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ABSTRACT 

Dry mineral separation study was carried out from various published articles, journals, 

textbooks, conferences etc, according to different authors on various dry separators ranging 

from the magnetic separators, gravity separators, electrostatic separators, and sensor-based 

separators. The potentiality and effectiveness of these separators were investigated to 

understand their different mode of operation, performance characteristics on various kinds of 

minerals, operability, and maintenance cost, including their limitations on usage. Handling 

finer particles that are smaller than 75µm has been a common challenge in dry separators. 

Among various dry mineral separators studied, electrostatic separators have a greater potential 

in handling particles smaller than 75µm, followed by the Knelson concentrator which is a type 

of gravity separator, and it was able to separate mineral particles that are smaller than 75µm 

down to 45µm small-scale pilot trials. Furthermore, magnetic separators have been widely used 

in dry separation of minerals. 
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1.0 INTRODUCTION 

One of the basic requirements for sustainable development is the availability of water because 

of its role it plays in economic growth, energy, and food production as well as human health 

and ecosystems. The scarcity of water has been considered as one of the top five global risks 

for the last seven years according to the data from the World Economic Forum and in addition, 

the United Nations has also predicted a 40% shortfall in water by the year, 2030 and, the lack 

of availability of sufficient water mostly in arid and semi-arid regions is equally a call for water 

conservation. As a result, water scarcity is a major threat to a sustainable future and must be 

properly controlled and conserved. One of the present-day challenges faced by the mining 

industries is the availability of water, the high cost of water treatment as well as the 

environmental impacts associated with the overall activities involved in excessive use of water 

in mineral processing. These challenges are better reorganized following the demand to solve 

the possible water crises in the nearest future. Different mineral ores consume a different 

quantity of water to process it to their desired state and this water consumption depends on 

varying factors associated with the ore types, its mineral grains, sizes, shapes density etc. For 

example, cleaning high ash coal consumes about 5-10 tonnes of water to process 1 tonne of 

coal (Arsentyev et al. 2016). In addition to this, about 1.5 – 3.5 metric tonnes of water are 

required to process 1 tonne of copper sulphide ore, 2.5 – 3 tonnes of water are needed to process 

1 tonne of copper porphyry ore and about 4 – 5 tonnes of water are required to process 1 tonne 

of copper sulphide ore (Bleiwas, 2012), the consumptions vary depending on the factors listed 

above. This data has in no doubt, shown that excessive water is consumed to process a mineral 

ore and, hence, going according to this data with these contributions mainly from mining 

industries only, will facilitate the rate of reaching the predicted global water scarcity which will 

eventually affect the future of mining and mineral processing industries. It is against this 

background that the need and importance to look for a better technology, a technology that uses 

little or no water for the various activities involved in the overall value-chain in mineral 

processing is established, which can greatly reduce the cost of its operations. The concept of 

dry and or waterless mineral processing from mine to mill is a crucial study as mining and 

mineral processing have always been heavily dependent on water for mineral extraction and 

so, the need for the conservation of water in the mining industry cannot be over-emphasized. 

 Some progress has been made in the development of new technologies that can be used 

for water regulations by many mining companies. These technologies can be applied for 

dewatering and filtration processes. The most common amongst them are the Metso VPX filter 
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and the Outotec second-generation paste thickener. They are mainly applied in water recycling 

and not necessarily for dry or waterless mining and mineral processing. However, there have 

also been some achievements by many of these companies in going dry processing of minerals. 

Anglo American and Newmont Goldcorp have been the most two vocal companies on the 

forefront of going complete dry/waterless mining and mineral processing. Currently, Anglo 

American company operates on a closed-loop approach to water dependency in which more 

and more water used are recycled and reused again and again (Leonida, 2019). One of the 

important future priorities of this company is creating a waterless mine, a mine that does not 

make use of water beyond the ramp-up phase in their mining processes. This company has 

employed many disruptive technologies with the basic aim of completely going to waterless 

mining and mineral processing. They have employed varying new technologies on their dams, 

processing units and tailings unit. On the tailing’s aspect, they employed an approach that 

combines coarse-particle flotation to concentrate the mineral and dry stacking technology to 

dewater the residual waste. These concepts provide an opportunity to float particles larger than 

the normal sizes thereby providing room to extract water from the process and leaving waste 

stream that is completely dry and stackable. In addition to this, they have also employed a 

technique that uses a bespoke polymer to separate the ore from the remaining waste rock 

particles instead of using water. This technique is a non-aqueous processing technique 

developed in partnership with the global leader in science and innovation. Newmont Goldcorp 

have also played a major role for going waterless mining and mineral processing. One of the 

roles is the conceptualization of Ecotails solution which provides an opportunity to reuse a 

significant amount of water use for mines tailings. The technique blends filtered tailings with 

the waste rock in transit (co-mingling) creates create a geotechnically stable product known as 

GeoWaste that is relatively easy to convey with its high rigidity when stacked (Leonida, 2019). 

Dry mineral processing mostly can be carried out by a physical separation process. This 

can be achieved by any of these processes such as gravity concentration, magnetic separation, 

electrostatic separation, dense medium separation, sensor-based separation etc. These 

processes are usually based on the ore’s physical properties which includes the particle size, 

particle density, shape, colour or light absorption, magnetic susceptibility, and the electrical 

conductivity properties etc. 
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1.1 AIMS, OBJECTIVES AND SIGNIFICANCE OF THE STUDY 

This research work aims to carry out a literature study on what has been done regarding 

dry/waterless processing of mineral ores. This includes finding various techniques that can be 

used to process minerals in their dry forms across the whole value chain from mine to mill. 

This also includes examining the most widely used techniques, their suitability in various types 

of minerals with their limitations in respect with their different applications. The objectives are 

to compare the data obtained from various authors from the literature with that obtained from 

companies that manufacture and offers the dry processing equipment to find out which 

techniques requires improvement. 

  

1.2 MOTIVATION AND PURPOSE FOR THE STUDY 

The motivation comes from how to positively contribute to the millennium development goals 

by ensuring good environmental benefits across the whole mining process. Management of 

mine tailings during and after mining reclamations is considered one of most the important 

environmental problems that affects the mining operations across the globe. This results mostly 

from the high dependency on the use of froth flotation downstream in mineral processing which 

consumes large amount of water that ends up in the mine tailings, and this is mostly associated 

with different chemicals used in processing the minerals into its desirable state which are 

considered harmful to the environment. The purpose is to ensure that zero and/or less quantity 

of water is used in the mining and mineral processing industries and going to complete dry 

mineral processing will greatly reduce the environmental impacts associated with the wet 

mineral processing in such a way that the tailings generated in dry processing such as dry 

stacking can concurrently be reclaimed with the native soil and vegetation with no prior 

damage to the soil. 

 

1.3 RESEARCH PROBLEMS AND RESEARCH QUESTIONS 

a). Common challenge with dry separation methods is the handling of fine particles (-75µm~ 

or even coarser). Are there ways to minimize the generation of fines or otherwise improve their 

processing? 

b). Most common comminution methods in traditional circuits are tumbling mills (ball and rod 

mills) that are very energy inefficient and even more so than dry processes. There are however 
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several other mill types on the market and up and coming like HPGRs, stirred mills, etc. Do 

any of these show benefit with respect to dry processing? 

c). Transportation of dry ore between different unit processes safely and efficiently. What ways 

are there especially for finer (~300-75µm) particles? 

d). Dust generation is one of the most hazardous aspects of dry separation. What are the 

possible ways to minimize their generations? 

e). Is dry separation a green technology? 
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2.0 METHODOLOGY 

The research is solely based on the desktop review of dry/waterless processing of mineral ores. 

Majority of the data and information used in this paper were sourced from the list of the 

following  articles and journals from; international journal of mineral processing, international 

journal of mining science and technology, fuel, minerals engineering, minerals & energies 

(MDPI), science direct, advanced power technology, power technology, separation science and 

technology, Scandinavian journal of metallurgy, international journal of coal preparation and 

utilization, international journal on mineral processing and extractive metallurgy, journal of 

materials research and technology, minerals and metallurgical processing, journal of minerals 

and materials characterization and engineering, international journal of engineering and 

applied sciences etc, with Elsevier, as the publisher for majority of these journals. The paper 

also utilizes information from various conferences related to mining and mineral processing, 

including various textbooks on mining, mineral processing, and engineering. Dry processing 

of mineral ore can generally be regarded as a physical separation of the valuable ore minerals 

from gangue minerals. This can be done either by magnetic separation, gravity separation, 

electrostatic separation, sensor-based separation and among other methods. Data obtained were 

based on the previous and existing research carried out by many authors regarding dry mineral 

separation methods. There were numerous data and information found especially on the 

magnetic and gravity separators as when compared with other dry mineral separators.  Due to 

large volume of water consumed during mineral processing, it has become imperative to 

consider the possibility of having a shift from the wet-based mineral processing to a dry-based 

mineral processing in order to reduce the water consumption. In addition to this, there has 

equally been extensive research in dry grinding of mineral ores with varying sizes, and as a 

result, extending this process down to mineral processing is an important aspect. Froth flotation 

has been one of the regular methods of handling minerals of finer particles less than 75µm. 

However, data collated from the existing literature has seen an extensive application of dry 

magnetic and dry gravity mineral separation mostly on coarse particles and particles larger than 

75µm. But with the advent of electrostatic mineral separation. It is possible to handle particles 

that are even less than 1um with higher separation efficiency. In this paper, data collected from 

the literature with respects to these dry separators with their various applications in dry 

processing of minerals were analysed including the ones obtained directly from the mineral 

processing equipment manufacturers.  
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2.1 ORE MINERALOGY 

Ore mineralogy is an important phenomenon that needs to be considered while discussing 

various dry separation techniques. It is necessary to understand the process mineralogy of 

minerals which can help in addressing problems associated with dry beneficiation of minerals. 

This also helps to give a clear indication with respect in choosing the best dry separation 

method. Bradshaw (2014), pointed out some important attributes that needs to be considered 

such as the characteristics of the elements in the mineral ore, bulk modal mineralogy, grain 

size, texture, and association. These important features to be considered are in fact very limited 

because ore mineralogy is a complex topic on its own but however, they contribute largely to 

deciding the best separation process. Kormos et al. (2010), stated that characterising the 

element of interest within the minerals present in the ore in order to define the elements 

entitlement is the first step in identifying the mineralogical limit to separation. Kormos et al. 

(2010), went further to demonstrate how this can be achieved by making use of the combination 

of the new advanced automated scanning electron microscopy QEMSCAN and a microscope 

which helps to provide access to wealth of information. The QEMSCAN gives information on 

the modal abundances including the textural quantification of the mineral elements while the 

microscope gives information about the mineral composition. The above-named attributes 

serve as the basic principles in identifying the varying features and characteristics of ore 

elements and hence, deciding the best dry processing techniques.   

According to Dwivedy (1998), good knowledge of the ore mineralogy as well as its 

mineral assemblage plays an important role for selection of best magnetic mineral processing 

techniques for concentrating different ore minerals. Among other dry separation methods, 

understanding the mineralogical behaviour in dry magnetic separation has continued to gain 

more attention but is still very limited. Mineralogical influence on separation behaviour in dry 

magnetic separation is still very limited according to Bhoja S K, (2021), and there is need for 

further studies, but this is not the same case with the wet-based magnetic separation. In wet-

based magnetic separation method, differences in the mineralogical constituent have a different 

influence on the magnetic field and as a result, the parameters used in operating the magnetic 

separator needs to be changed in order to obtain the optimum metallurgical performance 

(Güven et al., 2012). Mineralogical study in wet-based separation has given greater 

understanding on the mineral separation behaviour. For example, in handling of deleterious 

minerals largely depends on the knowledge on the mineral deportment and texture. Kormos et 

al. (2010), demonstrated the bottleneck surrounding the flotation of mineral containing bismuth 
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which was not possible to separate from the concentrate but with the help of a good mine plan, 

it was possible to blend and dilute the bismuth content prior to feeding. This and some other 

reasons could serve as a basis for more research on their improvement in dry separation. 

Furthermore, as we all know, change is a constant phenomenon and mineralogical change 

tantamount to dry separation should always be accounted for beforehand. It is therefore 

important to consider these changes in the research and design of dry separation techniques in 

order to improve their effectiveness and performance.   

According to Bhoja et al. (2021), on their attempt to study the influence of mineralogy 

on dry magnetic separation of ferruginous manganese ore, certain minerals are liberated at a 

particular size fraction such as bixybyite (75µm), geothite (80µm), cryptomelene (160µm), 

hematite (165µm) etc including pyrolusite which is liberated evenly in all the size fractions. 

this mineralogical study provides information on the minerals which are likely to be recovered 

more within the magnetic, middling, and non-magnetic fractions. These indications help to give 

valuable information on grade and valuable ore recoveries as well as in their upgradation. 

Mineralogical knowledge of various ore minerals provides information on the size distribution 

of particles and this principle can be applied to various dry separating techniques but with the 

sole aim of the technique that can produce the required grade and recovery. 

 
2.2 THE EFFECTS OF VARIOUS DRY COMMINUTION METHODS ON DRY 

MINERAL SEPARATION. 

Dry comminution is widely known as crushing and grinding mineral particles without the use 

of water. Mineral particles are ground in their finer particles for easy separation. There are 

basically two goals associated with mineral comminution, the first one is to achieve a liberation 

purpose while the second is to adjust the size of the mineral particles in order to adapt to the 

optimum size for the successive separation processes (Inoue, 2011). Comminution is 

considered as the first preliminary stage in mineral separation. In most cases, operating cost 

could be reduced depending on the type of mineral in consideration, and this could be achieved 

especially for coarse size particles where particle separation could be possible with screening 

process prior to grinding (Inoue, 2011). The concepts prevent unwanted gangue materials from 

being processed downstream. The mineral processing technologies are capable of grinding ores 

to a finer and more ultrafine particle sizes of 32µm especially in wet mills. However, their 

interest on further research in dry comminution through to dry magnetic mineral processing 

has increased recently although there has not been any significant breakthrough (Baawuah et 

al. 2020). There are various comminution methods available today for mineral processing. 
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Crushing and grinding are the most common comminution methods and there are quite a variety 

of many grinding mills available today, starting from the old conventional/traditional tumbling 

mills (ball and rod mills) which consumes a lot of energy, the stirred mills and up to the new 

advance energy efficient high pressure grinding rolls (HPGRs) and the novel super fine crusher 

(SFC). Crushing itself consumes less energy than milling (Baawuah et al. 2020). For more 

clarity and for the purpose of this study, the various crushing and grinding methods are 

tabulated in table 2.1 below with respect to their applications in wet and dry mediums.  

Table 2. 1: Different comminution methods and their applications in wet and dry milling. 

 

The table showed that the new energy efficient comminution methods (HPGR, SFC and 

stirred mills), has more applications in dry comminutions, and HPGR and SFC can be fitted 

with an air classifier in most cases to improve energy efficient grinding. These new 

technologies can reduce the rate of energy consumption. They come from the realm of high 

energy efficient technologies, that are capable of handling bulk, coarse and fine particles at a 

reduced energy consumption.  HPGR and SFC along with stirred media mills (IsaMills) has 

gained more interest in dry processing of minerals especially to the minerals of magnetite 

origins in steel production. Dry comminution has significantly lowered the rate of media 

consumption and liner wear, be it stainless or steel media thereby reducing the pulp 

concentration in downstream separation when compared with wet grinding or comminution. 

Palm et al. (2010), studied the effect of using different comminution methods in both dry and 

wet milling and their effect on sphalerite separation and the result showed that dry 

comminution/milling have more fines particles which eventually resulted to a high recovery of 

the zinc due to high abrasive environment of the particles when compared with the wet milling. 
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The highest grade of 40% was seen with a 94% zinc recovery in dry milling when compared 

with the wet milling.  

HPGR is mostly used in mineral comminution for preparation of feed for subsequent 

milling and SFC is mostly used for crushing finer and ultrafine particles prior to milling. One 

of the most important limitations associated with the use of HPGR is the edge effect which 

provide room for production of coarse particle sizes. This is attributed to the large amount of 

pressure force from the centre area of HPGR than to the left and right edges. In most cases, 

products from the HPGR can be sent to SFC technique for re-crushing so as to generate the 

final products. Application of high-pressure grinding rolls (HPGR) in dry mineral processing 

was compared with the novel superfine crusher (SFC) was studied by Baawuah et al. (2020) 

on magnetite ores and the results shows that both techniques yield statistically same separation 

efficiency, but the HPGR has better recoveries with high gangue rejection value than the SFC, 

although, there is a better mineral upgrade from the SFC than the HPGR. In addition to this, 

the application of the novel superfine crusher (SFC) and the pneumatic planar magnetic 

separator (PMS) as a dry comminution as well as magnetic separation techniques for fine-

grained magnetite ore processing over the HPGR in terms of energy efficient has proven to be 

positive in that PMS and SFC provide more energy efficient dry processing of magnetite ores 

over the wet processing counterpart (Baawuah et al., 2020).  

The dry comminution has a better cost savings not only in energy consumption, but also 

on unnecessary costs associated with environmental issues. This was confirmed by Baawuah 

et al. (2020) on their study on economic and socio-environmental benefits of dry beneficiation 

of magnetite ores. They demonstrated that dry processing flowsheet resulting from dry 

comminution from the novel superfine crusher (SFC) offers a significant energy and cost 

savings with relatively high revenue generation and less environmental risk. Even though these 

techniques cannot directly handle dry separation of mineral particles, but their contributions 

towards ensuring an efficient dry separation downstream have called for their possible research 

and improvement. Areas of improvement could come from grinding particles into finer sizes 

with rougher surfaces. Fine particles with rougher surface areas tends to hinder separation 

efficiency but this depends on the type of mineral. According to Chelgani et al. (2019), one of 

the major drawbacks is the ability to cause high surface roughness on the particles which might 

greatly affect mineral separation especially in wet flotation. Of course, this is more observed 

especially with the traditional dry grinding in tumbling mills through wet froth flotation with 
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high energy consumption. So, it is important to study the effects of these particles in various 

dry mineral separations.  
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3.0 DRY MAGNETIC SEPARATION METHOD 

3.1 BASIC PRINCIPLES  

Generally, magnetic separation involves separation of mineral particles between the valuable 

minerals and the gangue minerals based on their differences in the magnetic susceptibilities. 

Particles are separated with the forces exerted by the magnetic field. Particle separation is 

obtained by passing ore particles through a spectrum of different magnetic field with sufficient 

magnitude. Particles that are more magnetically active are retained within the vicinity of the 

magnetic separator while the particles with less or non-magnetic properties are thrown farther 

away from the magnetic zone. Various ore minerals respond differently according to their 

magnetic field intensities. Ore particles that have high magnetic field are regarded as being 

paramagnetic while those with no magnetic properties are regarded as being diamagnetic. Other 

mineral ores with a very strong magnetic particles comes under the group of ferromagnetisms. 

Such ores include iron, magnetite etc. Pyrrhotite, hematite, ferberite, franklinite, ilmenite, and 

siderite belong to the paramagnetic ore minerals while ores of silica, bismuth, skutterudite, 

cobaltite etc. belongs to the diamagnetic ore minerals (Tripathy S. et al., 2017). The scope of 

this study is limited mainly to the applications, performances, and limitations of various 

magnetic separators and because of this, we will not be discussing further on the basic 

elementary principles involved in magnetism. 

 

3.2 MAGNETIC SEPARATORS AND THIER CLASSIFICATIONS 

Generally, magnetic separators are grouped into two basic separators, the low-intensity 

magnetic separators and the high-intensity magnetic separators. The former tends to have lower 

magnetic field intensity than the latter. High intensity magnetic separators are mostly applied 

to non-metallic ores or low metallic ores due to their high magnetic field intensities unlike the 

low intensity magnetic separators which are mainly restricted in removing tramp iron and 

strongly magnetic impurities with large particle sizes (Kim, et al., 2010). Low intensity 

magnetic separators also find its applications in ore of magnetite origins. Examples of low-

intensity dry magnetic separators are rotation discs, belt magnetic separators etc. Dry high 

gradient magnetic separators (HGMS) are mostly applied in the purification of non-metallic 

ores. (Tripathy et al., 2015) was able to classify high intensity magnetic separator with respect 

to their predictions on separation performances. The classification is based on the magnetic 

field intensity as they come under the following categories: 
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1. Dry permanent magnetic separator: This category has the following separators. Dry 

drum magnetic separator, rare earth drum magnetic separator and rare earth roll 

magnetic separator.  

2. Dry electro-magnetic separator: This category has the following separators. Induced 

roll magnetic separator, lift roll magnetic separator, cross belt magnetic separator and 

cross disc magnetic separator. 

3. Wet permanent magnetic separator: This category has the following separators. Wet 

drum magnetic separator, rare earth wet drum magnetic separator and ferrous wheel 

magnetic separator. 

4. Wet electro-magnetic separator: This category has the following separators. Wet high 

intensity magnetic separator, high gradient magnetic separator – (Vortex magnetic 

separator, SLON), Open/close gradient magnetic separator, roll-type wet magnetic 

separator and cryofilter superconducting separator.  

The working range for these magnets with their magnetic field intensities are shown in 

figure 3.1 below. 

 
Figure 3. 1: The working range of different magnetic separators and their magnetic field intensities (adapted & 
modified, Tripathy et al., 2015).  
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Among these magnetic separators, the most applicable one in dry magnetic mineral processing 

includes the cross belt magnetic separator (CBMS), permanent roll magnetic separator 

(PRMS), induced roll magnetic separator (IRMS), lift roll magnetic separator (LRMS), rare 

earth roll magnetic separator (RERMS) (Norrgran & Mankosa, 2006; Svoboda, 2004; Dwari 

& Rao, 2007; Watson, 1976). 

The efficiency of the magnetic separators largely depends on the type of the magnet 

used with respect to its strength, volume, and magnetic susceptibility of the components. 

Magnets can be grouped as permanents, conventional and superconducting magnets. 

Conventional magnets find their applications in both low intensity magnetic separators and 

high intensity magnetic separators. They can be used to separates particles that are composed 

of varying magnetic susceptibilities. Examples of this types of magnets are the Induced roll 

magnetic separator (IRMS) which can be applied for low intensity magnetic separators with 

0.2 tesla (T) and high intensity magnets with 2.2T. They are mostly valid within a particle range 

~74–700µm but not more coarse particles which might clog the separator. Permanents magnets 

are other groups of magnets which have higher magnetic field gradient. Rare earth rolls 

magnetic separator (RERMS), and rare earth drum magnetic separator (REDMS) belongs to 

this group. The RERMS is more suitable for dry separation applications than the IRMS. The 

superconducting magnets can produce higher magnetic field intensity that are twice than the 

permanent magnets up to 5T. Because of this, it gives them permission for the separation of 

smaller particles that are mostly in liquid or gaseous phase. High gradient magnetic separator 

(HGMS) and open gradient magnetic separator (OGMS) comes under this group. These two 

magnetic separators are not often commercialized because they lack efficient magnetic field 

strength with non-uniform distribution of magnetic induction (Tripathy et al. 2017). 

 

3.3 FORCE PARAMETERS & FACTORS AFFECTING MAGNETIC SUSCEPTIBILITY 

In mineral separation, there are some forces that can hinder particle separation. They come 

under gravity forces, centrifugal forces, inertia forces, hydrodynamic forces, interparticle 

forces etc. To separate minerals particles with strong magnetic forces, the magnetic separator 

must have a magnetic force stronger than the magnetic force of the particles including other 

external competing forces and for the weak/nonmagnetic particles, the magnetic force of the 

separator must be smaller than the sum of the other external competing forces (Svoboda, 2005). 

One important factor in magnetic property is that if there is too large difference between the 

magnetic force of the separator and the sum of the competing forces, it will be difficult for the 
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separator to distinguish the various magnetic components which responds differently to the 

applied magnetic field. In this case, it is usually recommended that the difference between the 

magnitude of these two forces should be quite smaller to ensure efficient separation. The effects 

of these forces decrease as the size of the particle decreases (Morrison, 1977).  Another factor 

comes under the magnetic field gradient. A magnetic separator is expected to have a sufficient 

magnetic field gradient to carter for a non-uniform magnetic field (Wells, 1991). The measure 

of the magnetic susceptibility helps to give a clear indication of the magnetic field and usually, 

minerals show a variety of response to the magnetic field due to differences in the mineralogy, 

and this can be applied for separating other similar minerals of the same property. (Svoboda, 

2004). 

Making choice of a type of magnet suitable for mineral separation is embodied with 

numerous factors. Factors such as particle size influence, particle density, shape, process 

parameters influence etc. are very important for consideration. Particle sizes can be affected by 

the rotor speed, feed rate, splitter position as well as the magnetic field intensity etc. which can 

directly or indirectly affect the separation efficiency as well as the mineral recovery. Many 

researchers have studied some of these influences while considering different dry high-

intensity magnetic separators. One of the most common separators is the induced roll magnetic 

separators (IRMS). According to Tripathy & Suresh (2017), coarse particle is segregated into 

the non-magnetic fraction while the finer particles are segregated into the magnetic fraction. In 

other words, magnetic product is finer in size distributions as compared with the non-magnetic 

products. By increasing the rotor speed of the IRMS will eventually results in throwing of the 

magnetic fractions into the non-magnetic fraction thereby leading to poor percentage yield of 

the magnetic product. The effects of rotor’s speed, and in addition with the splitter position has 

the major influence on the percentage yield when compared with other parameters. Splitter 

position splits the particles into magnetic and non-magnetic fractions. It is basically the angle 

with which the particle leaves the rotor surface and then touches the tip line of the splitter plate. 

When the splitter position moves towards to the center of the rotor of IRMS i.e., decreasing the 

splitter position angle, it results to an increase in the quality of the magnetic product but 

increasing the splitter position angle results to decrease in the magnetic yield of the product. 

Iron content is in maximum value with a better separation efficiency when the splitter position 

and the splitter angle are set to be minimum. 

The current strength of a magnet can affect the magnetic recovery of iron ores. Ezhor 

& Shvaljov (2015), stated that by increasing the current strength of an electromagnetic winding, 
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it increases the percentage yield of the concentrate production thereby increasing the iron 

content according to the laboratory-scale on EVS-10/5 magnetic separator for dry beneficiation 

of iron. Also, Cyclomag-100 dry magnetic separator can also be used to concentrate and 

recover a finely ground magnetite ore of size ~100µm according to (Kelsey, Kelly, & Skinner, 

2017).  

The difference in magnetic iron also affects the magnetic separation efficiency. For 

example, at a high magnetic intensity, manganese ore minerals respond differently to varying 

magnetic field, and this affects their magnetic efficiencies. Low-grade manganese ores are 

classified into in-situ magnetic separation and reduction roasting prior to magnetic separation. 

The in-situ does not require any pre-treatment of ores prior to magnetic separation while the 

reduction roasting involves the reduction of paramagnetic iron and manganese minerals. The 

paramagnetic hematite is reduced to ferromagnetic magnetite which enhances their magnetic 

susceptibilities, increasing their efficiency in separation (Deutman, 1922; Narayanan & 

Subrahmanyan, 1959). The reduction equation can be expressed as follows, 

2𝐹𝑒𝑂(𝑂𝐻) → 𝐹𝑒2𝑂3 + 𝐻2𝑂 − − − − − − − −(1) 

3𝐹𝑒2𝑂3 + 𝐶𝑂 → 2𝐹𝑒3𝑂4 + 𝐶𝑂2 − − − − − −(2) 

𝐹𝑒2𝑂4 + 𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2 − − − − − − − −(3) 

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2 − − − − − − − − − −(4) 

Dry magnetic separation studies on rare earth drum magnetic separator (REDMS) by 

Tripathy et al. (2016), were carried out on a high-grade chromite ores with coarse gangue 

particle sizes and on a low-grade chromite ores with gangue particles distributed at all size 

fractions and the results showed that both samples had their maximum ratio of Cr:Fe in non-

magnetic fraction at a lower drum revolution speed with a lower percentage yield and that even 

at an increase in the drum revolution speed, the percentage yield of the magnetic fraction was 

drastically reduced. This was attributed because of the change in the net resultant force on the 

particle that is being dominated by the centrifugal force that are acting on the particle. The net 

resultant force is basically meant to control how different particles flows in the magnetic field 

but in this case, the particle flow is basically controlled by maintaining the splitter position 

between the magnetic and non-magnetic fractions. There were no further studies on the 

application of this techniques because of its relatively poor separation. However, further studies 

showed that RERMS is more efficient for upgrading chromite ore minerals than the REDMS 

and IRMS respectively.   
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3.4 APPLICATIONS AND PERFORMANCE 

The beneficiation of ores of manganese, phosphate, chrome, tungsten, titanium, molybdenum, 

nickel, bauxite, and niobium-tantalum by magnetic separation is one of the most common, 

simplest, and inexpensive method of beneficiation process. Dry magnetic separators have their 

major applications on the separation of ores of iron and iron bearing materials, ferrous and non-

ferrous materials etc. It is possible to upgrade low-grade iron ore minerals by dry magnetic 

separation. Dwari, Rao, & Reddy (2013), applied both the dry and wet magnetic separator to 

upgrade a low-grade siliceous iron ore consisting of hematite, magnetite, and goethite as the 

main mineral ores. There is 67% magnetic iron concentrate with 90% iron recovery in dry 

separation for particles finer than 200µm. The use of dry fluidized magnetic separator on a 

mixture of magnetite and coal powder for its purification and recovery showed that the dry 

fluidized magnetic separator can improve the magnetic grade and equally obtain high 

purification efficiency (Song et al., 2019).  

Hematite is one of the most abundant iron-bearing minerals, but this mineral is found 

with wide range of gangue minerals such as silica, alumina, calcite etc. Processing of high-

grade hematite ores by dry beneficiation method is quite common when compared with the 

low-magnetite ores even though both are major contributor for steel production. This is 

because, most magnetite ores are of high mineralogical complexity owing to their fine grain 

sizes which require fine and ultrafine milling, usually particles finer than 45µm to sufficiently 

liberate the magnetite mineral from its gangue silica minerals. Therefore, most of its 

beneficiation are done by wet processing. Dry high intensity magnetic separation (DHIMS) 

was used for the processing of lean iron ores of hematite and limonite origin according to the 

study by Zhang et al. (2015) and it was found that there is a significant influence on the 

separation performance as well as the magnetic concentrate and recovery of iron for a coarse 

size particle that are below 10mm and this was largely contributed due to variation of the feed 

particle size and the drum rotation. However, the drum rotation speed affects the centrifugal 

force which directs the gangue minerals out of the rotating drum and that of the magnetic 

particles onto the rotating drum thereby improving the efficiency in separation. It was further 

found that the DHIMS process effectively discards the ore of less magnetic properties as well 

as the ones with the non-magnetic properties increasing the magnetic concentrate tonnage 

which also increase the economic viability and hence provides an avenue for the processing of 

the weakly magnetic lean iron ores.  



 

17 
 

Dry high intensity magnetic separator can also be applied in chromite ore minerals 

especially to the ores with high iron content as well ores with oxides and hydroxides of iron-

bearing minerals. These oxides and hydroxides can be quantified using thermo-gravimetric 

analysis (TGA) or simply put thermal gravimetric analysis, to enable a proper selection of a 

suitable separation process. Most of these hydroxide minerals come in form of goethite, 

gibbsite etc. Chromite ore can be separated by magnetic separation mainly in two ways; as 

magnesian chromite and as a ferrian type chromite. The magnesian chromite type are separated 

from the paramagnetic gangue minerals at a very high magnetic intensities while the ferrian 

type chromite can be separated by magnetic separation from the ferromagnetic gangue minerals 

at a low intensity (Tripathy et al., 2016). According to the study by Tripathy et al. (2012) on 

improvement in Cr:Fe ratio of Indian chromite ore for ferro chrome production using a dry 

high intensity induced roll magnetic separator and the result showed that high intensity dry 

induced roll magnetic separator can be used to improve the quality of the off-grade chromite 

ore and the grade 𝐶𝑟2𝑂3 content from 40.8% to 52.3% respectively at an optimal current and 

magnetic intensity regulations. 

Let us now have a look at the two explicitly explained practical application cases of the 

dry magnetic separators according to Mishra et al. (2009) and Hashemi et al. (2013).  

 
Table 3. 1: Dry magnetic separation for dry sieving samples (adapted & modified, Mishra et al. 2009). 

 

 
Table 3. 2: Dry magnetic separation for wet sieving samples (adapted & modified, Mishra et al. 
2009). 
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Table 3. 3: Wet magnetic separation at different magnetic intensities and size fractions (adapted & 
modified, Mishra et al. 2009). 

 

 

The list of the following tables (Table 3.1, Table 3.2 & Table 3.3) presents the values 

for the wet magnetic separation and dry magnetic separation from the wet sieved samples as 

well as the dry sieved samples according to Mishra et al. (2009). Mishra et al. (2009) compared 

the upgradation of low-grade siliceous manganese ore in two different cases, the wet-based 

magnetic separation and dry-based magnetic separation on a bench scale rare earth roll 

magnetic separator (RERMS). In general, Mishra et al. (2009) observed that in both cases, dry 

and wet conditions, the grade of the manganese minerals increases with a decrease in the 

particle sizes and the increase in the magnetic intensities results to an increase in the recovery 

and this is because of good liberation at finer size fractions. The intensity of 1.00T gives the 

best separation i.e., both processes shows that a recovery of >69% and >56% can be obtained 

for a magnetic product with >46% Mn and >42% Mn respectively. There is a better grade and 

recovery of manganese minerals from the dry magnetic separation than from the wet magnetic 

separation and with this regard, the dry magnetic separation could be considered for 

commercialization. They went further to study the effect of a possible coating of siliceous fines 

on manganese minerals which is likely to reduce the efficiency of the magnetic separation by 

first washing and sieving of the individual size fractions prior dry magnetic separation, but the 
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result showed no significant change with that obtained from the dry sieved sample. It was 

possible to upgrade the 26% low grade manganese ore to >45% manganese ore by dry 

separation process.  

Table 3. 4: The results for the D1 sample (adapted & modified, Hashemi et al. 2013). 

 

 

Table 3. 5: The results for D2 sample (adapted & modified, Hashemi et al. 2013). 

 

 

Table 3. 6: The results for the D3 sample (adapted & modified, Hashemi et al. 2013). 

 

 

The following tables presented above (Table 3.4, Table 3.5 & Table 3.6) presents the 

results for the iron samples for three different fractions D1, D2, and D3 respectively (Hashemi 

et al, 2013). Hashemi et al. (2013) were able to upgrade low grade iron ore by blending the 

samples in dry low intensity drum magnetic separator. Samples from iron ores are divided into 

three different stages D1, D2 and D3 with three different fractions (-1000, -850, -600) um 

respectively, in order to study the effect of griding on recovery. The magnetic experiment was 

done in rougher and cleaner stages while varying the drum rotation speed and particle size 

range and keeping feeding rate and drum diameter constant. Samples were first fed into the 

rougher separator and the concentrate collected were later fed into the cleaner separator at a 

higher speed, giving rise to another final concentrate and tailings. The iron concentration at D1 

increased to 68.75% above the required grade (>68%) in the -800µm size fraction with 70.46% 
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concentration in the -600µm size fractions. Iron grade at D2 was seen to be 63.98% in the -

600µm fraction while 49.87% grade was recorded in sample D3 sample. Since the grade of the 

remaining two samples D2 and D3 were quite below the required grade, the two grades were 

blended into weight ratio for steel producing by direct reduction method according to the 

following equation. 

𝑎𝐴 + 𝑏𝐵 = (𝐴 + 𝐵)68 ↔
𝐵

𝐴
=

𝑎 − 68

68 − 𝑏
 

Where:  

𝑎 = 𝐼𝑟𝑜𝑛 𝑔𝑟𝑎𝑑𝑒(%) 

𝐴 = 𝑇ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷1 𝑠𝑎𝑚𝑝𝑙𝑒(𝑘𝑔) 

𝑏 = 𝐼𝑟𝑜𝑛 𝑔𝑟𝑎𝑑𝑒(%) 

𝐵 = 𝑇ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷2 𝑠𝑎𝑚𝑝𝑙𝑒(𝑘𝑔) 

𝐵

𝐴
= 𝑇ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝐷2 𝑡𝑜 𝐷1 

 

 

Rare earth roll magnetic separators (RERMS) and induced roll magnetic separators 

(IRMS) are mostly used to upgrade different paramagnetic minerals in dry high-intensity 

magnetic separators due to their capability of handling bulk quantities. In most cases, they can 

be used as pre-concentrator unit or as a scavenging unit in other to remove a reasonable amount 

of gangue minerals in a single stage dry separator because, by so doing, it saves up the energy 

regarding the fine grinding of ore for liberation (Tripathy S. et al., 2017). 

 

3.5 LIMITATIONS 

One of the major challenges of the magnetic separators is that they cannot effectively overcome 

the mechanical entrapment of non-magnetic particles in handling of powder coagulant, and this 

has resulted to their selectivity issue that is hindering their applications (Waston & Li, 1991). 

The particle interactions in the powder coagulants tends to cause a blockage in the magnetic 

matrix which results in the deterioration of its performance. One solution adopted for this 

problem is the use of a vibration magnetic matrix that reduces the weight of the coagulation 

and minimizes the trapping of the non-magnetic particles. By so doing, it improves the 

competitive force over that of the magnetically attractive force acting in the magnetic particles 
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thereby improving the selectivity of the magnetic capture (Xiong & Liu, 2006). It is against 

this background that Liu X. (2007) designed and analyzed the operating parameter of a Slon-

1000 full-scale vibrating high gradient magnetic separator which can eliminate this powder 

coagulants. Chen et al. (2012) studied the effects of the ring rotation speed, magnetic induction, 

frequency of the ring and the vibrating amplitude on a dry vibrating high gradient magnetic 

separator for the purification of non-metallic ores. The results showed that these parameters 

have a significant effect on the performance of the separator. By increasing the ring rotation 

speed with the magnetic induction, it decreases the mass weight thereby increasing the iron 

removal rate of the non-magnetic product and by increasing the frequency of the ring with the 

vibrating amplitude results in an increase in the mass weight but a decrease in the iron removal 

rate of the non-magnetic product. It was concluded that this technique can effectively eliminate 

problems associated with the powder coagulation at an optimum vibrating frequency and hence 

improve the purification of the non-metallic ores. 

RERMS has one of its major drawbacks on the high rate of wear and tear of the roller 

belt. Most times, wearing nature of the bed could result to sagging of the belt which can affects 

its productivity. However, improvement on this under study for possible invention of beltless 

RERMS (Hughes, Roux, & Campbell, 2019). 

 Dry magnetic separation of ultrafine particles usually particles that are smaller than 

75µm is usually very difficult and has not gained much application. However, Cakir et al. 

(1977) argued that finer particles can be separated by increasing the rotor’s speed of a dry high 

intensity magnetic separators and by improving the magnetic field intensity of the magnetic 

drum assembly. This is according to the modelled work they did on particle trajectories on the 

newly developed two-drum eddy current separators using ECSIM software. They argued that 

even with the extensive research on dry magnetic separation techniques by many researchers, 

many authors concentrate more on the general description, design, and selection but little 

attention has been given to modelling. One of the reasons for lack of modelling in this area is 

the complexity in the theory and ease in conducting experiments. Detailed explanations on 

particle trajectories are giving under gravity separation as we are going to see in the coming 

sections. 

Dry magnetic separators have proven to have a low throughput than the wet magnetic 

separators. However, it is mostly efficient for particle size coarser than 75µm. This limitation 

can be enhanced by improving the particle flow in magnetic based separators.  
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3.6 OPERATING AND MAINTENANCE COST 

With regards to the study by Baawuah et al. (2020) on economic and socio-environmental 

benefits of dry beneficiation of magnetite ores, they showed that dry processing flowsheet 

offers significant energy and cost savings and equally improve generation of revenue as well 

as lowers environmental footprint and risks when compared with the wet processing flowsheet. 

Hematite is one of the most abundant iron-bearing minerals, but this mineral is found with wide 

range of gangue minerals such as silica, alumina, calcite etc. The use of froth flotation, gravity 

separation (heavy media separation, spiral concentrator, jigging) for hematite separation from 

the gangue minerals have proven to be very expensive and not environmentally friendly 

because of high rate of water consumption. As a result, magnetic separation for hematite 

separation has been of great advantage owing to its high efficiency in separation but its 

application in arid regions is limited due to low availability of water. On the other hand, the 

application of dry high-intensity magnetic separators on hematite separation is still very 

sketchy and research are ongoing for its vast applications. 

The RERMS is very compact, and it is built with a permanent magnet and requires a 

uniform feeding system which makes its cost effective in terms of operation and management. 

IRMS is considered as having the most sophisticated technology in terms of operation with 

high rate of operating cost and maintenance unlike the RERMS. However, both technologies 

can be fed with a fine material (< 3mm) and its products needs to undergo agglomeration for 

ferroalloy production usage by using a mechanical activation (Tripathy et al. 2016). Majority 

of RERMS and other separators comes under enclosed containers which provides easy access 

for transportation. They are mostly equipped with a dust container for entrapping dusts prior to 

the source. 

The dry magnetic separation is mainly concentrated in purification of the ore minerals 

especially with particles with finer sizes but usually not very efficient in terms of separation 

and this method is useful in places with low availability of water, and in addition, it reduces 

the cost of possible drying operation, and environmental issues. It is mostly applied when there 

is large number of non-magnetic commercial products with very little magnetic products. 
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4.0 GRAVITY SEPARATION METHOD 

4.1 BASIC PRINCIPLES 

Gravity separation can also be regarded as a density separation or specific gravity separation 

because particle density is the key factor in gravity separation. Specific gravity separation is 

based on the specific gravity theory which assumes that all the particles within a given mixture 

are never exactly in the same shapes and sizes. This can be clearly understood from the particle 

terminal velocity demonstrated in the following equation below: 

𝑉𝑡 = √
2𝑚𝑔

𝜌𝐴𝑓𝐶𝑑
 

 

Where: 

𝑉𝑡 = 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑚 = 𝑚𝑎𝑠𝑠 

𝑔 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 

𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝐴𝑓 = 𝐹𝑟𝑜𝑛𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 

𝐶𝑑 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑑𝑟𝑎𝑔 

The Frontal area explains the size of the particle while the coefficient of drag explains the 

relationship between the shape and the surface textures of the particle. Understanding the 

particle size and shape makes it easy for gravity separation to be possible because considering 

a gravity separation of particles of equal intensity on all bodies regardless of size or weight 

would never be possible unless there are some other resisting forces that are very sensitive to 

size and weight to balance it. Another way to understand how a specific gravity separator works 

is understanding the behaviour of the particle terminal velocity in the air and its stratification. 

The stratification tends to group the particles with higher terminal velocities as heavies and the 

particles with lower terminal velocities as light particles respectively (Mayo, Meadows, & 

Reid, 2014). 

Gravity separation is used for concentrating minerals and one of the most well-proven 

and accepted technique for centuries. This is because this technique has a low operating cost, 

ease of operation and is eco-friendly. It is generally applied in both dry-based and wet-based 

gravity separation methods while considering, the size, shape, density, and the specific gravity 



 

24 
 

of the separating particles. It also finds its applications in mineral processing involving sand 

(Rahman et al., 2016), including other hard rock minerals like tantalum, tin etc due to its high 

recovery at a minimal cost.  Separation of carbonate ores by gravity method is one of the oldest 

methods for upgrading this kind of ores and in most cases, it requires the application of other 

separation methods for complete upgrading of the carbonate ores. The use of gravity separation 

in gold and some platinum group elements (PGEs) such as platinum, palladium, and rhodium 

etc, minerals has proven its quick access in generating precious metal concentrate that are 

directly sold to the refineries which results in good payment terms, faster payback, and 

immediate cash flows. Gravity separation usually have a low throughput rate and it is necessary 

to consider their applications in various ore minerals. 

 

4.2 GRAVITY SEPARATORS WITH THEIR APPLICATIONS AND PERFORMANCE 

There are several techniques used in dry gravity separation over the last two decades. The most 

common techniques are air jigs, air table, air dense medium fluidized bed separator (fluidized 

bed), Pardee spiral separators, FGX separator, pneumatic reflux classifier, Knelson 

concentrator etc. Knelson concentrator is generally used as a hydraulic separator but in an 

interesting study by (Greenwood, Langlois, & Waters, 2013) on accessing the potential of using 

it as a dry processing technique to separate tungsten of high density which was used as a 

synthetic ore in place of gold, from silica of low density. The result showed that it is possible 

to separate tungsten from silica under dry condition although the separation efficiency was not 

as high as the wet process. Among the dry gravity separators, air table, air dense medium 

fluidized bed separator and FGX separator has gotten many applications with regards to dry 

gravity separation. The following paragraphs typically discussed various dry gravity 

separators.  

Air table (Air Table) is one of the most commonly used dry gravity separators. It is a 

pneumatic separating device in which the medium of separation is based on air. This machine 

is composed of wire mesh screen deck, a feed chamber, vibrating chamber, discharge sections 

etc. the particle separation occurs through the mechanism of fluidization within a shallow bed. 

Air is introduced through the deck chamber, and this forces a complex interaction of three 

forces namely, gravitational, fluidization and oscillatory forces which facilitate the 

stratification and movement of the particles on the deck surface. This forces the heavier 

particles to separate from the lighter particles and their trajectories are collected at separate 

locations of the table. Details about this will be explained in the ensuing paragraphs. Air tables 
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are mostly suitable for separation of dry uniformly sized solid particles which have varying 

specific gravity. Dry particles which are below 1mm in size cannot be separated effectively by 

using air tables (Kumar et al., 2010). The performance of the air table is affected mainly by the 

feed flow rate, deck eccentric speed, air flow rate, end raise, and side tilt. The separation 

efficiency is controlled by air flow rate and the end raise. Air table finds its application not 

only in mineral ores but also on plastic separation due to low density of air. According to 

Dodbiba et al. (2003), it was possible to obtain ~97% of separation efficiency from product of 

polyvinyl chloride (PVC) and polypropylene (PP) while having optimum regulation of feed 

flow rate, deck eccentric speed, air flow rate, end raise, and side tilt. The figure 4.1 below 

shows a typical air table. 

 
Figure 4. 1: The schematic diagram of a typical air table (adapted and modified, Das & Sarkar, 2018). 

 
Air table can be applied in ores from metalliferous origin but requires high density of 

air to fluidize these ores and it may likely complicate uncontrollable dust generation which 

might results to collection issues along with the loss of selectivity in separation. Dry 

beneficiation of coal has become of a common practice like the wet beneficiation due to its low 

consumption of water, ease of setting up the processing equipment even on-site, at a reduced 

cost with less transportation cost. It is mainly involved in the removal of ash-forming inorganic 

matter because most clean coal contains at least 10% moisture and removal by wet (gravity) 

separator is not efficient due to high moisture contents. A typical air table result for sub-

bituminous coal size is shown in figure 4.2 below. 
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Figure 4. 2: Segregation of coal and rock along the length of the vibrating air table (adapted and modified, Das 
& Sarkar, 2018). 
 

Air table as the separation technique is mostly based on densities of individual particles. 

On the experimental point of view, separation phenomena are based on the forces acting along 

the vertical stratification and horizontal segregation of the individual particles. Particle’s 

trajectories over the surface of the deck are computed from the forces acting on the particles 

along both directions. Particles along the vertical density stratification get drag, buoyancy and 

gravitational forces while vibrating, frictional and a component of gravity forces horizontally 

segregate different density particles. This principle is validated according to the mathematical 

model carried out by Chalavadi & Singh (2020), on the behaviour of dry mineral particles on 

dry density separators using air table. Chalavadi & Singh (2020) stated that dry density 

separation on dry density separators can be achieved either by using minimum fluidization 

velocity difference or by terminal velocity differences between the valuable mineral particles 

and the gangue particles. Chalavadi & Das (2015) confirmed this model experimentally by 

using dry coal beneficiation on air table. The particle movement leading to separation is 

subjected to varying forces as shown in the figure 4.3.  
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Figure 4. 3: Air fluidized particle leading to segregation (adapted from Chalavadi & Singh, 2020). 
 

The net balance of forces in the particle separation based on minimum fluidization velocity 

difference is expressed as follows; The force balance on vertical/z direction (Net force) = 

Gravitational force – Buoyancy force – Drag force. 

Mathematically shown as: 

𝑚
𝑑2𝑧

𝑑𝑡2
= (𝜌𝑝 − 𝜌𝑏𝑢𝑙𝑘)𝑉𝑝𝑔𝑒𝑓𝑓 −

𝑈𝑓 − 𝑈𝑠

𝜀𝑠
∗ (

150𝜀𝑠
2𝑈0

𝑑𝑝
2 ∗ 𝜌𝑏𝑢𝑙𝑘 ∗ 𝜀3

𝑣

+
1.75𝜀𝑠𝑈0

2

𝜀3 ∗ 𝑑𝑝
) 𝜌𝑏𝑢𝑙𝑘 

Where:      

ℎ = 𝑏𝑒𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

∆𝑃 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑏𝑒𝑑 

𝑈0 = 𝑆𝑢𝑝𝑒𝑟𝑓𝑖𝑐𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑈𝑠 = 𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑈𝑓 = 𝐴𝑖𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑣𝑜𝑖𝑑𝑎𝑔𝑒 

𝜀 = 𝑏𝑒𝑑 𝑣𝑜𝑖𝑑𝑎𝑔𝑒 

𝜌𝑝 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝜌𝑏𝑢𝑙𝑘 = 𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 𝑏𝑒𝑑 
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𝑉𝑝 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 

While the force balance causing horizontal segregation are resolved on both x and y-direction 

respectively. 

Net force along x-direction = Gravitational force – Frictional force along x-direction. 

𝑚
𝑑2𝑥

𝑑𝑡2
= 𝐹𝑔𝑠𝑖𝑛𝛼 − 𝐹𝑓𝑐𝑜𝑠𝛾 

Net force along y-direction = Gravitational force – Frictional force along y-direction. 

𝑚
𝑑2𝑦

𝑑𝑡2
= 𝐹𝑣𝑐𝑜𝑠𝜀 − 𝐹𝑓𝑠𝑖𝑛𝛾 

Where:  

𝛼 =  𝐴𝑛𝑔𝑙𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑛𝑑 𝑡𝑖𝑙𝑡 

𝛾 =  𝑇ℎ𝑒 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑎𝑛𝑔𝑙𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑑𝑒𝑐𝑘 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

The particles trajectories based on the equation is shown in the figure 4.4. 

 
Figure 4. 4: The particle trajectories of various density particles (adapted and modified, Chalavadi & Singh, 
2020). 
 

On the other hand, the net balance of forces in the particle separation based on terminal velocity 

difference is described as follows; The forces acting on the particles are resolved in both x and 

y-directions.  

Force balance along x-direction: 
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𝐹𝑥 = 𝐹𝑜𝑟𝑐𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑑𝑟𝑎𝑔 

𝑚
𝑑𝑉𝑥

𝑑𝑥
= −𝐶𝑑𝑉𝑥√𝑉𝑥

2 + 𝑉𝑦
2 

Force balance along y-direction: 

𝐹𝑦 = 𝐹𝑜𝑟𝑐𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 + 𝐹𝑜𝑟𝑐𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑑𝑟𝑎𝑔 

 𝑚
𝑑𝑉𝑦

𝑑𝑦
= −𝐶𝑑𝑉𝑦√𝑉𝑥

2 + 𝑉𝑦
2 

The particle trajectories with different densities based on the equation are shown in the figure 

4.5. 

 
Figure 4. 5: The trajectories of the particles having different densities (adapted and modified, Chalavadi & 
Singh, 2020).  
 

The figure clearly showed that less-dense particles are separated father away from the 

high-dense particles. The principle ensures the air velocity must be high enough for both the 

low-density particles and the high-density particles, which can blow the low-density particles 

father away from the high-density particles. However, this principle is valid for every dry 

density separation of particles (Chalavadi & Singh, 2020).    

Air Dense Medium Fluidized Bed Separators (ADMFBS) is another type of gravity 

separator. The principle of dry fluidized bed otherwise known as air dense medium fluidized 

bed separators is based on the densities of the separating particles. The particle with high 

densities tends to sink on the bed while the one with less densities tends to float on top of the 

bed. Most times in air dense medium fluidized bed separator, gas-solids fluidized bed is used 
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as the separating medium or even air-solids fluidized bed. It is very important to note that the 

gas-solids fluidized bed has a fluid-like characteristics with a stable and uniform density and 

could be analysed using the same principles as in Archimedes and fluid properties (Zhenfu & 

Qingru, 2001). Dry fluidized bed using gas-solid can be separated into two ways, by using a 

float-sink of lump ores in the dense medium of the fluidized sand and by segregation of the ore 

particles in a fluidized bed without making use of any dense medium (Oshitani, et al., 2013). 

Most pneumatic separators require that for a good separation to be achieved, the feed must 

have a narrow size range.  

Air dense medium fluidized bed separators also find its major application in dry coal 

beneficiation because of its high separation efficiency with low probable error (Ep). This 

technique employs the use of gas-solids fluidized bed as the separating medium unlike the air 

table. Chen & Yang (2003), reported that the use of air dense medium fluidized bed separator 

in dry coal beneficiation is better over other dry gravity separators but the efficiency of 

separation of coal particles smaller than 75µm becomes challenging. A typical section of the 

air dense medium fluidized bed separator is shown in the figure 4.8. 

 

 
Figure 4. 6: Air dense medium fluidized bed separator (adapted and modified, Zhenfu & Qingru, 2001). 
 

For a coarse coal particle, air dense medium fluidized bed works best compared to fine 

coal particle sizes because, the air fluidizes the coarse particle into heavier particles in form of 

shale settled at the bottom of the bed from where they are collected and the lighter ones in form 

of coal are recovered from the top. The efficiency of separation was performed by Zhenfu & 

Qingru (2001), while considering two different separation densities of 1440kg/m^3 and 

1760kg/m^3 respectively and for the low separation density, there was 18.21% ash production, 
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a tailing ash content of 63.81% and 41% mass yield from a feed with 45.57% ash while in the 

case of the high separation density, the clean coal has 16.35% ash production, a tailing ash 

content of 67.50% and 55.52% mass yield from a feed with 39.11% ash. The partition curves 

showed a good probable error for both cases from the sharp partition curves indicating the 

coarse coal fraction have a better separation efficiency as shown in figure 4.9 and 4.9.1 

respectively. 

 
Figure 4. 7: Partition curves for 1440kg/m^3 separating density (adapted and modified,  Zhenfu & Qingru, 
2001).  
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Figure 4.9. 1: Partition curves for 1760kg/m^3 separating density (adapted and modified, Zhenfu & Qingru, 
2001). 
 

This technology shows a better advantage over the conventional wet process in that it 

basically does not need any water for its operation, it provides a high separation efficiency, and 

the cost of instalment is about half the cost of setting up the wet process in addition of no 

environmental pollution. A typical flowsheet for air-dense fluidized medium dry coal 

beneficiation is shown in the figure 4.9.2 below.  
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Figure 4.9. 2: Dry air-dense fluidized medium for coal beneficiation (adapted and modified, Zhenfu & Qingru, 
2001). 
 

Air dense medium fluidized bed separators work perfectly well with an adequate dust 

control device. The dust is controlled and removed by both the cyclone dust collector and the 

bag collector. One important observation in using this technique is that the finer the feed coal 

particles become, it lowers the clean coal recovery and as well affects the separation efficiency. 

However, there are arguments for a complete dry separation technique for coal to be possible. 

Firstly, dry separation must compete and overcome the two basic wet separation methods, the 

jigging and heavy medium separation (HMS). The dry float sink separation in fluidized sands 

comes very close to jigging with its potential of even having coarser particle with high 

throughput. In view of this, Jan & Tako (2004), investigated the performance of dry fluidized 

separator for coal particle of 20-30mm in size and they found out that the separation 

performance is like that of the wet separation. The variation in the air flow produces a coal 

product of varying compositions.  

Dry fluidized bed separation has been carried out according to these particle sizes such 

as the large-size (>50mm), medium-size (50-6mm) and the fine-size (6-0mm) by various 
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researchers. Coal particles of larger sizes usually do not produce an efficient separation 

especially with bed of smaller height which does not provide enough room for a stable 

fluidization of the particles. As the particle sizes decreases, more stable fluidized bed is 

produced thereby encouraging separation efficiency. However, at a finer particle, there is a 

more dispersed fluidized bed formation resulting to a formation of bubbles which limits the 

separation performance. To overcome this problem, a magnetically fluidized bed was 

introduced which stabilizes the fluidized bed and thus increases the separation efficiency (Luo 

et al., 2002).  

The efficiency of the separation depends on the particle size. Coarse coal sizes have 

proven to show more efficient results than the finer ones. Patil & Parekh (2011), argues that 

even though dry coal processing offers numerous advantages over the wet counterpart, it may 

not be completely replacing the wet coal processing, rather it can be used as a complementary 

step prior to wet coal processing or also may be used to produce a sealable products.  

A reflux classifier (Reflux Classifier) is another type of dry gravity separators which 

also use density as the major separation parameter. The principle separating medium is air and, 

in most cases, this is regarded as an air classifier. Air classification generally makes use of two 

process variables, the air and the solids loading. These two process variables will always be 

different from each loading materials depending on the material properties such as specific 

gravity, shape, and particle surface area. Determination of these three properties will help in 

efficiently separating the particle by controlling the classifier wheel or rotor speed. The cutting 

point can precisely be controlled by increasing or decreasing the rotational speed of the rotor.  

Air classifier first classify the particles primarily by surface area and then followed by density 

classification. However, an efficient air classification is achieved when there is a broad 

distribution of particles within the raw feed but if the raw feed is filled with a very narrow 

particle-size distribution, the air classifier finds its very difficult to differentiate between near-

size fines and near-size coarse particles (Mayo et al. 2014). The principle of operation involves 

setting the rotor of the air classifier at a very high-speed thereby causing a high centrifugal 

force on the particles. The efficiency of the air classification depends on the rotors speed and 

centrifugal force. The centrifugal force causes the coarse particles to move in outward 

direction. The particle peripheral velocity will decrease as they move towards the outer vortex 

and centrifugal force and drag force will be overcome by the gravity force causing the coarse 

particle to drop outside the airstream.  External fan is positioned to assist in the dispersion and 

suspension of the particles. Here, the drag force on the particles is greater than the centrifugal 
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force due to the low mass of the particles and the fine particles are swept out of the classifying 

zone by the airstream where they are held in suspension around the rotor. The fine particles are 

blown out of the material stream where they pass through the rotor and discharged as fines. 

There must be a balance between the air from the external fan and the solid loading to achieve 

an optimum air-to-solids ratio (Mayo et al. 2014). 

Air classification equipment operate within a set of established balance of forces such 

as the gravitational force, centrifugal force and drag force according to the basic laws of 

physics. It is however not easy to precisely evaluate the complete interaction of all the forces 

within a classifier and their respective effects on the particles. The two main opposing forces 

under which particles are subjected to are the drag forces Fω and the centrifugal force Fc as 

shown in the equations below (Mayo et al. 2014). 

Fω = dp ∗ 3π ∗ ηg ∗ Vrad  

 

𝐹𝑐 =
𝑑𝑝

3 ∗ 𝑃𝑝 ∗ 𝑅 ∗ 𝑛2 ∗ 𝜋3

5400
 

Where: 

𝑑𝑃 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑡𝑒𝑟 

𝑃𝑝 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝜂𝑔 = 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑎𝑠(𝑎𝑖𝑟) 

𝑉𝑟𝑎𝑑 = 𝑟𝑎𝑑𝑖𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑎𝑠(𝑎𝑖𝑟) 

𝑅 = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑟 𝑤ℎ𝑒𝑒𝑙 

𝑛 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑒𝑟 𝑤ℎ𝑒𝑒𝑙(𝑟𝑝𝑚) 

 

However, a micron separator, which is a type of a reflux classifier has a better 

separation performance as well as high rate of product recovery for the recovery of cenospheres 

from coal fly ash by dry separation than the closed-type pneumatic separator. The two 

separators use air classifier as a separating medium, and their separation efficiency were 

studied by Petrus et al. (2011). Newton’s efficiency model was used to study the effectiveness 

and the degree of the separation performance, and the model is based on the mathematical 

equation: 

𝜂𝑁 = 𝑅𝑐 − (1 − 𝑅𝑓𝑎) 

Where:  
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𝜂𝑁 = 𝑁𝑒𝑤𝑡𝑜𝑛′𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

𝑅𝑐 = 𝑈𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑤 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 

𝑅𝑓𝑎 = 𝑂𝑣𝑒𝑟𝑓𝑙𝑜𝑤 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 

The micron separator has a better separation efficiency at an optimum Newton’s efficiency, 

and this is attributed to the fact that there is an absence of fine fly ash particles re-concentration 

in the underflow product at a higher air flow rate and at a lower Newton’s efficiency which 

was not the same with the closed-type pneumatic separator. Of course, both cases showed a 

similar cone-spheres concentration in the underflow product since cenospheres are composed 

of a larger particle size. Petrus et al. (2011) recommended for commercial application of this 

techniques for recovery of cenospheres from coal fly ash owing to its high recovery at a 

minimal cost, and in addition to its environmental and ecological benefits. Air classifier mostly 

finds its application on particle size separation within the range of (5 - 45) um (325 mesh), de-

dusting of very fine particles and generating narrow size distributions. The schematic diagram 

for the two separators is shown in figure 4.9.3 and figure 4.9.4 respectively.  

 
Figure 4.9. 3: Schematic view of the micron separator (adapted and modified, Petrus et al., 2011). 
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Figure 4.9. 4: Schematic view of the closed-type pneumatic separator (adapted and modified, Petrus et al., 
2011). 
 

Dry jigging (Dry Jigging) or simply put it as air or pneumatic jigging is another 

technique used in dry separation of mineral ores. Due to the possibility of processing mineral 

ore in its complete dry form has made it a major course for concern for further research and 

development. One of its shortfalls is its lower separation efficiency when compared with the 

conventional hydraulic jigs and its high energy consumption. The reason for the low separation 

efficiency is due to the negligible value of the density of air as to that of water. However, 

improvements have been made by using high air stream velocities which increases the 

turbulence and remixing effects to enhance the separation performance. Dry jigging has its 

major application only for particle size larger than 2mm within a closely sized form that 

contains low content of near-gravity material (NGM) (Sampaio, et al., 2016). It is also a 

promising technique for recycling and upgrading the quality of coarse aggregates especially 

from construction and demolition wastes in civil engineering. Although, its application in dry 

mineral processing is very limited but with respect to its low environmental damage and low 

water consumption, it has gained growing importance for future research.  A typical modern 

pneumatic jig can be seen in the figure 4.9.5.  
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Figure 4.9. 5: The outline of a typical dry jig (adapted and modified, Ambros, 2020). 

 
It consists of an inclined vibrating deck which subject the feed into two different upward air 

streams whereby one is continuous, and the other is superimposed with pulsed air flows. The 

first one has the ability of loosening the bed to allow a uniform air distribution while the other 

one enhances and stratifies the bed density. These two airflows give a precise control of the 

stroke frequency and amplitude. The bed level and the cut height are being controlled with the 

help of nuclear density sensors that are installed very close to the discharge end of the deck. It 

makes use of a stargate discharge valves to withdraw the products from one end of the deck. It 

also consists of a dust collector system that controls and handles the generation of dust within 

the enclosed equipment (Ambros, 2020). 

 

4.3 LIMITATIONS 

One of the most significant limitation associated with gravity separators is in the stabilization 

of the fluidized bed for the air dense medium fluidized bed separator. Creating and sustaining 

the air dense medium for efficient separation is usually a difficult process because the 

separating bed is composed of a complex particle-fluid system within which the medium solids, 

mineral particles, gases, and bubbles exhibit a complex exchange of energy, mass, and 

momentum prior to particle separation. Therefore, it is important to maintain a dynamic 

stability of the medium in order to sharpen the separation and to allow the system to operate 

under a particulate fluidization system. Zhenfu & Qingru (2001), in their study of dry 

beneficiation technology of coal with an air dense medium fluidized bed made use of magnetite 

powder or a mixture of fine coal and magnetite powder as a medium solid to maintain this 
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dynamic stability. In fact, the use of magnetite powder as a fluidized medium has generated 

greater results in terms of handling finer particles. In addition, the use of external magnetic 

field according to many researchers will positively assist the fine particles to reach their normal 

fluidization state and hence improve the fluidization quality thereby enhancing their efficiency 

on particle separation. Tian, et al. (2021), explicitly explains the effects of fluidization 

parameters such as the bed density, bed expansion rate, bed pressure drops, gas velocity on 

gas-solid magnetically fluidized bed for microfine particles. By regulating the magnetic field 

strength, together with the magnetic field addition sequence and the static bed height, has their 

corresponding effects on these parameters. A typical magnetic field fluidization system for 

microfine particles is shown the figure 4.6.  

 
Figure 4. 8: A section of the magnetic field fluidization system for microfine particles (adapted and modified, 
Tian, et al., 2021). 
 

By increasing the magnetic field strength from 0KA/m to 5KA/m also increases the gas 

velocity of the particles from 4.42cm/s to 10.32cm/s and making the bed pressure drop 

increased and then decreased. At a lower 3.4KA/m magnetic field strength, causes the 

microfine particles to be acted only by the airflow and at a higher 3.4KA/m magnetic field 

strength causes the microfine particles to be dominated by the magnetic field. Also, the 

sequence of addition of the magnetic field affects the fluidization state of the microfine 

particles. By adding it first shows a stable fluidization state of the microfine particles when 
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compared to adding it later and increasing the static bed height reduces the bed expansion rate 

as shown the figure 4.7.  

 
Figure 4. 9: The static bed height against the expansion rate ( adapted and modified, Tian, et al., 2021). 
 

However, at a static bed height of 40mm and magnetic field strength of 5KA/m, it 

enhances the separation of fine coal in a gas-solid magnetically fluidized bed for microfine 

particles (Tian, et al., 2021). As particles becomes finer, their attraction to magnetic forces and 

other competing forces decreases. This is an important consideration when discussing problems 

associated with separating fine particle by magnetic method and its applicable to both wet and 

dry magnetic mineral processing. 

 

4.4 OPERATING AND MAINTENANCE COST 

Generally, almost all the dry gravity separators are robust and hassle-free, and they are 

relatively very simple and easy to operate (Weinstein & Snoby, 2007). The average cost for 

investment and operations of most dry gravity separators are comparatively lower than the for 

the wet gravity separators because of a low capital investment on waste treatment and tailings 

management. The average cost for dedusting in dry gravity separators is much lower and even 

more important because there is no need for any chemical reagents. Most of the technique for 

example, the air table, are readily available both in experimental scale and even pilot scale or 

large scale. No specialized maintenance is needed as most of them do not always cause 

problems if they are regularly maintained due to their simplicity in terms of operations. The 
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operating cost (OPEX) and the capital cost (CAPEX) for the widely used air-dense medium 

fluidized bed separators (ADMFBS) can significantly be reduced to half, when compared with 

the wet counterparts (Chen & wei, 2005). This is also in-line with Falconer (2003), who stated 

that the dry gravity separation methods have a very wide attractions because their capital and 

operating cost are quite low, they don’t need any chemical and excessive heating and as a result, 

they are considered as been environmentally friendly.  
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5.0 ELECTROSTATIC SEPARATORS 

5.1 BASIC PRINCIPLES 

Electrostatic separators generally consist of a two oppositely charges electrodes which 

separates particles based on the charges on the electrodes in a process known as charge transfer 

by frictional contacts of materials. Effective particles separation requires a complete 

understanding of the particle’s conductivity properties. The design of electrostatic separators 

is based on the charging principles, and this are available in static and dynamic types (Hughes 

N et al. 2019). The static ones are generally referred to as the electro-static separators while the 

dynamic ones are regarded as the electro-dynamic separators or the high-tension separators. 

The basic principle involved in the electro-dynamic separators are stated below. First is by 

feeding the rotor with mineral particles which carries the particles into the field of a charged 

ionizing electrode. In this electrode, particles need to be electrostatically charged prior to 

separation and this can either be done by conductive induction, contact or tribo-electrification 

and ion or corona bombardment. The conductive inductance is the concept of charging an 

uncharged particle with a charged surface. According to Wu et al. (2003), particles electric 

force is dependent on the electric field strength and the particle charge. Particle size, electric 

field strength and resistivity are three properties that influences the charge and charging time 

on a free particle. The ion bombardment is considered as the most common method of charging 

an uncharged particle prior to separation. The particles entering the corona field are impacted 

by the flow of ions which acquires a net zero charge (Kelly & Spottiswood, 1989a). On the 

other hand, tribo-electrification employs charging of particles through contacts or friction with 

other particles. This can be simply explained by rubbing two dissimilar particles against each 

other which results in the transfer of electrons from the surface on one particle to the other. 

Some charges are lost to the rotor by the conductive particles which are then projected from 

the rotor by a centrifugal force. The non-ionizing electrode induces electrostatic field to these 

particles which are then dropped off from the rotor surface towards the electrode while the non-

conducting particles which does not easily lose their charge to the rotor are held to the rotor by 

image forces until at a point when they lose their charges and eventually dropped off. The 

electro-static separators basically involve the same principle with the electro-dynamic 

separators only that there is no ionizing electrode to the rotor but only a single large electrode 

that produce an electric field and charges the particles by induction which releases the 

conductive particles close to the electrode and the non-conductive particles just after the 

conductive particle. Electrostatic separators separate charged particles with the help of very 
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high electric field and in most cases, they could be regarded as a high-tension separator 

(Ralston, 1961). They are mostly used in the beneficiation of ore minerals of finer sizes. There 

is also a free-fall type of separators which are mainly applied to a coarse particle size higher 

than 0.1mm size range. The following figures, figure 5.1, figure 5.2, and figure 5.3 illustrates 

the basic principles of electrostatic separators, electro-dynamic separators, and the free-fall 

separators respectively. 

 

 
Figure 5. 1: Schematic view of the free-fall type separator (adapted & modified, Bittner, Flynn, & Hrach, 2014). 
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Figure 5. 2: Principles of electro-dynamic separation (adapted & modified, Kelly & Spottiswood, 1989a). 
 

 
Figure 5. 3: A schematic illustration of the electro-static separators (adapted & modified, Tripathy et al. 2010). 
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Electrostatic separators are also categorized into a rotor type and the plate type. The 

one described above is like the rotor type while the plate type is further categorized into the 

plate and screen designs. The plate gains electrons from the electrostatic minerals particles 

which are then pulled away from the other particles because of the induced attraction to the 

anode. Minerals are attributed to different energy levels (Hendricks, 1973). Minerals that have 

differences in their energy levels can either acts as electron donors or electron acceptors. There 

are other methods of charging the mineral particles. This method includes ion and electron 

beam thermionic, by freezing, radioactive decay charging, photoelectric field emission, 

photoelectric and pyroelectric charging (Hendricks, 1973). In general, these mechanisms 

employ any of these to endow charges into the separators or the particles. This kind of 

separators makes use of high electric field in order to achieve the separation of charged 

particles. High-tension roll separators (HTRS) are one of the main electrostatic separators 

which employs the mechanism of conductive induction for separating minerals (Kelly & 

Spottiswood, 1989a). Efficient separation by dry electrostatic separators is preferably within a 

particle sizes 75µm to 250µm with close size distribution and uniform shape (Kelly & 

Spottiswood, 1989a). There is extensive list of varying minerals classified as conductive and 

non-conductive minerals. For example, rutile, leucoxene, chalcopyrite, galena, graphite, 

ilmenite, pyrite, stannite and wolframite are classified as electrostatic conductors while 

minerals like quartz, feldspar, zircon, apatite, garnet, most silicates and carbonates are 

classified as non-conductors. There are numerous theories regarding charging of particles in 

electrostatic separators, but we will not be going deep into these basic theories.  

 

5.2 APPLICATIONS AND PERFORMANCE 

Among the three methods of charging the particles, tribo-electrostatic has proved to be the most 

suitable when the particles are composed of finer and ultrafine sizes. Particles here are charged 

by either friction or by contact with other particles and then separated through the help of an 

electric filed. This method has found its application across wide variety of many ore minerals. 

Coal of fine sizes can be beneficiated by using the tribo-charging mechanism of electrostatic 

separators. This can be elaborated more from the study carried out by Akbari et al. (2018), on 

triboelectric separator. They argued the only efficient method of dry separation of coal 

composed of rocks and other impurities of sizes even smaller than 75µm is the tribo-

electrostatic separation method. They stated that this can be done in two stages, by tribo-

charging the mixture of the rocks, impurities and the coal particles in a chamber followed by 
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separation of the charged particles. Bittner et al. (2014), said that triboelectric belt separator is 

ideally suitable for the separation of ultrafine particle size ranging from <1µm to moderately 

coarse 300µm particle size with usually a high throughput. In fact, due to its high separation 

performance for ultrafine particles, it is of more interest than other conventional electrostatic 

separators and can be compared with most flotation techniques for separation of finer particle 

sizes (Bittner et al. 2014). As initially pointed out, the positive charge will be concentrated on 

the coal particle while the other impurities and rocks minerals will be negatively charged, and 

subsequent operation will be subjected through electrostatic field which will then separate them 

into different stream. Tao & Honaker (2010); Xin-xi, et al. (2009); Dwari & Rao (2009), have 

testified the successful use of this technique in separation of ultrafine mineral particles 

including other researchers. A detailed separation zone for a triboelectric belt separator is 

shown in the figure 5.4 below. 

 
Figure 5. 4: A detailed separation zone (adapted & modified, Bittner et al. 2014). 
 

Generally, electrostatic techniques have seen major application in separating rutile, 

ilmenite, and zircon from beach sands as well as tin ores from stream placers. Also, their 

applications have equally spread unto separating scheelite from pyrite, ground metals removal 

from abrasive-wheel sands and producing very high-grade concentrates of hematite (Gill, 

1991). Their applications in coal beneficiations are compared to none. Dwari & Rao (2008), 

was able to reduce a total of 15.6% ash from 25% in the feed with a 69% product yield and a 

recovery of 78% in a tribo-electric separator. To further confirm this, Dwari & Rao (2009), 

was able to show an ash decrease of 18% in the clean coal, from 43% ash content with a product 

yield of 30%, while stating that particle size distribution, tribo-charging time, gas flow rate, 

voltage, and fluidization time, all affect the separation efficiency in the fluidized bed tribo-

charging and tribo-electrostatic unit.  
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5.3 LIMITATIONS 

Arsentyev et al. (2016) argued that the main difficulty faced in the use of magnetic or electrical 

separators for the separation of mineral powders with particle sizes less than 1mm is the 

presence of internal friction forces in the powders that hinders the effective separation of the 

mineral particles. However, Golovanevsky (2011); Arsentyev, Dmitriev et al. (2016) 

recommended the use of the effect of vibrofluidization that occurs during overlapping of certain 

vibrations and that this helps to create effective separators on magnetic and electrical separators 

for the separation of fine mineral powders.   

 

5.4 OPERATION AND MAINTENANCE COST 

According to Bittner et al. (2014), they conducted a cost comparison between tribo-electrostatic 

separators and the conventional froth flotation for barite silicate ore and the result showed that 

the former has significantly less cost in terms of capital cost (CAPEX), operating cost (OPEX), 

and operational simplicity than the later and offers better advantage in terms of operations. It 

is relatively easy to operate with a very simple flowsheet when compared with the froth 

flotation. Separation in tribo-electrostatic separator is usually achieved in a single stage without 

the addition of chemical reagents (Bittner et al. 2014), and thus, remain environmentally 

friendly.  
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6.0 SENSOR BASED SEPARATION METHOD 

6.1 BASIC PRINCIPLE 

 
This is one of the most known physical dry separation techniques. It can be generally regarded 

as sorter of which hand sorting has been of early significant practice. The basic principle 

involves the use of its sensor-based technique to identify the particle and report “Yes/No” based 

on the properties provided in the sensor. The mineral ore to be separated are fed through the 

feeding zone where they are allowed to enter the identification zone for ease of identification 

by various detection sensors which generate data for every particle using their bulk or surface 

properties. Henceforth, the identified particles are moved into the separation zone where they 

are being separated by air-jet as either reject or accept. The figure 6.1 below shows a typical 

outline involved in ore sorting technique. 

 
Figure 6. 1: The schematic section of ore sorting technique (adapted & modified, Manoucherhi, 2003). 

 
The techniques come mainly in two main types of sorters, the chute-type and the belt-type 

sorter as shown in figure 6.2 and figure 6.3 below. 
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Figure 6. 2: The chute-type sensor-based sorter (adapted and modified, Wills, 2016). 

 
In the chute-type sensor-based sorter, ore particles are fed through an inclined systems that 

allow the free fall of the particles down to the optical beam sensor that provides the detection 

of the particles separation prior rejection and acceptance stage.  

 
Figure 6. 3: The belt-type sensor-based sorter (adapted and modified, Wills, 2016). 
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In the belt-typed sensor-based sorter, ores are fed through a horizontally fixed belt conveyor 

that convey the particles towards the other end of the belt fixed with a sensor that detects the 

particle properties prior rejection and acceptance stage. The belt-type has a higher particle 

resolution than the chute-type because of large settling time. This technique is further classified 

into transmitting and reflecting systems. The reflector systems such as the X-ray luminescence 

is equipped with the optical camera which captures particles with respect to their surface 

features and the transmitting systems such as the X-ray transmission (XRT), electromagnetic 

sensor (EM) etc. helps to identify the particles with respect to their differences in densities. It 

uses the air-jets systems to remove the particles after the decision of accept or reject has been 

made as already explained above.  There are other available types such as the bucket-wheel 

type, the channel-type, and the cone-type sorters (Wills, 2016).   

 
6.2 APPLICATIONS AND PERFORMANCE 

Sorters is mostly applied in coal, diamonds and various minerals based on their physical 

properties that are calibrated on the sensor. This property usually comes in their colour, 

reflectance, magnetism, visual fluorescence brightness, atomic density etc (Wills, 2016). They 

have also gained major applications in diamond industry for separating diamond from its ore 

kimberlite which enables the fast removal of waste rocks which are considered difficult with 

other separation techniques (Mahlangu et al., 2016). The use of such technique has proven to 

consume less energy, solves ore dilution problems, reduces water usage, and addresses most 

known environmental impacts. Photometric and radiometric sorting techniques are the most 

recent sorting techniques because of their capacity on handling wide range of mineral particles 

at a very low operating cost (King, 2015).  

 

6.3 LIMITATIONS 

One of the major limitation associated with the sensor-based separation techniques is their 

precision in separation of both finely and coarsely divided particles. This is as a result of their 

limited property of separation by colour variations (Wotruba, 2006).   Mineral ores are 

subjected to crushing and screening prior to X-ray XRT analysis and the efficiency of sensor-

based separation techniques largely depends on the particle size distribution (PSD). Coarse size 

particles can easily be sorted when compared with finer particle sizes. Processing of finer 

particles usually consumes greater time and resources which limits their applicability (Korte, 

2013). 
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6.4 OPERATION AND MAINTENANCE COST 

Sensor-based separation techniques mostly come in compact sizes due to their simplicity in 

operations. The techniques can be transported to remote locations thereby making it easily and 

readily available for use (Tomra, 2014). Dry sorting requires no water or chemical reagents 

and so reduces the economic cost accruing from water treatment. The recent advanced sorters 

like the photometric and radiometric sorting techniques are mostly automated making the 

overall operation very simple and with a proper trained personnel, the technique can last for a 

longer period (Wotruba, 2006). Sensor-based dry separation techniques generally have low 

CAPEX and OPEX cost (Korte, 2013). Aside from the electricity cost, the general cost of 

sorters is quite low. Sorters usually have capacity within the range of (50–300) tph and these 

types of sorters have a capital investment cost in the range of $1 million (Lessard et al. 2014, 

Walker, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

52 
 

7.0 DUST GENERATION AND CONTROL 

Problems associated with dust generation is one of the most important environmental issues in 

dry mineral processing. Dry comminution produces excessive dust generation around the 

environment and is thereby a big threat to human health. There are common ways by which 

this dust generation can be reduced within the work areas. This could be achieved by 

minimizing dust generation at the source, providing necessary techniques to contain the 

generated dust, and ensuring proper care to prevent it from dispersing, proper selection and 

siting of dust abatement equipment and proper handling of the dust collected (Mineral 

Prosessing (Milling), 2018). To address dust pollution issues in dry separation, several 

remedies have been employed in dry magnetic processing over the past few years, such as 

dedusting of the minerals before separation and adding purge air to the volume between the 

feeding and separation areas of the separator. In recent times, these high intensity dry magnetic 

separators have taken remedies to address this by a unique design of the entire frame, hopper, 

and door systems to contain the dust inside the machine. Internally, these units are equipped 

with a tunable, per-stage dust extraction design, as well as purge air in the cassettes to minimize 

dust issues. To address the problem of environment pollution in a deeper way, dust bag filter, 

fluidized dust catchers can be integrated into the system, but cost-economics needs to be 

evaluated. The combined result of these improvements in recent time is a much cleaner and 

safer operational environment, improved part life and sustained separator performance.  

Dust control or elimination in dry separation methods is as important as installation of 

the separation equipment’s. Control of dust in pneumatic separators is very necessary 

otherwise, the techniques will easily become useless because once dust are permitted to into 

the atmosphere, it causes an endless trouble. Therefore, the best practice in dust control is to 

remove or control it at the source. For air table, it is better to remove the dust at the source with 

hoods at the crushers, the vibratory screens, and the tables.  However, it is very difficult to 

clean, remove and dispose of the collected dust by dry collector rather than the wet dust 

collector. It is also important to keep the vicinity of the technique as clean as possible because, 

any dust greater than 2 microns blown by the fan in any technique that uses air as a separating 

medium, will eventually clog the pores. It is recommended to install filters in the necessary 

locations to avoid these problems. Another aspect is by installation of air purifier with HEPA 

filter in the system to trap the dust as separations are being carried out. 
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Most dry magnetic separators are embedded within a container to make them easy to 

transport and some of them are equipped with dust collection systems which helps to entrap 

the dust directly from the source thereby ensuring minimal air and environmental pollution. 

 

7.1 IS DRY PROCESSING A GREEN TECHNOLOGY? 

There is no doubt currently, that mining companies are always looking for a better way to 

improve their mining operations. This has always been one of the core values any mining 

companies set to achieve. New and disruptive technologies do not only provide ease in mining 

operations, but it also helps to gain social acceptance by the local communities with its 

numerous benefits on less environmental impacts. The concept of green technology in mining 

or rather can be perfectly referred to as green mining is a complex topic that has gained 

considerable attention. By addressing and linking these two concepts together will also fasten 

its development and applications. It is completely obvious that by moving into a waterless 

mining would greatly impact positively on the concept of green mining.  

One of the research progresses with respect to green mining has been on the aspect of 

in-situ leaching technology. BIOMore which is an initiative sponsored by the European union 

(EU) are currently on the forefront of finding a sustainable method of extracting ore minerals 

by in-situ leaching. This method has proven to show minimal surface disturbance, its ability to 

operate at great depth, and its ability to potentially operate in rural, urban, and developed 

locations. However, one would argue about its water consumption, but it is also important to 

note that by this method, it eliminates the need for mine tailings, waste dump, and even building 

mine infrastructures etc.   

 

7.2 BRIEF ENVIRONMENTAL IMPACTS OF DRY AND WET MINERAL 
PROCESSING. 

Mining and mineral processing activities has a major impacts on the environment. Over the 

years, the assessment of the nature of this impact on the environment and the possible ways of 

minimizing and/or improving them has gotten serious attention. This environmental impact can 

be assessed and studied across various aspects involved in the overall activities ranging from 

mine to mill and down to tailings management in mineral processing. One of this aspect which 

is very critical is in the management of mining and mineral processing wastes. Cheng et al. 

(2021), stated that there is large amount of mine wastes which results from mine tailings, waste 

rocks, slags etc. Whitworth et al. (2022), explicitly categorized these wastes into mine wastes, 
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mineral processing wastes and metallurgical watses respectively. Mine wastes includes waste 

rocks, overburden and mining waters which are usually generated from open pit and 

underground mining, wastes from mine tailings, slugdes and mill waters are classified as the 

mineral processing wastes which are mostly obtained during the concentration of economical 

minerals and metals and the metallurgical wastes includes slags, roasted ores, flue dust, ashes, 

leached ores, and process waters and they are mostly generated from th extraction and recovery 

of metals from mineral concentrates (Whitworth et al., 2022). These wastes in general, 

however, have a greater impacts on the environment. Maddala et al. (2021), stated some of 

these impacts on the environments such as the depletion of biodiversity, soil erosion, pollution, 

acid mine drainage, land subsidence etc. All the different stages of mining starting from 

prospecting and exploration, mine development, exploitation, mine closure and reclamation are 

assocaited with various levels of impacts to the environment. Some of these impacts could be 

seen in vegetation clearance which does not only expose the soil to the surface but also disrupt 

the activities of livestocks and their habitat. Dust generation, huge overburden, release of toxic 

substances either to the air or water bodies are just few out of many.  Dust generation is one of 

the most significant enviromental issue in dry processing and this has already been discused in 

a separate chapter in this study. However, release of toxic substances into the water bodies by 

means of seepage or leaks from the mine tailings/dams is peculiar to environmetal issues 

associated with wet mineral processing, in fact, this is one good reason for studying dry mineral 

processing as an alternative method. Environemtal impact assessment of both the dry and wet 

processing is a huge topic that requires a separate consideration.  
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8.0 COMPANY’S FEEDBACK 

Many companies were contacted for what they can offer and the possible research and 

development (R&D) they are currently undergoing with respect to dry mineral processing. 

Among the companies contacted, few were able to respond, and their feedback is analysed 

below. 

FLSmidth is one of the major equipment manufacturers in mineral processing. They do 

not have a technique that can go complete dry processing as they believe that wet processing 

is the state of the art, and many processes just work with water. However, they have been 

offering their customers, techniques that can reduce water consumption through management 

and recovery e.g., in dewatering of mine tailings. They also offer FLSmith Dry Vibrating 

Screen which helps to improve feed separation with high productive value at a reduced 

operation and maintenance cost. This technique can be used in various applications such as 

sizing, classification, grinding mills etc. In addition to this, they are in the early stage of 

designing a technique that offers low impact grinding techniques which takes care of several 

inefficiencies associated with the traditional SAG and ball griding mill aside from the HPGRs 

and O𝐾𝑇MMills, for example, high energy consumption. This is possible by first examining the 

potential of radical pre-treatment using novel comminution technologies such as microwave 

processing, high-voltage pulse and cryogenic methods which can reduce the grinding energy 

required to reach the desired product size. Currently, no R&D are being undertaken for 

complete dry/waterless mineral processing. 

According to the feedback from the Mineral Technologies (A Downer Company), they 

do not have a particular R&D work underway regarding this topic and their spiral must operate 

on slurry as a gravity technique for -1mm material. However, their electrostatic and magnetic 

separators can effectively handle dry processing, but this depends on the mineralogy and this 

process is not very economical because the process is reasonably expensive.  

The feedback from Metso Outotec was quite encouraging. They offer wide range of 

mineral processing techniques for dry processing. Among them are the following, 

1. eForce high tension electrostatic roll separator. 

2. High efficiency rare-earth roll magnetic separator. 

3. Rare-earth drum magnetic separators. 

The eForce high-tension electrostatic separator utilizes the difference in surface conductivity, 

surface charge and shape factors of particles to achieve separation. In general, this technique is 
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used for conductor and non-conductor separation. Applicable particle size range for this 

separation is typically from 0.075mm to 12.5mm. Their product enhances grades and mineral 

recoveries. The techniques give better conductor and non-conductor separation than with the 

technology previously available. Results obtained so far show that it has a significant increase 

in separation efficiency compared to the high tension roll electrostatic separators (HTR). The 

technique allows the simplification of mineral separation processes (MSP) circuits by 

minimizing re-circulation loads. Due to the advance nature of this technique, it can also be used 

to improve the existing high tension roll separators by providing an electrode retrofit kit 

generally known as the “New eForce Electrode” which increases the separation efficiency by 

10-15% and its applicable to a multitude of older HTR makes and models. It offers a unique 

operating and maintenance conditions better than the older electrodes and is constructed of a 

very special materials that makes breakage and cracking virtually impossible. The conductive 

mineral recoveries include ilmenite, rutile, leucoxene, hematite, chromite, gold, tungsten, 

pyrite etc. while the non-conductive recoveries include zircon, quartz, feldspar, scheelite, barite 

kyanite etc. the technique can further be used in recycling industries for separating electronic 

scrap, metal, and non-metal, chopped wire and plastic etc. 

 

 
Figure 8. 1: A schematic section of the high efficiency rare-earth roll magnetic separators (Metso Outotec). 

 
Table 8. 1: The high efficiency rare-earth roll separator for zircon recovery (Metso Outotec). 



 

57 
 

 
Table 8. 2: The high efficiency rare-earth roll separator for feldspathic glass sand recovery (Metso 
Outotec). 

 

 

Figure 8.1 with table 8.1 and table 8.2 above shows a typical section of the high 

efficiency rare-earth roll magnetic separator with zircon recovery and feldspathic glass sand. 

The high efficiency rare-earth roll magnetic separator is used mostly with mineral sands and 

high-purity silica sand processors, Outotec has developed a new series of rare-earth roll 

magnetic separators. The high efficiency units are not only effective on conventional particle 

sizes but are also particularly capable when processing materials comprised of finer particles 

(<75μm). It has incorporated numerous design improvements such as improvement on the 

variable feed chute that can be easily adjusted to accommodate the separation of a wide variety 

of minerals of various particle sizes at various process rates. A cantilevered cassette design that 

allows operators to rapidly replace the sturdy Kevlar belts and improvement on the removal of 

most flat, dust-trapping surfaces to aid in dust extraction. The benefits of the high efficiency 

rare-earth magnetic separator. 
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Figure 8. 2: A typical rare-earth drum magnetic separator (Metso Outotec). 
 

The figure above (figure 8.2) shows the typical section of the rare-earth drum magnetic 

separator. The rare-earth drum magnetic separators are an advanced generation of high-

intensity drum magnetic separators. It uses a powerful rare-earth magnet to achieve a better 

separation efficiency at an optimized cost of operation and minimum maintenance cost. It can 

be used to upgrade previous state-of-the-art drum separators with higher magnetic forces. It 

can handle particle size range between 100 mm (4”) to 0.05 mm with several applications on 

hematite and martite iron ores, garnet upgrading, ilmenite ore, black sand processing, pyrrhotite 

removal, and fine grinding media particle removal. They are currently studying an efficient 

way for the processing of less magnetic mineral particles.  

 

 

 

 

 

 

 



 

59 
 

9.0 ANALYSIS 

Table 9. 1: Summary of the most used electrostatic separators (Flynn, Gupta, & Hrach, Electrostatic 
Separation of Dry Granular Plant Based Food Materials, 2017). 
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Table 9. 2: Summary of the applications and performance of electrostatic separators. 

 

 
Table 9. 3: Summary of the electrostatic separators in terms of particle size. 

 

 

The following tables presented above (Table 9.1, Table 9.2 & Table 9.3) shows the 

summary of the mostly used electrostatic separators with their applications and performance 

characteristics.  The list of the electrostatic separators was summarized according to their 

feeding preparation and particle sizes. The data from the table indicates that STET belt 

separator is more efficient in handling finer particles just like the well-known froth flotation. 

STET separator has shown numerous applications for particles smaller than 75µm with good 

separation efficiency.  
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Table 9. 4: Summary of the commonly used dry magnetic separators and their applications on various 
minerals. 
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Table 9. 5: Summary of the magnetic separators in terms of particle size. 

 
 
 

Table 9.4 and Table 9.5 above presents the commonly used dry magnetic separators 

with their applications on various minerals and separations in terms of particle sizes. The list 

of the dry magnetic separators was summarized according to their feeding preparation, particle 

sizes, major and gangue minerals including their respective results. The data from the magnetic 

separators showed that many of the separators are efficient in handling particles from 75µm 

and coarser. Among the separators, PRMS and RERMS has its applications on particles even 

smaller than 75µm down to 45µm.  
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Table 9. 6: Summary of the commonly used dry gravity separator and its applications on the minerals. 
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Table 9. 7: Summary of the gravity separators in terms of particle size. 

 
 
 

The list of the dry gravity separators was summarized according to their feeding 

preparation, particle sizes, major and gangue minerals including their respective results and 

separations in terms of particle sizes (Table 9.6 & Table 9.7). The data from the gravity 

separators showed that they are mostly suitable for coarse particles bigger than 1mm. The use 

of Knelson concentrator in dry mineral separation has shown that it is possible to separate 

mineral particles of 45µm in size. However, it has not gained much attention commercially as 

this application was carried out on a laboratory scale. Knelson concentrator has its major 

applications in wet gravity separations and as a result, more research is needed to determine its 

separation efficiency in a commercial scale. 
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9.1 DISCUSSIONS 

The various methods used in dry separation of mineral particles have been studied according 

to data from the literature as well as other relevant information from various dry separation 

equipment manufacturers. Among the dry processing techniques studied were the magnetic 

separators, gravity separators, electrostatic separators, and sensor-based separators. Each of 

these separators were analysed based on their mode of operation, performance characteristics, 

applicability, and their limitations. 

Dry magnetic separation is based on separating mineral particles by using differences 

in their magnetic susceptibilities. This principle separates valuable minerals as against the 

gangue minerals. Among various dry magnetic separators studied, rare earth rolls magnetic 

separators (RERMS), and permanent roll magnetic separators (PRMS) are found to be effective 

and efficient even to mineral particles that are up to 45µm in size owing to the variability in 

various operatable parameters such as the roll speed, feed rate, splitter position and applied 

current etc. This is also in line with one of the feedbacks gotten from the Metso Outotec with 

respect to dry magnetic separators i.e., by incorporating and improving the feeding mechanisms 

during the design of such separators, it is capable of handling wider particles of various sizes 

with good grades and mineral recovery.  It was found that this type of separators is mostly 

suitable to ferruginous and silicious type of manganese iron ore family. This is attributed to the 

iron contents on these minerals and the great affinity they have on magnetic content. Several 

dry magnetic separators have shown numerous benefits with regards to going to dry separation, 

but they are also faced with lots of limitations regarding their usage for example, the sagging 

nature of RERMS which brings about its wear and tear, have called for further studies on how 

this can be improve. The same also applies to other dry magnetic separators with their 

associated limitations. 

Dry gravity separators separate mineral particles by using their differences on particles 

densities or specific gravities. In most cases, these separators are regarded as density or specific 

gravity separators. Similar founding on the separation efficiency in terms of particle size was 

also observed among the various dry gravity separators especially to this very type, Knelson 

concentrator. This separator was able to separate tungsten from silica as a synthetic ore for gold 

mineral in a laboratory scale with a very good grade and tungsten recovery. It was able to 

handle particle size smaller than 75µm down to 45µm when compared with the other gravity 

separators. Aside from this discovery, gravity separators have their major applications in coal 

beneficiation due to their ability in handling coarse particle sizes and as well as in iron ore 
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minerals. They are equally faced with various limitations and one of them as reported on the 

use of air dense medium fluidized bed separators (ADMFBS), is the selectivity of the 

appropriate good fluidization medium to ensure good separation efficiency. This is because, 

the separating bed is composed with complex reaction medium in which different forces acts 

on the separating particle. However, various stability mechanism of the fluidized medium was 

thoroughly analysed.  

Various electrostatic separators have been studied and the basic operating principle 

involved is by using two oppositely charged electrodes which separates mineral particles based 

on the charges on the electrodes. Some of the electrostatic separators studied were the high-

tension roll, free fall and down to STET belt separator etc. Electrostatic separators have shown 

to be more effective in handling finer and ultrafine particles when compared with other dry 

separators. They have shown good grades and mineral recovery with finer particle size 

especially with STET belt separator which was able to handle mineral particle that are smaller 

than 1µm in size. In most cases, electrostatic separators can compete with the well-known 

commonly used froth flotation in wet processing due to its ease and simplicity in operation 

with less environmental impact. These separators have also gained more improvement by most 

manufacturing companies due to their effectiveness and high demand for applications in dry 

mineral separators. However, one of its major drawbacks is the presence of internal friction 

forces that hinders the separation performance especially to finer and ultrafine particles, but 

some recommendations were made for example, the use of the effect of vibrofluidization to 

stabilize the separating particles for efficient separation.  Electrostatic separators are arguably 

the most common dry applicable separators found today with its applications in ore of titanium, 

quartz, coal minerals etc. at a very high recovery. 

Sensor-based separators have quite a limited applications because their basic operating 

principle is based on the old traditional hand sorting method of mineral separation which has a 

lot of challenges especially in detecting and discarding the flagged mineral particles from the 

bulk ore stream. However, there are more recent sensor-based techniques such as the 

photometric and radiometric sorting techniques, but this has suffered few drawbacks due to 

numerous slow computing processing speed associated with sorting technique including its 

high technical, economic, and operating cost has hindered the progress of its commercial 

application. They are mostly applied in coal, diamonds and various minerals based on their 

physical properties that are calibrated on the sensor. 
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10.0 CONCLUSION 

Mineral separation in dry form has shown greater potential in handling of vast variety of 

distinct minerals with the possibility of completely or partially replacing the wet-based mineral 

processing. The contribution of the applications of dry separators can positively reduce the 

huge water dependency by mining industries in large scale which can greatly improve the 

overall activities across the whole value chain in mining and mineral operations. These 

methods have shown to have less environmental impacts with good economic benefits. Most 

of the techniques come in compact form which provides the opportunity to operate them at a 

minimal cost and maintenance. They are relatively easy to handle and transport to more remote 

locations where establishing or constructing wet-based mineral processing would be of a great 

cost. Meanwhile, many of these dry separators are equally faced with several limitations in 

their usage, but one important observation is that many of these limitations have gotten positive 

recommendation on the alternative method to improve their performance. However, as more 

research are being done even with respect to dry grinding over wet grinding and the possible 

ways of improving their performance, it is then prerogative to equally further research on 

finding new technologies and expanding and improving the existing technologies in dry 

mineral separation over wet mineral separation.
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