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Abstract 
The comparative beneficiation study of Gyel columbite ore using double stage (magnetic-to-mag- 
netic and magnetic-to-gravity), located in the vicinity of Gyel village in Jos South Local Government 
Area of Plateau State to metallurgical grade was carried out. The ore sample was sourced from 20 
different pits each 1.5 × 1.5 × 2 meters deep, 50 meter apart covering a land of 50 hectares. The 
samples from the 20 pits were crushed, pulverized and homogenized. 200 kg of the homogenized 
ore sample was used for the experiment and laboratory works. Chemical characterization of the 
ore sample was carried out using energy dispersive X-ray fluorescence spectrometer (ED-XFR). 
Single and double stage concentration tests using magnetic and gravity methods were carried out 
respectively. The results of the chemical analysis of ore sample reveal that, Pit 1 contains 12.26% 
Nb2O5, 21.6% Fe2O3, 36.1% SiO2; Pit 20 contains 4.78% Nb2O5, 19.34% Fe2O3, 23.96% SiO2 and the 
homogenized sample contains 6.71% Nb2O5, 23.1% Fe2O3 and 27.0% SiO2 averagely. The libera-
tion study reveals that the niobium of ore can be liberated over a range of sieve size fractions of 
−355 + 63 µm for the coarse and −63 + 45 µm for the fine particle size fractions. On the basis of 
this, sieve size fractions of −1400 + 355 µm (as coarse size), −355 + 90 µm (as medium size) and 
−90 + 45 µm (as fine size) were used for the concentration tests. The concentration test using the 
double stage processes revealed that the air-floatation followed by rapid magnetic method pro-
duced a concentrate with the highest percent assay of 54.48% Nb2O5 with a recovery of 96.53% 
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followed by the rapid-to-rapid magnetic method which produced a concentrate assaying 52.12% 
Nb2O5 with a recovery of 86.96%. These results meet and surpass the 50% Nb2O5 stipulated as the 
acceptable metallurgical grade concentrate for niobium metal production in the literature. 
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1. Introduction 
Some industrial processes utilize particulates in some stage of their operations, perhaps as raw materials. Par-
ticles systems are especially important in mineral processing—a field that deals almost exclusively with particu-
lates, from run-of-mines to final concentrates. The objective of mineral processing operation is to take an input 
stream of particles with a given set of characteristics, and separate the material into product streams, each with 
its own set of specific characteristics [1]. Magnetic, gravity and froth flotation are some of the major mineral 
processing techniques used in concentrating mineral from the low grade ore to a high grade concentrate and their 
principles are well established [2] [3]. 

Among the several methods of classifying minerals, minerals can be classified based on their magnetic prop-
erties of which paramagnetic minerals are attracted along the lines of magnetic forces to the point of greater in-
tensity. Diamagnetic minerals are repelled along the lines of magnetic force to a point of lesser field intensity 
while ferromagnetic minerals are special category of paramagnetic minerals, having a very high susceptibility to 
magnetic forces and retain some magnetism after removal from the magnetic field [4]. The conventional availa-
ble magnets are low intensity magnetic separators having flux density up to 2000 gauss which can separate fer-
romagnetic mineral such as iron. Separating paramagnetic or weekly magmatic particles require higher flux 
density used in removal or processing of weekly magnetic iron—bearing particles, e.g. columbite. 

2. Nigerian Columbite Ore Deposits 
Nigeria is one of the richest countries in the world mining columbite with a workable reserve estimated of 
114,000 million tons [5] [6]. These deposits are widely distributed in places like Plateau, Nasarawa, Kogi, 
Gombe, Niger, Kaduna, Bauchi, etc. [7]. The mineral columbite has found wide application in ferrous-metal- 
lurgical industries as alloying element in steel making and also as strategic metal in the production of telecom-
munication and cell phones equipment. Thus, making the mineral expensive and scarce as its occurrence is rare 
in nature [5] [8]-[10]. 

Columbite contains oxide of niobium (Nb2O5) and oxide of tantalum (Ta2O5) in different proportions. When 
the proportion of niobium oxide is higher than the tantalum oxide, the mineral is called columbite {(Fe, Mn) 
Nb2O6}, while it is called tantalite {(Fe, Mn) Ta2O6}, when the tantalum oxide content is higher compared to 
that of niobium [11] [12]. 

Gyel Columbite Ore Deposit 
Gyel columbite deposit is located in Jos South Local Government Area of Plateau State, Nigeria. The left-over 
of millions of tons of the columbite and cassiterite mined at deposits across Jos in Plateau State by the British 
Miners in the late sixties are still very rich in the above mentioned minerals [6] [13]. In the past, when mining 
and processing of columbite and cassiterite were done at these mine fields, less attention was given to Gyel de-
posit probably because their processing methods were not well defined then or there was no enough time to re-
search into the development of appropriate method of beneficiating the mineral from its deposit [14]. 

3. Materials and Method 
3.1. Materials 
200 kg of the ore sample collected from 20 different pits of the Gyel mining site was harmonized and 5 kg of the 
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ore sample was used in carrying out the research utilizing sieve size fractions of −1400 + 355 μm, −355 + 90 μm 
and −90 + 45 μm. 

3.2. Equipment 
The equipment used in this research work were: three disc rapid magnetic separator, Kip Kelly air floating ma-
chine, head pans used as collectors, energy dispersive X-ray fluorescence spectrometer, sieves and Denver sieve 
shaking machine. 

3.3. Mineral Concentration Test 
The mineral concentration techniques used for this research were magnetic and gravity methods of concentration. 
The mineral concentration process was carried out in two (2) place. The first phase was the single stage test that 
involved the concentration of the ore sample using magnetic method and the pre-concentrate obtained serving as 
feed in the second stage process of using gravity method of air floatation. The products of the test were assayed 
for their mineral compositions. The stages are explained as follows.  

3.3.1. Phase I: Single Stage Separation Method 
1) Magnetic Concentration Method 
Optimum Efficiency Dry High-Intensity Magnetic Separator (Three Disc Rapid Magnetic Separator) of the 

National Metallurgical Development Centre (NMDC), Jos. Model 4-3-15 OG was used in beneficiating Gyel 
columbite ore. 5.0 kg of the ore of sieve size −1400 + 355 µm representing the coarse sizes, −355 + 90 μm re- 
presenting the medium sizes and −90 + 45 µm representing the fine sizes was charged into the hopper of the 
three disc rapid magnetic separating machine respectively and the shutter was opened slightly to allow even and 
gradual spread of the feed on the magnetic belt at a standard feed rate of 50 kg/hr, Disc height from the con-
veyor belt was adjusted to 10 mm, and current applied was 20 Amperes (1.8 Tesla or 18.500 Gauss) [15]. The 
concentrate (i.e. columbite), tailing 1 (i.e. Iron) and Tailing 2 (Silica, Zircon and Tin minerals) were sampled out 
as the products and analyzed to ascertain their chemical compositions. Figure 1 illustrates the flowchart of the 
stage I: single process. 

2) Gravity Concentration Method using Air-floating Method 
5 kg each of the ore sample of sieve sizes −1400 + 355 µm, −355 + 90 µm and −90 + 45 µm were fed to the 

hopper to the deck of the Pneumatic Kip Kelly Air-floating machine model MY-1151, size 300 at a feed rate of 
50 kilograms per hour; with the air inlet opening at 2 cm and deck tilted at an angle of 0˚ (180˚) [16] respective-
ly. The products of the air floating table are concentrate, middling and tailing. The resulting middling was re-
cycled to give concentrate and tailing as product. These products were sampled for analyses using ED-XRF. 
Figure 2 illustrate the flowchart of the stage I: single process. 

3.3.2. Phase II: Double Separation Methods 
1) Double Magnetic Separation Method (Rapid Magnetic to Rapid Magnetic) 

 

 
Figure 1. Flow chart illustrating the processing of Gyel columbite 
ore using Rapid Magnetic separator in stage I.                         
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Figure 2. Flowchart illustrating the processing of Gyel columbite 
ore using Kip Kelly Air floating machine in stage I.                 

 
1.07 kg, 1.21 Kg, 1.04 Kg of the Gyel columbite realized as pre-concentrate in the stage I single processes of 

sieve sizes −1400 + 355 µm, −355 + 90 µm, −90 + 45 µm respectively were rerun by charging into the hopper 
of Three disc high intensity rapid magnetic separator machine with the aim of achieving the stipulated standard 
of 50% Nb2O5; the shutter was opened slightly to allow even and gradual spread of the feed (pre-concentrate) on 
the magnetic belt at a standard feed rate of 50 kg/hr, Disc height from the conveyor belt was adjusted to 10 mm, 
and current applied was 20 Amperes (1.8 Tesla or 18.500 Gauss) [15]. The concentrate (i.e. columbite), mid-
dling 1 (i.e. Iron) and Tailing (Silica, Zircon and Tin minerals) were sampled out as the products and were ana-
lyzed to ascertain their chemical compositions. Figure 3 illustrates the flowchart of the process. 

2) Air Floating Tabling Followed by Magnetic Process 
Known weight of the pre-concentrate realized at stage I single process of the air floating process (3.05 Kg; 

3.39 Kg; 1.81 Kg) for sieve sizes −1400 + 355 µm, −355 + 90 µm and −90 + 45 µm were charged into three disc 
high intensity rapid magnetic separator respectively at standard conditions as earlier stated in stage I single 
process. The resulting products (concentrates and tailings) were weighed, sampled and analyzed for their chem-
ical compositions. Figure 4: illustrates the flowchart of the process in double stage II. 

The head sample and samples of the products i.e. both concentrates (paramagnetic) and tailing (magnetic and 
nonmagnetic) realized were properly weighed and sampled using random sampling method and analyzed for 
their chemical compositions at the Spectrum (Ferticore) Metals and Mineral Research Industries Limited, Tai-
wai Shatin, Hong Kong and Pictorial University in South Africa to ensure the certainty of the results. 

4. Results and Discussions 
4.1. Chemical Analysis of the Head Sample of the Columbite Ore 
Figure 5(a) and Figure 5(b) (Table 1) present the result of the chemical analysis of columbite ore sample using 
ED – XRF. The result revealed that the ore sample contained 6.71% Nb2O5, 4.2% Al2O3, 27.0% SiO2, 23.1% 
Fe2O3, 22.2% TiO2, 0.79% Ta2O5, 6.47% SnO2, 14.7% ZrO2 and 1.01% MnO. Other compounds found in traces 
are CaO, V2O5, NiO, HfO, Rb2O, Ag2O, Au, PbO, Bi2O3, U3O5, and ThO2. [6] [9]-[11] reported that most of the 
columbite mineral deposits in Plateau state and other places where intrusion of the younger granites are found 
contains niobium mineral in various proportions and vary from deposit to deposit depending on the geochemical 
composition of the minerals that formed the parent rock. The result obtained also indicated that the ore cannot be 
utilized directly in the furnace because of it low niobium content unless it is beneficiated to meet metallurgical 
required grade. This result obtained compared favourably with other deposits cited in the literatures and show-
cased the ore as another potential source of niobium, titanium manganese and zircon minerals as 1% - 10% of 
such mineral can be added in steel as alloying elements [17]. 

4.2. Concentration Tests 
4.2.1. Single Stage Separation Methods 

1) Rapid Magnetic Separation Method  
Figure 6(a) and Figure 6(b) (Table 2) present % assays and recoveries of concentrates and tailings of the 

sample beneficiated using single stage process of magnetic concentration method for sieve size fractions of −1400  
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Figure 3. Flowchart illustrating double processing stage of Gyel colum-
bite ore using three disc rapid magnetic followed by re-processing using 
rapid magnetic separation.                                              

 

 
Figure 4. Flowchart illustrating double processing stages of Gyel co-
lumbite ore using Air floating followed by Rapid magnetic separation 
process.                                                            

 

  
(a)                                                       (b) 

Figure 5. (a) and (b) Chemical composition of Gyel columbite head sample (Pit 1, Pit 20 and homogenized) using ED-XRF.                                                                                                      
 

   
(a)                                                       (b) 

Figure 6. (a) % Assay against sieve size fractions (μm) of single stage rapid magnetic separation method of Gyel columbite; 
(b) % Recovery against Sieve size fractions (μm) of single stage rapid magnetic process of Gyel columbite ore.                   
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Table 1. Result of the Chemical Composition of Gyel Columbite Head Sample for Pit 1, Pit 20 and homogenized using ED- 
XRF.                                                                                                     

Chemical Compound  
Composition Assay of Sample from Pit 1 (%) Assay of Sample from Pit 20 (%) Assay of Head Sample  

(Homogenized) (%) 

Al2O3 3.2 6.57 4.2 

SiO2 36.1 23.96 27.0 

P2O5 - 1.75 - 

K2O - 0.64 - 

CaO 0.28 0.17 0.23 

TiO2 16.5 19.36 22.2 

V2O5 0.65 0.06 0.64 

Cr2O3 0.24 0.07 - 

MnO 1.22 1.01 1.01 

Fe2O3 21.6 19.34 23.1 

NiO 0.04 0.01 0.009 

CuO 0.093 0.01 - 

ZnO 0.10 0.09 0.099 

HfO2 0.82 0.53 - 

AS2O3 0.01 - - 

Se2O3 - 0.01 - 

Rb2O - 0.02 0.051 

Y2O3 0.34 0.83 1.42 

ZrO2 2.11 9.96 14.7 

SnO2 1.48 6.47 6.47 

Nb2O5 12.26 4.78 6.71 

Ag2O - 0.01 1.0 

EU2O3 0.20 0.10 - 

Ta2O5 0.62 0.49 0.79 

Yb2O3 0.20 0.17 - 

WO2 - 0.12 0.1 

Au 0.10 - 0.067 

PbO 0.19 0.09 0.22 

Bi2O3 0.07 0.01 0.088 

U3O5 0.22 0.11 0.15 

ThO2 0.10 0.90 1.26 

 
+ 355 μm (coarse), −355 + 90 μm (semi-coarse) and −90 + 45 μm (Fine) respectively. From results presented for 
sieve size fractions of −1400 + 355 μm, it was observed that the concentrate produced contains 30.64% Nb2O5, 
19.34% SiO2, 22.13% Fe2O3, 5.20% TiO2, 8.38% ZrO2, 5.19% Ta2O5 and 2.88% SnO2 with recoveries of 
97.71%, 15.33%, 20.50%, 5.00%, 12.20%, 16.55% and 9.19% for the respective mineral compounds. Sieve size  
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Table 2. Metallurgical Balance for single and double stage magnetic separation method.                                  

Single Stage : Magnetic Separation 

 
Weight of Ore (Kg) Assay of Nb2O5 (%) % Recovery 

−1400 + 355 
µm 

−355 + 90 
µm 

−90 + 45 
µm 

−1400 + 355 
µm −355 + 90 µm −90 + 45 µm −1400 + 355 

µm 
−355 + 90 

µm −90 + 45 µm 

Feed1 5.0 5.0 5.0 6.71 6.71 6.71 - - - 

Conc1 1.07 1.21 1.04 30.67 17.23 11.15 97.71 62.47 34.56 

Tailing 1 1.80 2.33 3.64 1.62 9.37 4.11 5.21 65.07 45.32 

Tailing 2 2.13 1.46 0.32 1.59 2.83 9.96 10.09 12.32 18.41 

Double Stage: Magnetic-to-Magnetic Separation 

Feed2 1.07 1.21 1.04 30.67 17.23 11.15 - - - 

Conc2 0.547 0.260 0.155 52.12 34.32 15.18 86.96 42.80 20.29 

Tailing 1 0.254 0.490 0.849 10.71 0.790 8.57 8.30 41.86 62.75 

Tailing 2 0.269 0.460 0.036 7.86 0.460 5.49 6.45 1.74 1.70 

 
fractions of −355 + 90 μm concentrate produced contains 17.23% Nb2O5, 25.13% SiO2, 21.95% Fe2O3, 11.07% 
TiO2, 12.14% ZrO2, 2.48% Ta2O5 and 2.88% SnO2 with recoveries of 62.47%, 22.52%, 23.09%, 12.07%, 19.98%, 
75.95% and 23.46% for the respective mineral compounds. Sieve size fractions of −90 + 45 μm concentrate 
produced contains 11.15% Nb2O5, 23.19% SiO2, 21.51% Fe2O3, 9.70% TiO2, 21.07% ZrO2, 1.26% Ta2O5 and 
9.52% SnO2 with recoveries of 34.56%, 17.86%, 19.37%, 9.09%, 29.81%, 33.17% and 30.61% for the respective 
mineral compounds. Comparing the results of the test, sieve size fractions of −1400 + 355 μm concentrate has the 
highest content of 30.64% Nb2O5 and a recovery of 97.71% when compared to the niobium contents and reco-
veries of sieve size fractions of −355 + 90 μm and −90 + 45 μm. This could be attributed to the particle size factor 
of the niobium minerals, which at coarse particle sizes the niobium minerals are not completely liberated from the 
associated minerals like iron. Hence, the tendency for the niobium minerals at the coarsest sizes to be magnetize 
into the concentrate. Further observation reveals that as the particle size reduce the percent niobium content and 
recovery decreased. Weiss [18]-[20] [3] have reported that niobium mineral is non-magnetic in nature. Therefore 
phenomenon observed above could be ascribed to the reason that as the particle of the niobium minerals reduces, 
the minerals are liberated from the associated iron minerals and hence the effect of magnetic attraction on the 
niobium mineral is reduced visa-vi it reduction in %assay content and recovery. For the tailings, insignificant 
percentage of niobium mineral for all the sieves size fractions was recorded, but much of the SnO2 mineral was 
found to be present in the tailings. Subjecting the tailings to magnetic separation, SnO2 assaying 23.74% and a 
recovery of 93.39% at −355 + 90 μm was obtained.  

2) Single Stage Air Floatation Separation Method 
From the results presented in Figure 7(a) and Figure 7(b) (Table 3), it can be observed sieve size fractions of 

−355 + 90 μm concentrate contains 12.14% Nb2O5, 22.14% SiO2, 22.41% Fe2O3, 11.57% TiO2, 16.72% ZrO2, 
1.40% Ta2O5 and 10.65% SnO2 with recoveries of 98.60%, 55.60%, 65.77%, 35.23%, 77.12%, 98.21% and 
91.16% for the respective mineral compounds. Sieve size fractions of −90 + 45 μm concentrate contains 11.37% 
Nb2O5, 24.03% SiO2, 21.37% Fe2O3, 10.52% TiO2, 18.31% ZrO2, 1.20% Ta2O5 and 9.30% SnO2 with recoveries 
of 61.34%, 32.22%, 33.49%, 17.15%, 45.09%, 54.99% and 52.03% for the respective mineral compounds. Sieve 
size fractions of −1400 + 355 μm concentrate contains 10.77% Nb2O5, 19.84% SiO2, 25.70% Fe2O3, 13.99% 
TiO2, 13.61% ZrO2, 1.27% Ta2O5 and 12.02% SnO2 with recoveries of 97.91%, 44.80%, 67.87%, 38.44%, 
56.48%, 96.06% and 93.33% for the respective mineral compounds. Comparing the results of the test, −355 + 90 
μm sieve size fractions has the highest percentage of niobium mineral content and recovery when compared −90 + 
45 μm and −1400 + 355 μm. The reason for this phenomenon could be that the niobium mineral contain in −355 + 
90 μm has attained it critical particle size factor that produced the required density of the mineral needed to be 
lifted by the air streams to enable its separation and migration into the concentrate. Reversed of this phenomenon 
could be responsible for low contents and recoveries values of niobium mineral in the −90 + 45 μm and −1400 +  
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(a) 

 
(b) 

Figure 7. (a) % Assay/Recovery against Sieve size fraction (μm) of single stage Air 
floatation separation process of Gyel columbite; (b) % Assay/recovery against Sieve 
size fraction (μm) of single stage Air Floatation separation process of Gyel columbite.      

 
Table 3. Metallurgical Balance for single and double stage Air Floatation separation method.                                 

Single Stage: Air Floatation 

 
Weight of Ore (Kg) Assay of Nb2O5 (%) % Recovery 

−1400 + 355 
µm 

−355 + 90 
µm −90 + 45 µm −1400 + 355 

µm 
−355 + 90 

µm −90 + 45 µm −1400 + 355 
µm −355 + 90 µm −90 + 45 µm 

Feed1 5.0 5.0 5.0 6.71 6.71 6.71 - - - 

Conc1 3.05 3.39 1.81 10.77 12.14 11.37 97.91 98.60 61.34 

Tailing 1 1.95 1.81 3.19 8.67 10.26 10.60 50.39 49.24 41.10 

Double Stage: Air Floatation to Magnetic Separation 

Feed2 3.05 3.39 1.81 10.77 12.14 11.37 - - - 

Conc2 0.582 0.445 0.159 54.48 35.46 17.59 96.53 38.34 13.5 

Tailing 1 1.439 1.667 1.59 2.95 9.46 9.81 12.92 38.32 75.79 

Tailing 2 1.02 1.278 0.061 1.16 1.09 9.60 3.60 3.38 2.85 
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355 μm sieves size fractions [1] [18]. For the tailings results significant percent content of the niobium mineral 
was observed to be contained in the various sieve size fractions, but with poor recoveries values when compared to 
that of the concentrates. This trend reveals that the niobium minerals do not respond effectively to the separation 
process of the air floatation when compared to the rapid magnetic separation method. Reason been that [18] [21] 
have reported in different forum, that critical size factor of a particle is a very important parameter that if attained, 
particles of minerals will respond to the effect of the mechanism use to separate or agglomerate the particles. 
Hence, the above stated condition is not made by the mineral particles of the various sieves size fractions and thus, 
the poor response to the separation test of the air floatation separation method. From the tests conducted using the 
single stage processes, none of the processes used in the single stage produces the required grade of 50% Nb2O5 
concentrates stipulated as metallurgical standard by the smelting industry. This necessitated the used of the double 
stage processes to see if the required grade of concentrates could be produced. 

4.2.2. Double Stage Separation Tests 
1) Rapid Magnetic to Rapid Magnetic Separation Method (Double Stage Rapid Magnetic Separation Method) 
Figure 8(a) and Figure 8(b) (Table 2) present the results of the double stage rapid magnetic separation method 

of the ore sample. From the results it can be observed that sieve size fractions of −1400 + 355 μm produced a 
concentrate assaying 52.12% Nb2O5, 10.40% SiO2, 14.27% Fe2O3, 4.41% TiO2, 8.41% ZrO2, 5.71% Ta2O5 and  
 

 
(a) 

 
(b) 

Figure 8. (a) % Assay/Recovery against Sieve size fraction (μm) of double stage magnetic 
process of Gyel columbite ore at various sieve size fractions; (b) % Assay/Recovery against 
Sieve size fraction (μm) of double stage magnetic process of Gyel columbite ore at various 
sieve size fractions.                                                                
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2.50% SnO2 with recoveries of 86.96%, 27.49%, 32.96%, 43.35%, 51.30%, 56.24% and 44.38% for the respective 
mineral compounds. Sieve size fractions of −355 + 90 μm concentrate produced contains 34.32% Nb2O5, 12.79% 
SiO2, 20.60% Fe2O3, 12.78% TiO2, 10.26% ZrO2, 2.75% Ta2O5 and 4.50% SnO2 with recoveries of 42.80%, 
10.94%, 20.17%, 24.81%, 18.16%, 23.83% and 15.42% for the respective mineral compounds. Sieve size frac-
tions of −90 + 45 μm concentrate produced contains 15.18% Nb2O5, 20.67% SiO2, 22.79% Fe2O3, 10.28% TiO2, 
18.63% ZrO2, 1.61% Ta2O5 and 8.79% SnO2 with recoveries of 20.29%, 13.33%, 15.79%, 15.80%, 13.18%, 
19.04% and 13.76% for the respective mineral compounds. Comparing the results, sieve size fractions of −1400 + 
355 μm concentrate has the highest content of 52.12% Nb2O5 and a recovery of 86.96% when compared to the 
niobium contents and recoveries of sieve size fractions of −355 + 90 μm and −90 + 45 μm. The reason for the high 
content of the niobium mineral could be attributed to the reduction in iron; titanite and others associated minerals 
proportions in the concentrate of the double stage rapid magnetic separation method produced. Furthermore the 
trend is facilitated by under grinding of the columbite ore which exited the liberation of the niobium minerals and 
subsequently the migration of the niobium mineral into the concentrate and the un-liberated ones lost to the tailing 
alongside other associated minerals contain in the pre-concentrate. It has also been reported that under-grinding or 
over grinding of minerals do excite the minerals contain in a feed to be liberated [3]. Hence, this phenomenon gave 
rise to the high proportion of niobium mineral (52.12% Nb2O5; 86.96% recovery) in the concentrate when com-
pared to the assay contents of other minerals of the same sieve size fractions; and also when compared to the other 
sieves size fractions subjected to the same test. The assay of niobium mineral obtained for this test met the 50.00% 
Nb2O5 assay content stated as metallurgical standard required by metallurgical smelting company. For the result of 
the tailings produced, 10.71% Nb2O5 mineral content is lost to tailing1 with a recovery of 8.30% and 7.86% 
Nb2O5 is also lost to tailing 2 with a recovery of 6.45% the reason for this, has been earlier stated above. Therefore 
the assay contents of the niobium mineral lost to tailing 1 and 2 are insignificant and can be recovered through 
scavenging/re-cleaning of the tailings (Weiss, 1985). 

2) Double Stage: Air Floatation Followed by Rapid Magnetic Concentration Method 
Figure 9(a) and Figure 9(b) (Table 3) present the results of the double stage air-loatation followed by rapid 

magnetic separation method. From the results it can be observed that sieve size fractions of −1400 + 355 μm 
produced a concentrate assaying 54.48% Nb2O5, 16.39% SiO2, 10.46% Fe2O3, 6.10% TiO2, 1.14% ZrO2, 6.28% 
Ta2O5 and 3.47% SnO2 with recoveries of 96.53%, 15.76%, 7.77%, 8.32%, 1.59%, 94.35% and 5.51% for the 
respective mineral compounds. −355 + 90 μm concentrate produced contains 35.46% Nb2O5, 12.29% SiO2, 
21.09% Fe2O3, 10.51% TiO2, 11.38% ZrO2, 6.28% Ta2O5 and 3.28% SnO2 with recoveries of 38.34%, 7.29%, 
12.34%, 11.92%, 8.94%, 58.88% and 4.04% for the respective mineral compounds. −90 + 45 μm concentrate 
produced contains 17.59% Nb2O5, 19.49% SiO2, 18.85% Fe2O3, 10.72% TiO2, 19.19% ZrO2, 1.43% Ta2O5 and 
8.78% SnO2 with recoveries of 13.59%, 7.12%, 7.75%, 8.95%, 9.21%, 10.47% and 8.29% for the respective 
mineral compounds. Comparing the results, sieve size fractions of −1400 + 355 μm concentrate has the highest 
content of 54.48% Nb2O5 and a recovery of 96.53% when compared to the niobium contents and recoveries of 
sieve size fractions of −355 + 90 μm and −90 + 45 μm. This is attributed to the reduction in iron, titanite and other 
associated minerals contents in the concentrate that is created by grinding condition which excited the liberation of 
the niobium minerals and their subsequent migration into the concentrate. While the un-liberated, are lost to the 
tailing alongside other associated minerals contain in the pre-concentrate that served as a feed to the double stage 
process. [3] [18] [22] have also observed similar trends like the one above and reported such. Another reason 
could be due to that, −1400 + 355 μm sieve size fractions niobium mineral are more exposed to magnetic effect 
than other minerals that have fine particles sizes [14] and probably most of the dust and other hindering impurities 
might have been discarded in the single stage process making the double stage process to serve as a re-cleaning 
mechanism as reported by Falcon [23]. This phenomenon enhances the high in proportion of niobium mineral 
(54.48% Nb2O5; 96.53% recovery) in the concentrate when compared to the assay contents of other minerals in 
the same sieve size fractions and also when compared to the other sieves size fractions subjected to the same test. 
The assay of niobium mineral obtained for this test surpassed the 50.00% Nb2O5 assay content stated as metal-
lurgical standard required by metallurgical smelting company. For the results of tailings produced, 2.95% Nb2O5 
mineral content is lost to tailing1 with a recovery of 12.92%, and 1.16% Nb2O5 also lost to tailing 2 with a re-
covery of 3.60%. The reason for this, has been earlier been explained above. 

From all the double stage tests carried out on the various sieves size fractions of the Gyel columbite sample. The 
test of double stage: air-floatation followed by rapid magnetic separation method for sieve size fractions of −1400 
+ 355 μm produced concentrate assaying 54.48% Nb2O5 and a recovery of 96.53% when compared to double  
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(a) 

 
(b) 

Figure 9. (a) % Assay against Sieve size fraction (μm) of double stage air floatation 
followed by magnetic separation process of columbite at various sieve size fractions; 
(b) % Assay/Recovery against Sieve size fraction (μm) of double stage air floatation 
followed by magnetic separation process of columbite at various sieve size fractions.       

 
stage rapid magnetic to rapid magnetic separation method which produced concentrate assaying 52.12% Nb2O5 
and recovery of 86.96% for the same sieve size fractions. These processes produced concentrates which assay 
contents are higher and surpasses the 50.00% Nb2O5 content required as standard for metallurgical smelting. On 
the basis of these findings the optimum processing methods for the columbite ore using the double stage separa-
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tion methods is the air-floatation/rapid magnetic followed by the rapid magnetic/rapid magnetic separation me-
thods. 

5. Conclusions 
The comparative beneficiation study of Gyel columbite ore using double stage (magnetic-to-magnetic and mag-
netic-to-gravity) to metallurgical grade has been carried out and conducted in two phases. The first stage in-
volved the determination of the chemical compositions of the head sample to ascertain its chemical quality. The 
second stage involved carrying out concentration tests using mineral processing techniques of magnetic, gravity 
and the combination of the two techniques. From the results obtained the following conclusions were drawn as 
follows: 

1) The chemical composition characterization reveals that the ore contains 6.71% Nb2O5, 4.20% Al2O3, 
27.0% SiO2, 23.1% Fe2O3, 22.2 TiO2, 0.79% Ta2O5, 6.47% SnO2, 14.7% ZrO2 and 1.01% MnO. Other trace 
compounds found in the ore sample are CaO, V2O5, NiO, HfO, Rb2O, Ag2O, Au, PbO, Bi2O3, U3O5, and ThO2. 

2) The chemical analyses results of the products of the concentration tests conducted in the second phase sin-
gle stage processing could not meet the stipulated metallurgical standard. Furthermore, it could be observed that 
the single stage rapid magnetic separation method is the optimum method when compared to the gravity (air- 
floatation) method. The optimum single method produced concentrate assaying 30.67% Nb2O5 at sieve size 
fractions of −1400 + 355 µm which failed to meet the stipulated metallurgical standard, hence necessitated the 
need for the second phase of double stage processing to upgrade the pre-concentrates to meet the stipulated 
standard of 50% Nb2O5. 

3) The concentration test using the double stage processes reveals that the air-floatation followed by rapid 
magnetic method produced a concentrate with the highest percent assay of 54.48% Nb2O5 and a recovery of 
96.53% followed by the rapid-to-rapid magnetic method which produced a concentrate assaying 52.12% Nb2O5 
with a recovery of 86.96%. These grades of concentrates produced surpass the stipulated grade of the concen-
trate required as metallurgical standard by the smelting industry. 
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