¼ �0:66ð�0:03ÞLog
CO2

CO

� �
� 7:21ð�0:01Þ

½37�

Log ðkaÞ ¼ �1:03ð�0:05ÞLog
CO2

CO

� �
� 7:09ð�0:03Þ

½38�

The changes in the slopes of the lines occur at CO2/
CO ratios of 0.68 and 2.17. These values were obtained
by determining the CO2/CO ratios at which the lines
crossed (i.e., where the rate constants were equal).
At a temperature of 1123 K (850 �C), one straight

line, again, does not accurately describe the data. From
Figure 5, it can be seen that the data is described better
by two straight lines, which are given in the following
Eqs. [39] and [40]:

Log ðkaÞ ¼ �0:59ð�0:03ÞLog
CO2

CO

� �
� 8:06ð�0:01Þ

½39�

Log ðkaÞ ¼ �1:01ð�0:05ÞLog
CO2

CO

� �
� 8:10ð�0:01Þ

½40�

The point at which the slopes of the lines change
occurs at a CO2/CO ratio of 1.21. This value was
obtained by averaging the highest CO2/CO ratio for the
first line and the lowest CO2/CO ratio for the second
line. This was done because no data was obtained that
enabled the exact location of the boundary to be
determined.
The previous results in the wüstite region, at a first

glance, seem to be in contradiction with other studies
that have been conducted.[10,38] Table II shows the
slopes of the lines found in each of these studies at
various temperatures. From this table, it can be seen
that, for Grabke’s[10] work, the slope increased as the
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temperature decreased, but with Meschter and
Grabke’s[38] work, the slope increased and then decreased
with temperature. However, it can be seen that the
slopes from this study encompass all values for the
slopes found by the other researchers. The authors offer
no explanation for this discrepancy except to point out
that the present work is based on a significantly larger
data set, which may have revealed features previously
missed.

The changes in the slopes that occurred in the wüstite
phase field correspond almost exactly to the pseudo
phase boundaries proposed by Vallet and Carel.[54] This
is shown in Table III.

The results obtained for the wüstite region show that
the simple picture proposed by Grabke[10] does not
accurately describe the kinetics in this phase field.
Grabke and Viefhaus[8] used a simple defect structure
to explain the results they achieved in the wüstite phase
field, as their data seemed to fit a single straight line.
However, a simple defect structure does not occur in
wüstite, and so, the kinetics of the system should not be
explained through the use of such a defect structure.
This study shows that one straight line cannot explain
the kinetics in this phase field, and instead, up to three
lines are needed to model the data.

D. Pseudo Phases of Wüstite

From this study, it can be seen that the kinetics of the
oxygen exchange reaction on wüstite are not as simple as
originally thought. It has been shown that the rate

constant for this reaction cannot be represented by one
straight line at the temperatures considered. The results
have provided evidence for the existence of three
straight lines at 1268 K (995 �C) (Figure 8) and two at
1123 K (850 �C) (Figure 9). These regions can be related
to the pseudo phases in the wüstite phase field initially
proposed by Vallet and Raccah[18] and by Kleman.[19]

The boundaries of the pseudo phases were refined by
Vallet and Carel,[53] and the boundary between w1/w2

phases and w2/w3 phases were given by CO2/CO ratios
of 0.75 and 2.26, respectively, at 1268 K (995 �C). At
1123 K (850 �C) the boundaries between the w1¢/w2¢ and
w2¢/w3¢ phases are given by the CO2/CO ratios of 0.75
and 1.19, respectively. Figures 8 and 9 show that the
proposed pseudo phases agree well with the breaks in
the kinetic data at 1268 K (995 �C), but for the 1123 K
(850 �C) data, only two regions were found. The point
at which there is a change in the slope of the 1123 K
(850 �C) data corresponds to the boundary between the
w2¢ and w3¢ pseudo phases proposed by Vallet and
Carel.[54] However, there does not seem to be a change
in slope where the boundary between the w1¢ and w2¢
pseudo phases was proposed. This could be because

Table III. Estimated O/Fe Values for the Changes in Slopes

from the Data of this Study for the Wüstite Region and for

the Pseudo Phase Boundaries Proposed by Vallet and Carel
[54]

Temperature
(K (�C))

O/Fe Values
at Breaks
in Curves

Vallet and Carel[54]

Boundary O/Fe Value

1123 (850) none found w1¢/w2¢ 1.078
1.091 ± 0.017 w2¢/w3¢ 1.090

1268 (995) 1.075 ± 0.022 w1/w2 1.078
1.112 ± 0.016 w2/w3 1.114

Fig. 8—The effect of the oxygen partial pressure on the apparent
rate constant at a temperature of 1268 K (995 �C) in the wüstite
phase field. The dotted lines represent the boundaries between the
three pseudo phases w1, w2, and w3 given by Vallet and Carel.[54]

Fig. 9—The effect of the oxygen partial pressure on the apparent
rate constant at a temperature of 1123 K (850 �C) in the wüstite
phase field. The dotted lines represent the boundaries between the
three pseudo phases w1¢, w2¢, and w3¢ given by Vallet and Carel.[54]

Table II. Values of the Slopes of the Lines in the Wüstite

Region

Temperature
(K (�C))

Negative Values of the Slopes

This Study

Grabke[10]
Meschter
and Grabke[38]w1 w2 w3

1073 (800) 1.0 0.52
1123 (850) 0.59 0.59 1.01
1173 (900) 0.7 0.68
1256 (983) 0.6
1268 (995) 0.51 0.66 1.03
1273 (1000) 0.59

For temperatures below 1184 K (911 �C) the phases are actually
w1¢, w2¢, and w3¢
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there is more scatter in the 1123 K (850 �C) data in what
should be the w1¢ and w2¢ pseudo phases. In the 1268 K
(995 �C) data, the slopes for the w1 and w2 pseudo
phases are –0.51 and –0.66, respectively. It is possible
that the scatter found in the 1123 K (850 �C) data could
obscure a change in slope between the w1¢ and w2¢
pseudo phases. Therefore, this data provides good
evidence to support the existence of three pseudo phases
in wüstite at 1268 K (995 �C) and at least two at 1123 K
(850 �C). The existence of these pseudo phases has been
the subject of much discussion in the past, and it is still
up for debate whether they exist.[33,36,55,56]

Geiger et al.[29] made electrical conductivity measure-
ments in the wüstite phase field at temperatures of
1123 K (850 �C), 1273 K (1000 �C), and 1333 K
(1060 �C). They found changes in the slopes of their
data in graphs of the log of the electrical conductivity vs
the log of the oxygen partial pressure. The oxygen
partial pressures at which these changes in slopes occur
correspond well with those obtained in this study.
Table IV shows the values of the slope changes found by
Geiger et al.,[29] those obtained from this work, and the
pseudo phase boundaries proposed by Vallet and
Carel.[54]

From Table IV, it can be seen that the changes in the
slopes of the conductivity curves agree with the changes
in the slopes of the kinetic data from this study. It also
shows that the change in slopes correspond with the
pseudo phase transitions. However, neither the conduc-
tivity study nor this study found a slope change
corresponding to the proposed boundary between the
w1¢ and w2¢ pseudo phases.

The conductivity data[29] supports the results obtained
from this study that there are three distinct regions in
the wüstite phase at 1268 K (995 �C) but only two at
1123 K (850 �C). From this analysis, it can be hypoth-
esized that there are only two pseudo phase regions at
1123 K (850 �C) in wüstite instead of the three proposed
by Vallet and Carel,[54] or that there are three pseudo
phases at 1123 K (850 �C) but that the electron defect

dependency on the partial pressure of oxygen does not
change between w1¢ and w2¢.

V. CONCLUSIONS

The aim of this work was to investigate the oxygen
exchange reaction (CO2�COþ 1

2O2) on iron, wüstite,
and magnetite. This was done by measuring the kinetics
of the reaction using an isotope exchange technique. The
conclusions obtained from this study are as follows:

1. It was found that the activation energy in the wüstite
phase was 192 ± 3 kJ/mol, 180 ± 14 kJ/mol, and
192 ± 5 kJ/mol for CO2/CO ratios of 0.61, 1.13, and
2.42, respectively. Therefore, it was concluded that
the activation energy is independent of the oxygen
partial pressure in the wüstite phase field.

2. The data obtained in the iron region gives evidence to
support the conclusion that the rate constant was
independent of the oxygen partial pressure at 1123 K
(850 �C). The rate constant found at 1123 K (850 �C)
is given by Eq. [29].

3. In the magnetite region, it was found that the rate
constant was inversely dependent on the oxygen
partial pressure in the metal excess stoichiometry
range of the oxide. This is consistent with the transfer
of two electrons to the adsorbed gas (i.e.,
CO�2ðadsÞ�O2�

ðadsÞ þ COþ h�). Equations [30] and [31]
give the rate constants obtained for temperatures of
1123 K (850 �C) and 1268 K (995 �C), respectively.

4. In the wüstite phase field, the situation has been
found to be more complicated than in either of the
other fields studied. In this region, the oxygen
exchange reaction was investigated at temperatures
of 1123 K (850 �C) and 1268 K (995 �C). It was
found at the lower temperature that a change of slope
in the data occurred at a CO2/CO ratio of 1.21 and
that the data was best described by two straight lines.
Equations [39] and [40] give the rate constants
obtained for the two pseudo phase regions (w1¢ and
w3¢). The first of which is for the data near the iron–
wüstite boundary, and the second is for the data near
the wüstite–magnetite boundary.

At the higher temperature, there were found to be
slope changes at CO2/CO ratios of 0.68 and 2.17.
These break points correspond exactly with the pro-
posed pseudo phase boundaries at this temperature,
suggesting that the kinetics are influenced by the
defect structure of the pseudo phase. Equations [36]
through [38] are for the rate constants for the three
lines going across the phase field from the iron-rich to
the oxygen-rich side (i.e., w1, w2, and w3).
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Table IV. Estimated O/Fe Values for the Changes

in Slopes of Kinetic Data (this Study), the Changes in Slopes

of Electrical Conductivity Data,
[29]

and the Pseudo
Phase Boundaries[54]

Temperature
(K (�C))

Estimation of the O/Fe
Values at Breaks in Curves

Vallet and
Carel[54]

This
study

Geiger
et al.[29] Boundary O/Fe

1333 (1060) 1.08 w1/w2 1.081
1273 (1000) 1.07 w1/w2 1.078

1.11 w2/w3 1.117
1268 (995) 1.075 ± 0.022 w1/w2 1.078

1.112 ± 0.016 w2/w3 1.114
1173 (900) none found w1¢/w2¢ 1.079

1.09 w2¢/w3¢ 1.091
1123 (850) none found none found w1¢/w2¢ 1.078

1.091 ± 0.017 1.09 w2¢/w3¢ 1.090
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