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A B S T R A C T   

Three series of borosilicate glasses were prepared, ranging from simple ternary sodium borosilicate glasses (SCFe 
series), to complex borosilicate glasses (CCFe Series), to high-level radioactive waste analogue glasses (HAFe 
series). 57Fe Mössbauer and Fe K-edge XANES spectroscopies showed that the iron exists exclusively as Fe3+ in 
predominantly distorted tetrahedral structures ([4]Fe3+), with evidence for lower abundances of higher- 
coordinated [5 or 6]Fe3+. Raman, B K-edge XANES, and XPS spectroscopies qualitatively demonstrated that 
Fe3+ preferentially integrates into the borosilicate network through the silicate sub-network in the simple glasses, 
whereas in the complex glasses it preferentially integrates through the borate sub-network. The [4]B3+ fraction 
for the SCFe and CCFe glasses showed minimal changes as a function of Fe content, indicating that Fe con-
centration has no effect on boron coordination and is- therefore unlikely to be competing with [4]B3+ groups for 
charge compensation, qualitatively supporting the presence of competing tetrahedral avoidance hierarchies.   

1. Introduction 

The Hanford site in Washington State, USA, is host to approximately 
200,000 m3 of mixed hazardous waste, historically stored in 177 tanks 
from 45 years of plutonium production that started in 1944 as part of the 
“Manhattan Project”. The plutonium was produced in uranium fission 
reactors, with the plutonium being extracted in reprocessing plants 
before it was then sent to another site to be further processed into nu-
clear weapons [1]. The reprocessing plants utilised several distinct 
extraction processes, including the “Bismuth Phosphate”, “REDOX” 
(Reduction and Oxidation) process, and the “PUREX” (Plutonium and 
Uranium Extraction) processes, that contributed to the generation of the 
complex nuclear wastes [1–3]. These processes utilised various 
Fe-bearing compounds, such as ferrous sulphamate, and nickel ferro-
cyanide, which resulted in large quantities of iron-bearing waste being 
formed [2,3]. To immobilise the radionuclides present in these tank 
wastes, they will be vitrified into borosilicate glass using a “direct feed” 
approach at the Waste Treatment and Immobilization Plants (WTPs) 
now under construction and becoming operational at the Hanford site 
[4]. The final waste-forms will be highly complex, with each component 
having a unique effect on the resulting vitrified product structure and 
properties. 

Iron has long been used in commercial glass manufacture as a col-
ouring agent [5,6] and has also been used to improve the processability 
of glass [7]. Iron within oxide glasses acts as a glass network interme-
diate, i.e.it can both polymerise and depolymerise the glass network and 
consequentially, will influence the glass properties in different ways 
[8–10]. Iron exists as multivalent and multi-coordinated species within 
oxide glasses, with the preferential valency and structure being depen-
dent on a variety of factors such as the batch and glass compositions, 
melting atmosphere and environment, and abundance of Fe [11]. This 
makes it incredibly challenging to predict how the iron will exist within 
a given glass and how it will influence the glass properties. Many studies 
have elucidated some of the nature of iron within glass across a variety 
of glass matrices, including phosphate (see, for example, [12–14]), sil-
icate (see, for example, [8,9,15-17]), and borosilicate glasses (see, for 
example, [18–20]). Within phosphate glasses, it is found that the addi-
tion of Fe2O3 increases the chemical durability where the concentration 
of Fe2+/FeTotal increased with melting temperature [13]. The chemical 
durability was not affected by the changing melt times as both the Fe3+

and Fe2+ existed in 6-coordinated sites, so both were able to form the 
more chemically-durable Fe-O-P bonds relative to the P-O-P bonds they 
replace [13,14]. Within silicate glasses, without the use of a reducing or 
oxidising agent during melting, the majority of the iron exists as 
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charge-compensated tetrahedral Fe3+ ([4]Fe3+), integrating within the 
silicate network as network formers, with network modifying Fe3+ and 
Fe2+ six-coordinated structures [15–17]. Bingham et al. [17] used Fe 
K-edge EXAFS to elucidate the nature of the structure of dilute Fe3+ in 
silicate glasses and found that alkali and alkaline earth modifiers had a 
significant effect on the average coordination of Fe3+, with alkali metal 
modifiers being more likely to stabilise [4]Fe3+units. Studies of borosil-
icate glasses showed that a considerable amount of iron exists as [4]Fe3+

that can integrate within the tetrahedral borosilicate network, alongside 
the presence of six coordinated Fe3+ and Fe2+, both of which modify the 
borosilicate network [18,20]. Wright et al. [19] reported that the [4]Fe3+

in a simple sodium borosilicate glass will likely preferentially integrate 
within the silicate sub-network rather than the borate sub-network, 
based on the existence (or lack thereof in some cases) of analogous 
crystalline materials, coupled with neutron diffraction data. 

Within the context of nuclear waste glasses, there has been consid-
erable research into how Fe influences secondary phase stabilisation, 
particularly in US waste glasses which can have high Fe contents. Spe-
cific research interests include the links between transition metals and 
secondary crystalline phases such as spinel crystals and nepheline. The 
interests in spinel crystals are primarily due to the risk spinel phases 
pose to glass melters (see, for example, [21–23]). Spinel crystals can 
accumulate within the melter systems, particularly in the pouring 
spouts, as a result of the temperature decrease from the furnace chamber 
to the pouring spout [22], which can result in clogging and obstruction 
of the pouring spout. This can lead to significant shortening of melter 
lifetimes if not adequately accounted for. Nepheline crystals provide a 
different set of problems by reducing the chemical durability of the final 
waste form by removing alumina and silica from the glass (see, for 
example, [24–26]). Ahmadzadeh et al. [25] studied nepheline-based 
glasses and the role of iron in the formation of nepheline by substitut-
ing the Al2O3 for Fe2O3. It was found that at low Fe abundances, [4]Fe3+

could substitute into as much as 37 % of the [4]Al3+ sites, however, at 
higher abundances, Fe would preferentially form magnetite or haema-
tite phases. Jantzen & Brown [21] found that the octahedral site pref-
erence energy (OSPE) order for the formation of spinel crystals in 
complex nuclear waste glasses is Ni2+ ≈ Fe2+ > Mg2+ > Mn2+. Further 
work by Jantzen & Brown [24] showed that waste glasses with less than 
50 wt. % SiO2 may also result in nepheline crystallisation with the po-
tential for [4]Fe3+ occupying a site in the nepheline structure. With the 
variety of oxidation states and coordination numbers Fe can assume in 
glasses, and the numerous factors that can influence Fe chemistry, better 
understanding of how Fe integrates into complex glasses is required so 
that effects on the Hanford-specific radioactive waste forms can be more 
accurately predicted. Furthermore, chemical durability is a key property 
of vitrified radioactive waste, with iron chemistry being linked to 
chemical durability in borosilicate simulant waste glasses [27]. Cas-
singham et al. [27] demonstrated that tetrahedral Fe3+ can have a 
non-linear positive influence on chemical durability, this study was done 
in respects to iron-only. Numerous studies, for example those summar-
ised in [28], have shown that iron has mixed impact on chemical 
durability of radioactive waste borosilicate glasses, when compared to 
the effects of other cations within the glass. For example, when Fe is 
substituted for Al or Zn, the glass durability increases with respects to 
normalised leach rates of the key glass components [29,30]. Under-
standing the chemistry of the iron within radioactive waste glasses, will 
allow for an increased level of predictability in how the Fe may impact 
chemical durability of the self-same waste glasses. 

This research has utilised a multi-spectroscopic approach, similar to 
studies by Cochain et al. [18] and Ciżman et al. [20] to consider three 
borosilicate glass families with increasing chemical (and consequently 
structural) complexity, from simple sodium borosilicate glasses to 
inactive high-Fe Hanford analogue glass composition derived from the 
HLW-Ng-Fe2 waste composition [31]. Iron chemistry has been charac-
terised by Mössbauer and Fe K-edge X-ray absorption – near edge 
structure (XANES) spectroscopies, while Raman and X-ray 

photoelectron (XPS) spectroscopies have been used to provide comple-
mentary structural information. Boron K-edge XANES has been used to 
characterise boron coordination as a function of base glass composition 
and Fe content, as there is a reported link between Fe and B speciations 
(albeit with no consensus yet on the nature of this link) [18,26,32]. The 
combined analyses performed will help to provide a more complete 
understanding of the structural impacts of Fe on glasses directly relevant 
to radioactive waste immobilisation. 

2. Experimental procedures 

2.1. Samples and sample preparation 

Three series of borosilicate glasses were designed for this study, with 
all three starting with an iron-free base glass, which is then incremen-
tally doped in a pro-rata basis with Fe2O3. The first series is a simple 
sodium borosilicate glass with only 3–4 components in the series 
(Table 2). The data was derived from a compilation of non-active waste 
simulants provided by the Pacific Northwest National Laboratory 
(PNNL). A sodium borosilicate glass was selected due this particular 
matrix being the simplest compositional starting point without changing 
the fundamental glass matrix (to either a borate or silicate glass). The 
exact composition was taken from averaging the high-level radioactive 
waste (HLW) glass compositional data provided, and was then simplified 
using the following rules:  

1) SiO2 and B2O3 contents were kept the same.  
2) All group 1 and 2 oxides were represented on a mole-for-mole basis 

by Na2O.  
3) All other components were removed, and the remaining composition 

was normalised to 100 %. 

To supplement this decision, there is significant established litera-
ture on Fe-doped sodium borosilicate glasses (see for example [18–20]) 
with which to compare the results from this study. Though care is taken 
when comparing the results in this research to those by Cizman et al. 
[20] as the borosilicate glasses in this research do not fall within the 
phase separation region of a ternary borosilicate system, whereas the 
glasses studied by Cizman et al. [20] do fall within this region. This is 
due to Cizman et al. [20] studying the influence iron has on the elec-
tronic conductivity in porous, phase separated NBS (Na-borosilicate) 
glasses. Therefor any comparisons between this study and Cizman et al. 
[20] will be made with careful considerations of the differences in 
composition and research focus. 

The second series is a more complex borosilicate glass with lithium, 
calcium, and aluminium oxides included in the composition (Table 3). 
These additional components are commonly found across a variety of 
glasses, as well as being present within a lot of the expected Hanford 
waste glasses. This series aims to introduce more compositional 
complexity, while also making sure it is comparable to wider literature 
[33–38]. The rules that lead to the derivation of this composition, 
starting with the same average composition that provided the sodium 
borosilicate glass, are as followed:  

1) SiO2, B2O3, Al2O3 and Li2O contents were kept the same.  
2) All group 1 oxides were represented on a mole-for-mole basis by 

Na2O.  
3) All group 2 oxides were represented on a mole-for-mole basis by 

CaO.  
4) All other components were removed, and the remaining composition 

was normalised to 100 %. 

The third series is derived from the HLW Ng-Fe2 Hanford simulant 
waste glass composition studied by Rodriguez et al. [31] (Tables 4a and 
4b). The HLW Ng-Fe2 was selected as high-Fe waste simulant with basic 
characterisation and property data available for comparison [31,39,40]. 
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Oxide components that had an abundance of less than 0.05 wt % were 
excluded with the exception of zinc oxide (ZnO),as zinc oxide has a 
unique effect on the glass matrix, even in low abundances [41]. 

Series 1 is referred to as the SCFe series (Simplified Composition – Fe- 
doped series), Series 2 is referred to as the CCFe series (Complex 
Composition – Fe-doped series), and Series 3 is referred to as the HAFe 
series (Hanford Analogue – Fe-doped series). 

The samples were prepared by batching and mixing powdered raw 
materials (see Table 1 for details of the raw materials), using a KERN 
PCB precision balance with an accuracy of ± 0.005 g. All but the boric 
acid (H3BO3), diammonium phosphate ((NH4)2HPO4), lead oxide (PbO), 
lanthanum hydroxide (La(OH)3), and zirconium hydroxide (Zr(OH)4), 
were dried for at least 24 hrs prior to batching at 110 ◦C. The dia-
mmonium phosphate and lead oxide could not be dried due to COSHH 
(Control Of Substances Hazardous to Health) constraints. The boric acid 
loses bonded water below 100 ◦C, therefor did not need to be specifically 
dried. The batches were designed to produce a theoretical yield of 75 g 
of glass, resulting in batches that ranged from approximately 80–100 g 
in mass, depending on exact composition. Each batch was stored for no 
longer than 18 h in ambient conditions before being melted. The batch 
was mixed by tumbling the batched raw materials in a bag until the 
colour of the combined batch is homogenised by eye. The mixed batch 
was then loaded into a Pt/Rh crucible into a furnace pre-heated to 
1150 ◦C. The crucible remained static in the furnace for 1 h, before being 
removed from the furnace and the glass poured and quenched onto a 
cast-iron quench plate. The quenched glass was then milled in a tungsten 
carbide rotational mill before being loaded back into the Pt/Rh crucible 
and melted for an additional hour, before being poured into pre-heated 
cast iron moulds and annealed in an electric furnace at 475 ◦C for 1 h 
then cooled slowly to room temperature. This method of melting- 
milling-melting was employed to increase sample homogeneity. 

With the exception of the annealing temperatures and times, the 
methods used to generate the samples are closely linked to those 
employed within the wider body of research on Hanford waste glasses 
(see for example [31,39,40]). The melting temperature was selected to 
be the expected operating temperatures of the melters at the Hanford 
WVP [39,40]. The annealing temperature was selected based on pre-
liminary sodium borosilicate glass samples that exhibited neither sec-
ondary phase formation nor sample cracking after being annealed at 475 
◦C. 

2.2. Compositional analysis 

2.2.1. X-ray fluorescence (XRF) spectroscopy 
For X-ray fluorescence (XRF) spectroscopy measurements, samples 

were prepared by mixing ~1 g of glass powder with ~10 g of lithium 

tetraborate (Li2B2O7) flux doped with 0.5 % lithium iodide (LiI) anti- 
cracking agent. The mixture was melted in a platinum crucible in a 
LeNeo automatic fusion system at 1065 ◦C for 21 min and 45 s, then 
poured and cooled, forming a homogenous fused bead. The samples 
were analysed by Glass Technology Services using a version of the Glass 
OXI program [42]. The uncertainty on the measured values was quoted 
as ± 2 % relative to value given. 

2.2.2. ICP-MS 
Inductively Coupled Plasma – Mass Spectroscopy (ICP-MS) was used 

to determine the elemental abundance of boron and lithium within the 
samples, as these elements are too light to be detected by the XRF 
available. Powdered samples weighing 500 ± 1 mg were added to an 
acid solution (4HNO3 + 3HF + 2HCl + 2H2O) and extracted using an 
Anton Paar microwave digestion system. After digestion, 2 trials of the 
sample were diluted to 50 ml with a third trial spiked with a known 
quantity of Li (in applicable samples only) and B. The third sample was 
used to calculate the recovery factor. All trials were measured using a 
Perkin Elmer Nexion-1000 ICP - Mass Spectrometer with a calibration 
method. The recovery factor was applied to refine the measurement 
after subtracting the acid blanks. The uncertainties of the measurements 
were quoted as ± 2.7 % of the measured values for boron, and ± 3.8 % 
of the measured values for lithium. The elemental weight percentages 
were converted oxide weight percent values on the assumption that 100 
% of the lithium exists as Li2O within the samples, and 100 % of the 
boron exists as B2O3 within the samples. These values where used in 
combination with the oxide weight percent values from the XRF ana-
lyses to generate analysed oxide molar percent compositions for all 
samples based on the combination of ICP-MS and XRF analyses. The 
final uncertainties for each value were calculated using the given un-
certainty ranges and for the two analysis techniques and propagated 
using the partial derivative method. These values can be seen in Ta-
bles 2,3 and 4b. 

2.2.3. Density 
Glass density was measured and calculated in accordance with 

Archimedes’ principle detailed by Eq. (1) below. 

ρm =
mair

mair − mwater
ρw (1)  

Where ρm is the density of the sample, ρw is the temperature dependent 
density of water, mair is the mass in open air, and mwater is the object mass 
submerged in water. The masses were measured using a KERN YBD-03 
precision balance. 400 ml of deionised water was used. The tempera-
ture of the water was 20 ◦C, measured using a mercury-in-glass ther-
mometer, which corresponded to ρw = 0.998203 g cm− 3. For each 
sample, three separate fragments of glass were measured, and the cor-
responding densities were averaged with an associated standard error 
generated. 

2.2.4. X-ray diffraction 
Approximately 0.5 g of each powdered sample, placed on flat plate 

sample holders, was loaded into a Panalytical X’Pert Pro-X-ray powder 
diffractometer. Diffraction patterns were collected using a Cu anode X- 
ray tube at 40 mA/40 kV power. A mask of 20 mm was used, with the 
angle range set at 5–50 ◦ 2θ, at an increment of 0.013 ◦ 2θ with 97.92 s 
per step. The stage used was a spinner stage, at 4 revolutions per second 
to minimise any sample texture effects. Peak identification was carried 
out using PANalytical Highscore plus software with the International 
Centre for Diffraction Data (ICDD) database. 

2.3. Structural analysis 

2.3.1. 57Fe Mössbauer spectroscopy 
57Fe Mössbauer spectra for all samples with at least 5 mol % Fe2O3 

Table 1 
Raw materials used to produce batches for all glasses.  

Target 
oxide 

Raw 
material 
(Purity)a 

Target 
oxide 

Raw material 
(Purity)a 

Target 
oxide 

Raw 
material 
(Purity)a 

Al2O3 Al(OH)3 

(LR) 
Li2O Li2CO3 (99 %) SO3 Na2SO4 (>

99 %) 
B2O3 H3BO3 

(99.99 %) 
MgO MgCO3 (LR) SiO2 Purified 

sand (LR) 
CaO CaCO3 (LR) MnO2 MnO2 (≥ 99 %) SrO SrCO3 (LR) 
CeO2 CeO2 (99.9 

%) 
Na2O Na2CO3 (LR) ZnO ZnO (≥ 99 

%) 
Cr2O3 Cr2O3 

(98+%) 
NiO NiO (99.99 %) ZrO Zr(OH)4 (>

97 %) 
Fe2O3 Fe2O3 (≥

96 %) 
P2O5 (NH4)2HPO4 

(≥ 98 %)   
La2O3 La(OH)3 

(99.95 %) 
PbO PbO (LR)    

a Purity values provided by suppliers. “LR” means “Lab/Reagent Grade” - 
Actual purity values of these chemicals were not stated. 
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were measured using a 57Co gamma source. All spectra were measured 
at room temperature with a velocity range +/- 4 mm s − 1 with the 
exception of HAFe007.3 and HAFe010.0, which were measured at +/- 
12 mm s − 1. The samples were loaded into acrylic sample disks with an 
area of 1.767 cm2. Gamma rays of 14.4 keV were supplied by the cascade 
decay of 25 mCi 57Co in a rhodium matrix source oscillated at a constant 
acceleration by a SeeCo W304 drive unit. The detector is a SeeCo 45,431 
Kr proportional counter operating with a bias voltage of 1.720 kV 
applied to the cathode. All measurements were calibrated relative to 
alpha-Fe foil, with all spectral data fitted using the Recoil software 
package [43], using Lorentzian line shapes. It was assumed here that the 
recoil-free fraction ratio, f(Fe3+/Fe2+) = 1.0, for any estimation of redox 
ratios obtained from the fitted spectra although no measurable levels of 
Fe2+ were observed in the studied glasses. We note that it has been 
suggested that the proportion of Fe3+ can be slightly increased relative 
to Fe2+ due to a larger recoil-free fraction, rendering Fe3+/Fe2+ ratios 
for glasses obtained from Mössbauer spectroscopy fitted area ratios, in 
some cases, higher than actual values [11]. 

2.3.2. Fe K-edge XANES 
Iron K-edge XANES was acquired using the XMaS BM28 beamline at 

the ESRF in Grenoble, France via remote access during the Covid lock-
down period. Pressed pellets of 13 mm diameter were made by pressing 
50 mg of a mix of sample powder with cellulose acetate flux. The sample 
percentage range for each pellet ranged from ~10 – ~50 %, depending 
on the iron content within the sample (lower iron content required more 
sample in the mix and vice versa). The spectra were acquired at the Fe K- 
edge (approximately 7112 eV), by collecting data over a photon energy 
range of 7000–8200 eV to give a k-range up to approximately 15. The 
spectra were collected with an energy step of 0.1 eV from 100 eV prior to 
the Fe K-edge, to 200 eV past the edge for the SCFe and CCFe series 
samples, but a larger step size of0.2 eV was used by the operators to 
measure the HAFe series samples. For the remainder of the energy range, 
an energy step size of 0.5 eV was used. Using measured mineral stan-
dards haematite (Fe2O3), aegirine (NaFeSi2O6), and staurolite (Fe2A-
l9O6(SiO4)4(O,OH)2), a correction for the Si 〈111〉 monochromator angle 
drift was calculated using Eq. (2) [44]: 

Ecorrected =
Eg

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E2 − g2

√
sin(Δθ) + gcos(Δθ)

(2)  

Where Ecorrected is the corrected energy value, E is the detected energy of 
the photon, g is an energy constant for the Si 111 monochromator of 
1977.1 eV [40], and Δθ is the angle drift. Data were normalised using 
ATHENA software [45]. 

2.3.3. B K-edge XANES 
Boron K-edge XANES spectra were acquired at the BEAR beamline 

[46] at the Elettra synchrotron in Trieste, Italy. Pressed pellets of 13 mm 
diameter were made from mixing 20 mg of sample powder to 180 mg of 
cellulose acetate flux. The spectra were acquired around the boron 
K-edge (approximately 194 eV), with a photon energy range of 170–220 
eV with an energy step of 0.1 eV. The measurements were performed in 
fluorescence mode, with the Si K-edge and C K-edge used to create a 
first-order energy calibration polynomial. Measurements were per-
formed under vacuum conditions due to the X-rays being low energy. 
For each sample, repeat measurements were performed to improve 
signal-to-noise statistics for each sample spectrum. 

The boron K-edge XANES data was first processed to calculate the µx 
values for each energy. This was performed using Eq. (3): 

ln
I
I0
= − μx (3)  

Where I is the measured intensity after the sample and I0 is the measured 
intensity before the sample. The subsequently data was then normalised 
in the ATHENA software [42], before being analysed using Origin 
Pro-software. 

2.3.4. Raman spectroscopy 
Raman spectra were generated using a Thermo Fisher DX2 Raman 

spectrometer. Measurements were performed using a 532 nm laser at 10 
mW power, with a 600 lines mm− 1 monochromator across a Raman shift 
range of 50–3800 cm− 1, with a 50 µm slit, and 10x zoom aperture. The 
samples were in bulk form, with the measured surface being polished 
flat using SiC paper from P100 grit to P600 grit. The spectra were 
initially processed using Omnic software, where a proprietary “poly-
nomial 5″ fluorescence correction was applied to all spectra, as all 
spectra showed signs of fluorescence. From there, the Neuville and 
Mysen version [47] of the Long correction (Eq. (4)) [48] was applied to 
all spectra. 

I = Iobs .
[
v3

0 [1 − exp(− hcv / kT)]v
/
(v0 − v)4] (4)  

Where, h is Planck’s constant, k is the Boltzmann constant, c is the speed 
of light, T is the absolute temperature, v0 is the wavenumber of the 
incident laser light and v is the measured Raman shift. The corrected 
data was then baseline corrected and normalised using vector normal-
isation (Eq. (5)) [49]. 

xnorm =
xi
̅̅̅̅̅̅̅̅̅̅∑

x2
i

√ (5) 

This normalisation method was chosen over the more commonly 

Table 2 
Nominal and analysed oxide compositions of the SCFe series samples.  

Sample ID Oxide composition (mol %) 

SiO2 B2O3 Na2O Fe2O3 

Nominal Analyseda Nominal Analyseda Nominal Analyseda Nominal Analyseda 

SCFe000.0 55.81 56.88 (± 3.01) 16.28 16.53 (± 1.18) 27.91 26.60 (± 1.41) 0.00 0.00 (± 0.00) 
SCFe000.1 55.76 56.85 (± 3.07) 16.26 16.28b 27.88 26.67 (± 1.44) 0.10 0.19 (± 0.01) 
SCFe000.2 55.70 56.72 (± 3.04) 16.25 16.27b 27.85 26.72 (± 1.43) 0.20 0.29 (± 0.02) 
SCFe000.5 55.53 56.80 (ׅ± 3.17) 16.20 16.22b 27.77 26.37 (± 1.47) 0.50 0.61 (± 0.03) 
SCFe001.0 55.26 54.93 (± 1.56) 16.12 16.32 (± 0.62) 27.63 27.69 (± 0.79) 1.00 1.06 (± 0.03) 
SCFe002.0 54.70 54.80 (± 1.51) 15.95 15.96b 27.35 27.21 (± 0.75) 2.00 2.03 (± 0.06) 
SCFe003.0 54.14 54.18 (± 1.43) 15.79 16.01 (± 0.54) 27.07 26.72 (± 0.70) 3.00 3.09 (± 0.08) 
SCFe004.0 53.58 53.89 (± 1.39) 15.63 15.64b 26.79 26.41 (± 0.68) 4.00 4.06 (± 0.10) 
SCFe005.0 53.02 52.78 (± 1.38) 15.47 16.21 (± 0.57) 26.51 25.88 (± 0.68) 5.00 5.14 (± 0.13) 
SCFe007.5 51.63 51.58 (± 1.36) 15.06 15.62 (± 0.53) 25.81 25.19 (± 0.66) 7.50 7.61 (± 0.20) 
SCFe010.0 50.23 50.04 (± 1.28) 14.65 15.47 (± 0.54) 25.12 24.38 (± 0.63) 10.00 10.10 (± 0.26) 
SCFe014.0 48.00 48.59 (± 1.25) 14.00 14.02b 24.00 23.28 (±0.60) 14.00 14.11 (± 0.36)  

a B2O3 analysed using ICP-MS, everything else analysed using XRF. 
b Nominal values used in calculating normalised mol %. 
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used min-max normalisation method, due to the apparent shift in the 
maximum point as each and all three series progress (see Figs. 17–19 for 
an illustration of this). While typically not an issue for peak fitting, it is 
an issue when assessing the relative changes in Raman band intensity 
through a series of samples. The vector normalisation technique solves 
this problem by normalising the spectrum in the x-plane instead of the y- 
plane [49] (see Figs. S1–S10 in the supplementary material for a visual 
comparison between the vector normalisation and min-max 
normalisation). 

2.4. X-ray photoelectron spectroscopy 

A Kratos Ultra Hybrid spectrometer with a monochromated Al K- 
alpha X-ray source (1486.6 eV) was used to collect spectra. The samples 
were loaded onto a sample holder, and then placed into a vacuum 
chamber. The samples were then transferred to the measurement 
chamber where each sample was aligned. The alignment was performed 
by positioning the sample such that the Oxygen 1 s peak (selected for 
being the most abundant element in the sample) generated a high-count 
rate (> 5000 per min). For the first five samples, a survey scan using a 
single sweep of 80 eV pass energy, and a dwell time of 500 ms was used 
across the full energy range of the instrument. This allowed target en-
ergy ranges for specific elements to be set and programmed for scanning. 
The energy ranges are detailed in Table 5. 

For the targeted regions, the pass energy was lowered to 20 eV, the 
number of sweeps was increased depending on the signal (see Table 5), 
and the dwell time was increased to 1000 ms. This was all carried out to 
generate the highest quality spectra for each element. Each signal was 
then grouped by sample and prepared for data processing. The data was 
processed using CasaXPS to calibrate the spectra for monochromator 
drift using the opportunistic C 1 s signal from environmental carbon 
sources, with further analysis done using OriginPro software. 

3. Results 

3.1. Compositional analysis & density 

The analysed compositions shown in Tables 2,3,4a, and 4b are all 
broadly comparable to the nominal values intended for each composi-
tion with few exceptions. One notable exception can be seen in Table 3, 
where the analysed B2O3 and Li2O3 concentrations are significantly 
lower than the corresponding nominal concentrations in the CCFe003.0 
sample. Table 4b shows several low-abundance oxides such as CeO2 and 
La2O3 were not detectable in the sample, this is attributed to the 
detection limits of the XRF spectrophotometer, and it is assumed that 
these oxides are present in the sample as expected. 

Within each of the three series of glass samples, the density increases 
as the Fe2O3 contents increase (see Table 6). This can be explained by 
considering the fact that iron is a relatively heavy element when 
compared to the major components of the glass (i.e. Si and B), it will 
increase the density assuming it is incorporated into the glass network. 

3.2. X-ray diffraction 

The XRD patterns showed no discernible secondary crystalline pha-
ses within the glasses from the SCFe and CCFe series, with data for both 
series showing the characteristic diffuse X-ray scattering pattern be-
tween approximately 15.0 and 37.5 o 2θ, characteristic of silicate glass 
and amorphous materials (Figs. 1 and 2). The same diffraction pattern 
was also observed for the HAFe series samples, however, samples 
HAFe007.1 and HAFe010.0 also showed the presence of a secondary 
crystalline phase within the glass (Fig. 3). 

The HighScore plus software identified this peak pattern as likely 
being a mixed transition metal oxide spinel phase, which is a common 
crystalline phase seen in high-Fe Hanford glasses [21-23,39,40]. The 
intensity of the detected peaks increases as the iron oxide content Ta
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increases, which indicates that between 5 mol % and 7.1 mol % Fe2O3 is 
the solubility limit in the HAFe series glasses, when prepared under the 
conditions used in this study. 

While Highscore Plus software identified a specific spinel phase, due 
to the presence of a variety of spinel forming components, the exact 
spinel phase composition provided by the peak fitting software cannot 
be assumed to be exact. Spinel phases are made up of a formula of A2+

B3+
2 O4, whereby several components can occupy the A and B sites, as 

may be the case for the spinel phases observed here. The A-sites can be 
occupied by Mg, Ni, Fe, Mn, and Zn, while the B-sites can be occupied by 
Cr, Fe, Mn, and Al. For the HLW-Ng-Fe2 glass from literature [35,36], 
there are no spinel crystals in the glass as-prepared, but spinel crystals 
were shown to form during heat treatments at 800, 850, 900, and 
950 ◦C, all of which were only a few percent in abundance as measured 
by SEM in research by Matlack et al. [39,40]. The low intensity of the 
spinel diffraction peaks for the HAFe007.1 sample (the closest in 
composition to HLW-Ng-Fe2), would suggest a low abundance that is 
consistent with findings in the referenced reports [39,40]. These peaks 
intensify as the iron content is further increased (sample HAFe010.0), 
and, as expected, the primary phase is identified is an iron-bearing spinel 
phase. 

3.3. 57Fe Mössbauer spectroscopy 

Figs. 4–7 show the respective series stack plots of the Mössbauer 
spectra. All Mössbauer spectra were fitted with a minimum of 2 Lor-
entzian doublets. For the SCFe series and CCFe series, this was sufficient 
to robustly fit the entire spectral shape (See Figs. 7 and 8). Whereas in 
the HAFe series, two of the three spectra required an additional Lor-
entzian sextet fit, which is fully consistent with the presence of magnetic 
Fe-bearing structures (see Fig. 9). 

The parameters for all fits in the measured spectra are given in 
Table 7. 

All of the paramagnetic doublets are consistent with Fe3+ sites, with 
no Fe2+ components present, as given by the low centre shift (CS) values 
[9,11,18,27,33,35,50-61]. The quadrupole splitting (QS) from all fits 
presents an element of ambiguity. Tomandl [59] states that octahedral 
Fe units have a greater symmetry and therefore lower quadrupole 
splitting values than tetrahedral Fe units. This is supported by several 
published works (see, for example [33,35,50],). However, a review by 
Dyar shows that for silicate and borate glasses, a lower QS can be 
assigned to tetrahedral structures [11], which is also supported by 
several published works (see, for example, [18,20,55,60]). In either 
case, all measured spectra in this study require two Lorentzian doublets 

Table 5 
XPS target signals and associated energy ranges of the target spectra.  

Target signal(s) Energy range (eV) Number of sweeps 

C 1s 279 - 299 4 
B 1s 184 - 210 20 
Si 2p 98 - 110 12  

Table 6 
Measured densities of all samples, standard error given in brackets.  

Sample ID Density (g cm− 3) Sample ID Density (g cm− 3) 

SCFe000.0 2.519 (± 0.008) CCFe000.0 2.494 (± 0.003) 
SCFe000.1 2.520 (± 0.005) CCFe001.0 2.534 (± 0.003) 
SCFe000.2 2.518 (± 0.001) CCFe003.0 2.554 (± 0.013) 
SCFe000.5 2.521 (± 0.001) CCFe005.0 2.595 (± 0.011) 
SCFe001.0 2.534 (± 0.003) CCFe007.5 2.653 (± 0.011) 
SCFe002.0 2.558 (± 0.009) CCFe010.0 2.699 (± 0.009) 
SCFe003.0 2.582 (± 0.005) HAFe000.0 2.607 (± 0.016) 
SCFe004.0 2.584 (± 0.003) HAFe001.0 2.614 (± 0.014) 
SCFe005.0 2.607 (± 0.001) HAFe003.0 2.646 (± 0.010) 
SCFe007.5 2.655 (± 0.003) HAFe005.0 2.685 (± 0.004) 
SCFe010.0 2.688 (± 0.004) HAFe007.1 2.694 (± 0.002) 
SCFe014.0 2.750 (± 0.002) HAFe010.0 2.731 (± 0.014)  

Fig. 1 and 2. XRD patterns for the SCFe and CCFe series.  

Fig. 3. XRD stack plot for the HAFe series. The spinel phase denoted by the 
lines is present in the HAFe007.1 and HAFe010.0 samples. 

J.D. Eales et al.                                                                                                                                                                                                                                  



Journal of Non-Crystalline Solids 622 (2023) 122664

8

Figs. 4–9. 4) Mössbauer spectra stack plot for the SCFe Series. 5) Mössbauer spectra stack plot for the CCFE Series. 6) Mössbauer spectra stack plot for the HAFe 
Series. 7) Mössbauer spectrum of the SCFe010.0 sample, showing two Lorentzian doublets. 8) The Mössbauer spectrum of the CCFe010.0 sample, showing two 
Lorentzian doublets. 9) The Mössbauer spectrum of the HAFe010.0 series showing the additional Lorentzian Sextet as well as the two doublets. 
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to obtain robust fits – one doublet with a higher QS value and one with a 
lower QS value (both with similar CS values). Both doublets have 
comparable site abundances with a difference of no more than ~10 % on 
any given sample. 

In the context of borosilicate glasses, Cochain et al. [18] reported 
that Fe3+ in the borosilicate glasses studied all occupied tetrahedral 
sites, with the reported QS values for Fe3+ ranging from 0.46 to 0.96 mm 
s − 1. However, it is worth noting that the justification for this assign-
ment of coordination was made on the low CS values for all Fe3+ dou-
blets (0.25–0.32 mm s − 1). Nishida et al. [55] reported that lower QS 
values contributed to tetrahedral structures for Fe3+ in iron-bearing 
potassium borosilicate glasses. The reported QS values had a range of 
0.78–1.04 mm s − 1 and are comparable to the QS doublets obtained here 
(Table 7). Ciżman et al. [20] report a that a low CS doublet of 0.22–0.28 
mm s − 1 with QS values of 0.74 mm s − 1 were attributed to tetrahedral 
Fe3+, though similarly to Cochain et al. [18], this justification was made 
on the basis of CS values and it was noted that the low QS value could 
indicate the presence of distorted octahedral Fe3+. In another report, 
Ciżman et al. [60] reported tetrahedral Fe3+ with QS values ranging 
from 0.91 to 0.94 mm s − 1. However, Glazkova et al. [35] reported that 
Fe3+ doublets with QS values 0.36–0.92 mm s − 1 corresponded to 
octahedral Fe3+ in Fe-bearing complex HLW glasses. Forder et al. [61] 
discussed the hyperfine parameter ambiguity when investigating glasses 
using Mössbauer and XANES spectroscopy, in that there is more of 
tendency to observe distorted structures within glass due to a distribu-
tion of Fe-O bond lengths and angles. It is reported that distorted 4-, 5- 
and 6-coordinated iron structures can have overlapping hyperfine pa-
rameters within Mössbauer spectra, which is further noted by several 
authors [18,20,60,61]. When considering the CS of all sites (Table 7), it 
is concluded that the iron exists in tetrahedral Fe3+ sites with varying 
degrees of distortion brought on by the nature of glass network. While 
the presence of higher-coordinated ([5 or 6]Fe3+) sites is plausible 
(particularly based on the QS values for some of the doublets), the low 
CS values suggest that all fitted doublets are consistent with tetrahedral 
Fe3+ sites [9,11,18,27,50-61]. It is therefore suggested that the iron 
exists predominantly (but not necessarily wholly) as distorted 
[4]Fe3+units within the glass, with no measurable levels of Fe2+ within 
any of the measured samples. 

3.4. Fe K-edge XANES 

The Fe K-edge XANES spectra for the mineral standards were 

normalised using the ATHENA software, and then the 1 s – 3 s pre-edge 
peak at approximate 7111–7114 eV [62,63] (see Figs. 10 and 11) was 
fitted with a background and several Gaussian peaks (see Fig. 12). For 
the glass samples, three Gaussian components were used as per the work 
done on silicate glasses by Farges et al. [62], while the amount of 
Gaussian peaks fitted to the mineral standard varied depending on the 
mineral itself. The number of Gaussian components fitted for each 
mineral was guided by work done on Fe-minerals by Wilke et al. [63], 
for example, the Fe-berlinite spectrum was fitted with 1 Gaussian peak 
[63], while the spectrum for magnetite was fitted with 3 Gaussian peaks 
[63]. 

The number of Gaussian components fitted were guided by Farges 
et al. [62] and Wilke et al. [63]. The average centroid positions for the 
pre-edge peak are calculated using Eq. (6). 

XAverage =

∑
aixi

∑
ai

(6)  

Where a is the area of the Gaussian, i, and x is the position of Gaussian, i. 
The centroid positions for all measured sample and standard spectra are 
plotted in Fig. 12. Furthermore, the average centroid positions for more 
mineral standards were selected from literature to increase the number 
reference markers available for data processing. The mineral standards 
selected for Fe3+were Fe-berlinite (FePO4) [63] and ferriorthoclase (Fe: 
KAlSi3O8) [63,64] (both 4-coordinated Fe3+), and yoderite ((Mg,Fe, 
Al)8Si4(O,OH)20) [63,65] (5-coordinated Fe3+). The mineral standards 
selected for mixed Fe3+ and Fe2+ minerals were magnetite (Fe3O4) [63] 
and franklinite ((Zn,Mn2+,Fe2+)(Fe3+,Mn3+)2O4) [63]. The mineral 
standards selected for Fe2+ were wüstite (FeO) [63,66] (6-coordinated 
Fe2+) and grandidierite ((Mg,Fe)Al3(BO4)(SiO4)O) [67] (5-coordinated 
Fe2+). The mineral references selected from literature combined with 
the measured mineral standards, ensured that there was at least one 
mineral for 4-, 5-, and 6-coordinated Fe2+ and Fe3+, as well as examples 
of mixed valence minerals to compare with glass sample spectra. The 
layout of Fig. 13 was deliberately similar to that of Wilke et al. [63] due 
to the effectiveness of the layout and to enable comparison. The error 
bars were derived from similar work done by Feige et al. [68] and Wilke 
et al. [69] (details in the figure caption of Fig. 13). 

Within Fig. 13, the average centroid energy is the predominant 
determining factor for oxidation state of the iron, whereas the integrated 
intensity is indicative of the coordination number for the iron (both 
trends are broadly followed by the mineral standards) [70–72]. For each 

Table 7 
Fitted parameters for the Mössbauer spectra of all samples.  

Sample ID Site type Centre shift (mm s − 1) (±
0.02) 

Quadrupole splitting (mm s − 1) 
(±0.02) 

Linewidth (mm s − 1) 
(±0.02) 

Hyperfine field (T) 
(±0.5) 

Site abundance (%) 
(±2.0) 

SCFe005.0 Doublet 0.26 0.75 0.24 – 52.2 
Doublet 0.27 1.17 0.27 – 47.8 

SCFe007.5 Doublet 0.26 0.75 0.23 – 56.2 
Doublet 0.26 1.20 0.23 – 43.8 

SCFe010.0 Doublet 0.25 0.75 0.22 – 55.2 
Doublet 0.26 1.21 0.22 – 44.8 

SCFe014.0 Doublet 0.25 0.77 0.22 – 54.8 
Doublet 0.26 1.23 0.22 – 45.2 

CCFe005.0 Doublet 0.26 0.78 0.25 – 57.6 
Doublet 0.27 1.23 0.25 – 42.4 

CCFe007.5 Doublet 0.26 0.78 0.23 – 57.8 
Doublet 0.26 1.25 0.23 – 42.2 

CCFe010.0 Doublet 0.26 0.78 0.23 – 54.7 
Doublet 0.26 1.25 0.23 – 45.3 

HAFe005.0 Doublet 0.26 0.80 0.24 – 49.0 
Doublet 0.27 1.26 0.26 – 51.0 

HAFe007.1 Doublet 0.26 0.78 0.23 – 39.0 
Doublet 0.27 1.33 0.26 – 41.0 
Sextet 0.25 0.02 0.62 48.2 20.0 

HAFe010.0 Doublet 0.30 0.84 0.24 – 39.0 
Doublet 0.29 1.34 0.27 – 35.2 
Sextet 0.35 − 0.08 0.43 50.4 25.8  
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series, these trends can be seen more closely in Figs. 14–16. 
For most glass samples the valence of the iron obtained from the 

XANES pre-edge peak data is consistent with all iron being present as 
Fe3+, with the exception being three HAFe samples with peaks centred 
at approximately 7112.9 eV. This might suggest the presence of some 
level of Fe2+ within these three samples when compared to the centroid 
energy of magnetite (Fe3O4)… This result is consistent with similarly 
reported XANES data for Fe-bearing silicate and phosphate glasses [17, 
59,73–78]. For example, Berry et al. [78] studied the REDOX of iron in 
silicate glasses using Fe K-edge XANES and 57Fe Mössbauer spectros-
copies. Their glass sample in which the iron corresponded to theoreti-
cally 100 % Fe3+ had a XANES pre-edge peak centroid energy 0.9 eV 
lower than the centroid energy for their haematite (Fe2O3) sample [78]. 
Considering this difference of 0.9 eV between the centroid energies for 
the haematite and 100 % Fe3+ glass samples in Berry et al. [78], this is 
directly equivalent to the centroid energy difference between the 
haematite sample and the three HAFe glasses shown in Fig. 13. It is also 
notable that the difference in centroid energies found by Berry et al. [78] 
for magnetite (Fe3O4) and their 100 % Fe3+ glass sample, was only 0.15 
eV, i.e. their centroid energies were almost identical, which is also found 

here for the HAFe001.0, 003.0 and 005.0 samples. Furthermore, the 
Mössbauer spectral parameters found in this study for these three HAFe 
samples (see Figs. 4–9and Table 7) all indicated that there is no 
detectable Fe2+ and that, within uncertainties, all iron exists as Fe3+. 
Given the distinct lack of an Fe2+ doublet in the Mössbauer spectrum for 
the HAFe005.0 sample (Fig. 6), it is highly unlikely that the HAFe 
samples contain measurable levels of Fe2+. In light of this, and the 
known accuracy of determining iron redox using Mossbauer spectros-
copy compared with XANES [79], our Mössbauer data will be given 
greater weight when discussing the iron chemistry of the HAFe glass 
series. 

The integrated XANES pre-edge peak intensities for all glass samples 
suggests that the Fe-O coordination number ranges from 4 to 5, and that 
no samples have an integrated intensity low enough to suggest signifi-
cant quantities of 6-coordinated Fe. However, this does not rule out the 
possibility of some mixture of 4-, 5- and 6-coordinated Fe. Magnetite 
(Fe3O4) consists of 4-coordinated Fe2+ and 6-coordinated Fe3+ [80] and 
the plotted integrated intensity for magnetite is comparable to many of 
the sample data points, again suggesting a mixture of 4- to 6- coordi-
nated Fe sites in the glasses. Consequently, for these samples, the Fe 

Figs. 10–12. Fig. 10 shows the stack plot of the SCFe series, with the pre-edge peak marked on all spectra. Fig. 11 shows the SCFe series as an example stack plot of 
the pre-edge 1 s–3 s peak. Figure 12 shows the SCFe005.0 sample pre-edge peak with 3 fitted Gaussian peaks – similar fits were used for all samples. 
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K-edge XANES data is only qualitative in providing average Fe-O coor-
dination numbers for the glasses [61,79]. This is comparable to what can 
be concluded regarding Fe-O coordination from the Mössbauer data, 
with both techniques consistent with iron being present in all glasses as 
only Fe3+, and with an average Fe3+-O coordination number between 4 
and 5. 

3.5. Raman spectroscopy 

The normalised Raman spectra for all three sample series are shown 
in the stack plots in Figs. 17–19. The stack plots show significant 
structural changes arising within each series, across the spectral region 
of interest (200–1600 cm− 1). 

The Raman spectra for all three sample series can be split into in the 3 
regions – the low-frequency region (200–800 cm− 1), the mid-frequency 
region (800–1200 cm− 1), and the high-frequency region (1200–1600 
cm− 1). The low frequency region is predominantly dominated by 
various stretching modes of the silicate network [81–83], with some 
mixed borosilicate bands [84,85], and borate bands [84,86-90] towards 
the upper limits of this region. The mid-frequency region is dominated 
by symmetrical stretching of the various tetrahedral units within the 
respective series (e.g. SiO4, AlO4, FeO4) [90–93]. The higher frequency 
region shows predominantly metaborate bands [84,88,90,94–98]. 
Across all three sample series, the stack plots show large changes in the 
mid-frequency region, and also changes in the high- and low-frequency 
regions. To illustrate these changes, Raman Difference Spectra (RDS) 
were generated for each series, by subtracting the normalised spectrum 
for the iron-free glass from each series from the normalised spectrum for 
each subsequent sample. This provides the RDS, which shows the change 
in spectral features due to increasing levels of Fe2O3 incorporation in the 
samples. The RDS are shown in Figs. 20–22. 

The RDS confirm the changes observed in the stack plots, and show 
that the changes occur stepwise as the Fe content of the glass increases. 
For the SCFe and CCFe series, there appears to be a reduction in a spe-
cific band at approximately 630 cm− 1 and the same band decreases in 
intensity in the HAFe series, but the change is less consistent, and in the 
case of sample HAFe007.1, there is a sharp increase in the intensity of a 
band at approximately 600 cm− 1. A band at this Raman shift has been 
previously attributed to borosilicate ring structures with compositions 

analogous to danburite and reedmergenerite [82]. 
In the mid-frequency region, with increasing Fe content there is a 

decrease in the higher frequency bands with a simultaneous increase in 
lower frequency bands in all three series. This suggests a progressive 
shift in configuration of the contributing bands in this region. In simpler 
glass matrices, this would be attributed to a combination of shifting to 

Fig. 13. Average Fe K-edge XANES pre-edge centroid energy positions for all 
samples and standards. The x-axis error bars are +/- 0.1 eV on the centroid 
energy (per Feige et al. [68]) for the SCFe and CCFe sample series, and +/- 0.2 
eV for the HAFe series due to the larger step size used in acquiring the spectra. 
The y-axis error bars are +/- 5 % of the value on the integrated intensity (per 
Wilke et al. [69]). Grey regions around the Fe(II) and Fe(III) lines indicate the 
+/- 0.1 eV uncertainty on these positions. 

Figs. 14–16. Integrated Fe K-edge XANES pre-edge peak intensities as func-
tions of centroid energies for individual sample series. Error bars are the same 
as the ones used in Fig. 13. 
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lower Q-species (fewer bridging oxygens per network tetrahedron) [91], 
as well a potential change in modifier configuration [99]. However, due 
to the complex nature of the glass series’ investigated in this study, 
deconvoluting exactly what is having the most impact in this region is 
incredibly difficult owing to overlapping contributions from many 

different species. 
In the higher frequency region, with increasing Fe content there is a 

similar effect to that of the mid-frequency region, with the increase in 
lower frequency bands being more prevalent in the HAFe series. The 
lower frequency bands have been attributed to “loose” BO3 groups [96, 

Fig. 17–19. Raman stack plots for all three glass series: 17) SCFe Series, 18) 
CCFe Series, and 19) HAFe Series. 

Fig. 20–22. Raman Difference Spectra (RDS) plots for each sample series.  
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98] (defined as “loose” due to not being bound in metaborate struc-
tures), while the higher frequency bands have been previously attrib-
uted to mixed metaborate groups, such BO3 bonded to BO4 groups, and 
BO3 bonded to other BO3 groups [94]. 

In the context of iron additions to glasses, Cochain et al. [18] 
observed a similar shift in the mid-frequency region towards lower 
frequency bands with increasing Fe content. This was attributed to a 
band emerging at around 980 cm− 1 as the iron contents increased, with 
the band being attributed to 4-coordinated Fe3+ (Fe-O bonds) based on 
work by Magnien et al. [100]. This effect can be seen within the stack 
plots and RDS for all three series (Figs. 17–22), where there is a band 
emerging around 980 cm− 1 as the Fe2O3 contents increase in the series. 
Welsch et al. [101] also reported this same band in a study of trisilicate 
glasses with varying modifier cations. They noted that it varied in po-
sition with changing modifier cation (Li, Na, and K were studied), from 
980 cm− 1 for Li-bearing glass to 1000 cm− 1 for K-bearing glass. 
Furthermore, Welsch et al. [101] suggests that the band at around 980 
cm− 1 can be attributed to all Fe3+ units and not only tetrahedral Fe3+, 
which is a development on the original assignment described in Cochain 
et al. [18] and Magnien et al. [100]. Le Losq et al. [102] studied 
aluminosilicate basalt glasses and used Raman spectroscopy to deter-
mine the iron redox ratio with in the glasses and compared the results to 
Mössbauer spectroscopy results for the same glass from a previous study 
[103]. It was found that the intensity of this peak correlated linearly 
with the redox ratio calculated using Mössbauer spectroscopy. Balasu-
bramanya et al. [104] reported a similar Raman peak in a complex, 
transition metal-rich borosilicate glass system and found that while so-
dium preferentially charged compensated Fe3+ tetrahedral groups, 
lithium and calcium preferred to form ionic bonds through the silicate 
and borate networks, and as such, the iron was more likely to reduce in 
high-Li and high-Ca glasses, if there was not enough Na to sufficiently 
charge compensate the tetrahedral Fe3+ and saw a corresponding 
reduction in intensity for this particularly Fe3+ band. Rigby et al. [105] 
reported on the changes in Raman band intensity for the peak at 
approximately 630 cm− 1 when looking at the effect of different re-
ductants on the melting behaviour of high-Fe Hanford wastes. It was 
reported that as the abundance of Fe3+ increases within the samples (as 
measured with Mössbauer spectroscopy), there is a noticeable decrease 
in the intensity of this band, a trend that is also seen in this study for all 
three glass series. 

3.6. B K-edge xanes 

The normalised spectra are plotted as stack plots for the two series in 
Figs. 23 and 24. 

Boron K-edge XANES spectra can be described by three peaks. Peak A 
at approximately 194.5 eV depicts the electron transition to an unoc-
cupied 2p orbital that is typical only permissible to [3]B structures [106]. 
Peak B at approximately 198 eV is attributed to a transition to unoc-
cupied σ states that are forbidden in [3]B structures but permissible in 
[4]B structures [105]. Peak C at approximately 202 eV describes diffuse 
contributions from both [3]B and [4]B s electrons transitioning to σ bands 
[106]. These peaks were fitted with a linear background and 3 Gaussian 
peaks (a similar method to one employed by Fleet & Muthupari [107], 
Sauer et al. [108], and Garvie et al. [109]). The peaks for each sample 
were processed using Eq. (7), similar to the one used by Fleet & 
Muthupari [107], to produce semi-quantitative values for the fraction of 
[4]B in each of the measured samples. 

[4]B =
AreaB

AreaA + AreaB
(7)  

The [4]B abundance is plotted in Fig. 25 for the two measured series. 
Fig. 25 shows that in both series, increasing Fe2O3 content has little 

impact on the boron coordination, which is somewhat more strongly 
affected by base glass composition. There is a trend that suggests the [4]B 

abundance slightly decreases as Fe2O3 content increases but these 
changes are modest. It also shows that, predictably, the CCFe series 
starts with less [4]B than the SCFe series, likely due to the presence of 
AlO4

− tetrahedra that will be preferentially charge compensated by 

Fig. 23 and 24. Boron K-edge XANES stack plots for SCFe and CCFe sam-
ple series. 

Fig. 25. [4]B abundance from B K-edge XANES fitting for both sample series. 
Linear fits added as a guide only. 
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modifier cations before both the [4]B and Fe3+ tetrahedra [18,26,110]. A 
similar lack of effect on the [4]B abundance as a function of increasing Fe 
contents within the glass was also reported by Cochain et al. [18]. 

The abundance of [4]B in the glass for the SCFe series between 50–60 
% of the total boron content is consistent with estimates from published 
research such as the Yun, Bray, and Dell model [111–113] for a bor-
osilcate glass with an R value range (Na2O / B2O3) of 1.58–1.70 and K 
value range (SiO2 / B2O3) of 3.23–3.50, as is the case for the SCFe series. 
Further coroboration can be found in B XANES results published by Li 
et al. [114] who studied K2O-SiO2-B2O3-P2O5 glasses, in which compa-
rable compositions were found to contain approximately 50–55 % of the 
total boron as [4]B, which compared the values against NMR data in 
good agreement [115]. 

3.7. X-ray photoelectron spectroscopy (XPS) 

The centre position for the B 1 s spectra for both series was plotted as 
a function of changing Fe2O3 contents within the glass (the B 1 s stack 
plot can be seen in Figs. S11 and S12 of the supplementary material). 
This was determined by fitting a single Gaussian peak for each spectrum 
and plotting the centre values for each peak against the iron oxide 
content within the sample. This data is presented in Fig. 26. 

The data shows a gradual decrease in binding energy for the 1 s 
electron as the concentration of Fe2O3 increases within the sample. For 
both series, there is an approximate 0.6 eV change in binding energy 
between the start and end members of both series. The nature of this 
change is change is discussed later in this section. 

Similar to the B 1 s, the centroid binding energy for the Si 2p was 
plotted as a function of changing Fe2O3 content (the Si 2p stack plots can 
be seen in Figs. S13 and S14 in the supplementary material). This was 
carried out by fitting a single Gaussian peak to the signal and plotting the 
centre position. It is acknowledged that any 2p signal typically needs to 
be fitted with two peaks, to represent the 1/2 spin and 3/2 spin with a 
fixed distance (0.6 eV for Si 2p [116]) and an area ratio of 0.5 with the 
higher energy 3/2 with the lower area [117]. However, when dealing 
with small energy split values for 2p doublets, it can fit with a single 
component. An example of this, can be seen in a book by Watts & 
Wolstenholme [117] on the Al 2p spectrum (specifically Fig. 3.5 in the 
reference [117]). The peak binding energies for the Si 2p signals are 
given in Fig. 27. 

Miura et al. [118] used XPS to investigate the O 1 s, Si 2p, B 1 s, and 
Na 1 s signals to characterise the bridging oxygens and non-bridging 
oxygens within simple sodium borosilicate glasses, comparable to the 
SCFe series in this study. They reported that there is a shift to a lower 

binding energy in the B 1 s, Si 2p, and Na 1 s as the amount of sodium 
increased in the studied series. This was linked to the optical basicity of 
the glass and the authors discussed how this could be used to predict the 
likelihood of a BO3 or BO4 group forming through interactions with the 
silicate network, improving understanding of how a borosilicate glass 
network forms beyond the Yun, Bray, Dell, Xiao model [111–113]. 
Mekki et al. [119] studied Fe2O3 substitutions into sodium silicate 
glasses. It was found that the Fe 3p signal could be used to assess the iron 
redox ratio and the Si 2p had a corresponding reduction in binding 
energy. This reduction in binding energy was attributed to more 
non-bridging oxygens on the Si tetrahedra within the glass. As the ox-
ygen forms bonds with a greater ionic character, it relaxes the attraction 
to the Si electrons in the covalent bonds in forms with the Si cation 
[120]. Holland et al. [121] built on the XPS work by Mekki et al. [119] 
to show that the Si-O-Fe bond has its own unique signal in O 1 s due to 
the difference in bond length and, by association, difference in covalent 
character of the bond. It was shown to have a higher binding energy than 
the Si-O-Na bond, but lower than that of the Si-O-Si bond. This suggests a 
greater ionic character to the Fe-O bond than to Si-O, which is consistent 
with understanding of glass network intermediates as described by 
Stanworth [122]. While Si and Fe3+ have similar electronegativities, 1.8 
as given by Gordy and Thomas [123], the ionic radius of Si (1.10 Å 
[124]) is smaller than Fe3+ (1.40 Å [125]) and therefore the Si will form 
bonds with a greater covalent character [125] and should be reflected in 
the electron binding energy data in the XPS. 

Hsieh at al. [126] used changes in the Pauling charge [127] of glass 
forming constituents in alumino- and boro-trisilicate glasses, with links 
to binding energy to describe the structural changes within the silicate 
network. A similar study by Clarke & Rizkalla [128] considered different 
silicate glasses and materials. Both studies found a linear relationship 
between binding energy in the O 1 s and Si 2p spectra. Brow & Pantano 
[129] (also used in further work by Brow & Pantano [130]) found a 
similar relationship between the Si 2p and O1s in silicon oxynitride thin 
films and described it using Eq. (8). 

Δ(BEi) = kΔqi (8)  

Where Δ(BEi) is this change in binding energy of the measured cation, i, 
k is a proportionality constant, and Δqi is the change in net charge of the 
cation, i. Hsieh et al. [126] noted that while Brow & Pantano’s [129, 
130] approach did utilise a coordination factor, Clarke & Rizkalla’s 
[128] does not, but the latter’s approach considers the environment of 
the next nearest neighbour of the target atom where the former does not. 
For this study, however, Brow & Pantano’s linear equation has been Figs. 26. XPS B 1 s binding energy as a function of Fe2O3 content for CCFe and 

SCFe sample series. 

Figs. 27. XPS binding energies of Si 2p signals for both series.  
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used due to the complexity of the studied glasses. The changes in binding 
energies for the Na 1 s, Si 2p, and B 1 s signals for both series are shown 
in Table 8. 

Decreases in binding energy in both series across all three signals are 
thus observed (Table 8). From literature it can be determined that for the 
glass forming constituents (Si, and B) the bonds forming with these 
cations have less covalent character as a result of increasing Fe contents. 
Mekki et al. [119] and Holland et al. [121] indicated that the Fe-O bonds 
have less covalent character than Si-O bonds. Veal et al. [120], Hsieh 
et al. [126], Clarke & Rizkalla [128], and Brow & Pantano [129,130] all 
show that binding energy is proportional to the net charge on a cation 
and that this net charge is sensitive to change in electronegativity on the 
neighbouring atoms. 

4. Discussion 

4.1. Iron chemistry 

57Fe Mössbauer and Fe K-edge XANES spectroscopies both show that 
the iron within all three glass series exists predominantly as distorted 
[4]Fe3+, however, there is a degree of conjecture regarding the precise 
coordination, or range of site distortions / coordinations, of the Fe3+. 
This conjecture is also found in a wide body of historical literature, for 
example in terms of the quadrupole splitting (QS) values from fitting of 
Mössbauer spectra. In some such studies, the authors have defaulted to 
using the centre shift (CS) of the fitted parameters to determine coor-
dination [11,18,20]. When considering the XANES data for the three 
studied glass series (Figs. 13–16), it can be seen that the integrated 
pre-edge peak intensities for the lower iron samples have values that are 
clearly consistent with 4-coordinated Fe [62,63] and then gradually 
decrease towards values more consistent with 5-coordinated Fe as the 
iron content increases. It is known that in glass, M-O bond angles and 
bond rotations are not fixed and this distribution of angles and bond 
rotations lead to distorted structures that manifest as broadening of 
spectral features across multiple spectroscopies. The XANES data for the 
low-Fe samples in the SCFe series demonstrate integrated pre-edge peak 
intensity values consistent with [4]Fe3+ (see Figs. 13and 14). These in-
tensities gradually decrease with increasing Fe content towards values 
more indicative of an average [5]Fe3+, which could suggest that the iron 
is forming tetrahedral groups that are increasingly distorted as iron 
content increases, as indicated by Forder et al. [61]. The CCFe series and 
HAFe series glass XANES pre-edge peak data (Figs. 13,15 and 16) show 
that the low-Fe glass samples produce intermediate integrated pre-edge 
peak intensities which change little with increasing Fe contents within 
the glass. These differences in behaviour between the three glass series 
are also reflected in the Mössbauer QS values for each series relative to 
one another (see Table 7), where QS values increase with increasing 
complexity of the glass system (number of different elemental compo-
nents). However, these QS values are all within a similar range of one 
another, i.e. any differences are small but non-zero. It is thus suggested 
that the Fe in each glass series is likely to occur as predominantly dis-
torted [4]Fe3+, with the tetrahedral units displaying increasing average 
distortion with increasing Fe content and system complexity. While the 
presence of some [5 or 6]Fe3+ cannot be ruled out in the any of the three 
glass series, there is more evidence to suggest that the parameters reflect 
predominantly distorted [4]Fe3+. 

4.2. Glass chemistry 

The impacts of increasing the Fe2O3 contents on the wider glass 
chemistry are varied. The boron K-edge XANES data showed that the 
increasing Fe contents within the glass has only modest impact on the 
boron coordination, similar to a trend reported by Cochain et al. [18]. 
However, the Raman data for all three glass series (Figs. 17–22) showed 
that there are impacts the borate and silicate bands, specifically a 
decrease in intensity in borosilicate (600 - 800 cm− 1) and metaborate 
bands (1200–1600 cm− 1). With the decrease in intensity of the band at 
approximately 630 cm− 1 commonly attributed to reedmergenerite- and 
danburite-like borosilicate ring structures [81,82], the initial theory was 
that the Fe3+ tetrahedral units were potentially being preferentially 
charge compensated by the modifier cations such as sodium. This caused 
a conversion from [4]B units to the charge neutral [3]B units, which break 
up the danburite- and reedmergenerite-like groups [81,82]. This would 
account for the decrease in intensity for borosilicate Raman bands 
(600–800 cm− 1) as the Fe3+ concentration increases, a theory also 
suggested by Rigby et al. [105]. The boron K-edge XANES data, how-
ever, does not support this hypothesis here. Fig. 24 clearly shows that 
the [4]B abundance is little affected by the increase in Fe contents, and 
the Mössbauer spectra in Figs. 4–9 show all Fe existing as Fe3+, though a 
slight decrease in [4]B3+ is observed. This would suggest that the boron 
coordination remains largely unchanged as a function of Fe content, 
with no clear link between the concentration of Fe3+ and the slight 
change in boron coordination. Therefor an alternative explanation for 
this trend is required. 

To coincide with the changes observed in the Raman spectra, there 
was a slight decrease in the binding energy of the B 1 s and Si 2p elec-
trons with increasing Fe content, as measured by XPS for the SCFe and 
CCFe series (Figs. 26 and 27). For the SCFe series, the Si 2p showed a 
greater decrease in binding energy (Table 8) than the B 1 s binding 
energy. The CCFe series showed the opposite trend. This would suggest 
that as Fe content increases, the net charge on the measured cations 
decreases in accordance with the proportional equation (Eq. (8)) given 
by Brow and Pantano [129,130]. Clarke and Rizkalla [128] demon-
strated that changes in the net charge are sensitive to the bonds formed 
by the next nearest neighbours in even the simplest systems. Given that 
the glasses in this study are so much more complex than in the systems 
studied by Clarke and Rizkalla [128], it would be impossible to deter-
mine exactly which changes in bond configurations are those most 
responsible for the decrease in binding energy. The effects on the Raman 
spectra show a decrease in the metaborate bands at approximately 1380 
- 1490 cm− 1 [94] while a simultaneous increase in bands at about 1325 
cm− 1 attributed to “loose” BO3 units, is observed [96,98] (see RDS in 
Figs. 20–22 for a clearer illustration of this). While in the simpler glass 
series, it could be suggested that the silicate groups are affected as much, 
if not more, with the increase in Fe contents, which is consistent with 
conclusions published by Wright et al. [19] who used EXAFS data and 
neutron diffraction to quantitatively determine that [4]Fe3+ preferen-
tially integrates through the silicate sub-network in a simple sodium 
borosilicate glass which is comparable to the SCFe series studied here. 
As the glass becomes more complex, with the addition of CaO, Li2O, and 
Al2O3, the impact of the increasing Fe content shifts towards the borate 
sub-network, in accordance with the Raman and XPS data. This data is 
suggesting that as the Fe3+ integrates within the glass matrix it is having 
a significant effect on the borate groups within the complex borosilicate 
network. While the glasses are broadly too complex to quantitatively 
analyse exactly how the Fe3+ integrates within the network, qualita-
tively, it is bonding into the borate sub-network more so than it is 
bonding into the silicate sub-network as the composition increases in 
complexity, as evidenced by the changes in the Raman and XPS spectra 
as a function of increasing iron oxide within the glass. Wright et al. [19] 
noted that Fe3+ can integrate into the borate sub-network in borosilicate 
glasses, but is more likely to do so as [6]Fe3+. Applied to the glasses 
studied here, this would suggest that there could be an increase in levels 

Table 8 
Binding energy changes in XPS B 1 s and Si 2p for the two measured series.  

XPS 
signal 

Binding energy changes, SCFe 
Series (eV) 

Binding energy changes, CCFe 
Series (eV) 

B 1s − 0.414 (± 0.014) − 0.570 (± 0.018) 
Si 2p − 0.571 (± 0.003) − 0.447 (± 0.005)  
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of [6]Fe3+ from the SCFe series glasses to the CCFe series glasses. How-
ever, the Mössbauer fitting parameters (see Table 7), do not show any 
significant changes in relative abundances of one doublet type between 
the two series. Furthermore, the Fe K-edge XANES data in Fig. 13 show 
that the integrated intensity of the pre-edge peak between the SCFe, 
CCFe, HAFe sample series are not sufficiently different enough to sug-
gest a measurable change in average Fe coordination between the series. 
Nevertheless a small and subtle yet non-zero effect must be considered 
on the basis of these results. 

One theory that could also help to explain this effect is the avoidance 
between tetrahedral species. Du and Stebbins [131] observed tetrahe-
dral avoidance between AlO4

– tetrahedra and BO4
– tetrahedra in alkali 

aluminoborosilicate glasses. Zhang et al. [132] also observed tetrahedral 
avoidance between AlO4

– and FeO4
– tetrahedra in phosphate-free and 

phosphate-doped alkali aluminoborosilicate glasses. It can thus be 
hypothesised that if the AlO4

– tetrahedra avoid BO4
– tetrahedra and FeO4

−

tetrahedra avoid AlO4
– tetrahedra, the evidence from this study suggests 

that FeO4
– tetrahedra preferentially bond with the borate subnetwork in 

the complex glasses studied here containing Al2O3. Hence this may be a 
consequence of competition between the relative tetrahedral avoidances 
suggesting FeO4

– / AlO4
– being less likely than FeO4

– / BO4
–. Furthermore, 

Bingham et al. [17] studied the selective behaviour of dilute Fe3+ cat-
ions in silicate glasses, and found that depending on the alkali or alkaline 
earth cation type providing charge compensation or bonding with the 
Fe3+ cation, the Fe-O coordination and bond length would change. 
Qualitatively, it was shown that the lower the ionic radii ratios of the 
modifier parings modifier (examples given in ref [17]: Li-Ba & Na-Ba), 
the higher the coordination of the Fe, while the higher the ionic radii 
ratios (examples given in ref [17]: K-Ca, K-Mg, Na-Mg) the coordination 
of the Fe was lower [17]. This qualitatively supported findings by Farges 
et al. [62], which used Fe K-edge XANES and molecular dynamic sim-
ulations to study the changes in Fe-coordination and valency as a 
function of changing modifier cations, which included Ca, Na, Mg, K. 
Balasubramanya et al. [104] studied the effects of Na, Li, and Ca 
network modifiers on the spinel crystallisation within complex borosil-
icate glasses. It was shown that the higher the cation field strength, the 
greater the depolymerisation, greater the increase in Fe2+, and more 
likely to promote secondary crystallisation through clustering of Fe, or 
even LiAl (which forms spodumene). Furthermore, Wiegel et al. [133] 
used neutron diffraction and Empirical Potential Structure Refinement 
(EPSR) simulations to show that within NaFeSi2O6 (NFS) glasses, that 
while the iron exists predominantly as [4]Fe3+, there is also [5]Fe3+ and 
[5]Fe2+ species that can form edge-sharing clusters in higher concen-
trations of Fe within the glass. 

When considering the glasses studied in this research, it is likely that 
the findings by Wright et al. [19] explain why, in the SCFe series glasses, 
the iron impacts more on the silicate sub-network than the borate 
sub-network, as the iron exists predominantly as Fe3+. However, within 
the CCFe and HAFe glass series, the iron has a greater relative impact on 
the borate sub-network that is partly, but not fully, explained by the 
work of Wright et al. [19]. The complex tetrahedral avoidance hierar-
chies suggested by Zhang et al. [132] provide an interesting theory as to 
why the iron impacts the borate sub-network more than the silicate 
sub-network in the more complex glass series that includes Al2O3, but 
the effects of the presence of more network modifiers (CaO and Li2O in 
the CCFe series, with MgO and SrO added into the HAFe series) cannot 
be discounted due the documented effects of these modifiers on iron 
glass, as well as the wider glass network [17,62,104,133]. Further study 
is needed to fully explore the complex interactions and trtrahedral 
avoidance hierarchies within these and other oxide glass networks. 
While the Hanford analogue series glasses were not available for XPS 
measurements and not suitable for boron K-edge XANES measurements, 
similar spectroscopic changes to those observed in the SCFe and CCFE 
series Raman spectra, are observed for the HAFe series Raman spectra. 
This leads to the view that the borosilicate network in the Hanford 
analogue glasses will broadly be affected in the same manner as the SCFe 

and CCFe samples, as evidenced by the same patterns of changes seen in 
the Raman and RDS spectra. The RDS for the HAFe series in Fig. 18 
shows the same changes in the high frequency region as for the SCFe and 
CCFe RDS in Figs. 20 and 21. The Raman band at approximately 630 
cm− 1 in the HAFe series does not follow the same strict trend in the RDS, 
with an apparent increase in the band intensity for the HAFe007.1 
sample (visible in the stack plot in Fig. 19). The crystalline phase present 
in samples HAFe007.1 and HAFe010.0 (Fig. 3) is an iron-rich spinel 
phase with contributions from other transition metals. This is also re-
flected in the Mössbauer spectra for the two samples in Figs. 6 and 9, 
with the fitted parameters in Table 7 supporting this phase assignment 
as a spinel [134,135]. While the low intensity of the peaks in Fig. 3, 
combined with the low site abundance of the paramagnetic sextet re-
ported in Table 7, would suggest that relative to the amorphous phase, 
the abundance of the crystalline phase is low. The reported abundance of 
crystalline phases in the waste glass from which the HAFe series is 
derived supports this assessment, with reports of as little as a few percent 
abundance after heat treatment [39,40]. Despite this, the crystalline 
phase still contains Fe, which removes Fe from the borosilicate network, 
which in turn will be evidenced by a slight reduction in the effects 
caused by the increasing Fe content on the borosilicate glass network, 
which could partly explain the deviation from the trends observed in the 
Raman spectrum for sample HAFe007.1. 

5. Conclusions 

This study aimed to elucidate the structural changes in three series of 
borosilicate glasses relevant to radioactive waste vitrification as a 
function of varying iron oxide contents using a variety of spectroscopic 
techniques. 57Fe Mössbauer spectroscopy and Fe K-edge XANES were 
used to show that the iron exists entirely as Fe3+, and predominantly in 
distorted four-coordinated sites, with some evidence for the presence of 
low levels of five- and / or six-coordinated sites. This study has quali-
tatively shown that, in simpler (fewer component) glasses, Fe3+ prefers 
to integrate into the borosilicate network through the silicate sub- 
network, evidenced by relative changes in the silicate bands shown in 
Raman difference spectra; and changes in the XPS Si 2p binding energies 
relative to the change in B 1 s binding energies (− 0.571 eV for the Si 2p, 
− 0.414 for the B 1 s). In contrast, when the glass becomes more complex 
(more components), Fe3+ will integrate more into the glass via the 
borate subnetwork, as evidenced by relative changes to the borate and 
borosilicate bands in Raman spectra and an increase in change of XPS B 
1 s binding energies when compared to the changes in Si 2p binding 
energies (− 0.447 eV for the Si 2p, − 0.570 eV for the B 1 s). These 
changes occur without significantly affecting the average boron coor-
dination, which was shown to be ~0.45 [4]B3+ fraction and ~0.35 [4]B3+

fraction for the SCFe and CCFe glass series, respectively. The qualitative 
evidence gathered by investigating two simpler borosilicate glass com-
positions was applied to a complex Hanford analogue glass series, HAFe. 
The similarities in the relative changes in the Raman spectra in terms of 
the bands associated with silicate and borate units provide evidence that 
glasses in the HAFe series behave similarly to those in the CCFe series, in 
that the borate subnetwork is more strongly affected by increasing Fe 
contents than the silicate subnetwork. This is potentially a consequence 
of complex FeO4

– / BO4
– / AlO4

– tetrahedral avoidance hierarchies, with 
the resulting average boron coordination little affected. 
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