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dolomite in Bayan Obo deposit (Wei et�al.  2022 ). The main 
Nb-bearing minerals in this stage are fersmite, fergusonite, 
and ilmenorutile, with a small amount of pyrochlore, colum-
bite, and baotite. 

 Banded ore is mainly distributed in the north side of 
the Main and East mines. Nb-bearing minerals are mainly 
baotite, fergusonite, pyrochlore, and columbite, and a small 
amount of ilmenorutile and fersmite (Ren et�al. 2023a). In 
the study by She et�al. ( 2021 ), the highest content of Nb-
bearing minerals in the sample was 1.53�wt% detected by 
AMICS. During this stage, the mineralization of both REE 
and Nb was at its peak, resulting in the formation of the 
highest-grade REE and Nb ores in the Bayan Obo deposit. 

 Massive ore is mainly distributed in the middle of the 
Main and East mines. The main Nb-bearing minerals are 
ilmenorutile and pyrochlore with a small amount of fergu-
sonite and fersmite (Hou et�al.  2020 ). The highest content of 
Nb-bearing minerals is only 0.35�wt%, and the Nb-bearing 
minerals show heterogeneous distribution characteristics, 
such as the banded ores. In this stage, the degree of REE 
and Nb mineralization is weaker than that of banded miner-
alization (She et�al.  2021 ). 

 The last stage is vein mineralization, which mainly dis-
tributed in the Main and East mines, especially in the shal-
low part. The main minerals are pyrite, ” uorite, riebeckite, 
aegirine, huanghoite, bastnäsite, aeschynite, baryte, and 
quartz. The mineralization of REE and Nb is weak, with the 
latter exhibiting a more complex mineral composition. The 
Nb mineralization is the strongest in the banded mineraliza-
tion stage, with Nb content of 60–5710�ppm (1300�ppm on 
average) (She et�al.  2021 ; Ren et�al. 2023a). 

 The mineralization stages of the Bayan Obo deposit 
can be simply summarized, as shown in Table�  2 . The 

composition of Nb-containing minerals in di� erent min-
ing areas of Bayan Obo deposit varies, and the mineral 
properties vary with the mining location and depth. Over-
all, the Bayan Obo Nb-bearing minerals exhibit intricate 
physicochemical properties and distinctive characteristics, 
such as low Nb grade, small crystal size, and complex min-
eral assemblages, which pose signi� cant challenges in the 
bene� ciation process of Nb-bearing minerals (Zhang et�al. 
 2023 ). As shown in Table� 1 , there are over 20 kinds of Nb-
bearing minerals observed in the Bayan Obo deposits. The 
mineral particle size is relatively � ne and is usually less than 
0.2�mm, especially in the � ne dolomite phase. In addition, 
the mineral morphology and assemblage are complex, while 
the mineral composition and mineralization degree of di� er-
ent stages vary signi� cantly. Although the banded minerali-
zation stage has the strongest mineralization degree and the 
distribution of Nb-bearing minerals is more concentrated, its 
average Nb concentration is 1300�ppm. The Nb-bearing min-
eral model content in the massive mineralization and vein 
mineralization stages is even lower and unevenly distributed. 
As a result, the complexity of the Bayan Obo mineralization 
process has led to various Nb-bearing minerals, � ne particle 
sizes, and complex morphology and mineral assemblage, 
making the extraction of niobium extremely di�  cult (Cheng 
et�al.  2024 ; Hou et�al.  2024 ). 

     3   Extraction methods of Nb 

 Pyrometallurgy and hydrometallurgy have been utilized 
in Nb extraction from Nb-bearing ores. The former is car-
ried out at high temperatures to reduce Nb ore minerals and 
obtain Nb-enriched products (Zhang et�al.  2014 ,  2022b ; Tian 

  Table 2       Mineralization stages of the Bayan Obo deposit  

 Modi� ed from Fan et�al. ( 2022 ), Hou et�al. ( 2020 ), Ling et�al. ( 2013 ), Ren et�al. ( 2023 ), and She et�al. ( 2021 ) 

  Mineralization stage    Rock type    Main locality    Characteristics  

  Coarse dolomitic facies    Coarse-grained ore-hosting dolo-
mite  

  Main and West mines; Dongjiel-
egele  

  The particle size of dolomite is 
greater than 1�mm, no REE miner-
alization  

  Fine dolomitic facies    Fine-grained ore-hosting dolomite    Main and East mines    The particle size of dolomite is less 
than 0.2�mm, weakly REE mine 
mineralization  

  Disseminated mineralization    Disseminated ore    Main and East mines    Dolomite with strong REE and iron 
mineralization  

  Banded mineralization    Banded ore    North side of the Main and East 
Mines  

  Banded structure containing ” uorite, 
magnetite, aegirine and REE miner-
als  

  Massive mineralization    Massive ore    The middle part of the Main and 
East Mines  

  Massive structure containing mag-
netite, ” uorite, aegirine, riebeckite, 
biotite and REE minerals  

  Vein mineralization    Vein ore    Main and East mines (especially 
shallow part)  

  Coarse-grained REE minerals, pyrite, 
” uorite and aeschynite  
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     3.1.5   Selective reduction-melting separation-Nb and Ti 
ferroalloy smelting in electric furnace 

 Based on experimental research, the process of extracting 
Nb from blast furnace–converter–electric furnace–electric 
furnace and extracting Nb by carbon-containing cold-solid-
i�  ed pellets was investigated. Li et�al. ( 2015 ) developed a 
new technique as selective reduction–melting separation–Nb 
and Ti ferroalloy smelting in an electric furnace to eliminate 
balling from the process and to prevent carbon impurities 
which would otherwise increase the Nb grade. The process 
” ow is shown in Fig.� 7 . The Nb concentrate containing 4.4% 
 Nb 2 O 5  was smelted to obtain a Nb–Ti ferroalloy with 15.2% 
Nb and 18.2% Ti. Through this process, the recovery rate of 
Nb exceeded 70%, with close to 100% recovery rate achieved 
in the � rst two steps of Nb extraction. The reactions occur-
ring therein can be represented by Eqs. ( 2 – 4 ,  6 , and  7 ):

     
 (6)TiO2 + C = Ti + CO2

     
         

 In addition, the change from a thermite reaction to a car-
bothermal reaction has resulted in a cost reduction. This 
enables the utilization of imported Brazilian ferroniobium 
for producing high-strength low alloy as a substitute for 
low-grade ferroniobium alloy derived from the Bayan Obo 
low-grade Nb concentrate. This is of great signi� cance for 
China’s critical metal industry and their e�  cient utilization. 

     3.1.6   High temperature melting-directional mineralization 

 This process involves introducing Bayan Obo ores, along 
with solvents and adjusting agents such as limestone and 
silica, into a high-temperature furnace. The furnace is heated 
to over 1000�°C, e� ectively simulating the natural magma 
mineralization process. The high temperature promotes the 
interaction between the ore and the chemical agents, ena-
bling the targeted transformation of the columbite found in 

 (7)TiO2 + 2CO= Ti + 2CO2

  Fig. 7       Flow diagram of selec-
tive reduction–electric furnace 
melting separation–Nb-Ti fer-
roalloy smelting in an electric 
furnace; modi� ed after Li et�al. 
( 2015 )  
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Bayan Obo deposit into pyrochlore. Pyrochlore is a primary 
ore mineral of Nb, and its formation under controlled con-
ditions is crucial for optimizing the subsequent extraction 
process. By directing the mineral transformation toward 
pyrochlore, this method signi� cantly enhances the e�  ciency 
of Nb extraction during the later stages of processing. As 
a result, the transformation process not only improves the 
yield of Nb but also contributes to a more sustainable and 
economically viable extraction method. This approach is 
currently under re� nement and expected to be a critical step 
in the advanced processing of the Bayan Obo ores in the near 
future (Lu et�al.  2023 ). 

      3.2   Hydrometallurgy for Nb extraction 

 Hydrometallurgical extraction of Nb primarily involves the uti-
lization of inorganic acids, organic acids, or alkaline solutions 
to dissolve and decompose the Nb minerals, thereby obtaining 
a leaching solution rich in Nb. This process can be divided 
into the following two main types. The � rst type employs acid 
solutions such as HF and  H 2 SO 4  for Nb leaching (El-Hazek 
et�al.  2012 ; Gao et�al.  2014 ; Zhang et�al.  2014 ,  2019 ,  2022a ; 
Dutta et�al.  2021 ; Sun et�al.  2022 ; Zhou et�al.  2022 ). The other 
option entails the decomposition of Nb minerals in other min-
eral acids, such as HCl,  HNO 3 ,  H 3 PO 4 , and aqua regia (Ayanda 
and Adekola  2012 ; Baba et�al.  2018 ; Yang et�al.  2018 ; Akli 
et�al.  2019 ; Lyu et�al.  2022 ), as well as in concentrated alkaline 
solution, supplemented by a low temperature and high pressure 
(Gupta  1984 ; Wang et�al.  2009a ,  2018 ; Deblonde et�al.  2016 , 
 2019 ). In addition, a few organic acids have been investigated 
for leaching Nb and Ta (Shikika et�al.  2022 ). 

    3.2.1   Hydrofl uoric acid leaching 

 Hydro” uoric acid leaching is a well-established process in the 
hydrometallurgical extraction of Nb and Ta. Previous stud-
ies have demonstrated that highly corrosive hydro” uoric acid 
(HF) is the most e�  cient leaching agent for extracting these 
elements from ores (He et�al.  1998 ; Nete et�al.  2012 ; Nete 
 2013 ; Deblonde et�al.  2016 ). This is because these elements 
are highly soluble in a ” uoride medium, which readily forms 
distinct complexes depending on the pH and metal concentra-
tion (Timofeev et�al.  2015 ; Lukyanova et�al.  2017 ; Akin� ev 
et�al.  2020 ; Yan et�al.  2020 ; Liu et�al.  2024 ). Typically, a con-
centration of 40%–48% HF has been employed to dissolve Ta 
and Nb in the solution up to 90% (Agulyansky  2004 ). Fur-
thermore, in order to reduce the volatilization and usage of 
HF, Chinese industry uses a mixed method involving HF and 
sulfuric acid to extract Nb from the ores. A combination of 
10%–55% HF and 15%–97% sulfuric acid can achieve more 
than 85% leaching e�  ciency for Nb (He et�al.  1998 ; Zhou 
et�al.  2005 ; Chen et�al.  2017 ). The main reactions involved are 
shown in Eqs. ( 8 –17) (Sun et�al.  2021b ):

     

     

     

     

     

     

     

     

     

      
 The addition of sulfuric acid decreases the boiling point 

of the mixed acid, thereby reducing the volatilization losses. 
Additionally, due to its strong acidity, sulfuric acid facilitates 
the formation of impurity elements through non-extractable 
sulfate, which is bene� cial for the subsequent extraction pro-
cess (Wang et�al.  2022 ). 

 Methyl isobutyl ketone (MIBK) has been used to extract 
Nb from solutions after reactions, and has been employed 
by Metallurgie Hoboken-Overpelt in Belgium since 1963. 
However, there are several disadvantages associated with 
MIBK, including high solvent loss, high vapor pressure, and 
a low ” ash point. Potential alternative extractants like Ali-
quat 336, Alamine 336, and Cyanex 923 could be considered 
as more e�  cient extractants options for Nb and Ta extraction 
(El-Hussaini and Rice  2004 ). 

 Inorganic HF exhibits severe toxicity as it forms insolu-
ble salts by complexing certain bivalent cations, such as 
calcium and magnesium. This interference with calcium 
metabolism in soft tissues and bones leads to intense pain 
and cell destruction (Bertolini  1992 ). It is well known that 
HF possesses strong volatility characteristics (Chapman Jr 
et�al.  1949 ). The use of high-concentration HF generates a 
large amount of ” uorine (F)-containing waste gas during 
the process, which poses risks to both the environment and 
human health. In addition, dealing with F-containing waste-
water and residues like  CaF 2  also presents great challenges. 

 Rodriguez et�al. ( 2015 ) reported that acid pressure leach-
ing was used to extract Nb and Ta from a ferrocolumbite ore, 
with HF being utilized as the leaching agent in this process. 
Increasing the leaching temperature, reaction time, and the 

 (8)Nb2O5 + 14HF= 2H2NbF7 + 5H2O

 (9)Nb2O5 + 12HF= 2HNbF6 + 5H2O

 (10)Nb2O5 + 10HF= 2H2NbOF5 + 3H2O

 (11)TiO2 + 6HF = H2TiF6 + 2H2O

 (12)Ta2O5 + 14HF= 2H2TaF7 + 5H2O

 (13)SiO2 + 6HF = H2SiF6 + 2H2O

 (14)Nb2O5 + H2SO4 = Nb2O4SO4 + H2O

 (15)Nb2O5 + 2H2SO4 = Nb2O3(SO4)2 + 2H2O

 (16)Fe2O3 + 3H2SO4 = Fe2(SO4)3 + 3H2O

 (17)MnO + H2SO4 = MnSO4 + H2O
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at 200�°C. Under these speci� ed conditions, both Nb and Ta 
exhibited recovery rates close to 100%, whereas thorium and 
total REEs achieved 76% and 70%, respectively. 

 In order to investigate the leaching kinetics of Nb ores 
using sulfuric acid, Yang et�al. ( 2014 ) employed the Nb ores 
in the granites from the Yichun deposit in China to conduct 
a series of kinetic experiments. The chemical composition 
of this sample (~74�µm) is shown in Table� 4 . Several fac-
tors, i.e., stirring speed, concentration of sulfuric acid, par-
ticle size, oxygen pressure, temperature, and runtime which 
could a� ect the leaching of Nb were discussed. The e� ect 

of the stirring rate on Nb leaching showed a clear trend that 
increasing the stirring speed could improve leaching e�  -
ciency. Varying oxygen pressure had no signi� cant impact 
on the leaching e�  ciency. The observed e� ects of sulfu-
ric acid concentration and temperature in this investigation 
were consistent with the � ndings reported by El-Hussaini 
and Mahdy ( 2002 ). In a liquid–solid reaction system, the 
reaction rate is generally governed by di� usion through the 
ash/product layer, chemical reaction occurring at the surface 
of the solid particles, or a combination thereof (Levenspiel 
 1998 ; Zafar  2008 ; Gharabaghi et�al.  2010 ,  2013 ). Based on 

  Fig. 9       Separation of niobium–
tantalum minerals by physical 
methods; modi� ed after El-
Hussaini and Mahdy ( 2002 )  

  Table 4       Elemental composition analysis of the niobium ore in granites from Yichun deposit in Jiangxi, China (Yang et�al.  2014 )  

  Constituent    Nb 2 O 5     Ta 2 O 5     FeO    MnO 2     Al 2 O 3     SnO 2     REE    ThO 2     LOI  

  Content, %    14.23    1.24    25.09    21.08    21.58    14.36    0.09    0.03    0.42  
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the experimental data, it can be concluded that the rate of 
the sulfuric acid leaching process is primarily controlled by 
chemical reactions rather than di� usion. Additionally, an 
activation energy of 43�kJ/mol was calculated for tempera-
tures ranging from 100 to 200�°C. providing further evidence 
that the leaching process is controlled by chemical reactions. 
As a result, it can be inferred that the leaching of Nb in sul-
furic acid medium predominantly depends on temperature 
and follows a kinetic model controlled by surface reaction.  

 Wu et�al. ( 2015 ) used Nb-Ta minerals from the Panxi 
deposit in China to implement a concentrated sulfuric acid 
leaching process. The ore was � nely ground to a particle size 
of�~74�µm. The chemical composition of a representative ore 
sample is presented in Table� 5 . The ore primarily consists 
of fergusonite, ilmenorutile, polycrase, and bastnäsite, while 
the gangue minerals mainly consist of quartz and orthoclase. 
The raw ore, with a particle size of�~74�µm, was pretreated 
by roasting in a mu�  e furnace under speci� c conditions 
with a sulfuric acid concentration of 10.8�mol� L Š1 , and ore-
to-acid ratio of 1:1, roasting temperature at 350�°C, and 
roasting time for 2�h. Subsequently, the roast residues were 
cooled to room temperature for approximately 60�min before 
undergoing a complexation reaction leading to the formation 
of  Nb 2 O(SO 4 ) 4  which could be easily hydrolyzed according 
to the following reactions (Guo and Wang  2009 ): 

     

       
 This study also investigated the e� ect of liquid to solid 

ratio, leaching temperature, leaching time, and acid con-
centration. The most e� ective conditions were identi� ed as 
follows: mixing the ore with 10.8�mol� L Š1  sulfuric acid at 
a mass ratio of 1:1 and subjecting it to roasting at 350�°C 
for 2�h, followed by leaching with a sulfuric acid solution 
of 10.8�mol� L Š1  at 25% for an additional duration of 2�h at 
90�°C. Under these experimental conditions, over 84% Nb 
was successfully extracted from the low-grade Ta-Nb ore. 
This study presents an economically viable and environmen-
tally sustainable method for Nb extraction from the ores. 

 Compared to HF, sulfuric acid is a more cost-e� ective 
and environmentally friendly option for leaching (Sun et�al. 
 2022 ). However, it exhibits a lower leaching e�  ciency than 
HF. Additionally, the Nb leaching process with sulfuric 
acid typically requires longer reaction times, resulting in 
increased costs. 

 (18)Nb2O5 + 4H2SO4 = Nb2O(SO4)4 + 4H2O

 (19)Nb2O(SO4)4 = Nb2O5 + 4SO3

     3.2.3   Synergistic leaching of fl uoride salts and acids 

 As a part of oxide dissolution studies, it is interesting to 
understand the leaching mechanism of complex oxide miner-
als in a weak acid solution. Majima et�al. ( 1988 ) investigated 
the kinetics of Nb and Ta dissolution from columbite and 
tantalite. In their study, various leaching agents including 
aqueous solutions of HF alone, HF-HC1,  NH 4 F-HCl, HF-
H 2 SO 4 , and  NH 4 F-H 2 SO 4  mixtures were employed for the 
leaching process. Majima et�al. ( 1980 ,  1985 ) highlighted 
that the acidic dissolution rates of metal oxides, such as 
CuO and  Fe 2 O 3 , were greatly enhanced by an increase in 
 H +  activity in the leaching agent. One possible approach 
to increase  H +  ion activity is by adding neutral salts like 
NaCl to the leaching agent. These � ndings also hold true for 
the acid leaching of columbite and tantalite; increasing  H +  
activity in the leaching agent is an important way to improve 
their dissolution rates (Majima et�al.  1988 ). Majima et�al. 
( 1988 ) also demonstrated that the presence of both  H +  and 
 F Š  in the leaching agent are essential for rapid dissolution 
of columbite and tantalite. Increasing these ion concentra-
tions along with elevating temperature e� ectively enhances 
the dissolution rate. The initial dissolution rate of Nb from 
columbite under the conditions employed in this study can 
be expressed as:

     
where  R   I   is the dissolution rate of Nb,  k   0   the initial rate 
constant,  a  the ion activity,  C  the ion concentration,  R  a gas 
constant, and  T  the temperature (K), while  E  a  refers to the 
apparent activation energy, ranging from 53.9�kJ� mol Š1  to 
65.5�kJ� mol Š1 . 

 The above � ndings provide valuable instructions for the 
hydrometallurgical extraction of Nb, suggesting that the 
acids can serve as a source of  H +  while ” uoride salts serve 
as a source of  F Š , such that their combination can replace HF. 
Therefore, it has been widely reported that these leaching pro-
cesses are safer, less costly, and easier to handle using those 
employing ” uoride salts like  NH 4 F and  (NH 4 )HF 2  instead of 
HF. The utilization of these salts reduces solution loss through 
volatilization and decreases the HF content in the solutions. It 
also makes this process easier to control and further mitigates 
environmental toxicity issues (Nete et�al.  2016 ). Recently, 
Anes et�al. ( 2024 ) utilized cassiterite processing residue to 
develop their described procedure. The sample’s composi-
tion was analyzed by EDXRF (PANalytical Epsilon 3XL), 

 (20)R
I

= k0a(H+)1.2
C

�
F

−)1.1 exp(−Ea∕RT
�

  Table 5       Chemical composition of a niobium-tantalum mineral in the Panxi deposit, China (Wu et�al.  2015 )  

  Constituent    Nb 2 O 5     Ta 2 O 5     Y 2 O 3     CeO 2     Fe    S    Ca    Mg    SiO 2     Al 2 O 3     Others  

  Content, wt%    0.056    0.0038    0.048    0.11    8.76    0.012    0.035    0.17    77.45    3.77    Bal.  
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ICP-OES (Agilent 710), and AAS (Shimadzu AA-7000) for 
quantitative and semi-quantitative determination. The results 
obtained from these analyses are summarized in Table� 6 . For 
all the analyses conducted in this study, tin slag underwent 
acid leaching with analytical grade hydrochloric acid (HCl 
36.5%–38%; Synth), combined with ammonium fluoride 
 (NH 4 F�	�98%; Merck). This study investigated the e� ects of 
various parameters on Nb and Ta dissolution, such as HCl con-
centration, liquid–solid ratio,  NH 4 F:slag ratio, leaching time, 
and temperature. As a result, under conditions involving a liq-
uid–solid ratio of 20:1, salt-slag ratio of 0.12:1, and 9.79�mol/L 
HCl solution at less than 4�h at temperatures up to 85�°C, it was 
possible to recover 100% Nb and 5% Ta. The process showed 
promise in separating the metals since Nb was leached while 
Ta remained in the � lter cake generated after leaching. Con-
sidering that the concentration and mineral assemblage of Nb 
in tin slags are far di� erent from the Bayan Obo tailings, the 
feasibility of this approach for Nb extraction in the Bayan Obo 
tailings merits further investigation.  

     3.2.4   Hydrochloric acid leaching 

 Chlorination is a process for breaking down refractory metal 
ores and concentrates (Suri  2017 ). Key characteristics of chlo-
rination include the highly reactive of chlorine, the relatively 
easy gasi� cation of various constituents in the concentrates 
due to the high volatility of most chlorides, and the high water 
solubility exhibited by most chlorides (Ayanda and Adekola 
 2011 ). 

 Toromanoff and Habashi ( 1983 ) used hydrochloric 
acid for the digestion of pyrochlore, the most abundant 
and complex Nb-containing mineral. The chemical com-
position of pyrochlore can be represented by the formula 
 A 2  - m  B 2 O 6 (O,OH,F) 1- n  pH 2 O, where A refers to Ca, Ba, Sr, 
and Na, and B represents Nb, Ta, and Ti. The pyrochlore used 
in this study contained about 57%  Nb 2 O 5 . By subjecting the 
pyrochlore concentrate to digestion with 10�M HCl at 200 
°C in a pressure reactor for 4�h, it could be transformed into 
technical grade  Nb 2 O 5  with a minimum purity of 90%. During 
the reaction process, calcium niobate  (Ca 2 Nb 2 O 7 ) was formed 
as an intermediate product which generated a non-porous pro-
tective layer. The reaction proceeded through two consecutive 
steps and was di� usion controlled with an activation energy 
of 5.1�kcal� mol Š1 . The reaction takes place in two consecutive 
steps:

     

      
 The formation of a non-porous layer on the pyrochlore 

grains by  Ca 2 Nb 2 O 7  necessitates di� usion of both reactants 
and through products. Consequently, the process is di� usion-
controlled and follows the kinetic equation with an activation 
energy of 5.1�kcal  mol Š1 :

     
where  k  is the velocity constant,  t  is the duration, and  R  
refers to the fraction reacted in time  t . 

 Makanyire et�al. ( 2016 ) investigated the kinetics of hydro-
chloric acid leaching of Nb from  TiO 2  residues. The waste 
used in this study contained hydrated Nb oxide up to 1.5�wt%. 
Reclaiming Nb from such wastes could signi� cantly contribute 
to a high Nb value chain and reduce the reliance on environ-
mentally unfriendly reagents such as HF. Experimental inves-
tigations were conducted to determine the e� ects of leaching 
temperature (25–90�°C), HCl concentration (0.5–4�M), stirring 
speed (100–500�rpm), and solid–liquid ratio on the process. A 
maximum extraction rate exceeding 90% for Nb was achieved 
within a leaching time of 60�min using 4�M HCl at 70�°C. The 
kinetics analysis revealed that the dissolution of Nb in HCl was 
governed by pore di� usion of the random pore model, with an 
activation energy of 16.8�±�1.2�kJ� mol Š1 . 

 This process facilitated the dissolution of impurities and 
enhanced the concentration of Nb in the leaching residue. 
However, its leaching e�  ciency is not as good as that of HF, 
posing challenges for large-scale implementation. 

     3.2.5   Alkaline medium decomposition process 

 The alkali fusion method was the earliest technique used in 
the industry. In this process, Nb-bearing ore is combined 
with sodium hydroxide or potassium hydroxide and subse-
quently subjected to roasting. In addition, a certain amount 
of corresponding carbonate is also added to lower the melt-
ing point and the viscosity of the smelt (Yang et�al.  2014 ). 
However, a major drawback of this approach lies in its high 
alkali consumption, which exceeds the reaction requirement 
by 6–8 times (Guo and Wang  2009 ). 

 (21)
3(Nb2O5.CaO) + 2HCl → 2Nb2O5 + Ca2Nb2O7 + CaCl2 + H2O

 (22)Ca2Nb2O7 + 4HCl → Nb2O5 + 2CaCl2 + 2H2O

 (23)kt = 1 − 2
3

R − (1 − R)2∕3

  Table 6       Composition analysis of cassiterite processing residues used in the experiment (Anes et�al.  2024 )  

  Element    O    Si    Zr    Ca    Nb    Fe    Mg    Others  

  %    31.4    20.0    14.0    11.0    4.0    4.0    4.0    11.6  
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rinsed to eliminate any insoluble matter present while analyzing 
the Nb and REE concentrations within � ltrate samples. The 
experimental device is shown in Fig.� 10 .         

 When the chlorination time reached 1.5�h, below 600�°C the 
extraction rate of Nb via chlorination remained relatively low 
but increased rapidly between temperatures ranging from 600 
to 800�°C, achieving a maximum extraction rate at 94% when 
heated to 850�°C. Under conditions set at 850�°C, Nb chloride 
extraction rates increased proportionally with respect to time 
duration, reaching 100% within 2�h. The chlorination method is 
cost-e� ective, with a high extraction yield and the production of 
metal compounds with high purity. It has great advantages in the 
recovery of large quantities of valuable metals from low-grade 
minerals which are di�  cult to extract. However, this process 
requires the involvement of chlorinating agents such as chlorine 
or concentrated hydrochloric acid in the reaction. The equip-
ment used must possess strong corrosion resistance due to the 
corrosivity of these reagents. Additionally, complex operating 
conditions make industrial application di�  cult. 

     3.3.2   Combination of pyrometallurgy and hydrometallurgy 
for Nb extraction 

 Recently, numerous studies have used a combination method 
of pyrometallurgical and hydrometallurgical techniques to 
address the challenges associated with the extraction of 
Nb (de Oliveira et�al.  2020 ; Rodríguez et�al.  2020 ; Shikika 
et�al.  2020 ). These challenges arise from the complex min-
eralogical compositions of Nb ores and their resistance to 
decomposition. To overcome these di�  culties, Wang et�al. 
( 2009a ) proposed an innovative process for leaching and 
recovering Nb and Ta from low-grade refractory Nb-Ta ores. 
This process involves adjusting the ratio of Nb to Ta by the 
addition of pure  Nb 2 O 5 . Their preliminary experiments 
revealed that increasing this ratio signi� cantly enhanced 
the leach recovery. The procedure entailed adding a speci� c 
amount of  Nb 2 O 5  to the ores, followed by decomposition 
with solid KOH at about 400 °C and subsequently leaching 

the decomposition products with water. After � ltration, 
the resulting leach solution containing Nb and Ta could be 
treated by evaporation and crystallization in order to obtain 
 K 8 (Ta,Nb) 6 O 19 . This compound could then be converted into 
high purity (Nb,Ta) 2 O 5  using a dilute acid solution. 

 In comparison with previous methods such as sub-molten 
salt processes, this novel approach reduced the alkali-to-
ore mass ratio from 7:1 to 2:1. The optimal conditions 
determined were:  Nb 2 O 5 -to-Ta 2 O 5  mass ratio of 2.33:1, 
KOH-to-ore mass ratio of 2:1, and reaction time of 60�min 
at 400�°C. Leaching with water resulted in an extraction 
rate of�~95% for Nb together with 94% for Ta. The general 
” ow sheet illustrating this process is shown in Fig.� 11 , while 

  Fig. 10       Tailings chlorination 
reaction device; modi� ed after 
Wang et�al. ( 2008 )  

  Fig. 11       Flow sheet for the leaching and recovery of niobium and tan-
talum; modi� ed after Wang et�al. ( 2009a )  
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