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One of the main challenges for the nuclear power industry today is the disposal of spent nuclear fuel. One of the most

developed methods for long term storage is the Swedish KBS-3 concept where the spent fuel will be sealed inside copper
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canisters and placed 500 meters down in the bedrock. Gamma radiation will penetrate the canisters and be absorbed by

groundwater thereby creating oxidative radiolysis products such as hydrogen peroxide (H,0,) and hydroxyl radicals (HO").

Both H,0, and HO- are able to initiate corrosion of the copper canisters. In this work the kinetics and mechanism of

reactions between the stable radiolysis product, H,0,, and copper and copper oxides were studied. Also the dissolution of

copper into solution after reaction with H,0, was monitored by ICP-OES. The experiments show that both H,0, and HO-

are present in the systems with copper and copper oxides. Nevertheless, these species do not appear to influence the

dissolution of copper to the same extent as observed in recent studies in irradiated systems. This strongly suggest that

aqueous radiolysis can only account for a very minor part of the observed radiation induced corrosion of copper.

Introduction

Radioactive waste in the form of spent nuclear fuel constitutes
one of the inevitable environmental challenges of nuclear
power. The spent, or used, nuclear fuel can also be seen as a
resource for the manufacturing of new fuel via reprocessing.
However, several countries have decided to use a once-
through fuel cycle with final disposal of the spent fuel. One of
the most developed methods for long-term geological storage
of high level spent nuclear fuel is the Swedish multi barrier
KBS-3 concept. In this concept, the spent fuel elements will be
placed inside sealed copper-cast iron canisters, embedded in
bentonite clay and deposited 500 meters down in the
bedrock.' The purpose of the outer copper layer is to prevent
corrosion in the reducing environment prevailing at this depth
in granitic bedrock. The canisters will be surrounded by
bentonite clay acting as a mechanical buffer and providing
diffusion resistance for the transport of corrosive agents to the
canister surface, as well as radionuclides from the canister in
case of canister failure. Due to the high specific activity of the
spent nuclear fuel, neutron and gamma radiation will
penetrate the cast iron and the copper and be absorbed by the
surrounding clay. The clay will contain groundwater that will
undergo radiolysis upon absorption of the ionizing radiation.
Radiolysis of water produces oxidizing and reducing species in
accordance with Reaction 1 (R1).2
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H,0 > €4, H, HO-, H,, H,0,, H30" (R1)
Two of the radiolysis products, hydrogen peroxide (H,0,) and
the hydroxyl radical (HO-), are thermodynamically capable of
corroding copper as they have higher standard reduction
potentials (EO) than copper.g"‘r’ Nevertheless, previous studies
on radiation induced corrosion of copper under anoxic
conditions have presented conflicting conclusions.®? However,
the total absorbed doses employed in these studies differ
significantly.

Recent studies, employing absorbed gamma doses close to the
ones expected at the outer copper surface in a deep repository
during the first 100 years, have shown that copper, in anoxic
aqueous solution corrodes significantly.e’ ” The corrosion
appears both as an oxide layer and as local corrosion features.
The latter are commonly circular in shape with copper oxide in
the center surrounded by a circle of bare metal surface. The
main corrosion product formed on the copper surface is
copper(l)oxide (Cu,0) together with a small fraction of
copper(ll)oxide (CuO).G' 7 Copper release into aqueous solution
was also monitored (using ICP-OES) as a function of absorbed
dose. The measured concentrations of released copper
increase with the absorbed dose to values that are significantly
higher than the solubility of the oxides formed. Furthermore,
the magnitude of the corrosion vastly exceeds what could be
expected from homogeneous aqueous radiolysis. Admittedly,
neither the local corrosion features nor the extremely high
concentrations of copper in solution could be satisfactorily
accounted for.

To further investigate this system we decided to undertake a
study of the kinetics and mechanism of reactions between the
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stable aqueous radiolysis product H,0, and copper and copper
oxides.

H,0, has been identified as the most important oxidant in
radiation induced dissolution of UO,-based nuclear fuel and
for this reason it has been studied quite extensively in recent
years.w'14 H,0, reacts with some metal oxides via both
electron-transfer™ and catalytic decomposition.16 The former
reaction leads to corrosion while the latter consumes H,0,
leaving the oxide in its original oxidation state. Cu(ll) can also
oxidize H,0,. However, the impact of this reaction is negligible
given the low concentration of Cu(II),17 and the low pseudo-
order rate constant for the reaction, the order of 10°® 5'1,18'20
(at pH 6 and 10 uM of Cu(ll)). A plausible mechanism of the

catalytic decomposition is summarized in Reaction 2-4 (R2-

R4):'% 1418

H,0; (ads) - 2HO- (ads) (R2)
H,0, (ads) + HO- (ads) - H,0 (ads) + HO,- (ads) (R3)
2HO,- (ads) > H,0,+ O, (R4)

Here, (ads) represents a surface adsorbed state. Adsorption of
the hydroxyl radical is a thermodynamic prerequisite for this
reaction to occur. It is interesting to note that in solution, it
has been shown that complexes of metal ions such as Al(lll)
and Co(ll) catalyze production of HO- from H202.21’ 2 The
formation of O, (R4) has been confirmed in several studies.
The initial formation of hydroxyl radicals was confirmed quite
recently using tris(hydroxymethyl)aminomethane (TRIS) as a
probe.13 Upon hydrogen abstraction, TRIS produces
formaldehyde that can be readily detected. However, TRIS
contains an amino group that can sometimes interact with the
metal of interest and thereby influence the solubility of a
metal oxide. For copper this is a significant problem since
copper ions display a high affinity for amino groups.23 Hence,
using TRIS as a probe for hydroxyl radical formation on copper
or copper oxides is not possible since the detection of
formaldehyde is based on spectrophotometry. Copper-amino
complexes may interfere with these measurements. However,
methanol (CH3O0H) can also be used as a probe for the hydroxyl
radical.***® The main product from the reaction between
CH3;0OH and HO-: is the hydroxymethyl radical (-CH,0H) which
accounts for approximately 93% of the products.27 In
deoxygenated solution -CH,0H reacts further, to form mainly
ethylene glycol (CH,0OH), and secondly CH,O, via
disproportionation‘zg‘ % The reaction between CH30H and HO-
has recently been studied experimentally on the basis of
gamma irradiation of anoxic CH;OH-solution where CH,0 was
detected. The yield was found to be 14%.%° -CH,0OH can also
react with H,O, and aqueous Cu(ll), forming CH,0 as well 33
It is also interesting to note that the methyl radical (-CHs;) can
react with metallic copper (Cuo) via a surface reaction, to form
CH3OH.32 This might suggest that -CH,OH (from the reaction
between HO- and CH;OH) is also able to react with cu® and
further generate CH,O. As there are several possible reaction
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pathways for -CH,OH the yield of CH,OH obtained in this study
must be considered a relative measurement of HO-.

Although CH;OH has a low CH,0 yield in the absence of O,, it
does not display the disadvantage of forming light absorbing
complexes with copper ions. Also the concentrations of
dissolved Cu(l) and Cu(ll) are much lower than the
concentrations of H,0, and CH3OH that are used in this study.
For these reasons, we chose to use CH;OH as a probe for the
catalytic decomposition of H,O, on copper and copper oxides.
In addition to powder suspensions of Cu, Cu,O and CuO, we
also studied 10x10x10 mm cubes of copper.

In order to further understand the interfacial processes
occurring during the reaction between H,0, and copper, the
consumption of H,0, and the production of CH,O from the
CH;0H and HO- were studied
spectrophotometrically as a function of time. The release of

reaction between
copper into aqueous solution was monitored using ICP-OES.
The previously observed corrosion phenomena are discussed
in view of the results of the present study.

Results and discussion
Kinetics of H,0, consumption

In Figure 1, the concentration of H,0, as a function of reaction
time is presented for Cu-, Cu,0-, and CuO-powder
respectively.

The concentrations of H,0, were measured over time, in the
presence of varying amounts of copper and copper oxides. The
initial experimental conditions were 50 ml aqueous solution of
0.5 mM H,0, with continuous nitrogen purging at ambient
temperature. The pH for all solutions before, during and after
the reactions was approximately 6.

The results displayed in Figure 1 clearly show that the rate of
H,0, consumption increases with increasing amount of
powder present for all three materials. However, to be able to
compare the H,0, reactivity of the three materials we should
determine the second order rate constants for the reactions.
This is obtained as the slope of a plot of the first order rate
constants as a function of the solid-surface-area-to-solution-
volume ratios. Admittedly, the reaction order of the reactions
presented in Figure 1 is not always one throughout the entire
reaction. Using the initial part of the plots, this problem is to
some extent circumvented. In Figure 2, the first order rate
constants are plotted against the solid surface-area-to-
solution-volume ratio for the three powders.

From Figure 3 it can be seen that for solid surface-area-to-
solution-volume ratios of Cu,O, below 400 m'l, the
consumption of H,0, is independent of the surface area of the
oxide. This can probably be attributed to the reaction between
H,0, and dissolved Cu(l) in the Fenton reaction’> (the aqueous
solubility at pH 6 is approximately 1 uM from Cu,0 and 10 uM
from CuON) or the reaction between H,0, with Cu(l) and Cu(ll)
in the Haber-Weiss reaction. In this reaction, it is the reduction
of Cu(ll) that is the rate limiting step. It is also suggested that
H,0, can oxidize Cu(l) directly to Cu(lll).gl' 34,35 Cu(Ill) could

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. The concentration of H,0, as a function of time in the
presence of Cu-, Cu,0- and CuO-powder is shown.
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For solid surface-area-to-solution-volume ratios above
400 m'l, the rate of H,0O, consumption increases with
increasing amount of Cu,0. Hence, the surface reactions are
becoming competitive with the solution reaction under these

either by oxidation of the powder or by catalytic
conditions. The second order rate constant for consumption of decomposition of H,0, on the oxide surface.
H,0, on Cu,O is obtained from solid surface-area-to-solution-
volume ratios above 400 m™. These solution reactions are not
observed for the reactions of CuO- and Cu-powder with H,0,. 6 I Cu 0.2
In the mechanistic study presented below, the surface-area-to- 5 " . o
solution-volumes for all three powders are much higher than ¢ 0.15
400 m™ and therefore the contribution of HO- from 4 " —_
homogeneous solution reactions is negligible. % " hd NQ
When measuring dissolution of copper into solution after the = 3 . 0.1 E
reaction of 1.5 g of Cu-powder and 50 ml of 0.5 mM of H,0, §~ 2 . . %
the concentration was approximately 1 uM, which is in the - 3 ] 0.05 -
range of solubility for Cu,0 and cuo.” 1 | e
In Table 1 the corresponding rate constants and powder b4 ]
characteristics are presented. The particle sizes of the three 0 y 0
. A o 0 1000 2000 3000 4000 5000
different powders are estimated from SEM examinations. Time (s)
Judging from the second order rate constants presented in
Table 1 Cu,O displays the highest reactivity towards H,0, while = H202 * CH20
Cu and CuO are 20 times less reactive. However, it is important 6 Cu,0 0.07
to keep in mind that the diffusion limited rate constant for - - - ¢
heterogeneous reactions depends on the particle size. Smaller 5 '. ¢ 0.06
particles have a higher diffusion limited rate constant than . 0.05
larger particles. To compare surface reactivity we should thus = 1| =
compare the estimated size normalized relative rate constants, E 3 0.04 »g
also presented in Table 1.%8 According to the theory presented '85 . 0.03 §
in Ref 23, the diffusion limited rate constant for a reaction 2 =
between solute reactants and reactants at a particle surface is . 0.02
inversely proportional to the particle size. Hence, by 1 " . 0.01
multiplying the second order rate constants determined above 0 . - 0
with each particle size used in the experiments and then 0 1000 2000 3000
compare them with each other, we obtain size normalized Time (s)
relative rate constants that can be used when comparing the = H202 « CH20
reactivity of q|fferent Tnatenals. . . 6 cuo . 0.7
From the estimated size normalized relative rate constant we . .
can conclude that CuO is less reactive than Cu,0- and Cu- 5 . . ¢ 06
powders. This can largely be attributed to the fact that H,0, 4 . 0.5
can only undergo catalytic decomposition on CuO while g . R 0.4 -§
electron-transfer is an additional possibility for the other two E 3 5
materials. Cu,O still appears to be the most reactive material. 3' '] 0.3 §
=, . 02 £
1 ) 1| - 0.1
Table 1. Second-order rate constants, k, (m-s ) and estimated . L T
size normalized relative rate constants for the consumption of 0 - = 0
H,0, on Cu-, Cu,0- and CuO-powder. Also the B.E.T.-surface 0 5000 10000 15000 20000 25000
areas (m2~g'1) and estimated particle sizes (um) are given. Time (s)
Material Estimated B.E.T.- 2" order Estimated size
particle surface rate normalized = H202 ¢ CH20
size area constant, k> relative rate
(m) (m*g”) (m-s™) constant Figure 4. The consumption of H,0, and the production of
(Arb.) CH,O as a function of reaction time for Cu-, Cu,0O- and
Cu-powder 10-100 0.1 2.240.6-107 100-1000 CuO-powder.
Cu,0 0.5-15 0.5 5.8+0.8-10° 130-4000
CuO 0.1-10 17.9 2.240.3-107 1-100
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Mechanism

With the exception of CuO (where copper is in its highest
oxidation state), H,0, can react with the powders in two ways:

This journal is © The Royal Society of Chemistry 20xx
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The relative impact of catalytic decomposition of H,O, was
monitored using CH3OH as a scavenger for the hydroxyl radical
formed in the process and quantifying the amount of
formaldehyde produced in the process. The yield of
formaldehyde from CH3;OH and -OH under homogenous anoxic
conditions is only 14 %.”° Therefore the concentrations of
formaldehyde detected in this study are expected to be quite
low.

In Figure 4, the formaldehyde production and the H,0,
consumption are plotted against reaction time for the three
materials. Here, the solid surface-area-to-solution-volume
ratios are the same in all three cases (4600 + 200 m'l).

As can clearly be seen, the yield of formaldehyde is highest for
CuO. This is not surprising since catalytic decomposition is the
only possible reaction pathway for consuming H,O, in this
system. For Cu and Cu,0, the formaldehyde yield is lower
which is attributed to the competition between surface
oxidation and catalytic decomposition.

Copper cubes

Cu-cubes were used in previous experiments on radiation
induced dissolution of copper. In this work we also used Cu-
cubes to elucidate the H,0, reactivity and the mechanism of
the reaction. In addition to monitoring the H,0, consumption
and formaldehyde production, we also measured the
concentration of copper in the reaction solutions using ICP-
OES. When measuring release of copper into solution after the
reaction of a Cu-cube and 50 ml of 0.5 mM of H,O, the
concentration was approximately 2 uM, which is in the range
of the solubility of Cu,0O and CuO. This contradicts the
significantly higher copper concentrations observed for
irradiated copper cubes.” Consequently, radiolytically
produced H,0, cannot account for the observed copper
release upon irradiation. In Figure 5, the H,0, and
formaldehyde concentrations are plotted as a function of
reaction time for polished and pre-oxidized Cu-cubes.

It is important to note that the solid-surface-area-to-solution-
volume ratio is very small in these experiments, only 6 m™. At
this solid-surface-area-to-solution-volume ratio (<< 400 m-l)
the consumption of H,0, is mainly governed by the solution
phase Fenton- or Haber-Weiss-chemistry. In addition, this
means that the monitored H,0, consumption and CH,0
production in Figure 5 can only to a small extent be attributed
to surface reactivity. In Figure 5 it can also be seen that the
H,0, consumption is slightly faster for the pre-oxidized Cu-
cube. This might be due to the immediate dissolution of
copper ions, from the already formed oxide layer. Also the
formaldehyde formation displays a difference between the
two Cu-cubes; the yield is significantly higher for the pre-
oxidized one. This too is attributed to the presence of oxide
from the very beginning.

When comparing the results of the present study to results of
previous studies on radiation induced corrosion of copper
there is, as stated above, an obvious difference in the amount
of copper released to the solution’. In the present study we
obtain copper concentrations in solution that are in full

This journal is © The Royal Society of Chemistry 20xx
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agreement with the solubilities reported for the two oxides
that are formed. The mechanistic studies using CH3;OH as a
scavenger for hydroxyl radicals clearly show that hydroxyl
radicals are formed in the systems studied in this work. Hence,
both H,0, and hydroxyl radicals are present also in the non-
irradiated systems that have only been exposed to H,0,.
Nevertheless, these species do not appear to influence the
copper release to the same extent as observed in the
irradiated system. Again, this strongly indicates that aqueous
radiolysis can only account for a very minor part of the
observed radiation induced corrosion of copper.

Experimental
Reagents

Cu-powder (CAS [7440-50-8], spherical, -100/+325 mesh, 99,9
%, Alfa Aesar), copper(l)oxide (Cu,0), (CAS [1317-39-1],
powder, anhydrous, 99,9 %, Sigma-Aldrich), copper(ll)oxide
(Cu0): (CAS [1317-38-0], powder, 99,99 %, Aldrich) were used
without further purification. Nitrogen adsorption-desorption
isotherms were recorded at liquid nitrogen temperature (77K)
for all powders using a Micromeritics ASAP2020 volumetric
adsorption analyser. The samples were treated under near-
vacuum conditions (< 10° Torr) at a temperature of 300°C for
10 h before the measurements. The specific surface areas of

J. Name., 2013, 00, 1-3 | 5



Dalton Transactions

the materials were calculated from the recorded data, of
adsorption and desorption of N, gas onto the powders,
employing to the B.E.T. isotherm.>* *° The range of relative
pressures (p/po) were 0.05 - 0.15, where p, is the saturation
pressure of the gas and p is the equilibrium pressure of the
gas. The equilibration time was 10 s. 5 to 6 isotherms were
used for each B.E.T. surface area plot and the linear regression
coefficient was at least 0.999.

The total pore volume was calculated at a relative pressure of
0.99. The B.E.T surface areas of the three different powders
were: Cu-powder (0.1 m2~g'1); Cu,O0 (0.5 m2~g'1); CuO (17.9
mZ.g-l)'

All powder samples were weighted on a Mettler Toledo AT261
Delta Range Microbalance and all solutions were prepared
using water from a Millipore Milli-Q system (18.2 MQ-cm'l).
Cu-cubes, originating from a SKB copper canister wall,
(99.992% Cu, major impurities are Ag and P) of the sizes
10x10x10 mm were polished on all sides with SiC abrasive
papers of 1200 grit. One side was further polished with 3 um
polycrystalline diamond paste (Struers). All polishing steps
were made in 99.5% ethanol. After polishing, the Cu-cubes
were placed in 99.5 % ethanol in an ultra-sonic bath for five
minutes and then dried under N, (AGA Gas AB, purity of
99.996%) in a glovebox. Both freshly polished Cu-cubes and
oxidized Cu-cubes were used in this study. The latter were
oxidized in 2.5 mM of H,0, for 24 hours. When Cu-cubes are
oxidized under these conditions an oxide layer is formed that
mainly consists of Cu,0 with a small contribution of cuo.” still
there is not a homogeneous oxide layer covering the pre-
oxidized Cu-cube but a heterogeneous layer where there are
surface areas covered with oxide and surface areas of bare
copper metal. Also local corrosion features can be seen. In
Figure 6 SEM images of the starting materials for the reactions
between copper and H,0, can be seen.

An inert atmosphere was kept using a constant flux of N, gas
(AGA Gas AB, purity of 99.996 %) and all experiments were
performed at ambient temperature. The aqueous particle
suspensions were stirred using a magnetic stirrer at 750 rpm
and purged with N, at least 30 minutes prior to the
experiments.

Kinetic study

The H,0,-solutions were prepared from a 30 % standard
solution (CAS [7722-84-1], Merck). Determination of the
concentration of H,0, as a function of time was made using
the Ghormley triiodide method. In this method, I" is oxidized to
37 by H,0,. The absorbance of the product I3~ was measured
spectrophotometrically at a wavelength of 355 nm. There is a
linear correlation between the absorbance of 15" and the H,0,
concentration.’® An extracted sample volume of 0.2 ml was
filtered through a Gema Medical Cellulose Acetate syringe
filter 0.2 um/13 mm and further used for the measurement of
the H,0, concentration. The solutions were covered with
aluminium foil to avoid production of H,0, from water and UV-
light. The pH of the oxide suspensions was approximately 6
before, during and after the reactions. The pH was measured

6 | J. Name., 2012, 00, 1-3
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Figure 6. SEM images of the starting materials are shown; (a)
Cu-powder, (b) Cu,0, (c) CuO, (d) a freshly polished Cu-cube
and (e) a pre-oxidized Cu-cube.

§ Wag= 205K s,

using a 713 pH Meter from Metrohm. The initial experimental
conditions for the reactions between H,0, and powders were
50 ml 0.5 mM of H,0, and the amounts of powders were
varied between 0.007 and 1.5 g. Two sets of experimental
conditions were used for the reactions between H,0, and Cu-
cubes. Initial experimental conditions were 50 ml 0.5 mM of
H,0, or 100 mM of CH3;OH in 100 ml 5 mM of H,0,. No change
in absorbance was spectrophotometrically detected for
possible background reactions between copper and
H,0/CH;OH/CH,0.

Mechanistic study

The reaction between CH3;0OH (HPLC grade CH;0H, (CAS [67-56-
1]), Aldrich, 99,9 %) and HO- producing CHZO26 was monitored
using a modified version of the Hantzsch reaction to quantify
the amount of CH2041. The CH,O0 reacts further with
Acetoacetanilide AAA (CAS[102-01-2], Alfa Aeser, 98%) and
Ammonium acetate (CAS[631-61-8], 98 %, Lancaster) to form a
dihydropyridine derivative with maximum absorbance
wavelength at 368 nm. An extracted sample volume of 1.5 ml
was filtered through a Gema Medical Cellulose Acetate syringe
filter 0.2 um/13 mm and further used for the measurement of
the CH,0 concentration. The solutions were covered with
aluminium foil to avoid production of H,0, from water and UV-
light. The initial experimental conditions for the reactions
between H,0, and powders were 100 mM of CH30H in 50 ml 5
mM of H,0, and the amounts of powders were varied
between 0.0125 and 3 g. The initial experimental conditions
for the reactions between H,0, and Cu-cubes were 100 mM of
CH30H in 100 ml 5 mM of H,0,. No change in absorbance was
spectrophotometrically detected for possible background
reactions between copper and H,0/CH;0H/CH,0.

Instrumentation

UV/vis spectra were collected using a WPA Biowave Il UV/vis
spectrophotometer. Trace elemental analysis was performed
on solutions from Cu-powder and Cu-cubes using inductively
coupled plasma atomic emission spectroscopy (Thermo
Scientific iCAP 6000 series ICP spectrometer (ICP-OES)). The

This journal is © The Royal Society of Chemistry 20xx
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analyses for copper were performed at wavelengths of 219.9
and 217.8 nm using ICP single element standard Cu from
Merck. Before the measurements all solutions were filtrated
through Gema Medical Cellulose Acetate syringe filters 0.2
um/13 mm. Surface examinations using a FEG-SEM Zeiss Sigma
VP with a Gemini field emission column scanning electron
microscope and a Jeol JSM-6490LV scanning electron
microscope with a Jeol EX-230 energy dispersive X-ray
spectrometer were performed for powders and Cu-cubes.

Conclusions

e  When H,0, is consumed in reactions with Cu-, Cu,0O-
and CuO-powder, surface bound -OH from catalytic
decomposition is formed.

e  The consumption of H,0,, in the presence of Cu,O at
solid surface-area-to-solution-volume ratios below
400 m'l, occurs primarily through the Fenton reaction
in solution.

e  Cu,0 is most efficient in consuming H,0, while CuO is
most efficient in forming -OH.

e  Consumption of H,0, on polished copper surfaces is
slower than on oxidized copper surfaces.

e The release of copper upon exposure to H,0,
solutions (2 uM) is in agreement of the solubility of
Cu,0 and CuO in aqueous solution at pH 6 and 25 °C
(1 and 10 uM respectively).
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