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Durability of an La,Zr,0; waste form in water

I. HAYAKAWA, H. KAMIZONO
Department of Environmental Safety Research, Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki-ken 319-11, Japan

The effects of time, temperature and pH on the leaching rates of an La,Zr,0, waste form were
studied. The leaching rates of each constituent measured in deionized water and an alkaline
solution (pH = 10) were less than about 10"°gm~2d~" at 90°C and were smaller than those
in an acid solution (pH = 1) by one order of magnitude. It was found that the leaching rate of
zirconium ebtained after immersion for 34 days decreases with increasing temperature in an
acid solution. This exceptional phenomenon is attributed to the formation and decomposition

of zirconium complexes with CO3~ ligands.

1. Introduction
Solidification of transuranium (TRU) elements con-
tained in high-level nuclear waste was the subject of
this work, because they generally have very long half-
lives and last for millions of years in geological period.
Zirconium is suitable as a major constituent of a
TRU waste form for the following three reasons. First,
Zr-O bonds in a crystal have a bond energy of about
81 kcal mol " ! which is relatively high compared to
other metal-oxygen bonds, and they are not easily
separated in water [ 1-3]. Second, zirconium forms an
insoluble hydrate in the pH range 1.7-10.5 [4]. Third,
zirconium oxide compounds with other metal cations
tend to confine a considerable amount of actinide and
lanthanide elements in their crystal structures [5, 6].
In our previous work, La,Zr,0- with a pyrochiore
structure showed good durability in water [7, §].
Because La,Zr,0; has a low leaching rate, it is neces-
sary to use powdered samples in order to increase
their leachable surface areas. In the present study, we
examined the effects of the particle size, leachant
exchange method and stirring during leaching tests on
the leaching rates of each constituent, and then the
durability of an La,Zr,0, waste form in various
waters was determined.

2.Experimental procedure

Nitrates of lanthanum and zirconium were mixed with
nitrates of simulated waste elements Ce(NO;);-6H,0,
Nd(NO,);6H,O and Sr(NO;), at levels equal to
1.3wt% CeO,, 2.08 wt% Nd,0,, and 0.53 wt %
SrO, respectively. The nitrates were dissolved simul-
taneously in 0.5 M HNO, to obtain a uniform solu-
tion. The solution was dried at 100°C and then
calcined at 700 °C to denitrate it. The calcined powder
was uniaxially pressed at 500 kgcm ™2 into pellets
2cm diameter and 0.5cm thick. These pellets were
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sintered at 1400°C for 16h in air and ground to
powders in a mortar. The powders were classified
into particle sizes of 125-250, 75-125, and < 75 um
through the sieves.

We used the leachant exchange method described
below to obtain the leaching rates of each constituent.
The classified powders were immersed in an HCI
solution of pH = 1.0, deionized water of pH = 5.6 or
an NaOH solution of pH = 10 at 40, 90 or 150 °C. The
powders were immersed for a given period, and thén
the leachate was collected by decantation and fresh
leachant was added. After leaching for about 4 days,
the leachate was again collected by decantation. These
operations were repeated. Part of the leachate collec-
ted by decantation was subjected to concentration
measurements and the rest was filtered through a
membrane of 0.45 or 0.025 um. To examine the effect
of stirring on leaching rates, the leachate was stirred
for about 10 s once a day and the results after stirring
were compared with those without stirring.

The acidity of the collected leachate was immedi-
ately adjusted to pH =1 by the addition of HC]
solution. Concentrations of elements in the acidified
leachate were analysed by inductively coupled plasma
atomic emission spectroscopy (ICP).

The extent of leaching is expressed as the leaching
rate for element i (L;) which is normalized as follows

Li = Ci V/(fiST) (1)

where C; (g m ™) is the concentration of element i in
the leachate, ¥ (m?) is the volume of the leachate, f; is
the mass fraction of element i in the unleached solid, S
(m?) is the geometric surface area of the specimen
measured by the BET method, and T (d) is the
leaching time during which the leachant is kept un-
changed. The value of L; is normalized to the weight
fraction of element i in the bulk, and is, therefore,
suitable for the comparison with those of other waste
forms.
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TABLE I Effects of powder size on leaching rates in deionized water at 90°C

Particle size Method of collection

Leaching rate (gm~2d ")

(pm)

Zr La Sr
125-250 Decantation after 3 days 1.5x107¢ 48x10°¢ 59%x1073
<75 14x10°¢ 48x107° 57x1073
125-250 0.45 uym - 1.9x 1073 1.5x 1074
<75 filter after 3-4 days - 1.1x107° 1.6x 1074

TABLE II Effects of stirring on leaching rates in deionized water at 90 °C

Stirring Method of collection Leaching rate (gm~2d ~ 1)
Zr La Sr
Day by day for 4 days Decantation 93x10°°¢ 43x107° 1.9x107%
Filtration® < 88x1077 1.3x10°° 1.8x107*
No stirring Decantation <90x1077 1.3x107% 27x1074
Filtration® <12x107° 92x107° 29%x1074

* Filtered through a 0.45 pm membrane.

3. Results
3.1. Effects of the leaching method on
leaching rates
Table I shows the effects of secondary particle sizes on
the leaching rates. The effect of secondary particle
sizes on the leaching rates is not clearly observed. The
powders used in these experiments consisted of fine
crystal grains of about 1um diameter, and had a
constant surface area of about 9 m?g~! which was
independent of secondary particle size. The leaching
rates in the present experiments were calculated using
the BET surface area. Troester et al. [9] showed that
the surface areas determined by the BET method were
suitable for calculating leaching rates but that those
calculated from the secondary particle sizes were not.
We think that when the sintered bodies containing
fine grains of about 1um diameter are ground to
powders, the specific surface area of the powders is
mainly determined by the surface area of the fine
grains, and the leaching rates do not depend on the
secondary particle size.

The effects of stirring on leaching rates are shown in
Table II. The leaching rates of zirconium and lan-
thanum were increased by stirring; on the other hand,
that of strontium decreased. When the leachant was
stirred, the leaching rates of zirconium and lanthanum
were greater than those without stirring. This may be
due to the separation of precipitates from the powder
by the stirring.

Table III shows the effects of the leachate collection
method on leaching rates. No considerable difference
in the values of the leaching rates was found. However,
unusually high leaching rates were sometimes ob-
served after the decantation. This was because fine
particles were taken from the leachate by decantation.
Note that the time for leachates to pass through a
0.025um membrane was much longer than that
through a 0.45 um membrane.

Thus, the following three points were taken into
account in all subsequent leaching tests.
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TABLE III Effects of collecting methods on leaching rates in
deionized water at 90°C

Collecting method Leaching rate (gm~2d ™)

La Sr
Decantation 13x107°3 1.6x 1074
0.45 um pass 1.1x1073 1.6x107%
0.025 um pass L.1x1073 1.6x 1074

1. Classification of the particle-size distribution was
not necessary when the powders consist of fine crystal
grains of less than 1 pum diameter.

2. During leaching experiments, stirring was not
applied.

3. The leachate was filtered through a 0.45um
membrane.

3.2. Effects of leaching time, temperature

and pH
3.2.1. Effects of leaching time
Fig. 1 shows the leaching rates in an acid solution (pH
= 1). The data in Fig. 1 show that the leaching rates in
an acid solution decrease with time when the leachant
is exchanged repeatedly after the initial static period of
1, 5 or 34 days. The leaching rates of strontium,
lanthanum and zirconium decrease with time and then
converge to constant values. The initial great decrease
of leaching rates can be explained by the dissolution of
unreacted or incompletely reacted constituents in the
waste form. The leaching rate of strontium is highest
of all the constituents and coanverges to about
1073gm~2d ™. The leaching rate of lanthanum is
smaller than that of strontium by one order of magni-
tude. Although the leaching rates of neodymium and
cerium are not shown in Fig. 1, they were nearly the
same as those of lanthanum. The leaching rate of
zirconium is about 107°gm~2d ! and is the lowest
of all the constituents.
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Figure | Leaching rates in an acid solution (pH =1) at 90 °C after
immersion for 1, 5 and 34 days. Note that leaching rates converge to
approximately the same values independently of the immersion
time. (O) Zrl, (A) Lal, (O) Srl, (@) Zr5, (A) La5, (W) St5, (©)
Zr34, (&) La34, (M0) Sr34.

The difference in the leaching rates of strontium,
lanthanum and zirconium may depend on the differ-
ence in their bond energy with oxygen. The bond
energy of metal-oxygen is 32kcalgatom™! for
strontium 51 kcalgatom ™! for lanthanum and
81 kcal gatom ~*! for zirconium [ 1]. The leaching rates
of each constituent decrease as its bond energy in-
creases.

Fig. 2 shows that the leaching rates of lanthanum
and strontium converge to a constant value in de-
ionized water as well as in an acid solution. The
leaching rate of strontium decreases with time and is
3x107°gm~2d ™! after 50 days. On the other hand,
the leaching rate of lanthanum is initially small and
then converges to about 1 x 10 >gm™2d ™!, Because
the concentrations of zirconium, cerium and neo-
dymium in the leachate could not be measured with
the ICP apparatus, their leaching rates are not shown
in Fig. 2. The initial small leaching rate of lanthanum
can be explained by the increase in pH which is due
to the dissolution of strontium. The Eh(oxidation-
reduction potential}-pH diagram for the system
La—C-O-H shows that insoluble La,(CO,); is stable
in the pH range of > 7. Hence, the dissolution of
strontium enhances the formation of La,(CO;); which
decreases the concentration of lanthanum ions. The
particles floating on the surface of the lsachate were
collected on a membrane filter and were observed by
SEM-EDX. Fig. 3 shows a plate-like particle which is
presumed to be La,(CO;); from the EDX analysis.
However, note that most of the particles floating on
the surface of the leachate were La,Zr,0..

3.2.2. Effects of leaching temperature

The effects of temperature on the leaching rates are
shown in Figs 4-6. The leaching rates in Fig. 4 were
obtained after immersion for 34 days in an acid solu-
tion. The leaching rates of lanthanum, neodymium,
cerium and strontium increase slightly between 40 and
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Figure 2 Leaching rates in deionized water at 90 °C after immersion
for 1, 5 and 34 days. Note that leaching rates converge to approxim-

ately the same values independently of the immersion time. (A) Lal,
() Sr1, (A) La5, (W) Sr5, (&) La34, (I0) Sr34.

Figure 3 Scanning electron micrograph of a plate-like particle
presumed to be Lay(CO;);. It was found in the floating matter
collected on a membrane filter.

90°C and increase considerably between 90 and
150 °C. The leaching rates of lanthanum, neodymium
and cerium are almost the same as each other at 90
and 150°C. On the other hand, that of zirconium
decreases considerably between 40 and 90°C and
decreases slightly between 90 and 150 °C.

The leaching rates in Fig. 5 were obtained by the
leachant exchange method; the {eaching rates of lan-
thanum, neodymium, cerium and strontium tend to
increase with increasing temperature, as observed in
Fig. 4. On the other hand, the leaching rate of zirco-
nium at 90 °C is almost the same as that at 40 °C, and
the leaching rate of zirconium at 150 °C is lower than
that at 90°C by one order of magnitude.

Fig. 6 shows the effects of temperature on the
leaching rates in deionized water. The leaching rate of
zirconium is lower than that in an acid solution at 40
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Figure 4 Leaching rate after 34 days in an acid solution (pH = 1).
No exchange of leachant occurred. (O) Zr, (A) La, ((J) Nd, (@) Ce,
(A) Sr.
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Figure 5 Leaching rate after 50 days in an acid solution (pH = 1).
(O) Zr, (1) La, (0) Nd, (@) Ce, (A) Sr.

and 150°C. Two explanations are possible for this
phenomenon. First, the increased pH reduces the
dissolution rate of La,Zr,0,. Second, zirconium
forms an insoluble hydrate layer on the powder sur-
face in the pH range 1.7-10.5, which reduces the
reaction rate of the inner part of the matrix in water.

3.2.3. Effects of pH in leachate

Fig. 7 shows the effects of pH on leaching rates. After
samples were immersed in leachants at 90 °C for 34
days, leachants were exchanged once in 4 days and the
leach rates after 50 days were obtained. In an acid
solution, the leach rate of each element decreases in
the order strontium > lanthanum =~ neodymium =~
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Figure 6 Leaching rate after 50 days in deionized water. (O) Zr,
(A) La, (73) Nd, (@) Ce, (A) Sr.
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Figure 7 Leaching rate of the constituent at 90°C after 50 days
pH. (O) 1, (@) 5.6 and (©) 10.

cerium > zirconium. In deionized water and an alkal-
ine solution, the leaching rate of each element de-
creases in the same order as in an acid solution except
for lanthanum, and decreases more than one order of
magnitude compared with those in an acid solution.
The concentrations of elements in an alkaline solution
were measured with the ICP-MS (mass spectroscopy)
apparatus. The leaching rates of lanthanum in an
alkaline solution are small in comparison with neo-
dymium and cerium. This small leaching rate seems to
be related to the formation of insoluble La,(CO;);.

4. Discussion
4.1. Effects of leaching temperature
As shown in Fig. 4, the leaching rates of zirconium



decrease with increasing temperature in an acid solu-
tion. On the other hand, the leaching rates of lan-
thanum, neodymium and cerium increase with
increasing temperature. In order to explain this, the
following three causes were considered. First, the dis-
integration rate of the crystal lattice increases with
increasing temperature. Second, the solubility of the
constituents increases with increasing temperature.
Third, the concentration of CO2~ in the leachate
decreases with increasing temperature and this pro-
hibits the formation of zirconium complexes with
CO?%™. The increase of leaching rates for lanthanum,
neodymium, cerium and strontium with increasing
temperature (Fig. 4) is caused by the first and second
effects described above. However, the decrease in the
leaching rate of zirconium with increasing temper-
ature may be related to the third effect. The unreacted
or incompletely reacted zirconium in the waste form
easily dissolves compared to zirconium in the
La,Zr,0, crystal lattice. On the other hand, it is
known that zirconium forms complexes with CO3~
[10], and the concentration of CO%™ in a leachate at
40°C is much greater than that at 90 or 150 °C. Hence,
during the immersion period at 40 °C, zirconium in the
waste form dissolves well by the synergism effect of
these two factors, namely the existence of leachable
zirconium and the formation of zirconium complexes.
However, as shown in Fig. 5, the greater leaching rate
of zirconium at 40 °C is not found, because the affect of
leachable zirconium is eliminated by the exchange of
leachant.

4.2. Effect of pH in the leachate
The leaching rate of zirconium is smallest in deionized
water. In the solution saturated with ZrQO, at 25°C,
the major ion species are Zr,(OH)3* (1073 ™) at pH
= 1, Zt(OH)g or Zr(OH); (10" 12m)at pH = 5.6, and
Zr(OH)g (10777 M) at pH = 10 [11]. The concentra-
tion of zirconium ions is small in a pH = 5.6 solution.
In our work, the concentrations of zirconium in the
leachates were 1077mM at pH =1, <107 8wm at pH
= 5.6 (deionized water) and 10”8 m at pH = 10. The
concentration of zirconium measured at pH = 10 was
107%™ and almost the same as that in the literature
(1077-7M). This shows that zirconium in the leachate
may be saturated. However, the concentration of zir-
conium measured at pH = 1, 1077 um, is extremely low
compared with data in the literature (1073 m). It is
known that polynuclear species such as Zr,(OH)§*
polymerize through ageing at high temperatures [10].
Because these polynuclear species have positive char-
ges, they do not grow to a size of more than 0.45 um

and are not filtered through a 0.45um membrane.
Thus, it is thought that low concentrations of zircon-
ium are caused by the low dissociation rate of the
La,Zr,0, crystal lattice.

5. Conclusion

The leaching rates of an La,Zr,0O, waste form, con-
taining neodymium, cerium and strontium as simu-
lated waste clements, were measured at 40, 90 or
150°C. The leach rates of each constituent in de-
ionized water and an alkaline solution (pH = 10) de-
creased more than one order of magnitude than those
in an acid solution. The leaching rates of lanthanum,
neodymium, cerium and strontium tended to increase
with increasing temperature. In contrast to this, the
leaching rate of zirconium after immersion for 34 days
decreased as the temperature increased. This was at-
tributed to the decrease of a zirconium complex with
CO?%~ ligands which is not stable at a higher temper-
ature. The leaching rates of zirconium, lanthanum,
neodymium and cerium are less than 10" >g m~2d !
in deionized water and an alkaline solution (pH = 10)
at 90 °C. This shows that La,Zr,0- could be a super-
ior material for immobilizing transuranic elements.
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