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A method is presented to determine the redox ratio of iron in borosilicate glasses and melts relevant to 
nuclear waste storage from an analysis of Raman spectra recorded at room or high temperature. The basis 
of this method is the strong variation of the spectral feature observed between 800 and 1200 cm-1, in which 
it is possible to assign a band to vibrational modes involving ferric iron in tetrahedral coordination whose 
intensity increases with iron content and iron oxidation. After baseline correction and normalization, fits to 
the Raman spectra made with Gaussian bands enable us to determine the proportion of ferric iron provided 
the redox ratio is known independently for at least two redox states for a given glass composition. This 
method is particularly useful for in situ determinations of the kinetics and mechanisms of redox reactions. 
 

 
I. INTRODUCTION 

 
Borosilicate glasses are privileged materials for 
nuclear waste storage because they allow a wide 
variety of elements to be incoporated in a stable 
and compact matrix. These glasses include 
various multivalent elements of which iron is the 
most easily amenable to experimental studies. It 
has been shown in this way that iron affects glass 
properties in a complex fashion because it can 
occur as Fe2+ and Fe3+ ions, whose abundances 
depend on intensive thermodynamics variables 
(Mysen and Richet; 2005). Knowledge of the 
iron redox ratio is thus important to control 
processes such as elaboration and crystallization 
and to optimize the physical properties and the 
long-term durability of industrial and nuclear 
glasses.  
On the one hand, the dependence of the iron 
redox ratio on temperature, oxygen fugacity and 
chemical composition can be estimated 
accurately with available thermodynamic models 
(e.g., Kress and Carmichael, 1988 ; Ottonello et 
al, 2001). On the other hand, much work has also 
been devoted to studying the structural role of 
iron ions through determination of their 
coordination by oxygen ions in amorphous 
silicates. In this respect, X-ray absorption near 
edge structure (XANES) experiments performed 
at the Fe-K-edge have been proven very useful 
(Wilke et al., 2001, 2004; Berry et al., 2003; 
Magnien et al., 2004, 2006, 2008). In spite of the 
wealth of information that they yield, even at 
high temperature, XANES experiments are 

difficult to perform because of the limited 
accessibility of X-ray synchrotron sources. 
Another useful tool for investigating the redox 
ratio and coordination state of iron is the 
Mössbauer milliprobe (Fleet et al, 1984; Mysen 
et al., 1987), but this technique has not been used 
to perform routinely high-temperature 
experiments.  
In this work our purpose is to show that Raman 
spectroscopy offers a simple and convenient way 
to determine iron redox ratios. This technique 
has the obvious advantage of being widespread, 
quick and easy to use. It has long been shown 
that Raman spectra depend on the redox state of 
iron (Fox et al, 1982; Mysen et al, 1984; Wang et 
al, 1995) because bonding differences between 
Fe2+ and Fe3+ ions translate into differences in 
force constants and, thus, in vibrational 
frequencies. In these studies Raman spectra have 
been used to study the structural role of iron ions 
and its relationship to silicate melt structure. By 
contrast, little interest has been paid to the 
systematic spectral changes that take place 
between 800 and 1200 cm-1 when the iron redox 
state varies. In a preliminary studies, Magnien et 
al. (2006, 2008) have shown that these changes 
could actually be used to determine the 
variations of redox ratios in iron-bearing 
supercooled silicate liquids and, in particular, to 
determine the kinetics of iron redox reactions. In 
this paper, we present a more detailed study of 
this effect for borosilicate glasses of interest to 
nuclear waste storage. 
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II. EXPERIMENTALS METHODS 
 
1. Starting Materials 
The glass compositions investigated for the 
calibration of the Raman spectroscopy are listed 
in Table 1, where NB designates the iron-free 
sodium borosilicate reference glass, and NBFe1, 
NBFe5, NBFe10  the NB samples to which 1, 5 
and 10 mol % “FeO” have been added. The 
starting glasses were prepared as described by 
Schairer and Yagi (1952) from reagent grade 
SiO2, Na2CO3, B2O3 and Fe2O3 powders dried 
for 24 h at 1370, 520, 420 and 770 K, 
respectively.  
 
TABLE 1: Chemical composition (wt %)a and density (g/cm3) of 

the glasses investigated. 

 SiO2 B2O3 Na2O “FeO” b d   
NB 67.74(7) 18.45(30) 13.81(4)  2.419(3) 
NBFe1 64.78(5) 20.44(30) 13.63(1) 1.16(8) 2.410(3) 
NBFe5 61.78(4) 19.57(20) 12.99(2) 5.74(5) 2.434(3) 
NBFe10 58.07(9) 18.32(30) 12.22(3) 11.39(2) 2.474(3) 

a Average of 9-20 analyses. 
b Total iron reported as FeO. 

 
The powdered mixtures were ground for 1 h 
under alcohol in an agate mortar, dried and then 
slowly decarbonated and melted in air in 
platinum crucibles that had previously been used 
to synthesize iron-bearing melts. Each glass was 
reground and remelted three times to ensure 
chemical homogeneity. The melting temperature 
was 1670 K. The glasses obtained in this manner 
were quenched in air on a copper plate to insure 
a rapid quench. To get a large range of iron 
redox states, part of the glass batch was annealed 
in the form of mm-size chunks near Tg or melted 
several minutes at high temperature in a graphite 
crucible, as described by Magnien et al. (2004, 
2006, 2008). In Table 2 are listed the glasses 
investigated where the suffixes -Rxx and –xxx 
indicate the melting time (in min.) in the graphite 
crucible or the annealing temperature 
respectively. Optical microscopy and X-ray 
diffraction were used to check that all materials 
were chemically homogeneous glassy phases. 
Glass samples were subjected to electron 
microprobe analyses performed with a Cameca 
SX50 apparatus. The results are listed in Table 1 
along with the glass densities as measured by the 
Archimedes method, toluene being used as the 
immersion liquid. 
 

 
 

Table 2: Redox ratio determined by wet chemical 
analyses, frequencies (± 1 cm-1), areas (arbitrary units) of 

Raman bands and band area ratios (AR) 
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2. Wet Chemical Analyses  
The redox state of the starting glasses was first 
determined from chemical analyses made with a 
slightly modified version of the volumetric 
method described by Wilson (1960). About 5 mg 
of glass were dissolved in a Pt crucible in a 
boiling solution of hydrofluoric and sulfuric 
acids for 3 minutes. The concentration of Fe2+ 
was then obtained from titration of the resulting 
solution made with a potassium dichromate 
solution after mixing in an Erlenmeyer flask with 
sulfuric, orthophosphoric and boric acids. 
Orthophosphoric acid was used to make the end-
point of the titration sharp whereas boric acid 
was added to protect the Erlenmeyer flask from 
attack by HF through formation of a complex 
with fluoride ions. The titration reaction was 
thus: 
 
6Fe 2 + + Cr2O7

2− + 14 H + ⎯ → ⎯ 2Cr 3 + + 6Fe 3 + + 7H 2O  
 
Barium diphenylamine sulphonate was used as 
an indicator.  To obtain the iron redox ratio, we 
finally made use of the total iron content 
determined by microprobe analysis. For ten 
analysis, the reproducibility of the redox ratios is 
± 0.05.  
 
3. Raman Spectroscopy 
Unpolarized spectra were recorded with a 
T64000 Jobin-Yvon@ confocal Raman 
spectrometer equipped with a CCD detector. The 
514.532 nm line of a Coherent Innova@ Ar+ laser 
operating at 2 W was used for sample excitation.  
The line was focused on the sample down to a 
1µm spot through a 100x objective. The laser 
power on the sample was about 200 mW. To 
characterize network vibrations, the spectra were 
recorded in the region 20-1700 cm-1. Spectral 
acquisition was performed in four distinct 
windows with an overlap of 200 pixels in the 
1024 pixels window of the CCD detector. The 
acquisition time was 300 s, 3 acquisitions being 
made in each window. Before recording the 
spectra, we systematically checked the focal 
depth to achieve good reproducibility and 
maximum intensity of the Raman signal at the 
glass surface.  
All spectra were normalized and baseline 
corrected in the same manner to ensure the high 
reproducibility needed to quantify the peak 
changes observed in the Raman spectra. The 
procedure of Long (1977) was first used to 
correct the spectra for temperature and frequency 
dependent scattering intensity (see also Neuville 
and Mysen, 1996 for application of the Long 

formalism). The baseline was determined from a 
spline fit made to the intensities of the corrected 
Raman spectra at about 200, 500, 1000 and 1500 
cm-1. The spectra were finally normalized to the 
total area below each spectrum recorded between 
200 and 1600 cm-1. 
To perform these experiments at high 
temperature, a small chunk of glass was placed 
in the 1-mm hole drilled in the heating Pt/Ir10-
wire of the microfurnace described by Richet et 
al. (1993), which can be used from ambient up to 
more than 2100 K. 
 
III. RESULTS AND DISCUSSION 
 
A few studies have aimed at interpreting the 
structural role of iron or at connecting redox 
equilibria and silicate glass structure (Fox et al, 
1982; Virgo and Mysen, 1985; Wang et al, 1995; 
Magnien et al., 2006). The presence of iron in 
two valence states within a glass affects its 
polymerization and structure in a way that 
depends on the relative abundances of Fe2+ and 
Fe3+ ions. A simple view assumes that Fe3+ in 4-
fold coordination occurs as a network former 
(IVFe3+), whereas Fe2+ occurs as a network 
modifier in octahedral coordination (VIFe2+). We 
will indeed assume that the changes observed in 
the Raman spectra of iron-rich glasses result 
from structural changes caused by either 
polymerization or depolymerization associated 
with oxidation or reduction of iron. As much 
information is gained from Si-O stretching 
modes whose frequencies lie between 800-1200 
cm-1 (Furukawa et al., 1981; Mysen et al., 1982a; 
Seifert et al., 1982; McMillan, 1984), we will 
pay particular attention to changes in this range. 
Although spectral changes upon addition of iron 
are also observed below 800 cm-1 and between 
1200 and 1600 cm-1, these will not be discussed 
here. A more extensive discussion of the effects 
of iron content and iron redox ratio on the 
complete Raman spectrum will be given in 
another paper (Cochain et al., to be submitted). 
 
1. Raman spectra and iron content 
In Fig. 2 we show the Raman spectra of the iron-
free and iron-bearing glasses, the latter having 
the same oxidation state with a Fe3+/Fetot ratio of 
0.85. Clearly, introduction of Fe affects 
markedly Raman spectra in the 800-1200 cm-1 
range. With increasing iron content a new band 
appears around 980 cm-1 and is similar to that 
observed for glasses of the system SiO2-CaO-
MgO-Na2O-FeO by Magnien et al (2006), who 
attributed it to stretching modes of IVFe3+-O 
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bonds. A shift of this band to lower frequency is 
also observed with increasing iron content and 
with depolymerization of the system (Cochain et 
al., to be submitted). 
 

 
Fig. 2. Normalized Raman spectra of oxidized sodium 

borosilicate glasses with the iron contents indicated and the 
same Fe3+/Fetot = 0.85. 

 
The shift of this band is determined by changes 
in bond force constants. Other things being 
equal, a shift toward lower frequencies is 
observed when higher-mass cations bond with 
oxygens. From the features seen in Fig. 2 we 
thus conclude that IVFe3+-O bonds coexist with 
Si-O bonds to form tetrahedral TO4 units, the 
shift to lower frequencies observed with 
increasing iron content being due to the higher 
mass of iron relative to silicon. 
 
2. Raman spectra and iron redox state 
In Fig. 3 are shown the corrected room-
temperature Raman spectra of NBFe5 
borosilicate glass in different redox states. 
Clearly changes in Raman spectra are again seen 
as the iron redox ratio varies.  
 

 Fig 3. Variation of the normalized Raman spectrum of 
glasses with the iron redox state. The numbers refer to the 

Fe3+/Fetot ratios 

An increase in intensity of the 980 cm-1 band 
with iron oxidation is apparent. These changes in 
the spectral envelope of the bands in the 800-
1200 cm-1 region with decreasing Fe3+/Fetot ratio 
thus enable Fe3+/Fetot ratios to be determined 
from Raman spectra. The only sample for which 
this trend is not observed is NBFe1 glass, whose 
“FeO” content of only 1 mol % is thus too low to 
make Raman spectroscopy a sensitive probe of 
its redox state. The same trend was observed 
with a band around 915 cm-1 for CaMgSi2O6 
based glasses by Magnien et al (2006; 2008). 
These differences in frequency depend on glass 
composition because Raman spectra are sensitive 
to redox variations and thus to the 
polymerization changes induced by redox 
variations.  
 
 
IV. DETERMINATION OF IRON REDOX 
STATE FROM RAMAN SPECTROSCOPY 
 
1.  Fits to the 800-1200 cm-1 region 
The aforementioned observations provide the 
basis for a calibration to be used in determination 
of the iron redox ratio of glasses from the 
relevant spectral changes in the 800-1200 cm-1 
region. In this range the Raman feature is 
relatively broad and is made up of several 
contributions associated with various Qn units, 
where Qn designates a SiO4 tetrahedron with n 
bridging oxygens. Because assigning bands to 
different Qn contributions was not the goal of 
this work, an empirical deconvolution procedure 
was applied to the 800-1200 cm-1 envelope to 
assess the evolution of the Raman spectra with 
the redox ratio. Through least-squares fits made 
using IGOR software from wavemetrics, we 
simply adjusted Gaussian bands to the 
normalized Raman intensities in the 800-1200 
cm-1 frequency range as described by Davidon 
(1966) and Mysen et al. (1982b). In the curve-
fitting procedure, all parameters (wavenumbers, 
widths and intensities) were independent and 
usually unconstrained variables. The number of 
bands was chosen such that further band addition 
did not result in improvement of the χ2 and 
fluctuations in the fit residual fit were small. The 
fit was carried out for each spectrum with five 
Gaussian bands, yielding relative uncertainties 
for the band area of maximum 0.03 %. Such a 
five-Gaussian fit of the 800-1200 cm-1 envelope 
is shown in Fig. 5 for the NBFe5 sample in 
predominantly oxidized and reduced states. For 
the other glasses investigated the frequencies and 
areas of the calculated bands are listed in Table 
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2. As previously asserted by Magnien et al 
(2006; 2008), the 980 cm-1 vibrational mode 
originates in an iron tetrahedral unit. Following 
Fukumi et al. (1990) and Neuville (2006), we 
assign the 1050 cm-1 band to vibrational modes 
of structural units associated with Fe2+. For a 
given sample, the frequencies and widths of 
various Gaussians do not change, but the 
intensities vary significantly with changing 
redox state.  
With increasing sample oxidation, the fits 
indicate a progressive intensity increase of the 
band associated with IVFe3+. Furthermore there is 
a decrease in intensity for the band assigned to 
vibrational modes of structural units bearing Fe2+ 
ions. This trend is clearly seen in Fig. 4 as a 
progressive intensity increase of the band at 980 
cm-1 and, correlatively, by an intensity decrease 
of the band around 1050 cm-1. The growth of the 
former band is due to an increase in the number 
of IVFe3+-O bonds with increasing oxidation. 
This band is thus an appropriate basis for 
determination of the iron redox state of glasses 
from Raman spectra. 
 
 

 

 
 

Fig. 4. Individual band components in the high-frequency 
part of the Raman spectrum of oxidized (a) and reduced (b) 

iron-bearing NB5 glass 
 

2. Calibration of redox ratios 
As expected, the relative area of the band 
associated with tetrahedral ferric iron is much 
smaller in the reduced sample than in the 
oxidized sample (Fig. 4). The same trend is 
observed for the NBFe10 glass. To evaluate the 
proportions of the various structural units, we 
assumed that they could be derived from the area 
ratios of their characteristic Raman bands  
(Mysen et al., 1982b). The implicit assumption 
made is that any special effect on Raman cross 
sections would then cancel out.  
For both NBFe5 and NBFe10 glasses (Fig. 5) a 
linear relationship is observed in this way 
between the redox state and the band area ratio 
AR = AFe/AT, where AFe denotes the area of 
the band associated with IVFe3+

 and AT the total 
area of the spectral feature in the 800-1200 cm-1 
region. It is worth mentioning that both 
calibration curves intercept the vertical axis at a 
negative value. Because the calibration is based 
on the area of the band associated with 
tetrahedrally coordinated ferric iron in the 800-
1200 cm-1 region, this negative intercept suggests 
that a very small part of ferric iron is in 
octahedral coordination in reduced samples 
(Mysen et al.,1987).  
 

 
Fig. 5. Linear relationships between iron redox ratios and 

relative areas of the high-frequency Raman band 
characteristic of Fe3+ in tetrahedral coordination 

 
Although the slopes of the area ratio-redox ratio 
relationships are similar for the two series 
NBFe5 and NBFe10 (Fig. 5), these relationships 
are distinct so that a specific calibration has to be 
made for each glass series to be investigated. In 
addition, we have already noted that iron must be 
present at sufficiently high contents for the 
Raman spectra to be sensitive indicators of redox 
state. When this condition is met, Raman 
spectroscopy represents a quick method to 
estimate the iron redox ratio of glasses and melts 
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provided that the redox ratio is known 
independently for two redox states, which are 
ideally referring to extreme reduction and 
oxidation. 
 
V. APPLICATION: KINETIC STUDY OF 
IRON REDOX REACTIONS 
 
Much work has been devoted to understanding 
the thermodynamics of redox equilibria. By 
contrast, the kinetics of iron redox reactions have 
been little investigated with the result that the 
mechanisms and rate-limiting parameters of 
these reactions are known poorly. It has long 
been assumed that redox reactions are rate 
limited by diffusion of oxygen either in the form 
of O2 or O2- (Schreiber et al., 1986). Below the 
liquidus, however, extensive work by Cooper 
and coworkers has shown that iron redox 
reactions in aluminosilicate supercooled liquids 
are rate limited instead by diffusion of divalent 
cations (Ca2+, Mg2+, Fe2+) from the redox front to 
the surface, electrical charge-balance being 
ensued by a counterflux of electron holes (e.g., 
Cook et al., 1990; Cooper et al, 1996).  
However, the manner in which the mechanisms 
of these reactions vary with both temperature and 
chemical composition remained to be 
determined. As described by Magnien et al. 
(2006, 2008), determinations of iron redox ratios 
by Raman spectroscopy have been most useful in 
this respect. The only limitation is that the 
technique has to be used at temperatures at 
which black-body radiation does not prevent 
Raman spectra from being recorded accurately 
and at which the kinetics of the reaction are not 
too fast relative to the time needed for spectral 
acquisition. When these conditions are satisfied, 
one can determine the time-dependence of the 
iron redox ratio by recording Raman spectra as a 
function of time at a given temperature. The 
results of such experiments performed at 900 K 
are shown in Figs 6 for the NBFe5 sample. 
Starting from an initially reduced state, the 
sample was progressively oxidized. The spectral 
changes observed are thus similar to those 
described in previous sections, namely, a 
progressive intensity increase of the band 
associated with to IVFe3+ in the 800-1200 cm-1 
range. From this evolution the iron redox ratio 
could be determined as a function of time (Fig. 
7) and a kinetic law derived for the oxidation 
reaction. With this method, work is in progress 
to determine the kinetics and predominant 
reaction mechanisms as a function of 

temperature for borosilicate glasses relevant to 
nuclear waste storage. 
 

 
Fig. 6: In situ Raman spectra of NBFe5 at 900 K at t = 0 s  

and 12,600 s. 
 
 

 
Fig. 7. Time dependence of the iron redox ratio for NBFe5 

supercooled liquid at 900 K as derived from Raman spectra.  
 
 

VI. CONCLUSION 
 
This contribution shows the possibility of using 
Raman spectroscopy to determine iron redox 
ratios in borosilicate glasses thanks to the 
important changes observed in the 800-1200 cm-

1 frequency range of the Raman spectrum when 
the iron redox state varies. After normalization 
and deconvolution of Raman spectra, band area 
ratios are used to quantify the evolution of 
Raman spectra with redox ratio determined by 
other techniques. For a given composition, the 
peak area of the band associated with IVFe3+ 
increases systematically with iron content and 
sample oxidation. From this procedure 
calibration curves must be established for a given 
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composition. Also, Raman spectroscopy appears 
sensitive to a minimum iron content. 
Calibrations presented here are specific to the 
experimental procedures explained in this paper. 
Using calibration curves can be a good tool to 
investigate in situ kinetics studies of redox 
reactions. 
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