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Leach tests of simulated high-Tevel waste glass were carried out in
order to examine the guantitative relationship between the amount of
elements on the sample surface and that in the leachate. An
experimental equation was obtained expressing the relationship between
the amount of Na on the sample surface and that in the leachate. This
shows that it is possible in some cases to estimate the amount of Na
in the leachate by measuring the amount of Na on the samplie surface,
One example of such an estimation was observed with the simulated
high-level waste glass leached at 100°C in the presence of a backfil]

material.
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I. Introduction

High-level Tigquid waste arising from a reprpcessing plant of spent
fuels will be incorporated into a solid matrix such as borosilicate
glass. The resultant waste giass will be temporarily placed in a
repository facility and finally in a geologic disposal site. The
first step of migration of radionuclides from the disposal site to
the biosphere is considered to be leaching of the radionuclides by
groundwater, and so, much effort has been concentrated on' the study of
Teaching phenomena. Solid-state analyses of leached samp?esl“14 along
with leachate analyses are generally conducted in Taboratories and
provide understanding of the mechanisms of waste glass leaching.

However, the authors recently encountered two cases in which
leachate analyses are difficult. One is the case in which a backfill
material coexists in leachates and disturbs the exact Teachate
analyses due to its adsorption and dissolution. The other is the
case in which Teach experiments are performed deep underground and the
collection of leachate (groundwater) is virtually impossible. In
these cases, it is necessary to get information about the extent of
leaching by solid-state analyses of leached samples. The main
purposes of the present paper are to examine the quantitative
reTationship of the amount of elements on the sample surface fo that
in the leachate and to show that it is possible in some cases to
estimate the extent of leaching by measuring the amount of Na on the
sample surface.

In order to measure the amount of elements on the sample surface,

we used scanning electron microscopy with energy dipersive X-ray
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analysis (SEM—EDX)l'6 for two reasons; (i) this technique provides
the quantitative composition of solid-state phases quickly, (i) with
this technique, it is possible to obtain information concerning the

concentration of elements up to about 5}m1be10w the surface of the

samp]e.l5

II. Experimental Procedure

The simulated high-level waste glass used for the présent study
was a borosilicate glass containing 11.7 wt% simulated high-Tevel
waste,16 which had the composition shown in Table I. Al1 reagents for
the simulated high-level waste were mixed with additives
simultaneously, melted at 1150°C for 2 hours, poured into graphite
molds, kept at 550°C for 1 hour and then slowly cooled to room
temperature at a cooling rate of 20°C/hour. The resultant glass block
was cut and polished into cubic specimens, which were 1l x1 x 1 cm in
size.

The cubic specimens were then subjected to two kinds of static
leach test. Firstly, in order to examine the guantitative
relationship of the amount of elements on the surface of the Teached
specimen to that in the leachate, the cubic specimen was leached at
- 100°C in about 20 m1 of deionized water using a TefTan vessel. The
duration of the leach test was varied from 1 hour to 12 days. The
SEM-EDX technique was applied to analyze the contents of elements on
the surface of the leached specimens, An area of about 20 x ZOJPm was
analyzed at the same time. This analysis was carried out six times

for each specimen for the total area of about 2400 fmz. In addition,
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the specimen leached for 5 days was cut and polished, and elemental
depth profiles were examined by the point-to-point ana]ysis. The
accelerating voltage and the probe current of the electron beam were
at a constant value of 20 keV and 10'10 A, respectively, throughout
the SEM-EDX observations. Al1 data by SEM-EDX were collected for the
same amount of time (200 sec.). The concentrations of elements in
leachates were measured by atomic absorption spectroscopy (AAS) and
inductively coupled plasma atomic emission spectroscopy (ICP). The
leachates were not concentrated before the AAS and ICP measurements,
Secondly, in order to show an example of the estimation of the
extent of leaching by the SEM-EDX technigue, Tleach tests of the
simulated high-level waste glass were carried out in the presence of a
backfill material.l/ The cubic specimen was placed in 5 g of the
backfill material and then statically leached in about 15 ml of
deionized water at 100°C for 5 days using the Teflon vessel. The
backfill material was composed of base glass powder and bentonite
powder, the composition of which is given in Table II. The mixing
ratio (G/B) of the base glass powder (G) to the bentonite powder (B)

in weight was varied from 0.2 to 2.

III. Results and Discussion

(1) SEM-EDX analysis of the surface of the leached specimens

Figure 1 shows the SEM-EDX spectra of the surface of the specimens
before and after Teaching at 100°C for 5 days without the backfill
material. In the spectrum before leaching (Fig.1l(a)), the peaks of ~

ten elements, i.e. Na, Al, Si, Zr, Mo, Ca, Cs, Ce, Nd and Fe, are
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ten elements, i.e. Na, Al, Si, Zr, Mo, Ca, Cs, Ce, Nd and Fe, are
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identified. In the spectrum after 5-day leaching (Fig.1{b}}, the Na,
Mo and Cs peaks have disappeared. The Na peak is clearly
distinguishable from others in the SEM-EDX spectrum (Fig.1(a)). The
Mo peak is located on the shoulder of the Zr peak, and the Mo and Cs
peaks are relatively small in comparison with that of Na. These
observations indicate that the amount of Na on the surface of the
specimen can be used for the evaluation of the extent of leaching.

Figure 2 shows the variation of the amount of the nine elements
displayed in Fig.l (a) except Nd. When we tried to include Nd into
the quantitative analysis of the other nine elements, the analysis
stopped in the course of calculation due to the shortage of memory
capacity. So, we did not measure the amount of Nd, but the change of
the height of the Nd peak during leaching was qualitatively similar to
that of Fe.

The amount of elements on the surface of the specimen leached for
12 days was not measured because the surface layer of the specimen
partially flaked off after being dried for SEM-EDX observations.

The ordinates of Fig.2 represent the ratio (C/Cp) of the
concentration of an element on the surface of leached specimens (C) to
the initial concentration of the element before Teaching (Cy). The
relative amount of an elemeni such as the C/Cy-value was used since
this value is sufficient to express the extent of leaching and
adequate for our purpose.

The C/Co-values of Na, Mo and Cs decrease during leaching, and the
C/Cy-values of Na and Mo change linearly on the figure of semi-

Togarithm. However, the amount of MoO3 in the sample before leaching
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was only 1.74 wt%, much smaller than that of Na,0. The amount of Nas0
was greatly changed from the initial value of 11.3 wt% to nearly zero,
indicating that the amount of Na can be measured more precisely in
comparison with that of Mo. Thus, the following relation between fhe
C/Co—va]ue of Na and the leach time in days (t) is notable here,

Tn ¢/Cy = -0.80 x t (1)

The C/Co-va1ue of Si decreases inftially and then reéaches a
constant value of about 0.56. This implies that a part of the Si
remains on the surface of the specimen, resulting in the Si-rich
surface 1ayer.1

The C/Cy-values of Fe, Zr and Ce increase and reach about 2. This
may be due to some type of precipitation during leaching or due to the
shrinkage of the surface layer on the specimen during drying for SEM-
EDX observations.?

The C/Co—values of Ca and Al slightly decrease and then increase
to a value of about 1.4. This means that the lTeaching process of Ca
and Al 1is rather complex in comparison with the other elements.

The results described above show that the elements detected by the
SEM-EDX technique may be classified into four groups as follows:

Group 1: Na, Mo, Cs
Group 2: Si
Group 3: Ca, Al
Group 4: Fe, Zr, Ce, (Nd)
As for the elements belonging to groups 2,3 and 4, experimental

equations between C/Co-va1ues and t could be obtained, but they can be

expected to be more complex than the equation (1).
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(2) SEM-EDX analysis of the section of a Teached specimen

The polished section of the specimen 1eached for 5 days without
 the backfill material was observed in order to provide supplementary
explanations for the C/CD-va1ues. Figure 3 shows the SEM-photograph
of the specimen. This shows that the thickness of the surface layer
is about 5 Pm, which is determined by the contrast between the surface
layer and the bulk glass. Figure 4 shows the elemental depth profiles
for Na, Si, Ca and Fe measured by the SEM-EDX technique. The ordinate
of Fig.4 represents the ratio (D/Dg} of the concentration of an
element at a point on the section (D) to that at the center of the
same specimen (DO). The value of DO was measured for the area of 20 x
ZO.Pm’ and D was measured by the point analysis. As for the unleached
specimen (Fig.4(a)), the amount of elements at a depth of about 1.7 pm
from the surface doés not decTline in comparison with that at a depth
of more than about 3 Pm. From this observation, it is speculated that
the sampling volume is less than about 2 pm along the principal axis
of the electron beam and that the point-to-point analysis at the
distance of about 2 Pm is meaningful.

The D/Do-va]ues of Na Tess than 4 pm below the surface are not
shown in Fig.4(b) because its concentrations were very small and not
able to be measured quantitatively. This indicates that the amount of
Na changes markedly at the boundary between the surface Tayer and the
bulk g]ass.6 In addition, it is considered that Na more than 5‘pm
below the surface is not detectable by the SEM-EDX technique since the

C/CO—value of Na of the specimen leached for 5 days was nearly zero
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(Fig.1(b)}.

The D/Dy-value of Si gradually increases in the surface layer,
changing from 0.45 at a depth of 1.7}m1to 0.65 at & depth of 5 pm
below the surface (Fig.4(b)). The C/Cy-value of 51 of this specimen
was 0.56 (Fig.2), which is approximately equal to an average of the
D/Dg-values of 5i in the surface layer.

The D/Do-va1ues of Ca and Fe are more than 1.0 at several points
in the surface layer (Fig.4(b}). This is consistent with the fact
that the C/Cy-values of these elements are more than 1.0 at the Jeach
time of 5 days (Fig.2).

Although experimental evidence about the relation between C/CO-
values and D/Do-va1ues for the surface Tayer of less than 5 Pm in
thickness were not obtained, it is speculated that C/Co-va1ues of
elements include the information from both surface layer and bulk

glass when the thickness of the surface layer is smaiier than 5 Pm.

(3) Leachate analysis

Figure 5 shows the amount of the elements in the leachates as a
function of Teach time. The ordinate of Fig.5 represents the
normalized elemental mass TossZ for the element i (NL;), which is
defined as,

NL; = m;/(F; x SA) (23
where m; (g) is the mass of the element i in the Teachate, £
(unitless) is the mass fraction of the element i in the unleached
solid, and SA (cmz) is the geometric surface area of the specimen.

As shown in Fig.5, the normalized elemental mass losses for Na
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(NLyg)s Mo (NLyg) and Cs (NL;g) increase with the leach time in days
(t). The relation between NLy, and t was expressed as,

MLy, = 4.48 x 1074 x ¢0-80 (3)
and NLy, and NLqo are aimost the same as NLy, at a fixed leach time
(t).

The normalized elemental mass loss for Si (NLgj) also increases

with t, following the experimental equation,

Nig; = 3.48 x 1074 x 069 (4)
On the whole, Nig; is approximately equal to or sTightly smaller than
NLyg at a fixed leach time.

The normalized elemental mass Tosses for Ca (NLpj) and Al (NLpq)
increase initially, then decrease for Teach times of more than 1 day.
This is preobably because these elements are apt to be removed from the
leachates due to the precipitation of solid phases.18 The relations
of NLca and NLpq to t were not expressed by a simple equation such as
the equation (3) and (4).

The amount of Fe in the leachates was measurable by the ICP method
for leach times of more than 0.33 days, and the normalized elemental
mass loss for Fe was smaller than NLy, by about two orders of
magnitude. The amounts of Zr and Ce in the leachates were under the

detection 1imit of the ICP method.

(4) Relation between the C/Ch-value of Na and Niy,
On using the C/Cy-value measured on the surface of specimens for a
index of the extent of leaching, it is reasonable to pay attenticn to

such soluble elements as Na, Mo and Cs, because the amounts of these
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elements increased in the leachates and decreased on the surface of
the specimens during the lTeach tests, The results of the previous
sections show that Na is thought to be most suitable for aour purpose
since the amount of Na can be measured easily and precisely by the
SEM-EDX technique in comparison with Mo and Cs. Moreover, with regard
to Na, we determined two experimental rélations, the equation (1) and
the eguation (35, which show the relationship between the C/Co—va1ue
of Na and t or between NLy, and t. By combining the equation (1) with
the equation (3), we obtain the following equation,
-1 C/Cy = a x Niy,D (5)
The constants of .a and b in the equation (5} are determined to be72.37
X 104 and 1.32, respectively, by the least-squares method (Fig.6).
The constants in the equation (5) can also be derived from the
mathematical combination of the equations (1) .and (3), and the
resultant retationship is presented in Fig.6 as a broken line. As
seen in this figure, the relationship ocbtained by the mathematical
combination of the equations (1) and (3) is net consistent with that
obtained by the least-squares method, but the difference between them
is small, It should be mentioned that the relation that we want is
the experimental relationship between the values of C/CO and NLpg-
Therefore, we think that the constants in the equation (5) should be
derived by the least-squares method directiy from the original data of
C/Cq and NLy,- Thus, the following equation is cbtained expressing
the relationship between the C/Cy-value of Na and Nlpy,.
In C/Cy = 2.37 x 10% x Ny, te 32 (6)

If experimental conditions such as the composition of the glass and
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the leaching temperature are markedly different from those of the
present work, the values of 2.37 x 10% and 1.32 in the equation (6)

may change to a certain extent.

(5) Application

Based on the results described above, we examined the effects of a
backfill materiall’ on the Teaching of simulated high-level waste
gltass. The C/Co-va1ue of Na of the cubic specimen leached at 1009C
for 5 days in the presence of the backfill material (with the G/B-
ratio of 2.0) was 0.99. Putting this value into the equatian (6), we
obtained the estimated value of NLy, of 1 x 1072 g/cmz, whichAwas
about 10C times smaller than the value of NLy, of 1.4 x 10-3 g/cm2
without this backfill material (Fig.5). It should be mentioned that
the ba;e glass powder in the backfill material does release Na and
therefore raise the solution pH, and this could give a higher C/CO-
value by dissoTving more of the surface layer away. However, the
observations of sample size and weight before and after the teach test
showed that there was 1ittle change in them. Moreover, other
experiments showed that there was no noticeable difference between the
concentrations of Na in leachates in sample and backfill runs and
those in just backfill material runs.19 Therefore, we think that the
backfill material used in the present work actually prohibits the
leaching of simulated high-Tevel waste glass.

Some other experiments were carried out using the backfill]
material with different G/B-ratios. The C/Cy-vaiues of Na of the

leached specimens changed from 0.87 to 0.99 (Table III). Table III
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shows that the higher the G/B-ratio becomes the lower the estimated
NLy, tends to be. This may indicate that Si which is dissolved in the
leachate from the base glass powder has the suppressive effect on
Teaching of the simulated high-level waste glass.17

Finally, we note that there are some Timitations for the usage of
the technigue presented here. Firstly, it is clear from the results
obtained that the technigue is Timited to the surface layer Tess than
5‘Pm in thickness. The values of NLy, within the above Timitation are
those less than about 6 x 1074 g/cm2 (Fig.6). So the technique is
considered to be useful for analyses of a relatively early stage of
lTeaching. Secondly, when partial leaching, which causes the formafion
of grooves on the surface of Teached specimens, occurs marked]y,zo it
is difficult to estimate the value of NLy, directly from a measured
C/Co-va1ue. However, such grooves resulting from uneven leaching can

be observed by SEM, and so in this case, mistakes arising from the use

of this technique can be avoided.20

IV. Conclusions

The results are summarized as follows:

(1) The amount of Na on the surface of simulated high-level waste
glass leached in deionized water at 100°C decreased with the duration
of Tleach tests in days (t), following the experimental egquation,

In C/CO = -0.80 x t, where CO is the concentraticn of Na at t=0 and C
is the value at t.
(2) On the ather hand, the normalized elemental mass lass for Na

(NLyg} into leachates was changed with t as the following equation,
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Ny, = 4.48 x 1074 x 0-80,

(3) The results (1) and (2) described above -gave us the fo]]oWing
relationship between the C/Co-va1ue of Na and NLNa,

-In C/CO =ax NLNab, and a and b were determined to be 2.37 x 104 and
1.32, respectively.

(4) Using this equation, we examined‘the effects of a backfill
material on leaching, and showed that the coexistence of the backfill
material during leaching could suppress NLNa by a factor ﬁf about 100.

(5) The usage of the technique presented in this work is Timited
to the surface Tayer less than b pm in thickness, so this techniqqe is
considered to be useful for analyses of a relatively early stage of

Teaching.
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Table I Composition of Simulated High-Level Waste GTass

Compeonent (wt%) Component (wt%)
Additives
5502 48.49 Na20 11.30¢
8203 18.58 Ca0 1.8?
Liy0 1.87 zro, 1.22

Simulated high-Tevel waste (JW-D)”

Pb,0 0.12 Bad 0.63
Sr0 0.34 La,05 0.51
Y,05 0.20 Ce0, 1.42
2r0, 1.65 Predig 0.50
Mo 1.74 Ndp0y 1.65
#n02 0.26 Simy0q 0.33
Fe,0, 0.59 Ag,0 0.03
Ca0 0.12 ©Cdo 0.03
NiD 0.33 510, 0.02
Te0, 0.23 $5,0, 0.004
Cs,0 0.98 63,05 0.04

* This simulated high-level waste is called JW-D in our notation.

— 16—



JAERI-M 84-220

Table II Composition of Base Glass and Bentonite

Component Base glass (wt%}* Béntonite (wt%)**
$i0, 62.38 70.5
B,04 23.60 _
AT,04 0.23 14.1
Li,0 2.36 _
Na,0 .8.82 2.39
Cal 2.44 1.65
F6203 _ 2.48
Mg0 _ 2.16
K50 _ 0.18
Ig.Toss 4.70

* The particle size was in the range of 0.25 to 0.0 mm.
** This was produced in Ohe-machi, Yamagata-ken, Japan. The particie

size was under 20C mesh.

Table I1II Effect of the Backfill Material with Different G/B-

Ratios on Leaching

G/B-ratio . C/Co-valﬁe of Na® Estimated NLNa**
2.0 0.99+0.03 1 x 1077 g/cm®
1.0 0.95:0,03 5 x 107°
0.5 0.95+0.02 4 x 107°
0.2 0.8740.02 1 x 1074

* The C/Cy-value was shown with its standard deviation.
*% The first gne figure is considered to be significant for each

estimated NLNa value.
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Fig.l SEM-EDX spectra of the surface of the specimen before (2) and
after (b} Teaching for 5 days. These data were collected for the same

amount of time {200 sec.)
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Fig.2 Amount of the elements on the surface of the specimens. In
most cases, the standard deviation of each piot is within each plot's

size
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Fig.3 Scanning electron microphotograph of the polished section of

the specimen leached for 5 days
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Fig.4 Amount of the elements on the polished section of the unleached

specimen (a) and the specimen leached for 5 days (b)
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Fig.5 Normalized elemental mass losses as a function of leach time
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Fig.6 Relation between the C/Co-va1ue of Na and NLy,. The sglid Tine
and the broken Tine represent the relationships obtained by the least-
squares method and by the mathematical combination of the equations
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