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1.1 INTRODUCTION 

The minerals and the metals are integrally associated with the 
development of human culture and growth of the society. Minerals are 
essential component of Nation's material and economic base. They contribute 
to industrialization and form an important infrastructure for the development 
of the country. However, conservation of these non-renewable assets is 
absolutely essential in view of the rapid industrialization and consumption 
of minerals. Attempts should be aimed to use the resources wisely and 
efficiently for complete utilization of the components with no waste. Ignoring 
the awareness in respect of mineral resources, environmental issues have 
come into prominence and the aspect of conservation and safe guarding the 
environment can be managed by making proper use of the mined materials, 
wasting the least, reclamation, restoration, afforestation and creation of better 
environment for better habitat. 

Resource wise, India is well endowed with large variety of rich mineral 
resources amounting 120 million tonnes in 2002. India produced as many as 
64 minerals, constititing 4 fuel minerals, 10 metallic minerals and 50 non-
metallic (industrial minerals) in 2003-04. India's ranking in 2002-03 in world 
production was 2nd in barytes, chromite and talc/steatite/pyrophyllite, 3rd 
in coal & lignite, 4th in iron ore and kyanite/sillimanite/andalusite, 6th in 
bauxite and 7th in manganese ore. However, with rapid expansion of mineral 
based industries, high grade ores are preferentially being consumed resulting 
with fast depletion of the same and the country is gradually leading to depend 
upon low grade and complex ores. 

Mineral beneficiation is a process to separate the economic minerals 
from the waste rock gangue. The difference of properties between the value 
minerals and the undesired minerals determine the method of separation. 
This aspect of separation of minerals and upgrading the useful values suitable 
for down stream processing, assume greater significance in the context of 
low grade and complex ore deposits. Recovery of metal values from these 
resources of low tenor is associated with generation of more and more 
quantities of waste and greater load on efficient management of these wastes 
and protection of environment. The mineral engineers are thus confronted 
with the work of finding efficient, innovative and cost effective process and 
equipment for solving these problems faced by mineral industries. 
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Mineral processing involves a number of unit operations starting with 
the run of mine (ROM) ore as the initial raw material. Traditionally the scope 
of mineral processing is limited to liberation of individual mineral phases 
and their separation from each other without altering the identity of any 
mineral constituents. Mineral processing is the field of study that starts after 
mining and ends before extraction of metals for metallic ores. Before 
separation of the individual minerals, an intimate knowledge of the 
mineralogical composition of the ore, their mode of association, complexity, 
texture and size are essential to know the optimum size of liberation. The 
study of mineralogy helps processing personnel in acquiring this knowledge. 
The liberation of valuable minerals from the gangue is accomplished by 
comminution i.e., the process of size reduction to the desired size. Actual 
separation is then effected by utilizing the difference in physical and other 
properties of value minerals and the gangue viz., size, shape, color, specific 
gravity, magnetic property, electrical conductivity, radioactivity, specific 
surface property like affinity or repulsion towards water etc. Technology is 
accordingly developed to create the suitable process conditions for separation. 
Often the surface properties are modified to create a greater difference of a 
specific property for the value mineral and gangue. 

For low grade and complex ores, the mineral processing steps are 
generally carried out in 'wet' condition i.e. using water as a medium. This is 
obviously for a number of reasons either demanded by the process including 
requirement of liberation or for ease and efficiency of handling & separation 
or other aspects. Whatever be the reasons, the concentrates produced in fine 
sizes and in pulp condition need to be dewatered, dried and again 
agglomerated into a suitable lump form for ease of handling for subsequent 
treatment for metal extraction. 

With the above introduction, somewhat details of mineralogical 
aspects, beneficiation, de-watering and agglomeration are presented in 
the following pages. 

1.2 Importance of Mineralogy in Mineral Processing 
Mineral processing technology is evolved to separate and recover ore 

minerals from gangue in a commercially viable method and is mainly based 
on the process of mineral liberation and the process of mineral separation. 
Though ore is mined with the highest efficiency of the technology, the 
excavated ore gets partly contaminated by the surrounding host rock 
(overburden) and the geological material closely associated with the ore 
during mining. Both the materials are undesirable and hence form the gangue. 
Thus, the contributors to gangue may be igneous rock, sedimentary rock 
(shale, quartzite, phyllite), hydrothermal vein material, quartz reef and their 
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metamorphic equivalents. For example, chromite and magnetite may form 
in a magmatic crystallization process whereas iron ore may form in a 
sedimentary environment with the episodes of metamorphism, supergene 
enrichment and martitisation. So, the former is associated with ultramafics 
(dunite, peridotite, serpentinite), basalt, gabbro whereas the latter is associated 
with shale, jasper, quartzite, and their weathered equivalents (kaolinitic and 
gibbsitic shale, quartzite, laterite etc.). So, the expected gangue minerals are 
different in these two cases. Similarly, the sulphide mineralisation is associated 
with hydrothermal veins ( quartz vein or quartz reef) intruded into various 
rock types (granites, basalt, meta-basalt, meta-sedimentary rocks). The Table 
1 enlists the possible ore minerals and gangue minerals in the ores from wide 
range of deposits. 

From mineral processing point of view, it is important to identify the 
ore and gangue minerals (mineralogical study), their textural relationship 
(grain size, grain boundary relationship etc.). The.mineralogical study also 
helps in the modal distribution of ore and gangue minerals which decides the 
grade of ore. Grain size of the minerals and their textural relationship helps 
in deciding the size reduction and liberation in mineral processing. An 
effective liberation of gangue minerals and ore minerals influences the 
optimum separation efficiency. . 

Mineralogical study may be described under the following heads. 

1. Mineral identification by optical microscopy, XRD, SEM, EPMA: 

For mineralogical characterization of the ores/rocks, optical microscopy 
is an invaluable tool. For this, polished sections of ores and thin sections of 
rocks are prepared. The ores/ore forming minerals are studied under reflected 
light microscopy while the rocks/ rock forming minerals are studied under 
transmitted light microscopy. The minerals are identified basically from their 
optical properties. The optical properties differ from mineral to mineral 
because their crystal structure is different and the chemical constituents of 
the mineral; also their relative positions in the crystal lattice sites differ. But 
mineral kingdom is so vast sometimes it becomes difficult to identify all the 
minerals using only the optical microscope because there are cases where 
the optical properties of one mineral very closely resemble another. In such 
cases the help of advanced characterization techniques such as X-ray 
diffraction (XRD), Scanning Electron Microscopy (SEM) with micro-
chemical analysis by WDS or EDS, and Electron Probe Micro-analysis 
(EPMA) is taken. The latter techniques help in confirming the mineral phases 
which is very important. On the other hand, the textures and liberation 
characteristics are studied under optical microscopes. 
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Mineral identification by X-ray diffraction technique is based on the 
diffraction peaks at various 2-q values corresponding to d-spacing 
characteristic to the mineral. As each mineral has a characteristic 
crystallographic identity, its d-spacings are characteristic and the set of 
diffraction peaks are characteristic based on Bragg's law. This technique is 
useful for identifying clay minerals. In the figure-1 , the phases in the iron 
ore sample are identified as goethite, kaolinite, hematite/martite, magnetite 
and braunite. The limitation of the technique is for the minerals whose volume 
percentage is less than 3% in the sample. 

Some of the trace phases of very small size can not be studied by optical 
microscopy or XRD. In that case, SEM and EPMA provide a high resolution 
image of very high magnification and the chemical analysis is done by Energy 
dispersive X-ray spectrometry (EDX) or by wavelength dispersive X-ray 
spectrometry (WDX). By chemical calculations, the empirical formula is 
computed out and the mineral is identified. 

Knowledge of the sizes and intergrowth relationships of ore mineral 
grains is of great importance. Only through careful examination of the ores 
in polished section can the optimum grain size for effective liberation be 
determined. Insufficient grinding may result in loss of valuable minerals in 
the tailings; over grinding wastes energy and may produce slimes that are 
difficult to treat. The nature of the boundaries between intergrown particles 
will show whether or not the rupturing of larger particles during grinding is 
likely to occur at grain boundaries. Information regarding fractures and 
fissures, and porosity in the ore minerals is derived from the microscopic 
study. In figure-2 the mineralogy and texture in various components of iron 
ore are shown to provide an apparent perception of granular martite. 

2. Study of Modal distribution : Modal distribution of minerals by 
microscopy with image analysis system or by grain counting helps in the 
statistical distribution of ore and gangue minerals which is directly related to 
the grade of ore. Such study also helps in the liberation studies. It can also be 
extended to beneficiation products to fmd the efficiency of beneficiation 

3. Liberation study by microscopy : The liberation of ore and gangue 
is achieved by size reduction (through grinding). The statistical count of 
interlocked grains, 'ore minerals free of gangue' (liberarated ore) and 'gangue 
minerals free of ore minerals' (liberarated gangue) gives the quantitative 
percentage of liberation. This data is useful in deciding the extent of liberation 
required for a desired economy of comminution and beneficiation. 

Liberation (%) - (No. of free ore minerals + free gangue minerals + interlocked minerals) 

100 X ((No. of free ore minerals) + (No. of free gangue minerals)} 
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Table 1: Associated ore and gangue minerals in various ore types. 

Ore-type 
Iron ore 
(Sedimentary 
and supergene 
enrichment) 

Ore minerals 
Martite, Hematite Fe203, 
magnetite Fe304 
goethite Fe203.1-120 

Gangue minerals 
Quartz, jasper, 
kaoline, gibbsite, shale 

Bauxite Gibbsite, diaspore, 
boehmite 

Goethite, kaoline, 
Ilmenite, zircon, anatase 

Manganes 
(i) Sedimentary 

association 
(ii) Metamorphic 

association 

Psilomelane, pyrolusite, 
cryptomelane, manganite,wad 

Braunite, bixybite„ hollandite, 
jacobsite, hausmanite, wad 

Quartz, feldspar, apatite, 
clay, micaceous mineral, 
pyroxene, amphibole, 
and barite, garnet (?), 

hematite, hydrated 
iron oxide (goethiie) 

Limestone 

Beach sand 

Calcite, aragonite, dolomite 

Ilmenite FeTiO3, zircon Zr02, 
garnet(Ca,Mg,Fe)(AI,Fe,Cr)(SiO4)3, 
monazite (Ce,Th,Y)PO4 , 
xenotime TiO2 etc. Sillimanite (?) 

 

Quartz, chlorite, shale 

Quartz, amphibole, 
pyroxene, olivine, 
tourmaline 

Copper 
(hydrothermal 
and porphyry type 
deposit) 

Sulphides 
[chalcopyrite CuFeS2, 
chalcocite Cu2S, covellite 
Cu Bornite CusFeS4jOxides 
[cuprite, Cu20jCarbonate 
[malachite Cu2CO3(OH)2, 
Azurite Cu3(CO3)2(OH)2)1 
Trace: U, Mo, Au 

Minerals in phyllite, 
schist, quartz schist, 
garnet-chlorite schist, 
chlorite, biotite, dolomite, 
shale, chert, 
quartz, feldspar 

Lead-zinc 
(hydrothermal 
deposit) 

Sulphides (galena PbS, 
sphalerite ZnS) 
Carbonate- Cerrusite PbCO3 
Sulphate- Anglesite ZnSO4 
Hemimorphite 
Trace: Ag, Au, Cd, In, Cu, Sb 

Phyllite, schist, quartz 
schist, garnet-chlorite 
schist, chlorite, biotite, 
dolomite, shale, chert, 
quartz, feldspar, Barite, 
Pyrite, pyrrhotite, 
arsenopyrite, 
chalcopyrite, argentite 

Chromite 
(magmatic 
deposit) 

Chromitite FeCr204, 
Trace: Ni 

Magnetite, dunite (olivine/ 
serpentine),pyroxene, 
gabbro (plagioclase, 
olivine, pyroxene) 

Gold Arseno-pyrite, native gold Minerals of host rock 
(Phyllite, schist, quartz 
schist, amphibole, chlorite, 
biotite, dolomite, shale, 
chert, quartz, feldspar), 
pyrite, chalcopyrite 
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Fig. 2 : X-Ray diffractograms of selected ore fragments from the bulk 
iron ore sample. 
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Fig. 3A : Microphotograph of partly martitised magnetite within a 
matrix of braunite (Br). The martitised magnetite have a core of 

magnetite (Mt) with an outer rim of martite (Mrt). Plane polarised 
light X200. The longer edge of photo equals to 0.6mm. 

Fig.3B : Microphotograph of martite (Mil) and inconspicuously 
developed microplaty hematite around which goethite (Go) is 

deposited in the voids (V) by precipitation from solutions mobilised. 
Plane polarised light X200. The longer edge of photo equals to 0.6mm. 



Fig. 3C : Microphotograph of martite (with high reflectivity) and 
quartz (grey colour with low reflectivity) association and void. Plane 

polarised light X200. The longer edge of photo equals to 0.6mm. 

1.3 RELEVANCE OF SIZE DISTRIBUTION 

Valuable mineral matter is usually finely disseminated in the bulk ore 
containing large proportion of undesirable gangue material. Mineral 
Processing aims at enriching the ore by getting rid of some of this gangue 
material making use of differences in many of the physical properties of the 
two. In order to be able to achieve this, the valuable mineral must be physically 
liberated from the gangue by size reduction as indicated by the liberation 
characteristics. In doing so, we end up having a wide range of sizes of the 
ground ore. This range and the material content in each smaller size ranges 
are collectively known as size distribution. 

This distribution is a very important aspect in mineral processing. There 
are several issues associated with it. The most important is the fact that size 
reduction or comminution is an energy intensive operation. Therefore, the 
final size distribution must not be finer than what is required for liberation. 
Also, the size distribution should be such that the amount of ultrafines in the 
distribution is minimum. This is necessary for the fact that processing fines 
is extremely difficult and expensive. 

Due to the nature of the ores the valuable mineral or the gangue may 
get segregated in certain size classes. In such cases downstream processing 
may take advantage of such phenomena. Hence, the importance of size 
distribution is widely acknowledged. 



The following example elaborates the utility of size distribution. In 
this example 1 ton of boulders have been broken into particles less than 1 
mm. The crushed material is sieve analysed and the data are shown below in 
Table 2. 

Table 2 : Typical size distribution data 

Size range 
(micron) 

Weight 
(kg) 

Weight 
(%) 

Passing Size 
(microns) 

Passing 
(%) 

1000-500 30.8 3.08 1000 100.0 

500-250 209.4 20.94 500 96.92 

250-150 256.8 25.68 250 75.98 
150-75 212.3 21.23 150 50.30 
75-38 163.6 1636 75 29.07 

38-0 127.1 12.71 38 12.71 
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Fig. 4 : Size distribution plot 

Usually, the data in the last two columns are plotted with size in the 
abscissa as shown in Figure 4. In the Figure, three parameters are shown. 
These are the sizes at which 20%, 50% and 80% of the material pass. These 
sizes are known as d20, (150 and d80 respectively and are used to quantify 
the distribution. In this example, they are 52, 148 and 282 microns 
respectively. 
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There are several mathematical functions to represent various size 
distributions. The most common one is known as the Rosin-Rammler 
distribution. According to this distribution, if the passing size is denoted as 
dp and the percentage of material passing this size as P(dp) then 

P (c1 r ) = 1 — exp[ —(c1 I d *p)a 	  (1) 
Where dp* and a are characteristic parameters of the size distribution. 

1.4 COMMINUTION 

The process of size reduction is known as comminution. In mineral 
processing parlance, comminution in coarse range is known as crushing and 
in fine range it is called grinding. 

Generally, crushing is carried out in two stages, namely, primary and 
secondary crushing. Jaw and Gyratory type crushers are used mostly for 
primary crushing. They are characterized by wide input side (known as gape) 
and narrow discharge. They can handle large tonnage of material. Jaw crushers 
produce a reduction ratio of 4:1 to 9:1 while gyratory crushers produce a 
somewhat larger range of 3:1 to 10:1. The reduction ratio is defined as the 
representative feed size by representative product size. 

Once the run-of-mine (ROM) ore is crushed to smaller pieces by the 
primary crushing units, the secondary crushers are employed to achieve further 
reduction in size. Examples of secondary crushers are cone crusher, impact 
crusher and roll crusher. Cone crushers produce reduction ratios in the range 
5:1 to 8:1. Very high reduction ratios, 20:1 to 40:1, can be achieved using 
hammer type impact crushers. However, roll crushers do not offer high 
reduction ratios. They can attain ratios only in the range 2:1 to 4:1. Roll 
crushers also have the limitation on feed size. Very large size particles can 
not be gripped by the rollers and the angle of nip is the key parameter in this 
regard. Rotary breakers are also used for comminution in coarse size range 
particularly in coal preparation. 

Comminution is a very energy intensive operation. Generally speaking, 
the more energy that is absorbed by the particle, the finer the average size of 
the product population. If dp is a representative size of a distribution (usually 
d80), the relationship between comminution energy absorbed per unit mass 
and the representative size is defined by a differential equation: 

dE/dd p  	 (2) 

where, E is the energy absorbed and n is an exponent whose various 
values have been suggested by different workers. 

The above equation can be solved with the initial condition that E=0 
when dp=dp, (product size = parent size) to get (for n # 1): 



k 	1 	1 
n –1 cl"' 

P 

Thus, when n = 1 (Kick's Equation): 

E.kln d p  
When n = 1.5 (Bond's Equation): 

,„ 1 	1 E= L/C L— — , 
d" 2  (1"; 2  

P- 

When n = 2 (Rittinger's Equation): 

,r 1 	1 , E. icL ---j d p  dp, 

The later two equations are generally used to estimate the energy 
consumption for comminution. The work index of a material is calculated 
using Equation (5), that indicates the ease or difficulty of comminution in 
terms of energy requirement. 

Grinding machines in the mineral industry are of tumbling mill type. 
These mills exist in a variety of kinds such as ball, rod, pebble, autogeneous, 
semi-autogeneous, etc. Grinding action is induced by relative motion between 
the particles of media - the rods, balls or pebbles and the particles themselves. 
High compression roll mill and fluid energy mills are recent developments 
in comminution technology. 

There are two different types of motion of media particles in the mill, 
namely, cascading and cataracting generating from the tumbling motion of 
the mill. When the particles move along the inner surface of the mill shell, 
lifted up, loses contact with the surface and travel downward in a trajectory 
through the empty space inside the mill resulting in an impact on contact 
with the inner surface again, the motion is called cataracting. This motion 
produces less amount of fines. 

When the media particles move up and then roll down along a parabolic 
path while remaining within the bulk itself, the motion is called cascading. 
This motion generates fines and to be minimised to the extent possible. Clearly, 
at lower rpm of the mill cascading is predominant and higher speed is 
necessary for cataracting motion. However, this is restricted by the critical 
speed, a very crucial parameter, of the mill. 

(3)  

(4)  

(5)  

(6)  



Fc  

Fg  

Fig. 5 : Forces on a media particle in a tumbling mill 

When a media particle is moved up the two forces acting on it are the 
centrifugal force Fc and the gravitational force Fg. Balancing them in the 
radial direction and simplifying, 

28 1/2  

 (7) C° =[-D.  

where ? is the angular speed and Dm is the mill diameter. Expressing 
angular speed in revolutions per minute, 

423 
(8) 

This is the critical speed of the mill beyond which the media particles 
will remain centrifuged at the wall resulting in no impact or grinding action. 
Thus, the mill must be operated below the critical speed. 

In industrial practice, most comminution operations are closed circuit 
except primary crushing. A comminution circuit is said to be closed when it 
operates in series with a size classifier and the coarose fraction of the classifier 
is re-circulated back into the comminution unit. A secondary crusher with a 
vibrating screen and a ball mill/rod mill with a hydrocyclone are most common 
closed circuit comminution operations in mineral processing plant practice. 

Most industrial grinding circuits are operated under wet conditions. 
This circuit ensures a steady output of desired sized particles with a suitable 
distribution. The mass flow rate of the output of this circuit must remain 
reasonably constant with a pre-set value of the representative size (d80). 
Deviation from this target will result in under-utilization or choking of 
downstream processing stages. There are several variables that can be 
monitored and controlled to achieve this target. Mill charge, feed rate, pulp 
density, classifier feed pressure, etc., can be measured and adjusted to the 
required value to ensure smooth operation and obtain output of required 
specifications. 
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1.5 CLASSIFICATION 

Classification is a method of separating of minerals into two or more 
products on the basis of size. In coarse size range this may be achieved 
under dry conditions. However, starting from grinding most operations are 
generally performed under wet conditions in mineral processing. When a.  
solid particle falls in fluid (water) medium there is resistance to this movement 
and the value increases with velocity. When equilibrium is attained between 
the gravitational and fluid resistances forces, the body reaches its terminal 
velocity and thereafter falls at a uniform rate. This terminal velocity is function 
of the particle size and density. 

Classifiers consist essentially of sorting column in which a fluid is rising 
at a uniform rate. Particles introduced into the sorting column either sink or 
rise according to whether their terminal velocities are greater or less than the 
upward velocity of the fluid. The sorting column therefore separates the feed 
into two products - an overflow consisting of particles with terminal velocities 
less than the velocity of the fluid and an underflow of particles with terminal 
velocities greater than the rising velocity. 

Classifiers are divided mainly into two broad classes depending on the 
direction of flow of the carrying current. Horizontal current classifiers such 
as mechanical classifiers, spiral classifiers, rake classifier are essentially of 
the free settling type. Vertical current or hydraulic classifiers such as 
elutriators, hydrocyclones, hydrosizers are usually of hindered settling types. 
Sieve bends are also commonly used for classification. 

Hydrocyclone 
Hydrocyclones (Figure 6) are continuously operating classifying devices 

that utilise centrifugal forces to accelerate the settling rate of particles. It is 
one of the most important devices used in the mineral industry. Hydrocyclones 
operate under pressure. The feed, a mixture of water and solids, enters the 
hydrocyclone tangentially through the inlet, which forces the mixture to spin 
inside the cyclone. This spinning motion generates centrifugal forces, which 
cause the air to disengage quickly and exit through the vortex fmder. 

The liquid passes down into the conical section where the reduction in 
diameter accelerates the fluid thus generating centrifugal forces strong enough 
to cause the solids to separate from the liquid. The larger particles are forced 
towards the wall because of greater mass and then travel down the length of 
the conical section of the hydrocyclone in a spiral pattern towards the solids 
outlet, termed the underflow. The liquids migrate towards the center of the 
hydrocyclone where the flow reverses and moves upwards towards the 
overflow through the vortex finder. The finer particles do not get centriguged 
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Fig. 6 : Schematic of a hydrocyclone classifier 
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Fig. 7 : Partition curve of a hydrocyclone 
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