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A series of sodium borosilicate glasses were synthesized with KReO4 or Re2O7, to 10,000 ppm (1 mass%) target Re, to

assess effects of large concentrations of rhenium on glass structure and fto estimate solubility of 99Tc, a radioactive component
in low active waste nuclear glasses. Rhenium was used as a surrogate for 99Tc for laboratory testing, due to similarities in
chemistry, ionic size, and redox. Magic angle spinning nuclear magnetic resonance, Fourier transform infrared spectroscopy,

and Raman spectroscopy were performed to characterize the glasses. Si was coordinated in Q2 and Q3 units, Al was four-coor-
dinated, and B was mostly three-coordinated. The rhenium additions did not have significant effects on the glass structure up
to approximately 3000 ppm Re by mass, the maximum concentration that remained dissolved in glass. Rhenium likely exists

in isolated ReO�
4 anions in the interstices of the glass network, as evidenced by polarized Raman spectrum of the Re glass in

the absence of sulfate. Analogous to SO2�
4 in similar glasses, ReO�

4 is a network modifier and above solubility forms alkali
salt phases on the surface and in the bulk. Comparisons of phase separation and crystallization in MoO2�

4 containing borosili-
cate glasses can also be made to ReO�

4 containing glasses.

Introduction

Roughly 200,000 m3 of high-level waste is cur-
rently stored in 177 underground tanks at the Hanford

site near Richland, Washington. This waste was gener-
ated by the reprocessing of roughly 100,000 t of spent
uranium fuel to recover materials for defense purposes.
The initial part of reprocessing comprised of chemical
decladding of the fuel (primarily aluminum clad fuel
was processed, but also some zirconium clad and steel
clad fuels) using three primary processes: (i) bismuth
phosphate carrier precipitation, (ii) REDOX solvent
extraction, and (iii) PUREX solvent extraction. In each
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case, the fuels were chemically declad leading to the
generation of radioactive wastes. Further, the generated
wastes were primarily neutralized with NaOH and
stored in carbon steel tanks. Once in the tanks, some
wastes were further processed to remove water,
uranium, cesium, and strontium. The combination of
these processes generated a highly complex waste stream
that is not found anywhere else in the world.

The cornerstone of Hanford tank waste manage-
ment strategy is the Hanford tank waste treatment and
immobilization plant (WTP), which is currently under
construction and is expected to begin operation within
this decade. The WTP will receive the waste from tanks
and separate it into high-level waste (HLW) and low-
activity waste (LAW) fractions by the following series
of processes: (i) the HLW solids will be filtered and
washed to remove excess supernatant, (ii) aluminum
and chromium will be removed by caustic and oxida-
tive leaching (respectively), (iii) the cesium will be
removed from the liquid fraction by ion exchange, and
finally (iv) excess water will be removed from the LAW
fraction by evaporation. The resulting LAW fraction
that contains <5% of the activity and >90% of the
mass and volume will be treated separately from the
HLW fraction. The currently designed WTP will vitrify
all the HLW and roughly 30% of the LAW fractions
of the tank waste. The additional 70% of the LAW will
be treated by a yet-to-be-determined process for onsite
waste disposal.

Technetium and Rhenium

Technetium (from Greek τevmιjός, meaning arti-
ficial) is a fission product of uranium1 and therefore is
present in nuclear waste including Hanford tank waste.
Technetium is known to be predominantly in the per-
technetate form in most of the Hanford tank waste and
is expected to partition to the LAW fraction when pro-
cessed through WTP as described above. 99Tc is a
radioactive isotope of particular concern due to its very
high mobility in ground water (as pertechnetate ion,
TcO�

4 ) and long half-life (2.1 9 105 years). The pri-
mary concern in processing the waste containing 99Tc
is its volatility and hence low retention in a glass waste
form processed by melting.2 Volatility is not problem-
atic in evaporation and drying processes but does
creates trouble in high temperature molten glass pro-
cessing from either liquid or dried feed.2 Other sources
of 99Tc loss could include entrainment with volatilized

solvent, formation of aerosols, dust particles in scrubber
systems, and other similar sources, which can be par-
tially mitigated by engineering systems and recycling.3

Some recent work has looked at the relative importance
of volatility with and without the cold cap.4 Partition-
ing to the molten salt phase has also been suggested as
a mechanism for low retention of Re (99Tc) in glass.5

Volatilization can occur from the salt layer more readily
than from the glass, especially if sulfate is present.6

Rhenium has been used as a surrogate material for
99Tc for laboratory testing, as its chemistry, ionic size,
and other chemical aspects are very similar, more so
than other candidates such as Mn, W, or Ru.3 Rhe-
nium commonly occurs in the 7+ oxidation state as
Re2O7 or ReO�

4 (perrhenate ion), but also in the 4+
state in ReO2 and the 6+ state in ReO3 (unlike
99Tc).3,7,8 Studies of Re diffusion heated in air (oxidiz-
ing conditions) have shown that Re7+ in a glass melt is
reduced to Re6+ near the surface of the melt to oxidize
Fe2+ to Fe3+ in a coupled redox reaction, with Re6+

species diffusing faster than Re7+ species.7 In hydrother-
mal fluids, Re is predicted to be present with Cl in a
Re4+ oxidation state.7 In silicate melts of the diopside-
anorthite eutectic (Si–Al–Ca–Mg–O), Re is present as
Re6+ and Re4+ with no evidence for Re7+ even at high
oxygen fugacities (fO2).

9 Rhenium compounds should
be similar to those expected for technetium in LAW
simulants (KReO4), and in liquid (CsReO4, NaReO4,
and KReO4) and vapor (Re2O7 and ReO3(OH)) phases
during vitrification.3

Some significant differences in behavior between
Re and 99Tc in glass are important to consider. A key
difference between 99Tc and Re is that Tc7+ is more
easily reduced to Tc4+ than is Re7+ to Re4+.3,10 In
experiments with glasses of varying redox conditions
comparing 99Tc to Re, only Re0 and Re7+ but no Re4+

or Re6+ were observed, even though in comparable
99Tc glasses Tc0, Tc4+, and Tc7+ were observed.11

Thus, it has been suggested that, at least in borosilicate
LAW glasses, Re may not be a representative substitute
for 99Tc under reducing conditions.11 Additionally, in
vapor hydration tests (VHTs12), 99Tc was always
reduced to Tc4+ regardless of the starting distributions
of 99Tc valence, whereas Re7+ species were always dom-
inant in the comparable Re glasses.10,13 While 99Tc is
enriched at the outer corroded gel layer of amorphous
silicate and almost absent at the center, Re concentra-
tions are low near the surface of comparable samples
and approach that of unreacted glass near the center.
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This result highlights the different mobility of Re and
99Tc in hydrothermal environments. However, it
should be noted that the corrosion mechanism in VHT
tests is not representative of that expected for waste
glass in a disposal environment, particularly with regard
to temperature.14 Additionally, a series of recent melter
tests suggest that the retention of Re is approximately
8% higher than 99Tc for similar glasses.4

Recently, the authors have reported that the solu-
bility of Re as Re7+ in sodium borosilicate glass is
approximately 3000 parts per million (ppm) by
mass.15,16 Additionally, it was shown that above this
limit, rhenium forms surface salt phases and alkali
perrhenate crystals in the glass.16 The current paper
focuses on the characterization of the glass structure of
rhenium-containing sodium borosilicate glasses using
magic angle spinning nuclear magnetic resonance
(MAS-NMR), Fourier transform infrared (FTIR) spec-
troscopy, and Raman spectroscopy.

Glass Selection

Composition of the AN-105 waste simulant
(expressed in oxides and halides, shown in Table I) was
used for designing the glass for this study.17 This waste
simulant was chosen for its low concentration of SO3.
Sulfate was previously identified as an important con-
sideration for 99Tc retention during the feed melt pro-
cess, since pertechnetates (and perrhenates) will
partition to the low-melting salt phases, which may
interfere with Re/99Tc solubility tests. The study glass
was initially designed following the current LAW glass
formulation rules established for the Hanford waste
treatment & immobilization plant (WTP).18 This glass
is similar to the LAWE4H glass used as a baseline case
for 99Tc retention studies, which was also formulated
based on an old AN-105 waste simulant (previous esti-
mate of AN-105 LAW composition).4 The as-formu-
lated glass was modified by removing Cl and F to
reduce complications with the formation of volatile
99Tc/Re halides as it is known that halides of pertechn-
etate (e.g., TcO3Cl, TcO3F) are highly volatile.3,19 The
final Re study glass composition along with the compo-
sitions of as-formulated and LAWE4H glasses are
shown in Table I. It should be noted that a small
amount of K2O is already present in this formulation
while an additional amount of potassium is incorpo-
rated in glasses where KReO4 is used as a rhenium
precursor.

Experimental

Glass Synthesis

Rhenium-containing glasses were heated in vac-
uum-sealed (approximately 10�4 Pa, approximately
10�6 Torr) fused quartz ampoules so that any Re spe-
cies in the gaseous phase would still remain in contact
with the glass melt surface. This special configuration
was designed to determine the solubility of rhenium in
this glass, as discussed elsewhere.15,16 This glass-making
process is uncommon for oxide glass synthesis, but has
been used for synthesis of iodine-containing glass,20,21

and is routinely used for processing nonoxide glasses.
The “baseline” sodium borosilicate LAW glass

composition was shown in Table I. This glass was
synthesized by melt quenching from oxides (MgO,
Al2O3, SiO2, Cr2O3, ZrO2, TiO2, ZnO, Fe2O3),
carbonates (CaCO3, Na2CO3, K2CO3), H3BO3, and
Na2SO4. The glass batch was homogenized, melted in
a platinum alloy crucible at 1200°C for 1 h, and
quenched on a steel plate. This glass was then crushed
inside a tungsten carbide mill within a vibratory mixer
to yield a fine glass powder “frit.”

Target concentrations of Re added to the baseline
glass were 0, 100, 1000, 2500, 4000, 6407, 6415, and
10,000 ppm, defined as parts per million, by mass, of
Re atoms in the glass. The rhenium source was KReO4

(Alfa Aesar, 99% metal basis, Re 64 mass%). In one
experiment, Re2O7 (NOAH Tech., 99.99%, �4 mesh)
was used as an alternative Re source to assess the influ-
ence of different Re precursors (with the same
oxidation state) on the Re solubility in glass under a
controlled environment. Fractions of the other compo-
nents in the glasses with Re additions were kept in con-
stant ratios with those in the baseline glass,
renormalized to the remaining mass fraction after
accounting for the Re source chemical.

Two additional glasses were prepared without
sulfur, one with and one without rhenium. The
composition was chosen such that the relative molar
amounts of all the components were the same as the
baseline glass minus the SO3, and the composition was
renormalized. To this “sulfate-free baseline” glass was
added 6415 ppm Re (by mass) as KReO4.

Each batch of glass powder (frit + Re source) was
placed into a fused quartz tube, and a fused quartz end
cap was inserted into the tube.16 The tube was then
evacuated to approximately 10�4 Pa and sealed with an
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oxygen–propane torch. This vacuum-sealed ampoule
was inserted in the furnace preheated to 700°C. Subse-
quently, the temperature increased from 700°C to
1000°C at 5°C/min, followed by a dwell of 2 h at
1000°C to ensure the homogenization of the glass. At
the end of the heating time, the ampoule containing
the glass melt was quenched in air within a stainless
steel canister. Further details on the processing can be
found elsewhere.15

Magic Angle Spinning Nuclear Magnetic Resonance
Spectroscopy

Magic angle spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy was performed on a subset
of the glasses to investigate the Si, Al, and B structure
of the glasses. The 29Si MAS-NMR spectra were
recorded on a Bruker ASX 400 spectrometer operating

at 79.52 MHz (9.4 T) with a 7-mm probe at a spin-
ning rate of 5 kHz. The pulse length was 2 ls with a
60 s delay time, and kaolinite was used as the chemical
shift reference. The 27Al MAS-NMR spectra were
recorded at 104.28 MHz (9.4 T) with a 4-mm probe
at a spinning rate of 15 kHz. The pulse length was
0.6 ls with a 4 s delay time, and Al(NO3)3 was used
as the chemical shift reference. The 11B MAS-NMR
spectra were recorded at 128.36 MHz (9.4 T) with a
4-mm probe at a spinning rate of 12 kHz. The pulse
length was 3.6 ls with a 2 s delay time, and H3BO3

was used as the chemical shift reference.

Fourier Transform Infrared Spectroscopy

Infrared spectra of the glasses were obtained using
a Fourier transform infrared (FTIR) spectrometer
(Mattson Galaxy S-7000, Madison, Wl). For this

Table I. Glass Composition (in Mass%) for Initial Re Study

Oxide AN-105 LAW (%) WTP rules, formulated glass (%) Re study glass (%) LAWE4H glass (%)

Al2O3 17.99 6.10 6.10 5.97
B2O3 0.08 10.00 10.00 9.79
CaO 0.00 2.07 2.07 2.46
Cl 2.18 0.593* 0.00 0.20
Cr2O3 0.07 0.02 0.02 0.08
F 0.01 0.003* 0.00 0.08
Fe2O3 0.00 5.50 5.50 5.38
K2O 1.73 0.47 0.47 0.54
MgO 0.00 1.48 1.48 1.45
Na2O 77.25 21.00 21.00 21.27
NiO 0.00 0.00 0.00 0.01
P2O5 0.00 0.00 0.00 0.12
PbO 0.00 0.00 0.00 0.01
SiO2 0.10 44.71 45.30 44.49
SO3 0.59 0.16 0.16 0.41
TiO2 0.00 1.40 1.40 1.37
ZnO 0.00 3.50 3.50 3.43
ZrO2 0.00 3.00 3.00 2.94
SUM 100.00 100.00 100.00 100.00

WL = 27.2%† WL = 27.7%†

AN-105 LAW: simulated low-sulfur low-activity waste (LAW) used in recent glass formulation studies for the Office of River Protection (ORP),17

which is one of the initial LAW streams to be processed at WTP.
WTP rules, formulated glass: formulated following the current WTP glass formulation rules.
Re study glass: Cl and F (total 0.596 mass%) were deleted and replaced by SiO2.
LAWE4H glass: Vitreous State Laboratory glass comparable to Re study glass but formulated with previous assessment of AN-105, thus composi-
tion differences in NiO, PbO, P2O5, and SO3. This glass included for comparison because Tc retention tests have been performed on it.4

*Deleted components from WTP formulation, sum = 0.596%.
†Waste loading (WL) in mass%, based on AN-105 LAW.

4 International Journal of Applied Glass Science—Goel et al.



purpose, glass powders were mixed with KBr in the
proportion of 1/150 (by mass) and pressed into a pellet
using a hand press. For both the background and sam-
ple collection, 64 scans were co-added with a signal
gain of 1 at a 4 cm�1 resolution.

Raman Spectroscopy

Raman spectra were acquired from bulk glass sam-
ples in a backscattering configuration with a Spex (Edi-
son, NJ) Model 1877 Raman spectrometer equipped
with Princeton Instruments (Trenton, NJ) liquid-nitro-
gen-cooled charge-coupled device detector. The 488.0-nm
line of a Coherent (Santa Clara, CA) Innova 307 Ar+

ion laser was used for excitation. The slit width was
400 lm and the exposure time was 15 s for most sam-
ples (100 s for the samples without sulfate). Spectral
acquisition and data analysis were performed using
Princeton Instruments Winspec software and Thermo
Fisher Scientific (West Palm Beach, FL) Grams/32AI
software, respectively. The estimated uncertainty of the
peak frequencies is ± 1 cm�1.

On a limited number of glasses, the plane-polarized
(HH or VV) and cross-polarized (HV or VH) Raman
spectra were obtained in the 300–1500 cm�1 range,
where HH indicates that the scattered light was analyzed
for an electric vector parallel to that of the incident radi-
ation (i.e., horizontal transmitting, horizontal receiving)
and HV indicates that the analysis of the scattered elec-
tric vector was perpendicular to that of the incident laser
beam (i.e., horizontal transmitting, vertical receiving).
Whether the plane polarized was measured as HH or
VV, or the cross-polarized was measured as HV or VH,
did not significantly affect the results, so these are
denoted as “plane,” “cross,” or “unpolarized.”

Results and Discussion

Visual Observations

The following is a brief account of visual observa-
tions of the various experiments during quenching, not-
ing particular evidence of volatility, molten salt phases,
or other relevant details.

0 ppm Re: During melting and cooling, the surface
of the glass and the ampoule stayed clear of any sec-
ondary phases. A dimple, approximately 1 cm deep
formed in the center of the glass as it solidified. As the
glass cooled the ampoule and glass cracked, and later

the glass shattered into many small pieces most likely
due to stresses from thermal expansion mismatch.
100–4000 ppm Re: The surface of the glass and
ampoule stayed clear of any secondary phases. The
dimple formed during solidification. Small bubbles
formed around the glass surface and the ampoule
(like a ring). The ampoule cracked but the glass
remained intact.
6400–10,000 ppm Re: As the glass cooled, a sepa-
rate liquid phase was observed with very low viscos-
ity (<0.1 Pa s) moving on melt surface. This liquid
remained on the surface long after the glass became
solid but eventually solidified to a white phase. The
ampoule did not break, and the glass sample
remained as single cylindrical piece with a dimple in
the middle of the top surface.

Magic Angle Spinning Nuclear Magnetic Resonance
Spectroscopy

Figure 1 presents the MAS-NMR spectra of the
investigated glasses for 29Si (Fig. 1a), 11B (Fig. 1b),
and 27Al (Fig. 1c) nuclei. The broad 29Si spectra of all
the glasses imply a wide distribution of Qn units or the
degree of polymerization in the glass structure, where Q
denotes the central Si atom and n denotes the number
of bridging oxygens around that Si. The 27Al NMR
spectra of the glasses manifest signal broadening from
paramagnetic-driven relaxation processes and depict the
dominance of tetrahedrally coordinated aluminum with
its maxima at approximately 56 ppm. We could not
confirm the presence of [5]Al and [6]Al species in these
glasses with maxima at approximately 30 ppm and
0 ppm, respectively. (Note that the numbers in brack-
ets before the element denote the coordination number
of that species, for example, [5]Al denotes 5-coordinated
Al.) In particular, the presence of [5]Al species cannot
be neglected in these glasses as this species has been
reported to exist in a variety of alkali/alkaline earth alu-
minosilicate glasses.22 In general, in the presence of
high-field strength network modifiers (typically,
trivalent ions), significant amounts of AlO5 and AlO6

polyhedra may be present in the network, even if
charge balancing of all the tetrahedral units is formally
possible.23 Similar complications of coexisting [4]Al,
[5]Al, and [6]Al coordination exist for (Al-B)- or (Al-P)-
containing glasses,24,25 unless Si is present and consti-
tutes the dominating network former (as for the glasses
analyzed herein). The [4]Al resonance in all the glasses
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has typical asymmetric forms with tails extending
toward lower frequency resulting from the distributions
in quadrupolar coupling constants.

With respect to silicon coordination in glasses, the
predominant feature that determines a first approxima-
tion of the isotropic 29Si chemical shifts is the number
of Si and Al atoms attached to the SiO4 unit being

considered in solid aluminosilicates with increasing
polymerization of Qn building units, that is, shielding
of the central Si atom increases in the sequence
Q0 < Q1 < Q2 < Q3 < Q4

.
26 According to Murdoch

et al.,27 an increase in the number of Al next-nearest
neighbors de-shields the Si nucleus, on average, by
5.5 ppm/Al neighbor. Also, the presence of several dis-
tinct modifier ions and, particularly, additional network
formers results in featureless 29Si MAS-NMR spectra,
due to the dependence of the 29Si chemical shift on the
precise nature and spatial position of other cations and
neighboring oxygen species.23

A more fundamental problem, however, is the
presence of oxides of paramagnetic ions (Fe3+, Cr3+) in
the studied glasses. Concentrations of paramagnetic
ions in excess of approximately 0.5 mass% are suffi-
cient to produce noticeably broadened NMR signals.28

Each one of these hurdles severely precludes the quanti-
tative determination of speciation of network formers
in these multicomponent nuclear waste glasses. The
29Si peak position for the investigated glasses lies at
approximately �88 ppm. A peak position in this range
may represent highly polymerized species with many Al
neighbors or less polymerized units with low or no Al
neighbors. In the present scenario, the latter option
with less polymerized silicate units (a mixture of
Q2 + Q3 units) and low or no Al neighbors seems to
be more feasible because of high alkali and alkaline
earth content in glasses in comparison with Al2O3. As
mentioned above, the field strength of the modifier
cation plays a key role in deciding the aluminosilicate
glass structure as the extent of deviation from Al
avoidance, and thus, configurational entropy, increases
with increasing cation field strength.29

The 11B NMR spectra of the various samples reveal
two distinct NMR resonances. First is a primary broad
peak at �19 ppm, which is typical for less symmetric
planar [3]B coordinations, and second is a significantly
broader shoulder at �7 ppm, assigned to [4]B coordina-
tion. It should be noted that the effect on the 29Si chem-
ical shift from boron substitutions is not well established
and generally depends on boron coordination.30 With
this in mind, [3]B are reported to produce insignificant
29Si NMR peak displacements, whereas the formation of
Si–O–[4]B motifs is predicted to give similar, albeit smal-
ler, changes in the 29Si chemical shift as those to [4]Al
(due to the higher electronegativity of B compared with
Al). High-field 11B NMR studies are required to determine
the quantitative values of [3]B/[4]B. Overall, the MAS-
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Fig. 1. Magic angle spinning nuclear magnetic resonance curves
for Si, B, and Al.
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NMR data suggest that all the glasses have Si, Al, and
some B in tetrahedral coordination, along with the
majority of B in trigonal coordination. No trends could
be assessed with additions of Re up to 6415 ppm.

Fourier Transform Infrared Spectroscopy

The room-temperature FTIR transmittance spectra
of the investigated glasses exhibited four broad trans-
mittance bands in the region 300–1500 cm�1 (Fig. 2).
This lack of sharp features is indicative of the general
disorder in the silicate network mainly due to a wide
distribution of Qn units occurring in these glasses. The
most intense transmittance bands lie in the 800–
1300 cm�1 region, the next one between 300–
600 cm�1 and 1300–1500 cm�1 regions, while the
least intensive lies in the 650–800 cm�1 region.

The broad band in the 800–1300 cm�1 region is
assigned to the stretching vibrations of the SiO4 tetra-
hedron with different numbers of bridging oxygen
atoms. In the present case, this band is centered at
approximately 985 cm�1 suggesting a mixture of Q2

(Si) and Q3 (Si) units in the silicate glass network. Fur-
ther, the bands in the 300–600 cm�1 region are due to
bending vibrations of the Si–O–Si and Si–O–Al link-
ages while the bands in the 650–800 cm�1 region are
related to the stretching vibrations of the Al–O bonds
for the [4]Al species. Also, the bands at approximately
1420 cm�1 correspond to the predominant presence of
boron in trigonal coordination in glasses. As the band
for boron in tetragonal coordination is overlapped by
the broad silicate band in the 800–1300 cm�1 region,
the presence of boron in tetragonal coordination cannot
be neglected. In summary, any structural changes
induced by rhenium incorporation in these glasses
could not be ascertained by FTIR.

Raman Spectroscopy

Raman spectra of the white salts on the surface of
cooled glasses with 6407 ppm (Re2O7) and
10,000 ppm rhenium concentrations exhibited sharp
and intense bands at approximately 330 cm�1 approxi-
mately 370 cm�1, 880–890 cm�1, 920–925 cm�1, and
955–960 cm�1 (as shown in Fig. 3) confirming the
presence of crystalline NaReO4. These phases were also
confirmed with X-ray diffraction.15,16 These Raman
bands are typical for different vibrational modes of Re
in tetrahedral site symmetry of scheelite (CaWO4) crys-

tal structure.31,32 The band at approximately 960 cm�1

corresponds to a totally symmetric stretch, a pure bend-
ing mode at approximately 330 cm�1, an asymmetric
stretch at approximately 920 cm�1, and a combined
bending and stretching mode at approximately
370 cm�1. The band at approximately 885–890 cm�1

represents the internal mode for Re in tetragonal coor-
dination. The remaining characteristic peaks for Na-
ReO4 were not observed due to the spectral range of
the instrument, are usually centered at approximately
149 cm�1 and 181 cm�1, and correspond to a rota-
tional and translational lattice mode, respectively.33

All of the glass spectra exhibited broad bands in
the region of 300–1500 cm�1 typical for borosilicate
glasses (Fig. 3). No sharp or intense band could be
observed in any of the investigated glasses, thus depict-
ing the absence of crystallinity. This observation is in
contradiction with XRD results of the 10,000 ppm Re
glass, reported previously,15,16 which showed some
weak peaks in the glass due to alkali perrhenate phases.
This discrepancy may be attributed to the heteroge-
neous distribution and low content of crystalline inclu-
sions in the glass matrix as evidenced by laser-ablation
inductively coupled plasma-mass spectrometry and elec-

Re2O7
720

KReO4

KReO4

KReO4

Baseline

460

985

14206407 ppm

6415 ppm

1000 ppm

100 ppm

0 ppm

Wavenumber (cm-1)
300                 600                  900               1200               1500

Fig. 2. Fourier transform infrared transmittance spectra of
selected glasses.
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tron microprobe.16 Furthermore, in addition to the
typical bands for a borosilicate glass composition, a
narrow but intense band was observed in all the glasses
at approximately 980 cm�1 (Fig. 3) denoting the pres-
ence of sulfur in these glasses.

The broad band in the 800–1200 cm�1 region is
assigned to the stretching vibrations of the SiO4 tetra-
hedron with different numbers of bridging oxygen
atoms. In the preliminary assessment of these glasses
with FTIR spectroscopy, the absorption band is cen-
tered at approximately 985 cm�1 suggesting a mixture
of Q2 and Q3 units in the silicate glass network. Again,
no trends in structural changes of the glass network
induced by rhenium incorporation could be assessed
with Raman spectroscopy.

The Raman spectra of sulfur containing (Na, Ca)-
silicate and borosilicate glasses have a narrow peak near
990 cm�1 that is similar in frequency and relative
intensity to the symmetric S–O stretch mode of the tet-
rahedral SO2�

4 (sulfate) ions found in aqueous solution,
as well as in sodium and calcium sulfate crystals.34 This
primary sulfate Raman peak intensity in glass spectra
has been shown to vary almost linearly with respect to
sulfur content in glass.35,36 An additional sulfate peak
near 630 cm�1, analogous to that observed for crystal-
line sulfates, is found in the spectra of glasses with
higher sulfur concentrations.37 Additional peaks in the
glasses from the current study were not observed proba-
bly due to low sulfur content.

The possibility that sulfide species are present in
the investigated glasses is low due to the high f O2 in
the quartz ampoule during glass melting (due to reduc-
tion of Fe2O3 to FeO) but still its presence cannot be
neglected.36 Therefore, to detect the presence of any

other sulfur-containing species in the glasses, polarized
Raman spectra were acquired on the glass with Re con-
centration 6407 ppm (Re2O7 source) as presented in
Fig. 4a. The polarized Raman measurements demon-
strate that the 972 cm�1 band in the spectrum of
glasses arises from a totally symmetric vibration, that is,
symmetric stretch of SO2�

4 . As totally symmetric vibra-
tions are strongly polarized, these bands show a marked
decrease in the intensity for cross-polarized versus
plane-polarized conditions. No other sulfur-containing
species could be detected through Raman spectroscopy.

It has been shown by McKeown et al.38 that Raman
spectroscopy of borosilicate glasses can clearly exhibit spe-
cific modes of Tc7+ in fourfold coordination down to
concentrations of 50 ppm, but that it is completely
insensitive to Tc4+ present as [6]Tc. However, due to the
sulfate band at 980–990 cm�1 in the present samples,
the weak Raman band for Re7+ was not seen, as it should
be about the same wavenumber as sulfate (D. A. McKe-
own, personal communication). The 99Tc band, on the
other hand, is sufficiently lower in frequency, at
915 cm�1,38 so as to make it likely visible in the presence
of sulfate.

To test this assumption, four glasses were compared
with polarized Raman: glasses containing (i) S and Re,
(ii) S without Re, (iii) Re without S, and (iv) no S or Re.
The results indicate that there is an additional polarized
band due to ReO�

4 approximately 970 cm�1 that is
present in the Re-containing, no-sulfate glass (Fig. 4c),
which is not present in the glass with no Re and no S
(Fig. 4d). The fact that the perrhenate mode is very near
the frequency of the sulfate mode (shown for glasses con-
taining sulfate but no Re in Fig. 4b) illustrates a diffi-
culty in using this band to determine the rhenium
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concentration in the presence of sulfate. This mode,
whether sulfate or perrhenate, is not Raman active in the
cross-polarized case, suggesting a totally symmetric
vibration for perrhenate as well as for sulfate.

X-ray Absorption Near Edge Spectroscopy
(XANES) of these samples indicates that in all cases the
Re is present Re7+ (presented in our earlier work).15,16

At concentrations up to the solubility approximately
3000 ppm by mass, Re does not appear to affect the
overall glass network, as evidenced by negligible differ-
ences in the glass Raman spectra, NMR, and FTIR as Re
content was increased. Based on the vibrational modes
of Re species as determined from Raman spectroscopy,
Re is posited to exist in the network as isolated ReO�

4

anions. Additional support for this is provided by the
fact that the fundamental Raman vibration for tetrahe-
dral ReO4 in the glass (990 cm�1, from the current
work) is in the same range as ReO�

4 ions in sodalite crys-
tals (975 cm�1)31 in water (971 cm�1)39 and in crystal-
line NaReO4 (955 cm�1, from the current work).

Comparison of Perrhenate, Sulfate, and Molybdate
in Borosilicate Glass

There are several notable similarities between
the behavior of sulfate and perrhenate in sodium

borosilicate glasses. In analogy to SO2�
4 , ReO�

4 should
act as a network modifier in the glass, but the soluble
concentration of ReO�

4 in these glasses is insufficient to
detect changes in the glass structure in the presence of
a much higher concentration of glass modifiers (i.e.,
alkali). In Mishra et al.,40 1 mol% SO2�

4 corresponded
to approximately 15°C decrease in the glass transition
temperature, but at 2 mol% SO2�

4 , structural change
was only barely detectable by Si and B NMR. As the
solubility of ReO�

4 in the sodium borosilicate LAW
glass is approximately 0.1 mol% ReO�

4 , it is unlikely
to show measurable effects on glass structure as seen by
NMR or Raman spectroscopy. XANES of sulfate-con-
taining glasses indicates that SO2�

4 is present as a free
ion as well and not bonded to the silicate network.41

Also, the behavior of sulfate above solubility is similar
to perrhenate. At high concentrations of SO2�

4 , alkali
(Na2SO4) or alkaline earth (BaSO4) sulfate salts will
form as inclusions in the glass or at salt layers,40 analo-
gous to the formation of (Na, K)ReO4 salts in the rhe-
nium-containing glasses.

There are also similarities between the behavior of
perrhenate and molybdate in borosilicate glass. In
French (SON68) and UK nuclear waste glasses, which
contain significant fractions of molybdenum, a salt
phase can form as well. This water-soluble phase can

N
or

m
al

iz
ed

 in
te

ns
ity

140012001000800600

Raman shift (cm
-1

)

unpolarized

cross

plane

with S, no Re

N
or

m
al

iz
ed

 in
te

ns
ity

140012001000800600

Raman shift (cm
-1

)

unpolarized

cross

plane

no S, with Re

N
or

m
al

iz
ed

 in
te

ns
ity

140012001000800600

Raman shift (cm
-1

)

unpolarized

cross

plane

no S, no Re

N
or

m
al

iz
ed

 in
te

ns
ity

140012001000800600

Raman shift (cm
-1

)

unpolarized

cross

plane

with S, with Re )b()a(

)d()c(
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contain radionuclides such as 137Cs/135Cs and 90Sr,
which can be partitioned to the molten molybdate/
chromate/sulfate/chloride salt (“yellow phase”).40,42–44

Extended X-ray absorption fine structure spectroscopy
(EXAFS) has suggested that Mo in borosilicate glass
forms MoO2�

4 tetrahedra that are unconnected with the
borosilicate network but rather associated with alkali
and alkaline earth regions.45 Others have suggested that
MoO3, at least at increasing concentrations, acts as a
“reticulating agent” for the silicate network where Q4

units are increased, and the molybdate exists in a “de-
polymerized region” rich in alkali and alkaline earth
ions and nonbridging oxygens.46,47 However, this situa-
tion is related in a complex way to the [3]B/[4]B ratio
through the distribution of Na as a charge compensa-
tor.46 Similarly to the cases of sulfate and perrhenate,
molybdate in glass eventually forms precipitates of
Na2MoO4 or other alkali molybdates or CaMoO4.
Molybdenum is known as a nucleating agent or crystal-
lization catalyst for glass–ceramics, and its nucleating
role is believed to be due to its location in the glass
surrounded by alkali and alkaline earths and discon-
nected from the network.45

It is not immediately clear from the current data
on ReO�

4 in glass whether ReO�
4 is present as isolated

tetrahedra in the glass, surrounded by alkali and alka-
line earths, or as bands of tetrahedra in an overall
depolymerized region. From the molybdate data, it
appears that these two possibilities may be concentra-
tion and also glass composition dependent. In either
case, the result is the same, in that the metal-oxygen
tetrahedra come in close proximity with alkali or alka-
line earth ions, are weakly associated with the glass
network, and thus tend to phase separate and crystal-
lize. Future work should involve comparing solubility
and structural incorporation of TcO�

4 , ReO�
4 , SO2�

4 ,
MoO2�

4 , and CrO�
4 in borosilicate glass, since these

likely all tend to associate into a low-melting, water-sol-
uble salt phase and concentrate radioactive components
such as 99Tc, 137Cs/135Cs, and halides.

Conclusions

Magic angle spinning nuclear magnetic resonance
(MAS-NMR), Fourier transform infrared (FTIR) spec-
troscopy, and Raman spectroscopy were conducted to
characterize glasses as a function of Re source additions.
In general, these techniques showed a glass composed

of primarily Q2 and Q3 structural units, with Si, Al, or
B tetrahedra, due to the large sodium content causing
nonbridging oxygens. Aluminum was found to be four-
coordinated, and boron was largely three-coordinated
with some four-coordinated. Rhenium source additions
did not appear to have clear effects on the glass struc-
ture as evidenced by MAS-NMR, FTIR, and Raman
spectroscopy, and there was no discernible difference in
effects between KReO4 and Re2O7 glasses with the
same fraction of Re. Thus, at the concentrations that
remain in glass, approximately 3000 ppm Re by mass
maximum, the Re does not have a strong effect on the
glass structure. Rhenium likely exists in isolated ReO�

4

anions in the interstices of the glass network, as evi-
denced by the polarized Raman spectrum of the Re
glass without sulfate. Many analogies can be drawn
between perrhenate and sulfate behavior in sodium
borosilicate glasses. Technetium analogues (TcO�

4 ) in
glass, where 99Tc is Tc7+, should be expected to behave
similarly to ReO�

4 and SO2�
4 .
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