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Release and retention of uranium during glass corrosion
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Abstract

In order to investigate the release and retention of uranium during glass corrosion, static leach tests were performed
on a simulated waste glass doped with uranium in deionized water for up to 423 days. Observation and analysis of the
alteration layer formed on glass surface were carried out by means of optical microscopy, scanning electron microscopy
(SEM) and analytical electron microscopy. Elemental concentrations of leachate were determined by ICP atomic
emission spectroscopy, atomic absorption spectrometry and kinetic phosphorescence analyzer (KPA) (for uranium). An
analytical electron microscopy provided that fibrous phase were developed on the outer surface of the alteration layer,
as secondary phase, which should be clay minerals such as nickel-nontronite, or nickel-rich chlorite. Absence of
uranium and rare earth elements (REEs) in the fibrous minerals suggests that the release of uranium and REEs can be
controlled by precipitation of hydroxides rather than uptake in clay minerals. Experimental results and thermodynamic
calculations suggest that the uranium concentration in the leachate is controlled by solubility of uranyl hydroxides such

as UO,(OH), (s). © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

In the field of radioactive waste disposal in geological
repositories, many corrosion tests on actinide-doped
waste glasses were performed and the release of actinides
from the glass has been investigated for the prediction of
the long-term leaching behavior of actinides [1-4]. Fur-
ther, vitrified waste forms such as molten forms are
thought to have excellent properties for stabilization of
radionuclides [5]. It is well known that heavy elements
are retained at the alteration layers formed on experi-
mentally leached borosilicate glass [6,7]. However, geo-
chemical mechanism of the retention of actinides in the
alteration layers has not been investigated sufficiently.

The purpose of this study is to investigate the
mechanism of the retention of uranium in the alteration
layer, such as precipitation of simple hydroxides or in-
corporation into minerals formed in the alteration layer
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of the glass. Static corrosion tests were performed on a
borosilicate glass doped with 2**U in deionized water at
90°C up to 423 days. After the tests, observation and
analysis of the alteration layer formed on glass surface
were carried out by means of optical microscopy, scan-
ning electron microscopy (SEM) and analytical electron
microscopy.

2. Experimental

A simulated waste glass doped with uranium
(*¥U304; 0.9 wt%) was used as glass specimen. Table 1
shows the composition of the simulated waste glass. The
glass specimen (5.0 x 5.0 x 2.0 mm?) and deionized
water (40 ml) were placed in a Teflon container with a
S/V ratio of 10 m~! and static corrosion tests were
performed at 90°C in aerated condition for periods of up
to 423 days.

At the end of the corrosion tests, the Teflon container
was cooled to room temperature. The leachate was
passed through filters with pore size of 450 nm to re-
move the suspended fractions after measurement of pH.
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Table 1
Composition of uranium-doped simulated waste glass

Component  Content (%)  Component Content (%)
Si0O, 45.15 BaO 0.62
B,0; 13.90 La,0; 0.31
Al O, 4.89 CeO, 1.01
Li,O 2.00 Prs Oy 0.49
NaZO 9.79 Nd203 1.65
CaO 4.00 Sm;0; 0.33
ZnO 2.47 Eu,0; 0.06
Rb,O 0.12 Gd,0; 0.04
SrO 0.34 SeO, 0.02
Y,0; 0.19 RuO, 0.80
Zr02 2.64 F€203 2.90
MoO; 1.73 NiO 0.40
MHOZ 0.26 Cr203 0.50
Ag,0 0.03 P,0;s 0.30
CdO 0.03 Ru 0.12
SnO, 0.02 Rh 0.15
Sb,0; 0.004 Pd 0.43
TeO, 0.23

Cs,O 0.97 Uo0o, 0.90

Then the concentrations of uranium and major glass
constituents in the filtrates were measured by kinetic
phosphorescence analyzer (KPA) and ICP atomic
emission spectroscopy.

The leached glass specimen was immersed in ethanol
immediately to replace water in the alteration layers.
The epoxy resin was poured onto the ethanol-immersed
specimen to hold the alteration layer. The specimens
impregnated with epoxy resin were sliced perpendicu-
larly to the original glass surface. The sliced sections
were observed and analyzed by an optical microscope,
SEM with EDX. Further, ultra thin (<100 nm) sections
of the alteration layers were prepared by use of the
ultramicrotomic technique [8,9] and analyzed by an
analytical electron microscope technique.

3. Results and discussions
3.1. Analysis of alteration layers

Fig. 1 shows the back-scattered electron image of
cross-section of the alteration layer formed on the
specimen after 423 days of corrosion time with the EDX
line profiles for some elements. The profiles show the
elemental depletion and enhancement in the layer.
Similarly to the previous works [9,10], silicon was en-
riched at glass/layer interface and depleted gradually
from the interface to the surface. Sodium was depleted
in the layer. Uranium and cerium (rare earth element
(REE)) were enriched in the layer. Fig. 2 shows the
thickness of the layer as a function of corrosion time.
The layer grew up for about 60 pm during the first 56
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Fig. 1. Back-scattered electron micrograph of cross-section of
the alteration layer and EDX line profiles for five elements
along the line a—a’ (423-day leached sample).

leaching days, and kept constant in the longer test pe-
riods up to 423 days.

Fig. 3 shows the schematic feature of the alteration
layer. The alteration layer was dominated by an amor-
phous phase with a mottled texture. This phase is called
as ‘mottled phase’ [11,12]. About 400 nm thick of fibrous
phase was developed on the outermost of the alteration
layer. The fibrous minerals were observed partly in the
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Fig. 2. Alteration layer thickness of the U-doped glass as a
function of corrosion time at 90°C (error bars represent the
variabilities of the layer thickness).
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Fig. 3. Schematic feature of alteration layer of the U-doped
glass leached for 423 days at 90°C.

mottled phase. The mottled phase is more fibrous to-
ward the layer/solution interface. No fibrous minerals
were included at near the glass/layer interface. Since
formation of the fibrous minerals needs content of
water, it is suggested that penetration of water in the
alteration layer can lead to the growth of the fibrous
minerals.

Fig. 4 shows the transmission electron micrograph of
the fibrous minerals. From both the measurement of

Fig. 4. Transmission electron micrograph of the fibrous min-
erals that grew in the alteration layer. The basal spacing of the
fibrous minerals are mostly 1.4 nm.
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Fig. 5. EDX profiles of mottled phase and fibrous minerals in
alteration layer of the U-doped glass leached for 423 days at
90°C.

lattice fringes and the result of selected-area electron
diffraction (SAED) pattern, the basal (00 1) spacing of
the fibrous minerals was observed to be about 1.4 nm.
Fig. 5 shows the EDX profiles of the mottled phase and
the fibrous minerals in alteration layer. Mottled phase
was enriched in silicon and iron, while fibrous minerals
were enriched in silicon and nickel. It is obvious that
the fibrous minerals are clay minerals on the basis of
the fact as follows; (1) low crystallinity, (2) high con-
tent of water, (3) large amount of silicon and iron, and
(4) slight amount of aluminium, calcium and manga-
nese. The fibrous clay minerals are thought to be
smectite clays because the basal spacing of the fibrous
minerals was about 1.4 nm, which is same as those of
smectite clays [13]. Previous work noticed that the fi-
brous clay minerals such as nickel-nontronite and
chlorite were observed in the surface layer of the glass
leached at 90°C for 14 days [12]. Nickel-nontronite is a
kind of a 2:1 layer type smectite clay [11]. Chlorite has
a octahedral brucite layer (Mg(OH),) in the interlayer
position of 2:1 smectite [14]. From these results, the
fibrous clay minerals could be nickel-nontronite
(smectite clay) or nickel-rich chlorite. Nickel-rich
smectite is not often observed naturally [15], but it is
possible that nickel replaces magnesium due to its
similar ionic radius [16].

In Fig. 5, uranium and REEs can be observed in
mottled phase but they were not included in the fibrous
minerals. Absence of uranium in the fibrous minerals
suggests that uranium is not incorporated to the clay
minerals.

3.2. Analysis of solution

Fig. 6 shows the pH of the leachate. The pH in-
creased at a few days and became stable at around 9.
Fig. 7 shows normalized concentrations of uranium and
major glass constituents in the leachates. The normal-
ized concentration (NC;) was calculated from the
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Fig. 6. pH of the leachate as a function of corrosion time at
90°C.
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Fig. 7. Normalized elemental concentration of leachate as a
function of corrosion time at 90°C.

Table 2

concentrations in the 450 nm filtrates by the following
equation [2,4,17],

NG = Gi/fi, (1)

where, C; is the solution concentration of element i, and
fi is the original fraction of element i in the glass. The
NC of uranium increased up to 28 days and kept con-
stant in the longer test periods. The NC of uranium is
one order of magnitude lower than the NC of major
glass constituents such as silicon and sodium.

In order to predict the chemical speciation of ura-
nium in the leachate, the equilibrium calculations were
carried out on the basis of thermodynamic data related
to uranium chemistry, which are listed in Table 2 [18,19].
Elemental concentrations and the pH value of the leac-
hate were also used for the calculation.

The results calculated for the leachate of 423 days are
shown in Table 3. The feasible reaction controlling the
solubility of uranium under the present condition is

UO,(OH), (s) +2H" = UO3" + 3H,0. (2)

The four complexes of uranium are thought to exist in
the leachate. The total solubility of these four complexes
is calculated to be 2.5 x 107® mol/l. The concentration of
uranium was measured to be 2.4 x 107 mol/l in the
leachate. A relatively good agreement is found between
the total of calculated uranium solubilities and the
measured uranium concentration. According to the re-
sults of calculation, it is suppose that UO,(OH), (s) is
precipitated as the solubility limiting solid phase in the
leachate at 90°C and that dominant species dissolved in
this condition is UOZ(OH)g.

Thermodynamic data used for the estimation of uranium specification in leaching solution

log K AH (kcal/mol)

Precipitates

y-UO; + 2H' = UO3" + H,0 7.73 -19.40
UO;(am) 4+ 2H* = UO%" + H,0 10.40 -7.30
UO,(OH), + 2H" = UOZ" 4 2H,0 4.94 13.60
UO,(OH), - H,0 4+ 2H* = UO3" + 3H,0 4.82 0.00
U0,CO; + 2H' = U0 + COZ™ ~14.40 -1.58
Complexes

UOZ" + H,0 = UO,(OH)" + H* -5.20 10.32
UO* + 2H,0 = UO,(OH)) + 2H* -11.50 13.60
UO3" + 3H,0 = UO,(OH); + 3H* -19.20 4.60
2U0%" + H,0 = (UO,),(OH)*" + H* -2.70 —40.80
U0 +2H,0 = (UO,),(OH)}" + 2H* -5.62 9.00
3UO% +4H,0 = (UO,),(OH);" + 4H* -11.90 -50.20
3U05" + 5H,0 = (UO,),(OH); + SH* -15.55 23.22
3U02" 4 7TH,0 = (UO,),(OH), + 7TH* -31.00 —24.20
4U03" + 7TH,0 = (UO,),(OH); + 7TH" -21.90 -58.60
U0;" +CO;” = U0,CO} 9.63 -1.92
UOZ" +2C0% = U0,(COs);~ 17.00 3.58
U0 +3C03 = UO,(COs); 21.63 -9.16
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Table 3

Comparison between calculated uranium solubility and measured uranium concentration of the 423-day leachate

Calculated solubility of uranium

Measured uranium concentration in leachate

Precipitate
UO,(OH), (s) +2H* = UO?" + 3H,0

Complexes

UO,(OH)S = 1.7 x 107 mol/I1
UO,(OH); = 7.4 x 10~ mol/I
UO,(OH); = 4.9 x 10~® mol/Il
UO,(CO5);™ = 2.8 x 107 mol/1

Uranium total = 2.5 x 107¢ mol/l

Uranium total = 2.4 x 10~° mol/l

3.3. Leaching behavior of uranium

Uranium is suppose to exist in the glass as a modifier
in the form of uranyl ion (UO%*) [20]. As the results of
the hydration and dissolution of the silica network, the
alteration layer is formed at the glass surface. Since the
alteration layer contains water, the uranyl ions are
partly hydrated at glass/layer interface as the glass cor-
rosion proceeds. The hydrated ions migrate in the po-
rous alteration layer towards layer/solution interface,
but the solubility limit of the uranyl hydroxide ceases the
migration, and precipitation occurs as UO,(OH), (s)
both in the layer and near the layer/solution interface.
Therefore, uranium is accumulated in the layer, and
present in the mottled phase as precipitated
UO,(OH), (s) and not incorporated in the fibrous clay
minerals.

In the solution, the concentration of uranium is
probably controlled by the solubility of UO,(OH), (s)
which is precipitated on the surface of the glass.

4. Conclusion

During the static corrosion tests of a simulated waste
glass doped with uranium, an alteration layer with a
thickness of 60 pm was formed on the surface of the
glass. The alteration layer was dominated by mottled
phase, and fibrous mineral phase with a thickness of 400
nm was developed on the outermost of the alteration
layer. The fibrous minerals were observed partly in the
mottled phase, the mottled phase being more fibrous
toward the layer/solution interface. No fibrous minerals
were included at near the glass/layer interface. The fi-
brous minerals can be suggested to be clay minerals such
as nickel-nontronite (smectite clay) or nickel-rich chlo-
rite. Uranium was accumulated in the alteration layer.
Uranium was rich in the mottled phase but absent in the
fibrous minerals, which suggests that uranium cannot be
incorporated into the fibrous clay minerals but will be
precipitated as uranyl hydroxide such as UO,(OH), (s).
Thermodynamic calculations suggest that the concen-

tration of uranium released from glass can be controlled
by the solubility of UO,(OH), (s).
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