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Within the context of the UK's radioactive waste vitrification programme, which utilises a lithium-sodium
borosilicate glass modified with CaO and ZnO to immobilise high level nuclear waste, an investigation
was undertaken to evaluate the effects on the structure and chemical durability of altering the CaO to
ZnO ratio. Using a 6-component simplified alkali aluminoborosilicate glass, replacement of CaO by ZnO,
even in moderate amounts, had a marked effect on the glass structure. Zn K-edge EXAFS identified that
Zn existed within two distinct environments, both containing Zn in tetrahedral coordination. At high CaO
content, Zn was coordinated in a “hardystonite-like” (CayZnSi,O;) environment, while higher ZnO
content induced destabilization and nano-scale phase separation occurred, forming discrete tri-clusters
of Si/Al-O-Zn in a "willemite-like” (Zn,SiO4) environment. The presence of these environments was
corroborated by thermal analysis and 2°Si MAS NMR data. Despite this phase separation, glasses with
higher ZnO content were found to exhibit the lowest normalized dissolution rates under dilute
conditions, as determined using the Single-Pass Flow-Through methodology. Chemical structure
analysis indicates that such behaviour is a result of enhanced polymerization of the glass network in
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the presence of Zn, and a reduced propensity for Si—-O-Zn bond hydrolysis in water, resolving a long-
running literature debate on the role of Zn on the dissolution of glass in the forward rate. Evidence is
presented that indicates the phase-separated regions dissolve at somewhat different rates. These results
enhance understanding of CaO :ZnO-containing glass behaviour, important to assess the long-term

DOI: 10.1039/d1ma0102%h

rsc.li/materials-advances safety of radioactive waste management and disposal strategies.

Introduction

High level radioactive waste derived from reprocessing of spent
nuclear fuel in the UK is immobilised within a lithium-sodium
borosilicate glass known as the Mixture Windscale (MW)
formulation (5.3Li,0-11.1Na,0-21.9B,0;-61.75i0, wt%)." Recently,
a modified base glass composition (‘CaZn’), containing additional
Al,O3, ZnO and CaO with a CaO:ZnO molar ratio of 60:40, has
been adopted, which was formulated in anticipation of future waste
streams arising from post-operational clean-out (POCO) operations,
including those rich in molybdate solids.”” The addition of
CaO allows for increased Mo incorporation via the preferential
formation of the chemically durable CaMoO, phase.’> The new
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CaZn base glass is currently deployed on one of the three opera-
tional active vitrification lines at the Sellafield Waste Vitrification
Plant and a full transition to all three lines is expected in the
future.*

The addition of ZnO at low concentrations (<5 wt%) to
alkali/alkaline earth borosilicate glasses has a marked
preference for the formation of four-fold coordinated tetrahedral
[ZnO,]*~ units,>” which are charge compensated by alkali/alka-
line earth elements that would otherwise be playing a network
modifying/charge compensating role, thus reducing the number
of non-bridging-oxygen (NBOs) atoms.*® Such [ZnO,]*~ units
perform a network-forming role, polymerising the glass network
by corner-sharing oxygen atoms with network forming SiO, tetra-
hedra, forming Si-O-Zn linkages.””'® However, with increasing
ZnO: modifier ratio, a proportion of ZnO has been reported to
adopt six-fold octahedral coordination and act as a network-
modifier.>' 12

While the influence of ZnO on glass structure is generally
well understood, its impact on glass dissolution behaviour is
less well constrained, with studies showing both improved,"*™°
and on the contrary, reduced durability when compared with
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Zn-free counterpart compositions.>' >
Si-O-Zn linkages increase resistance to hydrolysis,
while others postulate that the formation of zinc silicate clays
drive silica dissolution.”*”** Both may be correct, depending upon
the reaction progress of the dissolution reaction, however, when
CaO is also added to alkali-borosilicate glass, the effects on
durability have not been elucidated.

In contrast to ZnO, the addition of CaO to the borosilicate
glass network may be detrimental during the regime of dis-
solution where conditions are dilute, depending on the overall
glass composition. For example, in aluminoborosilicate glasses
containing alkali and alkaline-earth cations, Na* is more likely
to act as a charge compensator for BO,  units than Ca*".
Hence, Ca®>' tends to create more NBOs than Na' in such
glasses.”® Glasses containing a high proportion of CaO are,
however, generally accepted to exhibit high durability under
saturated conditions, due to the passivating nature of the
Cas-silicate gel layers formed e.g.>*™°

In this study, we aim to elucidate the combined influence
of CaO and ZnO on alkali-borosilicate glass structure, and how
this influences the durability under dilute dissolution conditions.
Using a suite of 6-component simplified glass compositions,
representative of the base glass used for UK high-level waste
immobilisation, the effect of altering the CaO:ZnO ratio on the
glass network structure is investigated using Extended X-ray
Absorption Fine Edge Structure (EXAFS) at the Zn K-edge
and *’Al, ''B and *°Si Magic Angle Spinning Nuclear Magnetic
Resonance Spectroscopy (MAS NMR). The forward rate of
dissolution obtained under dilute conditions (i.e. precluding
solution saturation effects), of each glass composition was
determined to elucidate the structure-dissolution relationship
of CaO and ZnO-containing glasses.

Some studies suggest that
5,17,19-21,24

Experimental
Glass synthesis

Six lithium alkali-aluminoborosilicate glasses, referred to
herein as Ca,Zn,, where x and y are the molar ratio (in %) of
CaO and ZnO, respectively, were fabricated by mixing the oxide
precursors (Al(OH)s) (>99.9% Acros), H3BO; (>99.9% Merck),
CaCO; (96% Fluka), LiCO3; (99.5% Analar), Na,CO; (98% Alfa
Aesar), SiO, (99%) and ZnO (99% Aldrich) and melting at
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1200 °C for 5 h in a platinum crucible, with 4 h of stirring
using a platinum paddle. The as-cast ingots, of 2.5 x 2.5 x
10 cm, were then annealed for 1 h at 450 °C, and then cooled to
room temperature at a rate of 5 °C min~'. Each glass bar was
clear, homogenous and amorphous, with no crystal inclusions,
as confirmed by X-ray diffraction (XRD) on < 75 um glass
powders (ESIf Fig. S1). The glass compositions are shown in
Table 1, as determined by Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES, Spectros Ciros Vision),
following HF digest of crushed glass powder.

Glass powders for dissolution experiments were obtained by
crushing the glass ingots and sieving to obtain particles in the
75-150 pm diameter range. Ultrasonic washing in isopropanol
(six repetitions of three minute bursts) was performed to
remove fine fragments and the washed glass powders were
then dried in an oven at 90 °C for 1 h. Particles of < 75 pm
diameter were used in all characterisation techniques.

Glass characterisation and structure analysis

Density measurements were made using a Micrometrics
Accupyc II 1340 helium pycnometer, and are reported in
Table 1. Differential Thermal Analysis (DTA) was performed
on a TA SDT Instrument Q600 v20.9 to determine the
glass transition (T,) temperature. Data were collected over the
temperature range 22-1300 °C at a rate of 10 °C min . A single
ramping profile was deployed. The glass transition temperature
was determined by the extrapolation of the tangents at the
points of interest.

Glass particles were imaged pre- and post-dissolution using
Scanning Electron Microscopy (SEM, Hitachi TM3030) coupled
with Energy Dispersive Spectroscopy (EDS, Bruker Quantax).
Pristine and post-dissolution glass powders were mounted on a
carbon tab for imaging. XRD was performed using a Bruker D2
Phaser X-ray Diffractometer, using Ko (4 = 1.5418 A) radiation
generated from a Cu target at a working voltage of 30 kv and
10 mA. A Ni filter and a Lynx-Eye position sensitive detector
were used. An angular range 10° < 20 < 70° with a 0.02° step
size progressing at 0.17° min~* were applied, with a total scan
time of 180 minutes. The samples were rotated at frequency
of 10 Hz.

Solid-state MAS NMR spectra were acquired for each glass
composition at the EPSRC UK National Solid-State NMR Service

Table 1 Analysed chemical compositions (+3% relative uncertainty) of the Ca,Zn, glass series

Cayp0Zng CagoZnyg CagoZnyg CayoZngg Ca,oZngg CapZnygo

Oxide wt%  mol% wt% mol% wt%  mol% wt% mol% wt% mol% wt% mol%
Sio, 53.2 53.6 51.0 51.9 51.2 52.5 45.4 47.1 46.0 48.1 43.9 46.4
B,0; 22.3 19.4 23.3 20.5 22.5 19.9 25.3 22.7 23.8 21.5 24.4 22.3
Al,O; 3.7 2.2 3.7 2.2 3.7 2.2 4.0 2.5 4.0 2.5 3.9 2.4
Na,O 7.8 7.6 7.9 7.8 7.7 7.7 8.0 8.1 7.9 8.0 7.9 8.1
Li,O 3.5 7.1 3.5 7.2 3.5 7.2 3.8 7.9 3.8 8.0 3.9 8.3
ZnO — — 3.0 2.3 5.8 4.4 9.4 7.2 12.5 9.7 15.9 12.4
CaoO 9.4 10.1 7.6 8.3 5.5 6.1 4.1 4.6 2.0 2.2 0.1 0.1
Total 99.9 100.0 100.0 100.2 99.9 100.0 100.0 100.1 100.0 100.0 100.0 100.0
Measured ZnO/CaO + ZnO 0.000 0.198 0.419 0.610 0.815 0.992
Density (+ 0.01)/g em ™ 2.58 2.60 2.63 2.64 2.69 2.71
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at Durham University. The *Si NMR spectra were collected using
a Varian VNMRS 400 (9.4 T) spectrometer at 79.44 MHz using a
probe for 6 mm o.d. zirconia rotors and a spinning speed of
6 kHz, a pulse width of 4 us, a relaxation delay of 240 s and with a
minimum of 200 scans. The *’Al and ''B NMR spectra were
collected on the same instrument, at 104.20 and 128.30 MHz,
respectively, using a probe for a 4 mm o.d. zirconia rotor. The
spinning speed was 13 kHz and a pulse width of 1 ps, a
relaxation delay of 0.2 s, and a minimum of 6000 scans. The
reference materials used were tetramethylsilane (*°Si), 1 M
Al(NO3)3iq) (*’Al) and BF; (''B). Spectral deconvolution was
performed for the ''B spectra only, using QuadFit.*'

X-Ray Absorption Spectroscopy (XAS), including X-ray
Absorption Near Edge Structure (XANES) and Extended X-ray
Absorption Fine Structure (EXAFS) measurements, was performed
at the Zn K-edge at Diamond Light Source (UK) using B18 beam-
line and at the National Synchrotron Light Source II using the
BMM beamline. Data were collected on pellets of glass powder
pressed with PEG (polyethylene glycol) to a thickness equivalent
to 1 absorption length. Measurements were performed in trans-
mission mode at room temperature, with an energy range of
9460-10658 eV. The raw data were normalised and a Fourier
transform applied over the k-range 3.0-12.0 A~* using Athena and
Artemis, parts of the Demeter software package.*> The fitting was
conducted by fixing the amplitude reduction factor at S0* = 0.95,
using the same Debye-Waller factors for all paths comprising the
first oxygen shell, and refining the interatomic distance and
coordination numbers simultaneously.

Glass dissolution analysis

The ASTM C1662-18 Single-Pass Flow-Through (SPFT) standard
test method was used to obtain dissolution rate data for the
compositions CajgoZng, CageZng, and CayZn;o, under dilute
conditions, which are maintained by replenishing the dissolution
medium at a high flow-rate.*" Dissolution rates were obtained at
40 °C in duplicate, at a flow-rate to surface area ratio of
log 10[(g/S)/m s™'] = —6.78, corresponding to a syringe pump
flow-rate of 80 mL d~'. This was determined to be appropriate
to give dissolution rates independent of flow rate.** The dissolu-
tion media was buffered to pHgr 9 (pHyoc 8.67) using 0.05 M tris
hydroxymethyl aminomethane (TRIS) added to ultra-high quality
water (18.2 MQ cm), adjusted to the desired pH values with 15 M
HNO;. Effluent samples were collected at two day intervals and
flow-rates were determined gravimetrically. The leachate solution
was acidified with 1 vol% HNO; to avoid precipitation of
secondary phases prior to elemental concentration analysis with
ICP-OES (ThermoScientific iCAPDu06300).

The SPFT experiment duration was 37 days, which was
sufficient to calculate the normalised dissolution rates after
the attainment of forward rate conditions, according to:

(Ci - Ci.o) q (1)
fi-S
Forward rate conditions were defined as having at least
three dissolution rate measurements that did not deviate by
more than 15% from their mean value and where the sample

ri =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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had lost no more than 30% of its original surface area. The
mean dissolution rate from > 3 measurements in the forward
rate for each test was then recorded.*® In eqn (1), r; represents
the normalised mass loss of glass based on the release of
element i (g m~> d™ "), where i is Al, B, Ca, Na, Si and Zn, C;
the concentration of element  in the effluent solution (mg L"),
C; o the background concentration of element 7 from the input
buffer solution (mg L"), g the solution flow-rate (m s~ '), S the
effective surface area of the powdered glass sample (m?) equal
to 5.53 x 10> m?, and f; the mass fraction of element i in the
glass (unitless) given by eqn (2):

(2)

1; MW;
f; = mass; % - ( mo )

m010xide> . (Mwoxide

where mass;% is the mass% of element i oxide in the glass, mol;
is the molar quantity of element 7 in the oxide, molyyiqe Of the
number of moles of oxide, MW; is the molecular mass of
element 7 (g mol ") and MW,yq4. is the molecular mass of the
oxide (g mol™).

Since S changes, albeit by a small amount, throughout the
duration of the experiment as the glass dissolves, a surface area
correction model was applied to calculate the change in S over
the experimental time period. This correction determined the
mass of glass m; (g) that remained at each time interval (j):

1 [ At;]
my = mo = & Z(chk,iAtk + (]_jCj.iT'] jz1 (3)
Ji| =

where m,, is the initial mass of the glass (g) and the summation
term represents the accumulated mass loss from time step k=1
to time step j-1, calculated based on B loss (Cg). The second
term (in the brackets) represents the average total mass loss
from time step j-1 to j. Hence, the surface area at time point j,
S; (m?), can be calculated by eqn (4), which was input to eqn (1)
to calculate the dissolution rate.

3
—m(l)/ S (4)

S; =
J pro J

Determination of the experimental uncertainty of the dissolution
rates accounted for the uncertainty associated with each parameter
described in eqn (1). For these uncorrelated random errors, the
standard deviation of a function f(x;) is given by:

®)

where of is the standard deviation of f(x;), x; is the parameter
pertaining to element i and o; is is the standard deviation of
parameter g;. Substituting eqn (1) into eqn (5), and using a relative

. Oy .
error, 6,, = — gives:
ri

2 2
(5’qgci,s> +<&C,-. Ci.O)
° ; +6,+6; +06% (6)
(Cis — Ci) '

Gy, =

from which the experimental uncertainty on r; can be defined.
Relative errors of 10%, 10%, 3% and 15% were ascribed to C;, C;,
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Table 2 Glass structure parameters derived from an extended Dell-Bray model for the Ca,Zn, glass series. Parenthesised numbers correspond to
associated equations used to calculate the parameter (see main text and ESI). X = Al B, Zn

CajpoZng  CagoZnygy CagoZng CageZng CazeZngy CagZnig

Rege (eqn (7)) 1.17 0.92 0.72 0.48 0.29 0.08
K (S2, ESI) 2.76 2.54 2.64 2.08 2.24 2.08
Rinax (83, ESI) 0.67 0.66 0.66 0.63 0.64 0.63
Rq (S4, ESI) 1.19 1.13 1.16 1.02 1.06 1.02
Rq1z (S5, ESI) 4.76 4.54 4.64 4.08 4.24 4.08
BO; Predicted fraction (S9, ESI) 0.10 0.34 0.34 0.52 0.71 0.92
BO; Measured fraction® 0.32 0.37 0.37 0.41 0.44 0.48
BO, Predicted fraction (S6-S8, ESI) 0.90 0.66 0.66 0.48 0.29 0.08
BO, Measured fraction® 0.68 0.63 0.63 0.59 0.56 0.52
BO, Prediction accuracy (S10, ESI) (fraction) 0.76 0.95 0.95 0.81 0.52 0.15
R,0 + CaO/mol% 24.8 23.2 20.9 20.5 18.3 16.5

R,0 + CaO available for [ZnO,]*~ & Si(Qs) charge balance (eqn (9))/mol%  9.46 8.13 6.14 4.71 3.75 2.49
[ZnO4)*~ left non-charge balanced (eqn (10))/mol% — — — 2.49 5.90 9.91
Q% (eqn (11))/mol% 9.46 5.88 1.75 0.00 0.00 0.00
Q*(X) (predicted) (eqn (12))/fraction 0.82 0.84 0.88 0.95 0.88 0.79

“ See Table 5. * Formed after all [ZnO,J*~ is charge compensated - Q® was not predicted in the Zn-rich glasses if it is assumed that Zn is playing a

fully network-forming role.

fi and S, respectively, and errors between 3-5% were ascribed to g
values based on gravimetric measurements.

Results and discussion
Glass structure prediction using an extended Dell-Bray model

A series of calculations were performed using an extended Dell-
Bray’® borosilicate glass model modified for alkali aluminobor-
osilicate glass.*®*” It was further adapted in the present study
to include CaO and ZnO, to predict the influence of altering the
Ca0:ZnO molar ratio on the simplified glass composition
structure.®® These predictions were aided by the acquisition
of the B species contribution from ''B MAS NMR
spectral deconvolution (discussed in detail later). A range of
parameters were calculated using the analysed molar content
of oxide species in each glass composition (Table 1). For
brevity, details of the calculations used to support NMR decon-
volution are given in the ESL{ All of the results are detailed in
Table 2.

The R, the ratio of charge compensating species to borate
(eqn (7)), remained <1 for all compositions except Ca;ooZng.
Accordingly, the concentration of BO; species, induced by the
deficit in alkali/alkali-earth cations, was predicted to increase
as more ZnO is added at the expense of CaO (Table 2).

[(Na;O) + (Li»O) + (CaO)] — [(ALO3) + (ZnO)]

Regr = (B,0,) %!

The amount of alkali oxide associated with the silicate
network (R,O (Si)) was determined by a modification of the
equation developed by El-Damrawi et al.:*

R,0(Si) = R0 — {R,0[BO,(B,03)] + R,O[ALO;]  (8)

where R,O is the total alkali content of the glass,
R,0[BO,4(B,0;)] is the amount of alkali associated with the
BO, fraction of the borate network and R,O[Al,O;] is the
amount of alkali associated with Al,O; (forming Al tetrahedral
units). Accounting for CaO and ZnO gives:

1750 | Mater. Adv,, 2022, 3,1747-1758

R,0 + CaO0(Si/Zn) = (R,0 + Ca0) — {R,0[BO4(B,05)]
+ R,0[ALO;]} (9)

where R,0 + CaO (Si/Zn) is the amount of alkali/alkaline earth
oxide associated with the Si/Zn network-forming tetrahedra.
This expression assumes that one mole of alkali/alkaline earth
(R,0)/CaO charge balances one mole of Al,03/B,03/ZnO. In a
multi-component borosilicate glass, charge compensation of
tetrahedral units is known to occur in the order of Al > Zn >
B.*¥% Since the proportion of BO; units are predicted to
increase with increasing Zn addition, this implies that there may
also be non-charge-balanced [ZnO,]*~ species. The proportion of
these Zn species may be calculated according to eqn (10), which
predicts that CayZn g, CayeZng, and CaseZng, should all contain a
proportion of non-charge-balanced Zn species (Table 2).

znurbalanced — 750 — (RO + Ca0) — {R,0[BO,(B,0;)]
+ R,0[ALO;]} (10)

The fraction of Si Q; and Qqx) species (where X = network
forming Al, B or Zn bonded to a Si tetrahedra (Si-O-X)) can be
predicted according to eqn (11) and (12). The Zn-rich composi-
tions (CagZnigo, CazeZng, and CaueZneg,) were predicted to
contain no Q; species, in contrast to the CaO-rich compositions
(CagoZngg, CagyZn,, and Ca;pZn,), which showed an increase
in predicted Q; with increasing CaO content (Table 2); this is
concurrent with non-bridging oxygen formation and network
depolymerisation associated with the addition of Ca®>" as a
network modifier instead of Zn>'. The prediction of Qux)»
however, did not show a clear trend with the changing CaO:
ZnO ratio. The lowest value occurred for the Zn-rich end
member CayZn;y and continued in the trend CayZnio, <
Cag0Zny < CageZn,, < CagyZngg = CaygZngy < CagyZngg. This
makes it difficult to hypothesise the nature of the non-charge-
balanced Zn species in the glass network; noting that it has
previously been found that Zn can also act as an intermediate
species in glasses with low alkali concentration or substantial
Zn content,®®*" with ZnOg octahedra in a modifying role.'?

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XANES spectra for the Ca,Zn, glass series, compared with the Zn

standards willemite (Zn,SiO4) and hardystonite (Ca,ZnSi,O-).

The structural behaviour of Zn in the Ca,Zn, series is, therefore,
investigated through the application of Zn K-edge XAS.

Q; = {(R,0 + Ca0) — {R,0[BO,4(B,0;)] + R,O[ALO;]}} — SiO,

(11)
Oy [X} =
Si0; — [(R20+Ca0) — {R,0[BO4(B,03)] + R,0[AL O3] }] — [SiO,]
SiO,
(12)

Effect of CaO:ZnO ratio on Zn coordination and local
environment

X-Ray Absorption Near Edge Spectroscopy (XANES) spectra
collected at the Zn K-edge show that the shape and the absorption
edge positions (E,) of the Ca,Zn, glass series have some
similarities with that of Zn in willemite (Zn,SiO,) and hardysto-
nite (Ca,ZnSi,0,) chemical environments (Fig. 1). The intensities
of the two peaks, which form the crest of the absorption edge,
change systematically with the CaO:ZnO ratio, indicating that a
gradual change in the local chemical environment of Zn
occurs when this ratio is altered, in agreement with both the
extended Dell-Bray model structure predictions and MAS NMR
measurements.

The k*-weighted EXAFS spectra and corresponding Fourier
Transform (FT) of the glass series were fitted as shown in Fig. 2.
The corresponding data for the Zn-silicate standards is shown
in ESIf Fig. S2. A model, of one O-shell and one Si-shell, was
applied and the results of the structural parameter refinement
are summarized in Table 3. The main peak observed for all
compositions was fitted with approximately four oxygen atoms
at a distance of ~1.94 A. This indicates that, for all glass
compositions, Zn>* was present in four coordinated sites as a
network-former. This effectively rules out the hypothesis that
uncharged Zn species occur as octahedrally coordinated ZnOg
in a network modifying role in this suite of glass samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Extended X-ray Absorption Fine Structure (EXAFS) spectra in radial
space and the corresponding k*-weighted EXAFS for the Ca,Zn,, glass
series, for: (a) CagoZnso., (b) CagoZnao, (c) CasoZneo. (d) CaroZngo and
(e) Caozn100.

Subtle changes in the glass structure were evident with the
change in CaO:ZnO ratio. Notably, both the Zn-O and Zn-Si
nearest neighbour mean scattering distances were found to
subtly increase as the proportion of ZnO in Ca,Zn, was
increased. This was concurrent with a systematic reduction in
the mean coordination number of Zn, albeit within the limit of
precision. At lower ZnO values, the Zn-O distance was similar
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Table 3 EXAFS fit parameters for the Ca,Zn, glass series
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First-shell

Second-shell

So? R-factor N1 Zn-0 (A) o” (1072 A% N2 Zn-Si (A) 0% (1072 A?)

CagoZnyg 0.78 0.017 4.68 + 0.45 1.937 4 0.009 0.61 4 0.13 3.22 + 3.93 2.953 + 0.033 2.76 + 2.15
CagoZNyo 0.78 0.019 4.40 + 0.41 1.939 + 0.011 0.56 + 0.13 2.05 + 2.35 2.982 + 0.040 1.81 + 1.90
CayoZngg 0.78 0.019 4.28 + 0.39 1.941 + 0.010 0.57 + 0.13 1.88 + 2.11 2.994 + 0.040 1.69 + 1.78
CayoZngg 0.78 0.019 4.23 + 0.40 1.940 + 0.011 0.93 4 0.13 1.85 + 2.01 2.993 + 0.043 1.65 + 1.73
CayZng0 0.78 0.020 4.06 + 0.38 1.943 + 0.010 0.56 + 0.13 1.41 + 1.52 3.019 + 0.043 1.36 + 1.56
7n,Si0, 0.78 0.010 4 1.947 + 0.007 0.44 + 0.11 2 3.244 + 0.053 1.63 + 0.88
4 (Si) 3.036 + 0.021 0.76 + 0.21

Ca,ZnSi,0, 0.78 0.028 4 1.938 + 0.010 0.38 + 0.08 4 (0) 3.284 + 0.010 0.38 + 0.08
8 (Ca) 3.843 + 0.019 1.18 £ 0.23

to that of the ZnO and CaO-containing silicate mineral, hard-
ystonite (Ca,ZnSi,0y), in which bridging oxygens are corner shared
by one tetrahedrally-coordinated Zn atom and two Si atoms as
shown in Fig. 3a."* The mean Zn-Si scattering distance in the
composition containing the most Ca (CagyZn,,) was determined to
be somewhat shorter than that of the Zn-Si bond length in
hardystonite (2.953 + 0.033 A, compared with 3.284 + 0.019 A,
respectively); the reason for this difference could be the presence of
smaller alkali elements (Na, Li) in the glass silicate network in the
place of Ca within the mineral lattice.

In the Zn-rich compositions (e.g. CayyZng, and CayZn, ), the
increase in Zn-O mean scattering distance is consistent with Zn in
a willemite (Zn,Si0,)-like coordination. In this mineral, bridging
oxygens are corner shared by two Zn and one Si tetrahedra in “tri-
clusters” of Zn-O-Si with longer average Zn-O and Zn-Si distances
(1.947 + 0.007 A and 3.244 + 0.053 A, respectively) than hard-
ystonite (Table 3 and Fig. 3b).**** If Al is found to be in tetrahedral
coordination, a second tri-cluster arrangement should also be
possible, Zn-O-Al. Evidence for the presence of such tri-clusters
in the Zn-rich compositions of the Ca,Zn, series - which have been
established to nucleate within the glass network as small rigid rings
surrounded by clusters of alkali/alkaline earth ions® - is further
underpinned by the apparent trend of reduction in Zn coordination
number with increasing Zn concentration. This indicates a transi-
tion towards a higher degree of long-range order within the glass
structure, concurrent with the formation willemite-like tri-clusters.

Fig. 3 Schematic showing the different zinc silicate network arrange-
ments hypothesised to occur in the CaZn, glass series. (a) The
hardystonite-like environment (Ca,ZnSi>O;), where bridging oxygens are
corner shared by one Zn tetrahedron and one Si tetrahedron; and (b) the
willemite-like environment (Zn,SiO4), where bridging oxygens are corner
shared by two Zn and one Si tetrahedron in “tri-clusters” of Zn—-O-Si/Al,
highlighted by dashed lines. Green triangles are SiO4 tetrahedra, purple
triangles ZnO4 tetrahedra, white circles bridging oxygens, grey circles non-
bridging oxygen, and blue circles alkali/alkaline earth elements.

1752 | Mater. Adv.,, 2022, 3,1747-1758

Given that the mean scattering distances for the highest ZnO-
containing glass compositions were somewhat lower than that of
willimite, this suggests that the willemite-like tri-clusters are dis-
tributed within the wider alkali borosilicate network, containing Zn
in a hardystonite-like environment, as shown in Fig. 3b. These data
are therefore suggestive of nano-scale phase separation in the
Zn-rich glass compositions, which contain Zn in both “willemite-
like” and “hardystonite-like” environments.

The extended Dell-Bray structure calculations support this
finding, and predict that for the highest ZnO glass compositions
in the Ca,Zn, series, there is insufficient alkali/alkaline earth present

——CapZnyg,
Ca,Zng,
— CaglZng
CagpZnyg
CagoZnyg
— CayZng

I I I 1

1
400 450 500 550 600 650
Temperature (°C)

Fig. 4 Differential thermal analysis traces for the Ca,Zn, lithium alkali-
borosilicate glass series, focussing on the glass transition range.
The acquisition of T4 (°C) from linear extrapolation of the tangent points
for CagZnigg is illustrated.
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Table 4 Thermal analysis indicating T4 and T (°C) for the Ca,Zn, series. Associated uncertainty + 5 °C
CajpoZng CagoZn,g CagoZnyg CayoZngo CayoZngg CagZnioo
Temperature/°C Te1 534 528 520 514 480 465
Ty, — — — — 498 500
Te1 634 629 623 610 600 588
Tes — — — — 715 675

to charge balance [ZnO,]*~ species, which must then acquire charge
by a different mechanism. Differential thermal analysis (Fig. 4 and
Table 4) also shows evidence that two distinct phases are present for
the higher ZnO-containing glass compositions, which exhibited two
glass transition (7,) temperatures. Analysis by XRD (ESIf Fig. S1)
revealed no crystalline phases in any of the compositions, therefore
it could be concluded that the two different Zn-silicate containing
environments arise from phase separation rather than de-
vitrification (ie. they remain amorphous rather than forming
crystalline phases). This is consistent with literature on similar
Zn-bearing glass compositions, which were reported to be phase
separated.'>*>*° It is notable that the T, of the second phase (T,
Table 4) in the high ZnO glasses occurs at a higher temperature
than that of the first phase, reflecting the difference between a
willemite-like structure and a hardystonite-like structure.

The DTA data also show that the transition temperature of
the glassy phase present in all of the compositions, Ty,
decreased with increasing ZnO content. Given the change in
chemical environment of Zn evidenced by EXAFS analysis, this
tends to suggest that the addition of ZnO reduces the poly-
merisation of the hardystonite-like environment, i.e., effectively
forming the second glass phase (willemite-like) at the expense
of the connectivity of the first glass phase (hardystonite-like).

Quantification of the effect of CaO:ZnO ratio on Al, B and Si
local environments

According to >’Al NMR measurements (Fig. 5), aluminium was
observed to be entirely in four-fold coordination forming

—— CayeZn,
—— CagyZny,
—CagpZnyy
CayeZngg
CayZng,
——CayZnygo

Intensity (a.u.)

CayZn,g,
T T

T T T T T T T T

100 90 8 70 60 50 40 30 20 10 0O -10
Chemical shift (8,,) (ppm)

Fig. 5 2’AL MAS NMR spectra for the Ca,Zn, glass series.

© 2022 The Author(s). Published by the Royal Society of Chemistry

tetrahedral ((JAl) units across the entire Ca,Zn, glass series.
This is indicated by the *>’Al peak maximum occurring at an
observed chemical shift, dops a1, Of between 50-80 ppm.*® In
agreement with similar alkali-aluminoborosilicate glass
compositions,*>*”7° this confirms that there is sufficient alkali
and alkaline earth species in the Ca,Zn, series to fully charge
compensate all [AlO,]". A long tail in the *’Al NMR data has
been reported to represent the presence of AlO5 units,”" which
may play a charge balancing role; however, if present, these

(4]
@) —— CayZn, B

CagyZny,
CagpZnyg
— CayZngg
—— CayZng,
—— CayZnyg

Intensity (a.u.)

T
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Fig. 6 B MAS NMR spectra for the Ca,Zn, glass series. (a) Stacked

"B MAS NMR for each glass composition; and (b) spectral deconvolution,
with the dashed line indicating the applied fit.
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Table 5 B MAS NMR spectral fitting parameters and ®'B and /B contributions for the Ca,Zn, glass series

Chemical shift Total%
Composition B Species (ppm) (£1) Cq MHz (£0.2) Rel% (£2) Rel% Error Elg/lip Total + % nQ (£0.1)
CayZnig 1B (a) ring 16.8 2.7 20.49 0.2 48.1 9.6 0.4
BB (b) non-ring 14.5 2.7 27.58 0.2 0.3
Mg (a) (1B, 3Si)  —0.8 — 44.83 — 51.9 10.4 —
4B (b) (0B, 4Si)  —2.2 — 7.09 — 1.4 —
CaygZngg 3lg (a) ring 16.8 2.7 20.42 0.4 44.1 8.8 0.4
BB (b) non-ring  14.5 2.7 23.64 0.3 0.3
1B (a) (1B, 3Si) -1 48.17 56.0 11.2
UIB (b) (0B, 451))  —2.2 — 7.78 — 1.6 —
CayoZngg I (a) ring 16.8 2.7 18.4 0.4 41.0 8.2 0.4
BB (b) non-ring 14.6 2.7 22.59 0.3 0.3
1B (a) (1B, 3Si) 1.1 50.32 59.0 11.8
4B (b) (0B, 4Si)  —2.25 — 8.69 — 1.7 —
CagoZng 1B (a) ring 16.8 2.7 15.16 0.4 36.6 7.3 0.4
CIB (b) non-ring  14.6 2.7 21.43 0.3 0.3
1B (a) (1B, 3Si) —1.2 54.74 63.4 12.7
“IB (b) (0B, 48i)  —2.3 — 8.66 1.7
CagoZnyo I (a) ring 16.9 2.7 15.42 0.4 37.1 7.4 0.4
BB (b) non-ring  14.6 2.7 21.7 0.3 0.3
1B (a) (1B, 3Si) -1.15 55.03 62.9 12.6
4B (b) (0B, 4Si)  —2.3 — 7.86 — 1.6 —
Cay00ZD, 1B (a) ring 16.9 2.7 13.89 0.4 32.3 6.5 0.4
BB (b) non-ring  14.4 2.7 18.39 0.3 0.3
4B (a) (1B, 35))  —1.3 — 59.49 — 67.7 13.5 —
B (b) (0B, 4Si) —2.3 — 8.23 — 1.6 —

species are likely to be in extremely low quantity. A higher field
measurement would be required to deconvolute these data
further.

The "B MAS NMR spectra (Fig. 6) were deconvoluted into
four contributions related to: (i) ring and (ii) non-ring !B (BO;),
and two [)B (BO,) environments related to (iii) (1B, 3Si) and (iv)
(0B, 4Si) (ESIf Table S1) according to Parkinson et al.>* and
Backhouse et al.,”® who studied similar simple glass compositions.
Quantification of the B speciation was provided by the integral of
each fit, whereby values were corrected for the loss of intensity from
the PIB contributions to the spinning sidebands. The fraction of *'B
and B contributions for each of the Ca,Zn, compositions are
shown in Table 5 and Fig. 7.

The total integrated spectral deconvolution of the /B and
(1B regions showed that as the ZnO content increased, there
was a general trend towards increasing °!B units and decreasing
(1B units (Fig. 7a). In agreement with the extended Dell-Bray
model predictions (Table 2), compositions with greater CaO
content should contain a higher proportion of [4IB, consistent
with the contribution of Ca>* towards charge balancing boron.>®
The increase in !B with increasing ZnO concentration may also
be due to the requirement for charge compensation of the
[ZnO,]*~ tetrahedra, resulting in less alkali available to convert
BIB to [IB units.>® The [IB (0B, 4Si) contribution was found to be
invariant with respect to the CaO:ZnO ratio, however, the llg
(1B, 3Si) contribution was observed to decrease with increasing
ZnO content.

Although the trends observed for the B speciation deter-
mined by NMR were in agreement with those predicted by the
extended Dell-Bray model (Table 2), their absolute values were
far from agreement for the ZnO-rich compositions (particularly
CayZn,oo and Ca,pZng,). Notwithstanding the errors associated
with spectral deconvolution of 'B NMR, this indicates that the

1754 | Mater. Adv., 2022, 3,1747-1758

model does not accurately describe the CaO:ZnO system once
phase separation starts to occur. This is most obviously seen in
the CayZn,oo and Ca,oZng, glasses where the Dell-Bray model
predicts approximately 2 times and 1.5 times the amount of
BOj; determined from the deconvoluted ''B spectra.

The *°Si MAS NMR spectra (Fig. 8) showed that there was a
tendency towards a more negative isotropic chemical
shift, d;s0,si, with increasing ZnO content, from a peak position
diso,si = —90.5 £ 0.5 ppm for Ca;g9Zng to digo i = —93 £ 0.5 ppm
for CagZnigo. This behaviour is concurrent with the presence
of more polymerised Si environments in the higher ZnO-
containing compositions, as might be expected from the
presence of a phase-separated willemite-like environment within
the glass structure. The FWHM of the *°Si MAS NMR signal also
increased with increasing ZnO content. Such broadening is
concurrent with chemical shift dispersion around nominally
equivalent Q"(X) type Si tetrahedra (where X = network forming
Al, B or Zn) with slightly different chemical shifts caused by
variation in bond angle and bond length.**>* Such behaviour is
likely to result from the presence of two distinct silicate networks
containing Zn. Due to this broadening, it was not possible
to further deconvolute the data into individual Q" species,
therefore it is not possible to comment on the accuracy of the
extended Dell-Bray model predictions for the Q* and Q* species
contributions to the glass structure.

Structure-dissolution relationship of CaO:ZnO containing
glasses

The forward dissolution rate of the glass compositions, i.e., the
rate of dissolution independent of solution feedback effects,
derived under dynamic conditions, was found to decrease with
increasing ZnO content (Fig. 9 and Table 6). For example, the
normalised dissolution rate of Si (NRg) of CaygZnigy was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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series. Showing (a) total ¥'B and B contribution; and (b) the proportion of
individual ®'B and !B contributions.

approximately 7.5 times lower than that of CagyZny,, and 14
times lower than Ca;ooZn, after the attainment of steady-state
dissolution after approximately 30 days. The enhanced Si
durability of the ZnO-rich composition relative to the CaO-rich
composition is concurrent with the >°Si MAS NMR data,
which indicate that the silicate network for CayZn,q, is more
polymerised than that of Ca;g0Zn,. Greater silicate network
polymerisation, involving the presence of phase-separated
willemite-like tri-clusters of Si-O-Zn, should enhance the
chemical resistance to hydrolysis of Si-O-X bonds (where X =
network former).>”>! This conclusion is supported by comparison
with the International Simple Glass (ISG), a standard 6-component
alkali borosilicate glass,” which possesses a more negative §s; MAS
NMR peak shift than the Ca,Zn, glass series, of —97 ppm.**’
Accordingly, the NRg; (Fig. 9d) indicates that the ISG is more
durable than the glasses investigated in the present study.’®>°
The NRy of CayZn,o, was also lower than that of Ca;q¢Zn,,
confirming that the observations of improved Si durability with
increased ZnO content extended to the wider borosilicate glass
network. This resolves one part of a long-running debate on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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role of Zn in the dissolution of glass; that Zn improves the
durability in the forward rate of dissolution.

While the NRg; in the ZnO end-member was 14 times lower
than that of the CaO equivalent, the NLg was only ~ 7.5 times
lower. This incongruent dissolution behaviour for the CagZn;go
composition is also evidenced in the NLy,, which was greater
than NLg and NLg; by a factor of 1.8 and 3.3, respectively.
Similarly, the NLy, was lower than for the other elements. Such
incongruency in the intrinsic glass dissolution rate determined
under dilute conditions, in agreement with the present study,
has previously been associated with phase separated
materials.®® The observation of a more rapid NLz, than the
other elements in CayZn, o suggests that, despite the formation
of willemite-like clusters that improve the overall silicate
network durability, Zn still exists in the wider glass structure
within the hardystonite-like environment, which appears to be
leached into solution.

In accordance with the incongruent dissolution behaviour,
post-dissolution examination of glass particles revealed that the
ZnO-containing glasses exhibited channel-like dissolution
features, which were not evident for Ca;ooZn, (Fig. 10). These
dissolution features, similar to those observed for ISG and
attributed to localised chemical attack in alkali-rich
regions,®*®> are further evidence that one of the separate
Zn-containing glass environments dissolved more rapidly than
the other. Given that the thermal analysis data indicated that the
“willemite-like” glass environment was formed at the expense of
the connectivity of the “hardystonite-like” environment, and that
the Si leach rates of CagZn,o, were significantly lower than
CaygoZny, it is suggested that the willemite-like Zn-silicate environ-
ment is more durable than the hardystonite-like environment.
Moreover, if the presence of these clusters induces the segregation
of alkali/alkaline-earth elements around the edges of the cluster,
these regions may preferentially dissolve due to (i) depolymerisation

Mater. Adv,, 2022, 3,1747-1758 | 1755
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58,59

The scatter in Al data in (b) is attributed to the proximity of Al concentrations to the detection limit of the instrument.

Table 6 Dynamic experiment parameters and steady-state normalised
dissolution rate data for selected compositions in the Ca,Zn, glass series.
Alis not reported for CagpZnyo due to the scatter in the data related to the
proximity of the Al concentrations to the detection limit of the instrument

CaygoZng CagoZnyg CapZnygg
Steady state average concentrations (mg L™, + 5%)
B 1.85 1.33 0.24
Si 5.67 0.70 0.40
Na 0.72 0.58 0.06
Al 0.23 — 0.14
Zn n/a 0.14 0.72
Ca 2.62 0.14 n/a
Steady state dissolution rate (g m > d ™)
B 0.38 + 0.07 0.053 £ 0.005 0.049 + 0.009
Si 0.36 £ 0.07 0.048 + 0.01 0.026 + 0.005
Na 0.46 + 0.07 0.050 £+ 0.01 0.021 £ 0.006
Al 0.17 + 0.10 — 0.066 + 0.011
Zn n/a 0.039 + 0.01 0.086 + 0.015
Ca 0.54 + 0.08 0.048 £+ 0.01 n/a

of the network associated with an increase in non-bridging oxygens
in these regions; and/or (ii) local increase in pH due to preferential
corrosion of alkali/alkaline earth elements. Further studies focusing
on longerterm durability experiments are necessary to fully

1756 | Mater. Adv., 2022, 3,1747-1758

determine the role of these structural alterations on the glass
dissolution behaviour.

Conclusions

The effect of relatively small (<10 mol%) changes to the
Ca0:ZnO ratio of a simplified alkali aluminoborosilicate
glass, formulated on the basis of a UK nuclear waste glass
composition, was investigated. The molar replacement of CaO
by ZnO had a marked effect on the glass structure, which
was predicted using a Dell-Bray model that was extended to
include ZnO. Zn K-edge EXAFS suggested that two distinct Zn
environments, both containing Zn in tetrahedral coordination,
were present as a function of CaO:ZnO ratio. At high
CaO content Zn was coordinated in a “hardystonite-like” (Ca,Zn-
Si,0,) environment, while higher ZnO content induced destabi-
lization of the hardystonite-like environment to form tri-clusters
of Si/Al-O-Zn in a “willemite-like” (Zn,SiO,) environment.
Spectral broadening in the *°Si MAS NMR data of the ZnO-rich
compositions indicated that multiple environments were
present, while thermal analysis directly evidenced two distinct
glassy phases in the highest ZnO-rich glasses. The changes in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Scanning Electron Microscopy images of CaigoZng and CapgZniog
obtained after dissolution under dynamic conditions.

glass structure were reflected in the chemical durability, with
forward dissolution rates obtained under dilute conditions.
Glasses with greater ZnO content exhibited higher durability,
suggested to arise from Si incorporation in willemite-like
tri-clusters. Phase separation was exemplified by incongruent
dissolution behaviour, resulting in highly localised corrosion
features, hypothesised to arise from preferential dissolution of
the hardystonite-like glass phase.
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