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ARTICLE INFO ABSTRACT

Keywords: Tantalite ore is the main source of the metals niobium (Nb) and tantalum (Ta). Today, the needs
Hydrometallurgy for these economic and irreplaceable Nb, and Ta metals are becoming imperative for the tech-
Niobium

nological world, to meet the demand, a lot of research is needed to ore reserves, extraction
methodology and simplified refining processes should be in plethora. This study focuses on the
Ethiopian tantalite ore located south of the Neoproterozoic Adola belt of the rare element Ken-
ticha pegmatite deposit (global source of tantalite). Successive beneficiation of pegmatite ore
results in a highest dissolution of 60.83 wt% of TaxOs with 4.58 wt% of NbyOs including the
removal of U, Th, Ti, Fe and Si, resulting in a percentage low weight, which allows transporting
ore concentrates. The concentrated ore is leached with a mixture of binary acids HF and H2SO4
with 6:1 ratio at temperatures from 100 to 400 °C. The filtered solution was extracted with MIBK
then, precipitated with ammonium solution. The hydrometallurgy of Nb and Ta oxides is affected
by leaching temperature and the presence of radioactive oxides of U and Th. Elemental analysis
and surface topography were studied using SEM/EDS, revealing the highest percentage compo-
sition of Nb and Ta oxides at 200 °C of leaching temperature. Comparatively, the compositions of
U and Th showed higher amounts at the leaching temperatures of 150 and 200 °C, and when the
temperature reached about 350 and 400 °C, the percentage composition of U and Th became very
low, the economic metals Nb and Ta were completely leached. The stability of the precipitated
samples was analyzed using TGA-DTA and found to be thermally stable, and not contain signif-
icant moisture at each temperature studied. Studies for recovery of Ta, Nb, U and Th from
Kenticha tantalite are required.

Radioactive oxides
Tantalite
And tantalum

1. Introduction

Columbo tantalite, one of the most economical mineral and listed as an important mineral in the United States, is derived primarily
from pegmatite constituents of the form ((Fe,Mn)(Ta,Nb),0¢) [1-4]. Tantalum is being utilized more frequently in new technologies
and has grown its importance as a technological component in the modern economy [3]. Ethiopian Kenticha pegmatite is classified into
four groups based on the mineral composition: spodumene, albite-spodumene, muscovite feldspar, and beryl. In order to ensure that
the enriched product satisfies export standards, pegmatite-spodumene, which has the highest composition of Mn-tantalite, also con-
tains radioactive elements like Th and U, which need to be removed with caution [4,5]. Fe, U, Th, Ti, and Si are examples of associated
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impurities that are frequently present and coexist with valuable minerals and must be removed in order to treat and beneficiate Nb and
Ta oxides. Since these elements have similar chemical characteristics, they are hard to separate [6], and in order to remove Ta and Nb
from traditional multi-element analyses, solid samples need to undergo intricate mineralization processes [3].

When naturally occurring radioactive materials are extracted from raw materials using hydrometallurgical processes, mining and
processing-related activities can lead to high levels of these materials in products, by-products, and wastes [6-8]. Due to the extreme
harsh conditions required for the process, the leaching of Ta and Nb is still very difficult [8-12]. Concentrated HF is currently used to
treat the majority of tantalite ore. This reaction can be used to illustrate how Mn-tantalite dissolves in HF (Eq. (1)) [11].

MnNb;Og¢/(MnTay0¢) + 16HF — 2H,NbF7/(2H,TaF7) + MnF; + 6H,O 1

On the other hand, these decomposition processes are linked to HF volatilization losses, which is harmful to both human (operator’s
health) and equipment (deleterious and corrosive). When removing HF pollution at the source during the production of Ta and Nb,
these reactions need to be carefully considered [12]. Furthermore, all commercial hydrometallurgical processes that produce Nb and
Tarequires the presence of F~ [4,12]. Thus, in order to lower the process’s level of toxicity, a specific quantity of HF should be swapped
out for HpSO4 [13-15]. Using organic extractants like tributyl phosphate, cyclohexanone, 2-octanol, methyl isobutyl ketone, and high
molecular weight amines, the Nb and Ta ions are removed from the dissolved solution. On the other hand, because of its great sol-
ubility, high chemical and operational stability, and low density and cost, methyl isobutyl ketone is the most widely used extractant
[12,13].

For this reason, radioactive oxides of U and Th have been found in Kenticha pegmatite ore (an exportable concentrated tantalite
ore) [14,15]. The nature of the ore, or the concentration of value metals and impurities in this case U, Th, Fe, Ti, and Si, determines the
hydrometallurgical properties of tantalite ore. Tantalum ore leaching parameters like temperature, time, and particle size have all been
investigated before [14,15]. The quantity of U and Th metal ions leached from tantalite ore revealed a significant amount. Further-
more, uranium, which is normally present in uranium minerals found in U** and U®* oxidation states. Pegmatite deposits are the
primary source of uranium and thorium ores [1,2]. Egs. (2) and (3) describe the dissolution chemistry of U in acidic solutions, where
U*" must first be oxidized to U%*. Strong oxidants, like Fe>*, are necessary to enhance its dissolution during acid leaching, which
results in the formation of uranyl ions (Eq. (4)) [16-22]. Ores frequently contain Fe as a constituent. The leaching efficiency of Ut is
about 95 % [3]. Eq 2 through 5 illustrate the process by which U and Th dissolve in acid [16-22].

UO; + 2HT - UO3" + H,0 (dissolution)) )
200, + 0, + 4H" - 2U003" + 2H,0 (oxidation) 3
U0, + 2Fe*t — U0 + 2Fe*t )
ThO, + 4H' ->Th*" + 2H,0 (5)

Thorium complexes are created when thorium oxide combines with acids. At high temperatures, these reactions are completed
more quickly [1]. During leaching, Ta-Nb ore experiences a sequence of high-temperature reactions in addition to strong acid re-
actions, where U-Th remains in solution at high concentrations [3]. The oxidation state, matrix composition, contamination, solu-
bility, economic viability, tailing management, and other environmental factors all play a role in the lixiviant selection process for U
and Th leaching [15-22].

The assessment of the hydrometallurgical oxides of Nb, Ta, U, and Th from the Ethiopian Kenticha pegmatite ore is the ultimate
goal of this work. Taking temperature into account, radioactive oxides of U and Th were eliminated from the binary acid-leaching
oxide of Nb and Ta, and the oxides of Ta and Nb were then extracted, precipitated, and provided with additional ideas for pretreat-
ment and extraction. XRD, TGA-DTA, EDX-SEM, and AAS spectroscopies were used to examine both liquid and solid samples.

2. Materials and methods
2.1. Equipment and reagents

Employing an Anton Paar PerkinElmer Multiwave 3000 microwave reaction system fitted with an 8SXF100 rotor and eight PTFE
reaction vessels, a concentrated tantalite sample was leached using a solution of 6 M HF and 1 M HySO4. TGA was used to analyze the
weight fraction, weight loss, and thermal stability of tantalite ore samples as their temperature increases. Model TA 50, Shimadzu
America, and platinum cell in nitrogen with a flow rate of 30 mL/min were the instruments used. SEM with EDS (JEOL JSM-848 model)
was used to examine the compositional and topographic changes that occurred both before and after the samples were leached. The
dissolution procedure was conducted in a stainless batch reactor (SUS316) within a high-temperature furnace set at different tem-
peratures of 100 -400 °C. No additional purification was required when using research-grade HF, H,SO4, ammonia solution, and
methyl isobutyl ketone (MIBK) from Sigma-Aldrich.

2.2. Methods

The ore was mined from the upper zone of the Kenticha pegmatite deposit in Oromia Regional State, Ethiopia (Fig. 1, Sample 1) [4,
8,13,14]. 10 kg of Kenticha pegmatite ore (Sample 1) was crushed and grinded by hand with a mortar and pestle to <200 mesh size.
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These steps are performed by washing and decanting to remove residues. The sample was then shaken to recover the dark brown to
black portion of the ore. Further processing was performed by gravity separation (25 °C, 250 rpm, 1 h) and magnetic separation to
recover 1 kg of enriched Mn-tantalite, commonly known as tantalite (sample 2 in Fig. 1).

Based on the author’s studies, the decomposition of a tantalite ore sample was conducted in a high-temperature furnace using a
stainless steel (SUS316) batch reactor [4,12-14]. In a separate sample holders, the 5 g of sample 2 was introduced in the furnace with
100 mL of 6 M HF + 1 M H5SO4 and reacted for an hour at a 100, 150, 200, 250, 300, 350, and 400 0C reaction temperatures and at a
constant string speed at atmospheric pressure. Each sample was then allowed to fuse for 1 h (labeled samples 3 to 9, respectively). Each
of the products was cooled at room temperature, and then leached with 100 cm® de-ionized water (resistivity of 18.2 MQ cm). The
filtrates and residues were obtained by filtration. Quantitatively, each filtrate was moved to a 100 mL volumetric flask, and the leached
residue was collected for further study (Fig. 1, sample R) [12-14].

Leaching, filtration, separation, and extraction were among the sequential processes that comprised the solvent extraction tech-
nique [13-17]. By altering the study on solvent extraction in fluoride media, the solvent extraction procedures were carried out [4].
For 30 min, seven samples (labeled as samples 3 through 9, respectively) were agitated in an atmospheric dry box with 50 mL of each
filtrate solution containing sample with 50 mL of MIBK (1:1) [15,22,23]. The mixture was divided into organic/upper phase (antic-
ipated to contain Ta, Nb, U, and Th) and aqueous/lower phase (expected to contain active metals like Fe, Al, and Si and considered the
raffinate). This was done using a separatory funnel. In trials involving triplets, the aqueous phase was extracted once more to optimize
the extraction efficiency using 10, and 5 mL of MIBK extractant, respectively, and all upper phases were collected together to each
labeled sample container. All lower phases are collected and stored together for further analysis, removal, and F~ processing.

For each of them, an excess of 30% ammonia solution was added to the collected organic/upper phase sample to precipitate it,
forming a cake, which was then dried for three days at 100 °C in an oven. Once more, the dried solid samples were calcined for an hour
at 1200 °C in a furnace. For every sample of three to nine, a comparable producer was completed (see Scheme 1). XRD, EDXRF, TGA,
and SEM-EDS were used to examine the calcined solid samples.

3. Results and discussions
3.1. Ore characterization

Based on previous works; and quantitative analysis of an tantalite ore is blessed in high elemental compositions of Ta, and Nb, the
Kenticha-Ethiopia ore revealed that the composition of Kenticha deposit varied significantly, and the activity of some concentrations of
radionuclides is the main source of the radiation dose [4,8,12,14,15]. The amount of U and Th oxides in enriched ores is always related
to beneficiated tantalite ores, as there are the main drawbacks when performing Nb and Ta extraction, transporting and exporting [4].
Sequential processing of pegmatite ore is the best alternative approach to obtain higher grades of tantalite ore than primary processing
of pegmatite ore (Table 1), thus, the concentrated Tantalite ore (sample 2) was scored 60.83 wt% of TazOs starting from 2.32 wt% of
Tay05 of the deposit pegmatite ore (sample 1). Similarly, 4.58 wt% NboOs was obtained from 0.45 wt% NbyOs, respectively (Table 1).
These sequential beneficiations of pegmatite ore attributes to the increase in wt% of Ta0s and NbyOs, refining and preparing them for
further processing by removing untargeted minerals as considered as tailings. In addition, these results attributes the increments of Nb
and Ta oxides directly related with the increments of U and Th oxide and indirectly related composition of Ti, Fe and Si oxides. In
addition, the results are supported by SEM-EDS spectroscopic pattern (Fig. 2). These results are similar with a previous studies by the
authors, XRD spectra of Kenticha Tantalite ore by using acidic leaching (Fig. S1) [4,12].
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Fig. 1. XRD diffraction of Kenticha pegmatite ore (sample 1), concentrated tantalite ore (Sample 2) and leached residue (Sample R) [4].
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Scheme 1. Schematic diagram of a connected approach hydrometallurgy of tantalite ore.

Table 1

Typical chemical composition of Kenticha pegmatite ore, beneficiated tantalite and precipitated oxides fraction using EDXRF", as metallic oxide.
Ore (sample code) Percentage, wt%

Tay0s Nb,Os TiO, Fe,03 ThO, Us0g SiOy

Pegmatite ore (Sample 1) 2.32 0.45 3.56 25.54 0.09 0.80 12.14
Mn-Tantalite (Sample 2) 60.83 4.58 0.96 5.71 0.33 1.23 2.01
Fe-Tantalite (Sample R) 2.11 6.11 14.48 56.11 0.22 1.01 10.23
(Sample 3) at 100 °C 46.32 4.87 0.11 3.11 0.26 0.21 0.23
(Sample 4) at 150 °C 51.23 4.46 0.08 0.11 0.27 0.12 0.21
(Sample 5) at 200 °C 34.11 0.11 0.03 4.97 0.33 0.07 0.14
(Sample 6) at 250 °C 32.12 0.11 0.04 0.11 0.41 0.19 0.11
(Sample 7) at 300 °C 25.65 0.11 0.12 0.11 0.30 0.14 0.13
(Sample 8) at 350 °C 6.84 0.11 0.11 82.38 0.21 0.05 0.23
(Sample 9) at 400 °C 0.11 0.11 5.34 86.45 0.01 0.01 6.54

@ (Tantalite ore leached by 6 M HF with 1MH,SO,, extracted by MIBK and precipitated by NH4OH, scanned the precipitated samples).

3.2. Leached and extracted tantalite ore

According to a prior study, 6 M HF and 1 M H2SO4 was chosen as the ideal acid concentration ratio to leach Nb and Ta from tantalite
ore [12]. In a batch reactor, the acid leaching solution was run at various leaching temperatures (100, 150, 200, 250, 300, 350, and
400 °C) at constant atmospheric pressure. The filtered aqueous solution was then carefully mixed with a 1:1 (O/A) amount of MIBK to
dissolve and extract the impurities from the aqueous/lower phase and the Nb and Ta metal ions from the organic/upper phase. The
extracted upper phase (containing Nb, Ta, U, and Th) was separated, stripped and extracted from the aqueous phase, while adding
MIBK and then, the collected upper phase solution was precipitated with excess ammonium solution [13-15]. Following the
precipitated samples’ drying and calcination, EDXRF, EDS-SEM, XRD and TGA are used to characterize the solid samples (labeled
samples 3 to 9).

The primary factor influencing the target metals and radioactive oxides dissolution performance in the tantalite ore leaching
process is temperature. Ta and Nb are predicted to remain intact at higher leaching temperatures, but generally speaking, raising the
leaching temperature can result in an increase in the leaching rate of U and Th (Table 1). When the leaching temperature was raised
from 200 to 400 °C, the amount of TayOs dropped to 0.11 wt%, according to the EDXRF elemental composition. Initially, TasOs
increased from 46.32 to 51.23 wt% at the leaching temperatures of 100 and 150 °C (samples 3,4). Furthermore, at a leaching tem-
perature of 100 °C, 4.87 wt% of NbyOs was obtained (sample 3). This indicates that 100% of Nb,Os precipitated at 100 °C and 84%
(2.11 wt%) of TayOs precipitated from the tantalite ore at 150 °C. EDS spectroscopy of specific regions of the precipitated ore samples
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Fig. 2. SEM-EDS of tantalite ore (sample 2).

(Fig. 3 and Fig. S2) confirms the generalizability of these results, which show that 150 °C is the ideal leaching temperature to separate
and extract Nb and Ta from tantalite ore (sample 4). As a consequence, raising the leaching temperature from 100 to 400 °C causes the
wt% of Nb, Ta, U, and Th oxides to decrease to a minimum value (0.11 wt%). Nevertheless, even at leaching temperatures of 400 °C,
the radioactive oxides of Th and U continued to exist, producing 0.01 wt% ThO, and U3Og (Table 1).

The degree of leaching reduces as hydrolysis takes place at leaching temperatures above 300 °C [13,16]. Similar studies under these
circumstances showed that Nb leached at a maximum rate of 73.5% at 200 °C (sample 5), while tantalum hydroxide, or 30.3 % of the
total Ta, departed the concentrate as leachable species in the liquid [13-16]. However, comparable studies revealed that overheating
reduces and dehydrates some rare earth elements, resulting in the formation of an insoluble sulfate that reacts with the leaching agent
(H2S04). These investigations also verified that the leaching efficiency of U and Th at various temperatures was less than 45%, which
may have been caused by the presence of Si and Ti [18-22]. In comparison to tantalite ore (parent ore, sample 1), this study revealed
that Th and U oxides decreased to 3.03% and 0.81% (0.01 wt%), respectively, at extraction temperatures ranging from 100 to 400 °C.
Ti and Fe oxides are responsible for these characteristics.

Based on the sample’s limited areas selected by EDS (Fig. 3 and Fig. S2), the surface of the precipitated oxides’ selected areas
verified a high composition of Ta, Nb, and Mn at leaching temperatures ranging from 100 to 200 °C, corroborating the findings of
related studies [11-22]. Comparatively, at leaching temperatures of 150 and 200 °C, the compositions of U and Th were higher, and
the value even decreased as the leaching temperature rose above 200 °C (Fig. 3, Fig. S2, and Table 2). Similarly, at the higher leaching
temperatures of 350 °C and 400 °C (samples 8,9), respectively), the limited screening area of the sample by EDS diffraction spec-
troscopy revealed the absence of U and Th. According to these findings, a series of procedures including leaching tantalite ore with 6 M
HF and 1 M H3SO4 at a high temperature, extracting with MIBK, and precipitating the samples with ammonium solution were used to
determine whether radioactive oxides of U and Th were present. However, comparable research revealed that the leaching of tantalite

Table 2
Elemental Composition of tantalite ore using Scanning Electron Microscope Equipped with Dispersion Spectrum Analysis (SEM-EDS)
(eZAF Smart Quant Results of selected area®).

Leaching temperature, °c

Weight % of element

CK OK NbL ThM UM MnK FeK TaL SK SiK TiK
a) 100, Sample 3 5.76 33.64 4.37 0.25 0.19 9.37 2.72 43.70 - - -
b) 150, sample 4 5.85 33.04 4.03 0.25 0.11 8.25 - 48.47 - - -
) 200, sample 5 25.00 32.85 - 0.31 0.05 4.85 4.85 32.08 - - -
d) 250, sample 6 - 46.70 - 0.38 0.17 8.66 - 30.97 13.13 - -
e) 300, sample 7 5.25 50.69 - 0.28 0.11 7.11 - 22.90 13.66 - -
f) 350, sample 8 2.69 35.42 - 0.18 0.03 - 48.77 6.72 6.19 - -
g) 400, sample 9 - 38.17 - - - 49.25 - 6.88 3.05 2.65

@ (Tantalite ore leached by 6 M HF with 1MH,SO,, extracted using MIBK and precipitated using NH,OH, scanned selected limited area from the
precipitated surface of the samples) K, L, M represents atomic shells from where EDS spectroscopy propagates.
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ore in the presence of HF in the leaching solution also contributes significantly to the extraction of Nb and Ta using different
extractants, resulting in the extraction of Nb and Ta oxide in studies where U exists [12,13,22,23].

As the leaching temperature rose to 150 °C, the extraction and dissolution efficiency of Nb declined; however, Nb did not appear in
any limited areas of precipitate samples 5 to 9 at any temperature above 150 °C (Table 2). However, depending on the percentage
composition of the extracted Nb and Ta oxides, the extraction and dissolution efficiencies of Ta, Mn, Th, and U increased and then
decreased up to 200 °C. The distinctive patterns of tantalite ore were seen at 30° 2Theta, while leaching at temperatures ranging from
100 to 200 °C (Fig. S1). These results were corroborated by XRD (Fig. 4, samples 3,5). Thus, Ta, Nb, U, and Th were the remaining
oxides after leaching, separation, and precipitation of the tantalite ore, as indicated in Fig. 3 and Table 2.

Furthermore, these compositions demonstrated the presence of U and Th with leaching temperatures up to 350 °C, as shown in the
EDS diffraction spectra in Fig. 3 and Table 2. The dissolution efficiency of Nb and Ta oxides can also decrease with increasing tem-
perature. Since practically all of the polymetallic elements were very low during the extraction process, 100 and 150 °C were thus the
preferred optimal leaching temperatures of Nb and Ta from Kenticha tantalite ore with the recommended weight % of Th and U
(Table 1). The dissolution and extraction efficiency of Nb, Ta, U, and Th on the precipitated samples dropped to almost zero wt% at
temperatures above 300 °C, while non-targeted elements like Ti, Fe, and Si saw an increase in these processes. Consequently, at
temperatures higher than 300 °C, the presence of impurities, chiefly, roughly 3.5 times the amount of iron oxide was revealed during
leaching with an HF and HySO4 mixture. Studies revealed that during the leaching and precipitation of tantalite ore in the presence of U
and Th, these processes occurred more quickly before they were finished at high temperatures [18-24].

As a result, the most distinctive tantalite ore diffraction pattern at 30° 2Theta was identified by the XRD diffraction pattern results
(Fig. 4 and Fig. S1 sample 6-9), which were lost. Instead, it is evident that the pattern changes at higher leaching temperatures than at

Bumply 3 - - Sample +

Sample 7 . Sammple §

Kammple 2

Fig. 3. EDS of a selected area of precipitated oxides from tantalite ore.
(Tantalite ore leached by 6 M HF with 1MH,SO,., extracted by MIBK and precipitated by NH4OH, scanned selected limited area from the
precipitated surface of the samples).
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Fig. 4. XRD diffractions of selected area of acidic leached and extracted tantalite ore.

lower ones. This is because high temperatures cause impurities like sulfate, Fe, Ti, and Si to leach. Studies have verified that the more
intense features in the XRD pattern of tantalite ore are located at 30° 2Theta [2,4,12,14,15]. Diffractions therefore support the EDS
weight percent findings for tantalite ore that has been leached, extracted, and precipitated. (Table 2, Fig. 4 and Fig. S2).

Selected samples tantalite ore stability was examined using TGA-DTA (Fig. S3), which revealed that the sample loses very little
weight (0.2%-2%) when heated to 1000 °C, was indicating that the reaction is exothermic. The low weight loss suggests that the
tantalite samples, which are separated and extracted at a processing temperature of 1000 °C, are free of impurities, thermally stable,
and contain little water or gaseous decomposition products.

4. Conclusions

This work focuses on the rare element Kenticha pegmatite deposit in Ethiopia, which is situated south of the Neoproterozoic Adola
belt and contains tantalite ore. Pegmatite ore undergoes successive beneficiation, resulting in a maximum dissolution of 60.83 wt% of
Tap05 with 4.58 wt% of Nb,Os, including the removal of U, Th, Ti, Fe, and Si. This low wt% makes it possible to transport and export
ore concentrates. The performance of a mixture of 6 M HF and 1 M H3SO4 as a decomposed of concentrated tantalite ore was
investigated in relation to temperature. For each sample, MIBK was used to extract the filtrates following stages of decomposition at
100 to 400 °C. A mixture of solutions, including impurities like Ti, Fe, and Si, is collected in the upper phases and precipitated by
adding an ammonia solution oxide of Nb, Ta, U, and Th. Utilizing SEM/EDS, elemental and compositional analyses of the acid-leached
and MIBK extract revealed the highest compositional percentages of Nb and Ta oxides at 100 and 150 °C, respectively, reaching 100%
and 84% leaching temperatures. At leaching temperatures between 100 and 200 °C, surface compositions have high wt% of Ta, Nb,
and Mn. By contrast, the wt% of U and Th compositions was high at leaching temperatures of 150 and 200 °C, and it was almost zero at
the higher 400 °C leaching temperature. Using SEM/EDS and EDXRF, 0.11 wt% of Nb and Ta and nearly zero (0.01) wt% of U and Th
were found in the selected area at higher leaching temperatures of 350 and 400 °C. Generally speaking, 150 °C is the ideal leaching
temperature to separate and extract Nb and Ta from tantalite ore. Thermal stability of tantalite ore’s was examined using TGA-DTA
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analysis, and it was discovered that neither the ore’s separation nor extraction at processing temperature contained any appreciable
amounts of neither moisture nor gaseous breakdown products. Studies are needed to recover Ta, Nb, U, and Th from Kenticha tantalite.
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