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Abstract

Experimental data obtained during long term environmental tests of a nuclear waste alkali–borosilicate glass K-26 in

an experimental near-surface repository are examined. Average leaching rates of the radionuclides were calculated: the

leach rates gradually diminished from 9.4 · 10�7gcm�2day�1 over the first year to 2.2 · 10�7gcm�2day�1 over 16years

of tests. Radionuclide losses obey a square root time dependence indicating a diffusion-controlled release mechanism.

The main parameters, which control the corrosion of waste glass K-26 in the near-surface repository, are the effective

diffusion coefficient of radiocaesium DCs and the rate of glass hydrolysis rh. Analysis of 16years experimental data gave

DCs = 4.5 · 10�12 cm2day�1 and rh = 0.1lmyears�1. Diffusion is predicted to be dominant for 16.4years after which dif-

fusion and hydrolytic dissolution are expected to be similarly important. This mixed stage is predicted continue for

262years after which hydrolytic dissolution will be the dominant mechanism.

� 2004 Elsevier B.V. All rights reserved.

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

Vitrification is one of the most advanced immobilisa-

tion options for radioactive and toxic wastes which pro-

vides long-term, safe isolation of radionuclides and

toxic species from the environment [1]. It has been used

for more than 40years to immobilise high-level waste

(HLW) arising from nuclear fuel reprocessing and cur-

rently is attracting great interest for other types of
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wastes, such as operational radioactive wastes from nu-

clear power plants as well as radioactive and toxic legacy

wastes [2–4]. Large scale vitrification programmes are

underway in a number of countries and new applications

can be expected in the future [1–5]. Utilisation of glass as

a waste form requires appropriate performance assess-

ment support for waste disposal facilities, which pre-

sumes an understanding of the main glass corrosion

mechanisms. One of possible disposal options for vitri-

fied radioactive waste is emplacement in a non-saturated

wet environment such as near-surface repositories.

These are only intended for vitrified low and intermedi-

ate level waste [6,7] and can be characterised by non-sat-

urated and near-neutral water solutions in potential
ed.
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Fig. 1. c-Spectrum of glass K-26.
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contact with waste glasses. Temperatures of the disposal

environment in near-surface repositories are relatively

low which result in slower-occurring thermally-activated

processes including those causing corrosion of waste

glass. Corrosion of nuclear waste glasses in such condi-

tions has not been as intensively studied as that of high-

level vitrified waste at temperatures far exceeding

normal ambient temperatures. The reactions of silicate

glasses in aqueous media have frequently been discussed

[8–11]. A series of complex processes occurs, involving

first of all ion exchange and glass network dissolution.

However activation energies of the rate-limiting reac-

tions are different for the different processes and thus

for the same glass a change in temperature may result

in a change of the governing corrosion mechanism.

Borosilicate glasses in near-neutral water solutions have

minimal corrosion rates making analysis of their behav-

iour based on relative short duration laboratory tests

difficult. This paper examines 16years of corrosion data

obtained on a radioactive borosilicate glass K-26 in a

wet disposal environment. This glass is currently being

extensively studied with the aim of identifying the most

important parameters determining its long-term per-

formance as a host for nuclear waste [12–14].
2. Experimental

K-26 glass is a borosilicate glass which is designed to

immobilise intermediate level operational nuclear power

plant (NPP) radioactive waste. It has a density of

2.46gcm�3. Its composition in wt% is 48.2SiO2–7.5B2O3–

2.5Al2O3–15.5CaO –16.1Na2O–1.7Fe2O3–1.2NaCl–1.1Na2-

SO4–6.2 others [15]. Several tonnes of this glass were

produced in the 1980s using radioactive waste from

the Kursk NPP in Russia (a channel type RBMK reac-

tor) and a number of glass blocks have been placed in an

experimental shallow land facility for long-term corro-

sion tests [6]. The main radioactive contaminant of

K-26 glass is 137Cs which is present in the waste glass

at a level of up to 3.73 · 106Bqkg�1. Fig. 1 shows a

c-spectrogram (spectrometer DGDK with Ge-semicon-

ducting detector) of K-26 glass after 12years in the near

surface experimental repository. It can be seen that K-26

glass contains 137Cs as the only c-emitter.

Field tests of K-26 glass have been run since 1987 to

evaluate the behaviour of the glass near surface disposal

conditions [6,11–14]. Six blocks of waste glass K-26

(each weighing about 30kg and 30cm in height) were

placed in a single 40cm high stainless steel tray supplied

with a water trap and a tube for water extraction by

pumping. The experimental repository is 1.7m deep

which is below the freezing depth of soil (0.7m). Pure

coarse sand was used to backfill the glass blocks in the

tray to facilitate infiltration of water to the blocks and

to isolate them from direct contact with the host rock.
The space outside the containers was filled with host loa-

my soil to the land surface. Testing conditions have been

described in detail by Ojovan et al. [6]. The conditions

may be considered as water saturated with an average

pH of 7.6 and mineralisation of 600mgL�1. The amount

of radionuclides leached from the glass was quantified

by measuring the volume and radioactivity of the col-

lected water. Water sampling was performed periodi-

cally, usually twice a month (except in winter). The

volume of water vj (L) was recorded at each sampling

time. Water aliquots were retained for analysis. Stand-

ard radiometrical, radiochemical, and chemical analyti-

cal techniques were applied including measurement of

specific radioactivity of water samples aij (BqL
�1) [6].

Overall measurement errors were not higher than 10%.

The volume of groundwater, V(t), collected over time

t, was calculated as a sum of the volume of the individ-

ual batches (vj) collected i.e.

V ðtÞ ¼
X
j

vj: ð1Þ

Fig. 2 shows time dependence of the volume (left) and

specific radioactivity (right) of the groundwater that

had contacted the waste glass. The total amount of

groundwater collected that had been in contact K-26

glass during the first 16years of testing was

V(16years) = 1097.7L.

The amount of radionuclide i leached out from the

waste glass Ai(t) (Bq) was calculated using

AiðtÞ ¼
X
j

aijvj: ð2Þ

The normalised mass loss of radionuclide, i, NMi (g/

cm2) was obtained using

NMi ¼
AiðtÞ
qiS

; ð3Þ
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Fig. 2. Volume of groundwater contacted radioactive glass K-26 (left) and its specific radioactivity (right) as functions of time.
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where S = 2052cm2 is the surface area of the glass in

contact with groundwater and qi = 3.73 · 103Bqg�1 is

the specific 137Cs content in K-26 glass. The leached

fraction of the radionuclide i, /i, from K-26 glass was

calculated using

/i ¼
AiðtÞ
Aið0Þ

; ð4Þ

where Ai(0) = 7.09 · 108Bq was the initial level of radio-

activity due to radionuclide i in K-26 glass. Fig. 3 shows

the normalised mass loss and leached fraction of 137Cs

with time.

The average normalised leaching rate of radionuclide

i, NRi, was calculated using

NRi ¼
NMi

t
; ð5Þ

where t is the duration of test in days. Fig. 4 (left) shows

the normalised leaching rate as a function of time. It can

be seen from Fig. 4 (left) that, although the rates fluctu-

ate, overall the leaching rate of 137Cs progressively
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Fig. 3. Normalised mass losses (left) and leached
diminishes with time resulting in a rate almost an order

of magnitude smaller for the 16th year of testing as com-

pared to the leaching rate during the first year of testing.

This is an intrinsic characteristic of a diffusion-control-

led process rather than glass-matrix dissolution via

hydrolysis, which would show a constant leaching rate.

Generally, a square root or a linear time dependence

of the leached mass separates ion exchange and hydrol-

ysis mechanisms of glass corrosion [8,9,16–19]. Fig. 4

(right) shows the time dependence of the normalised

mass losses of 137Cs divided by square root of time

ðNMi=
ffiffi
t

p
Þ. As seen this ratio remains almost constant

during tests, which demonstrates that the radionuclides

are released from K-26 glass via a diffusion-controlled

process. This is consistent with indications of [20] on

the major role of ion-exchange in leaching of low-level

vitrified wastes. The effects of waste glass leaching on

groundwater chemistry are summarised in Table 1.

Over time themineralisation of the water that has been

in contact with the glass has altered from ðHCO�
3 –Ca
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Fig. 4. Average normalised leaching rates (left) and normalised mass loses divided by square root of time (right) for K-26 glass.

Table 1

Composition of groundwater in contact with the waste glass (concentrations in mgL�1)

Ions 1st year 8th year 12th year Background

pH 7.5 7.8 7.9 7.6–7.7

Na+ 34.64 54.55 63.40 13.11

K+ 3.70 3.82 3.72 1.26

Ca2+ 78.93 54.26 46.30 48.74

Mg2+ 32.30 30.26 27.75 20.91

Fe 9.33 2.64 2.02 1.16

Cl� 33.11 26.49 24.08 13.17

NO�
3 2.22 4.18 4.23 2.30

HCO�
3 435 390 373 258.03

SO2�
4 13.93 12.45 10.62 4.73

B Not measured 24.75 27.72 Not measured

Mineralisation 710 830 810 600
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numerically higher than background by a factor of about

1.35. Progressive decreases in concentration with time

were observed for Ca2+, Mg2+, Fe, Cl�, HCO�
3 , SO

2�
4

and mineralisation. For boron, Na+ and NO�
3 , the oppo-

site concentration trends were observed throughout the

experiment as well as a small but progressive pH change

from 7.5 to 7.9.
3. Mechanisms of cation release

Corrosion of alkali–silicate glasses in aqueous solu-

tions has been described by many authors [6–14,16–

32]. The corrosion of glasses in aqueous solutions is

governed by two mechanisms: diffusion-controlled ion

exchange and dissolution of the glass network. The re-

lease of cations into the water via ion exchange mecha-

nism from glasses was quantified by Doremus [18,31]

whereas the release of alkali via hydrolysis was described

by the model of Agaard and Helgeson [32]. Ion exchange

is characteristic of the initial phase of corrosion and in-

volves replacement of alkali ions in the glass by a hydro-
nium (H3O
+) ion from the solution. It causes an ion-

selective depletion of near surface layers of glasses and

gives an inverse square root dependence of corrosion

rate with exposure time. Glass network dissolution is

characteristic of the later phases of corrosion and causes

a congruent release of ions into the water solution at a

time-independent rate. In closed systems the consump-

tion of protons from the aqueous phase increases the

pH and causes a fast transition to hydrolysis. However

further silica saturation of solution impedes hydrolysis

and causes the glass to return to an ion-exchange, e.g.

diffusion-controlled regime of corrosion. Saturation-re-

lated effects however are not considered in this paper.

A mathematical description of alkali release into

water is inevitably based on a number of simplifying

assumptions [8,9]. Consider an alkali–silicate glass under

aqueous attack (Fig. 5). The glass is characterised by the

interface surface area S (cm2) and the concentration of

species Ci (g/cm
3), which is initially constant within the

glass. The concentration of a species can be expressed

using its weight fraction content in glass fi as Ci = qfi,
where q is the density of glass. The water solution is



Fig. 5. Schematic of a glass in contact with water.
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characterised by the volume V (cm3) and concentration

of species Cisol � Ci. Moreover for dilute solutions such

as those found in near-surface disposal facilities Cisol

may be assumed to be close to zero.

The concentration and flux of species, i, are denoted

as Cið~r; tÞ and~J ið~r; tÞ respectively, where~r is the position
vector and t is time. Continuity requires that

oCi

ot
þ~r �~J i ¼ 0: ð6Þ

The total amount of released species into the water at

any time t is determined by the flux of species through

the surface of glass ~J ið~r; tÞ at the glass–water interface

x = 0 and is given by the integral:

MiðtÞ ¼ S
Z t

0

~J ijsurface~ndt; ð7Þ

where ~J ijsurface is the value of ~J i at the glass surface at a

given moment in time,~n is the normal vector to the glass

surface, t is the time of leaching. As a rule the release of

elements from glasses are expressed in term of normal-

ised leached masses NMi (gcm
�2):

NMi ¼
MiðtÞ
Sf i

; ð8Þ

Eqs. (6)–(8) are exact and together with relevant initial

and boundary conditions determine the evolution of

species in the glass and in the water at any time. In prac-

tice use of these equations requires many simplifications

such as assumptions about initial distribution of species

and specification of the flux of species. In other words

assumptions have to be made about the mechanisms in-

volved in the release of species from glasses under water

attack and about the evolution of species in water such

as saturation effects and precipitation reactions.

Two processes control the release of species from sil-

icate glasses–ion exchange and hydrolysis [8,9,16–19].
The ion exchange reaction of glass with water can be

written as:

ð� Si–O–CationÞglass þH2O

$ ð� Si–O–HÞglass þ Cation–OH ð9Þ

It results in an interdiffusion flux of cations replaced by

the H+ (or hydronium) ion [9]:

~Jdið~r; tÞ ¼ �DiH
~rCi; ð10Þ

where the interdiffusion coefficient DiH in an ideal case is

given by the Nernst–Planck equation [33]:

DiH ¼ DiDH

DiNi þ DHNH

; ð11Þ

Di and DH are the diffusion coefficients of the cations in

the glass and replacement hydrogen containing ion

(whether H+ or H3O
+), Ni and NH are molar fractions

of the cations and hydrogen containing ion respectively,

i.e. Ni + NH = 1. The interdiffusion coefficient depends

on concentrations of both diffusing ions and hence on

position. The interdiffusion coefficient is related to the

glass composition. It is not a priori clear which of Di

or DH should be the larger diffusion coefficient in Eq.

(11), i.e. what is the limiting rate ion in the interdiffu-

sion, however many experiments indicate that DH � Di.

For example, the analysis of concentration profiles

of alkali in the glass NaCa-1825 after initial leaching

90 �C resulted in DH = 1.92 · 10�15 cm2s�1 and DNa =

1.92 · 10�12 cm2s�1, and for the glass Na-25 DH =

1.48 · 10�12 cm2s�1 and DNa = 1.48 · 10�10 cm2s�1

[8,9,34,35]. If NHDH � NiDi the interdiffusion coeffi-

cient is approximately given by

DiH � DH

Ni
: ð12Þ

Diffusion transport in glasses is mediated by intrinsic

defects [36,37]. It has been shown that migration of pro-

tons in silicate glass is possible only in the presence of

non-bridging oxygen atoms (NBO) [38]. Similar results

for alkali ions (Na) were obtained by molecular dynamic

simulations which demonstrated that the association

with NBO confines the Na ions to local motions whereas

the absence of a coordinating NBO enables the Na ion

to more readily explore its environment and to undergo

long range migration in search for an NBO [39]. The

generic expression for the cation diffusion coefficient

consistent with these observations is given by [37]

D�
i ¼ D�

i0
exp �

E�
di

RT

� �
; ð13Þ

where D�
i0
¼ ðf k2zmip0=6pÞ exp½ðSmi þ SfNBO

Þ=RT �, mi is the
jump attempt frequency of cation, f is the correlation

factor, k is the nearest neighbour jump distance, z is

the number of nearest neighbours, p0 is a configuration

factor proportional to total number of sites available

to form a defect, e.g. NBO, Smi and SfNBO
are the entropy
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of motion of cation i and the entropy of formation of an

NBO respectively andR is the universal gas constant.

The activation energy for diffusion of cation i is [37]

E�
di
¼ Hmi þ HfNBO

; ð14Þ

where Hmi is the enthalpy of motion of cation i, HfNBO
is

the enthalpy of formation of an NBO. The activation

energy E�
di
can be calculated using the structural energy

barrier model [20,36,37].

Eq. (12) demonstrates that even in case of

NHDH � NiDi the interdiffusion coefficient depends on

coordinate requiring for calculations a further simplifi-

cation such as assuming (1/Ni) = 1/hNii, where h� � �i
designates the average molar fraction so that

hNii + hNHi = 1. Note that because the interdiffusion

coefficient depends on the local alkali concentration it

will generally depend on the pH of water solution. The

most common approximation is to neglect the coordi-

nate dependence of the interdiffusion coefficient, e.g. to

assume [9]: DiH � consti. There is much discussion as

to whether water diffuses as ions of H+, OH�, H3O
+

or as neutral H2O [22,40–42]. The isotopic effect in ion

exchange shows that these are ions H+ [20], however

other results show that oxygen plays an important part

in the transport of protons [43,44]. In addition a good

description of diffusion profiles of alumina-containing

glasses is given by neutral water diffusion [41]. Our ap-

proach is to write the interdiffusion flux in 1 dimension

at the glass-water boundary (taken as being at x = 0)

in a form consistent with experimental facts

~Jdiðx ¼ 0; tÞ ¼ qfi
Di

pt

� �1=2

~n; ð15Þ

where Di is an effective diffusion coefficient. Di is an

intrinsic characteristic of glass depending on its compo-

sition which can be determined via leaching experiments

accordingly with IAEA test protocol ISO-6961-1982

[45]. Based on Eqs. (12) and (13) it can be written

Di ¼ D0i exp � Edi

RT

� �
; ð16Þ

where the pre-exponential term, D0i , and activation en-

ergy Edi are given by equations

D0i ¼
D�

0H

Nið0Þ
¼ f k2zmHp0

6pNið0Þ
exp

SmH
þ SfNBO

RT

� �
; ð17Þ

Edi ¼ HmH
þ HfNBO

; ð18Þ

where Ni(0) = Ni(x = 0) is the molar fraction of ith ion in

the glass at the glass surface x = 0 given that

Ni + NH = 1. Note that the activation energy of interdif-

fusion, Edi , is different from the activation energy of dif-

fusion, E�
di

[16,17]. Moreover the activation energy of

interdiffusion has the same value for all cations because

proton ingress into the glass is the rate limiting step i.e.

DH � Di, which is consistent with experimental data.
For example British magnox-waste glass has the same

interdiffusion activation energy for Li, which is a glass

modifier, and for B, which is a glass former,

EdLi ¼ EdB ¼ 36kJmol�1 [46]. Obviously cations that

do not meet the condition NHDH � NiDi provide an

exception to this observation. Such cations will have

effective diffusion coefficients given by Eq. (11) and thus

will have different activation energies. The pre-exponen-

tial coefficients D0i depend on Ni, which are different for

different cations. Moreover D0i values generally depend

on the composition and pH of the water solution because

the near surface molar fractions of species in the glass

Ni(0) = 1 � NH(0) can be related to those in the aqueous

media [25,26]. A simple assessment of this dependence

can be made accounting for secondary ion mass spectro-

metry depth profiles of corroded silicate glasses, which

showed that at the water-glass interface (x = 0) the con-

centration of protons significantly exceeds that of cations

such as Na, K [30,47], e.g. we can assume in the glass near

surface Ci(0) � CH(0). Thus the molar fraction of cation

i in the glass at the glass surface Ni(0) � Ci(0)/CH(0).

Concentration of protons at the glass surface is propor-

tional to concentration of protons (hydronium) in the

water CHð0Þ ¼ jCHsol
, where j is a numeric constant.

From the definition of pH CHsol
¼ 1 ðmol=LÞ � 10�pH,

and thus the pH dependence of the rate of ion exchange,

rxi ¼ j~Jdiðx ¼ 0; tÞj is given byrxi ¼ qfi10
�mpHðjD�

0H
=

Cið0ÞptÞ1=2 expð�Edi=2RT Þ, where Ci(0) is measured in

mol/L and m = 0.5. This is simply the pH dependence

of leaching rates of silicate glasses in acidic solutions;

experimental measurements indicate that 0.48 6 m 6

0.69 [48]. This demonstrates that the initial leaching of

glass is correctly described by Doremus� theory of ion ex-

change resulting in a pH-dependent and ion-selective rate

which conforms to experimental data.

Dissolution of glass network occurs in parallel to

ionic interdiffusion and is caused by the hydrolysis of

glass network via

� Si–O–Si � þH2O $ 2ð� SiOHÞ ð19Þ

It results in complete dissolution of glass network and

congruent release of all glass constituents into the water,

the hydrolytic flux of species being given by

~Jhið~r; tÞ ¼ qfirh~n; ð20Þ

where rh is the stationary hydrolysis (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 thick-

ness because of de-hydroxylation reactions and silicic

acid re-precipitation as hydrated silica gel (H2SiO3n-

H2O) [9]. The rate of hydrolysis is determined by the

transition state theory of silicate minerals dissolution

of Agaard and Helgeson [32] and can be expressed as

[7,13,32]
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rh ¼ ka�g
Hþ 1� Q

K

� �r� �
exp � Ea

RT

� �

¼ roc exp � Ea

RT

� �
; ð21Þ

where k is the intrinsic rate constant, aHþ is the hydrogen

ion activity, g is the pH power law coefficient, Ea is the

activation energy, Q is 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. Grambow

suggested that only silicon had to be accounted for in the

affinity term of Eq. (21) thereby significantly reducing

the number of elements that have to be taken into ac-

count [49]. The activation energy of network glass disso-

lution can be calculated using the Jantsen–Plodinec

thermodynamic model [50]. For example for K-26 glass

Ea = 68kJmol�1 [13].

A widely accepted approximation of non-equilibrium

thermodynamics, which is assumed to be valid for sys-

tems which are not far from equilibrium, states that

the material fluxes are linearly related to the applied

forces [51]. Therefore the total flux of species i from

the glass to water can be written as [9]

~J ið~r; tÞ ¼~Jdið~r; tÞ þ~Jhið~r; tÞ; ð22Þ

where ~Jdi is the flux of cation i due to ion exchange and
~Jhi is the flux of cation i due to hydrolysis. The rate of

release of ions into the water ri ¼ j~J iðx ¼ 0; tÞj is there-
fore given by

ri ¼ rxi þ rhi ; ð23Þ

where rxi ¼ qfiðD0i=ptÞ
1=2

expð�Edi=2RT Þ and rhi ¼
qfika

�g
Hþ ½1� ðQ=KÞr� expð�Ea=RT Þ. This is the well

known expression used in performance assessment cal-

culations and computer modelling of glass dissolution

[7,13]. The pH dependence of rxi suggests that an in-

crease of water-solution pH is beneficial for nuclear

waste glasses as it results in a reduction of radionuclide

release by ion exchange. Unfortunately the second

mechanism of glass corrosion – hydrolysis – has the

opposite behaviour with pH such that the higher pH

the higher hydrolysis rate. The resulting behaviour of sil-

icate glasses with pH has a U-type form with minimal

overall release rates in near-neutral water solutions.

Note that in saturated conditions when Q ! K the affin-

ity term vanishes resulting in rhi ! 0. In this case ri ! rxi
i.e. the corrosion of glass becomes solely governed by

ion exchange [20,23]. This shows that ion-exchange is

not a tertiary process even in conditions of high pH solu-

tions. In non-saturated conditions such as those consid-
ered herein the rate of ion exchange diminishes with

time. Often conclusions are brought that the ion

exchange is a transition effect which in a long term per-

spective has a minor impact on glass corrosion and re-

lease of radionuclides from nuclear waste glasses [52].

However this conclusion remains valid only for high

pH non-saturated water solutions at relative high tem-

peratures [52]. In aqueous solutions close to neutral

and at relatively low temperatures ion exchange may

persist for many tens and even hundreds years and in

practice may control the release of short lived radio-

nuclides from vitrified radioactive wastes [2,14,53].

For nuclear waste glasses Eq. (23) is incomplete be-

cause it does not contain surface-related transition ef-

fects; Eq. (23) is based on supposition that the species

are initially distributed at the same concentration Ci eve-

rywhere within the glass. Generally this is an unaccept-

able approximation for nuclear waste glasses because

they always are surface contaminated. Decontamina-

tion, which is a removal of surface-bonded radio-

nuclides, is a routine operation in nuclear waste

vitrification plants [54], it however never involves the

removal of surface contamination from any piece of

glass in a canister. Moreover the near surface layers of

any solid including glass are different from the bulk

[55] hence generally the concentration of species in the

near surface layers is not equal exactly to the average

concentration, Ci. The differences in the structure and

composition spread for crystalline materials for several

atomic layers [55]. For glasses these differences depend

on the preparation method and can extend to a depth

of about 100nm [56,57], Si for example has a lower con-

centration in near surface layers [28,57] whereas Mo has

a much higher surface concentration [58] than in the

bulk. These differences lead to a short-term fast leaching

of species from glasses, which precedes the diffusion-

controlled ion-exchange stage with square-root time

dependence [57]. This is termed instantaneous surface

dissolution and is accounted by an exponential term in

the dissolution rate [59–61]:

rsi ¼ nsi ki expð�kitÞ; ð24Þ

where ki is the rate of instantaneous dissolution of

species i in water (day�1), and nsi is the surface concen-

tration of radionuclides (gcm�2). The instantaneous

dissolution is incongruent, because the surface contami-

nation has a composition different from glass. In most

cases surface contamination is due to volatile radionuc-

lides such as Cs and Ru, but in practice may involve a

variety of radionuclides present in waste streams. Eq.

(24) should be added to Eq. (23) to describe fully the

corrosion of actual nuclear waste glasses [6]. Table 2

summarises three most important mechanisms of glass

corrosion in non-saturated aqueous solutions.

Finally for nuclear waste glasses it is necessary to

take into account radioactive decay, which causes an
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exponential decrease of radioactive cation concentra-

tions and hence diminishes both ion exchange and

hydrolytic release of the radioactive cations [61]. Nor-

malised mass releases of radioactive species such as
137Cs are given by [61,62]

NMi ¼ NMsi þ q

ffiffiffiffiffi
Di

ki

r
erfð

ffiffiffiffiffi
kit

p
Þ þ rhq

ki
½1� expð�kitÞ�;

ð25Þ

where NMsi is a constant accounting for instantaneous

surface dissolution, ki is the decay constant, and erf(z)

is the error function

erfðzÞ ¼ 2ffiffiffi
p

p
Z z

0

expð�x2Þdx: ð26Þ

For stable species ki = 0; hence considering short times

t < Di=r2h and taking the limit ki ! 0 we can reduce

Eq. (25) to the well known Rana–Douglas equation

for initial glass corrosion NMi ¼ aþ k
ffiffi
t

p
[16], where

a ¼ NMsi (instantaneous surface dissolution) and

k ¼ 2q
ffiffiffiffiffiffiffiffiffiffi
Di=p

p
accounts for ion exchange. In the opposite

case of t 	 Di=r2h Eq. (25) can be reduced to

NMi = b + ct which is the Rana–Douglas equation of

long-term glass corrosion [16], where the constant c ac-

counts for the glass network hydrolysis c = qrh. Hence

from short time experiments the effective diffusion coef-

ficient (Di) can be obtained while from prolonged tests

the rate of hydrolysis (rh) can be found. Average normal-

ised leaching rates can be found from (25) following (5)

as NRi = NMi/t. The fraction of released radionuclides fi
from the glass can be found accordingly to (4) as:

/i ¼
Sf iNMi

fiqV

¼ S
qV

NMsi þ
S
V

ffiffiffiffiffi
Di

ki

r
erfð

ffiffiffiffiffi
kit

p
Þ þ S

V
rh
ki
½1� expð�kitÞ�:

ð27Þ
Fig. 6. Best fit to experimental data of the theoretical expressions for

radionuclides (27) for K-26 glass.
For radioactive samples either Eq. (25) or (27) can be fit-

ted experimental data to identify both effective diffusion

coefficient (Di) and rate of hydrolysis (rh). Optimal

values of Di and rh can then be used to assess expected

radionuclide releases into environment during the insti-

tutional control time which is t = 300years for K-26

glass [53].
4. Parameters of K-26 glass

Fig. 6 shows the best fit to experimental data to the

normalised leaching rates given by Eq. (25) and to the

fraction of released radionuclides given by Eq. (27).

The best fit is achieved for an effective diffusion coef-

ficient DCs = 4.5 · 1012cm2day�1 (5 · 10�21m2s�1), and

the rate of glass hydrolysis rh = 0.1lmyears�1. These

data are consistent with the results of Aertensen et al.

[63] who reported effective diffusion coefficients from

1.3 · 10�23 to 2.8 · 10�21m2s�1 for the nuclear waste

glasses SM539 and SON68, as well as those of Ivanov

et al. [64], who reported diffusion coefficients of boron,

sodium and lithium from 10�22 to 10�20m2s�1 for boro-

silicate glasses designed to immobilise incineration

wastes. Dissolution rates less than 0.3lmyears�1 were

reported for nuclear waste glasses in Boom clay at

16 �C ambient rock temperature [67].

Eq. (27) enables an assessment of the total possible

release of radionuclides into the environment assuming

preservation of current conditions. Fig. 7 (left) shows

the calculated and measured fractions of released radio-

nuclides from the glass K-26. Fig. 7 (right) shows an

assessment of contributions to radionuclide releases

from the two basic mechanisms of glass corrosion–ion

exchange and hydrolysis.

Data obtained conform to STORM computer-

code results on Na releases from this glass, which
average normalised leaching rate (25) and fraction of released



Fig. 7. Measured (circles) and calculated (line) fraction of radionuclides released from K-26 glass (left) and the relative contributions

to these releases from ion exchange and hydrolysis during the institutional control time (right).
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demonstrated a 60% ion exchange contribution to the

total mass release [13].
5. Discussion

Since the pioneering works of Douglas and co-work-

ers [16,17] it has been known that at sufficiently short

times and at sufficiently low temperatures the extraction

of alkali from silicate glasses varies as square root of

time whereas at sufficiently high temperatures and at

sufficiently long times the amount of both alkali and sil-

ica extracted vary linearly with time. In other words ion

exchange (referred to as the first mechanism by Douglas

and co-workers) [16,17] dominates in the initial stage of

leaching. However with time the rate of ion exchange

diminishes, whereas the rate of hydrolysis (referred to

as the second mechanism by Douglas and co-workers

[16,17]) remains constant with time. Hence hydrolysis

will eventually dominate, except under special condi-

tions such as saturated solutions when the rate of

hydrolysis becomes close to zero. The lower the temper-

ature the longer the time before hydrolysis becomes

dominant because hydrolysis usually has a higher activa-

tion energy compared to ion exchange i.e. Ea > Edi . To

estimate the transition time from one mechanism to an-

other we need to compare contributions to the total lea-

ched mass from the different mechanisms. This time can

be defined as the characteristic time after which the

alteration front is formed, i.e. we divide the effective dif-

fusion coefficient Di by the square of the rate of hydro-

lysis rh [52]. Using Eqs. (16) and (21) this definition of

transition time can be rewritten as [2,14,52,53]

siðT Þ ¼
Di

r2h
¼ D0i

r2oc
exp

2Ea � Edi

RT

� �
; ð28Þ

where roc ¼ ka�g
Hþð1� ðQ=KÞrÞ.
The evolution of corrosion with time in non-satu-

rated conditions can therefore be described as follows:

corrosion begins with dissolution of surface contamina-

tion and other near-surface layers, which precedes stea-

dy state ion exchange stage. This is a short-term

transition effect taken into account by the constant

NMsi . Comparing the contributions to mass releases

from ion exchange and hydrolysis at different exposure

time of an aqueous attack in non-saturated conditions

we can identify three main stages apart from instantane-

ous surface dissolution. The first stage is the diffusion-

controlled leaching, which occurs at sufficiently short

times t 6 s. At this stage the contribution of hydrolysis

is less than 1/3 of the total released mass, hence it can

be identified as ion exchange stage or Doremus� stage,
as the quantification is done accordingly with Doremus�
theory. This stage is characterised by an incongruent re-

lease of cations from glasses although activation ener-

gies can be the same (see Eq. (18)). Note that in

saturated conditions and at very low temperatures the

Doremus� stage extends to extremely long times si ! 1
which reflects the negligible role of hydrolysis under

such conditions. During the second, intermediate, stage

the contributions to the released mass inventory from

both ion-exchange and hydrolysis are of the same order

of magnitude; this stage can be judged to occur in the

time interval s 6 t 6 16s. In the third stage, which oc-

curs for tP 16s, glass dissolution occurs practically en-

tirely through hydrolysis and there is an insignificant

contribution of ion exchange into the mass release, i.e.

less than 1/3 of the total mass. This stage is characterised

by congruent release of cations from glasses. Table 3

summarises the characteristics of three main stages of

glass corrosion.

The K-26 glass has in the near surface repository

conditions DCs = 4.5 · 10�12 cm2day�1 and rh =

0.1lmyear�1. Substituting these values into Eq. (28)



Table 3

Glass corrosion stages in non-saturated conditions

Exposure time t < s s < t < 16s t > 16s

Mechanism of corrosion Diffusion-controlled ion

exchange

Mixed Network hydrolysis

Instantaneous

normalised mass loss rates oNMi
ot

q
ffiffiffiffi
Di
pt

q
q

ffiffiffiffi
Di
pt

q
þ rq rq

Selectivity of leaching Ion-selective, incongruent Less ion-selective,

more congruent

Congruent

Table 2

Characteristics of corrosion mechanisms

Mechanism, rate behaviour Instantaneous surface dissolution Ion exchange Hydrolysis

Timea Short-term effect Diminishes Independent*

/exp(�kt) /t�1/2

Temperature Arrhenian Arrhenian, Arrhenian,

Universal activation energy One high activation

energy

pH Dependent Decreasing Increasing

/10�0.5pH /100.5pH

Solution saturation effectsb Unlikely Unlikely Impeded

/(1 � CSi/CSi saturation)

Selectivity Selective Selective Congruent

a Time behaviour may be affected by saturation effects.
b Changes in solution chemistry may affect solution pH.
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gives s = 16.4years. Hence for the testing conducted to

date (16years) the corrosion of this glass has been prima-

rily due to diffusion-controlled ion exchange. This would

explain why the rate of glass hydrolysis could not be

identified in a previous publication based on the data

obtained after only 12years of experiments [62]. The sim-

ilarity of the predicted transition time to the current test

length means that the accuracy of the current prediction

has to be treated with caution; confidence in this meas-

urement will increase as the test duration increases still

further. However using the values obtained from the cur-

rent data indicates that from 16 to 262years K-26 glass

will corrode via a mixed mechanism, and only after

262years will the corrosion of K-26 glass be controlled

by hydrolysis. This will however happen after the decay

of radioactive 137Cs to concentrations below clearance

levels in Russian Federation, i.e. by this stage K-26 glass

will no longer be considered as radioactive waste [14,53].

Thus ion exchange in fact fully controls the release of

radionuclides, which is consistent with the results of

McGrail et al. [20]. Note that self-irradiation of glass will

not change the role of ion exchange as it simply leads to a

higher ion exchange rate [65].

Cation interdiffusion is often considered as a short

duration tertiary process in the general process of glass

corrosion [52,66]. However since the first experimental
studies it has been clear that the time of change from

the first (diffusion-controlled) mechanism to the second

(hydrolysis) depends upon the temperature and compo-

sition of glass [16,17]. Experimental studies show that

this time can really be very long in the case of durable

nuclear waste glasses at low and moderate temperatures

and in close to neutral conditions. Moreover the longer

the transition time s the more durable is the glass.

For example British magnox-waste glass demonstrated

incongruent leaching over a period of 28days at 90 �C
indicating that interdiffusion was not a short term proc-

ess even at a such high temperature [46]. This incongru-

ent dissolution was maximal in the near neutral pH

range and increased with decreasing temperature [46].

The values of the effective diffusion coefficients were

estimated for French R7T7 glass at 100 �C as below

10�18m2s�1 [52]. Typical R7T7 glass dissolution

rates were determined experimentally as from 10 to

90lmyears�1 at temperatures within the range 80–

85 �C [67]. This gives s = 1d at rate rh = 100 lmyears�1

and s = 0.315years at rate rh = 10lmyears�1. Hydroly-

sis dominated dissolution occurs for t > 16s and thus

will only occur after somewhere between half of month

and 5years. However, as noted in [63], this is true only

for elevated leaching temperatures. Under low (e.g.

ambient) temperatures steady-state dissolution is not



Fig. 8. pH dependence of caesium normalised leaching rate and

the contributions to this rate from ion exchange and hydrolysis

for the 16-years old glass K-26.
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achieved quickly and persistent selective dissolution will

continue for quite extended periods. Analysis of cor-

roded glass profiles demonstrated that in Boom clay

the corrosion of nuclear waste glasses is a diffusion con-

trolled process [63]. Similar results have been obtained

for French glasses SON68 in silica saturated conditions

[68], moreover it has been shown that in such conditions

the interdiffusion persists indefinitely and determines the

actual rates of radionuclide releases [20]. Table 4 gives

some values of the characteristic time s for a number

of glasses in non-saturated conditions.

The longest transition time is for the glass K-26

which is explained by the lowest temperature. Eq. (27)

gives transition times at different temperatures assuming

similar water solution compositions. For example Brit-

ish magnox-waste glass would show at 4.5 �C a transi-

tion time of more than 14.5years in the same water

solution as in the experiments described by Abratis

et al. [46], which were carried out at 90 �C.
Table 1 indicates that leaching of species from glass

has slightly changed the chemical composition and pH

of the groundwater in contact with the glass. As the

change in groundwater chemistry is ion-selective, this

indicates an important contribution to mass release aris-

ing from the ion exchange. It has recently been shown

that the ion exchange reactions in glasses are affected

by irradiation resulting in a higher release rate of cations

at low temperatures [65]. Analysis of the changes in the

groundwater chemistry (Table 1) may suggest a poten-

tial impact arising from self irradiation of K-26 glass

to the release rates of Na+, however this effect needs fur-

ther detailed consideration. Borosilicate glasses are

extremely durable in near-neutral water solutions so

the detected pH change has no significant impact on

glass corrosion. It is considered that below a pH 
 9

ion exchange dominates glass corrosion whereas hydrol-

ysis reactions are significant extent when pH exceeds 9

[23]. Fig. 8 shows caesium normalised leaching rates cal-

culated using Eq. (23) as a function of contacted water

pH. The power law coefficient in Eq. (20) was taken as

0.5 [48]. Note that the instantaneous corrosion rates

ri/fi = oNMi/ot are different from the average normalised

leaching rates determined by Eq. (5).

As seen the pH dependence has a typical U-form

curve [46,48,70] with minimal changes in the near-neu-

tral water solutions. This result conforms to Ebert�s con-
Table 4

Transition times for the onset of the intermediate stage of glass disso

Glass Temperature (�C)

British magnox-waste 90

18.5Na2O7.4Al2O375SiO2 (mol%) 80

15Na2O10CaO75SiO2 (mol%) 60

SRL131A, SRL202A 25

K-26 4.5
clusions about the impact of ion exchange and

hydrolysis reactions on the pH scale [23]. In acidic media

below pH = 6 the water concentration of protons (or

hydronium ions) is high resulting in a high rate of ion

exchange. The role of glass network dissolution in this

area is insignificant and cation leaching is ion-selective

with different leaching curves for different cations.

Above pH = 9 the role of ion exchange becomes insigni-

ficant due to the high water concentration of hydroxyl

ions and thus the glass network commences to dissolve

rapidly via reaction (19). In such basic media the release

of cations becomes congruent as destruction of glass net-

work results in practically complete dissolution of all

glass constituents. Note that the hydrolysis reaction

(19) becomes impeded if solutions become silica-satu-

rated [20,23]. As seen from Fig. 7 the total mass release

from glass follows simple power laws only below pH = 6

and after pH = 9. In the interval 6 < pH < 9 the depend-

ence is a more complex function with a changing slope

when pH changes and with minimal corrosion rates

achieved not exactly at pH = 7. Because of the time

dependence of ion-exchange rates corroded glasses the

minimal rates drift with time to lower values of pH.

Therefore attempts to model the pH dependences by

simple power laws separated at pH = 7 will inevitably re-

sult in smaller values of exponent terms m and g. For
example the exponent terms for UK magnox waste glass
lution under non-saturated aqueous solutions

s Reference

>28days [46]

>300h [69]

>4000min [16]

>240days [23]

16.4years This work
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based on data from the pH ranges 2 < pH < 7 and

7 < pH < 10 were m = 0.39 for boron, m = 0.43 for sili-

con, and g = 0.43 [46]; these are somewhat smaller than

those obtained by Knauss et al. [48] and the theoretical

value of m = 0.5.
6. Conclusions

In contrast to silica-saturated conditions when corro-

sion of silicate glasses is fully controlled by an ion-

exchange mechanism, in non-saturated conditions

corrosion occurs in three consecutive steady stages start-

ing with a short-term instantaneous surface dissolution

of contaminants, continuing with diffusion controlled

ion exchange, followed by a mixed mechanism, which in-

volves both ion exchange and glass network hydrolysis,

and ending with a fully hydrolytically-controlled stage.

Nuclear waste glasses are durable materials with mini-

mal network hydrolysis rates in near-neutral aqueous

solutions. Both ion exchange and hydrolysis are ther-

mally-activated processes with Arrhenius-type tempera-

ture dependences, however the activation energies of

hydrolysis are significantly higher than those of ion ex-

change. As a result transition times from one stage to

another in the corrosion of glasses at low temperatures

can be extremely long. Envisaged temperatures of nucle-

ar waste repositories are relative low indicating that nu-

clear waste glasses may corrode in actual conditions

under various mechanisms. The analysis of radionuclide

release from K-26 glass under near surface burial over

16years indicates that the effective diffusion coefficient

DCs = 4.5 · 10�2cm2day�1 (5 · 10�21m2s�1) and the

rate of glass hydrolysis rh = 0.1lmyears�1. This suggests

that glass corrosion for this glass is dominated by diffu-

sion-controlled ion exchange for 16.4years and that

262years are required for this glass before hydrolysis

dominates in a wet near-surface repository at 4.5�C
storage temperature. Further long term testing is re-

quired to increase confidence in the s value of 16.4years
which is very close to the current test duration.
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