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Executive summary 

Conventionally coal beneficiation processes that employ water are favoured based on the sharp 

separation efficiency reachable; however, the substantial process water constraint proves wet 

beneficiation impractical and unsustainable in some parts of the world.  As a result, research into the 

development of dry methods for effectively beneficiating coal has progressed; especially in the arctic, 

arid and also coal-rich regions.  The intention of this article is to provide a comprehensive collection of 

pertinent information to dry coal processing globally, and aid in understanding the applicability, 

performance, success or failure thereof. 

Over the years, numerous dry techniques have been developed for processing a wide range of materials 

in the food, fuel, industrial minerals, mining and recycling sectors.  Dry processing holds several 

advantages over alternative water-based methods and may prove indispensable in the near future 

especially in coal preparation.  The advantages of dry coal processing must, however, be measured 

against the limitations thereof.  Although successful separation is obtained in numerous dry coal 

separators, the efficiency may not always compare to that of a wet coal beneficiation plant.  As a result 

coal beneficiation plants operating exclusively on dry techniques is a goal that is yet to be achieved and 

most commercial dry methods are currently limited to pre-concentration, scavenging, separation of an 

“easy to clean” coal with little near dense material and concentration of a coal that does not require a 

large upgrade to meet product specification.  Given the current global resource and environmental 

trends, especially in regard to water scarcity, coal preparation practices will soon have to adapt.  As a 

consequence, a significant commercial and environmental drive has emerged for the development of 

an effective and efficient alternative approach to water-based coal beneficiation.  This may be 

irrespective of the proven technical and economic feasibility of these currently employed wet methods. 

The means of any form of concentration can be simply categorized into six separation mechanisms: (1) 

comminution and screening, (2) sensor based or optical sorting, (3) gravity or elutriation, (4) magnetic, 

(5) electrostatic and finally, a separation based on surface characteristics (6).  Each separation 
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mechanism provides unique advantages and limitations with respect to processing coal with certain 

physical and chemical properties and for efficiently yielding a clean coal product of desired quality.  

Comminution and screening is mostly utilized in the run-of-mine fraction for obtaining a particulate ore 

body that is in a handleable size range for downstream processing.  Units such as the rotary breakers, 

scalping screens and slate pickers can be used as a basic form of concentration in the removal of 

oversize, uncrushable rock and harmful debris. 

The methods available for dry materials preparation, under each separation mechanism, are detailed 

in this review with special regard to those applicable for coal beneficiation.  Topics of - working 

principle, applicability, limitations, performance, success, shortcomings, operability and costing are 

addressed for each identified technique.  Several methods are available each capable of successfully 

beneficiating coal to varying degrees for specific coal characteristic, particle size, moisture, unit capacity 

and process efficiency limitations.  Generally, technologies belonging to categories (2) and (3) are 

utilized for coarse coal (6 - 100 mm) processing, with high tolerance for moisture (0 - 7%wt) and large 

unit capacity and throughput (5 - 350 tph) along with low processing cost.  These however yield poorer 

separation efficiencies when compared to wet processing (EPM: 0.04 - 0.29) due to the characteristics 

of the coal and individual limitations of the separation mechanism.  Studies relating to the use of sensor 

based sorting and gravity separation for the small and fine coal (0 - 6 mm) fractions are found in 

literature but may only be efficient at reduced production rates and require further investigation and 

possible upscaling for commercialization.  The Dual Energy X-ray Transmission Sorter (DE-XRT) in 

category 2 and pneumatic jigs (All Air jig), air oscillating tables (standard, FGX, KAT and AKAflow), air 

fluidized bed separators (ADMFB and variants), cyclonic suction separation (SEP-AIR), dry reflux 

classification and winnowing in category 3 are discussed. 

Of the commercially available units for the coarse coal fraction, the pneumatic jigs and tables provide 

the poorest possible separation efficiency with the ADMFB, SEP-AIR and DE-XRT potentially providing 

the best in descending order.  The possibly low EPM values relating to the DE-XRT are as a consequence 

of sensitive selectivity which may in turn significantly reduce productivity.  While considering 

throughput the ADMFB provides the best performance but suffers from dense medium related issues 

concerning the consumption, recovery, cleaning, recycle and presence of moisture.  The SEP-AIR may 

not necessarily yield the low EPM value of the ADMFB but operates without dense medium and 

provides the opportunity to process a large particle size range including the (1 - 6 mm) fraction generally 

discarded with the other processes.   

The techniques forming part of categories (4) and (5) have a relatively high separation efficiency which 

is suitable for producing high-quality coal but in the fine fraction (45 µm - 6 mm) and at the possible 
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expense of production rate and operational cost.  The applicable techniques in categories (4) and (5) 

are the rare-earth-roll magnetic separator (RERMS) and tribo-electrostatic separator (TBS), 

respectively.  These processes have strict requirements in terms of coal properties (magnetic and 

dielectric) and degree of liberation; thus separation efficiency and throughput may be limited and so 

these methods are mainly used for special purposes such as desulphurization by pyrite removal.  

Moreover, the magnetic and electric separation mechanisms are moisture sensitive and require almost 

bone dry feed coal with relatively narrow particle size ranges.  In certain cases, it may be useful to 

combine magnetic and tribo-electric separation with a microwave pre-treatment of the coal prior to 

beneficiation.  Microwave treatment is known to enhance either the magnetic susceptibility or 

dielectric properties of pyrite and in so providing a more effective magnetic or tribo-electrostatic 

separation, respectively.  Microwave treatment of coals has also proven experimentally successful for 

dewatering and improvement of grindability. 

It is concluded that dry coal beneficiation has potential to wholly or partially replace the current wet 

based methods with some necessary considerations to possible limitations set forth by the following: 

coal geology, application and product specification, particle size distribution (PSD), moisture, efficiency, 

capacity and cost.  Dry coal processing may well be established in the near future through new plant 

instalments and upgrades, in the arid and arctic regions; but may also be preferred for small and remote 

operations and shows promise for processing of fine and ultra-fine material given further investigation.  

Joint to this paper are two appendices in which (A) the performance of each preferred dry coal 

beneficiation method is compared and (B) the applicability of said processes is assessed for the South 

African coal market. 

Keywords 

Coal; dry coal processing, preparation, cleaning or beneficiation; sensor-based sorting; dry density 

separation; dry magnetic separation; tribo-electrostatic separation; microwave pre-treatment. 
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Introduction 

 

Water is one of the earth’s most valuable and abundant resources with a variety of uses in the domestic, 

agricultural, commercial and industrial sectors.  However, many regions have experienced minimal 

rainfall per annum, which may lead to a shortage of water available for utilization (Rudolphy, 2017).  

This is particularly true for a selection of countries housing vast coal reserves and contributing largely 

to the production and consumption of coal.  Some of the nations affected are Australia, China, India, 

Indonesia, Kazakhstan, Mongolia, Russia, South Africa, South America, Ukraine and the United States 

of America (USA).  Coupled with the periodical and prolonged periods of drought, some of the 

aforementioned countries such as Russia and Mongolia, additionally experience freezing winters from 

which problems related frozen process water may arise (Master Russian, 2017; Weather and Climate, 

2016).  Processes involved in the mining, production and utilization of coal, consume profuse amounts 

of water and since coal continues to contribute majorly as a global source of energy, sustainable and 

correct use of process water is ever more crucial (Chen & Yang, 2003; WEC, 2016). 

One area of the coal circuit where water usage can be greatly reduced or even eliminated is during the 

production stage by employing dry preparation or beneficiation processes.  The alternative wet 

methods namely dense-medium drum and cyclone separation, wet-jigs, spirals and chemical floatation, 

currently dominate as coal preparation practices due to the near ideal separation and optimal yield 

attainable (Yang et al., 2013a).  Dry coal beneficiation processes, however, have some obvious 

advantages over the wet options.  Additional to the elimination of water and its related environmental 

issues (in the arid, arctic and polluting terms), a dry product is obtained, removing the need for the 

expensive dewatering equipment and procedures post-processing.  Moreover, treatment of the 

potentially polluted water obtained from wet processing may prove costly and constitutes one of the 

major disadvantages thereof (Lockhart, 1984).  It is further stated that the cost of such treatments far 

surpasses that of the dust control and dry disposal associated with dry beneficiation (Lockhart, 1984).  

Most dry cleaning applications are also modular and less expensive to implement and operate.  This 

could prove favourable for pre and primary concentration, salvage operations, remote locations and 

also expansions or small, short term coal preparation plants (Arms, 1924; Weinstein & Snoby, 2007). 

Several methods of dry ore cleaning have been researched and developed with a number of patents 

dating back as far 1850 (Arms, 1924; Weinstein & Snoby, 2007; King, 2015; Dwari & Rao, 2007; 

Houwelingen & De Jong, 2004).  Evidence can be found of hand sorting, raking and picking machines as 

primitive forms of dry ore sorting until the pioneering of the first pneumatic concentrating machines 
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around 1916 (Weinstein & Snoby, 2007).  From there, the idea of air gravity separation rose in 

popularity with the introduction of pneumatic-tables and jigs.  Despite that and the many benefits 

offered, dry coal processing declined and by the late 1980s, very little dry coal cleaning processes were 

in operation (Weinstein & Snoby, 2007).  Even the development of the novel sensor-based sorting at 

that time had little success due to the slow computer processing and limited detection technologies of 

the age (King, 2015).  The dwindling of operational dry coal beneficiation plants could be attributed to 

the increased moisture levels in run-of-mine (ROM) coal as a result of more stringent dust suppression 

preconditions (Weinstein & Snoby, 2007).  Moreover, the spiral in demand for improved coal qualities 

produced at unsurpassable efficiencies and lower cut-point densities became crucial.  This piloted the 

processing of lower ore grades at finer grinds and as a result, the more effective wet coal processing 

methods prevailed and, as mentioned, have since commanded the coal preparation industry (Honaker 

et al., 2008). 

In recent years, a drive for dry coal processing has once again emerged and focus has steered towards 

developing dry preparation practices with efficiencies, yields and product qualities that can compete 

with those of wet methods.  Many viable techniques have since been studied; improvements upon the 

previously abandoned pneumatic tables, jigs and sensor-based sorters were made and some new 

techniques emerged such as the fluidized bed separator and variants; cyclonic suction treatments and 

winnowing (Weinstein & Snoby, 2007; De Korte, 2013; Manoucherchi, 2016; Stepanenko, 2017; 

Morgan, 2017).  Some of the above-mentioned methods and also dry electric and magnetic separation 

have been additionally studied for the beneficiation of fine coal material that is generally either utilized 

as un-beneficiated or discarded (Dwari & Rao, 2007).  Even water-based separation of fine fractions 

(i.e. flotation) proves difficult and costly in terms of dewatering, handling and storage.  Dry beneficiation 

may provide the solution for processing these fines (Bada et al., 2010). 

Each of the above processes has exhibited potential in the upgrading of coal on a waterless basis 

depending on the desired application and individual process restrictions.  However, as much of the 

information is still in the developmental stages of research, it becomes clear that a deeper 

understanding and in-depth knowledge base of dry coal beneficiation practices is crucial.  The purpose 

of this article is to provide an extensive review of the literature and information with respect to the 

trends and technologies of dry processing methods globally.  The article is intended to aid in the resolve 

regarding the applicability, performance, success or failure of the dry cleaning methods considered and 

to predict, if viable, the future of dry beneficiation for coal. 
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Overview of coal preparation 

 

Coal, in essence, is a combustible rock consisting mainly of carbonized plant material together with 

various inorganic sediments (SACPS, 2015).  The inherent heterogeneous nature of coal often 

necessitates beneficiation for the removal of the inorganic and other impurities.  This is to ensure that 

the coal product obtained meets specific requirements.  Coal mostly finds use in electricity generation, 

synthetic and liquid fuels production and also numerous metallurgical and industrial processes such as 

in steel and cement manufacturing (WCI, 2009).  Moreover, there is a substantial global export market 

for coal.  Each market has unique product requirements which are usually in terms of the calorific value, 

ash and sulphur contents along with some restrictions on the amount of moisture and fine material 

present (SACRM, 2011).  The nature of the coal, the capabilities of the process used and also the desired 

market, clearly determine the degree to which run-of-mine coal requires beneficiation in order to be 

successful and profitable (WCA, 2009; SACRM, 2011).  The effectiveness of a beneficiation process is 

often determined by the extent of reduction in ash, sulphur and moisture contents of the coal; an 

improved calorific value, low Ecart Probable Mooyen (EPM) and wide cut-point density parameters. 

Two fundamental operations generally comprise coal beneficiation: the liberation or release of the 

valuables from the gangue minerals and the separation of these from one another which is referred to 

as concentration (Wills & Napier-Munn, 2008).  Liberation is accomplished by comminution, which 

involves crushing or grinding to the coarsest possible particle size.  Complete liberation is rarely 

achievable in practice and most coal preparation plants merely reduce the ore to a workable particle 

size that is suitable for the concentration process that follows (Wills & Napier-Munn, 2008).  The 

separation processes are then designed so as to produce a concentrate or product made up of 

predominantly valuable mineral with an acceptable degree of locked gangue; a middling portion which 

may require further comminution and a tailings fraction that is mainly composed of the unwanted 

gangue (Wills & Napier-Munn, 2008).  While every effort is taken into ensuring minimal fines generation 

during liberation, it is not entirely unavoidable.  Depending on the particle size restrictions of the 

equipment utilized for downstream separating units, fines handling may differ.  Generally, the particles 

smaller than the minimum design particle size are removed before concentration and either discarded 

or beneficiated in a process that accommodates the fine nature of the particles.  In some cases, a 

portion of the fine material can be added to the final product as un-beneficiated (De Korte, personal 

communication, 26 October 2018). 
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Most ores are concentrated, whether wet or dry, by methods that exploit differences in either the 

physical or chemical properties between the valuable component and its associated gangue.  Dry 

beneficiation usually comprises techniques relating to the physical ore properties which include 

density, size, shape, lustrousness, frictional coefficient, magnetic susceptibility, and electric 

conductivity (Chen & Wei, 2003).  The separation mechanisms utilizing these (on wet or dry basis) may 

be categorized, broadly, into the following (Wills & Napier-Munn, 2008): 

1. Comminution and screening as a primitive form of concentration in which lump coal or gangue 

particles and harmful objects are separated in the oversize and either appropriately crushed 

or removed, respectively. 

2. Optical separation methods involve the appraisal of individual ore particles and the rejection 

of those particles that do not warrant further treatment. 

3. Elutriation or gravity (density) separation is based on the differences in density between the 

valuable mineral and gangue and the effect this has on the differential movement of particles 

in a fluid. 

4. Magnetic separation can be used to concentrate minerals from their gangues based on the 

susceptibility of either one or the other to a magnetic force. 

5. Separation based on electrical conductivity is considered when attempting to separate 

conducting minerals from those that are non-conducting by introducing charged particles into 

an electric field given that the material will either be repelled by or attracted to an electrode. 

6. Separation based on surface characteristics is implemented when a differential in surface 

characteristic (frictional coefficient) between valuable and gangue is present. 

A number of ore beneficiating techniques extending across all of the above mentioned categories have 

been studied and developed both on a wet and dry basis.  As mentioned, the wet methods (physical 

and chemical) have found much success and are readily implemented globally for a number of ore 

concentrating applications.  Dry processing techniques have also met success in certain food, recycling 

and mining applications.  In the latter of the three applications, dry separation has been applied to the 

sorting of gems, ferrous metals and fuels such as uranium, oil shale and coal (Von Ketelhodt, 2009).  

The possibly arid or arctic conditions which may prevail in the largely coal producing and consuming 

regions, essentially prove wet beneficiation impractical and unfeasible.  Dry coal processing may 

provide a solution and could be regarded as a whole or partial replacement for wet preparation.  It can 

further be considered as an alternative approach for the costly and difficult wet treatment of fine 

particulate coal (Bada et al., 2010). 
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However, due to the generally lower efficiency, higher cut-point densities and in some cases reduced 

throughput, much of the dry coal beneficiation applications implemented commercially to date (jigs, 

air-tables and sorters) are limited to pre-concentration and salvage operations (De Korte, personal 

communication, 26 October 2018).  Pre-concentration comprises the removal of a large portion of 

gangue upstream of the liberation and concentration stages (Tomra, 2017).  The benefits of such an 

addition may include a reduction in the capital, operating, maintenance and disposal costs of the 

process (Tomra, 2017).  This is because smaller and less energy intensive downstream units and drying 

treatment processes are required (King, 2015).  An improved and stable process feed quality is observed 

in processes utilizing pre-concentration and less raw materials such as air, water, dense medium and 

floatation reagent are required (Manoucherchi, 2003).  Wear on machinery is reduced and smaller 

tailings treatment facilities are needed.  Pre-concentration provides the ability to mine by other means 

uneconomic deposits and due to the modular design, most of these separators find possible application 

at remote mining sites where haulage costs may be significantly reduced (Tomra, 2017).  The possibility 

of applying a pre-concentration stage near or in the mine itself allows for leaving the coarse discard in 

the pit as aggregate, benefitting the rehabilitation process. 

Clearly, pre-concentration operations can increase production and improve the overall process 

recovery.  This is also true for salvage operations which entail the reclaim and reprocessing of disposal 

sites in order to redeem any ore that may meet the desired requirements.  Salvage operations may also 

advantage an operation by providing larger reserves, increasing the life of mine, reducing the 

environmental impact and aiding in the compulsory rehabilitation of the mining site (Manoucherchi, 

2003).  Numerous coal mines, including some in South Africa, have utilized pre-concentration and 

salvage operations for any combination of the above reasons (Cowan, personal communication, 28 

November 2018). 

Dry separation of coal for achieving intermediate or final products are largely limited to operations 

requiring a minimal coal quality upgrade in order to meet the requirement (De Korte, personal 

communication, 26 October 2018).  For this purpose, air-gravity separators and sorters may easily 

compete with the alternative wet methods on Northern hemisphere coal seams which are generally of 

good quality and easy to separate (Falcon & Ham, 1988).  As a result, coal originating from countries 

such as the USA, China and Russia may be easily processed to intermediate or final product specification 

by dry means.  Some of the notoriously difficult to separate Indian, South African and Australian coal 

seams (Falcon & Ham, 1988) may not be as successful.  Important to note, however, is that the success 

of the process is determined by the market and product specifications.  More specifically, dry 

processing for Southern hemisphere fields may not necessarily produce coal of high quality (for export) 

but could yield a product suitable for the domestic thermal or synthetic fuels markets.  In some cases 
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complete substitution by dry coal preparation plants, regardless of run-of-mine coal quality, are 

necessary for the extremely arid regions such as Australia, China, India, Mongolia and South Africa 

where limited water is available and obtaining water by other means (i.e. transport) is uneconomical.  

Another extreme case validating complete dry coal processing plants is that the water utilized in wet 

coal preparation easily freezes in arctic areas (Canada, Mongolia and Russia) hindering process flow and 

production. 

The applications of the currently commercially available dry coal processing units are generally limited 

to processing a good quality run-of-mine coal, in areas suffering from extreme drought or cold and also 

remote mining sites or small reserves, all at the possible cost of product quality, efficiency, yield and 

production.  However, given that the extreme weather conditions continue to affect current coal 

processing techniques, numerous studies are still being conducted on dry coal beneficiation and some 

of the more recent developments may prove it an applicable replacement for, or addition to wet 

processing.  Much of the research attempts to improve upon the product quality, efficiency, yield and 

throughput deficits experienced by the dry methods.  Additionally, quite some attention has been 

placed on the dry processing of fine coal (Bada et al., 2010) as most of the established processes are 

more successful in the larger (+6mm) circuit.  This would allow for a significant reduction in the costly 

and difficult dewatering procedures associated with wet fine coal processing.  Concentrating the fine 

coal may provide many benefits in that firstly, valuable material is not discarded and can be otherwise 

utilized; secondly, product quality is not reduced in the event of adding fines to the product and finally, 

less material for disposal and consequently reduced pollution.   

Each separation mechanism applicable to dry coal processing as described above is treated in the 

remainder of the paper.  

 

Comminution and screening 

 

Crushing, grinding and screening are used to reduce the ore particle size to an optimum for the most 

effective utilization in the downstream processes.  This stage is also employed for the removal of 

harmful objects and fines from the system and can act as a primitive form of concentration (SACPS, 

2015).  A number of machines are available for a large variety of crushing, milling and screening 

applications on an either wet or dry basis and for primary, secondary and salvage processing stages.  

Comminution of the ore body to a suitable size may be responsible for up to 44% of the electricity 
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consumption on an average mineral plant and therefore some screens and crushers have also been 

developed so as to act as an initial, pre-process concentration step where special designs have been 

implemented to effect separation of coal from the undesired shale or sediments.  This prevents the 

unnecessary processing of the unvalued gangue minerals in subsequent stages and greatly reduces the 

capital and operating costs all the while simplifying the disposal and tailings procedures (Lessard et al., 

2014). 

Crushing and screening machinery that has been developed in an attempt to treat coal are the rotary 

breaker, scalping screens, and slate pickers.  A rotary breaker is a crusher and screen combination 

relying on differential breakage to provoke separation, where particularly in the case of coal, the 

valuable composite of the ore is more friable than the rock, sediment or debris.  The coal will, in effect, 

break easier and quicker than the associated gangue and debris and is immediately removed from the 

breaker through the perforated drum walls (SACPS, 2015; Wills & Napier-Munn, 2008).  The large and 

uncrushable material is retained and discarded from the end of the drum.  This unit has the ability to 

clean the coal to a certain degree, preventing unnecessary comminution of gangue and debris and as 

the broken coal is quickly removed from the cylinder, it produces few fines (Wills & Napier-Munn, 

2008).  Scalping screens perform a similar task in removing the large and uncrushable ore and debris 

from the circuit early on and are generally implemented in conjunction with the rotary breaker or other 

primary crushers (SACPS, 2015; Wills & Napier-Munn, 2008). 

A number of slate picker designs are found as they can be made to exploit the differential in frictional 

coefficient, resiliency, specific gravity and finally, particle shape and size.  The Roller, Frederick, Ziegler, 

Ayer, dry spiral and Berrisford pickers are some examples and more detailed descriptions of these as 

separation treatments are found in the work by Mamoohdabadi (2015).  In essence, slate pickers affect 

the separation of valuable ore from gangue by implementing inclined parallel rollers, belts, perforated 

and coated chutes or lastly, the helix form of the well-known wet spiral.  It is believed that coal particles 

generally break into smaller cubic shapes and that gangue would form larger slate-like particles during 

crushing.  Pickers such as the Roller and Frederick use this difference in particle shape over inclined 

rollers or chutes allowing the cubic coal particles to roll over and the slate-like gangue to fall through.  

The Ziegler, Ayers, spiral and Berrisford apparatus rely on the differential in the frictional coefficient, 

with coal being lighter, smaller and cubic while the slate is heavy, large and flat thus effecting slower 

movement on an inclined belt, coated chute or spiral and so providing separation (Mamoohdabadi, 

2015). 

Although effective for operations such as crushing, screening, scalping and de-stoning; it becomes clear 

that the rotary breaker, scalpers and pickers cannot be singularly held responsible for beneficiation of 
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coal to current product specifications.  These methods rely quite heavily on a high degree of liberation 

which is nearly impossible to obtain at large particle sizes and specific particle shapes.  Some attention 

has been given to the quantification and prediction of the degree of liberation in a given ore but has 

not yet attained recognition industrially.  These studies aimed to direct the breaking stresses at the 

mineral crystal boundaries and in conjunction with Mineral Liberation Analyses (MLA), predict the 

breakage mode and related variables for optimum liberation.  Most recently the research conducted 

by Potgieter (2017) has attempted to determine the optimum grind size and breakage mode (impact, 

compression or attrition) for a particular coal sample.  From this work, it was found that the breakage 

mode may affect the degree of liberation and that, on a laboratory scale, impact breakage to a top size 

of 6.7mm followed by autogenous attrition (grinding) for a period of 1 minute provided optimum 

liberation as proven by improved coal washability curves.  The degree of liberation is generally, 

however, coal specific and the breakage mode and optimum grind size may vary depending on coalfield 

and seam making it increasingly difficult to implement any such studies industrially (O’ Brien et al., 

2011). 

A high degree of liberation may not be necessary for certain processes as high recoveries are obtainable 

for minerals, especially coal, that are completely enclosed by gangue.  This is as a result of the 

pronounced difference between middling and gangue in a selected physical property of the ore.  The 

processes making up the optical and elutriation separation mechanisms do not require extensive 

liberation and are consequently ground to a predetermined optimum particle size for processing, 

regardless of the degree of liberation attained (Wills & Napier-Munn, 2008).  The magnetic and electric 

processes, however, demand quite a fine particle size in order to achieve effective separation; this 

inadvertently coincides with a relatively high degree of liberation. 

 

Sensor-based sorting as dry beneficiation 
technique for coal 

 

Sensor-based sorting (SBS) is an umbrella term that covers any processes involving the appraisal of 

individual particles and the acceptation or rejection of those that, either, do or do not warrant further 

treatment, respectively (Wills & Napier-Munn, 2008).  This form of sorting originated with a visual 

inspection of the particles and those meeting certain criteria (usually in terms of colour or lustre) were 

hand-picked.  Hand sorting can, therefore, be labelled as the original means of ore concentration but 
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has, over the years, become impractical, unsafe and expensive (Manoucherchi, 2003).  With the 

introduction of automated ore sorting technologies that are applicable for poorer grades at larger feeds 

and finer grinds, hand sorting has been largely abandoned (Wills & Napier-Munn, 2008; Manoucherchi, 

2003).  The electronic sorting methods of the time (photometric and radiometric) attained much 

recognition due to their potential to beneficiate a wide variety of ore types along with the possible 

reduction in downstream cost and mine waste (King, 2015).  However, some technical, operational and 

economic limitations, extending mostly to the slow computer processing speeds of the age, proved 

sorting an unfeasible beneficiation technique (Manoucherchi, 2003; King, 2015).  Recently, the major 

advancement in computer-based technology has shown SBS more economical than when first 

developed and therefore may, once again, provide an attractive concentrating technique in a number 

of industries (King, 2015). 

The principle of sensor-based sorting 

Similarly to that of handpicking, electronic sorters are designed to inspect particles in order to 

determine the value of a selected property and eject those particles that meet some criterion.  This is 

accomplished in a sorting machine that identifies and analyzes the selected particle property with 

suitable sensors and computational processors.  Separation of the selected particles then occurs by 

means of an ejection device (Manoucherchi, 2003).  Figure 1 provides a depiction of the general 

configuration of such a sensor-based sorter. 

 

Figure 1: General configuration of an ore sorting machine (adapted from Manoucherchi, 2003) 

Ore enters the identification zone where detectors generate data that describes the individual particles 

based on either surface or bulk properties.  The information generated by the sensors is analyzed by an 

electronic data processor which determines the particles to be ejected in the separation zone.  Once 

this identification is complete, separation of the wanted and unwanted particles is effectuated by either 
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air-jet, water-jet or mechanical segregation systems (Manoucherchi, 2003).  Either the valuable or 

gangue minerals can be ejected, in which the hydraulic, pneumatic or mechanical system would emit 

the selected particles further than the natural free-fall profile (Manoucherchi, 2003).  This is 

accomplished with a burst of air or water from any number of jets located in the separation zone, or 

alternatively, pushing with a piston, plunger or flap.  The mechanism as described above is termed 

sensor based stream sorting; a bulk method is available in specifically radioactive ore sorting 

applications such as for uranium.  Therein, sensing can be applied to a bulk batch of ore located in a 

shovel or truck and determine whether, on average, the ore is largely valuable or not and whether it is 

to be processed or discarded (Wilkie, n.d.). 

It is crucial that feed particles enter the identification and separation zones in a monolayer to ensure 

proper detection and separation (Strydom, 2010; Robben et al., 2014).  The feed presentation can 

consist of a number of steps including sizing, washing, feed rate control, particle alignment, wetting, 

acceleration and stabilization (Manoucherchi, 2003).  Most sorters make use of vibratory feeders or 

direct slide chutes that feed the material into a free-fall or onto a slow-moving belt where the sensors 

are placed optimally so as to allow effective detection and identification (Manoucherchi, 2003).  Figure 

2 provides a pictorial representation of the belt (top) and chute (bottom) type sensor based sorters 

complete with feeder (a), belt or chute (b), a detector (c), computer processor and separator (d). 

 

Figure 2: Belt (top) and chute (bottom) type sorters with (a) feed, (b) belt or chute, (c) detector, (d) computer processor and (e) 

separator (adapted from Robben et al., 2014) 

(a) 

(a) 

(b) 

(b) (c) 

(c) 

(d) 

(d) 

(e) 

(e) 
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A variety of ore properties can be used as the basis of automated sorting and with proper selection of 

detector type, sensor-based sorting can be applied to the concentration of numerous minerals.  Table 

1 provides a summary of the sensors available along with the associated ore properties and minerals 

that can be concentrated thereby. 

Table 1: Summary of sensing technologies available for sensor-based sorting (adapted from Harbeck & Kroog, 2008) 

Electromagnetic 

wavelength 
Sensor technology Ore property detected 

Application to the 

mineral industry 

Gamma radiation 
Radiometric 

(RM) 

Natural gamma 

radiation 

Uranium & precious 

metals 

X-ray 

X-ray transmission 

(XRT) 
Atomic density 

Base & precious 

metals, coal & 

diamonds 

X-ray florescence (XRF) 

& X-ray luminescence 

(XRF) 

Visible florescence or 

luminescence under X-

rays 

Diamonds & base 

metals 

Ultraviolet (UV) 
CCD color camera 

(COL) & LASER 

Reflection, brightness 

& transparency 

Base & precious 

metals, industrial 

minerals & diamonds 

Visible light (VIS) 
Photometric 

(PM) 

Monochromatic 

reflection/absorption 

Industrial minerals & 

diamonds 

Near Infrared (NIR) 
Near-infrared 

spectrometry (NIR) 

Reflection or 

absorption 

Base metals & 

industrial minerals 

Infrared (IR) 
Infrared camera 

(IR) 

Heat conductivity & 

heat dissipation 

Base metals & 

industrial minerals 

Microwaves 

Heating in conjunction 

with IR 

(MW-IR) 

Sulphides and metals 

heat faster than other 

minerals 

Base & precious 

metals 

Radio waves - - - 

Alternating current 
Electro-magnetic 

sensor (EM) 
Conductivity Base metals 

It is clear, from the summary provided in Table 1, that sensor-based sorters have a wide variety of 

applications in the minerals industry.  With the introduction and improvement of the latest detector 

technologies available, a number of bulk and surface ore properties can be analyzed.  Additionally, the 
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rapid growth in computational technologies and optical resolution enhancements coupled with the 

improving technological awareness and skills of operators and also increasing technical support from 

manufacturers, electronic sorters have proven more and more reliable (Manoucherchi, 2003).  These 

headways in sensor-based sorting technologies, especially relating to the XRT and EM sorters employed 

for fuels, could demonstrate useful in coal preparation. 

Sorters for coal beneficiation 

Numerous studies have been conducted on sensor-based sorting in relation to coal preparation and so, 

publications can be found on a few of the methods extending across the detection techniques as listed 

in Table 1.  Of these, the developments in x-ray transmission (XRT) and electromagnetic (EM) sorting 

have demonstrated most effective for the beneficiation of coal.  EM sorters have been investigated on 

small and laboratory scale but industrial scale tests are required for further evaluation (De Jong et al., 

2004). 

The EM sorting technology is based on the fact that some minerals show variable electrical conductivity 

and magnetic interaction.  Most materials are weakly conductive and have an electrical conductivity 

lower than that of iron.  As a result, these minerals can be inspected and separated by a device that is 

able to detect their electrical or magnetic properties (De Jong et al., 2004).  Studies considering 

magnetic and electric separation techniques for coal have proven them effective to some extent and 

therefore viable properties for sensor-based sorting (De Jong et al., 2004).  Coal shows differences in 

both magnetic and electric properties and therefore the EM sensor type can be selected so as to 

generate a variable signal depending on both properties.  The individual particles each generate a 

unique voltage signal which may vary from 0 to 3000 mV depending on the electric and magnetic 

properties of the particle.  It is therefore made possible to distinguish between coal and shale and 

actuate a separation accordingly.  This is generally conducted on a chute type sorter design as 

previously described using S + S electromagnetic sensors and an array of air jets (De Jong et al., 2004). 

The XRT technology is quite familiar and works in a similar fashion to that of the diagnostic tests 

performed in a doctor’s office or airport baggage scanners.  With these, the transmission and 

attenuation of hard x-rays are observed as they pass through solid matter (Robben et al., 2014).  X-ray 

transmission is applicable to ore sorting due to the differences in atomic absorption displayed by the 

different elements present in a particle.  Resultantly, x-ray attenuation is dependent on atomic density 

and so it is made possible to discern between the density differing minerals.  Denser particles are 

capable of absorbing larger amounts of energy, as such fewer x-rays transmit through the sample to 

the detector array (Strydom, 2010; Lessard et al., 2014).  The heavier elements can, therefore, be 
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differentiated from the lighter elements based on their relative transmission of x-rays (Lessard et al., 

2014). 

In XRT sorting, feed ore is irradiated with broadband x-rays in two sets of arrays at different relative 

energy levels.  This is also referred to as dual energy x-ray transmission (DE-XRT) and is used to 

normalize the effects of sample thickness (Harbeck, 2004; Lessard et al., 2014).  The detector system 

utilized works as a line-scan camera, registering the x-ray penetration and converts the information to 

digital image data.  The signal processed, therefore, becomes a two-dimensional projection of the stone 

and allows for a simpler analysis of the data to determine whether or not the particle has economic 

mineral value (Lessard, et al., 2014).  The images appear as different shades of grey and are then 

transformed to images of different spectral ranges which makes it possible to classify different colour 

pixels according to specific atomic density (Von Ketelhodt & Bergmann, 2010).  Figure 3 portrays the 

principle of the dual energy XRT (DE-XRT) system as described above. 

 

Figure 3: The principle of the DE-XRT (adapted from Harbeck & Kroog, 2008) 

As with both XRT and EM sorters, once the classified data image or voltage is obtained, a command is 

sent to the control unit to open the appropriate valves for ejection of the desired particles.  The 

sensitivity of this actuation may be varied and thereby the product can be changed to contain more or 

less of the unwanted gangue.  This is accomplished by setting a threshold (e.g. atomic number or 

voltage).  Changing the threshold would affect the product quality either positively if made extremely 

sensitive, or negatively if relaxed but would then either reduce or increase the machine throughput, 

respectively.  An inherent advantage of DE-XRT over other sensing technologies is the ability of this 

method to sample the entire mass of stone (Strydom, 2010, Lessard et al., 2014).  Many of the 

alternatives are surface techniques which are only capable of identifying minerals present in the surface 

of a sample.  XRT, on the other hand, allows the sorter to see through the entirety of the stone and the 
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dual energy sensor array permits the mitigation of geometry effects on the signal.  Therefore, the 

manner in which a stone is presented to the sorter is inconsequential to the efficiency of the sorter. 

Applicability and limitations 

Sorting, including the EM and XRT, has been quite extensively studied and implemented in numerous 

countries around the globe for various applications.  This technology may generally be used for (1) pre-

concentration of the plant feed, (2) production of an intermediate product, (3) production of a finished 

product or, (4) salvage operations (Wotruba, 2006).  Specifically, in the case of coal, XRT sorters are 

useful for de-stoning coarse feed from the mining face and for processing coarse waste dumps 

containing a fair amount of in-seam and out-of-seam dilution (Tomra, 2014).  The sensory system used 

within XRT sorting can also be applied to evaluate particle size and shape along with material thickness 

and texture.  Consequently, an XRT sorter is a highly efficient system for classifying different materials 

or minerals.  For this reason, XRT technology may also be utilized for the removal of pyrite-bearing coals 

and separation of torbanite from coal in addition to the popular de-shaling application (Von Ketelhodt 

& Bergmann, 2010).  Whether implemented for any of the above applications, sorting may help 

overcome the critical areas in mining and mineral processing as related to the benefits of pre-

concentration as discussed in the section on the “Overview of coal preparation”.  In some cases, sorters 

can also be utilized in areas other than ROM preparation.  Sorters could be implemented after a milling 

circuit to remove barren pebbles and prevent them from entering the mill through the recycle 

(Wotruba, 2006).  Furthermore, some additions of sorters after other separation units is also a 

possibility to improve upon separation (De Jong et al., 2004). 

XRT sorting machines are capable of handling throughputs in the range of 70 – 240 tph with a general 

PSD of 10 – 120 mm (King, 2015).  King (2015) states that the XRT sorters only prove competitive for 

+30 mm particles with a noteworthy reduction of throughput on particle sizes between 8 mm and 30 

mm.  Treatment of smaller particle sizes generally results in a lower mass processed as a consequence 

of the monolayer requirement in feed presentation and also the optical and time-related capabilities 

of the detectors utilized (Strauss, 2016).  Finer particles (< 10mm) may, therefore, prove uneconomical 

to process (Strauss, 2016; Wotruba, 2006).  In practice, the bottom size should be determined by the 

throughput economics for the application at hand (King, 2015).  When approaching the upper size limit 

of 120mm, the sorters may suffer from dilution issues as a consequence of surface area and x-ray 

penetration depth (Approximately 40 mm) (Strauss, 2016).  With the larger rocks, inadequate flow or 

force during ejection of the rock may be problematic however some air jets are capable of ejecting 

particles up to 15 kg (Strauss, 2016).  Furthermore, for effective concentration, the ratio of largest to 

smallest particle sizes present in the system must remain less than 3 to 1 in order to ensure proper 
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particle detection and sufficient force exerted by the jets or mechanical plungers (Strauss, 2016).  EM 

sorters for coal preparation have only been studied on +20 – 50 mm material at a throughput of 10 – 

20 tph but are predicted to handle tonnages of 21 – 90 tph (De Jong et al., 2004). 

Clearly, preparation of the feed particle size and size ratio is essential for an effective EM and XRT 

sorters and material will, therefore, require adequate crushing, screening and blending.  These PSD 

restrictions may limit the capability of sorting as an overall dry beneficiation process.  Oversize particles 

can easily be crushed and reprocessed whereas the undersize would require slower processing and a 

more sensitive threshold setting which would ultimately affect production (De Korte, personal 

communication, 24 October 2018).  Furthermore, inability to ensure the proper monolayer feed 

presentation and correct particle speed, may lead to non-effective beneficiation due to entrainment 

and thereby misplacement of material (Wotruba, 2006). 

In cases where the sensor system is based on surface characteristics, it may be additionally necessary 

to clean the particle surface before feeding to the sorter.  This is to make certain that dust particles and 

moisture will not affect the particle surface property sensing.  In penetrative sensing methods such as 

the DE-XRT, dusting and moisture is not a major issue and washing as part of feed preparation may not 

be necessary (Wotruba, 2006).  In EM sorting the signal of the electromagnetic sensors are also 

insensitive to surface contaminants such as moisture and dust (De Jong et al., 2004).  In some moist 

cases where small and fine particles are present (either wholly or partially), adhesion of particle surfaces 

may result in entrainment, misdetection and misplacement which could affect the efficiency and 

product quality.  This provides additional incentive for proper feed preparation in screening for the 

removal of undersize particles or particle washing (either with water or air).  Furthermore, given that 

all types of automated sorters can be operated successfully for coarse coal with, or without the use of 

water, the feed ore needn’t require extensive drying prior to processing as these sorters can be utilized, 

with no negative effect on the efficiency, in all weather conditions (dry, wet and freezing) (Tomra, 2014; 

Von Ketelhodt & Bergmann, 2010). 

Performance, success and pitfalls 

The performance and success of a sorter is quite variable and may rely on, firstly on the application and 

secondly, on the feed quality in addition to the PSD limitations as described.  Von Ketelhodt and 

Bergmann (2010) noted that the cut-point of separation is controlled by the threshold sensitivity of the 

program.  As the sensitivity is increased the efficiency of separation improves at the possible cost of 

throughput.  Resultantly, the efficiency of this process is generally lower than that attained in a typical 
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wet beneficiation operation and as a result, EPM values and D50 cut-point densities above 0.02 and 1.9 

SG, respectively, may be expected (De Korte, 2013). 

The applicability and performance of DE-XRT sorting in de-shaling, separation of coal from torbanite 

and removing pyritic sulphides was studied by Von Ketelhodt and Bergmann (2010).  This study 

concluded a potential de-shaling application with an upgrade of ash value from 22.38% to 16.70% for 

+20-40mm South African coal from the Witbank coalfield.  Additional tests in a larger size range (+20-

100mm) show again that a significant reduction in ash content is expected from 26.20% to 16.56% with 

a product CV of 27.21 MJ/kg and yield of 79.6% at throughputs of up to 80 tph.  An additional 

investigation into de-shaling on a pilot scale was undertaken and described in this study.  Two sample 

sizes were considered, +60-120mm and +12.5-50mm with throughputs of 120 tph and 60 tph, 

respectively.  For the larger PSD, good separation was achieved by a reduction in ash value from 37.30% 

to 17.80% at a product yield of 67%.  Additionally, sulphur was reduced from 1.34% to 0.58% and the 

CV of the product was improved to 24.96MJ/kg.  The smaller PSD produced an improved coal product 

with an ash value of 22.7% from a feed ash value of 31.9%.  The product yield for this experiment was 

66% with a product CV of 23.83MJ/kg and sulfur content of 0.83%.  Notably, these tests were conducted 

in varying weather conditions which had no effect on the performance of the sorter. 

Von Ketelhodt and Bergmann (2010) further investigate the applicability of DE-XRT sorting for the 

separation on coal and torbanite.  Torbanite is a mineral with densities similar to that of coal which is 

found in many South African coalfields (Strydom, 2010).  Moreover, a coal-torbanite product mixture is 

not suitable for a power station or export coal but can be pyrolized and converted to liquid fuel.  Due 

to the closely comparable densities and limited application of torbanite contaminated coal, separation 

by the current density technologies is not possible.  It was determined through a comprehensive 

research program that DE-XRT sorting is best suited for differentiating the coal, shale and torbanite.  

Strydom (2010) found that the feed could be beneficiated from a CV of 22 MJ/kg to 28MJ/kg and 

associated reduction in ash value from 26% to 10%.  Additional petrographic analyses of the product 

indicated that a nearly pure coal product was attainable at 91% carbon by volume and product yield of 

42.9%.  The contaminants were further identified as shale and mixed sapropelic coal.  Furthermore, DE-

XRT sorting for the removal of pyritic sulphides and mercury from Texan lignite was addressed by Von 

Ketelhodt and Bergmann (2010).  The objective of the study was to determine if this process would 

yield a clean power station lignite and positive results were obtained with some optimization 

recommendations for future investigations.  The experiments showed the potential to yield an 84.73% 

reduction in pyrite along with a 79.17% reduction in mercury and improved calorific and ash values. 
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In a study conducted by De Korte (2013), some pilot scale tests were conducted on an XRT sorter in a 

de-stoning application of South African coal above 50 mm and yielded an average EPM of 0.29 with cut-

point density of 2.1 SG.  A reduction in ash value from 71% in the feed to 59.5% in the product was 

obtained with an overall yield of 47.58%.  Clearly, the efficiency does not compete with that as expected 

from a wet process but given the extremely low feed grade and the de-stoning objective of the sorter 

to yield an intermediate product for further treatment in a dense medium plant; the unit successfully 

removed more than 50% of barren rock from the feed.  Slightly better efficiencies were found with tests 

conducted on a Tomra sorting solutions DE-XRT sorter with throughput capabilities of 150 tph and a 

PSD restriction of +50-120mm.  Table 2 provides general performance data of such a sorter as 

mentioned above. 

Table 2: General performance data for a DE-XRT (adapted from Tomra, 2014) 

 Ash (%) Calorific value (MJ/kg) Sulphur (%) 

Feed 38 19 1.15 

Product  18 25 0.60 

Discard 80 5 2.80 

EPM 0.1 

Yield  75% 

The data in Table 2 shows that a successful upgrade of the coal can be achieved with a relatively high 

yield obtaining a sufficient CV improvement paired with ash and sulphur content reduction.  The 

efficiency (EPM of 0.1 and yield of 75%) still does not compete with that of the alternative wet methods 

but is much improved from the studies conducted by De Korte (2013) which is likely as a result of the 

much better feed coal quality processed.  This proving that the feed coal quality and presence of near-

dense material affects the performance of a DE-XRT sorter. 

Efficiency studies by Robben et al.  (2014), consist of a number of tests investigating both chute and 

belt type XRT sorters for different coals.  The work for chute type sorters was conducted on four 

different South African bituminous coal types (labelled A, B, C and D) utilized as power station feed.  

Coal types A and C were considered very difficult to separate, where B and D were exceedingly difficult 

and formidable to separate, respectively.  The investigation was conducted on +30 – 100 mm particles 

at a production rate of 100 tph and desired cut-point density of 1.65 SG.  The experiments for the belt 

type sorters were conducted on one type of coal with 20 – 30 mm particles at 50 tph and then also on 

30 – 100 mm particles at 100 tph.  Table 3 summarizes the results obtained from the chute and belt 

type XRT sorters. 
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Table 3: Efficiency test results for chute and belt type sorters for different South African coals (Robben et al., 2014) 

Chute type XRT sorter 

30-100mm at 100 tph 

 Belt type XRT sorter 

Coal A B C D 
 1 

(10-20mm at 50tph) 

2 

(30-100 at 100tph) 

Feed ash (%) 31.2 43.0 33.8 27.7  28.3 43.0 

Product ash (%) 19.5 25.7 20.3 21.1  21.4 21.8 

Discard ash (%) 45.6 53.1 48.2 34.8  66.0 68.4 

Product yield (%) 55.3 36.7 51.6 52.5  84.5 54.4 

Density cut-point (SG) 1.7 1.6 1.7 1.6  2.1 1.8 

Organic efficiency (%) 79.2 63.1 78.1 66.1  94.5 81.2 

Sink in float (%) 6.6 10.8 7.9 8.7  2.1 3.8 

Float in sink (%) 12.6 9.9 1.5 18.9  4.8 6.9 

Total misplaced (%) 19.2 20.7 18.4 27.6  6.9 10.7 

Near-dense material (%) 17.3 25.2 19.1 39.7  - 9.8 

EPM 0.11 0.13 0.12 0.11  0.09 0.04 

The results portrayed in Table 3 indicate that adequate separation of all coal types investigated is 

achievable on both belt and chute sorter designs with EPM values and organic efficiencies ranging from 

0.04 to 0.13 and 63.1% to 94.5%, respectively.  A significant reduction in ash content (10 percentage 

points) from the feed to the product is noted with the product ash content falling into the specification 

for a typical South African thermal grade coal (SACRM, 2011).  Product yields average in 50% aside from 

those of coal type B on the chute sorter and the +10-20mm coal on the belt sorter.  The yield of the 

former was considerably lower due to the feed coal quality and difficulty of separating that coal type 

whilst the latter produced a significantly higher yield as a consequence of the much-reduced 

throughput (a requirement for the smaller size) and good quality coal used.  Some efficiency tests were 

conducted on the EM sorter by De Jong et al.  (2004) and showed that EPM values of 0.1 to 0.15 are 

achievable in cut-point densities of 1.5 to 2.3 SG, respectively.  It was also found that the coal and 

gangue distinction was the same for both dry material and coal with added moisture.  This competes 

with the data obtained for the DE-XRT sorter but since the investigations were only conducted on small 

scale – further investigation is required. 

Even though a good separation is attainable in a DE-XRT sorter with the potential to deliver a product 

of competitive ash contents and acceptable product yields, some drawbacks have to be considered.  

The EPM values are quite low in some of the investigations detailed above but still average in 0.14 with 
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the feed quality significantly affecting the efficiency and consequently product yield.  Although much 

lower than some previous studies, the EPM still doesn’t quite compete with that obtained from wet 

processing.  Clearly, the separation obtainable from a DE-XRT sorter is ore body specific and test work 

is therefore essential to understand the washability characteristics of the different coals (Strauss, 2016).  

Every coal deposit is unique in the style of mineralization, and so liberation varies too, making it so that 

not all ores are amenable to sorting (Straus, 2016).  This deposit variability and heterogeneity leads to 

a requirement of quite complex analyses and discrimination algorithms which, if incorrectly 

implemented, may lead to failure (Wotruba, 2006).  Von Ketelhodt and Bergmann (2010) note that the 

amount of waste present in the feed is correlated to the throughput and in so a better quality feed will 

result in a higher tonnage.  Additionally, the throughput for coal with a relative density of 1.4 to 1.6 SG 

will be typically less than most other ores at the same volume.  It is crucial to ensure whether the 

capabilities and limitations of the sorting unit are acceptable for the desired application and product 

outcome (De Korte, 2013). 

The misplacement of particles is another important issue to consider.  This is commonly noted in the 

lower density fractions and attributed to mechanical misplacement during the sorting process (Von 

Ketelhodt & Bergmann, 2010).  More specifically, misplacement of the float fraction into the sink 

fraction is more common than vice versa.  Theoretically, if a larger discard particle is ejected, it is 

possible that small lighter coal particles could be dragged over the splitter by the turbulent ejection.  If, 

alternatively, the product is ejected one finds that more sink material reports to the float fraction.  In 

the first case, it can be concluded that more material is displaced than when considering the second 

option of ejecting the product.  For this reason, it is essential that the fine material is removed prior to 

sorting.  It may also be useful to reduce the size range coefficient of the feed and to consider ejecting 

the product especially when the yield is in the region of 50% (Robben et al., 2014). 

Beyond proper liberation and the consistent detection and ejection of the particles, most other pitfalls 

related to the use of sorters can be overcome.  These drawbacks are mainly associated with the lack of 

expertise and knowledge among plant designers and plant operators; manufacturers that are mostly 

smaller companies not offering 24-hour global services and the greater abrasiveness of the minerals 

that may lead to sophisticated wear protection and higher degrees of maintenance (Wotruba, 2006). 

Operability and costing 

Sorters are compact, containerized and lightweight and are well suited for underground and mobile 

installations (Wotruba, 2006).  The modular sorting plant design is simple, requiring only crushing, 

screening and conveying systems with no expensive water treatment systems.  No water or reagents 
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are necessary for dry sorting with only a requirement of air (for air-ejection) and electricity to run the 

plant.  Moreover, the plant design is flexible and easy to move or expand (Tomra, 2014).  Parallel 

installations of multistage sorters (often treating different sizes fractions) are well established in order 

to overcome any possible throughput issues (Wotruba, 2006).  The implementation of multi-technology 

sorters by increasing the number of sensors is also recommended as this improves the detection 

(McCarthy, 2014).  As they are mostly automated, the operation of the sorters is simple with the proper 

training and if well maintained will work reliably for an extended period (Wotruba, 2006).  Given the 

complexity and expense of the ejection system (mechanical flaps or air ejectors) and the X-ray emitters, 

some expertise is required when maintenance is due.  The changing of wear parts can however easily 

be undertaken (Wotruba, 2006). 

Sorters are inexpensive units with low capital and operating costs (De Korte, 2013).  Lessard et al.  

(2014), states that the capital cost of a sorter ranges in 1 million USD (1 USD = 14.67 ZAR on 22/12/18).  

The operating costs for the sorter depend largely on the application and plant design but some general 

cost-saving statements can be made.  Firstly, these modular and cost-effective plants provide the 

possibility of mining reserves that are uneconomical by other means, therefore, unlocking new mining 

opportunities and increasing the life of mine (McCarthy, 2014).  For the same reason, the reclaim of 

coarse discard from tailings facilities is also made economically possible by sorters.  Scavenging 

additionally aids in a more cost-effective rehabilitation of the mining site.  Since these sorters are 

compact and can be utilized near or in the mine, much savings are made on haulage costs and the stone 

can be used as aggregate and immediately utilized to fill the mine (Tomra, 2014). 

When considering sorting for de-stoning or concentration to a final product, the largest cost savers 

extend to a reduction in water, reagent and energy usage (McCarthy, 2014; King, 2015).  If utilizing a 

sorter as final product separator, no water or reagent will be necessary eliminating their cost entirely 

along with no need for expensive water treatment facilities.  Such a plant is considerably smaller and 

will, therefore, cost much less to operate in terms of energy usage.  With sorting as a de-stoning 

application, savings on water, reagent and energy consumption is still noted as the downstream dense 

medium plants are considerably smaller (King, 2015).  With de-stoning, less material is sent to the 

milling circuit leading to a major reduction in the power requirement.  Lessard et al.  (2014) quotes that 

the power requirement is reduced from 5.9MW to 3.2MW in the crushers and from 51MW to 16.6MW 

in the mills if sorters are used as pre-concentrators.  This correlates to a 60% drop in energy 

consumption as calculated for a molybdenum production application.  Wotruba (2006) compares the 

cost of running a conventional air ejection sorter to the milling costs for grinding the waste to an ultra-

fine size.  The sorter consumes 1 – 3 kWh/t whereas grinding the gangue would consume 12 – 15 kWh/t.  

These values are subject to change depending on the weight and size of the particles but a clear 
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reduction in energy consumption is noted if utilizing a sorter to de-stone.  However, energy savings may 

not be a major issue if the material is only to be crushed to a coarse size (Wotruba, 2006).  It must be 

noted that low capital and operating costs alone cannot always be reason enough to implement a 

technology.  It is important to consider the loss of product yield due to the lower efficiency which can 

easily offset the advantage of low cost in the long run (De Korte, 2014). 

 

Gravity separation as dry beneficiation 
technique for coal 

 

When a pronounced difference in the density of two minerals is observed, it is possible to separate 

them by gravity or density concentration also referred to as elutriation.  This method of separation has 

its roots in antiquity and has long been used in iron ore and diamond processing, the concentration of 

metalliferous ores and coal beneficiation (Wills & Napier-Munn, 2008).  Consequently, numerous 

process and unit designs have been introduced commercially for coarse and fine particle sizes.  Both 

wet and dry based gravity separators are available.  Density separation is well understood and accepted 

as an extremely successful concentration technique with the related theories well documented in the 

published literature (Kelly & Spottiswood, 1982; Wills & Napier-Munn, 2008: SACPS, 2015). 

The principle of gravity (density) separation 

Particles of unique density behave differently in a fluid (liquid or gaseous) medium, depending on the 

forces of gravity, friction and centrifuge acting upon them.  These forces affect the differential 

movement between different density particles, related to the resistance of motion by a viscous fluid or 

medium (Wills & Napier-Munn, 2008).  The relative particulate movement can be described as an effect 

of either floating or sinking in the medium according to Archimedes law (Luo and Chen, 2001).  

Depending on the chosen medium, density separation can be categorized as either wet (operating with 

water or suitable liquid) or dry (operating with air or suitable gas); both similar in concept (Wills & 

Napier-Munn, 2008). 

The principle of elutriation is described with a simple example of a mixture of similarly sized ping pong 

balls and stone pebbles in a bucket of water.  After a period of time, the pebbles will sink to the bottom 

of the bucket as they are denser than the ping pong balls and the water.  On the other hand, the balls 

float as they are lighter than the medium (water).  Forces of gravity and buoyancy are observed here; 
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due to the higher mass of a pebble the gravitational force acts strongly upon it and pulls the pebble to 

the bottom of the container.  The opposite frictional drag force of the water is insignificant in magnitude 

to prevent the pebble from falling but is large enough to cause the lighter ping pong ball to float.  The 

pebbles and ping pong balls are thus successfully separated by means of their response to the forces 

of gravity and friction in a medium and as a result of their differences in density.  Based on this principle, 

it is possible to separate ore particulates of significantly differing densities in a suitable medium (Wills 

& Napier-Munn, 2008).  Noteworthy is that density is not the only parameter affecting the possibility 

and extent of separation achievable by elutriation.  Certain properties of the particle and fluid medium 

also play role i.e. particle size and shape and medium type, density and viscosity, respectively (Wills & 

Napier-Munn, 2008; Sahu et al., 2013; Zhao et al., 2015). 

Many minerals exhibit differences in density when compared to each other and their host rock.  Coal is 

one such ore where the mineral gangue constituents report to generally higher density fractions than 

the associated maceral elements (Xie, 2015).  As a result, density separation techniques are a suitable 

means of beneficiating coal to remove the undesired, high-density ash forming minerals (SACRM, 

2011).  Most currently operational dense medium separation techniques utilized for coal beneficiation 

are water based (Yang et al., 2013).  The coal can be upgraded by means of wet jigs, dense medium 

drums, cyclones and spirals depending on the particle size range applicable.  Drum separators and wet 

jigs are commonly employed for coarse coal, whereas cyclones and spirals are applicable for the 

intermediate and fine size fractions, respectively (SACRM, 2011).  Froth floatation is implemented for 

the ultra-fine coal fractions but is based on particle surface characteristics and not density. 

Often a very dense, finely sized material such as magnetite or sand is used as a medium in addition to 

the respective fluid.  Therein the dense medium is fluidized, forming a fine particle suspension in the 

fluid.  The dense medium suspension behaves fluid-like and conforms to a unique, uniform and stable 

density and viscosity.  Upon addition to the medium suspension, coal particles heavier than suspension 

sink (i.e. shale), while those lighter would float (i.e. clean coal).  The addition of medium has been 

proven to aid in preventing particle back mixing (Prusti et al., 2015) and also inhibits vigorous bubbling 

inside the bed (Fan et al., 2001).  Wet beneficiation processes obtain a very efficient separation but use 

significant amounts of water, yielding high production rates of good quality (low ash) coal that is high 

in moisture and requires extensive dewatering (Yang et al., 2013).  Common EPM and product yield 

values for a dense medium coal beneficiation plant are 0.023 and 71%, respectively (De Korte, 2013).  

Alternative to the currently employed density based wet methods, a number of dry elutriation 

technologies have been introduced to the coal preparation industry (Chen & Wei, 2003; Dwari & Rao, 

2007, Zhao et al., 2015). 
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Methods for dry density separation of coal 

When considering the techniques available for dry processing, those proven applicable to density 

separation for the upgrade of coal are: 

 Air jigs such as the All Air Jig 

 Pneumatic oscillating tables such as the standard air table, FGX, KAT and AKAflow 

 Fluidized bed separators such as the ADMFB 

 Vortex or cyclonic fluidization separators such as the SEP-AIR and AMSEP 

 Dry reflux classifier 

 Winnowing 

Each of the above-listed technologies and variations has shown promise in the successful beneficiation 

of coal whether on research and developmental level or available commercially.  Several laboratory and 

industrial scale unit designs are available for especially the air jigs and pneumatic oscillating tables.  The 

concept remains unchanged; most differences are related to the product and refuse discharge 

mechanisms and unit operability.  Figure 4 is a collation of images of the All-Air jig (a), FGX (b), AKAflow 

(c), ADMFB (d), SEP-AIR (e), and winnower (f). 

 

 

 

Figure 4: Collation of images of the All-Air Jig (a), FGX (b), AKAFLow (c), ADMFB (d), SEP-AIR (e), and Winnower (f) 
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Air jigs and pneumatic oscillating tables 

Pneumatic and water jigs are similar in concept and are based on the principle of a fluidized particulate 

bed.  Raw coal is continuously fed onto the jig deck and subjected to a vertical fluid pulsation (SACPS, 

2015).  The aim is to dilate the particulate bed in such a manner that particle stratification occurs (Wills 

& Napier-Munn, 2008).  The denser fractions comprised of shale and middlings, stratify to the lower 

bed layers whilst the lighter clean coal fractions migrate to the top of the bed.  Separation occurs at a 

given cut-point density that splits the heavy fractions from the light ones and transfers them to different 

recovery devices (SACPS, 2015).  Figure 5 provides a depiction of the principle on which wet jigging is 

based.  In the case of a dry jig, air is utilized instead of water (Sampaio et al., 2007). 

 

Figure 5: The principle of wet jigging (adapted from SACPS, 2015) 

SACPS (2015) notes that the stratification kinetics increase with increasing pulsation strength.  

However, re-mixing of the stratified layer may occur at large pulsation strengths which leads to material 

being misplaced.  In order to obtain a suitable product quality at an acceptable yield, a compromise 

between stratification and re-mixing is required.  Additionally, stratification by particle size is observed 

during jigging.  Coarse and dense rejects are located near the deck with smaller discards layered there 

above.  The coarse, less dense coal is then found, topped by the fine light coal particles (SACPS, 2015).  

Generally jigs are equipped with a plate work or hutch containing the jigging fluid or medium; a fixed 

or moving screen deck supporting the immersed bed and allowing the fluid and some fine material to 

pass through; a mechanical, hydraulic or pneumatic pulsation generating system to pulse the screen or 

medium; discharge devices known as gates and a control system (SAPCS, 2015). 
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The separation of rock from coal was crude in the early air jigs (Baum and Batac types); as such, some 

further research and development led to the introduction of the All-Air Jig (Weinstein & Snoby, 2007).  

The All Air Jig is a deep-bed separator exploiting the phenomenon of hindered settling and consolidation 

trickling.  Figure 6 provides a depiction of the principle of separation in an All Air Jig. 

 

Figure 6: All Air Jig complete with feed (a), stargate (b), continuous air flow (c), pulsation air flow (d), hutch plate (e), refuse 
stargate (f), refuse discharge (g) and product discharge (h) (adapted from Weinstein & Snoby, 2007) 

Feed (label (a) in Figure 6) is introduced to the deck from a surge hopper with variable speed star gate 

(label (b) in Figure 6) allowing controlled feed distribution across the deck.  Air is provided to the jig in 

two forms, a continuous flow and superimposed pulsated airflow (labels (c) and (d) in Figure 6), allowing 

the jig to independently control stroke amplitude, frequency and acceleration.  The hutch (label (e) in 

Figure 6) uniformly distributes air to all areas of bed, in so reducing turbulence and dead spots.  Nuclear 

density instrumentation is used to activate the refuse star gate (label (f) in Figure 6) in a feedforward 

control loop.  This allows the air jig to remove refuse in proportion to the amount entering with the 

feed.  A single layer of refuse is maintained on the deck to ensure low-density particles remain a fixed 

distance from the bed deck and thus minimizing displacement.  This layer of high-density particles 

additionally enhances the hindered settling and consolidation trickling (Weinstein & Snoby, 2007). 

Air tables are based on the same principle of fluidization as the air jigs, but separation is effected in a 

slightly different manner.  Similar stratification of particles is observed along a porous, both transverse 

and longitudinal inclined and oscillating vibrating deck with upward flowing air (Chavaldi et al., 2016).  

The difference in separation between the table and the jig relates to the direction of movement of the 
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(c) 
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coal product and shale refuse (Dwari & Rao, 2007).  The air table generates fluidization and stratification 

of the particles according to the density and movement of the particles in a helical motion (Chavaldi et 

al., 2016; Gupta, 2016).  The deck oscillation results in the heavier particles, lying on or near the deck 

surface, being pushed towards the higher end of the table, in the same direction as vibration.  This is as 

a consequence of the moment of inertia and traction offered by the deck in the form of riffle plates 

(Chavalidi et al., 2016).  The less dense, slightly fluidized material moves over the heavier fraction 

towards the lower section of the deck on account of gravity (Dwari & Rao, 2007).  The two extreme 

density (heavy and light) fractions, therefore, move in opposite directions during separation; defining 

the differential particulate motion of air tables as counter-current whereas the jig utilizes co-current 

flow (Dwari & Rao, 2007).  It is further possible to obtain a number of middling fractions from the table 

whereas the jigs generally deliver only a clean product and discard.  Air tables are considered shallow 

fluidized bed separators (Chavaldi et al., 2016) in comparison to the deep bed air jigs (Weinstein & 

Snoby, 2007).  Figure 7 provides the principle of the expected counter-current particulate flow over an 

oscillating deck separator. 

 

Figure 7: Principle of counter-current particulate flow over an inclined oscillating deck separator (from Gupta, 2016) 

From Figure 7, the counter-current flow of differing density particles is observed; depicting the 

separation mechanism of an air table.  The transverse and longitudinal inclination of the deck along 

with the vibration and fluidization air, causes the particles to be lifted in a helical motion as portrayed 

by the arrows in Figure 7.  The rock particulates remain closest to the deck surface and move toward 

the back plate in the direction of vibration.  Fluidization of lighter coal particles occur and as a result of 

gravity, these move in the opposite direction and are discharged.  Air tables are made up of the inclined 

perforated deck, vibratory motors, dust collecting chambers and deck support pulleys.  The upward air 

flow is provided continuously by a centrifugal fan which is different to the pulsating air flow of the air 
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jig.  The deck width decreases from the feed to the refuse discharge end such that the coal discharges 

near the feed end and the shale discards towards the end of the table (Gupta, 2016; De Korte, 2014). 

Numerous pneumatic table designs have been introduced to the minerals processing industry with 

most differences relating to the direction of particulate flow and discharging mechanisms (Stepanenko, 

2016).  Among these, the FGX, KAT and AKAflow units have been investigated.  In some cases, these are 

also referred to as compound cleaners but are merely variations of the basic air tables with some 

modifications to improve upon the separation efficiency and operability.  The FGX employs the 

separation principles of an autogenous medium and air table concentrator in which multiple products 

of various qualities are obtained (Ghosh, 2013).  The design and operation are similar to the basic air 

table as discussed above but the air rate is only sufficient to transport and fluidize the small high-density 

particles, forming an autogenous particulate bed suspension upon which the lower density particles 

float (Ghosh, 2013).  Some coal beneficiation studies indicate that ash reduction gradually increases as 

the number of fines present in the feed increases to approximately 18% without negatively affecting 

the sulphur removal (Zhang et al., 2011).  However, observations during operation in varying conditions 

show that efficient separation is achievable without an autogenous suspension (De Korte, 2014; Cowan, 

personal communication 28 November 2018).  Figure 8 provides a depiction of the operating principle 

of the FGX compound cleaner. 

 

Figure 8: The principle of operation of the FGX separator (from Dwari & Rao, 2007) 

From Figure 8, air is provided to the separation deck in 3 chambers allowing for the possibility of 

obtaining a clean, discard and middling product.  The ore is transported and separates according to the 

principle of air table operation as described above.  Similarly, the KAT (Korean Advanced Technology) 
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unit is a pneumatic table type separator concentrating based on differential density and yielding a final, 

middling and discard product (Davaasuren et al., 2016).  The table design consists of a perforated 

rectangular deck with numerous equally spaced slanted riffles along the surface and block plates along 

opposite lengths.  Coal is fed onto the table and segregates according to density as a result of the air 

flow (through the perforations) and also vibration of the table.  Dense material sinks to the bottom and 

moves towards the edge of the table in the direction of vibration while the lighter fraction floats as a 

consequence of the air and moves toward the opposite edge.  Material accumulates at the block plates 

until the level of the collected light particles exceeds the height of the blocking wall and it begins to 

overflow.  The middling fraction moves through the table and is discharged at the end.  One main 

difference of the KAT separator is that no deck inclination is utilized as in the FGX unit.  Figure 9 provides 

schematic of the separation principle of a KAT pneumatic table separator (Davaasuren et al., 2016). 

 

Figure 9: Schematic of the separation in a KAT pneumatic table separator (from Davaasuren et al., 2016) 

The AKAflow utilizes a separation by the density stratification expected in a homogenous fluidized bed 

over a horizontal perforated vibratory screen (Wotruba et al., 2010).  The material is fed by a vibrating 

chute onto a screen within a box-like channel, consisting of four individually adjustable consecutive air 

chambers.  The particles are fluidized by the combination of vibration and air flow (individually adjusted 

for each particle size and density range).  The vibration additionally aids in moving the material through 

the channel in a similar manner as that of a linear vibrating screen (Wotruba et al., 2010).  During the 

movement of the ore along the channel, stratification of the light and dense material occurs, with the 

heavies reporting to the bottom and lights floating on top.  The heavy refuse material is discharged at 

the end of each of the three air chambers as controlled by adjustable star gate splitters.  The clean 

product and middlings particles are discharged at the end of the channel.  The AKAflow is equipped 

with a special feature that enables it to discharge the upper layer by aspiration.  This feature makes the 
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AKAflow unique as most layer based density sorting machines are only capable of controlled discharge 

of the lower layer (Wotruba et al., 2010)  Also, co-current transportation of the ore is utilized here, 

similar to the jig but opposite to the basic air table separation mechanism.  The AKAflow also does not 

utilize deck inclinations as in the FGX.  Figure 10 provides a schematic of the principle of separation in 

the AKAflow compound cleaner. 

 

Figure 10: The principle of operation of the AKAflow compound cleaner (adapted from Wotruba et al., 2010) 

Almost all industrial-scale air jig and air table configurations allow for adequate dust collection and 

cleaning.  The units are sealed to prevent dust pollution to the surrounding air and are equipped with 

bag filters and cyclones for removal of dust particulates from the air which can be re-circulated to the 

process or emitted (Weinstein & Snoby, 2007; Gupta, 2016; Wotruba et al., 2010).  These units are also 

containerized and mobile requiring minimal processing units per plant (crushers, screens and 

conveyors). 

Fluidized bed separators 

Fluidized bed separators work according to the same particle fluidization and density stratification 

phenomenon as discussed above.  Herein, ore particulates are subjected to upward flowing air at a 

velocity slightly above the minimum incipient point.  This causes the particles to suspend due to the 

upward force of buoyancy and in a particulate bed, this suspension possesses fluid-like characteristics 

such as a unique density and viscosity (Kunii & Levenspiel, 2001).  Density striation is then observed by 
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the sink and float movement of individual particles heavier and lighter, respectively, than the 

suspension (Luo & Chen, 2001).  Often a very dense finely sized material such as magnetite or sand is 

utilized as a medium.  Therein the dense medium is fluidized by the air yielding a fluid-like suspension 

to which the particles requiring separation are added.  The particles heavier than the dense medium 

suspension sink, while those lighter would float (Firdaus et al., 2012).  The theory pertaining to gas-solid 

fluidization has been extensively detailed in the works by Kunii & Levenspiel (2001) and Wei & Chen 

(2001).  Various factors lead to the development of stable fluidization and efficient density segregation.  

A well-developed fluidized bed is considered void of turbulence and large bubble formation (Rhodes, 

2008).  As such, the fluidizing velocity plays an important role in maintaining a stable particle 

suspension.  If too high or too low, the particulate bed properties may be affected and the 

misplacement of particles could be observed (Chen & Wei, 2005). 

Given the above phenomenon, the air dense medium fluidized bed (ADMFB) was introduced for coal 

beneficiation.  The first account thereof is traceable to 1962 in the works of Yancey and Frazer which 

was later patented.  Since then the dry dense medium separation in fluidized beds has been 

investigated globally (Zhao et al., 2011; Oshatani et al., 2011; Oshatani et al., 2016).  Some of the 

headways in ADMFB technology include the addition of vibration, investigating deep bed separators, 

studies regarding magnetically stabilized beds, dual density beds and computer-aided modelling (Chen 

& Wei, 2005).  The first commercial ADMFB unit was developed in China with the aid of CUMT and 

Shenzhou Ltd (Chen & Wei, 2005).  Figure 11 provides a schematic of the principle of operation of such 

a commercial ADMFB separator. 

 

Figure 11: Schematic of a commercial continuous ADMFB separator (from Luo & Chen, 2001) 

As visible in Figure 11, the unit consists of a chamber into which the dense medium and coal ore is fed.  

Air generated by a centrifugal fan enters the chamber in an upward direction and fluidizes the dense 

medium material.  The coal is then separated as the heavy gangue particles sink and are captured by a 
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conveyor moving toward the refuse discharge.  Similarly, the lighter particles are transported to the 

product discharge.  The configuration also compensates for dust collection and correct cleaning and 

disposal thereof (Luo & Chen, 2001).  Utilization of a deep bed fluidization chamber and dense medium 

(i.e. magnetite) suspension is what makes the ADMFB unique to the air jigs and air tables.  A dense 

medium may improve process stability and separation but would require additional processing to 

remove any remnant magnetite particles from the product and discharge for recycling. 

Vortex fluidization separators 

The effect of suction can also be utilized in separating particles of different size and density.  This entails 

the lifting of individual particles by suction or vacuum of a particular force.  Similar in concept to 

fluidization, a particle can be lifted by a force of suction significant enough to overcome the effects of 

gravity as a consequence of size and density.  In theory, the very large and also dense shale particles 

will remain unaffected as the force of gravity supersedes the force of the suction air.  The lighter and 

also finer particles will be lifted by the force of the vacuum (larger than the effects of gravity) and in so 

be separated.  The SEP-AIR unit developed in Russia is based on this principle and with a brand new 

approach to process aerodynamics, combines the traditional concepts of pneumatic separators and 

vortex technologies (Stepanenko, 2016).  Figure 12 provides a schematic of the SEP-AIR pneumatic 

concentration complex. 

 

Figure 12: Schematic of the SEP-AIR pneumatic concentration complex (from Gormash Export, 2016) 

Feed conveyor 

Feed screen 

Fluidized bed 

Fan 

Vortex chamber 

Dust cyclone 

Product Discard 



PhD 2019 Dry processing for coal preparation: a review N Hughes 

 

32 
NWU in association with CoalTech 

Coal is fed by means of a conveyor onto a screen which eliminates the fine fraction not considered for 

processing.  The particles retained on the screen are then transported to the concentration zone made 

of a fluidized bed and vortex chamber located above a perforated screen.  Here particles are subjected 

to an upward cyclonic air current generated by the centrifugal fan, vortex chamber and fluidized bed 

combination.  Lighter particles will succumb to the suction force and be lifted into the fluidized bed, 

through the vortex chamber and discharged onto a conveyor.  Heavy discard particles, will remain 

unaffected by the suction and continue along the screen to the refuse discharge point (Stepanenko, 

2016).  Any dust generated is removed in the vortex chamber and treated with a series of cyclones and 

filters (Stepananko, 2016).  The high efficiency of the SEP-AIR process is attributed to the fact that a 

double separation is provided for each individual particle grain in a semi-fluidized bed.  This is contrary 

to the conventional fluidization principle where the entire ore feed is subjected to one air-flow 

(Stepanenko, 2016).  Previous separators attempted to copy the functional principle of hydraulic 

separators without considering the significant changes in the viscosity and density of the dry carrier 

medium; leading to some unit separation inefficiencies (Stepanenko, 2016).  The first commercial unit 

for coal beneficiation was commissioned in Kuzbass at the Bungursk coal mine, Russia and is capable of 

producing any number of products (2-12) differing in density and consequently ash content.  

Classification by size is also possible with such a machine.  Another project utilizing a similar concept is 

that of the KIC Innoenergy or more commonly the AMSEP but is on an experimental scale with further 

investigation required (Joanna, et al., 2016).   

Methods in the early stages of research 

Some investigations into dry reflux classification and winnowing for coal beneficiation have been 

undertaken at the research level.  As a result, most of the information pertaining to these are on the 

experimental level and may require further research and possibly upscaling. 

The dry reflux classifier is comprised of parallel inclined channels located above a conventional fluidized 

bed (Galvin, 2004).  The inclined channels provide an increased segregation area and induce a 

mechanism of particle re-suspension ensuring the lower density particles are conveyed to the overflow.  

The higher density particles sediment onto the inclined plates and return to the fluidized bed, where 

they are re-fluidized and returned to the inclined plates for further possible separation and in turn 

reports to the underflow (Laskovski et al., 2006; Macpherson & Galvin, 2010a).  Figure 13 provides a 

schematic of an experimental dry reflux classifier utilized in the studies by Macpherson and colleagues 

(2011). 
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Figure 13: Schematic of the laboratory scale dry reflux classifier (from Macpherson et al., 2011) 

The vertical and inclined channels are visible in Figure 13.  In an industrial unit, numerous channels can 

be used simultaneously.  Air is fed to the vertical channel (1) at a specific velocity, the ore is then added 

to the top of the vertical channel (3) and fluidization of the particulates occur.  The fine material and 

lighter density fraction moves into the inclined channel and if slightly dense or large, sediments onto 

the walls of the channel and is returned to the vertical fluidizing channel.  Over time the light material 

exits the top of the inclined channel to the cyclone.  Discards eventually discharge at the bottom.  The 

larger segregation area of the reflux classifier conforms to the Boycott effect (Boycott, 1920) and 

permits the use of much higher operating velocities than in conventional fluidized beds (Galvin & 

Nguyentanlam, 2002).  Water-based units are already commercialized in separating fine coal from 

mineral matter (Sanders, 2007).  The first study on dry reflux classification was conducted by Callen and 

co-workers (2007).  They determined that the operation was very similar to that of the water classifiers.  

Some further investigations confirmed that separation proceeded primarily of the basis of particle size 

(Walton et al., 2007).  It was determined, however, that the addition of magnetite as a dense medium 

ensured that the separation was governed by density (Walton et al., 2007).  A similar change from size 

to density dependence upon the addition of medium is observed for water-based systems (Kelly & 

Spottiswood, 1989). 

Winnowing is a concept that has been applied to the agricultural industry for decades in separating the 

wheat from the chaff (Morgan, 2017).  It works by allowing air to flow over or through the granules that 
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require separation.  Lighter particles blow away while the heavier remain unaffected (Liu, 2009).  It is 

an air gravity separation process in which light and heavy particles are segregated and can, therefore, 

be adapted to the coal processing industry in the separation of the coal macerals from shale (Morgan, 

2017).  Traditionally winnowing was done by using a basket and lifting the grain into the wind; the wind 

would blow away the chaff and the grain is caught once again in the basket.  However, technology has 

evolved and presently fan driven equipment is utilized to ensure fast and effective separation by 

winnowing (Liu, 2009).  Figure 14 provides a schematic of such a fan-driven seed cleaner (winnower). 

 

Figure 14: Fan driven seed cleaner with feed (a), airflow (b), heavy fraction pan (c) and Light fraction chute (d) (from Liu, 2009) 

The equipment such as depicted in Figure 14 allows for processing of larger amounts of particles in a 

less tedious and time-consuming manner.  Particles enter the system in a vibratory feeder (a) and are 

subjected to air flow (b) of a specific velocity.  The light particles are displaced by the air and are 

transported into the light fraction chute (c) while the heavy particles, more significantly affected by the 

force of gravity, fall into the heavy fraction catch pan (d).  It is possible to obtain numerous products of 

differencing size and density in a winnowing unit.  This is achieved by adding a number of separate bins 

in the light fraction catch pan.  The lightest particles, mostly affected by the force of the air, report to 

the furthest bins while the middling and discard particles disperse in the bins closest to the inlet (Sinha 

et al., 2016).  Figure 15 provides a picture of the laboratory scale winnowing unit utilized in the 

investigations by Sakhre and co-workers (2018). 

(a) 

(b) 

(c) 

(d) 
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Figure 15: Laboratory scale winnowing unit with an air source (a), feeder (b), separation chamber (c) and catching bins (d) (from 
Sakhre et al., 2018) 

In coal beneficiation, the winnowing concept is still new with some studies conducted by Morgan 

(2016); Sinha et al.  (2016); Sakhre et al.  (2018) and Yang et al.  (2018) published as dissertations, 

conference processing and journal articles.  Research in coal winnowing is ongoing with extensive tracer 

tests conducted by Morgan (2019 in press) at the North-West University of Potchefstroom, South Africa 

and also a continuation of the research conducted by Sinha, Sakhre and colleagues in China and India. 

Applicability and limitations 

Dry density separators can easily compete with the currently preferred wet methods in cases where 

coals are easy to separate or do not require a large degree of upgrading (De Korte, 2013).  Additionally, 

the sample needs to contain as little near dense material as possible (Weinstein & Snoby, 2007); this 

may be countered by the units utilizing dense medium suspensions.  These units can further be applied 

to de-stoning and pre-concentration applications, for salvage processes and remote mining sites or 

small plants (Weinstein & Snoby, 2007).  Utilization of dry density separators is also useful when 

desulphurization by removal of pyritic sulphides is required (Sampaio et al., 2007; Weinstein & Snoby, 

207)).  Some instances of using dry gravity methods for beneficiation of young lignite coals are found 

in the literature (Sampaio et al., 2007; Weinstein & Snoby, 2007).  The use of dry processes is crucial in 

this instance due to the degrading of the highly porous coal as a consequence of moisture (Sampaio et 

al., 2007).  The size and capacity ranges of the eleven dry density separators discussed in this chapter 

are summarized in Table 4. 

(a) 

(b) (c) 

(d) 
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Table 4: Summary of the applicable size ranges and capacities of the dry density separators 

Dry separator type Particle size range (mm) Capacity (tph) 

All Air Jig 0.5 - 50 [1] 50 - 120 [1] 

FGX 6 - 80 [2,3] 10 - 350 [2,4] 

Air table 0 - 6 [13] 5 [13] 

AKAflow 0.05 - 3 mm [5,14] 5 - 25 [5] 

KAT 1 - 10 mm [15] 3.7 - 31 [15] 

ADMFB 6 - 300 [3] 40 - 150 [7,8] 

ADMFB* 0 - 6 [3] 0.15 - 8 [7,9] 

SEP-AIR 1 - 100 [10] 45 - 220 [10] 

Reflux classifier* 0.25 - 8 [11] 50 - 200 tracer particles [11] 

Winnower*  6 - 100 [12] 6 kg - 10 kg [12]  

* Experimental scale 

[1] Weinstein & Snoby (2007); [2] De Korte (2013); [3] Dwari & Rao (2007); [4] Zhang et al.  (2011); [5] Wotruba et al.  

(2010); [6] Chavaldi et al.  (2015); [7] Sahu et al.  (2009); [8] Chen & Wei (2003); [9] Hughes et al.  (2017); [10] Gormash 

Export (2016); [11] Macpherson et al.  (2011); [12] Sahkre et al.  (2018); [13] Gupta (2016); [14] Wotruba et al. (n.d.); [15] 

Davaasuren et al. (2016) 

From Table 4 it becomes clear that the All Air jig, FGX, ADMFB, SEP-AIR and winnower units are 

applicable to coarse coal processing.  Some units such as the All Air Jig, FGX and SEP-AIR may be 

applicable for smaller size ranges (<6mm) but processing these may come at the cost of throughput.  

Research conducted into the density separation of the smaller coal has found that the ADMFB, reflux 

classifier and winnower may be utilized in the fine fraction processing, but the results are on an 

experimental scale and require upscaling and pilot tests.  The AKAflow and KAT air table concentrators 

are already commercially available but only suitable for the small and fine coal fraction.  With some 

units - maintaining a narrow PSD range is essential whilst others are more robust and can easily process 

a much wider size range.  The All Air Jig is one such process that is capable of processing feeds with a 

particle size distribution of 10 to 1 (Weinstein & Snoby, 2007).  The FGX, ADMFB and SEP-AIR 
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concentrators can also be designed so as to accept a similarly large particle size range (Dwari & Rao, 

2007; Chen & Wei, 2003; Gormash Export, 2016).  The AKAflow, reflux classifier and winnower, 

however, require a narrower PSD ranging in 2 to 1 (Wotruba et al., 2010; Macpherson et al., 2009; 

Sahkre et al., 2018).   For the batch studies conducted on the ADMFB for fine coal processing, it is 

observed that narrow size ranges (3 to 1) may also be necessary (Chen & Wei, 2003). 

The presence of a large amount of material that is beneath or above the specific PSD range for a given 

unit may severely affect the equipment performance (Weinstein & Snoby, 2007).  This is particularly 

true for all of the processes listed in Table 4.  Particles that are either significantly larger or smaller than 

allowed by the operating rage may be displaced on account of their relative mass.  Fine discard 

particulates tend to be lifted or blown in with the clean coal product and coarse clean coal particles 

may report to the discard (Sahu et al., 2009).  Those units operating with an autogenous or dual density 

medium such as the FGX and ADMFB may benefit from the presence of a small number of coal fines in 

the feed.  These fines aid in the development of the fluidized medium suspension by which the density 

separation is affected (Ghosh, 2013).  The amount of these fines in the feed must be carefully controlled 

(below approximately 10%wt) in order to prevent the altering of the stability and properties (i.e. density) 

of the fluidized bed suspension (He et al., 2016c) or equipment plugging (in the presence of moisture) 

(De Korte, 2014).  Removal of the fine material in the feed additionally reduces the amount of dust that 

has to be captured and treated in the dust-handling system (De Korte, 2013). 

When considering the “near-dense” classification of many Southern hemisphere coals, beneficiation 

may prove difficult.  The presence of a large amount of near dense material significantly affects the 

conduct of the dry separating units by providing an increased probability of the material being 

misplaced (De Korte, 2013).  When considering dry processes, the EPM is generally higher and given 

that the amount of near-dense material is defined by the amount of material present in the density 

range of ±2 x EPM, more near dense material is present.  Consequently, higher amounts of misplaced 

material results; lowering the product yield and making it exceedingly difficult to control the product 

quality (De Korte, 2013). 

Dry density separators can typically process feeds where the extent of moisture present does not plug 

the existing material handling systems.  In other words, the ore particles are considered dry free-flowing 

(Weinstein & Snoby, 2007).  Units such as the All Air Jig, FGX, SEP-AIR and winnower could easily process 

coarse coal with a relatively high moisture content in the absence of fine material (De Korte, 2014).  

When considering the finer particles agglomeration usually occurs in the presence of moisture and 

causes particle misplacement.  Agglomerates will report to either the clean coal or discard discharge 

(Weinstein & Snoby, 2007).  This is also observed in the density separators utilizing dense medium such 
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as magnetite.  The magnetite particles adhere to one another, the coal and vessel walls.  This affects 

the suspension stability and density; hence producing a poorer separation efficiency (Sahu et al., 2009).  

Magnetite-coal agglomerates reporting to either discharge will require extensive cleaning in order to 

recover the magnetite and ensure that the products are not contaminated when used.  Consequently, 

moisture contents lower than 3%wt may be required for the plants using a dense medium material (Sahu 

et al., 2009; He et al., 2015). 

Feed preparation is required in order to ensure the correct feed moisture, particle size distribution and 

minimal fines present.  As a result drying, crushing, screening and surge storage equipment is essential 

(Weinstein & Snoby, 2007).  Feed presentation is however not of great importance to most dry density 

separations as long as the correct feed flow is maintained; usually by vibratory feeders with star gates 

(Weinstein & Snoby, 2007).  Given the belt driven feed of the SEP-AIR unit, feed presentation in a 

monolayer may be of some importance.  The ADMFB, however, does require initial fluidization of the 

dense medium until stable before addition of the coal particles.   

A number of successful studies have been conducted in an ADMFB with differing dense media such as 

silica (or sand), zircon, fine coal and magnetite.  In some cases mixtures of these have also been 

investigated (Lagner et al., 2016; Firdaus et al., 2012).  Magnetite is the preferred due to the fact that 

medium recovery and cleaning can be made easier by magnetic separation (Fan et al., 2008).  Dense 

medium size and moisture content must be carefully controlled additional to the pre-requisites of the 

coal feed.  Studies by He and colleagues (2016a) proved that magnetite in a size range of +74 - 300 µm 

produced a stable fluidized bed.  The moisture content of the magnetite should be on par with that 

required for the coal (<3%wt) (Hughes et al., 2017).  The moisture content of the feed air to an ADMFB 

should also be relatively low in order to prevent condensation in the bed which may lead to improper 

fluidization and problems with medium recovery (De Korte, 2016).  The dense medium applicability and 

limitations discussed for the ADMFB above also relate to the dry reflux classifier if utilizing dense 

medium. 

Performance, success and pitfalls 

Numerous parameters determine the performance of dry gravity concentration depending on the type 

of separator implemented.  Several studies have been conducted on the various methods of elutriation 

relating to the critical process variables along with the PSD, capacity, and moisture requirements 

discussed in the previous section.  Additionally, the air flow rate and distribution are essential for all air-

gravity separations.  With respect to the All Air Jig, pulsation frequency and star gate discharge rate are 

parameters of importance (Boylu et al., 2015).  Deck vibration frequency, longitudinal and transverse 
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deck angles, baffle and discharge plate height and feeder frequency are critical process variables in the 

FGX (Zhang et al., 2011).  Wotruba and co-workers (2010) list the unit length and width, the frequency 

of vibration and discharge rates as crucial process variables for the operation of the AKAflow air table.  

The parameters considered for the ADMFB are the dense medium type, amount and size along with 

vibration frequency and amplitude (Fan et al., 2008; He et al., 2016a; Luo et al., 2008).  In the event of 

pulsating air flow, the frequency of pulsation is important (Dong et al., 2014) and the magnetic field 

strength is considered when operating magnetically stabilized fluidized beds (Fan et al., 2002).  The 

feed rate is an important factor of the winnower (Sahkre et al., 2018) and the SEP-AIR in addition to the 

nozzle design and height also suction air flow and dynamics for the latter (Gormash Export, 2016).  The 

reflux classifier relies on channel dimensions and inclination, vibration frequency and dense medium 

type, size and amount (Macpherson et al., 2010).  Given the above information, typically available 

performance data for the EPM values, product yields, ash reduction and cut-point densities for the 

commercially available All Air Jig, FGX, air table, AKAFlow, KAT, ADMFB, and SEP-AIR units are 

summarized in Table 5.  This is when considering these dry density separation techniques for de-shaling, 

concentration to final product or scavenging in order to reduce the ash content of the feed. 

Table 5: Typical performance data for different commercial air-gravity separators 

Method EPM Product yield Ash reduction Cut-point density 

All Air Jig 

(0.5 - 50mm) 

0.16 - 0.27 [1] 70% [2] 

Feed: 15 - 25% [1] 

Product: 10 - 18% [1] 

Discard: 50 - 60% [1] 

1.95 - 2.20 SG(D50) [1] 

FGX 

(6 - 80mm) 

0.12 - 0.23 [3] 93.1 - 95.54% [3] 

Feed: 30% [3] 

Product: 10.8 - 19.4% [3]  

Discard: 23.4 - 61.3% [3] 

1.90 - 2.03 SG(D50) [3] 

Air table 

(0 - 6mm) 

0.18 - 0.2 [6] 40 - 60% [6] 

Feed: 48.7 - 54.9% [4] 

Product: 23.7 - 29.9% [4] 

Discard: 63 - 80% [4] 

N/A 

AKAFlow 

(0.05 - 3mm) 

N/A 73.5 - 80% [5,10] 

Feed: 29.5 - 47.5% [5,10] 

Product: 9.5 - 18% [5,10] 

Discard: 61.4 - 82.5% 
[5,10] 

1.30 - 1.96 SG(D50) 

[10] 
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KAT  

(1 - 10mm) 

N/A 40.9 - 56.3 [11] 

Feed: 35.6 - 48.4% [11] 

Product: 9.4 - 12% [11] 

Discard: 66.1 - 75.5% [11]  

2.0 SG(D50) [11] 

ADMFB 

(6 -300mm) 

0.05 - 0.07 [7] 41 - 55.5% [7] 

Feed: 39 - 46% [7] 

Product: 16.4 - 18.2% [7] 

Discard: 63.8 - 67.5% [7] 

1.3 - 2.2 SG(D50) [9] 

SEP-AIR 

(1 - 100mm) 

0.10 - 0.17 [8] 85.4 - 93.0% [8] 

Feed: 13.1 - 19.0% [8] 

Product: 7.0 - 14.8% [8] 

Discard: 51.0 - 69.6% [8] 

1.78 - 1.90 SG(D50) [8] 

[1] Weinstein & Snoby (2007); [2] Boylu et al.  (2015); [3] Zhang et al.  (2011); [4] Gupta, 2016; [5] Wotruba et al.  (2010); 

[6] Chavaldi et al.  (2016); [7] Luo & Chen (2001); [8] De Korte (2018); [9]Dwari & Rao (2007); [10] Wotruba et al. (n.d.); 

Davaasuren et al. (2016) 

Quite large reductions in ash content are obtainable in the processes listed in Table 5 at relatively high 

process yields.  However, the EPM values still do not compete with the average 0.023 achieved in a wet 

dense medium plant (De Korte, 2013).  Additionally, high D50 cut-point densities are observed for some 

of the separators.  Clearly, any of these are viable for beneficiation of an “easy to separate” coal with 

little near dense material or for a feed that does not require an extensive upgrade in quality to reach 

product specification.  As a consequence, many of these units are in operation for specific applications 

in the especially arid or arctic regions around the globe including China, South Africa, India, Russia and 

the USA. 

The ADMFB yielded the lowest EPM value and D50 cut-point density ranges with a significant reduction 

in ash from the feed to the product.  This implies that the ADMFB performs better than the other 

processes and may be applied as a concentrator yielding a final saleable product; however at the cost 

of product yield.  Moreover, the ADMFB requires a dense medium which may prove expensive in some 

instances.  Firstly, it is an additional raw material which contributes to the operating costs of the unit 

and the recovery and cleaning of the magnetite is often difficult and not completely effective (Wills & 

Napier-Munn, 2008).  As a result, continuous addition of magnetite to the system is essential and so 

medium consumption can be relatively high (Sahu et al., 2009).  Contamination of coal product by 

magnetite and medium dilution by fine coal present is possible; magnetite deterioration may also be 

experienced (Yang et al., 2013).  Additional process equipment is required for the recovery, cleaning, 

recycling and, possibly, drying of the medium; leading to increased capital and operating process costs 



PhD 2019 Dry processing for coal preparation: a review N Hughes 

 

41 
NWU in association with CoalTech 

(Yang et al., 2013).  Some studies have investigated the use of an autogenous medium wherein either 

fine coal or a mixture of fine coal and magnetite is used.  This could be a solution for the availability, 

recovery and cleaning issues associated with the magnetite medium (He et al., 2016c; Luo & Chen, 

2001; Yang et al., 2013b).  The separation units operating without a dense medium such as the SEP-AIR 

may, however, be more attractive.  This unit produced a coal product with a large degree of ash 

reduction at EPM values slightly above the ADMFB and at D50 cut-point densities lower than the All Air 

Jig and FGX.  The wide particle size range capability and large capacity (Table 4) further make the SEP-

AIR a viable dry coal beneficiation option (De Korte, personal communication 26 October 2018). 

Some studies have investigated air-gravity separators for the desulphurization of coal by removal of 

pyritic sulphides.  Sampaio et al.  (2007) found that dry jigging was able to eliminate pyrite nodules and 

liberated clays from Brazilian coal of - 20mm.  A reduction in ash and sulphur contents from 51% and 

1.8% to 47% and 0.7% were obtained, respectively.  Moreover, the specific coal utilized for this study 

was of extremely low rank and had a very high porosity; making it impossible to beneficiate by wet 

means due to possible degradation of the coal by moisture (Sampaio et al., 2007).  The investigation 

into the FGX for sulphur reduction yielded product sulphur contents of 3.05% and 4.08% for two 

samples relative to 4.17% and 5.13% in the feed for both samples (Zhang et al., 2011).  Patil and Parekh 

(n.d.) found that a 43 percentage point reduction is possible using an air table - correlating to a 2.65% 

sulphur in the feed and 1.5% sulphur in the product.  Sahu and colleagues (2009) conducted studies 

into the removal of pyritic sulphides in an ADMFB.  They determined that a pyrite reduction to 0.51% 

from 4.6% is possible with a synthetic mixture of coal and pyrite of 153 µm and 74 µm, respectively.  

The performance data pertaining to the air-gravity separators that are still in the experimental phase 

viz.  ADMFB for fine coal, dry reflux classifier and coal winnower is summarized in Table 6. 

Table 6: Performance data for experimental phase air-gravity separators 

Method EPM Product yield Ash reduction Cut-point density 

Dual density 

ADMFB (6 - 13 

mm) 

0.06 -0.13 [1] N/A N/A 
1.50 - 1.90 

SG(D50) [1] 

Vibrated ADMFB 

(1 - 6 mm) 
0.175 - 0.225 [2] 

Clean coal: 37 - 
38% [2] 

Middling: 23% [2]  

Feed: 40% [2] 

Product: 14 - 16% [2] 

Discard: 70 - 71% [2] 

1.52 - 1.89 

SG(D50) [2] 
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Magnetically 

stabilized 

ADMFB (0.5 - 

6mm) 

0.065 [3] 61.3% [3] 

Feed: 31% [3] 

Product: 12.62% [3] 

Discard: 61.5% [3] 

1.516 SG(D50) [3] 

Dry reflux 

classifier (0.25 - 

8 mm)  

0.06 - 0.46 [4] 77% [5] 

Feed: 24 - 30% [5] 

Product: 10 - 11% [5] 

1.42 - 2.13 

SG(D50) [4]  

Coal winnower 

(2 - 100 mm) 
0.065 - 0.25 [6] 30 - 80% [6] 

Feed: 28 - 46% [6] 

Product: 22 - 39% [6] 

Discard: 38 - 60% [6] 

1.76 - 1.97 

SG(D50) [6] 

[1] Wei & Zhao (2003) [2] Yang et al.  (2013); [3] Luo et al.  (2002); [4] Macpherson et al.  (2011); [5] Macpherson 

& Galvin (2010); [6] Sahkre et al.  (2018) 

Clearly, these processes are able to beneficiate the coal with reasonable separation efficiency and 

product yields.  The reduction in ash value indicates that an upgrade of the coal is possible within 

relatively good cut-point density ranges.  Much of these studies are however related to the upgrading 

of small and fine coal on an experimental scale and may require further investigation and possible 

upscaling. 

Operability and costing 

In general, the operability of all the dry air-gravity senators is considered robust and hassle-free.  The 

units are containerized, compact and modular ensuring dust control and easy plant erection, 

disassembly and relocation (Weinstein & Snoby, 2007; Wotruba et al., 2010; Gupta 2016).  Operation 

of the units is relatively simple as they are automated and require few operators at hand (Weinstein & 

Snoby, 2007).  Specialized maintenance is not required and most units do not cause any problems if 

regular preventative maintenance is undertaken (Cowan, personal communication 28 November 

2019).  The circuit is also simplified; with only crushers, screens, conveyors and storage in addition to 

the separators (Weinstein & Snoby, 2007; Wotruba et al., 2010).  In some cases, the feed (coal and 

dense medium i.e. magnetite) may require dewatering or drying.  Furthermore, dense medium 

concentration plants may require a magnetite recovery system such as a magnetic separator.  Since 

these units only require a small amount of low pressure compressed air, pollution is significantly 

reduced in the dust removal unit. 
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Dry air-gravity separators are inexpensive to purchase and operate since the circuit is simplified by the 

elimination of costly slurry treatment and systems (De Korte, 2013; Chen & Wei, 2003).  Chen and Wei 

(2003) state that the operating and capital costs of an ADMFB plant can be reduced by approximately 

half that of a wet beneficiation plant of the same capacity.  This statement is seconded by Zhao and 

colleagues (2011) who state that the construction costs and the number of workers are reduced by 

60% and 80%, respectively and add that the plant area volume is also decreased by 89.81% with a 

footprint reduction in 75%.  The construction cost is noted to range in 4x10+6 - 1x10+7 RBM yuan 

(relating to approximately 8x10+6 - 20x10+6 ZAR) (Zhao et al., 2011).  Additionally, as pointed out by 

Zhao and co-workers (2010), the difficulty in preparation of the magnetite dense medium powder 

resulted in high cost.  Gormash Export (2016), declare the operating costs of the SEP-AIR unit to be 

between 1 and 1.2 USD (relating to approximately 13.62 - 16.34 ZAR) per ton of coal for a capacity of 

1.2 - 6 million tons per annum.  This is much reduced in comparison to the 2.5 - 6.2 USD (approximately 

relating to 34.04 - 84.43 ZAR) noted for the beneficiation cost of traditional wet methods.  An economic 

feasibility study on the FGX in comparison to a dense medium plant shows that it has a shorter payback 

period (0.72 vs. 0.92) and higher return on investment ratio (0.39 vs. 0.09).  A lower contribution per 

year is noted due to the lower product yield (45x10+6 vs. 92x10+6 ZAR) (De Korte, 2013). 

 

Magnetic separation as dry beneficiation 
technique for coal 

 

Magnetic separation (MS) is considered for the concentration of minerals by utilizing any differences in 

the magnetic susceptibility between the valuable minerals and gangue bearing components (Tripathy 

et al., 2017).  Separation by this means has received quite some research and developmental attention 

for a number of beneficiation applications, including that of coal.  As such, much of the theory on 

magnetic separation is well documented in published literature along with reports of successful 

implementation in the iron, magnetite and wolframite industries (Morgan & Bronkola, 1991; Broek, 

1995; Karmazin, 1997; Mostika et al., 1999; Wills & Napier-Munn, 2006; Iyer, 2011; Rao, 2011; Tripathy 

et al., 2017). 

The principle of magnetic separation 

Essentially, separation by magnetism is actuated by making use of the force exerted by a magnetic field 

upon magnetic materials in order to counteract the effects of gravity, viscosity or motion.  Thus, forming 
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different pathways for the magnetic and non-magnetic substances (Balasubramanian, 2015).  All 

materials are affected (to differing extents) when entering a magnetic field; in most cases, however, 

the effects are insignificant and nearly undetectable.  In terms of magnetism, materials can be divided 

into three universal groups based on the attraction or repulsion by a magnetic force (Wills & Napier-

Munn, 2008): 

 Diamagnetic materials are repelled to a point of lesser intensity in a magnetic field and are 

generally not concentrated by MS because the forces at play are minor.   

 Paramagnetic materials are attracted to a point of greater intensity in a magnetic field and 

are able to be concentrated with high-intensity MS.  Some examples of paramagnetic 

minerals which are commercially concentrated in magnetic separators are ilmenite, rutile, 

wolframite, monazite, siderite, pyrrhotite, chromite, hematite and manganese. 

 Ferromagnetic materials are considered a special case of paramagnetism.  These materials 

have significant susceptibility to a magnetic force and may retain some magnetism when 

removed from a magnetic field.  It is possible to concentrate ferromagnetic substances 

with low-intensity MS.  The main ferromagnetic mineral separated by this means is 

magnetite.  Some applications for roasting hematite and siderite to form magnetite are 

known and the removal of tramp iron from ore is also considered a low-intensity magnetic 

separation. 

Some elements are, in themselves, paramagnetic namely, nickel, cobalt, manganese, chromium, 

cerium, titanium and the platinum group metals.  In most cases, however, the paramagnetic properties 

of a mineral can be attributed to the presence of iron in some or other ferromagnetic form (Wills & 

Napier-Munn, 2008).  This is particularly true in the instance of coal ore where the pure or valuable coal 

is considered non-magnetic or diamagnetic.  On the other hand, the mineral matter present within the 

heterogeneous ore may contain diamagnetic and/or paramagnetic material (Van Driel, et al., 1984).  

This makes it possible to beneficiate the valuable coal from the associated paramagnetic gangue 

minerals in high-intensity MS. 

Ideally, the magnetic separation for coal would proceed with the pulverizing of the sample to a suitable 

particle size with complete mineral liberation.  The ground sample is supplied to the magnetic separator 

where the paramagnetic particles (mostly gangue) are removed by the strong magnetic forces as it 

exceeds the other forces acting on the particle (i.e. viscous, gravity or inertial).  The non-magnetic 

particles remain unaffected by the magnetic field generating a product mixture of coal and diamagnetic 

mineral matter.  Therefore, when considering the ideal case, coal can be produced containing less 

mineral matter where most of the paramagnetic minerals, such as pyrite (the sulfur-bearing mineral in 
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coal), have been removed (Van Driel et al., 1984).  As previously noted, in practice complete liberation 

is unattainable and the pulverized coal sample would contain a middling fraction affecting the efficiency 

of separation.   

Magnetic separators  

Magnetic separators can be classified into low- and high-intensity machines which are capable of either 

dry or wet operation (Wills & Napier-Munn, 2008).  Low-intensity magnetic separators (LIMS) are 

utilized for the concentration of strongly magnetic materials and in dry applications are limited to 

coarse sand separation or cobbing, often conducted in drum separators.  In wet application, LIMS is 

widely used for purifying the magnetic medium in the dense medium separation processes as well as 

for concentration of fine ferromagnetic sands (Wills & Napier-Munn, 2008).  Since coal is a mixture of 

diamagnetic and paramagnetic material, LIMS is not applicable to the beneficiation thereof.  This work 

takes a closer look at the high-intensity magnetic separators (HIMS) capable of inducing separation 

between the coal and gangue minerals.  These processes possess higher magnetic field strengths 

imparted either by a permanent magnet or through induced magnetic fields.  This allows for the 

separation of weakly or strongly paramagnetic material as a consequence of the magnetic susceptibility 

differential present (Gunther, 1909; Parker, 1977; Svoboda, 2004). 

High-intensity magnetic separators (HIMS) 

There are a number of concentrator designs that account under the HIMS category.  Of these, the open 

gradient magnetic separator (OGMS) and high gradient magnetic separator (HGMS) are not successfully 

commercialized due to inefficient magnetic field strength and non-uniform distribution of magnetic 

induction over the drum surface (Tripathy et al., 2017).  Some applications for HGMS are reported for 

de-shaling and removal of pyrite from coal fines and also with the incorporation of fluidization (Hise et 

al., 1981; Liu, 1982; Lockhart, 1984; Van Driel et al., 1984; Lua & Boucher, 1990; Banerjee & Dixit, 1992; 

Karmazin, 1997); but were mostly focused on at laboratory scale and found to be inefficient (Tripathy 

et al., 2017).  Similarly, the isodynamic separator is not commercialized as a beneficiation tool but is 

used for quantitative analysis of paramagnetic minerals; to characterize minerals by measuring the 

magnetic susceptibility and finally, in aid of simulating grade and recovery curves (Tripathy et al., 2017). 

The types of high-intensity magnetic separators that are applicable to dry processing in the mineral 

industry are listed as the induced roll magnetic separator (IRMS), lift roll magnetic separator (LRMS), 

cross-belt magnetic separator (CBMS), permanent roll magnetic separator (PRMS) and rare-earth-roll 

magnetic separator (RERMS).  These have been comprehensively detailed in terms of principle, variable 

effects and application in the work by Tripathy et al.  (2017).  For implementation in dry coal processing, 
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the PRMS and RERMS prove most viable in terms of an up gradation of the coal due to ash content and 

pyrite reduction (Fujita et al., 1981; Hucko & Maronde, 1982; Male, 1984; Order et al., 2003; Tripathy 

et al., 2017).  A brief outline of the working principle of these follows. 

The working principle of PRMS and RERMS 

PRMS and RERMS are identical in concept with the only appreciable difference being attributed to the 

magnet type.  Rare-earth permanent magnets have been shown favour due to the higher capacity 

capability, stronger magnetic force, availability and affordability offered (Tripathy, et al., 2017).  These 

magnets also yield better separation efficiencies and consume less power (Elder, 2003).  This has 

resulted in the slight adaption of the PRMS design and consequently the construction of very powerful 

high-intensity RERMS that have largely replaced other magnetic separators such as the IRMS (Norrgran 

& Marin, 1994; Arvidson, 2000; Elder, 2003 Arvidson & Norrgran, 2014; Tripathy et al., 2017). 

The separation unit consists of a roll compiled of disks or rings of permanent magnets sandwiched 

between mild steel rings.  The magnet can be configured to either maximum selectivity for the sample 

with mostly magnetic material or, alternatively to high strength in cleaning applications (Elder, 2003).   

The roll is covered by a Kevlar or glass Teflon conveyor belt with non-sticking nylon finish and thickness 

as low as 0.2mm (Tripathy et al., 2017; SOLLAU, 2018).  An idler roll is in place to provide proper belt 

support.  Figure 16 provides a depiction of the principle of separation in such a RERMS. 

 

Figure 16: The principle of magnetic separation in a rare earth roll magnetic separator (RERMS) (From Arvidson & Norrgran, 
2014) 

 
In Figure 16 the thin conveyor belt, permanent magnet roll and idler rolls are portrayed.  A basic idea 

of the separation mechanism is also provided therein.  The material is presented evenly onto the belt 

and is transported over the uniquely designed magnetic roll where the particles move into the magnetic 
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field and are subjected to the strong magnetic force.  The paramagnetic materials are attracted to the 

magnetic roll and stick to the surface of the belt whereas the non-magnetic particles continue to fall 

from the belt, unaffected by the magnetic field.  During the rotation, the magnetic particles adhering 

to the roller magnet are released once exiting the magnetic field and in so, separation is achieved.  

Adjustable splitters and hoppers are located below the conveyor in order to divert and collect the 

different fractions, respectively (Elder, 2003; Tripathy et al., 2017).  These magnetic separators can be 

designed as a multi-stage separation process yielding magnetic field gradient intensities ranging in 1.6 

Tesla which proves considerable in comparison to the capabilities of other separator types (Tripathy et 

al., 2017; SOLLAU, 2018). 

Applicability and limitations 

Most of the magnetic separators described in this work can be implemented with or without the use of 

water making it an attractive alternative for the current wet coal beneficiation practices.  HIMS 

operated on a dry basis is well accepted in selected industries and used to concentrate paramagnetic 

material, for impurity separation and recovery of minerals.  The removal of ash-bearing minerals and 

pyrite from coal ore in the RERMS is an example of a utilization relevant to the topic at hand.  PRMS 

and RERMS operations are predominantly utilized in dry coal processing but some works have been 

conducted on a wet basis (Rylatt & Popplewell, 1999).  These units are integral in primary and 

scavenging processing and are also applicable as a means of pre-concentration (Tripathy et al., 2017).  

Furthermore, the availability of rare-earth permanent magnets and their affordability extends the 

applicability of magnetic separators to medium and weakly magnetic materials.  The roll magnetic 

separators are efficient, selective and are easily adjusted to feed variations (Tripathy et al., 2017). 

Common diameters of the magnetic roll can extend from 72 – 300 mm with magnetic zone widths of 

250, 500, 1000 and 1500 mm available (Tripathy et al., 2017).  The capacity of any roll magnetic 

separator depends on the roll diameter which is selected based on the particle size to be treated during 

the design phase (Svoboda & Fujita, 2003).  RERMS machines are capable of handling throughputs in 

the range of 2 to 3 tons per hour per meter effective for particle sizes of 75µm.  Some designs have 

proven a throughput of up to 10 tph per meter of roll but depend quite heavily on the application 

(Mineral technologies, 2018).  Most dry RERMS are capable of processing coal with slightly higher 

moisture contents provided that the particles are free-flowing and do not stick to one another or the 

belt (Mineral technologies, 2018).  Separation of particles up to 25 mm is possible with larger roll 

diameters and thereby increased capacities (Tripathy et al., 2017).  The production rate may however 

also be affected by the particle size, particle density, proportion of magnetic material in the feed, 

liberation and exposure of magnetic material and finally, product specifications.  Most dry magnetic 
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separators are inefficient while treating sizes finer than 75µm which can be successfully concentrated 

with wet magnetic methods.  Furthermore, a study conducted by Ibrahim et al.  (2017) concluded that 

a narrow PSD range may prove more efficient in a RERMS. 

Numerous studies have shown the effects of particle size on separation in the RERMS separator and 

most findings come down to the trajectory of a particle in a magnetic field (Gehauf, 2004; Tripathy et 

al., 2015; Ibrahim et al., 2017).  Diamagnetic particles profile according to the centrifugal force actuated 

by the roll and drop unhindered while classifying into particle size as expected.  Larger particles would 

travel a further distance and are therefore typically processed with lower roll speeds.  When considering 

the magnetic particles, strongly attracted magnetic particles will adhere to the roll until being released 

from the magnetic field but weakly attracted particles may only experience a measure of deflection by 

the magnetic force.  These particles are then altered from their normal path and overlap of large weakly 

attached particles may occur with small non-magnetic particles (Gehauf, 2004; Ibrahim et al., 2017).  

The importance of a narrow particle size range along with correct splitter setting and roller speed is 

hereby made very clear and contribute to some of the limitations of RERMS.  Additionally, these 

operations require the removal of the minute particulates present on the surface of coarser particles, 

stringent dust control measures and monolayer feed presentation (Tripathy et al., 2017).  This limitation 

can easily be overcome by splitting the feed into closed size fractions before processing and utilizing 

multiple separation stages to enhance the recovery (Tripathy et al., 2017). 

Additional to the particle properties and roll diameter as discussed above, some design and process 

variables affect the performance of the separator.  The design parameters considered are the magnetic 

field intensity, magnet design and magnet to steel ratio, type of belt, belt thickness and number of 

stages.  The process variables of importance are the roll speed, splitter position, feed rate and finally, 

depth of the material on the belt (Tripathy et al., 2017).  Some studies indicate that increasing the roll 

diameter, residence time and magnetic flux density, the separation efficiency increases.  Additionally 

increasing the roll speed and diameter while retaining an optimum residence time, a higher throughput 

may be achieved. 

Performance, success & pitfalls 

Numerous studies have been conducted on these separators in terms of coal beneficiation for the 

separation of ferruginous-rich maceral, pyritic sulphides and shale from the coal.  These studies 

considered varying the main process parameters including particle size, roll speed, splitter position and 

feed rate (Fujita et al., 1981; Hucko & Maronde, 1982; Van Driel & de Kerk, 1983; Male, 1984).  Many 

of the older studies include the use of HGMS on coal beneficiation which is presently not considered 
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optimal.  Separation using the preferred RERMS has been investigated in order to remove the shale 

contributing to the higher ash content in coal.  A study conducted on lignite using a combination air jig 

and dry magnetic separator system concluded that the ash value could be lowered to 12.3% from pre-

concentrated coal (in the air jig) of 35.6% ash (Order et al., 2003). 

The RERMS has additionally been found to reduce the pyritic sulphur content in coal as the sulphur 

bearing pyrite mineral in coal (FeS) is considered paramagnetic.  Yildinm et al., (1996) confirmed a 

reduction in sulphur content from 2.49% to 0.39% in a low-rank semi-coked lignite coal sample.  Studies 

by Saeid et al., (1993) on the desulphurization of a UK coal sample in a PRMS report ash and sulphur 

reduction of up to 40 and 10 percentage points, respectively, for a coal size of 106 - 500 µm.  Celik 

(2002) reported a reduction in ash content from 39.49% to 14.2% and a final sulphur content of 0.41% 

where the feed was 2.09%. 

In some cases, treating a coal sample with heat has been known to improve some of the properties 

such as magnetic susceptibility for one.  Pyrolysis is considered such a pre-treatment and studies have 

been reported that including a pre-treatment of lignite coal by pyrolysis enhances the magnetism of 

the mineral matter.  Separation thereafter yielded an ash value reduction from 36% to 22.7% and 

sulphur reduction from 2.4% to 0.88% (Koca et al., 2000).  Another study on magnetic separation on 

low-rank lignitic coal with pre-treatment by heating was conducted by Celik & Yildirim (2000).  Utilizing 

microwave energy for the treatment of coal prior to magnetic separation has emerged as a favourable 

technique for the removal of pyritic gangue from coal fines (Uslu et al., 2003; Uslu & Atalya, 2004; Zhang 

et al., 2015).  The studies concerning pre-treatment of the coal before magnetic separation are mostly 

confined to laboratory scale and require further development and enlargement.  Also, upon improving 

the magnetic susceptibility of the material, the low-intensity magnetic separators may be more 

appropriate for the beneficiation (Tripathy et al., 2017).  These processes may, in future, provide a cost-

effective unit for pyrite removal in high sulphur coals if further enhanced by optimizing and scaling. 

Although quite efficient separation is obtainable by magnetic methods, the process may suffer some 

pitfalls.  Given the fine nature of the particles processed by magnetic means, some problems arise in 

terms of feed moisture and presentation.  The coal need only be dry enough such that flow of the 

particles across the belt remain unhindered but, the presence of moisture severely affects the free flow 

of fine and ultra-fine particles.  Flocculation or agglomeration of the particles may negatively affect the 

operation of the separator and consequently produce an inefficient separation (Wills & Napier-Munn, 

2008).  As a result, an almost bone dry feed is required for magnetic separation in especially the very 

fine material and extensive drying may be necessary prior to separation (De Korte, personal 

communication 24 October 2018).  This may prove difficult and uneconomic.  Larger particles (e.g.  
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25mm), however, may not require as much or any drying.  The presentation of the feed may also prove 

difficult as a monolayer of particles across the belt and magnet is essential to avoid any entrainment.  

This significantly reduces the capacity of the machine (Wills & Napier-Munn, 2008).  It is imperative that 

the feed is presented evenly across the belt width and at the correct velocity to also inhibit particle 

bouncing and scattering.   Additionally, each particle should enter the magnetic zone at the same 

velocity so as to make certain that the trajectory of individual particles is determined by the magnetic 

force and not affected by the speed (Wills & Napier-Munn, 2008; Svoboda, 2004).  Furthermore, the 

presence and amount of magnetic material in the feed along with the relative degree of magnetic 

susceptibility determines to a great extent whether magnetic separation is applicable.  As such RERMS 

(and other MS designs) are mostly utilized for coals with high a pyritic sulphur content and for significant 

amounts of paramagnetic mineral matter present in the feed.  For this reason, magnetic separation on 

RERMS would require some extensive petrographic analyses conducted on the feed before 

implementation. 

Operability and costing 

Most RER magnetic separators are containerized and modular for easy transportation with provisions 

for dust containment and extraction (Dobbins et al., 2009).  In some cases, the addition of mineral de-

dusting processes prior to separation are utilized along with the addition of air purge streams and dust 

filters.  Costing of such a machine may vary according to the size which is determined by the particle 

size and throughput.  Moreover, the maintenance of the belt during tracking is an issue which decides 

the cost of the process.  Several tracking, tensioning systems and roll support are required making it 

possible to replace the belt in less than 5 minutes but adding to the capital costing and maintenance of 

the machine (Gulsov & Orhan, 2004).  Additional crushing, screening and drying equipment may also 

be necessary for magnetic separation given the fine particle size and moisture constraints.  The capital 

and operational cost of these must be considered.  Energy consumption for the machine ranges in 0.65 

to 1.4 kW depending on size (Mineral Technologies, 2018). 

One of the main disadvantages of the RERMS is the high wear and tear experienced by the belt which 

inadvertently affects the productivity.  The maintenance and replacement of the belt also prove tricky 

as sagging or traction have to be avoided (Grey & Orekondy, 2010).  In order to address the belt related 

challenges, some studies have focused on the invention of a belt-less RERMS.  This unit works similarly 

in operation to the conventional RERMS but contains a thin cylindrical shell encasing the magnetic rolls 

but is still in the developmental stage (Grey & Orekondy, 2010). 
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Electrostatic separation as dry beneficiation 
technique for coal 

 

Electrical separation (also referred to as high tension separation) is a means of separating charged 

particles under the influence of an electric field and utilizes the difference in electrical conductivity 

between various minerals to do so (Wills & Napier-Munn, 2008; Inculet, 1984a; Ralston 1961).  All 

minerals exhibit some difference in conductivity making electrostatic separation a universal means of 

ore concentration which is frequently combined with gravity and magnetic separating methods (Wills 

& Napier-Munn, 2008; Kelly & Spottiswood, 1989).  The process, however, suffers some limitations but 

has met much improvement and success in preparation of titanium, rutile, ilmenite, zircon and 

monazite in beach sands and alluvial deposits (Wills & Napier-Munn, 2008).  Some other applications 

are found in tin mining and the separation of iron ore, cassiterite, columbite, ilmenite and hematite 

from their associate gangue minerals as well as waste recovery operations (Kelly & Spottiswood, 1989).  

Electrostatic separation may (to a lesser extent) be applied to the separation of some other minerals 

such as that of coal from its associated gangue minerals (Wills & Napier-Munn, 2008; Dance and 

Morrison, 1992).  Electrical separation has been utilized since 1800 and so, quite some cases studies 

have been conducted thereon with the relevant theories well documented by Kelly & Spottiswood 

(1989), Wills & Napier-Munn (2008) and Dwari & Rao (2007). 

The principle of electrostatic separation 

Separation of two substances by electrical means is based on a difference in the ability to develop and 

maintain charge along with the related particle movement when placed in an electric field (Dwari and 

Rao, 2007).  The ability is determined by the electrical resistivity and conductivity as well as the 

difference in the electronic surface structure of the mineral and organic matter (Kelly & Spottiswood, 

1989).  Separation is achievable because the differences in the properties listed above enable particles 

to develop two different charged phases which may behave differently in the presence of an electric 

field (Bada et al., 2010).  Kelly and Spottiswood (1989) define two types of electrostatic separators, (1) 

electro-dynamic and (2) electro-static. 

Electro-dynamic separators are also called high tension separators in which the feed is carried by a 

grounded rotor into the field of a charged ionizing electrode.  The feed particles accept a charge by ion 
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bombardment; the conductor particles lose their charge to the grounded rotor and are projected from 

the rotor by a centrifugal force.  These particles are influenced by the electrostatic field of the non-

ionizing electrode and are drawn from the rotor surface toward the electrode.  The non-conductor 

particles are held onto the rotor by image forces as they are unable to dissipate their charge rapidly to 

the rotor.  The non-conducting particles are carried along the circumference of the rotor until such a 

point where they have dissipated their charge to the rotor and are dropped.  Middlings particles will 

drop first and any non-conductors adhering to the rotor are removed by a brush.  Figure 17 provides a 

depiction of such an electro-dynamic separator as described above. 

 

Figure 17: The principle of an electro-dynamic separator (from Kelly & Spottiswood, 1989) 

Electro-static separators can be further divided into rotor type and plate type units.  The rotor type is 

similar in appearance to the high tension separator as described above but contains no ionizing 

electrode.  A large single electrode producing an electric field is utilized instead and particles entering 

the field accept a charge by induction.  Both conductor and non-conductor particles are thereby 

polarized but the conductor particles rapidly dissipate charge to the grounded rotor and become 

equipotential surfaces.  These particles are then attracted towards the electrode while the non-

conductor particles adhere to the rotor until gravity takes effect and the particles fall from the rotor.  

Figure 18 provides a depiction of the electro-static roller type separator as detailed above. 
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Figure 18: The principle of the electro-static roller type separator (from Kelly & Spottiswood, 1989) 

Plate type, electro-static separators can be additionally categorized in plate and screen designs.  These 

have similar operating principles in which feed particles slide down a grounded plate into a divergent 

electric field induced by a largely curved electrode.  The particles are then charged by induction with 

the conductor particles obtaining a charge opposite to that of the electrode and so being attracted to 

the electrode.  The non-conductor particles continue in their movement down the plate or through the 

screen.  Figure 19 provides schematic of the plate and screen type electro-static separators. 

 

Figure 19: Depictions of the plate (left) and screen (right) belt type electro-static separators (from Kelly & Spottiswood, 1989) 

As mentioned above, particles are electrostatically charged before entering the separation stage which 

can be most successfully accomplished by (1) ion or corona bombardment, (2) conductive induction 

and (3) contact or triboelectrification (Dwari and Rao, 2007).  The electro-physical properties of a 

particle determine the mechanism by which the particle surface may be endowed with charge (Knoll & 

Taylor, 1984; Kelly & Spottiswood, 1989).  The ion bombardment and conductive induction have been 

briefed with the discussion of electrostatic separators above.  Other methods of charging include 

freezing, ion and electron-beam thermionics, photoelectric field emission, radioactive decay charging 
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and also pyroelectric and photoelectric charging (Hendricks, 1973).  Of these charging methods, 

triboelectrification has received most attention for coal preparation practices in fine and ultra-fine sizes 

and some investigation into this direction has been made but has not yet achieved commercial status 

(Dwari & Rao, 2007).  The triboelectric method is deemed most suitable for ultra-fine materials and for 

minerals with relatively similar and varying electro-physical properties (Manouchehri et al., 2000; Kelly 

& Spottiswood, 1989). 

Tribo-electrostatic separation for coal 

In tribo-electrostatic separation, the particles are charged by contact or friction with other particles or 

another material (such as a container wall) and then separated by an electric field (Mohanta et al., 

2016).    Electrons are transferred from one surface to the other when two dissimilar particles are 

rubbed against one another until the energy of each material has equalized at the interface.  The result 

is that one particle is negatively charged and the other obtaines a positive charge (Dwari & Rao, 2007).  

The polarity and magnitude of the charge obtained by the particles depend on the work function of the 

surfaces in contact (Mohanta et al., 2016).  The work function is defined as the work required to remove 

electrons from a particle surface.  Positively charged particles have lower work functions than 

negatively charged particles and in the case of particle-wall charging, the wall material work function is 

in-between that of the two particles involved.  The quantity of charge that is exchanged between two 

surfaces in contact also additionally depends on the contacting speed and pressure between the 

particle surfaces in contact (Bada et al., 2010).  From this, it is clear that triboelectrification is best suited 

in minerals processing where minerals exhibit significantly different dielectric properties (Dwari & Rao, 

2007). 

Early triboelectric separators induced charging of the particles by sliding or transport through chutes, 

pipes and nozzles (Dwari & Rao, 2007).  Tribo-charging is now popularly achieved in a rotary drum or 

tube, cyclone, vibratory feeder, pneumatic conveyor or fluidized bed system due to better particle-

particle and particle-wall interaction.  El-Mouloud Zelmat et al.  (2013) provides a discussion of the 

different tribo-charging systems and some references to combinations of these are also found in 

literature (Dwari & Rao, 2008; Dwari & Rao, 2009; Dwari & Rao, 2007; Soong et al., 2001; Fricke, 1997; 

Haga, 1995; Cross, 1987; Inculet, 1984; Masuda et al., 1983).  The drum and fluidized bed types have 

mostly been utilized during charging.  Within these particles are charged by frictional contact among 

each other and with the apparatus walls by either cascading through rotation (drum type) or turbulent 

fluidization (fluidized bed type).  After charging in the drum, the particles are removed and the charge 

acquired is measured using a Faraday cup and electrometer installation (Mohanta et al., 2016).  The 

particles are then added to the tribo-electric separator through a vibratory feeder.  Charging in the 
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fluidized bed type electro-charger is slightly different.  The fluidized bed charging device consists of a 

fluidized bed tribo-charger with an internal baffle system, a cyclone discharge unit and a nitrogen 

source.  The particles enter the cylindrical fluidization tube and are turbulently fluidized by nitrogen.  

Once charging is complete, the particles are pneumatically transported to the cyclone feeder (Dwari & 

Rao, 2008). 

During separation, the charged particles are allowed to free fall through an electric field which is 

generated by two high voltage electrode plates (Mohanta et al., 2016).  The particles are deflected 

according to the magnitude and sign of their charge.  In general, the tribo-separating unit consists of a 

vibratory or cyclone feeder, a rectangular free fall separator, two adjustable electrode plates, collection 

bins and a high voltage DC source (Mohanta et al., 2016).  Figure 20 provides a depiction of the principle 

of the tribo-electric separating unit. 

 

Figure 20: The principle of the tribo-electric separator (from Dwari & Rao 2006) 

In Figure 20, the high voltage DC source is connected to the electrode plates allowing one to be 

negatively and the other positively charged (Mohanta et al., 2016).  When in an electric field, the 

charged particles move toward the oppositely polarized electrode and collect in the Faraday cup 

collection bins (Dwari & Rao, 2007; Lockhart, 1984).  Middling particles, having potentially lower charge 
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magnitude and being weakly attracted to the electrodes collect in the centre bins.  From this separation 

of the positively, negatively and intermediately charged particles occurs.  Four electrode plate 

configurations are common in the tribo-electrostatic separation chamber; the parallel plate, cylindrical, 

louvred plate and angled plate types (Soong et al., 2001; Dwari & Rao, 2008).  The details of the tribo-

electrostatic phenomenon; tribo-charging characteristics and methods and separation unit 

configurations have been explained in a number of studies (Mukherjee et al., 1987; Nifiku et al., 1989; 

Ban et al., 1993a, 1993b; Higashiyama et al., 1998; Trigwell et al.  2003b; Dwari and Rao, 2008; Dwari 

and Rao, 2009). 

Although vastly implemented for certain minerals, electro-dynamic and electro-static separators are 

not commonly used to beneficiate coal.  These methods are based on corona discharge and 

electrostatic induction and are mostly utilized in processing particulate mixtures of conducting and 

insulating materials (Kelly & Spottiswood, 1989; Tilmatine et al., 2009).  Corona electrostatic and tribo-

electrostatic methods have been investigated for coal beneficiation in numerous configurations but the 

former proved unsuccessful in comparison to the latter (Bada et al., 2010).  The tribo-electric separators 

have proven useful in coal cleaning processes as it enables the selective sorting of mixed granular 

insulators.  Most especially because (in some cases) little difference is observed in the conductivity of 

the coal and gangue minerals being sorted (Bada et al., 2010).  However, only laboratory scale tribo-

electric separation units have been investigated thus far and are yet to receive commercial status 

(Dwari & Rao, 2008; Dwari & Rao, 2007; Hower et al., 1997). 

When focusing on the electro-physical properties of coal, many researchers agree that carbon particles 

charge positively whereas the associated gangue minerals such as kaolinite, illite and quartz obtain a 

negative charge by frictional contact (Dwari & Rao, 2008; Dwari & Rao, 2009; Carta et al., 1976; 

Lockhart, 1984; Alfano et al., 1988).  Furthermore, Inculet et al.  (1982) found that different maceral 

types acquired different charge polarities when beneficiated electrostatically.  The predominant 

vitrinite maceral mostly obtained a positive charge whilst inertinite charged negatively.  The electric 

conductivity of the material also proves of importance and once charged it is essential that the polarity 

is maintained and not dissipated through the particle or to other particles and surfaces.  Coal is less 

conducting than mineral matter except in the case of brown coal due to the higher moisture and ion 

contents (Lockhart, 1984).  Resultantly moisture, humidity and temperature may significantly affect the 

conductivity of the material and consequently the separation in an electrostatic separator (Wills & 

Napier-Munn, 2008).  Of the compounds most commonly found in coal, pyrite is the most conducting 

and always takes a negative charge (Ciccu et al., 1991).  On the other hand, Ciccu et al.  (1991) also 

noted that coal matter may acquire either positive or negative charge depending on the presence of 
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either carbonate or silicate gangue minerals, respectively, but that good separation is achievable 

regardless. 

Applicability and limitations 

Aside from some studies conducted in a medium other than air (such as a dielectric liquid), electrostatic 

separation is only concerned with a feed that is perfectly dry (Wills & Napier-Munn, 2008; Kelly & 

Spottsiwood, 1989).  This makes it a viable option for dry processing of materials with differing electro-

physical properties such as the separation of coal from its associated gangue minerals.  Separation by 

this means mostly acts upon the materials that are conductors and so are best for applications where 

small amounts of conducting material are to be separated from a large amount of non-conducting 

material.  It is, however, possible with certain designs to concentrate the non-conducting materials with 

different electrical properties (Kelly & Spottiswood, 1989).  Electrostatic separators are most applicable 

for fine material and are capable of processing particle sizes ranging in 50 - 1000 µm (Kelly & 

Spottiswood, 1989).  Particles less than 75 µm may, however, cause some problems in the high tension 

and electro-static type separators (Kelly & Spottiswood, 1989). 

Narrower particle size distributions are however common and are desired as the size influences the 

behaviour during charging and separation (Kelly & Spottiswood, 1989).  The charge obtained on the 

surface of a coarser particle is lower (when considering its mass) as that of a fine particle.  As a result, 

a coarse non-conducting particle may be displaced into the conducting material as a consequence of 

weaker attraction to the rotor, plate or in the electric field.  Similarly, the finer material is more readily 

influenced by the surface charge and the conducting fraction may then be contaminated by the fine 

non-conducting material (Wills & Napier-Munn, 2008; Kelly & Spottiswood, 1989).  Entrapment of 

particles is another concern; multiple particle layers on the rotor surface may cause particle 

misplacement due to the fine conductor particles being entrained among the non-conductors as a 

result of their lower mass.  Resultantly, these separators are operated in multiple stages of cleaning 

and are thus manufactured in banks (Kelly & Spottiswood, 1989).  In many cases, the separator is 

designed so as to produce a middling fraction in addition to the conductor and non-conductor products.  

This produces a fine conductor, coarse non-conductor and unliberated material products which can be 

treated again in order to obtain a clean overall separation (Kelly & Spottiswood, 1989). 

Electrostatic separators are available with typical diameters of 150 - 240 mm and lengths of 

approximately 3 m and have been reported to process 1000 kg/hr per meter of rotor length for beach 

sand minerals; 2500 kg/hr per meter of rotor length for iron ore and with a bank of 6 separators can 

achieve a throughput of 54 tph in a hematite operation.  Some plants located in Florida reach a capacity 
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of 1000 tpd with a combined electrostatic and magnetic heavy mineral separation (Kelly & Spottiswood, 

1989).  Plant throughput is however limited by the circulating load which depends greatly on the 

composition of the feed.  A larger circulating load is generally caused by an increased amount of 

middling material with conductivity between that of the conductor and non-conductor and also as a 

consequence of broadening of the particle size range processed (Kelly & Spottiswood, 1989). 

Moisture and temperature are of importance during charging of particles.  In studies by Mazumder et 

al.  (1995) and Kwetus (1994), it was proven that the moisture content reduced the degree of charging 

and lowered the separation efficiency.  It was however not clear whether the bone dry particles 

maintained the best charging properties.  A subsequent study by Mazumder et al.  (2015) shows that 

the resistivity of coal particulates depends largely on the ash content and moisture in the feed coal.  

Thus it is likely that different coal types would contain differing resistivity.  Moreover, the charge of a 

particle or surface decreases with increasing temperature irrespective of the air pressure (Dwari & Rao, 

2007).  The mineral temperature also has a significant effect on the conductivity.  Fraas (1962) found 

that the conductivity of some minerals (zircon and monazite) remain unchanged but that of rutile 

increases significantly.  Herein is an indication that the separation of these minerals may be enhanced 

by operating at elevated temperatures (>90°C).  Most electrostatic separators are fitted with heating 

coils in the feed hopper and heating lamps in the electric field zone (Kelly & Spottiswood, 1989).  It has 

been made clear that surface moisture is undesired and the removal thereof is essential, however, 

some difficulty in maintaining low surface moisture is noticed when the relative humidity is high.  

Increased humidity reduces the selectivity of a given separation but is found to affect high tension 

separation less than electro-static concentration (Kelly & Spottiswood, 1989). 

It is essential to ensure that the particle surfaces are free of moisture, organic materials and dust.  De-

sliming may also be necessary prior to the drying before electrostatic separation (Fraas, 1962).  Some 

additional operating parameters are considered when optimizing the electrostatic separator 

performance.  These are the feed rate, rotor speed, voltage, electrode position and product splitter.  In 

determining the optimal settings, the strategy is to increase the feed rate until the minimum acceptable 

product quality is reached (Kelly & Spottiswood, 1989).  Negative electrodes are preferred commercially 

and most separators are supplied with 40kV of direct current power achieving a current flow that varies 

from 5 to 15 A per meter of rotor length (Kelly & Spottiswood, 1989). 

Triboelectric separators similarly conform to the narrow particle size range, particle surface 

characteristics, particle and unit temperatures and finally relative humidity sensitivities as the 

alternative electrostatic separators (discussed above).  However, since these have not been 

implemented commercially known sizes, capacities and throughputs are scanty.  From the published 



PhD 2019 Dry processing for coal preparation: a review N Hughes 

 

59 
NWU in association with CoalTech 

information on the laboratory scale investigations some idea of unit size, capacity and operating 

parameters can be obtained.  Additional to being most suitable for specifically coal processing, tribo-

electric separators are capable of separating material that is finer than 75 µm making it applicable for 

the ultra-fine fractions that the high tension and electro-static methods are unable to process (Dwari 

& Rao, 2008).  Upon a collaboration of relevant studies the particle size distribution applicable ranges 

from 0 - 1mm with the requirement of subdivision in quite narrow distributions (Mohanta et al., 2016; 

Dwari et al., 2015).  Particle drying is employed before charging at either 105°C in order to reduce the 

free and surface moisture content of the sample to approximately 1 - 2%wt.  Experimentally, a mass of 

5 - 30g of the sample is charged for about 15 - 90s and carefully stored so as to reach a feed throughput 

of 1.2kg/h to the separation chamber (Mohanta et al., 2016; Dwari & Rao, 2008).    The relative humidity 

is kept constant throughout preparation, charging and separation and values of between 10 - 50%RH 

have been reported (Mohanta et al., 2016; Dwari et al., 2015).  Operating temperatures are in the range 

of 18°C to 78°C (Dwari & Rao, 2006) with some instances where the particles are heated to 28°C, 40°C, 

80°C and 105°C before charging to investigate if charging is improved in elevated temperatures (Dwari 

et al., 2015). 

These values are accurate for both rotary drum or tube and fluidized bed chargers mostly compiled of 

copper.  The length and diameter of the drum charger are 0.196m and 0.108m, respectively, with a 

rotating speed of 35 rpm.  The diameter and length associated with the cylindrical fluidized bed 

structure are 0.065m and 0.7m, respectively.  The internal copper baffle with a length of 0.64 unit is 

integrated within the fluidized bed, 0.03m from the top in order to ensure efficient particle-wall 

contact.  The entrance to the cyclone is through a 0.01 m diameter and 0.025m copper pipe.  The 

cyclone (also constructed of copper) dimensions are 0.045m for the length of the cylindrical section; 

0.48m for the length of the conical section; 0.04m for the cyclone diameter; 0.03m for the vortex finder 

diameter and finally 0.006m for the apex diameter (Dwari & Rao, 2008).  The fluidized bed tribo-charger 

utilizes nitrogen for the pneumatic transport and fluidization of the particles.  Expected volumetric 

flows for the nitrogen range in 2500 - 5500 litres per hour (Dwari & Rao, 2008). 

The separating unit is constructed with Perspex and a dimension of 0.48 x 0.48 x 1.5m, whereas the 

feeder, electrodes and bins are made of the same material as the charger (e.g.  Copper).  The electrodes 

are adjustable such that their inclination can be varied and are 1.32m long and 0.46m wide.  Common 

plate inclinations are 0°, 5° and 7.83° and plate gaps can be in the order of 0.07m at the top and 0.43m 

at the bottom.  Voltages of 0 - 35 kV can be applied to the electrodes (Dwari et al., 2015).  Studies have 

reported up to 6 Faraday cup collection bins being implemented (Dwari & Rao, 2008).  Typical 

dimensions of the outer and inner shields of the Faraday cup are 0.365 x 0.07 x 0.04 m and 0.345 x 0.05 

x 0.03 m, respectively.  These further allow for stable measurement of voltage and also the polarity and 
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charge magnitude of the particles with the aid of increased capacitance and an electrometer, 

respectively (Dwari & Rao, 2008). 

Although the tribo-electrostatic separation is still in the developmental stages, some potential industrial 

applications can be envisioned.  The concentration of carbon from associated gangue minerals, the 

recovery of unburnt carbon from fly-ash, the elimination of sulphur bearing compounds from 

pulverized coal and recycling of plastics from waste are some (Carbini et al., 1981; Gidaspow et al., 

1986; Finseth et al., 1993; Inculet et al., 1980; Gente et al., 2003; Pacoe and Connell, 2003).  

Investigations by Finseth and coworkers (1993) indicate that sulphides and silicate impurities can be 

efficiently removed by tribo-electrostatic beneficiation for a variety of coals.  One other application of 

tribo-electric separation, as suggested by Stencel and coworkers, includes implementing such a 

separator before the coal burners after pulverizing.  At this point, substantial mineral liberation has 

occurred and it may prove economically and environmentally beneficial to remove the remaining 

mineral matter from the combustibles within the pipes leading to the burner.  This application would 

decrease the need for water-based cleaning plants distances from the pulverizing unit; water pollution 

may be reduced and expensive and difficult fine coal dewatering would be eliminated.  Work conducted 

by Stencel et al., (2010) shows that an 80% combustible recovery is possible with an associated 30% 

decrease in the mineral matter of the feed coal ash value.  This study further states that pulverized coal 

particles in transport to the burners carry sufficient and differential charge to effect efficient 

electrostatic separation under the correct conditions. 

Performance, success and pitfalls 

As mentioned, much work has been conducted on tribo-electric separation which has shown that it has 

potential in coal beneficiation practices especially in the finer size ranges.  Much data proving successful 

separation has been reported (Bada et al., 2010).  Studies by Inculet and colleagues (1980) indicated a 

successful reduction in ash value while retaining a similar calorific value as relative to the feed.  

Furthermore, the recovered product quality was on par with that obtained through wet processing 

techniques.  An ash value reduction from 15.2% to 7.1% corresponding to a clean coal recovery of 90% 

was obtained in a study by Masuda et al.  (1984). Focus on specifically the removal of pyritic sulphur 

from coal was conducted in a five-stage electrostatic sieve conveyor by Gisdaspow et al.  (1987).  A 

reduction in sulphur content to 0.86% was obtained from a feed of 2.4% with high efficiency as 

pertaining to the extensive liberation attributed to the ultra-fine particle size range of - 40µm. 

The investigation into the beneficiation of coal in a copper tribo-charging pipe was conducted by Finseth 

and coworkers (1993).  Different operating conditions were considered and it was found that ash 
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forming minerals could be efficiently removed.  A clean coal product with 2.1% ash was obtained from 

feed coal of 24.4%.  Additionally, the sulphur was proven to decrease from 1.45 to 0.6% and a total 

carbon recovery of 38.8% was achieved.  The effects of different charging devices were investigated by 

Dwari and Rao (2006) which indicated that copper is preferred for beneficiation.  This is as a result of 

the high electrical conductivity of copper.  The results were obtained for non-coking Indian thermal coal 

of +210 - 300 µm at a voltage of 15kV and charging residence time 5 minutes.  A decrease in ash content 

to 18% from a coal feed of 43% was reported which supersedes the ash value of 25% obtained in a 

parallel dense medium washability test. 

Studies also prove that tribo-electric separation can be used for the pre-combustion cleaning of coal to 

remove gangue minerals (Trigwell et al., 2003b).  These results confirmed that this method is, in fact, 

viable for coal beneficiation and has immense potential in a commercial application.  A reduction of 

both sulphur and ash content was observed for two USA coal samples, Pittsburgh No.8 and Illinois No.  

6.  This study focused on coal sized 0 - 75µm and yielded a 26.7% (2.03% sulphur in the feed to 1.47% 

sulphur in the product) and 25.8% (3.25% sulphur in the feed to 2.41% sulphur in the product) point 

reduction in sulphur for the Pittsburg and Illinois coals, respectively.  These were associated with a 

53.9% (6.31% ash in the feed to 2.91% Ash in the product) and 44.0% (13.1% ash in the feed to 7.33% 

ash in the product) relative point reduction in ash content.  Two particle size ranges were considered 

in order to determine the effect of finer grinding on beneficiation; 45 - 75 µm and 75 - 105 µm.  The 

smaller PSD produced cleaner coal slightly lower in sulphur than the larger but the yield was not 

improved.  Petrographic analyses indicated that the liberation and separation were inefficient but the 

finely ground coal exhibited much-improved charging which inadvertently led to the better separation.  

Trigwell et al.  (2003b) further showed that two-stage beneficiation may yield a significant reduction in 

both ash and sulphur contents of both coal samples which may be confirmed in studies by Bada and 

colleagues (2010 and 2012).  The results obtained here also confirm the findings of Lewowski (1993) 

who stated that the tribo-electrostatic method can clearly separate minerals-rich coal particles from 

clean coal particles (as concluded from his study on the desulphurization of polish steam coals). 

Further investigation into beneficiation of non-coking Indian coal was undertaken by Dwari and Rao 

(2008).  They found that a reduction in ash from 25% in the feed to 15.6% in the product is achievable 

with a 69% product yield and total combustible recovery of 78%.  Dwari and Rao (2009) contributed 

further investigation into Indian thermal coal beneficiation by tribo-electric separation.  This study 

established that PSD, tribo-charging time, voltage, gas flow rate and fluidization time affect the 

separability in a cylindrical fluidized bed tribo-charger and tribo-separating unit.  The results show a 

decrease in ash content from 43% in the feed coal to 18% in the clean coal product with a 30% product 

yield for -300µm particles.  A higher ash value of 33% was obtained at a higher product yield of 67%.  
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The conventional wet washability tests yielded a final coal product of 25% ash at a yield of 65% for the 

same coal sample. 

From the above observations, some studies investigating the modification of the particle surface were 

undertaken.  This was to determine if the separation efficiency would improve upon alterations to the 

energy structure of the particulate surface.  Zhou and Brown (1988), found that a degree of 

improvement is obtainable after chemical treatment of the particles ranging in 75 - 150 µm.  Vapours 

of methyl acetate, acetone and acetic acid were considered in a fluidized bed charger with a dry 

nitrogen atmosphere.  Some further studies by Trigwell and coworkers (2003) on the charge properties 

of coal when treated with chemicals showed that acetone slightly enhances beneficiation; ammonia is 

considered detrimental to upgrading and sulphur dioxide proves ineffective.  This branch of research is 

ongoing with investigations of fine coal being treated in gaseous forms of acidic and basic organic 

solvents (Dwari & Rao 2009). 

Tests conducted on South African coal by Bada et al.  (2010) too show promising results for coal particles 

ranging in -177 µm.  Two power station coal feed samples were investigated and a reduction in ash 

value from 36% and 31% to 14.9% and 12.2% were obtained for both coals respectively.  Sulphur 

content was also reduced from 2.1% and 2.8% to 0.9% and 0.4%.  The study further entailed research 

regarding a two-stage separation which produced a clean coal of 10.76% ash from feed ash of 30%.  An 

improvement in the calorific value was noted as 20.149 MJ/kg from 27.479MJ/kg.  The single stage also 

produced a clean coal of 14.67% ash, 25.7MJ/kg CV and 25.22% combustible recovery.  Bada et al.  

(2010) confirmed a similar separation performance conducted on another high ash power station coal 

sample and achieved clean coal of 17% ash and combustible recovery of 50%.  Some examinations into 

the effect of co-flow were also made and it was found that the best product is obtained while operating 

at the lowest co-flow; yielding a product ash value of 8.9% from a coal feed ash value of 30.4% (Bada 

et al., 2010).  Similar results were obtained by Tao et al.  (2009), claiming that an increase in co-flow is 

detrimental to the separation.  Bada et al.  (2010) further undertook some qualitative (XRD) studies to 

determine the differences between the feed and final product coals.  The analysis confirms that the 

South African feed coals are mostly made up of crystalline minerals (quartz and kaolinite). 

Further studies conducted by Bada et al. (2012) on No.2 and No. 4 Seam South African coal samples in 

a two stage rotary tribo-electrostatic separator show good results for the -177 µm size fraction.  

Reductions in ash value from 30.4% and 36% in the feed to clean product of 8.9 - 13.1% and 10.8% ash 

for the No. 2 and No. 4 seam samples were observed, respectively.  This further adheres to a respective 

9.6% and 6.0% combustible recovery.  Petrographic tests show a considerable improvement in vitrinite 

content along with a reduction in visible minerals.  The No.2 and No. 4 seam samples report 53% and 
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54% product vitrinite from a feed vitrinite of 21%, respectively (Bada et al., 2012).  Also confirmed is 

that separation may take place between suites of macerals and also between maceral and mineral.  This 

suggests that tribo-electrostatic separation targets specific components within differing maceral suites, 

more specifically vitrintie.  The decreased minerite (rock) and carbominertite (rock-vitrinite middling) 

contents provided by the petrographic analysis are proof of this (Bada et al., 2012).  Additionally, a 

significant reduction is sulphur content was obtained in the two-stage process from 1.6% in both No. 2 

and No. 4 seam coal samples to 0.7% and 0.9% in the product, respectively (Bada et al., 2012).  This 

study also investigates the effects of splitter position in a single-stages separation, charger rotation 

speed in a double-stage separation, co-flow and feed rate.  From this it is noted that a cleaner coal 

product can be obtained with the splitter positioned closer to the negative electrode and that the 

charger rotation speed may require variation when considering coal type.  Moreover, a low co-flow 

provides the best separation efficiency coupled with increased feed rates (Bada et al., 2012). 

The data as summarized above indicates that both single and double stage tribo-electrostatic 

separation are effective in producing a clean coal product with reduced ash and sulphur contents.  The 

two-stage process may lead to cleaner coal product but is, however, detrimental to the coal carbon 

recovery obtainable (Bada et al., 2010).  It must be noted that tribo-electric separation suffers some 

pitfalls.  The monolayer feed presentation severely restricts the capacity and throughput for the 

especially fine coal and narrow size ranges allowable (Wills & Napier-Munn, 2008).  The sensitivity to 

coal type, particle size, particle size range, surface moisture, temperature and relative humidity may 

prove maintaining an effective separation difficult.  Additionally, the de-sliming and drying of the ultra-

fine feeds prior to processing may be tricky and uneconomical. 

Operability and costing 

Not much information is available on the operability and costing of the electric separation methods 

discussed in this paper.  In terms of coal beneficiation, tribo-electrostatic separation is preferred.  Since 

only experimental scale investigations have been conducted thereon, only some qualitative comments 

on operability can be made.  The process of deflection during the separation step is relatively simple 

and allows ease of operation.  Much of the research and developmental effort is therefore aimed at 

obtaining a good selectivity, effective charging and addressing the aerodynamic problems that may be 

associated with charging and transporting fine particulates (Wills & Napier-Munn, 2008). 
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Microwave treatment as dry beneficiation 
technique for coal 

 

Microwave heating technologies show potential in reducing the energy requirements and also 

environmental impacts of some coal beneficiation processes.  These treatments can be utilized in the 

removal of minerals or water prior to combustion or to improve upon grindability.  Some other 

applications include microwave processing for coking, liquefaction, enhancing fluid flow in coal beds 

and coal characterization (Binner et al., 2014).  Numerous studies have been conducted in this regard 

- exploring the potential for microwaves to improve coal processing efficiency (Binner et al., 2014).  

Resultantly many of these techniques have been proven to work on an experimental scale.  However, 

few of these developments have managed to reach commercial scale and may require another look 

with special regard to upscaling.  This may be attributed to the efficiency in comparison to conventional 

heating and also the intricacy of the multi-disciplinary approach required for successful microwave 

processing (Binner et al., 2014). 

The principle of microwave treatment 

In conventional heating, the material is heated from the body surface toward the centre by means of 

conduction, convection and radiation.  Microwaves are capable of penetrating the core of most non-

metallic materials and therefore provide the advantage of heating volumetrically (Binner et al., 2014).  

The heating mechanism depends on the dielectric properties of the individual constituents originating 

in the ore (Meredith, 1998).  In the case of a material that contains significantly differing components 

with respect to the dielectric properties, selective heating occurs.  These volumetric and selective 

heating capabilities often reduce heating times to less than 1% of traditional heating techniques 

(Meredith 1998).  Microwave heating can further result in phenomena such as superheating at 

atmospheric pressure and materials fracturing which is impossible with conventional heating (Kingman.  

2006).  The shorter treatment times allow for a significant reduction in equipment size and therefore 

microwaves can be used to great advantage in some applications. 

Materials can be classified into three groups namely, insulators, conductors and absorbers, when in the 

presence of microwave radiation (Chen et al., 1984).  Most carbon-based materials are classified as 

absorbers while materials such as quartz and aluminium are insulators (microwave transparent) and 
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conductors (microwave reflective), respectively.  Materials that are capable of absorbing high-

frequency electromagnetic waves are known as dielectrics and heat in several ways (Meredith, 1998; 

Whittaker, 2005a; Scaife, 1989).  In the high-frequency range utilized in the industry (1x10+7 - 3x10+9 

Hz), the three predominant heating mechanisms are (Metaxas & Meredith, 1983): 

 Dipolar polarization arises from the molecules within the dielectric material exhibiting a 

dipole moment which aligns themselves in the field direction when in the presence of an 

externally applied electric field.  The dipoles continuously oscillate increasing the internal 

energy of the dielectric which is lost as friction and thus heating the material.   

 Conduction which results in having limited free charge in the material matrix where the load 

behaves like a poor electrical conductor and the movement of the free charge results in 

heating by electrical resistance. 

 Interfacial polarization relates to the accumulation of charged particles at the interfaces of 

heterogeneous dielectric materials. 

The dielectric properties of a material are of immense importance in microwave heating and can vary 

significantly with composition, temperature, frequency and density (Salsman, 1991; Nelson, 1998; 

Altschuler et al., 1963).  The microwave frequency and electric field strength also govern the power 

absorbed and heating of the material (Meredith, 1998).  The depth of microwave penetration depends 

on dielectric loss (Meredith, 1998) and may limit the scale of high dielectric loss systems (Kingman, 

2006).  Moreover, the cavity type and dimensions along with the dielectric material properties may 

affect the electric field strength and distribution (Meredith, 1998).  These limitations could be 

overcome by utilizing lower microwave frequency but may prove difficult as careful selection of 

equipment material (in the microwave zone) is required (Meredith, 1998).  Works by Meredith (1998) 

and Metaxas & Meredith (1983) provide extensive discussions on the design and scaling, concluding 

that microwave treatment is a complex process requiring a multi-disciplinary approach. 

Microwave treatment for coal beneficiation 

Coal is a heterogeneous material with wildly varying composition and properties.  This proves a 

characterization of the dielectric properties somewhat difficult.  Bulk dielectric properties of ROM coal 

can range for 1.5 - 10 for the dielectric constant, 0.04 - 3 for the dielectric loss and 0.01 - 0.2 for the 

loss tangent (Marland et al., 2001; Chatterjee & Misra, 1990; Kappe et al., 2009).  It may, however, be 

more useful to consider the dielectric properties of the individual constituents of coal (Binner et al., 

2014).   These relate to the variation in the organic and inorganic components and also moisture 

content.  An in-depth discussion pertaining to the dielectric properties of the organic, inorganic and 
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moisture contents of coal is provided in the review by Binner and colleagues (2014) and will not be 

repeated here.  Suffice to say, the dielectric constant and dielectric loss of a coal increase with 

increasing rank (Marland et al., 2001; Wardle, 2010).   Furthermore, pyrite and ash forming minerals 

have higher dielectric constants (7 - 4.6) when compared to the organic components in coal (Chatterjee 

& Misra, 1990; Shuey, 1975; Huang & Rowson, 2001).  Coal moisture dictates the heating characteristics 

of many coals and a significant decrease in dielectric properties is observed between 80°C and 180°C 

as a consequence of moisture loss (Marland et al., 2001). 

Removal of mineral matter through microwave processing 

In coal beneficiation, microwave processing has been specifically targeted for the removal of pyrite or 

desulphurization.  Most coal associated minerals are transparent to microwave radiation due to the low 

dielectric properties (Marland et al., 2001).  Pyrite, however, reports higher conductive losses when 

compared to coal and the other associated gangue minerals (Huang & Rowson, 2001).  The dielectric 

properties and heating rates of coal and pyrite have been extensively described in the works by Marland 

et al.  (2001), Shuey (1975) and Fanslow et al.  (1980); these show that the conductive losses of coal 

and pyrite are considerably different allowing pyrite to absorb more electromagnetic energy and heat 

faster than coal.  As a consequence, the magnetic susceptibility of pyrite in coal can be significantly 

improved by heating and separation can be achieved through magnetic separation (Rowson & Rice, 

1990a).  This can be achieved by conventional heating which may cause pyrolysis of the coal matrix.  

Moreover, the heating mechanism of the pyrite would be through conduction or surface heating (Al-

harahsheh & Kingman, 2004).  When exposed to microwaves, localized heating of the pyrite is observed 

and is transformed (Weng & Wang, 1992).  Microwave powers of below 500 W do not induce the 

desired decomposition of pyrite but upon increasing the power and residence time, some success was 

met but at poor recovery rates (Rowson & Rice, 1990b; Butcher, 1995; Uslu & Atalay, 2004).  

Additionally, power absorption is improved at higher frequencies of 5 GHz but standard microwave 

frequency of 2.45 GHz could produce good results (Zavitsanos, 1978; Bluhm, 1982 - in Binner et al., 

2014). 

Upon the addition of magnetite as a microwave receptor, the recovery rate was improved by 58% along 

with a reduction in treatment time (Uslu & Atalay, 2004).  Noteworthy is the change in the heating 

mechanism when utilizing microwave receptors; conventional conductive heat transfer from the 

receptor to the material is now observed.  In a study by Uslu and Atalay (2004), coal was subjected to 

magnetic separation at 2T following a microwave treatment at 850 W power and 2.45 GHz frequency.  

The increase in magnetic susceptibility was not able to enhance the removal of a considerable amount 

of pyritic sulphur (37.46%).  Upon the addition of magnetite (5%), the reduction in pyritic sulphur was 
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observed as 55.11% with an associated 21.54 percentage point decrease in ash content and 20.39 

percentage point increase in calorific value.  The investigation into the transformation of pyrite to 

pyrrhotite shows that a reduction in organic sulphur of up to 44% is achievable with the release of H2S 

and other gases (Weng & Wang, 1992).  Studies show that selective heating of pyrite to pyrrhotite could 

reduce the sulphur content in British coal by 24% and then ash by 22.6% (Viswanathan, 1990 in Binner 

et al., 2014).  Pyrrhotite is significantly more magnetic than pyrite and so conventional magnetic 

separation can be utilized post-transformation by heating.  In a study by Jorjani et al.  (2004), a total 

reduction of 36% in sulphur was obtained with coal smaller than 400 µm treated at 1000 W for the 80s.  

This correlates to a pyritic sulphur reduction of 80% and organic sulphur reduction of up to 35%. 

Microwave treatment of coal has been proven to increase the efficiency of tribo-electrostatic 

separation in a sample of brown coal (Turcaniova et al., 2004).  This study investigated coal of 0 - 3mm 

coal exposed to 900 W for 10 minutes under nitrogen and then pulverised to below 70 µm.  The ash 

value was reduced from 49% in the feed to 18%.  It is believed that the formation of cracks in the larger 

particles (as a result of the microwave treatment and thereby selective heating) caused the mineral 

phases to be well liberated after grinding.  Some research has been conducted into the addition of 

organic solvents and caustic and acidic solutions to the coal and subjected to microwave treatment 

(Rowson & Rice, 1990b; Jorjani et al., 2004; Bodman et al., 1997; Elsamak et al., 2003; Sonmex & Giray, 

2011).  Additionally, the microwave pre-treatment of floatation feed was investigated (Ozbayoglu et 

al., 2009; Xia et al., 2003). 

Removal of moisture with microwave treatment 

Much research has been conducted into the removal of water from coal.  The significant calorific gains 

of said removal can result in immense cost savings.  The majority of this work is in the utilization of 

waste heat and steam drying, mechanical and thermal compression and also some acoustic treatment 

(Sarunac et al., 2009; Karthikeyan et al., 2009; Bergins, 2003; Ensminger, 1998; Swamy et al., 1998; 

Fairbanks, 1984).  It is possible for microwave energy to be used in this respect since the water phase 

has the highest dielectric loss factor (Marland et al., 2001; Standish et al., 1998; Seehraet et al., 2006; 

Learey, 2010).  Therefore the water will be selectively heated while the bulk coal remains microwave 

transparent. 

The drying rates of brown coal using microwave heating were determined to be in one or two orders 

faster than conventional thermal drying at 80°C (Standish et al., 1988).  The mechanism by which the 

moisture was removed can be attributed to the pumping of the fluid flow created by the pressure build-

up within the particles (Standish et al., 1988).  Total removal of moisture is impossible since residual 
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moisture is thought to remain in the fine capillary networks of the coal (Seehraet et al., 2009).  A study 

by Tahmasebi et al.  (2011) investigated the effect of particle size, output power, coal sample weight 

and ash yield on 3 low-rank coal samples in a 1300 W microwave oven.  According to these results, 

drying improves with increasing particle size and an increased drying rate was observed with reduced 

particle size and higher output power.  The higher dielectric constant of mineral matter causes coal of 

higher ash yield to dry more rapidly, but some differences in moisture and composition may need to be 

considered.  Some studies show that the energy required to remove the bulk and loosely bound water 

in a coal sample of 60% moisture was comparable to thermal drying processes (Binner et al., 2013). 

Improvement in grindability through microwave treatment 

Coal that is fired in a pulverized form requires a significant reduction of the feed size to approximately 

75% of particles smaller than 75µm.  This is to ensure acceptable burnout performance (Binner et al., 

2014).  Particles that larger than 75 µm as a consequence of poor liberation inevitably cause burnout 

problems, even for coal of high volatile yields (Shibaoka, 1986; Clokeet et al., 2002 - in Binner et al., 

2014).  It is possible to utilize conventional heating to reduce coal grind strength but these may not be 

economically feasible and prolonged heating could affect the combustion properties of the coal 

(Harrison & Rowson, 1997; Lytle et al., 1992).  Microwave treatment presents an opportunity to reduce 

the grind strength at reduced processing times.  Achimugu (2007), Batar (2004) and Marland et al.  

(2000) demonstrated that microwave treatment at low powers can significantly reduce the strength 

and thereby improve the grindability of coal particles.  These studies, however, proved the process 

uneconomical due to the considerable amount of energy used as compared to that being saved.  This 

is directly attributed to the high treatment times as a result of the low power setting.  At higher power 

settings, the processing times can be reduced.  A study by Lester and Kingman (2004a) showed 

improved grindability on a single UK coal operated in an 8kW microwave oven at 2.45 GHz for several 

seconds.  Additionally, petrographic and proximate characterizations showed minimal changes to the 

coal after treatment. 

Another study investigated 5 coals treated in an 8.5 kW microwave oven for 2s and showed improved 

grindability but insignificant changes in petrography, proximate content and reactivity (Lester & 

Kingman, 2004b).  Wu et al.  (2005) showed that residence times could be reduced to 0.1s and still 

achieve great changes in grindability of numerous coals around the globe.  The grindability was 

improved by 100% at longer residence times proving that short periods of processing at the specific 

electric field strength and distribution were appropriate.  This finding shares important economic 

implications as well as the demonstration that coal could possibly be treated under free fall through a 

microwave cavity rather than on a conveyor.  As a result, such a unit could easily operate at industrially 
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relevant residence times.  The same work concluded that the expansion of moisture within the coal 

matrix was the mechanism by which cracks and breakage were caused.  The faults lead to increased 

grindability but noted was that the moisture did not reduce significantly.  This implies that at high power 

density treatments, over short periods of exposure, the moisture within the capillary network is 

mobilized but is not expelled from the particle.  This is fundamentally different to the process by which 

moisture is removed from the coal.  A study by Toraman (2010) demonstrates that the grindability 

improves with a larger Hardgrove Grindability Index (HGI) and largest quantity of minus 75µm particles.  

This was conducted in high power 20 kW microwave whereby a charge of coal was dropped through a 

single mode cavity for 2s.  The processes of increasing coal grindability through microwave pre-

treatment has proven successful on small scale but has not received industrial attention despite the 

recent promising results obtained by Wang et al.  (2011) and Sahoo et al.  (2011). 

Other applications of microwave processing 

Microwave processing is also applicable in other areas of coal processing, such as coke making, 

liquefaction, liquefaction pre-treatment, enhancing fluid flow in coal beds and characterization of coal.  

Numerous studies have been conducted in this regard but will not be dealt with in this article body.  

One specific concern with microwave treatment is the possible alteration of the coal structure (Binner 

et al., 2014).  Low-rank coals are more susceptible to thermal modification than high-rank coal but may 

depend on power density, residence time and cavity design.  Analyses of microwave dried samples of 

sub-bituminous coal (600W) showed no major structural changes except for small changes in the 

aromaticity (Miknis et al., 1996).  Wilson (2009) showed that higher powered treatments resulted in 

the heating of the entire coal sample generating additional transformations. 

Some attempts to scaling the microwave drying process are found in the literature.  In these it was 

found that coal fires are a safety concern and continuous monitoring or possible removal of smoking 

coal lumps may be required (Wilson, 2009).  Issues relating to the entrainment of fine particles out of 

the bed by the rapid evolution of water have been reported (Allardice et al., 2004).  A commercial unit 

known as the Drycol located in Kentucky USA was capable of continuously processing 15 tph of coal.  

Loss of volatiles and coal fires were avoided by maintaining the coal at a temperature below 90°C 

(Binner et al., 2014).  In producing a commercial size unit, the main challenge is in the design of an 

appropriate microwave cavity that minimized residence time through the use of high power densities 

while avoiding bulk heating.  The Drycol shows no changes in the proximate characteristics apart from 

the desired 50% reduction in moisture as a result of microwave processing.  Some coal microwave 

drying systems have also been developed to create upgraded fuels for pulverized coal combustion and 



PhD 2019 Dry processing for coal preparation: a review N Hughes 

 

70 
NWU in association with CoalTech 

gasifiers.  The processes claim to increase the calorific value by 50% through moisture removal 

operating at 120 000 ton per year (Wilson, 2009). 

 

Conclusion 

 

Dry coal processing holds many advantages over the currently employed wet beneficiation techniques 

and may prove indispensable in the near future.  These methods provide low investment, operating 

and maintenance cost with the benefits of being environmentally friendly, safe and easy to operate.  

The units are also compact, containerized and modular generating a smaller mining footprint and 

allowing for simplified plant erection, disassembly and relocation.  The plant circuit is significantly 

reduced to crushers, screens, conveyors and storage with no extensive and expensive product and fines 

dewatering systems required.  The above advantages create opportunities for beneficiating small or 

remote coal reserves and also discard facilities (stockpiles and tailing dams) that prove uneconomical 

to process by other means.  This increases the life of mine and revenue obtainable from processing.  

Additionally, beneficiation is made possible near or in the mine site which reduces haulage costs and 

allows for the use of discard as aggregate and backfills in the rehabilitation of the site upon closing. 

The advantages of dry coal processing must, however, be measured against the limitations thereof.  

Although successful separation is obtained in numerous dry coal processors, the efficiency does not 

compare to that of a wet coal beneficiation plant.  As a result coal beneficiation plants operating 

exclusively on dry techniques is a goal that is yet to be achieved and most commercial dry methods are 

currently limited to pre-concentration, separation of an “easy to clean” coal with little near dense 

material, concentration of a coal that does not require a large upgrade to meet product specification 

and scavenging operations. 

Coal preparation practices will soon have to adapt to the current resource and environmental trends 

as water becomes an increasingly scarce commodity and needs to be preserved.  Water demands may 

become a major problem for present and future developments in mining, beneficiation and new plant 

construction.  It is predicted that stricter laws regarding water usage and wastage will be introduced 

and that it may increase in expense in the future.  It is vital to ensure maximum throughput at reduced 

operating costs and in the face of declining ore grades and environmental concerns.  It is clear that a 

significant commercial and environmental drive exists the development of an alternative approach to 

water-based beneficiation of coal.  Consequently, the demand for effective dry beneficiation 
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technologies is increasing, irrespective of the technical and economic feasibility of the wet methods.  

The research and development of dry coal beneficiation are therefore considered extremely important 

most specifically to countries with abundant coal resources, relying on the production and consumption 

of coal and also facing extended periods of drought or arctic conditions. 

Several dry coal processing techniques are available each capable of successfully beneficiating coal to 

varying degrees for specific particle size, capacity and moisture limitations.  Most dry processes are 

categorized into five separation mechanisms: (1) comminution and screening, (2) sensor based sorting, 

(3) gravity separation, (4) magnetic separation and (5) electrostatic separation.  The separation 

mechanisms each provide their own advantages and limitations with respect to processing certain coal 

or yielding a clean coal product with certain quality.  Minimal coal quality upgradation in achieved 

through comminution and screening in rotary breakers, scalping screens and slate pickers.  These are 

generally utilized for obtaining an ore that is in a handleable size range for downstream processing and 

may be used to remove large uncrushable rock and harmful debris.  Generally, technologies belonging 

to categories (2) and (3) are utilized for coarse coal (6 mm - 100 mm) processing and have larger 

capacities and low processing cost but may yield poorer separation efficiencies due to the limitations 

of the separation mechanism.  In contrast, techniques forming part of categories (4) and (5) have a 

relatively high separation efficiency which is suitable for producing high-quality coal in the fine fraction 

(45 µm - 6 mm) but at the expense of operational cost.  Additionally, the magnetic and electrostatic 

processes have strict requirements in terms of coal properties and liberation; thus capacities may be 

limited and so these methods are only used for special purposes. 

Given the fact that not all minerals found in coal are paramagnetic and thus would not be removed by 

magnetic separation, is a further reason as to the limited applicability thereof.  The rare-earth-roll 

magnetic separator (RERMS), applicable for fine coal (75 µm - 25 mm) processing, may therefore only 

be successfully implemented for separating coals that are high in pyritic sulphur (paramagnetic mineral) 

after extensive liberation by crushing to the minimum size of 75 µm.  Similarly, tribo-electrostatic 

separation could prove useful in the desulphurization of fine (<75 µm) coal along with the removal of 

associated trace elements such as mercury and arsenic.  Triboelectric separation could easily be utilized 

in a number of markets such as power stations, cement kilns, blast furnaces in the ferro-alloy industry 

and also as a source of nano-technology.  The application may furthermore be beneficial in recovering 

the un-combusted carbon in fly ash; the implementation thereof in the burner pipes of the furnaces on 

the power stations is another potential utilization.  In certain cases, it may be useful to combine 

magnetic and tribo-electric separation with a microwave pre-treatment of the coal prior to 

beneficiation.  Microwave treatment is known to enhance either the magnetic susceptibility or 

dielectric properties of pyrite and in so providing a more effective magnetic or tribo-electrostatic 
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separation, respectively.  Microwave treatment of coals has also proven successful on an experimental 

scale for dewatering and improvement of grindability but may suffer from extremely large energy 

requirements. 

As mentioned, the processes utilized for beneficiating coarse coal typically belong to sensor-based 

sorting (2) and gravity separation or elutriation (3).  Some of the technologies in categories (2) and (3) 

have been adapted commercially and on the experimental scale for the fine coal fraction (1 mm - 6 

mm) but suffer from throughput related issues and upscaling requirements, respectively.  The Dual 

Energy X-ray Transmission (DE-XRT) sorter may not always be able to upgrade coal to the required 

quality and control of the product quality may, at times, prove difficult.  The selectivity of the sorter can 

easily be made more sensitive to improve upon separation efficiency and processing of smaller particle 

sizes but at the cost of throughput.  Sorters further have strict requirements in terms of feed 

preparation and presentation which can be intricate and affect unit efficiency and productivity.  As a 

result, sorters may not prove a competitive coal beneficiation technique and consequently, sorters for 

coal processing find use as a pre-concentration or scavenging in addition to a wet coal treatment plant 

or for the scarce cases where the coal is easy to process with little near dense material.  The DE-XRT 

does also show promise in the separation of torbanite and pyritic sulphides from coal. 

In gravity separation (3) the All Air Jig, FGX, ADMFB, SEP-AIR and coal winnower are utilized for +6 mm 

coal.  The All Air Jig and FGX units yield the poorest separation efficiencies of those listed above as 

determined by the higher EPM values of 0.16 - 0.27 and 0.12 - 0.23, respectively.  The ADMFB produced 

the best separation efficiency with EPM values ranging in 0.05 and 0.07.  This process, however, 

requires the use of a dense medium such as magnetite and intricate and possibly expensive recovery 

and cleaning systems therefor.  Additionally, narrow particle size distributions may be required with 

minimal fines material and moisture present.  The coal winnower and SEP-AIR units obtained larger 

EPM values in comparison to the ADMFB but lower than the All Air Jig and FGX.  These processes may 

be attractive since no dense medium and related handling systems are required and feed moisture 

effects may not be so significant.  The coal winnower is still in the developmental stages of research but 

shows promise in dry coal beneficiation for +6 mm coal along with some research into coal as small as 

2mm.  The SEP-AIR unit may only yield an EPM value of 0.10 - 0.17, but has the advantage of processing 

coal down to 1mm in size.  This provides the opportunity to beneficiate the previously removed +1mm 

- 6mm material, producing an upgraded fine fraction that can be added to the product without 

negatively affecting the quality.  Gravity separation adapted for -6mm particle treatment includes the 

air table, AKAFlow, KAT, variations of ADMFB and dry reflux classifier.  These may provide efficient 

separation but show reduced throughputs due to the small particle size and have some feed 

preparation requirements with respect to narrow size range and feed moisture content.  Moreover the 
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dry reflux classifier, coal winnower for <6mm particles, dual density ADMFB, vibrated ADMFB and 

magnetically stabilized ADMFB are still in the research and developmental stages with further 

investigation into upscaling required. 

The novel and upcoming SEP-AIR and coal winnowing units seem most attractive as dry coal 

beneficiation techniques for coal particles above 1 mm and 6 mm, respectively.  The coal winnower 

requires further investigation and upscaling whereas the SEP-AIR is already commercialized in Russia 

and has undergone several efficiency and productivity tests on various minerals.  In conclusion, given 

the applicability and advantages of the SEP-AIR pneumatic complex, it appears to be the most suitable 

process for dry coal processing in coal sizes of 1 mm - 100 mm, irrespective of the lower efficiency 

achieved when compared to the alternative dry (i.e.  ADMFB) and wet coal beneficiation processes.  For 

the <1 mm coal fraction, tribo-electrostatic separation proves most applicable as dry coal beneficiation 

technique especially in combination with microwave pre-treatment for de-watering of the fine coal (if 

necessary) and improving the dielectric properties of the coal (with special regard to pyrite) but 

operating cost and ease of processing need to be considered. 

 

  _______________________________________________________ 

Along with this extensive literature review paper on the dry processing techniques for coal preparation, 

are two addenda: 

A. Performance report on the applicable dry coal processing techniques in which the performance data in 

terms of applicable particle size, capacity, efficiency, D50 cut-point density, ash and sulphur reduction, 

calorific value improvement and unit characteristics for each process considered in the study is tabulated. 

B. Applicability of dry coal processing to the South African coal market in which the applicability (if any) of each 

process considered in the study to the current South African coal market is discussed. 
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