Available online at www.sciencedirect.com

SGIENCE(dUIRECT'

Applied
Geochemistry

PERGAMON

Applied Geochemistry 18 (2003) 1165-1184
www.elsevier.com/locate/apgeochem

Thermodynamic stability of waste glasses compared to
leaching behaviour

Didier Perret®*, Jean-Louis Crovisier®, Peter Stille®’, Graham Shields®!,
Urs Miider®, Thierry Advocatd, Kaarina Schenk®, Marc Chardonnens®

aEcole Polytechnique Fédérale de Lausanne, Institut des Sciences et Technologies de I’Environnement,
Laboratoire de Pédologie, CH-1015 Lausanne, Switzerland
YULP Ecole et Observatoire des Sciences de la Terre CNRS, Centre de Géochimie de la Surface UMR 7517, 1,
Blessig, F-67084 Strasbourg Cedex, France
CUniversitdit Bern, Mineralogisch-Petrographisches Institut, 1, Balzerstrasse, CH-3012 Bern, Switzerland
dCEA Marcoule, Service de Confinement des Déchets, BP 171, F-30207 Bagnols sur Céze Cedex, France
°Swiss Agency for Environment, Forests and Landscape, Division Waste, CH-3003 Bern, Switzerland

Received 10 January 2002; accepted 5 November 2002
Editorial handling by J.-C. Petit

Abstract

The thermodynamic stability of products obtained from the high-temperature treatment of municipal solid wastes
and their associated residues (bottom ash, fly ash, filter cake, optional additives) can be estimated by calculation of
their free energy of hydration AGyyqr by a polyhedral approach. This approach has been applied on a series of 23
samples originating from high-temperature treatment processes operated under a range of conditions, and 3 thor-
oughly characterised standards. For vitreous or vitrocrystalline samples, it is demonstrated that Si and Ca contents
clearly control their thermodynamic stability, and that the type of incineration process plays only a minor role. Silicon
directly influences the durability of the samples, while Ca governs the pH during corrosion, which in turn affects the ther-
modynamic stability. It is also shown that there is a tight inverse relationship between the calculated thermodynamic stability
of the samples and their rates of dissolution under aggressive conditions of corrosion. Attempts to compare the results to the
large literature database of results obtained from nuclear high-level waste glasses, their proxies and other analogs (ancient
and commercial glasses) are limited by sample preparation constraints. It is however concluded that the calculated thermo-
dynamic stability of these “waste glasses” offers a valid estimate for their relative quality and, in turn, for their durability.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The assessment of the long-term stability of man-made
materials has a long history, which has been mostly
based on the results of experiments that attempt to
accelerate, either chemically or physically, the corrosion
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of the materials of interest. In the field of glasses and
vitreous materials, the seminal work of Paul and New-
ton (Paul, 1977, 1982; Newton and Paul, 1980; Newton,
1985) on the thermodynamics of hydration of glasses
opened up new opportunities in the estimation of their
durability. Their conceptual model is that the structure
of a glass is an homogeneous assembly of silicate poly-
hedra of the different elements present in the glass.
According to the theory of Paul and Newton, a glass
which is subjected to water corrosion will hydrate with
respect to its overall thermodynamic characteristics.
Thus, assuming an assembly of silicate polyhedra, the
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overall free energy of hydration AGyq, of a glass can be
estimated as the molar-weighted sum of the free energies
of hydration AGhyar of the constituent silicates.

This concept was later revisited and refined by Jant-
zen, Plodinec and Wicks (Jantzen, 1984, 1988; Plodinec,
1984; Jantzen and Plodinec, 1984; Plodinec and Wicks,
1994), who used it to predict the stability of radioactive
waste glasses (nuclear high-level waste glasses, HLW
glasses). Additionally, Jantzen and Plodinec observed
that there is a fairly good relationship between the cal-
culated free energy of hydration of several glasses
(HLW, commercial, ancient and natural glasses) and the
release of major elements during corrosion tests per-
formed under well defined conditions.

The thermodynamic approach of the free energy of
hydration is based on simplifying assumptions and
restrictive conditions, i.e. the release of species from the
glass matrix is a congruent process far from equilibrium,
no secondary products form at the surface of the glass,
and there is no geometric or mechanical effect on glass
corrosion. This approach has proven very adequate
when dealing with glasses containing hazardous ele-
ments which must be stored in deep geological reposi-
tories (e.g., HLW glasses; Bates et al., 1994; Ewing,
1996).

It is generally considered that, after initiation of the
reaction by an acidic ion-exchange mechanism, glass
corrosion proceeds via alkaline dissolution and hydro-
lysis of the external and internal siloxane groups
(Scholze, 1991; Grambow and Miiller, 2001; Oelkers,
2001; Oelkers and Gislason, 2001), as given by reactions
1 and 2:

{=Si - O - Si(OH);},, +OH™ —

glass

{=Si — O }j46s+HaSiOy(external glass dissolution)

(reaction 1)
{=Si—-0-S8i =}y, +OH™ —
{=Si—07 }4ju5s HHO —Si =}, (internal glass hydrolysis)

(reaction 2)

The thermodynamic model is in agreement with these
mechanisms; it represents a simple and sound com-
plementary approach which has been used successfully
to estimate the durability of HLW glasses. The present
study is part of a two-year project initiated by the Swiss
Agency for Environment, Forests and Landscape
(SAEFL, 1996, 1998) to estimate the ecological feasi-
bility of reuse for civil engineering applications of vitr-
eous products originating from the high-temperature
treatment of municipal solid wastes or their residues
(hereafter referred to as waste glasses; Perret et al.,
2000) or their landfill disposal.

It is the first attempt to apply the thermodynamic
concept of free energy of hydration to a large set of

waste glasses obtained from the high-temperature treat-
ment of municipal solid wastes (MSW) or their asso-
ciated residues (bottom ash, BA; fly ash, FA; filter cake,
FC) under various conditions of operation, and to
compare their calculated thermodynamic stability to the
results of an experimental leaching test performed under
drastic conditions of corrosion.

Although the approach adopted in this study allows a
comparative evaluation of the performances of the
samples, the estimation of the expected long-term beha-
viour of waste glasses on the basis of short-term corro-
sion experiments must be viewed with great care because
the long-term rate relies on additional parameters (e.g.,
formation of secondary phases).

2. Materials and methods
2.1. Samples and standards

Table 1 gives an overview of the 23 samples and 3
standards used in this study. The samples are classified
according to the category of process from which they
were prepared: in-line processes produce waste glasses
from the direct high-temperature treatment of MSW,
while post-processes yield waste glasses from the high-
temperature treatment of incineration residues (BA, FA,
FC, or a combination of these residues, with possible
additives, e.g., sewage sludge, cement, recycled glass or
car shredder residues). The 23 samples were provided by
10 Swiss, German and French companies active in the
thermal treatment of MSW or their residues. On the
basis of their amount of crystalline components, vitr-
eous and vitrocrystalline samples are distinguished:
vitrocrystalline samples contain more than ca. 2% of
crystalline phases and are labelled with an asterisk (e.g.,
sample P2*, standard R2bis*).

According to the companies participating in this
study, the samples are representative of normal operat-
ing conditions of their high-temperature process, while
composition of the input material (i.e., MSW, BA, FA,
FC, additives) was typical. The variability of the waste
glasses (e.g., differences in the quality of MSW, BA, FA,
FC between Switzerland, Germany and France, or
between the periods of production) was not addressed
in this study, but it is expected to account only for
minor variations in the final characteristics of the waste
glasses.

Three additional glasses were used in this study for
comparative and normalisation purposes. The first of
them, SONG6S8, is the non-radioactive proxy of the
extensively characterised French nuclear HLW glass
R7T7 (Nogues, 1984; Fillet, 1987; Advocat, 1991;
Cheron et al., 1995). Although the composition of this
borosilicate glass, which is constant from batch to
batch, deviates from the average of the 23 samples, it
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Overview of the 23 samples and 3 standards

Code Process category Input material Process type and temperature
P1 In-line process for MSW 100% MSW Pre-heating of MSW at 600 °C, then melting in burner at 2000 °C
P2* In-line process for MSW 100% MSW Pre-combustion of MSW, then melting in rotative oven at 1350-1450 °C
P3* In-line process for MSW 100% MSW Pre-treatment of MSW in fluidised bed at 500-600 °C, then melting in
cyclonic combustion chamber at 1400 °C
P4.1* In-line process for MSW 100% MSW Pre-pyrolysis of MSW at 900 °C, then melting in combustion chamber
at 1400 °C then electroreduction
P42 In-line process for MSW 100% MSW Pre-pyrolysis of MSW at 900 °C, then melting in combustion chamber
at 1400 °C then electroreduction
P5 Post-process for BA 100% BA Three-phase combustion of BA in segmented oven (combustion,
electroreduction, separation by gravity)
P6* Post-process for BA 100% BA Combustion of BA at 900 °C in fluidised bed under highly acidic
conditions
P7 Post-process for BA 100% BA Combustion of BA in rotating electric arc melting chamber
P8 Post-process for BA + FA 90% BA Not available
10% FA
P9.1 Post-process for BA 80% BAgine Pre-sieving of BA and mixing with FA, then combustion in electric
(fine fraction) + FA 20% FA arc melting chamber at 14001500 °C
P9.2 Post-process for BA 90% BAgie Pre-sieving of BA and mixing with FA, then combustion in electric
(fine fraction) + FA 10% FA arc melting chamber at 1400-1500 °C
P10 Post-process for FA 100% FA Direct combustion and melting of FA in plasma torch at 1350-1450 °C
Pl1* Post-process for FA 100% FA Combustion of FA at 900 °C in fluidised bed under highly acidic
conditions
P12.1 Post-process for FA 100% FA Combustion of FA in electric arc melting chamber at 1400-1500 °C
(granulated form)
P12.2* Post-process for FA 100% FA Combustion of FA in electric arc melting chamber at 1400-1500 °C
(granulated form)
P12.3* Post-process for FA 100% FA Combustion of FA in electric arc melting chamber at 1400-1500 °C
(foamed form)
P13 Post-process for FA 100% FA Combustion of FA in electrically heated melting chamber at 1350 °C
P14 Post-process for FA +FC 80% BA Combustion of BA and FC in plasma-heated rotating oven at 1200-1600 °C
20% FC
P15.1 Post-process for FA 50% BA Pre-heating at 700 °C, then combustion of BA and sewage sludge
+ sewage sludge 50% sewage sludge in melting chamber at 1600 °C
P15.2 Post-process for FA 50% BA Pre-heating at 700 °C, then combustion of BA and sewage sludge
+ sewage sludge 50% sewage sludge in melting chamber at 1600 °C
Plo* Post-process for FA 80% BA Not available
+ cement 20% cement
P17 Post-process for FA 70% BA Combustion of FA and recycled glass in electrically heated melting
+ recycled glass 30% recycled glass chamber at 1350 °C
P18 Post-process for FA 53% FA Combustion of FA and pre-sorted car shred in cyclonic melting
+ car shred 47% car shred chamber at 2000 °C
SONG68 Vitrification of Synthetic borosilicate Combustion of nuclear HLW with glass-forming mixture in
nuclear HLW glass induction-heated melting chamber at 1100 °C
R2bis* Post-process for FA 100% FA Combustion of FA in electric arc melting chamber at 1450 °C
R3 Post-process for FA 100% FA Combustion of FA in electric arc melting chamber at 1800 °C

Samples are classified according to their parent high-temperature treatment process. Samples and standards labeled with an asterisk (e.g., P2*) exhibit
vitrocrystallinity (i.e., > 2% of crystalline forms). Samples labelled Pi.j (e.g., P4.1%, P4.2) originate from the same process but differ in the operating
conditions of the process, or in variations of their input material. MSW = municipal solid wastes; BA =bottom ash; FA =fly ash; FC=filter cake.
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was considered in this study as a guide to durability.
The two other glasses, R2bis* and R3, are among the
few thoroughly studied waste glasses described in the
literature (Colombel, 1996; Colombel et al., 1997).
R2bis* and R3 were produced in France from the melting
of fly ash by the same high-temperature treatment pro-
cess (electric arc), but operated under different condi-
tions of temperature and quenching. R2bis* is
vitrocrystalline, while R3 is vitreous, which makes them
representative analogs of the 23 samples.

Samples and standards were characterised by a multi-
methodological approach combining physical, micro-
scopic and chemical analyses, and corrosion tests. All
analyses and corrosion tests were performed under
identical conditions for all samples.

2.2. Physical, microscopic and chemical analyses

Procedural details for the determination of the physi-
cal, microscopic and chemical characteristics of samples
and standards are given elsewhere (Perret et al., 2000).

The crystallinity (XRD) and specific surface area Sgpec
(BET) of samples and standards were determined on
ground fractions (sieved to 100-125 pum) after careful
ethanol washing to remove the fine particles. The
microscopic features (morphology, inclusions, surface
and matrix structure) and semi-quantitative chemical
homogeneity and composition of ground samples and
standards were determined by SEM (using secondary
electrons and back-scattered electron), while mineral
phases were identified by SEM-EDS.

The chemical composition of samples and standards
was measured by ICP-AES, ICP-MS, GF-AAS, colori-
metry and HPLC, after dissolution by alkaline fusion or
HF digestion. Measurements were performed in dupli-
cate and were cross-calibrated with internal and external
standard solutions.

2.3. Leaching behaviour

The MCC-1 test (Bates et al., 1994; Ebert and Mazer,
1994) was originally designed to study the corrosion of
HLW glasses (4 cm? polished glass cubes in 40 ml H,O
at 90 °C during 28 days; no stirring, batch mode). Its
interest for the present study lies in the fact that a large
number of results obtained on various glasses are given
in the literature (Jantzen, 1988; Jantzen and Plodinec,
1984; Plodinec and Wicks, 1994; Sproull et al., 1994).

However, because of the intrinsic nature of several of
the present samples and standards (granules or fragile
blocks), it was not possible to prepare polished mono-
liths for all samples. A modified MCC-1 corrosion test,
the “Strasbourg test”, was thus developed for the pur-
pose of this study. The operating conditions of the
Strasbourg test are discussed in detail by Perret et al.
(2000) and summarised below.

A known mass (50 mg) of ground sample is sealed in
a Teflon vessel containing ultrapure water (100 ml) at
90 °C+1 °C in a closed oven, for 1 day (6 samples), 3
days (26 samples), and 10 days (15 samples; duplicate
test), without stirring and in batch mode.

To compare the results to those obtained by means of
the MCC-1 test, at least during the initial stage of leach-
ing, the parameter A7-Sgiass/Vieachant (Physical extent of
corrosion over the duration of the experiment) was kept
within the same order of magnitude. For the MCC-1 test,
At-Sglass/ Vieachant = 2.8 d/cm. For the Strasbourg test,
and taking into account an average Sy =400 cm?/g,
At-Sgiass/ Vieachant = 0.2-2 d/cm (1-10 days). Under these
conditions, both tests can be compared, provided that
the mechanisms of dissolution are far from equilibrium.

During corrosion, pHieachate €vVolves freely and is
measured at the end of the experiment after filtering at
90 °C and cooling to room temperature. pH was mea-
sured after cooling as temperature changed too quickly
and variably after removal from the oven and filtering.
The concentrations of elements in the filtered leachate
(0.2 pm) were then analysed as mentioned above.

Assuming that element release during corrosion is a
congruent process, i.e. all elements are extracted from
the glass matrix at the same normalised rate, the nor-
malised apparent dissolution rate rg,s of a sample can
be related to the normalised apparent loss of Si ANLg;
according to Eq. (1):

Folass = I'Si = ANLSi/At

= (A[Si]leachate'Vleacham 'mglass)/mSi : Sglass At (g/mZ d)
()

ANLg;: normalised apparent loss of Si in the leachate
(g/m?)

At: duration of the corrosion experiment (d)
A[Si]ieachate: Variation of Si concentration in the leachate
(g/D)

Vieachant: Volume of leachant (1)

Mylass: 1Nitial mass of sample (g)

mg;: initial mass of Si in the sample (g)

Selass: surface of sample exposed to leachant (m?)

Here, normalisation of the dissolution rate refers to
the proportion of Si in the glass (ms;/mgss) and to the
surface of glass subjected to the volume of leaching
solution (Sglass/ Vleachanl)*

Formally, dissolution rates should be expressed over
the increments of corrosion time, i.e. for Ar=0-1, 1-3
and 3-10 days respectively. However, the corrosion tests
were performed on a new sample for each duration,
making it difficult to take into account inter-sample
variabilities in the calculation of the rates; the dissolu-
tion rates are thus expressed over global durations of
corrosion, i.e. for At=0-1, 0-3 and 0-10 days respec-
tively, and may consequently be overestimated.
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2.4. Determination of AGy,q

On the basis of the model of Paul and Newton, the
compositions of samples and standards were converted
into silicates (CaSiO;, MgSiO;, Na,SiO;, K,SiOs,
BaSiOs3, ZnSiO3, ZrSi04) and oxides (Si0,, Al,O3, CaO,
Fe,03, MnO,, TiO,). For the standard SON6S8, B,Os,
LizSiO}, C5203, Nd203, SI'SiO3, NIO, MOO3, La203,
Ce,05 were also introduced into the conversion.

Then, the equilibrium constants Kjygri for the
hydration of these constituents at 90 °C were calculated
using the simplified Van’t Hoff law [Eq. (2)], assuming
that the variation in heat capacity AC, between 25 °C
(Tp) and 90 °C (T) is constant (Linard, 2000):

IH(T' Knyar(iy) = III(T0 Knydr(i))
+ ((AH" = AC,-To)/R)-(1/To — 1/T}) )

+ (ACy/R)-In(T/ Ty)

The pH-dependent speciation of the constituents was
taken into account between pH =1 and 12 for the deter-
mination of Kyyari). In addition, Fe(IIT) and Mn(IV) were
considered to be the dominant redox species of Fe and
Mn respectively, on the basis of the claimed oxic condi-
tions of the melting processes, and taking into account the
fact that only minor traces of sulphides were detected.
The value of AGhyar) for the hydration of each of the
constituents at 90 °C was then ascertained using Eq. (3):

AGhydr(i) =—R- T'ln(Khydr(i)) (cal/mol) (3)

Finally, the overall free energy of hydration AGyyq, of
samples and standards at 90 °C was calculated accord-
ing to Eq. (4):

AGhydr = EX(i)'AGhydr(i) (cal/mol glass) (4)

The complete set of thermodynamic data used to
estimate the free energy of hydration of samples and
standards is given in Table 2. Table 2 also lists the
average proportions of the relevant species in all sam-
ples and standards, their corresponding AGpyq.i) values
at pH=9.5 (average of pH measurements after 3 days
corrosion), and their average contribution to the overall
free energy of hydration (Xj)-AGhydri))-

The values of Kpyqri of most of the trace elements
present in the samples are not tabulated in the literature,
or subject to large variability. These trace elements were
thus not introduced into the numerical model for the
calculation of the overall free energy of hydration,
except for the species of Ba, Zn and Zr (known Kiyaxiy;
non-negligible concentrations of these elements in some
samples), and, with the standard SONG68, for the species
of B, Li, Cs, Nd, Sr, Ni, Mo, La and Ce (known Khpydr;
non-negligible concentration of the sum of these ele-
ments in the standard). The error in the determination

of AGhyqr due to the missing AGpyqry values of most of
the trace elements present in the samples was considered
to be negligible, because their X(; contribution to the
overall free energy is small, except for Cr (up to 7500
ppm) and Cu (up to 2500 ppm) in some samples.

The refined model of Jantzen, Plodinec and Wicks is
claimed to take into account the surface precipitation of
secondary minerals in the calculation of the overall free
energy of hydration. However, the model used to inte-
grate these secondary minerals is not readily available in
the literature; for this reason, the authors did not intro-
duce secondary minerals in the calculation, and the ori-
ginal model of Paul and Newton was applied.

3. Results and discussion
3.1. Physico-chemical characteristics

Fig. 1 shows examples of the various morphologies
and grain sizes (photography), surface textures (SEM,
secondary electrons) and bulk structure (SEM, back-
scattered electrons) of the samples provided by the
companies.

According to XRD measurements (not shown), the
majority of samples and standards (15 samples out of
23; 2 standards out of 3) are vitreous, i.e., they contain
less than ca. 2% of crystalline phases. The others con-
tain non-significant amounts of crystalline compounds
and were classified as vitrocrystalline.

The specific surface areas of the ground samples and
standards reflect their differences in bulk morphologies:
For most samples, Sgpec=293-466 cm?/g (standard
glasses: 383-474 cm?/g), with the notable exception of 6
samples (P1, P2* P3* P4.1* P6* and P11%; ca. 600—
8200 cm?/g).

Vitreous samples, except P1, exhibit a low specific
surface area, which is also the case for two vitrocrystal-
line samples (P12.1*, P16*) and one standard (R2bis*).
Samples P6* (prepared from BA) and P11* (prepared
from FA), which are characterised by extremely high
values of Sgpec, originate from the same high-tempera-
ture treatment process, which produces porous granules
with aggregated particles in the sub-millimeter range.

Microscopic examination reveals the presence of sev-
eral crystalline phases in the vitrocrystalline samples: the
most commonly identified phases are quartz, gehlenite/
melilite, diopside, Cr-rich spinel, albite, plagioclase,
pyroxene, portlandite, and in some samples metal oxi-
des, alloys and traces of sulphides. These phases, which
are either inherited from the input material or formed at
process temperature or during quenching of the melt,
also contribute to the high specific surface area of most
vitrocrystalline samples.

The results indicate that there is no direct link
between the physical or microscopic characteristics of
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Species taken into account for the calculation of the free energy of hydration of the samples and standards

SpCCiCS X(i) Reactions pK AGhydr(i) X(i)'AGhydr(i)
(kcal/mol) (kcal/mol)
CaSiO; 0.37+£0.14 CaSiO;+2H™" + H,0 — Ca?* + H,SiO, —8.98 (25 °C) —16.02 —6.00
+2.20
SiO, 0.18+0.19 SiO, +2H,0 — H4SiOy4 2.97 3.83 1.12
H,Si04 — H3Si07 +H* 8.97 +0.75
H;Si0; — H,Si03 +H ™ 10.7
Al,O3 0.17£0.07 1/2(Al,05+ 5H,0) — AI(OH); +H™* 11 2.56 0.43
Al(OH);y +H* — AI(OH);+H,0 —6.66 +0.22
Al(OH); +2H" — AI(OH);” +2H,0 —12
Al(OH); +3H* — AIOH?" +3H,0 —14.3
Al(OH); +4H" — AP +4H,0 —17.6
CaO 0.14+0.11 CaO+2H' — Ca?" +2H,0 —17.6 2.36 0.52
+0.46
MgSiO; 0.08£0.04 MgSiO;+2H " + H,O — Mg?* +H,Si0, —7.04 —12.79 —1.12
+0.44
Na,SiO; 0.05£0.03 Na,SiO3+2H " + H,O — 2Na ™ + H,SiO4 —17.7 —30.58 —1.59
+0.88
Fe,04 0.04+0.03 1/2(Fe;O3+6H ™ +2¢7) — 1/2(Fe?>* +3H,0) —7.54 +9.41 +0.44
Fe’" +OH~ — FeOH™* —5.51 +0.35
Fe?*™ +2H,0 — Fe(OH),+2H™" 16.8
Fe?* +3H,0 — Fe(OH); +3H™" 25.3
Fe’t +4H,0 — F(:(OH)?(+4H+ 45.1 (25 °C)
Fe?* +3H,0 — Fe(OH);+3H™" +e~ 25.5
Fe?t — Fe’ ' +e~ 11.8
Fe** +OH~ — FeOH?* —11.4
Fe’* +4H,0 — Fe(OH); +4H " +e~ 29.3
K,SiO; 0.01£0.006 K5Si03+2H* + H,O — 2K 4+ H,SiOy4 —26.2 —44.6 —0.48
+0.28
ZnSiO; 0.007£0.01 ZnSiO3+ 3H,0 — Zn(OH), + H4SiO4 —154 —26.88 -0.19
+0.26
MnO, 0.00340.002 MnO,+2e~+4H*" — Mn2" +2H,0 20.4 +132.41 +0.35
Mn?"+H,0 - MnOH"+H™" 8.79 +0.25
Mn2* +3H,0 — Mn(OH); +3H " 249
Mn2* +4H,0 - Mn(OH);"+4H " 48.3 (25 °C)
Mn2* +1/2H,0 — 1/2Mn,OH3*" +1/2H™" 53 (25°C)
Mn2* +3/2H,0 — 1/2Mn,y(OH)5" +3/2H ™" 11.9 (25 °C)
ZrSiOy 0.00240.004 ZrSiO4+2H ' +H,0 — Zr*" + H,Si0, 12 (25 °C) —28.65 —0.05
+0.11
BaSiO3 0.00240.002 BaSiO;+2H ' + H,0 — Ba?™ + H,SiO, —19.4 —-27.36 —0.06
+0.46

Species are listed in the order of their decreasing concentration in waste glasses. The reactions of hydration and H" or e~ exchange are
given for each species, with their corresponding pK at 90 °C, except where otherwise stated (adapted from Advocat, 1991, and refer-
ences therein). The reactions of H4SiO4 produced during the hydrolysis of the various silicates are taken into account and mentioned
under the species SiO,. X3, denotes the average molar fractions of species in all samples and standards (individual values of X(;) may
vary by a factor of up to 2 from sample to sample). AGpyqr) is the corresponding free energy of hydration of the species, calculated for
pH=9.5 (average of pH measurements after 3 days). X AGnyarq) represents the average contributions of the species in all samples
and standards, at the pH measured individually after 1 day, 3 days, 10 days.
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Additional species taken into account for the calculation of the free energy of hydration of the standard SON68

1171

Species X(i) Reactions pK AGhydr(i) X(i)'AGhydr(i)
(kcal/mol) (kcal/mol)

B,Os 0.187 1/2(B,O3+3H,0) — B(OH); -3.12 —6.83 —1.12
B(OH); — H,BO5 +H* 8.56 (25 °C) +£0.04
H,BO; — HBO} +H* 12.7 (25 °C)

Li,SiO3 0.061 Li,SiO3+2H,0 — 2Li" +H,Si0, —13.8 —24.02 —1.42

+0.007

MoOs; 0.011 MoO;+H,0 — MoO3~ +2H" 11.1 —13.14 —0.12
MoO;~+H* — HMoOgz —4.24 (25 °C) £0.009
MoO3~+2H" — H,MoOy —7.94

Nd»05 + Cs,05 0.008 1/2(Nd,O3+ 6H*) — Nd3* +3/2H,0 25 +6.10 +0.03
Nd** +H,0 — NdOH?>*" +H* 7.99 (25 °C) £0.006
Nd3* +4H,0 — Nd(OH); +4H* 37.4 (25 °C)
Nd** +H,0 — 1/2Ndy(OH)3* +H* 6.94 (25 °C)

NiO 0.006 NiO +H,0 — Ni(OH), 6.53 (25 °C) +10.14 +0.05
Ni(OH), +2H* — Ni2* +2H,0 ~19.0 (25 °C) +£0.004
Ni(OH),+H* — NiOH* + H,0 ~9.34 (25 °C)
Ni(OH), + H,O — Ni(OH)7 + H™* 11.0 (25 °C)

La,05+ Ce,05 0.005 1/2(Ces05+6H ") — Ce3* +3/2H,0 ~30.4 (25 °C) —527 —0.04
Ce’* +H,0 — CeOH2* +H™* 8.3 (25°C) £0.005
Ce3* +Hy0 — 1/2Ce,(OH)E ™ +H* 7.75 (25 °C)
Ce’* +H,0 — Ce(OH) " +H* +e- 28.4 (25 °C)
Ce* +2H,0 — Ce(OHR* +2H" +e- 29.2 (25 °C)

SrSiO; 0.003 SrSiO;+2H* + H,0 — Sr?* + H,SiO, —14.9 —25.90 —0.08

£0.0003

This glass is treated separately, as it contains non-negligible proportions of species not present in the other waste glasses. The coeffi-
cients of variation given for X(;)-AGhya are much smaller than in Table 2a, because X is constant for SON68, and because AGhyaxi
varies only over a very narrow range for the pH values measured at the end of the corrosion experiments of SON68 (pH3 gays = 8.63;

leo days — 898)

the samples and standards, and the process from
which they are produced (i.e., in-line processes or
post-processes) or the input material (i.e., MSW, BA,
FA, FC, additives) used to produce them. Fig. 2
shows the content of major, minor and trace species
in the samples and standards, as determined by bulk
chemical analyses.

It is well established that SiO, (Si: network-forming
element) is the most important key parameter for defin-
ing durable glasses (Grambow, 1985; Paul, 1982;
Grambow and Strachan, 1983; Vernaz et al., 1990;
Crovisier et al., 1987, 1992a). In the present samples, the
average [SiO;] content is 41.44+8.4%.

Al O3, with Al, either a network-forming element
(tetrahedral position in the glass matrix) or a network-
modifying element (octrahedral position, when combined
with Na or K), is apparently influencing the durability of

glasses in the same manner as SiO, (Paul, 1982; Scholze,
1991). In the samples, the average [Al,O;] content is
16.6£6%.

For all samples and standards, ([SiO,] +[Al,O3]) ran-
ges between 45 and 75%. The studied waste glasses are
thus expected to be stable, provided that they have a
dominantly vitreous nature.

Calcium, on the other hand, is known to act as a
network-modifying element and may have a detrimental
effect on glass durability when it is present in high pro-
portions (e.g., >15% CaO; Scholze, 1991). In the sam-
ples, the average [CaO] content is 23.1+8.1%.

In the case of the present samples, the proportions of
the major constituents do not necessarily have an influ-
ence on the proportion of crystalline material, and they
are not distinctly affected by the type of high-tempera-
ture treatment process from which they originate.
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However, post-processes treating fly ash (or FA in
combination with other additives) exhibit on average a
lower [SiO,]:[CaO] ratio (average=1.4; range=0.8-2.6)
than in-line processes (average=2.9; range=0.8-5.1) or
post-processes treating bottom ash (or BA in combination

P1

with other additives; average=2.9; range=1.9-4).
This is explained by the fact that Si-rich components
are poorly volatile, leaving fly ashes resulting from
the incineration of municipal solid wastes depleted in
SiO,.

Fig. 1. Typical morphologies and sizes of the waste samples. First row: vitreous sample P1 (conventional photograph; SEM-SE;
SEM-BSE, base length= 145 pum). Second row: vitrocrystalline sample P2* (conventional photograph; SEM-SE; SEM-BSE, base
length=178 pm). Third row: vitrocrystalline sample P6* (conventional photograph; SEM-SE; SEM-BSE, base length=772 pm).
Fourth row: vitreous samples P7, P10 and P15.1 (conventional photographs). Conventional photographs are taken from samples as
provided, over a 10x10 cm grid background. SEM-SE micrographs are taken from ground samples (100125 pm). SEM-BSE micro-
graphs are taken from ground samples embedded in epoxy resin and post-polished.
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Fig. 2. Proportions of major, minor and trace elements in samples and standards, as determined from chemical analyses.
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3.2. Leaching behaviour

The complete description of the behaviour of samples
and standards during corrosion is detailed elsewhere
(Perret et al., 2000), and only the most striking trends
are discussed below.

Samples and standards were corroded according to
the Strasbourg test, designed for the purpose of the
present study and derived from the MCC-1 test. The
concentrations of the major elements Si, Al and Ca
measured in the filtered leachates at the end of the cor-
rosion experiments are shown in Fig. 3.

The temporal evolution of major elements in the lea-
chates gives clues to the mechanisms and apparent
matrix dissolution rates of the glasses. Information on
the absolute dissolution rate, i.e., the rate at which ele-
ments are extracted from the glass network, is obscured
by the fact that during corrosion, significant propor-
tions of many released elements are immobilised into
secondary minerals or precipitated at the solid-solution
interface, and also because most glasses are observed to
develop a gel layer which partly scavenges the extracted

Table 3

D. Perret et al. | Applied Geochemistry 18 (2003) 1165—-1184

elements and may inhibit reaction progress (Malow,
1982; Crovisier et al., 1987, 1992b; Petit et al., 1990;
Vernaz and Dussossoy, 1992; Grambow, 1994).

On the basis of the 1-day corrosion experiment,
[Silicachate ranges from 0.3 mg/l (P4.1¥) to 6.3 mg/l
(P12.2%), while [Al]jeachate ranges from 0.07 mg/1 (P4.1%)
to 5.6 mg/1 (P12.3*), and [Ca]jeachate ranges from 0.3 mg/
1 (P4.1%) to 8.6 mg/l (P3*). Generally, the sample-to-
Sample ﬁngerprints of [Si]leachatea [Al]leachale and [Ca] lea-
chate are dissimilar.

[Nalieachate (0.02-1.3 mg/l after 1 day, 0.5-2.6 mg/l
after 3 days) and [K]ieachate (0.07-1.0 mg/1 after 1 day,
0.08-1.1 mg/l after 3 days) are fairly low, but these ele-
ments show amongst the highest release propensity, as
depicted in Table 3 for 3 days corrosion: {[Nalieachate
[mg/1]}:{[Nalgiass [g/g]} =4-172 after 1 day, 26-375 after
3 days; {[K]leachate [mg/l]}:{[K]glass [g/g]} =5-184 after 1
day, 14-381 after 3 days. This indicates that Na and K
are not scavenged into secondary minerals, or to a much
lower extent than Si, Al, Ca, or Mg (for these 4 ele-
ments, [conClicachate:[CONClgrass ~1-55 after 1 day, 5-65
after 3 days). On the basis of the results, it is however

Degree of congruency of the releases determined on a set of major, minor and trace elements after 3 days corrosion. Data are rounded

to the nearest figure

{ [Conc]leachale} : {[ConC]glass} (mg/l) : (g/g)

Sample Si Al Ca Mg Na K Fe Mn Sr Zn Zr Pb
Pl 36 41 46 40 50 32 0.2 0.6 46 195 0.2 5
P2* 36 35 50 22 62 69 0.9 1.4 51 82 0.9 9
P3* 50 55 51 11 128 184 - - 78 - 0.2 2
P4.1* 5 6 7 11 31 23 - - 12 16 - -
P4.2 23 30 29 32 38 32 0.1 - 38 7 - 1
P35 35 39 40 34 56 55 2.7 1.0 42 124 0.1 8
P6* 16 22 37 8 258 65 0.1 1.3 59 268 0.1 3
P7 17 19 21 18 27 24 0.4 2.5 21 78 0.6 7
P8 24 26 27 23 37 22 1.2 1.7 26 8 0.9 16
P9.1 35 39 43 38 64 37 0.3 1.6 48 322 0.3 5
P9.2 29 30 31 35 48 55 - 4.1 34 81 - 2
P10 47 51 45 23 83 60 - - 60 2 - 0.1
PI1* 24 45 45 17 375 381 0.4 - 63 94 - 14
P12.1 52 52 64 9 79 68 - - 74 41 0.3 12
P12.2* 48 50 50 16 86 75 - - 69 43 - 1
P12.3* 56 47 57 17 87 94 - - 62 - 0.3 1
P13 45 48 51 28 79 37 0.3 - 60 7 <0.1 1
P14 32 37 37 36 41 55 3.1 42 47 37 <0.1 9
P15.1 39 44 38 42 63 58 0.2 0.5 42 2 <0.1 0.3
P15.2 42 48 44 36 64 31 0.3 1.0 49 6 <0.1 0.6
P16* 47 49 49 17 65 36 - - 57 1 0.8 0.3
P17 62 65 58 25 73 152 - - 76 3 - 2
P18 41 50 47 34 72 56 - - 55 1 - <0.1
SONG68 21 21 35 - 26 - 0.1 1.1 24 2 - 12
R2bis* 43 44 43 21 83 104 1.5 2.7 60 3 0.1 1
R3 17 16 19 23 42 14 - - 20 - <0.1 6
Average 36 39 41 25 81 73 0.7 1.8 49 62 0.3 5
std.dev. 14 14 13 10 75 76 0.9 1.2 18 89 0.3 5
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Fig. 3. Evolution of the apparent releases of Si, Al and Ca in the leachates of the Strasbourg corrosion test after 1, 3 and 10 days. The
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not possible to indicate if the alkali elements Na and K
are extracted from the glass matrix by an ion-exchange
mechanism, as is often the case for, e.g. soda-lime glas-
ses (Scholze, 1991). The evolution of the pH (7.0-10.2
after 1 day, 8.3-10.3 after 3 days) is discussed below.

The element-to-element and sample-to-sample differ-
ences are great for the releases of minor and trace ele-
ments (see Table 3), with several elements exhibiting a
contrasting behaviour (e.g., {[Zn]icachate}:{[ZN]g1ass}>1-
268 after 3 days). However, Table 4 shows that the
maximum concentrations of trace elements are system-
atically very low, whatever the duration of the corrosion
experiment: [M]ieachate <0.01-5 pg/l for Co, Cd, Sn, Pb,
and [Mlieachate < 10-100 pg/l for Cr, Ni, Cu, Zn, Sb.

As indicated in Table 4, the leachates of the waste
glasses fulfill the requirements of the Swiss guidelines

D. Perret et al. | Applied Geochemistry 18 (2003) 11651184

for the disposal of waste residues in landfills for inert
materials (TOW: Technical Ordinance on Wastes),
although the TOW leaching test (designed for the
assessment of bottom ash and fly ash) is performed
under less aggressive conditions than the Strasbourg
test. In addition, the concentrations of trace metals
released during the corrosion test are much lower than
the maximum allowed concentrations which can be
released by industries (MSW incineration plants or
other industrial activities) in natural waters, as stated by
the Swiss Ordinance for the Protection of Waters
(OPW). This is an important observation that the waste
glasses not only embed large amounts of trace metals,
but also retain them during corrosion, either in the
vitreous matrix, or scavenged in the secondary minerals.
However, no trend was observed between the corrosion

Table 4

Concentrations of heavy metals measured in the leachates of the Strasbourg test

Sample Cr(ig)  Co(ug)  Niugh  Cuug/)  Zn(ugh)  Cd(ugl)  Sn(ugh)  Pb(ugl)
Pl 29 0.05 11 14 45 0.4 0.1 0.3
pP2* 28 0.04 10 17 32 0.6 0.2 0.9
P3* <5 0.04 <5 <5 2 0.01 0.2 0.5
P4.1* <5 0.04 <5 <5 21 0.03 0.03 0.01
P4.2 <5 0.02 <5 <5 15 0.03 0.08 0.4
P5 34 0.05 19 16 71 2.7 0.2 0.5
P6* 26 0.03 13 13 98 0.6 0.1 0.4
P7 28 0.2 12 15 47 0.3 0.2 0.5
P8 32 0.2 14 19 68 0.9 0.6 2.5
P9.1 30 0.03 14 13 113 0.9 0.1 0.3
P9.2 <5 0.01 <5 <5 10 <0.02 0.1 0.07
P10 <5 0.03 <5 <5 9 0.03 0.5 0.1
P11* 26 0.06 <10 10 54 0.7 0.2 0.4
P12.1 40 0.1 12 16 26 1.7 0.1 0.2
P12.2* <5 0.08 <5 <5 36 0.05 0.3 0.1
P12.3* <5 0.1 <5 <5 2 0.1 0.2 0.1
P13 30 0.05 <5 11 52 1.5 0.2 0.3
P14 30 0.06 <5 12 19 0.4 0.1 0.3
P15.1 26 0.2 <5 14 19 0.4 0.1 0.2
P15.2 28 0.04 12 13 36 2 0.3 0.2
Pl16* 36 0.4 22 15 37 2.3 0.7 0.7
P17 <5 0.03 <5 <5 40 0.05 0.6 0.2
P18 <5 0.02 <5 <5 8 0.01 0.3 0.07
SONG68 68 <10 13 11 42 1.1 0.05 0.1
R2bis* <5 0.04 <5 <5 143 <0.01 3.6 2.1
R3 <5 0.2 <5 <5 9 0.06 1 0.08
TOW 50 - 200 200 1000 10 - 100
OPW (MSW) 100 - 100 100 100 50 - 100
OPW (non-MSW) 2000 - 2000 500 2000 100 - 500

For each sample and standard, the highest concentrations measured after 1 or 3 or 10 days corrosion is given. For each element, the
maximum concentration measured of all samples and standards is underlined. For comparison, some Swiss guidelines are given. The
row “TOW” indicates the maximum allowed concentrations of metals in the leachate of the corrosion test performed under the con-
ditions of the Swiss Technical Ordinance on Wastes (TOW; TVA/OTD), which states the limits under which a waste material can be
disposed off in landfills for inert material (SAEFL, 1996). The row “OPW (MSW)” indicates the maximum allowed concentrations of
metals which can be released in natural waters by MSW incineration plants (Swiss Ordinance for the Protection of Waters; SAEFL,
1998). The row “OPW (non-MSW)” indicates the maximum allowed concentrations of metals which can be released in natural waters

by industrial effluents.
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behaviour of waste glasses and their release of trace
elements.

The results clearly indicate that the apparent matrix
dissolution process follows different pathways from
sample to sample and from element to element. This
highlights the complex solution and secondary phase
chemistries involved during corrosion, and confirms
that the dissolution of domestic waste glasses does not
follow a simple congruent mechanism of release
(Grambow, 1985; Advocat, 1991).

This behaviour cannot be explained in terms of pro-
cess categories (in-line processes; post-processes) or
crystallinity of the waste glasses studied, and hampers a
clear assessment of the long-term stability of these
materials on the exclusive basis of their release during
accelerated batch corrosion tests.

Among possible mechanisms explaining the observa-
tions, SEM measurements of samples after corrosion
(see Perret et al., 2000) indicate that trace elements
extracted out of the silicate network are frequently sca-
venged by the secondary products which develop at the
surface of glasses during corrosion. This behaviour must
be considered as a favourable characteristic of the stud-
ied waste glasses with respect to the immobilisation of
toxic elements. Scavenging of heavy metals by the gel
layer is very probable but requires more sophisticated
microscopic techniques to be demonstrated (Malow,
1982; Ehret et al., 1986; Petit et al., 1990; Crovisier et
al., 1992b; Vernaz and Dussossoy, 1992).

The following secondary mineral phases have been
observed at the surfaces of the samples and standards:
Ca-rich phases (e.g., Ca—P, Ca—P-Ti, Ca—Fe-Ti), Si-rich
phases and coatings (e.g., zeolites, Si—P, Ca-silicates, Si—
Al-Mg(—Ca), Si-Al-Ca—Fe).

3.3. Free energy of hydration

The evolution of the free energies of hydration of the
samples and standards as a function of pH, calculated
on the basis of the chemical composition of the provided
materials, is given in Fig. 4 for the different categories of
processes and for the 3 standards. The range of pH
values measured at the end of the 1-, 3- and 10-day
corrosion experiments (pH =7.0-10.3) is indicated as a
shaded area on the figures.

As the model of Paul and Newton is formally
designed for vitreous materials with an homogeneous
silicate network, the results obtained on the vitrocrys-
talline materials may be questioned; they are however
shown (dotted lines in Fig. 4) for comparative purposes,
assuming that their crystallinity is not large enough to
impair significantly the overall free energy of hydration.

These calculations show at a first glance that, taken
collectively, the thermodynamic stability of waste glas-
ses towards hydration is at a maximum around pH = 5—
7.5. As expected from theoretical considerations and

experimental observations (e.g., Paul, 1982), glass
hydration becomes more spontaneous under alkaline
conditions (pH > 10) than under acidic conditions (pH
<4).

The observed sample-to-sample variability in AGpyqr
values is fairly large. Considering the pH values mea-
sured at the end of the corrosion experiments, AGhyqr
ranges from +0.1 kcal/mol (P4.1*; pH="7.9 after 1 day;
thermodynamically most stable sample) to —12.6 kcal/
mol (P10; pH=9.9 after 3 days; least stable sample).
Nevertheless, the studied waste glasses display stabilities
comparable to that of the French nuclear HLW glass
SON68 (AGhyar(SON68) = —7.0 kcal/mol; pH=9.0 after
10 days), which is a positive indication for the long-term
stability of the waste glasses.

The time-averaged value (1, 3, 10 days) of AGyyq, for
the samples produced by post-processes for FA (—9.6
kcal/mol+2.0) is more negative than for the samples
produced by in-line processes (—4.7 kcal/mol+3.1) or
post-processes for BA (=5.0 kcal/mol+1.5). This in
turn indicates that post-processes for FA produce
materials with a lower thermodynamic stability, sug-
gesting that the [SiO5]g1455:[CaOlglass ratio plays a major
role in the thermodynamic behaviour of waste glasses.

Additionally, the [SiOs]gjass)[CaOlglass ratio influences
the shape of the pH profiles of AGyyq, (Fig. 4). This is
clearly illustrated in samples with a low [SiO2]gjass:
[CaOl,1ass ratio, which show a steeper slope in the acidic
region (e.g., P3*, P11%*, P17), while samples with a high
[SiO2]g1ass:[CaOlgass ratio show a steeper slope in the
alkaline region (e.g., P4.1*, P8, SONG6S).

Indeed, for a given sample composition, the overall
free energy of hydration is primarily controlled by those
species showing large AGpyqyi) values and being present
in major proportions (see Table 2).

For all samples, the most important contribution to
the overall free energy of hydration is given by the
component CaSiO3 (X =17-63 mol%; AGpydriy=—16
kcal/mol), which strongly reduces the thermodynamic
stability of waste glasses. Although their sum represents
only 8-19 mol% of the average waste glass composition,
Nagsi03 (X(i) =0.3-9 mol%; AGhydr(i) =-30.6 kcal/mol)
and Mgle3 (X(l):4ﬁl6 mo]%; AGhydr(i): —12.8 kC'dl/
mol) also reduce glass stability, but to a lesser extent.

The stabilising influence of the components SiO,,
Al O3, Ca0, Fe,03, and even MnO, on the overall sta-
bility of waste glasses is weak in comparison to the
destabilising effect of most silicate polyhedra (see
Table 2). Finally, the effect of heavy metals on the ther-
modynamic stability of glasses can be neglected due to
their low proportions in waste glasses (<1 mol%).
Indeed, heavy metals or other elements may chemically
stabilise waste glasses during corrosion, favouring the
nucleation of secondary products or leading to hydro-
xides which will inhibit further corrosion (Paul, 1982;
Scholze, 1991); nevertheless, these effects are not taken
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into account in the thermodynamic model, which con-
siders that the hydrolysis of the glass network is the
driving force behind its dissolution.

The results indicate that glasses containing large pro-
portions of network-forming elements (primarily Si and
Al) and the weakest possible proportions of network-
modifying elements (primarily Ca, Na, Mg and K) will
exhibit the highest thermodynamic stabilities. Data in
Table 2 also suggest that a fine tuning of the proportion
of Mn in waste glasses would strongly influence their
overall stability: For instance, 1 mol% MnQO, would
already contribute + 1.3 kcal/mol of the overall free
energy, counteracting the destabilising influence of, e.g.,
8 mol% MgSiOs. In addition, it is expected that leached
Mn would precipitate as hydroxides at the surface of
glasses, acting as a powerful metal scavenger during
corrosion.

The calculated thermodynamic stabilities of waste
glasses are in agreement with the observed leaching
behaviour from the literature, that show lower stability
at higher pH (Schloze, 1991). Indeed, the pH of the lea-
chate, which evolves freely during the Strasbourg cor-
rosion test, is a direct consequence of the relative
proportion of Ca in waste glasses. Fig. 5 shows the
strong relationships existing between pHicachate> [Ca] 1ea-
chate ad [Ca]gjass 0N one hand, and also between AGhyqr,
[Ca]glass and leeachate~

After 3 days corrosion, the relationships [Ca]icachate
Vs. [Ca]glass (r=0.949) and pHicachate Vs [Ca]glass
(r=0.887) are fairly tight, indicating that pH is gov-
erned mostly, but not exclusively, by the dissolution of
Ca species. The effect of their dissolution on the evolu-
tion of alkaline conditions is given by reactions 3 and 4:

{CaO}gys+2H,0 — Ca®" +20H- (reaction 3)

{CaSiOs} 465 +2H20

— Ca’** 4+ H4SiO4 + 20H™ (reaction 4)

The influence of Ca on pHjachate is Weaker for Ca-
poor samples, and also after only 1 day corrosion (not
shown); this is because the initial evolution of the pH is
preferentially driven by the dissolution of the Na-rich
and K-rich alkaline species.

As already mentioned, the overall free energy of
hydration is mainly, but not exclusively, governed by
the presence of Ca in waste glasses; this helps to explain
the relative scatter of data in the plot of AGyyqgr Vs.
[Ca]glass or leeachaleA

It is remarkable to notice that the correlations of
Fig. 5 are good, though each sample and standard ori-
ginates from a different high-temperature treatment
process operated on different categories of input mate-
rial (MSW; BA, FA, FC or combinations of them with
possible additives). In that respect, it is concluded that

the free energy of hydration of waste glass can be
explained in terms of few parameters, namely the con-
tent of Ca in glasses and the pH of the leachate resulting
primarily from dissolution of Ca species during leaching
by water.

Under certain circumstances, Na and K are expected
to reduce the stability of glasses by favouring the for-
mation of phase-separated glasses with reduced resis-
tance to corrosion (Sholze, 1991). In the present
samples, ([Na,O]+[K,O]) ranges between 0.3 and 6.8%
(up to 10.3% for the standard SONG68); the effect of
these species on the thermodynamic and chemical dur-
ability of the samples is thus expected to be minor.

The estimation of the free energy of hydration of
waste glasses is a convenient numerical approach,
requiring only the determination of the chemical com-
position of the samples.

3.4. Chemical leaching vs thermodynamic stability

A way of validating the AGhyg approach for the
waste glasses is given in Fig. 6, which shows the rela-
tionship existing between the normalised apparent dis-
solution rate of glass rg1ass, and AGhyq, for the corrosion
experiments performed during 1, 3 and 10 days. For
comparison, the curves of Fig. 6d (data from the litera-
ture) are reproduced in Fig. 6a—c. These curves, labelled
“MCC-1 test”, show the relationship between the cal-
culated free energy of hydration of 115 glasses of differ-
ent origins (nuclear HLW glasses; commercial,
medieval, antique and natural glasses) and their nor-
malised release rate during the typical MCC-1 corrosion
test applied for the assessment of the performances of
nuclear HLW glasses in the USA (Plodinec and Wicks,
1994).

The apparent dissolution rates of glasses rgjas are
calculated from the apparent release rates of Si in the
leachates, and expressed as normalised rates [see Eq. (1)]
to compensate the differences in specific surface areas
(Sspec =293-8197 cm?/g) between samples, their broad Si
content ([SiOx]g1ass = 25-56 mass%), and the duration of
the corrosion tests (Ar=1-10 days).

Indeed, it has been shown that Si precipitates into
secondary minerals at the surface of glasses during cor-
rosion (see, e.g., Fig. 1), and the choice of this element
for the assessment of 74,5 may be questioned. However,
Si is the most abundant element in the composition of
the waste glasses, and its degree of congruency after 3
days corrosion (36+ 14, see Table 3), though not as high
as for Na (81+75) and K (73+£76), is large enough and
among the least variables to consider Si as the most
appropriate indicator of apparent matrix dissolution.

With the exception of samples P2* P6* and P11%,
which present excessively high specific surface areas
(ca. 10-20x larger than most other samples and stan-
dards) and thus artificially bias the calculation of the
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dissolution rate, Fig. 6 shows that there is a fairly
tight inverse relationship between the dissolution rate
after 1 day corrosion, and the thermodynamic stability
of the samples: a difference of ca. 10 kcal/mol between
two samples results in an approximately one order of
magnitude difference between their dissolution rates.
This suggests that the simple thermodynamic approach
may be used to gain information on the long-term
stability of waste glasses. One can also notice that the
points corresponding to the standard HLW glass
SONG68 corroded during 3 and 10 days are very close to
literature data obtained for HLW glasses, indicating
that the corrosion test yields results similar to the MCC-1
test for similar sample types. On the other hand, the
effect of the differences in AGhygr on the dissolution
rates vanishes after 3—10 days, showing that the behaviour
of glasses depends on the conditions of corrosion.

The most striking feature is the decrease in apparent
rate obtained for 10-day corrosion (Fig. 6¢), as com-
pared to the steep initial increase obtained for 1-day
corrosion (Fig. 6a). The results allow a clear differ-
entiation of samples during the initial stage of matrix
hydrolysis, and then evolve toward limited and uniform
glass dissolution (ca. 0.25 g/m?xd, calculated from Si
releases over 10 days) when performed over long
periods. This observation was also confirmed for other
elements.

Although the A#-Sgjass/Vieachant 18 similar for the
MCC-1 test (2.8 d/cm) and the Strasbourg test (0.2-2 d/
cm), the technical discrepancy between the two corro-
sion tests (blocks vs. powder) complicates the compar-
ison of the results to the literature data obtained by
means of the MCC-1 test. Under the conditions of the
MCC-1 test, block samples are allowed to react under a
regime of initial corrosion, where differences in leaching
rates ry can easily be highlighted between various glasses.

The difference in behaviour between the Strasbourg
test and the MCC-1 test is probably explained by the
fact that, in the former case, silicated secondary pro-
ducts are already formed after 3 days, leading to a
regime of quasi-equilibrium and eventual scavenging of
the previously dissolved silica.

The difference between the results of the MCC-1 test
(Fig. 6d) obtained on medieval glasses (flat slope) and
on the other glasses (steep slope) is not highlighted nor
discussed in the seminal papers of Jantzen (1988), Plo-
dinec (1984), Plodinec and Wicks (1994). This difference
in behaviour between the two types of glasses is prob-
ably due to their different compositions. The medieval
glasses are indeed richer in Mg, which favours the for-
mation of protective secondary phases. It was shown for
example by Thomassin and Touray (1979), Thomassin
et al. (1985), and Crovisier et al. (1987) that brucite-like
minerals (Mg(OH),) favour the fast formation of phyl-
losilicates from basaltic glasses. In fact, one can observe
in Fig. 2 that the present samples contain Mg (ca. 1-3.8

wt.%), while this element is not present in the standard
glass SONG68, corroborating the preceeding assumption.
Nevertheless, the pH-buffering conditions developed by
the waste glasses during the course of corrosion
(pH=7-10.3) could also explain, at least partly, the non
discriminating slope of r(gjass) =f(AGhnyar) Obtained after
10 days corrosion.

Thus, Fig. 6 makes it possible to distinguish several
families of glasses for which the retention properties of
heavy metals by secondary minerals are probably very
different in short term corrosion, but this differentiation
becomes negligible as corrosion processes toward longer
term. Finally, the overall AGyyq, of the present waste
glasses lies within the range of the thermodynamic sta-
bilities of medieval, antique and nuclear HLW glasses.

4. Conclusion

One of the main aims of the physico-chemical char-
acterisation of glasses produced for the immobilisation
of domestic or nuclear wastes is the estimation of their
long-term behaviour. It is expected that the durability of
the studied materials reflects potentially low long-term
release of toxic metals in the environment, especially if
waste glasses are to be reused for civil engineering pur-
poses. In that respect, domestic waste glasses inherit
most of their final characteristics from the input wastes
and residues from which they are produced. The results
show that the overall quality of waste glasses is mostly
dictated by the ratio between network-forming elements
(mostly Si) and network-modifying elements (mostly
Ca). The type of process (in-line processes; post-pro-
cesses) used to produce these waste glasses plays a
minor role on the chemical stability (element releases
during corrosion) or thermodynamic stability (free
energy of hydration), though post-processes for fly ash
yield Ca-richer glasses, which may slightly impair their
durability. Surprisingly, there are no differences in
behaviour between vitreous and vitrocrystalline waste
glasses.

The thermodynamic stability of the waste glasses
studied spreads over a fairly large range (ca. 0 kcal/mol
for the most favourable samples, to ca. —12 kcal/mol
for the least favourable ones). Literature data show that
the thermodynamic stability of medieval, antique and
nuclear HLW glasses lies within this range. These
intensively studied glasses may thus be considered as
pertinent analogs of domestic waste glasses. While the
observed durability of medieval and antique glasses is
>1 ka (Gillies and Cox, 1988; Macquet and Thomassin,
1992; Sterpenich, 1998), the estimated durability of
nuclear HLW glasses exceeds 10 ka (Jollivet et
al., 1998). It is thus expected that the waste glasses
studied will exhibit durabilities within the same order of
magnitude.
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The results of the thermodynamic approach provide
valuable information for high-temperature process
developers on one hand, and for waste management and
environmental policy on the other hand. Calculations of
AGhyqr show that changes to the final composition of
waste glasses (e.g., more Si, Al, and in particular Mn;
much less Ca) would drastically increase their overall
stability, without impairing their ability to embed toxic
metals. In that respect, in-line processes for MSW and
post-processes for BA are better candidates for process
optimisation, as their input materials (MSW, respec-
tively BA) already contain relatively high proportions of
Si and low proportions of Ca. With regard to the setup
of environmental guidelines for the possible disposal or
reuse of waste glasses, the results show that, whatever
the thermodynamic stability of the samples studied,
their releases of toxic metals under highly aggressive
conditions of corrosion are systematically very low.
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