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Abstract

This paper presents experimental studies on the kinetics of U release from near single-phase zirconolite, pyrochlore,
brannerite and pyrochlore-rich titanate ceramic materials. The dissolution tests were conducted at 20-75°C with initial
pHs from 2 to 12, and flow rates from 10 to 80 ml d™' in the open atmosphere. The U releases from these titanate
materials are controlled by initial fast process and then followed by linear kinetics. The close-to-stoichiometric U release
from zirconolite and pyrochlore-rich materials and preferential U release from brannerite are consistent with the al-
terations observed for the natural samples. The rate constants for U releases were determined and the effects of pH and
temperature were examined. For each material, the U release vs. pH exhibits a V-shape with a minimum near pH 8. The
measured activation energies suggest surface reaction controlled dissolution mechanism. Pyrochlore-rich materials and
zirconolite demonstrated higher chemical durability and more resistance to aqueous attack than brannerite. However,
impurities and minor brannerite inclusions do not appear to have a detrimental effect on U releases from pyrochlore-

rich multi-phase ceramics. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Synroc, a titanate-based ceramic, has received con-
sideration as a matrix for immobilisation of actinide-rich
radioactive wastes [1-3]. In the last 10 years two acti-
nide-bearing titanate phases, zirconolite (CaZrTi,O7)
and pyrochlore (nominally CaATi,O;, A-actinide ele-
ments), have been extensively studied [4-7]. Ceramic
formulations based on these two phases have also been
developed for immobilisation of excess Pu [8,9].
Brannerite, UTi,0g, has been identified as a minor phase
in some of these formulations [10,11].

Aqueous durability studies on these ceramic formu-
lations and individual Synroc phases, largely based on
the standard MCC-1 leaching tests, have been per-
formed to support the development of the formulations
[12,13].

* Corresponding author: Fax: +61-2 9543 7179.
E-mail address: yzx@ansto.gov.au (Y. Zhang).

To evaluate the long-term durability of the ceramic
products and each individual Synroc phase, some thermo-
dynamic and kinetic information is essential, including a
definition of the mechanism of the dissolution process,
kinetics of actinide releases, and the development of a
mathematical description of the dissolution process.
In addition, a comparison with natural minerals is
essential.

This paper reports experimental studies on the ki-
netics of U releases from the pyrochlore-rich formula-
tions and near single-phase zirconolite, pyrochlore and
brannerite, and evaluates parameters for the further
mathematic modelling to predict the long-term stability
of these materials.

2. Experimental
2.1. Sample preparation

The ceramic materials used in this study are based
on the selected composition [9] for immobilisation of
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surplus Pu. Depleted uranium was used for all sample
preparation. The Pu consisted of mainly **Pu with small
amounts of 2*°Pu (~5 wt%) and trace amounts of **'Pu
and ' Am.

Brannerite was prepared by using the alkoxide/ni-
trate route [10]. Stoichiometric mixtures of aqueous
uranyl nitrate and ethanolic Ti isopropoxide solutions
were dried and calcined in argon at 750°C for 1 h. The
calcines were wet-milled for 2 h and then dried. Two
wt% of Ti metal was added and samples were hot-
pressed at 1260°C for 2 h under 21 MPa in graphite dies.
The sample contains mainly brannerite with ~5-7% of
rutile and trace amounts of UQO,.

Zirconolite and pyrochlore-rich materials were pre-
pared via oxide route [14]. Typical grain size ranges from
5-50 pum. The ceramic formulations, sintering recipes
and oxide compositions are given in Tables 1 and 2.

The monolithic samples were crushed and sieved to
75-150 um for brannerite and 20-40 mm for the oth-
ers, and washed with acetone to remove the fines. The
surface areas were measured by the BET method as
around 0.2 m? g=! for 20-40 um and 0.08 m? g~! for
75-150 pum.

2.2. Electron microscopy

Scanning electron microscopy (SEM) was carried out
with a JEOL 6400 instrument operated at 15 kV, and
fitted with a Noran Voyager IV X-ray microanalysis
System (EDX). Calibrations for microanalysis were

Table 1
Ceramic formulations

255

carried out using a comprehensive set of standards for
quantitative analysis [8,15]. Transmission electron mi-
croscopy (TEM) was carried out with a JEOL 2000FXII
equipped with a Link-ISIS EDX system, operated at
200 kV and calibrated for quantitative thin-film analyses
using an extensive set of natural and synthetic reference
materials [15].

2.3. Test method

Dissolution tests (Single-Pass-Flow-Through), using
methods described elsewhere [16,17], were conducted at
20-75°C using solutions with initial pHs from 2 to 12
and flow rates from 10 to 80 ml d™' in an open atmo-
sphere, i.e. in equilibrium with the laboratory atmo-
sphere. A varying flow rate was used for each individual
test for Ce—U (~18-45 ml d™'), Pu-U (~15-60 ml d ")
ceramics, zirconolite (~40-80 ml d™') and pyrochlore
(~40-80 ml d"). For brannerite, a constant flow rate
(10-30 ml d™") was used. The chemical compositions of
the leachants are given in Table 3. The powdered sample
was placed between Teflon membranes, held together by
two Teflon rings, and positioned near the middle of the
Teflon leaching vessel. The leachates were collected
twice per week and were acidified after pH measurement
with 3% by volume of analytical grade HNO;. Induc-
tively coupled plasma mass spectrometry (ICP-MS) was
used to determine the concentrations of U and Ti in the
leachates. The powdered specimens, after dissolution
tests, were gently rinsed with deionised water and dried

Sample Precursor Generic composition description Preparation conditions

Ce-U baseline Oxide Pyrochlore-rich + zirconolite + rutile + brannerite Sintered at 1350°C in air

Pu-U impurity Oxide Pyrochlore-rich + zirconolite + rutile + brannerite Sintered at 1350°C in air

Pyrochlore Oxide >95% + rutile+ brannerite Sintered at 1350°C in air

Zirconolite Oxide only a little rutile Sintered at 1350°C in air

Brannerite Alkoxide >93%, ~5% TiO, (rutile) + ~2% Ti HIPed at 1260°C in air
Table 2

Sintering recipes (oxide weight for 50 g batch) and oxide compositions (wt%) of ceramic materials used in the dissolution tests

Zirconolite Pyrochlore Brannerite Ce-U ceramic Pu-U ceramic

grams wt % grams wt % wt% grams wt % grams wt %
CaO 8.03 9.68 8.64 10.48 - 7.98 12.56 4.95 9.9
CeO, 2.96 6.37 3.89 8.43 - 4.63 9.64 - -
Ga,0; - - - — - - 0.07 0.14
Gd,04 3.22 6.92 3.75 8.13 - - - 3.95 7.9
HfO, 11.80 25.38 5.78 12.51 - 5.67 11.79 5.30 10.6
MgO - - - - - - - 0.01 0.02
PuO, - - - - - - - 5.95 11.9
TiO, 16.49 35.49 16.73 36.20 38.8 17.19 35.77 17.95 35.9
U0, 7.50 16.15 11.20 24.25 60.1 14.53 30.24 11.80 23.6
ZnO - - - - - - - 0.06 0.11
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Table 3
Composition of leachants
Composition Initial pH
0.05 M KHphthalate + 0.05 M HCI 2.1
0.05 M KHphthalate + 0.03 M HCI 3.0
0.05 M KHphthalate + 0.015 M HCI 4.1
0.05 M KHphthalate + 0.04 M NaOH 5.6
0.05 M H3;BO; + 0.004 M NaOH 7.9
0.05 M H;BO; + 0.044 M NaOH 9.8
0.05M KCI + 0.012 M NaOH 11.9

at the test temperature for SEM and TEM examina-
tions. The dissolution tests for brannerite were carried
out at ANSTO and the rest were carried out at LLNL.

3. Results
3.1. General observations

The normalised U/Ti mole ratios leached in the pH
2.1 buffer solution are shown as a function of time in
Fig. 1. The results indicate that the U release from
brannerite is non-stoichiometric (with respect to Ti) but
U release from the other materials is close to stoichio-
metric after about 20 days.

Two flow patterns were used, constant flow rate and
varying flow rate, to evaluate the effect of flow rate on U
releases. For Ce-U, Pu-U, zirconolite and pyrochlore, a
varying flow rate (15-80 ml d™') was used for each in-
dividual test. The normalised U release rates are nearly
independent of the varying flow rate, implying that the
U releases are not solubility-controlled [14]. For
brannerite, constant flow rates were used, and flow rate
variation by a factor of 3 (10-30 ml d ') had no obvious
effects on the normalised U release rates.

X
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3.2. Kinetics

The typical cumulative U releases from Ce-U and
Pu-U ceramics, zirconolite, pyrochlore and brannerite
are shown in Figs. 2-6. The U releases are controlled
by initial fast process and followed by linear kinetics
(steady state release). The later linear part of the plot
of cumulative U release vs. time has been used to
calculate the limiting rate constant. The fitted limiting
rate constants for U releases are summarised in
Table 4.

3.3. Surface analysis

SEM examination of the powdered Ce-U (pyroch-
lore-rich) ceramic after dissolution tests in the pH 2.1
solution at 25°C for one year (not shown) indicates
that the reacted sample appears to be identical to the
unreacted and there is no obvious rounding or
smoothing of edges and pits (note-images on 30-um
scale), which is in agreement with the thickness of the
surface alteration layer of 4 nm calculated from the U
release data [14].

SEM examination of the powdered brannerite sam-
ples after leaching at 70°C for more than 98 days [19]
revealed that the major surface alteration product is
TiO, and the alteration thickness ranges from tens to
hundreds of nanometres. Different surface morphologies,
i.e. a near uniform film under acidic leaching (Fig. 7(a)),
in contrast to ~50-100 nm-sized spherules under alkaline
leaching (Fig. 7(b)), were identified.

TEM observations on the reacted brannerite samples
clearly defined the two kinds of surface morphologies,
viz. nearly uniform films (anatase-TiO,) in acidic media
(Fig. 8(a)) and plate-like crystallite TiO, (anatase) in
alkaline media (Fig. 8(b)).
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Fig. 1. Normalized U/Ti ratio in the pH 2.1 buffer solution.
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Fig. 2. Plot of U release vs. time for Ce-U ceramic in the pH
5.6 buffer solution at 25°C (flow rate from ~18 to 45 ml d™').
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Fig. 3. Plot of U release vs. time for Pu-U ceramic in the pH
5.6 buffer solution at 25°C (flow rate from ~15 to 60 ml d™').

4. Discussion
4.1. Effect of pH

The dependence of a reaction rate on proton activity
is given by
RU:(Z_?:]‘H“};H? (1)
where Ry (mol m™2 s7!) is the rate of the reaction for U
release, ki (mol m~2 s7!) is the apparent rate constant
with respect to proton, and 7 is the order of the reaction
with respect to proton activity, which can be determined
from the slope (—n) of log k vs. pH. The plots of log k
(limiting rate constants from Table 4) vs. pH are shown
in Fig. 9. The U release rate slightly increases with H"
and OH™ activities with a minimum near pH 8. This
suggests that H" and OH™ promote the U releases to
some extent. The fitted reaction orders and log apparent
rate constants against H* are summarised in Table 5.
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Fig. 4. Plot of U release vs. time for zirconolite in the pH 4.1,
9.8 and 11.9 buffers at 75°C (flow rate from ~40 to 80 ml d").

3.0E-06 A pH4.1
Q=7.50E-13 t + 9.21E-08
o 06 4 o pH9.8
ﬁ 2.5E-06 R? - 0.997
® o~ 2.0E-06 -
D E
@ o 1.5E-06 4
£ 8 Q=7.88E-14 t + 6.61E-09
E < 1.0E-06 R?=0.989
3 5.0E-07 1
—0°
0.0E+00 : ; ; :
0.0E+00 1.0E+06 2.0E+06 3.0E+06 4.0E+06
Time (s)

Fig. 5. Plot of U release vs. time for pyrochlore in the pH 4.1
and 9.8 buffers at 50°C (flow rate from ~40 to 80 ml d™').
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Fig. 6. Plot of U release vs. time for synthetic brannerite in the
pH 11.9 buffer solution 70°C (flow rate ~12 ml d™").

For brannerite there is less pH dependence with a re-
action order of 0.16 at pH 2-6 and —0.23 at pH 8-12.
The apparent constant is ~1 x 10~'* at pH > 8 and
~5x 107" at pH < 7. In the case of the other materials,
the reaction orders are about —0.20 at pH > 8 and less
linear pH dependence at pH < 7 with the reaction
orders varying with materials and temperatures from 0
to 0.1 for zirconolite and pyrochlore and 0.2-0.3 for
Ce-U and Pu-U ceramics. The apparent constants for
H* remain relatively constant, ~3 x 10716 =3 x 10~15 at
pH > 8 and ~2 x 10713 =2 x 1072 at pH < 7.
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Table 4
Linear (Q = kt + Q,) limiting rate constants for U releases
Solution pH T (°C) K(£20) (mol m™* s7') Q, (mol m™?)
Zirconolite
2.1 75 2.43(£0.18) x 10713 2.99 x 1077
4.1 75 2.42(£0.16) x 10713 8.11 x 1078
5.6 75 1.53(£0.02) x 10713 -3.87 x 1078
7.9 75 2.11(£0.05) x 1074 —4.87 x 10710
9.8 75 7.22(£0.28) x 1071 —1.51 x 1078
11.9 75 1.32(+£0.03) x 10713 -3.38 x 1078
2.1 50 1.63(4+0.20) x 10713 3.51 x 1077
4.1 50 9.04(+£1.40) x 10~ 4.40 x 1077
5.6 50 8.90(+1.12) x 1071 2.44 x 1077
7.9 50 2.70(£0.20) x 1074 -1.38 x 1078
9.8 50 5.27(£0.26) x 10714 —4.27 x 107°
11.9 50 9.90(+0.94) x 10~ 4.00 x 1077
7.9 25 1.25(40.06) x 101 8.03 x 10710
9.8 25 2.24(£0.14) x 1074 —4.05 x 10°
Pyrochlore
2.1 75 1.32(£0.02) x 1072 8.08 x 1077
4.1 75 1.15(40.09) x 10-12 6.03 x 1077
5.6 75 7.02(£0.41) x 10713 —2.97 x 1077
7.9 75 1.58(40.03) x 101 6.65 x 107°
9.8 75 1.11(£0.04) x 10713 —4.73 x 1078
11.9 75 1.54(#£0.05) x 10713 -2.28 x 1078
2.1 50 9.82(+0.83) x 10713 3.19 x 1077
4.1 50 7.24(£0.19) x 10713 1.13 x 1077
5.6 50 3.71(£0.56) x 10713 2.14 x 1077
7.9 50 3.18(£0.24) x 10714 -9.96 x 107°
9.8 50 7.88(+0.48) x 1071 6.61 x 107
11.9 50 2.02(£0.29) x 1013 1.28 x 1077
4.1 25 3.70(+£0.60) x 1072 2.89 x 107¢
5.6 25 5.57(£0.30) x 10714 239 x 1078
7.9 25 1.18(£0.10) x 10~ 2.96 x 107
9.8 25 3.32(£0.50) x 10714 —6.69 x 107°
11.9 25 2.10(£0.10) x 1074 7.02 x 107
Brannerite
2.1 70 3.59(£0.09) x 107! 2.63 x 107
3.0 70 9.39(£0.26) x 10712 5.37 x 107*
5.6 70 7.16(+£0.52) x 10712 3.56 x 107*
7.9 70 5.62(£0.08) x 1013 8.80 x 1077
9.8 70 7.60(+£0.33) x 10712 2.98 x 1073
11.9 70 5.08(£0.11) x 10712 2.61 x 1073
5.6 50 4.38(£0.09) x 1072 8.02 x 107
7.9 50 5.25(£0.16) x 1013 3.19 x 1077
9.8 50 1.58(£0.02) x 1072 4.03 x 1077
5.6 20 2.97(£0.06) x 1013 4.82 % 10°°
Ce-U ceramic
2.1 25 2.25(£0.18) x 10713 3.02 x 10°¢
4.1 25 1.11(£0.13) x 10713 1.35x 1073
5.6 25 3.26(£0.06) x 10714 8.18 x 1077
7.9 25 3.53(+0.10) x 10~ —3.43 x 107°
Pu—U ceramic
2.1 25 3.50(+£0.18) x 10713 3.40 x 107
4.1 25 1.13(£0.32) x 10713 1.01 x 10-¢

5.6 25 3.45(£0.11) x 10~ 1.34 x 10°¢
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0.9 um

Fig. 7. SEM secondary electron micrographs of the brannerite samples leached in: (a) pH 5.6 buffer for 184 days; (b) pH 11.9 buffer for
156 days.

2pm (a) 50nm (b)

Fig. 8. TEM bright field image of the brannerite sample leached in: (a) pH 5.6 buffer for 184 days; (b) pH 11.9 buffer for 156 days.
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Fig. 9. Plot of log k vs. pH for U release from near single-phase zirconolite, pyrochlore, brannerite, and Ce-U and Pu-U ceramics.



260 Y. Zhang et al. | Journal of Nuclear Materials 289 (2001) 254-262

Table 5

Fitted reaction orders and log rate constants with respect to pH

Material Temperature log ky £ 20 log ky £ 20 Reaction order(n £ 20)
(°C) pH <7 pH > 8 pH <7 pH > 8
Zirconolite 70 —12.47+£0.29 —15.06 £ 0.68 0.05 £+ 0.07 —0.19+0.06
50 —12.68 +£0.30 —14.58 £0.01 0.07 £0.07 —0.13 £0.00
Pyrochlore 75 —11.71 £0.22 —15.55+1.81 0.07 £ 0.05 —0.24+0.18
50 —11.76 £0.23 —15.05+0.10 0.11 +£0.05 —0.20 £ 0.01
Ce-U ceramic 25 —12.12 £0.28 0.22 +0.06 -
Pu-U ceramic 25 —11.72 £0.04 - 0.30 +0.01 -
Brannerite 70 —10.28 £0.96 —13.86 £ 3.85 0.16 £0.24 —0.23+0.38
O Pyrochlore-pH5.6  Lnk=-5312/T - 12.53 (Pyrochlore pH 5.6)
X Pyrochlore-pH10.0  Ln k=-2598/T - 22.26 (Pyrochlore pH 10.0)
-24 A Zirconolite-pH 10.0  Ln k=-2452/T - 23.13 (Zirconolite pH 10.0)
-25 1 & Brannerite-pH5.6 Ln k =-6635/T - 6.04 (Brannerite pH 5.6)
-26

-27 A
-28
-29

Lnk

-32

3
o
o
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Fig. 10. Plot of Ln & vs. 1/T for U release from the near single-phase materials, based on U dissolution rate.

4.2. Effect of temperature

The temperature dependence of a reaction can be
expressed by the Arrhenius equation
do

4 = k= kr exp(~Ea/RT), )

where Ea is the activation energy, R is the gas constant
and T is the absolute temperature. The plot of In k vs.
1/T should give a straight line with the slope equal to
—FEa/R and from this, the activation energy can be
determined.

The plot of In k (limiting rate constants from Table 4)
as a function of inverse temperature (In k vs. 1/7) gives
the activation energies for U releases from pyrochlore,
zirconolite and brannerite at different pH values (Figs.
10 and 11). The activation energies based on U data are
solely pH dependent (Fig. 11), but do not give the same
values as those based on the Ca, Ce and Gd data, im-
plying that the pH dependence is for the U oxidation
reaction.

4.3. Mechanism

The initial quick U release (fast surface reaction)
followed by a steady state U release (linear kinetics) has

¢ Pyrochlore
O Brannerite
25.0 A Zirconolite

Ea =-4.68 pH + 40.30 (pH < 8.0)
2 200 -
o Ea=1.76 pH - 10.52 (pH > 8.0)
£ 1501
8
£ 100
©
w 50

0.0 ;

2 4

Fig. 11. pH dependence of the activation energy for U release
from the near single-phase materials, based on U dissolution
rate.

been observed. The initial U release process can be
viewed as a wetting process — U depletion and formation
of a mixed hydroxide layer [18] on the surface, which is
largely determined by the temperature, flow rate and pH
of the tests, given the same initial surface area. The
hydroxide phases formed on the surface control the
further U release from the matrix. In the case of
brannerite, the preferential U release leaves Ti oxide and
hydroxide phases on the surface, which determine the
kinetics of further U release from the matrix.
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4.4. Comparisons

Based on U releases, zirconolite and pyrochlore
have similar reaction rates and rate constant values,
which reflects their similar structures [20]. Both of them
are more durable (rate constants about 2 orders of
magnitude lower) in aqueous media than brannerite.
Ce-U (baseline pyrochlore), Pu-U (baseline pyrochlore
with impurities) and pyrochlore (near single-phase)
samples have closely similar rate constants. There
appears to be little effect of including impurity elements
on the U releases. In addition, the minor brannerite
content of Ce-U ceramic and pyrochlore seems to in-
crease the overall U release rate by only a factor of less
than 10.

The dissolution of brannerite exhibits preferential U
release leaving behind TiO, phases, which is consistent
with the alteration rims observed for natural brannerite
samples [21]. The close-to-stoichiometric release of U
from zirconolite and pyrochlore-rich materials is also in
agreement to the fact that U remains relatively less af-
fected by the alteration process in the natural pyrochlore
samples [22,23].

5. Conclusions

Zirconolite and pyrochlore-rich titanate materials
(pyrochlore, Ce-U and Pu-U ceramics) are more du-
rable in aqueous media than brannerite in the pH range
of 2-12. The U releases from these materials are con-
trolled by initial fast process and followed by linear
kinetics. The preferential U release from brannerite and
close-to-stoichiometric U release from zirconolite and
pyrochlore-rich materials are consistent with the ob-
servations for the natural samples. For all the materials
tested, the U releases vs. pH exhibits a V-shape with a
minimum near pH 8. The measured activation energies
are solely pH dependent for the near single-phase
materials, indicating that the U oxidation probably
dominates the overall reaction for U releases from these
titanate materials.

Overall, zirconolite and pyrochlore-rich materials are
suitable ceramics for actinide immobilisation and are
more resistance to aqueous attack than brannerite.
However, the impurities and minor brannerite inclusions
do not show obvious detrimental effects on U releases
from pyrochlore-rich ceramics.
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