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Abstract Comminution as an energy-intensive operation must be economically feasible for a meaningful trade 

in mineral resource. Therefore, the energy required to grind one tonne of an ore from a given feed particle size 

to a specified product particle size is a critical material property. This study evaluates the resistance of Ningi 

Graphite Ore to grinding using coal as a reference ore. Ore samples were extracted, homogenized, and 

transported to the laboratory. Crushing and grinding were done under standardized conditions using pulverizer 

and ball mill respectively. Fractional sieving was carried out using automatic sieve shaker. From Gates-Gaudin-

Schuhmann Expression, particle size analyses of the mill feeds and products indicate the mesh grinds to be 

415µm and 168µm for the test sample, and 2659µm and 178µm for the reference ore sample. The study shows 

that approximately 39.77Kwh of energy is required to reduce one tonne of Ningi Graphite ore from 80% 

passing of 415.43µm size to 80% passing of 167.83µm. 

 
Keywords Comminution, Sieve analysis, Mineral Economics, Graphite, Energy cost 

1. Introduction   

Minerals are non-renewable, natural, inorganic solid, possessing definite chemical composition and they must 

be extractable from the earth with an economic value [1]. Due to relatively low price per ton, run-off-mine 

(R.O.M) undergo at least some processing in order to increase its value per unit [2]. Mineral Processing as series 

of operation involves comminution of the R.O.M, Concentration, filtration and Drying [1].  

Comminution as a sequence of crushing and grinding is the first operation in mineral processing. Comminution 

is essential as it aid in liberating valuable minerals from the gangue prior to subsequent beneficiation processes. 

However, comminution is energy intensive as it accounts for approximately 65-85% of all energy used for 

processing ores [3]. However, the energy required for comminution is reduced in the presence of water [4]. 

Size analysis is very important in assessing the performance of a grinding circuit [5]. The most widely used 

method for particle size analysis is the sieve Analysis and this involves passing a known weight of sample 

material successively through finer sieves and weighing the amount collected on each sieve to determine the 

percentage weight in each size fraction. Where non-uniform size distribution are obtained, Gate-Gaudin 

Schuhumann method is most suited for representing the results simply because it establishes a linear relationship 

between cumulative under size in percent and the particle size [1]. 

With respect to the various comminution theories, there exist a relationship between energy input and the 

particle size made from a given feed size. However, Bond (1952) [6] developed an equation that relates size of 

feed to size of product based on the energy required to break the particles. This equation is referred to as the 

Bond’s Work index and it is the comminution parameter, which expresses the resistance of the material to 

crushing, and grinding; numerically it is the kilowatt hours per short ton required to reduce the material from 

theoretically infinite feed size to 80% passing 100 µm [1]. 
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𝑊 =
10 𝑊𝑖

 𝑃
−

10𝑊𝑖

 𝐹
                                                                                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

Where 𝑃 =diameter in microns which 80% of the product passes 

𝐹 = 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑛𝑠 𝑤𝑖𝑐 80% 𝑜𝑓 𝑡𝑒 𝑓𝑒𝑒𝑑 𝑝𝑎𝑠𝑠𝑒𝑠 

𝑊𝑖 = Work index 

For minerals to be tradable, a price difference between exporter and importer is critical, as Empirical research 

concludes trade exists only when exporter’s actual unit cost of production is not above importers unit cost of 

production [7]. Since cost of energy affects costs of comminution, and cost of comminution affects a countries 

comparative cost advantage in Mineral Processing. It is imperative to determine the energy cost of processing 

Ore found within Nigeria to optimise the efficiency of available mineral processing technology for global 

competitiveness [8]. 

Graphite as an allotrope of carbon is an interesting mineral due to its unique properties, many industrial 

applications, growing global demand and futuristic value in Lithium-Ion Batteries [9-11]. Graphite generally 

occurs because of metamorphism of organic matter in sediments. Graphite though similar to amorphous carbon 

resources (Coal) is mostly associated with minerals like quartz, silicates, feldspar, and calcites [12-13]. In 

Nigeria, Graphite ore exist in some states. Although, the estimated reserve of the mineral deposits are yet to be 

investigated, but some of their grades have been empirically established [14-16]. 

In the light of the above, this study seeks to make available the amount of energy required for grinding graphite 

ore found in Nigeria. It is a thought that the understanding of such relationship connecting energy consumption 

to processing (cost), is essential to lessen the constrain to global graphite supply. This Research achieves the aim 

through the determination of the bond work index- The most widely used parameter to measure ore grindability 

[17]. 

 

2. Materials, Equipments and Methods 

For this study, 21kg of graphite ore samples were obtained at various spots 5m apart from Ningi Graphite ore 

deposit in Ningi town, Ningi Local government Area of Bauchi state, North-Eastern Nigeriausing random 

sampling method. The samples were broken manually using geological hammer, mixed together, and packaged 

for transportation to the Laboratory. In the Laboratory, the samples were prepared for Sieve analysis. 

To determine the grindability of the Ore samples, the modified Bond’s Method was used [18]. Coal was adopted 

as the reference Ore since both its chemistry and mineralogy is similar to natural graphite-both composed 

mainly of elemental Carbon and formed by the thermal metamorphism [19]. The coal used as reference ore is 

from Enugu, Enugu state, South-Eastern Nigeria. The experimental procedures follow Olatunji and Durojaiye 

(2010) [20], and involve two-grinding cycles (dry) and comparative sieving. The steps are as follows: 

1. 500g of test ore sample (graphite) was weighed using Chemical balance and crushed in Laboratory 

Pulverizer; 

2. The crushed sample was charged into a ball mill containing steel balls (5big balls and 10small balls) 

and milled under standardized conditions for 15 minutes; 

3. From the ball mill, the ground sample was collected using Jones Riffle sampler and weighed. This 

helps obtain a uniform particle size distribution and ore mineral representation; 

4. 100g of the ground sample was weighed, and charged into set of sieves. The stack of sieves was loaded 

on to a vertically vibrated automatic laboratory sieve shaker and operated for 10 minutes at constant 

amplitude. This helps determine the undersize mass D (g) and oversize mass R (g); 

5 Each size fractions of the test ore samples retained on each sieve were weighed with a digital weighing 

machine and their corresponding cumulative per cent mass passing each sieve was calculated too. Their 

values is noted as ‘feed’ and recorded in Table 1; 

6 For the second grinding cycle, the ‘feed’ of the test ores were gathered together and re-introduced into 

the laboratory mill machine and ground for 15 minutes. After which step 4 and 5 were repeated and 

their values noted as ‘product’ and recorded in Table 2;  

7 Step 1-6 was later carried out for the reference ore (coal) and the values of their ‘feed’ and ‘product’ 

was recorded in Table 3 and Table 4 respectively; and 



OSASONA B et al                                    Journal of Scientific and Engineering Research, 2019, 6(7):195-200 

 

Journal of Scientific and Engineering Research 

197 

 

8 The Gates-Gaudin-Schuhmann Expression [21] was used to determine the 80% passing size of both 

‘feed’ and ‘products’ for both testore (graphite) and reference ores (coal). 

 

3. Results and Discussion 

The results of the sieve analyses were recorded in Tables 1-4, Then Gate/Gaudin-Schumann Expression-

Equation (4) was applied to determine 80% passing size of both feed and product of the test ore and the 

reference ore accordingly. 

𝑃  𝑋 = 100 (𝑋/𝐾)𝛼                                                                                                             𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

𝛼 =
𝐿𝑜𝑔 𝑃  𝑋2 − 𝐿𝑜𝑔 𝑃 𝑋1 

𝐿𝑜𝑔  𝑋2 − 𝐿𝑜𝑔  𝑋1 
                                                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

Where 𝑃 𝑋 = 𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑖𝑣𝑒 % 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 

𝑋 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 = 𝐷80  𝑤𝑖𝑡 80% 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑠𝑖𝑒𝑣𝑒 𝑠𝑖𝑧𝑒 𝑜𝑓100µ𝑚 

K = size modulus (a measure of how coarse the size distribution is)  

𝛼 = 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝑎 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 𝑜𝑓 𝑜𝑤 𝑏𝑟𝑜𝑎𝑑 𝑡𝑒 𝑠𝑖𝑧𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑖𝑠) 

Therefore, by linearizing equation 3 and relating it to sieve sizes, we have 

𝑆𝑖𝑒𝑣𝑒 𝑠𝑖𝑧𝑒 1µ𝑚 =  
% 𝑃𝑎𝑠𝑠𝑖𝑛𝑔 𝑆𝑖𝑒𝑣𝑒 𝑠𝑖𝑧𝑒1

% 𝑃𝑎𝑠𝑠𝑖𝑛𝑔 𝑆𝑖𝑒𝑣𝑒 𝑠𝑖𝑧𝑒2

 
2

× 𝑆𝑖𝑒𝑣𝑒 𝑠𝑖𝑧𝑒2 µ𝑚                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

Table 1: Sieve Analysis of the Feed to ball mill of Ningi graphite (Test ore) 

Sieve size 

Range 

(µm) 

Nominal 

Sieve 

Aperture 

Size (µm) 

Weight 

retained 

(g) 

% Weight 

retained 

Cumulative % 

Weight Retained 

(Oversize) 

Cumulative % 

Weight Passing 

(Undersize) 

+1000 1000 1.54 1.54 1.54 98.46 

-1000+710 710 2.98 2.98 4.52 95.46 

-710+500 500 6.10 6.10 10.62 89.38 

-500+355 355 15.45 15.45 25.07 73.93 

-355+250 250 11.87 11.87 37.94 62.06 

-250+180 180 8.46 8.46 46.40 53.60 

-180+125 125 14.53 14.53 60.94 39.06 

-125+90 90 11.28 11.28 72.22 27.78 

-90+63 63 10.09 10.09 82.31 17.69 

-63 -63 17.69 17.69 100.00 0.00 

Total  99.99 100.00   

Calculation 1 

𝐴𝑝𝑝𝑙𝑦𝑖𝑛𝑔 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 𝑡𝑜 𝑇𝑎𝑏𝑙𝑒 1, 

𝑊𝑒𝑛 250µ𝑚 = 62.06%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  

 𝑡𝑒𝑛 𝐷80µ𝑚 = 80%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑤𝑖𝑙𝑙 𝑏𝑒 

𝐷80 µ𝑚 =  
80%

62.06%
 

2

× 250µ𝑚 

𝐷80  𝑓𝑜𝑟 𝑓𝑒𝑒𝑑 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑜𝑟𝑒  𝑔𝑟𝑎𝑝𝑖𝑡𝑒 = 𝐹𝑡 = 415.43µ𝑚 @ 80% 

Table 2: Sieve Analysis of the product of Ningi Graphite (Test Ore) from the ball mill 

Sieve size 

Range 

(µm) 

Nominal 

Sieve 

Aperture 

Size (µm) 

Weight 

retained 

(g) 

% Weight 

retained 

Cumulative % 

Weight Retained 

(Oversize) 

Cumulative% 

Weight Passing 

(Undersize) 

+1000 1000 0.00 0.00 0.00 100.00 

-1000+710 710 0.00 0.00 0.00 100.00 

-710+500 500 0.00 0.00 0.00 100.00 

-500+355 355 0.00 0.00 0.00 100.00 

-355+250 250 2.36 2.36 2.36 97.64 

-250+180 180 5.32 5.32 7.68 92.32 

-180+125 125 28.03 28.03 35.71 64.29 

-125+90 90 28.08 28.08 63.80 36.20 
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-90+63 63 26.05 26.05 89.85 10.15 

-63 -63 10.15 10.15 100 0.00 

Total  99.99 100.00   

 

Calculation 2 

𝐴𝑝𝑝𝑙𝑦𝑖𝑛𝑔 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 𝑡𝑜 𝑇𝑎𝑏𝑙𝑒 2,  

𝑊𝑒𝑛 250µ𝑚 = 97.64%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  

 𝑡𝑒𝑛 𝐷80µ𝑚 = 80%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑤𝑖𝑙𝑙 𝑏𝑒 

𝐷80 µ𝑚 =  
80%

97.64%
 

2

× 250µ𝑚 

𝐷80  𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑜𝑟𝑒  𝐺𝑟𝑎𝑝𝑖𝑡𝑒 = 𝑃𝑡 = 167.83µ𝑚 @ 80% 

Table 3: Sieve Analysis of the Feed to ball mill of Enugu coal (reference ore) 

Sieve size 

Range 

(µm) 

Nominal 

Sieve 

Aperture  

Size (µm) 

Weight 

retained 

(g) 

%Weight  

retained 

Cumulative% 

Weight Retained 

(Oversize) 

Cumulative% 

Weight Passing 

(Undersize) 

+1000 1000 6.55 6.55 6.55 93.45 

-1000+710 710 13.09 13.09 19.64 80.36 

-710+500 500 22.12 22.12 41.76 58.24 

-500+355 355 25.21 25.21 66.98 33.02 

-355+250 250 8.49 8.49 75.47 24.53 

-250+180 180 3.97 3.97 79.44 20.56 

-180+125 125 5.49 5.49 84.93 15.07 

-125+90 90 3.91 3.91 88.84 11.16 

-90+63 63 3.34 3.34 92.18 7.82 

-63 -63 7.82 7.82 100.00 0.00 

Total  99.99 100.00   

Calculation 3 

𝐴𝑝𝑝𝑙𝑦𝑖𝑛𝑔 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 𝑡𝑜 𝑇𝑎𝑏𝑙𝑒 3, 

𝑊𝑒𝑛 250µ𝑚 = 24.53%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  

𝑡𝑒𝑛 𝐷80µ𝑚 = 80%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  𝑤𝑖𝑙𝑙 𝑏𝑒 

𝐷80 µ𝑚 =  
80%

24.53%
 

2

× 250µ𝑚 

𝐷80  𝑓𝑜𝑟 𝑓𝑒𝑒𝑑 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑟𝑒  𝐶𝑜𝑎𝑙 = 𝐹𝑟 = 2659.04µ𝑚  @ 80% 

Table 4: Sieve Analysis of the product of Enugu coal (Reference Ore) from the ball mill 

Sieve size 

Range 

(µm) 

Nominal 

Sieve 

Aperture 

Size (µm) 

Weight 

retained 

(g) 

% Weight 

retained 

Cumulative % 

Weight 

Retained(Oversize) 

Cumulative% 

Weight Passing 

(Undersize) 

+1000 1000 0.00 0.00 0.00 100.00 

-1000+710 710 0.00 0.00 0.00 100.00 

-710+500 500 0.00 0.00 0.00 100.00 

-500+355 355 0.95 0.95 0.95 99.05 

-355+250 250 4.30 4.30 5.25 94.75 

-250+180 180 1.70 1.70 6.95 93.05 

-180+125 125 13.96 13.96 20.91 79.09 

-125+90 90 16.59 16.59 37.50 62.50 

-90+63 63 38.92 38.92 76.43 23.57 

-63 -63 23.57 23.57 100.00 0.00 

Total  99.90 100.00   

 

Calculation 4 

𝐴𝑝𝑝𝑙𝑦𝑖𝑛𝑔 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 𝑡𝑜 𝑇𝑎𝑏𝑙𝑒 4, 

𝑊𝑒𝑛 250µ𝑚 = 94.75%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔  
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𝑡𝑒𝑛 𝐷80µ𝑚 = 80%  𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑤𝑖𝑙𝑙 𝑏𝑒 

𝐷80 µ𝑚 =  
80%

94.75%
 

2

× 250µ𝑚 

𝐷80  𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑟𝑒  𝐶𝑜𝑎𝑙 = 𝑃𝑟 = 178.22µ𝑚 @ 80% 

To determine the grindability of graphite ore, we apply the results of calculations 1-4 to the modified Bond’s 

equation (Equation 5) called Berry and Bruce comparative Bond’s Equation [18]. This is shown as follows: 

𝑊𝑖𝑡 = 𝑊𝑖𝑟

 
 
 
 
  

10

 𝑃𝑟
−

10

 𝐹𝑟
 

 
10

 𝑃𝑡

−  
10

 𝐹𝑡

 
 
 
 
 
 

                                                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 

With reference to Literature, and from Calculation 1-4, we have  

Wir =
15.5Kwh

Tonne
 as the Work Index of the Coal (Reference ore) 

 Wit = Unknown                         (Work Index of the Graphite − Test ore) 

 Fr = 2659.04µm                        (Diameter of Reference ore ′𝐹𝑒𝑒𝑑′ particle) 

 Ft = 415.43µm                          (Diameter of Test ore ′𝐹𝑒𝑒𝑑′ particle) 

 Pr = 178.22µm                           (Diameter of Reference ore ′𝑃𝑟𝑜𝑑𝑢𝑐𝑡′ particle) 

 Pt = 167.83µm                           (Diameter of Test ore ′𝑃𝑟𝑜𝑑𝑢𝑐𝑡′ particle) 

By inserting the values of calculations 1-4 into Equation 5 we have, 

𝑊𝑖𝑡 = 15.5𝐾𝑤/𝑡𝑜𝑛𝑛𝑒 

 
 
 
 
  

10

 178.22µ𝑚
−

10

 2659.04µ𝑚
 

 
10

 167.83µ𝑚
−  

10

 415.43µ𝑚
 
 
 
 
 
 

 

𝑊𝑖𝑡 = 15.5𝐾𝑤/𝑡𝑜𝑛𝑛𝑒  
 

10
13.349µ𝑚

−
10

51.565µ𝑚
 

 
10

12.954µ𝑚
−  

10
20.382µ𝑚

 
  

𝑊𝑖𝑡 = 15.5𝐾𝑤/𝑡𝑜𝑛𝑛𝑒  
 0.7491µ𝑚 − 0.1939µ𝑚 

 0.7719µ𝑚 −  0.4906µ𝑚 
  

𝑊𝑖𝑡 = 15.5𝐾𝑤/𝑡𝑜𝑛𝑛𝑒  
0.5552µ𝑚

0.2813𝜇𝑚
  

𝑊𝑖𝑡 = 15.5𝐾𝑤/𝑡𝑜𝑛𝑛𝑒  [1.973] 

𝑊𝑖𝑡 = 30.59𝑘𝑤/𝑡𝑜𝑛𝑛𝑒 

Using dry grinding multiplication factor [22]= 1.3 

𝑊𝑜𝑟𝑘 𝐼𝑛𝑑𝑒𝑥𝐺𝑟𝑎𝑝 𝑖𝑡𝑒 = 1.3 × 30.59𝐾𝑤/𝑡𝑜𝑛𝑛𝑒 

𝑊𝑜𝑟𝑘 𝐼𝑛𝑑𝑒𝑥𝐺𝑟𝑎𝑝 𝑖𝑡𝑒 = 39.767𝐾𝑤/𝑡𝑜𝑛𝑛𝑒 

The results of this research on Ningi Graphite ore, using modified Bond’s energy method, shows that 80% 

passing of the Test ore (graphite) was obtained to be 415.43μm and 167.83μmfor both its feed and product, and 

2659.04μm and 178.2μm was obtained for reference ore (coal) feed and product respectively. In Addition, 

having considered the dry grinding multiplication factor, the work index of Ningi Graphite ore was calculated to 

be 39.77kwh/ short ton. This Value is within the Range of established graphite Ore grindability [1]. 

 

4.  Conclusion and Recommendations 

The study shows that approximately 39.77Kwh/ton of energy is required to reduce one tonne of Ningi Graphite 

ore from 80% passing of 415.43µm size to 80% passing of 167.83µm.That is the resistance of Ningi graphite 

ore to breakage and crushing is approximately 39.77kwh/ton. Therefore, for an efficient and economic 

comminution design, any piece of mill required to ground Ningi graphite ore must have a capacity above 

39.77Kwh/ton. In addition, the value of work index obtained in this study could serve as a guide for calculating 

the energy cost of grinding Ningi graphite ore. 
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