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Abstract

The kinetics for oxidation of CRUD model compounds (Fe3O4, Fe2CoO4, and Fe2NiO4) by IrCI2�6 and MnO�
4 has

been studied using aqueous suspensions of metal oxide powder. The second order rate constants at room temperature
were determined to 3.6(±0.3) · 10�6, 1.2(±0.2) · 10�5 and 3.3(±0.5) · 10�6 min�1 m for Fe3O4, Fe2CoO4 and Fe2NiO4

reacting with IrCl�2
6 and to 1.5(±0.2) · 10�6, 1.2(±0.1) · 10�6 and 6(±1) · 10�7 min�1 m for the reactions with MnO�

4 .
The reactivity of the metal oxides is in the order Fe2CoO4 > Fe3O4 > Fe2NiO4 for both oxidants. Unlike previous stud-
ies on oxidation of UO2, there is no linear relation between the logarithm of the rate constant, lnk, and the one-electron
reduction potential of the oxidants for the metal oxides studied here. This discrepancy is explained in terms of differ-
ences in the reorganization energy of the metal oxides giving rise to different curvature in accordance with the Marcus
theory for electron transfer.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Corrosion products released from out-of-core metal
surfaces of nuclear power plants are mobilised and can
be transferred to the core by the coolant. In the core
they deposit on the fuel surfaces to build up fuel CRUD
(Chalk River Unidentified Deposit, mostly containing
Fe2O3, Fe3O4, Fe2CoO4, and Fe2NiO4) [1,2]. Due to
the intense flux of neutrons in the core, the corrosion
products become highly activated. Corrosion products
can then be released from the fuel surfaces and subse-
quently be transported to other parts of the systems
where they can be deposited on the surfaces of the cool-
ing loop pipes. Power plant personnel may thus be
exposed to increased levels of ionizing radiation. There
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is also a risk of release of radionuclides from the cooling
circuits following some coolant loop failure.

Metal oxides have low reactivity in water under nor-
mal conditions. It should be noted that magnetite has
thermodynamically a very high solubility at room tem-
perature under reducing conditions and that it is not
thermodynamically stable under oxidizing conditions.
However, kinetic restrictions limit the actual solubility
[3]. Radiolysis of water produces strong oxidants and
reductants. Therefore, studying the reactivity of oxi-
dants with CRUD components is motivated. In addi-
tion, the presence of reactive metal oxide surfaces can
significantly affect the concentration of oxidants and
reductants in the reactor.

To the best of our knowledge there are very few pub-
lications on the mechanism and reactivity of the metal
oxides Fe3O4, Fe2CoO4, and Fe2NiO4 (the major com-
ponents of CRUD) towards oxidants in aqueous solu-
tions. Feitknecht et al. concluded that the final solid
product of oxidation of Fe3O4 depends on the particle
ed.

mailto:matsj@nuchem.kth.se


220 M. Abili Nejad, M. Jonsson / Journal of Nuclear Materials 345 (2005) 219–224
size of Fe3O4 [4]. The mechanism proposed was based on
the diffusion of iron cations, for small and large particles
(sub microns) the end products are a-Fe2O3 and c-Fe2O3

respectively. They also postulated that particle size has
effect on the rate of the reactions. However, Colombo
et al. [5] criticized this work and showed that below
400 �C pure magnetite never oxidize to a-Fe2O3 and that
particle size only affects the kinetics of the reaction.
Sidhu et al. have studied the oxidation mechanism of
magnetite, Fe2CoO4, Fe2NiO4 and Fe2ZnO4 in the
temperature range of 170–200 �C [6]. They developed a
theory on the basis of diffusion theory and concluded
that during oxidation of magnetite the surface area of
magnetite did not change and therefore the size of the
particles was not altered. They also suggested that it is
the iron ion, which is diffusing out of the crystals of
magnetite during the oxidation process.

Jolivet and Tronc showed that in acid media magne-
tite crystals are oxidized to c-Fe2O3 by an adsorption
reaction which traps mobile electrons from the bulk
material and reduces the interfacial FeIII [7]. Zheng-Ya
and Muir [8] investigated the relative rates of dissolution
of copper, zinc, and nickel ferrites and magnetite in HCl
solutions under oxidizing and reducing conditions. An
analogous system (oxidation of metal oxide) is oxidation
of UO2. Several studies on the kinetics of UO2 oxidation
have been performed. Recently, a linear relationship
between the one-electron reduction potential for the
oxidant, H2O2, MnO�

4 , IrCl2�6 and Fe(EDTA)� and
the logarithm of the rate constant for oxidation of
UO2 has been observed [9].

Recently, we have studied the trend in reactivity of
the metal oxides (Fe3O4, Fe2CoO4, and Fe2NiO4) with
H2O2 [10], the latter being one of the products formed
upon radiolysis of water. ICP measurements of the solu-
tion after reaction between H2O2 and the metal oxides
indicate that the main final solid oxidation product for
all three CRUD model compounds is Fe2O3. This is well
in line with previous studies reporting c-Fe2O3 (maghe-
mite) to be formed upon oxidation of Fe3O4 [4]. The
trend in reactivity was shown to be Fe2CoO4 >
Fe3O4 > Fe2NiO4. This trend is somewhat unexpected
from a thermodynamical point of view (the expected
trend is Fe3O4 > Fe2CoO4 > Fe2NiO4) but can probably
be attributed to the difference in particle size between the
three metal oxide powders used in the experiment. Both
the pre-exponential factor in the Arrhenius equation and
Table 1
Experimental conditions

Oxidant Initial conc. (mM) E0 (V vs NHE)

IrCl2�6 0.1 0.8665 [17]
MnO�

4 0.1 0.576 [17]
H2O2 [10] 4.5 0.46 [18]
the activation energy were shown to strongly depend on
the particle size. In order to obtain more general infor-
mation concerning the relationship between the nature
of the oxidant (i.e. reduction potential) and the rate con-
stant for metal oxide oxidation we have investigated the
oxidation of Fe3O4, Fe2CoO4, and Fe2NiO4 using two
more potent oxidants, IrCl2�6 and MnO�

4 . The purpose
of this was to find relationships useful for estimation
of the reactivity of unstable radiolytic oxidants (e.g.
OH� and HO�

2 towards CRUD.
2. Experimental

The chemicals used throughout this study were of
analytical grade or purer and were obtained from com-
mercial sources as Aldrich, Merck, BDH and AGA.
The metal oxides (Fe3O4, Fe2CoO4, and Fe2NiO4) were
obtained from KEBO and Alfa Aesar. The oxidants
used are IrCl2�6 and MnO�

4 . The water was Millipore
purified prior to use.

The metal oxide powders were pre-washed in two
steps, first with 0.1 M EDTA and then with pure water
[10]. The specific surface areas of the three metal oxides,
Fe3O4, Fe2CoO4 and Fe2NiO4 were determined by BET
measurement to be 6.59, 1.05 and 2.12 m2/g, respec-
tively, using a Flowsorb 2300II. The measurement was
performed at room temperature. The gas used in this
method was a mixture of N2 30% and He 70%. UV–
vis spectroscopy was used to analyse the oxidant concen-
tration of the samples, using a Jasco V-530 UV–vis
spectrophotometer.

The initial concentrations of Sodium hexachloroirri-
date (IV) hexahydrate and potassium permanganate
used in these experiments were determined to 0.1 mM.
Varied amounts of the three solid metal oxides, 0.2–
2.0 g were added to the IrCl2�6 and MnO�

4 solutions to
obtain 18 ml suspension volume. The solutions were
purged with Ar for 20 min prior to addition of the metal
oxide powder and throughout the experiments for mix-
ing purpose and to keep the concentration of oxygen
as low as possible.

Before each analysis, the sample solution was filtered
to stop the reaction and to clear the solution. Sampling
and filtration normally takes less than 10 s. The time to
perform an experiment varied from approximately
10 min to more than one hour depending on tempera-
Wavelength (nm) Volume (ml)

488 18
525 18
360 18
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ture, oxidant and amount of metal oxide. The pore size
of the filter is 0.2 lm. The absorption of the oxidants,
IrCl�2

6 and MnO�
4 was then measured by UV–vis spec-

trometer. IrCl2�6 absorbs at 488 nm and MnO�
4 absorbs

at 525 nm. The reaction between MnO�
4 and Fe3O4

was studied in the temperature range 25–80 �C in order
to determine the activation energy. All other experi-
ments were performed at room temperature.

The experimental conditions are summarized in
Table 1. The experimental conditions for the recently
published H2O2 experiments [10] are also included in
the table since the results from these experiments are
important for the discussion in this paper.
Fig. 1. MnO�
4 absorbance (at 525 nm) as a function of reaction

time at 25 �C (with 2 g Fe2NiO4).
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Fig. 2. Pseudo first order rate constants plotted against surface/
volume ratio at 25 �C for the reaction between Fe2CoO4 and
MnO�

4 .
3. Results and discussion

The characteristics of the metal oxide powders used
in this work are summarized in Table 2.

The approximate particle radii were estimated from
the specific surface area (determined by BET) and the
density of the materials. It should be noted that the par-
ticles of a given powder are not uniform in size. The esti-
mated particle radii are merely describing the average
size.

It is evident that both oxidants used in this study are
capable of oxidizing all three metal oxides at appreciable
rates also at room temperature. This was not the case for
H2O2 which showed no reactivity towards Fe2NiO4 at
room temperature. However, the rate constant for this
reaction at room temperature was estimated from the
Arrhenius equation. The reactions between MnO�

4 and
IrCl2�6 and the three metal oxides are first order pro-
cesses (exemplified for MnO�

4 in Fig. 1).
By repeating experiments at various solid surface to

solution volume ratios it is possible to determine the
second order rate constant for the process. The second
order rate constants for the reactions between the oxi-
dants and the metal oxide powders were determined
from slope obtained when plotting the observed pseudo
first order rate constants against the surface to volume
ratio (Fig. 2).

The resulting second order rate constants (based on
oxidant concentration and surface area) are summarized
Table 2
Characteristics of metal oxide powders

Metal
oxides

Specific
surface
area (m2/g)

Radius
(lm)

ZPC (pH)

Fe3O4 6.59 91 7 [19,20]
CoFe2O4 1.05 571 6.5 [20,21]
NiFe2O4 2.12 283 6.7 [20,22]
UO2 5.85 47 5–5.5 [23]
in Table 3 along with previously published data for the
reaction between H2O2 and the three metal oxides stud-
ied in this work. For comparison, the corresponding
data for oxidation of UO2 is also included.

As can be seen, IrCl2�6 is the most reactive oxidant
while H2O2 is the least reactive oxidant for all four metal
oxides. It is also obvious that Fe2NiO4 is the least reac-
tive metal oxide while UO2 is the most reactive metal
oxide. These observations are well in line with what
can be expected from the thermodynamics of the differ-
ent reaction systems. The relative reactivity of Fe2CoO4

and Fe3O4 is still not in accordance with what we would
expect from a thermodynamical point of view. However,
the difference in reactivity is fairly small. The difference
in particle size between the Fe3O4 and Fe2CoO4 powders
is expected to affect the relative reactivity significantly
according to Eq. (1) [10]

d½OX�
dt

¼ � 2kBT
3pg

R2
MOX

ROXRp

e
�Ea
RT

� �
½OX�NMOX

V
; ð1Þ

where kB denotes the Boltzmann constant, g is the vis-
cosity and RMOX, ROX and Rp denote the radii for



Table 3
Rate constants for reactions between metal oxides and oxidants

Metal oxide H2O2

(min�1 m)
IrCl2�6
(min�1 m)a

MnO�
4 (min�1 m)a IrCl2�6 (pH 4)

(min�1 m)
MnO�

4 (pH 4)
(min�1 m)

Fe3O4 6.6 (±0.4) · 10�9 3.6 (±0.3) · 10�6 1.5 (±0.2) · 10�6 1.4 (±0.2) · 10�5 3.4 (±0.4) · 10�6

CoFe2O4 3.4 (±0.4) · 10�8 1.2 (±0.2) · 10�5 1.2 (±0.1) · 10�6 2.1 (±0.2) · 10�5 3.4 (±0.7) · 10�6

NiFe2O4 No reaction 3.3 (±0.5) · 10�6 6 (±1) · 10�7 1.4 (±0.2) · 10�6 7.9 (±0.7) · 10�7

UO2 [9] 8.05 · 10�7 4.60 · 10�5 2.72 · 10�6 – –

a Determined from experiments performed in unbuffered solutions.
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molecular metal oxide, the oxidant molecule and the so-
lid particle, respectively.

Furthermore, the activation energy, Ea for oxidation
of solid surfaces in particle suspensions appears to
decrease with increasing particle size [10]. For these
reasons, direct comparison of kinetic results from experi-
ments in different particle suspensions are difficult to
perform. Without detailed information on how the
activation energy is affected by the particle size, extrapo-
lation of experimental data to other particle sizes than
the actual size used in the experiment is impossible.
Hence, the rate constants presented in Table 3 must be
regarded as system specific.

It was previously shown for oxidation of UO2 that
the logarithm of the rate constant for the reaction is lin-
early related to the one-electron reduction potential of
the oxidant. In Fig. 3 we have plotted lnk against E0

for the oxidant for the metal oxides studied in this work
and for UO2.

Clearly, there is no linear relation between lnk and E0

for the metal oxides studied here.
To elucidate the discrepancy between UO2 and the

other three metal oxides we employ the Marcus theory
for electron transfer [11–13]. According to the Marcus
theory the rate constant for electron transfer processes
(An + Bm ! An�1 + Bm + 1) in solution is given by Eq. (2)
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Fig. 3. The logarithm of the second order rate constant, lnk,
for oxidation of metal oxides in unbuffered aqueous solution
plotted against the one electron reduction potential of the
oxidant, E0 at 25 �C: (j) UO2; (m) Fe3O4; (d) Fe2CoO4; (�)
Fe2NiO4.
k ¼ Ze
�k12

RT 1þDG0
k12

� �2

; ð2Þ

where Z is the collision frequency, DG0 is the change in
free energy and k12 is the reorganization energy. The
reorganization energy for the reaction is derived from
the reorganization energies of the corresponding self-
exchange reactions according to Eq. (3).

k12 ¼
k11 þ k22

2
. ð3Þ

The reorganization energy is the structural energy
change imposed by changing the oxidation state. We
can thus express lnk as a function of DE0(DG0 =
�nFDE0) according to Eq. (4).

ln k ¼ lnZ � k12

4RT
1� nFDE0

k12

� �2

. ð4Þ

Consequently, when plotting the logarithm of the rate
constant for an electron transfer process against the
one-electron reduction potential for the oxidant (assum-
ing we have the same reductant) we would expect a par-
abolic curve rather than a linear relationship. However,
it should be noted that the curvature is strongly depen-
dent on the reorganization energy of the process. For
high reorganization energies lnk appears to be almost
linearly related to the one-electron reduction potential
in a relatively wide range of potentials while for low
reorganization energies the parabolic nature of the rela-
tionship becomes obvious even for relatively narrow
potential ranges. It should also be noted that plotting
lnk against E0 or DG0 is only meaningful when the reor-
ganization energy for all oxidants can be assumed to be
constant or very low compared to the reorganization
energy of the common reductant. Although this rela-
tionship was derived for homogeneous reaction systems
we can use it to qualitatively assess the behavior of
the heterogeneous systems discussed here. Weaver has
shown that the rate constant for heterogeneous electron
transfer is related to the rate constant for homogeneous
electron transfer according to Eq. (5) [14].

khet
Zhet

¼

ffiffiffiffiffiffiffiffiffiffi
khom
Zhom

s
; ð5Þ
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Fig. 5. lnk for the reaction between MnO�
4 and Fe3O4 plotted

against 1/T.
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where Zhet and Zhom are the collision frequencies for the
heterogeneous and the homogeneous system, respec-
tively. Consequently, lnkhet is proportional to lnkhom
thus rationalizing the comparison. The reorganization
energies for the self-exchange reactions in the solid metal
oxides are not known. However, it is reasonable to
assume that high reorganization energy is connected
with low electrical conductivity. The conductivity for
UO2 and Fe3O4 are r 	 10�3 X�1 cm�1 and r 	
250 X�1 cm�1, respectively at 300 K [15,16]. Hence,
Fe3O4 is a considerably better electrical conductor than
is UO2. This implies that the reorganization energy con-
nected with oxidation of UO2 should be higher than the
reorganization energy connected with oxidation of
Fe3O4 and its Co and Ni analogues. From this reasoning
we would expect a plot of lnk against E0 for the oxidant
to be more parabolic for the Fe3O4 system (and its
Co and Ni analogues) than for the UO2 system. Inter-
estingly, this is exactly the trend that we observe
experimentally.

Unlike H2O2, both oxidants used in this work are an-
ions. Consequently, the kinetics for the reaction between
the oxidants and the metal oxides is expected to be sig-
nificantly affected by the surface charge of the particles.
As can be seen in Table 2, the point of zero charge
(ZPC) is around 7 for all three metal oxides. At pH
below ZPC the surface is positively charged and there
should be an electrostatic attraction between the nega-
tively charged oxidants and the metal oxide surfaces.
At pH above ZPC there should be an electrostatic repul-
sion between the oxidants and the metal oxide surfaces
due negative surface charge. For this reason we per-
formed all experiments in pure water and at pH 4 (ad-
justed by adding acetic acid). In Fig. 4 the absorbance
of MnO�

4 (in a suspension, unbuffered and at pH 4, con-
taining Fe2CoO4) is plotted against reaction time.

As can be seen, oxidation is somewhat faster at the
lower pH. The resulting second order rate constants
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Fig. 4. MnO�
4 absorbance (at 525 nm) as a function of reaction

time (with Fe2CoO4 at 25 �C) in unbuffered solution (�) and at
pH 4 (m).
for oxidation of the metal oxides are presented in
Table 3.

It is interesting to note that the pH effect on the
kinetics of oxidation is most pronounced for the most
thermodynamically favored system, i.e. the reaction be-
tween IrCl2�6 and Fe3O4. This can probably be attributed
to the higher charge of the oxidant, which in turn will
make the kinetics more sensitive to the charge of the sur-
face. The pH effect on the oxidation of Fe2NiO4 is al-
most insignificant for both oxidants.

The activation energy for the reaction between
MnO�

4 and Fe3O4 was determined to 20 kJmol�1

(Fig. 5).
For comparison, the activation energy for the reac-

tion between H2O2 and Fe3O4 was previously deter-
mined to 52 kJmol�1 [10]. The significantly lower
activation energy for MnO�

4 compared to H2O2 is in line
with the observed difference in reactivity. The activation
energy for the reaction between IrCl�2

6 and Fe3O4 could
not be determined using the present experimental setup
as the reaction is too fast even at moderately elevated
temperatures.
4. Conclusions

In this study we have shown that the CRUD model
compounds Fe3O4, Fe2CoO4 and Fe2NiO4, react with
the oxidants IrCl2�6 and MnO�

4 with appreciable rates
at room temperatures. The trend in reactivity of the
metal oxides with the oxidants is in the line with the pre-
vious study employing H2O2 as oxidant. The logarithm
of the rate constants for the reactions between the metal
oxides (Fe3O4, Fe2CoO4 and Fe2NiO4) and the oxidants
H2O2, IrCl

2�
6 and MnO�

4 ) plotted against the one-elec-
tron reduction potentials of the oxidants result in a par-
abolic curve. This is not the case for oxidation of UO2

under similar conditions. This discrepancy is explained
in terms of differences in the reorganization energy of
the metal oxides giving rise to different curvature in
accordance with the Marcus theory for electron transfer.
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