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Abstract

The dissolution of synthetic brannerite in aqueous media at 40 and 90 °C under atmospheric redox conditions has
been studied. At 40 °C, the presence of phthalate as a buffer component in the pH range of 2-6 has little effect on
uranium release from brannerite. Bicarbonate increases uranium release and enhances the dissolution of brannerite.
Compared to UO,, brannerite is more resistant to dissolution in bicarbonate solutions. In under-saturated conditions at
90 °C, the dissolution of brannerite is incongruent (preferential release of uranium) at pH 2 and nearly congruent at pH
11. TEM examinations reveal a polymorph of TiO, (pH 2 specimen) and a fibrous Ti-rich material (pH 11 specimen) as
secondary phases. XPS analyses indicate the existence of U(V) and U(VI) species on the surfaces of specimens both
before and after leaching, and U(VI) was the dominant component on the specimen leached in the pH 11 solution.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Brannerite (UTi,0¢), which exists naturally in many
uranium ore bodies, has attracted recent attention as a
minor phase in the ceramic formulations designed to
immobilise surplus plutonium [1]. It belongs to the
monoclinic crystal system with space group C2/m, and
both U and Ti occupy distorted octahedral coordination
polyhedra [2]. The mineralogy and hydrometallurgy of
brannerite in some ore deposits have been extensively
studied [3-5]. Several important observations have been
made from these studies: (1) brannerite is more resis-
tant than uraninite to dissolution in sulphuric acid; (2)
from the compositional and leach studies, sufficient
evidence exists to support the presence of coffinite
(U[Si04];_,[OH]4,) as an alteration product intergrow-
ing with brannerite and (3) leach pit formation is the
initial, rate-controlling step in brannerite dissolution
regardless of the leach conditions [6]. In addition,
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brannerite is often associated with rutile and in many
cases with anatase as a natural alteration product.

Previously we have reported some experimental
studies on the dissolution of synthetic and natural
brannerite [7-9]. In our early work, KHphthalate was
used in the buffer solutions for pH 2-6. However, it has
been reported that phthalate slightly enhances the dis-
solution of natural minerals [10]. In addition, the effect
of bicarbonate in alkaline solutions on the dissolution of
brannerite should be considered. The purpose of this
paper is to provide data to quantify the effects of
phthalate and bicarbonate on the dissolution of syn-
thetic brannerite under atmospheric redox conditions
and further elucidate the nature of the surface alteration
products by transmission electron microscopy (TEM)
and XPS examination of ion-beam-thinned (IBT) spec-
imens leached in under-saturated conditions.

2. Experimental

2.1. Sample preparation

Synthetic brannerite was prepared by the alkoxide/
nitrate route [11]. Stoichiometric mixtures were dried
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and calcined in argon at 750 °C for 1 h. The calcines
were wet-milled for 2 h and then dried. About 2 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 minor rutile
inclusions (~5% TiO, and trace amounts of reduced Ti
oxide) and only a trace amount of UO, (<0.1%).

The powdered sample for the dissolution tests was
prepared by crushing a monolithic sample to particle
sizes between 75 and 150 um diameter and washing with
acetone to remove fines from the surfaces. The surface
area was measured by the BET method as 0.08 m?>g~!.

The IBT TEM specimens were prepared in the con-
ventional manner, whereby a thin wafer, ~0.5 mm thick,
was sectioned from the bulk specimen using a sectioning
saw. A disc (~3.0 mm in diameter) was then cored from
the wafer using an ultrasonic coring drill. The disc was
further processed by mechanical thinning techniques
down to a thickness of ~80 pm and both sides polished
to ~0.25 pm. The disc was then dimpled on one side.
This process introduced a polished concave surface in
the disk, ~15 pm thick at the centre, minimising the time
required for ion milling, while still maintaining specimen
integrity at the outer rim. The dimpled specimen was ion
milled using a Gatan Precision Ion Polishing System
(PIPS). The parameters set for milling were 4.5 keV Ar*
ions incident on the specimen at the low incident angle
of +4.5°.

2.2. Electron microscopy and X-ray photoelectron spec-
troscopy

TEM was carried out with a JEOL 2010F equipped
with a Link-ISIS Energy dispersive X-ray (EDX) sys-
tem, operated at 200 kV and calibrated for quantitative
thin-film analyses using an extensive set of natural and
synthetic reference materials [12].

The IBT TEM specimens were also analysed by XPS
both before and after leach testing. XPS measurements
were performed in ultra-high vacuum with a VG ES-
CALAB 220i-XL system employing a monochromatic
Al K, (1486.7 eV) X-ray source. The X-ray gun was
operated at 120 W, and the spectrometer pass energy
was set at 20 eV for regional scans. The diameter of the
analysis area was approximately 500 um, much larger
than the average grain size (~50 pm). The thickness of
the probed surface layer was <5 nm. The IBT specimens
were mounted using double-sided conductive adhesive
tape under a stainless steel foil with an open aperture of
~3 mm, exposing an outer rim area to be analysed.
Charge compensation was achieved by using a low
energy electron flood gun. The C 1s peak from the
adventitious carbon was found at its standard value
(285.0£0.1) eV for all three samples, therefore further
corrections in binding energy were unnecessary. The
surface concentration of different species was deter-

mined by integrating the peak area (after subtracting a
Shirley-type background) with Scofield sensitivity fac-
tors as defined in the software package supplied by VG
Scientific.

2.3. Effects of phthalate and bicarbonate

Batch equilibrium tests were carried out in polysty-
rene containers on a shaking bench (once per second)
within an oven at 40 °C. A series of phthalate or bi-
carbonate solutions with concentrations ranging from
10~ to 10~ M, with constant pH (pH 4 for phthalate
and pH 8 for bicarbonate) and constant ionic strength
(0.01 M) were used. The solution pH was adjusted using
1 M HCI and the ionic strength was adjusted using KCI.
The solution compositions are summarised in Table 1.
The initial solid concentration was 0.02 g in 30 ml so-
lution. Aliquots (2 ml) were regularly taken, run through
0.25 pm filters, and acidified with 3% by volume of an-
alytical grade HNO;. An inductively coupled plasma
mass spectrometer (ICP-MS) was used to determine the
concentrations of U and Ti.

2.4. Dissolution tests for IBT specimens

Dynamic dissolution tests for IBT specimens, de-
scribed elsewhere [13], were conducted at 90 °C using pH
2 (HNO; solution) and pH 11 (KOH solution) solutions
and flow rates of around 50 mld~! in an open atmo-
sphere. The specimen was placed between Teflon sieves,
and positioned near the middle of the Teflon vessel. The
leachates were collected daily in the first week and then
twice per week, and were acidified with 3% by volume of
analytical grade HNO;. ICP-MS was used to determine

Table 1
Buffer solutions used for the effect of phthalate and bicarbonate

[Phthalate] (M)

Solution no.

P1 1.09x10~*
P2 2.14x107*
P5 4.96x 10~
P10 1.00x 1073
P20 2.06x1073
P40 4.00x1073
P60 6.52x1073
P100 1.01x 1072
[KHCO;] (M)
Cl 1.04x10~*
C2 2.03x107*
Cs 5.00x107*
Cl10 1.01x1073
C20 2.02x1073
C40 4.01x1073
C60 6.50x1073
C100 1.00x 1072
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the concentrations of U and Ti in the leachates. The
specimens, after 4 weeks, were gently rinsed with de-
ionised water and dried at 90 °C for TEM and XPS
examinations.

3. Results and discussion
3.1. Effect of phthalate

The initial uranium release rate (at 10 min) is weakly
dependent on phthalate concentration with the reaction
order of 0.19£0.08 (Fig. 1). After 1 h, the uranium re-
lease rate appears to approach a constant value. The
weak rate dependence of phthalate in the first 10 min
might be related to the initial dissolution of U(VI) and
U(V) species present on the brannerite surface [14],
which could be controlled by phthalate. In the case of
titanium there is no obvious rate dependence on phth-
alate concentration (Fig. 2). Generally the uranium re-
lease rate is about two or three orders of magnitude
higher than that of titanium (Fig. 3), indicating incon-
gruent dissolution of brannerite.

Over the experimental time period (20 days), ura-
nium concentrations in solutions do not seem to reach
saturation. However, titanium reaches apparent equi-
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Fig. 1. The correlation between initial (10 min) uranium release
rate and phthalate concentration.
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Fig. 2. The initial (10 min) titanium release rate versus phtha-
late concentration.

1.0x107
°u
AT

1.0x10%q
1.0x10°°
1.0x1071
1.0x10°% 88 88

1.0x107"%]

i B o
@

X0

<o

L 3

> D> >
> o> >

1.0x107"%
1.0x10" A
1.0x107"%
1.0x10718
0

-2_-1
Elemental release rate (mol.m“s™")
> > >
>
D>
>

Time (days)

Fig. 3. Elemental release rate versus time for the tests with
phthalate (10-*-10-2 M).
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Fig. 4. Titanium concentration in phthalate solutions.

librium after 7 days (Fig. 4) with the saturation con-
centrations dependent on phthalate concentrations (Fig.
5). Therefore the phthalate ion increases titanium solu-
bility. However, it is unlikely that slightly increasing ti-
tanium solubility would have any significant effect on
uranium release since the uranium release rate is overall
100 times higher than titanium release rate with the
highest phthalate concentration.

3.2. Effect of bicarbonate

Uranium concentrations in solutions do not reach
saturation (Fig. 6) and uranium release rate is found to
be dependent strongly on bicarbonate concentration
over the testing time period with the reaction order
varying from ~0.52 at 10 min to ~0.69 after 7 days. This
implies that bicarbonate enhances the dissolution of
brannerite under alkaline and atmospheric conditions.
A direct comparison between brannerite (40 °C) and
UO,; (45 °C) [15] in bicarbonate solutions at the same
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Fig. 5. Correlation between saturated Ti concentration (aver-
age values for the last three data points) and phthalate con-

centration.
25
——P1
—a—P2
2.07 —4—P5
_ ——P10
E 151 —x—P20
=
E —o—P40
1.01 —+—P65
——P100
0.51
0.0 T T T T T
0 100 200 300 400 500 600

Time (days)

Fig. 6. Uranium concentration in bicarbonate solutions.

atmosphere and essentially the same methodology is
shown in Fig. 7. The uranium release rate from
brannerite is generally an order of magnitude lower than
that from UO,, indicating that brannerite is more re-
sistant to dissolution than UO, in bicarbonate solutions.

Titanium releases, however, show no dependence on
bicarbonate concentration at pH 8, either in release rate
or equilibrium concentration (~3 ppb), indicating that
unlike phthalate at pH 4, bicarbonate does not interact
strongly with titanium, either on the solid surface or in
solution.

3.3. Dissolution of IBT specimens

For pH 2 solution, the cumulative elemental releases
show linear relationships versus time (Fig. 8), indicating
constant (but different) release rates for both uranium
and titanium. The dissolution of brannerite in pH 2
solution is incongruent and preferential release of ura-
nium occurs (Fig. 9), as found previously [7].

In the case of pH 11 solution, the less linear and
lower release of uranium than titanium (Fig. 10) sug-
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Fig. 7. The effect of bicarbonate (pH 8) on the uranium release
rate from brannerite and UO, [15].

1.2x107
3 Qu=4.32x10" t—9.58x10™°
£ . R’ =0.999
o 8.0x10°
8
o
e
2
K
2 4.0x10* 1
5] Qri=3.69%10" t+ 1.31x10°

R =0.997
0+ ;
0 5 10 15 20 25 30

Time (d)

Fig. 8. Cumulative elemental releases versus time for dissolu-
tion of IBT specimen in pH 2 solution.
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Fig. 9. Normalised U/Ti molar ratio in solution for the IBT
specimens leached in different pH solutions.

gests that some dissolved uranium may adsorb back
onto the secondary phase and the sample itself or even
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Fig. 10. Cumulative elemental releases versus time for disso-
lution of IBT specimen in pH 11 solution.

the Teflon vessel wall. Overall, the dissolution of the IBT
specimen in pH 11 solution appears to be nearly con-
gruent (Fig. 9).

3.4. TEM examination of IBT specimens

The IBT specimen exposed to pH 11 solution at 90 °C
for 4 weeks shows large areas of a fibrous secondary
phase associated with the original brannerite (Fig.
11(a)). In contrast, primary rutile (TiO,) appears to be
unaffected (not shown in Fig. 11). EDX spectroscopy
shows that the Ti-rich secondary phase contains varying
amounts of uranium and trace amounts of other ele-
ments, although the remaining underlying brannerite
makes determination of the secondary phase composi-
tion difficult. Selected area electron diffraction indicates
that the secondary phase is amorphous (Fig. 11(b),
inset).

Compared to the pH 11 specimen, the IBT specimen
leached in pH 2 solution at 90 °C for 4 weeks shows
large areas of apparently unaltered brannerite as well as
a relatively small amount of secondary phase. The pri-
mary rutile grains appear to have been partially etched
(Fig. 12(a)). EDX spectroscopy indicates that the sec-
ondary phase is mainly TiO, with differing amounts of
uranium and trace amounts of other elements. Selected
area electron diffraction confirms that the secondary
phase is polycrystalline, probably anatase and/or
brookite (Fig. 12(b), inset).

3.5. XPS examination of IBT specimens

The two leached IBT specimens (in the pH 11 and pH
2 solutions respectively), as well as an unleached IBT
specimen, were examined by XPS. C was the only im-
purity detected on the unleached specimen. The carbon
signal was due to ubiquitous hydrocarbons present on
all solid surfaces exposed to ambient air. The specimen
leached in the pH 11 solution was found to contain U,
Ti, O, C and a small amount of K and Ca on the surface.
The source of K was from the leach solution (KOH) not
having been rinsed off completely, while Ca was a minor
contaminant in the leach solution (see above). The de-
tection of Ca on the specimen surface (pH 11) is con-
sistent with the results of TEM and solution analyses.
The only impurities detected on the specimen surface
leached in the pH 2 solution were C and a small amount
of N; the presence of N was the result of HNOj; solution
not having been rinsed off completely.

The binding energy of the U 4f;,, peak is directly
related to the oxidation state of uranium. As the oxi-
dation state of uranium increased from U*" (UO,) to

Fig. 11. TEM bright field image of IBT specimen dynamically leached in pH 11 solution at 90 °C for 4 weeks.
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Fig. 12. TEM bright field image of IBT specimen dynamically leached in pH 2 solution at 90 °C for 4 weeks.

U™ (UQOs), the binding energy of the U 4f;,, peak was
observed to increase by 1.7 eV [16]. Fig. 13(a)—(c) show
the U 4f;/, XPS spectra of the brannerite surface prior to
leach testing and after leaching in the pH 2 and 11 so-
lutions, respectively. It is evident from the peak shape
that there is more than one U species present on the
surface of these samples. In order to separate the dif-
ferent components, each spectrum was fitted with three
50% Gaussian/50% Lorentzian curves after background
subtraction. The peak position and width were allowed
to vary freely, but the width of the three peaks was set to
be equal in each fit (the spectra could not be fitted sat-
isfactorily with fewer than three peaks). The peaks in
each spectrum located at (379.9£0.1) and (380.9+0.1)
eV were attributed to U*" and U>*, respectively [14].
Compared with literature data, the binding energy of
U* formed here is similar to that of U* in UO; [16].
The third peak, assigned as the U** component, is lo-
cated at (382.0+0.1) eV for the unleached and pH 2
surfaces, but is found at 381.6 eV for the pH 11 speci-
men (similar to that of U%* in UO; [16]). When the U%*
component is relatively small as a result of surface oxi-
dation, its binding energy seems to shift to a value
slightly higher than that for U%" in UO; [14].

As seen in Fig. 13(a), the brannerite surface prior to
leach testing already contained a large amount of U*
probably as a result of surface oxidation due to the ion-
beam-thinning procedure. The distribution of the U**,
U’* and U components on the surface was quite
similar to that leached in the pH 2 solution (Fig. 13(b)).
The specimen leached in the pH 11 solution, however,
was oxidised much more than the pH 2 specimen (Fig.
13(c)). This would support the conclusion that U%* was
incorporated in the long fibrous U-bearing but Ti-rich
alteration product covering a high percentage of the pH
11 specimen surface, as observed by TEM. The U/Ti

kCounts

kCounts

(©pH11 et
40~

30

kCounts

20

Binding Energy (eV)

Fig. 13. U 4f;/, XPS spectra of the brannerite surface (a) before
leaching, and after leaching in the (b) pH 2 and (c) pH 11 so-
lutions.
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ratio determined from XPS was reduced from 0.59 be-
fore leaching to 0.37 after leaching in the pH 2 solution,
consistent with the conclusion of preferential release of
uranium at pH 2. Since large areas of the pH 11 surface
were covered by an alteration product layer thicker than
the probing depth of XPS (<5 um), the U/Ti ratio of
the pH 11 surface (0.46) does not reflect the true U/Ti
ratio of the leached brannerite surface. Note that since
the sensitivity factors were not calibrated, the experi-
mentally determined surface concentrations might de-
viate somewhat from the actual ones. But this systematic
error is unimportant in the present context, as we are
only comparing the surface composition of the three
specimens.

3.6. Comparison with natural brannerite

The current and previous studies on the dissolution
of synthetic brannerite in acidic solutions under atmo-
spheric redox conditions revealed preferential release of
uranium over titanium and polymorphous TiO, as the
main alteration products, which are consistent with the
observation for natural samples [17].

4. Conclusions

Although phthalate can increase the solubility of ti-
tanium, it has no significant effect on the dissolution of
brannerite in a pH 4 buffer solution under atmospheric
condition since the dissolution of uranium is dominant
and generally over 100 times higher than that of Ti.
Bicarbonate at pH of 8 increases the uranium release
rate and therefore enhances the dissolution of branne-
rite. The dissolution of IBT specimens in under-satu-
rated conditions in pH 2 (HNO;) and pH 11 (KOH)
solutions indicate: (1) higher elemental releases at pH 2
than those at pH 11; (2) preferential release of uranium
at pH 2 and close to stoichiometric release at pH 11; (3)
a polymorph at pH 2 and fibrous Ti-rich material at pH
11 as secondary phases. Overall, brannerite is more
resistant to dissolution than UQ, in both acidic and
alkaline solutions, under atmospheric conditions.
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