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RÉSUMÉ

On a effectué des essais de radlolyse gamma sur des systèmes
aqueux représentatifs de ceux qu'on pourrait rencontrer dans une enceinte
d'évacuation de déchets de recyclage de combustible nucléaire immobilisé en
roche granitique. On a irradié par champ gamma externe des capsules
scellées renfermant une atmosphère avec ou sans oxygène, de l'eau
souterraine granitique synthétique ou chlorurée et des éléments du système
d'évacuation (granite, argile, conteneurs métalliques et déchets sous formes
de verre et vitrocéramique). L'analyse de la phase gazeuse a révélé la
présence de H2 dans toutes les capsules. Les capsules renfermant du granite
et de l'air ont présenté un appauvrissement en oxygène. On attribue cet
appauvrissement en 0, aux réactions radiolytiques avec les espèces de fer
lixiviëes à partir du granite. Les systèmes renfermant de la bentonite ont
présenté" une production de C02« On s'est servi d'un programme de calcul,
MARSIMA-CHEMIST, pour prédire qualitativement la composition de la phase
gazeuse observée par modélisation de la cinétique des réactions de radiolyse
aqueuse.
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ABSTRACT

Gamrna-radiolysis experiments have been conducted on aqueous
systems representative of those that might be found in a granite rock

disposal vault for immobilized nuclear fuel recycle waste. Sealed capsules
containing an air or an oxygen-free atmosphere, synthetic granite or
chloride groundwaters, and components of the disposal system (granite,
clay, metal containers and glass or glass-ceramic waste form) were
irradiated by an external gamma field. Analysis of the gas phase showed
the presence of H2 gas in all capsules. Capsules containing granite and
air showed oxygen depletion. This depletion of 02 is attributed to
radiolytic reactions with iron species leached from the granite. Systems
containing bentonite clay showed the production of C02. A computer
program, MAKSIMA-CHEMIST, was used to qualitatively predict the observed
gas-phase composition by modelling the kinetics of the aqueous radiolysis
reactions.
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1. INTRODUCTION

Glass and glass-ceramic materials are being considered in the
Canadian Nuclear Fuel Waste Management Program as potential waste forms for
the immobilization and disposal of CANDU™ U02 nuclear fuel recycle waste
[1,2]. The concept for permanent disposal is based on burial of the
immobilized waste deep in an engineered vault within a plutonic rock
formation [2]. The only credible scenario for radionuclides to be released
from the vault is through dissolution of the waste form in natural ground-
water present in the rock mass. A multi-component barrier system,
consisting of an impermeable clay layer and a corrosion-resistant container
surrounding the waste form, is being considered to retard the ingress of
groundwater and inhibit the transport of radionuclides to the geosphere.

Alpha, beta or gamma radiation could have a significant influence
on the leaching of radionuclides by either structurally damaging the host
matrix or altering the solution chemistry of the groundwater via
radiolysis. Several critical reviews [3-6], however, have concluded that
structural damage to the waste form caused by alpha particles, would have
little effect on its leach rate.

The importance of alpha or gamma radiolysis of the leachant has
not been clearly established, although studies on glasses leached in the
presence of an external gamma field have shown that the leach rates of
specific elements increased by factors of 4 to 400 over the leach rate of
unirradiated samples [7,8]. Both alpha and gamma radiolysis will produce
free radicals and molecular species in solution that can reduce or oxidize
ionic species in solution or react with water, to raise or lower the
solution pH. These effects could lead to enhanced dissolution of the host
matrix or to changes in the oxidation state of radionuclides in solution
[9], which may affect their transport properties in the groundwater. In
addition, any change in the redox potential of the leachant, caused by the
generation or depletion of oxygen in solution, could affect both the leach
rate and the oxidation state of the radionuclides.

This study analyzed the gases produced during gamma radiolysis of
solutions of granite groundwater, chloride groundwater and deionized water
containing one or more components of the multi-barrier disposal system
(metal container material, bentonite clay, granite, and glass or glass-
ceramic waste form). An attempt has been made to qualitatively model the
observed gas-phase composition using a computer program to solve the
kinetic rate equations for the fundamental reactions that occur during
aqueous radiolysis.

2. EXPERIMENTAL

The glass and glass-ceramic samples were prepared from reagent-
grade oxide or carbonate compounds fused at 1200 to 1600°C in Pt/102 Rh
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crucibles. Samples ~ 18 x 15 x 4 mm were cut from appropriately annealed
materials. Similarly sized samples were cut from granite rock, specimens.
The compositions of the samples are given in Table 1. The samples were
polished to a 600-grit surface using SiC paper. The glass and/or rock,
coupons were ultrasonically cleaned in ethanol and deionized water (D1V)
and placed in silica capsules (20 mm ID x 5 cm). Crushed granite (0.42 to
1.0-mm-size fraction) was also added to capsules containing granite
coupons. Approximately 7 mL (half the capsule volume) of deionized water
(DIV), granite groundwater (GGW - low chloride) or Standard Canadian Shield
Saline Solution (SCSSS - high chloride groundwater) (see Table 2) were then
added and the capsules were attached to a vacuum system. The atmosphere
above each capsule was then adjusted to be either oxygenated or oxygen
free.

For oxygen-free capsules, the solution was degassed by
repeatedly freezing in a salt/ice bath, pumping, and thawing until gas
evolution en thawing ceased (4-5 cycles). The capsule was then backfilled
with ~ 1 cm pressure of Ar, frozen, evacuated, and then sealed under vacuum
by collapsing the top of the capsule using a gas torch.

For the capsules containing an oxygen atmosphere, the solution
was frozen in a salt/ice bath and the capsule evacuated. The capsule was
then sealed under vacuum and the solution thawed. It is assumed that the
quantity of 02 in the capsule was the quantity of dissolved oxygen present
in the solution before freezing. On thawing, the gas is assumed to
partition between the solution (~ 4 x 10"6 mol/L) and the water-saturated
head space (~ 1.6 x 10"4 mol/L) according to Henry's Law.

The capsules were loaded into a titanium pressure vessel, which
was then filled with dry silica sand to provide physical support and to
reduce thermal gradients when the pressure vessel was heated. The sealed
pressure vessels were placed in a metal containment flask. The gamma
radiation field was supplied by a series of used, 5-year cooled CANDU™
fuel elements contained in separate pressure vessels and remotely loaded
into the flask in close proximity to the sample pressure vessels. The
containment flask was sealed, and stored in a shielded radiation facility.

The total gamma radiation dose was measured using thermolumines-
cence detectors (TLD) placed at the center of each sample pressure vessel.
The total accumulated dose was 4.7 x 104 Gy (4.7 x 106 rad) and the dose
rate was 4.0 Gy/h (400 rad/h). This value was verified by calculating the
field expected from the known reactor power history of the used fuel and
its geometry with respect to the pressure vessels. The radiation field is
approximately that expected at the surface of a container of immobilized
waste after cooling for ~ 50 to 100 years. The vessels were heated to
100°C and left in the radiation field for 485 days before they were cooled
and removed from the flask.

A sample of the atmosphere in each capsule was taken by placing
the capsule in an evacuated chamber and cracking off the capsule top with a
sliding push-rod. The gas was analysed in a high-resolution mass
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spectrometer and the relative volume fractions of H2, N2, 02, C02, Ar and
N0x were determined.

3. RADIOLYSIS OF AQUEOUS SOLUTIONS

The predominant species first formed during gamma radiolysis of
pure water are hydrated electrons, e"aq, hydrogen ions, H30

+, hydroxyl and
hydroperoxyl radicals, *0H and H02«, hydrogen atoms, H- and the molecular
species H202 and H2. The G value, or efficiency of primary production for
each of these species (average number of product species formed per 100 eV
of absorbed ionizing energy), is given in Table 3 [10]. For gamma
radiolysis, the yield of radical and ionic species is greater than the
yield of molecular species. These yields can depend on pH, dose rate and
impurities in solution.

Those radicals produced by the primary ionization process that do
not immediately undergo recombination reactions will solvate and undergo
subsequent reaction at the diffusion-controlled rate (~ 1010 L-mol"1-s"1),
to produce 02 or additional H202 and H2, as well as other radical species
such as H02• and 02. The concentrations of these species can be calculated
as a function of time under known conditions of irradiation and initial
concentration of molecular or ionic species in solution.

The modelling of the processes occurring during radiolysis
requires a knowledge of the rate constants for the radical-radical or
radical-molecular reactions as well as equilibrium constants for the ionic
reactions. These rate constants and reactions have been listed by Boyd et
al. [10], Burns et al. [3], and Buxton [lla,b] and are given in Table A-l.
The kinetics simulation program, MAKSIMA-CHEMIST [10], has been used to
solve the simultaneous kinetic equations, to obtain radical and molecular
species concentrations as a function of irradiation time. Calculations
were performed over the range 104 to 4.2 x 107 s (0.1 to 485 days) to show
the concentration/time behaviour of molecular oxygen and hydrogen and to
allow comparison of the calculated concentration with the measured
concentration in each capsule after 485 days. The applied nature of this
study of a complex aqueous system containing numerous "impurities"
necessitates that some assumptions be made regarding reaction rates and
that some liberty be allowed in the use of reactions derived from
fundamental studies on "pure" water systems. The calculations are not
intended to provide a quantitative explanation of the results but to
indicate which reactions may be important and whether there are any major
inconsistencies between the observed and modelled systems. The details of
the calculations, the reaction conditions, and the assumptions made are
described in the Appendix A.
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4. RESULTS AND DISCUSSION

4.1 ANALYSES OF GAS-PHASE CONCENTRATIONS

The results of the gas-phase analyses (relative volume %) are
shown in Table 4. Nitrogen oxides were not detected; however, nitrate ion
was detected in several of the DIW leachants at ~ 10~4 mol/L, indicating
that some N2 radiolysis had occurred. It is apparent from the N2 values
observed that the oxygen-free solutions were not completely degassed during
the freeze-thaw cycle and that residual air remained, trapped in the
granite pores and was released during the experiment.

Hydrogen was detected in all samples at concentrations ranging
from ~ 63 to 97 volume %. Oxygen was detected in appreciable
concentrations only in samples that did not contain granite (samples 1 to
4). The volume ratio of 02/N2 in these samples was significantly greater
than that expected for air, and the O2/Ar ratios were high, implying that
02 was generated by radiolysis. Also, the H2/O2 ratios in these samples
were close to 2 as would be expected from radiolysis of pure water (see
calculations in the following section).

Samples 5 to 10, which contained granite, showed a strong
relative depletion of 02 (< 0.4 vol.%), even in samples where air was
initially present. Samples 9 and 10, which contained bentonite, also
showed a strong depletion of oxygen but, in addition, showed a significant
proportion of C02, which likely resulted from the radiolysis of the organic
fraction in the natural bentonite clay (- 4.8 vX.% organic by analysis).

The pH of all leachants (measured in an anoxic chamber
immediately after gas sampling) ranged from 6.5 to 10.6. This indicates
that any HN03 generated by N2 radiolysis was neutralized either by OH" ions
generated in solution when Na+ ions are released from the waste form by ion
exchange with H+ [12] or by radiolytic reactions that resulted in the
overall production of OH". The highest pH values correlate with those
samples that had the highest leach rate (sodium borosilicate glass 202)
and, thus, the highest release of Na+.

The results in Table 4 show, as expected, there is no correlation
between the waste form or the leachant and the radiolytic production of 02

or H2. The addition of granite, however, resulted in oxygen depletion
relative to residual N2 and a significant increase in the volume fraction
of H2. As the only chemical difference between the granite and waste forms
was the presence of about 1.5 vt.% iron oxide in the granite, it is
possible that iron species leached from the granite either directly or
indirectly influenced the radiolytic reactions, resulting in the
consumption of 02. Kinetic calculations, described in the next section,
showed that the low concentration of iron that was leached into solution
(~ 10"4 mol/L after 485 days (see Appendix A)) was not sufficient to
consume, by simple oxidation of Fe2+, the oxygen initially present or that
generated by radiolysis. The continuous consumption of radiolytically
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generated 02 could be explained, however by a radical-redox mechanism, such
as occurs with the Fe2+/Fe3+ couple in solution [13a,b,c]. (See Appendix
A, reactions 59 to 79).

The only other component of the systems studied that is likely to
affect the 02 or H2 production is Cl~, which can also participate in
radical scavenging reactions. Although it appears from the results in
Table 4 that Cl~ had no discernable influence, its potential effect will be
considered.

4.2 MODELLING OF GAS-PHASE CONCENTRATIONS

The observed concentration ratios of H2 and 02 after 485 days
irradiation can be rationalized by calculating the concentrations of the
radical and molecular species expected to be generated in these systems.
The program MAKSIMA-CHEMIST was used to solve the appropriate kinetic and
equilibrium expressions. The reactions used (Table A-l) describe the
radiolysis of pure water (kj to k 4 0 ) , the partitioning of oxygen and
hydrogen between the aqueous and gaseous phases in a sealed system (k41 to
k 4 4 ) , iron hydrolysis equilibria (k45 to k 5 8 ) , iron redox reactions (k59 to
k 7 9 ) , and chloride ion reactions (k80 to k 8 3 ) .

4.2.1 Calculation of Hydrogen Gas Concentration

The production of H2 during gamma radiolysis of pure aqueous
solutions is well understood [3]. Apart from the primary ionization
process (Gu = 0.45 in deionized water), hydrogen can be generated byH2

several secondary reactions (see Appendix A):

H- + H- ->H2 k28 (1)
e " + H- + H20 -» OH" + H2 k29 (2)
2 e," + 2H2O -»20H- + H2 k30 (3)

or can be consumed by radical reactions, to regenerate H- atoms:

H2 + -OH -• H20 + H- ki (4)
H2 + 0" -» OH" + H- k33 (5)

The competition between the above processes and other hydrogen
radical scavenging processes, such as reaction with 02, H02•, H202 and OH",
results in a steady-state concentration of the reacting radicals and
molecular products, provided that the gaseous species do not diffuse out of
the system.

Calculations on a deaerated, pure water system (pH=7) using
reactions 1 to 44 showed that H2 reaches a steady-state concentration of
~ 10"5 mol/L in the gas phase after ~ 107 seconds (115 days) (see Figure
1). In an aerated system ([02J(g) ~ 10"

4 mol/L, [02](l) ~ 10"
6 mol/L), the

steady-state concentration of H2 increases by about a factor of 2.5 and
further increases by a factor of 2 if the pH of the solution is raised to
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9. This dependence on pH agrees with similar calculations performed by Boycl
et al. [10] at higher dose rates on a pure water system. The calculations
thus predict the generation of both 02 and H2 in a pure water system.

In the complex groundwater systems studied here, Cl~ or Fe2+/Fe3+

ions in solution may affect the H2 concentration. It has been shown
experimentally [13a,14] that 10"3 mol/L bromide ion in neutral solution
decreases the primary yield of H20, (G ) from 0.7 to ~ 0.63. Assuming

M 2 U 2

this also holds true for the Cl" ion (for the SCSSS and GGW solutions),
calculations on the deaerated chloride system predicted that the H2

concentration increases with time without reaching a steady-state
concentration (see Figure 2(a)). Calculations on the aerated system showed
that H2 reaches an initial maximum concentration at ~ 5 x 10

6 s, followed
by a steep rise in concentration at about 3 x 107 s, corresponding to the
time when oxygen is depleted (Figure 2(b)). This oxygen depletion is
directly related to the assumed change in G„ _ to 0.63, which will be
discussed in the next section. 2 2

Chloride ion could also affect the production of H2 by another
mechanism involving the scavenging of -OH radicals [3,11b]:

Cl' + -OH -> Cl- + OH" kB0 (6)

Since one of the primary reactions of H2 is with -OH radicals (equa-
tion (4)), the concentration of H2 could be increased if -OH radicals were
scavenged by Cl~. Including k80 to ka3 [3] in the reaction scheme (kB0 = 10

9

L-mol-'-'S"1) and returning G„ „ to 0.7 results in an increasing H2
H2U2

concentration with time (Figure 2(c)). Decreasing kao to 104 L-mol^-s"1

results in H2 reaching a steady-state concentration similar to that
calculated for deionized water with no Cl" (Figure 2(d)). The H2
concentration is thus sensitive to the rate chosen for k80 and its
importance in comparison with the above-mentioned effect of a decrease in
G„ . will be discussed in the next section.
H202

A number of reactions involving iron ions can also affect the
production of H2 by interfering with the water radiolysis reactions [13b,
15-17]. Calculations on the deaerated water system (kĵ  to k44) showed
that, when the iron hydrolysis and redox reactions (k45 to k79) are
included, hydrogen increases linearly as a function of time without
reaching a steady-state concentration (see Figure 3(a)). Further inclusion
of the Cl~ reactions (k80 to k83) with k80 = 10

4 L-mol^-s"1 (Figure 3(b))
has no effect. Increasing ke0 to 109 L-mol"1-s"1, however, results only in
an overall increase in the H2 concentration by a factor of about 2.5
(Figure 3(c)). In an aerated system with the iron and chloride reactions
(with keo = 10

4 L'mol"1'S"1), the H2 concentration goes through an initial
maximum followed by a steep rise in concentration when 02 is depleted
(Figure 3(d)). The oxygen depletion is, in this case, due to the iron
redox reactions and will be explained in the following section.
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These calculations are consistent with the experimental
observation that H2 was generated in all solutions irrespective of the
presence of iron ions from the granite, the composition of the leachant, or
the solution pH. The calculations indicated that, if reactions for Cl" or
Fe2+/Fe3+ ions are included or if the oxygen concentration or pH of the
system is increased, the H2 concentration increases above that calculated
for a pure water system. The inclusion of the iron reactions results in
the H2 concentration increasing as a function of time. Since only the
relative volumes of the gases were measured, the observed results cannot be
compared with the calculated hydrogen concentrations.

4.2.2 Calculation of Oxygen Gas Concentration

The production of gaseous oxygen by radiolysis is limited to
secondary radical recombination reactions and is thus more sensitive than
hydrogen to changes in the initial solution composition. The most
significant production mechanisms are

•OH + 02- -> OH" + 02 k3 (7)
•OH + H02- •» H20 + 02 k12 (8)
H02- + 02- -> H02- + 02 k17 (9)
H02« + H02- -» H202 + 02 ki8 (10)

while the reactions responsible for oxygen depletion are

02 + H- ->H02- k4 (11)
02 + e." -> 02- k6 (12)

Any reactions that alter the radical concentrations in these mechanisms can
result in either an increase or a reduction of oxygen in the system.

Calculations on the deaerated, deionized water system showed that
02(g) reaches a steady-state concentration of ~ 5 x 10"

6 mol/L after
~ 107 s (Figure l(a)). In an aerated system, the 02 concentration
increases only slightly before it again reaches a steady state (Figure
l(b)). Increasing the pH of the aerated system to about 9 has no effect on
[02](g) (Figure l(c)).

In the preceding section, it was suggested that Cl~ ion might
reduce the primary yield of hydrogen peroxide. The calculations showed
that, reducing G„ ~ from 0.7 to 0.63 results in oxygen depletion in both

H2°2
the deaerated and the aerated systems (see Figure 4(a) and (b)). Since
H202 can act as a scavenger for H* via reaction (15), reducing its
concentration would increase the steady-state concentration of hydrogen
radicals and cause oxygen to deplete via Equation (11). The steady-state
hydrogen radical concentration in this case was indeed higher than forGH 20 2 » °'

7-
Hydroxyl radical scavenging by Cl" ion could also affect the

oxygen concentration. When the Cl" reactions (k80-kg3) are included in the
water radiolysis reaction scheme (G„ Q = 0.7 and k80 = 10

9 L'mol"1-s"1),
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both oxygen and hydrogen concentrations increase with time (Figures 2(c)
and (4c)). This is likely a result of decreasing both the -OH and the H-
radical concentrations, which participate in depletion reactions with 02

and H2. Buxton [lib], however, states that chloride ion is only oxidized
by 'OH radicals in acid solution and Allen [13c] suggests that Cl~ does not
react effectively with -OH in neutral solution since the reaction is
endothermic. Reducing the rate constant k80 to 10* L-mol"

1^"1, to reflect
this inability to react in neutral or basic solutions, causes both H2 and
02 to reach the same steady-state concentration as in the absence of the
Cl' reactions (Figure 2(d), 4(d)).

The experimental results in deionized water and in Cl~ ion
solutions (samples 1 to 4) showed that the H2/O2 ratio was ~ 2 to 4. If
Cl" ion reduces G„ - in the same manner as Br" ion, the calculations

H2°2
indicated that 02 should be depleted from the solution. As this is not the
observed behaviour it is suggested that either Cl" has little effect on G„ n

H2O2

or the *0H radical scavenging mechanism (Equation (6)) is dominant, since
this mechanism predicts increasing H2 and 02 concentrations. However, in
the absence of absolute concentration measurements, it is not possible to
distinguish between the deionized water case, where O2 and H2 reach a
steady-state concentration, and the hydroxyl radical scavenging mechanism,
where both 02 and H2 accumulate in the system. The above suggestion that
equation (6) is ineffective in neutral or basic solution implies that Cl"
ion has little or no effect on oxygen or hydrogen production and that 02

and H2 would reach a steady-state concentration.
The most significant factor that influences the oxygen concentra-

tion appears to be the introduction of iron from the crushed granite or
granite coupons. The effect on the calculated oxygen concentration of
adding the iron hydrolysis and redox reactions to the aqueous radiolysis
reactions is demonstrated in Figure 5. In a deaerated system ([02]g =
10"12 mol/L), (Figure 5(a)) the oxygen decreases below 10"i4 mol/L after
about 106 s. When the chloride ion reactions (k80 = 1O

4 L-mol"1^"1) are
included, the oxygen concentration initially increases to 10"10 mol/L
(Figure 5(b)) but then decreases to below 10"13 mol/L after 106 s. When
k80 is increased to 10

9 L'mol"1^"1 (making the hydroxyl radical scavenging
mechanism dominant), the 02 concentration increases linearly without
reaching a steady state (Figure 5(c)). In an aerated system with k80 < 10

4

L*mol"1»s"1, the 02 concentration decreases after 10
7 s and the system

behaves as though reactions 80 to 83 are not included in the reaction
scheme (Figure 5(d)).

The experimental results showed that oxygen was depleted from
granite-containing systems even when the solution was initially aerated.
The calculations showed that oxygen is depleted only in those systems in
which (i) iron hydrolysis and redox reactions are included and the rate
constant for hydroxyl radical scavenging by chloride ion, k80, is <10

4

L'inol-1'S"1 or (ii) the primary yield of H2O2 is reduced to 0.63 in Cl~
ion solutions. It is unlikely that Cl" ion significantly affects the
radiolysis reactions by scavenging OH- radicals since the calculated effect
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of increasing k80 vas to increase, rather than decrease, the oxygen
concentration. It is also unlikely that Cl~ ion significantly affects the
yield of H202 since oxygen depletion is not observed in SCSSS or GGW
solutions containing no granite. The calculations thus suggest that the
reactions that involve iron ions are sufficient to explain the oxygen
depletion in systems containing granite.

A sensitivity analysis of the iron hydrolysis and redox reactions
demonstrated that a minimum set consisting of the hydrolysis reactions and
the one-electron redox reactions (reactions 46 to 62) is sufficient to
explain the depletion of oxygen in the systems studied. The choice of the
one-electron redox reactions is not definitive, however, since any other
set of the redox reactions 59 to 79 is also sufficient. The direct
reaction of molecular oxygen with Fe(OH)2(aq) (k79) is not sufficient in
itself to account for the oxygen depletion, even though the rate constant
was varied over several orders of magnitude. This also supports the
suggestion that a radical-redox mechanism is required.

Gray [18] has measured the total gas pressure from radiolysis in
sealed capsules containing complex brine, Cl~ and Br~ ion solutions or
brine solutions containing iron metal. A high dose rate was used (55
kGy/h), which could significantly have altered the reaction kinetics from
those observed here. His results showed that about 67% H2 and 33% 02 were
generated in all solutions [18,19]. The Cl", Br" and iron + brine
solutions generated a lower total pressure than the complex brine, and
unlike the complex brine the Cl" and Br" ion solutions reached a steady-
state pressure after a dose of 50 MGy (5 x 109 rad). These results suggest
that, at a high dose rate in the complex brine, the -OH radical scavenging
mechanism (reaction 80) may be important. They also suggest that the rate
constant k80 would be lower in the iron-containing solutions as steady
state concentrations of H2 and 02 are achieved. The fact that no oxygen
depletion was observed in these systems in the presence of iron may be due
to the higher dose rate.

5. SUMMARY AND CONCLUSIONS

This study investigated the production of hydrogen and oxygen due
to gamma radiolysis of aqueous solutions in the presence or absence of air.
Experiments in which silicate glasses or glass-ceramics were leached in
deionized water, granite groundwater or Standard Canadian Shield Saline
Solution showed that both oxygen and hydrogen were generated after 485 days
irradiation at a dose rate of 4 Gy/h. Chloride ion had no observable
effect on the production of oxygen or hydrogen.

Oxygen was depleted from all capsules containing granite coupons
or crushed granite. It is suggested that iron species leaching from the
granite participated in redox reactions with the free-radical species
generated during radiolysis, and altered the radiolysis mechanism.



- 10 -

Radiolysis of a system containing bentonite shoved a depletion of
02 and an accumulation of C02 and H2. The C02 vas likely generated from
radiolytic decomposition and oxidation of the hydrocarbon fraction in the
clay.

HNOj solutions were not produced as a result of gas-phase
radiolysis of N2 [8]. No N0x gases were detected in the gas phase,
although N03" ion was detected in aerated solutions.

The presence of oxygen and hydrogen in the irradiated solutions
vas qualitatively explained using an appropriate kinetic reaction model to
calculate their concentrations as a function of radiolysis time. The
calculations imply that chloride ion has no significant influence on the
reaction kinetics at the lov dose rate employed. It is unlikely that Cl~
acts as a hydroxyl radical scavenger in these systems. The oxygen
depletion from aerated systems containing granite could be explained by the
inclusion of iron hydrolysis and redox reactions in the kinetic reaction
scheme. This supports the suggestion that irradiated groundvaters
containing hydrated iron species could deplete the solution of oxygen by
radical-redox reactions, and lover the redox potential of the solution. In
the absence of species able to undergo redox reactions, the system could
become more oxidizing since oxygen will be generated.

The experiments performed here are not entirely representative of
the conditions expected in a nuclear fuel recycle waste vault, as it is
unlikely that there will be a significant gas-phase present. In a sealed
vault, the gaseous radiolysis species will likely remain in solution
(unless they are generated in large enough quantities to form micro-bubbles
that accumulate as gas pockets) and will only be transported out of the
vault by diffusion in the groundwater. The hydrostatic pressure of the
vault would also tend to keep the gases in solution. The reaction kinetics
and speciation under these conditions could differ substantially from the
sealed system simulated here.

The lov dose rate experiment, however, is of considerable
relevance since most earlier laboratory leaching tests involving gamma
radiolysis have used a dose rate considerably higher than that expected in
a vaste vault, in order to "accelerate" the reaction. The effect of this
may be to alter the mechanism by which radical and molecular species are
produced and ultimately affect the solution chemistry and speciation.
Future experiments at various dose rates and on simpler two- or three-
component systems will provide some indication of the importance of
relevant reaction mechanisms and their influence on radionuclide release
behaviour from a waste form and also provide some substantiation for the
reaction rates used to model the system.
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TABLE 1

GLASS, GLASS-CERAMIC AND ROCK COMPOSITIONS*

USED IN RAPIOLYSIS EXPERIMENTS (wt.%)

Sample

202
587
422
Pyrex
GC8
Granite

SiO2

68.15
48.2
60.68
78.1
50.0
73.1

Na20

14.05
13.05
15.64
4.10
6.0
4.15

K20

_
_
-
-

5.0

B2O3

15.80
_

8.78
15.3
_
-

A12O3

_
22.05
12.87
2.45
7.5
14.2

CaO

_
14.70
_
.05

12.30
1.40

TiO2

_
_
_

17.2
0.2

FeO

_
_
_
-
1.53

MgO

_
_

-
0.4

* Glasses 202, 587, 422 contained 0.5 vt% each of Cs2O, La2O3, SrO and U03.

Glass-ceramic GC8 contained 1% Cs20, La2O3, SrO, U03 and 1.5JÏ ZnO, P2O5.

TABLE 2

GROUNDtfATER LEACHANT COMPOSITIONS (mg/L)

Type Na+ K+ Jte2 + Ca2+ SO, CI- NQ,' F- HCO,- pH

GGW 8.3 3.5 3.9 13.0 8.6 5.0 0.62 0.19 - 6.5

SCSSS 4800.0 55.2 263.0 16400.0 821.0 33200.0 52.0 - 32.0 8.5
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TABLE 3

G VALUES* FOR PRIMARY RADIOLYTIC SPECIES

FORMED BY GAMMA IRRADIATION [10]

e;

2.

q

70

•OH

2.75

H«

0.55

H30
+

2.8

OH-

0.1

H202

0.7

H2

0.45

* G values expressed as species yield per 100 eV ionizing radiation

TABLE 4

GAS-PHASE ANALYSES (vol. %) OF CAPSULES AFTER 485 DAYS

GAMMA IRRADIATION AT 100°C

Sample

1

2

3

4
5

6

7

8

9

10

Pyrex

202

GC8

Pyrex

202

587

Pyrex

GC8

Pyrex

422

Leachant

DIW

DIW

DIW

SCSSS

GGW

GGW

SCSSS

SCSSS

DIW

DIW

Atm.

Air

Argon

Argon

Argon

Air

Air

Air

Air

Air

Air

Additive

-

-

-

Granite

Granite

Granite/Steel

Granite

Bentonite/Granite

Bentonite/Granite

»2

60.5

71.4

63.5

66.1

97.3

92.1

75.2

86.1

62.8

70.2

0

29

16

30

31

0

0

0

0

0

0

2

.7

.2

.2

.6

.1

.3

.4

.4

.1

.2

9

2

4
1

2

5

16

12

7

7

N2

.5

.9

.0

.5

.6

.2

.2

.9

.5

.3

Ar

0.2

9.5

2.2

0.5

0.1

0.1

0.2

0.5

0.1

0.1

CC

0.

0.

0.

0.

0.

2.

8.

0.

29.

22.

2

1

1

1

3

1

3

1

1

3

1

8

10

8

6

10

8

6

7

-

-

PH

.2

.5

.9

.9

.6

.0

.5

.9
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ICT3F

TIME (days)
! 10 100 500

10

FIGURE 1: Calculated Oxygen and Hydrogen Gas Concentrations for Aqueous
Radiolysis at 6.9 x 10xl eV'I/^'S"1 (A Gy/h) Using Reactions Iq
to k44. (a) pH = 7, [<>2l(g> = 4 x 10"

12 mol/L (deaerated);
(b) ph = 7, (02J(g) = 4 x 10"

4 mol/L (aerated); (c) pH = 9,
I02](g) = 4 x 10~

4 mol/L.
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TIME (days)

I 10 100 500

10 10'

FIGURE 2: Calculated Hydrogen Gas Concentration for Aqueous Radiolysis at PH=7
(a) Gu n =0.63, deaerated;

H2°2
(b) GH =0.63, aerated;

H2°2
k., added, G„ =0.7, [Cl"] = 10

V2
(c) Reactions k80 to kfl3 added, GH Q

,-3

9 -1 -1
mol/L, deaerated, kg0 = 10 L-mol -s

(d) k80 = 10
4 I
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TIME (days)

10 100 500

10 10*

FIGURE 3: Calculated Hydrogen Gas Concentration for Aqueous Radiolysis at
pH-7 in the Presence of Granite. Iron hydrolysis and redox
equations k45 to k79 and Cl" reactions kao to k83 are included.
(a) deaerated, no Cl" reactions;
(b) deaerated [Cl~] = 10"3 raol/L, kao = 10

4 L-mol"1
(c) kj0 = 10

9 l ^ 1
- s " 1 ;

j 0

(d) aerated, k
80

s"1
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TIME (days)
I 10 100 500

10

TIME (s)

FIGURE 4: Calculated Oxygen Gas Concentration for Aqueous Radiolysis at pH=7.
(a) G„ n = 0.63, deaerated;

H2°2

(b) Gu _ = 0.63, aerated;
H2°2

(c) reactions k80 to k83 added, G„ = 0.7, [Cl"] = 10"3

2U2

mol/L, deaerated, k80 = 10
9 L-mol"1^"1;

(d) k80 = 10
4
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IO~3F

TIME (days)
10 100 500

I04 I05 I 0 6

TIME (s)
I07 i0 8

FIGURE 5: Calculated Oxygen Gas Concentration for Aqueous Radiolysis at
pH=7 in the Presence of Granite. Iron hydrolysis and redox
equations k45 to k79 and Cl" reactions k80 to k83 are included.
(a) deaerated;
(b) deaerated, [Cl"] = HT3 mol/L, k80 = 10" L-mol"1-s"1;()
(c)
(d)

80 = 10
9

aerated, k
k80

80 =
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APPENDIX A

MAKSIMA-CHEMIST CALCULATIONS

The computer program MAKSIMA-CHEMIST (Mass Action Kinetics
Simulation by Automatic Chemical Equation Manipulation and Integration
using Stiff Techniques) utilizes numerical integration techniques to solve
equations for simultaneous kinetic reactions (see Table A-l) at low dose
rates and pH < 10.0. The program has been used to successfully model
experimental values of steady-state concentrations in pure water and
neutral solutions [10].

The G values (Table 1) and rate constants chosen for the
radiolysis of aqueous solutions were taken from reference 10, with the
exceptions of k24 (reference lia,b) and k32 (reference 3). Where data were
available, equilibrium constants were corrected to 100°C (k26/k25; pK„ =
12.26 and k22/k21; pK = 10.90). The gamma dose rate used was 6.94xlO

lS

eV-L'-^s-1 (~ 4 Gy/h or ~ 400 rad/h).

Reactions 41 to 44 were included to account for the presence of a
gas phase above the liquid in the experimental capsules. It has been
assumed that the gas and liquid volumes are equivalent (~ 7 cm3) and that
the gas partitions between the liquid and gas phases according to Henry's
Law.

The gas solubilities were taken from Himmelblau [20], and a
diffusion rate constant from the liquid to gas phase of 10"4s"1 was
assumed. A dissolved oxygen concentration of 1.56 x 10"4 mol/L was assumed
for the gas phase in aerated samples (3.8 x 10"6 mol/L in the aqueous
phase). This was chosen from estimating the amount of gas remaining in
solution when the liquid in the capsule was frozen at atmospheric pressure
and the capsule was evacuated prior to sealing. For "deaerated" solutions,
a dissolved oxygen concentration of 10"13 mol/L was assumed (4 x 10"12

mol/L in the gas phase).

The rate at which iron enters solution was estimated from the
measured dissolution rate of granite at 100°C (~ 10"10 kg-nT^s"1, this
work). Assuming ~ 1% of this is released to solution as a soluble iron
species, this represents a release of ~ 1.8 x 10"11 mol-nT2-s"1. The
crushed granite used has a surface area of ~ 0.015 m2, and thus a
dissolution rate constant k45 of - 4.5 x 10"

11 s"1 was derived, assuming a
solid concentration of 1 mol/L. The back reaction constant k46 was derived
assuming equilibrium with Fe(0H)2(s) [17]. Similar reasoning led to the
rate constants chosen for Fe(III) (k51, k 5 2). The equilibrium constants
for reactions 47 to 50, 53 to 58 and the redox reactions 59 to 62 were
taken from Lindsay [17] and corrected to 100°C using the free-energy and
heat capacity data for the species. A computer program CHEMEQ [21] was
used to calculate the new equilibrium constants.
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Hydrolysis reactions (Mn+ + OH") were assumed to be nearly
diffusion controlled, with a second-order rate constant of 107 L-mol"1"S"1.
It was also assumed that cations of greater charge would react less readily
with hydroxide ion [22] and the hydrolysis rate constants were decreased
accordingly. Calculations using these reactions showed they were not
highly sensitive to the rate constants chosen since variations of an order
of magnitude had an insignificant effect on the radiolysis reactions. The
redox reactions 59 to 62 were assumed to occur at the radical reaction rate
of ~ 109

Reactions 63 to 78 were based on those suggested by Christensen
and Bjergbakke [15] and were also assumed to occur at ~ 109 L-mol"1-s"1,
with the exception of reactions 73 to 75 in which it is suggested that
Fe(III) species react more rapidly than Fe(II) species [13b]. The reaction
of Fe(II) with 02 was derived from Davison and Seed [16] who expressed the
rate at 25°C as

k[FeII]p02[0H-]
2 (A-1)

where k = 2 x 1013 mol"2*atm"1-min"1. The constant k can be replaced by k'
= 8.1 x 1012 L3«mol"3»s"1 if pO2 is expressed in concentration units.
Assuming an activation energy of 96 kJ/mol [23], this reaction rate is
about 2 x 1016 L^mol^-s" 1 at 100°C. The reaction can be written
independently of [OH"] using the rate constants k47 to k50:

k49 k47fFeC0H)2]fO2] (A-2)

or

k49

= k"[Fe(OH)2][O2] k" = 2 x 104 L-mol"1^"1 (A-3)

The radiolysis reactions were not affected by variations in this
rate constant over several orders of magnitude.

The reactions of Cl~ ion with radiolysis species were taken from
Burns et al. [3], with the rate constant k80 varied from 10

9 L-mol"1^"1 to
104 L-mol"1-s"1 as explained in the text.

The concentrations, calculated using reactions 1 to 40 were
compared with values quoted by Burns et al. [3] using their reaction
conditions (25°C; sealed system with no gas diffusion; Y dose rate = 24
Gy/h (2.4 Hrad/h). The concentrations of radiolysis species from Burns et
al. [3] are reported in Table A-2 along with the values calculated using
MACKSIMA-CHEMIST and the agreement is seen to be satisfactory.
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TABLE A-l

RADIOLYSIS REACTIONS AND RATE CONSTANTS AT 1OO°C

No

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

OH
OH
OH
H +
H +
e"
e"
e"
e"
e"
e"
OH
OH
H +
H +
H +
HO2
HO2
H+
H02
H+
H20
OH -
0 " •

H + •

H20
H +
H +
e" H
e" H
e " •{

e" H
0" H
0" -i
0- H

o3-

OH H
H02-
H2 =

Reaction

+ H2 = H + H2O
+ H202 - H02 + H2O
+ 02" = 02 + OH-
02 = H02

02- = H02-

+ o2 = o2-
+ H202 = OH + OH"
+ O2" = H02" + OH" - H20
+ H+ = H
+ H20 = H + 0H-
t H02- = 0" + OH"
+ H02 = H20 + O2

+ OH = H2O2

HO2 = H202

H2O2 = H20 + OH
OH" = e" + H20
+ O2" = 02 + HO2"
+ H02 = H2O2 + 02

f 02- = HO2
= H+ + 02-
f- H02- = H202

t = H+ + H02-
v OH" = H2O + 0"
h H20 = OH + OH"
Y OH" = H20
= H+ + OH-
OH = H20
H = H2
y H = H2 + OH" - H20
y e" = H2 + OH" + OH" - H20
y OH = OH-
y H02 = H02"
y H2 = H + OH-
y H202 = H20 + 02"
K 02 = 03-
+ H2O2 = 02" + 02 + H20
+ H02- = 02- + 02 + OH-
+ H2 = 02 + H + OH"
- H02- = H02 + OH"
+ 0" = OH" + 02-

• H2(g)
H2(g) = H2
02 =• 02(g)

Rate

k( 1) =
k( 2) =
k( 3) =
k( 4) =
k( 5) =
k( 6) =
k< 7) =
k( 8) =
k( 9) =
k(10) =

k(12) =
k(13) =
k(14) =
k(15) =
k(16) =
k(17) =
k(18) =
k(19) =
k(20) =
k(21) =
k(22) =
k(23) =
k(24) =
k(25) =
k(26) =
k(27) =
k(28) =
k(29) =
k(30) =
k(31) =
k(32) =
k(33) =
k(34) =
k(35) =
k(36) =
k(37) =
k(38) =
k(39) =
k(40) =
k(41) =
k(42) =
k(43) =

Constant

3
3
9
1
2
1
1
1
2
2
3
1
5
2
9
2
8
2
4
8
2
2
1
9
1
1
2
1
2.
5.
3.
2.
8.
2.
3.
1.
8.
2.
5.
8.
1.
2.
1.

.600E+07
•300E+07
.OOOE+09
•800E+10
.OOOE+10
.900E+10
•200E+10
•300E+10
.200E+10
.OOOE+01
.500E+09
.200E+10
.500E+09
.OOOE+10
.OOOE+07
.100E+07
.900E+07
.000E+06
•500E+10
000E+05
OOOE+10
530E-01
200E+10
3OOE+O7
430E+11
415E-03
OOOE+10
OOOE+10
500E+10
OOOE+09
OOOE+10
OOOE+10
OOOE+07
000E+O8
OOOE+09
600E+06
900E+05
500E+05
OOOE+09
000E+08
000E-04
610E-06
000E-04

continued.
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TABLE A-l (concluded)

No

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

02(g) =

Reaction

= o.
*S2 = FeOHj
Fe(OH)j
Fe(OH)j
FeOH+ -t
FeOH+ =
Fe2+ +

= ^2
= FeOH* + OH-
OH" = Fe(0H)2

= Fe2* + OH-
0H~ = FeOH+

*S3 = Fe(0H)3

Fe(OH)3
Fe(OH)3
Fe(0H)4
Fe(OH)3
Fe(0H)2
Fe(0H)2

FeOH2+

FeOH2+

FeOH+ =
Fe(0H)2
Fe(0H)2

Fe2+ +
FeOH+ +
Fe2* +
FeOH+ +
FeOH, +
FeOHî+

FeOH,*
Fe2+ +
FeOH+ +
FeOH2 +
Fe2+ +
FeOH+ +
FeOH, +
FeOH2*
FeOH2

+

FeOH3 +
FeOH2 +

= S3
+ OH" = Fe(0H)4-

" = Fe(OH), + OH-
= Fe(OH)2* + OH-

+ + OH" = Fe(OH)3
+ = FeOH2+ + OH-
+ OH- = Fe(0H)2

+

+ e" = FeOH*
FeOH2+ + e"

+ + e" = Fe(OH)2

= Fe(0H)2
+ + e"

H202 = FeOH
2+ + OH

H202 = FeOH
2+ + OH

OH = FeOH2+

OH = FeOH2*
OH = FeOH3
+ H = FeOH+ + H*
+ H = FeOH2 + H

+

H = FeOH2* + H2 - H20
H = FeOH2* + H2 - H20
H = FeOH3 + H2 - H20

H02 = FeOH
2+ + H2O2 - H20

H02 = FeOH2* + H2O2 - H20
H02 = FeOH3 + H202 - H20
+ H02 = Fe

2+ + 02 + H20
+ H02 - FeOH* + 02 + H20
H02 = FeOH2 + 02 + H20
0, = FeOH, + HO, - H,0

ci" + OH = ci + oir
e" + Cl
H + Cl
H2O2 +

= ci-
= H* + Cl-
Cl = H+ + Cl" + H02

Rate

k(44) =
k(45)
k(46)
k(47)
k(48) .
k(49) =
k(50) .
k(51) .
k<52) .
k(53) .
k(54) =
k(55) .
k(56) =
k(57) =
k<58) =
k(59) .
k(60) =
k(61) =
k(62) =
k(63) =
k(64) =
k(65) =
k(66) =
k(67) =
k(68) =
k(69) =
k(70) =
k(71) =
k(72) =
k(73) =
k(74) =
k(75) =
k(76) =
k(77) -
k(78) =
k(79) .

**k(80) =
k(81) =
k(82) =
k(83) =

Constant

= 2
= 4
= 6
= 1
= 1
= 4
= 1
= 4
= 1
= 2
= 5
= 2
= 1
= 1
= 1
= 1
= 5
= 1
= 3
= 6
= 6
= 1
= 1
-. 1
-. 1
= 1
= 1
1.

= 1
= 1
1.

= 1
: 1.
1.
1.
2.
1.
1.
5.
5.

.430E-06

.500E-11

.200E-08
•370E+03
.OOOE+07
.900E-02
.000E+06
.500E-11
.600E-01
.500E+07
.600E+02
.980E+01
.OOOE+07
.950E-04
.OOOE+06
.OOOE+09
.130E+01
.OOOE+09
.630E+07
.OOOE+01
OOOE+01
OOOE+09
OOOE+09
OOOE+09
OOOE+09
OOOE+09
OOOE+09
OOOE+09
OOOE+09
000E+08
000E+08
000E+08
OOOE+09
OOOE+09
OOOE+09
200E+04
000E+04
OOOE+09
OOOE+09
OOOE+09

** see text for rate variation.

* S2, S3 are Fe(II) and Fe(III) solid species which dissolve to yield the

respective hydrolysed solution species.
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TABLE A-2

COMPARISON OF BURNS ET AL. [31 RADIOLYSIS SPECIES

CONCENTRATIONS (mol/L) IN PURE WATER AND RESULTS

CALCUUTED BY MACKSIMA-CHEMIST

Burns (a)

This work (

Burns (b)

This work (

9.

a) 1.

2.

b) 2.

H

4x10"ll

6x10"10

6x10"13

8x10"13

4

6

3

2

OH

.2xlO"9

.7xlO"9

.6xlO"10

.8x10-*°

e."

9.4X10"11

l.lxlO"10
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(b) [02] = 1.6 x IQ"
4 mol/L; t = 104s
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