
Journal of Nuclear Materials 358 (2006) 57–68

www.elsevier.com/locate/jnucmat
The ion exchange phase in corrosion of nuclear waste glasses
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Abstract

The diffusion-controlled ion exchange phase in the corrosion of nuclear waste borosilicate glasses has been examined
using the Doremus’ model accounting for interdiffusion and exchange of the cations in the glass with protons from the
water. Ion exchange is the principal radionuclide release mechanism for conditions when glass network hydrolysis is
suppressed, such as in silica-saturated solutions when ion exchange may persist over geological time scales. In dilute aque-
ous solutions ion exchange controls the initial cation release and can dominate for tens and many hundreds of years if
temperatures are low at low and neutral pH. Ion exchange rates are shown to have inverse square root time dependences,
an Arrhenius-controlled temperature relationship and a 10�0.5pH dependence with the pH of the contacting water. Due to
radioactive decay the radionuclide releases from nuclear waste glasses are limited to certain upper values, which can be
calculated based on available experimental data.
� 2006 Elsevier B.V. All rights reserved.

PACS: 81.05.Kf; 82.65.+r; 82.20.Db; 82.30.Fi
1. Introduction

Studies of archaeological artefacts show that the
principal processes in the natural corrosion of sili-
cates are diffusion-controlled ion exchange reactions
leading to selective leaching of alkalis and protons
entering the silicate structure to produce a hydrated
alkali-deficient layer and congruent dissolution with
destruction of the silicate network and subsequent
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precipitation of hydrous silica-gel layers as sec-
ondary alteration products [1,2]. At ambient tem-
peratures the ion exchange reactions persist for
extended periods of time and govern alteration
processes for thousands [1] and tens of thousands
[2] of years. The role of ion exchange in the corro-
sion behaviour of nuclear waste glasses is also con-
sidered to be important [3–5]. Insight into long term
behaviour of nuclear waste glasses is an important
issue related to our ability to assess the reliability
of nuclear waste immobilisation in an envisaged
repository environment [3]. Corrosion of nuclear
waste glasses is a complex process which depends
on many parameters such as glass composition
.
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and radionuclide content, time, temperature, ground-
water chemical composition and pH. The best
approach to quantifying its functional dependence
is to determine the basic parameters governing the
corrosion so that various scenarios can be modelled
in the performance assessment of a future reposi-
tory. Corrosion of silicate glasses including nuclear
waste-containing borosilicate glasses involves two
major processes – diffusion-controlled ion exchange
and glass network hydrolysis [6,7]. In this paper we
consider the diffusion-controlled ion exchange phase
of glass corrosion. Indeed ion exchange plays an
important role in the behaviour of silicate glasses
including nuclear waste glasses in aqueous solutions
being the principal release mechanism in conditions
when the glass network hydrolysis is suppressed,
such as in silica-saturated solutions when it may
persist over geological time scales. In dilute near
neutral solutions ion exchange controls the initial
cation releases whereas hydrolysis of the glass net-
work is responsible for the later stages of corrosion.
The transition times from ion exchange to hydroly-
sis are relatively short only at high temperatures
spanning from hours to several days. In contrast
at low temperatures the ion exchange processes
can dominate over hydrolysis for tens and many
hundreds of years before hydrolysis will turn out
to be significant in the total inventory of released
cations [4,5,8].

Consider corrosion behaviour of vitrified nuclear
wastes in an envisaged repository environment. The
release of radioactive species, which in nuclear
waste glasses are solely represented by radioactive
cations, can be caused by corrosion of the glass
in contact with groundwater. However, the poten-
tial contact of water with glass is deferred in actual
disposal systems to times after the waste container
has been breached. For vitrified high-level waste
(HLW) containers, which are made of stainless
steel, these times may be of the order of many hun-
dreds or even thousands of years [9]. High temper-
atures and radiation dose rates are likely only for
the first few hundred years after HLW vitrification
so that container temperatures will be close to
those of the ambient rock by the expected time of
contact with groundwater. Moreover the role of
bc-radiolysis will also become negligible because
of low radiation dose rates. For example, the dose
rate at the contact of an industrial R7T7 nuclear
waste glass canister is 872 Gy/h after 30 years
from vitrification, but drops to just �0.07 Gy/h
after 500 years [10]. Nonetheless the alteration of
glass caused by irradiation may become important
at these times due to high absorbed doses of radia-
tion and may affect the rates of ion exchange [11].
Vitrification continues to be used for immobilisa-
tion of HLW [12–14] and is also currently deployed
for low and intermediate waste (LILW) as a viable
alternative to cementation [14–18]. Vitrified LILW
is almost invariably at the ambient temperature
of a repository environment. In addition this type
of waste is expected to be disposed of in near-
surface repositories which are often characterised
by near-neutral groundwaters and relatively low
host rock temperatures [19]. Hence the tempera-
tures of nuclear waste glasses at the times of
expected contact with groundwater are likely to
be close to those of the surrounding repository
environment. As these temperatures are below
several tens of degrees centigrade the corrosion of
glasses will occur via ion exchange for very long
times even in contact with non-silica saturated
groundwater. This paper focuses on this case
although the ion exchange controls corrosion of
glasses at geological timescales when the contacting
groundwater is silica-saturated and the hydrolytic
dissolution of the glass network is impeded.

The Doremus’ theory of interdiffusion has been
used to model the diffusion-controlled ion exchange
corrosion of glass in this work [20] in which the
Agaard–Helgeson transition state theory is used to
assess the transition times to hydrolysis-controlled
corrosion [21]. It has been revealed that due to
radioactive decay the radionuclide releases from
nuclear waste glasses cannot exceed certain upper
values, which can be calculated based on available
experimental data.
2. Diffusion-controlled ion exchange and hydrolysis

Two basic mechanisms control the water corro-
sion of silicate glasses and hence the release of
cationic species from glasses: diffusion-controlled
ion exchange and hydrolysis [6,7,22,23]. The ion
exchange reaction of glass with water can be written
as

(BSi–O-Cation)glass +H2O$(BSi–O–H)glass +Cation-OH.

ð1Þ

This reaction is controlled by the counter diffusion
of protons (probably as H3O+) from the water
which replace cations in the glass structure e.g.
cations bonded to non-bridging oxygens (NBO)
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[3]. The rate of release of the ith cation into water
via diffusion-controlled ion exchange rxi (g/cm2 d)
is given by the magnitude of the flux of species
through the surface of glass i.e. rxi ¼ j~J dij ¼ J di at
the glass–water interface. The diffusion flux of
cations is given by Fick’s first law

~J di ¼ �Di
~rCi; ð2Þ

where Ci is the cation concentration in the glass (g/
cm3) and Di is the effective diffusion coefficient (cm2/
d). Di has an Arrhenius-type temperature depen-
dence and can be written as

Di ¼ D0i exp � Edi

RT

� �
; ð3Þ

where D0i is the pre-exponential term (cm2/d), T is
the absolute temperature (K), R is the molar gas
constant and Edi is the activation energy of effective
diffusion (kJ/mol).

The hydrolysis of silicate glass occurs via

BSi–O–SiB + H2O$2(BSiOH). ð4Þ

Hydrolysis results in complete dissolution of the
glass network and formation of silicic acid
H4SiO4. This process leads to a congruent to the
glass composition release of glass constituents into
the water. The hydrolytic flux of species is given
by~J hið~r; tÞ ¼ qfirh~n where rh is the stationary hydro-
lysis (dissolution) rate of the glass, e.g. the steady
state rate of motion of the hydrolysis front into
the glass. Note that generally rh is not equal to the
measured rate of decrease of glass thickness because
of de-hydroxylation reactions and silicic acid re-pre-
cipitation as hydrated silica gel (H2SiO3nH2O) [7].
The rate of hydrolysis, rh (lm/y), is determined
by the transition state theory of silicate mineral
dissolution of Agaard and Helgeson [21] and can
be expressed as

rh ¼ roc exp � Ea

RT

� �
; ð5Þ

where

roc ¼ ka�g
Hþ ½1� ðQ=KÞr�; ð6Þ

where k is the intrinsic rate constant, aH+ is the
hydrogen ion activity, g is the pH power law coeffi-
cient, Ea is the activation energy and Q the ion-
activity product of the rate controlling reaction, K
is the pseudo-equilibrium constant of this reaction
and r is the net reaction order. The affinity term
[1 � (Q/K)r] characterises the decrease in solution
aggressiveness with respect to the glass as it becomes
increasingly concentrated in dissolved elements and
as the ion activity product Q of the reactive species
approaches the material solubility product K, e.g.
roc! 0, when Q! K. In dilute aqueous systems
when K� Q the affinity term is simply equal to
unity [1 � (Q/K)r] = 1. Note that g = 0.5 [24] and
the higher the pH of the attacking water solution
the higher the rate of hydrolysis. Hydrolysis prevails
in corrosion of silicate glasses at normal tempera-
tures when pH exceeds 9–10 [6,25,26]. However,
the higher the temperature the more important the
hydrolysis reactions become and these dominate
even at low pH if temperatures are high [6,27].
Hence it is necessary to consider both pH and tem-
perature when identifying the major corrosion
mechanisms. A useful tool in understanding is to
construct time–temperature diagrams of the corro-
sion mechanisms [27,28].

Both ion exchange and hydrolysis contribute to
aqueous glass corrosion thus the total rate of
released species into the water is given by the sum
ri = rxi + rh. Because of rapid dissolution of near
surface layers, which are different from the bulk
[29,30], there is an additional contribution to this
sum termed instantaneous surface dissolution,
although this is a short-term transient effect [8,31].
Depending on glass composition and conditions of
aqueous corrosion as well as on time the contribu-
tion of the two basic mechanisms to the overall
corrosion rate, as we will discuss below, can be
different.

2.1. Time–temperature diagrams

Corrosion mechanisms of glasses can change
with time even at constant and near neutral pH
and constant temperature of contacting water. This
occurs not because of changes in the contacting
water which is considered here to be diluted and
with its parameters unchanging either due to its very
large volume comparing the glass or due to its flow
regime. The ion exchange reaction of glass with
water leads to gradual diminution of cation content
in the near surface glass layers. Because of this
depletion in the glass near surface layers over time
the rate of ion-exchange diminishes. In contrast
the rate of glass hydrolysis, although small in
near-neutral conditions, remains constant. Hence
hydrolysis will eventually dominate, once the near-
surface glass layers have become depleted in cations
[6,8,27,28]. This occurs except under silica saturated



Fig. 1. Corrosion mechanisms for British Magnox-waste glass in
deionised water.

Table 1
Transition times for the intermediate stage of glass dissolution

Glass T (�C) s (T) References

British Magnox-waste 90 >28 days [32]
USA SRL131A,

SRL202A
25 >240 days [25]

Russian Bs-10 11 3.2 years Calculated
using data
from [27]

Russian K-26 4.5 16.4 years [8]
Roman IF

(Archaeological)
14–15 �1800 years [1]

Note that an increase of contacting water pH would decrease
characteristic transition times.
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conditions when the rate of hydrolysis, rh (lm/y), is
negligibly small.

The time required for silicate glasses to reach the
hydrolysis stage in near-neutral solutions depends
mainly on glass composition and temperature. Note
that we suppose unchanged water parameters so
there is no coupling between water chemistry and
the corroding glass. More highly polymerised
glasses are hydrolytically decomposed more slowly
[6]. Thus glasses with higher silica contents require
longer times before hydrolysis becomes dominant
compared to high sodium content glasses [6,27].
Previous work by the authors has suggested that
the corrosion regimes of silicate glasses should be
characterised in terms of time–temperature para-
meters as the higher the temperature the sooner
hydrolysis becomes dominant [3,8,27,28]. This
occurs because the activation energy for hydrolysis,
Ea, is significantly higher than the activation ener-
gies of diffusive processes Edi. It has been shown
that the diffusion-controlled ion exchange stage is
dominant up to a time, s(T), given by [8,27,28]

sðT Þ ¼ s0 exp
2Ea � Edi

RT

� �
; ð7Þ

where s0 is a pre-exponential term (days)

s0 ¼
D0i

r2
oc

: ð8Þ

Note that the time s0 diverges with silica concentra-
tions approaching the solubility limit when Q! K

because according to (6) roc! 0, demonstrating
that the only important cation release mechanism
remains ion exchange in this case. Moreover the
hydrolytic stage of glass corrosion is dominant
when time t P 16s(T), whereas within s(T) 6 t 6
16s(T) the glass corrodes with equivalent contribu-
tions from both ion exchange and hydrolysis
[8,27,28].

We have previously reported on the time–temper-
ature behaviour of Russian K-26 nuclear waste glass
[8], whereas here we will characterise the behaviour
of UK Magnox-waste glass. A previous study [32]
demonstrated that in near-neutral water solutions
UK Magnox-waste glass undergoes incongruent
ion-exchange over a period of 28 days even at tem-
peratures as high as 60–90 �C. Based on this work
we can estimate s(60 �C) � 28d, Ea � 60 kJ mol�1

and Edi � 36 kJ mol�1 to enable tentative identifica-
tion of the most likely scenarios for corrosion of
UK Magnox-waste glass as a function of tempera-
ture and time (Fig. 1).
Fig. 1 shows that corrosion in deionised water at a
constant temperature begins with a fully controlled
ion exchange phase. As the corrosion progresses
the impact of hydrolysis becomes significant with
comparable contributions from both basic mecha-
nisms. Finally, the glass corrosion in deionised water
is fully controlled by hydrolysis. The characteristic
time which indicates the duration of pure ion
exchange phase is given by Eq. (7). Table 1 gives
some values of the characteristic times s(T) for a
number of glasses corroding in non-Si-saturated
near neutral water solutions.

2.2. Rates of ion exchange

In Doremus’ model the ion exchange involves
interdiffusion and exchange of the cations in the
glass with a proton (probably as H3O+) from the
water and results in an interdiffusion flux of cations
replaced by the H+ (or hydronium) ion [20]:
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~J dið~r; tÞ ¼ �DiH
~rCi, where the interdiffusion coeffi-

cient DiH in an ideal case is given by the Nernst–
Planck equation DiH = DiDH/(DiNi + DHNH). Di

and DH are the diffusion coefficients of the cations
in the glass and replacement hydrogen containing
ions (whether H+ or H3O+), Ni and NH are molar
fractions of the cations and hydrogen-containing
ions respectively, i.e. Ni + NH = 1. The effective dif-
fusion coefficient in Eq. (6) within the framework of
Doremus’ model is Di � DiH. The interdiffusion
coefficient depends on the concentrations of both
diffusing ions and hence on coordinate (space locus)
although experiments indicate that DH� Di. More-
over because NHDH� NiDi the interdiffusion coef-
ficient is approximately given by DiH ffi DH/Ni.
Secondary ion mass spectrometry depth profiles of
corroded silicate glasses show that at the water-glass
interface the concentration of protons significantly
exceeds that of monovalent cations such as sodium
and potassium [33]. Thus the molar fraction of cat-
ion i in the glass at the glass surface can be supposed
with a high degree of accuracy as Ni � Ci/CH.
Hence within Doremus’ approach we conclude that
the interdiffusion coefficient, DiH, and therefore the
effective diffusion coefficient of released species, Di,
is directly proportional to proton concentration, CH

DiH ffi DHCH=Ci: ð9Þ
This result is in excellent agreement with experimen-
tal findings [2], which reveal for water-altered quartz
an Arrhenius temperature behaviour and linear
dependency with CH for the effective diffusivity.
Note that the concentration of protons at the glass
surface is proportional to the concentration of pro-
tons (hydronium) in the water CH = jCHsol, where j
is a constant and CHsol = 1(mol/L)10�pH. Hence the
interdiffusion coefficient can be expressed as a func-
tion of the pH of the contacting water

DiH ffi aiDH10�pH; ð10Þ

where the dimensionless parameter ai = j/Ci(0) and
concentration of species at the glass surface, Ci(0), is
taken in mol/L. The rates of cation release via diffu-
sion-controlled ion exchange are determined from
Eq. (2). The cation concentration gradient at the
glass–water interface can be found using

j~rCij ¼
Ci � Cisol

p1=2Li
; ð11Þ

where Ci is the average cation concentration in the
glass, Cisol is the concentration of cations in the water
solution (g/cm3) and Li is the diffusion length (cm)
given by the Einstein relation

Li ¼ ðDitÞ1=2
: ð12Þ

As the concentration of cations in water solutions is
always supposed to be much smaller than in the
glass i.e. Cisol � Ci, this term can be neglected hence

j~rCij ffi
Ci

p1=2Li
: ð13Þ

Given that Ci ¼ fiq, where q is the density of the
glass (g/cm3) and fi is the mass fraction of the ith
cation in the glass, combining Eqs. (2), (3) and
(13) gives the rate of cation release via ion exchange
as

rxi ¼ qfi
D0i

pt

� �1=2

exp � Edi

2RT

� �
: ð14Þ

Ion exchange involves the interdiffusion and ex-
change of cations in the glass with a proton (proba-
bly as H3O+) from the water. Because cations in
glasses are bound to NBO the activation energy
for interdiffusion is the sum of the enthalpy of mo-
tion of protons, HmH, and the enthalpy of forma-
tion of NBO, HfNBO, [34]

Edi ¼ HmH þ H fNBO: ð15Þ

Note that the activation energy of interdiffusion
holds the same value for all monovalent cations
because proton ingress into the glass is the limiting
step [8]. Within the framework of Doremus’ model
Di � DiH hence from (10) it follows that the
pre-exponential coefficient of the interdiffusion coef-
ficient can also be expressed as a function of the pH
of the contacting water D0i ¼ aiD	0H10�pH, where
D	0H is the pre-exponential coefficient in the
diffusion coefficient for protons in the glass DH ¼
D	0H expð�EdH=RT Þ, and EdH is the activation energy
for diffusion of protons in the glass. As a result the
rate of release of species via ion-exchange is finally
given by

rxi ¼ qfi
aiD	0H

pt

� �1=2

10�0:5pH exp � Edi

2RT

� �
: ð16Þ

Eq. (16) reveals that ion-exchange occurs preferen-
tially in acidic and neutral solutions but diminishes
quickly with increase of pH. Indeed it is normally
considered that for pH < 9–10 ion exchange domi-
nates glass corrosion whereas hydrolysis reactions
are significant when pH exceeds 9 [12]. Note that
Eq. (6) reveals that the hydrolytic rate holds exactly
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an opposite pH dependence rh / 100.5pH and the
higher the pH the higher the hydrolytic rate. Thus
glass corrosion occurs at low pH preferentially via
diffusion-controlled ion exchange whereas at high
pH via hydrolysis. Because of the opposite pH depen-
dences of the two basic corrosion mechanisms the
activation energies revealed in corrosion experiments
are low (e.g. Edi/2) at low pH, and high (Ea) at high
pH. For example, Grambow found acti- vation ener-
gies of corrosion Ecor = 30 kJ/mol at pH = 2.5–3.0
and Ecor = 72–77 kJ/mol at pH = 8.5–9.5 [35].
Expression (16) reveals that the rates of ion exchange
depend on what type of ion is involved in, e.g. the
rates are ionic selective. The rates of ion exchange
with time diminish as the inverse square root of time
reflecting the fact that near surface layers of glasses
are depleted in cationic species and deeper and deeper
layers are supplying cations for ion exchange reac-
tion (1). As the total rate of released species into
the water is given by the sum ri = rxi + rh we conclude
that generically the time dependence of corrosion
rate has the form ri / const + consti t�0.5. All of the
above dependences are in excellent agreement with
experiments for both conventional and nuclear waste
glasses [8,36–38].

Eq. (16) indicates that the ion exchange rate is
determined completely by the effective diffusion
coefficient Di which depends on the pH of the
attacking solution and has an Arrhenius tempera-
ture dependence of activation energy Edi. It is
important to note however that according to [11]
for irradiated glasses the temperature dependence
of ion exchange is described by a two exponential
function, and it has two activation energies – one
high (HmH + HfNBO) at high temperatures and
another low (HmH) at low temperatures.

2.3. Normalised leaching rates

The term leaching is normally used to denote ion
exchange release of species from glasses [6]. The
average normalised leaching rate (due to ion
exchange processes) NRxi (g/cm2 d) is measured
experimentally or it can be found theoretically by
calculating the total normalised cation release (e.g.
normalised mass loss NMxi, g/cm2) and dividing it
by the leach test duration t(d). The cation releases
are fully determined by ion exchange reactions
either when water solutions are silica saturated or
for initial corrosion of glasses at t 6 s(T). The
normalised ion exchange release rate (nrxi,
g/cm2 d) is given by
nrxi ¼
rxi

fi
: ð17Þ

Hence NMxi and NRxi are given by

NMxi ¼
1

fi

Z t

0

rxi dt; NRxi ¼
1

fit

Z t

0

rxi dt: ð18Þ

Substituting Eq. (16) into Eq. (18) gives

NMxi ¼ 2q
Dit
p

� �1=2

; NRxi ¼ 2q
Di

pt

� �1=2

: ð19Þ

The last expressions are widely used to quantify
experimental results e.g. in the IAEA leaching test
ISO6961-1982 [39]. However, Eq. (19) does not
account for the decay of radioactive species which
is important for nuclear waste glasses. Radioactive
decay causes an exponential decrease of radio-
nuclide concentrations in nuclear waste glasses.
The equations for NMxi and NRxi, accounting for
the decay of radioactive species such as 134,137Cs,
are as follows [5,8,31]:

NMxi ¼ q
Di

ki

� �1=2

erf
ffiffiffiffiffi
kit

p� �
;

NRxi ¼
q
t

Di

ki

� �1=2

erf
ffiffiffiffiffi
kit

p� �
;

ð20Þ

where ki is the decay constant (1/y), t is the testing
time and erf(z) is the error function erfðzÞ ¼
2ffiffi
p
p
R z

0
expð�x2Þdx. For stable cations ki! 0 and

Eq. (20) reduces to Eq. (19). However, for long term
tests or short lived radionuclides, when the test
duration is either close to or even exceeds the half-
life of the radionuclides, T1/2 = ln2/ki, so that Eq.
(20) must be used to calculate Di correctly. Eqs.
(20) and (19) enable quantification of effective diffu-
sion coefficients Di for different species [40,41]. Data
on effective diffusion coefficients or interdiffusion
coefficients in typical glasses can be found in [42],
Table 2 gives Di for several silicate glasses tested
in near-neutral waters.

Data from Table 2 can be used to calculate the
total inventory of released species from a given glass
in water.

2.4. Radionuclide release inventory

The mass inventory of the ith radionuclide
released from a nuclear waste glass Mi (g) is given
by multiplying the normalised mass loss by the
surface area of the glass in contact with water S

and mass fraction of the i-radionuclide in the glass:



Table 2
Effective diffusion coefficients in some silicates

Glass Cation Temperature (�C) Di (m2/s) References

USA SM539 B 90 4 · 10�21 [43]
Li 7 · 10�21

Na 4 · 10�21

British Magnox-waste Li 40 1.9 · 10�20 [44]
Na 4.4 · 10�20

Russian O3O-6 Na 22 2.8 · 10�21 [40]
Russian K-26 Cs 4.5 5 · 10�21 [8]
Russian Bs-10 Cs 11 1.8 · 10�20 [27]
Quartz artefactsa H 6.6–24 �10�25 [2]
Silica glass H 23 1.4 · 10�21 [2,45]

a Although these data are for crystalline quartz, it has been demonstrated that the hydration process occurs according to Doremus’
diffusion–reaction mechanism [2].

Fig. 2. Ratio of ion exchange to hydrolysis contributions in the
overall release of 137Cs from radioactive waste glass K-26.
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Mi = NMiSfi. Thus the released fraction of the
radionuclide i, /i, from a nuclear waste glass is
/i = Mi/M0, where M0 is the initial radionuclide
content in the glass, e.g. M0 = fiqV, where V is the
waste glass volume. For nuclear waste glasses /i

can be found from

/i ¼
SfiNMi

fiqV
¼ S

qV
NMsi

þ S
V

Di

ki

� �1=2

erfð
ffiffiffiffiffi
kit

p
Þ þ S

V
rh

ki
½1� expð�kitÞ�;

ð21Þ

where NMsi is a constant accounting for instanta-
neous surface dissolution of near surface glass layers
and adsorbed radionuclides. The second term in Eq.
(21) accounts for ion exchange and the third for
hydrolysis. Eq. (21) demonstrates that because of
radioactive decay the inventory of radionuclides
leached from nuclear waste glasses with time tends
asymptotically to certain maximal values

/iðt!1Þ !
S

qV
NMsi þ

S
V

Di

ki

� �1=2

þ S
V

rh

ki
: ð22Þ

For radioactive 137Cs leached from Russian K-26
borosilicate waste glass for which it was found
earlier that DCs = 5 · 10�21 m2/s and rh = 0.1 lm/y
[8] the fractional inventory of radioactive 137Cs lea-
ched out of nuclear waste glass K-26 will not exceed
the maximal value /Cs = 2.75 · 10�5. In contrast to
this for stable species which hold ki = 0 from (21) it
follows that / ! 1 when t!1 demonstrating that
the decay significantly diminishes the overall release
of species into the environment.
2.5. Contribution of ion exchange

To determine the contribution of ion exchange to
the overall release of radionuclides we can compare
the second and the third terms in the equation of
radionuclide releases (21) via ratio, F

F ðtÞ ¼
ð/iÞIon-exchange

ð/iÞHydrolysis

¼ Diki

r2
h

� �1=2
erfð

ffiffiffiffiffi
kit
p
Þ

1� expð�kitÞ
:

ð23Þ
This equation shows that the contribution of ion
exchange is initially dominant in all glasses although
with time it diminishes and tends to a constant
value. Such behaviour is demonstrated by Fig. 2,
which shows the time dependence of parameter F

for K-26 nuclear waste glass. Moreover from Eq.
(23) it follows that the K-26 glass holds F(16y) =
2.03 which indicates about a 64% contribution of
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ion exchange to the overall release of radionuclides.
This result is in good agreement with calculations
using the STORM computer code which predicted
�60% contribution from ion exchange [46]. Fig. 2
shows that the parameter F will further diminish
with time but its value will remain higher than unity,
which means that the ion exchange contribution to
corrosion will remain higher than 50%, which is also
consistent with the results of [46].

Both Eq. (23) and Fig. 3 show that for very long
times significantly exceeding the radionuclide half-
lives, t
 T1/2, the parameter F tends to a constant
value

F ðt!1Þ ! ðDikiÞ1=2

rh

: ð24Þ

The higher the diffusion coefficient the higher the
contribution from ion exchange in the overall re-
lease of radionuclides from glasses. However in con-
ditions when the hydrolysis is suppressed, such as in
silica-saturated water solutions, and the hydrolysis
rate is very small rh! 0 the ion exchange contribu-
tion is overwhelming and F!1. Under such con-
ditions hydrolysis can simply be ignored in the
analysis of radionuclide release. In addition, from
Eq. (24) it follows that for short-lived radionuclides
which hold higher decay constants, ki, the role of
Fig. 3. Time–temperature characterisation of corrosion mecha-
nisms of silicate glasses.
ion exchange is more significant than for long-lived
radionuclides.
2.6. Universal time–temperature behaviour

The characteristic time s(T) given by Eq. (7) can
be used to describe the time–temperature corrosion
behaviour of nuclear waste glasses. The glasses
corrode in non-silica-saturated solutions via diffu-
sion-controlled ion exchange up to time s(T). The
hydrolytic stage of glass corrosion is dominant when
time t P 16s(T), whereas within s(T) 6 t 6 16s(T)
the glass corrodes with equivalent contributions
from both ion exchange and hydrolysis. The activa-
tion energies of the hydrolyses are typically much
higher than those of diffusion-controlled processes,
and it is known that over a wide variety of glass
compositions Ea is in the range 70–90 kJ/mol [47].
Because 2Ea
 Edi the term Edi can be dropped
from (7) giving a universal equation, which sepa-
rates the ion exchange from hydrolysis contribu-
tions in time–temperature {t,T} coordinates

ln
sðT Þ
s0

� �
¼ 2Ea

RT
: ð25Þ

Fig. 3 shows the corrosion behaviour of typical
nuclear waste borosilicate glasses in non-saturated
conditions in {t,T} coordinates for two glasses with
Ea = 68 and 75 kJ/mol.

Fig. 3 can be used to give insight into the mech-
anisms of glass corrosion for various conditions of
corrosion processes or tests. For example, the
vapour hydration test (VHT) is currently used as
an accelerated corrosion test [48]. Conditions envis-
aged in this test are situated on the {t,T} map in the
hydrolytic area mainly due to the high temperatures
applied. In contrast to VHT archaeological glasses
would be located in the hydrolytic area due to the
long times of alteration rather than because of
high temperatures. However, some intermediate
age glasses such as those corroding in sea water [2]
can still undergo the phase of ion-exchange. Note
also ninth century soda-lime-silica glasses, which
are in a relatively dry soil environment, exhibit cor-
rosion by ion exchange leaching, rather than by dis-
solution [49]. It is expedient therefore to compare
similar composition archaeological glasses from
colder places, which hold an extended period of
diffusion-controlled ion exchange, with glasses from
warmer sites, which have already passed to a hydro-
lytic regime of corrosion. HLW glasses in non-silica
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saturated conditions at high temperatures pass
quickly to a hydrolytic corrosion regime, however
when cooled to environmental temperatures these
will (like LILW glasses), corrode for many tens to
hundreds of years via ion exchange. For example
at the minimum value of dissolution rate 0.002 l/y
for R7T7 glasses R7T7 [50] the ion exchange period
will last for >1500 years. In silica saturated condi-
tions s0!1 and the ion exchange stage will persist
for geological timescales. Note that silica saturated
conditions can also occur due to corrosion of the
glass itself if the volume of contacting water is small
[51]. This situation is not analysed here as we sup-
posed that the contacted water is diluted and kept
at constant parameters. In this case, because it
changes with time rh and consequently s(T), the
ion exchange phase will control both the initial
and final stages of glass corrosion; the intermediate
phase being controlled by hydrolysis.

2.7. Experiment on magnox waste glass

To investigate applicability of some above-
discussed parameters a series of leaching tests were
performed on simulated magnox waste (MW) glass
at temperatures 40, 50 and 60 �C for 27 days each.
Glass fibers of about 0.5 mm in diameter and
50 mm length were used in the tests. This form of
specimen was chosen to avoid mechanical reprocess-
ing (cutting, grinding, and polishing) that could
result in changing properties of glass surface. Com-
position of the glass samples used is given in Table 3.
This composition was simplified compared to the
published data on simulant glass studies.

Batch dissolution experiments were conducted at
40, 50 and 60 �C using an original methodology
combining traditional static leaching methods with
the pass-flow tests. Experiments were conducted
for periods up to 27 days with intermediate probe-
sampling and solution refreshment after 3, and 15
days since the beginning of test. At each probe sam-
pling pH of aliquots were measured. Though leach-
ing tests were carried out in distilled water and no
Table 3
Chemical compositions of simulated MW glass (calculated from
the batch mix), wt%

Al2O3 4.90 La2O3 3.61 P2O5 0.20
B2O3 17.17 Li2O 3.82 SiO2 47.94
BaO 0.62 MgO 5.37 SrO 0.32
Cs2O 1.03 MoO3 1.62 Y2O3 0.19
Fe2O3 3.13 Na2O 8.51 ZrO2 1.57
pH adjustment was done, pH shift during the leach-
ing was quite small. After 3 days leaching pH of
solution was 6.1 (pH of fresh distilled water used
is 6.0). And to the end of experiments it shifted to
6.2–6.3.

PTFE containers of 100 ml capacity were used
for leaching tests. Volume of water used in each
single run was 90 ml. Surface area to solution vol-
ume ratio was in range 3–4 m�1. Containers used
were of the size that glass fibers put in the container
couldn’t lay flat on the bottom. No additional spec-
imen support was necessary and almost all surface
of the specimen was in contact with water. Cleaning
of new and used containers has been done according
to the procedure described in MCC-1 leaching test
procedure. Concentrations of Na, Li, Mg, B, Si,
and Mo in aliquots were measured using ICP-MS.

Normalised Elemental Mass Loss (NL), g m�2,
was calculated from

NL ¼ mi

fi � S
; ð26Þ

where mi is total leached mass of the component i

(g), fi is the fraction of element i in glass (dimension-
less), and S is the surface area of the glass sample
(m2). The value of mi was obtained as sum of ith
element mass losses at all steps of test and it was
calculated as the DC – difference in concentration
of element i at the beginning and the end of step
multiplied by V – the volume of leaching solution

mi ¼
X

n

DCn � V n; ð27Þ

where n denotes the number of leaching step. The
volume V remains 90 ml during the whole test. DC

at each step is found as

DC ¼ Ci1 � Ci0; ð28Þ
where Ci1 is the concentration of element i measured
in the probes taken from the solution in the end of
each step. Ci0 is calculated from the measured
concentration in the end of the previous step of test
as

ðCi0Þn ¼ ðCi1Þn�1 �
V n � DV

V n
; ð29Þ

where (Ci1)n�1 is the concentration of element i

measured in aliquot taken in previous step, DV is
the volume of solution refreshed, including volume
of aliquot, and Vn is the volume of solution at the
current step which is constant.

Normalised leach rate NRi (g m�2 d�1) were
calculated from



Table 4
Normalised release rates and activation energies of elemental
release from MW glass measured at 27 days leaching test, 10�2

g/m2day

40 �C 50 �C 60 �C

Na 3.36 5.72 7.53
Li 2.20 4.74 7.05
Mg 2.36 4.74 6.96
B 2.46 5.56 8.22
Si 1.76 4.42 5.02
Mo 1.43 3.91 4.41

ln NR vs 103/T
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NRi ¼
NLi

t
; ð30Þ

where t is duration of sample leaching (days).
Effective diffusion coefficient D, m2 s�1 calculated

from the leaching rate of alkaline elements assuming
that it occurs via ion-exchange as [39–41]

D ¼ NR2pt
4q2

; ð31Þ

that follows from the Eq. (19).
Generally, uncertainty estimates for the calcu-

lated rates were determined by standard error prop-
agation methods, assuming uncorrelated random
errors. In this case, the standard deviation of a func-
tion f(x1,x2, . . . ,xn) is given by

rf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

of
oxi

� �2

r2
i

vuut ; ð32Þ

where rf is the standard deviation of the function f,
xi the parameter i, ri is the standard deviation of
parameter i. Assuming following measurements’
errors in the error calculation the resulting errors
of NL, NR and D calculated are in the range of
12–15%.

MW glass shows a typical dissolution plot
(Fig. 4). At the beginning of the test the leaching
rate has the maximum value due to sharp con-
centration gradient between glass and water. With
time, as the leaching proceed this gradient become
smoother, and the leaching rate decreases.

MW glass dissolution is an incongruent process.
Na has the highest release rate (Table 4), whereas
network-forming elements such as Si and Mo show
lower release rates. Data published display that dis-
solution rate of B from borosilicate glasses is usually
much higher than that of Si despite the fact that
MW, 40˚C
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Fig. 4. Normalised release rate plot vs. time showing leaching of
main MW constituents from the glass at 40 �C.
both elements are major network former [32]. This
probably occurs because of their different position
in the glass structure as Si forms [SiO4] tetrahedra
while B at least partly is hold in [BO3] triangles, as
well as high mobility of B in aqueous media.

Fig. 5(a) shows a plot of the logarithm of release
rates for main elements MW glass versus reciprocal
of the absolute temperature. The rate values are
normalised release rates calculated on 27 days leach-
ing. The apparent activation energy of release (Eact,
J mol�1) may be calculated from the data obtained.
According to the Arrhenius equation the gradient of
these plots has the value – Eact/R, where R is the gas
constant (8.314 J K�1 mol�1). Activation energy
was calculated for three leaching duration times.
ln NR of Li at vs 103/T
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Fig. 5. Normalised elemental release rates calculated from 27
days leaching of MW glass vs reciprocal temperature (a) and
normalised release rates calculated from 3, 15 and 27 days
leaching of Li from MW glass vs. reciprocal temperature (b).



Table 5
Apparent activation energy of elemental release, kJ/mol

Leaching
duration

3 daysa 27 daysa 18 hb 18 hb

pH 6.1 6.2 2.3 12.1
Na 39.1 35.1
Li 62.9 50.6 18 62
Mg 50.9 47.0
B 63.3 52.5 18 64
Si 86.4 45.7 32 56
Mo 80.0 49.3

a Results of current work.
b Data from [32].

Table 6
Diffusion coefficients of alkalis in simulated MW glass, m2/s

Duration,
days

Temperature (�C)

40 50 60

Na 3 4.4 · 10�20 7.6 · 10�20 2.7 · 10�19

Li 3 1.4 · 10�20 6.1 · 10�20 2.5 · 10�19

Na 27 4.4 · 10�20 1.3 · 10�19 2.2 · 10�19

Li 27 1.9 · 10�20 8.7 · 10�20 1.9 · 10�19
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Similar gradients of Li NR plots suggest close Eact

values for the rate of Li release from MW glass after
3, 15 and 27 days of leaching (Fig. 5(b)). The same is
true for most of MW constituents. The plot reveals
that the data corresponded to short-term leaching (3
days) fit Arrhenius dependence better that those of
15 and 27 days leaching.

Apparent activation energies of elemental release
are shown in Table 5 along with data reported for
MW glass dissolution at pH 2.3 and 12.1 [32].

Effective diffusion coefficients of alkaline ele-
ments in MW glass are presented in Table 6.

There are few data published on effective diffu-
sion coefficient measured by leaching of alkalis,
and direct comparison of our data with the pub-
lished ones is difficult because of differences in glass
composition or in experiment conditions (Table 2).
For instance, the effective diffusion coefficients mea-
sured on a series of Na-borosilicate glasses from one
day leaching in deionised water at 22 �C are in good
agreement with those obtained in our study. The
values reported are in the range (4–5) · 10�19 m2/s
(compositions Nos. 4 and 5 in [40]).

3. Conclusions

Diffusion-controlled ion exchange governs the
initial stages of glass corrosion in water solutions
and remains important until times t = 16s(T) in
non-saturated solutions, and persists at geological
timescales in silica-saturated conditions. The ion
exchange corrosion rate diminishes as the square
root of time because of gradual depletion of cations
from glass near-surface layers. The temperature
dependence of corrosion rate follows Arrhenius
kinetics with a universal activation energy for
most monovalent cations. The ion exchange rate
decreases as 10�0.5pH with increased pH of the con-
tacting water. Ion exchange contributes significantly
to the overall inventory of radionuclide release from
nuclear waste glasses, being most important for
short-lived radionuclides.
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