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a b s t r a c t

The capacity of simulated high-level radioactive waste borosilicate glasses to incorporate sulfate has been
studied as a function of glass composition. Combined Raman, 57Fe M€ossbauer and literature evidence
supports the attribution of coordination numbers and oxidation states of constituent cations for the
purposes of modelling, and results confirm the validity of correlating sulfate incorporation in multi-
component borosilicate radioactive waste glasses with different models. A strong compositional de-
pendency is observed and this can be described by an inverse linear relationship between incorporated
sulfate (mol% SO4

2�) and total cation field strength index of the glass, S(z/a2), with a high goodness-of-fit
(R2 z 0.950). Similar relationships are also obtained if theoretical optical basicity, Lth (R2 z 0.930) or
non-bridging oxygen per tetrahedron ratio, NBO/T (R2 z 0.919), are used. Results support the application
of these models, and in particular S(z/a2), as predictive tools to aid the development of new glass
compositions with enhanced sulfate capacities.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Sulfur can be a problematic component of certain civil and
defence radioactive wastes that are destined to be converted into
wasteforms by vitrification. Such sulfur-bearing wastes include, but
are not limited to, waste liquors arising from the PUREX process
[1,2] and spent ion exchange resins [3]. The presence of sulfur can
pose problems for safe, cost-effective waste vitrification due to its
low (<ca.1 wt% SO3) capacity in the alkali borosilicate glasses that
are used globally as radioactive waste host matrices [3e10]. Sulfate
capacity is defined for the purposes of this study as the non-
equilibrium sulfate solubility, i.e. the sulfate solubility as deter-
mined under a set of consistent non-equilibrium conditions, as
arise in most laboratory-scale and industrial-scale glass melting
operations. If the sulfate capacity limit of an oxide glass is exceeded
during melting, a molten salt or “gall” layer forms on the melt
surface. This is highly undesirable for several reasons. Radionu-
clides such as 135,137Cs, 99Tc and 90Sr migrate into this water-soluble
am).
sulfate layer during melting [4,6,9,10] and the salt layer can thereby
provide a pathway for these radionuclides to readily be released
into the environment following contact with water in a geological
waste repository. In addition, molten salts can affect processing of
the waste: they exhibit low viscosities and their high corrosivities
toward melt vessels shorten melter service lifetimes [4,6,9,10].
Consequently, research has focussed on optimising sulfate incor-
poration levels and establishing melter operating parameters that
maintain sulfate levels below their capacity limit in the glass melt
[6,9e15]. This, in turn, can restrict the types and concentrations of
waste that can be vitrified, ultimately increasing the costs and
timescales associated with waste vitrification, interim storage and
final geological disposal.

Development of new or modified glass compositions with
enhanced sulfate capacities remains a global research priority. In-
dian scientists have developed SiO2-B2O3-Na2O-BaO and SiO2-
B2O3-Na2O-PbO glasses for high-level radioactive waste vitrifica-
tion [1,16,17], some of which can incorporate up to 3 mol % SO4

2�

without formation of a salt layer during melting [16]. This level of
sulfate incorporation is considerably higher than accepted sulfate
capacities in traditional alkali borosilicate glasses, which are
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usually less than 1mol % SO4
2� [6,9e15]. Although the Indian glasses

have been the focus of considerable study (see, for example,
[1,16,17]) the origins of their high sulfate capacity are not apparent.
One plausible explanation may be that their low (1000 �C) melting
temperatures play a role, since lower melting temperatures can
enhance the sulfate capacity and solubility in some oxide melts
[18e20]. However, other possible explanations also exist and
further work is required to explain this behaviour. The Indian re-
sults for BaO-containing glasses are commensurate with Ooura and
Hanada [21], who demonstrated high (1e3 mol % SO3) sulfate ca-
pacities in BaO-containing SiO2-Na2O-BaO glasses and linked the
alkaline earth contribution with the thermal decomposition equi-
librium constant of its sulfate. Other silicate glasses rich in BaO and
exhibiting high sulfur capacities have been developed for vitrifi-
cation of sulfur-rich spent ion exchange resins [3,7,8]. Generally,
literature supports the addition of large, basic, low field strength
cations as a means of enhancing sulfate capacities in silicate and
borosilicate glasses [3,4,6e8,10,16,17,21]. For other oxide glass
systems, P2O5-Al2O3-Na2O-Fe2O3 glasses exhibiting high sulfate
capacities have been used as vitrification matrices at the Russian
Mayak facility [2]. Some phosphate glasses can accommodate sul-
fate contents of the order of several percent [2,4]. However, boro-
silicate glasses are the global material of choice for the majority of
radioactive waste vitrification activities and thus we have focussed
here on borosilicate glasses.

Glass composition plays a key role in determining sulfate ca-
pacity and solubility [2e21] and the relative concentrations of O0,
O� and O2� (bridging oxygen, non-bridging oxygen and free ox-
ygen, respectively) are major factors in this [4,6,10,18e21]. A
number of research papers and reviews have been published
concerning prediction or modelling of the capacity and solubility
of sulfate and other anionic species in oxide glasses (see, for
example [4,6,10,19,20], and references therein). Any mechanistic-
based model, in order to be useful, must include a meaningful
representation of glass composition and/or structure; and must be
able to accommodate a broad range of chemical elements which
may be present in the glass in sufficient concentration to have an
impact on sulfur behaviour. A range of numerical scales have been
developed which can, to varying degrees, fulfil these re-
quirements. These range from simple scales, for example molar
concentration of glass forming oxides ([SiO2], [P2O5], [B2O3],
[SiO2 þ B2O3] etc.), to more structurally representative scales such
as the ratio of oxygen to glass former ([O]/[Si], [O]/[P] etc.), the
ratio of non-bridging oxygen to tetrahedral cations (NBO/T), or the
ratio of non-bridging oxygen to bridging oxygen (NBO/BO). How-
ever, these scales lack the subtlety to consider, for example, the
different effects of chemically similar components, for example,
Li2O and Na2O or MgO and CaO, or differences in their effects on
glass structure (e.g., ionic radii), although in the case of NBO/T this
can be accommodated in terms of relative NBO and T contribu-
tions. To achieve higher levels of discrimination more detailed
scales, with terms for each glass component, are worthy of
investigation. This latter category includes the cation field strength
and optical basicity scales, which are among the most well-known
and widely-utilised of such scales within glass science. Previously,
models using these scales were applied to sulfate capacity data for
a range of phosphate glasses and a small number of borosilicate
glasses [4]. It was observed that cation field strength index, S(z/a2)
provided the most accurate relationship with sulfate capacity
across a wide range of surveyed glass compositions. The aim of the
work presented here was to apply and compare the cation field
strength index and theoretical optical basicity scales to the study
of sulfate capacities in a series of simulated multi-component
borosilicate glasses representative of U.S. high-level radioactive
waste glasses from the Savannah River Site, but more widely
applicable worldwide. It is important to note that the aim of this
work was to investigate the inherent capacity of the glasses
studied to incorporate sulfate as dissolved species within their
atomic structure under imposed near-sulfate-saturation condi-
tions. It is acknowledged that during real-world waste vitrifica-
tion, conditions are likely to differ from those studied in the
laboratory. For example there may be differences in melting
temperature, redox conditions, batch or glass compositions that
include the presence of other salts (e.g., halides or nitrates), or
organics. Any of these factors can influence sulfate capacity and
solubility in glass - but the inherent capacity of any glass to
incorporate sulfate under a given set of conditions is a function of
glass composition and structure, and that is the focus of the work
presented here. The goal was to gain improved understanding of
the mechanisms controlling sulfate solubility in glasses, and in
particular to build a tool that can assist glass scientists and tech-
nologists in predicting the inherent capability of radioactive waste
borosilicate glasses to incorporate sulfate.

2. Materials and methods

A total of eleven experimental glasses were prepared in two
inter-related series, Series A and B, which are broadly represen-
tative of U.S. high-level radioactive waste glasses (see, for example,
[9,11e15]). Analysed compositions of all glasses are shown in
Table 1. Sulfate was added to the batch as Na2SO4 at levels
providing what was expected to be a modest excess of Na2SO4:
2 wt% SO4

2� equivalent was present in each nominal glass
composition. All glasses were expected to exhibit sulfate capacities
and solubilities below 2 wt% SO4

2� and thus form a sulfate “gall”
layer on the surface of the glass melt, enabling sulfate saturation of
the molten glass to be achieved, or at the very least, approached.
Batches to make 150 g of glass were prepared using appropriate
levels of dried sand (purity > 99.9%) and analytical grade raw
materials (Li2CO3, Na2CO3, Na2SO4, Fe2O3, Al(OH)3, H3BO3, CaCO3
and ZrO2) which were weighed into sample bags using a calibrated
balance, then mixed thoroughly to ensure good batch homoge-
neity. Batches were transferred into a ZrO2 grain stabilised (ZGS)
Pt crucible with a loose-fitting ZGS Pt lid and then placed in an
electric furnace at 1150 �C and melted for 1 h. This methodology
was selected to enable direct comparison with data previously
obtained for simulated U.S. waste glasses [12,13] that were pre-
pared under the same conditions. After 1 h of melting the crucible
was removed from the furnace and the molten glass was poured
into a steel mould and allowed to cool without annealing. In most
cases a sulfate “gall” layer was observed, which indicates that the
sulfate capacity-limit of the glass melt was exceeded. These
samples were washed for 5 min under running hot water (ca.
50e60 �C) to dissolve and remove excess sulfate salts. Samples
were then carefully dried. Glasses were ground to a fine powder
and washed in dilute nitric acid to remove any remaining sulfate
phases. X-ray diffractometry was performed on all samples using a
PANalytical Empyrean X-ray diffractometer and results confirmed
that all samples were X-ray amorphous. Samples B1 and B2 were
found to contain very minor amounts of crystalline SiO2, it is
believed that this was due to a few grains of undissolved raw
material sand which were observed at the glass/air/crucible
boundary in these two glass samples, and the errors that this
minor amount of undissolved SiO2 introduced into sulfate capacity
modelling have been incorporated in the estimated uncertainties.
Two preparation techniques, sodium peroxide fusion and lithium
metaborate/tetraborate fusion, were used to prepare the glass
samples, in duplicate, for compositional analysis. Solutions ob-



Table 1
Analysed glass compositions (mol%) to 2 d.p. and associated model parameters. Uncertainties are described in Section 2.

Mol% Al2O3 B2O3 Fe2O3 Li2O Na2O K2O MgO CaO MnO P2O5 SiO2 TiO2 ZrO2 SO4
2- Sum

Glass A1 3.55 4.66 5.47 7.79 10.9 0.17 0.16 6.29 0.05 0.03 59.63 0.02 0.53 0.753 100.00
Glass A2 3.76 7.34 5.86 8.85 11.86 0.06 0.16 6.90 0.05 0.03 53.80 0.01 0.53 0.792 100.00
Glass A3B3 3.93 7.30 6.49 10.89 13.95 0.06 0.16 8.58 0.05 0.03 47.06 0.01 0.63 0.876 100.00
Glass A4 4.11 6.91 6.13 11.85 15.28 0.13 0.59 9.25 0.05 0.03 43.98 0.02 0.68 1.012 100.00
Glass A5 4.96 7.94 5.77 12.79 16.41 0.17 1.13 10.48 0.04 0.04 38.65 0.02 0.66 0.938 100.00
Glass A6 5.01 7.71 6.41 13.81 17.85 0.15 1.06 11.14 0.04 0.04 35.02 0.02 0.71 1.019 100.00
Glass B1 3.98 7.42 4.48 9.89 6.09 0.12 0.81 5.22 0.03 0.03 60.64 0.02 0.60 0.657 100.00
Glass B2 4.02 7.24 4.64 10.15 9.70 0.12 0.85 6.47 0.03 0.03 55.42 0.02 0.62 0.692 100.00
Glass B4 4.15 7.62 4.85 10.53 17.26 0.12 0.93 10.84 0.04 0.03 41.93 0.02 0.64 1.031 100.00
Glass B5 3.89 6.34 4.57 10.43 20.68 0.20 0.91 12.20 0.04 0.03 38.91 0.02 0.62 1.173 100.00
Glass B6 4.04 7.87 4.57 10.27 23.66 0.18 0.90 14.02 0.04 0.03 32.61 0.02 0.62 1.177 100.00

z 3 3 3 1 1 1 2 2 2 5 4 4 4 e e

CN 4 3.33 4 4 6 8 4 6 5 4 4 5 6 e e

r/pm 0.39 0.043 0.49 0.59 1.02 1.51 0.57 1 0.745 0.17 0.26 0.5125 0.72 e e

a/pm 1.77 1.423 1.87 1.97 2.40 2.89 1.95 2.38 2.125 1.55 1.64 1.8925 2.10 e e

z/a2 0.9576 1.4856 0.8579 0.2577 0.1736 0.1197 0.5260 0.3531 0.4451 2.0812 1.4872 1.1249 0.9070 e e

Oxide Lth 0.61 0.447 0.66 0.81 1.10 1.40 0.51 1.00 0.84 0.47 0.48 0.71 0.72 e e
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tained from each of the prepared samples were analysed by
Inductively Coupled Plasma e Optical Emission Spectroscopy (ICP-
OES) [22]. The duplicate analyses were averaged to provide a
single value for each component. A reference material (LRM) was
also analysed for quality control [22]. ICP-OES analysis provided
Al2O3, B2O3, CaO, Fe2O3, Li2O, Na2O, SO4

2�, SiO2 and ZrO2 contents.
Further analysis was conducted using X-Ray Fluorescence (XRF)
spectroscopy with a Philips MagiXPRO spectrometer. The XRF
analyses were conducted using a Wide Range Oxide program and
samples were prepared by fusion with lithium tetraborate. Given
the greater accuracy of the ICP-OES technique the contents of
Al2O3, B2O3, CaO, Fe2O3, Li2O, Na2O, SO4

2�, SiO2 and ZrO2 listed in
Table 1 originate from the ICP-OES analyses. The contents of MgO,
K2O, P2O5, MnO and TiO2 were obtained from the XRF analysis and
these constituents presumably originated from raw material im-
purities. A conservative estimate of errors associated with ICP-OES
analyses is ±1% of the measured concentrations. Uncertainties
associated with the XRF analyses that have been used to augment
the ICP-OES data are larger, owing to the nature of the technique,
and are estimated at ±2% of the measured concentrations. All
analysed compositions were obtained in weight % then converted
to molar %. These data, used in Cation Field Strength Index and
Optical Basicity calculations, were not rounded, although the
analysed compositions presented in Table 1 have been rounded to
2 d.p. for ease of viewing. Further uncertainties are associated
with the Cation Field Strength Index model, which requires as-
sumptions for the average coordination of certain cations in glass,
and in some cases average coordination can change as a function
of glass composition. The uncertainties associated with SO4

2�

content are of the greatest importance to this study. The method
by which the glasses were prepared may itself have introduced
additional uncertainties. The method used, i.e. deliberately satu-
rating the glass melt with sulfate, then cooling and removing any
undissolved sulfate via aqueous solution and acid washing, may be
imperfect, as indeed are all melt saturation methods. As recently
reported [23], the method of preparing sulfate-doped, simulated
radioactive waste glasses is robust in terms of approaching the
sulfate solubility limit of a given glass composition prepared under
atmospheric conditions. True sulfate saturation was achieved in
Ref. [23] when the glass and salt were ground and melted 3 times,
and gave the best known representation of true sulfate solubility
in radioactive waste-type glasses. On the basis of [23] it is
reasonable to expect that the sulfate solubility limit of the melts
considered here was at least approached and is consistent with
previously reported data (e.g., [9e15]). A conservative estimate of
uncertainty in (mol %) SO4

2� content in the glasses considered in
this study is ±5% of measured value.

2.1. Composition - structure parameters for modelling

The cation field strength index method parameterises glass
composition and structure by summation of the field strength
contributions from each oxide constituent in a given coordination
using the cation field strengths developed by Dietzel [24,25]. In an
earlier application of cation field strength modelling to sulfate ca-
pacity in radioactive waste glasses, S(z/a2), the sum of the cation
field strengths of cations in the glass was normalised to 1-mol-
cation [4]. Since that work was published the present authors have
found that applying total cation field strength index (this is not
normalised to 1-mol-cation but normalised only to 1 mol of oxide),
and excluding sulfate from the calculation, provides clearer re-
lationships as reflected in values of R2, and consequently the total
cation field strength index has been used in the present work.
Sulfate is excluded from the calculation because including it in the
calculated value would obscure the ability of a glass to incorporate
it.

In order to more clearly understand any structural changes
through each series of glasses studied here, and the impact that
these changes might have on sulfate capacity and -solubility,
structural analyses were carried out. In studies of glasses with low
contents (≪1%) of paramagnetic ions such as Fe3þ, the speciation of
Si-O groups and the B-O and Al-O coordination can readily be
studied using MAS-NMR. However, all glasses studied here contain
substantial levels of Fe3þ which causes paramagnetic broadening of
the NMR signal, thus the accuracy of any data extracted is
compromised [26,27]. We carried out 11B, 27Al and 29Si MAS-NMR
of one sample, A3B3. However, strong paramagnetic broadening
occurred as expected, and the results could not be used. Conse-
quently, further MAS-NMR of our glasses was not attempted. Here,
57Fe M€ossbauer and Raman spectroscopies have been used to
obtain structural information on candidate glasses. This has been
combined with information on the most relevant compositions
from the substantive body of literature available, in order to provide
the most accurate achievable input data on cation coordination and
oxidation state for modelling cation field strength and optical ba-
sicity values.

Following consultation of a range of structural studies on bo-
rosilicate glasses and melts that are compositionally similar to
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those studied here, the cation oxidation states and average coor-
dination numbers in our current models have been estimated as
follows: [4]P5þ, [4]Si4þ, [3.33]B3þ, [4]Al3þ, [4]Fe3þ, [4]Liþ, [6]Naþ, [8]Kþ,
[4]Mg2þ, [6]Ca2þ, [6]Zr4þ, [5]Mn2þ, [5]Ti4þ, [4]S6þ. A rationale and
references supporting these selections is given here, and further
support from Raman and 57Fe Mossbauer spectroscopy is provided
in the Results and Discussion. P5þ and Si4þ are known to be 4-fold
coordinated with respect to O2� in most oxide glasses [28]. Naþ has
been shown spectroscopically to be 6-fold coordinated [28,29]; Liþ

4-fold coordinated but network-modifying and not network-
forming [28e30]; and Ca2þ 6-fold coordinated [28,29] with
respect to O2� in oxide glasses, although there is spread in the
available data, some of which is associatedwith uncertainties of the
techniques used (e.g., X-Ray absorption spectroscopy, neutron
diffraction, MAS-NMR). Boron can be [3]B3þ and [4]B3þ in borosili-
cate glasses, and the ratio [3]B3þ/[4]B3þ is normally obtained for
glasses using 11B MAS-NMR, although B K-edge X-Ray absorption
spectroscopy or EELS have also been used. Many authors cite the
Yun-Dell-Bray model [31,32] for boron coordination in oxide
glasses and this model has been refined and applied to different
glasses over the years, including borosilicate glasses [33]. Evidence
from studies of broadly similar compositional ranges to those
studied here [27,34e37] was used to inform our assumed
[3]B3þ/[4]B3þ ratio to provide an average cation field strength and
inform NBO/T for modelling. In terms of the Yun-Dell-Bray model
[31,32] parameters R (where R ¼ alkali oxide/B2O3) and K (where
K ¼ SiO2/B2O3), calculations of R and K for our analysed glasses
provide R~4 and K~4.5 to 13, which are beyond the ranges of most
compositions studied using the Yun-Bray-Dell model. Moreover,
the compositional and structural complexity of our glasses,
including the presence of the other tetrahedrally-coordinated
species such as [4]Al3þ and [4]Fe3þ which require alkali cations for
charge balance, make estimation of boron coordination on the basis
of the Yun-Dell-Bray model even more problematic. Consequently
we have not applied the Yun-Dell-Bray model here. Using evidence
from Raman spectroscopy (see Discussion) which confirms the
presence of [3]B3þ as a major proportion of total boron, combined
with literature evidence for broadly similar glasses [27,34e37], the
boron is estimated to occur in our glasses approximately as follows:
2/3 [3]B3þ and 1/3 [4]B3þ, giving an average of [3.33]B3þ. There are
indications from Raman spectroscopy that average boron coordi-
nation may change across the range of samples studied. Conse-
quently our estimation of [3]B3þ/[4]B3þ carries some uncertainty.
However, the low boron contents (<8 mol% B2O3) of these glasses
mean that the effects of any differences in boron coordination on
modelled cation field strength values and on NBO/T used in
modelling will be small. However, we have ensured that possible
variations in average boron coordination are accommodated in the
stated uncertainties used in modelling cation field strength indices,
optical basicities and NBO/T.

The outcomes from investigation of selected glasses by 57Fe
M€ossbauer spectroscopy are discussed in the Results and Discus-
sion sections, and confirm that the iron in the glasses studied here
can be considered to all be present as [4]Fe3þ. Evidence from a
number of sources indicates that the Al3þ will occur predominantly
as [4]Al3þ [27,33e38]. Manganese is readily reduced from Mn3þ to
Mn2þ in glasses prepared under oxidising melting conditions, ac-
cording to electrochemical series [39]. McKeown et al. [40] also
demonstrated that Mn2þ is the dominant oxidation state in a wide
range of US radioactive waste glasses similar in composition to
those under consideration here. Therefore, it is reasonable to as-
sume that all Mn is present as Mn2þ in the glasses studied here.
McKeown et al. [40] also determined that the average coordination
of Mn2þ in radioactive waste borosilicate glasses is approximately
5, therefore it is assumed for our models that Mn is present as 50%
[4]Mn2þ and 50% [6]Mn2þ, in order to obtain an average of [5]Mn2þ.
Magnesium is known to occur largely as [4]Mg2þ in the majority of
alkali-bearing silicate glasses [29,41,42]. We have assumed [4]Mg2þ

for our model and applied it to all glasses studied here. Electro-
chemical series show that titanium is expected to occur in oxide
glasses produced under oxidising conditions entirely as Ti4þ [39].
Coordination of Ti4þ in oxide glasses has been studied extensively
by Farges and colleagues [43e45], who concluded that Ti4þ occurs
predominantly as [5]Ti4þ in a wide range of oxide glasses. We have
therefore assumed for our models that Ti4þ occurs as 50% [4]Ti4þ

and 50% [6]Ti4þ in order to obtain an average of [5]Ti4þ, in the glasses
studied here. For manganese, magnesium and titanium, their low
concentrations mean that any changes in oxidation state or coor-
dination from those assumed for modelling, have minimal effects.
Zirconium has been shown [46,47] to occur predominantly as
[6]Zr4þ in oxide glasses broadly similar to those under consideration
here, and consequently we have assumed [6]Zr4þ in our models.

Finally, it is important to consider oxygen coordination in the
glasses studied, for the purposes of calculating cation field strength
indices. In a previous publication [4] it was assumed that the
average oxygen coordination was 2, as in pure SiO2. Here we have
applied a more realistic average oxygen CN ¼ 4 for oxide glasses,
based on the work of Mountjoy [48] and references therein. This
approach possibly overestimates average oxygen coordination to
network formers and may underestimate average oxygen coordi-
nation to network modifiers. Nevertheless, this approach was the
most appropriate, based on literature, and it enhances accuracy for
calculating cation field strength indices compared with using
average oxygen CN ¼ 2.

The above assumptions all carry uncertainties when applied
across any range of glass compositions - and some level of variation
in coordination and bond lengths can reasonably be expected to
arise with changing glass composition. Consequently, these factors
have been taken into consideration when estimating uncertainties
in our models. A full and detailed structural analysis of each and
every glass considered during compositional development would
have been time-consuming and expensive, and is unnecessary,
provided that sufficient support is available in literature for the
assignment of coordination numbers and oxidation states. We have
used such an approach here. Total cation field strength index for
each glass was calculated according to (1).

CFSITotal ¼
Xn

i¼1

�
mici

�
z
.
a2

�
i

�
(1)

wheremi ¼mole fraction of the ith oxide; ci ¼ number of cations in
one formula unit of the ith oxide; z ¼ cationic valence; and
a ¼ interatomic distance in picometers (e.g., the sum of the ionic
radius of the cation and the O2� ion). Values of (z/a2)i were calcu-
lated for the ith oxide in the glass. Shannon ionic radii for ions in
aqueous solutions [49] were used in all calculations. Fig. 1 shows
retained sulfate as a function of S(z/a2).

Theoretical optical basicity, Lth, was calculated for each glass
according to the method described by Duffy and Ingram [50].
Updated oxide basicity values were also discussed by Lebouteiller
and Courtine [51] and Duffy [52e54]. Oxide basicity values used in
our calculations have been selected from these references [50e54],
based on the most appropriate value for each constituent consid-
ering the oxidation state and average coordination numbers dis-
cussed earlier in this section. Parameters used in S(z/a2) and Lth
calculations are given in Table 1. Fig. 2 shows retained sulfate as a
function of theoretical optical basicity, Lth.



Fig. 1. Retained sulfate, SO4
2�, as a function of total cation field strength index, S(z/a2)

(excluding sulfate), for model glasses.

Fig. 2. Retained sulfate, SO4
2�, as a function of theoretical optical basicity, Lth

(excluding sulfate), for model glasses.

Fig. 3. Retained sulfate, SO4
2�, as a function of non-bridging oxygen to tetrahedral ratio,

NBO/T (excluding sulfate), for model glasses.
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The ratio of non-bridging oxygen to tetrahedral cations (NBOT)
was calculated here for each glass according to (2):
NBO
T

¼ 2½R2O� þ 2fM ½R0O� þ 2fM
�
R

00
O2

�� 2½Al2O3� � 2fT ½B2O3� � 2fT ½Fe2O3�
½SiO2� þ 2½P2O5� þ 2½Al2O3� þ fT ½R0O� þ fT ½R00O2� þ 2fT ½B2O3� þ 2fT ½Fe2O3�

(2)
where R2O ¼ Li2O, Na2O and K2O; R'O ¼ MgO, CaO and MnO;
R00O2 ¼ TiO2 and ZrO2; and where fT is the fraction of tetrahedrally-
coordinated species and fM is the fraction of glass modifier species
(such that fT ¼ 1-fM). As discussed earlier in this section, we have
assumed the following: Li2O, Na2O, K2O, CaO and ZrO2 are glass
modifiers (i.e. fM ¼ 1.0); and fT (MgO) ¼ 1.0; fT (MnO) ¼ 0.5; fT
(B2O3) ¼ 0.3333; fT (Fe2O3) ¼ 1.0; and fT (TiO2) ¼ 0.5. Fig. 3 shows
retained sulfate as a function of calculated NBO/T.

Room temperature 57Fe M€ossbauer spectra were collected for
end-member glasses A1, A6, B1 and B6, relative to a-Fe over a ve-
locity range of ±6 mm s�1 using a constant acceleration spec-
trometer with a 25 mCi source of 57Co in Rh. Three broadened
Lorentzian paramagnetic doublets were fitted to each spectrum:
two consistent with Fe3þ and one consistent with Fe2þ, using the
Recoil analysis software package. Extracted Centre Shift (CS),
Quadrupole Splitting (QS), half-width, half-height line width (LW)
parameters and relative areas are provided in Table 2 and fitted
spectra are shown in Fig. 4. The analysed iron redox ratio, Fe2þ/SFe,
is based on fitted peak areas, and we have assumed that the recoil-
free fraction ratio f(Fe3þ)/f(Fe2þ) ¼ 1.0. In all four cases, fitting the
single Fe2þ doublet was difficult owing to its weakness. Conse-
quently, the fitted Fe2þ CS, QS and LW carry greater uncertainties
than the two strong Fe3þ doublets.

Laser Raman spectroscopy was carried out on as-poured sam-
ples using a Renishaw inVia spectrometer using a solid state
532 nm, 100 mW laser in back scattering geometry with a 50 cm�1

edge filter. Multiple spectra were measured and then summed for
each sample at 20� magnification from 200 to 1500 cm�1 and
recorded by a PC. Spectra are shown in Fig. 5 (Series A) and Fig. 6
(Series B).
3. Results

Analysed glass compositions are given in Table 1 and show
considerable changes in sulfate content across a range of changing
glass composition. Principally this is a result of changes in SiO2
content and, as expected based on previous studies [18e21], sul-
fate content increases with decreasing SiO2 content. However,
changes in the proportions of the other constituents also arise
making it necessary to a consider both glass composition and
structure if accurate modelling of sulfate capacity is to be carried
out. Figs. 1 and 2 show the analysed residual SO4

2� in sample
glasses as functions of total cation field strength index and theo-
retical optical basicity, respectively. Fig. 1 exhibits an inverse linear
relationship between S(z/a2) and [SO4

2�], with a high R2 of 0.9502
for the linear fit to the data. Figs. 2 and 3 show linear relationships
between Lth and [SO4

2�], and NBO/T and [SO4
2�], with closely

similar R2 of 0.9302 and 0.9192, respectively. These values of R2

are contrasted against plots (not shown) of [SiO2] vs. [SO4
2�], which

provides an inverse linear relationship with R2 ¼ 0.8418 with
greater fit residuals; and [Na2O] vs. [SO4

2�], which provides a linear
relationship with R2 ¼ 0.9435 (graph not shown). The high degree



Table 2
Fitted 57Fe M€ossbauer parameters for end-member model glasses A1, A6, B1 and B6.

Parameter Glass A1 Glass A6 Glass B1 Glass B6

Centre shift (Fe3þA) ± 0.02/mm s�1 0.27 0.25 0.27 0.25
Quadrupole splitting (Fe3þA) ± 0.02/mm s�1 1.25 1.18 1.26 1.17
HWHM linewidth (Fe3þA) ± 0.02/mm s�1 0.24 0.22 0.26 0.23
Area fraction (Fe3þA) ± 0.01 0.43 0.49 0.50 0.42
Centre shift (Fe3þB) ± 0.02/mm s�1 0.28 0.27 0.28 0.25
Quadrupole splitting (Fe3þB) ± 0.02/mm s�1 0.76 0.73 0.79 0.74
HWHM linewidth (Fe3þB) ± 0.02/mm s�1 0.23 0.21 0.24 0.22
Area Fraction (Fe3þB) ± 0.01 0.55 0.51 0.48 0.56
Centre shift (Fe2þ) ± 0.04/mm s�1 0.88 0.91 1.07 1.08
Quadrupole splitting (Fe2þ) ± 0.04/mm s�1 2.35 2.32 1.95 1.96
HWHM linewidth (Fe2þ) ± 0.04/mm s�1 0.19 0.10 0.13 0.10
Area fraction (Fe2þ) ± 0.01 0.02 0.01 0.02 0.01
Iron redox ratio Fe2þ/SFE ± 0.02 0.02 0.01 0.02 0.01

Fig. 4. Fitted 57Fe M€ossbauer spectra for end-member model glasses A1, A6, B1 and B6, showing two strong Lorentzian doublets attributed to [4]Fe3þ and one very weak Lorentzian
doublet attributed to [6]Fe2þ.
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of correlation between sulfate capacity and Na2O content is
reflective of the limited range of glasses studied and in these
glasses, the Na2O content is a key driver of the depolymerisation
of the network. Such simplistic models as [SiO2] vs. [SO4

2�] and
[Na2O] vs. [SO4

2�] form useful guides, however, their limited
applicability across a range of different glass compositions renders
them less useful. More discriminating scales are needed and our
results support the use of S(z/a2), Lth and NBO/T for this task. In
particular, from the scales considered, S(z/a2) provides the best fit
to the data.
57Fe Mossbauer spectroscopy results, shown in Table 2 and

Fig. 4, demonstrate that for all four samples the spectrum can be
satisfactorily fitted by three broadened Lorentzian doublets. The
hyperfine parameters (Table 2) for the weakest doublet (area 1e2%)
are consistent with [6]Fe2þ, whilst the hyperfine parameters for the
two much stronger doublets are both consistent with [4]Fe3þ.

From the Raman spectra a number of spectral differences can be
observed through series A1 to A6 and B1 to B6 (wherein sample



Fig. 5. Raman spectra for Series A model glasses. Dotted vertical line highlights peak at ~990 cm�1 in all spectra.

Fig. 6. Raman spectra for Series B model glasses. Dotted vertical line highlights peak at ~990 cm�1 in all spectra.
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A3B3 is the centremost composition and common to both series),
with a notable change between the groupings (A1eA4) and
(A5eA6) and (B1eA3B3) and (B4eB6). Raman bands centred at
approximately 460 cm�1, 550 cm�1, 630 cm�1, 680 cm�1, 740 cm�1

and 780 cm�1 dominate the lower-energy (300 - 800 cm�1) regions
of all spectra. The bands at 460 cm�1 and 550 cm�1 exhibit small
changes, however, the weaker band at 630 cm�1 gradually disap-
pears from A1 to A6. The bands at 680 cm�1 and 740 cm�1 are more
prominent for samples A5 to A6 and B4 to B6. The higher-energy
regions are dominated by broad, multi-featured bands between
ca. 850 cm�1 and 1150 cm�1, all with a notable and narrow band at
990 cm�1 which generally increases in intensity fromA1 to A4, then
maintains approximately the same intensity for A5 and A6; and
which increases in intensity from B1 to B6. A broad band at
1375 cm�1 occurs for all samples, and a weak, broad band at
1200 cm�1 occurs for samples A5eA6 and B4eB6.
4. Discussion

Models describing the behaviour of sulfur in oxide melts have
been developed and discussed over many years
[4,6,10,19e21,55e58], and the reader is referred to those works and
references therein for a wide-ranging treatment of the topic from
waste vitrification, technological, and geological perspectives. For
oxidised glasses and melts with direct applicability to radioactive
waste vitrification, most recently a detailed empirical model for SO3
capacity based on an analysis of over 250 data sets was developed
by Vienna et al. [10]. This model is demonstrably applicable to
current U.S. low-activity waste (LAW) glasses from the Hanford site
and applies individual terms for many, but not all, glass compo-
nents. Other models which are based on compositional and struc-
tural factors have been developed by Papadopoulos [55] and Ooura
and Hanada [21], whose work informed modelling of sulfate
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capacity in radioactivewaste borosilicate glasses by Li et al. [56] and
Liu et al. [57]. Also Jantzen et al. [6] developed a model based on
viscosity (which is therefore related to composition and structure);
and finally models from the geological and metallurgical literature
which consider sulfur as S2� are similarly based on composition/
structure indicators [4,19,20,58]. Each model has its strengths,
weaknesses and regions of validity. Most challenging of all has been
demonstration and utilisation of any model across a sufficiently
wide range of glass compositions as to render the model practically
useful, yet there has been some success in this regard [6,10].

Previous work focussing on application of the cation field
strength index model to the problem of sulfate capacity in radio-
activewaste glasses [4] demonstrated an inverse linear relationship
between normalised (to 1 mol-cation) cation field strength index
and log [SO3], which provided the best fit to the data, measured in
terms of R2 (z0.84), for a wide range of phosphate glasses. The
same relationship was also successfully applied to the borosilicate
glass data of Lorier et al. [11] which, when considered indepen-
dently, gave a high fit R2 of 0.9779. When modelling the present
data shown in Table 1 it was observed that, in terms of the fit R2, a
linear model of the plot of [SO4

2�] vs. S(z/a2) as shown in Fig. 1, for
which R2 ¼ 0.9502, was at least as good as a model, using the same
model parameters as have been used throughout the present work,
of log [SO4

2�] vs. S(z/a2), for which R2 ¼ 0.9497 (not shown). In the
light of this result a reappraisal of the previous fit in Ref. [4] to the
borosilicate glass data of Lorier et al. [11] revealed that applying a
linearmodel to [SO4

2�] vs. S(z/a2) gave R2¼ 0.9821, which again is at
least as good as the model to log [SO4

2�] vs. S(z/a2), for which
R2 ¼ 0.9779 as published in Ref. [4]. It is thus demonstrated that
linear fits to [SO4

2�] vs. S(z/a2) for both sets of data e from the
present publication and from the Lorier fits in Ref. [4] e give no
degradation of fit R2 or significance, compared with fits to log
[SO4

2�] vs. S(z/a2). We therefore argue that the inverse linear rela-
tionship between [SO4

2�] and S(z/a2) is also valid for the borosilicate
glasses studied here and in Ref. [4]. The phosphate glasses surveyed
in Ref. [4] covered a considerably wider compositional and struc-
tural envelope than the borosilicate glasses studied in Ref. [4] and
here, and this may be one reason for the observed difference be-
tween the phosphate and borosilicate glasses. Re-modelling of the
phosphate glass data from Ref. [4] with the models developed here
produced the same trends in results as in Ref. [4], albeit with small
differences in individual fit R2 owing to careful selection of cation
field strength and oxide basicity values, following the thorough
survey of literature herein. The fits to the present data using the
theoretical optical basicity scale, Lth (Fig. 2) also provide an R2

value of 0.9302. This result is consistent with the previous results
for phosphate glasses in Ref. [4], which also showed that S(z/a2)
provided fits with higher R2 compared with Lth. Nevertheless, the
fits usingLth can still be considered to be good. The plot using NBO/
T (Fig. 3) shows the same trend as themodel usingLth, suggesting a
degree of parity between these two scales in terms of their ability to
accurately reflect the compositional and structural effects of the
glass compositions studied here.

57Fe Mossbauer spectroscopy results, given in Fig. 4 and Table 2,
reveal that the iron in all samples studied is highly oxidised, with
Fe3þ the overwhelming species in all cases. In all four samples the
levels of Fe2þ were barely detectable, and account for only 1e2% of
the total iron. This high level of oxidation is consistent with the
presence of sulfate, which acts as an oxidising agent, and also with
other results for laboratory-melted radioactive waste type alkali
borosilicate glasses prepared under oxidising conditions [38,59,60].
Centre shift and quadrupole splitting values of the Lorentzian
doublets fitted for Fe3þ are consistent with [4]Fe3þ [38,59e62]. Thus
the combined CS, QS and redox information extracted from
M€ossbauer measurements confirm that, for the purposes of
modelling cation field strength and optical basicity, the iron in the
glasses studied here can be assumed to be present as [4]Fe3þ.

Raman spectroscopy of Series A and B glasses, shown in Figs. 5
and 6 respectively, reveals highly convoluted spectra. This convo-
lution arises from the presence of multiple Raman-active constit-
uents and modes associated with network former - oxygen bonds
such as Si-O and Al-O [63e66], referred to as T-O bonds [63].
Spectra also contain Fe-O [60], B-O and S-O [35,37,38,64e71] con-
tributions. Le Losq et al. [63] distinguished Qn species as tetrahe-
drally coordinated cations with n bridging oxygens (BO) and 4-n
non-bridging oxygens (NBO). Crucially, they noted that Raman
spectroscopy does not distinguish between Si- or Al- based tetra-
hedra, and the Raman signal of Qn species mixes both SiO4 and AlO4
contributions. It may also include FeO4 contributions. Furthermore,
contributions from [3]B3þ-O and [4]B3þ-O groups, boroxyl rings and
danburite/reedmergnerite groupings, can all occur in the same
spectral range of ca. 600e1200 cm�1. Any deconvolution of Raman
spectra for such compositionally complex glasses as those studied
here can provide multiple possible fits and attributions of indi-
vidual peaks, and the lack of availability of accurate MAS-NMR data
due to the presence of Fe3þ (see Section 2.1) further contributes to
this. Consequently, we have considered and interpreted only the
overall spectra here.

As summarised elsewhere [67e71] four vibrational modes of
SO4

2� tetrahedra arise in Raman spectra for sulfate in glasses, and
are attributed as follows: n1 (symmetric SeO stretching modes)
at ~ 990 cm�1; n2 (symmetric OeSeO bending modes) at
~460 cm�1; n3 (asymmetric SeO stretching modes) at ~1100 cm�1;
and n4 (asymmetric OeSeO bending modes) at ~ 620 cm�1. The
strongest of these bands, and the only one that can be clearly
observed in the Raman spectra presented in Figs. 5 and 6, is the n1
symmetric SeO stretching band at ~990 cm�1. The attribution of
this mode to the observed band is further supported by the in-
tensity of the band scaling qualitatively with the sulfate content of
each glass, which is consistent with Lenoir et al. [68]. Intensity
increases from Samples A1 to A4 (analysed SO4

2� content increases
from 0.75 to 1.01 mol %) and then it maintains approximately the
same intensity for Samples A4, A5 and A6 (analysed SO4

2� contents
of 1.01, 0.94 and 1.02 mol %, respectively). For Series B glasses, in-
tensity increases through Samples B1 to B6, with analysed SO4

2�

content increasing from 0.66 to 1.18 mol %. The Raman spectra
therefore qualitatively support the analysed sulfate contents of
each glass. There is no suggestion of lower oxidation of sulfur states
than S(VI) in these glasses. The absence of Raman bands related to
S-S bonds, S(IV) or S(V) complexes, which provide broad bands in
the region 300e460 cm�1 [72,73] supports this. Further literature
support for this conclusion is provided by X-Ray absorption spec-
troscopy for other sulfate-doped radioactive waste borosilicate
glasses prepared under oxidising conditions [73] and from redox
potentials [74], which show that lower sulfur oxidation states are
not formed in glasses produced under oxidising conditions.

Raman spectroscopy also shows a change in the Q-speciation
(Qn) of Si-O bonds, with a gradual shift of the profile of the broad
multi-component band at 850e1200 cm�1 towards lower Raman
shifts. This is exemplified by the disappearance of the shoulder at
ca. 1080 cm�1 and the growth of bands in the region of
850e950 cm�1. This gradual decrease in average Qn with
decreasing SiO2 content from A1 to A6 and B1 to B6 is consistent
with results from many previous studies (see, for example,
[60,63,64,66,68,71]). Raman bands in the region of
1200e1500 cm�1 have been attributed to BO3 units
[27,35,38,64,66]. Most of those studies which have considered
Raman spectra above 1200 cm�1 concern glasses with B2O3 con-
tents greater than ca. 15 mol%. Typically, spectra show only one
broad band centred at ca. 1450e1500 cm�1. However, Parkinson
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et al. [75] also observed a band at ca. 1380 cm�1 for Fe2O3-doped
SiO2-B2O3-Li2O-Na2O glasses. Akagi et al. [76] also found a band at
1380 cm�1 for B2O3-K2O glasses, attributing it to BØ2O� triangles
linked to BØ4

- units (where Ø ¼ bridging oxygen atom). Few Raman
studies of low-boron radioactive waste glasses have been pub-
lished. For those which have [27,38,77], weak, broad bands at ca.
1200 cm�1 and/or 1380 cm�1 have been observed, as we have
found in this study (Figs. 5 and 6). Both bands were attributed by
those authors to BO3 units [27,38,77]. It is noted that for samples A5
and A6, and B4, B5 and B6, an increase in intensity of the 1380 cm�1

band is accompanied by the emergence of bands at ca. 680 cm�1,
750 cm�1 and 1200 cm�1. Further study is required to fully un-
derstand the origins of these spectral changes, although results
from other Raman studies of borate and borosilicate glasses [65,70]
suggest that both [3]B3þ and [4]B3þ are involved. Raman evidence
thus confirms the presence of [3]B3þ species in all glasses studied
here, and it suggests that [3]B3þ makes up a major proportion of
total boron, given the strength of the 1380 cm�1 band and the low
(<8 mol%) total B2O3 contents of our glasses, although this is not
proven. Raman evidence also suggests that the [3]B3þ/[4]B3þ ratio
may change through series A1eA6 and B1eB6. However, the lack of
certainty over the structural origin of the band near 1200 cm�1

means that it is not feasible to quantify [3]B3þ/[4]B3þ from Raman
spectra.

Ooura&Hanada [21] studied sulfate solubilities of simple binary
SiO2-R2O (R ¼ Li, Na, K) and ternary SiO2-Na2O-R’O glasses
(R’ ¼ Mg, Ca, Ba). For SiO2-Na2O glasses a strongly non-linear in-
crease in sulfate capacity was observed with increasing Na2O; this
was related to the relative proportions of bridging oxygen (BO) and
non-bridging oxygen (NBO) in the glass. Ooura and Hanada also
stated that sulfate capacity in their SiO2-R2O glasses was inde-
pendent of the nature of the alkali cation. However, we believe that
their data does not fully support this particular conclusion for four
reasons: (i) only data for one SiO2-Li2O and one SiO2-K2O glass were
provided; (ii) analysed glass compositions were not provided - only
sulfur contents were analysed using SEM-EDX analysis, and mea-
surement uncertainties at low concentrations using SEM-EDX can
be substantial; (iii) alkali volatilisation is known to increase with
alkali cation size (Li < Na < K) and this could have affected final
glass compositions, particularly given the small (5 g) melt size, thus
affecting direct comparisons between glasses with nominally the
same R2O content; and (iv) their 75SiO2-25Li2O glass solubilised
considerably more sulfate (ca. 2.7 mol% SO3) than their 75SiO2-
25Na2O glass (ca. 2.0 mol% SO3). Considered cumulatively, we
believe that there is insufficient data provided to fully support the
conclusion in Ref. [21] that alkali type has no effect on sulfate ca-
pacity or solubility of SiO2-R2O glasses. Considering their SiO2-
Na2O-R’O (R ¼ Mg, Ca, Ba) glasses [21], sulfate capacity and solu-
bility clearly increased in the order MgO < CaO < BaO for a given
molar RO content and Na2O as the alkali (therefore inter-sample
differences in alkali volatility can reasonably be assumed to be
small). The increases in sulfate capacity/solubility were linear with
molar replacement of SiO2 by RO, with the relationship displaying
an increasing gradient in the order MgO < CaO < BaO. The data of
Ooura and Hanada indicates additive effects of the content and
nature of alkaline earth oxides on sulfate solubility. The cation field
strength index model is qualitatively consistent with this result
since it shows that all glass components play roles that are chem-
ically and structurally unique, and therefore for a given molar
concentration, each will have a unique effect on sulfate capacity
and solubility. This is because each chemical element affects glass
structure differently, in particular as functions of its concentration
and chemical nature (charge, ionic radius, % ionic bond character
and coordination). However, it is acknowledged that the cation field
strength index and theoretical optical basicity scales do not provide
single models which accurately describe all of Ooura and Hanada's
data.

It has been suggested that sulfur solubility in oxide glasses can
be predicted by combining the systemic acidityebasicity
(measured by optical basicity) with a modified Toop-Samis poly-
meric model describing [O2�], the concentration of free oxygen
ions; [O0], the concentration of bridging oxygen ions; and [O�], the
concentration of non-bridging oxygen ions [58]. Such an approach
considers the combined chemical (basicity) and structural (BO/
NBO) effects which affect sulfur capacity and solubility in glass
melts. As shown here and previously [4], a linear relationship is
observed between the sulfate capacity and Lth. Cation field
strength index can also represent chemical and structural factors in
a single numerical scale and shows an inverse linear relationship
with sulfate capacity. The results of the present study show
enhanced performance of total cation field strength index nor-
malised to 1 mol of oxide, compared with cation field strength
index normalised to 1-mol-cation which was used previously [4].
As demonstrated by the high values of R2 shown in Figs. 1e3, the
cation field strength index, theoretical optical basicity and NBO/T
scales can all be applied to sulfate capacity in borosilicate glasses
for radioactive waste vitrification. Questions remain as to the limits
of validity of this scale e for example composition, structure,
temperature, redox conditions and melting time (i.e. equilibration
time) will all affect the relationship. It is well known that sulfate
solubility in oxide melts is highly sensitive to these parameters
[4,17e20,55e58,68,69,73,74].

Differences are observed in R2 between the fits to sulfate
incorporation data using the cation field strength index, theoretical
optical basicity and NBO/T scales. This raises the question of which
scale is the most flexible, meaningful, accurate and/or precise. It is
important to consider what each scale represents and how it is
derived. The cation field strength is an arbitrary scale based on the
electronic charge on a cation and the interatomic distance to its
anion (in this case O2�). Values can thus be obtained and are
dependent on atomic charge and size, and consequently, may vary
for a given cation in different oxidation states and coordination
states. Theoretical optical basicity, Lth, is a measure of the electron
donating power of constituent oxide ions in a glass. It expresses the
ionic state of the oxide ion and represents the extent of negative
charge residing on the oxygen ions. It has also been adapted and
updated over the years by Duffy and other authors [50e54] tomake
provision for a wider range of cations in different coordination
states and different host matrices. The ratio of non-bridging oxy-
gens to tetrahedral species (NBO/T) is a measure of the theoretical
proportion of non-bridging oxygens to the proportion of
tetrahedrally-coordinated species. It is therefore essentially a
measure of the degree of polymerisation of the glassy network.
Whilst we have demonstrated here that it can be manipulated if
cation environments are known or can be estimated, NBO/T makes
no distinction between the effects of different glass modifiers or
formers, for example between Li2O, Na2O and K2O, and this could
be considered a limitation. Optical basicity is primarily defined by
charge, with space being fixed based on an arbitrary value although
this can be controlled by using basicity moderating parameters for
cations in different coordination states. Cation field strength, z/a2, is
defined by both cationic charge and ionic radius, and variations in
either of these can be accommodated. Our view, based on the
modelling of the glass composition e structure relationships
considered here, is that because it can most readily accommodate
changes in cation coordination, and because it has greater clarity in
terms of the most appropriate z/a2 values to use, the cation field
strength scale is a particularly versatile and discriminating scale.
Whilst theoretical optical basicity is, in many ways, equivalent to
cation field strength index, multiple oxide basicity values are now
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available for some oxides (see Refs. [50e54]) and selecting themost
appropriate values to use for a model of a particular system is not
always clear e this may be one reason why a higher R2 is provided
here by the fit cation field strength index (Fig. 1), compared with
theoretical optical basicity (Fig. 2). As an example of the different
accuracies/applicabilities of the three scales used here, the cation
field strengths of [3]B3þ and [4]B3þ are respectively 1.622 and 1.407,
the difference in values being due to different B3þ ionic radii in
these coordinations. Coordination, as well as charge, affects the
ability of any ion to accept or donate charge. The optical basicity
scale provides a similar mechanism by which the basicity moder-
ating parameter for B3þ can be selected if microscopic optical ba-
sicities [50] are known or used. However, as noted earlier, multiple
values of the basicity moderating parameters have been published.
The NBO/T scale can accommodate differing levels of [3]B3þ and
[4]B3þ, however, it does not discriminate between the effects of, for
example, [4]B3þ, Si4þ or P5þ and is based solely on their abundance.
Consequently, the above factors may partly explain the observed fit
R2 values of S(z/a2) > Lth > NBO/T.

We will now consider the chemical/structural/physical origins
of the observed sulfate capacities of the glasses studied. The
question arises: why do lower cation field strength index, or higher
optical basicity or NBO/T lead to higher levels of retained sulfate? In
order for sulfate, SO4

2�, to be incorporated into the glassy network
as a tetrahedral unit, it requires charge compensation/stabilisation
to provide local charge neutrality. It is widely accepted that this
function is performed by glass modifiers, typically alkali or alkaline
earth cations. Therefore, the amount of sulfate that can be incor-
porated in the glass is strongly dependent on the amount of
networkmodifier present. However, other constituents such as B3þ,
Al3þ and Fe3þ also require charge compensation/stabilisation for
adoption of tetrahedral coordination, and the Q-speciation of the
silicate network is also controlled by modifier type and content.
Several authors have discussed the structural aspects of sulfate
incorporation in oxide glasses [6,16e21,55e58], and the consensus
is that the relationship between glass composition, glass structure
and sulfate incorporation is controlled by the polymerisation of the
network, and hence they are all related to the relative contents of
BO, NBO and free oxygen. This topic was reviewed in depth to 2011
by Backnaes and Deubener [19]. However, it is clear from the
findings of their review and also from the results presented here
and elsewhere [10,21] that the nature of the modifier cations, as
expressed by local bonding and space/charge effects, also plays a
major role in sulfate incorporation. As discussed earlier, the results
of Ooura and Hanada [21] show that, in the case of their SiO2-Na2O-
RO glasses (R ¼ Mg, Ca, Ba), increasing cation size (and hence
decreasing z/a2 and increasing Lth) of the alkaline earth cation led
to a large increase in sulfate capacity for a given RO content such
that Ba > Ca > Mg. However, the theoretical NBO/T at a given RO
content for those glasses (Mg, Ca or Ba) is the same, irrespective of
alkaline earth type. Backnaes and Deubener [19] noted that sulfate
retention scales negatively with the cation field strength of alkaline
earth metals, and that this may indicate that Qn groups in different
silicate melts are not energetically equivalent. They also argued that
the abundance of free oxygen may not be the only structural
parameter governing sulfate incorporation. Our results are consis-
tent with this view. There is published data suggesting that sulfate
capacity also scales positively with alkali type for borosilicate
glasses, such that Li > Na > K [10], and also as discussed earlier, by
Ooura and Hanada [21] for SiO2-R2O glasses where sulfate capacity
may appear to scale Li > Na (although questions were noted over
the accuracy of this data). Such behaviour, if it were shown to apply
to the glasses studied here, is not consistent with the linear re-
lationships demonstrated here using the S(z/a2) and Lth models
(Figs. 1 and 2), as these indicate that alkalis should behave such that
sulfate capacity scales Li < Na < K. Because understanding this
particular behavioural aspect was not anticipated in the present
study, the glass compositions we have studied here do not provide
sufficient range of alkali types, contents and ratios to properly
interrogate this hypothesis. However, it is possible to state that if
the trends suggested above were shown to apply to radioactive
waste type borosilicate glasses by interrogating robust data sets
(e.g., from Ref. [10]), this in turn would suggest that the sulfate
capacity of a ternary SiO2-R2O-R’O glass wherein R ¼ Li, Na, K and
R’ ¼ Mg, Ca, Ba would be greatest for SiO2-Li2O-BaO glasses and
lowest for SiO2-K2O-MgO glasses with the same SiO2, R2O and RO
contents. It is interesting to note that such a relationship was
observed for stabilisation of [4]Fe3þ in SiO2-R2O-R’O glasses [78,79],
and this may suggest a wider relationship between stabilisation/
charge balance of some tetrahedrally-coordinated species in silicate
glasses. It would also suggest a limitation of the applicability of the
S(z/a2) and Lth scales for modelling sulfate capacities because they
both indicate that alkali and alkaline earth metals should affect
sulfate capacity in the same way, i.e., Li < Na < K and Mg < Ca < Ba.
However, the results of Vienna et al. [10] were presented as a
change in component content from centroid, in weight %, and
therefore calculation and analysis of S(z/a2), Lth and NBO/T of the
253 glasses modelled in Ref. [10] would be required in order to
make any comparisons robust. Considering this matter further, all
three of the S(z/a2), Lth and NBO/T scales can be considered to
present a cumulative representation of the chemical/structural
nature of the glass, i.e. they do not provide the ability to accom-
modate for local inhomogeneities or the preference of any one
cation (e.g., Naþ) or cation type (e.g., alkalis) to charge compensate
or stabilise another cation in a particular coordination with respect
to oxygen (e.g., [4]SO4

2�). It is important to consider any “preference”
or “selectivity” of modifier cations to charge balance and stabilise
[4]SO4

2� over depolymerising the silicate network and providing
NBO. Recent research by some of the present authors [80] has
demonstrated that pro rata addition of SO4

2� to binary SiO2-Na2O
glasses close to the metasilicate composition has the effect of
increasing average Si Qn, i.e., polymerising the silicate network. This
indicates that in these simple glasses SO4

2� preferentially uses Naþ

for charge balance, thus leaving fewer Naþ cations available to form
NBO and thus provide depolymerisation of the silicate network.
This is consistent with Tsujimura et al. [81], whose additions of
Na2SO4 to SiO2-Na2O glasses led to little change in the Si Qn

compared with their SiO2-Na2O glasses with no additions of
Na2SO4. Since the SO4

2� was added as Na2SO4 in their case [81], the
additional Naþ charge-balanced the additional SO4

2� in the glass.
There is strong evidence that different modifier cations provide
different Si Qn at the same modifier content in silicate glasses. For
example, the 29Si MAS-NMR study of SiO2-R2O (R ¼ Li, Na, K)
glasses by Maekawa et al. [82] shows different Qn distributions for
given contents of Li, Na and K, across a range of alkali contents. The
real effect may be even greater than they illustrated, since they
used nominal and not analysed glass compositions in their calcu-
lations and it is established that alkali volatilisation during glass
melting increases in the order Li <Na< K [42,83e85]. Therefore the
real alkali contents of their glasses may have decreased in the order
Li2O > Na2O > K2O for a given nominal alkali oxide content. In alkali
borosilicate glasses doped with equimolar amounts of divalent
cations, both the Q-speciation of silicon and the ratio of 3- to 4-
coordinated boron, Si Qn and N(B) respectively, have been shown to
vary depending on themodifier cation type [86]. Connelly et al. [87]
discussed the preference for charge compensation in silicate
glasses and showed that this could be predicted using their bond
valence model. However, their model did not include sulfate or
different modifier cation types so it would require further devel-
opment in order to apply it to the question of sulfate capacity.
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Nevertheless, their work clearly demonstrates that preference for
charge compensation takes place, and that it can be predicted for
some glasses using their bond valence model.

It is also important to note that the effects of certain glass
components are unlikely to be accurately modelled by any of the
approaches considered here. These components include highly-
charged cations such as V5þ and P5þ, for which empirical evi-
dence shows that their incorporation can enhance sulfate capac-
ities [10,67] and almost certainly sulfate solubilities. These
constituents exhibit high cation field strengths, low basicities and
are considered to be network-forming, so their addition would be
expected to decrease sulfate solubilities according to the results of
the three models (S(z/a2), Lth and NBO/T) considered here. In
addition, other anionic species such as Cl� are also known to reduce
sulfate capacities [10] but they have not yet been assimilated into
these models. Further work is required to establish the full ranges
of applicability of thesemodels to different glass systems; to glasses
prepared under different conditions; and to a wider range of in-
dependent components. If, in the future, the model of Connelly
et al. [87] can be extended and applied to these constituents it may
shed new light on their behaviour. Clearly further study is required
to more fully understand the effects, on a molecular basis, of alkali
cation type on sulfate capacity in oxide glasses.

In terms of the present study, we can confidently conclude that
the S(z/a2),Lth and NBO/T models can be applied to the problem of
estimating trends in sulfate capacities of complex radioactive waste
borosilicate glasses, within the compositional and glass preparation
envelopes considered here. Whilst not being comprehensive sulfate
capacity models, and having generated new research questions, our
results support in particular the use of total cation field strength
index, but also theoretical optical basicity and NBO/T models, to
estimate trends in sulfate capacity. Consequently, this will enable
reductions in the number of experimental glass melts that would
be required to establish sulfate capacities within a given compo-
sitional envelope, and so these models can provide practical ben-
efits in a range of applications.

5. Conclusions

Sulfate capacities of selected multicomponent borosilicate
glasses representative of those used to vitrify high-level US radio-
active wastes were studied as a function of glass composition.
Raman spectroscopy showed decreasing average n in (Si Qn)
through two series of glasses, A1eA6 and B1eB6, and results were
consistent with our attribution of a high proportion (67% of total
boron) of [3]B3þ. The characteristic n1 symmetric SeO stretching
band at ~990 cm�1 scaled qualitatively with analysed sulfate con-
tent. 57Fe M€ossbauer spectroscopy confirmed that essentially all Fe
was present in these glasses as [4]Fe3þ. Sulfate capacity data for 11
glasses were accurately described by an inverse linear relationship
between retained sulfate (SO4

2�/mol %) and the total cation field
strength index, S(z/a2), of the glass excluding the sulfate contri-
bution, giving a very high goodness-of-fit, R2 z 0.950. Linear re-
lationships were also obtained using theoretical optical basicity,Lth
(R2 z 0.930) and NBO/T (R2 z 0.919). Results support the use of
S(z/a2), Lth and NBO/T for sulfate capacity modelling in the
representative radioactive waste borosilicate glass compositions
considered here, and they demonstrate a predictive method which
could be used to accelerate the design and development of new
glass compositions with enhanced or modified sulfate capacities.
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