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ABSTRACT Radioactive alkali fluoride salts are generated
during the operation of molten salt reactors (MSRs) and re-
processing of their spent fuel, and appear in the form of fluid-
ity granule, or powder. In order to prevent the radionuclides
from being released into the environment (especially, via ex-
posure to water), it is necessary to develop a new technology
for the temporary storage or final disposal of wastes contain-
ing radioactive fluorides. The immobilization of alkali fluo-
ride wastes in phosphate glasses has been proposed. In this
study, iron phosphate (IP) glasses and sodium aluminophos-
phate (NaAIP) glasses were evaluated for the immobilization
of simulated radioactive fluoride wastes. IP and NaAIP glass
matrixes were mixed with simulated wastes and reacted in
air at temperatures in the range of 950-1200°C. A high waste
loading was obtained in the experiment. The properties of the
waste forms were characterized by X-ray diffraction and Ra-
man spectroscopy. The latter indicated that IP glass contains
less Q? without Q* (2 and 3 represent the number of bridg-
ing oxygens on a POy tetrahedron), and it is concluded that
IP glass is more stable than NaAIP glass. Leaching tests were
performed in deionized water by using the product consis-
tency test A (PCT-A method), and the result shows that the
leaching resistance of IP waste forms is better than that of
NaAIP waste forms. This study demonstrates the potential of
IP glass for the stabilization and immobilization of radioac-
tive fluoride wastes from MSRs.

Keywords: radioactive waste, alkali fluoride, iron phosphate
glass, sodium aluminophosphate glass

INTRODUCTION

Molten salt reactor (MSR) is the sole liquid-fuel reactor
among the six candidate reactors of the Generation IV ad-
vanced nuclear energy systems, and utilizes liquid molten
fluoride salts simultaneously as fuel and coolant [1,2]. The

major distinguishing characteristic of an MSR with a wa-
ter reactor is that its fuel containing fissile cations dissolves
in low-viscosity, high-boiling fluoride salt mixtures. Under
the shutdown condition, the salts are drained out to stor-
age casks. Considering the high radioactivity levels of the
fission and activation products, attention should be paid to
the fuel cycle work. A fluoride volatility method has been
developed to separate uranium and other fission products
from fluoride salt solutions, but an amount of radioactive
fluoride wastes is generated in the process [3]. Many such
fluorides are in the form of fluidity granule, or powder, and
are highly soluble in water. Therefore, it is necessary to pro-
gram an additional safety barrier to prevent the radionu-
clides from being released into the environment, especially
from exposure to water.

Based on the experience with the molten salt reactor ex-
periment (MSRE), a previous study considered that the in-
terim storage of the residual salts was the only realistic op-
tion available at the time [4]. This solution does provide ad-
equate protection for human health and the environment,
but eventually an ultimate disposition must be identified
to end the cost of perpetual care and monitoring. More-
over, other options have been proposed for the final dispo-
sition of the residual salts. However, one does not know at
this time which options will be available in the future, and
choices cannot be made until more information is available
[3]. As proposed by the Oak Ridge National Laboratory
(ORNL), an alternate approach to stabilizing the fluoride
salts is to convert the material from a fluoride to an oxide
by using a waste calcining facility or a glass material oxida-
tion and dissolution system (GMODS). Another possibil-
ity is the immobilization of the fluorides in glass, including
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borosilicate glass or phosphate glass (mineral), because it
reduces the potential for migration or dispersion of con-
taminants, including radionuclides. Although borosilicate
glass has been under investigation in great detail and de-
veloped for embedding high level wastes (HLWs) [5,6], it
cannot accommodate a large amount of fluorides owing to
the low fluoride solubility in the host [7,8]. For example,
the acceptability determination for process control of the
defense waste processing facility (DWPF) limits the fluo-
ride content in the DWPF feed to 1 g NaF per 100 g glass
[3].

The restricted solubility of compounds, such as P,Os,
sulfates, halides, and actinides, in silicate melts has en-
couraged waste-form designers to once again judge the
potential of P,Os-based glass systems as host matrices
[9]. Many studies on "composition-property-structure
correlations” in various phosphate-based glasses and waste
glasses have already been conducted, and some of these
phosphate glasses are considered very promising, as they
are chemically durable, thermally stable, and can be pro-
cessed at moderate temperatures. Iron phosphate (IP)
glasses were proposed for the immobilization of CsCl and
SrF; extracted from HLW tank sludge, and up to 26 mol%
CsCl, 31 mol% SrF,, and a 34 mol% mixture of CsCl and
SrF, were combined respectively [10]. Siemer processed
fluoride wastes by volatilization/separation of the bulk of
the fluorine, and vitrified its cationic components (mostly
alkali metals and fission products (FPs)) to an iron phos-
phate glass waste form, obtaining a much higher effective
waste loading [11,12]. Sodium aluminophosphate (NaAlIP)
glasses had been selected as the glass matrix in the former
Soviet Union [13] and developed at the Institute of Physical
Chemistry of the Russian Academy of Sciences [14].

If any of the geologic disposal alternatives prove techni-
cally and programmatically implementable, every reason-
able effort should be made to implement that alternative.
The following considerations, outlining a cautious stepwise
strategy, were taken into account in the development of a
preferred approach to the immobilization of alkali fluorides
in this paper. IP and NaAIP glasses were proposed as glass
matrixes to immobilize alkali fluorides and the feasibility of

Table 1 MSBR salt wastes

the formulations (40%Fe;03-60%P,0s and NaAIP formula
from Donald et al. [8]) was studied. The potential waste
loading was investigated and the influence of the additives
(e.g., Fe203, B,O3, CaO) on the properties of waste forms
was also characterized. Leaching tests were then performed
in deionized water by using the product consistency test A
(PCT-A method) [15], which simulates the extreme condi-
tions (i.e., moist air and high temperature) of underground
repositories.

EXPERIMENTS

Sample preparation

The content of the waste is important because the charac-
teristics of both the waste form and the process are dom-
inated by its major components. One type of radioactive
waste generated by the fluoride volatility method is alkali
fluorides. Table 1 (from Table 7 in Ref. [16]) lists the
sources and quantities of the constituents generated by a 1.0
GW (electric) molten salt breeder reactor (MSBR) [11,16].
It is noteworthy that the waste consists primarily of the flu-
oride salts of Li, K, and Na, rather than FPs. Even though
the content of radioactive elements in the waste salts is very
low, the salts may be legally considered an HLW because
they derive from the first stream in the processing of irra-
diated fuel [17].

It can be assumed that the alkali fluoride wastes gener-
ated by other MSRs are similar to those presented in Table
1, and our simulated non-radioactive waste consists of 18.8
mol% LiF, 23.8 mol% NaF, 0.1 mol% MgF,, 57 mol% KF
and 0.3 mol% FP (0.125 CsE 0.125 SrF,, 0.75 CeO,). In
this paper, MF, is used to represent the mixed fluorides of
the simulated waste.

Glasses with the compositions listed in Tables 2 and
3 were prepared by melting a reagent-grade mixture of
ammonium dihydrogen phosphate (NH4H,POy), iron ox-
ide (Fe203), sodium hydroxide (NaOH), aluminum oxide
(Al,03), and the raw materials of non-radioactive simu-
lated waste. Well-mixed glass powders (no fluoride) were
first preheated to 300°C (with a heating rate of 10°C min™)
in an alumina crucible and maintained at this temperature

Constituent Source g mol yr!
LiF Discarded fuel salt (still bottoms) 5.6 x 10*
NaF Adsorbant 7.1 x 10*

MgF, Adsorbant 3.1x 10°
KF Derived from the KOH mostly used for off-gas scrubbing 1.7 x 10°
PF Miscellaneous fission products in the above wastes 7.4 x 10°
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Table 2 Composition of iron phosphate-based glasses (mol%)

P,0s Fe;O3 B,0O3 CaO ME,
IP-F1 52.4 34.9 / / 12.7
IP-F2 45.8 30.6 / / 23.6
IP-F3 40.1 26.8 / / 33.1
IP-F4 374 25.0 / / 37.6
IP-F5 33.9 22.6 / / 43.5
B1-IP 454 22.7 7.6 / 24.3
B2-1P 38.3 253 13.0 / 23.4
Cal-IP 42.5 27.5 / 3.7 26.3
Ca2-1P 38.1 243 / 6.9 30.7

for 3 h to evaporate ammonia and water in the batches. The
batches were then melted in air at 1000-1250°C for 30 min
and the fused glass was poured into a steel mold. Next,
the powders grinded from the glasses were well-mixed with
the fluorides, the amount of which ranged from 10 to 50
mol%. Finally, the mixtures were remelted at 950-1000°C
to obtain homogeneous samples.

The experiments aimed at establishing the maximum
amount of fluoride that could be incorporated into these
glasses. The melting schedule was adjusted according to
the viscosity of the melt and the observed volatility.

Sample characterization

The identification of the crystalline phases present in the
glass samples was performed using X-ray diffraction (XRD,
D8 advance, Bruker, Germany). The structure of the glass
samples was measured by a Raman spectrometer (HR800,
Renishaw, England) coupled with an optical microscope
by using a laser of wavelength 532 nm. The composition
of the leachates was measured by the inductively coupled
plasma optical emission spectrometry. The concentrations
of F ions were monitored by a fluorine-ion electrode and
the pH values of the leachates were also measured.

Leaching resistance
The product of any competent radioactive waste forms

should be highly resistant to corrosion against water
and not readily dispersible (i.e., monolithic, rather than
“dusty”). Leaching experiments were conducted following
the PCT-A method to evaluate the leaching resistance of
the waste forms. The glass powder (sizes ranging from
75 to 150 um) was mixed with distilled water at a ratio of
10 mL g', and held at 90°C for 7 days in a stainless-steel
vessel. The leaching data were converted to leaching ability
units (g m2) by using the formula:

L=CVIfA, (1)

where C;is the concentration of species i in the leachate in
gmL™!, Vis the volume of the leachate in mL, f;is the initial
fraction of species i in the solid, and A is the surface area of
the solid in m?. A typical density of 3.0 g cm™ was assumed
for glasses and the surface area per gram of waste form was
then calculated as 1.79 x 1072 m”.

RESULTS AND DISCUSSION

X-ray diffraction

Fig. 1a presents the XRD patterns of the xMF,-(100—x) IP
glass samples with x = 37.6 mol%, 43.5 mol%, respectively.
The compositions containing up to 37.6 mol% of MF, form
glasses, and no crystalline phases are detected by XRD. For
the samples with MF,, ratios > 43.5 mol%, the crystalline
phases are obviously detected. The major crystalline phase
has been identified as KFeP,Os (36-1457).

Fig. 1b presents the XRD patterns of the xMF,-(100—x)
NaAIP glass samples with x = 37.8 mol%, 48.6 mol%, re-
spectively. For the samples with MF,, ratios > 48.6 mol%,
the crystalline phases are detected and the structure is not
easy to identify. Fig. 1 reveals that both IP and NaAlP
glass own a higher effective waste loading of fluorides than
borosilicate glasses.

Raman spectroscopy
The short range order (SRO) of phosphate can be described
by considering the compositional dependence of the frac-

Table 3 Composition of sodium aluminumphosphate-based glasses (mol%)

P,0s ALO3 Na,O Fe,03 CaO ME,

NaAlIP-F1 344 16.8 353 / / 13.6
NaAlP-F2 29.4 14.3 30.1 / / 26.2
NaAIP-F3 24.8 12.1 254 / / 37.8
NaAlP-F4 20.5 10.0 21.0 / / 48.6
Fel-NaAlP 29.9 13.4 28.0 2.6 / 26.2
Fe2-NaAlP 30.8 11.7 24.5 6.8 / 26.2
Cal-NaAlIP 30.7 14.6 24.7 / 6.9 22.9
Ca2-NaAlP-F1 28.7 12.5 26.0 / 7.7 25.0
Ca2-NaAlP-F2 229 10.0 20.8 / 6.2 40.0
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Figure 1

tions of different tetrahedral phosphate species Q" (n = 0,
1, 2, and 3), where the superscript “n” represents the num-
ber of bridging oxygens (BOs) on a POy tetrahedron. Phos-
phate glasses can be made with a range of structures, from
a cross-linked network of Q3-tetrahedra (vitreous P,Os),
to polymer-like metaphosphate chains of Q*-tetrahedra, to
“invert” glasses based on small pyro-(Q') and orthophos-
phate (Q") anions. Among them, Q*>and Q*are somewhat
unstable because of the high BOs [18]. Raman spectra
of the fluoride-containing glasses of IP-F(3,4) and NaAlP-
F(2,3) are presented in Fig. 2. The peaks in the spectra can
be assigned to their vibrational mode according to known
frequencies from IP glasses reported in Refs. [18-20], and
NaAlP glasses in Refs. [21-23], some of which are summa-
rized in Table 4.

The most intense peaks in each spectrum are located
from ~900 to ~1150 cm™'. The bands between 700 and
800 cm ' are related to the symmetric P-O-P stretching
modes associated with linkages to a Q'-tetrahedra. The
peak from ~900 to ~1010 cm™' can be assigned to the
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XRD patterns of (a) xMF, (100-x) IP and (b) xMF,-(100-x) NaAIP glass samples.

symmetric stretch of a non-bridging oxygen (NBO) on a
Q°-tetrahedron, the (PO4)sym mode. The peak from ~1010
to ~1100 cm ™' can be attributed to the symmetric stretch
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Figure 2 Raman spectra of xMF, (100-x) IP and xMF,-(100—x) NaAlP
glass samples.

Table 4 Summary of Raman frequency ranges from iron [18], sodium [22], sodium-alumino [23], and calcium [24] phosphate

Band position (cm™)

Vibrational mode

Fe;03- P,0s xNa;0-(1-x)P20s 40Na;0-10A103-xTiO2-(50-x)P205 CaO-P,05
P-O-P symmetric stretch (Q%) / 640 / /
P-O-P symmetric stretch (@ 680-720 690 693, 737 /
P-O-P symmetric stretch (Q") 720-780 810, 910 / 748
PO, symmetric stretch (Q°) 990-1010 927-950 / 950-960
PO3 symmetric stretch (Q) 1030-1100 1037-1064 1010-1050 1044
PO; asymmetric stretch (Q") ~1200 1170 1100 1104
PO, symmetric stretch (@ 1050-1220 1105-1121, 1190-1195 1147-1160 /
PO; asymmetric stretch (@ 1250-1310 1207-1228, 1269-1287 1174-1277 /
(P=0)sym stretch(Q®) / 1280-1390 / /
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of a NBO on a Q'-tetrahedron, the (PO3)sym mode. The
higher frequency (>1100 cm™) shoulders evident in each
spectrum could be caused by asymmetric PO3 modes asso-
ciated with the Q'-tetrahedra, but could alternatively arise
from symmetric PO,-stretching modes associated with a
Q*-tetrahedra.

The content of each Q" in the glass depended on the
species of network formings (e.g., P2Os), network interme-
diates (e.g., Fe2O3, Al,O3), network modifiers (e.g., M20),
and even on their ratios and the resulting O/P ratio as set by
the glass composition [18]. Compared with binary sodium
phosphate glass (Na,O-P,0s, see Table 4), the Raman spec-
tra of IP samples (IP-F3, IP-F4) do not show long chain
phosphate structures (Q* or Q® units), which is similar to
CaO-P,0s5 as observed by Kasuga and Abe [24]. The de-
polymerization of the phosphate networks is mainly caused
by Fe-O-P bonds replacing P-O-P bonds in these glasses,
similar to Fe;O3-P,05 in Table 4 [10,18]; at the same time, a
mass of R (alkali ions) also results in the creation of NBOs
at the expense of BOs and, therefore, lower n in Q", as de-
scribed by Equation (2) [25],

20"+R,0—- 20" (2)

Thus, the asymmetric bridging oxygen content increases
with the addition of MF,. Moreover, fluorine can replace
oxygen in different Q" species and causes a slight reduction
in the glass network connectivity [26,27], but this decrease
is small and depends on the atomic ratio of oxygen to phos-
phorus (O/P).

For NaAIP samples, it is worth noting that, a small
amount of Q’ units still exists in the glasses, with
the exception of Q' and Q° units. The content is
lower than that of Na,O-P,0Os, and higher than that of
40Na;0-10A1,03-xTi0;,-(50—x)P,0s5 (see Table 4). For the
latter, it is not clear whether the asymmetric BO content
increases with the addition of MF, by simply consulting

the content of Q° units, because the constituent ratios of
Na,O-AlLO3-P,0s5is different in Ref. [23] and in the NaAIP
samples.

Leaching resistance

As shown in Table 5, the leaching data for the IP samples
indicates that all normalized ion releases are <2 g m™* in
the test period, namely, < 0.3 g m™* day™!, which meets the
requirement of EJ 1186-2005 (<1 g m™ day™') [28]. The
quantity released from the IP waste forms did not change
substantially when B,O3 (for B1-IP-F and B2-IP-F) or CaO
(for Cal-IP-F and Ca2-IP-F) were added.

There are large amounts of Fe;Os in these glasses, but
very little iron was detected in the leachates. This result
is consistent with that reported by Mesko et al. [10]. The
good leaching durability is primarily caused by the pres-
ence of strong, hydration-resistant Fe-O-P bonds in these
glasses [10,29]. Although the release of the alkali metal
cations was highest for the IP glasses, their networks re-
main largely insensitive to the addition of cations and can
solubilize them in high quantity without sacrificing leach-
ing resistance, which is also consistent with that reported
by Bingham et al. [19].

NaAlIP glasses were used for comparison with IP glasses
in the leaching resistance studies. As shown in Table 6, the
release of Na and K from NaAlP glasses is quite high, which
is associated with high Na content from the matrix itself
and alkalis from MF,,. Asreported by Liao et al. [30], when
the molar ratio of Na,O/ALO3 > 2, the structure of the glass
waste forms becomes poor; the Al content is very low, caus-
ing a decrease in [AlO4] content [31], which plays an im-
portant role in the network density at this condition, and
excessive alkali ions have the effect of breaking networks in
the structure. In addition, the low structure quality may be
related to the existence of Q” units, where three of the oxy-
gens are bridging (P-O-P) and one is non-bridging (P=0).

Table 5 Normalized elemental mass release from iron phosphate waste forms (g m2)

F Li Na K Mg Ca Sr B P Ce Fe PH

IP-F1 0.02 0.31 0.48 0.07 0.24 / 0 / 0.01 0 0 7.46
IP-F2 0.06 0.26 0.44 0.07 0.12 / 0 / 0.02 0 0 7.08
IP-F3 0.02 0.27 0.06 0.02 0.08 / 0 / 0.01 0 0 7.12
IP-F4 0.01 0.26 1.92 0.39 / / / / 0.14 0 0 7.01
IP-F5 0.30 0.35 0.96 0.27 / / / / 0.12 0 0 6.45
BI1-IP-F 0.22 0.49 1.83 0.25 0.12 / 0 0.01 0.05 0.01 0 7.15
B2-IP-F 0.03 0.22 0.39 0.05 0.11 / 0 0.01 0.02 0 0 7.07
Cal-IP-F 0.01 0.25 0.16 0.08 0.31 0.02 0 / 0.01 0 0 6.6
Ca2-IP-F 0.00 0.12 0.19 0.02 0.21 0.02 0 / 0.01 0 0 7.19
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Table 6 Normalized elemental mass release from sodium aluminophosphate waste forms (g m)

F Li Na K Mg Ca Sr Al P Ce Fe PH

NaAIP-F1 0.20 0.01 24.99 14.46 0 / 0 0.01 0.01 0.01 0 10.41
NaAlP-F2 4.64 0.06 145.31 124.43 0 / 0 0 0.05 0.01 0 8.38
NaAlP-F3 10.25 0.12 328.15  32.34 0 / 0 0 0.11 0 0 9.54
NaAlP-F4 2.97 0.05 264.82  43.58 0 / 0 0 0.26 0 0 9.44
Fel-NaAIP-F 0.30 0.01 23.21 9.20 0 / 0 0.01 0 0.01 0 10.51
Cal-NaAlP-F 0.11 0.04 0.71 0.10 0.36 0.01 0 0.18 0.22 0.02 0 9.60
Ca2-NaAlP-F2 0.22 0.22 0.54 0.39 12.47 0.01 99.89 0.18 0.22 0 0 9.94
Ca2-NaAlP-F3 7.06 16.8 24.52 2591 8.90 0.01 56.97 0.91 15.73 0 0 8.78
Ca2-NaAlP-F4 1.73 19.83 15.81 15.51 4.06 0.10 39.69 0.25 15.99 0 0 8.73

P-O-P is easily hydrolyzed, and results in the depolymer-
ization of the glass network upon hydration through the
formation of a terminal ~-OH group [8,32]. When CaO was
added to the NaAIP matrix, the quantity of released Na and
K decreased in an obvious manner, but Sr and P increased
dramatically. Therefore, the NaAIP glasses were not ap-
propriate to immobilize alkali fluorides owing to the high
leaching rate of alkali ions.

The pH variations of the leachate can also determine the
leaching resistance of the samples, with increased stability
associated with small variation (the initial pH for all the
samples was 7). It should be noted that the pH of the deion-
ized water used in the PCT test ranged from 6.4 to 7.5 for
the IP waste forms (Table 5) and from 8.4 to 10.5 for the
NaAIP waste forms (Table 6), which ranges from 6.5 to 7 or
9 for the iron-phosphate waste forms and from ~6 to 10 or
11 for the borosilicate glasses in Ref. [31].

In practice, the performance of any candidate waste form
on the PCT relative to that of the Department of Energy’s
benchmark has come to define whether or not it is “satisfac-
tory.” Data from SRL-202-G glass [33], salt-occluded zeolite
[17], and FZ-1 [31] leaching tests conducted under similar
conditions were also converted to leaching ability units. As

shown in Table 7, the leaching abilities of the various com-
ponents of the IP glass were lower than that of the borosil-
icate SRL-202-G glass and salt-occluded zeolite, and also
lower than or comparable to the iron phosphate glass FZ-1.

CONCLUSION

The immobilization of alkali fluoride wastes by phosphate
glasses was evaluated in this study. IP and NaAlP glasses
were mixed with simulated waste and reacted in air at tem-
peratures in the range of 950-1200°C. A maximum of 40
mol% loading of mixed alkali fluorides was added to glasses
in the experiment. The crystallization tendency increased
with the simulated non-radioactive waste concentration,
and crystalline phases were observed for about 43.5 mol%
loading of alkali fluorides in IP glasses and 48.6 mol% in
NaAlIP glasses. The PCT analysis conducted on these sam-
ples in distilled water indicated that the leaching resistance
of the IP glasses is better than that of the NaAIP glasses.
The IP waste forms exhibited good performance with high
effective waste loading, low cost, and good stability. This
study is of significance for the scientific management and
safety disposal of radwastes from MSRs and contributes to
their long-term sustainable development.

Table 7 Comparison of leaching abilities for IP glasses and other representative waste forms (g m™2)

Element IP-F3 Borosilicate glass SRL-202-G* Salt-occluded zeolite® FZ-1¢
Li 0.27 2.03 0.84 ND*
Na 0.06 1.96 0.13 0.72
K 0.02 1.54 0.22 ND
Sr BDL? ND BDL ND

Test conditions: 90°C, 7 days, deionized water as leachant. * Not determined. # Below detection limit in leachate. a) Borosilicate glass SRL-202-G
is a standard reference borosilicate glass used at the Savannah River Laboratory, Data from Shade et al. b) Salt-occluded zeolite is an aluminosilicate
ceramic investigated by Argonne National Laboratory. V/m = 100 mL g™". ¢) FZ-1 is an iron phosphate glass waste form made at the United Medical
Resources (18NayO-26Fe;03-46P20s-100ther, wt.%) and tested (PCT) at the Pacific Northwest National Laboratory.
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