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Preface 

In the framework of its Waste Management Programme the Paul Scherrer Institute is 
performing work to increase the undentanding of repository near field behaviour. These 
investigations are performed in close cooperation with, and with the financial support 
of NAGRA. The present report is therefore issued simultaneously as a PSI report and 
as a NAGRA NTB. 
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Abstract 

A model describing the corrosion kinetics of silicate glasses has been developed by 

Grambow in recent years [1,6]. In this report, the theoretical background of the model 

is thoroughly discussed, and its practical use demonstrated. The main objectives were: 

(1) to test the validity of the basic assumptions on which the model relies, and (2), to 

assess whether it can be applied to the safety analysis of a Swiss final repository for 

high-level radioactive waste. 

Transition State Theory, a tool based on quantum mechanical principles, has been used 

by Grambow to derive a general kinetic equation for the corrosion of silicate glasses. 

This equation predicts successfully the observed dependence of the corrosion rate on the 

silicic acid concentration in solution according to a first order kinetics law. However, 

some parameters required by this equation are determined on the base of questionable 

assumptions. In particular, the simplistic surface complexation model used for the 

calculation of the free energy of the glass-water reaction yields, for the protonation 

of silicon on the glass surface, results which are not consistent with the experimental 

findings [10]. Further, although the model predicts a unique value, common to all 

silicate glasses, for the activation energy of the rate-determining elementary reaction, 

leaching experiments conducted on a wide variety of glasses suggest that this quantity 

may vary by a factor 2. 

In its present form, the model is judged to be unsuitable for the safety analysis of the 

Swiss final repository. The reasons include: (1) the model neglects the potential effects 

of diffusive transport and silica sorption in a bentonite backfill on the glass corrosion 

kinetics; (2) the release of radionuclides can be only modelled assuming congruent 

dissolution; and (3), the magnitude of the final rates of corrosion, the parameter defining 

the maximal lifetime of the glass matrix, is still not known with sufficient precision. 
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Zusammenfassung 

Ein Modell, welches das korrosionskinetische Verhalten silicatischer Gläser beschreibt, 

wurde in den letzten Jahren von Grambow entwickelt [1,6]. Im vorliegenden Bericht 

werden die theoretischen Grundlagen des Modells und dessen praktische Anwendung 

ausführlich behandelt. Als Hauptziel galt es, (1) die Gültigkeit grundlegender Annah

men, auf welche das Modell basiert, zu überprüfen und (2) zu klären, ob es für die 

Sicherheitsanalyse des Schweizerischen Endlagers für hochaktive Abfälle geeignet ist. 

Die auf quantenmechanischen Prinzipien basierende Theorie des Uebergangzustandes 

wurde von Grambow zur Ableitung einer allgemeinen kinetischen Gleichung für die 

Glaskorrosion verwendet. Diese Gleichung kann mit Erfolg die beobachtete Kinetik 

erster Ordnung und deren Abhängigkeit von der Kieselsäurekonzentration in Lösung 

voraussagen; gleichwohl werden einige wichtige Parameter, welche in die Gleichung 

einfiiessen, aufgrund fragwürdiger Annahmen bestimmt. Zum Beispiel führt eine vere

infachte Methode zur Berechnung der Konzentration von Oberflächenkomplexen - not

wendig zur Bestimmung der Freien Energie der Glas/Wasser Reaktion - zu Resultaten, 

die mit experimentellen Befunden über die Siliciumprotonierung nicht übereinstimmen 

[10]. Weiter, obwohl das Modell einen einzigen, allen silicatischen Gläsern gemein

samen Wert für die Aktivierungsenergie der geschwindigkeitsbestimmenden elementaren 

Reaktion verlangt, zeigen Glasauslaugungsexperimente an vielen Gläsern, dass dieser 

Wert um einen Faktor 2 variieren kann. 

In der vorliegenden Form wird das Modell als ungeeignet für eine Sicherheitsanalyse 

des Schweizerischen Endlagers beurteilt. Die Gründe sind: (1) das Modell vernachläs

sigt die potentielle Auswirkung des diffusiven Transports und der Siliciumsorption an 

Bentonit auf die Glasauflösungskinetik, (2) die Radionuklidfreisetzung kann nur auf

grund eines kongruenten Auflösungsmechanismus modelliert werden und (3) die Werte 

der LangzeitkoTTosionsrate, die eine maximale Lebenszeit der Glasmatrix definiert, sind 

mit ungenügender Genauigkeit bekannt. 
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Riassunto 

Recentemente, un modello cinetico che descrìve la corrosione di vetri silicatici è stato 

sviluppato da Grambow [1,6]. Nel presente referto si discutono in dettaglio le basi 

teoriche su cui il modello si fonda, e se ne mostra l'applicazione pratica. Gli obiettivi 

prefissi erano i seguenti: (1) verificare la validità delle ipotesi chiave su cui il modello si 

basa, e (2) accertarne l'applicabilità in vista di un'analisi sulla sicurezza di un deposito 

finale svizzero per scorie altamente radioattive. 

Una teorìa basata su prìncipi di meccanica quantistica (Transition State Theory) è stata 

impiegata da Grambow al fine di derivare un'equazione generale per la corrosione di 

vetri silicatici. Tale equazione profetizza con successo sia la cinetica di primo ordine 

che l'influsso della concentrazione in soluzione dell'acido silicico sulla velocità di corro

sione. Tuttavia, alcuni parametri richiesti da questa equazione sono determinati a partire 

da ipotesi discutibili. Ad esempio, il metodo impiegato per calcolare la formazione di 

complessi sulla superficie reagente del vetro (usato per determinare l'energia libera della 

reazione vetro/acqua) dà, per la protonazione del silicio, risultati in disaccordo con dati 

sperimentali [10]. Inoltre, malgrado il modello predica un valore unico, comune a tutti 

i vetri silicatici, per l'energia di attivazione della reazione elementare che determina la 

velocità di corrosione, esperimenti di liscivazione su un gran numero di vetri di varia 

composizione forniscono valori che possono variare di un fattore 2. 

Nello stato attuale, questo modello viene giudicato non ideoneo per l'analisi di sicurezza 

di un deposito finale in Svizzera, in quanto: (1) non considera gli effetti potenziali 

del trasporto per diffusione e dell'assorbimento di silice in una barriera bentonitica; (2) 

descrive il rilascio degli isotopi radioattivi unicamente come un processo di dissoluzione 

congruente; e (3), il valore del tasso finale di corrosione, parametro che definisce il tempo 

massimo di esistenza della matrice in vetro, non è conosciuto con sufficiente precisione. 
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1 Introduction 

The aim of this report is to present and critically evaluate a glass corrosion model 

developed at the Hahn Meitner Institut (HMI) in Berlin by B. Grambow and co-workers 

[1,2,3,4,5,6]. The model describes the kinetics of borosilicate glass dissolution in dilute 

aqueous media and the mass transfer between the reacting glass and the proposed solid 

alteration products. It should be applicable to silicate glasses of any composition and 

suitable for prediction of the glass long-term performance in view of its utilisation as 

an immobilisation medium for high-level radioactive waste. 

The report is divided into following sections: (1) a brief review of the theoretical 

background on which the model relies, with special consideration to the validity of 

critical assumptions; (2) a description of the PHREEQE and GLASSOL codes used for 

the quantification of the model, with a discussion of the parameters and thermodynamic 

data required to run the programs; (3) a specific example in which the computer-

simulated dissolution of the British MW-glass at 90°C in pure water is compared 

with experimental data; and (4) an evaluation of the applicability of the model to 

the prediction of the long-term glass performance and of radionuclide release in the 

context of safety analysis for the Swiss final repository. 

2 The theoretical background of the model 

2.1 Network dissolution vs. selective leaching 

A glass can be briefly defined as a supercooled, quenched, high-viscosity fluid [7]. 

A pure silica glass (Si02) is characterized structurally by a distorted network of SiO,, 

tetrahedra (each sharing the corners with other equivalent tetrahedra) lacking the sym

metrical order of crystalline phases. Since large ions with high coordination numbers 

cannot be accommodated in the Si02 network, and because of the requirement for elec

trical neutrality (for each positive charge added, \ Si4+ must be removed), the net result 

of adding cations like K-»-, Na+ or Ca++ is a partial breakdown of the Si-O-Si bonds, 

with the new cations "filling" the voids in the loosened network. The weak bonds of 

the iarge alkali and alkaline-earth ions to the tetrahedra are probably responsible for 

their initial preferential release observed in the first stages of glass dissolution (selective 

leaching) at pH<9 [7,26]. However, the results of leaching experiments carried out over 

several months indicate that selective leaching is a process of minor importance on this 

time scale, as all elements appear to be released congruently until precipitation of solid 
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phases commences. For this reason network dissolution, i.e. the chemical breakdown 

of (Si, B, A1)04 tetrahedra, is considered to be the dominant dissolution mechanism of 

the investigated borosilicate glasses and selective leaching is neglected [ I ]. 

2.2 The mechanism of glass dissolution 

The experimental data [2, 15-18] allow glass dissolution to be described by a first order 

rate equation depending on the activity of orthosilicic acid (H,Si04) in solution: 

„„ =,. (, _ m-m) (1) 

where R \t is the rate of dissolution, i.e. in [g-m~2day_1] 

k+ is the forward kinetic constant 
[//45'i04] is the activity of silicic acid in solution 

and K is a fictitious saturation activity of the glass. 

The glass corrosion rate is a function of temperature (Arrhenius law) and pH. Many 

borosilicate glasses appear to corrode more rapily in very acidic (pH<4) or very alkaline 

solutions (pH>10), while in the intermediate range the pH dependance is weak [1,7, 

27]. The enhanced corrosion in acidic solutions may be attributed to the favourable 

conditions for selective leaching (interdiffusion between H+, H30+ and alkalies), while 

the analogous effect on the alkaline side is due to the deprotonation of orthosilicic acid. 

At pH's above the pK of silicic acid (= 10 at 25°C), H ,Si04 dissociates, thus increasing 

the rate of dissolution according to equation (1). 

Apart from silicic acid, no aqueous concentration of other major elements contained in 

the glass seems to affect the rate of dissolution. Hence, the rate-determining step in the 

chain of reactions leading to the breakdown of the glass surface should involve surface 

species containing silicon. The proposed mechanism postulates a sequence of reaction 

steps as shown in Table 1 and explained below. 

The tetrahedral structural units are progressively disrupted through the stepwise hydra

tion of the = Si-O-Si = bridges (each one representing a shared corner of a tetrahedron). 

Three such bridges have to be broken before -Si = (OH)3- H20, the so called activated 

complex (see Appendix C and section 2.3), is formed. In the model, all hydration 

steps up to the formation of the activated complex are thought to be reversible reac

tions in mutual equilibrium, and to be much faster than the irreversible desorption of 

the activated complex, which is thus the rate-determining step of the overall reaction. 
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The assumption of irreversibility for the latter elementary reaction [1,6] is not compre

hensible to the author of this paper, as it seems to be inconsistent with the observed 

dependence of the net rate of the overall reaction on the silicic acid activity in the bulk 

solution. Indeed, since, according to reaction c) in Table 1, the net overall rate can be 

expressed by: 

Rntt = k+ {Si = (OH)3 • H20) - k-[H4Si04] 

the assumption of irreversibility for this step is equivalent to assume a zero rate constant 

for the reverse reaction (it~ = 0), in which case the dependence on the silicic acid 

concentration is lost. 

Table 1: Sequence of elementary reaction steps leading to the dissolution of a silicate 
glass (see text for explanation). 

a) hydrolytic breakdown of Si-O-Si bonds: 

= Si-O-Si = + H20 <=> = Si-OH 

b) formation of activated surface complex: 

=Si-0-Si=(OH)3 + H20 <=> =Si-0-Si: 

c) dcsorption of activated surface complex: 

=Si-0-Si=(OH)3 H20 — = Si-OH 

+ HO-Si 

E(OH)3-

+ H,Sia 

= 

H20 

i (aq) 

The reactions depicted in Table 1 are thought to take place within the so called reaction 

zone. This is a thin layer, some /im thick, between fresh glass and bulk solution, where 

the network of Si-tetrahedra is partially disrupted by the hydrolytic breakdown of the 

=Si-0-Si= bridges, and where water can diffuse easily. 
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2.3 Calculation of the rate of glass matrix dissolution from transi
tion state theory 

Some basic results from the Transition State Theory (TST) and its use in determining the 

net rate of heterogeneous reactions, like the corrosion of a glass surface, are presented 

in Appendix C. The reader is also advised to consult source references [6,11,23] for a 

full background to the present chapter. In this section, the general expression derived 

by Aagard and Helgeson [231 is used as a starting point for the derivation of a rate 

equation for silicate glasses. The treatment below follows exactly that in Grambow [6], 

with the addition of critical remarks on some basic assumptions needed to obtain the 

final rate equation for the glass-water reaction. 

The general rate equation has the form: 

** = *>-n(«r"' , ) - ( i - c < - 4 ' / O T ' ) (2) 
t 

where ' j ' is the index of the considered reaction. In the following paragraphs, equation 

(2) will be discussed in detail. 

2.3.1 The term it, is the forward kinetic constant of the rate-determining elementary 

reaction, and is proportional to the equilibrium constant K* for the formation of 

the activated complex (see equation (34), Appendix C): 

* ' " A = {-5,(0//,:,} '••» 

according to the reaction: 

-si(oiih + iho *=> -?i{oiih • iw 

and assuming unit activity of water. 

2.3.2 J"] (n~""J) is the activity product of the reactants forming the activated complex 

raised to the power of the stoichiometric coefficients for reaction '_/'. Considering 

the reaction scheme for silicate glass dissolution (Table 1), this quantity corre

sponds to the activity of silanol groups multiplied by the water activity, which is 

taken to be unity. Thus: 

n ( 0 i ) s { - f l ( 0 / / ) , } (D 

It can be shown [61, that the activity of silanol groups is a functio" of the free 

energy of the progressing glass-water reaction: 

{-Si(0//).,} n r(—7#-> (5) 
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The free energy of reaction AGR is itself a function of the reaction progress £ 

(number of moles of glass dissolved) and is calculated from the summation of 

the free energy terms contributed by the dissolution of an hypothetical crystalline 

phase mixture (oxides and silicates) with composition matching the glass [1,6]. 

In other words, the glass is treated as a mechanical mixture of various solids 

each contributing a term to AG«. This is a merely empirical approach, which 

was originally used by Paul [24]. He discovered that the free energy of hydra

tion of a specific glass, calculated with the crude assumption that the glass is 

thermodynamically a mixture of discrete oxide phases, is inversely proportional 

to the logarithm of the initial corrosion rate. This relationship, which links the 

kinetics of glass corrosion with the free energy of the glass component oxides, 

was confirmed by later experimental work [13] and justifies thus the following 

treatment. 

The dissolutHi of any of these solids can be symbolised as follows: 

k + i/jei + i/2e2 + <=> ßipi + ß2P2 + (6) 

IAPk = WM* m 

IAPk is the activity product of the solid fc at a specified reaction progress £. The 

free energy of the glass-water reaction is then given by: 

fi-mIAP! 
ik J 

(8) 

where fk is the molar fraction of the solid phase in glass, Kk its solubility prod

uct, and the asterisk implies activities at the glass surface (i.e. within the reaction 

zone, not in the bulk solution). T is the absolute temperature, and R is the gas 

constant. The water activity within the porous reaction zone is assumed to be 

unity. Since the concentrations in the bulk solution are easier to measure and 

model than those of surface species, a method is required for the calculation of 

surface activities from solution activities. The HMI-model does not make use 

of site-binding models which would allow the determination of surface complex 

activities from the knowledge of the solution speciation and of the appropriate sur

face complexation constants [8,9]. Instead, the following generalised assumptions 

are made: 

a) every solution species originated from the dissolution of the glass has a 

corresponding surface complex (i.e. = Si-O- corresponds to H3SiO^, = 

Si-OH corresponds to lUSiO*). It is assumed that the distribution of every 
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species between surface and solution be fixed at a common value. This 

means that for species x and y the following relation applies: 

m [y] 

where {x} and {y} are the activities of the surface species and [i], [y] the 

activities of the corresponding solution species. 

b) The distribution between surface and solution species is inversely propor

tional to the reaction progress: 

Thus, the model predicts that at the beginning of the glass dissolution 

(£ —• 0), almost all of the species x is present as a surface complex, 

while at very large reaction progress (£ —> oo) almost all x will be in the 

solution. Note that equation (10) refers to a system of unity glass surface 

area / soljtion volume ratio (S/V). Obviously, a more general form of the 

mentioned equation should include S/V as a proportionality factor. 

c) Surface and solution pH's are identical. 

Grambow [1] gives an incomprehensible justification of assumption a): "Since 

only the interaction of the solution with the glass surface causes a statistical 

distribution of surface complexes, it may be assumed, that the ratio of the various 

surface complexes equals the ratio of the corresponding solution species". In 

consideration of the results of Schindler and Kamber [10] assumption c) cannot 

hold, at least for the deprotonation of silicic acid and silanol groups, since: 

H4SiOA ^ H3Si04 + H+ pl<*9.9 (11) 

= Si-OH ^ =Si-0~ + H+ pKi* 6.8 (12) 

These constants imply for instance that at pH = 9.9 the deprotonation grade of 

silanol groups is three orders of magnitudes larger than for orthosilicic acid: 

[H3SiQ4\ = KT9-9 [H3SiO;] = 

\H4Si04} [H+] [H4Si04] 

{=Sz-Q-} IP-«" {=5t-Q-} 3 , 
{=Si-OH} [//+] {=Si-OH} 

These relations are obviously inconsistent with assumption a), which requires the 

quotients of deprotonated to protonated forms of the silanol surface species and 
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of silicic acid in bulk solution to be equal. Therefore, the calculation of the 

surface activities from assumptions a) to c) shown below has to be considered an 

unrealistic approach. The transformation from surface to bulk solution saturation 

indices can be now performed by substituting equation (10) in the ion activity 

product at the surface and using the basic thermodynamic relation £ "i/*° = 

-RT In Kk: 

= t "i (/<° + RT ln\i] - RT Ini) ( 1 3 ) 

= RT(ln^-Z»i-lnt) 

where m, y.° are the chemical potentials of the dissolved species i in the observed 

system and at standard state, V{ the stoichiometric coefficients, {i} and [i] are 

the activities at the surface and in bulk solution, and £ v{ is the sum of the stoi-

chiometric coefficients of any dissolution reaction like that described by equation 

(6). The total free energy change of the glass-water reaction (Eq. (8)) can be 

now expressed as a function of the activities in bulk solution by summing up the 

individual weighted contributions AG*: 

^GR{i) = ÄT£A ( ' n ^ A - 5 > • lni\ (14) 

2.3.3 Aj is the affinity of the rate determining reaction 

= Si-0-Si = (OH)3-H20 -> = Si - {OH) + H4Si04 (15) 

which, after Grambow [1,6], is equivalent to the formalism: 

Si02 + 2H20 *—> II4Si04, IAP = [II4Si04} (16) 

The affinity can be expressed as a function of the ion activity product and equi

librium constant of reaction (16): 

A> = [iz\ = RTln('ntn) (17) 
\dt)p,T,i*i \[H*StOA]J 

For this "jump" from the irreversible desorption of the activated complex to 

reversible dissolution of amorphous silica, Grambow gives no explanation. This is 

rather puzzling because, from the transition state theory, the affinity Aj in equation 

(2) is equal to the free energy difference of the rate determining elementary 

reaction, which in principle is not equal to that for reaction (16). 
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Substituting the expressions (3), (5), (17) in the general equation (2), and assuming 

that network dissolution is the unique process contributing to the overall glass 

dissolution, we obtain: 

Ä,,=C.A'-.e(^).(l-^fßl) (18) 

where C includes the proportionality constants implied by equations (3) and (5), 

and the forward kinetic constant is defined as: 

k+ = CK*e\ RT I (19) 

Since the activity of the activated surface complex is not obtainable, K* must 

be calculated through the experimental determination of the activation energy for 

reaction (15). The relation between A'*, activation energy (EA), and activation 

entropy (AS) is given by [6]: 

K* = eV RT R) (20) 

Collecting the terms C and e(1+ R > in the constant X, equations (18) and (19) 

can be rearranged as follows: 

Jfc-^.("*)..(^.(l-IMSd) (2.) 

k+ = X-ey
 RT) -e^ RT ) (22) 

If the glass is dissolved in an ideally unlimited volume of pure water, the last 

term in equation (21) becomes equal to unity, and the calculation of AGn(Q will 

refer to conditions of infinite dilution (see [6, p. 72-77]). In this case equation 

(21) can be rewritten as follows: 

lnRM=lnX-j±-^- (23) 

The activation energy can be obtained experimentally from Arrhenius plots (EA = 

RT2 &$•). Grambow ([6], Fig. 6.21) plotted the logarithm of the initial corrosion 

rates of various glass leaching experiments against A G R ( 0 values calculated 

according equation (14), and noted that the data roughly define a straight line 

matching the theoretical slope L ^ W r ) ' ^ h e P a r a m e t e r ' ^ ' c a n be determined 
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by inserting in eq. (23) the appropriate values for the activation energy and for 

RM at AGfi = 0. His calculations yield a value of 3400 [mol -m_2sec_1] for A', 

using EA = 75 [kJ/mol]. 

The HMI-model requires that the activation energy be identical for all silicate 

glasses, since the desorption of the activated surface complex -Si=(OH)3- H20 

is considered in all cases to be the rate limiting step of the overall dissolution 

reaction. However, the values from the literature indicate a scatter in the range 

50 - 100 kj/mol. Although these activation energies all lie within the range 

for dissolution mechanisms controlled by surface complexes [11], a common 

unique mechanism cannot be inferred a priori from these data, and care must be 

taken when using the mentioned X and EA values (3400 [mol-m_2sec-1] and 

75 [kJ/mol-1]) for every borosilicate glass. One should also keep in mind that 

the model assumes a pure Si04 structural unit, whereas the glasses considered 

here contain significant amounts of boron and aluminium in the centers of the 

tetrahedral units. 

2.4 Practice vs. theory in the modelling of glass dissolution 

The following points should be taken into account when using equation (22): (1) k+ is 

not a constant at fixed temperature, but is a variable quantity depending on the reaction 

progress (fc+ = f (AGR(O)) ; (2) a value of EA should be determined experimentally 

for every glass; (3) the value of k+ depends on how the free energy of the glass 

surface-water reaction is calculated. As AGR is calculated using simple but unrealistic 

assumptions on the relations between solution and surface chemistry, and because the 

wide range of activation energies found for different glasses does not support the hy

pothesis of a unique, common rate limiting step, the calculation of k+ through eq. (22) 

is an exercise of doubtful validity. Accordingly, in the practical modelling of radioac-

ti /e waste glasses [1,2,3] the forward rate constant is not calculated from equation (22). 

Instead, the measured initial value (k+) is inserted as a constant in the rate equation, so 

that a simplified expression is obtained: 

Ru._ K (, _ iMpk) (24) 

Where [H4Si04}s is the activity of silicic acid at the reacting surface. According 

to this equation, the glass corrosion rate should become zero when [IUSiO*) = K. 

The experimental results show however that glass corrosion never stops completely: a 
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final rate is observed, which is about 2 - 3 orders of magnitude smaller than k£ and 

approximately constant within the run time of the experiments (< 1 year). The final 

rate (fi«) corresponds to a limiting activity of silicic acid in solution ( [ / / 4 5 J 0 4 ] = A',,-) 

which is close to the solubility constant of known Si02-phases like chalcedony. From 

these boundary conditions (which have to be defined experimentally for every glass at 

every temperature!), the fictitious equilibrium constant K can be determined: 

It is then possible to use equation (24) to calculate the corrosion rate of a glass for 

which &+, A'3t and R^, are known at the temperature of interest. One should however 

be aware of the fact that this equation has little in common with the general expression 

deduced from transition state theory (eq. (21)), as almost only ad hoc experimental 

parameters are used in it. The unique free parameter is the activity of silicic acid.which 

is calculated through the speciation code PHREEQE. 

2.5 Coupling with transport 

The HMI-model uses a simple transport equation (derived from Fick's 1st law) to 

account for the case when diffusion in the fluid phase within the growing corrosion 

layer controls the overall dissolution rate: 

RT = Y([H4Si04]s - [H4Si04]B) + Roo (26) 

where RT is the transport rate (i.e. in mol
7), D is the diffusion coefficient of silica in 

the corrosion layer, L is the thickness of the corrosion layer, [H4Si04]s and [Il4Si04]ij 

are the activities of silicic acid close to the reaction interface and in the bulk solution 

respectively, and R^ is the final dissolution rate, which is inserted in eq. (26) to keep 

agreement with the observation that RT > 0 even when the concentration gradient of 

silicic acid is zero. If RT < RM, the silicic acid released through network dissolution 

accumulates in the pore solution adjacent to the reacting glass surface so that - according 

to equations (24) and (26) - the dissolution rate decreases and the transport rate increases 

until a condition of steady state is reached (RT = RM)- At steady state, the two 

expressions can be equated, and the silicic acid activity at the surface can be calculated 

as a function of the activity in bulk solution (a3=[II4Si04]s, ab=[H4Si04]B): 

_ ab-{I)/L) + kt-Rno m . 
a°~ (D/r,) + (k}/K) {U) 
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Substituting back the last expression in (24), the following equation is obtained: 

'{DlL)yK-ah) + R0 
AM = RT = K 

(D/L)K + kt 
(28) 

If the rate of matrix dissolution is the rate limiting step (RT >R\I), no concentration 

gradient will be built up, so that as = ab and eq. (24) can be used directly. 

It should be noted that equation (26) does not strictly obey Fick's law, because an extra 

flux term R^ is added on the right-hand side. The insertion of this extra term leads 

to physically unreasonable results: the equation predicts that there will still be a mass 

flux from the glass to the leachant when the concentration gradient is zero. 

3 Modelling glass corrosion with the PHREEQE/GLASSOL 
codes 

3.1 Brief description of the codes 

PHREEQE is a FORTRAN '77 computer code, which allows calculation of speciation in 

dilute aqueous solutions and of dissolution/precipitation of the minerals in equilibrium 

with such solutions [12]. In its original form, the program is not suited for reaction 

path calculations, as it cannot recognise if the amount of a phase dissolved during the 

simulation of an advancing reaction exceeds the amount previously precipitated. A 

reaction path describes the modifications of a starting solution with advancing dissolu

tion (or precipitation) of one or more phases. When glass dissolution is simulated as 

an irreversible process in several steps (each step corresponding to £ moles of glass 

dissolved), the speciation of the solution in equilibrium with the appropriate minerals 

is calculated, implying that some minerals may dissolve or precipitate. It may happen 

that a mineral precipitating at an early stage of reaction starts dissolving with further 

glass dissolution, in order to maintain equilibrium with the solution. If this phase is 

dissolved in amounts which exceed the previous precipitation, the mass balance does 

not match the requirements for a closed system, and the speciation must be recalculated 

allowing such a mineral to become undersaturated. This "path finding" capability is 

provided in the modified PHREEQE version supplied by HMI, along with an extensive 

data base for aqueous species and minerals thought to be relevant for the modelling of 

glass corrosion. 

The main function of the FORTRAN 77 code GLASSOL is to translate the results 

of the PHREEQE calculations in terms of kinetics: for every reaction progress step £, 
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equation (28) is numerically integrated, and the glass corrosion rate as a function of time 

is obtained. Two input files are required to run GLASSOL: (1) a formatted list of results 

from the reaction path calculations, which is automatically generated by PHREEQE and 

includes the concentrations of the elements and of the aqueous species for every step of 

the simulated glass dissolution; (2) a list of key parameters which control the kinetics 

of glass dissolution (e.g. fc+, D, Rr»). The output yields the concentrations of the 

selected elements, the pH-values and the thickness of the corrosion layer as a function 

of the times corresponding to each step of the glass corrosion reaction as calculated by 

PHREEQE. 

3.2 Selection of potentially precipitating phases during glass disso
lution 

A crucial point in the modelling of glass dissolution is the identification of the precip

itating solid phases which control the composition of the leachant. The glass leaching 

experiments carried out at temperatures between 40 and 110°C produce solutions which 

are supersaturated with thermodynamically stable minerals, indicating that the formation 

of such phases is kinetically hindered [13]. Therefore, equilibrium thermodynamics is 

of little help in determining which minerals actually precipitate. On the other hand, the 

corrosion products at the surface of leached glass are usually extremely fine-grained 

or amorphous, thus limiting the application of analytical methods (x-ray diffraction, 

electron microprobe) for the identification of solids [14]. 

An alternative approach is to calculate the saturation indices of a large number of 

potentially precipitating solids after careful chemical analysis of the solutions resulting 

from leaching experiments. Supersaturation indicates that a mineral is unstable under the 

experimental conditions, or that its precipitation is kinetically hindered. In either case,the 

mineral can be ruled out as one controlling the evolution of the leachant chemistry, and 

is thus excluded from the list of the pontential alteration products. Saturation indices 

close to zero indicate that the solid considered is in equilibrium with the leachant. It 

can thus be assumed to be an alteration product forming during the glass degradation 

process, provided it is ihermodynamically stable at the temperature and pressure of 

interest. 

Such calculations can be performed with PHREEQE by simply calculating the saturation 

indices in the experimental solution without requiring that the solution be equilibrated 

with any of those minerals. This approach has the following limitations: (1) it cannot 

be excluded for some undersaturated phases that they could precipitate at a reaction 
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progress well beyond that reached in the experiment, so that their choice or elimination 

(which could influence the corrosion rate if this phase contains silica) is a subjective 

procedure; (2) due to uncertainties in the used solubility constants and because of the 

likely formation of solid solutions, the calculated saturation indices of some minerals 

could largely deviate from the true value: this implies again that a portion of subjectivity 

is needed to decide whether minerals with saturation indices close to 0 are saturated or 

not. 

4 Modelling of the "MW"-glass corrosion at 90°C 

4.1 The "MW" glass 

Besides the French COGEMA glasses, corrosion experiments were recently performed 

on a British glass produced at BNFL and labelled MW-glass [2,15,16,17,18]. The 

composition of this glass (Table 2) differs from that of the French glasses due to the 

presence of substantial amounts of Mg and Li, and the absence of Ca. It should be 

noted that the MW-glass is a non-radioactive simulant; thus the experiments do not 

describe the effect of radioactive decay on the corrosion process. 

Two parallel sets of experiments at various temperatures and glass surface to solution 

volume ratios (S/V) were carried out at PSI and at the BNFL laboratories. All exper

iments were run in distilled water saturated with atmospheric carbon dioxide, at room 

temperature and in nitrogen atmosphere. To demonstrate the use of the HMI-model an 

attempt was made to reproduce the analytical results at 90°C and S/V = 1320 m_1. 

4.2 Inverse modelling of experimental solutions 

As a first step in the application of the HMI-model, the speciation of the experimental 

solutions and the saturation indices of all possible precipitating phases must be calculated 

with the help of PHREEQE (inverse modelling). 

The primary goal of the inverse modelling is to identify which solid phases appear to be 

saturated (SI = 0) and may thus control the solution composition through precipitation 

effects. Of primary importance are solids containing silica or affecting the pH, as they 

directly influence the concentration of orthosilicic acid and hence the glass, dissolution 

rate. Clearly oversaturated phases (SI > 0) are considered to be kinetically hindered 

and not to precipitate, even at times much longer than the maximum duration of the 
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experiments (1 year). These phases are thus disregarded for the forward modelling (see 

4.3) and will not appear in the list of potentially precipitating solids. For phases which 

remain unsaturated during the experiment, rather subjective estimations must be made 

in order to decide if they may reach saturation at a later time or not. For example, 

when a highly soluble solid contains as major component an element which is present 

as traces in the glass, one can safely assume that saturation will not be reached before 

the glass is consumed. If, on the other hand, a solid could become saturated at a later 

stage, the decision whether it has to be included in the list of potential precipitation 

products is a matter of personal judgement. For the MW-glass experiment considered, 

an output list indicating selected and discarded phases is given in Table 3. Note that a 

good number of K,Ca-bearing solids commonly observed in the secondary paragenesis 

of weathered basalts, like illite, montmorillonite, clinoptilolite and phillipsite, are not 

included in the list. The reason is that the mentioned phases obviously cannot form 

from the interaction of the K, Ca-free MW-glass with distilled water. 

At first sight such calculations appear to be simple and unproblematic. In practice, some 

precautions are needed in order to avoid meaningless results: 

1. The fluid analyses are usually incomplete, leading to electrically charged solu

tions. In such cases reasonable assumptions on the concentration of non-analysed 

cations/anions must be made; 

2. Elements with very low solution concentrations (Al, Zr) should not a priori be 

dropped out from the analysis inventory, as PHREEQE would then not consider 

any solid phase containing those elements as potentially precipitating. 

In the present case, analytical values for C as carbonate and Fe were lacking, but these 

elements were known to be present either in the starting solution (C02 saturated water) 

or in the glass (2.6 weight % Fe203). Therefore, for all solid phases containing these 

elements it is not possible to check for equilibrium/disequilibrium with the leachani by 

calculating the saturation indices. Because of the lack of analytical data on the fluid 

concentration of iron.for instance, any information on the saturation state of potentially 

precipitating phases like Fe-saponite (Si4A1.5iFe.16Mgi.901o(OH)2Na.i9), Na-nontronite 

(Si3.67A1.33Fe2O10(OH)2Na.33) and iron hydroxides (ferrihydrite, goethite) is precluded. 

These minerals are commonly observed in the sequence of secondary alteration products 

forming during the weathering of natural basalts [25], and should be thus included in 

the reaction path calculations. 
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Table 3: List of selected and of some excluded solids for the modelling of MW-glass 
corrosion. The saturation indices were calculated with PHREEQE from the analytical 
data of the 91 days experiment. 

Phase Formula SI = l o g ^ 

1. Selected phase, unsaturated: 

ARTINITE 
BRUCITE 
CELESTITE 
EPSOMITE 
HYDROMAGNESITE 
MAGNESITE 
MIRABILITE 
NATRON. 
NESQUEHONITE 
STRONTIANITE 
THENARDITE 
THERMONATR. 
PERICLASE 
GIBBSITE 
AMORPH. A1-HYDR. 

-

-

BOEHMITE 
HALLOYSITE 
KAOLINITE 
PYROPHYLLITE 
NEPHELINE 
HYDROUS TALC 
DIASPORE 

Mg2C03 (OH)2 - 3 H20 
Mg(OH)2 

SrS04 

MgS04 7H20 
3MgC03- Mg(OH)2- H20 
MgC03 

Na2SO410H2O 
Na2C03- 10H2O 
MgC03 3H20 
SrC03 

Na2S04 

Na2C03 3H20 
MgO 
Al(OH)3 

Al(OH)3 

Al4(OH)i0SO4 

Al(OH)S04 

7-A10(OH) 
Al2Si203(OH)8 

Al2Si205(OH)4 

Al2Si4O10(OH)2 

NaAlSi04 

Al2Mg6C03(0H)16 

a-AlO(OH) 

-4.7 
-0.8 
-4.4 
-8.4 

-17.5 
-2.6 
-9.6 

-10.2 
-5.0 
-2.8 
-7.9 
-9.2 
-4.2 
-2.5 
-4.2 

-35.1 
-16.9 
-2.3 
-4.6 
-1.9 
-4.0 
-3.0 
-8.5 
-1.0 
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Phase Formula 

2. Selected phases, saturated (SI = 0 ± 0.2): 

ANALCIME 
ANALBITE 
»MW-SiOj 
2FERRIHYDRITE 
2Fe-SAPONITE 
2Na-NONTRONITE 

NaAlSi206- H 20 
NaAlSi308 

Si02 

Fe(OH)3 

Si4Al.51Fe.16Mg,.9O10i 
Si3.67A1.33Fc2OI0(OH) 

(OH)2Na.,9 

2 Na.33 

M-hfHg1 

+0.14 
-0.04 
0.00 
0.00 
0.00 
0.00 

3. Excluded phases (SI > 0.2): 

CHRYSOTILE Mg3(Si205)(OH)4 +6.4 
CUNOENSTATITE MgSi03 +0.8 
FORSTERITE Mg2Si04 +0.2 
TALC Mg3(Si4O10)(OH)2 +7.2 

1 MW-Si02 is a fictitious precipitating solid which keeps [H4Si04] at the experi
mental value for silica saturation, hence SI = 0 
2 These minerals are assumed to control the Fc-conccntration in solution, for which 
analytical data are lacking, hence SI = 0 

The case of carbon is somewhat different: the lack of analytical data requires that as

sumptions on the final dissolved carbon concentration are made, so that consistency 

with the analytical pH-value and the charge balance of the solution be preserved. Cal

culation of the charge balance assuming that the initial water was in equilibrium with 

atmospheric C0 2 resulted in a solution with an excess of positive charge (2.71 [mmol/1] 

for the 7-day solution, see Table 4). 

Since the measured pH-value (9.65) was in the buffer region of silicic acid, one could 

adjust the charge balance by adding hydroxyl ions in the hope that the pH shift would 

lie within the analytical uncertainty. That is, it is assumed that the deficit in calcu

lated charge results from an imprecise pH measurement. However, the calculations 

showed that pH changes up to 0.4 units are needed in order to obtain electrically neu

tral solutions. If it is assumed that extra carbon dioxide from the air contaminated the 

solution in the time span between the opening of the reaction vessel and the pH mea

surement, an uncharged solution can be modelled with a pH restored to the analytical 
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value. PHREEQE calculations show that such a mode! solution would have reasonable 

equilibrium partial pressures below the atmospheric pCX)2 (Table 4). 

4.3 Determination of parameters used in GLASSOL 

Starting with this corrected solution composition, it is now possible to proceed to the 

so called forward modelling. The amounts of precipitated/dissolved solid phases and 

the composition of the solutions in equilibrium with the solids (including the rate de

termining concentration of silicic acid) are calculated as a function of the amount of 

glass dissolved. The results of the forward modelling are then used as input for the 

GLASSOL code, which links to every reaction progress £ a time t(£) calculated from 

equation (28). 

The set of parameters used in this report for the modelling of the MW-glass is given in 

Table S. The initial dissolution rate k+ is estimated from the results of the experiment 

to be modelled. In order to obtain reliable values, only the concentration of elements 

dissolving congruently (typically boron) can be used for this purpose. Further, only runs 

with the lowest reaction times and lowest S/V ratios can be considered: the increase in 

silicic acid concentration is then too small to affect the dissolution rate. The calculation 

of £° from the experimental data is straightforward: 

,+ = Oh = cy_ 
t fSt ( ' 

where NLi and C, are the normalised mass loss and the absolute concentration of the 

congruently dissolved element i respectively, V is the solution volume, S is the glass 

surface area, t is tiie reaction time, and / is the weight fraction of i in the glass. 
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Table 4: Summary of calculations for the determination of the carbonate species con
centration in a neutral model solution (see text, paragraph 4.2) 

1. Calculation of carbonate species concentrations in the final (analysed) solution: 

a) 25°C , pH = 5.8 (before experiment, open vessel in eq. with 
pC02 = 10"3-5 atm): 

CO2 (gas) = 4.52 x 10 ~7 [mol] in vessel atmosphere 
C03 (liquid) = 3.35 x 10 ~7 [mol] in solution 

b) 25°C , pH = 9.65 (after leaching experiment, closed vessel): 

C02 (gas) = 5.84 x 10 ~10 [mol] 
-H. C03 (liquid) * (4.52 + 3.35) x 10 " 7 = 7.87 x 10"7 [mol] 

[C03]t0i = 3.15 x 10 ~5 [mol/l] 

2. Calculation of the charge imbalance for the experimental solution (assuming [C03]tot = 
3.148 x 10~5 [mol/l]) and determination of the pH required in order to obtain an electrically 
neutral solution of identical composition: 

A charge = 2.71 [mmol] excess positive charge 
pH = 9.82 after adding 2.71 [mmol] OH~ 

3. Addition of C02 needed to restore the analytical pH (9.65): 

AC02 = +2.0 x IO-3 [mol/l] 
[C03]tot = 2.03 x lO-3 [mol/l] 
pC02 = 10"4-75 [atm] 

* Since the amount of gas remaining in the vessel atmosphere is ~ 103 times lower than at the beginning 
of the experiment, the total carbonate dissolved in the liquid at the end of the experiment (after cooling 
down to room temperature), is approximately equal to the initial amount in solution plus the initial 
amount in the gas phase, assuming no precipitation of carbonate phases. 
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Table 5: Set of input parameters used for the forward modelling of the MW-glass 
dissolution 

k+ = 1.1 [gm-2- day-1] forward kinetic constant 
Roo = 0.01 [gm-2- day-1] final corrosion rate 
Ks, = 10-3 [mol l-1] "saturation" constant of H4SiO., 
D = 1()-8 [m2/sec] diffusivity through surface layer 

The long-term rate 7?^ is determined from the release of elements dissolving congru-

ently after the "saturation" concentration of HASiO.\ has been reached. For this purpose, 

only experiments with the highest S/V ratios should be chosen. Figure 1 shows the nor

malised concentrations of boron as a function of time for the experiments on MW-glass 

considered. Ev n if the reaction times extend up to 1 year, R^ is still affected by 

large uncertainties arising from the scatter of the data. For instance, if the PS I and the 

BNFL data are considered together, long-term rates differing by a factor of 10 can be 

defined by least square interpolation (see Appendix A for details). Such differences 

would obviously greatly affect the release of glass components on the time scale to be 

considered in a safety analysis for a final repository (105 years). In addition, the implicit 

assumption that the final rate of glass dissolution is constant over such a time span, is 

exclusively based on the results of experiments carried out over few months. For the 

present modelling exercise, the upper value of 0.01 [g • m-2- day-1] was used to agree 

with Gram bow's work [1]. 

The saturation activity of silicic acid (I\si) can be directly obtained from the results of 

the inverse modelling. Saturated solutions are recognised by comparison with the results 

from other modelled solutions of the same set of experiments: the product of silicic 

acid and water activity should be identical in all saturated solutions with increasing 

reaction time. The results (Table 6) are quite consistent for the PSI-solutions up to 91 

days, while a sensibly higher silicic acid activity is stated for the 182-days solution, 

as a consequence of its lower pH-value. This low pH-value could not be explained 

through contamination of C02 from the air like for the other solutions. In addition, 

the H4Si04 activity is larger than that calculated from the BNFL 1-year experiment, 

where silica saturation has surely been reached. It has to be assumed that an unidentified 

experimental error is responsible for this anomalously low pH (no explanation is given in 

the source report of the analytical data [2]). For these reasons, the 182-days results were 

not considered, and a value log IAP.Sl-o = -3 was selected for the forward modelling. 
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Figure 1: Determination of the final corrosion rate (/?rX)) for the MW-glass from exper
imental data. The least square fit was calculated assuming that each value of NLB has 
a standard deviation a = ± 10%. The slope of the median straight line defines a mean 
long-term corrosion rate of R^ = 0.006 [g m - 2 day-1]. The slopes of the bounding 
lines give the span of possible i?lX)-values within the 95 % confidence level. The cal
culation of this linear regression is presented in Appendix A. Note that the data at times 
lower than 28 days were excluded from the fit, since at those times silica saturation was 
not yet reached. 
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Table 6: Determination of k'si by inverse modelling of experimental solution data. 
Strictly, A's, is equal to the activity product of the reaction Si02(s) + H20 = H4Si04 in 
the "saturated" solution, i.e. Ks, = [H4Si04]/[H20]. As the activity of water is usually 
very close to 1, for practical purposes [H20] is not considered. The following results 
stem from PHREEQE calculations. 

Reaction time (days) 7* 28* 92* 182* 364* 

[H4Si04] x 101 

[H20] 
log IAP5,o2 

PH 

Selected Ksi value: 
Statistical uncertainty (1 a): 

* Analyses from PSI 
** Analyses from unpublished BNFL-data 

9.53 
.9988 
-3.02 

9.6 

7.14 

.9983 
-3.15 
9.4 

io-3 

±30% 

9.57 

.9981 
-3.02 

9.3 

26.2 

.9978 

-2.57 

8.9 

14.9 

.9980 
-2.83 

9.6 

From A'si, Rx and k+, the fictitious saturation constant K can be calculated with 

equation (25) and the rate RM computed with equation (24). 

The diffusion coefficient of silica in the corrosion layer (D) is determined through a 

fitting procedure with the help of the GLASSOL code (Figure 2). This parameter has 

no influence on the saturation value of silicic acid, but the initial steepness, and hence 

the shape of the release curves for congruently dissolving elements, is sensitive to it. In 

Figure 2 the analytical boron concentrations are compared to the model curves obtained 

by varying the D-values from 10_H to 10"8 [m2/sec]. The analytical data match best 

the curve for D = 10-8, which is thus the value taken for the further modelling. Higher 

diffusion coefficients lead to identical curves, implying that network dissolution - and 

not the rate of transport through the corrosion layer - is rate determining for D > 

10-8[m2/sec]. 
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Figure 2: Determination of the surface layer diffusion coefficient for dissolved silica 
through fitting to the experimental data. Each release curve is labelled with its log D 
value in [m2/sec]. The uncertainty of the experimental data (la) is ± 5 %. The curves 
were obtained from PHREEQE/GLASSOL calculations for MODEL 1 (see paragraph 
4.5). 
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4.4 Adsorption of silica on the glass surface 

By comparing the boron concentrations in MW-glass leachates with those measured 

for the COGEMA glasses under similar experimental conditions, it becomes evident 

that a substantially larger amount of Si is trapped in the surface layer of the corroded 

MW-glass. [2]. Table 7 shows that about 30 times more MW-glass has reacted 

just after reaching the "saturation" than French R7T7-glass at the same temperature, 

surface/volume ratio and reaction time. This retention of silica might be attributed 

either to precipitation of unidentified silicates or to sorption phenomena. If the corrosion 

of the MW-glass is modelled neglecting this silica adsorption, a huge discrepancy is 

noted between analytical values and the model, as the "saturation" of orthosilicic acid, 

and hence R^, are reached much more rapidly when the bulk of silica is released 

into solution. To make the modelling of the MW-glass corrosion possible, the HMI-

model provides a simple quantitative description of sorption: a fictitious element SORB 

representing the sorption sites is introduced in the PHREEQE data base, plus a fictitious 

mineral SISORB which forms according to the reaction 

SORB (aq) + HiSiO.i («f/) = SISORB h's = 1(TIÜ (30) 

The low solubility product ensures that virtually all of the element SORB present in 

the system "precipitates", binding to it an equal number of moles of Si. The adsorbed 

fraction of silica (SORB/Si) can be specified by choosing in the PHREEQE input file a 

value for the molar fraction of SORB participating to the glass-water reaction, which 

is defined, for a mol of glass in 1 kg of w IT, by the molar fractions of all elements 

in the glass. The value of SORB specified in the PHREEQE reaction input fixes then 

a fraction (or percentage) of silica sorbed, because the equilibrium constant of reaction 

(30) is low enough to fix a silicium atom on every sorption site. The procedure used 

by the HMI-model is that of varying the input value of SORB systematically, until 

agreement with the experimental data is achieved: the silica sorption isotherm is thus 

determined by fitting the parameter SORB/Si to the experimental data. The procedure 

is exemplified in Figure 3. The graph shows that the B concentration data are best 

reproduced assuming that 69% of the silica released from the glass is "adsorbed". It is 

noteworthy that at high SORB/Si-values Ck, the boron concentration corresponding to 

the attainment of silica "saturation", is very sensitive to small changes of the proportion 

of silica sorbed: changing this parameter from 68% to 69% causes an ircrease of Ck 

of about 130 [mg/lj. 
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Figure 3: Release curves for B assuming various percentages of silica retained on the 
glass surface, compared with the analytical data from MW-glass leaching experiments 
(S/V = 1320 m_1, T = 90 °C ). Ck is the B concentration at which silica "saturation" is 
first reached, i.e. the Boron concentration corresponding to the kinking of the curves. 
The uncertainty of the experimental data (1 a) is ± 5 %. In this model all Fe-bearing 
solids were excluded from the reaction-path. 
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The approach described by equation (30) is equivalent to the assumption of a linear 

sorption isotherm. The model implies that sorption sites (represented by SORB) and 

sorbed silica (represented by SISORB) increase proportionally with the amount of glass 

corroded, not with its surface. Hence, care must be taken when glass-water systems 

with low S/V ratios are considered, as an excessive number of sorption sites - by far 

exceeding the capacity of the true reactive geometric surface - might be required by this 

model. This difficulty, however, may be circumvented by assuming that Si is sorbed on 

minerals precipitating within the surface layer. The layer would offer a large specific 

surface area which increases with advancing corrosion (the corrosion products fill a 

volume which ultimately replaces the bulk of the glass). 

Table 7: Comparison of the corrosion behaviour of MW and COGEMA R7T7 glasses 
under similar experimental conditions 

MW glass R7T7 glass 

S/V 
t 
T 
NLß 

[m-M 
[days] 
[°C] 

[g/m2] 

1320 
28 
90 
8.0 

1320 
28 
90 
0.3 

4.5 Precipitation of solid phases 

The calculations presented in Figure 3 assume that the iron delivered from the glass 

dissolves congruently, in order to circumvent the lack of analytical data for this element 

([2] appendices E2, E3). The results of SIMS depth profiles through corroded specimens 

of MW-glass, however, show that iron is not depleted in the altered layer, as would be 

expected for a congruently dissolving element ([2], page 73). 

Thus, it is imperative to include Fe-bearing solids in the reaction path calculations. In 

the following pages, 2 alternative reaction path models will be presented. In the first 

(MODEL 1), it is assumed that the ferric iron concentration is controlled by a unique 

solid (ferrihydrite, Fe (OH).-O, while in the second (MODEL 2) Fe-saponite and Na-

nontronite are included besides ferrihydrite as Fe-controlling solids. Since saponite and 

nontronite are also sinks for silica, it is expected that the proportion of sorbed silica 
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needed to fit the ieachant boron concentrations in MODEL 2 will be lower than for 

MODEL 1. 

The sequence of precipitating phases and their amount in the system as a function of time 

are depicted in Figure 4 for both models. A positive gradient indicates precipitation, a 

negative gradient dissolution of the solid. In the time span where two curves overlap, 

the two solids coexist. 

The diagram for MODEL 1 (Figure 4A) shows ferrihydrite precipitation over the whole 

time interval. As no other Fe-solids are included in the list of potentially precipitating 

phases, the iron concentration in the leachant is controlled by this mineral alone. The Mg 

fluid concentration is largely determined by the very early precipitation of brucite, which 

soon becomes saturated because of the increasing pH of the leachant and due to the 

release of Mg from the glass. The dissolved Al concentration is kept low by precipitation 

of diaspore, which then dissolves incongruently leaving analcime as residuum: 

DIASPORE + Na+ + 2H4SiO., —> ANALCIME + H+ + 3H20 

Analcime controls then both Al and Na concentrations in solution. 

In MODEL 2 (Figure 4B) the precipitation / dissolution sequence is quite different. 

Ferrihydrite is no longer saturated because Na-nontronite and Fe-saponite fix most of 

the released ferric iron. Brucite precipitates very early as in MODEL 1, but redissolves 

rapidly due to to the precipitation of Fe-saponite: 

1.9 BRUCITE + 4 H4Si04 + .51 A1+3 + .16 Fe3 +.19 Na+ 

—-» Fe-SAPONITE + 7.8 OH~ 

Both models require that a large amount of the silica released by the glass be incor

porated by the vaguely defined adsorption mechanism defined in the previous section 

(see curves labelled "Sisorb"). Indeed the assumption of 68% (MODEL 1) and 37% 

(MODEL 2) of silica "sorbed" on the surface layer is required in order to fit the model 

curves to the boron concentration data (Figure 6). This means that neither model is ca

pable to explain the observed boron concentrations in the leachant without resorting to 

an unspecific silica sorption mechanism, for which no details of its nature and existence 

are given. It appears that such adsorption is an easy shortcut to incorporate the excess of 

precipitated silica, which cannot be accommodated in the siliceous compounds chosen 
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Figure 4A: Reaction path diagram for MODEL 1 showing the molar quantities of precip
itating (positive gradient) or dissolving minerals (negative gradient), which are assumed 
to control the solution composition. The time at which silica "saturation" is reached is 
indicated by the first precipitation of the fictitious phase "MW-Si02"- The fraction of 
the total silica released "sorbed" onto the glass surface was assumed to be 68 %, and 
is represented by the curve labeled "Sisorb". 
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Figure 4B: Reaction path diagram for MODEL 2. The fraction of the total released 
silica "sorbed" onto the glass surface was assumed to be 37%. 
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for the forward modelling. In this sense, the introduction of the silica adsorption reflects 

our ignorance on some of the secondary alteration products which form during the 

corrosion of borosilicate glasses. 

Unfortunately, it is currently not possible to validate, even qualitatively, the calculated 

precipitation sequence through the experimental identification of the assumed solids: 

although the crystalline phase analcime was identified after leaching experiments at 

200°C [14], most solids in the corrosion layer appear to be cryptocrystalline or amor

phous at lower temperatures [7,13]. Another shortcoming of the method is the lack 

of valuable solubility constants for solid solutions which possibly form during the cor

rosion process: the PHREEQE data-base yields thermodynamic constants mostly for 

pure phases of rather simple composition, but not for solid solutions or other complex 

compounds as for example those identified experimentally at 200 °C by Haaker [14]. 

Starting with the original model, which assumes congruent release of Fe (Figure 3), the 

boron curve was recalculated including ferrihydrite as a potentially precipitating solid, 

all other parameters remaining unchanged (Figure 5). The plot shows a surprising retar

dation of the silica saturation, leading to boron concentrations which are considerably 

higher than the analytical values. This retardation implies that the saturation activity of 

silicic acid [H4Si04] = Ksi is reached at later times when ferrihydrite precipitates. 

The explanation of this effect requires a detailed examination of the relevant equilibria. 

A comparison between PHREEQE results reveals that the final pH is higher when 

ferrihydrite precipitation is considered (9.4 vs. 9.2). Since these pH-values are in the 

region of the pK//-value for the dissociation of silicic acid (pKH = 8.95 at 90°C ), the 

ratio [HtSiiO^UHzSiOt] is very sensitive to small pH-changes. At pH = 9.2, this 

ratio is equal to 0.56, while at pH = 9.4 it is 0.35. This means that the silica released 

is preferentially dissociated to H3SiO;j" in the reaction path with Fe(OH)3 precipitation. 

At fixed reaction progress, orthosilicic acid activity will be lower in the latter case 

than for the congruent dissolution model, and thus the rate of glass dissolution will be 

comparatively higher. 

The answer to the question of why the precipitation of ferrihydrite causes the pH-

increase in the model calculations can be obtained by examining the speciation of ferric 

iron in solution. At pH > 9 the dominant ferric species is Fe(OH)4 : if precipitation of 

Fe(OH)3 occurs, the following reactions will take place: 

Fe{OH)< — Fe(OHUs) + OH~ 
(31) 

H4SiOi + OH- —* H3SiO; + H20 
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Figure 5: Effect of considering the solid ferrihydrite (Fe(OH)3) in the list of potentially-
precipitating phases on the release curve for boron. Both model curves assume 69 % 
silica "sorption". The uncertainty of the experimental data (1 a) is ± 5 %. 
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In the buffer region of silicic acid ( pH ~ pKw ~ 9 at 90°C ) the hydroxy! ions 

"released" through ferrihydrite precipitation are mostly consumed by the dissociation of 

silicic acid. The change in pH should be small and can be then estimated using the 

relations: 

([H3SiO;]A = 

{[HtSiO^J M r J ^ i ' l = p'/i-pA'w; [SiU = [IhSiO^ + [HtSiOtl 

PH2 *,KH+los(lQ^±ffl) 
(32) 

= 8.95+/«g ( £ £ » + « £ * ) = 9 - 4 5 

where [...]t, pH, are the activities and pH in the model assuming congruent dissolution 

of Fe; pH2 is the pH after the simulated precipitation of ferrihydrite, [Si](0( is the 

total concentration of dissolved silica, and A [Fe] is the total ferric iron released from 

die glass at the reaction progress of interest. The result of this approximation is in 

close agreement with the pH calculated by PHREEQE for the model with Ferrihydrite 

precipitation, thus supporting the validity of the previous arguments. 

4.6 Comparison between measured and calculated concentrations 

The consistency of the reaction path models for elements involved in precipitation-

dissolution reactions can be tested through the comparison of calculated and analytical 

concentrations. This test focusses on the elements incorporated in the assumed precip

itating solids, i.e. AI, Mg, Na and Si. 

The results of such comparisons are represented graphically in Figures 7 to 12. First, 

the boron data were refitted by adjusting the percentage of silica sorbed to 68% for 

MODEL 1 and 37% for MODEL 2 (Figure 6). The release curves of all other ele

ments were then calculated using identical parameters (Table 5) and considering the 

relevant precipitation-dissolution sequences (Figure 4). In consideration of the poor 

reproducibility or uncertainty of the analytical data, the calculated concentration evolu

tion of Li, Na, AI and Mg correlate fairly well with the experimental results for both 

reaction path models. However, the abrupt rise of the Al-concentration predicted in 

the first days could not be observed in the experimental data. This is not surprising in 

view of the small amplitude of the predicted peak compared to the time spacing of the 

measurements. 
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The Si analyses are poorly reproduced; for times larger than 3 months both models 

predict concentrations ~ 30-40% higher than observed. This effect is probably due to 

the somewhat larger pH values calculated by both models, which appear to be about 0.2 

units higher than the analytical pH's: removing free protons favours the deprotonation 

of HiSiO\ to HjSiO^, thus increasing the total solubility of silica. The exceedingly 

high Si concentration observed in the first months, followed by a decrease to lower 

values, may be due to a kinetic effect (delayed precipitation of silicates) and cannot 

therefore be explained by the reaction path models, which rely on the assumption of 

thermodynamic equilibrium. 

A special mention should be made for the case of Cs. The analyses consistently yielded 

concentrations near or below the detection limit, indicating that the bulk of Cs is retained 

by sorption or precipitation of solid phases. Since the HMI data-base lacks minerals 

containing this element, Cs is automatically treated as a congruently dissolving element, 

giving rise to unrealistically high concentrations in the model. Thus the incompleteness 

of the data-base may lead to huge discrepancies between prediction and reality. 

In summary, it can be stated that both reaction path models can reproduce the analytical 

data reasonably well, except for Si and Cs, and can be thus considered equivalent. 

However, it should be kept in mind that suppressing the "ad hoc" silica sorption assumed 

in the model calculations would lead to a substantial disagreement between modelled 

and observed release curves. Therefore, efforts should be made to identify other possible 

silicates which would remove the excess silica fixed in the glass surface layer, or to 

quantify the degree of silica sorption (if any) on the secondary phases formed through 

the glass-water interaction. 
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Figure 6: "Recalibration" of the Boron release curve assuming that the solution con
centration of Fe is controlled by the solid Ferrihydrite (compare with figure 3, where 
Fe is assumed to dissolve congruently). The analytical uncertainty (1 a) is ± 5 %. 
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Figure 7: Release curve for Lithium compared with the experimental data at 90 °C and 
S/V = 1320 m - 1 (AAS = Atomic Absorption Spectroscopy, IC = Ion Chromatography). 
The analytical incertainty (1 a) is ± 5 %. 
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Figure 8: Release curve for Sodium compared with the experimental data at 90 °C and 
S/V = 1320 m - 1 (AAS = Atomic Absorption Spectroscopy, IC = Ion Chromatography). 
The analytical uncertainty (1 a) is ± 5 %. According to [2], the IC analyses are more 
accurate. 
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Figure 9: Release curve for Aluminium compared with the experimental data at 
90°C and S/V = 1320 m_1. Error bars were derived assuming that the analytical 
uncertainty is equal to the concentration found in blank experiments. The assumption 
is justified by the very low measured sample concentrations, which are comparable to 
blank concentrations. 

100 200 300 400 

TIME [days] 



43 

Figure 10: Release curve for Magnesium compared with the experimental data at 
90°C and S/V = 1320 m"1. Error bars were derived assuming that the analytical 
uncertainty is equal to the concentration found in blank experiments. The assumption 
is justified by the very low measured sample concentrations, which are comparable to 
blank concentrations. 
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Figure 11: Release curve for Silica compared with the experimental data at 90°C and 
S/V = 1320 m_1. The analytical uncertainty (1 a) is ± 5 %. 
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Figure 12: Release curve for Cesium compared with the experimental data at 90°C and 
S/V = 1320 m_1. The huge discrepancy between calculated and analytical concentration 
is a consequence of assuming in the model that Cs is released congruently (no Cs solid 
phase is available in the PHREEQE data base). The analytical uncertainty (1 a) is ± 5 
%. 
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5 Applicability of the HMI-model to the Swiss reposi
tory concept 

In this section, an appreciation of the HMI-model is made, with special consideration 

of its reliability for the prediction of the long-term performance of HLW borosilicate 

glasses in a Swiss repository scenario [20]. 

In a final repository conceived as a multiple barrier system (glass matrix /steel canis-

ter/bentonite backfilling/host-rock), aqueous solutions from the geosphere will eventu

ally reach the glass matrix surface after diffusion through a microporous, compacted 

bentonite layer, and corrosion of the steel container. From that moment, the glass 

components will be released due to the chemical attack. Silica and the other dissolved 

components from the glass will migrate towards the geosphere by particle diffusion. In 

contrast to the experiments modelled in this report, the dissolved species will be diluted 

in an ideally infinite volume, since the repository is an open system. The concentration 

of silicic acid at the glass surface at a given time (and thus the glass corrosion rate) will 

strongly depend on the diffusivities in the steel canister and bentonite. The HMI-model 

does not account for this coupling with diffusion, as the released glass components are 

assumed to be dissolved homogeneously in a finite, constant solution volume without 

concentration gradients. Therefore, the model is not able to predict the time dependence 

of the glass corrosion rate in this repository scenario. 

A significant drawback of the modelling exercises reported in several technical reports 

by Grambow and coworkers [1,2,3] is that the relevant parameters (k+, R^, KSi) are 

derived ad hoc from the experiment to be modelled. It should be pointed out that 

the theoretical framework of the model allows the calculation of k+ independently of 

the experiment to be reproduced. For this purpose, the constant factor X exp (-jjf) 

should be used and AGß(£) calculated for the glass (see equation (22)). However, this 

implies the use of a unique activation energy, the values of which is not known precisely 

(spread of experimental values), and calculating AGfi using doubtful assumptions (see 

paragraph 2.3). 

Further, the model postulates a time-independent, constant final corrosion rate (/?<»), 

based on results of brief experiments (up to 1 year). As long as the meaning of the 

observed silica "saturation" is not understood - for instance through the identification 

of a silica phase limiting the silicic acid activity - there is no guarantee that R^ will 

remain at the value extrapolated from the experiment over relevant time spans of the 

order of 105 years. 
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In addition, the extrapolated value of R^ is affected by large uncertainties. Attempts 

to verify the ar sumption of a constant final rate by studying the palagonitization of 

natural basalts [19] failed because of: (1) uncertainties in the age determinations, (2) 

undefinable contact times of the leaching solution, and (3) lack of knowledge of the 

leachant chemistry. The results show that the thickness of alteration layers in samples 

of same age and location may differ by up to 3 orders of magnitude. 

In its current form, the HMI-model does not allow reproduction of the release curves for 

most radionuclides, as elements like Cs, Pu, Np, Am are not found in any solid phase 

of the PHREEQE data-base used. This means that such elements can only be modelled 

as congruently dissolving species. In most cases, however, their leachate concentrations 

are strongly limited by low solubilities (Table 4-10 in [20]). 

In spite of the mentioned drawbacks, the model is able to simulate accurately the release 

of the major elements building up borosilicate glasses. Although several parameters are 

either dependent on the experiments to be modelled (k+, R,^, KSi), or are derived 

through fitting of the experimental data (D, SORB /Si), these are not responsible for 

the agreement in the shapes of calculated and experimental curves. The latter feature 

is rather due to the first order kinetic law, which leads to the characteristic parabolic 

appearence of the release curves. The adoption of a first-order kinetic law and its control 

by the silicic acid concentration have thus to be considered one of the most valuable 

features of the HMI-model. Moreover, the assumption that the hydrated silanol group 

is the unique activated complex determining the overall corrosion rate can explain the 

experimental observation that - prior to any precipitation of solid phases - all elements 

are released congruently. 

Although the release of radionuclides cannot be modelled with the available codes, it 

is conceivable that the implementation of a PHREEQE database with appropriate solids 

containing the radioactive elements would solve this problem. 

An advantage of the model is surely the flexibility of the user-definable PHREEQE 

database, which allows adaptation of the chemical equilibrium constants to take into 

account improving knowledge. However, the poor knowledge of the composition and 

nature of the alteration layers (which seems to be composed mainly of amorphous 

material at T < 90°C ) limits for the moment the reliability of the release calculations 

for incongruently dissolving elements. 
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Appendix A - Evaluation of the long-term corrosion rate 
and its uncertainty: comparison between ABS-118 and 
MW glasses 

Figure 1 illustrates the method used to determine the long-term glass corrosion rate: the 

experimental data are plotted as normalised mass losses of boron versus leaching time, 

and a straight line is fit through those data for which silica saturation can be assumed 

(i.e. the data points at low times, when [H4Si04} < A's„ are excluded). The slope of 

the straight line can be interpreted as normalised glass corrosion rate in [g • m~2 day-1] 

units. To obtain reliable values, the experimental data and their estimated uncertainties 

were subjected to a statistical treatment. The x-square minimisation method has been 

used to derive values of the long-term rate for the British MW-glass (produced by 

BNFL) and for the French ABS-118 glass (produced by COGEMA). The method is 

described in detail in [21, p. 499-509]. 

Since the JSS-reports [2, 15-18] yield only vague indications of the uncertainties af

fecting the relevant analytical determinations, a rough, but conservative, estimation has 

been attempted, based in part on oral information kindly supplied by H.U. Zwicky, who 

carried out the PSI glass-leaching experiments for the JSS project. 

The quantity, for which the uncertainty has to be estimated, is the normalised mass loss 

of boron (NLB), defined as follows: 

NLB = %L (33) 

where CB is the boron concentration in the leaching solution, V is the volume of the 

leachant, S is the glass surface area, fB is the weight fraction of boron in the glass. 

Each of these quantities contributes to the overall uncertainty of NLB. The estimated 

single uncertainties, expressed as relative standard deviations (c^ = <r,-/i), are expressed 

as follows: 

äCB = ± 5% (from [18, p. 4:33]) 

<?v — ± 5% (Zwicky, oral communication) 

ä s = ± 7% (from [2, Table 3-4, uncertainty of stereological analyses]) 

"äjB = ±2% (from the discrepancy between nominal and analysed B203 con
tent in glass, as reported in [2, Table 3.1]) 

Note that the relative, not the absolute uncertainties are considered to be constant. After 

Bevington's [22] error propagation formulae, the standard deviation of the composite 
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quantity NLB may be approximated as follows: 

^ = fthB + °2v+n + °}B = 10% (34) 

The following general assumptions are implied in the error estimation procedure: 

1. Systematic errors do not affect the uncertainty of the long-term rate, as they are 

thought to be equal in sign and magnitude if all experiments are carried out with 

a unique and well-controlled procedure. For instance, determinations of the glass 

surface area may differ by 30 %, depending on which method is used, but since 

a unique value from stereographic analyses was used for all computed NLB's, 

this uncertainty will not affect the slope of the fitted straight line in a NLB VS. 

time plot. 

2. The uncertainty of the time measurements is considered to be zero, even if it 

might reach ~ 1.5 % at low times ( ^ = 10[hours]/28 [days]). 

3. The uncertainties given for CB,V,S and fB probably reflect the maximal varia

tions of the considered quantities, but were treated as standard deviations (±a) 

in order to remain conservative. 

The source data, and the results of the fitting, are reported in Table Al and plotted on 

Figure Al. It should be emphasised that only the results from experiments in pure water 

enable a comparison between the COGEMA and the BNFL glass performances, since 

experiments with bentonite and/or magnetite are not yet available for the BNFL glass. 

The results of the fitting procedure yield a large uncertainty (± 2 a) for the long-term 

rate of the MW glass leached in pure water, which overlaps the range derived for 

the French ABS-118 glass (leached under identical conditions). Although the median 

values of the 2 considered glasses differ by a factor of 6, their long-term rates cannot 

be distinguished on the base of the statistical treatment presented here. 

The large uncertainty affecting the MW long-term rate stems not only from the broad 

scatter of the experimental data, but also from the assumption of constant relative 

deviations for every measured quantity: since the measured Boron concentrations for 

the MW glass experiment were substantially higher than for the COGEMA glasses, 

the resulting absolute standard deviation of the final corrosion rate is correspondingly 

larger. 
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From Figure AI, it is clear that a significantly higher final rate can be extracted from 

the experiments on ABS-118 glass with magnetite and bentonite compared to the rate 

determined from experiments in pure water. For a safety analysis, one would have 

to select a value from experiments which most closely simulate repository conditions. 

Thus, for the ABS-118 glass, the choice would fall on the higher long-term rate yielded 

by the experiments with magnetite and bentonite. Unfortunately, experiments with 

addition of canister and backfill material are presently not available for the BNFL 

glasses. This implies that it is now premature to make comparative statements on 

the long-term performance of the 2 glass types in a final repository environment. An 

evaluation of the long-term performance of the MW glass in such a repository will 

not be credible before more information on its corrosion behaviour in the presence of 

magnetite and bentonite is available. 

Table AI: Source data and results of the fitting procedure for the determination of long-term 
corrosion rates (Roo)- All analytical data, except where noticed, stem from [2]. The normalised 
boron release values (NLB) are all associated with a relative standard deviation ±lä = 10 %, 
while the times (0 are assumed to have zero uncertainty. The least-square fitting after [21] 
yield a straight line whose slope B and intercept A are calculated by minimising the \-squarc 

N 
function (\2 = £ -^-, where Ay, is the difference between the model and experimental value 

i = l 

at x - i,). If the data lie perfectly on a straight line, then \ 2 = 0. The function Q is a measure 
of the goodness-of-fit and indicates that the fit is good if Q > 0.1, acceptable if Q > 0.001, and 
bad if Q < 0.001. The slope of the straight line defines the median value of the long-term glass 
corrosion rate, while the associated interval ± 2a defines the error range with 95 % probability. 
The intercept A has no practical meaning. 
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Table AI - continued 
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NLB[gm-*} = 

•m-2 day-1] 
•m-2 day-1] 
•m"2] 
•m-2] 

5.40E-01 OSLB = 
1.57E+00 
1.49E+00 
1.48E400 
3.36E+00 
3.50E+00 

1.48E+00 ONLB = 
1.78E+00 
1.87E+00 
1.73E+00 
1.88E+00 
1.95E+00 

8.34E-01 aNLB = 
7.88E-01 
8.44E-01 
7.35E-01 
1.21E+00 
1.14E+00 

5.40E-02 
1.57E-01 
1.49E-01 
1.48E-01 
3.36E-01 
3.50E-01 

1.48E-01 
1.78E-01 
1.87E-01 
1.73E-01 
1.88E-01 
1.95E-01 

8.34E-02 
7.88E-02 
8.44E-02 
7.35E-02 
1.21E-01 
1.14E-01 
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Table AI - continued 

ABS-118, T = 90°C , pure water, combined data from PSI and BNFL parallel experiments 

2.80E+01 
2.80E+01 
2.80E+01 
2.80E+01 
5.60E+01 
5.60E+01 
9.10E+02 
9.10E+02 
9.10E+02 
1.82E+02 
1.82E+02 

*3.64E+02 
*3.64E+02 

NLB[gm-2} = 8.12E-01 aNL 

8.03E+00 
8.15E+00 
7.95E+Q0 
7.68E+00 
7.99E+00 
9.65E+00 
9.54E+00 
8.88E+00 
9.18E+00 
9.24E+00 
9.94E+00 
9.9r£+00 

,B = 8.12E-02 
8.O3E-01 
8.15E-01 
7.95E-01 
7.68E-01 
7.99E-01 
9.65E-01 
9.54E-01 
8.88E-01 
9.18E-01 
9.24E-01 
9.94E-01 
9.96E-01 

B = 5.96E-03 [g-m-2 day"1] 
oB = 2.27E-03 [gm"2 day"1] 
A = 8.01E+00 [gm"2] 

aA = 3.41E-01 [gm"2] 
X2 - 3.70E+00 
Q = 9.78E-01 

* Unpublished data front BNFL, kindly supplied by H.U. Zwicky 
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Figure Al: Graphical comparison among the fitted values of the long-term corrosion 
rates (Rao) extracted from experiments on the ABS-118 glass (produced by COGEMA) 
and on the MW-glass (produced by BNFL). The error bars have a width of twice the 
standard deviation (± 2a) and were calculated using the \-square fitting procedure (see 
text and Table Al). 

ABS-118, magnetite + bentonite 

ABS-118. bentonite ABS-118, magnetite 

ABS-118, pure H,0 

MW, pure HtO 

11—i—'—r 
10 12 2 

Roo [g.nV'.day1 X 103] 

file:///-square
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Appendix B - Recommendations for future glass-leaching 
experiments 

The long-term corrosion rate at silica saturation {R^) is the key parameter which 
defines the maximum possible lifetime of a glass block placed permanently in contact 
with an aqueous solutions of fixed pH and temperature. In the case of the MW glass, 
this parameter is known only with large uncertainty, which means that the calculated 
maximal lifetimes can differ by a factor 10. Clearly, a supplementary experimental 
effort is needed in order to define R^ more precisely. The following recommendations 
should indicate a way of minimising the statistical errors and are intended to avoid 
recognised drawbacks in future glass leaching experiments. 

1. An extended time of experimentation (> 2 years) would help defining the long-
term corrosion rate with more confidence, as there is a better chance that the 
final reaction, driving the glass dissolution at silica saturation, will have reached 
equilibrium after a prolonged experimental time. 

2. Better control of the experimental error on the measured quantities contributing 
to NLB is required in order to (hopefully) increase the internal reproducibility of 
this quantity. Glass compositions should be repeatedly analysed, and especially 
boron concentrations should be determined from several aliquots and with two 
different analytical methods. Every raw analytical value should be associated 
with its standard deviation. 

3. A better statistical sampling through more frequent concentration measurements 
(i.e. every month) would largely contribute to reduce the uncertainty arising from 
the low number of data points. This does not necessarily mean that the number 
of experiments must be increased, as suggested below. 

4. The strategy of setting up several parallel experiments with small amounts of 
glass and leachant, to determine a unique release curve at specified conditions 
(such that each analytical value of a specific element corresponds to a single 
experiment), should be abandoned. The reasons are: (a) this procedure introduces 
extra uncertainty because of the use of different aliquots of glass and water, and 
because of the forcedly different course of each experiment (different heating 
times, water losses, contaminations, etc.); (b) a very large number of experiments 
is needed to comply the requirement of a good statistical sampling. A single 
release curve should thus be determined from a unique large-scale experiment 
(i.e. with large amounts of water and glass), in which the frequent drawing of 
small leachant samples for the analyses would not sensibly affect the bulk system. 
This procedure would obviously eliminate the errors deriving from the "parallel 
experiment" approach. 
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Appendix C - Basic principles from the Transition State 
Theory 

Transition state theory (TST) is a powerful tool based on statistical mechanics, by which 
it is possible - provided some key assumptions are valid - to derive expressions for the 
net rate of an overall reaction [6,11,23]. In principle, the TST enables the calculation 
of the "decay" rate of the so called activated complex. This is an unstable, transitory 
molecular configuration during the change from reactants to products in the elementary 
reaction which determines the rate of the overall reaction. The activated complex is a 
hybrid between reactants and products, the structure and properties of which cannot in 
general be studied because of its extremely short lifetime. 

A reaction through the activated state can be represented as follows: 

A + B^&^>C + D 

A and B are the reactants forming the activated complex C\ which decays to the 
products C, D. 

The basic results of TST are given in the following equations, which establish relations 
between the forward kinetic constant (k+) and the thermodynamic state functions of the 
activated complex: 

k+ = kT-jAiB 

7f 
A'* (35) 

where k is the Boltzmann constant, h is Planck's constant, 7^ and -)B ai the activity 
coefficients of the reactants, 7* refers to the activity coefficient of the activated complex, 
10 is an equilibrium constant for the formation of the complex, R is the gas constant, 
T is the absolute temperature, AG t, A,S'f and A//* are the standard differences in free 
energy, entropy and enthalpy between reactants and activated complex. An alternative 
expression for 10 in terms of the quantum mechanics is: 

fft _ Wiv) ,37) 

R 

where q = £e-(
fj/A:T) is the sum of the available quantized energies e_, for a specific 

molecule, and V represents volume. The subscript R symbolises a generic reactant 
participating in the formation of the activated complex. It should be emphasised that 
the calculation of the partition function, q\ is only possible if the identity and structure 
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of the activated complex are known. In general, however, the geometry of the complex 
is unknown, and the quantum mechanical path must be abandoned in favor of the 
calculation through the thermodynamic functions, as shown below. 

Equations (34) and (35) may be combined to yield (for a reversible elementary reaction 
passing through a unique activated complex): 

k+ = ^ 2 ^ e - # ( 3 8 ) 

h 7T 

k_ = — —e "• (39) 
h 7T 

where fc_ is the constant for the reverse reactions; A, B are the reactants; C, D the 
products; and the arrows refer to the direction of the reaction. Dividing (38) by (39), 
the ratio of the forward to the reverse reaction constants is obtained as a function of the 
standard free energy difference of the elementary reaction, thus eliminating all quantities 
related to the activated complex (AGf, A G\i*): 

"L^im.ffi) (40) 

k- IclD 

If R+ and /L denote the rates of the forward and reverse reactions, one obtains: 

7?+ k+CACß dAdB ( -T5^J I A i \ 

Using the basic thermodynamic relation AG = AG° + RTInQ, where Q represents the 
activity quotient of the reaction, equation (40) becomes: 

E± = e(-*GR/RT) ( 4 2 ) 

R-

where AGn is now the actual free energy difference at any reaction progress £, which 
is equivalent with the affinity of the reaction Ay The net rate of the rate-determining, 
and thus of the overall, reaction is: 

Rnet = Ä+ - Ä_ = Ä+ (l - ^ ) 
= Ä+ ( l - c ( - A G «/ÄD) {qö) 

Since AGR is measurable, the final task is to find a way of determining R+. This is 
done by determining experimentally the activation energy EA and the pre-exponential 
factor A of the empirical Arrhenius law: 
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k+,exp — At RT 

(44) 
dlnk+exp _ EA 

If ~'Wi 

where the subscript 'exp' emphasises that k+ is derived experimentally. Using equations 
(35) and (36), and differentiating after T, the following relation is obtained from the 
TST: 

dlnk+ 1 A/7* 
dT T+ RT2 ^ 

which can be equated to (44) and leads to the basic relation: 

EA = RT+ A/7f (46) 

According to [23], the forward rate of the elementary rate-determining reaction must be 
proportional to the concentration of the activated complex C t and to the base frequency 
^r predicted by TST: 

R+=a^C^^C< (47) 
h h 

The factor a is the probability that the activated complex decays to the products, and 
is usually = 1. Since: 

0 = KlaAaBtf (48) 

and, using equations (36) and (46): 

* . = « ( * ) « ( - * ) lO = e\R)t\ mi (49) 

one can substitute (49) for lC in (48), and Cf back into (47) to obtain: 

H+ = — eV /eV 'a^riß (50) 

where the forward rate constant (equivalent to kj in equation (2)) can be extracted as: 

*• = £ , ( * • • ) . ( - * ) (5!) 
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This expression has the form of the Arrhenius equation, k+ = Ae\ RT>, where the 
pre-cxponential factor is: 

The usefulness of equations (50) and (51) is understood if one keeps in mind that A 
and EA can be determined experimentally. In the case of silicate glasses, leaching 
experiments in pure water could be performed at various temperatures to determine 
the initial corrosion rates. However, the concentration of the reactant {-Si =(OH)3}, 
fonning the activated complex, is not measurable, so that Jt+ cannot be readily extracted 
from the measured rates R+. Instead, the assumption must be made that {—Si =(OH)3} 
is proportional to &GR(£) of the glass-water reaction, as discussed in 2.3.2 (see equation 
(5)); fc+ is then determined with the help of the free-energy difference of the glass-
water reaction, calculated under the assumption of infinite dilution (equations (21) to 
(23)) for reaction progresses far away from silica saturation. If this calculation is made 
for various glasses, the proportionality constant X, containing all unknown quantities 
in equation (49) (i.e. 7* and AS*), can be determined from a plot of AGfl(£) vs. the 
measured rate. This procedure is described in section 2.3.2. 
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Appendix D - Nomenclature 

Symbol/ Description 
Abbreviation 

units (SI) 

a« 

Ai 
BNFL 
C 
C, 
Ck 

Ct 
COGEMA 
D 
EA 

«1,2,....« 

/ * 
h 
IAPk 

JAP: 
JSS 
k 
k 
k+ 

k~ 
k+ 

K 
As, 
As, 

K„ 
L 
NLi 

Pi ,2,...,. 

PH 
pK„ 
PSI 

activity of H4Si04 in the bulk solution 
activity of H4Si04 at the reaction surface 
affinity of the reaction j 
British Nuclear Fuels, Ltd., UK 
general symbol for concentration 
concentration of species i 
boron concentration at which Si saturation is reached 
species symbol and concentration of activated complex 
Compagnie General des Matieres Nucleaires, France 
diffusion coefficient of silica in surface layer 
activation energy 
symbol for reactant (dissolved species) 
molar fraction of solid k in glass 
Planck's constant 
activity quotient of solid k in the bulk solution 
activity quotient of solid k on the glass surface 
joint Japanese, Swiss, Swedish glass leaching project 
Boltzmann's constant 
generic symbol for a crystalline solid 
kinetic constant of forward reaction 
kinetic constant of reverse reaction 
kinetic constant of forward reaction (empirical) 
fictitious saturation activity of II.\SiO,\ 
limiting activity of H^SiO^ (upper limit) 
solubility product of a solid 
equilibrium constant for the formation of the activated complex 
acid ionization constant 
thickness of reaction layer (glass-water interface) 
normalised release of element i 
symbol for product (dissolved species) 
negative logarithm of hydronium ion activity 
negative logarithm of the acid ionization constant 
Paul Scherrer Institute 
partition function of activated complex (f) and of 
a generic reactant (/?) 

J kg"1] 

kg m-3] 
kg m-3] 
kg m-3] 
kg m~3] 

mV'j 
J kg-1 

:JS] 

- i 
- i 

J A'"1] 

kg m - 2 s 
kg m - 2 s 
kg m -2 s 

- ] 

m] 
kg m-2] 
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Q Q-function for goodness-of-fit estimation [ - ] 
R gas constant [J kg -1 

Rj rate of a generic reaction j [kg m -

RM rate of glass dissolution, normalised to surface area [kg m~ 
RT transport rate of dissolved glass, normalised to surface area [kg m -

Reo glass corrosion rate at silica saturation 
(final, saturation, long-term corrosion rate) [kg m~ 

S surface area of glass [m2] 
SI saturation index, SI = log ~^- [ - ] 

t time [s] 
T temperature [K] 
V volume [m3] 
X proportionality constant (eqs. 21,22, 23) [kg m" 
a transmission coefficient [ - ] 
01,2..,; stoichiometric coefficient of pi,2, .,. [ - ] 
1A,B activity coefficient of species A, B [-] 
7* activity coefficient of activated complex [ - ] 
AG* standard free energy difference between reactants and 

activated complex [J kg -1 

A G* standard free energy difference between products and 
activated complex [J kg - 1 

A// t standard enthalpy difference between reactants and 
activated complex [J kg -1 

AS* standard entropy difference between reactants 
activated complex [J kg -1 

AGR(£) free energy of the glass dissolution reaction at 
reaction progress £ [J kg -1 

t} quantized energy state j of a molecule [J] 
/z, chemical potential of species i [J kg -1 

H° standard chemical potential of species i [J k g - 1 

£ reaction progress variable [kg] 
i/li2 i stoichiometric coefficients of ei,2 i [ - } 
n(a~" , J) activity product of the reactants forming the activated complex [ - ] 
i 

Oi absolute standard deviation of i [i] 
~&i relative standard deviation of i [-] 
X2 "chi-square" function [ - ] 
= equal to 
= almost equal to 
~ approximately equal to 
[ ] activity or concentration in bulk solution [kg m -

{ } activity or concentration on glass surface [kg m" 
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