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Abstract: Managing radioactivity caused by thorium (Th) and uranium (U) is a critical challenge in rare
earth element (REE) hydrometallurgy. Sulfuric acid baking followed by water leaching is one of the
most widely adopted industrial routes in REE processing; conventional Th-U separation within this
process either relies on high-temperature acid baking (>300 °C) to form insoluble thorium
pyrophosphate or requires dedicated downstream purification steps after co-leaching. This study
presents an innovative approach to selectively separate Th from U directly within a single water-
leaching step by optimizing leaching parameters without high-temperature acid baking. A REE pre-
concentrate from the Eskisehir-Beylikova deposit was acid-baked under moderate conditions (250 °C)
for 60 min with a 1:1 acid-to-sample ratio and subsequently water-leached under high pulp density (S/L
= 1:2). The effects of leaching temperature (25-90 °C) and time (15-120 min) on Th and U dissolution
behavior were systematically investigated. Mineral Liberation Analysis (MLA) confirmed that Th and
U were exclusively hosted by distinct mineral phases, Th-parisite and plumbophyrochlore, respectively.
The experimental results demonstrated that U dissolution was temperature and time-independent,
maintaining a stable extraction of 90% due to soluble uranyl sulfate formation. In contrast, Th recovery
sharply declined to <10% at 90 °C due to the temperature-dependent decrease in stability of Th-sulfate
complexes. A recovery ratio (RR) of approximately 13.3 (RR = %U/ % Th recovery) was achieved within
the water leaching step alone, demonstrating that Th-U separation can be completed at the leaching
stage, thereby reducing process complexity and the number of required unit operations.

Keywords: thorium-uranium separation, water leaching, acid baking, mineral liberation analysis,
selective leaching

1. Introduction

Thorium and uranium are radioactive elements of growing strategic interest: uranium remains the
principal fuel for conventional nuclear reactors, while thorium is increasingly considered a
complementary nuclear fuel cycle owing to its greater natural abundance and the potential safety
advantages of thorium-based reactor designs (Pratama et al.,, 2025). Global thorium resources are
estimated at 6.4 million tonnes, while uranium resources total roughly 6.1 million tonnes, with
production concentrated in a handful of countries (Kazakhstan, Canada, Namibia, and Australia for
uranium) (USGS, 2025).

Uranium is primarily extracted from sandstone-hosted, unconformity-related, and vein-type
deposits, with major operations in Kazakhstan, Canada, Namibia, and Australia (USGS, 2025). Thorium,
by contrast, occurs principally as monazite, thorianite, and thorite in placer, carbonatite, and vein-type
deposits; however, even where these are mined, thorium is most often recovered as a co-product of
heavy-mineral-sand (monazite) processing for REE and titanium/zirconium minerals rather than as a
standalone target, since there is currently little to no commercial demand for thorium itself. Within REE-
bearing deposits, thorium and uranium are typically found together as accessory constituents hosted in
the REE minerals themselves. Where they are recovered at all, both are obtained only as by-products of
REE ore processing rather than as primary targets, with their recovery and management driven not only
by potential economic value but, more importantly, by the need to comply with environmental
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regulations governing the handling and disposal of radioactive materials (Kanazawa and Kamitani,
2005; Soldenhoff, 2013; Zhu et al., 2015; USGS,2025).

The specific mechanism by which thorium and uranium are recovered or rejected as by-products
depends strongly on the REE processing route and deposit mineralogy. One of the most widely adopted
industrial routes for processing REE-bearing ores is sulfuric acid baking. Demol et al. (2018) showed
that sulfation of monazite is essentially complete at 250 °C, giving over 90% solubilization of REE, Th,
and phosphate, but above 300 °C, a thorium phosphate-type precipitate forms during leaching, sharply
reducing Th extraction while REE recovery stays near-complete, evolving into insoluble thorium-REE
polyphosphates at 400-500 °C that retain both elements in the residue. Similarly, at Bayan Obo (China),
concentrates digested above 500 °C form insoluble thorium pyrophosphate, rejecting Th to the leach
residue while REEs report to the leach liquor; a lower-temperature variant (<300 °C) avoids this, so Th
instead reports to solution and must be removed downstream by solvent extraction (Huang et al., 2006;
Wang and Wang, 2006; Du et al., 2010). Comparable acid-bake/water-leach routes, with Th partitioning
governed by baking temperature, are used at Lynas' Mount Weld (Australia) and Molycorp's Mountain
Pass (USA); uranium, given its low concentration, is typically co-rejected with Th or unreported (Zhu
et al., 2015).

Beyond the temperature-controlled pyrophosphate route, several other methods are used to
separate U and Th from REEs once both are in solution: selective precipitation, solvent extraction (SX),
ion exchange/chromatography, and, more recently, membrane-based separation (Carrillo Garcia et al.,
2020). Selective precipitation exploits the distinct precipitation pH of trivalent REEs (6.8-8.0), Th (as low
as 1-2 in sulfate liquors), and U (5.5-7), as applied at the Nolans and Kvanefjeld projects (Pawlik, 2013;
Zhu et al., 2015; Carrillo Garcia et al., 2020). Oxalate precipitation can also co-precipitate REE and Th
while leaving U in solution, with up to 98% Th and 99% REE recovery (Amer et al., 2013). SX is the most
widely studied route. Primary amines selectively extract Th over REEs (~97% Th at pH 3, ~90% U at pH
4), while tertiary amines favor U; combined, they achieve >99% extraction of both with minimal REE
loss (Kanojia et al., 2025; Carrillo Garcia et al., 2020). Acidic organophosphorus extractants (D2EHPA,
EHEHP) similarly favor U(VI)/Th(IV) over REE(III) (Sato, 1962, 1968, 1989; Gupta and Singh, 2003; Zhu
et al., 2015), and Lan et al. (2025) recently achieved ~100% co-extraction of U and Th using a single
extractant (HEHEHP). Greener alternatives such as ionic liquids are also emerging (Kanojia et al., 2025).
Ion exchange and membrane methods offer high selectivity but remain limited to small-scale or
polishing applications due to low throughput (Carrillo Garcia et al., 2020).

Despite this substantial body of work on Th-U separation, most existing studies address Th and U
behavior either as a fixed outcome of the acid-baking temperature or as a subsequent solution-
purification step (precipitation, SX, IX) applied after REEs have already been leached into solution. In
contrast, this study shows that neither high-temperature acid baking nor an additional separation stage
is required to separate Th and U. By optimizing water-leaching conditions alone, Th and U can be
separated directly in a single step. In this context, the present study investigates the effect of
temperature (25-90 °C) and leaching time (15-120 min) on the dissolution behavior of Th and U during
water leaching of an acid-baked REE pre- concentrate under high pulp density conditions (S/L = 1:2),
with particular emphasis on the markedly different chemical behavior of the two elements under these
conditions. To the authors' knowledge, this is the first study to show that water leaching alone, without
high-temperature baking, can achieve early and effective separation of Th and U, offering a simpler,
leaching-driven alternative to the precipitation- and SX-based separation routes reported in the
literature.

2. Materials and methods
2.1. Material and sample characterization

The feed material used in all experiments was an REE pre-concentrate from the Eskisehir-Beylikova
deposit, produced by comminution, mechanical attrition, and classification, as described in Bastiirkcti
et al. (2022). XRF analysis of the REE pre-concentrate showed that it was predominantly composed of
Ca- and Ba-bearing phases together with rare earth element oxides (REO, 9.5%), with Fe:Os (4.5%) and
SiO: (3.5%) as additional constituents, as shown in Table 1 (Giirkan et al., 2026). Based on the fluorite
and barite host phases independently confirmed by MLA (Fig. 2), the Ca-F and Ba-S elemental signals
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detected by XRF were assigned stoichiometrically to CaF: (40.1%) and BaSOx (22.4%), respectively. The
pre-concentrate had a particle size distribution with dso: 5 pm and dso: 33 pm, indicating a fine-grained
feed material. Particle size distribution was analyzed using a Malvern Mastersizer 2000.

Table 1. XRF results of the preconcentrate produced from Beylikova ore (Giirkan et al., 2026)

Component CaF BaSOq REO Fe;O3 SiO, Others
Content (%) 40.1 224 9.5 45 35 20.0
* CaF: and BaSO. contents were calculated stoichiometrically from XRF elemental data based on the fluorite and barite host phases

independently confirmed by MLA (Fig. 2)

To establish a quantitative link between the hydrometallurgical response and the ore mineralogy,
Mineral Liberation Analysis (MLA, MTA-Quanta 400 MLA, FEI Company) was utilized to identify the
modal mineralogy, elemental distribution in minerals, and MLA-EDS visuals used as input in the
present study. To establish a quantitative link between the hydrometallurgical response and the ore
mineralogy, Mineral Liberation Analysis (MLA, MTA-Quanta 400 MLA, FEI Company) was utilized to
identify the modal mineralogy, elemental distribution in minerals, and MLA-EDS visuals used as input
in the present study. Analysis was performed in XBSE (X-ray + backscattered electron) mode, in which
particles are first segmented by BSE grey-level contrast and then systematically classified via point EDS
analysis. A total of 86,507 particles (118,476 grains) were analyzed. Th and U were assigned exclusively
(100%) to Th-parisite and plumbophyrochlore, respectively, based directly on the elemental distribution
output of the MLA analysis, in which no other identified mineral phase carried a measurable Th or U
signal. Fig. 1 presents the modal mineralogy of the pre-concentrate.
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Barite 23.3

Other minor phases 9.6

REE Carbonate 8.0
Monazite 5.0

Th_Parisite 43

Fe-oxide - 3.5

Synchysite-(Ce) 1.1
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Fig. 1. Modal mineralogy of pre-concentrate

The concentrations of Th and U were determined by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7800) after lithium borate fusion, which converted the solid samples into a
homogeneous melt; the resulting melt was subsequently dissolved in dilute acid to obtain clear
solutions suitable for trace element analysis. ICP-MS analysis of the acid-baked concentrate revealed
Th-U concentrations in Table 2. Th and U concentrations were determined on the acid-baked sample,
as this baked material constitutes the feed to the water leaching step and forms the basis for the recovery
calculation (Eq. 1).

Table 2. Th-U content of baked sample (ICP-MS)

Element Concentration (ppm)

Th 783
U 147
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2.2. Acid baking and water leaching procedure

Prior studies have established that H.SO4 is the most effective reagent for sulfation of this concentrate,
yielding superior REE extraction compared to alternatives (Bastiirkcii et al., 2026a). Based on the
optimized conditions reported by Basttirkcii et al. (2026b), acid baking was performed using 98 % H2SOa
(added in pure form) at 250 °C for 60 min with an acid-to-sample ratio of 1:1 (100 g:100 g) in a muffle
furnace (Protherm PLF 110-130). Water leaching experiments were conducted on 20 g of baked sample
with 40 g of leaching solution (S/L = 1:2) in a jacketed double-walled vessel connected to a chiller unit
for precise temperature control, with temperature additionally verified via a thermocouple, agitation
provided by a magnetic stirrer at 400 rpm, and pH continuously monitored via a pH electrode, as
schematically illustrated in Fig. 2. As leaching was carried out in this closed, jacketed vessel, evaporation
and any resulting change in liquid volume were prevented.

Thermometer pH electrode
Sealed port
X
(o [¢) &) o) Lid with ports
O
-2

Jacketed vessel

M (double-walled)

Chiller O Sampling port

Coolant
circulation

- € > ) Stir bar

[ Magnetic stirrer

Fig. 2. The visual of the water leaching equipment

Table 3 summarizes the effects of temperature and leaching time on the dissolution behavior of Th
and U, along with the experimental parameters. At the end of each leaching test, the slurry was filtered
under vacuum, and the leach residue was washed to remove entrained soluble species before drying
and analysis.

Metal recoveries were calculated using Eq. (1), based on solid-phase mass balance:

w-w
R = (100 - W) x 100 1)
where R is the recovery (%), W is the mass of the leach residue (g), w is the elemental content of the
residue (ppm), F is the mass of the feed (baked sample) (g), and f is the elemental content of the feed

(baked sample) (ppm). All leaching experiments were conducted in duplicate, and the results are
reported as mean values with a relative deviation of +2%.

Table 3. Variable and constant parameters of the leaching experiment

Process Parameters unit Conditions
S:L ratio g/cm3 1:2 (33.3% w/w solids)
Water Time min 15, 30, 60, 120
leaching | Temperature oC 25, 50,70, 90
Stirring speed rpm 400
Acid-to-sample ratio 11
Acid Baking | Temperature oC 250
Time min 60
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3. Results and discussion
3.1. Effect of temperature & time on leaching Th and U

Figs. 3 and 4 show the dissolution behavior of Th and U, as a function of temperature and leaching time.
Th and U showed markedly different, element-specific responses to the experimental conditions. For
numerical transparency, Tables 4 and 5 summarize the mean Th and U recovery values at each
temperature-time combination.

At 25 °C and 50 °C, leaching efficiency increased with time, reaching approximately 67-70% and
65%, respectively, indicating dissolution-dominant behavior at lower temperatures. However, at 70 °C
and 90 °C, recoveries declined sharply and progressively with increasing leaching time, falling to
approximately 7%. To the authors' knowledge, this temperature- and time-dependent decline under
fixed baking conditions has not been previously reported in the literature; existing studies instead
attribute Th retention primarily to the baking temperature itself, whereby high-temperature baking
(>300 °C) promotes thorium pyrophosphate formation and retains Th in the solid residue, while low-
temperature baking converts Th to soluble sulfate forms that dissolve readily upon water leaching
(Demol et al., 2018; Zhu et al., 2015). The present study shows that even when Th is initially converted
to a soluble sulfate form, leaching temperature significantly and previously unreported influences its
subsequent dissolution behavior. This observation is consistent with the thermodynamic complexation
behavior of Th* in sulfate media: Zielen (1959) reported association constants of Ki = 166 and K. = 21.7
for the stepwise formation of ThSO+?* and Th(SOx)., with slightly exothermic heats of complexation (AH:
= -0.54 kcal/mol, AH> = -0.89 kcal/mol). The exothermic nature of these reactions is consistent with
decreased Th-sulfate complex stability, and hence Th solubility, with increasing temperature. However,
the specific aqueous species and solid phase responsible for Th retention at high temperature were not
directly identified in this study; possible re-precipitation, adsorption, or the formation of a secondary
Th-bearing phase cannot be excluded and would require dedicated residue characterization (e.g., XRD
or SEM) to confirm, which was beyond the scope of the present work.
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Fig. 3. Variation of leaching efficiency of Th as a function of time and temperature (error bars, +2% relative
deviation, are smaller than the plotted symbols in Fig. 3 and therefore omitted)

U (Fig. 4) exhibited a high and stable leaching efficiency remaining at approximately 90% across all
temperatures (25-90 °C) and leaching durations (15-120 min), with no discernible dependence on either
variable. This behavior is directly attributable to the sulfation roasting step applied before water
leaching, during which uranium oxides are converted to soluble uranyl sulfate (UO.SOx) species. The
high aqueous solubility of UO.SOx and the thermodynamic stability of the resulting uranyl sulfate
complexes UO:504(aq), UO:(504)2?, and UO2(SO4)s* in acidic media render uranium dissolution highly
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favorable during the subsequent water leaching stage (Vercouter et al., 2008). Pratama et al. (2025)
similarly demonstrated that low-temperature acid baking of monazite at 200 °C resulted in
approximately 100% extraction of Th, U, and P in the subsequent water leach, confirming the near-
quantitative conversion of these elements to soluble sulfate forms at low baking temperatures. The
temperature- and time-independent extraction profile observed in this study is therefore consistent with
complete sulfation of uranium during baking, leaving no kinetic or thermodynamic barrier to
dissolution during water leaching.
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Fig. 4. Variation of leaching efficiency of U as a function of time and temperature (error bars, +2% relative
deviation, are smaller than the plotted symbols in Fig. 4 and therefore omitted)

Table 4. Mean Th recovery (%) as a function of leaching temperature and time (relative deviation
between duplicates: £2%)

Time (min) 25°C 50 °C 70 °C 90 °C
15 67.0 64.2 27.3 5.7
30 70.5 64.8 16.9 6.0
60 66.6 57.6 10.2 71
120 70.6 429 7.5 7.0

Table 5. Mean U recovery (%) as a function of leaching temperature and time (relative deviation between
duplicates: £2%)

Time (min) 25°C 50 °C 70 °C 90 °C
15 91.7 92.4 92.8 92.0
30 91.7 92.5 92.3 92.4
60 90.1 91.9 92.7 93.1
120 91.8 92.7 92.0 92.5

At the optimum condition (90 °C, 120 min), this divergence corresponds to a recovery ratio (RR =
%U recovery / %Th recovery) of approximately 13.3, providing a direct, quantitative measure of the
Th-U separation achieved within the water leaching step alone.

3.2. Relationship between mineralogy and leaching efficiency

To rationalize the contrasting dissolution behavior of Th and U observed during water leaching, MLA
was used to identify the specific mineral hosts of these two elements in the pre-concentrate. As shown
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in Fig. 5, Th and U are each hosted entirely (100%) by a single, distinct mineral phase: Th is exclusively
associated with Th-parisite, whereas U is exclusively hosted by plumbophyrochlore. This clean
mineralogical separation indicates that the markedly different leaching responses of Th and U cannot
be attributed to shared host-mineral behavior, but instead reflect the intrinsically different reactivity of
these two carrier phases, a REE-fluorocarbonate (Th-parisite) versus a pyrochlore-group oxide
(plumbophyrochlore) toward sulfuric acid during baking and subsequent water leaching.

Th 100.0
Th-Parisite
Plumbo phyrochlore
U 100.0
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Mineralogical distribution (%o)

Fig. 5. Mineralogical distribution of Th and U in the pre-concentrate sample

Further insight into this contrast is provided by the cumulative mass recovery curves for mineral
liberation by free surface (Fig. 6). Among the gangue and REE-bearing phases evaluated barite,
monazite, fluorite, synchysite-(Ce), and Th-parisite, Th-parisite consistently displays the lowest free
surface liberation across all liberation classes, with cumulative mass recovery of Th-parisite falls below
20% beyond the 75% liberation class (20.80% at <70%, decreasing to 18.88% at <75%), rather than at the
50% liberation class. This indicates that Th-parisite occurs predominantly as fine, intergrown inclusions
with very limited exposed surface area, rather than as liberated or near-liberated grains. Notably,
plumbophyrochlore, the host phase of U, could not be evaluated by free surface liberation, as it was not
resolved as a discrete liberation class in the MLA dataset, likely due to its low modal abundance and its
occurrence as scattered, sub-resolution inclusions within the host particles.
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Fig. 6. Cumulative mass recovery curves for mineral liberation by free surface in the pre-concentrate sample
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This poorly liberated, fine-grained occurrence of Th-parisite is directly confirmed by the BSE images
and corresponding MLA mineral maps in Fig. 7. Across all three representative particles, Th-parisite
(red) consistently occurs as irregular, intimately intergrown patches in direct textural contact with
fluorite, REE-carbonate, synchysite-(Ce), and the Ba-Mn oxide phase, rather than as isolated, fully
enclosed grains. Because fluorite, the REE-carbonates, and the Ba-Mn oxide phase are themselves
readily attacked and converted to soluble sulfates during acid baking, their dissolution along these
shared grain boundaries effectively opens reaction surface area around the adjoining Th-parisite,
allowing acid to penetrate the particle interior. This textural relationship is consistent with the
dissolution-dominant Th leaching behavior observed at lower temperatures (Fig. 3): once acid
penetrates along these reactive boundaries, Th-parisite becomes accessible to leaching, and its recovery
is therefore governed less by its intrinsic liberation than by the reactivity of the surrounding mineral
matrix.

(a) BSE image (b) MLA mineral map Mineral

& \ [] Fluorite

' - Th_Parisite

(c) BSE image (d) MLA mineral map
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Fig. 7. Backscattered electron (BSE) images and corresponding MLA mineral maps of three pre-concentrate
particles: (a, b) particle 1; (c, d) particle 2; (e, f) particle 3
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3.3. Process design

Based on the experimental findings, a hydrometallurgical flowsheet is proposed for the Eskisehir-
Beylikova pre-concentrate that achieves Th-U separation as an inherent outcome of the water leaching
step itself, rather than as a downstream purification stage (Fig. 8). The pre-concentrate is first acid-baked
(acid:sample 1:1, 250 °C, 60 min) to convert the Th, and U-bearing phases to their soluble sulfate forms.
Notably, rejecting Th to the solid residue conventionally requires raising the acid baking temperature
above 300 °C, at which Th converts into a thermodynamically stable thorium pyrophosphate-type phase
(Demol et al., 2018; Zhu et al., 2015); however, this approach not only carries a substantial energy
penalty but also locks Th into a highly refractory residue. In the present flowsheet, baking is instead
kept at a moderate 250 °C, sufficient to convert Th to a soluble sulfate without forming this refractory
phase, and the same selective Th rejection is achieved later, at the water leaching stage, simply through
temperature control. The baked product is water-leached at 90 °C for 120 min, S/L 1:2 conditions
selected specifically to exploit the divergent thermal response of Th and U established in Section 3.1: at
90 °C, the stability of Th-sulfate complexes is minimized, driving Th back out of solution and retaining
it in the leach residue, while U, fully converted to highly soluble uranyl sulfate during baking, remains
in solution irrespective of temperature. Filtration of the leached slurry, therefore, yields two products
with sharply contrasting radio-element content: a Th-rich leach cake and a leach liquor containing
essentially all dissolved U.

This outcome contrasts with the majority of Th-U separation routes reported in the literature, which
rely on an additional dedicated step, selective precipitation, solvent extraction (SX), or ion exchange (IX)
applied only after both elements have already been co-leached into solution (Zhu et al., 2015; Carrillo
Garcia et al., 2020; Kanojia et al., 2025). As outlined in the Introduction, these downstream routes carry
substantial reagent, multi-stage circuit, and throughput costs. By achieving Th-U separation directly in
the water-leaching step, the proposed flowsheet may reduce both the energy burden of high-
temperature acid baking and these downstream separation costs, while still allowing U to be recovered
as a discrete, concentrated stream in the leach liquor.

Pre-concentrate

'

Acid baking
Acid:sample 1:1, 250 °C, 60 min

v

Water leaching
90 °C, S/L 1:2, 120 min

v

[ Filtration J

Leach cake
Th-rich

Leach liquor
Contains U

r Oxalate _\:
(_ precipitation J

ff Selective Th ‘\:
! dissolution ,)

Fig. 8. Proposed hydrometallurgical flowsheet for the Eskisehir-Beylikova pre-concentrate via high-temperature
and high solid ratio water leaching
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In subsequent processing steps, the Th-rich leach cake, which also retains co-precipitated REEs,
requires a dedicated re-leaching step (Fig. 8) to redissolve these species before further processing, since
oxalate precipitation, the proposed next step, requires a solution feed rather than a solid cake. Following
an approach analogous to that reported by Amer et al. (2013), Th can then be selectively separated via
oxalate co-precipitation followed by selective re-dissolution of the Th oxalate. Consequently, rather than
acting as a final purification step, this single-step leaching operation serves as a robust pre-treatment
strategy that effectively isolates uranium and produces a Th-rich cake suitable for such downstream re-
leaching and separation. REE recovery data under these conditions were not generated within the scope
of the present study, which focuses specifically on Th-U partitioning during water leaching; the process
claims herein are therefore restricted to this early Th-U separation step, and full REE recovery through
the proposed downstream route remains to be experimentally verified.

4. Conclusions

This study demonstrates that thorium and uranium can be selectively separated directly within the
water leaching step of an acid-baked REE pre-concentrate, without recourse to high-temperature
baking, achieving an early separation between Th and U directly within the water leaching step. By
systematically evaluating the effect of leaching temperature (25-90 °C) and time (15-120 min) on an acid-
baked Eskisehir-Beylikova pre-concentrate under high pulp density conditions (S/L = 1:2), and by
linking the observed dissolution behavior to the mineralogy of the Th- and U-bearing phases via MLA,
this work establishes water leaching itself rather than precipitation, solvent extraction, or ion exchange
as an effective, single-step Th-U separation mechanism, and translates this finding into a proposed
hydrometallurgical flowsheet. The key findings of this study can be summarized as follows:

Th and U exhibit opposite responses to leaching temperature: Th recovery declines sharply at 70-
90°C (falling to approximately 7%), while U recovery remains consistently high (~90%) and essentially
independent of both temperature and time, yielding a recovery ratio (RR = U/ Th) of approximately 13.3
at the optimum condition.

MLA confirms that Th and U are hosted exclusively by two distinct mineral phases Th-parisite (100%
of Th) and plumbophyrochlore (100% of U), with Th-parisite occurring as poorly liberated, finely
intergrown inclusions within the fluorite-, REE-carbonate-, and Ba-Mn-oxide-bearing matrix.

Based on these findings, a single-step flowsheet (acid baking at 250 °C followed by water leaching
at 90 °C, S/L 1:2) is proposed that yields a Th-rich leach cake and a U-bearing leach liquor directly from
filtration without requiring high-temperature baking, achieving this separation as an inherent outcome
of the water leaching step itself, thereby also achieving an early separation between these two
radioactive elements that simplifies downstream waste classification and handling.
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