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ABSTRACT 
The determination of Daranna-Ka´oje manganese ore grindability vis-à-vis Itakpe iron ore to establish its work index 

commenced with the systematic grab sampling of bulk material from 3 stationary stockpiles each of crushed run-of-
mine (r-o-m) ore comprising of – 80 mm + 10 mm coarse and – 10 mm fine particles with a shovel at every 10 feet walk 

around their base.  Later, the head sample of both reference (Itakpe iron ore) and test (Daranna-Ka´oje manganese 

ore) samples were generated by reducing their individual bulk samples to -5 mm + 2 mm size range particles with 
hammer mill and re-blended. Then 300 g each of the reference ore and the test ore were exposed to sieving through a 

nest of nine sieves comprising of 2000 µm, 1400 µm, 1000 µm, 710 µm, 500 µm, 355 µm, 250 µm, and 180 µm selected 
based on square root of two (√2). This was followed by grinding under the same parameters of mill size, grinding 

media, mill charge and tumbling time at 1425 rpm and final sieving.  Using Gaudin Schumann relation for the 

determination of 80% feed and products of the reference and test ores; the grindability was determined from the 
generated results of the pulverised and ground sieve analyses by correlating the two ores’ work index via Berry and 

Bruce relationship.  The ascertained grindability of 31.94 kWh/t implies that the grinding energy required per unit 
mass of the Daranna-Ka´oje manganese ore is more than twice the 15.86 kWh/t grinding energy required per the same 

unit mass of Itakpe iron ore under the same parameters.  This is not out of place as the Daranna-Ka´oje manganese 

ore head sample is mostly made up of spessartine; which has hardness of 7 to 7.5.  Moreover, manganese though 
similar with iron in some properties is harder as an element.  Therefore, it was concluded that the design of 

comminution circuit should have more stages than that of Itakpe iron ore. 

 
Key words: Itakpe Iron Ore, Daranna-Ka′oje, Manganese Ore, Grindability, Pulverisation, Grinding, Work Index, 

Sieve Analysis 

 

1. INTRODUCTION 

 
Mineral separation and metal extraction processes in most 

cases are preceded by comminution (size reduction involving 

crushing and/or grinding) in order to physically and 

economically liberate or expose the minerals (Fuerstenau and 

Han, 2003).  Grindability of an ore is an indication of the 

degree of ease with which the ore material can be reduced in 

size; leading to liberation of individual minerals in the ore 

composite.  This is necessary in order to quantify the amount 

of energy required to grind the ore to the required size (Gupta 

and Yan, 2006; Wills and Finch, 2016).  The data generated 

is then utilised in designing and evaluating comminution 

circuits and efficiencies (Kumar, 2011).  The most widely 

used parameter in measuring grindability is Bond Work 

Index (BWI). It is the specific energy in kilowatt hour per 

tonne required to reduce one short ton (1 sht = 907.18 kg) of 

an ore from an infinite size (𝐹 = ∞)  down to the size which 

is passing 80% through the sieve with square mesh size of 

0.1 mm (𝑃 = 100𝜇𝑚) (Magdalinovic et al., 2011). 

Development and modification of standard test for 

determining the BWI of an ore was designed respectively in 

1952 and 1961 by Fred C. Bond (Jankovic et al., 2011).  

However, the tediousness of the Standard Bond Test and its 

tendency for commitment of  errors made many scientists to 

come out with simplified and shortened procedures.  Berry 

and Bruce (1966) developed an approximate method in 

which the data of unknown ore grindability are compared to 

reference ore of known grindability.  Smith and Lee (1968), 

used batch type grindability test and compared their data with 

the one obtained through the standard Bond.  

 According to Wills and Finch (2016), in 1970; Kapur 

brought in development of a mathematical algorithm that 

simulates the standard test leading to assessment of the Bond 

work index; in 1976, Horst and Bassarear modified the 

procedure to Berry and Bruce with one that is lasting a bit 

longer; and in 1981, Karra modified the method of Kapur by 

basing results from the first two milling cycles of the 

standard test. Magdalinovic (1989) gave the shortened 

method of Karra previous work of 1981 for determining the 

bond work index.  Meanwhile, Lewis et al. (2009) simulated 

the standard Bond test in accordance with the first original 

test (Wills and Finch, 2016).  Magdalinovic (2003) modified 

his 1989 method by including three milling.  According to 

Todorovic et al. (2016), in 2015, Gharehgheshlagh provided 

a method which relies on monitoring the grinding kinetics in 

the Bond ball mill and established a series of relationships 
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between grinding parameters and the Bond equation 

parameters.   

 

As such, the grindability test for determining the Daranna-

Ka´oje manganese ore work index with respect to Itakpe iron 

ore was executed by adopting the Berry and Bruce modified 

Bond work index amidst other methods; as employed in the 

works of Abubakar et al. (2014), Ettu et al. (2015) and 

Mwanga et al. (2015). This is aimed at establishing the 

quantity of energy required to comminute the manganese ore. 

 

 

 

 

2. MATERIALS AND METHODS 
 

2.1   Location and nature of Daranna-Ka’oje Manganese                               

Deposit 

The manganese deposit is located 2 km East of Daranna 

village, towards Boya village in Bagudo Local Government 

Area of Kebbi State.   The mining activity is centred on an 

outcrop which is at an elevation ≥ 270 m above sea level and 

which nature of deposition is at a steep dip between 65 - 70º 

in NE-SW direction.   

2.2  Materials 

The materials and equipment used in the course of 

determining the grindability include; Darrana-Ka´oje 

manganese ore sample (45.37 wt % Mn according to Ali, 

2019) and Itakpe iron ore sample (... wt % Fe according to 

Yaro, 1997 and Wi= 15.86 kWh/t  according to Umar et al, 

2016), Shovel, Sledge hammer, Heuer Trackstar Stop watch 

No. 602.402, Metlar MT 2000 Electronics scale, AticoTM 

hammer mill, Endcotts Ltd, ISO 565/ISO 3310 (R40/3) 

Standard Laboratories Test Sieves No. 667924, Pascal 

Engineering tumbling mill and tumbling machine No. 17967, 

Lawkim sieve shaking machine Model LM200LK3004 and 

Jones riffler. 

 

2.3  Methods 

Systematic grab sampling was carried out at the mine site to 

generate bulk material from three pairs of crushed run-of-

mine (r-o-m) ore stationary stockpiles comprising of – 80 

mm + 10 mm coarse and – 10 mm fine particles size ranges 

with a shovel at every 10 feet walk around their base.  This 

resulted in generating large quantity of gross material. 

Hence, a control mechanism involving mixing, followed by 

coning, and then flattening to form a frustum in the case of 

the two size ranges were carried out.  The frustums were 

individually divided into four quarters and two opposite 

quarters were blended to acquire manageably representative 

samples. Later, these representative samples were broken 

down into smaller pieces of 5 mm size with sledge hammer 

and blended at the Department of Mineral and Petroleum 

Resources Engineering, Kaduna Polytechnic, Kaduna, 

Nigeria.  Finally, the representative samples were split into 

four quarters, two opposite quarters were collected and re-

blended to generate the head sample.  Similarly, Itakpe iron 

ore sample was also exposed to the same treatment of size 

reduction with sledge hammer, coning, quartering and 

blending two opposite quarters to generate its head sample. 

 

Thereafter, grindability test was executed by exposing  the 

head samples of Daranna-Ka´oje manganese ore and Itakpe 

iron ore under the same parameters.   The experiment which 

considered the two ores as test and reference minerals 

respectively was carried out as follows; 

 

The test and reference head samples were 

autonomously pulverised (crushed) with hammer 

mill and split into two with Jones riffler.   

 

Then a nest of nine sieves comprising of 2000 µm, 

1400 µm, 1000 µm, 710 µm, 500 µm, 355 µm, 250 

µm, and 180 µm were selected based on square root 

of two (√2) and arranged in descending order from 

the coarsest to the finest size on a collecting pan.  

 

 Three hundred (300) grams each of the 

 pulverised (crushed) head samples were fed on 

 the topmost sieve at a time from one of the split, 

 closed with a lid, mounted on sieve shaking 

 machine, shaken  for ten (10) minutes and the 

 oversized (retained) material of each sieve fraction 

 weighed and recorded . 

 

This was followed by the determination of the mass 

of the grinding medium (MB) required to grind the 

pulverised materials based on the formulæ adopted 

from Gupta and Yan (2006). 

 

Three hundred (300) grams from each of the 

remaining  pulverised head samples and the 

determined grinding medium (made of steel balls) 

were individually fed into tumbling mill, mounted 

on tumbling machine and ran for 10 minutes at 1425 

Rpm.  

 

The same process of weighing and recording of  the 

retained ground particles were repeated, followed 

by analyses .  

 

The determination of the grindability was executed 

by using the Bond’s equation in which the reference 

and test ores′ feed and product values were 

considered; 

 

Wit = Wir (
10

√Pr

−
10

√Fr

) (
10

√Pt

−
10

√Ft

)⁄     (1) 

 

 Where; 

 Wir= work index of the Itakpe iron ore  

 Pr = the 80% equivalent size of the ground Itakpe 

iron ore (product) 

 Fr= the 80% equivalent size of pulverised Itakpe 

iron ore (feed) 

 Wit= work index of the Daranna manganese ore 
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 Pt = the 80% equivalent size of the ground Daranna 

manganese ore (product) 

 Ft= the 80% equivalent size of pulverised Daranna 

manganese ore (feed) 

 

Using Gaudin Schumann relationship, the 80 % 

equivalent sizes in pulverised and ground cases for 

feed and product were determined;  

 

𝑋2 = (
80

𝑃1
)

2

× 𝑋1                                              (2) 

 

where; 

X2 = Calculated value of  80 % passing sieve size 

(µm)  

P1 = Percentage passing value of sieve size 1 (%) 

X1 = Sieve size 1 (µm) 

 

3.  RESULTS AND DISCUSSION 
 

Tables 1 to 4 are the generated results from the sieving of 

pulverised (crushed) and ground head samples of the Itakpe 

iron ore and Daranna-Ka´oje manganese ore respectively. 
 

Table 1: Pulverised Itakpe iron ore as feed of reference ore 

Sieve Size  

Range  

(µm) 

Sieve      

Aperture     

 (µm) 

Weight  

Retained     

Cumulative % 

(g) (%) O/size U/size 

+2000 2000 20.91 6.99 6.99 93.01 

-2000+1400 1400 5.00 1.67 8.66 91.34 

-1400+1000 1000 31.80 10.62 19.28 80.72 

-1000+710 710 17.20 5.75 25.03 74.97 

-710+500 500 35.80 11.96 36.99 63.01 

-500+355 355 29.10 9.72 46.71 53.29 

-355+250 250 50.10 16.74 63.45 36.55 

-250+150 150 49.30 16.47 79.92 20.08 

-150 Pan 60.10 20.08 100.00 - 

Total 299.30 100.00 - - 

 

Table 2: Pulverised Daranna-Ka´oje manganese ore as feed  

               of test ore 

Sieve Size  

Range  

(µm) 

Sieve      

Aperture      

(µm) 

Weight  

Retained   
Cumulative % 

(g) (%) O/size U/size 

+2000 2000 59.30 19.79 19.79 80.21 

-2000+1400 1400 8.30 2.77 22.56 77.44 

-1400+1000 1000 54.20 18.09 40.65 59.35 

-1000+710 710 18.00 6.01 46.66 53.34 

-710+500 500 25.50 8.51 55.17 44.83 

-500+355 355 15.60 5.21 60.38 39.62 

-355+250 250 22.60 7.54 67.92 32.08 

-250+150 150 24.00 8.01 75.93 24.07 

-150 Pan 72.10 24.07 100 - 

Total 299.60 100.00 - - 

 

Tables 1 and 2 revealed that both of the pulverised the iron 

ore (reference ore) and manganese ore (test ore) had over 

80% of their particles passing through the coarsest sieve (i.e. 

+ 2000 µm), while more than 75% were retained above the 

finest sieve (150 µm).  This implied that the crushing in both 

cases were carried out as expected in accordance with Wills 

and Finch (2016).  Furthermore, it can also be deduced that 

Itakpe iron ore has less hardness as Daranna-Ka´oje 

manganese ore retained more crushed materials on coarser to 

medium fine sieves. 

 

The mass of grinding medium was determined from 

cylindrical tumbling mill of thickness =  5.00 cm, outer 

diameter = 12.70 cm (outer radius of 6.35 cm) and outer 

height = 14.00 cm by changing the values to inner diameter 

of 11.70 cm (i.e. 12.70 cm – 1.00 cm), inner radius of 5.35 

cm (i.e. 6.35 cm – 1.00 cm), and inner height of 13.00 cm 

(i.e. 14.00 cm – 1.00 cm).  

 

Hence from; 

𝑀𝑖𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑀 = 𝜋𝑅2𝐻 (3) 

  

𝑉𝑀 = 𝜋 × (5.35)2𝑐𝑚2 × 13.00 𝑐𝑚 = 1169.00 𝑐𝑚3 
 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑉𝑀𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑏𝑢𝑙𝑘 𝑟𝑜𝑐𝑘 

= 𝐽𝑅 =
𝑀𝑅 𝜌𝑆⁄

𝑉𝑀

×
1

1 − 𝜑
                                                           (4) 

𝑀𝑅 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑛𝑔𝑎𝑛𝑒𝑠𝑒 𝑜𝑟𝑒
= 300𝑔,   (𝐴𝑙𝑖, 2019) 

  𝜌𝑆 = 𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑛𝑔𝑎𝑛𝑒𝑠𝑒
= 3.20 𝑔 𝑐𝑚3⁄  (𝐴𝑙𝑖, 2019) 

 

Recalling equation (4) 

𝑎𝑛𝑑 𝑡𝑎𝑘𝑖𝑛𝑔 𝜑
= 40% (𝑖. 𝑒. 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦)  
 

∴ 𝐽𝑅 =
300𝑔 3.20 𝑔 𝑐𝑚3⁄⁄

1169.00 𝑐𝑚3
×

1

1 − 0.4
= 0.10 

 

𝐹𝑟𝑜𝑚 𝑡ℎ𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 
𝐽𝑅

𝐽𝐵

~̃0.4                                                 (5) 

 

∴ 𝐽𝐵

=  𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑉𝑀𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑏𝑢𝑙𝑘 𝑏𝑎𝑙𝑙 𝑐ℎ𝑎𝑟𝑔𝑒

=
𝐽𝑅

0.4
=

0.10

0.4
= 0.25 

 

Considering also; 

𝐽𝐵 =
𝑀𝐵 𝜌𝐵⁄

𝑉𝑀

×
1

1 − 𝜑
                                                             (6) 

 

𝑀𝐵 = 𝐽𝐵𝑉𝑀(1 − 𝜑)𝜌𝐵                                                             (7) 

 

𝑇𝑎𝑘𝑖𝑛𝑔 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑙𝑙 = 𝜌𝐵

= (0.016(𝜌𝑆)2 + 20𝜌𝑆)0.5 − 0.4𝜌𝑆    (8) 
 

Recalling equation (8) 

𝜌𝐵 = {[0.016(3.20)2 + 20(3.20)]0.5 − 0.4(3.20)}
= 6.73 𝑔 𝑐𝑚3⁄  

 

Recalling equation (7) 

mass of the grinding medium = 𝑀𝐵 
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= 0.25 × 1169.00 𝑐𝑚3 × 0.6 × 6.73 𝑔 𝑐𝑚3⁄
= 1180 𝑔𝑜𝑟 1.20 𝑘𝑔 

 

After the tumbling mill was charged with 300 g of Itakpe iron 

ore and Daranna-Ka´oje manganese ore, 1.20 kg of grinding 

medium (steel balls) and setting of the tumbling time to 10 

min at a time the following results were generated; 

 
Table 3: Ball milled Itakpe iron ore as product of reference ore 

Sieve Size  

Range  

(µm) 

Sieve  

Aperture  

(µm) 

Weight 

Retained     

Cumulative % 

(g) (%) O/size U/size 

+2000 2000 3.20 1.07 1.07 98.93 

-

2000+1400 

1400 0.60 0.20 1.27 98.73 

-

1400+1000 

1000 2.60 0.87 2.14 97.86 

-1000+710 710 2.90 0.97 3.11 96.89 

-710+500 500 16.00 5.34 8.45 91.55 

-500+355 355 32.30  10.78 19.23 80.77 

-355+250 250 68.80 22.97 42.20 57.80 

-250+150 150 74.00 24.71 66.91 33.09 

-150 Pan 99.10 33.09 100 - 

Total 299.50 100 - - 

 

 
 

Table 4: Ball milled Daranna-Ka´oje manganese ore as product 

of test ore 

Sieve Size  

Range 

 (µm) 

Sieve      

Aperture      

(µm) 

Weight 

Retained     

Cumulative % 

(g) (%) O/size U/size 

+2000 2000 23.80 7.97 7.97 92.03 

-

2000+1400 

1400 5.61* 1.88 9.85 90.15 

-

1400+1000 

1000 34.30 11.48 21.33 78.67 

-1000+710 710 17.60 5.89 27.22 72.78 

-710+500 500 28.50 9.54 36.76 63.24 

-500+355 355 20.30 6.80 43.56 56.44 

-355+250 250 30.00 10.04 53.60 46.40 

-250+150 150 32.80 10.98 64.58 35.42 

-150 Pan 105.80 35.42 100.00 - 

Total 298.70 100. - - 

 

Tables 3 and 4 buttressed that the Daranna-Ka’oje 

manganese ore is harder than the Itakpe iron ore, as the 

materials retained on the coarser apertures were more; 

whereas in case of Itakpe iron ore more materials were 

retained on the medium to finer apertures. 

 

Recalling equation (2) for the determination of 80% feeds 

and products of the reference and test ores from Tables 1 to 

4 is thus; 

 

From Table 1; 

𝐹𝑟80% = (
80

74.97
)

2

× 710 𝜇𝑚 

 

From Table 2; 

𝐹𝑡80% = (
80

77.44
)

2

× 1400 𝜇𝑚 

 

From Table 3; 

𝑃𝑟80% = (
80

57.80
)

2

× 250 𝜇𝑚 

 

From Table 4; 

𝑃𝑡80% = (
80

78.67
)

2

× 1000 𝜇𝑚 

 

Table 5: Result of 80% feed and product equivalent 

     values of reference and test ores  

Feeds (pulverised) Products (ground) 

Fr80% 808.47 µm Pr80% 478.92 µm 

Ft80% 1494.09 µm Pt80% 1034.10 µm 

 

Therefore, the grindability of the test ore (i.e. Daranna-

Ka´oje manganese ore) was determined by replacing the 

respective values of feeds and products in table 5 in equation 

(1)  thus; 

 

𝑊𝑖𝑡 =
15.86 𝑘𝑊ℎ/𝑡 (

10

√478.92
−

10

√808.47
)

(
10

√1034.10
−

10

√1494.09
)

= 31.94 𝑘𝑊ℎ/𝑡 

 

Hence, the grinding energy required per unit mass of the 

Daranna-Ka´oje manganese ore is more than twice the 

grinding energy required per the same unit mass of Itakpe 

iron ore under the same parameters of time, quantity of 

grinding medium and tumbling mill.  This is not out of place, 

as the Daranna-Ka´oje manganese ore head sample is mostly 

made up of spessartine which has hardness of 7 to 7.5 

according to Ali (2019).  

 

4. CONCLUSIONS 
 

The ascertain value of 31.94 kWh/t implied that the grinding 

energy required per unit mass of the Daranna-Ka´oje 

manganese ore is more than twice the grinding energy 

required per the same unit mass of Itakpe iron ore under the 

same parameters of time, grinding medium and tumbling 

mill.  This is not out of place as the Daranna-Ka´oje 

manganese ore head sample is mostly made up of spessartine 

which has hardness of 7 to 7.5.  Though, manganese is 

similar to iron in some properties and are sequentially the 25th 

and 26th elements in the periodic table; it has more atomic 

mass.  Therefore, it is recommended that the design of 

comminution circuit should have more stages than that of 

Itakpe iron ore. 
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