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Abstract: A synthetic coffinite was hydrothermally prepared and characterized before conducting a series of acid sulfate leach tests
under conditions of relevance to uranium extraction. The results were then compared with similar studies on synthetic versions of the
related U*" minerals uraninite (UO,) and brannerite (UTi,Og) to identify and differentiate the rate and U extraction among these
important uranium minerals. Tests examining the influence of residence time on uranium dissolution from synthetic coffinite,
uraninite and brannerite showed that under similar experimental conditions, complete dissolution of uranium from coffinite was
obtained between 36 and 48 h. The activation energy for this reaction was calculated to be 38.4 kJ/mol. This represented a
significantly slower rate of dissolution than that indicated for uraninite which dissolved in 3 h (E,=15.2 kJ/mol). The synthetic
brannerite was leached at a much slower rate than the coffinite and reached a maximum dissolution of ~18% U in 144 h (E=42-
84 kJ/mol). The clear differentiation in rates and U extraction among the three minerals is consistent with previous literatures which
suggest that in terms of leachability, uraninite>coffinite>brannerite. It is expected that the presence of impurities in natural coffinites

would further inhibit leachability.
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1 Introduction

Coffinite is one of the major tetravalent (U*h
minerals in economically exploitable reduced U-ores and
is the second most abundant source of uranium in the
world behind uraninite [1]. Coffinite is an orthosilicate
with the general formula of ABO, [2—4]. The most
commonly used formula for coffinite is U(SiOy4);—(OH)s4,,
first proposed by STIEFF et al [5,6] based on chemical
data coupled with infrared (IR) analysis. More recent
studies [7—10] were unable to confirm the presence of
hydroxyl substitution, instead suggesting that water
bound to coffinite is of a molecular nature. This led to
the proposal of the chemical formula USiO4 nH,0, with
n=2[11].

Uranium is typically extracted from its ores via acid
leaching procedures, usually using sulphuric acid
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solutions [12]. Simple oxide minerals like uraninite and
pitchblende are relatively easily leachable, while more
complex uranium ores are not so leachable. Depending
upon the ease of dissolution/leachability, the uranium
minerals are categorised as (1) slightly refractory
(oxidation is required prior to leaching, e.g. coffinite and
uranothorite), (2) moderately refractory (requires higher
leach temperatures, greater free acid and oxidant
concentration and longer leach periods, e.g. brannerite
and davidite), and (3) highly refractory (requires extreme
leach conditions, e.g. betafite and pyrochlore). Past
observations regarding the degree of refractoriness of
various uranium minerals, however, have largely been
made using natural ores, often containing a complex
matrix of uranium minerals [13]. In leach circuits using
natural uranium ores, competing effects such as grain
size, liberation, gangue mineralogy (potential acid
consumers), and the composition of the uranium-bearing
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ore will all play a significant role in comparative
dissolution kinetics.

The synthesis of coffinite has been the subject of
many studies based on dry processes [10,14], sol—gel
chemistry or hydrothermal [7,15-19] protocols.
Although many attempts have been made, there have
been persistent difficulties encountered in the preparation
of pure, single-phase coffinite. POINTEAU et al [18]
adapted the hydrothermal method of FUCHS and
HOEKSTRA [7] and determined that the difficulties
were because coffinite was sensitive to
experimental parameters including pressure (<50x10° Pa)
and FEy/pH. They reported that coffinite synthesis
required a narrow pH range of 8—9.5 for thermodynamic
stability and the reaction conditions must remain
oxygen-free (low E, to prevent oxidation to U®").
Reaction kinetics was also assumed by POINTEAU
et al [18] to be a key factor in effective coffinite
synthesis. This was recently confirmed by COSTIN
et al [20] who showed that the mechanism of formation
of Th,_U,SiO, solid solutions through a dissolution/
reprecipitation process under hydrothermal conditions
slows down with increasing U content.

To provide a definitive comparison of leach rates of
coffinite versus other commonly exploited uranium
minerals, synthetic coffinite was hydrothermally
prepared and characterised before being used in a series
of acid sulfate leach tests under conditions of relevance
to uranium extraction. The results were then contrasted
with similar studies on synthetic versions of the related
U*" minerals uraninite (UO,) and brannerite (UTi,Og) to
differentiate the rate and U extraction between these
three common U-bearing minerals in uranium ores.

several

2 Materials and methods

2.1 Coffinite synthesis

The synthetic coffinite was produced by a
hydrothermal technique using a method similar to that
described by POINTEAU et al [18] and detailed in
Ref. [21]. Briefly, previously prepared UCl, [22] was
dissolved in water and added drop-wise to a dissolved
sodium metasilicate solution in which the silicate ratio
was slightly above stoichiometric one. Sodium hydroxide
was added drop-wise until it formed a gel (approximately
pH 8-9) and the solution was then buffered with sodium
bicarbonate to a pH of 9. The buffered solution was
placed in an autoclave and heated to 250 °C for 24 h,
cooled slowly, washed, centrifuged with water, and
allowed to air dry. Any uraninite remaining in the
product due to slow reaction kinetics was washed away
with sulphuric acid. The resultant coffinite was dry
sieved to a particle size of Pjoo <75 um. Similarly, the
uraninite and brannerite used for comparative leach tests

were also dry sieved to Py <75 pm.

2.2 Characterisation methods

The hydrothermally prepared coffinite was
characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and electron probe
microanalysis (EPMA).

2.2.1 X-ray diffraction (XRD)

Standard X-ray diffraction patterns were obtained
on a Bruker D8 Advance fitted with a copper tube (Cu K,
radiation), monochromator and scintillation detector.
Diffraction patterns were run at an accelerating voltage
of 40 kV and current of 35 mA using a 1° fixed
divergence slit. Data were collected over a 20 range of
10°-90° with a step size of 26=0.02° and 2.5 s per step.
The instrument was calibrated with a Si calibration
standard prior to use.

2.2.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis
was conducted using a thermo K, XPS instrument at a
pressure of <1.333x1077 Pa. Samples were prepared by
pressing powdered samples in a die press at 7.84x10*N
of pressure and affixing the pressed sample to carbon
tape on the sample plate. The position of the C 1s peak
(285 eV) was used as the internal standard and U 4f core
level spectra were analyzed with monochromatic
aluminium K, radiation (photon energy of 1486.6 eV) at
pass energy of 20 eV and an electron take-off angle at
90°. The overall resolution was 0.1 eV.

2.2.3 Electron probe microanalysis (EPMA)

Approximately 0.7-0.8 g of the synthetic coffinite
was set in epoxy resin and polished flat for EPMA. Two
types of EPMA information were obtained. Initially, the
sample was mapped using a high resolution field
emission gun (FEG) equipped EPMA (JEOL 8500F
Hyperprobe) in order to examine the homogeneity of the
coffinite grains. Following mapping, the chemistry was
measured by quantitative EPMA techniques. The
operating conditions for each of the techniques are
described separately below.

1) EPMA mapping

An area was mapped using a combination of
wavelength dispersive (WD) and energy dispersive (ED)
spectroscopic techniques. The distribution of Si and U
was mapped using the WD spectroscopy with
wollastonite (CaSiO;) and uranium oxide (UO,) as
standards. Elements not measured by WD spectroscopy
were measured using two energy-dispersive (ED)
spectrometers operating in parallel. Operating conditions
for the microprobe were: an accelerating voltage of
12 kV, a current of 50 nA, a step size of 0.2—1.0 pm and
counting time of 25 ms per step.

2) Quantitative EPMA

The following suite of elements was analyzed: Si, U,
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S and O. For each element, the counting time on the peak
was 20 s and half of that time measured on both sides of
the peak (to measure the background). The standards
used for calibration, the X-ray peak used, and the
calculated detection limits (20) are as follows: natural
wollastonite (CaSiO;) for Si (K,), 270x10°, synthetic
pyrite (FeS,) for S (K,), 400x10°, and natural UO, for
U (M,), 1700x10°. Oxygen was measured directly using
the K, X-ray line that was calibrated using the natural
uraninite standard. The accelerating voltage and beam
current were 20 kV and 30 nA, respectively, and the
electron beam diameter was defocused to 5 um for all
analyses.

3 Results and discussion

3.1 Characterisation of synthetic coffinite
3.1.1 X-ray diffraction (XRD)

Coffinite is an orthosilicate, isostructural with
zircon ZrSiOy, and thorite ThSiO,4. The synthesis of pure
coffinite was confirmed by XRD analysis with the
expected tetragonal zircon-type pattern for space group
14/amd [23]. Qualitative investigation of the pattern
indicated the synthetic coffinite to be pure, with possible
impurities such as uraninite and quartz not apparent. The
unit cell parameters of the synthetic coffinite were: a=b=
(6.9980+0.0002) A and ¢=(6.2720+0.0002) A. These are
in good agreement with previously reported values
(Table 1).

Table 1 Crystallographic unit cell data of synthetic coffinite
prepared in this work compared with other published synthetic
coffinite data

Coffinite sample (a=b)/A c/A
This work 6.99802)  6.2720(2)
LABS et al [19] 6.9842(2)  6.2602(2)
POINTEAU et al [18] 7.01354)  6.2669(6)
AMME et al [17] 6.986(2) 6.268(2)
FUCHS and GEBERT [23] 6.995(5) 6.263(4)
FUCHS and HOEKSTRA [7]  6.981(4) 6.250(5)

3.1.2 X-ray photoelectron spectroscopy

XPS analysis results from the synthetic coffinite are
shown in Fig. 1. Deconvolution of the main components
associated with the uranium 4f core levels gave peaks at
(381.1+0.2) eV and (392.0+0.2) eV for the U 4f;, and
U 4fs, levels, respectively. A shake-up satellite U 4f;),
peak was observed at (386.8+0.2) eV with the difference
in binding energies between the main photoelectric peak
and the satellite peak being ~6 eV, consistent with
uranium being in the U(IV) valence state [18,24]. A
second contribution associated with uranium levels was

observed at (382.5+0.2) eV, present as a shoulder on the
U 4f;, peak. This was attributed to the U 4f;, level peak
characteristic of U(VI) and most likely caused by surface
oxidation (after being stored in air).

U(v) 4f;,
U(v) 4£,, U+

Us*
N

Sat. U(IV) 4f,,,

395 390 385 380 375
Binding energy/eV
Fig. 1 Uranium U 4f;, and U 4f;, core level XPS data for
synthetic coffinite (Also shown are theoretical U 4f;/, peaks for
uranium in IV and VI valence states showing that sample
analyzed is a mixture of both oxidation states)

3.1.3 Scanning electron microscopy (SEM) and electron
probe micro-analysis (EPMA)

Scanning electron microscopy (SEM) imaging of
individual synthetic coffinite pieces indicated that the
final product consisted of polycrystalline material
exhibiting heterogeneous contrast caused by variability
in average atomic number between individual crystals
(Fig. 2(a)). Textural inhomogeneity was also noted with
the central parts of the grains being coarsely crystalline
and the edges of the particles exhibiting a finer-grained
texture. The internal texture of the synthetic coffinite was
consistent with that previously observed by POINTEAU
et al [18], where they described their synthetic coffinite
as also comprising heterogeneous, polycrystalline
aggregates. A comparison of the synthetic material with
the internal texture of naturally occurring coffinite
particles from Roxby Downs, South Australia showed
almost identical textures (Fig. 2(b)).

An EPMA map was obtained over large ~300 um
sized polycrystalline particle shown in Fig. 2(a) which
showed a patchy, heterogeneous BSE contrast. Individual
element maps for uranium (Fig. 3(b)) and silicon
(Fig. 3(c)) showed that the BSE contrast was correlated
strongly with variations in both elements. The brighter
areas in the BSE image corresponded to regions with
greater amounts of uranium (higher Z) while the slightly
darker regions indicated areas of higher silicon. The
edges of the coffinite grain had a greater amount of
silicon present with some internal crystallites also
exhibiting variations in the uranium to silicon ratio,
e.g. yellow and green patches evident in Fig. 3(c). The
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Fig. 2 Scanning electron microscopy (BSE) image of synthetic coffinite showing polycrystalline character of particles and significant

variation in Z-contrast between individual crystals (a), and image of natural coffinite grain (Roxby Downs, South Australia) showing

characteristic heterogeneous and polycrystalline texture (b)

Fig. 3 EPMA mapping results from hydrothermally prepared synthetic coffinite sample shown in Fig. 2(a): (a) BSE image; (b) U

distribution map; (c) Si distribution map; (d) O distribution map

oxygen content was also highly correlated with the
distribution of silicon (Fig. 3(d)).

Quantitative analysis of the synthetic coffinite
indicated that the mass fraction of uranium and silicon

varied over wide ranges of 62.72%—65.44% U and
8.93%—-11.33% Si, respectively. The sample also
contained 0.124%—0.494% sulphur. The overall U to Si
ratio was low, 0.73, compared with the expected U to Si
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ratio of coffinite (i.e. 1.00) indicating excess silicon and
depletion in U compared to ‘stoichiometric’ USiO,
(72.1% U and 8.5% Si, mass fraction). While this result
may suggest that coffinite has not been formed during
the synthesis experiments, it may be an erroneous
assumption to make. XRD measurements confirmed that
coffinite was present in substantial quantities within the
sample. The EPMA results suggest, however, that the
coffinite is likely to be extremely fine-grained, below the
analysis volume of the electron beam, and intimately
mixed with a nanocrystalline silica-rich phase (as no
significant excess quartz was identified during XRD
analysis, it is postulated that the excess silica is
amorphous in character). The presence of amorphous
silica leads to higher than expected Si levels and lower U
contents (a dilution effect) when being probed by the
electron beam. The presence of fine-grained coffinite and
amorphous silica can only be detected using higher
resolution microscopic techniques such as transmission
electron microscopy.

Attempts to synthesize coffinite by hydrothermal
methods carried out by POINTEAU et al [18] also led to
the formation of patchy polycrystalline grains that
exhibited U contents of ~63% and Si contents of ~13%
(mass fraction), similar to those measured in the current
study. These gave a corresponding low U to Si ratio of
~0.6. They also attributed the low U to Si ratio to result
from the presence of a Si-rich phase in the sample, which
was most prominent around the edges of grains but was
assumed to be present within the interior as amorphous,
nanocrystalline material. In contrast to the current results,
however, POINTEAU et al [18] managed to synthesize
coffinite that appeared to be stoichiometric (and
water-free). They proposed that long synthesis times
caused decomposition of coffinite over time to produce
UO, and Si-rich amorphous material.

3.2 Synthetic coffinite leach tests

Tests were conducted to examine the effect of leach
temperature on the extraction of uranium from synthetic
coffinite under conditions of relevance to industrial
processing of [U] ores. Besides temperature, operating
conditions were kept constant at values used in
typical industrial leach circuits (i.e. 100 mg/L U; [Fe*']=
1g/L; [Fe*']=3 g/L; [Felrou=4 g/L; [H,SO04]=15 g/L
(0.15 mol/L); Oxidation reduction potential (ORP)=
460 mV). Temperature was varied among 50, 60, 80 and
95°C. The results are presented in Fig. 4 and can be
summarised as:

1) There was minimal change in rate and extent of
uranium dissolution when the temperature was below
60 °C. Uranium extraction levels were about 10% U at
50 °C and 20% U at 60 °C.

2) Increasing the temperature to 80 °C substantially

increased both the rate and extent of uranium dissolution
reaching a maximum of 75% U after 90 min.

3) A further increase in temperature to 95 °C caused
the rate of uranium dissolution to increase substantially
in the first 30 min before a plateau was reached. A
maximum dissolution of 80% U was achieved after
90 min.

Based on these data, the activation energy for
uranium dissolution from synthetic coffinite was

calculated to be 38.4 kJ/mol.

100
50 °C
60 °C )
| - 80°C ; N I !
80 95 °C 3 i i 1 L }
X b7 !
B 60f h? I
> T T
‘—8 o ‘I’
= 40+ I
= y )
WY 4
0 20 40 60 30 100

Time/min
Fig. 4 Uranium dissolution of synthetic coffinite at various
temperatures  (Conditions:  [U]ja=100 mg/L; [Fe* Tita=
1 g/L; [Felrow=4 g/L; [Fe’ |:[Fe’1=25:75; [H,SO4]=15 g/L
(0.15 mol/L))

The coffinite leach test results were compared with
similar studies conducted using synthetic uraninite and
synthetic brannerite to examine differences in the rate
and U extraction among these commercially exploited
uranium minerals. Experimental conditions are provided
in Table 2 and results are shown in Fig. 5. Further, it is
noted that all three minerals were synthesised to be
primarily in the U*" oxidation state for effective
determination of kinetics and mechanism.

Table 2 Conditions for synthetic coffinite, uraninite and
brannerite leach tests

Parameter Coffinite Uraninite Brannerite
Temperature/°C 50 50 50
[Sulfuric 15 15 15
acidl/(g’L™)  (0.15mol/L) (0.15mol/L) (0.15 mol/L)
Initial
[UJ(mgL ™Y 100 100L 100
ORP (vs
Ag/AgClmV 460 460 630
[Fe]T‘,tal/(g-Lfl) 0.84 0.3752 0.84

Results in Fig. 5 showed that under the dissolution
experimental conditions (Table 2) complete dissolution
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Fig. 5 Uranium dissolution results for synthetic coffinite,

uraninite and brannerite (All samples were leached under

similar conditions)

of uranium from coffinite was obtained between 36 and
48 h. This was significantly higher than uraninite which
dissolved in 3 h [25]. The synthetic brannerite was
leached at a much slower rate than the coffinite and
uraninite reaching a maximum dissolution of only ~18%
after 144 h. The slower rate was attributed to the
formation of a TiO,-rich passivation layer [26].

As previously indicated, the activation energy for
uranium dissolution from synthetic coffinite was
calculated to be 38.4 kJ/mol. This value is larger
compared with uranium dissolution from synthetic
uraninite under similar conditions where the activation
energy was calculated to be 15.2 kJ/mol [25,27]. The
differences are consistent with statements in the literature
comparing the dissolution of uraninite and coffinite,
where uraninite is quoted to be more readily dissolved in
dilute acid compared to coffinite [28]. The coffinite
activation energy was also lower when being compared
with uranium dissolution from brannerite which,
although variable, has previously been reported to be
42-84 kJ/mol [29,30].

The clear differentiation in U extraction rates and
calculated activation energies among the three most
commonly processed uranium minerals is consistent with
previous literatures which indicate that uraninite is the
easiest to leach (<1 d), followed by coffinite (2-3 d) and
brannerite (>7 d) [13,31,32].

3.3 Implications for processing

It is widely accepted that a number of factors
influence the dissolution of uranium from uranium
bearing minerals [12]. The factors that have been
reported to date to have the most influence on the extent
and/or rate of dissolution include lixiviant type,
temperature, oxidant and redox potential. The influence
of chemistry on leachability of uranium minerals has

been demonstrated on both simple oxides such as
uraninite [25,33] and complex multiple-oxide type
minerals such as brannerite [29]. RAM et al [33]
conducted studies on Pb-doped and Th-doped uraninite
and found variations in rate and U extraction compared
to pure UQO,. They attributed these changes directly to the
compositional and structural variations in the prepared
samples. In the case of brannerite, CHARALAMBOUS
et al [29] showed significant increases in U extraction
from natural brannerite samples compared to synthetic
versions. They attributed the increase in leaching to the
natural samples being highly metamict and undergoing
further degree of alteration due to alpha decay. Upon
heat treatment of the natural samples to restore the
crystal lattice, a significant reduction in rate and U
extraction was observed. They postulated that the
composition and structure of brannerites within the ores
would further influence their leachability. Based on
evidence for broad variation in chemistry and degree of
metamictisation exhibited by natural coffinites (e.g.
Refs. [34—41]), the chemical and microstructural aspects
of coffinite are likely to play an important role in any
process to extract uranium from coffinite-containing
ores.

The majority of works on uranium dissolution are
mostly focused on ‘bulk’ uranium dissolution from
uranium-bearing ores and do not discuss the results with
any specificity regarding minerals such as coffinite.
Although coffinite may be common uranium mineral in
many deposits, it often only comprises a small
percentage of the total uranium in the ore (e.g.
1.7%—2.7% [31]), making assumptions based on the
general findings on coffinite dissolution from these
studies difficult to interpret. Very few studies have been
reported in the open literature on the dissolution of
uranium from coffinite. The lack of studies on uranium
dissolution from coffinite is most likely due to a
combination of (1) difficulty in isolating the pure
mineral/obtaining high purity samples of the mineral,
and (2) coffinite not present in significant quantities in
ore bodies that have been selected for mining to date.
Although there have been very few studies on the
dissolution of uranium from coffinite reported in the
open literature, multiple researchers have stated that
coffinite dissolution is slower in sulphuric acid when
being compared to uraninite dissolution [13,31,32,42].

The most recent and comprehensive study on the
dissolution of uranium from coffinite was published by
MALEY et al [43]. This study was conducted using a
sample mixture containing natural coffinite. The exact
amount of coffinite in the sample was not reported;
however, it was reported that the sample contained
~1500x10° of uranium (measured as U;Os), and almost
100% of the uranium present in the sample was
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identified as coffinite. The dissolution studies conducted
by MALEY et al [43] on the sample mixture containing
coffinite were conducted at 30 °C, with sulphuric acid
lixiviant at a pH of 1.7; ferric sulphate was added at
varying amounts to study the effect of iron. The authors
found a strong relationship between ferric concentration
and uranium dissolution. At a solution ORP of 475 mV
(versus a Ag/AgCl reference electrode) and [Felryw
between 15 and 1500 mg/L, uranium dissolution above
80% U was achieved after 6 h. Additional studies have
been conducted involving low grade uranium ores
containing trace levels of coffinite by MACNAUGHTON
et al [13] and LOTTERING et al [32]. The general
consensus of studies conducted where coffinite is
specifically mentioned in the sample is that acid,
temperature and oxidant influence the reaction rate and
extraction of uranium from coffinite.

4 Conclusions

1) A hydrothermally synthesized coffinite was used
in series of acid sulfate leach tests under conditions of
relevance to uranium extraction, and complete
dissolution of uranium from coffinite was obtained
between 36 and 48 h.

2) Tests comparing uranium dissolution from
synthetic coffinite, uraninite and brannerite showed that
the dissolution of uraninite was significantly faster which
dissolved completely in 3 h, while brannerite was
leached at a much slower rate reaching a maximum
dissolution of only ~18% after 144 h.

3) The U extraction rates of the coffinite, uraninite
and brannerite are consistent with previous literatures
which suggest that U extraction rate is in the sequence of
uraninite>coffinite>brannerite.

4) It is expected that the presence of impurities in
natural coffinites would further inhibit leachability.
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