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Abstract: Pure tantalum and niobium oxides were produced from the molten cake after mixing ore-
NH!HF"-KOH in a respective mass ratio of 1/4/3. This resulted in solubilization yields of over 95% for 
Nb and around 92% for Ta in sulfuric acid solution 3 molar.  Extraction of tantalum and niobium using 
octan-2-ol yielded over 95% niobium and 98% tantalum when pH is set at 0.5-1.0 and 1.5-2 respectively. 
The compounds K#NbOF$, K#NbO! and K"TaF% were identified after melting.  While in aqueous solution 
ionic species such as NbF$(OH)"#&, NbF$& and TaF%"&are likely to be identified. Precipitation of tantalum 
and niobium in NH!OH solution (pH=7.50-8.0) as hydrated oxides after stripping with distilled water 
and crystallization identified hydrated oxides such as Ta"O'. nH"O, Nb"O'. nH"O. These two oxides 
were associated with a small amount of SiO". nH"O as an impurity resulting from the extraction and 
precipitation of tantalum and niobium. SEM-EDS, XRD, TGA-DTG and FTIR analyses identified and 
characterized these compounds. 

Keywords: Molten Coltan ore, ammonium bifluoride, potassium hydroxide, hydrometallurgical 
recovery of Ta and Nb, species identification 

1. Introduction 

Tantalum and niobium are essential metals sought for a variety of high-technological applications. The 
most recent studies have shown the possibility of leaching Ta and Nb in a mixture of hydrofluoric and 
sulfuric acid in a 6:1 ratio (Goitom, and Mulugeta, 2024). Treatment of tantalum and niobium solutions 
leads to the production of pure compounds. However, the use of highly corrosive acids, such as a 
mixture of hydrofluoric acid and sulfuric acid is the main drawback to consider besides cost implication, 
and environmental concerns associated with the method (Joson et al., 2016; El-Hussaini & Mohamed, 
2002; Shikika et al., 2021). To circumvent this difficulty, many researchers propose an approach 
involving a melting step using molten salts (Nnaemeka, 2023; Zhou et al., 2005). Several combinations 
of fluxes have been proposed to reduce energy consumption (Wang et al., 2009) and to modify the 
mineralogical structure of tantalum and niobium (Kitungwa et al., 2020).  For the past few decades, 
researchers have widely employed two approaches in using fluxes for modification of ore structure 
during smelting and for using the smelted product in water solubilization. The first approach proposes 
the use of alkaline hydroxides as fluxes (NaOH or KOH). This set of fluxes are part of , the first fusion 
method used on industrial scale (Wang et al., 2009; Habinshuti et al., 2022; Mona et al., 2019; Permana 
et al., 2016;  Yang et al., 2012). The second approach proposes the use of ammonium bifluoride (NH!HF") 
as a flux and this has been reported by several authors (Krysenk et al., 2016; Mpinga and Crousse, 2012; 
Nete et al., 2014; Purcell et al., 2018; Yan and Tang, 2018). 

Alkali hydroxide (NaOH and KOH) and ammonium bifluoride (NH!HF") fluxes are used to modify 
the mineralogical structure of the ore, yielding fused products that are soluble in water. The solubility 
of alkaline salts increases with their cationic radius, which would justify the increased use of caustic 
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potash as a flux in place of caustic soda  (Kikuko, et al., 2021; Chunfu, et al., 2019). In the smelting 
approach, temperature remains a major challenging parameter  during the beneficiation process of 
tantalum and niobium ores. To mitigate this challenge, our first approach was to combine the use of 
ammonium bifluoride and caustic potash in the same reactor during the smelting of coltan ore from 
Tanganyika Province in the south-east of the Democratic Republic of Congo (Kitungwa et al., 2020).  

The combination of reagents during smelting was more beneficial as energy consumption during 
smelting, and water solubilization of tantalum and niobium. The advantage of this combination would 
the addition of KOH to the ore-NH!HF"  mixture already leading to an exothermic reaction whose heat 
release during the preparation of nearly 100 g of mixture can reach an average temperature of 120°C. 
This heat release promotes ore smelting even before treatment in the furnace. Optimum smelting was 
achieved at 160°C, with the ore/NH!HF"/KOH mass ratio of 1/4/3 respectively. This led to Ta and Nb 
having a solubility of 95% in water (Kitungwa et al., 2020). However, there are limitations such as the 
nature of the mineralogy of the tantalum and niobium sample, the different species formed in the 
products resulting from melting in the proposed mixture (NH!HF"-KOH), the nature of the water- 
and/or acid-soluble tantalum and niobium species.  

The identification and characterization of these Ta and Nb species are important for understanding 
various chemical reactions and reaction mechanisms during melting the ore in  NH!HF"-KOH mixture. 
The evaluation of conditions for solvent extraction of tantalum and niobium species by octan-2-ol from 
the aqueous solution resulting from the previous step (leaching of the melt cake) and their stripping 
according to the procedure proposed by (El-Hazek, et al., 2012; Mayorov and Nikolaev, 2002), followed 
by precipitation and the crystallization stages which will lead to the production of pure tantalum and 
niobium oxides. 

2. Materials and methods 

2.1. Materials  
Various pieces of equipment were used to characterize the coltan ore sample. These included a 10 ml 
Brand graduated cylinder (Duran Germany, ISO 4788) for bulk density determination, a Boeco, 
Germany precision analytical balance, eight granulometric sieves (Jayant Scientific ind) with mesh sizes 
of 70µm, 100µm, 155µm, 212µm, 425µm, 600µm, 850µm and 1200µm (Kitungwa, et al., 2023; Habinshuti, 
et al., 2021). A Universal vibro-screening machine  (Jayant Scientific ind) as well as different apparatus 
for conducting analyses: An X-ray Fluorescence spectrometer (XRF, branded thermo-scientific, 
Olympus), an optical microscope (branded Altion), a radiometer (branded Albert inspector), the X-ray 
Diffractometer (XRD, branded Vorsicht Röntgenstrahlung), two atomic emission spectrometers (ICP-
OES branded Arcos and ICP-MS).  The Scanning Electron Microscope coupled to the Electron 
Dispersion Spectrometer (SEM-EDS, branded Zeiss Sigma), Thermogravimetric analysis (TGA, branded 
PerkinElmer TGA 4000) and Fourier transform infrared  (FTIR, branded FT-IR Nicolet Apex).  

2.2. Methods 

2.2.1. Coltan ore sample characterization  
Coltan ore samples were collected from five active mining sites in Tanganyika province: Kisengo and 
Kahendwa in Nyunzu territory, Mayi-baridi in Kalemie territory, Ngobo and Dragon in Manono 
territory. All these territories are in Southeastern DR/Congo, approximately 500 km Northwest of the 
city of Lubumbashi (Wakenge, 2017). 

First, physicochemical analyses were conducted. To determine the sample granulochemical 
characteristics, 1 kg of the coltan ore was passed over a series of sieves (from 1,200 µm to 70µm). The 
oversized particles retained by different sieves were shaken for 15 minutes, using a vibrating machine 
(Hadjersi, 1975). Nine granulometric fractions were obtained and subjected to XRF chemical analysis.  
The granulochemical distribution of tantalum and niobium was determined using equations (1) and (2) 
below: 

Oxide	weight	(g) = %	*+	*,-./×1/-234	-5	26789	*+	9:6//5	6/;/:49
<==

                                     (1) 

Distribution	(%) = >799	*+	*,-./	*5	7	2-?/5	+67:4-*5×<==
@*47A	8799	*+	*,-./	*5	7AA	B764-:A/	9-/?/9	

                                        (2) 
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The apparent density was determined by filling a 10 ml graduated cylinder with pulverized coltan 
ore and weighing the content this was calculated as the ratio of mass to volume of the sample (Yoro & 
Godo, 1990). 

Apparente	density	 = Weight	of	sample	in	test	tube/	Volume	of	sample	in	test	tube               (3) 
Radioactivity of the coltan sample was determined by average of several measurements. Their mean 

value was corrected using results given by 800 grams of the material and compared to the background 
given by the measuring device (Euratom, 2012). 

The loss on ignition was determined as the difference between the weight of the sample before and 
after calcination at 900°C. 

Fire	loss	(g) = WSC+ −WS7+                                                            (4) 
with  WS!": sample weight before calcination and WS#": weight after calcination. 

The mineralogical analysis was carried out samples deposited as thin film onto a substrate and 
studied using an optical microscope using with reflected and transmitted light.    

2.2.2. Smelting of coltan ore and smelting product leaching 
The smelting was conducted at 160°C in a 100 ml zirconium crucible for 60 minutes using a mixture 
including coltan ore, NH!HF"and KOH with 1/4/3 as their respective mass ratios. The smelting product 
was characterized by SEM-EDS, XRD, and TGA analyses. The molten cake was solubilized in distilled 
water and in 3 molar sulfuric acid. Leaching yields were determined using the formulae 5, 6 and 7 : 

YA-,(%) 	= (WD/WEF) × 		100%                                                          (5) 
Where:  YA-,(%)	is the leaching efficiency expressed in percent; WD	:	the element weight (gram) in the 
filtrate and WEF	𝑡ℎ𝑒		element weight (gram) of in the sample. Knowing that: 

	WD 	= 	 [CD × VD(8A)]/1000ml                                                           (6)   
and 

WEI 	= (%FI 	× 	WF)/100                                                             (7) 
with :	CD	 the element concentration (g/L) in the filtrate, VD	the filtrate volume (ml), %FI: 	percentage of 
an element in the sample, and WF	:	the sample weight subjected to leaching.  

2.2.3. Solvent extraction and stripping of tantalum and niobium  
The acid leach solution and the water leach solution were mixed. The mixed solution was conditioned 
to pH values of 0.5, 1.0, 1.5, 2.0 and 2.5 for solvent extraction tests with octan-2-ol. The loaded organic 
phase was stripped with distilled water for tantalum and niobium recovery (El-Hazek, et al., 2012).  

Solvent extraction was carried out for 5 minutes in separating funnels, stirring the mixture of organic 
and aqueous phases at a volume ratio of 1:1. After stirring, the cap of the separating funnel was opened 
to separate the phases. The loaded organic phase was mixed with distilled water to extract tantalum 
and niobium. The extraction yield was calculated using the following formula (8): 

𝑌(%) =
[%]'().+'()

[%].+'(),[%].+-.
	𝑥	100%                                                             (8) 

where: Y(%) is the metal extraction yield in percent, [𝑀]𝑜𝑟𝑔 and [𝑀]𝑎𝑞 are the metal concentrations in the 
organic and aqueous phases, with V$%&and V#' the organic and aqueous phases volumes. 

2.2.4. Precipitation and crystallization  
Two types of solutions were used to precipitate tantalum and niobium as hydroxides, as per the 
procedure suggested by Mayorov and Nikolaev, (2002). NH4OH served as the precipitant solution, in 
the pH range of 7.5 - 8.0 (El-Hazek, et al., 2012). The precipitates obtained were subjected to 
crystallization through evaporation around 80°C-100°C (Ngoie and Kankolongo, 2022). The obtained 
crystals were identified using SEM-EDS, XRD, TGA-DTG, and FTIR analyses. 

3. Results and discussion  

3.1. Coltan ore characterization  

The coltan ore characterization included chemical analysis, density and radioactivity measurement,  
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granulochemical, determination of the loss on ignition, mineralogical analysis, XRD, SEM-EDS, and 
TGA-DTG analysis. 

3.1.1. Coltan ore chemical analysis, density, and radioactivity measurement  

Results from the coltan ore density and radioactivity measurement are depicted in Table 1. Coltan ore 
mined in Tanganyika province has a bulk density of 6.181. This value falls within the density range 
characteristic of coltan ores (between 5.50 and 7.50). As for the radioactivity analysis, it gave an average 
value of 1651.6 Counts Per Minute (CPM) or 0.46 micro-sieverts per hour (µSv/h) for 800.00g of sample. 
The coltan ore from artisanal mines of Tanganyika province does not contain elements capable of 
endangering people through irradiation. It can therefore be handled or stored by artisanal miners, in 
compliance with the DR Congo law about protection against exposure to radioactive substances 
(Journal Officiel the DRC, 2005). The chemical composition of coltan ore mined in Tanganyika Province 
matches that of colombo-tantalite in which tantalum oxide (Ta"O') presence prevails on that of niobium 
oxide (Nb"O'), that is 52% versus 41% (Kitungwa, et al., 2023; Habinshuti, et al., 2021). 

Table 1. Coltan ore physicochemical and radioactivity analysis 
 

Chemical elements Ta Nb Fe Mn Ti Sn 
Apparent 
density 

Radioactivity 
for 800 grams 

of sample 
(µSv/h)  

Concentration  (%) 28.11 24.46 3.55 7.13 0.32 2.21 

Chemical elements Si Zr Al Ag U Th  
6.181 

 
0.463 Concentration  (%) 2.57 0.99 0.74 0.14  0.01 0.004 

3.1.2. Granulometrical analysis of coltan ore 

Results from the granulochemical analysis of the coltan ore sample are depicted in Table 2. As can be 
seen from the results in Table 2, tantalum and niobium stand at 473.76 grams out of a total feed of 994.16 
grams. Half of tantalum and niobium weight is made up of coarse particles with a size greater than 1200 
µm whereas less than 10% of the total sample was found with the mineral particle size of 70µm. The ore 
sample grinding is necessary to liberate tantalum and niobium minerals and increase their specific area 
(contact surface) for better reaction at later processing stages. Consequently, the sample was subjected 
to grinding and sieving so to obtain 80% of particles less than 70 µm (El-Hussaini, 2002; Kitungwa, et 
al., 2023). 

Table 2. Granulochemical distribution of coltan ore from Tanganyika 

Size ranges 
(mm) 

Refusal 
weight (g) 

Refusals 
weight 

percentage 

Concentration (%) Weight (g) Distribution (%) 

Nb Ta Nb Ta Nb Ta 
1200 471.00 47.36 24.41 28.18 114.97 132.73 51.01 53.44 
830 28.80 2.90 21.48 23.75 6.19 6.84 2.75 2.75 
600 111.80 11.25 22.68 23.75 25.36 26.55 11.25 10.69 
425 51.40 5.17 22.25 23.58 11.44 12.12 5.08 4.88 
212 42.60 4.29 23.59 24.00 10.06 10.22 4.46 4.11 
155 132.80 13.36 19.17 20.81 25.46 27.64 11.3 11.13 
100 59.60 6.00 17.77 18.04 10.60 10.74 4.7 4.32 
70 67.20 6.76 21.94 22.28 14.74 14.97 6.54 6.03 
-70 28.96 2.91 22.65 26.15 6.56 6.57 2.91 2.65 

Total 994.16 100   225.38 248.38 100 100 
 

3.1.3. Coltan ore’s content loss due to ignition   

Calcining coltan ore in a 50 g crucible at 900°C resulted in a loss on ignition of around 0.484 g, or 0.968% 
of the total sample mass. This may be due to water loss from the sample's moisture content. It may also 
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result from the decomposition of organic matter during the calcination process, including loss of CO 
and CO2. 

3.1.4. Mineralogical analysis of coltan ore 

Reflected-light optical microscopy of coltan ore (Fig. 1) identified tantalum and niobium oxides with 
color ranging from red to grayish, followed by cassiterite (tin oxide) with brown to yellow color, white 
iron oxides with a good polish, and blackish pyrolusite. 

 
Fig. 1. Coltan ore image under a reflected-light optical microscope 

3.1.5. Coltan ore analysis by XRD, SEM-EDS, and TGA-DTG 

The coltan ore spectrum from analysis by EDS and its image from the Scanning Electron Microscope 
analysis (Fig. 2) match the results from the reflected-light optical microscope analysis. Indeed, they 
confirmed the presence of tantalum, niobium, iron, manganese, and tin oxides. Results from the 
chemical analysis using the X-ray Fluorescence spectrometer also supported it. The consistency between 
the obtained results was also established in terms of the intensity of the peaks given by the coltan ore 
analysis to the electron dispersion spectrometer. Tantalum peaks were more intense than those of 
niobium.  

 
Fig. 2. SEM-EDS analysis of Tanganyika coltan ore 

X-ray diffractometer (XRD) analysis of coltan ore under study (Fig. 3), before and after calcination, 
revealed the predominance of mineral oxides: (Fe,Mn)(Ta, Nb)"O', Ta"O', 	Nb"O', SnO", MnO",	
FeO(OH)	and	SiO". The calcination did not affect the sample structure.  It increased the intensity of peaks 
about certain oxides. They include tantalum oxide represented by peak "a" and columbite-tantalite 
represented by peak "b", whereas for oxides such Nb"O', SnO", and SiO", the intensity of peaks remained 
unchanged. Similar findings were reported by Wolf, et al., (2013) when they investigated the influence 
of temperature on tantalum oxide powder (Ta"O'). As confirmed the chemical analysis using X-ray 
fluorescence and mineralogical analysis by optical microscopy and the SEM-EDS-based methods 
(Kitungwa, et al., 2023), iron and manganese are among the major impurities found in coltan ore mined 
in Tanganyika province (Table 1). 



6 Physicochem. Probl. Miner. Process., 60(4), 2024, 192436 
 

 
Fig. 3. XRD patterns of (top) calcined and (botom) uncalcined coltan sample 

Thermogravimetric analysis (TGA) of coltan ore revealed three temperature-dependent stages (Fig. 
4).  

The first stage appeared between 152°C and 202°C and corresponded to a loss of 0.09%. This can 
result from water removal due to air humidity. As for the second stage, it appeared between 202°C and 
364°C, with a loss of 0.528%. This can be attributed to the removal of amorphous carbon-bearing organic 
matter (Guanxu, et al., 2022). The third stage appeared between 364°C and 598°C, resulting in a loss of 
0.346% versus the sample starting mass.  

As for the Differential Thermogravimetry (DTG) curve, it revealed four endothermic bands. The first 
band appeared below 200°C while the second band appeared between 200°C and 300°C. This confirms 
the fixation of energy to eliminate water molecules. As for the third band, it appeared between 500°C 
and 600°C and resulted in the completed organic matter decomposition, including amorphous carbon 
as carbon monoxide (Taimur, et al., 2012). The endothermic band which appeared between 800°C and 
900°C results from the elimination of intramolecular water in goethite (2 FeOOH) during its conversion 
into hémathite (Fe"O#), under the effect of temperature (Gandon, 2021).  

2FeOOH(s) 	→ Fe"O#	(9) +H"O(g)                                                      (9) 
Moreover, the TGA curve displayed very small slopes over the different temperature intervals, 

revealing the instability of produced intermediate compounds during the decomposition or removal of 
water molecules. Overall, the TGA and DTG curves revealed a mass loss of around 0.874%. This value 
is close to the one observed when determining the loss on ignition by subjecting the coltan ore sample 
to calcination (0.968%). 

 
Fig. 4. Thermogravimetric (TGA) and differential thermogravimetric (DTG) analysis of the Tanganyika coltan 

sample 
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3.2. Coltan ore smelting, smelting cake leaching, and solvent extraction of tantalum and niobium  

3.2.1. Coltan ore smelting using 𝐍𝐇𝟒𝐇𝐅𝟐-KOH as flux 

Based on results from previous studies carried out on the smelting of coltan, using NH!HF" or KOH as 
flux, the reactions leading to smelting product formation can be identified as below: 

• Melting in ammonium bifluoride	NH!HF" (Mpinga, 2013):                     
(Fe,Mn)(Ta, Nb)"𝑂$(s) + 12NH!HF"	(s) → (NH!)"TaF%(s) + (NH!)(Fe,Mn)F#(s) + (NH!)#NbOF$ +

5H"O(g) + 6NH#(g) + 8HF	                                                      (10) 
• Caustic potash melting KOH (Wang, et al., 2009):         

(Fe,Mn)O(Ta, Nb)"O'(s) + 6KOH(s) → 2K#(Ta, Nb)O!(s) + (Fe,Mn)O(s) + 3H"O(g)              (11) 
The smelting cake's mineralogical analysis by SEM-EDS (Fig. 5) showed that the coltan sample 

underwent modifications in its chemical composition (EDS) and morphology (SEM). This confirms that 
the coltan ore reacted in the presence of NH(HF)-KOH as flux, as seen through changes in the sample 
mineralogy. From the morphology standpoint, the smelting cake surface presented micropores which 
may be due to the release of gases. This confirms that the reaction between the ore-NH(HF) mixture and 
KOH was exothermic (Kitungwa, et al., 2020). EDS image (Fig 5a) shows that melting coltan into the 
flux mixture leads to a decrease in metal concentration. This decrease in concentration is indicative of a 
new solution whose morphology is completely different (Fig 5b) from that recorded in Fig. 2.  

The identification and characterization of species formed during the smelting of coltan ore in the 
NH!HF"-KOH mixture were done using XRD and TGA analysis (Figs. 6 and 7). 

 
Fig. 5. SEM-EDS mineralogical analysis of coltan melts in NH(HF)-KOH mixture 

 
Fig. 6. XRD patterns of (top) melting cake in NH(HF)-KOH system and (bottom) coltan ore sample  

before melting 
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Analysis of the XRD diagrams (Fig. 6) reveals that smelting coltan ore in the presence of NH!HF"-
KOH has resulted in changes affecting its mineralogical structure and morphology. Indeed, when 
comparing XRD patterns (2) and (1), one can notice the disapperance of some peaks including cassiterite 
(tin) peaks and a decrease in intensity of all peaks. This decrease reveals a drop in the concentration of 
metals in the melting cake due to mixing coltan ore with the two fluxes, as also shown by the EDS results 
(Fig. 5a). A thorough XRD analysis of peaks from of the smelting cake, reveals that four major 
compounds were likely to form during the smelting process of coltan ore, in the presence of NH4HF2-
KOH. These are K2TaF7, K3NbOF6, K3NbO4 and K2SiF6 . The characteristic peaks of the first three 
compounds were also identified by (Netriová, et al., 2019; Ullha, et al., 2018). 

Based on results from the mineralogical and chemical analysis of products from the smelting of 
coltan ore and leveraging from reaction mechanisms already suggested in the literature (Mpinga, 2013; 
Wang, et al., 2009), the smelting model of coltan ore can be predicted as one likely to occur as per the 
following reactions : 

2Nb"O'(s) + 6NH!HF"(s) + 12	KOH(s) → 2K#NbOF$(s) + 2K#NbO! + 	6NH#(g) + 12H"O(g)      (12) 
Ta"O'(s) + 7NH!HF"(s) + 10KOH(s) → 2K"TaF%(s) + 2K#TaO! + 	7NH#(g) + 12H"O(g)         (13) 

By considering the chemical compounds which were formed from reactions 12 and 13, it is also 
possible to envisage the formation of K#TaOF$under the same conditions as that of K#NbOF$ (Jianling, 
et al., 2008). In this case, two tantalum products (K#TaOF$ and K#TaO!) would also be likely to be 
identified when analyzing the melt cake using X-ray diffraction (Fig. 6), this is not the case. For K#TaO!, 
we did not find any characteristic peaks in the literature. On the other hand, the formation of K"TaF% is 
evident in relation to the XRD results. 

The results of the thermogravimetric analysis of the molten sample (Fig. 7) reveal three temperature 
steps similar to those obtained on the unmelted sample (Fig. 4).  However, as the temperature increases, 
is significant in the case of the melt cake. A combined examination of the TGA and DTG results reveals 
only two very broad endothermic bands on the DTG curve, whereas four small bands were counted in 
the case of the unmelted sample (Fig. 4). The first endothermic band (Fig. 7) appears around 211°C and 
corresponds to the first temperature step between 159°C and 272°C on the TGA curve, with a mass 
reduction of around 4.56%. This reduction corresponds to the elimination of hydration water (Dávila, 
et al., 2021). 

 
Fig. 7. Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) curves  

of the melt cake 

The second temperature plateau appeared between 272°C and 674°C. It corresponds to a mass 
reduction of around 1.95% on the TGA curve. Two small endothermic bands are visible in this 
temperature interval on the DTG curve.  The first is indicated by a small black circle at 451°C. It 
corresponds to the decomposition of K#NbOF$ to NbO"F, whose identification band appears at around 
420°C in the results of (Rokov, and Mel’nichenko, 1984) and at around 400°C, (Wani, and Rao, 1991). 
The second is circled at 634°C and could be attributed to the decomposition of K"SiF$ into (2KF and 
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SiF4) between 300°C and 700°C, the reaction of which occurs around 600°C (Verstraete et al., 2018).  

K#NbOF$. H"O(s) ↔	NbO"F + 3KF(s) + 		2HF(g)                                        (14) 
During the smelting of coltan ore, K"SiF$  would be formed from the reaction of silica in the flux mixture, 
NH!HF" − KOH according to reaction (15) below: 

3SiO"(s) + 	6NH!HF"(s) + 	6KOH	(s) 				
∆
⇔	2K"SiF$(9) 	+	K"SiO#(9) +		6NH#(2) 	+	9H"O(2)       (15) 

Finally, the third temperature range appeared between 674°C and 895°C with a mass decrease of 
around 9.41% and corresponds to the second endothermic band on the DTG curve. This could result 
from the decomposition of  NbO"F to Nb#O%F with the elimination of NbOF#(g) (Debachi, et al., 2017; 
Sten and Anders (1965) observed its decomposition reaction between 840°C and 970°C. 

4NbO"F(9) 		↔ Nb#O%F(9)  + NbOF#(2)                                                (16) 

3.2.2. Dissolution of tantalum and niobium through the smelting cake leaching 

The yields of tantalum and niobium leaching in water and 3 molar sulfuric acid are indicative of the 
type of metal complexes that would be formed during coltan ore smelting in the NH!HF"-KOH flux 
mixture. The solubilization of coltan in water and sulfuric acid has given NbOF$(OH)"#&,	 
Nb(OH)'		and	NbF$&(aq) as Nb-containing compounds; TaF%"&and Ta(OH)'	 are the main Ta-based 
complexes (Joson et al., 2016; Wang et al., 2009; Anatoly, 2004; Dávila, et al., 2021). In acidic media, the 
tantalum leaching yield increased to nearly 92%.  

Table 3. Leaching yields of tantalum and niobium in two solvents 

Used solvent 
Corresponding leaching yields 

Nb Ta Si Sn Fe Mn 
H2O 94.19 71.98 84.88 81.20 22.46 23.12 

H2SO4 : 3 
molar 

98.99 92.11 93.44 46.27 76.24 85.39 

Taking into account the nature of the compounds formed during smelting in the proposed mixture 
(ore-NH!HF"-KOH), tantalum and niobium solutions would highlight the following reactions: 

• Leaching with water as solvent: 
K*NbOF+ 	+ H)O	 → 					3K, 	+	NbF+(OH))*-	                                                   (17) 

6K*(Ta, Nb)O( 		+ (5 + n)	H)O	 →	K.(Ta, Nb)+O/0. nH)O	 + 10KOH	                                (18) 

• Leaching with sulfuric acid as solvent:  
2K)TaF1 	+ 2H)SO( 		→ 	4H, + 	2TaF1)- + 2K)SO(		                                            (19) 

2K*NbOF+ 	+ 	3H)SO( 	→ 2H, 	+ 2NbF+- 		+				3K)SO( 		+ 2H)O	                                  (20) 

2K*(Ta, Nb)O( 		+	 	3H)SO( +	2H)O	 → 2(Ta, Nb)(OH)2 	+ 3K)SO(                               (21) 

3.3. Solvent extraction of tantalum and niobium, precipitation and crystallization 

3.3.1. Concentrations of major elements in leach liquors  

Two types of leaching were carried out on the samples. Water leaching gave, almost all (95%) of the 
niobium solubilization compared with 71% for the tantalum. Leaching in 3-molar sulfuric acid allowed 
for solubilization of the tantalum to around 92% and 99% of the niobium (Table 3). 

 Chemical characterization (concentration in ppm and pH) of leaching solutions is presented in Table 
4. The composite solution is made of mixture of the two leaching solutions, and the corresponding 
chemical contents and pH are found in the last line of the table.  

Solubilization of tantalum and niobium in water and 3-molar sulfuric acid revealed that niobium 
solubilizes better than tantalum from the system NH4HF2-KOH. Looking at the pH value after leaching 
in water, it appears that the acidity of ammonium bifluoride dominates over the basicity of KOH. This 
implies that tantalum yields are better in the acid medium than in water (Tressaud, 2010). The main 
reason behind such solubilization is that two forms of tantalum compounds suggested are all acid-
soluble, while only one is completely water-soluble. 
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Table 4. Elemental concentrations after leaching 

        Leach liquor Chemical element concentration (ppm) 
pH 

 Nb Ta Si Sn Fe Mn 
Water  4030 3283 1097 820 246 312 4.89 

H2SO4 : 3 molar 4399 3949 1244 647 272 439 0.72 

Composite 
solution 

4093 3497 1129 713 246 366 1.87 

3.3.2. Solvent extraction, precipitation and crystallization 

The leaching solution was pre-conditioned for the solvent extraction step according to the procedure 
described in section 2.2.3, and the results are shown in Fig. 8. 

 
Fig. 8. Yield curves by Ta and Nb extraction with octan-2-ol as a function of pH 

Tantalum extraction was better when pH increased in the range from 0.5 up to 2.5 (Fig. 8). Extraction 
yields of more than 98% were achieved in the pH range of 1.50-2.0. As for niobium,  extraction yields 
decreased when the pH increased pH above 1.0. Hence, these metals differently behave during their 
solvent extraction as observed by other authors (El-Hazek, et al., 2012). It appears that the separation of 
these two metals can be achieved by readjusting the pH. Firstly, at pH= 2.0 to extract the Ta and 
secondly, bring the raffinate from the first extraction to pH = 0.5 to extract the Nb. 

Based on the different forms of Ta and Nb in aqueous solution (NbF$(OH)"#&, NbF$&, TaF%"&), the 
extraction, precipitation and crystallization reactions of these two metals can be described as follows : 

For niobium: the form NbF$(OH)"#& must be transformed into NbF$& by lowering the pH of the solution: 
1) Acidification of the solution: 

NbF$(OH)"#& 	+	2HN ↔		𝑁𝑏𝐹$& 						+	2𝐻"O	                                             (22) 
2) Extraction with octan-2-ol (𝑂𝐶𝐿llllll): 

𝑁𝑏𝐹$& 	+	HN +	𝑂𝐶𝐿llllll 			↔ 		HNbF$ − 𝑂𝐶𝐿llllll		                                              (23) 
3) Stripping:  

HNbF$ − 𝑂𝐶𝐿llllll 		+			𝐻"O		 ↔ 			𝑁𝑏𝑂𝐹'"& + 2𝐻N 		+ HF +	𝑂𝐶𝐿llllll	                               (24) 
4) Precipitation and crystallization: 

4𝐻(OP)N +	2NbOF'	(7Q)"& +	10NH!OH(7Q) 			↔ 			Nb"O'. 7H"𝑂(R) 	+	10NH!F(7Q)                     (25) 

																Nb"O'. 7H"𝑂(R) 		
∆
→			Nb"O'(9) +	7H"O(2)                                               (26) 

For tantalum:  
1) Extraction:  

𝑇𝑎𝐹%"& 	+	2HN + 𝑂𝐶𝐿llllll 	↔ 		𝐻"TaF% − 𝑂𝐶𝐿llllll	                                               (27) 
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2) Stripping:  
		𝐻"TaF% − 𝑂𝐶𝐿llllll 	+ 2𝐻"O		 ↔ 			 𝑇𝑎𝐹%"& 	+	2HN +	 		𝑂𝐶𝐿lllllll                                        (28) 

3) Precipitation and crystallization: 
4𝐻(OP)N +	2𝑇𝑎𝐹%(7Q)"& +	14NH!OH(7Q) 	↔ 		 Ta"O'. 9H"𝑂(R) 	+	14NH!F(7Q)                       (29) 

Ta"O'. 9H"𝑂(R) 		
∆
→		Ta"O'(9) +	9H"O(2)		                                             (30) 

 

Fig. 9a. EDS spectrum of crystals from precipitation and crystallization of Ta and Nb solutions after extraction 
with octan-2-ol 

SEM-EDS analyses (Figs. 9a and 9b) revealed the presence of tantalum oxide, niobium oxide, silicon 
and potassium fluoride after extraction by octan-2-ol. For the latter two elements, they may have not 
been extracted by octan-2-ol but, they were entrained in the organic phase during extraction and 
collected in the new aqueous phase after stripping.  Analysis of the crystallographic forms (Fig. 9b) 
shows that tantalum and niobium produced oxides (Nb"O' and Ta"O') as identified by tetragonal and 
orthorhombic particles respectively. Whereas crystals in the form of solids white and powders that 
represent silica as well as potassium fluoride crystals (Huseynov, et al., 2015). The presence of fluorine 
is justified by the fact that the precipitation product was not washed with ethanol prior to the 
crystallization step. This is in line with the analysis of precipitation reactions number 25 and 29 above 
(Yuanyuan, et al., 2008).   

The XRD analysis (Fig. 10) of crystals obtained from the precipitation of tantalum and niobium and 
crystallization of their precipitate revealed the presence of hydrated niobium and tantalum pentoxides 
(Nb"O'. nH"O and Ta"O'. nH"O) (Barbosa & Castro, 2020) and silica (SiO". nH"O).  

 
Fig. 9b. SEM of crystals from precipitation-crystallization of Ta and Nb solution after extraction  

with octan-2-ol 
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The TGA curve (Fig. 11) shows four temperature steps, with different compound mass losses, 
whereas the DTG curve presents two very broad and intense endothermic bands which are attributed 
to a temperature-induced decomposition of the product. The first and second stages of the TGA curve 
lie between 35°C and 90°C,  and 90°C to 299°C, respectively. The first stage is associated with the first 
endothermic band, while the second stage is associated with the second endothermic band on the DTG 
curve. The first stage (I), with the endothermic band at 71°C, means evaporation of water through 
dehydration of tantalum and niobium oxides. Deblonde (2015) identified a mass loss of 9.40% at 85°C 
during the transformation of 	NaS(Ta$O<T. 24,5H"O) into NaS(Ta$O<T. 15H"O)  whereas in this research a 
loss of 11.88% was observed at 71°C. This temperature is similar to that reported by Abramov in 2011 
and by Beblonde (2015). In our case, the low dehydration temperature (71°C) would be justified by the 
presence of traces of fluorides.  

The second stage (II) corresponds to a decomposition of KF already from 242°C up to 364°C.  
According to Wang, et al., (2016), this corresponds to its first decomposition stage. In this research, the 
endothermic band on the DTG curve is located around 272°C (temperature within the KF decomposition 
range). Above 300°C and up to around 800°C, the two curves TGA and DTG remained almost constant, 
with a plateau shape excluding any decomposition of the products formed (product stability zone). A 
new slope appeared between 800 and 900°C, the stability from the TGA and DTG curves of niobium 
oxide Nb"O'(9) and tantalum Ta"O'(9) above 850°C was also demonstrated by (Guanxu, et al., 2022; Wolf, 
et al., 2013). 

 
Fig. 10. XRD of sample from precipitation and crystallization of Ta and Nb solutions after extraction  

with octan-2-ol 

 
Fig. 11. TGA of crystals from precipitation-crystallization of Ta and Nb solutions after extraction  

with octan-2-ol 
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The finished product FTIR spectrum revealed ten infrared absorption bands (Fig. 12). This confirms 
that the product obtained is a mixture. In view of the results obtained, this mixture consists of hydrated 
oxides of Ta and Nb with silica as an impurity in this process (Zhang, Salje, & Ewing, 2002; Augsburger, 
et al., 2000; Jithin et al., 2021; Deshmukh, et al., 2012). Considering the complexity of FTIR bands 
obtained following the mixing of the final product, the major information that we can draw from this 
FTIR spectrum is the presence of a broad absorption band, which appears at a wavelength of 3290cm- 1 
due to the vibration of the OH (Hameed, Guerin, & Pierre, 2018). This band confirms the presence of 
water of hydration in the final product as we showed during the interpretation of the SEM-EDS, XRD 
and TGA-DTG results. 

 
Fig. 12. FTIR of Ta and Nb crystals after precipitation-crystallization process of solution 

4. Conclusions 

The hydrometallurgical approach for production of pure tantalum and niobium oxides from the molten 
cake was studied in this research. Smelting at 160°C in the coltan ore mixture-NH!HF"-KOH (at a 
respective mass ratio of 1/4/3) produced, water- and acid-soluble Ta and Nb compounds. Compounds 
such as K#NbOF$ and K#(Ta, Nb)O! and K"TaF%   were identified. The ions likely to form in aqueous 
solution are NbOF$#&, NbF$&	and TaF%"&. This approach gave niobium leaching yields of over 95% and 
tantalum leaching yields of around 92%. Extraction with octan-2-ol as solvent enabled both metals to be 
collected at a pH between 0.50 and 1.0, with over 95% yield for niobium. pH of 1.5 to 2.0 allowed for an 
extraction yield of over 98% for tantalum. Characterization of the tantalum and niobium-based crystals 
revealed that hydrated niobium and tantalum oxides (Nb"O'. nH"O and Ta"O'. nH"O) were produced. 
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