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Abstract

Coal is the single largest fossil fuel used world-wide and accounts for more than 60% 
of the total commercial energy consumed. Between 60 to 80% of this coal is used for electric 
power generation and most of which through a system of pulverised coal combustion. Major 
portion of the coal used for such power generation is not clean enough to maintain 
environmental standards. This problem is attributed to high sulphur content in coal used in 
most of the western countries or ash as is the case in countries like India. In India at present 
nearly 260 million tonnes per year of coal is used for power generation and the average ash in 
coals used is invariably above 40%. A substantial portion of ash is liberated as it enters the 
boiler from the mill. It is crucial to reduce the amount of ash going from the mill to the boilers 
not only to improve the performance of power generation and increase the life of the boilers 
but also became mandatory due to environmental regulations. Thus the main objective of the 
work is to develop a dry tribo-electrostatic process for the separation of ash forming inorganic 
matter from coal material with a thorough understanding of the response and behaviour of 
coal and non-coal matters to contact electrification and in electric field. This work is 
financially supported by the Department for Research Cooperation of the Swedish 
International Development Cooperation Agency (SIDA/SAREC).  

The literature on dry coal preparation processes has been reviewed and the advantages 
of triboelectric process compared to other processes have been highlighted and further 
research needs to make it a viable industrial technology are outlined. Three Indian coal 
samples from three different major coal fields, i.e., Ramagundam, Ib-valley and Talcher, have 
been collected and characterised for macerals and mineral composition by microscopic and 
XRD analyses. The beneficiation potential at different size fractions of the coal samples is 
judged by the washability studies. The charge polarity and magnitude of pure quartz, pyrite 
kaolinite, illite and carbon after contact electrification with different tribo-charging media 
have been measured by Faraday cup method using Keithley electrometer. The predicted work 
functions of the tribo charging material and mineral phases agree closely with the reported 
values. The electron accepting and donating (acid-base) property of mineral phases 
determined by Krüss Tensiometer through polar and non-polar liquid contact angles on solids 
also corroborated the acquired charge polarity in contact electrification with copper, 
aluminium and brass materials underlying their work functions. This methodology can be 
applied for the choice of organic acidic/basic solvents treatment of coal material to enlarge the 
difference in work functions between the tribo-charger and mineral phases, and to achieve 
greater separation efficiency of inorganic matter from coal.  

The process of tribo-electric coal/ash cleaning is carried out with a newly built 
cylindrical fluidised-bed tribo-charger with internal baffles, made up of copper metal, and the 
influence of equipment and process variables have been evaluated. The collecting bins of the 
material underneath the copper plate electrodes are designed to function as Faraday cups such 
that the charge polarity and magnitude of particles in each bin can be measured directly. The 
coal and mineral particles respectively charged with positive and negative polarities with 
relatively higher magnitude illustrating greater efficiency of contact electrification in the 
fluidised bed tribo-charger system. The separation results with minus 300 m size fraction of 
coal containing 43% ash showed that the ash content can be reduced to 18% and 33% with an 
yield of about 30% and 67% respectively. With a 30% ash coal, a clean coal of about 15% ash 
is obtained with about 70% yield. These results are comparable to the maximum separation 
efficiency curves of washability studies on the coal samples. Since the ash percentage of coal 
particles collected in the bins close to positive and negative electrodes are about 70% and 
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20%, a better yield with further reduced ash content can be accomplished by recycling the 
material. Thus, the tribo-electrostatic method observed to be a promising dry coal preparation 
technique, where the present laboratory size separator needs to be scaled to plant level for 
commercial application. 

Key Words: Electrostatic separation; Tribo-electrification; Coal preparation; Particle 
charging; Contact angle; Surface energy; Surface acid-base parameters; Fluidised bed. 
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1. Introduction

Coal is the single largest fossil energy source used world-wide and accounts for more 
than 60 % of the total commercial energy consumed. Between 60-80% of this coal is used for 
electric power generation most of which through a system of pulverised coal combustion 
(International Energy Outlook, 2006). The major portion of the coal used for such power 
generation is not clean enough to maintain the rigorous environmental standards required 
these days world over. This problem is attributed to high sulphur content in coal used in most 
of the western countries or ash as is the case in countries like India. The sulphur exists in both 
inorganic and organic forms and the SOX gas emissions lead to catastrophic environmental 
problems (Masuda et al., 1983). The total reserve of coal in India is 253 billion tonnes. The 
coking coal is around 15% of total reserve and the rest 85% is non-coking coal. Nearly 90% 
of non-coking coal is classified as F grade coal which contains about 40% ash. In the year 
2005-06, the total production of coal in India was 344 million tonnes out of which 261 million 
tonnes was used for power generation. The steel, cement and other industries consumed 83 
million tonnes and the coking coal demand of the order of 44 million tonnes is being met from 
the mines. At present all coking coals are processed in India to meet the specification of steel 
sectors with a cut-off grade of 16-7% ash content. The middling of the process is sent to the 
power plant. With reference to the beneficiation of non-coking coal, 60 million tonnes of the 
capacity of the plants has been built using jigging technique to beneficiate the coarse size 
particles (-100+6 mm) to meet the power plant requirement of less than 33% ash coal (Biswal 
et al., 2005). The coal fired plants in India are among the most polluting sources as indicated 
by environmentalists and pollution control agencies. Substantial portion of ash is liberated as 
it enters the boiler from the mill. Any attempt to reduce the amount of ash going from the mill 
to the boilers in the already existing units without much investment would improve the 
performance of power generation significantly and increase the life of the boilers. 

Coal is an organic sedimentary rock and very heterogeneous in nature. It contains 
organic and inorganic matters in the form of macerals and minerals respectively. In general, 
the run-of-mine (ROM) coal requires the removal of ash forming inorganic matter either by 
wet or dry processing methods. To date, the wet beneficiation techniques are well adopted all 
over the world for the reason of obtaining quality product with high recovery. The wet 
beneficiation processes such as heavy media separation, jigging, water only cyclone, spiral, 
froth flotation, etc., relevant to different size fractions of coal, are being practiced throughout 
the world. In the present scenario, dry beneficiation of coal has aquired potential interest not 
only due to scarcity of fresh water in coal producing countries but also due to process benefits 
in downstream utilisation. The economic consideration of dry beneficiation is obvious as coal 
is being mainly used as a fuel and no energy is expended in drying the coal as is the case in 
wet coal combustion (Lockhart, 1984). The dry beneficiation methods are based on the 
differences in physical properties such as density, size, shape, lustrous ness, magnetic 
susceptibility, electrical conductivity, frictional coefficient, etc between coal and mineral 
matters. Based on the difference in these particular properties, different types of equipments 
such as pneumatic jig, pneumatic table, sortex machine, tribo-electrostatic separator, air dense 
medium fluidised-bed separator, etc., applicable to different size fractions, have been 
developed to beneficiate run-of-mine (ROM) coal. In comparison to wet processes, dry 
beneficiation of coal has certain advantages like dry handling of coal and retention of high 
calorific value at the same quality product and it is more attractive. Besides, the dry process 
requires less capital expenditure as it does not require thickener to settle the fines and tailing 
ponds to discharge the effluents. In wet processes, there may be ground water pollution due to 
generation of slimes and acidic water.  
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There is a significant research and development effort in several aspects of dry 
beneficiation of coal. Notable advances have been made in China on dry coal preparation 
using air dense medium fluidized bed separator. However, current dry coal beneficiation 
techniques are not as efficient as wet processes, when compared to the same type of coal and 
size range and hence they require more research and development in this regard. Physical 
sorting, using visible or other electromagnetic radiation combined with modern computer 
hardware and image recognition software, alters the potential for cost saving for the coal 
producer. A detailed review of dry beneficiation of coal has been carried out and presented in 
Paper I. The literature on sorting, air jigs, magnetic separation, air-dense medium fluidized-
bed separation and electrostatic separation is summarized and discussed in this paper. 

The electrical methods for coal beneficiation have received considerable attention in 
recent years. They utilise the inherent differences between the minerals in friction charging, 
electrical conductivity and dielectric constant properties (Manouchehri et al., 2000a; 2000b). 
The basis for electrical separation is the interfacial resistance offered by different materials to 
the flow of electrons. The modifying factors are the specific gravity, size, shape, surface state 
and purity of the particulates as well as the mechanical and electrical attributes of the 
separator. The composition of the raw material and its electro-physical properties determine 
the kind of conductive induction or tribo-electrification or corona charging mechanism device 
that is applied. Among the known electrical beneficiation methods, the tribo-electric 
separation process is the most suitable for finer materials and minerals with relatively similar 
and varying electro-physical properties (Knoll and Taylor, 1984; Mazumder et al., 1994).

The electrical separation with tribo-charging technique has great potential for coal 
preparation for fine size materials. There have been some investigations in this direction but 
they have not achieved commercial status in coal industry (Hower et al., 1997). Pulverized 
coal has long been used as fuel for power plants. Dry beneficiation of pulverised coal by 
tribo-electrostatic separation for use in conventional boilers of thermal power plants would be 
a satisfactory solution to the environmental pollution caused by the fly ash particulates. We 
intend to develop such a system using scientific knowledge on the response and behaviour of 
coal and non-coal matters to electric charges. Therefore, the determination of polarity and 
charge of particulates in tribo-electrification followed by their separation in electric filed is 
pursued by us for the application of tribo-electric dry process method in the field of coal 
preparation.

2. Tribo-electrostatic separation of coal

Contact electrification is an old technique of electrostatic studies but has recently 
acquired enormous interest among researchers because of its wide scale industrial application. 
One of the key applications is to separate ash forming inorganic materials from coal. The 
tribo-electric separation involves charging of particles by contact or friction with other 
particles or with a third material, usually the walls of a container or pipe, followed by 
transport or free-fall through an electric field that deflects the particles according to the 
magnitude and sign of their charge (Gidaspow et al., 1984; Masuda et al., 1984; Finseth et al., 
1992; 1994; 1997).

There are three general maceral classes of coal with several sub-classes. The 
predominant maceral is vitrinite formed by carbonization of cellulose. The other two general 
classes are liptinite, formed from noncellulose materials such as resins and seeds, and 
inertinite from charred plant remains. Inculet and co-workers (1982) analysed maceral 
fractions of electrostatically beneficiated coal and found that different maceral types acquired 
different charge polarities. By petrographic analysis they found that a major portion of the 
vitrinite charged positively and inertinite charged negatively. The larger pores present in 
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inertinite are thought to cause the preservation of the original plant cell structure in this 
maceral harbouring negatively charged minerals not liberated by grinding.  

Coal is generally less conducting than mineral matter, except perhaps in the case of 
brown coal that has a high water content and also often high ion content (Lockhart, 1984). 
The younger and softer coals were described as more hygroscopic than the older and softer 
ones (Fraas, 1962). Pyrite is the most conducting mineral that is commonly found in coal 
while the vitrain maceral is known to be less conducting than fusain and durain macerals 
(Lockhart, 1984). Several studies have shown that clean coal generally charges positively and 
ash-forming minerals or high-ash coals charge negatively (Carta et al., 1976; Lockhart, 1984; 
Alfano et al., 1988). Coal matter can acquire negative and positive charge when the carbonate 
(e.g., limestone and dolomite) and silicate (e.g., shale, slate or marls) gangue are present in 
the coal respectively. In both cases, good separation was achieved (Ciccu et al., 1991). Inculet 
et al. (1985) investigated the tribo-electrification of coal-clay specimens. The cumulative 
charge after 100 contacts was much greater for kaolinite than montmorillonite when contacted 
with the coal. Thus tribo-electrification of coal-clay mixture plays a major role in any 
contemplated electrostatic beneficiation of coal. The results on a variety of coals have shown 
that different particle size classes of sulphide and silicate impurity minerals can be removed
efficiently by tribo-electrostatic beneficiation process under appropriate conditions (Finseth et 
al., 1993). Hower et al. (1997) tested three eastern Kentucky and two Illinoise coals in a 
bench scale tribo-electrostatic separator and observed that tribo-electrostatic separation 
provides better separation in comparison to bench scale fuel oil agglomeration technique. 
They observed that clean coals were enriched with vitrite and vitrinite-enriched 
microlithotypes while inertinites, liptinites, and minerals were present in the tailings. They 
also mentioned that petrographically similar coals have different separation efficiency and this 
was because of higher moisture content which may lead to lower separation efficiency.  

Temperature and moisture played an important role in charging the coal. The moisture 
content reduces the degree of charging, but it is not clear whether the driest materials had the 
best charging properties (Mazumder et al., 1995; Kwetus, 1994). Coal particles under dry 
conditions and at a low relative humidity have electrical resistivity approximately 1014 m, 
whereas pyrite particles are semiconducting with resistivity 107 m. The resistivity of coal 
particles will depend greatly upon the moisture and ash content and therefore different types 
of coal will have different resistivity (Mazumdar et al., 1995). Kwetus (1994) showed that the 
maximum negative charge acquired by coal particles decreased monotonically with the 
increase of relative humidity. The maximum charge acquired by the mineral particles such as 
calcite, quartz, and pyrite was lower by orders of magnitude than that acquired by coal 
particles. Some mineral particles acquired significantly greater charge at elevated 
temperatures while others did not when the temperature was increased from 20oC to 80oC.

Inculet et al. (1980) had successfully beneficiated the coal to remove ash while 
retaining calorific value by dry electrostatic separation process using a fluidised bed for tribo-
electrification. Recovery and ash contents of the beneficiated coal are comparable to 
recoveries by water washing. According to Frass (1962), there were two plants designed and 
installed in Germany in 1946. These were pilot plants with a capacity of 10 t/h erected at the 
Konigin Elizabeth mine at Essen. Lewowski (1993) studied the electrostatic desulphurisation 
of polish steam coals. Tribo-electric separation of coal and associated tribo-charging 
characteristics have been investigated by many researchers and successful separation of 
mineral matter from coal has been reported (Anderson et al., 1979; Mukherjee et al., 1987; 
Nifiku et al., 1989; Ban et al., 1993a, 1993b, 1994; Schaefer et al., 1992, 1994; Lindquist et 
al., 1995; Hower et al., 1997; Tennal et al., 1999; Soong et al., 2001; Zhang et al., 2003). 

Different treatment methods, especially modifying the relative humidity and 
temperature of the raw material and/or surrounding atmosphere, can be beneficial. The 
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chemical pre-treatment of the raw material by regulating the ambient moisture by NH3
(Ralston, 1961) has been found to be beneficial for separation. Lawver (1958) improved 
potash separation by heat treatment. Zhou and Brown (1988) reported an increase in coal 
separation efficiency after chemical pre-treatment. Various inorganic and organic aliphatic, 
aromatic and hydrocarbon gaseous agents were used in dry nitrogen atmosphere in the 
fluidised-bed tribo-charging medium for the selective separation of macerals. Turcaniova et 
al. (2004) studied the effect of microwave radiation on the tribo-electrostatic separation of 
coal.

Mazumder et al. (1995) suggested some relevant problems and felt the need of 
research on the electronic surface structure of coal and mineral particles and the effect of 
particle size distribution as well as the influence of surface contamination on tribo-charging 
and separation processes. They also suggested that several fundamental factors that influence 
the tribo-charging and separation process are not yet fully understood; there is a considerable 
uncertainty in the successful operation of this process which is preventing its commercial 
implementation to date. 

Trigwell and Mazumder (2001) investigated the effects of surface composition on 
work function by X-ray photoelectron spectroscopy and UV photoelectron spectroscopy in air 
and measured the work function of copper, stainless steel, aluminium, nylon and 
polytetrafluorethylene. These studies showed that the work function varied considerably as a 
function of surface composition and the actual work function of a material surface differed 
from the expected values due to altered surface composition upon exposure to the 
environment. Slight change in environment and humidity can cause changes in work function 
value which led to similar work function values for coal macerals, pyrite, and copper, and 
alternating between positive and negative, always a possibility of bipolar charging with wide 
range. They also suggested that polystyrene may be a good charging medium. However they 
questioned the tribo-charging efficiency due to its soft surface as the charging surface is likely 
to get covered with a thin layer of fine coal powder.  

In recent times, there has been a broad understanding that electron transfer during 
frictional charging is due to surface properties rather than bulk properties and the amount and 
polarity of charge transfer between two dissimilar materials were controlled partly by the 
surface chemistry (Ruckdeschel and Hunter, 1975; Trigwell, 2003a; Trigwell et al., 2003b; 
Sharma et al., 2004; Mazumder et al., 2006). The ability of particles to donate and accept 
electrons is an inherent property of the particles based on their work function and physical 
form so that it is logical to believe that there must be an underlying tendency for a material to 
charge in consequence of its surface energetic electron donating/electron accepting properties.

Several models have been proposed to understand the concept of charge accumulation 
and charge transfer in metal-metal, metal-semiconductor, and metal-insulator contact 
charging. The contributions to date have come from many researchers, viz. Cho (1964), 
Davies (1969), Frankal (1968), Homewood-Rose-Innes (1982), Chowdry and Westgate  
(1974), Ruckdeschel and Hunter (1975), Fuhrmann (1977/78), Masuda and Iinnoya (1978), 
Kornfield (1976), Garton (1974), Shinbrot (1985), Ohara (1988), Castle (1997), Sharmene Ali 
et al. (1998), Greason (2000), Wu et al. (2003), Wei and Realff (2003), Castle et al. (2004). 
Castle (1997) proposed a surface state model to define the charge density during contact when 
two insulators with different work functions exchange the charge. Gady et al. (1997, 1998) 
studied contact electrification using atomic force microscope technique and achieved results 
consistent with qualitative expectation of contact charging based on tribo-electric series of 
common materials. The observed contact electrification is also consistent with electronic 
charge transfer between materials rather than an ionic or material transfer mechanism. Wiles 
et al. (2004) reported the effects of surface modification and moisture on the rates of charge 
transfer between metals and organic materials. Charging was studied by these authors at 
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different values of the relative humidity of air in contact with the system in acidic and basic 
atmospheres and for a series of polystyrene surfaces oxidised to different degrees. 
Grzybowski et al. (2005) studied the kinetics of charge transfer between metals and polymers 
using an analytical rolling-sphere tool. The rates of charge transfer were related to contacting 
surfaces and the tunnelling current between them. Yoshido et al. (2006) investigated the 
contact charging phenomena using experimental and theoretical approaches to clarify the 
charging mechanism of polymer particles. As an experimental approach, the charges caused 
by impact between a single polymer particle and a metal plate were measured. The polymer-
metal charge transfer was further investigated in terms of a first-principle calculation to 
discuss these experimental results. A cluster model was used for calculation and to test the 
model the calculated binding energies of the polymers were compared with experimental 
results obtaining good agreement. Ahfat et al. (2000) investigated the electron 
donating/accepting tendencies of pharmaceutical powders using IGC and tribo-electric studies 
and suggested that a correlation exists between charges generated by powders and the acid-
basic parameter determined by IGC.   

2.1. Theory of tribo-electrostatic separation 

Tribo-electric separation involves charging of particles by contact or friction with 
other particles or with a third material, usually the walls of a container or pipe, followed by 
transport or free-fall through an electric field that deflects the particles according to the 
magnitude and sign of their charge. When two dissimilar particles are in contact or rub against 
each other, there is a transfer of electrons (charge) from the surface of one particle to the other 
until the energy of electrons in each material at the interface is equalised. The energy of 
electrons at the surface of the material is characterised in terms of the Fermi level and a 
measure of relative affinity for electrons of the material is the work function, which is the 
energy to move an electron from the surface to infinity. The material with higher affinity for 
electrons gains electrons (i.e., lower Fermi level or higher work function) and charges 
negatively, while the material with lower affinity loses electrons (i.e., higher Fermi level or 
lower work function) and charges positively. Thus the particle that is positively charged after 
the particle-particle charging mechanism has a lower work function than the particle that 
charges negatively. In the case of wall-particle charging, the work function of the material of 
the wall should lie in between the work function values of the two types of particles involved 
for creating different polarity. The work function values for various materials such as C, Cu, 
Al2O3, MgO, and SiO2 are 4.0, 4.38, 4.7, 4, 5, and 5.4 respectively (Kim et al. 1997).  

Several theories have been put forward to predict the amount of charge transfer 
between the surfaces in contact. When two different materials brought into contact and then 
separated, electrons transfer between them resulting in an equal and opposite charge 
accumulation on the material surfaces. A net charge exchange usually occurs for metal-
insulator or insulator-insulator contact. However, during metal-metal contact, almost 
complete back flow of the charge takes place during the separation process resulting in very 
small charge accumulation due to either electron tunneling or air breakdown. Some 
researchers believe that the charge transfer during contact electrification is due to the transfer 
of ions (Harper 1967, Henry 1957, Ruckdeschel and Hunter 1977, Kornfield 1976), but most 
investigators judge that charge carriers are electrons (Davies 1969, Chowdry and westgate 
1974, Duke and Fabish 1978, Lowell 1975, Nordhage and Backstrom 1975, Lowell and Rose-
innes 1980, Schein et al. 1992, Castle 1997). Different models are suggested to understand the 
contact electrification phenomena, but it is still not clear whether electrons, ions or material 
transfer is responsible for migration of the charge on the surface. The most commonly 
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accepted models to understand the charge transfer process are surface state model and 
molecular-ion-state model.  

2.1.1. Surface state model 

In the surface state theory, charge is exchanged between the surfaces of the two 
materials in proportion to the difference between the effective or surface work functions of 
the two materials (Lowell and Rose-Innes, 1980; Schein et al., 1992; Castle 1997). Surface 
state theory has two limits called low density limit and high density limit, and can be 
represented by the energy level diagrams shown in Figs. 1a and 1b respectively. 

                 a.   Low density limit  b. High density limit 

Fig. 1. Schematic representation of the energy states for insulator-insulator contact charging. 
A dash or dot represents the surface state or filled surface state respectively. 1  and 2 are
the work functions of the two insulators. g  is the final common work function after charge is 
exchanged.

In low density limit, the charge flows between two insulators from the surface of the 
material with the lower work function to that with the higher work function until the work 
functions equalise at a common level. If the density of surface states per unit energy per unit 
area is low and given by N, the resulting charge density,  , exchanged can be written as 

)( 21eN  (1) 
where e (= 1.6 x 10-19 C) is the electron charge. In high density limit, the charge exchanged is 
large enough to raise the energy of the states of the insulator with the larger work function to 
that of the insulator with the smaller work function such that the effective Fermi levels of 
each are equal.  

When two metals of different work functions, 1M  and 2M  (eV), are brought into 
contact and then separated, the Fermi levels of the two metals coincide and a potential 
difference, Vc, is established across the interface. Harper (1951) suggested that they will 
exchange electrons by tunnelling so that thermodynamic equilibrium is maintained. The 
contact potential difference is given by: 

e
V MM

C
21 (2)

The charge transfer Q  during the contact is: 

e
CCVQ MM

C
21  (3) 

1

g

2

12

12
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where C is the capacitance between two adjacent bodies. The capacitance C is defined as 

z
A

C 0 , where A is the effective area of contact, z is the separation at contact, 0 is the 

permittivity of free space = 8.85 x 10-12 Fm-1. Then, the charge transfer  equals to Q

CV
z
A

Q 0  (4) 

The surface charge density that can be generated during contact is 

ezA
Q MM 210  (5) 

When two bodies are separated after contact, the capacitance C decreases, and therefore Q
decreases until charge exchange by tunnelling ceases. Harper (1951) illustrated that at about 1 
nm cut-off distance, the tunnelling current is abrupt and for a sphere-plane geometry, C is 

given by     
z
rrC 2ln5.0577.04 0  (6) 

where r is the radius of sphere and z is the distance at which tunnelling ceases.
From equations 3 and 6, the charge transfer during contact can be written as 

ez
rrQ MM 21

0
2ln5.0577.04  (7) 

Therefore, the charge density is 

ez
r

rA
Q MM 210 2ln5.0577.0  (8) 

A semi-quantitative agreement between theory and experiment was obtained by Harper 
(1951) using the tunnelling cut-off distance of z = 1 nm. Lowell (1975) investigated real 
materials of rough surfaces and showed that the capacitance can be better estimated by taking 
into account of the fact that most of the two surfaces are separated by much larger distances 
when closest point of separation is at 1 nm and found that tunnelling current actually ceases at 
z = 100 nm. 

2.1.2. Local (intrinsic) model 

According to this model, the charge is exchanged between metal and insulator (e.g. 
polymer) based on their energies and positions. Shinohara et al. (1976) correlated charge 
exchange with molecular structure and suggested that electron donating polymers enhance 
positive charging while electron accepting polymers enhance negative charging. Gibson 
(1975, 1984) indicated that the charge transferred, (  = charge/mass), is exponentially 
proportional to the energy difference of the donor and acceptor states. The following 
relationships were established using Hemmet 

mQ /

 function and molecular energy level. 
For positive charging 

)/ln( mQ AHOMO EE  and (9)

11 bmE xHOMO (10)
Thus, )/ln( mQ 11 bmE xA  (11) 

For negative charging
)/ln( mQ LUMOD EE , and (12)

22 bmE xLUMO (13)
Thus, )/ln( mQ 22 bmE xD (14)
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where , ,  and are constants, and and are respectively the acceptor level and 
donor level of the metal. HOMO and LUMO refer to highest occupied molecular orbital and 
lowest unoccupied molecular orbital, respectively. Pochan et al. (1980) observed that the 
transfer of electrons between a metal and a polymer is a function of either the work function 
of the metal when the polymer is charged negatively or the Fermi energy of the metal when 
the polymer is charged positively as shown in Fig. 2.  

1m 2m 1b 2b AE DE

Metal A  < , Organic charges negatively,  Metal B < , Organic charges positively AE1
AE2

BE2
BE1

AE1

AE2

LUMO

HOMO

BE1

BE2

Fermi
Level

Fermi
Level

Metal A Metal B 
UMO

Organic solid 

Fig. 2. Local model for polymer-metal contact charging (Pochan et al., 1980)

2.1.3. Ion conduction model 

Several authors believe that contact electrification is due to the transfer of ions from 
one surface to the other (Ruckdeschel and Hunter 1977, Kornfield 1976). This model deals 
with the probability of transferring ions located on the surface due to crystal lattice defects.
According to this model, an ion with enough energy at a definite temperature is able to skip to 
the neighbouring stable position so that the charge is transferred from one material to the
other. Water adsorption, polymer dissociation, polymer additives and plasticizers, etc., can
also be the sources for ions if this mechanism is considered for charge exchange. 

3. Surface energy of solids by dynamic contact angle 

The surface free energy and interfacial free energy of solids are extremely useful in
predicting material processes and properties. The mineral powder would be charged during 
contact electrification due to the transfer of surface energetic electrons between the contacting
surfaces. The particle surfaces accept or donate electrons during contact electrification based 
on their work functions, which eventually increase or decrease the Lewis acid (electron
acceptor) or base (electron donor) properties of the solids. Therefore, if the change in surface 
energy in terms of acid-base components of the powder immediately after contact 
electrification can be measured then a significant understanding of the charge characteristics 
or charge exchange of the powder with the particular charging medium can be obtained. The 
problem of experimental determination and theoretical calculations of solid surface free
energy is still open. However, the surface characteristics of powder have been analysed by 
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various technique viz. solvatochemistry (Nemeth et al. 2003), zeta-potential (Labib and 
Williams 1984,1986), inverse gas chromatography (Ahfat et al., 2000), liquid contact angles 
(Janczuk et al., 1992, Karaguzel et al., 2005), etc. These techniques do not provide a 
possibility to measure the surface energy of powder after tribo-charging. 

The Krüss K100 tensiometer incorporates the Washburn technique for determining the 
surface energy of a solid powder by sorption measurements. The Washburn (1921) method 
has been used to determine the liquid contact angle on powders. Essentially, the Washburn 
equation defines the liquid flow through a capillary and it is given as

cos... 22
Lc

t
m (15)

where,  is the mass of the penetrating liquid, m L is the surface tension of the liquid,  is 
the density of measuring liquid,  is the viscosity of liquid, t  is the time, is the contact 
angle and  is a material constant which is dependent on the porous architecture of the solid. 
In the above equation, 

c
L ,  and are constants. The mass of liquid which rises into the 

porous solid can be monitored as a function of time and can be plotted as t  versus . The 
contact angle of the liquid on the solid, 

2m
, and the solid material constant, , are the two 

unknowns in the above equation. If a Washburn experiment is performed with a liquid which 
is known to have contact angle of 

c

 = 0o (cos  = 1) on the solid, then the solid material 
constant is the only remaining unknown in the equation and can thus be determined. 
Therefore, the constant c  is determined with an extra measurement before the first real 
measurement by using a non-polar liquid like n-hexane with low surface tension (18.4 mN/m) 
which wets the surface completely. 
 The cylindrical sample holder in Krüss tensiometer was used for contact charging 
besides contact angle measurement by assembling the sample holder with tribo-charger 
material. In the case of metal tribo-charger sample holder, the powder is intensively contacted 
with the walls for contact electrification before the liquid sorption test is performed for 
determining the contact angle. The copper, aluminium and brass sample holders with the same 
dimensions as that of Krüss sample holder are fabricated to determine the liquid contact 
angles on solids after tribo-charging. 
 The test liquids contact angles on quartz and pyrite powders have been determined. 
Using the contact angle data before and after tribo-electrification, the solids dispersive and 
polar components of surface energy, and polar component divided to acid (electron accepting) 
and base (electron donating) components, have been assessed by following the Fowkes, 
Owens-Wendt-Rabel-Kaelble, van Oss acid-base and Equation of state approaches. 

3.1.  Fowkes approach 

 The most widely used two component surface energy theory is Fowkes’s theory 
(Fowkes, 1964). It suggests that the surface energy of a solid is a summation of two 
components viz. a dispersive component and a non-dispersive or polar component. The 
dispersive component theoretically accounts for van der Waals and non-site specific 
interactions that a surface is capable of having with the liquids. The polar component 
theoretically accounts for dipole-dipole, dipole-induced dipole, hydrogen bonding, and other 
site-specific interactions which a surface is capable of having with the liquids. The approach 
is based on three fundamental equations which describe interactions between solid surfaces 
and liquids. These equations are: 
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Young’s equation 
coslsls  (16) 

where s = overall surface energy of the solid, l = overall surface tension of the wetting 
liquid, sl = the interfacial tension between the solid and the liquid and = the contact angle 
between the liquid and solid. 
Dupre’s definition of adhesion energy is 

sllsslI                                      (17) 
where = energy of adhesion per unit area between a liquid and a solid surface. slI
Fowkes’s theory assumes that the adhesive energy between a solid and a liquid can be 
separated into interactions between the dispersive components of the two phases and 
interactions between the non-dispersive (polar) components of the two phases: 

2/12/12/12/12 P
s

P
l

D
s

D
lslI  (18) 

where = dispersive component of the surface tension of the wetting liquid, = dispersive 
component of the surface energy of the solid, = polar component of the surface tension of 
the wetting liquid, and = polar component of the surface energy of the solid.  

D
l

D
s

P
l

P
s

 The above three equations are combined to yield the primary equation of the Fowkes 
surface energy theory. 

2
cos12/12/1 lP

l
P
s

D
l

D
s (19)

Since the above equation has two unknowns, and , the contact angle data from two well 
characterised polar and apolar liquids are needed.  

D
s

P
s

3.2.  Owens/Wendt approach 

 The Owens/Wendt (Owens and Wendt, 1969) approach also suggests that the surface 
energy of solid is comprised of two components, a dispersive and a polar component. 
Mathematically, the theory is based on two fundamental equations, Good’s equation (Good 
and Girifalco 1960) and Young’s equation, which describe interactions between solid surfaces 
and liquids. Good’s equation is 

2/12/1 22 P
s

P
l

D
s

D
llssl  (20) 

Owens and Wendt combined this equation with Young’s yielding the following equation: 
2/12/1 22cos1 P

l
P
s

D
l

D
sl  (21) 

Dividing both side of the above equation by 2/12 D
l gives the following equation. 

2/1

2/1

2/1
2/1

2/12

1cos D
sD

l

P
lP

sD
l

l                                                                      (22) 

There are two unknowns in equation 21 and requiring contact angle data from two liquids in 
order to calculate surface energy. But the linear form of equation 22 requires contact angle of 
several liquids for best fit. 
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3.3.       van Oss acid-base approach 

van Oss and his associates (1986) were the first to calculate the surface energy of solid 
as the addition of Lifshitz-van der Waals ( ) and polar or Lewis acid-base ( )
interaction given by the equation

LW AB

ABLW                (23) 
Apolar interaction or the Lifshitz-van der Waals component of surface energy results 

from dispersion (London’s force), induced dipole-dipole (Debye’s force) and dipole-dipole 
(Keesome’s force) intermolecular interactions. Lewis acid-base ( ) or polar interactions 
are due to hydrogen bonding interactions (acid-base) and most generally electron 
acceptor, , and electron donor, , interactions. The component is expressed as the 
geometric mean of and  , and is given by 

AB

AB

2/12AB                (24) 
The solid-liquid interfacial free energy is expressed as follows 

2/12/12/1 LW
l

LW
s

LW
sl                (25)

2/12/12/12/1 )(2 sllsllss
AB
sl                (26) 

Combining equations 25 and 26, the total free surface energy can be expressed as 
2/12/12/12/12/12/12/1 )(2 sllsllss

LW
l

LW
s

Total
sl   (27) 

where  and l  refer to solid and liquid respectively s
Combining the above equation with classical Young equation and assuming spreading 

film pressure eL as zero the following relation is obtained. 
2/12/12/1

)(2)cos1( slls
LW
l

LW
sl  (28) 

The above equation contains three unknowns, viz., ,  and , and thus requires 
contact angle data of three liquids of which two must be polar. The contact angles of water, 
formamide and 1-bromonapthalene on quartz and pyrite powders are used for the calculation 
of surface free energy and its polar acid-base and non-polar components.  

LW
s s s

3.4. Equation of state approach  

Neuman et al. (1974) proposed the so-called equation of state for the interfacial free 
energy

2/1

22/12/1

015.01 ls

ls
sl                                                                                              (29) 

Knowing the sl , s , l  and their components, Young’s equation can be solved for 
the surface free energy components of the solid or its total surface free energy. Thus 
introducing Eq. 29 into Eq. 16 we obtain 

ll
ls

ls
s cos

015.01 2/1

22/12/1

                                                                            (30) 

In the above equation the value s can be calculated on the basis of the measurement 
of the contact angle of one liquid only.
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4. Experimental techniques 

4.1.  Materials 

Three different types of coal samples from India were obtained, i) Ramgundam coal 
field, Godavari basin of Andhra Pradesh, ii) Rampura Seam of Vasundhra Bloc, Ib River coal 
field, and iii) seam VIII Hingula block of Talcher coal field, Orissa, for their characterisation 
and subsequent beneficiation studies with the tribo-electrostatic separator. The coal was 
ground, screened into different size fractions and a representative sample from each size 
fraction was prepared by following standard sampling procedure for further washability 
studies. Petrographic studies of each size fraction and of the sink and float fraction at different 
densities were carried out to get detailed information on the maceral and mineral composition 
of coal.

Pure crystalline quartz sample was obtained from Mavior S.A., Greece. The chemical 
analysis showed that the sample purity was more than 99%. The sample was crushed and 
ground in an agate mortar. The product was wet screened and a particle size fraction of          
–150+38 μm having the mean diameter of 104 μm was used for contact electrification and 
contact angle measurements (Paper II and IV). Kaolinite of 92% purity and illite of 85% 
purity were obtained from Phybiosis USA for contact electrification studies (Paper IV). The 
pure carbon powder used in contact charging experiments was from Merck KGaA, Germany 
(Paper II). Pure crystalline pyrite sample used in the present studies was obtained from 
Gregory Bottley & Lloyd, UK (Paper III). The mineral was crushed and ground in jaw crusher 
and ball mill respectively and classified into –425+150, –150+38 and –38 μm size fractions. 
These three size fractions were used for contact charging and contact angle measurements. 
The particle size distribution of these size fractions was carried out with CILAS particle size 
analyzer.

 Standard polar liquids of water and formamide and apolar liquids of n-hexane and 1-
bromonaphthalene were used to measure the contact angles on quartz and pyrite powders and 
to study the effects of tribo-charging on surface energy of minerals (Paper II and III).

4.2.       Washability study 

Washability study of coal was carried out for each fraction by sink-and-float method 
by using a mixture of acetone and bromoform as medium at different specific gravities 
ranging from 1.3 to 2.0. The sink-and-float products were washed thoroughly with acetone, 
dried and analysed for ash. The proximate analysis of each float and sink samples was carried 
out with Thermo Gravimetric Analyser (TGA-601). The TGA was operated under N2
atmosphere for moisture and volatile matter analysis, whereas an oxygen atmosphere was 
used for ash analysis. Approximately 10 mg sample was used for proximate analysis where 
the heating rate was maintained at 10ºC min-1, and the air flow rate was 6 liter min-1.

4.3.  Petrography studies 

Different size fractions of coal samples higher than 1 mm size were crushed to -850 
m size. By quartering and coning process, four to five grams of representative sample was 

subjected to process for polished section following conventional procedure as per Bureau of 
Indian Standard based on International Committee of Coal Petrography (ICCP) procedure. 

Polished sections of –850 m particle size and sink and float fractions of different 
sizes have been studied under dry and oil immersion objectives using Leitz metalloplan 
microscope under white and fluorescence light. Maceral analysis has been carried out as per 
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ICCP (1994, 2000) following the format prepared by the IMMT (Institute of Minerals and 
Materials Technology, Bhubaneswar, Oriss, India) based on point count technique. In the 
present study about 500 points were counted for each block. Skip lengths and traverse spacing 
were looked relative to grain sizes of the sample in order to obtain representative counts. The 
number of points counted for mineral matter and maceral are expressed as volume percentage. 
Mineral matter in coal has been identified visually under the optical microscope and by XRD. 

4.4.      Tribo-charging and charge measurement 

The effect of tribo-charger material on charge acquisition by the independent mineral 
phases (quartz, kaolinite and illite) of coal and carbon was studied using a cylindrical rotating 
drum of 0.095 m diameter and length where the inside lining can be replaced by copper, brass, 
steel, aluminium, teflon, perspex and PVC materials. A 5 g of material is tribo-charged for a 
fixed time interval and after contact charging, the particles’ charge polarity and magnitude 
were measured by a Keithley electrometer (Paper II, IV). 

The effect of tribo-charger material on charge acquisition by pyrite was studied using 
cylindrical sample holders made up of different materials, viz. copper, brass, aluminium and 
glass. The length and diameter of sample holder are 0.051 m and 0.007 m respectively and the 
dimensions are similar to the powder sample holder supplied for contact angle measurement 
in Krüss tensiometer. One gram of mineral particles is tribo-charged for 40 sec and after 
contact charging the particles’ charge polarity and magnitude were measured by Faraday cup 
connected to Keithley electrometer (Paper III).  

The charge acquired by the particles collected in different bins after tribo-electric 
separation of coal was also determined. Initially the coal samples were dried in an oven at 
100oC. Then the coal was passed through the vibratory feeder fitted with a copper plate. On 
sliding through the copper plate, the maceral and mineral particles acquired charge based on 
their work functions due to frictional charging. The charge acquired by the samples collected 
at different bins after passing through the electric field was measured using the Keithley 
electrometer fitted with a Faraday cup (Paper IV). The effect of temperature on charge was 
also studied by maintaining vibratory feeder at different temperatures. In paper V and VI, a 
combination of fluidised bed tribo-charger with internal baffle system and cyclone was used 
for tribo-electrification of coal and charge acquired by the samples collected in different bins 
after passing through the electric field was measured by Keithley electrometer. In this case 
charge was measured online and all the bins served as Faraday cups which were connected to 
the 6532 scanner card of the electrometer. More details of charge measurement procedure are 
presented in Paper V and VI. 

4.5.  Tribo-electrostatic beneficiation of coal  

Two different systems were used for tribo-electrostatic beneficiation of coal. The 
tribo-electrostatic system can be divided into two zones; a tribo-charging zone to 
differentially charge macerals and minerals and a separation zone. In both the systems the 
separation zone was the same while the tribo-charging zone was different. A vibratory feeder 
with replaceable liners of different tribo-charging medium made up of Cu, Al, steel, perspex, 
PVC and teflon was used for tribo-charging the coal initially and the procedure followed is 
described in Paper IV. Subsequently, a novel fluidised bed tribo-charger with internal baffles 
followed by a cyclone transport system was used as a tribo-charger and the schematic diagram 
of laboratory scale tribo-electrostatic separator is shown in Fig. 3 and described below 
(Chapter V and VI).
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The whole test unit mainly consists of a fluidised bed tribo-charger with internal 
baffles system (FTB), cyclone discharging system, two copper plate electrodes enclosed in a 
rectangular Perspex box, high DC voltage supply source (VS), collecting bins in the form of 
Faraday cups, nitrogen gas cylinder and Keithley electrometer with 6532 scanner card. The 
fluidised bed tribo-charger was made of copper metal of cylindrical structure of 0.065 m 
diameter and 0.7 m length. The top and bottom openings of tribo-charger were closed with 
funnel shaped head whose ends are connected to a pipe of 0.01 m diameter. The cylinder and 
funnel head were united with O-ring flange coupling. Filter cloth of 5 μm pore size was 
sandwiched between the flanges at top and bottom to give support to the fine coal particles 
inside the fluidised bed chamber. An internal baffle system, also made up of copper, was 
integrated at the centre of the cylinder for efficient contact of fine coal particles with the 
metal. The length of the baffle system is 0.64 m and the system was placed at a distance of 
0.03 m from the top. The coal particles after tribo-charging were transported pneumatically 
through a pipe of diameter 0.01 m at a height 0.025 m from the base of tribo-charger and then 
through a cyclone to fall freely between the electrode plates. All the pipes and the cyclone 
were also made of copper. The lengths of cylindrical and conical sections of cyclone are 0.045 
and 0.48 m respectively. The cyclone and vortex finder diameters are 0.04 and 0.03 m 
respectively. The apex diameter of the cyclone is 0.006 m. The cylindrical and conical 
sections were connected by O-ring flange coupling and therefore could be easily dismantled 
for cleaning. 

The bottom conical end of fluidised bed tribo-charger is connected to the nitrogen gas 
cylinder. The volumetric gas flow rate of nitrogen through the pipe can be regulated by the 
rotameter (RM) and gate valve V3 connected between the nitrogen cylinder and fluidised bed 
tribo-charger. The flow rate through the top of fluidised bed and cyclone was regulated by 
using the solenoid valves V1 and V2 respectively. The flow rate through the vortex finder can 
be regulated by valve V4. However, this valve is closed all the time during the period of 
operation.

The rectangular Perspex box has the dimensions of 1 x 0.52 x 0.52 m. Two electrode 
copper plates A and B of length 0.84 m and breadth 0.43 m are fixed within the box. The 
electrode plates are connected in such a way that top and bottom gaps between them can be 
adjusted. In the present tests, the top and bottom gaps of electrodes were maintained at 0.095 
and 0.46 m respectively.  

The electrode A was connected to the +ve terminal of the supply source, while 
electrode B was connected to the –ve terminal. The electrodes were charged with a high DC 
voltage power supply. There were six collecting bins in the form of Faraday cups below the 
electrode plates to collect the material after passing through the electric field and the polarity 
and charge magnitude of the particles collected in each bin can be measured. All the Faraday 
cups were placed on a Teflon surface. The dimensions of the outer shield of Faraday cup are 
0.365 x 0.07 x 0.04 m while the dimension of inner shield are 0.345 x 0.05 x 0.03 m. The 
Faraday cups are connected to the 6532 scanner card of Keithley electrometer.  

A coal sample of –300 μm size fraction was used for beneficiation studies. A 25 g of 
coal sample was introduced from the top of the fluidized bed tribo-charger and then closed 
with top conical head sandwiched with a filter cloth. The test is a two step procedure. In the 
first step the valve V1 and V3 were opened while the valve V2 was closed so that gas will flow 
through the tribo-charger and the coal particles attain fluidization condition and get contact 
with wall and baffles of the tribo-charger. The mineral and maceral particles acquire opposite 
polarity based on their relative work functions with respect to copper. The minimum 
fluidization velocity calculated to fluidise a 100 μm and 250 μm particles was 0.01 and 0.06 
m s-1, respectively. Accordingly, in order to achieve turbulent fluidisation in the tribo-charger, 
volumetric flow rates of nitrogen of 3500, 4500 and 5500 l h-1 were used. A residence time 
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period of 30, 60 and 90 s was maintained for tribo-charging. In the second stage the valve V1
was closed while the valve V2 was opened and the charged particle were transported 
pneumatically to fall freely between the electrode plates through the cyclone by slowly 
increasing the velocity of nitrogen. The negatively charged particles were attracted by the 
positive electrode and the positively charged particles were attracted by the negative electrode 
and based on their magnitude of charge polarity they are deflected and collected in bins 1 to 6. 
The samples collected in each bin were subjected to ash analysis by following the ASTM 
standard procedure. Tests were conducted at three different 10, 15 and 20 KV applied 
voltages. In order to understand the effect of applied electric field on the charged particles and 
the extent of particles collected in different bins, the size distribution of particles collected in 
each bin was analysed by Cilas particle size analyzer.  

Fig. 3. Schematic diagram of experimental set-up.

 The minerals inclusion in the particles collected at positive and negative electrode 
plates was studied using a Philips XL 30 SEM equipped with energy dispersive spectra (EDS) 
analysis for chemical mapping. In the present investigation, back scattered electron (BSE) and 
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EDS were used to characterize the mineral rich and carbon rich coal particles collected at 
positive and negative electrode plates. A representative sample of coal particles was sprinkled 
onto the double sided carbon tape mounted on a SEM stub to determine the particle 
morphology, external surface structure and elemental distribution of coal particles. 

4.6.      Dynamic contact angle measurement 

The Krüss K100 tensiometer was used for determining the contact angle of solid 
powder according to the Washburn method. The powder to be measured was filled into a 
glass tube with a filter paper base and suspended from the balance. The filter paper prevents 
the powder from leaking out from the bottom of the cell. After the vessel contacted the liquid, 
the speed at which the liquid rises through the bulk powder bed was measured by recording 
the increase in weight as a function of time. The contact angle, , was then calculated using 
Washburn’s equation. The tube sample holder in the analytical system suited well to tribo-
charge the mineral powder before measuring the contact angle. In the present investigation a 
known amount of powder material was taken in the sample vessel and tribo-charged by 
shaking for fixed time. After tribo-charging, the vessel was suspended from the balance of 
tensiometer for contact angle measurement of powder. Copper, brass and aluminium sample 
holders were fabricated locally with the same dimensions as those of the glass sample holder 
of Krüss tensiometer. Using these sample holders, the effect of tribo-charging medium on 
acid-base properties of quartz and pyrite samples was studied. The n-hexane liquid on carbon 
was found to have finite contact angle and it became difficult to study on carbon particles. 
Obviously, it requires further low surface tension liquid than n-hexane to determine the 
constant, c, in the Washburn equation.  
 Surface energy measurement of powder was a two step technique viz. capillary 
constant and contact angle measurement. To study the surface energy of mineral without 
contact electrification, 1 g of mineral powder was introduced into the glass sample vessel 
against the filter and tapped 10 times for uniform packing and with practice reproducible 
packing had been generated for each successive experiment. After tapping, the sample vessel 
was suspended on the balance of tensiometer and allowed to touch the surface of 25 ml of n-
hexane liquid for the measurement of packing factor or capillary constant of the mineral by 
giving necessary command to the Labdesk 3.1 software. The capillary constant measurement 
was repeated 4 to 5 times and an average value has been used to determine the contact angle 
of liquid on mineral powder. The surface energy of mineral after contact electrification with 
metal was studied similarly but using the metal sample holder. In this case, the sample holder 
tube was covered on both sides with the same metal plates and tribo-charged by shaking 
intensively for 40 sec. After charging, the metal plates were carefully removed and the filter 
holder was placed at the bottom of metal tube and suspended from the balance. Similar steps 
were followed to determine the capillary constant and contact angle with different liquids. 
Each experiment was performed 4 to 5 times and the results were found to be reproducible. 
The metal tube sample holder was thoroughly cleaned with deionised water, dried and 
polished with sand paper after each experiment to avoid any contamination of the metal 
surface due to oxidation or test liquids.  
 After determining the contact angle of test liquids on quartz and pyrite powders, 
before and after contact electrification with chosen materials, the total surface energy, the 
polar and non-polar components of surface energy and the division of polar component into 
acid and base components of surface energy were calculated following the theoretical 
approaches presented above.
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5. Results and discussion 

5.1.       Proximate analysis and washability studies of coal  

The proximate analysis of Ramagundam, Ib River and Hingula coals is presented in 
Table 1, which shows a high ash content of 43.2%, 46.77% and 39.39%, respectively.

Table 1. Proximate analysis of Ramagundam, Hingula and Ib River coal. 

Name of coal Moisture% Volatile matter% Ash% Fixed Carbon% 
Ramagundam  5.80 23.50 43.20 33.30
Hingula 11.34 27.21 39.39 33.40
Ib River 5.51 23.11 46.77 30.12

 Washability studies for two size fractions of –150 mm and –1 mm of Ramagunadam 
coal, –85 mm of Hingula and –15 mm of Ib River coals were performed to evaluate the 
potential of clean coal separation and the results are shown in Fig. 4. It can be seen that a 
clean coal with only 25% ash and about 65% yield is obtainable from –150 mm and –1 mm 
Ramagunndam coal samples, illustrating non-liberation of coal at these size ranges. It can also 
be seen from the figure that –15 mm Ib River coal has a potential to yield 57.45% clean coal 
at 31.2% ash level and –75 mm Hingula coal has potential to obtain 25% ash clean coal with 
64% yield. Accordingly, a finer coal size fraction of –300 microns was prepared for tribo-
electrostatic separation tests.
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Fig. 4. Washability study of Ramagundam, Hingula and Ib Valley coal

5.2.      Macroscopic and microscopic characterisation 

Macroscopic description of coals reflected that they are lithotype coals. Ramgundum 
coals are hard and compact with alternate bands of dull and bright. Coals are in general semi-
bright in nature. Literature indicates that coal seams of this area have a tendency to split in 
several seams through partings of shale or sandstone. Roof and floor lithology of coal seams 
has shown great variation from one horizon to another horizon. Mineral inclusions are 
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generally either sandstone or shale or combination of both and clay. The lithotypes i.e., 
durain, vitrain, clarain and fusain are present in decreasing order in this type of coal. 

Coal samples of Rampur seam of Ib-river coalfield, and seam VIII of Hingula block, 
Talcher coalfield are dull grey in colour. All the lithotypes i.e., vitrain, clarain, durain and 
fusain are found in both the coal types with variable amount. Coals are banded in nature with 
bright and dull bands. Vitrain and clarain constitute bright band whereas dull bands are mostly 
durain and fusain. Four lithotypes are found in both the coal samples with decreasing order of 
durain, clarain, vitrain, and fusain. Vitrain occurs as distinct bands within the limits of 1 cm 
thick having pinching and swelling character within the band. Clarain occurs in bands of 
variable thickness. Broken surfaces are profoundly gloss and marked with dull and bright fine 
lamination. Fusain is dull and occurs predominantly as patches or wedges that are parallel to 
the bedding plane. Fusain consists of powdery, fibrous strands of both soft and hard varieties. 
Fusain layers are easily fractured and can be separated from coal mass. Durain is dull with 
granular texture to the naked eye having more variable thickness than any other lithotypes. 

The microscopic studies revealed that all three maceral groups of vitrinite, liptinite 
(exinite) and inertinite are present in Ramagundam coal. The collotelinite of vitrinite groups is 
dominant in this coal. Vitrinite group of macerals includes very fine grains of mineral matter 
as shown in Figs. 5 and 6. Liptinite group of Ramagunadam coal is mostly dominated by 
liptodetrinite followed by either resinite or sporinite. Tenuispores, sporangia, spore masses, 
resin bodies etc. are not very uncommon. This group constitutes 6-13% on visible mineral 
matter free basis. Inertinite group of macerals is mostly dominated by inertodetrinite followed 
by semifusinite. Transition of semi-fusinite to vitrinite is frequently observed in Ramgundam 
coals. Fusinite is occasionally found and sometimes its cell lumens are filled with pyrite or 
clay minerals. Funginite and secretinite are very common macerals next to semifusinite 
constituting around 2% of the total inertinite group maceral. 

Fig. 5. Pure vitrinite grain enclosing a clay band, Ramagundam coal, MgfX320 oil.
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Fig. 6. Clay bands (dark grey) also enclose maceral, Ramagundam coal, MgfX320 oil.

All three groups of macerals viz. vitrinite, liptinite (exinite) and inertinite are found in 
both Ib River and Hingula coal samples with dominance of vitrinite group of maceral. Ib 
River coal is dominated by either telenite or collotelinite of vitrinite group whereas seam VIII 
of Hingula block dominated by vitrodetinite or collodetrinite maceral of detrovetrinite group. 
Liptinite (exinite) group of macerals are dominated by liptodetrinite, sporinite, resinite and 
cutinite. Inertinite group of macerals are mostly dominated by semifusinite, fusinite, 
inertodetrinite, funginite and secretinite. In Ib River coal, fine clay association within vitrinite 
band (Fig. 7) and fine grains of limonite (red) and goethite (bright white) enclosed within cell 
lumens of fusinite (Fig. 8) can be seen. Figs. 9 and 10 show the association of clay material, 
fine pyrite in vitrinite and semifusinte in Talcher coal. 

Fig. 7. Photomicrograph showing association of fine clay within vitrinite band. of Ib river 
coalfield, Orissa, India. Mgf X320 oil. 
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Fig. 8. Fine grains of limonite (red) and goethite (bright white) enclosed within cell lumens of 
fusinite. Rampur coal seams of Ib river coalfield, Orissa, India. Mgf X 320 Oil. 

Fig. 9. Photomicrograph showing vitrinite (grey) with oxidation cracks and clay materials 
(fine dark colour) within coal material. Seam VIII, Hingula block, Talcher coalfield, Orissa. 
Mgf X320 oil. 

Fig.10. Photomicrograph showing typical semifusinite encloses clay, fine pyrite etc. Seam 
VIII, Hingula block, Talcher coalfield, Orissa. Mgf X320 oil.
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In the present study the mineral matter is considered as all the forms of inorganic 
material associated with coal. They were identified megascopically, microscopically and by 
X-ray diffraction pattern (XRD). The mineral phases in the Ramagundam coal detected under 
visible light with decreasing content are quartz, clay, pyrite, magnetite and goethite. However, 
the mineral matter identified by XRD includes quartz, illite, kaolinite, montmorillonite, 
goethite, siderite and pyrite. The relative proportion of mineral phases in coal is presented in 
Table 2. Quartz is the most dominant mineral phase and found to concentrate in both float and 
sink fractions of washability studies. Though clay minerals are present next to quartz, only 
illite is detectable in size fractions of bulk coal. Kaolinite and montmorillonite are also found 
in both float and sink fractions. Free quartz is readily visible in -1 mm fraction. Angular to 
semi rounded quartz is commonly detectable in polished section varying from 5-900 μm. 
Pyrite is found in both massive and frambodial form either as veins or infillings and layers is 
common feature.   

Table 2. Mineral matter of Ramgundam bulk coal low temperature ash (peak intensity given 
to indicate the relative quantity)

Details
of sample 

Quartz Illite Kaolinite Montmori-
lonite

Goethite Siderite Pyrite

Bulk 3588 142 Nil Nil 117 Nil Nil
+150 mm
1.8 Sink 

3318 Nil 1183 Nil 196 110 67

+100 mm
1.8 Float 

3745 Nil 449 202 Nil Nil 42

+100 mm 
1.4 Float 

2704 Nil 756 Nil Nil Nil 48

Major mineral components are found in Ib River and Hingula coals in cleat and 
bedding planes of the coal and are commonly seen with the naked eye. In order of abundance 
of minerals present in both the coals are clay mineral (aluminosilicates viz. illite, and 
kaolinite), silica (predominantly quartz), carbonates (siderite, dolomite and calcite) and 
sulphide (pyrite). Clay minerals are identified by XRD (Figs. 11 and 12) and also observed 
under microscope. Clay is intimately associated with maceral. Even in pure vitrinite band 
(Fig. 7) limonite, goethite, siderite are found either in cleat or bedding plane and readily 
identifiable with naked eye. Quartz always dominates either in lithotype or bulk coal but not 
visible with naked eye. However, in size fractions (–1+0.5 mm and –500+300 μm size), free 
quartz is well marked with naked eye especially in the case of seam VIII of Hingula block 
coal. To know the details of mineral matter present in the sample, the sink product of 1.8 
density fraction was further separated by heavy liquid medium. Mineral grains in different 
fractions were again studied under sterio-binocular microscopes to identify heavy minerals. 

Goethite, limonite, hematite, pyrite, chalcopyrite, magnetite, etc., are detected 
microscopically but as minor constituents. Grains of apatite, barite, beryl of gem variety, 
biotite, calcite, chalcedony, kyanite, dolomite, epidote, garnet, gypsum, hematite, ilemenite, 
limonite, magnetite, muscovite, orthoclase, pyrite, pyroxene, quartz of different colour, rutile, 
siderite, tourmaline, zircon, etc., are identified by heavy media liquid separation of sink 
fraction of seam VIII of Hingula block.   
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Fig. 11. XRD of the bulk coal sample of Seam VIII, Hingula block, Talcher coalfield.
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Fig. 12. XRD of the bulk coal sample of Rampur seam, Ib river coalfield.

5.3. Effect of tribo-charging medium and prediction of relative work function 

Detailed and elaborate studies of tribo-electrification of different major mineral phases
and carbon present in coal were carried out in order to have a clear understanding of their 
tribo-charging characteristics in terms of magnitude and polarity of charge with reference to
different tribo-charging media. In tribo-electrostatic separation technique differential charging 
of maceral and minerals is the key to their efficient separation. Therefore the selection of a 
tribo-charging medium having work function in between the work function of carbon and 
minerals is important for generating differential charging and subsequent separation in high 
electric field. Although many authors have reported the work function values of different 
metals and polymers, in practice the work function differs due to contamination or oxidation 
of surface and hence deviation in charge polarity and magnitude on tribo-electrification. Work
functions of many minerals are not available and evaluation of their work function is 
necessary for practical purposes and hence relative work function sequence has been 
predicted in our work. Humidity is not controlled in our studies because in industrial practice 
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this variable is difficult to control and therefore all the studies were carried out at normal 
room condition where the humidity is usually 30-60%. 

The charge acquisition of quartz, kaolinite, illite and carbon after contact 
electrification with different tribo-charging media was studied because these were the major 
mineral phases present in coal samples. The size distributions of quartz, kaolinite and illite are 
shown in figure 5 of paper IV, and the mean diameters are 104, 6.43 and 4.75 μm 
respectively. The mean diameter for carbon is 85 μm. The results obtained for quartz, 
kaolinite, illite and carbon after contact electrification with different tribo-charger materials 
are shown in Figs. 13-16 respectively.

The results show that quartz is negatively charged with copper, brass, aluminium, 
copper, PVC and teflon and perspex materials. Kaolinite and illite are also charged negatively 
with all the tribo-charging media except teflon where kaolinite charged positively and the 
charge acquisition by illite fluctuated between positive and negative. The carbon is charged 
positively with copper, brass and aluminium whereas it charged negatively with perspex, PVC 
and teflon. These results are in good agreement with the reported work function values of 
perspex, 2.7 eV (Ciccu and Foreman, 1968); carbon, 4 eV (Kim et al., 1997); Al, 4.28 eV 
(Trigwell, 2002); brass, 4.28 eV (Michaelson, 1977 ); copper, 4.38 eV (Inculet, 1984); PVC, 
4.85 eV (Davies, 1969); PTFE or teflon, 5.75 eV (Trigwell et al., 2003a). The sequence of 
charge magnitude for negatively charged minerals is quartz > kaoilinite > illite. The tribo-
electric charging is generally controlled by the relative work functions of particles and contact  
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on charge acquisition by carbon particles. 

Fig. 15. Influence of tribo-charging time on 
charge acquisition by illite particles.

wall. On tribo-charging, the particle of lower work function donates electrons to the material 
of higher work function and is charged positively whereas the latter is charged negatively. 
The greater the work function difference, the higher is the charge acquisition. The magnitude 
of charge acquired by quartz follows the trend from brass to PVC as shown in figure 9 of 
paper IV. The charge acquisition with teflon and perspex deviated from the work function 
sequence. Mazumder et al. (2006) suggested that the work function of metals tended to a 
smaller increase for higher levels of contamination whereas a small deviation in surface 
composition of polymer caused a large increase in the work function. This explains the 
observed deviations of charge polarity when quartz and carbon are tribo-charged with 
polymeric materials. In particular, the carbon was found to adhere strongly to organic polymer 
materials and it became difficult to create a clean surface after each experiment. In the case of 
kaolinite and illite (figures 10 and 11 of paper IV, respectively) there is a better correlation 
between the magnitude of charge acquisition and relative work function values. If the work 
functions of two contact materials are known the charge polarity and the deflection of 
particles in an electric field could be predicted. On the other hand, if the charge polarities and 
the charge magnitudes of contact materials were measured the relative work functions could 
be predicted (Li et al., 1999).

Based on the present charge measurements, the relative work function sequence 
predicted for tribo-charging media and minerals is quartz > teflon > kaolinite > illite > pvc > 
copper > aluminium > brass > carbon > perspex. The change in work function, 

eralmedium min , has been estimated from Equation 8 and given in Table 3. The results 
presented in Table 3 mostly agree with the reported work function values in the literature. The 
results also show that with increase in the contact charging time the charge acquisition 
increases.
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Table 3. Work function difference between tribo-charging medium and mineral estimated 
from equation 8.

Tribo-charging
medium  

Change in work 
function,   eV
( quartzMedium )

Change in work 
function,  eV 
( kaoliniteMedium )

Change in work 
function, eV 
( illiteMedium )

Perspex –7.48X10-3 –2.57X10-5 –5.47X10-6

Brass –1.16X10-2 –5.31 X10-5 –3.16X10-6

Aluminium –8.10X10-3 –3.52X10-5 –1.49X10-6

Copper –7,73X10-3 –2.28X10-5 –2.08X10-6

 PVC –7.20X10-3 –2.08X10-5 –1.59X10-6

Teflon –1.72X10-2 1.40X10-5 2.59X10-7

The effect of tribo-charging medium in terms of unit mass (a, μC/g), unit area (b, 
μC/m2) and time (c, μC/m2) with copper medium on charge acquisition by different size 
fractions, –425+150, –150+38 and –38 μm of pyrite is shown in Fig. 17. This figure suggests 
that pyrite particles are charged negatively after tribo-electrification and thus depicting having 
higher work function than the tribo-charging medium. These results are in good agreement 
with the reported work functions. Glass has lower work function in tribo-electric series 
(Siliconfareast.com) and the increasing order of work function of tribo-charging media is 
glass, aluminium, brass and copper. The magnitude of charge acquired per gram of   –38 μm 
pyrite particles is greater than that of the coarser particles because of the higher surface area 
of fine particles. When charge was analysed in terms of unit area, the magnitude of charge 
acquired increased in the order –38, –150+38 and –425+150 μm. The explanation could be 
the increase in surface area of particles with decreasing particle size.
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The particles were tribo-charged by trembling in the powder sample holder for 40 sec and this 
time is not enough for all the particles in finer fraction to have contact with the charging 
medium for contact electrification. Therefore the magnitude of charge acquired per unit area 
is less for finer particles than coarser particles. In order to identify the effect of time on charge 
acquisition by different size fractions an experiment has been carried out with copper tribo-
charging medium and the results are presented in Fig. 17 (c). The results show that with 
increasing tribo-charging time the charge (μC/m2) increases for all size fractions of –38,         
–150+38 and –425+150 μm. However the equilibrium charge was achieved for –150+38 and   
–425+150 μm size fractions at 40 sec while for –38 μm fraction more contact electrification 
time is required for achieving equilibrium charge development.  

The effect of tribo-charger medium on coal separation is shown in figure 12 of paper 
IV. In these tests, a coal sample with particle size –300+210 μm was tribo-charged for 5 min 
with each of the tribo-charger materials of copper, aluminium, brass, teflon and perspex. After 
tribo-charging with a specified material the particles were allowed to fall freely between the 
two electrode plates. The applied voltage was kept constant at 15 KV. The results show that 
copper tribo-charger gave better separation in comparison to other tribo-chargers, and 
therefore the copper tribo-charger was used as the tribo-charging medium for the remaining 
coal preparation studies.

5.4.       Surface energy of quartz and pyrite 

 The effect of tribo-charging on quartz surface characteristics has been studied by 
determining the liquid contact angles on quartz powder using Washburn technique. Initially, 
the capillary constant was determined by n-hexane sorption measurements. The quartz sample 
is placed in glass sample holder and sorption of n-hexane was measured without contact 
charging between glass wall and particles. The contact angles of test liquids on quartz powder 
were measured similarly in glass sample holder and these values are considered as the results 
before tribo-electrification. In the case of copper, brass and aluminium sample holders the 
quartz sample was intensively contacted with the walls of the sample vessel for contact 
electrification before the sorption of test liquids is measured.  
 However, the same is not true in the case of pyrite. Initially we believed that 
introducing quartz particles into glass sample holder the particles do not acquire any charge 
and it was the case in charge measurements where there is insignificant charge acquisition 
compared to other tribo-charging media and the polarity fluctuated between positive and 
negative. This is understandable because of similar chemical composition of quartz and glass. 
However, pyrite particles acquired charge in glass sample holder and the magnitude of charge 
acquisition followed the work function difference between the pyrite and sample holder 
material. Since pyrite has no reference medium unlike quartz, the tribo-charger material that 
produced the lowest magnitude of charge was considered as the reference medium. 

5.4.1.    Effect of tribo-charging on capillary constant 

 As elaborated in the experimental section, the determination of material constant or 
capillary constant of powder bed is a prerequisite for measuring the contact angle with 
different test liquids and for calculating the surface free energy of powder samples. The 
capillary constants of quartz and three size fractions of pyrite were measured after tribo-
charging with glass, Al, brass and Cu media using n-hexane non-polar liquid of surface 
energy 18.4 mJ/m2. Figs. 18 and 19 show the experimental results of capillary penetration of 
n-hexane through quartz and –38 μm pyrite powder beds as the square of mass gained against 
time from the beginning of sorption process. Several runs of n-hexane sorption were made in 
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each of the glass, copper, brass and aluminium sample holders. The results obtained in glass 
and copper sample holders only are presented here. It can be seen that there is a good 
reproducibility of results and the curves display the same slope or same rate of sorption, g2/t,
in a particular sample holder. In Fig. 18, the sorption rate of n-hexane is greater in glass vessel 
than copper vessel. The measured capillary constants of quartz powder before charging (i.e., 
in glass sample holder) and after tribo-electrification are presented in Table 4. The capillary 
constants in glass, copper, aluminium and brass sample holders were found to be 3.0755E-5, 
2.8015E-05, 2.8229E-05 and 2.7793E-05 cm5 and these values are respectively used to 
determine the contact angles of test liquids.

Fig. 18. Effect of tribo-charging on sorption of n-hexane on quartz powder for determining 
the capillary constant.

Fig. 19. Effect of tribo-charging on sorption of n-hexane on -38 μm for determining the 
capillary constant.

In case of pyrite, the sorption rate of n-hexane is greater in copper vessel than glass vessel 
(Fig. 19). The capillary constants for the three pyrite size fractions after tribo-charging with 
glass, Al, brass and Cu are compared in Fig. 20. It can be seen from this figure that the 
capillary constant decreases from coarser to finer fraction and increases in the order glass,
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Fig. 20. Effect of triobo-charging on the capillary constant of different size fractions of pyrite.

Al, brass and Cu, which corroborates with the increasing order of work functions of these 
materials. The tribo-charge measurements after electrification revealed that pyrite particles 
charged negatively, signifying higher work function of pyrite than the charging medium. The 
higher the work function difference between pyrite and tribo-charger material, the higher is 
the charge acquisition and therefore pyrite acquired higher charge with glass. This means that 
the charge density of pyrite particles is higher after contact electrification with glass. Due to a 
different magnitude of charge acquisition and charge density of pyrite particles during contact 
electrification with different materials, the porous structure of packed solids could be 
different. Higher charge density on the surface leads to strong dipolar character of particles 
with reference to tribo-charger medium and thereby the particles come closer to each other 
explaining smaller capillaries and hence lower capillary constant and lower sorption rate. The 
results are in good agreement with the order of work function values of charging media as 
well as the size of particles. This explanation is also valid in case of quartz powder and the 
decrease in capillary constant follows the increasing order of charge acquisition. 

5.4.2.   Effect of tribo-charging on contact angle 

The effect of tribo-charging media on contact angles of quartz with different test 
liquids is shown in Table 4. The mean contact angle from different runs of a specific liquid is 
presented here. For example, the contact angles calculated for quartz with water as polar test 
liquid with glass sample vessel for different runs are 35.97º, 37.08º, 37.90º, 40.52º; with 
copper sample vessel they are 28.09º, 28.25º, 28.09º, 29.01º; with aluminium sample vessel 
25.52º, 25.98º, 27.82º, 28.52º and with brass sample vessel 23.42º, 24.37º, 24.87º, 25.80º. 
These values show the consistency in the measurements and good reproducibility of results.  
 The water contact angle on quartz is decreasing after tribo-charging and the trend 
follows in the order of glass (without charging), copper, aluminium and brass. Similar trend is 
also observed with 1-bromonapthalene and formamide. This suggests that tribo-electrification 
leads to a change in quartz surface characteristics. The decreasing order of water contact angle 
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with glass, copper, aluminium and brass is consistent with the trend of the amount of negative 
charge acquisition after tribo-electrification with these materials. The increase in surface 
polarity decreased the water contact angle due to enhanced polar interactions between water 
and quartz surface.  

Table 4. Contact angle of test liquids on quartz powder at different sample holder materials. 

Sample holder Capillary constant, C, 
cm5

Test liquids Contact angle 

n-hexane 0
Water 38.24 2.27 

Glass 3.0755E-5 

Formamide   3.43 1.18 
1-Bromonapthalene 51.87 1.11 
n-hexane 0
Water 28.58 0.49 

Copper 2.8015E-05 

Formamide   5.18 0.52 
1-Bromonaphthalene 44.54 0.58 
n-hexane 0
Water 27.04 1.48 

Aluminium 2.8229E-05  

Formamide   4.52 1.48 
1-Bromonaphthalene   43.6 2.13 
n-hexane 0
Water 24.62 1.19 

Brass 2.7793E-05 

Formamide   4.75 2.57 
1-Bromonaphthalene 37.88 2.95 

  The effect of tribo-charging media on contact angles of –425+150, –150+38 and –38 
μm pyrite size fractions with different test liquids is given in Tables 2, 3 and 4, respectively in 
paper III. It can be seen from those tables that the increase in water contact angle follows the 
increase of work function order of materials viz., glass, aluminium, brass and copper. This 
trend is consistent with the charge acquisition results. Moreno-Villa et al. (1998) reported that 
after exposing porcelain and glass samples to corona impingement the hydrophobic surface 
becomes completely hydrophilic.  
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Fig.21. Sorption studies of quartz for the measurement of contact angle with water before 
(glass) and after tribo-charging with copper, aluminium and brass. 
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The same has been observed in the present studies. After contact electrification, pyrite 
samples are negatively charged and higher magnitude of charge density was observed with 
lower work function tribo-charger material. Higher charge accumulation on particle surface 
causes stronger interaction with water and the particle becomes hydrophilic and therefore 
lower contact angle is obtained after contact with glass charging medium. A typical increase 
in water sorption after tribo-electrification of –425+150 and –150+38 μm pyrite fractions is 
shown in figures 8 and 9 of Paper III. Similarly an increase in water sorption by quartz 
powder is also observed (Fig. 21). The sequence of decrease of contact angles followed the 
increase in charge acquisition suggesting a correlation between charge and surface wettability 
of quartz and pyrite particles. 

5.4.3.   Surface energetic structure of quartz and pyrite after tribo-charging 

 To obtain more detailed information about the surface energetic structure of quartz 
before and after tribo-charging, the surface energy is calculated from the contact angle data. 
The non-polar and polar components contribution to surface energy and the polar part 
subdivided to acid and base components are calculated from the measured test liquids contact 
angles while following the Fowkes, Owens-Wendt, van Oss acid-base, and Equation of State 
approaches described before. The results of surface free energy and its dispersive, polar, acid 
and base components are summarised in Table 5. It can be seen that the surface free energy 
and dispersive component of quartz calculated with van Oss acid-base theory increases in the 
order of glass (i.e., before tribo-charging) and charging with copper, aluminium and brass 
while the polar component decreases in the same order. The acid components of quartz with  

Table 5. Surface energy of quartz without and after tribo-charging.

Mineral Equation Method Surface
Free
Energy,
mN/m 

Disperse 
part, 
mN/m 

Polar
Part,
mN/m 

Acid
part, 
mN/m 

Base
part, 
mN/m 

Fowkes (Water/ 1-bromonapthalene) 60.56 30.29 30.27 - -
Owens-Wendt-Rabel-Kaelble 60.12 29.03 31.09 - -
Acid Base 56.46 28.90 27.56 6.78 28.03 

Quartz before 
tribo-charging 

Equation of state (Water) 60.31 - - - -
Fowkes (Water/ 1-bromonapthalene) 66.59 32.27 26.43 - -
Owens-Wendt-Rabel-Kaelble 64.55 30.15 34.39 - -
Acid Base 57.90 32.45 25.45 4.17 38.79 

Quartz tribo-
charging with 
Copper 

Equation of state (Water) 65.14 - - - -
Fowkes (Water/ 1-bromonapthalene) 67.49 32.69 34.80 - -
Owens-Wendt-Rabel-Kaelble 65.55 31.03 34.52 - -
Acid Base 58.11 32.88 25.23 3.97 40.12 

Quartz tribo-
charging with 
Aluminium 

Equation of state (Water) 65.84 - - - -
Fowkes (Water/ 1-bromonapthalene)  69.45 35.22 34.23 - -
Owens-Wendt-Rabel-Kaelble 66.78 32.83 33.95 - -
Acid Base 57.96 35.42 22.55 2.98 42.67 

Quartz tribo-
charging with 
Brass

Equation of state (Water) 66.91 - - - -

glass, copper, aluminium and brass are 6.78, 4.17, 3.97 and 2.98 mN/m. Tribo-electrification
of quartz particles with copper, brass and aluminium and the follow up charge measurement 
by Keithley electrometer suggests that quartz acquired negative charge and the magnitude of 
charge acquisition is according to the difference in the work functions between metal and 
mineral. The magnitude of negative charge acquisition by quartz with different metals is in 
the order of copper > aluminium > brass. This indicates that quartz accepts electrons from the 
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metal surface and become negatively charged. Similar trend has been observed with surface 
energy acid and base parameters. The acid component of quartz, , without tribo-charging is 
6.78 mN/m and after tribo-charging with copper, aluminium and brass it became 4.17, 3.97 
and 2.98 mN/m, respectively. The acid component suggests the electron acceptance ability of 
the material. After tribo-electrification quartz accepted electrons from the metal surface and 
decreased its acidic properties which, in turn, suggests the reduction in electron acceptance 
capability. Since the charge acquired is more due to increased electron transfer, the acidic 
properties decreased in the sequence of copper, aluminium and brass. This suggests a very 
good agreement according to charge measurements and acid component  determination. It 
can also be observed that the base component increases in the order of glass, copper, 
aluminium and brass.  
 Surface energy determined with the Owens-Wendt, Fowkes equations and the 
Equation of state also suggests similar behaviour and a more detailed analysis was presented 
in paper II. 
 The total surface energies and polar and non-polar components of surface energy with 
Fowkes approach after tribo-charging with glass, aluminium, brass and copper for –425+150, 
–150+38 and –38 μm pyrite particles are given in Table 6. It can be seen that the total surface 
energy of 60.60 mJ/m2 for –425+150 μm pyrite size fraction is higher after tribo-charging 
with glass in comparison to the surface energy after tribo-charging with aluminium, 57.06 
mJ/m2, brass, 54.70 mJ/m2 and copper, 44.68 mJ/m2. The sequence of surface energy 
followed the increasing order of work function of charging media and decreasing order of 
magnitude of charge acquisition. The higher surface energy is correlated with higher negative 
charge acquisition. Similar trend is also observed with –150+38 μm and –38 μm pyrite size 
fractions.

Table 6. Surface energy of pyrites after tribo-charging using different charging media using 
Fowkes equation approach. 

Particle Size, μm Charging
medium 

Surface
Free
Energy,
mJ/m

Disperse
part, mJ/m

Polar part, 
mJ/m2 2

2

The total surface energies computed after tribo-charging with glass charging medium for        
–425+150, –150+38 and -38 μm are 60.60, 70.18 and 65.33 mJ/m2, respectively. It is 
understandable that finer fraction has higher energy than coarser fraction because of several 

Glass 60.60 44.26 16.33
Aluminium 57.06 44.21 12.85

-425+150

Brass 54.70 41.15 13.55
Copper 44.68 37.95 6.73
Glass 70.18 44.27 25.90
Aluminium 67.63 44.26 23.37

-150+38

Brass 64.44 44.21 20.23
Copper 62.87 44.15 18.72
Glass 65.39 44.16 21.23
Aluminium 56.15 44.21 11.95

-38

Brass 53.82 44.14 9.68
Copper 52.17 44.19 7.98
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unsaturated bonds on the surface as the particle size decreases. Inculet et al. (2006) also 
suggested that for the same material the surface energy increases as particle size decreases. 
Lower surface energy for finer size fraction than coarser fraction after tribo-charging with 
aluminium, brass and copper is observed. The dispersive component value calculated for –
150+38 and –38 μm is the same after tribo-charging with all the media except for –425+150 
μm fraction where dispersive component is lower in case of brass and copper. In all size 
fractions the polar component is decreasing with increasing order of work function of 
charging media. 
 The results of surface energy and its dispersive, polar, acid and base components 
calculated with van Oss approach are summarised in Table 7. The results show that the 
dispersive component is constant whereas polar component is decreasing with increasing 
order of the work function. The effect of tribo-charging on charge acquisition and surface 
energy is also shown in Figs. 22 and 23. It can be seen from the results in Fig. 22 that the 
surface energy decreases with increasing order of work function for all size fractions. It can 
also be observed that the size fractions have higher surface energy when the magnitude of 
charge on the surface or surface charge density is higher. The higher surface energy can be 
correlated to higher electron density on the surface. Although higher magnitude of charge is 
acquired by –425+150 μm size fraction, its surface energy after tribo-electrification is lower 
than for –150+38 μm and –38 μm size fractions. The surface energy of –150+38 μm is higher 
than the -38 μm after contact electrification with all the tribo-charging media except glass 
where the value remains same at 58 mJ/m2. These results suggest that the 40 s time used for 
tribo-electrification is not sufficient for equilibrium charge development for all the particles in 
fine size fraction. 

Table 7. Surface energy of pyrite after tribo-charging with different charging medium using 
van Oss acid base approach. 

Particle Size, mm charging
medium 

Surface
Free
Energy,
mJ/m

Disperse
part,
mJ/m

Polar
part,
mJ/m

Acid
Part,
mJ/m

Base
part,
mJ/m2 2 2 2

2

Glass 54.14 44.18 9.96 1.15 21.57
Aluminium 53.30 44.13 9.16 1.40 14.96

-425+150

Brass 50.85 41.05 9.79 1.61 14.92
Copper 44.50 37.85 6.65 2.59 4.27
Glass 58.28 44.20 14.09 1.36 36.39
Aluminium 58.36 44.18 14.18 1.62 30.99

-150+38

Brass 58.07 44.11 13.96 1.98 24.56
Copper 57.90 44.05 13.85 2.25 21.33
Glass 58.19 44.08 14.11 1.88 26.51
Aluminium 55.44 44.09 11.36 3.57 9.02

-38

Brass 53.65 44.01 9.64 4.16 5.59
Copper 52.01 44.05 7.96 4.70 3.37
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Fig. 22. Effect of tribocharging on 
magnitude of charge acquisition and 
surface energy using acid base approach 
of different pyrite fractions. 

Fig. 23. Effect of tribo-charging on the 
charge acquisition and acid-base 
component of different pyrite fractions.

Fig. 23 shows the effect of tribo-charging on charge acquisition and acid-base 
components of surface energy for the three size fractions. For all size fractions the dispersive 
component is constant with respect to charging media while the polar part decreases with 
increasing order of the work function of tribo-charger material. The polar part divided into 
acid and base parts reveals that acid part is increasing while the base part decreases from glass 
to copper. The respective acid component after contact electrification with glass, Al, brass and 
copper for –428+150 μm is 1.15, 1.40, 1.61 and 2.59 mJ/m2, for –150+38 μm 1.36, 1.62, 1.98 
and 2.25 mJ/m2 and for –38 μm 1.88, 3.57, 4.16 and 4.70 mJ/m2. Tribo-electrification studies 
disclosed that pyrite acquired negative charge and the magnitude of charge acquisition by 
pyrite with different charging media is in the order of Cu < brass < Al < glass. This indicates 
that pyrite accepted electrons from metal surface and became negatively charged. The acid 
component suggests the electron acceptance ability of the material. After tribo-electrification
pyrite accepted electrons from the charging media and decreased its acidic properties, which 
suggests the reduction in electron acceptance capability. It can be observed that the higher 
charge acquisition during tribo-electrification correlates to lowering acid part and increasing 
base part (Fig. 23). This clearly shows that the base part or electron donating capabilities of 
pyrite increases after tribo-charging. It can also be observed from Fig. 23 that the acid part for 
–425+150 and –150+38 μm size fractions is lower than for the –38 μm size fraction which 
explains the condition of equilibrium charging for 40 sec period of contact electrification. The 
base component of pyrite size fractions also showed that –150+38 μm fraction has higher 
electron donating capability than –38 μm pyrite fractions. If the –38 μm fraction had attained 
the equilibrium charging, its acid component could have been lower and the base component 
could have been higher than the present values.  
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5.5.      Effect of voltage on charge of coal particles

For coal beneficiation, two different systems are used for tribo-electrification as 
explained in the experimental section (Paper IV, V and VI). The coal maceral and minerals 
are charged in the tribo-charger based on their relative work functions. After tribo-
electrification the particles entering into the electric field get attracted towards positive or 
negative electrode plate according to their charge polarity and magnitude and fall in different 
bins at the bottom between the electrodes. In the present investigation detailed studies of 
particle charge measurements were carried out to understand the particle charge distribution at 
different applied potential. 

The effect of applied voltage on charge of Ramagundam coal particles collected at 
different bins at three different tribo-charging times of 30, 60 and 90 s after tribo-charging 
with fluidised bed tribo-charger and cyclone is shown in Figs. 24, 25 and 26 respectively. As 
shown in the experimental set-up, bin 1 is adjacent to the +ve electrode plate while bin 6 is 
nearer to the –ve electrode plate and accordingly the negatively and positively charged 
particles are expected to collect at bin 1 and bin 6 respectively. However, the particles 
collected in all the bins are found to be positively charged with a very low magnitude in bin 1, 
successively increasing in the bins towards the –ve electrode. The +ve charge of particles in 
all the bins could be due to non-liberated particles or coating of fine coal maceral on mineral 
particles leading to an overall positive charge acquisition. It can be seen in Fig. 24 that the 
particles collected in bin 6 have higher magnitude of positive charge and hence collected 
nearer to the –ve electrode plate while particles collected at bin 1 and 2 are either negative or 
have lower magnitude of positive charge. It can also be observed that the charge magnitude of 
the particles increases from bin 1 to 6 suggesting that carbon rich particles are collected in the 
bin close to the negative electrode.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 1 2 3 4 5 6 7
Bin Number

C
ha

rg
e,

 μ
C

/g

10 KV, 60 sec

15 KV, 60 sec

20 KV, 60 sec

+Ve –Ve

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 1 2 3 4 5 6 7

Bin number

C
ha

rg
e,

 μ
C

/g

10 KV, 30 sec

15 KV, 30 sec

20 KV, 30 sec

+Ve –Ve
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Fig. 25. Effect of voltage on charge 
acquired by coal particles collected at 
different bins at 60 s tribo-charging time. 
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oC.

The charge magnitude of particles collected in bins 2 to 5 increases with increasing applied 
voltage from 10 to 20 KV. With increasing applied voltage the electrostatic force between the 
electrodes increases leading to increased deflection of charged particles towards positive and 
negative electrodes and therefore the particles collected in the bins are in a different 
distribution. This explains the magnitude of charge alterations in the bins close to the 
electrodes with increasing applied voltage.

Figs. 25 and 26 show the charge of particles collected at different bins at 60 and 90 s 
tribo-charging time respectively. The results display that highly positively charged particles 
collected at bin 6 which is bordering to the negative electrode and the charge of the particles 
increased in the bins from positive plate to negative plate. At 10 KV applied voltage, the 
particles collected close to +ve electrode (bins 1 and 2) and –ve electrode (bin 6) have lower 
and higher magnitude of charge than at 15 and 20 KV. It can also be seen from Figs. 24 to 26 
that with increasing tribo-charging time, the charge magnitude of particles increases at 10 and 
15 KV applied voltage. In the case of 20 KV applied voltage the increase in tribo-charging 
time increased the charge magnitude of particles in bins 1 and 6 which were adjacent to +ve 
and –ve electrodes.

The effect of applied voltage at three different temperatures on the charge acquired by 
coal particles after tribo-charging in vibratory feed plate is presented in Figs. 27-29 for 
Ramagundam coal. Here, the charge was measured on the particles collected at different bins 
after tribo-electric separation. As shown in the experimental set-up, bin 1 is close to the 
positive electrode, while bin 4 is nearer to the negative electrode. Unlike fluidized bed tribo-
charger, the particles collected at different bins are negatively charged. This may be because 
of the type of tribo-charger, operating conditions, nature of sample preparation and method 
employed for measurements as given in Table 8. The trend however is similar in both the 
cases. It can be seen from Fig. 27 that the magnitude of charge decreased with the bins from 
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positive to negative electrode. Generally, the more negatively charged particles were attracted 
by the positive electrode and collected in bin 1 while the positively charged particles were 
attracted towards negative electrode and fell in bin 4. The net charge acquired by the particles 
collected in bin 4 is negative. This may be due to non-liberated coal particles and/or coating 
of fine coal particles over mineral particles whereby the overall charge acquisition of particles 
became negative and the particles were deflected towards the positive electrode. Thus the 
particles are widespread depending on the magnitude of the negative charge of the particles.  

Table 8. Different parameters used for two systems.

Sl. No Fluidised bed tribo-charger Vibratory feeder tribo-charger 
1 Wet sieving was used for preparing -

300 μm coal particles 
Dry sieving used for preparing -300 μm 
coal particles 

2 No preheating was used for feed coal 
to the tribo-charger 

Coal is preheated at 100 ºC temperature 

3 No tribo-charger temperature was 
maintained 

Tribo-charger was maintained at 18, 63 
and 76 ºC 

4 Online measurement of particle charge 
using bins as Faraday cups connected 
to 6532 scanner card of Keitheley 
electrometer 

Charge was measured using single 
Faraday cup. In this case 1 gm of coal 
particle collected in the bins are recycled 
through the vibratory feeder tribo-charger  
and the charge was measured by directly 
falling the particles to the Faraday cup 
connected to the Keithley electrometer 
prevailing the operating conditions of 
tribo-charger. 
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Ciccu et al. (1991) observed that coal matter acquires negative or positive charge 
depending on whether carbonate (e.g., limestone and dolomite) or silicate gangue is present. 
In both the cases, good separation was achieved. It is interesting to note that with an increase 
in voltage from 10 to 20 KV, the charge acquired by the particles collected at each bin also 
increased. With increasing voltage, the electrostatic field generated between the electrodes 
also increased which inturn pulled more oppositely charged particles and the net acquisition 
of charge increased. The charges of particles collected at bin 2 and 3 were almost constant at 
10 and 15 KV voltages while a difference in charge was observed at 20 KV voltage.

Fig. 28 shows the results of charges of particles collected at different bins when the 
particles were tribo-charged at 63oC. It can be seen from this figure that at 10 KV voltage, the 
charge acquired by the particles increased with increasing bin number, i.e., the bins from 
positive to negative electrode. At a higher voltage, the charge of the particles collected at bin 
1 decreased and in bin 4 the charge increased. The higher temperature during tribo-charging 
causes more electron transfer due to excited electrons and a different magnitude of negative 
charge acquisition by the particles takes place, leading to a different distribution of particles in 
the bins.

The charge acquisition of particles collected at different bins after copper tribo-
charging at 76o oC is shown in Fig. 29. These results are comparable to the results at 18 C. The 
negative charge of the particles decreases from bin 1 to 4 at 10 and 15 KV voltage whereas at 
20 KV the charge is almost the same. Since all the particles acquired negative charge, there is 
an optimum voltage for a good separation between strongly negatively charged particles 
containing more mineral matter and weakly negative particles with more coal matter. 
Although pure coal particles are expected to charge positively the net charge polarity was 
found to be negative due to mineral inclusions.  

The positive polarity of particle charge was also observed for Hingula coal collected at 
different bins after tribo-electric separation using fluidised bed tribo-charger and more details 
are given in Paper VI.

5.6. Effect of temperature on charge of coal particles 

The influence of temperature on charge acquisition by the particles collected in bin 1 
(close to positive electrode) and in bin 4 (close to negative electrode) at different voltages is 
shown in figures 16 and 17 of paper IV respectively for Ramagundam coal using vibratory 
feeder tribo-charger. The results show that the charge acquired by the particles increased with 
increasing temperature. The increase in temperature during tribo-charging brings about a 
more excited state of electrons in the outermost orbit leading to better electron transfer from 
the tribo-charger to the particles and vice-versa. Similar behaviour of particles charge with 
temperature was earlier reported by Alfano et al. (1985). At 18oC the charge acquired by the 
particles in bin 1 at 10 KV voltage was less than at 20 KV. But with an increase in 
temperature the charge was higher with decreasing voltage. Similar charge acquisition 
behaviour with increasing temperature was also seen with the particles collected in bin 4 of 
figure 17 of paper IV.

5.7.      Effect of voltage on size and weight distribution of particles in bins 

The effect of applied voltage on the weight percentage of material and size distribution 
of particles collected at different bins at 60 s tribo-charging time is shown in Fig. 30 for 
Ramagundam coal. A typical size distribution of particles collected at different bins at 10 KV 
applied voltage and at 30 s tribo-charging time is presented in Fig. 31. It can be observed from 
Fig. 30 that the weight percentage of particles collected at positive plate is higher than for 
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particles collected at other bins except bin 4, and 30 percent of total coal sample is stacked to 
the electrode plates. The percentage of particles collected at bin 4 decreased with increasing 
applied voltage. At higher voltage, the electrostatic force between the electrodes is greater 
which influences the deflection of particles. Oppositely charged particles are dragged in 
opposite direction with increased force at higher applied voltage. It can also be seen from the 
figure that the mean particle size is increasing from positive plate to bin 6. However, the mean 
particle diameter of particles adhered to –ve plate is lower. It is clear that finer particles are 
attracted more towards the plates and carbon rich particles having higher particle size and 
higher magnitude of positive charge are collected at bins 5 and 6.
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The effect of applied voltage on the weight percentage of material collected at 
different bins at 30 and 60 s tribo-charging times is shown in Figs. 32 and 33 respectively for 
Hingula coal. The results in these figures suggest that weight percentage of material collected 
at negative plate is higher than the positive plate and around 50 percent of total coal stacked to 
these plates. It can also be observed that weight percentage is higher at higher voltage except 
in bins 3 and 4 where the weight percentage is decreasing with increasing voltage. At higher 
voltage, the electrostatic force between the electrodes is greater which influences the 
deflection of particles. Oppositely charged particles attracted in opposite direction with 
increased force at higher applied voltage causing the variation of weight percentage of 
particles collected in the bins.

The effect of applied voltage on the size distribution of coal particles collected at 
different bins at 30 and 60 s tribo-charging times is shown in Figs. 34 and 35 respectively for 
Hingula coal. Fig. 35 suggests that the mean particle size increases from positive plate (bin 1) 
to bin 5 at 60 s tribo-charging time. The mean particle size collected at negative plate is 
higher than the positive plate. Similar trend is also observed at 15 KV applied voltage (Fig. 
34).
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Fig. 32. Effect of applied voltage on the 
weight percentage of material collected at 
diifrent bins at 30 s tribo-charging time. 
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5.8.      Tribo-electrostatic separation of Ramagundam coal

The results of electrostatic coal separation after contact electrification with the 
vibratory feeder tribo-charger at 18, 63 and 76oC are shown in Figs. 27-29 respectively. It can 
be seen from Fig. 27 that low ash coal is recovered at the bin close to the negative electrode 
(bin 4) whereas high ash coal is collected at the positive electrode (bin 1) and the ash 
percentage decreased from bin 1 to bin 4. These results once again illustrate that coal particles 
are positively charged relative to the inorganic matter and accordingly the low ash coal 
particles are collected at the negative electrode. A clean coal of 18% ash is collected in bin 4 
indicating that it is possible to beneficiate the 43% ash coal by tribo-electrostatic method. The 
increase in applied voltage increased the ash percentage of clean coal. The results at higher 
temperatures during tribo-charging also showed similar behaviour and the low ash coal is 
recovered at the negative electrode. In these cases, clean coals with ash percentages of 23.1 
and 24.6 are obtained at 63o oC and 76 C tribo-charger temperatures, respectively. Although the 
charge polarity of inorganic matter and coal particles is expected to be different after copper 
tribo-charging, the charge measurements on the collected particles in different bins showed 
only negative charge acquisition with a difference in magnitude. Thus, the applied voltage is 
an important parameter for the deflection of relative amount of highly negative inorganic 
matter and weakly negative coal particles in electric field.  

A typical ash percentage of coal collected at different bins at 10 KV applied voltage 
and 60 s tribo-charging time with fluidised bed tribo-charger is shown in Fig. 36. The ash 
analysis of coal particles collected at plates and different bins suggests that it is possible to 
reduce the ash content of coal from 43% to 18% with the present system. The ash percentage 
of coal collected at positive and negative plates are 70 and 21.7% which illustrates that 
mineral particles are charged negatively and attracted towards positive plate whereas carbon 
rich particles are positively charged and collected at negative plate. It can also be observed 
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that the ash percentage of coal collected at bin 6 is lower than the ash content of coal collected 
at negative plate. This could be due to coating of fine coal particles on the mineral surface 
which drag the minerals to the negative plate and thus lead to higher ash content than the 
particles in bin 6. In order to understand the performance of electrostatic separation, 
cumulative recovery of combustible matter and cumulative yield as a function of cumulative 
ash of coal particles collected from negative plate to positive plate were examined. The 
beneficiation results with 300 μm fine coals with fluidised bed electrostatic separator at 
different tribo-charging times of 30, 60 and 90 s are shown in Figs. 37, 38 and 39 
respectively. The feed coal ash content can be read from these figures corresponding to 100% 
yield or 100% combustibles. Fig. 38 shows that it is possible to achieve 33% ash clean coal 
from 43% ash coal with 67% yield at 10 KV applied voltage and at 60 s tribo-charging time. 
The total combustibles recovered equal to 80% at these test conditions. The increase in 
applied voltage does not improve the separation and in fact the separation is less at higher 
voltage than at 10 KV. The separation results are nearly the same at 15 and 20 KV applied 
voltage. At 10 KV applied voltage the separation results are similar at 30 and 60 s tribo-
charging time (Figs. 37 and 38), although the particles acquired higher magnitude of charge at 
higher tribo-charging time. The effect of gas flow rate on coal beneficiation at 60 s tribo-
charging time is shown in Fig. 40. It can be seen from the figure that better separation can be 
achieved at 3500 l h-1 flow rate. Further increase in flow rate does not improve the separation. 
However the separation is better at 5500 l h-1 in comparison to 4500 l h-1. This could be 
correlated to the decrease in charge of clay minerals at 4500 l h-1 flow rate (figures 3 and 4 of 
Paper V). The optimum parameters for best separation appear to be 60 s tribo-charging time 
and 10 KV applied voltage.
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Fig. 38. Effect of applied voltage on coal 
beneficiation at 60 s tribo-charging time. 
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5.9.      Tribo-electrostatic separation of Hingula coal 

A Typical ash percentage of coal collected at different bins and plates at different 
applied voltages and at 30 s tribo-charging time with fluidised bed tribo-charger is shown in 
Fig. 41. The results show that it is possible to reduce the ash content of coal from 26% to 8% 
with the present system. It can also be observed that ash percentage of coal collected at 
positive and negative plates are 61 and 8% which demonstrates that mineral particles are 
negatively charged and collected at positive plate while carbon rich particles are positively 
charged and collected at negative plate. The ash percentage is decreasing exponentially from 
positive plate to negative plate.  

Fig. 41 also suggests that mineral rich particles still contain around 40% carbon. In 
order to understand the mineral inclusion and its distribution in the coal collected at positive 
and negative plates, SEM studies were carried out. A typical BSE (A+B) image of mineral 
rich (a) and carbon rich (b) particles collected at positive and negative plates is shown in Fig. 
42. A BSE image of typical mineral rich particle is shown in figure 16 of paper VI. This 
particle is collected at the positive plate, which illustrates their negative polarity but also 
suggests that carbon and minerals are intimately associated and are not liberated in this size 
range. SEM images also suggest that coal particles are coated with fine mineral particles 
which in fact making the overall charge of the particles negative and therefore they are 
collected close to the positive electrode plate. 

a b

Fig. 42. BSE (A+B) image of coal samples collected at positive plate (a, mineral rich) and 
negative plate (b, carbon rich). 

 SEM EDS mapping was also carried out with particles collected at positive and 
negative plates and are shown in Figs. 17 and 18 respectively in paper VI. The EDX spectrum 
shows that C, Si, Al, O, Ca, Fe are the major elements present in coal. The mapping suggests 
that the minerals are aluminium silicate and quartz (SiO2). The relative peak intensity and 
mapping show that the particles present at positive plate are mineral rich whereas the particles 
collected at negative plate are carbon rich. Fig. 18 clearly demonstrate that a large number of 
macerals are included within the particle and therefore creating bigger problem for separation.  

The cumulative recovery of combustible matter and cumulative yield as a function of 
cumulative ash of particles collected from negative plate to positive plate were studied to 
evaluate the performance of the tribo-electrostatic separator. The beneficiation results at 30 
and 60 s tribo-charging time are shown in Figs. 43 and 44, respectively. Fig. 43 shows that it 
is possible to achieve 15.6% ash clean coal from 25% ash coal with 69% yield at 15 KV 
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applied voltage and at 30 s tribo-charging time. The total combustibles recovered equal 78% 
at these test conditions. Increased applied voltage improved the separation at 60 s tribo-
charging time (Fig. 44) and there is no significant change in separation results at 15 and 20 
KV applied voltages. At 15 KV applied voltage, the separation results are similar at 30 and 60 
s tribo-charging time. The optimum tribo-charging time for best separation appears to be 30 s.
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Fig. 43. Effect of applied voltage on coal 
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6.  Conclusions 

1.        Three groups of vitrinite, liptinite and inertinite macerals are found in Ramgundam, Ib 
River and Hingula coal where vitrinite and inertinite are predominant. The inorganic mineral 
matter in the coal contains quartz, illite, kaolinite, goethite, siderite and pyrite. All the three 
coals are found to be have difficult washability and liberation characteristics. 

2.        The charge acquisition of quartz, kaolinite, illite, pyrite and carbon after contact 
electrification with different tribo-charging media was studied because quartz, kaolinite, illite 
and pyrite are the major mineral phases and carbon is the major component in the coals. The 
results show that quartz is negatively charged with copper, brass, aluminium, copper, PVC 
and teflon and perspex materials. Kaolinite and illite are also charged negatively with all 
tribo-charging media except teflon where kaolinite charged positively and charge acquisition 
by illite is found to fluctuate between positive and negative. The carbon was charged 
positively with copper, brass and aluminium whereas it charged negatively with perspex, PVC 
and teflon. Based on the magnitude of charge acquisition and polarity, the relative work 
function of mineral and tribo-charging medium was predicted. Evidently the materials having 
the work function values in between the work functions of macerals and minerals are suitable 
to acquire different charge polarity for the coal and non-coal matter during contact 
electrification and copper was found to be optimum tribo-charger material for coal 
beneficiation.

 The tribo-electrification of different size fractions of pyrite with different tribo-
charging media was carried out and the amount of charge and polarity acquired by the solids 
were determined by Faraday cup method. All the size fractions charged negatively since they 
accepted electrons during frictional charging, thus corroborating their higher work function 
value than the charging medium. The 40 s tribo-charging period is good enough to achieve 
equilibrium charging for coarser size fractions while the –38 μm fraction needs more time to 
achieve equilibrium charge density. 

3.  The change in surface characteristics of quartz and pyrite on tribo-electrification was 
examined by determining polar and non-polar liquids contact angles on mineral powders by 
Washburn method and calculating the total surface energy of solids, its non-polar and polar 
components contribution to surface energy and polar part divided into electron accepting 
(acid) and donating (base) parameters by the well-established theoretical approaches. The 
surface energy of quartz increased after tribo-electrification. The Fowkes and Owens-Wendt 
approaches provide non-polar and polar contributions to surface energy and both the parts 
increased after tribo-electrification. The increase in both parts of surface energy is found to be 
significant in Fowkes approach compared to Owens-Wendt. The dispersive non-polar 
component increases after tribo-charging in van Oss acid-base approach but the polar part is 
found to decrease. The increase of surface energy after tribo-charging with copper, aluminium 
and brass metals agrees with the difference in the reported work functions between the 
contacting surfaces. Since quartz accepted electrons and charged negatively during tribo-
electrification with metal surfaces as evidenced by charge measurements, the increase in 
surface energy values corroborates the outlined electron transfer process.  

The division of polar component of surface energy into acid and base parts by van Oss 
formulation showed that the acid part decreases after tribo-charging while the base part 
increases. The respective decrease and increase in acid and base parts followed the work 
function values of the contacting surfaces and are consistent with the electron transfer from 
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metals to quartz. The results achieved illustrate an explicit correlation between charges 
generated by quartz powders and the acid-base parameters determined through liquid contact 
angle data.

4.  In case of pyrite tribo-electrification the water contact angle decreases with increasing 
surface charge density for all the size fractions substantiating electro-wetting phenomena. The 
higher surface energy corresponds to higher surface charge for all size fractions and the 
increase follows the order of Cu, brass, Al and glass. The surface energy increases with 
decreasing particle size. In Fowkes approach, the dispersive part is constant while polar part 
decreases with decreasing in surface charge density following the work function order. 

 The van Oss acid-base approach is the most significant approach since the polar part is 
divided into acid and base components. This approach corroborates with increasing surface 
energy as the particle size decreases. The dispersive component is stable while polar part is 
increasing with decreasing particle size. In all the size fractions, the acid part increases and 
base part decreases with increasing order of work function of tribo-charging media and thus 
the decreasing order of surface charge acquisition. This explicitly establishes the increase in 
electron acceptance and decrease in electron donating capabilities of pyrite after tribo-
electrification. The respective increase and decrease in acid and base parts followed the work 
function values of contacting surfaces and consistent with electron transfer from charging 
medium to pyrite. The findings illustrate a definite correlation between charges generated on 
powders and acid and base surface energy components calculated from contact angle 
measurements.  

The methodology adopted for determining the changes in surface energetic structure 
of solids, in terms of van Oss acid-base parameters, in tribo-charging process with Krüss 
Tensiometer proved to be an appropriate technique. Surface chemical conditioning can 
change the work function of particles to increase the differential charging for more efficient 
separation. This technique can be extended to identify the optimum surface pre-treatment in 
tribo-electrostatic separation. The convenience of this Tensiometer is that the instrument is 
fully automated but the sample holders need to be constructed with the desired tribo-charger 
material.  

5.        The temperature of the tribo-charging medium plays an important role in the net charge 
acquisition of coal particles. With increasing temperature the charge acquired by the particles 
also increases. The electron transfer from the material of lower work function to higher work 
function increases with increasing temperature, leading to more charge acquisition by the 
particles. However, the ash percentage of coal in the concentrate is adversely affected with 
increasing tribo-charger temperature. Low ash coal was achieved at 18oC tribo-charger 
temperature. 

6.        The applied voltage to the electrode plates has significant influence on the separation 
of coal macerals from minerals. Although the charge measurement of collected particles at 
different bins shows that all particles are negatively charged after tribo-charging with the 
vibratory feeder, the particles collected at positive electrode measured higher negative charge 
than particles collected at the negative electrode. With increasing voltage there was an 
increase in the charge of particles collected at both electrodes at 18oC but at higher 
temperatures the particles charge collected at the positive electrode decreased. The reverse 
occurred with the particles collected at negative electrode. The higher electric field strength 
caused redistribution of weakly bipolar charged particles due to considerable deflection of the 
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particles effecting the separation. Therefore, the effective applied voltage needs to be 
optimum for obtaining good separation.   

7.        The results clearly indicate that particles collected at the negative electrode contain low 
ash percent whereas particles collected at the positive electrode comprise high ash percent. 
This shows that the mineral particles are charged negatively with copper tribo-charger while 
the macerals charged positively. The present studies showed that it is possible to reduce the 
45% ash coal to 18% ash clean coal using vibratory feeder tribo-charger. However, the yield 
is very poor and therefore a new design is developed for efficient coal beneficiation.

8. A novel fluidized bed tribo-charger with internal baffle system has been developed to 
envision commercial use of tribo-electrostatic technique for coal preparation. This equipment 
has proved to be efficient to beneficiate both high and low ash coals. The system is designed 
in such a manner that it can operate in a wide range of variables for different types of coal 
beneficiation. The collecting bins are in the form of Faraday cups connected to Keithley 
electrometer through scanner card which enables measuring the charge polarity and 
magnitude of particles collected at different bins. The influence of various operating variables 
such as gas flow rate, residence time of fluidisation and applied voltage on coal beneficiation 
was studied. The optimum conditions for –300 μm Ramagundam coal with this system are 60 
s tribo-charging time, 3500 l/h gas flow rate for fluidization and 10 KV applied voltage. At 
this condition it is possible to achieve 33% ash clean coal with 67% yield from the feed ash of 
43%. The total combustible recovered at this condition is 80%.

9.  The –1 mm fraction of bulk Hingula coal containing 25% ash coal was used to test the 
effectiveness of the fluidised bed tribo-electrostatic separator for low ash coal preparation. 
Experimental results and analysis reveal that it is possible to achieve 15.6% ash clean coal 
from 25% ash coal with 69% yield at 15 KV applied voltage and 30 s tribo-charging time. 
The total combustible recovered at this test condition is 78%. SEM analysis reveals the carbon 
inclusion within the minerals in the mineral rich coal particles collected at positive plate and 
poor liberation characteristics with the present -300 μm size coal particles. To achieve better 
separation, the coal material needs to be ground further to a finer size. Better separation may 
also be accomplished by recycling the material.  
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7.      Future Work  

Further experiments will be carried out to study the tribo-electrostatic behaviour and 
separation of Ib-River coal and to explore different variables to optimise the 
separation.

A novel fluidized bed tribo-charger with internal baffles has been designed and 
fabricated locally. The present investigation proved it to be an efficient tribo-
electrostatic separator for coal preparation in batch laboratory scale. However 
continuous pilot plant tests are needed for industrial scale application.

In the present investigation tribo-charging behaviour of ash forming minerals was 
studied using fluidised bed tribo-charger connected in series with a cyclone. Individual 
tribo-charger effectiveness needs to be investigated. 

Different coal maceral phases have also different tribo-charging behaviour and 
therefore their individual characteristics need to be investigated. 

Finer the material better is the liberation of minerals from macerals. However we have 
experienced inefficient separation with -75 μm coal. This may be due to surface 
coating of maceral and mineral with each other. A method needs to be developed to 
solve this problem. 

It is possible to treat fine coal material with vapours of acidic and/or basic organic 
solvents in the fluidised bed tribo-charger for altering the surface energetic structure of 
particles and thereby enlarging the work function difference between the contacting 
surfaces for efficient tribo-electrification and separation. The surface chemical 
treatment of coal material prior to contact electrification will be studied. 

Our investigations suggest that Krüss Tensiometer technique is a very good tool to 
understand the electron accepting and donating behaviour after tribo-charging. This 
technique will be extended to identify the chemicals for optimum surface pre-
treatment of coal for enlarging the surface energetic structure between coal and ash 
forming minerals. 

More investigations are necessary to understand the surface energetic structure of ash 
forming minerals and macerals on chemical pre-treatment and tribo-charging and will 
be pursued. 

Statistical analysis will be conducted to investigate the significance level and 
importance of the electrostatic separator variables. 

48



8.  References 

Ahfat, N. M., Buckton, G., Burrows, R., Ticehurst, M. D., 2000, “An exploration of inter-
relationships between contact angle, inverse phase gas chromatography and triboelectric 
charging data,” European Journal of Pharmaceutical Sciences, 9, pp. 271-276. 

Alfano, G., Carbini, P., Carta, M., Ciccu, R., Del Fa, C., Peretti, R., Zucca, A., 1985, 
“pplications of static electricity in coal and ore beneficiation,” Journal of Electrostatics, 
16, pp. 315-328. 

Alfano, G., Carbini, P., Ciccu, R., Ghiani, M., Peretti, R., and Zucca, A., 1988, Progress in 
Triboelectric Separation of Minerals, In: Forssberg, E. (Ed.), Proceedings of XVIIMPC, 
Stockholm,  Elsevier Pub B.V, Amsterdam, pp. 833-844.  

Anderson J. M., Parobek, L., Bergougnou, M. A., Inculet, I. I., 1979, “Electrostatic separation 
of coal macerals,” IEEE Transactions on Industry Application, 1A-15, 3, pp. 291-293. 

Ban, H., Schaefer, J., Stencel, J., 1993a, Size and velocity effects on coal particle 
triboelectrification and separation efficiency, In: Proceedings of International Pittsburgh 
Coal Conference, PA, USA, pp. 138-143. 

Ban, H., Yang, J., Schaefer, J., Saito, K., Stencel, J., 1993b, Measurement of charge and 
charge distribution on coal and mineral matter during electrostatic dry coal cleaning, In: 
Proceedings of International Conference on Coal Science, Banf, Alberta, Canada, 1, pp. 
615-618.

Ban, H., Schaefer, J., Stencel, J., 1994, “Particle tribocharging characteristics relating to 
electrostatic dry coal cleaning,” Fuel, 73, pp. 1108-1115.

Biswal, S. K., Das, S. P., Reddy, P. S. R.  and Misra, V. N., 2005, Prospects of Beneficiation 
of High Ash Non-Coking Coals, Emerging Trends in Mineral Processing and Extractive 
Metallurgy,  Allied Publisher Pvt. Ltd., New Delhi, pp. 61-71. 

Carta, M., Del Fa, C., Ciccu, R., Curreli, L. and Agus, M., 1976, Technical and economical 
problems connected with the dry cleaning of raw coal and in particular with pyrite 
removal by means of electric separation, In: Proceedings of 7th International Coal 
Preparation Congress, A. Partridge, ed., Adept Printing pvt. Ltd, Australia, K.2, pp. 1-35. 

Castle, G. P. S., 1997, “Contact charging between insulators,” Journal of Electrostatics. 
40&41, pp. 13-20. 

Castle, G. S. P., Inculet, I. I., Sines, G. S. and Schein, L. B., 2004, “Contact charging between 
metals revisited,” IEEE transactions on industrial applications, 40, 5, pp. 1226-1230. 

Cho, A. Y. H., 1964, ”Contact charging of micron-sized particles in intense electric fields,” 
Journal of Applied Physics, 35, pp. 2561-2564.

Chowdry, A. and Westgate, C. R., 1974, “The role of bulk traps in metal-insulator contact 
charging,” Journal of Physics D: Applied Physics, 7, pp. 713-725. 

Ciccu, R. and Foreman, W. E., 1968. Sul caricamento triboelettrico dei minerali in relazione 
allo stato elettrnico delle loro superfici. L’ Industria Mineraria. 8, 525-531. 

Ciccu, R., Ghiani, M., Peretti, R., Serci, A. and Zucca, A.,1991, Tribocharging studies of 
ground coal matter, In: Dugan, P. R., Quingley, D. R., Attia, Y. A. (Eds),  Processing and 
Utilization of high Sulfur Coals IV,  Elsevier Science Publishers B. V., Amsterda, pp. 
223.

Davies, D. K., 1969, “Charge generation on dielectric surfaces,” British Journal of Physics (J. 
Phys. D), 2, pp. 1533-1537. 

Duke, C. B. and Fabish, T. J., 1978, “Contact electrification of polymers: a quantitative 
model,” Journal of Applied Physics, 49, 1, pp. 315-321. 

Finseth, D. H., Newby, T., and Elstrodt, R., 1992, Triboelectrostatic Beneficiation of Fine 
Coal, In: 9th U.S.-Korea Joint Workshop on Coal Utilization Technology, San Francisco, 
CA, pp. 221-230. 

49



Finseth, D., Newby, T., and Elstrodt, R.,1993, Dry electrostatic separation of fine coal. 
Processing and utilization of high sulfur coals, In: Parekh, B. K.and Gropps J. G.(Eds.), 
Elsevier Science Publisher, B. V., Amsterdam, pp. 91-98. 

Finseth, D. H. and Gerstler, W., 1994, Triboelectrostatic Coal Separators, Design and 
Development, In: 10th Korea-USA joint workshop on Coal Utilization Technology, 5. 

Finseth, D. H., Champagne, K., Gray, M., and Satler, R., 1997, Dry Separation Technology 
for Fly Ash Beneficiation, In: The 12th Korea-US joint Workshop on Energy & 
Enviroment. Taejon, Korea, pp. 268-271. 

Industrial  Engineering Chemistry, 56,Fowkes, F. W., 1964, “Attractive forces at interfaces,”
12, pp. 40-52.

Frankal, D. R., 1968, “Electrostatic energy in a semiconductor surface space-charge layer,” 
Surface science, 9, pp. 73-86. 

Frass, F.,1962, “Electrostatic Separation of Granular Minerals,” U. S. Bureu of Mines, 
Bulletin 603, pp.155. 

Fuhrmann, J., 1977/78, “Contact electrification of dielectric solids,” Journal of electrostatics. 
4, pp. 109-118. 

Gady, B. and Reifenberger, R., Remai, D. S. and DeMejo, L. P., 1997, “Contact electrification 
and the interaction force between a micrometer-size polystyrene sphere and a graphite 
surface,” Langmuir, 13, pp. 2533-2537. 

Gady, B. and Reifenberger, R., Remai, D. S., 1998, “Contact electrification studies using 
atomic force microscope techniques,” Journal of Applied Physics, 84, 1, pp. 319-322. 

Garton, C. G., 1974, “Charge transfer from metal to dielectric by contact potential,” Journal 
of Physics D: Applied Physics, 7, pp. 1814-1823. 

Gibson, H. W., 1975, “Linear free energy relationships. V. Triboelectric charging of organic 
soilids,” Journal of American Chemical Society, 97, pp. 3832. 

Gibson, H. W., 1984, “Control of electrical properties of polymers by chemical modification,” 
Polymer, 25, pp. 3.  

Gidaspow, D., Wasan, D., Saxena, Y. T., Gupta, R. and Mukhenjee, A., 1984, Electrostatic 
Desulfurization of Coal in Fluidized Beds and Conventional Fluidization and Fluid 
Particle system, In: AIChE Symposium Series No. 255, 83, pp 74-85. 

Good, R. J. and Girifalco, L. A., 1960, “Theory for estimation of surface and interfacial 
energies. iii. Estimation of surface energies of solids from contact angle data,”
Journal of Physics Chemistry, 64, 5, pp. 561-565. 

Greason, W. D., 2000, “Investigation of a test methodology for triboelectrification,” Journal 
of Electrostatics, 49, pp. 245-256. 

Grzybowski, B. A., Fialkowski, M. and Wiles, J. A., 2005, “Kinetics of contact electrification 
between metals and polymers,” Journal of  Physics and Chemistry B, 109, pp. 20511-
20515.

Harper, W. R., 1951, “The volta effect as a cause of static electrification,” In: Proceeding of 
the Royal society London A. Math. Phys. Sci., 205, pp. 83-103. 

Harper, W. R., 1967, “Contact and frictional electrification,” Clarendon press, Oxford. 
Henry, P. S. H., 1957, “Generation of static on solid insulators,” Journal of the Textile 

Institute, 48, pp. 5-25. 
Homewood, K. P. and Rose-Innes, A. C., 1982, “An investigation of contact-charge 

accumulation on insulators repeatedly touched by metals,” Journal of Physics D: Applied 
Physics, 15, pp. 2283-2296.

Hower, J. C., Hang, B., Schaefer, J. L. and Stencel, J. M., 1997, “Maceral/microlithotype 
partitioning through triboelectrostatic dry coal cleaning,” International Journal of Coal 
Geology,  34, pp. 277-286. 

50



Inculet, I. I., Quingley, R. M., Bergougnou, M. A. and Brown, J. D., 1980, “Electrostatic 
beneficiation of hat creek coal in the fluidized state,” CIM Buletin, pp. 51-61. 

Inculet, I. I., Bergougnou, M. A., and Brown, J. D., 1982, Electrostatic beneficiation of coal. 
Physical cleaning of coal-present and developing methods, In: Liu, Y. A. (Ed), Marcell 
Dekker, New York, pp. 87-131. 

Inculet, I. I., 1984. Electrostatic mineral separation, Wiley, New York. 
Inculet, I. I., Robert, M., Quingley, R. M., and Filliter, K. B.,1985, “Coal-clay 

triboelectrification” IEEE Transactions on Industry Applications, IA-21, 2. 
Inculet, I. I., Peter Castle, G. S. and Aartsen, G., 2006, “Generation of bipolar electric fields 

during industrial handling of powders,” Chemical Engineering Science, 61, pp. 2249-
2253.

International Energy Outlook. http://www.eia.doe.gov/oiaf/ieo/coal.html, Retrieved on 
September 9, 2005.

Janczuk, B., Wielslaw, W., Zdziennicka, A., Caballero, F. G., 1992, “Determination of the 
galena surface energy components from contact angle measurements,” Materials 
Chemistry and Physics, 31, pp. 235-241. 

Karaguzel, C., Can, M. F., Sonmez, E., Celik, M. S., 2005, “Effect of electrolyte on surface 
free energy components of feldspar minerals using thin-layer wicking method,” Journal of 
Colloid and Interface Science, 285, pp. 192-200. 

Kim, S. C., Son, N. W., Kim, D. H., and Oh, J. G., 1997, High efficient centrifugal and 
triboelectrostatic separation of unburned carbon from fly ash for ash recycling, In: The 
12th Korea-US joint Workshop Energy & Environment, Oct. 6-11, Taejon, Korea, pp 308-
313.

Knoll, F. S. and Taylor, J. B., 1984, “Advances in Electrostatic Separation” SME Preprint, pp. 
84-71.

Kornfield, M. I., 1976, “Frictional Electrification,” Journal of Physics D: Applied Physics, 9, 
pp.1183-1192.

Kwetus, B. A., 1994, “Contact electrification of coal and minerals,” Journal of Electrostatics, 
32, pp. 271-276. 

Labib, M. E. and Williams, R., 1984, “The use of zeta-potential measurements in organic 
solvents to determine the donor-acceptor properties of solid surfaces,” Journal of Colloid 
and Interface Science, 97, pp. 356-366. 

Labib, M. E. and Williams, R., 1986, “Experimental comparison between the aqueous ph 
scale and the electron donicity scale,” Colloid and Polymer Science, 264, 6, Jun, pp. 533-
541.

Lawver, J. E., 1958, Separation of sylvite from sylvite ore, U. S. Patent 2839190. 
Lewowski, T., 1993, “Electrostatic desulphurisation of Polish steam coals,” Coal Preparation, 

13, pp. 97-105. 
Li, T. X., Ban, H., Hower, J. C., Stencel, J. M., Satio, K., 1999, “Dry tribo electrostatic 

separation of mineral particles: a potential application in space exploration,” Journal of 
Electrostatics, 47, pp.133-142.

Lindquist, D. A., Mazumder, M. K., Tennal, K. B., Mckendree, M. H., Kleve, M. G., Scruggs, 
S., 1995, Electrostatic beneficiation of coal, In: Proceedings of the Materials Research 
Society Fall Meeting, Advances in porous materials, Boston, MA, USA, 371, pp. 459-463. 

Lockhart, N. C., 1984, “Review paper. Beneficiation of coal,” Powder Technology, 40, pp. 
17-42.

Lowell, J., 1975, “Contact electrification of metals,” Journal of Physics D: Applied physics, 8, 
pp. 53-63. 

Lowell, J. and Rose-Innes, A. C., 1980, “Contact electrification,” Advances in Physics, 29, 6, 
pp. 947-1023. 

51

http://www.eia.doe.gov/oiaf/ieo/coal.html


Manouchehri, H. R., Hanumantha Rao, K.and Forssberg, K. S. E, 2000a, “Review of electrical 
separation methods Part 1: Fundamental aspects,” Mineral & metallurgical processing, 17, 
1, pp. 23-36. 

Manouchehri, H. R., Hanumantha Rao, K.,Forssberg, K. S. E, 2000b, “Review of electrical 
separation methods Part 2: Practical consideration,” Mineral & metallurgical processing,
17, 3, pp. 139-166. 

Masuda, H. and Iinoya, K., 1978, “Electrification of particles by impact on inclined metal 
plates,” AIChE Journal, 24, pp. 950-956.

Masuda, S., Toraguchi, M, Takahashi, T., and Haga, K., 1983, “Electrostatic beneficiation of 
coal using cyclone-tribocharger,” IEEE Transaction on Industry Applications, IA-19, 5, 
pp. 789-793.

Masuda. S., Makto, T., Takahashi, T., Haga, K. and Tani, Y., 1984, “Electrostatic 
Beneficiation of Coal,” Power Technology, pp. 789-796. 

Mazumder, M. K., Tennal, K. B. and Lindquist, 1994, Electrostatic Beneficiation of coal, In: 
Proceeding of the Tenth Annual Coal Preparation, Utilization and Environmental Control 
Contractors Conference, pp. 18-21. 

Mazumder, M. K., Tennal, K. B., and Lindquist, D. A., 1995, Triboelectric Separation of Coal 
from Mineral Impurities, In. Proceedings of Annual meeting Electrostatic society of 
America 1995, Laplacian press, Morgan Hill, CA, pp. 59-70.   

Mazumder, M. K., Sims, R. A., Biris, A. S., Srirama, P. K., Saini, D., Yurteri, C. U., Trigwell, 
S., De, S., Sharma, R., 2006, “Twenty-first century research needs in electrostatic 
processes applied to industry and medicine,” Chemical Engineering Science, 61, 7,  pp. 
2192-2211.

Michaelson, H. B., 1977, “The work function of the elements and its periodicity,” Journal of 
Applied Physics, 48, 11, pp. 4729-4733. 

Moreno-Villa, V. M., Ponce-Velez, M. A., Valle-Jaime, E., Fierro-Chavez, J. L., 1998, Effect 
of static charge on hydrophobicity of corona treated glass and silicon rubber surfaces, In: 
Conference record of the 1998 IEEE International Symposium on Electrical Insulation, 
Arlington, Virginia, USA, June 7-10, 1998, pp. 403-406.  

Mukherjee, A., Gidaspow, D., Wasan, D. T., 1987, Surface charge of Illinois coal and pyrites 
for dry electrostatic cleaning, In: Preprints of Papers-American Chemical Society, 
Division of Fuel Chemistry, 32, 1, pp. 395-407. 

Nemeth, E., Albrecht, V., Schubert, G., Simon, F., 2003, “Polymer tribo-electric charging: 
dependence on thermodynamic surface properties and relative humidity,” Journal of 
Electrostatics, pp. 3-16. 

Neumann, A. W., Good, R. J., Hope, C. J. and Sejpal, M., 1974, “An equation-of-state 
approach to determine surface tensions of low-energy solids from contact angles,” Journal 
of colloid and Interface science, 49, 2, pp 291-304.

Nifuku, M., 1989, “Static electrification phenomena in pneumatic transportation of coal,” 
Journal of Electrostatics, 23, pp. 45-54. 

Nordhage, F. and Backstrom, G., 1975, Electrification in an electric field as a test of the 
theory of contact charging, In: Proceedings of the 4th Conference on Static Electrification, 
pp. 84-94. 

Ohara, K., 1988, “A method of exponential function analysis of contact and frictional 
electrification curves,” Journal of Electrostatics, 20, pp. 319-326.

Owens, D. K., Wendt, R. C., 1969, “Estimation of the surface free energy of polymers,” 
Journal of Applied Polymer Science, 13, 8, pp. 1741-1747 

Pochan, J. M., Gibson, H. W., Bailey, F. C. and Hinman, D. F., 1980, “Space-charge effects 
of semiconductive coatings on triboelectric charge exchange,” Journal of Electrostatics, 8, 
pp.183.

52



Ralston, O. C., 1961, Electrostatic separation of mixed granular solids, Elsevier pub., 
Netherlands, pp. 261. 

Ruckdeschel, F. R. and Hunter, L. P., 1975, “Contact electrification between insulators: 
Phenomenological aspects,” Journal of Applied Physics, 46, 10, pp. 4416-4430. 

Ruckdeshel, F. R. and Hunter, L. P., 1977, “Thermionic return currents in contact 
electrification,” Journal of Applied Physics, 48, 12, pp. 4898-4902. 

Schaefer, J. L., Ban, H., Stencel, J. M., 1992, Non.intrusive measurement of particlecharge 
relating to electrostatic dry coal cleaning, In: Proceeding of International Pittsburgh Coal 
Conference, PA, USA, pp. 259-264.

Schaefer, J. L., Ban, H., Stencel, J. M., 1994, Triboelectrostatic dry coal cleaning, In: 
Proceedings of International Pittsburgh Coal Conference, PA, USA, 1, pp. 624-629. 

Schein, L. B., Laha, M., Novotny, D., 1992, “Theory of insulator charging,” Physical Letter 
A, 167, pp. 79-83. 

Sharma, R., Trigwell, S., Sims, R.A., Mazumder, M.K., 2004, Modification of electrostatic 
properties of polymer powders using atmospheric plasma reactor, In: Mittal, K.L. (Ed.), 
Polymer Surface Modification: Relevance to Adhesion, VSP, AH Zeist, The Netherlands, 
3, p. 25. 

Sharmene Ali, F., Adnan Ali, M., Castle, G. S. P., Inculet, I. I., 1998, “Charge exchange 
model of a disperse system of spherical powder particles,” IEEE, pp. 1884-1890. 

Shinbrot, T., 1985, “A look at charging mechanics,” Journal of Electrostatics, 17, pp. 113-
123.

Shinohara, I., Yamamoto, F., Anzai, H. and Endo, S., 1976, “Chemical structure and 
electrostatic properties of polymers,” Journal of Electrostatics, 2, pp. 99. 

Siliconfareast.com, http://www.siliconfareast.com/tribo_series.htm.
Soong, Y., Link, T.A., Schoffstall, M.R., Gray, M.L., Fauth, D.J., Knoer, J.P., Jones, J.R.,

Gamwo, I.K., 2001, “Dry beneficiation of Slovakian coal,” Fuel Processing Technology,  
72, 3, pp. 185-198 

Tennal, K. B., Lindquist, D., Mazumder, M. K., Rajan, R, Guo, W., 1999, Efficiency of 
electrostatic separation of minerals from coal as a function of size and charge distributions 
of coal particles, In: Proceeding of 34th Annual Meeting of the IEEE Industry Application, 
Phoenix, AZ, USA, 4, pp. 2137-2142. 

Trigwell, S. and Mazumder, M. K., 2001, “Tribocharging in electrostatic beneficiation of 
coal: Effects of surface composition on work function as measured by x-ray photoelectron 
spectroscopy and ultraviolet photoelectron spectroscopy in air,” Journal of Vaccum 
Science and Technology A, 19, 4, pp. 1454-1459. 

Trigwell, S., 2002. Ph. D Dissertation, Dept. of Applied Science, University of Arkansas at 
Little Rock, AR, USA. 

Trigwell, S., 2003a. Correlation between surface structure and tribocharging of powders. 
Doctoral Dissertation, University of Arkansas at Little Rock, USA. 

Trigwell, S., Grable, N., Yurteri, C.U., Sharma, R., Mazumder, M.K., 2003b, “Effects of 
surface properties on the tribocharging characteristics of polymer powder as applied to 
industrial processes,” IEEE Transactions on Industry Applications, 39, 1, 79–86. 

Turcaniova, L., Soong, Y., Lovas, M., Mockcvciakova, A., Orinak, A., Justinova, M., 
Znamenackova, I., Bezovska, M. and Marchant, S., 2004, “The effect of microwave 
radiation on the triboelectrostatic separation of coal,” Fuel, 83, pp. 2075-2079. 

Van Oss, C. J., Good, R. J. and Chaudhury, M. K., 1986, “The role of van der Waals forces 
and hydrogen bonds in “hydrophobic interactions” between biopolymers and low energy 
surfaces,” Journal of Colloid and interface science, 111, pp. 378-390.

Washburn, W. E., 1921, “The dynamics of capillary flow,” Physical Review, 17, 3, pp. 273. 

53

http://www.siliconfareast.com/tribo_series.htm


Wei, J. and Realf, M. J., 2003, “Design and optimization of free fall electrostatic separators 
for plastic recycling,” AIChE Journal, 49, 12, pp. 3138-3149. 

Wiles, J. A., Fialkowski, M., Radowski, M. R., Whitesides, G. M. and Grzybowski, B. A., 
2004, “Effects of surface modification and moisture on the rates of charge transfer 
between metals and organic materials,” Journal of Physics and Chemistry B, 108, pp. 
20296-20302.

Wu, Y., Castle, G. P. S., Inculet, I. I., Petigny, S., Swei, G., 2003, “Induction charging on 
freely levitating particles,” Powder Technology, pp. 59-64. 

Yoshido, M., Li, N., Shimosaka, A., Shirakawa, Y., Hidaka, J., 2006, “Experimental and 
theoretical approaches to charging behaviour of polymer particles,” Chemical Engineering 
Science, 61, 7, pp. 2239-2248.

Zhang, X. X., Gao, M. H., Duan, C. H., Yang, Y. F., Wang, D. X., Jiang, S. Y., Zang, J. H., 
Qian, S., 2003, “Experimental study of triboelectrostatic beneficiation for Datong coal,” 
Journal of China University of Mining and Technology, 32, 6, pp. 620-623 (Chinese). 

Zhou, G. and Brown, J. D., 1988, “Coal surface conditioning for electrostatic separation,” The 
Canadian journal of Chemical Engineering, 66, pp. 858-863.  

54



Appended Papers 

55





Paper I 

Dry Beneficiation of Coal-A Review. 
R. K. Dwari and K. Hanumantha Rao 
Mineral Processing & Extractive Metallurgy Review, 2007, 28, pp. 177-234. 





D
ow

nl
oa

de
d 

B
y:

 [L
ul

ea
 U

ni
ve

rs
ity

 o
f T

ec
hn

ol
og

y]
 A

t: 
10

:2
0 

28
 M

ar
ch

 2
00

8 

DRY BENEFICIATION OF COAL—A REVIEW

R. K. DWARI
K. HANUMANTHA RAO

Division of Mineral Processing, Luleå University
of Technology, Luleå, Sweden

Coal continues to play a major role in the economic development of a

country, especially in metallurgical industries and conventional

power generation plants. For effective utilization of high ash coals,

it is necessary to beneficiate them. The wet beneficiation process for

coal cleaning is currently the predominant method of purification of

coal in the world. However, dry beneficiation of coal has obvious

advantages over wet processes. The dry processes for coal are based on

the physical properties of coal and its associated mineral matters. Dif-

ferent types of equipment for dry beneficiation have been developed,

based on the exploitation of physical properties such as density, size,

shape, magnetic susceptibility, and electrical conductivity. This article

presents a summary assessment of different technologies and their

performance in the beneficiation process of high ash coals with parti-

cular reference to Indian thermal coals. The literature on sorting, air

jigs, magnetic separation, air-dense medium fluidized bed separation,

and electrostatic separation is summarized and discussed.

Keywords: air-dense fluidized bed separation, coal preparation, dry

beneficiation, electrostatic separation, magnetic separation, sorting

1. OVERVIEW OF COAL PREPARATION IN INDIA

Coal is an organic sedimentary rock and very heterogeneous in nature. It

contains organic and inorganic matters, respectively, in the form of

macerals and minerals. In general, the run-of-mine (ROM) coal requires
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the removal of ash-forming inorganic matter either by wet or dry proces-

sing methods. Till date, the wet beneficiation techniques are well adopted

all over the world because they achieve a quality product with high recov-

ery. The wet beneficiation processes such as heavy media separation, jig,

water only cyclone, spiral, froth flotation, etc., relevant to different size

fractions of coal, are practiced throughout the world. In the present

scenario, the dry beneficiation of coal has aroused potential interest

not only due to the scarcity of fresh water in coal-producing countries,

but also due to process benefits in downstream utilization. The economic

consideration of dry beneficiation is obvious as coal is mainly used as a

fuel and no energy is expended in drying the coal.

The majority of Indian coal deposits are drift origin, belonging to the

lower Gondwana period. The liberation characteristics of these coals,

specifically noncoking coals, are very poor and come under the category

of problematical washability characteristics. The total reserve of coal in

India is 253 billion tons. The coking coal is around 15% of the total

reserve and the other 85% is noncoking coal. Nearly 90% of noncoking

coal is classified as F-grade coal, which contains about 40% ash. In the

year 2005–2006, the total production of coal in India was 344 million

tons, out of which 261 million tons was used for the production of power.

The steel, cement, and other industries consumed 83 million tons and the

coking coal demand is being met from the mines of the order of 44

million tons. The ROM production in India from coking coal mines gen-

erally contains 25–30% ash and this is cleaned to meet the specification

of steel sectors with a cutoff grade of 16–7% ash content. The middlings

of the process are sent to the power plant (Biswal et al. 2005). As Indian

coal seams basically have a much higher ash content, they obviously yield

low calorific value, which is detrimental for their effective utilization.

The beneficiation of coal is, therefore, required for proper utilization

in a conventional power generation plant or in metallurgical, cement,

and other industries. All Indian coking coals are beneficiated at different

sizes before coke making. There were approximately 24 coal-preparation

plants in India, all of which process coking coal (Frankland 2000). A

wide range of unit processes have been installed with no consistent flow-

sheet or design. A feed size of 70–0mm is being used in most of the

plants. However, when DM cyclones are the primary separation tech-

nique, the raw coal size is reduced to �37 or even �13mm. In general,

the jigs are extensively used for deshaling prior to cleaning, as well for

principal processing. The DM processes based on magnetite incorporate

178 R. K. DWARI AND K. HANUMANTHA RAO
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the DM drums and DM cyclones, but are not the compelling technology.

The fine �0.5-mm coal is conventionally beneficiated by froth flotation.

Extensive investigations on coking and noncoking coals beneficia-

tion by dry and wet processing have been carried out by various research

and academic institutions (Biswal and Reddy 1997; Chatterjee 1995,

2006; Das et al. 2006a, 2006b; Gouri Charan et al. 2006; Mitra 2004;

Prasad 1989; Rao and Bandopadhyay 1992; Sen et al. 1996; Topagi

and Bandopadhyay 1997; Sharma et al. 2006; etc.). In particular, the

noncoking coals for thermal and metallurgical purposes have been

assessed using jig, heavy media separation, flotation, and column

flotation techniques at Regional Research Laboratories, Bhubaneswar

(Biswal and Acharjee 2003; Reddy et al. 1988; Reddy and Biswal

2006). Typical results obtained by jig concentrator on noncoking coal

from Talcher coalfields are presented in Table 1.

Recently, the Ministry of Environment and Forest, Government of

India, has regulated the use of coal to have ash less than 34% for the

thermal power plants situated 1000 km away from the pit head or close

to the urban=sensitive=critical area. This category of power plants in

India is approximately 75% of the total power generation. It is crucial

to reduce the ash content in the present noncoking coals to below

34% by any suitable beneficiation techniques. With reference to the bene-

ficiation of noncoking coal, 60 million tons of the capacity of the plants

have been built using the jigging technique to benefit the course size

particles (�100þ 6mm) to meet the power plant requirement of less than

33% ash coal (Biswal et al. 2005). Indian coal has one positive aspect,

a high fusion ash point, so that the beneficiated coal can meet the

demand of sponge iron plants. In the washeries, the noncoking coal is

beneficiated at different sizes in the range of 150mm to 1mm, depending

Table 1. Characteristics of beneficiated noncoking coal from Talcher, Orissa, India

Constituents Clean coal Middling Reject Feed

Distribution, % 47.0 25.0 28.0 100

Moisture, % 6.0 7.0 8.7 5.6

Volatile matter, % 30.5 25.1 20.1 26.1

Ash, % 25.0 40.0 58.0 38.0

Fixed carbon 39.7 30.3 17.5 30.5

Gross CV, Kcal=kg 5504 4122 2456 4182

DRY BENEFICIATION OF COAL 179



D
ow

nl
oa

de
d 

B
y:

 [L
ul

ea
 U

ni
ve

rs
ity

 o
f T

ec
hn

ol
og

y]
 A

t: 
10

:2
0 

28
 M

ar
ch

 2
00

8 

on liberation and using the pneumatic jig in the dry process and jig and

heavy media cyclone in the wet process. In most cases, the generation of

fine coal below 1mm during size reduction is around 10% of ROM coal.

It is not being treated and either rejected or partly utilized by blending

with beneficiated coal based on the ash content of fine coal. Therefore,

it is necessary to evaluate alternative techniques that are most effective

and efficient to clean the coal at coarser as well as fine sizes.

Dry cleaning of coal may be one of the alternatives in this direction.

It is essential to review the status of dry beneficiation processes and the

possibility of applying them to Indian coal at finer sizes. The dry bene-

ficiation methods are based on the differences in physical properties

between coal and mineral matters such as density, size, shape, lustrous

ness, magnetic susceptibilities, electrical conductivity, frictional coef-

ficient, etc. Based on the difference in these particular properties, differ-

ent types of equipments such as pneumatic jig, pneumatic table, sortex

machine, tribo-electric separator, air-dense medium fluidized bed separ-

ator, etc., which are applicable to differently sized fractions, have been

developed to beneficiate ROM coal. In comparison to wet process, the

dry beneficiation of coal has certain advantages, such as dry handling

of coal and the retention of high calorific value at the same quality pro-

duct, and they are more attractive. Besides, the dry process requires less

capital expenditure, as it does not require thickener to settle the fines and

tailing ponds to discharge the effluents. In the wet process, there may be

groundwater pollution due to generation of slimes and acidic water. This

article summarizes the present status and future trends in beneficiation

of coal by dry methods with specific reference to high-ash Indian coals.

2. CLASSIFICATION OF DRY CLEANING PROCESSES

Various properties that characterize coal and mineral particles that can

be utilized to effect their separation between the two are shown in

Table 2.

2.1. Sorting

The sorting operation of coaly material can be carried out by different

techniques such as optical, radioactivity, microwaves, and nuclear mag-

netic resonance. Coal beneficiation at a coarser size is possible by optical

sorting when the coal does not contain a large amount of carbonaceous
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shale. This technique was applied by a British coal corporation that used

a Gunson sortex device. In this process, the powerful lights from photo-

electric cells illuminate the material. When the material passes under the

cell, the amount of light reflected back is measured. If reflected light

from a particle is sufficient, it means the material is not the coal and it

is rejected from the conveyer by an air jet. In the case of Indian coal,

the ROM coal contains a good amount of carbonaceous shale, which

does not permit a separation or selectivity between coaly material and

carbonaceous shale.

In the radioactivity process, a natural gamma radiation detector is

used for coal beneficiation. Radioactive elements are generally found

in coal as part of the inherent mineral content of the coal. In this tech-

nique, the ash percentage of the coal is monitored and, from the selected

coal material and gangue minerals, the gangue particle is removed from

the stream. However, this technique has the same degree of difficulty as

in optical separation. The NMR technique is used to investigate the

structure of the coal. This technique has higher selectivity to hydrogen.

Coal has a higher hydrogen content than any of its naturally occurring

associated minerals. But this technique has a problem if ROM coal con-

tains water, since water also contains hydrogen. With the recent develop-

ments in scanning speed, it became possible to introduce them into

sorting. Possible applications are diamond and coal sorting, because of

their strong difference in heat conductivity to the waste material. A sche-

matic representation is shown in Figure 1 (Wotruba and Weitkämper

2001). The various sorting techniques applicable to coal and mineral

processing have been recently reviewed by Riedel and Wotruba (2004).

Table 2. Characteristics of coal used in different dry beneficiation techniques

Sl. no. Characteristics Process

1 Appearance=Color Sorting

2 Coefficient of Friction None direct

3 Shape Screening

4 Friability=Elasticity Rotary breaker and differential crushing

5 Density Pneumatic separations and fluid

bed separations

6 Magnetic susceptibility Magnetic separation

7 Electrical resistivity Electrostatic separation

8 Radioactivity Sorting
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2.2. Shape, Friability, and Density

The Beresford plate separator is designed based on the principle of fric-

tion and resilience. In this separator, sized coal particles are fed onto an

inclined polished glass plate. Coal has greater resilience or ‘‘bounce’’

and does not remain in contact with the glass as compared to waste

minerals. The coal therefore acquires more speed and is thrown further

when it reaches the end of the plate. The friction phenomena can be

utilized in separating coal from waste in an electrostatic field.

Generally, coal particles have a tendency to be cubical in nature,

whereas the other minerals associated with it are more random in shape.

In particular, shale, mudstone, and siltstone have a slab-like habit. This

difference in particle shape is sometimes utilized to perform separation

for large ROM coal (greater than 100mm) (Frankland 1995).

The relative friability of coal as compared to that of waste minerals

has been exploited in coal preparation for many years. The simplest

form of the separator is the rotary breaker. The rotary coal breaker,

devised by McNally, is shown in Figure 2 (Wills 1992). It achieves size

reduction by repeatedly raising the coal material and dropping it against

strong perforated screen plates around the interior. Thus, it serves as the

primary crusher for soft to medium-hard coals, de-shaler, and screens

the coal at a mine site as the lumps are broken down and pass through

screen-sized openings. Moreover, it does not overcrush the coal; thereby,

creation of excessive fines could be avoided. Various dimensions of

rotary breakers treat varying capacities and a different level of product

Figure 1. Coal and shale in daylight (left) and through infrared camera (right) (Wotruba and

Weitkamper 2001).
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top sizes. The performance depends on several variables, such as drum

diameter and drum length, effecting selective breakage between coal and

rock, aperture size, percentage of open space, and prescreening of feed

(Bhattacharya et al. 2004; Biswas et al. 1995; Kumar 1993; Mitchell

1968). Although popular as a coal-breaking device due to their robust

reliability, selectivity is often reported to be poor for lower rank coals

and Gondwana coals, which tend to be hard.

The difference in density between coal and its associated minerals

has been the principal property exploited in coal preparation since clean-

ing began in the last century. In any fluid, heavy particles sink more

rapidly than light particles based on size and density in a free-settling

condition. As the percentage of solids in the fluid increases, the effect

of the density of the fluid becomes more important and a condition

known as hindered settling is achieved. In hindered settling, the effect

of particle density increases.

Increasing the percentage of solids in the fluid still further leads to

the second main class of density separation; that is, of dense medium

separation. In this case, the density of the fluid is raised to such an extent

that it exceeds the density of one of the components to be separated. The

less dense component then ‘‘floats’’ on the fluid. The mineral particu-

lates are generally used to form the medium, including waste materials

themselves. Normally, however, a separate high-density material such

as fine magnetite powder is used, so that higher density separations

can be made. To reduce the cost of such separations, it is desirable to

recover the dense medium solids. The magnetite solids are, therefore,

Figure 2. Rotary coal breaker (Mc Nally Breaker) (Wills 1992).
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used for the dense medium as they are easy to recover with low-intensity

magnetic separators.

2.3. Pneumatic Tables and Jigs

The particles’ settling rates in air are much higher than those in water. In

theory, air separations should be possible in a shorter time than with

water-based separations. In practice, this has been more difficult to

achieve.

Pneumatic or air tables separate the components in the material

when the material passes over a porous vibrating bed. The more-dense

material falls to the bottom and is removed by the action of the bed.

The less-dense material moves by gravity across the direction of vibration

of the bed. The two density fractions therefore move in different direc-

tions. Air jigs shown in Figure 3 separate by passing material over a

vibrating bed in the same way as air tables, but all the material moves

in the same direction and separation is achieved by positioning a splitter

on the vertically stratified material. For 5–50-mm coal sizes, a new air jig

was developed at RWTHAachen University (Aachen, Germany) and suc-

cessfully commissioned into the industry (Weitkämper and Wotruba

2004). This jig operates on the division of the air flow in a constant and

pulsed air flow, which differs from all of the existing jigs. A clean coal

Figure 3. Roberts and schaefer airflow jig (Frankland 1995).
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of below 20% ash content can be achieved from 52% ash feed coal with

this jigging process.

China developed an interesting FGX compound dry cleaner separat-

ing deck that generates a helical motionwith air stratification and produces

multi-products of clean coal, middlings, and refuse (Figure 4). It operates

on�80-mm raw coal, but the efficiency reduces for the �6-mm size range.

Generally less efficient than wet processing, a raw coal ash content of

35% is reduced to 25% ash with more than 75% ash content removal.

It was reported that this dry cleaning unit has been successful on a wide

range of coal types and implemented in over 95 plants throughout China

(Department of Trade and Industry, UK 2004).

3. AIR-DENSE MEDIUM FLUIDIZED BED SEPARATOR

3.1. Theory and Fundamentals

Dry beneficiation of coal with an air-dense medium fluidized bed is an

efficient coal-separation method, which uses a gas–solid fluidized bed

as the separating medium. Dry beneficiation technology with fluidization

has been studied for approximately 30 years (Beeckmans and Goransson

1982; Leonard 1979). In the air-dense medium fluidized bed separator,

the gas–solid fluidized bed must have fluid-like characteristics. Researchers

observed that, in a completely fluidized bed, the gas–solid movements

Figure 4. Scematic of China’s FGX compound dry coal cleaner.
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looks like boiling water with small bubbles erupting without large

bubbles present. The air-dense fluidized bed has the following character-

istic principles (Luo and Chen 2001).

The upward air current automatically expands the bed surface to the

same level. Even if the container is inclined, the surface of the bed is at a

horizontal level. The pressure drop between any two points in the bed is

approximately equal to the difference between the hydrostatic heads of

the two points and is given by the

DP ¼ P1 � P2 ¼ ðh1 � h2Þq ð1Þ
where DP is the pressure drop, N=m2; P1 and P2 are the pressures at two

different points, N=m2; and q is the density, Kg=m3.

The bed behaves like a liquid. Particles with density less than the bed

density float to the top surface of the bed, while particles denser than the

bed density sink to the bottom of the container. In order to obtain an

efficient dry separation condition in the air-dense medium fluidized

bed, stable dispersion fluidization and micro-bubbles must be achieved.

Its required physical properties are that the bed density is well dis-

tributed in a three-dimensional space and does not change with the time,

and bed medium is of low viscosity and high fluidity. Its fluidized bed

density is identical to the beneficiation density and may be expressed by

qb ¼ ð1� eÞqp þ eqg ð2Þ
where qp is the density of the solid particles, qg is the density of the air, qb
is the average density of the fluidized bed, q50 is the separation density of

the fluidized bed, and e is the bed porosity.

The buoyancy of beneficiation materials and the displaced distri-

bution effect play significant role in the fluidized bed. Wei et al. (1996)

studied the displaced distribution effects, which include the viscosity-

displaced distribution effect and the movement-displaced distribution

effect. The former is caused by viscosity of the fluidized bed, which

decreases with increasing airflow velocity. The movement-displaced dis-

tribution effect will be large when the airflow rate is too low or too high.

If medium particle size distribution and airflow are well controlled, dis-

placed distribution effects could be controlled effectively. The calculation

of drag on the separated materials is essential for processing with dense

media. An empirical correlation for the drag coefficient was developed

by measuring the terminal velocity of spheres falling through the fluidized

bed. The viscosity of the fluidized bed was calculated, assuming that
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the fluidized particles behave as a Newtonian fluid. Wei and Chen (2001)

studied the rheological characteristics of fluidized beds using the falling

sphere method. The experimental results indicated that the fluidized bed

behaves as a Bingham fluid. The plastic viscosity and yield stress can

be obtained by measuring the terminal settling velocity of spheres and

linear regression of the experimental data. Both plastic viscosity and yield

stress increase with the increasing size of the fluidized particles. The

drag coefficient can be calculated by the following equations (Chen and

Wei 2003).

CD ¼ 24

Rem
ð1þ 0:15 Re0:687m Þ ð3Þ

Rem ¼ dourqb
le

ð4Þ

le ¼
lþ sodo

3ur
ð5Þ

where CD is the drag coefficient, Rem is the Reynolds number, do is the

diameter of the falling object, ur is the relative velocity between the object

and fluidized particles, le is the effective viscosity, and so is the yield

stress.

3.2. Separation at Larger-Size (>50mm) Coal Particles

In China, the air-dense medium fluidized bed seprator was used for the

beneficiation of�50þ 6-mm lump coal at a 400-mm bed height with suf-

ficient space for effective beneficiation. Bed density is easily kept stable

and uniform due to the effective suppression of bubble formation and

growth. However, this bed height does not provide enough space for

effective separation of >50-mm coal (Chen and Yang 2003). Further

investigation was performed on a deeper laboratory air-dense medium

fluidized bed with a cross-sectional area of 1m2. Chen and Yang

(2003) showed that the bed height requiring beneficiation of >50-mm

coal should be about 1200mm in order to form a stable fluidized bed

with small bubbles and an uniform bed density. Effective beneficiation

of >50-mm coal with an Ep value up to 0.02 was achieved. The large

coal dry beneficiation technology is of great value for waste removal

from 300–50mm large feedstock, especially for large surface mines in

China (Chen and Yang 2003).
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3.3. Separation at Medium-Size (50–6mm) Coal Particles

Luo et al. (2002) have carried out extensive investigations on dry bene-

ficiation of coarse coal using an air-dense medium fluidized bed. The

results show that the uniform and stable fluidized bed can be formed

at specific conditions. The feedstock used for the experimental run is a

raw coal of 50–6-mm size with an ash of 21.48%. Its density composition

is shown in Table 3. The partition curves attained for different sizes are

shown in Figure 5.

The raw coal of 50–6-mm size can be separated effectively with a

high recovery of clean coal and separation precision characterized by

an Ep value of 0.03. The analysis reveals that the larger the particle size

of feed stock, the higher the recovery of clean coal as well the separation

efficiency. The cause may be due to the viscosity of the fluidized bed or

back mixing of the medium solids, which results in the ‘‘misplacing effect

of motion’’ between light and heavy products with macroscopic motion

of medium solids.

3.4. Separation at Fine-Size (6–0-mm) Coal Particles

Luo et al. (2000) have conducted a comprehensive investigation on the

vibrated air-dense medium fluidized bed. The results showed that as the

size of medium solids was reduced and the bed was supplied with mech-

anical vibration energy, the gas–solid interaction was enhanced and a

better-dispersed fluidized bed was formed. Further investigations were

also made to elucidate the mechanism of fluidization, separation in the

Table 3. Density composition of feedstock and products and the partition coefficient of

clean coal (Luo et al. 2002)

Density

fraction Kg=m3

Feedstock,

%

Clean coal,

%

Refuse,

%

Partition

coefficient of the

clean coal product, %

–1500 79.13 90.03 0 100.00

1500–1600 7.34 8.28 0.04 99.86

1600–1700 1.05 1.25 0.50 94.53

1700–1800 0.48 0.38 0.47 87.18

1800–1900 1.35 0.06 10.42 3.85

þ1900 10.65 0 88.57 0

Total 100.00 100.00 100.00
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vibrated air-dense medium fluidized bed, and on the effects of operating

parameters including vibration parameters, airflow parameters, etc. Luo

et al. (2000) proposed an equation to calculate the critical vibration

frequency for preventing bubbles from growth and is given by

f ¼ ð6Q=pÞ�1=5
g3=5 ð6Þ

where f is the critical vibration frequency; Q is the capacity of air flow,

m3=s; and g is the gravity acceleration, m=s2.

Luo and Chen (2001) suggested that fine coal behavior is highly

dependent on the action of bubbles, tending to follow medium solids to

back mix due to their small size. The coal-separation results obtained

from a laboratory apparatus showed that, for 6–0.5-mm fine coal with

ash content 16.57%, a desirable beneficiation with clean coal of ash down

to 8.35% yields up to 80.20% and Ep value up to 0.065 was achieved.

The bubbles in the air-dense medium fluidized beds make a great

deal of the problem in fine coal separation. To overcome this problem,

Fan et al. (2002) studied the magnetically stabilized fluidized beds

(MSFBs) for fine coal separation. The MSFB has good fluidization

characteristics (Brandani and Astaria, 1996; Chetty et al. 1991; Harel

Figure 5. Partition curves for different size fractions (Luo et al. 2002).
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and Zimmels 1991; Hristov 1998; Lee 1991; Liu et al. 1991; Penchev and

Hristov 1990; Rosensweig et al. 1991; Saxena and Shrivastava 1991;

Sergeev and Dobritsyn 1995; Siegell 1987; Wu et al. 1997). Fan et al.

(2002) suggested that magnetic beads recovered from a coal-fired power

plant could be used as fluidization media. These are mainly comprised of

Fe3O2 and Fe3O4 and mostly a hollow sphere, as shown in Figure 6. The

magnetic stabilization improves separation by lowering the lower size

limit of separation and by preventing of the separated solids.

The principle of solids separation in MSFB is based on the pseudo-

fluid properties of a magnetically fluidized bed forming uniform and

stable gas–solid suspended substance. The density of a MSFB of

magnetic pearls and fine coals (1–0mm) is

qb ¼
rvqp

1� rmð Þ 1þ ið Þ ð7Þ

where qb is the density of magnetically stabilized bed (Kg=m3); rV is the

volume fraction occupied by the magnetic pearls; qp is the bulk density

of magnetic pearls, Kg=m3; rm is the mass fraction of coal fines in MSFB;

Figure 6. Microgram of magnetic beads (Fan et al. 2002).
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l is the expansion ratio of the magnetically stabilized bed; and i is the

expansion ratio of the MSFB, i ¼ DH=H . The density of the MSFB can

be adjusted to the desired bulk density, which ranges from 1300–

2200Kg=m3, using magnetic beads or magnetite (Fan et al. 2001).

Luo et al. (2002) studied the separation characteristics for fine coal of

the magnetically fluidized bed. They suggested that magnetic stabilization

produces homogeneity and stability of the fluidized bed and, thus,

enhances the separation efficiency by preventing remixing of the feed-

stock <6mm in size to be separated. The partition curve is shown in

Figure 7. The partition curve between 25% and 75% gives a reasonable

straight-line relationship, which shows better efficiency of the separation

process. The Ep value is 0.065, which means that the separation is good.

The density at which 50% of the particles are reported to sink-float is

known as the effective density of separation. As shown in Figure 8, the effec-

tive density separation is 1516 kg=m3, which is close to the bulk density

of the magnetically stabilized fluidized bed, 1520 kg=m3 (Luo et al. 2002).

Figure 7. Partition curve of refuse product (Luo et al. 2002).
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3.5. Plant Practice

The first dry-coal beneficiation plant with air-dense medium fluidized

bed has been established for beneficiation of 50–6-mm-size fraction coal

with 50 t=h. The schematic diagram of flow sheet is shown in Figure 9.

The first commercial-sized dense medium fluidized bed separator,

capable of processing 700,000 t=a of �50þ 6mm coal went into

production in China in 1997. In an air-dense medium fluidized bed,

coarse coal behaves only according to its density with little dependence

on the action of air bubbles and can thus be beneficiated efficiently.

Advantages of this new dry-coal beneficiation technology compare favor-

ably with the wet heavy medium beneficiation for effective beneficiation

of coal of 50–6-mm size with an Ep value of 0.05–0.07. Its capital and

operating costs can be reduced to about only half of those of a wet

beneficiation plant with the same capacity. This technology requires a

small quantity of low-pressure compressed air. Pollution is greatly

reduced by the dust-removal system. A stable fluidized bed is obtained

by using mixtures of magnetite powder and fine coal as a dense medium

to produce a beneficiation density from 1.3 to 2.2 g=cm3. Therefore, this

technology can meet the needs of beneficiating different coals for differ-

ent products. It can either be used to remove gangue particles at high-

density or to produce clean coal at lowdensity. Coarser sizes (more

than 50mm) can be beneficiated by increasing the bed height. Fine coal

behavior is, however, highly dependent on the action of bubbles, tending

Figure 8. Comparison of density distributions in a magnetically fluidized bed and general

fluidized bed (H ¼ magnetic intensity, Oe) (Luo et al. 2002).
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to follow medium solids to back mix due to their small size (Luo and

Chen 2001). It is very difficult for fine coal to be separated in the avail-

able air-dense medium fluidized bed that is currently used for�50þ 5-mm

coarse coal in China. Vibrated air-dense medium fluidized bed and

MSFBsare now being used to beneficiate the fine coal (�6þ 0.5).

Figure 9. Flow sheet of dry coal beneficiation plant with an air dense medium fluidized bed

(Chen and Wei 2003).
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4. DUAL-DENSITY FLUIDIZED BED SEPARATOR

In order to simplify the coal-beneficiation process and to optimize

product structure, a three-product dry-coal beneficiation technology

with a dual density air-dense medium fluidized bed has been studied at

China University of Mining and Technology (Wei et al. 2003). The mech-

anism and characteristics of dual-density air-dense medium fluidized bed

have been investigated by adjusting the physical properties of medium

solids, particle size composition, bed structure parameters, operation

parameters, etc. Wei (1998) formulated a theory of dual density fluidized

bed that revealed the law of particles disintegrating or mixed during

fluidization and proposed

qsa � qf
qs � qf

1� em þ dsa

ds
em

� �
� 1 ¼ qsa

ðqs � qf Þg
ð8Þ

qsa ¼
qbm � qf em
1� em

ð9Þ

dsa ¼
3CDqf U

2
r

4ðqsa � qbmÞg
ð10Þ

where qs is the real density of magnetite powder, g=cm3; qf is the air

density, g=cm3; qsa is the average density of mixture, g=cm3; qbm is the

average density of fluidized bed, g=cm3; ds is the size of magnetic powder,

m; dsa is the size of the mixture, m; CD is the coefficient of drag force;

Ur is the relation velocity of gas–solid, m=s; em is the porosity of mixture,

%; a is the acceleration of particle, m=s2; and g is the acceleration due to

gravity, m=s2.

Because qs and ds are larger than qsa and dsa ði:e:; qs > qsa; ds > dsaÞ,
a ratio of total drag-force to buoyancy is

qsa � qf
qs � qf

1� em þ dsa

ds
em

� �
<1: ð11Þ

Accordingly, if a > 0, magnetic powder tends to move upward. Similarly,

because qs and ds are lower than qsa and dsa, respectively, magnetic

pearls tend to move upward. After the bed is completely fluidized,

medium mixture tends to separate.

Experimental results showed that by using proper bed structure and

operation parameters, two relatively stable beneficiation layers with

different densities in the axial direction in a fluidized bed separator
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were formed (Wei 1998). In this dual density air-dense medium fluidized

bed, three products, i.e., clean coal,middling, and tailings, can be obtained

simultaneously. The results of coal beneficiation were also acceptable. An

Ep value of 0.06–0.09 for the upper layer with a density of 1.5–1.54 g=cm3

and an Ep value of 0.09–0.11 for the lower layer with density of

1.84–1.9 g=cm3 are achieved by this unit (Wei 1998).

Biswal et al. (2002) and Sahu et al. (2005) designed, developed,

fabricated, and successfully commissioned an air-dense media fluidized

bed separator for high-ash noncoking coal of Talcher coalfield, Orissa,

India, at the size range of �25þ 6mm. Investigations were carried out

on dynamic stability of the fluidization system using 45 micron

magnetite powder. They also measured the nonbubling characteristics

using bed density, bed expansion, superficial air velocity, and bed

voidage and confirmed that the stability of the bed is under homo-

geneous condition.

5. MAGNETIC SEPARATION

5.1. Principle and Theory

The material can be classified into ferromagnetic, paramagnetic, and

diamagnetic categories based on their magnetic characteristics. Para-

magnetic and diamagnetic are magnetically attracted while diamagnetic

are repelled by the magnetic field. Ferromagnetism is regarded as a spe-

cial case of paramagnetism and have a very high susceptibility to the

magnetic forces and may be permanently magnetized and have strong

magnetic moment per unit volume. Paramagnetic substances can be

classified into strongly or weakly magnetic based on the strength of

the magnetic moment produced per unit volume in the external

magnetic field.

The intensity of magnetic field for a single layer solenoid at any point

along its axis is given by

H ¼ 1

2
NIðcosh2 � cosh1Þ ð12Þ

where H is measured in amperes per meter, A=m; N is the number of

turns per unit length; I is the current per turn in amperes, A; and h1
and h2 are the angles included between the axis and line drawn from

measured point to its near and far edges.
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The magnetic flux density is described by

B ¼ l0ðH þM Þ ð13Þ
where l0 is the permeability of free space that is equal to 4p� 10�7 T

m=A. Another representation is B ¼ lH , where l is the permeability of

the material.

The magnetic susceptibility is the ratio of the intensity of magnetiza-

tion produced in the material to the magnetic field, which produces the

magnetization and is give as

S ¼ M=H : ð14Þ
Combining Equations (13) and (14), the magnetic susceptibility equals

B ¼ l0Hð1þ SÞ: ð15Þ
The specific magnetic susceptibility w is explained as w ¼ S=q, where

q is the density of the material. Paramagnetic substances have positive

susceptibilities while diamagnetic substances have negative susceptibility.

A particle will magnetize to a certain extent when they enter into the

magnetic field and act as a magnetic dipole. Coal is a weakly diamagnetic

material. Some of the minerals associated with coal (particularly those

containing iron) are paramagnetic. Magnetic separation may be used

for coal beneficiation when the gangue minerals contain an iron phase.

The magnetic susceptibilities are very small for coal separations and

strong magnetic fields are required. Recent works on magnetic separa-

tions have concentrated on separating pyrite from coal. Pyrite, however,

is weakly paramagnetic and separation from coal is difficult. Pyrite can

be transformed into another form called pyrrhotite by heating. Pyrrhotite

is strongly paramagnetic and can easily be separated from coal in only

moderately magnetic fields. As heating destroys the coal, it is not poss-

ible to transform the bulk of the pyrite to pyrrhotite. It is feasible to

transform only some of the pyrite by irradiating the coal with micro-

waves. Rowson and Rice (1989) investigated the magnetic enhancement

of pyrite by caustic microwave treatment. Butcher and Rowson (1994)

studied the microwave pretreatment of coal prior to magnetic separation.

Butcher and Rowson (1995) concluded that there is a possibility of redu-

coffing the ash content of Harworth and Silverdale coal without sulfur

reduction. They also suggested that sulfur removal of coal by magnetic

separation purely depends on the mineralogical association of the pyrite

with paramagnetic ash mineral phases.
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Some of the iron-containing minerals associated with coal (haema-

tite, siderite, ankerite, goethite) is more strongly paramagnetic than

pyrite. These minerals usually are intimately mixed with the major

ash-forming minerals, making significant ash reduction by magnetic

separation possible.

5.2. High-Gradient Magnetic Separation (HGMS)

In the late 1960s and early 1970s, a method for generating very high

magnetic field gradients was invented by Kolm and Marston at the

Massachusetts Institute of Technology. In high-gradient magnetic

separation, the electromagnet generating uniform magnetic field and

a ferromagnetic material with sharp edges or small dimensions are

positioned in that the uniform magnetic field generates high field gra-

dients (Hise et al. 1981). Gradients with opposite signs are generated

90� apart when ferromagnetic wire is placed in a field (Friedlaender

et al. 1979). Prior to HGMS, efforts were made to beneficiate coal

by magnetic separation while enhancing the magnetic properties of

weakly paramagnetic pyrite by chemical conversion, via direct heating,

selective dielectric heating, iron carbonyl treatment, or some combi-

nation of these methods.

Both dry and wet HGMS studies on coal and coal products have been

concerned primarily with pyrite removal, because of the importance of

sulfur reduction in US coals. The coal macerals also have different

magnetic characteristics. The research on basic magnetic separation is

ultimately limited because magnetic susceptibility is a bulk property

and cannot be varied significantly except by chemical change or by the

attachment of magnetic material. Electrical properties, on the other hand,

cover a wide range and can be varied rather easily, especially at the

surfaces of particles.

Luborsky (1977) first reported satisfactory results for the dry bene-

ficiation of coal by HGMS, in collaboration with the Massachusetts

Institute of Technology (MIT). Further studies were carried out by Hise

et al. (1981) at Oak Ridge National Laboratory (ORNL) and by Liu

(1982) at Auburn University. ORNL and MIT adopted gravity feeding

of the coal to the HGMS matrix, assisted by vibration or low-velocity air-

flow, while Auburn devised a fluidized bed matrix technique. Results for

the conventional HGMS technique vary considerably among the different

coals studied, the ash content of which ranged from 10–28%, with sulfur
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content up to 6.5%. The proportion of pyrite removed in all units

spanned 14–94%, while ash removal ranged from 15–85%. The higher

removal was usually associated with a low recovery of coal. In the

ORNL–Sala work, it was claimed that some of the HGMS results nearly

paralleled those for laboratory float–sink tests, but the evidence for this

is not clear and the initial degree of liberation was not high. It was

implied that better liberation through finer grinding improves these

HGMS results. This would be difficult to prove, since nearly all workers

have reported that fine particles are detrimental to dry HGMS of coal,

apparently because fines adhere to the surfaces of larger particles and

promote agglomeration. All the conventional HGMS studies involved

prior removal of fines, which were variously stated as anything from

below 10 mm to 75 mm. Mathieu (1981) considered the coarser fraction

(600–150 mm) more suited to HGMS and even this size range became

too wide to be treated by the same filamentary matrix. The best

ORNL–Sala results were also obtained for coarser classified size fraction

(Lockhart 1984).

The problem of fine coal was the main reason for the fluidized bed

approach at Auburn University. A sufficient air velocity was used to

entrain finer material through and out of the fluidized-bed=HGMS

matrix to give a top clean coal product. This air flow also maintained

the relatively coarser sizes in the fluidized state for enough time to ensure

a high degree of capture of magnetic particles by the magnetic forces that

peak near the fiber surfaces, leaving a clean coal product at the bottom.

The advantages claimed for this process were avoiding external size

classification or prior coal drying. Liu (1982) observed typical results

for a coal of 150–75-mm size fraction containing 6.3% ash and 1.5%

pyrite with 87% pyrite and 52% ash removal. Eight coals with an ash

level up to 13.3% and sulfur up to 7.1% were studied under a variety

of experimental conditions, but there was no liberation data with which

to compare and evaluate the results thoroughly. The beneficiation of

pulverized fuel sizes is stated only in terms of 55–70% reduction of

sulfur emissions at 85–95% coal recovery.

Hise et al. (1981) developed a high-and open-gradient magnetic

separation for the dry clean of coal. Van Driel et al. (1983) studied

four German coals using HGMS and dispersed coal in the gas stream

at low transport, which resulted in large losses. Oda et al. (1983) used

a novel dry-type high-gradient magnetic separation device combined

with a fluidized bed to investigate the pulverized coal preparation.
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The ash percentage of coal stated to be effectively reduced at optimum

fluidization with particle size in the range of 63–105 mm. They

achieved 44.4% ash reduction at a low-coal recovery rate of 74.5%

after 5–8 passes. Burnley and Fells (1985) studied the high-gradient

magnetic sulfdesulfurization of coal and reduced 27% of sulfur and

found that the aseparation is inefficient for organic sulfur as it is

not affected magnetically. Zhou et al. (1996) suggested that failure

to fully appreciate the importance of the liberation was major factor

for the failure of the investigation by Burnley and Fells (1985). A high

degree of removal of inorganic sulfur was achieved at the expense of a

high loss of heating value, due to poor liberation. Adequate liberation

might be the key to the solution. Lua and Boucher (1989) suggested

that efficient pyrite removal and ash reduction can be achieved. Field

intensity, wire mesh materials, the size and number of wires, particle

size, and particle velocity are the variables that influence the efficient

separation of pyrite from coal by magnetic separator. Zhou et al.

(1996) achieved 72% of pyretic sulfur and 44% of the ash content

removal by improving the matrix loadability and reduction of the coal

mechanical entrapment.

Efforts have been taken to improve the magnetic susceptibility of

pyrite in coal by microwave treatment and pyrolysis (Bluhm et al. 1986;

Butcher and Rowson 1995; Cicek et al. 1996). Bluhm et al. (1986) tried

to separate coal after improving the magnetic susceptibility of pyrite by

microwave heating. However, the increase in susceptibility was not large

enough to enhance the removal of pyrite by magnetic separation; thus,

effective separation has not been achieved. Cicek et al. (1996) studied

the desulfurization of coals by flash pyrolysis followed by magnetic

separation. Pyrites was converted to iron sulfides based on the tempera-

ture of pyrolysis by improving the paramagnetic. For�100 micron

particle size, 35% of the sulfur reduction was achieved by flash pyrolysis

and the reduction was further improved by magnetic separation, to 48%.

Celik and Yildirim (2000) studied sulfur and ash removal from low-rank

lignite coal by low temperature carbonization and dry magnetic sepa-

ration. Although sulfur removal was successful, there was a serious con-

cern regarding air pollution by sulfur removal during low-temperature

carbonization.

There does appear to be the potential for HGMS in beneficiation of

coal, at least for pyrite removal, but much work remains to improve this

technique and to evaluate technical and economic feasibility.
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5.3. Open-Gradient Magnetic Separation

With HGMS, the separation is accomplished by applying a large force

over a short distance while, in the open gradient magnetic separation

(OGMS), a smaller force is applied over a much larger distance and

the separation achieved depends on the product of force and distance

at any point integrated over the path length of particles falling through

the field region. Based on particles’ magnetic characteristics, they get

deflected when falling through the magnetic field and separated into

two or more different products. In OGMS, magnetic fields and field

gradients are obtained through the magnet design, such as solenoids or

shaped pole pieces (Hise et al. 1981).

The force acting on a particle of volume V and mass m that has a vol-

ume susceptibility of Xv and mass susceptibility of X for a steady mag-

netic field is (Jackson 1975)

~FF ¼ V ð ~MM :rÞ~BB ð16Þ

where M is the magnetization and B is the magnetic flux density.

Since ~MM ¼ XvH , we can write

~FF ¼ VXvð ~HH :rÞ~BB ¼ mX ðH :rÞ~BB: ð17Þ

For a simple solenoid or a current wall, this is expressed by

~FF ¼
~FF

VXv

¼
~FF

mX
ð18Þ

where the units are expressed in gauss2=cm, since H and B are in cgs

units.

The objective of OGMS is to obtain the maximum physical separ-

ation with a given difference in magnetic susceptibility. In order to

achieve this, the value of the separating force over the entire separating

length expressed as

Z L

0

frdz needs to be maximum:

Doctor and Livengood (1990) investigated open gradient magnetic

separation using superconducting quadrupole for continuously removing

pyretic sulfsulfur from pulverized dry coal and achieved 24% sulfur

reduction. Similar studies have been carried by other researchers
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(Chovanec et al. 1984; Hise et al. 1981; Pitel et al. 1992) for sulfur and

ash removal.

6. ELECTROSTATIC SEPARATION

Electrostatic separation is a method of separating charged particles

under the influence of a very high electric field (Ralston 1961). This is

why electrostatic separation is also called the ‘‘high tension separator’’

(Inculet 1984a) . Prior to the separation stage, particles have to be elec-

trostatically charged. Electrostatic methods for the separation of a min-

eral from the organic phases in coal are based on the differences in the

ability of these two phases to develop and maintain charges in different

types of separators. There are two such types of electrostatic processes.

One uses the difference in electric resistivity while the other uses differ-

ences in electronic surface structure (Kelly and Spottiswood 1989a;

Mazumder et al. 1994).

Although there are a number of ways, such as corona, contact or

tribo-electric, induction, freezing, ion and electron-beam thermionics,

photoelectric field emission and radioactive decay charging, pyroelectric

and photoelectric charging, etc., by which particles can be endowed by

the charges (Hendricks 1973). Only three mechanisms, i.e., conductive

induction, contact or tribo-electrification, and ion or corona bombard-

ment, are serious contenders in the recognized commercial methods of

electrical separation.

6.1. Theory

The concept of electric charge is considered to be indefinable but the

quantity of charge q can be specified in terms of the force ~FF between

two point charges q1 and q2 separated by distance ~rr, which is the basic

Coulomb’s law of interaction between point charges. Mathematically,

it can be written as

F ¼ 1

4pe0

q1q2

r2

� �
~rr0 ð19Þ

where q1 and q2 are the magnitudes of the two charges in coulombs: r in

meters, ~r0r0 is a unit vector along~rr, e0 is the permittivity of free space that

is equal to 8.85� 10�12 farads=meter and ~FF is expressed in Newton.
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The electric field ~EE, a vector quantity, is the force-per-unit charge

exerted on a point charge. The electric field produced by a point charge

is directed radially either away from or toward the charge.

E ¼
~FF

q
¼ 1

4pe0

q

r2
~r0r0: ð20Þ

Gauss’s law is another way to describe how electric charges and

fields behave. One consequence of this law is that the static charges on

a conductor are found on the conductor’s surface and not its interior.

Electric flux is a measure of the flow of the electric field through a sur-

face. It is equal to the product of an area element and the perpendicular

component of ~EE, integrated over a surface and is given by

UE ¼
Z

E cos /dA ¼
Z

~EE:d~AA: ð21Þ

Gauss’s law states that the total electric flux through a closed surface,

which can be written as the surface integral of the component ~EE normal

to the surface, equals a constant times the total charge Qencl enclosed by

the surface.

UE ¼
I

E cos /dA ¼
I

~EE:d~AA ¼ Qencl

e0
:ð22Þ

It is logically equivalent to Coulomb’s law, but its use greatly simplifies

problems with a high degree of symmetry.

Several reviewers, including Inculet (1977=78),Kelly and Spottiswood

(1989a, 1989b, 1989c), and Manouchehri et al. (2000a; 2000b), broadly

discussed the theoretical and fundamental aspects of the electrostatic prin-

ciple for the application of mineral beneficiation. Inculet (1977=78)

briefly discussed the theory of forces on particles in idealized cases, as

engineering involves design based understanding and calculation. He

proposed that the electric field force is perpendicular to the particle sur-

face and varies sinusoidal and attain a maximum value, which is three

times the value of the initial field force along its axis. He also suggested

that two equal and opposite resultant electrostatic forces acted on the

particle. When a saturated charged conductive spherical particle is in

an electric field E0 by ion bombardment placed, the resultant electric

field intensity on the surface of the particle can be described by sinus-

oidal expression Er ¼ 3 E0 (1þ cos h) and a maximum value of 6E0. Die-

lectrophoretic forces arise from the polarization of the matter and the
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particles move toward the region of increasing field strength if the per-

mittivity is greater than that of the medium and their direction is inde-

pendent of the direction of the electric field.

Effective particle separation in an electrostatic field involves a com-

plete understanding of the particle’s conductivity properties. The volume

conductivity greater than 105 (Xm)�1 is called the conductor and less

than 10�8 (Xm)�1 is called the nonconductor, whereas in between are

the semiconductors (Tarjan 1986). The band theory describes the elec-

trical conduction by the different levels of valence and conduction bands

and the forbidden gap between them, electron traps, and surface electron

properties. Kelly and Spottiswood (1989a) reviewed and discussed

broadly various aspects of this. Minerals with difference in their energy

levels can act as either donors or acceptors. Minerals with a higher

Fermi level donate electrons to other materials with a lower Fermi level.

The Fermi level is related to the concentration and mobility of the charge

carriers of either n-type or p-type semiconductors and changes as a

function of temperature according to the following equation (Kelly and

Spottiswood 1989a; Manouchehri et al. 2000a).

VF ¼ 1

2
Vg � KbT ln p=nð Þ� � ð23Þ

where Kb is the Boltzman’s constant and T is the absolute temperature.

The maximum charge that a particle can retain in air is dependent

on its size. This charge was first computed by Pauthenier and Moreau-

Hanot (1932) and is known as the Pauthenier charge or the Pauthenier

limit and is given by

qmax ¼ 4pe0E0r
2B ð24Þ

where B ¼ 1þ 2 er � 1ð Þ= er þ 1ð Þ. e0 is the permittivity of free space and

er is the permittivity of the particle. For a spherical particle, the charge

to mass ratio is

q

m
¼ 4pe0r2BE

4=3pr3q
¼ 3e0BE

qr
ð25Þ

where q is the density of the particle. The Pauthenier limit is not achiev-

able by tribo-charging and is normally attained by ionic bombardment of

the particles,; for example, by a corona discharge.

Mildestveit (1977) and Holberg (1990) confirmed the increase in the

charge of the particulate material with increasing the length of the
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pneumatic transport through the pipe when other process parameters are

kept constant. They also proposed that the saturation charge of a sus-

pended particle during pneumatic transportation can be achieved in

two different ways. The first is the asymptotic increase to the maximum

charge well below the breakdown limit and second is a linear increase to

the limiting value of the charge at breakdown of air, which leads to dis-

charge from the particle and a reduction of the charge. The reduction

will continue until charging once more becomes the dominant process.

This process oscillates around the maximum charge.

The specific charge of a suspended powder for an asymptotic

increase (De Silva and Ose) is given by

q ¼ q1 1� e�kl
� 	þ q0e

�kl ð26Þ

where q1 is the maximum specific charge of the powder suspension, q0
is the initial charge on the powder, and k is a discharge coefficient.

Mildestveit (1977) proposed a theoretical model of maximum charge

of a suspended powder and is given as

qm ¼ 6lecEm

3RMql þ lDPqP
ð27Þ

where M is the loading, qm is the maximum charge of the powder

suspension, l is the particle velocity as a function of air velocity, Em is

the maximum electric field in air (3MV=m), R is the radius of the trans-

port pipe, Dp is the particle diameter, qp and ql are the density of particle
and air, respectively, and ec is the relative permittivity of the air.

Klinkenberg and van der Minne (1958) and Cross (1987) investi-

gated the effect of the length of the transport pipe on the charge acquired

by the particles and is given by

Q=Q1 ¼ 1� exp �LReð Þ ð28Þ
where L is the length and Re is the Reynolds number. The equation

suggested by Koszman and Gavis (1961) is

I=I1 ¼ 1� expð�L=usÞ ð29Þ

where s is the charge-relaxation time (er, eoq). Haenen (1979) also

investigated the frictional charge acquired by particles with metals.

He proposed that q / KF , where K has values 0.3 and 1, is mainly

dependent on the metal and F is the force of contact.
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6.2. Conductive Inductance

This is the process by which an uncharged particle that comes in contact

with a charged surface assumes the same polarity and eventually the

potential of the surface. A particle possessing good electrical conduc-

tivity will assume the polarity and potential of the charged surface very

rapidly. However, a dielectric particle becomes polarized so that the side

of the particle away from the charged surface develops the same polarity

as the surface. Particles of intermediate conductivity may be initially

polarized, but approach the potential of the charged surface at a rate

depending on their conductivity. If a good conductor particle and a good

dielectric particle are just separated from contact with a charged plate,

the charged plate repels the conductor particle and the dielectric particle

is neither repelled nor attracted by the plate.

Mora (1958) presented the following equation for the charge acquired

by the particle:

Q ¼ CpV ð1� expð�t=XpCpÞ ð30Þ
where Cp is the capacitance of the particle, V is the voltage potential, and

Xp is the particle’s equivalent total resistance. Cho (1964) mentioned that

the average electric field at the surface of a spherical particle on the charg-

ing plate equal to 1.65 times the electric field of the charging plate. There-

fore, the induced charge on the particle due to electric field between the

charging plates is

Q ¼ 1:65� 4peR2E0 ð31Þ
where R is the radius of the particle and E0 is the electric field between the

charging plates. Wu et al. (2003) investigated the induction charging on

freely levitating particles. The electric force on a particle depends on

the electric field strength and the charge on the particle. The charging

time and charge on a freely levitating particle depends on a number of

properties viz. electric field strength, particle size, and resistivity. Wu

et al. proposed three models, i.e., 1) flat layer of fine particles over a belt

with uniform electric field, 2) large-diameter particles loaded as a layer on

the belt having charge induction only on the upper half of the sphere, and

3) the induction charge for the coarsest particles to be distributed on the

whole sphere, to calculate the induced charge based on the particle size.

These models were compared with the experimental results. The third

model best fit to the experimental results when the size distribution of

particles is not considered.
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Gray and Whelan (1956) investigated conductive inductance to elec-

trical beneficiation of coal and found that the deflecting electrode used

without any corona was best for damp, high-rank coal, while a combi-

nation of corona and deflecting electrodes was best for coals of inter-

mediate ranks with moisture contents. Olofinskii (1957) described the

rotating techniques with deflecting electrodes that gave a good separation

of ash and macerals via conductive inductance or triboelectrification.

6.3. Ion Bombardment

Charging and separating minerals by ion bombardment is the most

common form of electrostatic separation. It is the most positive and

strongest method of charging particles for electrostatic separation. The

use of ion bombardment in charging materials of dissimilar properties

may be visualized by considering conductor and nonconductor (dielec-

tric) particles touching a grounded conducting surface. The highvoltage

potential applied between the electrodes allows the nonconductor air or

gases to be ionized and a constant flow of the gaseous ions is generated

between the electrodes. Increasing both the electrode spacing and voltage

increases the allowable current (Lama and Gallo 1976). The flow of ions

significantly imparts the charge to all particles entering the corona field

and the particles of any shape, small or large, and insulator or conductor

acquire a net nonzero charge (Inculet 1984a; Kelly and Spottiswood

1989b; Tarjan 1986). Corona charging involves classical mono-ionized

bombardment in air as well as special cases such as ionic bombardment

in an atmospheric environment containing air and a small amount of

CO2. Two regions are formed within the space in which the corona is

generated, i.e., dark and glow regions. The dark region has large dimen-

sions in comparison to the glow region, where the ionization takes place

and the charging process occurs mostly within this region (Inculet

1984a). In addition, positive and negative coronas are possible for gen-

erating based on whether the wire electrode is positive or negative,

respectively. A positive electrode is relatively steady and can be produced

in almost all gaseous mediums with a gentle glow-like color. However, the

negative corona is only possible to be generated in the gases that provide

electron attachment (Gaudin 1971). Both coronas have their applica-

tions; however, the negative one is preferred due to its higher spark-over

voltage by which a more intense corona is produced. Once the ion bom-

bardment ceases, the conductor particle loses its acquired charge to
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ground very rapidly and there are no electrostatic forces tending to hold

it to the conducting surface. On the other hand, the dielectric particle

that is coated on the side, away from the conducting surface with ions

of the charge opposite in electrical polarity to that of the surface, experi-

ences an electrostatic force tending to hold it to the surface. If the elec-

trostatic force is larger than the force of gravity or if other forces tend to

separate the dielectric particle from the conducting surface, the particle

is held in contact with the surface (Knoll and Taylor 1984). Different

charging mechanisms are shown in Figure 10.

In corona charging, all particles take the same sign of charge, which

depends mainly on the relative conductivities, which permits separation

by coal macerals losing their charges at a later stage than other asso-

ciated minerals. Gray and Whelan (1956) studied a variety of coals

differing in rank, particle size, and water content over the size range of

2mm to 125 mm using different electrodes, different drum materials,

different drum speeds, and various voltages. They illustrated the diversity

of conditions under which good separation of coal and shale could be

achieved. Olofinskii (1957) refers to the use of the corona techniques only

for the size classification of coal; the beneficiation is incidental. Studies

were also carried out by Ishikawa et al. (1967) on Japanese coals ranging

from 5.6 to 10% ash. The 1700–400-mm size range was tested in four size

fractions at up to 80% relative humidity. A product with an ash level of

2.5–3% and enriched in vitrinite was achieved, and the recoveries were

96–98% relative to washability curves. Monostory et al. (1970) studied

the separation of pyrite from coal dust in the electric and magnetic field.

There are no known commercial applications of dry electrical bene-

ficiation of coal except in Russia. A pilot plant was extensively tested in

Germany 60–70 years ago on coal feeds of 2–0.1mm size and a larger

plant was constructed in the Ruhr Valley but never operated due to

damage caused by bombs during the war.

6.4. Tribo-Electric Separation

The electrical separation with tribo-charging technique has great poten-

tial for coal preparation in fine sizes. There have been some investiga-

tions in this direction, but it has not achieved commercial status in the

coal industry (Hower et al. 1997). Pulverized coal has long been used

as fuel for power plants. The dry beneficiation of pulverized coals used

in conventional boilers of thermal power plants by tribo-electrostatic
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separation would be a satisfactory solution to the environmental

pollution caused by fly ash particulates. Tribo-electrostatic separation

involves charging of particles via contact or friction with other particles

Figure 10. Particle-charging process: a) Corona charging; b) and c) induction charging;

d) particle=particle tribo-charging; and e) particle=surface triboicharging (Kelly and

Spottiswood, 1989b).
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or with a third material, usually the walls of a container or pipe, followed

by transport or free fall through an electric field that deflects the parti-

cles according to the magnitude and sign of their charge. When two dis-

similar particles rub against each other, there is a transfer of electrons

(charge) from the surface of one particle to the other. This results in

one of the particles being positively charged and the other being nega-

tively charged. The charged particles, when under the influence of an

electric field, move toward the oppositely polarized electrode. The

deflection step is relatively simple and most of the research and develop-

ment effort has been aimed at obtaining adequate selectivity and a

sufficient degree of charge in the charging step, and also at solving

the aerodynamic problems of charging and transporting fine particles

(Lockhart 1984). Early tribo-electric separators used the charges gener-

ated by particles sliding down, or transported through, chutes, pipes, or

nozzles. Beside cyclone, fluidized beds are now popular for imparting the

charge as a result of more frequent and better particle–particle or par-

ticle–-wall contact.

The surface parameter of the particles that comes into play for

acquiring the charge is the work function. Work function is defined as

the work required to remove electrons from the surface. The particle that

is positively charged after the particle–particle charging mechanism has

a lower work function than the particle that charges negatively. In the

case of wall–particle charging, the material of the wall has a work func-

tion that is in between the work function values of the two types of par-

ticles that are involved. Tribo-electrification is best suited for processing

minerals that feate different dielectric properties (Knoll and Taylor,

1984; Mazumder et al. 1994). The work function values of various com-

pounds in coal, such as C and Cu. Al2O3, MgO, and SiO2 are 4.0, 4.38,

4.7, 4.5, and 5.4, respectively (Kim et al. 1997).

Several models have been proposed to understand the concept

of charge accumulation and charge transfer in metal–metal, metal–

semiconductor, and metal–insulator contact charging. The contributions

to date are from many researchers, viz. Cho (1964), Davies (1969),

Frankal (1968), Homewood-Rose-Innes (1982), Chowdry and Westgate

(1974), Ruckdeschel and Hunter (1975), Fuhrmann (1977=78), Masuda

and Iinnoya (1978), Kornfield (1976), Garton (1974), Shinbrot (1985),

Ohara (1988), Castle (1997), Sharmene Ali et al. (1998), Greason

(2000), Wu et al. (2003), Wei and Realff (2003), and Castle et al.

(2004). When two different materials come into contact and then
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separate, electrons transfer between each other result in an equal and

opposite charge accumulation on the material surfaces. A net charge

exchange usually occurs for metal–insulator or insulator–insulator con-

tact. However, during metal–metal contact, almost complete backflow

of the charge takes place during the separation process, resulting in very

small charge accumulation due to either electron tunneling or air break-

down. Some researchers believe that charge transfers during contact

electrification ascribe to the transfer of ions (Harper 1967; Henry

1957; Kornfield 1976; Ruckdeschel and Hunter 1977), but most investi-

gators judge that charge carrier are electrons (Castle 1997; Chowdry and

Westgate 1974; Davies 1969; Duke and Fabish 1978; Lowell 1975;

Lowell and Rose-Innes 1980; Nordhage and Backstrom 1975; Schein

et al. 1992). Different models are suggested to understand the contact

electrification phenomena, but it still is not clear whether electrons, ions,

or material transfer are responsible for migration of the charge on the

surface. The most commonly adopted models to understand the charge-

transfer process are the surface-state model and the molecular-ion-state

model.

6.5. Surface-State Model

In the surfacestate theory, charge is exchanged between the surfaces of

the two materials in proportions to the difference between the effective

or surface work functions of the two materials (Castle 1997; Lowell and

Rose-Innes 1980; Schein et al. 1992). Surface-state theory has two limits

called the low- and high-density limits, and can be represented by the

energy level diagrams as shown in Figures 11a and 11b, respectively.

In the low-density limit, the charge flows between two insulators from

the surface of the material with the lower work function to that with the

higher work function until the work functions equalize at a common level.

If the density of surface states per unit energy per unit area is low and

given by N, the resulting charge density, r , exchanged can be written as

r ¼ �eN ð/1 � /2Þ ð32Þ
where e (¼ 1.6� 10�19 C ) is the electron charge. In the high-density

limit, the charge exchanged is large enough to raise the energy of the

states of the insulator with the larger work function to that of the insulator

with the smaller work function, such that the effective Fermi levels of

each are equal.
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When two metals of different work functions, /M1 and /M2 (eV ), are

brought into contact and then separated, the Fermi levels of the two

metals coincide and a potential difference, Vc, is established across the

interface. Harper (1951) suggested that they will exchange electrons by

tunnelling so that thermodynamic equilibrium is maintained. The

contact potential difference is given by

VC ¼ /M1 � /M2ð Þ
e

ð33Þ

The charge transfer Q during the contact is

Q ¼ CVC ¼ C
/M1 � /M2ð Þ

e
ð34Þ

where C is the capacitance between two adjacent bodies. The capaci-

tance C is defined as C ¼ e0A=z, where A is the effective area of contact,

z is the separation at contact, and e0 is the permittivity of free space

¼ 8.85� 10�12 Fm�1. Then, the charge transfer Q equals

Q ¼ e0A
z

VC ð35Þ

Figure 11. Schematic representation of the energy states for insulator–insulator contact

charging. A dash and dot represent the surface state and filled surface state, respectively.

/1 and /2 are the work functions of the two insulators. /g is the final common work

function after a charge is exchanged.
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The surface charge density that can be generated during contact is

r ¼ Q

A
¼ e0

z

/M1 � /M2ð Þ
e

ð36Þ

When two bodies are separated after contact, the capacitance C decreases

and, therefore, Q decreases until the charge exchange by tunnelling

ceases. Harper (1951) illustrated that at about a 1-nm cut-off distance,

the tunnelling current is abrupt and, for a sphere plane geometry, C is

given by

C ¼ 4pe0r 0:577þ 0:5
2r

z

� �
 �
ð37Þ

where r is the radius of sphere and z is the distance at which tunnelling

ceases.

From Equations (34) and (37), the charge transfer during contact

can be written as

Q ¼ 4pe0r 0:577þ 0:5
2r

z

� �
 �
/M1 � /M2

e
ð38Þ

Therefore, the charge density is

Q

A
¼ e0

r
0:577þ 0:5

2r

z

� �
 �
/M1 � /M2

e
ð39Þ

A semi-quantitative agreement between theory and experiment had been

obtained by using the tunnelling cut-off distance of z ¼ 1 nm. Lowell

(1975) investigated rough surfaces with real materials and showed that

the capacitance can be better estimated by taking into account the fact

that most of the two surfaces are separated by much larger distances

when the closest point of separation is at 1 nm and found that tunnelling

current actually ceases at z ¼ 100 nm.

6.6. Local (Intrinsic) Model

According to this model, the charge exchanges between metal and

insulator (e.g., polymer) are based on their energies and positions.

Shinohara et al. (1976) correlated the charge exchange to molecular

structure and suggested that electron-donating polymers enhance posi-

tive charging while electron-accepting polymers enhance negative

charging. Gibson (1975, 1984) indicated that the charge transferred
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(Q=m ¼ charge=mass) is exponentially proportional to the energy differ-

ence of the donor and acceptor states. The following relationships were

established using Hemmet r function and a molecular energy level.

For Positive Charging

ln ðQ=mÞ a EHOMO � EA ð40Þ
and

EHOMO ¼ �m1rx þ b1 ð41Þ
Thus,

ln ðQ=mÞa� EA �m1rx þ b1 ð42Þ
For negative charging

ln ðQ=mÞ a ED � ELUMO ð43Þ
and

ELUMO ¼ �m2rx þ b2 ð44Þ
Thus,

ln ðQ=mÞ a ED þm2rx � b2 ð45Þ
where m1, m2, b1 and b2 are constants and EA and ED are the acceptor

and donor levels, respectively of the metal. Pochan et al. (1980) observed

that the transfer of an electron between a metal and a polymer is a

function of either the work function of the metal when the polymer is

charged negatively or the Fermi energy of the metal when the polymer

is charged positively as shown in Figure 12.

6.7. Ion Conduction Model

Several authors opined that contact electrification is due to the transfer

of ions from one surface to the other (Kornfield 1976; Ruckdeschel and

Hunter 1977). This model deals with the probability of transferring ions

located on the surface due to crystal lattice defects. According to this

model, an ion with enough energy at the defined temperature is able to

skip to the neighboring stable position so that the charge is transferred

from one material to the other. Water adsorption, polymer dissociation,

polymer additives and plasticizers, etc., can also be the sources for ions if

this mechanism is considered for charge exchange.
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There are three general maceral classes of coal with several sub-

classes. The predominant maceral is vitrinite formed by the carboniza-

tion of cellulose. The other two general classes are liptinite, formed

from noncellulose materials such as resins and seeds, and inertinite,

formed from charred plant remains. Inculet and coworkers (1982)

analyzed maceral fractions of electrostatically beneficiated coal and

found that different maceral types acquired different charge polarities.

By petrographic analysis, they found that a major portion of the vitri-

nite charged positively and inertinite charged negatively. The larger

pores present in inertinite are thought to cause the preservation of

the original plant cell structure in this maceral harboring negatively

charged minerals not liberated by grinding.

Coal is generally less conducting than mineral matter, except

perhaps in the case of brown coal that has a high water content and also

often high ion content (Lockhart 1984). The younger and softer coals

were described as more hygroscopic than the older and softer ones

(Fraas 1962). Pyrite is the most conducting mineral that is commonly

found in coal, while the vitrain maceral is known to be less conducting

than fusain and durain macerals (Lockhart 1984). Several studies showed

that clean coal generally charges positively and that ash-forming miner-

als or high-ash coals charge negatively (Alfano et al. 1988; Carta et al.

1976; Lockhart 1984). Coal matter can acquire negative and positive

charge when the carbonate (e.g., limestone and dolomite) and silicate

Figure 12. Local model for polymer-metal contact charging (Pochan et al. 1980).
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(e.g., shale, slate, or marls) gangue, respectively, are present in the coal.

In both cases, good separation was achieved (Ciccu et al. 1991). The

average charge per particle (pC) of the main coal components upon fric-

tional contact against a clean stainless-steel surface at different heating

temperatures reveal that coal and mineral components are charged nega-

tively (Ciccu et al. 1991). Additional investigations carried out by Ciccu

et al. (1991) showed that the charge polarity for coal particles is always

negative, except when the metal is heated to relatively high temperatures

(>200�C). Stainless steel produces higher charges than aluminium, but

lower than copper. Charge decreases with increasing temperature, irres-

pective of the air pressure. They also suggest that moisture plays only the

role of controlling charge leakage due to conductance, being of minor

importance as far as straight charging phenomenon is concerned.

Whereas for mineral particles, pyrite always takes a negative charge,

practically independent of temperature, one order of magnitude lower

than coal due to its high conductivity (Ciccu et al. 1991). Slate also

acquires a negative charge; however, it strongly increases with tempera-

ture since conductivity decreases as moisture is removed.

Charging can be substantially modified by superimposing the induc-

tion=conduction mechanism (Ciccu et al. 1991). As shown in Figure 13,

Figure 13. Contact charge per particle, pC, on stainless steel as a function of applied voltage

[either positive (þ) or negative (�)] (Ciccu et al. 1991).
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the charge per particle increases with the applied voltage. Figure 14

shows the effect of time on triboelectric charging. For coal, charges

increase when time reaches a peak value and then slowly decrease with

asymptotic trend. After a 60-sec experimental duration, charges are

practically independent of time. For limestone, it is less pronounced.

Higher charges are produced in the case of gentle sliding than in the case

of hard rubbing. Charges are considerably greater for coal than for lime-

stone (Ciccu et al. 1991). Tribo-charging can be considerably affected by

the conditions of the rubbing surface. Contamination by moisture,

hydrocarbon patches, and foreign dust can substantially influence the

charging process and even reverse the polarity.

Inculet et al. (1985) investigated the tribo-electrification of coal–clay

specimens. The cumulative charge after 100 contacts wasmuch greater for

kaolinite than montmorillonite when contacted with the coal. Thus, tribo-

electrification of coal–clay mixture plays a major role in any contemplated

electrostatic beneficiation of coal. The test results on a variety of coals

indicate that the different particle-size classes of sulfide and silicate

impurity minerals can be removed efficiently by the tribo-electrostatic

Figure 14. Effect of time on triboelectric charging (Ciccu et al., 1991).
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beneficiation process under appropriate conditions (Finseth et al. 1993).

Hower et al. (1997) tested three eastern Kentucky and two Illinois coals

in a bench-scale tribo-electrostatic separator and observed that tribo-

electrostatic separation provides better separation in comparison to

bench-scale fuel oil agglomeration technique. They observed that clean

coals were enriched with vitrite and vitrinite-enriched microlithotypes

while inertinites, liptinites, and minerals were present in the tailings. They

also mentioned that petrographically similar coals also have different

separation efficiency; this was due to higher moisture content, which

may lead to lower separation efficiency.

Temperature and moisture played an important role in charging the

coal. The moisture content reduces the degree of charging, but it is not

clear whether the driest materials had the best charging properties

(Kwetus 1994; Mazumder et al. 1995). Coal particles under dry con-

ditions and at a low relative humidity have electrical resistivity approxi-

mately 1014Xm, whereas pyrite particles are considered to be a

semiconductor with resistivity 107Xm. The resistivity of coal particles

will greatly depend upon the moisture and ash content and, therefore,

different types of coal will have different resistivity (Mazumdar et al.

1995). Kwetus (1994) showed that the maximum negative charge

acquired by coal particles reduced monotonically with the increase of

relative humidity. The maximum charge acquired by the mineral parti-

cles such as calcite, quartz, and pyrite were lower orders of magnitude

than the coal particles. Some mineral particles acquired significantly

greater charge at elevated temperatures and others not when the

temperature was increased from 20 to 80�C.
Inculet et al. (1980) had successfully beneficiated the coal to remove

ash while retaining calorific value by the dry electrostatic separation

process using a fluidized bed for tribo-electrification. Recovery and

ash contents of the beneficiated coal are comparable to recoveries by

water washing. It has been mentioned that considerable work has been

done in Germany on coal beneficiation by electrostatic separation.

According to Frass (1962), there were two plants designed and installed

in Germany in 1946. These were pilot plants with a capacity of 10 t=h

erected at the Konigin Elizabeth mine in Essen. Lewowski (1993) studied

the electrostatic desulfurization of polish steam coals. Tribo-electric

separation of coal and associated tribo-charing characteristics have been

investigated by many researchers, who had reported successful separ-

ation of mineral matter from coal (Anderson et al. 1979; Ban et al.
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1993a, 1993b, 1994; Hower et al. 1997; Lindquist et al. 1995; Mukherjee

et al. 1987; Nifuku et al. 1989; Schaefer et al. 1992, 1994; Soong et al.

2001; Tennal et al. 1999; Zhang et al. 2003).

Different treatment methods, especially modifying the relative

humidity and temperature of the raw material and=or surrounding

atmosphere, can be beneficial. The chemical pretreatment of the raw

material by regulating the ambient moisture by NH3 (Ralston 1961)

was found to be beneficial for separation. Lawver (1958) improved

potash separation by heat treatment. Zhou and Brown (1988) reported

on the increase in the coal separation efficiency after chemical pretreat-

ment. Various inorganic and organic aliphatic, aromatic and hydro-

carbon gaseous agents were used in dry nitrogen atmosphere in the

fluidized-bed tribo-charging medium for the selective separation of

the macerals. Turcaniova et al. (2004) studied the effect of microwave

radiation on the tribo-electrostatic separation of coal.

Mazumdar et al. (1995) suggested some relevant problems and felt

that the research needs to focus on the electronic surface structure of coal

and mineral particles, and the effect of particle-size distribution and the

influence of surface contamination on tribo-charging and separation

processes. They also suggested that several fundamental factors that influ-

ence the tribo-charging and separation process are not yet fully under-

stood; there is considerable uncertainty in the successful operation of

this process and, hence, preventing its commercial implementation to date.

Trigwell and Mazumder (2001) investigated the effects of surface

composition on work function by X-ray photoelectron spectroscopy

and UV photoelectron spectroscopy in air and measured the work func-

tions of copper, stainless steel, aluminium, nylon, and polytetrafluorethy-

lene. The studies showed that the work functions varied considerably,

since a function of surface composition and the actual work function

of material surfaces can differ from their expected values due to altered

surface composition upon exposure to the environment. A slight change

in environment and humidity can cause changes in the work function

values, which led to similar work function values of the coal macerals,

pyrite, and copper, and alternating between positive and negative, always

a possibility of bipolar charging with a wide range. They also suggested

that polystyrene may be a good charging medium; however, they ques-

tioned the tribo-charging efficiency due to its soft surface and because

its charging surface is likely to get covered with a thin layer of fine coal

powder.
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Soong et al. (2001) carried out an investigation on dry beneficiation

of Slovakian coal, namely Ci’gel, Handlova, and Nova’ky coal using

triboelectrostatic separation. Three different types of separators, viz,

Figure 15. Schematic diagram of a parallel plate separator (Soong et al. 2001).
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parallel plate, cylindrical, and louvered plate, was used for this study as is

shown schematically in Figures 15–17. The coal particles were charged

by transporting pneumatically through the venturi tube and nozzle in

the case of parallel plate and Louvered plate separators where as through

concentric tube in the case of cylindrical separator. After charging, par-

ticles were separated by deflection on falling through the plate as shown

Figure 16. Schematic diagram of a Louvered plate separator (Soong et al. 2001).
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in the figures. The quality of the tribo-electrostatic separation process

can be determined by measuring the cumulative recovery of combustible

matter and ash as a function of position of splitter in the parallel separ-

ator. Typical performance curves for Handlova, Nova’ky, and Ci’gel coal

are shown in Figure 18.

Figure 17. Schematic diagram of a cylindrical separator (Soong et al. 2001).
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Soong et al. (2001) reveal that a simple parallel plate tribo-

electrostatic separator has the potential to reduce ash content from

Ci’gel and Handlova coals. The degree of ash removal and combustible

recovery was found to be dependent on the type of coal and configur-

ation of the separator that was utilized. The separators used in this

study cannot qualitatively provide a separation for Nova’ky coal, prob-

ably due to the nature of the Nova’ky coal, particle–particle interac-

tion, and the surface oxidation state of the coal. A simple parallel

plate separator can quickly evaluate the response of a given coal of this

beneficiation approach. The two-stage processes can further reduce

the ash content from the products generated from the single-stage

cleaning process.

Laboratory tests in a model tribo-electric cleaner at China Univer-

sity of Mining and Technology showed that when the feed coal was

comminuted down to 320 mesh (0.043mm), at which point the miner-

als embedded in coal were fully liberated, ultra-low ash coal with less

than 2% ash was obtained. Currently, a pilot system with tribo-electric

cleaning has successfully passed technical appraisal (Chen and Wei

2003).

Figure 18. Combustible recovery versus ash content of clean Slovakian coal (Handlova,

Novaky, and Ci’gel) (Soong et al. 2001).
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7. SUMMARY

There has been a significant research and development effort in several

aspects of dry beneficiation of coal. Dry beneficiation is attractive when-

ever water supplies are restricted and also where wet processing is inef-

ficient or leads to problems in handling and dewatering of the products

and tailings. A great deal of success has been achieved by China in dry

coal preparation using an air-dense medium fluidized bed separator.

However, current dry coal beneficiation techniques are not as efficient

as wet processes, when compared to the same type of coal and size range;

hence, it requires more research and development in this regard. Sorting,

using visible or other electromagnetic radiation combined with modern

computer hardware and image recognition software, alters the potential

for cost saving for the coal producer. An electrostatic separator with a

tribo-charging technique has great potential for coal preparation in fine

sizes. There have been some investigations carried out in this direction.

Pulverized coal has long been used as fuel for power plants. The dry

beneficiation of pulverised coals used in conventional boilers of thermal

power plants by a tribo-electrostatic separator will be a satisfactory

solution to the environmental pollution caused by the fly ash particu-

lates. Fundamental research on different dry beneficiation techniques

is further required to have a better vision of economical and ecological

returns in the field of coal preparation.
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Abstract

The electrostatic beneficiation of coal is based on different tribo-charging characteristics of 

ash forming minerals and coal particles. In this work the tribo-charging of quartz and coal 

particles contacted with various metals and polymer materials have been measured and the 

charge acquisition was examined through surface energy calculations from liquid contact 

angle data. The contacts angles, before and after tribo-charging of solids, were measured with 

Krüss tensiometer using Washburn’s equation where the sample holders in tensiometer are 

specially constructed with tribo-charger materials. The polarity and amount of charge 

acquired by quartz and carbon powders with metal tribo-chargers were found to be in good 

agreement with the reported work functions of the contacting surfaces. The results for the 

charge with polymer materials differed from the work function values, presumably due to 

surface contamination. The surface energy of quartz particles calculated from the measured 

contact angle data showed that the tribo-charging increases the surface energy. Both polar and 

non-polar components computed using Fowkes and Owens-Wendt approaches showed that 

these components increase after tribo-electrification. However, the polar component divided 

into acid and base parts, as in van Oss approach, manifest decreasing acid part and increasing 

base part. Since quartz charged negatively during tribo-charging with metal surfaces and 

therefore suggests acceptance of electrons, the determined acid-base surface energy 

components are consistent with the charge transfer process. The results also elucidate an 

explicit correlation between the charge generated by powders and the surface acceptor (acid) 

and donor (base) electronic state and thereby the work functions. Thus a method for 

characterising the changes in surface energetic structure of solids during tribo-electrification 

in terms of acid-base parameters of electron transfer between the contacting surfaces has been 

described for the first time. 

Keywords: Tribo-charging, electrostatic, electro-wetting, contact angle, Lewis acid-base, 

surface energy 
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1. Introduction

Dry beneficiation of coal has not been practiced widely in coal industry, although it 

is applied for large variety of bulk materials. The dry processing of coal is principally based 

on differences in density and surface properties between inorganic mineral impurities and 

organic coal. In recent years, the differences in electrostatic behaviour have been exploited 

but not achieved commercial status in the coal beneficiation industry (Hower et al., 1997). 

The utilization of induction or corona charging based on charging and discharging of particles 

of different composition for the separation of coal from mineral impurities have met with 

limited success (Gray and Whelan, 1956; Olofinskii, 1957; Mukai et al., 1963; Monostory et 

al., 1970). Recent works of using electrostatic methods for cleaning coal have focused on 

tribo-electric charging of the coal particles followed by separation of the dry charged material 

in a static high voltage field (Hower et al., 1997; Anderson et al., 1979; Mukherjee et al., 

1987; Nifiku, 1989; Schaefer et al., 1992, 1994; Ban et al., 1993a, 1994; Ban et al., 1993b; 

Lindquist et al., 1995; Tennal et al., 1999; Soong et al., 2001; Zhang et al. 2003). The tribo- or 

contact electrification of materials is a well known effect which is a function of the ability of 

the material to accept or donate electrons when it is in dynamic contact with other material. 

Thus, the tribo-electric separation involves charging of particles by contact or friction with 

other particles or with a third material, usually the walls of a container or pipe, followed by 

transport or free-fall through an electric field that deflects the particles according to the 

magnitude and sign of their charge. When two dissimilar particles are in contact or rub against 

each other, there is a transfer of electrons (charge) from the surface of one particle to the other 

until the energy of electrons in each material at the interface is equalised. The energy of 

electrons at the surface of the material is characterised in terms of the Fermi level, and a 

measure of relative affinity of the material for electrons is the work function, which is the 

energy to move an electron from the surface to infinity. The material with higher affinity for 

electrons gains electrons (i.e., lower Fermi level or higher work function) and charges 

negatively, while the material with lower affinity loses electrons (i.e., higher Fermi level or 

lower work function) and charges positively. Thus the particle that is positively charged after 

the particle-particle charging mechanism has a lower work function than the particle that is 

charged negatively.

Trigwell and Mazumder (2001) investigated the effects of surface composition on 

work function by X-ray photoelectron spectroscopy (XPS) and UV photoelectron 

spectroscopy in air. The measured work functions of copper, stainless steel, aluminium, 

nylon, polytetrafluorethylene varied considerably as a function of surface composition and the 
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actual work functions of material surfaces differed from the expected values due to altered 

surface composition upon exposure to the environment. Slight changes in environment and 

humidity led to similar work function values for coal macerals, pyrite and copper, fluctuating 

between positive and negative, and exhibiting bipolar charging over wide range. It has been 

also suggested that polystyrene may be a good charging medium. However they questioned 

the tribo-charging efficiency due to soft surface as the charging surface is likely to get 

covered with a thin layer of fine coal powder. Gady et al. (1997, 1998) studied contact 

electrification using atomic force microscopy and achieved consistent results with qualitative 

expectation of contact charging based on tribo-electric series of common materials. The 

observed contact electrification is also consistent with electronic charge transfer between 

materials rather than an ionic or material transfer mechanism. Wiles et al. (2004) reported the 

effects of surface modification and moisture on the rates of charge transfer between metals 

and organic materials. Charging was studied by these authors at different relative humidity of 

air in contact with the system in acidic and basic atmospheres and for a series of polystyrene 

surfaces oxidised to different degrees. Grzybowski et al. (2005) studied the kinetics of charge 

transfer between metals and polymers using an analytical rolling-sphere tool. Yoshida et al. 

(2006) investigated the contact charging phenomena using experimental and theoretical 

approaches to clarify the charging mechanism of polymer particles. As an experimental 

approach, the charges caused by impact between a single polymer particle and a metal plate 

were measured. The polymer-metal charge transfer was further investigated by first-principle 

cluster model calculations and the model was validated with the calculated and experimental 

binding energies.

In recent years, there has been a broad understanding that the electron transfer and 

that the amount and polarity of charge transfer between two dissimilar materials during 

frictional charging were largely controlled by the surface properties of the materials 

(Ruckdeschel and Hunter, 1975; Trigwell, 2003, 2003a; Sharma et al., 2004; Mazumder et al., 

2006). The ability of particles to donate or accept an electron is an inherent property of the 

particles based on their work function and physical form so that it is logical to believe that 

there must be an underlying tendency for a material to charge in consequence of its surface 

energetic electron donating/electron accepting properties.

Contact electrification is also explained as acid-base interactions between surfaces 

involving protons in the case of Bronsted acids-bases or electrons in the case of Lewis acids-

bases. The acid-base interactions associate charge rearrangement at the interface and when the 

interacting surfaces are abruptly separated, some fraction of the charge may remain on the 
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surfaces. The surface acidity and basicity upon contact are thus related to surface acceptor and 

donor electronic states and thereby to work functions. The published work function values for 

the same material vary (Horn et al., 1993) because of different surface states caused by 

impurities, crystal imperfections, defects, etc. The work functions of metals can be easily 

determined reliably (Horn et al., 1993) but they are not established as easily for insulating 

materials, the characterization of surface energetic electron donating/electron receptor 

properties before and after contact charging has not been illustrated to date, primarily due to a 

lack of standard instrumentation and procedures for quantifying contact charging. Ahfat et al. 

(2000) have investigated the electron donating-accepting tendencies of pharmaceutical 

powders using Inverse Gas Chromatography (IGC) and tribo-electric studies and suggested 

that a correlation may exist between charges generated by powders and the acidic-basic 

parameters determined by IGC. Several authors have quantified the acid-base character of 

mineral surfaces by solvatochemistry (Nemeth et al., 2003), zeta- potential (Labib and 

Williams 1984), IGC (Ahfat et al., 2000), liquid contact angles (Janczuk et al., 1992; 

Karaguzel et al., 2005), etc. but no studies have been reported to date on the characterisation 

of electron transfer particularly emphasising the changes in surface acid-base properties of 

contacting surfaces before and after tribo-electrification.

The aim of the present work is, therefore, to understand and quantify the surface 

energetic structure of solids, in terms of acidity and/or basicity, before and after tribo-

electrification, and thereby to correlate the electron transfer to that of the underlying tribo-

electric charging process. In the present work, the liquid contact angles on solids are 

measured by Krüss tensiometer K100 which incorporates a module for determining the 

contact angle on powder samples using Washburn equation (Washburn, 1921). The solids 

surface energy and its polar and non-polar components of surface energy and the polar 

component split into acid and base components of surface energy are calculated with the 

measured contact angle data following the theoretical approaches reported in the literature. 

The adopted methodology for determining the solids liquid contact angle after contact 

electrification is described later in the experimental section.  
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1.1 Theory 

 The surface free energy and interfacial free energy of solids are extremely useful in 

predicting material processes and properties. The problem of experimental determination and 

theoretical calculations of solid surface free energy is still open. Nevertheless, several 

approaches have been reported in the literature which makes it possible to evaluate solid 

surface energy using contact angles measured with liquids of known surface energy 

parameters. The first approach is that of Zisman (1961) which defines the surface energy of a 

solid to be equal to the surface tension of the highest surface tension liquid that will 

completely wet the solid, with zero contact angle. This comes from the widely observed 

tendency of contact angle on a solid surface to decrease as liquid surface tension decreases. 

During later years, the following approaches have been described in the literature to 

determine the surface energy through liquid contact angles on solid surfaces: 

1.1.1. Fowkes approach 

The most widely used two components surface energy theory is due to Fowkes (1964). It 

suggests that the surface energy of a solid is a summation of two components viz. a dispersive 

component and a non-dispersive or polar component. The dispersive component theoretically 

accounts for van der Waals and non-site specific interactions that a surface is capable of 

having with applied liquids. The polar component is accounted for dipole-dipole, dipole-

induced dipole, hydrogen bonding, and other site-specific interactions which a surface is 

capable of having applied liquids. The approach is based on three fundamental equations 

which describe interactions between solid surfaces and liquids. These equations are: 

Young’s equation 

coslsls                                                                                                         (1) 

where s  = overall surface energy of the solid, l  = overall surface tension of the wetting 

liquid, sl  = the interfacial tension between the solid and the liquid and  = the contact angle 

between the liquid and solid. 

Dupre’s definition of adhesion energy is 

sllsslI                                                                                                        (2) 

where  = energy of adhesion per unit area between a liquid and a solid surface. slI

Fowkes’s theory assumes that the adhesive energy between a solid and a liquid can be 

separated into interactions between the dispersive components of the two phases and 

interactions between the non-dispersive (polar) components of the two phases: 
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where  = dispersive component of the surface tension of the wetting liquid,  = 

dispersive component of the surface energy of the solid,  = polar component of the surface 

tension of the wetting liquid, and  = polar component of the surface energy of the solid.  
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The above three equations are combined to yield the primary equation of the Fowkes surface 

energy theory. 

2
cos12/12/1 lP

l
P
s

D
l

D
s                                                             (4) 

Since the above equation has two unknowns, and , the contact angle data from two well 

characterised polar and apolar liquids are needed.  

D
s

P
s

1.1.2. Owens/Wendt approach 

The Owens/Wendt (1969) approach, similar to Fowkes approach, suggests that the surface 

energy of solid comprises of two components, a dispersive and a polar component. 

Mathematically, the theory is based on two fundamental equations, Good’s equation (Good et 

als., 1960) and Young’s equation, which describe interactions between solid surfaces and 

liquids. Good’s equation is 
2/12/1 22 P

s
P
l

D
s

D
llssl                                        (5) 

Owens and Wendt combined this equation with Young’s yielding the following equation: 
2/12/1 22cos1 P

l
P
s

D
l

D
sl                                                             (6) 

Dividing both side of the above equation by 2/12 D
l gives the following equation. 

2/1

2/1

2/1
2/1

2/12

1cos D
sD

l

P
lP

sD
l

l                                                                        (7) 

There are two unknowns in equation 6 requiring contact angle data from two liquids in order 

to calculate surface energy. But the linear form equation 7 requires contact angle of several 

liquids for best fit. 

1.1.3. van Oss acid-base approach 

van Oss (1986) and his associates were the first to calculate the surface energy of solid as the 

addition of Lifshitz-van der Waals ( ) and polar or Lewis acid-base ( ) interaction  

given by the equation

LW AB

ABLW                                                                                                                                                       (8) 
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Apolar interaction or the Lifshitz-van der Waals component of surface energy results 

from dispersion (London’s force), induced dipole-dipole (Debye’s force) and dipole-dipole 

(Keesome’s force) intermolecular interactions. Lewis acid-base ( ) or polar interactions 

are due to hydrogen bonding interactions (acid-base) and most generally electron acceptor, 

, and  electron donor, , interactions. The component  is expressed as the geometric 

mean of and  , and is given by 

AB

AB

2/12AB   (9) 

The solid-liquid interfacial free energy is expressed as follows: 
2/12/12/1 LW

l
LW
s

LW
sl (10)

2/12/12/12/1 )(2 sllsllss
AB
sl  (11) 

Combining equations 10 and 11 the total free surface energy can be expressed as 

2/12/12/12/12/12/12/1 )(2 sllsllss
LW
l

LW
s

Total
sl   (12) 

where  and l  refers to solid and liquid, respectively. s

Combining the above equation with classical Young equation, the following relation is 

obtained:

2/12/12/1
)(2)cos1( slls

LW
l

LW
sl  (13) 

The above equation contains three unknowns, viz., ,  and , and thus requires 

contact angle data of three liquids of which two must be polar. The contact angles of water, 

formamide and 1-bromonapthalene on quartz powder are used for the calculation of surface 

free energy and its polar acid and base components and non-polar contribution to surface 

energy.

LW
s s s

1.1.4. Equation of state approach 

Neuman et al. (1974) proposed the so-called equation of state for the interfacial free energy 

2/1

22/12/1

015.01 ls

ls
sl                                                                                    (14) 

Knowing the sl , s , l  and their components, Young’s equation can be solved for 

the surface free energy components of the solid or its total surface free energy. Thus 

introducing Eq. 13 into Eq. 1 we obtain 
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                                                                             (15) 

In the above equation the value s can be calculated on the basis of the measurement 

of the contact angle of one liquid only. 

2. Experimental 

2.1. Materials 

Pure crystalline quartz sample was obtained from Mavior S.A., Greece. The chemical 

analysis showed that the sample purity was more than 99%. The sample was crushed and 

ground in an agate mortar. The product was wet screened and a particle size fraction of -

150+38 μm having the mean diameter of 104 μm was used for contact electrification and 

contact angle measurements. The pure carbon powder used in contact charging experiments 

was from Merck KGaA, Germany. The standard polar liquids of water and formamide, and 

apolar liquids of n-hexane and 1-bromonaphthalene were used to measure the contact angles 

on quartz and carbon powders. The surface energy parameters (mJ/m2) of these standard 

liquids are presented in Table 1.

Table 1. Physico-chemical properties of test liquids used as absorbents for capillary constant 
and contact angle measurements.  

Liquid Density,g/cm3 Viscosity,
mPa.s

Surface
tension,
mJ/m2

Disperse
part,
mJ/m2

Polar
Part,
mJ/m2

Acid
part,
mJ/m2 

Base
part,
mJ/m2

n-hexane 0.661 0.326 18.4 18.4 0 0 0
Water 0.998 1.002 72.8 21.8 51.0 25,5 25,5
Formamide 1.133 3.607 58.0 39.0 19.0 2.3 39.6
1-Bromo 
Napthalene

1.483 5.107 44.4 44.4 0 0 0

2.2. Tribo-electrification and charge measurement 

The effect of tribo-charger material on charge acquisition by quartz and carbon 

powders was studied using a cylindrical rotating drum of 0.095 m diameter and length where 

the inside lining can be replaced by copper, brass, steel, aluminium, teflon, perspex and PVC 

materials. The rotational speed of the drum is 45 rpm and the particles were frictionally 

charged by sliding in the drum. A 5 g of mineral or carbon particles are tribo-charged for a 

fixed time interval and after contact charging, the particles charge polarity and magnitude 

were measured by a Faraday cup connected to a Keithley electrometer.  
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2.3. Dynamic contact angle measurement 

The powder surfaces accept or donate electrons during contact electrification based on 

their work function which eventually increase or decrease the Lewis acid (electron acceptor) 

or base (electron donor) properties of the powder. Therefore any system by which the change 

in acid-base properties of the solids can be measured immediately after contact electrification 

will help to understand of the charge characteristics of the solids with the particular charging 

medium.  

The Washburn (1921) method has been used to determine the liquid contact angle on 

powders. Essentially, the Washburn equation defines the liquid flow through a capillary and it 

is given as

cos... 22
Lc

t
m                 (16) 

where,  is the mass of the penetrating liquid, m L  is the surface tension of the liquid,  is 

the density of measuring liquid,  is the viscosity of liquid, t  is the time,  is the contact 

angle and  is a material constant which is dependent on the porous structure of the packed 

solid particles. In the above equation, 

c

L ,  and are constants. The mass of penetrating 

liquid which rises into the porous packed bed can be monitored as a function of time and 

can be plotted versus . The contact angle of the liquid on the solid, 

t
2m , and the solid 

material constant, c , are the two unknowns in the equation. If a Washburn experiment is 

performed with a liquid which is known to have contact angle of  = 0o (cos  = 1) on the 

solid, then the solid material constant is the only remaining unknown in the equation and can 

thus be determined. Therefore, the constant  is determined with an extra measurement 

before the first real measurement by using a non-polar liquid like n-hexane with low surface 

tension (18.4 mJ/m

c

2) which wets the surface completely. The detailed packing procedure has 

been discussed latter.

The Krüss K100 tensiometer was used for determining the liquid contact angle on 

solid powder according to the Washburn method. The powder to be measured was filled into a 

glass tube with a filter paper base and suspended from the balance. The filter paper prevents 

the powder from leaking out from the bottom of the cell. The probe liquid is kept in the glass 

sample vessel below the powder sample holder, where the sample vessel mounted on a flat 

form can be monitored to move in the vertical direction up and down by the equipment 

associated software. After the vessel had contacted the liquid, the speed at which the liquid 

rises through the bulk powder was measured by recording the increase in mass as a function 
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of time. The contact angle, , was then calculated using Washburn’s equation. The tube 

sample holder used in the analytical system gave us a convenient method to tribo-charge the 

mineral powder before measuring the contact angle. In the present investigation a known 

amount of weighed powder was filled in the sample vessel and the powder was tribo-charged 

by shaking for fixed time. After tribo-charging the powder, the vessel was suspended from the 

balance for contact angle measurement of powder. Copper, brass and aluminium sample 

holders were fabricated locally with the same dimensions as those of the glass sample holder 

of Krüss tensiometer as shown in Fig. 1. The length and inside diameter of sample holders are 

0.051 m and 0.007 m respectively. 

Aluminium                  Brass            Copper      Filter holder    Glass 

Fig.1. Sample holder made up of aluminium, brass, copper and glass 

Using these sample holders, the effect of tribo-charging on the sorption of probe 

liquids and thereby the contact angles of quartz sample was studied. The n-hexane liquid on 

carbon was found to have finite contact angle and it became difficult to determine liquid 

contact angles on carbon particles. Obviously, it requires a liquid with lower surface tension

than n-hexane to determine the constant, c, in the Washburn equation.

Surface energy measurement of powder was a two step technique viz. capillary 

constant and contact angle measurement. To study the surface energy of mineral powder 

without contact electrification, 1 g of the mineral powder was weighed and introduced into the 

glass sample vessel against the fritted glass filter and tapped for 10 times for uniform packing 

and with practice reproducible packing had been generated for each successive experiment.

After tapping, the sample vessel was suspended on the balance of tensiometer and allowed to 

touch the surface of a 25 ml of n-hexane liquid for the sorption measurement and thereby the 

packing factor or capillary constant of the mineral powder bed was determined. The capillary 

constant was measured 4 to 5 times and an average value has been used to determine the 

contact angle of liquid on mineral powder and the different values obtained are given in Table 
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2. The surface energy of mineral after contact electrification with metal was studied similarly 

but using the metal sample holder. In this case, the sample holder tube was covered on both 

sides with the metal plates of diameter 0.007 m of the same material as shown in Fig. 1 and 

tribo-charged by shaking continuously for 40 sec. After charging, the metal plates were 

carefully removed and the filter holder was placed at the bottom of metal tube and suspended 

the sample holder from the balance. Similar steps were followed to determine the capillary 

constant and contact angle with different liquids. Each experiment is performed 4 to 5 times 

and the results were found to be reproducible. It can be observed from Table 2 that the 

capillary constants are very close to each other for particular tribocharging medium and thus 

confirming reproducible packing of the mineral powder in the sample holder. The metal tube 

sample holder was thoroughly cleaned with deionised water, dried and polished with sand 

paper after each experiment to avoid any contamination of the metal surface due to oxidation 

or test liquids.

 After determining the contact angles of test liquids on quartz powder, before and after 

contact electrification with chosen materials, the total surface energy, the polar and non-polar 

components of surface energy and the division of polar component into acid and base 

components of surface energy were determined following the theoretical approaches 

presented above.

3. Results and Discussion 

3.1. Tribo-charging studies 

The charge acquisition of quartz and carbon powders after contact electrification with 

different tribo-charging media was studied initially. The size distribution of these materials 

showed a particle mean diameter of 104 and 85 μm for quartz and carbon respectively. The 

magnitude of charge and polarity acquired by quartz and carbon after contact electrification 

with different tribo-charger materials are presented in Figs. 2 and 3 as a function of tribo-

charging time respectively. The results show that quartz charged negatively with copper, 

brass, aluminium, steel, copper, PVC, teflon and perspex materials. As shown in Fig. 3, the 

carbon was charged positively with copper, brass and aluminium whereas it charged 

negatively with perspex, PVC and teflon. In general, these results are in good agreement with 

the reported work function values of quartz, 5.4 eV (Kim et al., 1997); perspex, 2.7 eV (Ciccu 

and Foreman, 1968);  brass, 4.28 eV (Michaelson, 1977); copper, 4.38 eV (Inculet 1984); 

PVC, 4.85 eV (Davies, 1969); PTFE or teflon, 5.75 eV (Trigwell et al, 2003 a). The only 

discrepancy is with teflon where quartz is expected to charge positively based on work 
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functions. The magnitude of negative charge acquisition for quartz increases with contact time 

until 40 sec and above which it displays either a decrease or nearly the same value. This 

suggests that 40 sec contact time is required for all the particles in powder sample to given to 

become charged with the cylindrical tribo-charger material. In the case of teflon, a continuous 

increase in negative charge is observed.
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Fig. 2. Influence of tribo-charging time on 
charge acquisition by quartz particles. 
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Fig. 3. Influence of tribo-charging time on 
charge acquisition by carbon particles. 

A value of 4.0 eV has been reported by Kim et al. (1997) as the work function of 

carbon. The amount and charge polarity transferred between carbon and tribo-charger 

materials presented in Fig. 3 are in good agreement with this value, where carbon charged 

positively with copper, brass and aluminium and negatively by perspex. However, with PVC 

and teflon, the carbon charged negatively contradicting where it is expected from work 

functions to charge positively. Furthermore, the amount of negative charge decreased with 

increasing contact time with these two tribo-charger materials. In general, the charge 

development by quartz and carbon materials contacting with metals followed the work 

function values but serious disturbances are observed with polymer based tribo-charger 

materials. 

The work functions of the materials reported in the literature by XPS measurements 

were mostly with high vacuum conditions and the few studies where the work functions 

measured in ambient conditions in air by UV photoelectron spectroscopy gave different 
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values (Trigwell et al., 2001). The magnitude and polarity of charge transfer for dissimilar 

materials of metals and polymers depend on the surface composition and the work functions 

reported by researchers for the same material differed. This could be due to the surface 

contamination or oxidation. In the case of metals, the work function tended to a smaller 

increase for higher levels of contamination whereas a small deviation in surface composition 

of polymer caused a large increase in the work function (Mazumder et al. 2006). This explains 

the present observed deviations of the charge polarity when quartz and carbon are tribo-

charged with polymeric materials. In particular, the carbon was found to adhere strongly to 

organic polymer materials and it became difficult to create a clean surface after each 

experiment. 

The difference in the relative work functions of the particles and the contacting surface 

determines the amount of charge transfer. Accordingly, greater the work function difference, 

higher is the charge transfer and charge acquisition. The magnitude of charge acquired by 

quartz follows the trend of work function differences from brass to PVC as shown in Fig. 4. 

However, it is clear that the charge acquisition with teflon and perspex deviated the work 

function sequence. The amount of positive charge acquired by carbon also followed the 

sequence of metallic brass, aluminium and copper materials and as well the negative charge 

attainment by perspex as shown in Fig. 5. However, with the PVC and teflon polymeric 

materials, the charge transfer is against the work function values and carbon acquired negative 

charge in stead of positive charge. The anomalies with polymeric materials could be due to 

surface contamination as explained earlier. While disregarding these few discrepancies, the 

results illustrates that the charge polarity and deflection of particles in an electric field can be 

predicted with the knowledge of the two contacting surfaces work functions. On the other 

hand, if the charge polarities and the charge magnitudes of contact materials are measured, the 

relative work functions could be predicted (Li et al., 1999).

Researchers (Inculet, 1984) suggested that the work functions not only depended on 

the materials but also on the condition of surface state (e.g. oxide layers, moisture level, 

surface contamination etc.), which emphasises the different work functions reported for the 

same material. The work functions of many materials are not available and evaluation of their 

work functions is necessary for practical purposes.
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3.2. Surface energetic structure of quartz before and after tribo-charging 

  The effect of tribo-charging on quartz surface characteristics has been studied by 

determining the liquid contact angles on quartz powder using Washburn technique. Initially, 

the capillary constant was determined by n-hexane sorption measurements. The quartz sample 

is placed in glass sample holder and sorption of n-hexane was measured without contact 

charging between glass wall and particles. The contact angles of test liquids on quartz powder 

were measured similarly in glass sample holder and these values are considered as the results 

before tribo-electrification. In the case of copper, brass and aluminium sample holders, the 

quartz sample was intensively contacted with the walls of the sample vessel for contact 

electrification before the sorption of test liquids is measured. 
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Fig. 6. Effect of tribo-charging on absorption of n-hexane for determining the capillary 
constant.

 The tribo-charging of solids and the charges developed on particles lead to a change in 

the porosity of powder bed in the sample holder, which would influence the sorption curves 

with the liquids. The decrease in the sorption of n-hexane after tribo-charging of quartz with 

copper is obviously caused by a change in the void fraction of the bed porosity (Fig. 6). The 

results show that the solids bed is compacted more after charge acquisition and this is because 

of solids interaction with oppositely charged sample holder surface and also the interaction 

between dipoles that exist on particle surfaces. The lower capillary rise of non-polar n-hexane 

through the porous solids bed (Fig. 6) and higher rise with the test liquids (Figs. 7-9) after 

tribo-charging when compared to the corresponding solids bed without tribo-charging, 

illustrate the electrostatic charge influence on the capillary rise of test liquids. When the test 

liquids are used for determining the contact angle, before after tribo-electrification, the 

corresponding porous bed capillary constants were used so that the change in contact angles is 

only due to the surface polarity and charge density attained during tribo-electrification and not 

due to a change in the porosity of solids bed.

 The other consideration is the possibility of charge leakage as soon as the particle bed 

comes into contact with the test liquid. If the solids surface charge is discharged, then the 

sorption curves of solids, before and after tribo-charging, with a particular test liquid are 

expected to be the same, which is not the case. The sorption curves of quartz solids always 

displayed increased mass of water sorption after tribo-electrification than the solids without 

tribo-charging. This is obviously caused by the increase in the wettability of solids due to the 

surface charge developed during tribo-electrification. The electrostatic interactions between 
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the solid and liquid are the driving force for the increased capillary-rise system. The results 

clearly demonstrate that there is no charge leakage within the flow seconds of the 

measurement time of the sorption curves. In this context, it must be pointed out that the 

charge decay on charged hydrophobic quartz surface after placing water droplets showed that 

it takes 10 min time for the surface charge to decay from 100% to 20% (Monero-Villa et al., 

1998). The influence of a periodic deposition and removal of water drops as a means of 

removing charge from the sample surface showed that it takes 100 min for 100% surface 

charge decay. Another interesting observation was that when a charged solid plate is entering 

into the liquid, the liquid jumps onto the plate because of electrostatic attraction and falls 

down (Yaminsky and Johnston, 2005). This process was repeated several times before the 

edge of the plate finally entered the liquid. It illustrates that only a partial discharge of solid 

occurs when the liquid come into contact with a charged solid. Thus, these published reports 

corroborate that the charges developed on insulator materials during contact electrification 

remain during the time of the present sorption curve measurements. If any discharge is taking 

place from the charged solids powder bed in the sample holder, then it could be only partial 

discharge and from the first or two layers of solids that immediately come into contact with 

the test liquid. Since the rise of test liquid into porous bed follows immediately after contact, 

the surface forces also exert influence on the liquid at the same time. Therefore, the observed 

change in the sorption properties of liquid with solids before and after contact charging is due 

to their charge acquisition.

 Fig. 6 shows the experimental results of capillary penetration of n-hexane through the 

quartz powder bed as the square of the mass gained, m2, versus time, t. Several runs of n-

hexane sorption were made in each of the glass, copper, brass and aluminium sample holders. 

The results obtained in glass and copper sample holders only are presented in this figure. It 

can be seen that there is a good reproducibility of results and the curves display the same 

slope or same rate of sorption, m2/t, in a particular sample holder. However, the sorption rate 

of n-hexane is greater in glass vessel than the copper vessel. The measured capillary constants 

of quartz powder without charging and after tribo-electrification are presented in Table 2. The 

capillary constants in glass, copper, aluminium and brass sample holders were found to be 

3.0755E-5, 2.8015E-05, 2.8229E-05 and 2.7793E-05 cm5 and these values are respectively 

used to determine the contact angles of test liquids. 
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Table 2. The capillary constants measured after tribocharging of quartz with different sample 
holders.

Capillary constant C, cm5 of quartz after tribocharging with 
different materials 

Sl. No 

Glass Copper Aluminium Brass
1 3.0863 E-5 2.8347 E-5 2.8828 E-5 2.8388 E-5 
2 3.0772 E-5 2.8273 E-5 2.7020 E-5 2.8131 E-5 
3 3.2292 E-5 2.7049 E-5 2.7165 E-5 2.8007 E-5 
4 2.9567 E-5 2.8390 E-5 2.6887 E-5 2.6440 E-5 
5 3.0282 E-5 3.1245 E-5 2.8001 E-5 
Average 3.0755 E-5 2.8015 E-5 2.8229 E-5 2.7793 E-5 

  The sorption curves of test liquids, water, formamide and 1-bromonapthalene, by 

quartz solids before tribo-charging, i.e., in glass vessel, and after tribo-charging with copper, 

aluminium and brass are given in Figs. 7 to 9 respectively. Each sorption test was repeated 

four times and the sorption curves found to be reproducible with different test liquids. In some 

measurements the sorption curves begin after a little time gap and this was due to the time lag 

between contact of sample vessel to test liquid and start of absorption. However the slope and 

thus the contact angle for each test liquid was found to be highly reproducible. 
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Fig.7. Sorption studies of quartz for the measurement of contact angle with water before 
(glass) and after tribo-charging with copper, aluminium and brass. 
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Fig. 8. Sorption studies of quartz for the measurement of contact angle with formamide before 
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Fig. 9. Sorption studies of quartz for the measurement of contact angle with 1-
bromonapthalene before (glass) and after tribo-charging with copper, aluminium and brass. 

 The effect of tribo-charging medium on contact angles of quartz with different test 

liquids is shown in Table 3. The mean contact angle from different runs of a specific liquid is 

presented here. For example, the contact angles calculated for quartz with water as polar test 

liquid with glass sample vessel for different runs are 35.97o, 37.08o, 37.90o, 40.52o; with 

copper sample vessel they are 28.09o, 28.25o, 28.09o, 29.01o; with aluminium sample vessel  

25.52o, 25.98o, 27.82o, 28.52o and with brass sample vessel 23.42o, 24.37o, 24.87o, 25.80o.

These values show the consistency in the measurements and good reproducibility of results. 

The water contact angle on quartz is decreasing after tribo-charging and the trend is following 
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in the order of glass (without charging), copper, aluminium and brass. Similar trend has also 

been observed with 1-bromonapthalene and formamide. This suggests that tribo-

electrification leads to a change in quartz surface characteristics. The decreasing order of 

water contact angle with glass, copper, aluminium and brass is consistent with the trend of the 

amount of negative charge acquisition after tribo-electrification with these materials. The 

increase in surface polarity decreased the water contact angle due to enhanced polar 

interactions between water and quartz surface.

Table 3. Contact angle of test liquids on quartz powder at different sample holder materials. 

Sample holder Capillary constant, C, 
cm5

Test liquids Contact angle 

n-hexane 0
Water 38.24 2.27

Glass 3.0755E-05

Formamide   3.43 1.18
I-Bromonapthalene 51.87 1.11
n-hexane 0
Water 28.58 0.49

Copper 2.8015E-05

Formamide   5.18 0.52
I-
Bromonaphthalene 

44.54 0.58 

n-hexane 0
Water 27.04 1.48

Aluminium 2.8229E-05  

Formamide   4.52 1.48
I-
Bromonaphthalene 

  43.6 2.13 

n-hexane 0
Water 24.62 1.19

 Brass 2.7793E-05

Formamide   4.75 2.57
I-
Bromonaphthalene 

37.88 2.95 

 The observed phenomenon of decreasing contact angle after tribo-electrification is 

essentially analogous to the phenomenon of electrowetting, where the wettability of liquids on 

a dielectric solid is controlled by an external electrical potential (Quinn et al., 2005; Mugele et 

al., 2005). The measured capillary rise of liquid meniscus in a parallel-plate channel was 

found proportional to the square of the applied potential and the contact angle decreases due 

to the induced electrowetting (Wang and Jones, 2005; Chen and Heish, 2006). The decrease in 

contact angle occurs either with the positive or negative applied DC voltage excitations (Berry 

et al., 2006; Quinn et al., 2003). Therefore, charging and wetting are interrelated since both 

processes involve molecular interactions of the solid and liquid phase. Several other studies 
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have also shown that charging of the surface affect its wetting behaviour and the contact 

angles on a charged surface decrease with increasing surface charge density of either polarity 

(Digilov, 2000; Kang, 2002; Mugele and Beret, 2005; Brakto et al., 2007).

Table. 4. Surface energy of quartz before and after tribo-charging using Fowkes equation. 

Mineral/charging
material 

Test liquid Surface free 
energy, mJ/m

Disperse
part,
mJ/m

Polar part, 
mJ/m2 2

2

Water/1-Bromonapthalene 60.56 30.29 30.27Quartz before 
tribo-charging Formamide/1-

Bromonapthalene 
58.73 30.29 28.44

Water/1- Bromonapthalene 66.59 32.27 34.32Quartz tribo-
charging with 
Copper

Formamide/1-
Bromonapthalene 

58.70 32.27 26.43

Water/1-Bromonapthalene 67.49 32.69 34.80Quartz tribo-
charging with 
Aluminium 

Formamide/1-
Bromonapthalene 

58.63 32.69 25.94

Water/1-Bromonapthalene 69.45 35.22 34.23Quartz tribo-
charging with 
Brass

Formamide/1-
Bromonapthalene 

59.24 35.22 24.02

 To obtain detailed information about the surface energetic structure of quartz before 

and after tribo-charging, the surface energy is calculated from the contact angle data. The 

Fowkes equation calculates the non-polar and polar components of surface energy but it is 

imperative to calculate the dispersive part first using the non-polar liquid contact angle. 

Accordingly, the dispersive part is calculated first using 1–bromonapthalene contact angle and 

then the polar part using both the water and formamide contact angles separately. The 

calculated total surface energies and, polar and non-polar parts, before and after tribo-

charging, are presented in Table 4. The total surface energies increased after tribo-

electrification and the increase follows the work function differences between the tribo-

charger materials and quartz. The surface energies calculated with formamide contact angle 

are slightly lower compared to water contact angle and moreover, the increase in surface 

energy is seen only with brass tribo-charging. When water contact angle is used, both the 

polar and non-polar parts increased after tribo-electrification and in the case of formamide 

contact angle, the polar part was seen to decrease after tribo-charging and the decrease once 

again followed the work functions difference of the contacting surfaces. The formamide 

surface energy observed to be close to the quartz surface energy and the measured contact 
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angles were in fact 3 to 5º. The increase in surface energy corroborates the acquisition of 

negative charge during tribo-charging of quartz with metals.  

Table 5. Surface energy of quartz before and after tribo-charging using Owens-Wendt 
equation.

Mineral/charging
material 

Test liquid Surface
free
energy,
mJ/m

Disperse
part, mJ/m

Polar part, 
mJ/m2 2

2

Water/1-Bromonapthalene 60.12 29.03 31.09
Formamide/1-Bromonapthalene 60.10 29.03 31.07
Water/Formamide 60.11 29.03 31.11

Quartz before 
tribo-charging

Water/Formamide/1- 
Bromonapthalene 

60.12 29.03 31.09

Water/1-Bromonapthalene 66.69 32.56 34.13
Formamide/1-Bromonapthalene 58.60 32.56 26.03
Water/Formamide 64.40 22.63 41.77

Quartz tribo-
charging with 
Copper

Water/Formamide/1-
Bromonapthalene 

64.55 30.15 34.39

Water/1/Bromonapthalene 67.58 32.99 34.59
Formamide/1-Bromonapthalene 58.55 32.99 25.56
Water/Formamide 65.16 21.94 43.21

Quartz tribo-
charging with 
Aluminium 

Water/Formamide/1-
Bromonapthalene 

65.55 31.03 34.52

Water/1/Bromonapthalene 69.55 35.51 34.04
Formamide/1-Bromonapthalene 58.01 35.51 22.49
Water/Formamide 66.34 20.78 45.57

Quartz tribo-
charging with 
Brass

Water/Formamide/1-
Bromonapthalene 

66.78 32.83 33.95

 Like Fowkes, the Owens/Wendt envisioned the surface energy of a solid comprising 

two components, a dispersive component and a polar component. The mathematical 

formulation given in equation 7 led to a linear equation where the slope of the line is used to 

calculate the polar component of the surface energy of the solid and the intercept is used to 

calculate the dispersive component of the surface energy. Although a series of probe liquids 

contact angle data are needed to obtain best fit linear line, the surface energy and the polar 

and non-polar components are calculated with the measured three liquids contact angle data. 

The calculated surface energy values are presented in Table 5, which display similar response 

to tribo-charging as in Fowkes approach. The quartz surface energy increases with tribo-

charging and the increase follows the work functions difference of the contacting surfaces. 
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Both the polar and non-polar components of the surface energy were seen to increase after 

tribo-charging.

 When two test liquids contact angle data were used in Owens’ approach independent 

of the combination of test liquids, the calculated total surface energy, the dispersive and polar 

components of surface energies found to be consistent (Table 5). However, after tribo-

charging, the chosen test liquids pair contact angles is seen to influence the surface energy 

values. The use of two polar liquids contact angle data underestimate the dispersive part and 

overestimate the polar part of surface energy. The estimated total surface energy is at a lower 

level when formamide contact angle is used in place of water contact angle together with a 

non-polar liquid contact angle. However, the use of formamide-bromonaphthalene pair 

contact angle data yielded the same total surface energy as that obtained in van Oss approach 

using three test liquids contact angle data.

Table 6. Surface energy of quartz without and after tribo-charging using van-Oss acid-base 
approach using Water, Formamide and1-Bromonapthalene contact angles.  

Mineral Surface free 
energy, mJ/m

Disperse
part, mJ/m

Polar Part, 
mJ/m

Acid part, 
mJ/m

Base part, 
mJ/m2 2 2 2 2

Quartz before 
tribo-charging

56.46 28.90 27.56 6.78 28.03

Quartz tribo-
charging with 
Copper

57.90 32.45 25.45 4.17 38.79

Quartz tribo-
charging with 
Aluminium 

58.11 32.88 25.23 3.97 40.12

Quartz tribo-
charging with 
Brass

57.96 35.42 22.55 2.98 42.67

 The non-polar and polar components contribution to surface energy, and the polar part 

subdivided to acid and base components are calculated with the measured test liquids contact 

angles while following the van Oss theory of acid-base. The results of surface free energy and 

its dispersive, polar, acid and base components are summarised in Table 6. It can be seen that 

the surface free energy and dispersive component of quartz calculated with van Oss acid-base 

theory increases in the order of glass (before tribo-charging) and charging with copper, 

aluminium and brass while the polar component decreases in the same order. The acid 

components of quartz with glass, copper, aluminium and brass are 6.78, 4.17, 3.97 and 2.98 

mJ/m2. Tribo-electrification of quartz particles with copper, brass and aluminium and the 
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follow up charge measurement showed that quartz acquires negative charge and the 

magnitude of charge acquisition is according to the difference in the work functions between 

the metal and mineral. The magnitude of negative charge acquisition by quartz with different 

metals is in the order of copper < aluminium < brass. This indicates that quartz accepts 

electrons from the metal surface and became negatively charged. Similar trend has been 

observed with surface energy acid and base parameters. The acid component of quartz, ,

without tribo-charging was 6.78 mJ/m2 and after tribo-charging with copper, aluminium and 

brass it became 4.17, 3.97 and 2.98 mJ/m2, respectively. The acid component suggests the 

electron acceptance ability of the material. After tribo-electrification, quartz accepted 

electrons from the metal surface and decreased its acidic properties which, in turn, suggests 

the reduction in electron acceptance capability. Since the charge acquired is more due to 

increased electron transfer, the acidic properties decrease in the sequence of copper, 

aluminium and brass. This suggests a very good agreement between charge measurement and 

acid component  determination. It can also be observed that the base component is 

increasing in the order of glass, copper, aluminium and brass.  The surface energies calculated 

from Neuman’s equation of state approach are given in Table 7. The Equation of state 

calculates only the total surface energy and only one liquid contact angle is required. When 

water and formamide polar liquids contact angles were used independently, the surface 

energies were found to be nearly equal to the energies calculated by the Fowkes approach 

involving 1–bromonapthalene as the pair to either water or formamide. With non-polar liquid 

contact angle, the equation of state calculates the surface energy that equals to the dispersion 

energy evaluated by the Fowkes approach and also closely matches the dispersion energy 

assessed by the Owens/Wendt approach. There is a lack of consistency in the equation of state 

approach and the calculated surface energy must be the same with different liquids contact 

angles but found to depend on the test liquid contact angle.

 When water contact angle is used to evaluate the surface energy by equation of state 

and Fowkes approaches, the values do not match the surface energy evaluated by the van Oss 

acid-base approach; however, with formamide contact angle, the surface energy values are 

similar to the values obtained by acid-base approach. Regardless of the precise surface energy 

values, it is clear that the surface energy increases after tribo-charging and the magnitude of 

increase follows the tribo-electric series of the metals and of the work functions difference 

between the contacting surfaces. The acid-base approach of calculating the electron donor and 

electron acceptor parameters before and after tribo-charging of solids did reveal the electron 
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transfer mechanism and consistent with the charge measurements. Thus, using the Krüss 

tensiometer with sample holders made up of tribo-charger materials, the changes in surface 

energetic structure of solids can be conveniently evaluated and demonstrated to be an 

appropriate technique.

Table.7. Surface energy of quartz before and after tribo-charging using Neuman equation of 
state approach. 

Mineral/Charing material Test liquid Surface free energy, mJ/m2

Water 60.31
Formamide 57.89

Quartz before tribo-charging 

1-bromonapthalene 30.47
Water 65.14
Formamide 57.70

Quartz tribo-charging with 
Copper

1-bromonapthalene 33.54

Water 65.84
Formamide 57.82

Quartz tribocharging with 
Aluminium 

1-bromonapthalene 33.91
Water 66.91
Formamide 57.78

Quartz tribo-charging with 
Brass

1-bromonapthalene 36.13

4. Conclusions 

The tribo-charging of quartz and carbon powders contacted with various metal and 

polymer materials was performed and the amount of charge and polarity attained by the solids 

were determined by Faraday cup method. The charge polarity acquired by quartz with metal 

surfaces agrees with the published work function values. The magnitude of acquired charge 

also followed the difference in the work function values between the two contacting surfaces 

corresponding to the tribo-electric series of metals. However, significant deviations were 

observed with organic polymeric materials and the determined polarity was opposite to the 

expected charge polarity based on work functions. This was thought to be due to marked 

alterations in work functions of polymeric tribo-charger materials caused by surface 

contamination. The quartz and carbon solids acquired negative and positive charges 

respectively with copper, aluminium and brass metals and these metal surfaces can be 

beneficially used in tribo-electrostatic separation of ash forming inorganic minerals from coal. 

The surface characteristics of quartz, before and after tribo-charging was examined by 

determining polar and non-polar liquids contact angles on quartz solids by Washburn method 

and calculating the surface energy of solids, its non-polar and polar components contribution 
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to surface energy and polar part divided to electron accepting (acid) and donating (base) 

parameters by the well-established theoretical approaches. The equation of state approach 

determines only the total surface energy and the surface energy increased after tribo-charging. 

The Fowkes and Owens-Wendt approaches provides non-polar and polar contributions to 

surface energy and both the parts increased after tribo-electrification. The increase in both 

parts of surface energy is found to be significant in Fowkes approach compared to Owens-

Wendt. The dispersive non-polar component increases after tribo-charging in van Oss acid-

base approach whereas the polar part is found to decrease. The increase of surface energy 

after tribo-charging with copper, aluminium and brass metals agrees with the difference in the 

reported work functions between the contacting surfaces. Since quartz accepted electrons and 

charged negatively during tribo-electrification with metal surfaces as evidenced by charge 

measurements, the increase in surface energy values corroborates the outlined electron 

transfer process.

The division of polar component of surface energy into acid and base parts by van Oss 

formulation showed that the acid part decreases after tribo-charging while the base part 

increases. The respective decrease and increase in acid and base parts followed the work 

function values of the contacting surfaces and are consistent with the electron transfer from 

metals to quartz. The results achieved illustrate an explicit correlation between charges 

generated by powders and the acid-base parameters determined through liquid contact angle 

data. The methodology adopted for determining the changes in surface energetic structure of 

solids, in terms of van Oss acid-base parameters, in tribo-charging process with Krüss 

tensiometer proved to be an appropriate technique. The convenience of this Tensiometer is 

that the instrument is fully automated but the sample holders need to be constructed with the 

desired tribo-charger material. Surface chemical conditioning can change the work function of 

particles to increase the differential charging for more efficient separation. This technique can 

be extended to identify the optimum surface pre-treatment in tribo-electrostatic separation.

5. Acknowledgement 

The authors gratefully acknowledge the financial support by the Swedish International 

Development Cooperation Agency (SIDA/SAREC) for the collaboration project, Electrostatic 

Beneficiation of Indian Thermal Coals. One of the authors (K. Hanumantha Rao) also 

acknowledges Wenner-Gren foundation for the sabbatical stipendium for his stay at Columbia 

University.

25



6. References 

Ahfat, N. M., Buckton, G., Burrows, R., Ticehurst, M. D., 2000. An exploration of inter-
relationships between contact angle, inverse phase gas chromatography and triboelectric 
charging data. Euro. J. Pharm. Sci. 9, 271-276. 

 Anderson J. M., Parobek, L., Bergougnou, M. A., Inculet, I. I., 1979. Electrostatic separation 
of coal macerals. IEEE Trans. Ind. Appl. 1A-15, 3, 291-293. 

Ban, H., Schaefer, J., Stencel, J., 1993a. Size and velocity effects on coal particle 
triboelectrification and separation efficiency, in: Proceedings of International Pittsburgh 
Coal Conference, PA, USA, pp. 138-143. 

Ban, H., Schaefer, J., Stencel, J., 1994. Particle tribocharging characteristics relating to 
electrostatic dry coal cleaning. Fuel, 73, 1108-1115.

Ban, H., Yang, J., Schaefer, J., saito, K., Stencel, J., 1993b. Measurement of charge and 
charge distribution on coal and mineral matter during electrostatic dry coal cleaning, in: 
Proceedings of International Conference on Coal Science, Banf, Alberta, Canada, 1, pp. 
615-618.

Berry, S., Kedzierski, J., Abedian, B., 2006. Low voltage electrowetting using thin 
fluropolymer films. J. Colloid Interface Sci. 303, 517-524. 

Bratko, D., Daub, C. D., Leung, K., Luzar, A., 2007. Effect of field direction on 
electrowetting in a nanopore. J. Am. Chem. Soc. 129, 2504. 

Chen, J. H.,  Hsieh, W. H., 2006. Electrowetting-induced capillary flow in aparallel-plate 
channel. J. Colloid Interface Sci. 296, 276-283. 

Ciccu, R. and Foreman, W. E., 1968. Sul caricamento triboelettrico dei minerali in relazione 
allo stato elettrnico delle loro superfici. L’ Industria Mineraria. 8, 525-531. 

Davies, D. K., 1969. Charge generation on dielectric surfaces. British Journal of Physics. 
(Journal of Physics D). 2, 1533-1537. 

Digilov, R., 2000. Charged induced modification of contact angle: The secondary 
electrocapillary effect. Langmuir. 16, 6719-6723. 

Fowkes, F. W., 1964. Attractive forces at interfaces. Ind.  Engg. Chem. 56, 12, 40-52.
Gady, B. and Reifenberger, R., Rimai, D. S. and DeMejo, L. P., 1997. Contact electrification 

and the interaction force between a micrometer-size polystyrene sphere and a graphite 
surface. Langmuir. 13, 2533-2537. 

Gady, B. and Reifenberger, R., Rimai, D. S., 1998. Contact electrification studies using 
atomic force microscope techniques. J. Appl. Phys. 84, 1, 319-322. 

Good, R. J. and Girifalco, L. A., 1960. Theory for estimation of surface and interfacial 
energies. iii. estimation of surface energies of solids from contact angle data.
J. Phys. Chem. 64, 5, 561-565. 

Gray, V. R. and Whelan, P. F., 1956. Electrostatic cleaning of low rank coal by the drum 
separator. Fuel. 35, 184. 

Grzybowski, B. A., Fialkowski, M. and Wiles, J. A., 2005. Kinetics of contact electrification 
between metals and polymers. J.  Phys. Chem. B. 109, 20511-20515.  

Horn, R. G., Smith, D. T. and Grabbe, A., 1993. Contact electrification induced by monolayer 
modification of a surface and relation to acid-base interactions. Nature, 366, 442-443. 

Hower, J. C., Hang, B., Schaefer, J. L. and Stencel, J. M., 1997. Maceral/microlithotype 
partitioning through triboelectrostatic dry coal cleaning.  Int. J. Coal Geol.  34, 277-286. 

Inculet, I. I., 1984. Electrostatic mineral separation, Wiley, New York. 
Janczuk, B., Wielslaw, W., Zdziennicka, A., Caballero, F. G., 1992. Determination of the 

galena surface energy components from contact angle measurements. Mater. Chem. Phys. 
31, 235-241.

26



Kang, K. H., 2002. How wlwctrostatic fields change contact angle in electrowetting. 
Langmuir. 18,10318-10322. 

Karaguzel, C., Can, M. F., Sonmez, E., Celik, M. S., 2005. Effect of electrolyte on surface 
free energy components of feldspar minerals using thin-layer wicking method. J. Colloid 
Interface Sci. 285, 192-200. 

Kim, S. C., Son, N. W., Kim, D. H., and Oh, J. G., 1997. High efficient centrifugal and 
triboelectrostatic separation of unburned carbon from fly ash for ash recycling, in: The
12th Korea-US joint Workshop Energy & Environment, Oct. 6-11, Taejon, Korea, pp 308-
313.

Labib, M. E. and Williams, R., 1984. The use of zeta-potential measurements in organic 
solvents to determine the donor-acceptor properties of solid surfaces. J. Colloid Interface 
Sci. 97, 356-366. 

Labib, M. E. and Williams, R., 1986. Experimental comparison between the aqueous ph scale 
and the electron donicity scale. Colloid Polymer Sci. 264, 6, 533-541. 

Li, T. X., Ban, H., Hower, J. C., Stencel, J. M., Satio, K., 1999. Dry tribo electrostatic 
separation of mineral particles: a potential application in space exploration. J. Electrosta. 
47, 133-142.

Lindquist, D. A., Mazumder, M. K., Tennal, K. B., Mckendree, M. H., Kleve, M. G., Scruggs, 
S., 1995. Electrostatic beneficiation of coal, in: Proceedings of the Materials Research 
Society Fall Meeting, Advances in porous materials, Boston, MA, USA, 371, pp. 459-463. 

Mazumder, M. K., Sims, R. A., Biris, A. S., Srirama, P. K., Saini, D., Yurteri, C. U., Trigwell, 
S., De, S., Sharma, R., 2006. Twenty-first century research needs in electrostatic processes 
applied to industry and medicine. Chem. Engg. Sci., 61, 7,  2192-2211. 

Michaelson, H. B., 1977. The work function of the elements and its periodicity. J. of Appl. 
Phys. 48, 11, 4729-4733. 

 Monostory, F. P., Pickhardt, W., Simonis, W and Szantho, E. V., 1970. Separation of pyrite 
electric and magnetic fields. Aufbereitungs-teknik, 11, pp. 207-599. 

Moreno-Villa, V. M., Ponce-velez, M. A., Valle-Jaime, E., Fierro-Chavez, J. L., 1998.  Effect 
of surface charge on hydrophobicity levels of insulating materials.  IEEE Proc.-Gener. 
Transm. Distrib. 145, 6,  675. 

Mugele, F., Klingner, A., Buehrle, J., Steinhauser, D., Herminghaus, S., 2005. Electrowetting: 
a convenient way to switchable wettebility patterns. J. Phys. Condens. Matter 17(2005) 
S559-S579.

Mugele, F.; Beret, J. C., 2005. Electrowetting: from basics to applications. J. Phys. Condens. 
Matter 17, R705-R774 

Mukai, S; Wakamatsu, T., Shida, Y., 1963. Study on the electrostatic concentration of low ash 
coal in corona discharge field, Memoirs of the Faculty of Engineering, Kyoto University, 
25, 334-358. 

Mukherjee, A., Gidaspow, D., Wasan, D. T., 1987. Surface charge of Illinois coal and pyrites 
for dry electrostatic cleaning, in: Preprints of Papers-American Chemical Society, 
Division of Fuel Chemistry, 32, 1, pp. 395-407. 

Nemeth, E., Albrecht, V., Schubert, G., Simon, F., 2003. Polymer tribo-electric charging: 
dependence on thermodynamic surface properties and relative humidity. J. Electrosta. 3-
16.

Neumann, A. W., Good, R. J., Hope, C. J. and Sejpal, M., 1974. An equation-of-state 
approach to determine surface tensions of low-energy solids from contact angles. J. 
colloid and interface sci., 49, 2, 291-304. 

 Nifuku, M., 1989. Static electrification phenomena in pneumatic transportation of coal. J.  
Electrosta. 23, 45-54. 

27



Olofinskii, N. F., 1957. Electric corona separation of coal fines and certain minerals. Moscow, 
Translated by Israel Program for scientific Translations 1969. 

Owens, D. K., Wendt, R. C., 1969. Estimation of the surface free energy of polymers. J. Appl. 
Polymer Sci., 13, 8, 1741-1747 

Quinn, A., Sedev, R., Ralston, J., 2003. Influence of the electrical double layer in 
electrowetting.  J. Phys. Chem. B. 107, 1163-1169. 

Quinn, A., Sedev, R., Ralston, J., 2005. Contact Angle Saturation in Electrowetting. J. Phys. 
Chem. B 109, 6268-6275. 

Ruckdeschel, F. R. and Hunter, L. P., 1975. Contact electrification between insulators: 
Phenomenological aspects. J. Appl. Phys. 46, 10, 4416-4430. 

Schaefer, J. L., Ban, H., Stencel, J. M., 1992. Non.intrusive measurement of particlecharge 
relating to electrostatic dry coal cleaning, in: Proceeding of International Pittsburgh Coal 
Conference, PA, USA, pp. 259-264.

Schaefer, J. L., Ban, H., Stencel, J. M., 1994. Triboelectrostatic dry coal cleaning, in: 
Proceedings of International Pittsburgh Coal Conference, PA, USA, 1, pp. 624-629. 

Sharma, R., Trigwell, S., Sims, R.A., Mazumder, M.K., 2004. Modification of electrostatic 
properties of polymer powders using atmospheric plasma reactor, in: Mittal, K.L. (Ed.), 
Polymer Surface Modification: Relevance to Adhesion, vol. 3. VSP, AH Zeist, The 
Netherlands, p. 25.

Soong, Y., Link, T.A., Schoffstall, M.R., Gray, M.L., Fauth, D.J., Knoer, J.P., Jones, J.R.,
Gamwo, I.K., 2001. Dry beneficiation of Slovakian coal. Fuel Process.Techn. 72, 3, 185-
198.

Tennal, K. B., Lindquist, D., Mazumder, M. K., Rajan, R, Guo, W., 1999. Efficiency of 
electrostatic separation of minerals from coal as a function of size and charge distributions 
of coal particles, in: Proceeding of 34th Annual Meeting of the IEEE Industrial 
Application, Phoenix, AZ, USA, 4, pp. 2137-2142. 

Trigwell, S. and Mazumder, M. K., Pellissier, R, 2001. Tribocharging in electrostatic 
beneficiation of coal: Effects of surface composition on work function as measured by x-
ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy in air. J. Vac. 
Sci. Tech. A 19, 4, 1454-1459. 

Trigwell, S., 2003. Correlation between surface structure and tribocharging of powders. 
Doctoral Dissertation, University of Arkansas at Little Rock, USA. 

Trigwell, S., Grable, N., Yurteri, C.U., Sharma, R., Mazumder, M.K., 2003a. Effects of 
surface properties on the tribocharging characteristics of polymer powder as applied to 
industrial processes. IEEE Trans. Ind. Appl. 9, 1, 79–86. 

Van Oss, C. J., Good, R. J. and Chaudhury, M. K., 1986. The role of van der Waals forces and 
hydrogen bonds in hydrophobic interactions between biopolymers and low energy 
surfaces. J. Colloid Interface Sci. 111, 378-390.  

Wang, K. L.,  Jones, T. B.,  2005. Electrowetting Dynamics of Microfluidic Actuation.  
Langmuir. 21, 4211-4217 

Washburn, W. E., 1921. The dynamics of capillary flow. Phys. Rev. 17, 3, 273. 
Wiles, J. A., Fialkowski, M., Radowski, M. R., Whitesides, G. M. and Grzybowski, B. A., 

2004. Effects of surface modification and moisture on the rates of charge transfer between 
metals and organic materials. J. of  Phys. Chem. B. 108, 20296-20302. 

Yoshida, M., Li, N., Shimosaka, A., Shirakawa, Y., Hidaka, J., 2006. Experimental and 
theoretical approaches to charging behaviour of polymer particles.  Chem. Engg. Sci., 61, 
7, 2239-2248.

Yaminsky, V. V.,  Johnston, M. B., 1995. Static Electrification by nonwetting liquids. Contact 
charging and contact angle. Langmuir 11, 4153. 

28



Zhang, X. X., Gao, M. H., Duan, C. H., Yang, Y. F., Wang, D. X., Jiang, S. Y., Zang, J. H., 
Qian, S., 2003. Experimental study of triboelectrostatic beneficiation for Datong coal. J. 
China Univ.Min.Tech. 32, 6, 620-623. 

Zisman, W. A., 1961. Relation of equilibrium contact angle to liquid and solid constitution. 
ACS advances in Chemistry Series. 43, 1-51. 

29





Paper III 

Characterising electron transfer mechanism in tribo-electrification of 
pyrite through contact angle measurements. 
R. K. Dwari and K. Hanumantha Rao 
Submitted for publication in The Open Journal of Mineral Processing, 2008 





Characterising Electron Transfer Mechanism in Tribo-electrification of 
pyrite through Contact Angle Measurements 

R. K. Dwari and K. Hanumantha Rao 

Division of Mineral Processing, Luleå University of Technology SE-971 87 LULEÅ, Sweden 

Coal beneficiation by tribo-electrostatic method depends on tribo-charging attributes 
of coal and ash forming minerals. The tribo-electrification behaviour of pyrite mineral 
contacted with different materials has been investigated through charge measurements 
and the charge acquisition is probed through surface energy calculations from liquid 
contact angle data. Liquid contact angle on pyrite powder after tribo-electrification is 
determined by Krüss tensiometer using Washburn’s equation. The sample holder in 
tensiometer is specially fabricated with different materials serving the purpose of 
tribo-electrification and contact angle measurement. The acid and base parameters of 
pyrite surface determined with van Oss acid-base approach using liquid contact angle 
data after tribo-electrification with different materials revealed the charging 
phenomena and electron transfer mechanism. The results showed an explicit 
correlation between the charge generated by pyrite powder and surface acceptor (acid) 
and donor (base) electronic states and therefore the work functions of contacting 
surfaces. Thus a method for characterising the changes in surface energetic structure 
of solids during contact electrification in terms of surface acid-base parameters has 
been illustrated for the first time.  

INTRODUCTION
Coal is the single largest fossil energy source used world-wide and accounts for more 

than 60% of the total commercial energy consumed. The major portion of the coal used for 

such power generation is not clean enough to maintain the rigorous environmental standards 

required these days world over. The problem is high sulphur content in coal used in most of 

the western countries or ash as is the case in countries like India. The sulphur content in coals 

globally varies from 0.38 to 9% and rarely exceeds this range. The sulphur content in non-

coking coals of India is generally below 0.5% and mostly in the form of pyrite. However, the 

North-Eastern coals contain 2-7% sulphur and about 75-90% of this sulphur is organic in 

nature [1]. Coals in the Western countries also contain pyretic sulphur and removal of this 

sulphur alone could reduce the total sulphur content to less than 1%, well below the pollution 

control standard. Electrostatic separator with tribo-charging technique has great potential for 

the separation of pyrite from coal in fine size materials, but organic sulphur is not accessible 

to this dry physical separation technique as it is covalently bound with carbon in macerals [2]. 

There have been some investigations carried out using tribo-electrostatic method but has not 

achieved commercial status in coal beneficiation industry.  
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The tribo- or contact electrification of materials is a well known effect, which is a 

function of the ability of material to accept or donate electrons when it is in dynamic contact 

with other material. The net charge acquisition by the material in tribo-electrification depends 

on the work function difference between the contacting materials. In recent years, there has 

been a broad understanding that electron transfer during contact charging is due to surface 

properties rather than bulk properties of materials and the amount and polarity of charge 

transfer between two dissimilar materials is controlled partly by surface chemistry. The ability 

of particles to donate or accept electrons is an inherent property of particles based on their 

work function and physical form and it is logical to believe that there must be an underlying 

tendency for a material to charge which is a consequence of its surface energetic electron 

donating/electron accepting properties. Accordingly contact electrification is also explained as 

acid-base interactions between surfaces involving protons in the case of Bronsted acids-bases 

or electrons in the case of Lewis acids-bases. The acid-base interactions associate charge 

rearrangement at the interface and when the interacting surfaces are abruptly separated, some 

fraction of charge may remain on the surface. The surface acidity and basicity are thus related 

to surface acceptor and donor electronic states and thereby to work functions. The work 

functions of metals can be easily determined reliably but they are not established for 

insulating materials. The published work function values for the same material varied because 

of different surface states caused by impurities, crystal imperfections, defects, etc. Despite the 

fact that the surface physico-chemical properties will influence the extent of charging, 

characterization of surface energetic electron donating/accepting properties before and after 

contact charging has not been illustrated till date, primarily due to lack of standard 

instrumentation and procedures. Many authors quantified the acid-base character of mineral 

surfaces by solvatochemistry [3], zeta-potential [4], inverse gas chromatography (IGC) [5], 

liquid contact angles [6,7], etc. In the context of triboelectrification, electron donating-

accepting tendencies of pharmaceutical powders have been investigated by IGC and obtained 

a correlation between the charges generated in tribo-electric studies of powders and acid/base 

parameters determined by the IGC. However, no studies have been reported to date on the 

characterisation of electron transfer emphasising the changes in surface acid-base properties 

of contacting surfaces before and after tribo-electrification.

The pyretic sulphur could be in the form of pyrite and marcasite. Both pyrite and 

marcasite have similar chemical composition but possess different crystalline forms of cubic 

and orthorhombic respectively. Pyrite is the most commonly reported mineral while marcasite 

has often been mentioned as occurring in lesser amount except in Victorian brown coal of 
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Australia where it is the only sulphide mineral. According to Esposito et al. [8] there is a 

difference in the properties of coal pyrite and ore pyrite in terms of morphology, specific 

gravity and surface area. A detailed understanding of the surface properties of pyrite after 

tribo-charging with different materials is necessary for an efficient rejection of pyrite from 

coal. The aim of the present work is, therefore, to understand and quantify the surface 

energetic structure of ash-forming minerals in coal in terms of acidity and/or basicity, before 

and after tribo-electrification with different materials, and thereby to identify the optimum 

tribo-charger material in dry coal beneficiation. In the present investigations, tribo-

electrification of pyrite and electron transfer between the two contacting materials in terms of 

surface acid-base properties were studied using glass, copper, aluminium and brass as tribo-

charging media. Investigations on marcasite and coal pyrite will be considered in a future 

work.

THEORY

 The surface free energy and interfacial free energy of solids are extremely useful in 

predicting material processes and properties. The problem of experimental determination and 

theoretical calculations of solid surface free energy is still open. Nevertheless, several 

approaches have been reported in literature which makes it possible to evaluate solids surface 

energy using contact angle data of liquids with known surface energy parameters. The first 

approach is that of Zisman [9] which defines that the surface energy of a solid is equal to the 

surface tension of the highest surface tension liquid that will completely wet the solid, i.e., 

zero contact angle. This comes from the widely observed tendency of contact angle on a solid 

surface to decrease as liquid surface tension decreases. During later years, the following 

approaches have been described to determine the surface energy through liquid contact angles 

on solid surfaces:  

FOWKES APPROACH 

 The most widely used two components surface energy theory is due to Fowkes [10]. It 

suggests that the surface energy of a solid is a summation of two components, viz. a 

dispersive component and a non-dispersive or polar component. The dispersive component 

theoretically accounts for van der Waals and non-site specific interactions that a surface is 

capable of having with applied liquids. The polar component is accounted for dipole-dipole, 

dipole-induced dipole, hydrogen bonding, and other site-specific interactions which a surface 
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is capable of having with applied liquids. The approach is based on three fundamental 

equations which describe interactions between solid surfaces and liquids. These equations are: 

Young’s equation 

coslsls                                                      …                                               (1) 

where s  = overall surface energy of the solid, l  = overall surface tension of the wetting 

liquid, sl  = the interfacial tension between the solid and the liquid and  = the contact angle 

between the liquid and solid. 

Dupre’s definition of adhesion energy is 

sllsslI                                 …                                                                      (2) 

where  = energy of adhesion per unit area between a liquid and a solid surface. slI

Fowkes’ss theory assumes that the adhesive energy between a solid and a liquid can be 

separated into interactions between the dispersive components of the two phases and 

interactions between the non-dispersive (polar) components of the two phases: 
2/12/12/12/12 P

s
P
l

D
s

D
lslI                                                             (3) 

where  = dispersive component of the surface tension of the wetting liquid,  = 

dispersive component of the surface energy of the solid,  = polar component of the surface 

tension of the wetting liquid, and  = polar component of the surface energy of the solid.  

D
l

D
s

P
l

P
s

The above three equations are combined to yield the primary equation of the Fowke’s surface 

energy theory. 

2
cos12/12/1 lP

l
P
s

D
l

D
s             …                                            (4) 

Since the above equation has two unknowns, and , the contact angle data from two well 

characterised polar and apolar liquids are needed.  

D
s

P
s

VAN OSS ACID-BASE APPROACH 

van Oss [11] and his associates were the first to calculate the surface energy of solid as 

the addition of Lifshitz-van der Waals ( ) and polar or Lewis acid-base ( ) interaction 

given by the equation

LW AB

ABLW                                                                                     …                                                                           (5) 

Apolar interaction or the Lifshitz-van der Waals component of surface energy results 

from dispersion (London’s force), induced dipole-dipole (Debye’s force) and dipole-dipole 
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(Keesome’s force) intermolecular interactions. Lewis acid-base ( ) or polar interactions 

are due to hydrogen bonding interactions (acid-base) and most generally electron acceptor, 

, and electron donor, , interactions. The component  is expressed as the geometric 

mean of and , and is given by 

AB

AB

2/12AB                                                         …  (6) 

The solid-liquid interfacial free energy is expressed as follows: 
2/12/12/1 LW

l
LW
s

LW
sl                                     … (7)

2/12/12/12/1 )(2 sllsllss
AB
sl                          … (8) 

Combining equations 10 and 11, the total free surface energy can be expressed as 

2/12/12/12/12/12/12/1 )(2 sllsllss
LW
l

LW
s

Total
sl   … (9) 

where  and l  refer to solid and liquid, respectively. s

Combining the above equation with Young’s equation, the following relation is 

obtained:

2/12/12/1
)(2)cos1( slls

LW
l

LW
sl                      … (10) 

The above equation contains three unknowns,viz., ,  and , and thus requires 

contact angle data for three liquids of which two must be polar. The contact angles of water, 

formamide and 1-bromonapthalene on pyrite powder are used for the calculation of total 

surface free energy, polar and non-polar contribution to surface energy, and polar component 

divided into acid and base parts of surface energy.  

LW
s s s

EXPERIMENTAL

MATERIALS 

Pure crystalline pyrite sample used in the present studies was obtained from Gregory 

Bottley & Lloyd, UK. The mineral was crushed and ground in jaw crusher and ball mill 

respectively and classified into –425+150, –150+38 and –38 μm size fractions. The BET 

surface area determined for these samples was 0.0588, 0.2161 and 1.1364 m2g-1 respectively. 

These three size fractions were used for contact charging and contact angle measurements. 

The particle size distribution of these size fractions was carried out with CILAS particle size 
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analyzer. Standard polar liquids of water and formamide and apolar liquids of n-hexane and 1-

bromonaphthalene were used to measure the contact angles on pyrite powders before and after 

tribo-electrification. The surface energy parameters of these standard liquids are presented in 

Table 1.

TRIBO-ELECTRIFICATION AND CHARGE MEASUREMENT 

The effect of tribo-charger material on charge acquisition by pyrite was studied 

using cylindrical sample holders made up of different materials, viz. copper, brass, aluminium 

and glass. The length and diameter of sample holder were 0.051 m and 0.007 m respectively. 

One gram of mineral particles is tribo-charged for 40 sec and after contact charging the 

particles’ charge polarity and magnitude were measured by Faraday cup connected to 

Keithley electrometer.  

DYNAMIC CONTACT ANGLE MEASUREMENT 

The pyrite powder surface accept or donate electrons to the tribo-charger material 

during contact electrification based on their work functions which eventually increase or 

decrease the Lewis acid (electron acceptor) or base (electron donor) properties of the powder. 

Therefore any system by which a change in acid-base properties of the solids can be measured 

immediately after contact electrification, the charge transfer in solids with reference to tribo-

charging medium can be characterised.  

The Washburn [12] method was used to determine the liquid contact angle on 

powders. Essentially, the Washburn equation defines the liquid flow through a capillary and it 

is given as

cos... 22
Lc

t
m                  …                                    (11) 

where  is the mass of the penetrating liquid, m L  is the surface tension of the liquid,  is the 

density of measuring liquid,  is the viscosity of liquid,  is the time, t  is the contact angle 

and  is a material constant which is dependent on the porous structure of the packed solid 

particles. In the above equation, 

c

L ,  and are constants. The mass of penetrating liquid 

which rises into the porous packed bed can be monitored as a function of time and t  versus 

can be plotted. The contact angle of the liquid on the solid, 2m , and the solid material 

constant, , are the two unknowns in the equation. If a Washburn experiment is performed 

with a liquid which is known to have contact angle of 

c

 = 0o (cos  = 1) on the solid, then the 
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solid material constant is the only remaining unknown in the equation and can thus be 

determined. Therefore, the constant c  is determined with an extra measurement before the 

first real measurement by using a non-polar liquid like n-hexane with low surface tension 

(18.4 mJ/m2) which wets the surface completely. 

The Krüss K100 tensiometer was used for determining the liquid contact angle on 

powder samples according to Washburn method. The powder to be measured was filled into 

glass tube sample holder with a filter paper base and suspended from the balance. The filter 

paper prevents the powder from leaking out through the bottom of the cell. The probe liquid is 

kept in a glass container mounted on a platform below the powder sample holder, which can 

move in vertical direction, up and down, by giving necessary command to the Labdesk 3.1 

software. After the powder sample bed contacted test liquid, the speed at which liquid rises 

through powder bed was measured in terms of increase in mass as a function of time. The 

contact angle, , was then calculated using Washburn’s equation. The tube sample holder 

used in the analytical system became convenient for tribo-charging the mineral powder before 

measuring the contact angle. In the present investigation a known amount of weighed powder 

was taken into the sample vessel and the powder was tribo-charged by intimately contacting 

the walls of the sample holder for fixed time. After tribo-charging, the vessel was suspended 

from the balance for contact angle measurement. Copper, brass and aluminium sample 

holders were fabricated locally with the same dimensions as those of the glass sample holder 

of Krüss tensiometer as shown in Fig. 1. The length and inside diameter of sample holders 

were 0.051 m and 0.007 m respectively. Using these sample holders, the effect of tribo-

charging on the sorption of probe liquid and thereby the contact angles of pyrite sample was 

studied.

Surface energy measurement of powder sample was a two step technique, viz. 

capillary constant and contact angle measurement. One gram of mineral powder was weighed 

and introduced into sample vessel against fritted filter and tapped 10 times for uniform 

packing and with practice reproducible packing was achieved for each successive experiment. 

After tapping, the sample vessel was suspended to the balance of tensiometer and allowed to 

touch the surface of a 25 ml n-hexane liquid for packing factor or capillary constant 

measurement. The capillary constant was measured 4 to 5 times and an average value has 

been used to determine the contact angle of liquid on mineral powder following the same 

procedure. The contact angle on pyrite mineral after contact electrification was studied 

similarly by using glass, copper, brass and aluminium sample holders. In this case the sample 

holder tube was covered on both sides with plates of same material of diameter 0.007 m as 
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shown in Fig. 1 and tribo-charged by shaking continuously for 40 sec. Each experiment was 

performed 4 to 5 times and reproducible results were obtained. The capillary constant 

measured after tribo-electrification with individual material was used for contact angle 

measurements with that material. The metal tube sample holder was thoroughly cleaned with 

deionised water, dried and polished with sand paper after each experiment to avoid any 

contamination of the metal surface due to oxidation or test liquids.  

After determining the contact angle of test liquids on pyrite powder, the total surface 

energy, the polar and non-polar components of surface energy and the division of polar 

component into acid and base components of surface energy were determined following the 

theoretical approaches presented above.  

RESULTS AND DISCUSSION 

TRIBO-ELECTRIC STUDIES 

 The size distribution of different size fractions of pyrite particles are shown in Fig. 2 

and the mean diameters of –425+150, –150+38 and –38 μm size fractions were 248, 98 and 

20 μm, and the BET surface areas were 0.0588, 0.2161 and 1.1364 m2g-1, respectively. The 

charge acquisition of these size fractions of pyrite mineral after contact electrification with 

different tribo-charging media, viz. glass, brass, Al and Cu was studied. These results shown 

in Figs. 3 and 4 are presented in terms of unit mass (μCg-1) and unit area (μCm-2)

respectively. It can be seen from Fig. 3 that pyrite particles are charged negatively after tribo-

electrification with different materials and the results are in very good agreement with 

reported work functions of Al, 4.28 eV [13], brass, 4.28 eV [14] and Cu, 4.38 eV [15]. Glass 

has lower work function in tribo-electric series [16] and the increasing order of work function 

tribo-charging medium is glass, aluminium, brass and copper. The magnitude of charge 

acquired per gram of –38 μm pyrite particles is greater than that of the coarser particles 

because of the higher surface area of fine particles. When charge was analysed in terms of 

unit area, the magnitude of charge acquired increased in the order –38, –150+38 and –

425+150 μm size fractions. The explanation could be the increase of surface area of particles 

as the particle size decreases. The particles were tribo-charged by trembling in the powder 

sample holder for 40 sec and this time is not enough for all the particles in finer fraction to 

have contact with the charging medium for contact electrification. Therefore the magnitude of 

charge acquired per unit area is less for finer particles than coarser particles. In order to 
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identify the effect of time on charge acquisition by different size fractions, an experiment has 

been carried out with copper tribo-charging medium and the results are presented in Fig. 5. 

The results show that with increasing tribo-charging time the charge (μC/m2) is increasing for 

all size fractions of –38, –150+38 and –425+150 μm. However the equilibrium charge was 

achieved for –150+38 and –425+150 μm size fraction at 40 sec while for –38 μm size fraction 

more contact electrification time is required for achieving equilibrium charge development.  

EFFECT OF TRIBO-CHARGING ON THE CAPILLARY CONSTANT 

As elaborated in experimental section, the determination of material constant or 

capillary constant of powder bed in the sample holder is a prerequisite for measuring the 

contact angle with different test liquids. Therefore the capillary constants for the three size 

fractions were measured after tribo-charging with glass, Al, brass and Cu media using n-

hexane non-polar liquid having very low surface energy (18.4 mJ/m2) wetting the surface 

completely. The results are shown in Figs. 6 and 7. The results of capillary penetration 

experiment of n-hexane through –38 μm pyrite powder bed shown in Fig. 6 was repeated 

several times so as to ascertain the reproducibility of the result. The results with copper and 

glass show a good reproducibility and the curves display the same rate of sorption in a 

particular sample holder. Although the results with brass and aluminium sample holders are 

not presented, the n-hexane sorption curves found to be similar with repeated experiments. 

The capillary constants for the three pyrite size fractions after tribo-charging with glass, Al, 

brass and Cu are compared in Fig. 7. It can be seen from this figure that the capillary constant 

decreases from coarser to finer fraction and increases in the order glass, Al, brass and Cu, 

which corroborates with the increasing order of work function of these materials. The tribo-

charge measurements after electrification revealed that pyrite particles charged negatively 

which means that pyrite has higher work function than the charging medium. Greater is the 

work function difference between pyrite and tribo-charger material, higher is the charge 

acquisition. Therefore pyrite acquired higher charge and charge density after contact 

electrification with glass. Due to the acquisition of different magnitude of charge and charge 

density on the surface of pyrite particles, the porous structure of packed solids could be 

different. Higher charge density on the surface leads to strong dipolar character of particles 

with reference to tribo-charger medium and thereby the particles come closer to each other 

explaining smaller capillaries and hence lower capillary constant and lower sorption rate. The 

results are in good agreement with the order of work function values of charging media as 

well as the size of particles.  
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EFFECT OF TRIBO-CHARGING ON CONTACT ANGLE 

Results on the effect of tribo-charging medium on contact angles of –425+150,           

–150+38 and –38 μm pyrite size fractions with different test liquids are given in Tables 2, 3 

and 4 respectively. The mean contact angle from different runs of a test liquid is presented in 

these tables. For example, the contact angles calculated for –38 μm pyrite with water as polar 

test liquid in glass sample vessel are 39.13º, 40.58 º, 43.2º, 40.55º, in Al sample vessel are 

53.61º, 59.26º, 59.19º, 59.67º, in brass sample vessel are 60.78º, 58.76º, 60.74º and in copper 

sample vessel are 66.33º, 67.51º, 64.85º, 65.29º. These values show the consistency in the 

measurements and good reproducibility of results. It can be seen from these tables that the 

increase in water contact angle follows the increase in the work function order of materials 

viz., glass, Al, brass and Cu. This trend is consistent with the charge acquisition results. 

Moreno-Villa et al. [17] reported that after exposing porcelain and glass samples to corona 

impingement the hydrophobic surface became completely hydrophilic. The same has been 

observed in the present studies. After contact electrification, the pyrite samples are negatively 

charged and higher magnitude of charge density is observed with lower work function tribo-

charger material. Higher charge accumulation on particle surfaces cause stronger interaction 

with water and the particle becomes hydrophilic and therefore lower contact angle is observed 

after contact with glass charging medium. A typical increase in water sorption after tribo-

electrification of –425+150 and –150+38 μm pyrite size fractions can be seen in Figs. 8 and 9. 

The sequence of decreasing contact angles followed the charge acquisition suggesting a 

correlation between surface charge and wettability of pyrite particles. 

SURFACE ENERGETIC STRUCTURE OF PYRITE AFTER TRIBO-CHARGING 

The change in surface characteristics of pyrite after tribo-charging with glass, Al, 

brass and Cu charging media was assessed by evaluating the surface energy from contact 

angle data of polar and non-polar test liquids. The Fowkes [10] and van Oss acid-base [11] 

approaches were followed for calculating the surface energy of solids. The Fowkes approach 

calculates the polar and non-polar dispersive components of surface energy. In this case 

contact angles with two test liquids are required and the dispersive part was first calculated 

using 1-bromonapthalene contact angle and then the polar part with water contact angle. The 

total surface energies and polar and non-polar components of surface energy after tribo-

charging with glass, Al, brass and Cu for –425+150, –150+38 and –38 μm particles are given 

in Table 5. It can be seen that the total surface energy of 60.60 mJ/m2 for –425+150 μm pyrite 

size fraction is higher after tribo-charging with glass in comparison to the surface energy with 
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aluminium, 57.06 mJ/m2, brass, 54.70 mJ/m2 and Cu, 44.68 mJ/m2. The sequence of surface 

energy followed the increasing order of work function of charging medium and decreasing 

order of magnitude of charge acquisition. Higher surface energy is correlated to higher 

negative charge acquisition. Similar trend is also observed with –150+38 μm and –38 μm 

pyrite size fractions. The total surface energy observed after tribo-charging with glass 

charging medium for –425+150, –150+38 and -38 μm are 60.60, 70.18 and 65.33 mJ/m2

respectively. It is understandable that finer fraction has higher energy than coarser fraction 

because of several unsaturated bonds on the surface as the particle size decreases. Inculet et 

al. [18] also observed increasing surface energy as the particle size decreases. Lower surface 

energy for finer size fraction than coarser fraction after tribo-charging with Al, brass and 

copper is observed. The dispersive component value calculated for –150+38 and –38 μm is 

the same after tribo-charging with all the media except for –425+150 μm fraction where 

dispersive component is lower in case of brass and Cu. In all the three size fractions the polar 

component is decreasing with increasing order of work function of charging medium. 

 The results of total surface energy and its dispersive, polar, acid and base components 

calculated with van Oss approach are summarised in Table 6. The results show that the 

dispersive component is constant whereas polar component is decreasing with increasing 

order of the work function. The effect of tribo-charging on charge acquisition and surface 

energy is also shown in Figs. 10 and 11. It can be seen from the results in Fig. 10 that the 

surface energy decreases with increasing order of work function for all size fractions. It can 

also be observed that the size fractions have higher surface energy when the magnitude of 

charge on the surface or surface charge density is higher. The higher surface energy can be 

correlated to higher electron density on the surface. Although higher magnitude of charge is 

acquired by –425+150 μm size fraction, its surface energy after tribo-electrification is lower 

than for –150+38 μm and –38 μm size fractions. The surface energy of –150+38 μm is higher 

than the –38 μm after contact electrification with all the tribo-charging media except glass 

where the value remains same at 58 mJ/m2. These results suggest that the 40 s time used for 

tribo-electrification is not sufficient for equilibrium charge development for all the particles in 

fine size fraction. 

Fig. 11 shows the effect of tribo-charging on charge acquisition and acid-base 

components of surface energy for the three size fractions. For all size fractions the dispersive 

component is constant with respect to charging media while the polar part decreases with 

increasing order of work function of tribo-charger material. The polar part divided into acid 

and base parts reveals that acid part is increasing while the base part decreasing from glass to 
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copper. The respective acid component after contact electrification with glass, Al, brass and 

copper for –428+150 μm is 1.15, 1.40, 1.61 and 2.59 mJ/m2, for –150+38 μm 1.36, 1.62, 1.98 

and 2.25 mJ/m2 and for –38 μm 1.88, 3.57, 4.16 and 4.70 mJ/m2. Tribo-electrification studies 

show that pyrite acquired negative charge and the magnitude of charge acquisition with 

different charging media is in the order of Cu < brass < Al < glass. This illustrates that pyrite 

accepted electrons from metal surface and became negatively charged. The acid component 

suggests the electron acceptance ability of the material. After tribo-electrification pyrite 

accepted electrons from the charging media and decreased its acidic properties, which 

suggests the reduction in electron acceptance capability. It can be observed that the higher 

charge acquisition during tribo-electrification correlates to lowering acid part and increasing 

base part (Fig. 11). This clearly shows that the base part or electron donating capabilities of 

pyrite increases after tribo-charging. It can also be observed from Fig. 11 that the acid part for 

–425+150 and –150+38 μm size fractions is lower than for the –38 μm size fraction which 

explains the condition of equilibrium charging for 40 sec period of contact electrification. The 

base component of pyrite size fractions also showed that –150+38 μm fraction has higher 

electron donating capability than –38 μm pyrite fractions. If the –38 μm fraction had attained 

the equilibrium charging, its acid component could have been lower and the base component 

could have been higher than the present values.  

CONCLUSIONS
The tribo-electrification of different size fractions of pyrite with different tribo-

charging media has been carried out and the amount of charge and polarity acquired by the 

solids are determined by Faraday cup method. All the size fractions charged negatively since 

they accepted electrons during frictional charging, thus corroborating their higher work 

function value than the charging medium. The 40 s tribo-charging period is good enough to 

achieve equilibrium charging for coarser size fractions while the –38 μm fraction needs more 

time to achieve equilibrium charge density. 

 The surface characteristics of pyrite fractions after tribo-charging are studied by 

measuring the polar and non-polar liquid contact angles by Washburn method and calculating 

the surface energy of solids using well established theoretical approaches. The water contact 

angle decreases with increasing surface charge density for all the size fractions substantiating 

electro-wetting phenomena. The higher surface energy corresponded to higher surface charge 

for all the size fractions and the increase in surface energy follows the order of Cu, brass, Al 
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and glass. The surface energy increases with decreasing particle size. In Fowkes approach, the 

dispersive part is constant while polar part decreases with decreasing in surface charge density 

following the work function order. 

 The van Oss acid-base approach is the most significant approach since the polar part is 

divided into acid and base components. This approach corroborates with increasing surface 

energy as the particle size decreases. The dispersive component is stable while polar part is 

increasing with decreasing particle size. In all size fractions, the acid part increases and base 

part decreases with increasing order of work function of tribo-charging media and thus the 

decreasing order of surface charge acquisition. This explicitly establishes an increase in 

electron acceptance and decrease in electron donating capabilities of pyrite after tribo-

electrification. The respective increase and decrease in acid and base parts followed the work 

function values of contacting surfaces and consistent with electron transfer from charging 

medium to pyrite. The findings illustrate a definite correlation between charges generated on 

powders and acid and base surface energy components calculated from contact angle 

measurements. The methodology adapted to calculate the surface energy in terms of van Oss 

acid-base parameters through contact angle measurements is complimentary to the measured 

surface charge on pyrite particles. The present methodology clarifies the electron transfer 

mechanism in tribo-electrification and can be used for determining the optimum tribo-charger 

material. It can also be extended to optimum choice of chemicals (e.g. vapours of acidic 

and/or basic organic solvents) for enlarging the work function difference in the processing of 

coal and industrial minerals by tribo-electrostatic method.  
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Table 1. Physico-chemical properties of test liquids used as absorbents for capillary constant 
and contact angle measurements. 

Liquid Density,g/cm3 Viscosity,
mPa.s

Surface
tension,
mJ/m2

Disperse
part,
mJ/m2

Polar
Part,
mJ/m2

Acid
part,
mJ/m2 

Base
part,
mJ/m2

n-hexane 0.661 0.326 18.4 18.4 0 0 0
Water 0.998 1.002 72.8 21.8 51.0 25,5 25,5
Formamide 1.133 3.607 58.0 39.0 19.0 2.3 39.6
1-Bromo 
Napthalene

1.483 5.107 44.4 44.4 0 0 0

Table 2. Contact angle of test liquids on -425+150 μm pyrite particles after contact 

electrification with different sample holder charging medium.   

Sample holder Capillary constant, 
C, cm5

Test liquids Contact angle 

n-hexane 0
Water 49.72±2.53
Formamide 25.03±1.22

Glass 5.7637E-5

1-Bromonapthalene 4.54±0.82
n-hexane 0
Water 56.21±3.78
Formamide 27.165±2.23

Aluminium 6.7364E-5

1-Bromonapthalene 5.31±0.58
n-hexane 0
Water 56.98±3.26
Formamide 30.99±2,72

Brass 7.1925E-5

1-Bromonapthalene 22.26±2.73
n-hexane 0
Water 72.59±3.35
Formamide 38.1±0.1

Copper 9.2692E-5

1-Bromonapthalene 31.89±1
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Table 3. Contact angle of test liquids on -150+38 μm pyrite particles after contact 

electrification with different sample holder charging medium. 

Sample holder Capillary constant, 
C, cm5

Test liquids Contact angle 

n-hexane 0
Water 31.57±1.93
Formamide 2.21±0.49

Glass 4.4235E-5

1-Bromonapthalene 4.34±0.64
n-hexane 0
Water 36.70±1.75
Formamide 3.94±0.51

Aluminium 5.6009E-5

1-Bromonapthalene 4.5±0.28
n-hexane 0
Water 42.67±2.54
Formamide 6.33±0.42

Brass 5.6643E-5

1-Bromonapthalene 5.37±0.91
n-hexane 0
Water 45.48±3.65
Formamide 5.72±0.37

Copper 5.8101E-5

1-Bromonapthalene 6.13±0.85

Table 4. Contact angle of test liquids on -38 μm pyrite particles after contact electrification

with different sample holder charging medium. 

Sample holder Capillary constant, 
C, cm5

Test liquids Contact angle 

n-hexane 0
Water 40.86±2.34
Formamide 5.44±1.57

Glass 6.2667E-6

1-Bromonapthalene 5.92
n-hexane 0
Water 57.93±1.74
Formamide 4.80±0.41

Aluminium 9.5716E-6

1-Bromonapthalene 5.35±0.16
n-hexane 0
Water 62.44
Formamide 6.23±0,37

Brass 9.2641E-6

1-Bromonapthalene 6.17±0.56
n-hexane 0
Water 65.99±0.34
Formamide 5.66±0.18

Copper 1.0686E-5

1-Bromonapthalene 5.62±0.33
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Table 5. Surface energy of pyrites after tribo-charging using with different charging medium 
using Fowkes equation approach. 

Particle Size, 
μm 

charging
medium 

Surface
Free
Energy,
mJ/m2

Disperse
part,
mJ/m2

Polar
part,
mJ/m2

Glass 60.60 44.26 16.33
Aluminium 57.06 44.21 12.85
Brass 54.70 41.15 13.55

-425+150

Copper 44.68 37.95 6.73
Glass 70.18 44.27 25.90
Aluminium 67.63 44.26 23.37
Brass 64.44 44.21 20.23

-150+38

Copper 62.87 44.15 18.72
Glass 65.39 44.16 21.23
Aluminium 56.15 44.21 11.95
Brass 53.82 44.14 9.68

-38

Copper 52.17 44.19 7.98

Table 6. Surface energy of pyrite after tribo-charging with different charging medium using 
van Oss acid base approach. 

Particle Size, 
μm 

charging
medium 

Surface
Free
Energy,
mJ/m2

Disper
se
part,
mJ/m2

Polar
part,
mJ/m2

Acid
Part,
mJ/m2

Base
part,
mJ/m2

Glass 54.14 44.18 9.96 1.15 21.57
Aluminium 53.30 44.13 9.16 1.40 14.96
Brass 50.85 41.05 9.79 1.61 14.92

-425+150

Copper 44.50 37.85 6.65 2.59 4.27
Glass 58.28 44.20 14.09 1.36 36.39
Aluminium 58.36 44.18 14.18 1.62 30.99
Brass 58.07 44.11 13.96 1.98 24.56

-150+38

Copper 57.90 44.05 13.85 2.25 21.33
Glass 58.19 44.08 14.11 1.88 26.51
Aluminium 55.44 44.09 11.36 3.57 9.02
Brass 53.65 44.01 9.64 4.16 5.59

-38

Copper 52.01 44.05 7.96 4.70 3.37
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Aluminium                  Brass            Copper      Filter holder    Glass 

Fig. (1). Sample holder made up of aluminium, brass, copper and glass. 
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Fig. (2). Particle size distributions of different pyrite size fractions. 
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Fig. (6). Effect of tribo-charging on absorption of n-hexane for determining the capillary 
constant.

20



0.00E+00

1.00E-05

2.00E-05

3.00E-05

4.00E-05

5.00E-05

6.00E-05

7.00E-05

8.00E-05

9.00E-05

1.00E-04

C
ap

ill
ar

y 
co

ns
ta

nt
, c

m
5

-425+150 μm
-150+38 μm
-38  μm

       Glass     Aluminium      Brass       Copper

Material with increasing order of work function

      
Fig. (7). Effect of triobo-charging on the capillary constant of diffrent size fractions of pyrite. 

Time, s

M
as

s, 
g

[/10] 

0 1 2 3 4 5 6 7 8 9 10 11
2

2.5

3

3.5

4

4.5

5

5.5

Glass
Copper
Aluminium
Brass

Fig. (8). Effect of tribo-charging on the sorption of water on -425+150 μm pyrite particles 

during contact angle measurements. 

21



Time, s

M
as

s, 
g

[/10] 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
2

2.25

2.5

2.75

3

3.25

3.5

3.75

4

4.25

4.5

4.75

5

Glass
Copper
Al
Brass

Fig. (9). Effect of tribo-charging on the sorption of water on –150+38 μm pyrite fraction 

during contact angle measurements. 

-0.02

-0.018

-0.016

-0.014

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

C
ha

rg
e,

 μ
C

/m
2

0

10

20

30

40

50

60

70

Su
rf

ac
e 

en
er

gy
, m

J/
m

2

-425+150 μm
-150+38 μm
-38  μm
-425+150 μm/AB
-150+38 μm/AB
-38  μm/AB

Increasing order of work function

            Glass          Aluminium        Brass          Copper

Fig. (10). Effect of tribocharging on magnitude of charge acquisition and surface energy using 
acid base approach of different pyrite fractions. 

22



-0.02

-0.018

-0.016

-0.014

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

Increasing order of work function

C
ha

rg
e,

 μ
C

/m
2

0

10

20

30

40

50

60

Su
rf

ac
e 

en
er

gy
, m

J/
m

2

-425+150 μm

-150+38 μm

-38  μm

Acid part -38 μm

Base Part -38μm

Acid part -150+38 μm

Base Part -150+38 μm

Acid part -425+150 μm

Base Part -425+150 μm

        Glass   Aluminium   Brass    Copper

Fig. (11). Effect of tribo-charging on the charge acquisition and acid-base component of 
different pyrite fractions. 

23





Paper IV 

Tribo-electrostatic behaviour of high ash non-coking Indian thermal coal. 
R. K. Dwari and K. Hanumantha Rao 
International Journal of Mineral Processing, 2006, 81, pp. 93-104. 





Tribo-electrostatic behaviour of high ash
non-coking Indian thermal coal

R.K. Dwari, K. Hanumantha Rao ⁎

Division of Mineral Processing, Luleå University of Technology, SE-971 87 Luleå, Sweden

Received 16 May 2006; received in revised form 11 July 2006; accepted 12 July 2006
Available online 17 August 2006

Abstract

The tribo-electrostatic method was applied to beneficiate non-coking Indian thermal coal from Ramagundam coal mines
containing nearly 45% ash content. The microscopic studies revealed that quartz and kaolinite are the dominant minerals whereas
illite, goethite, siderite and pyrite are the minor inclusions in the coal. Contact electrification of ash-forming minerals and coal
matter was carried out using different tribo-charger materials of Al, Cu, brass, perspex and teflon. The Cu tribo-charger was found
to be optimum to acquire differential charge between ash-forming inorganics and coal matter. The temperature effect on the
magnitude of contact charge acquisition was found to be significant. Tests on a laboratory in-house built tribo-electrostatic free-fall
separator with minus 300 μm coal showed that the ash content was reduced from 45% to about 18%, and a clean coal product as
judged by the washability studies can be obtained. The results illustrate that the non-coking coals can be beneficiated using the
scientific knowledge on the response and behaviour of coal and non-coal matters to electric charges.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrostatic separation; Tribo-electrification; Coal preparation; Particle charging

1. Introduction

Coal is India's most abundant fossil fuel, and the
rapid increase in the country's future power generation
to meet the growing demand of the domestic, industrial
and agricultural sectors will be based on this fuel. In
India, more than 75% of non-coking coal produced is
used for power generation. At present, nearly 200 mil-
lion tonnes/year of coal are used for power generation
and the average ash in coals is invariably above 40%.
The majority of non-coking coal reserves in India are
inferior in quality because of drift origin. Most of the
thick seams are banded in nature. The coal matter in

these seams is higher in ash content leading to poorer
quality because of these bands. The bands themselves
are usually in carbonaceous nature and very rarely
consist of pure sandstones. As a result the Indian coal
seams have basically higher ash content. It was
estimated that more than 65% of recoverable resources
of non-coking coals are inferior in quality and contain
about 40–45% ash. The higher ash percentage is
obviously correlated with poor calorific value. Howev-
er, the advantages of Indian coals are low sulphur, low
chloride, low phosphorous, less toxic elements, high ash
fusion temperature and refractory nature of ash.

Wet beneficiation techniques are generally followed
to produce high quality coal products with high
recoveries. However, these techniques are not econom-
ical for high ash non-coking coal in fine size fractions of
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−500 μm. The dry beneficiation of coal is attractive due
to easy handling of coal, lower energy cost, no
dewatering and no drying of solids. Electrostatic
separation for the beneficiation of coal is one such dry
technique. The electrical separation utilises the inherent
differences between the minerals in frictional charging,
electrical conductivity and dielectric constant properties
(Manouchehri et al., 2000a,b). The basis for electrical
separation is the interfacial resistance offered by
different materials to the flow of electrons. The
modifying factors are the specific gravity, size, shape,
surface state and purity of the particulates as well as the
mechanical and electrical attributes of the separator. The
composition of the raw material and its electro-physical
properties determine the kind of charging mechanism to
be applied (i.e., conductive induction, tribo-electrifica-
tion, or corona). Among the known electrical benefici-
ation methods, the tribo-electric separation process is
most suitable for finer materials and minerals with
relatively similar and varying electro-physical proper-
ties (Knoll and Taylor, 1984; Mazumder et al., 1994).

Indian power plants mainly use pulverised coal
instead of lump coal for greater efficiency of boilers.
These coal-fired plants are among the most polluting
sources as indicated by environmentalists and pollution
control agencies. Recent environmental regulations
prohibit using high ash coals in power plants due to
the generation of huge quantities of fly ash, which
affects the atmosphere and aesthetics of the nearby
plant area. With this background, a project on
“Electrostatic Beneficiation of Indian Thermal Coals”
has been undertaken at Luleå University of Technol-
ogy, Luleå, Sweden, in collaboration with Regional
Research Laboratory, Bhubaneswar and National
Thermal Power Corporation, Noida, financially sup-
ported by the Department for Research Cooperation of
the Swedish International Development Cooperation
Agency (SIDA). In this paper, the initial results
achieved on coal with 45% ash content by tribo-
electrostatic method are presented and the method's
potential for the beneficiation of non-coking thermal
coals are discussed.

2. Theory of tribo-electrostatic separation

Tribo-electric separation involves charging of parti-
cles by contact or friction with other particles or with a
third material, usually the walls of a container or pipe,
followed by transport or free-fall through an electric
field that deflects the particles according to the
magnitude and sign of their charge. When two dissimilar
particles are in contact or rub against each other, there is

a transfer of electrons (charge) from the surface of one
particle to the other until the energy of electrons in each
material at the interface is equalised. The energy of
electrons at the surface of the material is characterised in
terms of the Fermi level, and a measure of relative
affinity for electrons of the material is the work function,
which is the energy to move an electron from the surface
to infinity. The material with higher affinity for electrons
gains electrons (i.e., lower Fermi level or higher work
function) and charges negatively, while the material with
lower affinity loses electrons (i.e., higher Fermi level or
lower work function) and charges positively. Thus the
particle that is positively charged after the particle–
particle charging mechanism has a lower work function
than the particle that charges negatively. In the case of
wall-particle charging, the work function of the material
of the wall should lie in between the work function
values of the two types of particles involved for creating
different polarity. The work function values for various
materials such as C, Cu, Al2O3, MgO, and SiO2 are 4.0,
4.38, 4.7, 4, 5, and 5.4, respectively (Kim et al., 1997).

When twometals of different work functions,ϕM1 and
ϕM2 (eV), are brought into contact and then separated, the
Fermi levels of the two metals coincide and a potential
difference Vc is established across the interface. Harper
(1951) suggested that they will exchange electrons by
tunnelling so that thermodynamic equilibrium is main-
tained. The contact potential difference is given by

Vc ¼ ð/M1−/M2Þ
e

ð1Þ
where e (=1.6×10−19 C) is the electron charge.

The charge transfer Q during the contact is

Q ¼ CVc ¼ C
ð/M1−/M2Þ

e
ð2Þ

where C is the capacitance between two adjacent bodies.
The capacitance C is defined by C ¼ e0A

z , where A is the
effective area of contact, z is the separation at contact, ε0
fits the permittivity of free space=8.85×10−12 Fm−1.
Then, the charge transfer Q is given by

Q ¼ e0A
z

Vc ð3Þ

The surface charge density that can be generated during
contact is

r ¼ Q
A
¼ e0

z
ð/M1−/M2Þ

e
ð4Þ

When two bodies are separated after contact, the capaci-
tance C decreases and therefore Q decreases until charge
exchange by tunnelling ceases. Harper (1951) illustrated
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that at about 1 nmcut off distance, the tunnelling current is
abrupt and for a sphere plane geometry, C is given by

C ¼ 4pe0r 0:577þ 0:5
2r
z

� �
 �
ð5Þ

where r is the radius of sphere, and z is the distance at
which tunnelling ceases.

From Eqs. (2) and (5), the charge transfer during
contact can be written as

Q ¼ 4pe0r 0:577þ 0:5
2r
z

� �
 � ð/M1−/M2Þ
e

ð6Þ

Therefore, the charge density is

Q
A
¼ e0

r
0:577þ 0:5

2r
z

� �
 � ð/M1−/M2Þ
e

ð7Þ

A semi-quantitative agreement between theory and ex-
periment was obtained by using the tunnelling cut off
distance of z=1 nm.

Lowel (1975) investigated with real materials of
rough surfaces and showed that the capacitance can be
better estimated by taking into account that most of the
two surfaces are separated by much larger distances
when the closest point of separation is at 1 nm and found
that tunnelling current actually ceases at z=100 nm.

Inculet and co-workers (1982) analysed maceral
fractions of electrostatically beneficiated coal and found
that different maceral types acquired different charge
polarities. By petrographic analysis they found that a major
portion of the vitrinite charged positively, while inertinite
charged negatively. The larger pores present in inertinite are
thought to cause the preservation of the original plant cell
structure in this maceral harbouring negatively charged
minerals not liberated by grinding. Several studies showed
that clean coal generally charges positively and ash-
forming minerals or high-ash coals charge negatively
(Carta et al., 1976; Lockhart, 1984; Alfano et al., 1988).
Coal matter can acquire negative and positive charge when
the carbonate (e.g., limestone and dolomite) and silicate
(e.g., shale, slate or marls) gangue are present in the coal,
respectively. In both cases, good separation was achieved
(Ciccu et al., 1991). Test results indicate that with a variety
of coals, the different particle size classes of sulphide and
silicate impurity minerals can be removed efficiently by
tribo-electrostatic beneficiation process under appropriate
conditions (Finseth et al., 1993). Temperature andmoisture
played an important role in charging the coal. Themoisture
content reduces the degree of charging, but it is not clear
whether the driest materials had the best charging
properties (Mazumder et al., 1995; Kwetus, 1994).

3. Experimental

3.1. Sample preparation

Ramgundam coal was ground, screened into different
size fractions, and a representative sample from each size
fraction was prepared by standard sampling procedure.
The washability study was carried out for each size
fraction by sink-and-float method by using a mixture of
acetone and bromoform medium at different specific
gravities ranging from 1.3 to 2.0. The sink-and-float
products were washed thoroughly with acetone, dried
and analysed for ash. The proximate analysis of sink-and-
float products was carried out with Thermo Gravimetric
Analyser (TGA-601). The TGA was operated under N2

atmosphere for moisture and volatile matter analysis,
whereas an oxygen atmosphere was used for ash
analysis. Approximately 10 mg sample was used for
proximate analysis where the heating rate was main-
tained at 10 °Cmin−1, and the air flow rate was 6 l min−1.

3.2. Tribo-charging and charge measurement

The effect of tribo-charger material on charge
acquisition by the independent mineral phases was
studied using a cylindrical rotating drum of 0.095 m
diameter and length where the inside lining can be
replaced by copper, brass, steel, aluminium, teflon,
perspex and PVC materials. A 5 g of mineral particles is
tribo-charged for a fixed time interval and after contact
charging, the particles charge polarity and magnitude
are measured by a Keithley electrometer.

The charge acquired by the particles collected in
different bins after tribo-electric separation of coal was
also determined. Initially the coal samples were dried in an
oven at 100 °C. Then the coal was passed through the
vibratory feeder fitted with a copper plate. On sliding
through the copper plate, the maceral and mineral particles
acquired charge based on their work functions due to
frictional charging. The charge acquired by the samples
collected at different bins after passing through the electric
field was measured using the Keithley electrometer fitted
with a Faraday cup.

3.3. Tribo-electrostatic test procedure

The tribo-electrostatic experimental set-up for the
separation of coal macerals from ash forming minerals is
presented in Fig. 1. It consists of a Perspex box fitted with
two copper plate electrodes, highDCvoltage supply source
(VS), vibratory feeder with hopper (V), heater (H), digital
thermometer (T) and Keithley electrometer (KE). There
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exists a provision to adjust the distance between the copper
electrodes and the angle of inclination. The vibratory feeder
plate can be replaced with different tribo-charger plates
made up of Cu, Al, steel, perspex, PVC and teflon. The
thermostat beneath the feeder plate maintains the tribo-
charger temperature, and the temperature is monitored with
a digital thermometer. The rectangular Perspex box has the
dimensions of 1×0.52×0.52 m. Two electrode copper
plates A and B of length 0.84 m and breadth 0.43 m are
fixed within the box. The electrode plates are connected in
such a way that top and bottom gaps between them can be
adjusted.

In the present tests, the top and bottom gaps of
electrodes were maintained at 0.075 and 0.325 m respec-
tively. The electrode A was connected to +ve supply
source, while electrode B was connected to −ve supply
source. The electrodes were charged with a high DC
voltage power supply. There were six collecting bins of
0.52×0.065×0.008 m size below the electrode plates to
collect the material after passing through the electric field.

Ramagundam coal of −300 μmwas used in the present
investigations. The D90 size was 238 μm, and the mean
diameter of the particleswas 88.9μm.The coal samplewas
dried at 100 °C in an oven before being placed on to the
vibrating feeder (V). A copper plate on top of the vibrating

feeder plate acts as copper tribo-charging medium. The
feed rate was slow enough that only a single layer of
particles was allowed to slide over the tribo-charger. Then
the particles traveled through the funnel-shaped copper
pipe and fell between the electrode plates. The negatively
charged particles were attracted by the positive electrode
and collected in bin 1,while the positively charged particles
were attracted towards the negative electrode and collected

Fig. 1. Schematic diagram of experimental set up.

Table 1
Materials and experimental conditions

Material properties and
experimental conditions

Values

Minerals used for charge measurement Quartz, kaolinite and illite
Mean particle diameter for quartz,
kaolinite and illite (μm)

104, 6.43 and 4.75

BET surface area of quartz,
kaolinite and illite (m2/g)

0.0997, 11.18 and 64.17

D90 and mean diameter of
coal beneficiated (μm)

238 and 88.91

Time of tribo-charging of minerals
in the tumbling mill (s)

15, 30, 45 and 60

Distance between top and
bottom electrode plates (m)

0.075 and 0.325

DC voltage applied (kV) 10, 15 and 20
Temperature applied (°C) 18, 63 and 76
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in bin 4. The uncharged and weakly charged particles were
collected at bins 2 and 3. The collected samples in all the
bins were subjected to proximate analysis. Tests were
conducted at three electrode voltages of 10, 15 and 20 kV.
The temperature maintained during tribo-charging was in
the range of 18–78 °C. The experimental conditions are
presented in Table 1.

4. Results and discussion

4.1. Coal characterisation

The proximate analysis of bulk Ramagundam coal
shows that the coal contain 5.8% moisture, 23.5%

volatile matter, 43.2% ash, and 33.3% fixed carbon.
Washability studies for two coal size fractions of
−150 mm and −1 mm were performed to evaluate the
potential of clean coal separation and the results are
shown in Fig. 2. It can be seen that a clean coal with only
25% ash and about 65% yield is obtainable from both
the coal samples, illustrating the non-liberation of coal at
these size ranges. Accordingly, a finer coal size fraction
of −300 μm is prepared for the tribo-electrostatic
separation tests.

The microscopic studies revealed that all three
maceral groups of vitrinite, liptinite (exinite) and
inertinite were present in the coal. The collotelinite of
vitrinite group was dominant in the coal. Vitrinite group
of macerals includes very fine grains of mineral matter
as shown in Figs. 3 and 4. The mineral phases in the coal
detected under visible light with decreasing content are
quartz, clay, pyrite, magnetite and goethite. However,
the mineral matter identified by XRD includes quartz,
illite, kaolinite, montmorillonite, goethite, siderite and
pyrite. The relative proportion of mineral phases in coal
is presented in Table 2. Quartz was the most dominate
mineral phase and was found to concentrate in both the
float and sink fractions. Though clay minerals were
present next to quartz, only illite was detectable in size
fractions of bulk coal. Kaolinite and montmorillonite
were also found in both the float and sink fractions.

4.2. Effect of tribo-charging medium and prediction of
relative work function

The charge acquisition of quartz, kaolinite and illite
after contact electrification with different tribo-charging
media was studied, because these were the major mineral
phases present in the coal. The size distributions of quartz,
kaolinite and illite are shown in Fig. 5, and the mean
diameters are 104, 6.43 and 4.75 μm, respectively. The
results obtained for quartz, kaolinite and illite after contact

Fig. 4. Clay bands (dark grey) also encloses maceral, MgfX320 oil.

Fig. 3. Pure vitrinite grain enclosing a clay band, MgfX320 oil.

Fig. 2. Washability study of Ramagundam coal.
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electrification with different tribo-charger materials are
shown in Figs. 6–8, respectively. The results show that
quartz was negatively charged with copper, brass,
aluminium, steel, copper, PVC and teflon and perspex
materials. Kaolinite and illite were also charged nega-
tively with all the tribo-charging media except teflon
where kaolinite charged positively and the charge
acquisition by illite fluctuated between positive and
negative. These results are in good agreement with the
reported work function values of perspex, 2.7 eV (Ciccu
and Foreman, 1968); brass, 4.28 eV (Michaelson, 1977);
copper, 4.38 eV (Inculet, 1984); PVC, 4.85 eV (Davies,
1969); PTFE or teflon, 5.75 eV (Trigwell et al., 2003).
The sequence of chargemagnitude for negatively charged
minerals is quartzNkaoiliniteN illite. The tribo-electric
charging is generally controlled by the relative work
functions of the particles and contact wall. On tribo-
charging, the particle of lower work function donates

electrons to the material of higher work function and is
charged positively whereas the latter is charged negative-
ly. The greater the work function difference, the higher is
the charge acquisition. The magnitude of charge acquired
by quartz follows the trend from brass to PVC as shown in
Fig. 9. However, it is not clear why the charge acquisition
with teflon and perspex deviated from the work function
sequence. In the case of kaolinite (Fig. 10) and illite (Fig.
11), there was a better correlation between the magnitude
of charge acquisition and relative work function values. If
the work functions of two contact materials are known,
the charge polarity and the deflection of particles in an
electric field could be predicted. On the other hand, if the
charge polarities and the charge magnitudes of contact
materials were measured, the relative work functions
could be predicted (Li et al., 1999).

Different researchers (Inculet, 1984) suggested that the
work functions not only depend on the materials but also

Fig. 5. Particle size distribution of quartz, kaolinite and ilite.

Table 2
Mineral matter of Ramgundam bulk coal low temperature ash (peak intensity given to indicate the relative quantity)

Details of sample Quartz Illite Kaolinite Montmorillonite Goethite Siderite Pyrite

Bulk 3588 142 Nil Nil 117 Nil Nil
+150 mm 1.8 Sink 3318 Nil 1183 Nil 196 110 67
+100 mm 1.8 Float 3745 Nil 449 202 Nil Nil 42
+100 mm 1.4 Float 2704 Nil 756 Nil Nil Nil 48

Fig. 6. Influence of tribo-charging time on charge acquisition by quartz
particles.
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on the condition of surface state (e.g., oxide layers,
moisture level, surface contamination, etc.), which
emphasises the different work functions reported for the
same material. The work functions of many materials are
not available and evaluation of their work functions is
necessary for practical purposes. Based on the present
charge measurements, the relative work function se-
quence predicted for tribo-charging media and minerals is
quartzN teflonNkaoliniteN illiteNpvcNcopperNalumini-
umNbrassNperspex. The change in work function,
D/ ¼ /medium−/mineral, has been estimated from Eq.
(7) and given in Table 3. The results presented in Table 3
mostly agree with the reportedwork function values in the
literature. The results also show that with increasing the
contact charging time, the charge acquisition increased
marginally for copper, brass and steel.

The effect of tribo-chargermedium on coal separation is
shown in Fig. 12. In these tests, a coal sample with particle
size −300+210 μmwas tribo-charged for 5 min with each
of the tribo-charger materials of copper, aluminium, brass,
teflon and perspex. After tribo-charging with a specified
material, the particles were allowed to fall freely between
the two electrode plates. The applied voltage was kept
constant at 15 kV. The results show that copper tribo-
charger gave better separation in comparison to other tribo-
chargers, and therefore the copper tribo-charger was used
as the tribo-charging medium for the remaining tests.

Fig. 7. Influence of tribo-charging time on charge acquisition by
kaolinite particles.

Fig. 8. Influence of tribo-charging time on charge acquisition by illite
particles.

Fig. 9. Influence of tribo-charging media and charging time on charge
acquisition by quartz particles.
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4.3. Effect of voltage

The effect of applied voltage at three different
temperatures on the charge acquired by the particles

is presented in Figs. 13–15. Here, the charge was
measured on the particles collected at different bins after
tribo-electric separation. As shown in the experimental
set-up, bin 1 is close to the positive electrode, while bin
4 is nearer to the negative electrode. The particles
collected at different bins were negatively charged but
the magnitude of charge decreased with the bins from
positive to negative electrode (Fig. 13). Generally, the
more negatively charged particles were attracted by the
positive electrode and collected in bin 1 while the
positively charged particles were attracted towards
negative electrode and fell in bin 4. The net charge
acquired by the particles collected in bin 4 was found to
be negative. This may be due to non-liberated coal
particles and/or coating of fine coal particles over

Fig. 10. Influence of tribo-charging media and charging time on charge
acquisition by kaolinite particles.

Fig. 11. Influence of tribo-charging media and charging time on charge
acquisition by illite particles.

Table 3
Work function difference between tribo-charging medium and mineral
estimated from Eq. (7)

Tribo-charging
medium

Change in
work function,
eV (ϕmedium−
ϕquartz)

Change in work
function, eV
(ϕmedium−
ϕkaolinite)

Change in work
function, eV
(ϕmedium−
ϕillite)

Perspex −7.48×10−3 −2.57×10−5 −5.47×10−6

Brass −1.16×10−2 −5.31×10−5 −3.16×10−6

Aluminium −8.10×10−3 −3.52×10−5 −1.49×10−6

Copper −7,73×10−3 −2.28×10−5 −2.08×10−6

PVC −7.20×10−3 −2.08×10−5 −1.59×10−6

Teflon −1.72×10−2 1.40×10−5 2.59×10−7

Fig. 12. Bin number verses ash% of coal collected at 15 kV applied
voltage after tribo-charging with different materials.
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mineral particles where the overall charge acquisition of
particles became negative and the particles were de-
flected towards the positive electrode. Thus, the particles
were widespread based on the magnitude of particles
negative charge.

Ciccu et al. (1991) observed that coal matter acquires
negative and positive charge when the carbonate (e.g.,
limestone and dolomite) and silicate gangue is present,
respectively. In both the cases, good separation was
achieved. It is interesting to note that with an increase in
voltage from 10 to 20 kV, the charge acquired by the
particles collected at each bin also increased. With
increasing voltage, the electrostatic field generated
within the electrodes also increased which in-turn pulled
more oppositely charged particles, and the net acquisi-
tion of charge increased. The particle charges collected
at bin 2 and 3 were almost constant at 10 and 15 kV
voltages, respectively, while a difference in charge was
observed at 20 kV voltage.

Fig. 14 shows the results of particle charge collected
at different bins when the particles were tribo-charged at
63 °C. It can be seen from the figure that at 10 kV
voltage, the charge acquired by the particles increased
with increasing bin number, i.e., the bins from positive
to negative electrode. At a higher voltage, the charge of

the particles collected at bin 1 decreased and in bin 4, the
charge increased. The higher temperature during tribo-
charging causes more electron transfer due to excited
electrons and a different magnitude of negative charge
acquisition by the particles takes place, leading to a
different distribution of particles in the bins.

The charge acquisition of particles collected at different
bins after copper tribo-charging at 76 °C is shown in
Fig. 15. These results are comparable to the results at
18 °C. The particles negative charge decreases frombin 1 to
4 at 10 and 15 kV voltage whereas at 20 kV, the charge is
almost the same. Since all the particles acquired negative
charge, there is an optimum voltage for a good separation
between strong negatively charged particles containing
moremineral matter andweak negative particles withmore
coal matter. Although pure coal particles are expected to
charge positively, the net charge polarity was found to be
negative due to mineral inclusions.

4.4. Effect of temperature

The influence of temperature on charge acquisition
by the particles collected in bin 1 (close to positive
electrode) and in bin 4 (close to negative electrode) at
different voltages is shown in Figs. 16 and 17,

Fig. 13. Effect of voltage on charge acquired and ash content of coal
particles at different bins at 18 °C.

Fig. 14. Effect of voltage on charge acquired and ash content of coal
particles at different bins at 63 °C.
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respectively. The results show that the charge acquired
by the particles increased with increasing temperature.
The increase in temperature during tribo-charging

brings about more excited state of electrons in the
outermost orbit leading to better electron transfer from
the tribo-charger to the particles and vice-versa. Similar
behaviour of particle charge with temperature was
earlier reported by Alfano et al. (1985). At 18 °C, the
charge acquired by the particles in bin 1 at 10 kV voltage
was less than at 20 kV. But with an increase in
temperature, the charge was higher with decreasing
voltage. Similar charge acquisition behaviour with
increasing temperature was also seen with the particles
collected in bin 4 (Fig. 9).

4.5. Tribo-electrostatic separation of coal

The results of electrostatic coal separation after
contact electrification with the copper tribo-charger at
18, 63 and 76 °C are depicted in the same Figs. 13–15,
respectively. It can be seen from Fig. 13 that low ash
coal was recovered at the bin close to the negative
electrode (bin 4) whereas high ash coal was collected at
the positive electrode (bin 1), and the ash percentage
decreased from bin 1 to bin 4. These results once again
illustrate that coal particles are positively charged
relative to the inorganic matter and accordingly the
low ash coal particles are collected at the negative
electrode. A clean coal of 18% ash was collected in bin
4, indicating that it was possible to beneficiate the 43%
ash coal by tribo-electrostatic method. The increase in
applied voltage increased the ash percentage of clean

Fig. 17. Effect of temperature on charge acquired by particles at bin 4.

Fig. 16. Effect of temperature on charge acquired by particles at bin 1.

Fig. 15. Effect of voltage on charge acquired and ash content of coal
particles at different bins at 76 °C.
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coal. The results at higher temperatures during tribo-
charging also showed similar behaviour, and the low ash
coal was recovered at the negative electrode. In these
cases, clean coals with ash percentages of 23.1 and 24.6
were obtained at 63 and 76 °C tribo-charger tempera-
tures, respectively. Although the charge polarity of
inorganic matter and coal particles were expected to be
different after copper tribo-charging, the charge mea-
surements on the collected particles in different bins
showed only negative charge acquisition with a
difference in magnitude. Thus, the applied voltage is
an important parameter for the deflection of relative
magnitude of highly negative inorganic matter and
weakly negative coal particles in the electric field.

5. Summary

1. Three groups of vitrinite, liptinite and inertinite
macerals are found in Ramgundam coal where
vitrinite and inertinite are predominant. The inorgan-
ic mineral matter in the coal contains quartz, illite,
kaolinite, goethite, siderite and pyrite. Since the
mineral particles, significantly quartz, were observed
to be visibly free from coal matter, the Ramagundam
coal is suitable for dry electrical beneficiation.

2. The charge acquisition of quartz, kaolinite and illite
after contact electrification with different tribo-
charging media was studied, because quartz, kaolin-
ite and illite are the major mineral phases in the coal.
The results show that quartz is negatively charged
with copper, brass, aluminium, steel, copper, PVC
and teflon and perspex materials. Kaolinite and illite
are also charged negatively with all tribo-charging
media except teflon where kaolinite charged posi-
tively and charge acquisition by illite found to
fluctuate between positive and negative. Based on
the magnitude of charge acquisition and polarity, the
relative work function of mineral and tribo-charging
medium was predicted. Evidently the materials
having the work function values in between the
work functions of macerals and minerals are suitable
to acquire different charge polarity for the coal and
non-coal matter during contact electrification and
copper was found to be optimum tribo-charger
material for coal beneficiation.

3. The temperature of the tribo-charging medium plays
an important role in the net charge acquisition of coal
particles. With increasing temperature, the charge
acquired by the particles also increases. The electrons
transfer from the material of lower work function to
higher work function increases with increasing
temperature, leading to more charge acquisition by

the particles. However, the ash percentage of coal in
the concentrate is adversely affected with an increase
in tribo-charger temperature. Low ash coal was
achieved at 18 °C tribo-charger temperature.

4. The applied voltage to the electrode plates has
significant influence on the separation of coal
macerals from minerals. Although the charge mea-
surement of collected particles at different bins
shows that all the particles are negatively charged,
particles collected at the positive electrode measured
higher negative charge than particles collected at the
negative electrode. With increasing voltage there was
an increase in the charge of particles collected at both
the electrodes at 18 °C but at higher temperatures the
particle charge collected at the positive electrode
decreased. The reverse occurred with the particles
collected at negative electrode. The higher electric
field strength caused redistribution of weakly/bipolar
charged particles due to considerable deflection of
the particles affecting the separation. Therefore, the
effective applied voltage needs to be optimum for
obtaining good separation.

5. The results clearly indicate that particles collected at
the negative electrode contain low ash percent
whereas particles collected at the positive electrode
comprise high ash percent. This shows that the
mineral particles are charged negatively with copper
tribo-charger while the macerals charged positively.
The present studies showed that it is possible to
reduce the 45% ash coal to 18% ash clean coal.
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Abstract

Dry coal beneficiation has been examined by tribo-electrostatic method using Indian 

thermal coal sample from Ramagundam coal mines. The process of tribo-electric coal/ash 

cleaning is carried out with a newly built cylindrical fluidised-bed tribo-charger with internal 

baffles, made up of copper metal. The charge transfer in coal maceral and mineral particles 

after repeated contact with copper plate tribo-charger is measured. Separation of particles in 

an electrostatic separator according to the polarity of particle charge generated during tribo-

electrification is discussed with respect to gas flow rate and residence time in fluidised-bed 

tribo-charger and the applied electric field.

The coal and mineral particles charge with positive and negative polarities 

respectively. The magnitude of particles charge found to be relatively high illustrating greater 

efficiency of contact electrification in fluidised bed tribo-charger. The separation results with 

minus 300 m size fraction of coal containing 43% ash showed that the ash content can be  

reduced to 18% and 33% with an yield of about 30% and 67%, respectively. These results are 

comparable to the maximum separation efficiency curve of washability studies on this coal 

sample. Since the ash percentage of coal particles collected in the bins close to positive and 

negative electrodes are about 70% and 20%, a better yield with low ash content can be 

accomplished on recycling the material.  
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1. Introduction 

Coal is the single largest fossil energy source used world-wide and accounts for more 

than 60% of the total commercial energy consumed. Between 60-80% of this coal is used for 

electric power generation and most of which through a system of pulverised coal combustion 

(International Energy Outlook, 2005). The major portion of the coal used for such power 

generation is not clean enough to maintain the rigorous environmental standards required 

these days world over. The problem is the high sulphur content in coal used in most of the 

western countries or ash as is the case in countries like India. The sulphur exists both 

inorganic and organic forms and the SOX gas emissions lead to catastrophic environmental 

problems (Masuda et al., 1983). In the year 2005-06, the total production of coal in India was 

344 million tones where 261 million tones of coal were used for the generation of electric 

power. The coal fired plants in India were among the most polluting sources as indicated by 

environmentalists and pollution control agencies. Substantial portion of ash is liberated as it 

enters the boiler from the mill. Any attempt to reduce the amount of ash going from the mill 

to the boilers in the already existing units without much investment would improve the 

performance of power generation significantly and increase the life of the boilers.

Recently, the literature on dry beneficiation methods for coals with specific reference 

to high-ash Indian coals has been summarised by us (Dwari and Rao, 2007). Tribo-

electrostatic process is one of the key dry process techniques to separate the ash forming 

inorganic minerals from coal. Electrostatic separator with tribo-charging technique has great 

potential for coal preparation in fine sizes. There have been some investigations carried out in 

this direction but has not achieved commercial status in coal beneficiation industry (Hower et 

al., 1997). 

Tribo-electric separation involves charging of particles by contact or friction with 

other particles or with a third material, usually the walls of a container or pipe, followed by 
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transport or free-fall through an electric field that deflects the particles according to the 

magnitude and sign of their charge. When two dissimilar particles are in contact or rub against 

each other, there is a transfer of electrons (charge) from the surface of one particle to the other 

until the energy of electrons in each material at the interface is equalised.

In general, there are three maceral classes of coal with several sub-classes. The 

predominant maceral is vitrinite formed by carbonization of cellulose. The other two general 

classes are liptinite, formed from noncellulose materials such as resins and seeds, and 

inertinite materialized from charred plant remains. In late 1970 and early 1980’s, Inculet and 

co-workers (1982) analysed the charge acquisition characteristics of maceral fractions and 

found that different maceral types acquired different charge polarities. From petrographic 

analysis they found that a major portion of vitrinite charged positively while inertinite charged 

negatively. Because of larger pores present in inertinite caused by the preservation of the 

original plant cell structure in this maceral type, they harbour negatively charged minerals not 

liberated by grinding. Several studies have shown that clean coal generally charges positively 

and ash-forming minerals or high-ash coals charge negatively (Carta et al., 1976; Lockhart, 

1984; Alfano et al., 1988). Several researchers have contributed to understand particle tribo-

charging characteristics and the separation of ash forming minerals from coal macerals 

(Bouchillon and Steele, 1992, Ban et al., 1993, Tennal et al., 1999, Ahmadi et al., 2000, 

Trigwell et al., 2003)
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2. Materials and Experimental 

2.1. Materials 

High ash non-coking coal sample from Ramagundam coal mines was used in the 

present tribo-electrostatic separation tests. The coal sample was ground, screened to –300 m

size fraction and portions of representative samples were prepared for separation tests. The 

washability characteristics and petrography analysis of this coal sample were presented in an 

earlier publication (Dwari and Rao, 2006). Since quartz, kaolinite and illite found to be the 

major mineral phases in Ramagundam coal, the charge behaviour of these minerals in tribo-

electrification was analysed. Pure quartz sample (SiO2 > 99%) was obtained from Meviour 

S.A., Greece and the kaolinite (kaolinite 92%, quartz 4%, illite 3% and feldspar 3%) and illite 

(85% illite and 15% kaolinite) samples were supplied by Phybiosis, USA.  

2.2. Tribo-electrification and charge measurement 

Tribo-electrification was carried out with individual mineral phases of quartz, 

kaolinite and illite in fluidized bed tribo-charger and the magnitude of charge acquisition by 

the mineral particles was measured by Keithley electrometer. A 20 g of mineral particles were 

fed to the fluidised bed tribo-charger. The tribo-charging was carried out by following the step 

1 procedure described in the next section. Different flow rates of nitrogen gas in the range of 

3500-5500 l h-1 for fluidization and fixed interval of residence time (1, 2 and 3 min) were 

used for tribo-electrification. After tribo-charging, the particles were allowed to transport 

through the cyclone to the Faraday cup and the particles charge polarity and magnitude were 

determined. 

2.3. Tribo-electrostatic separation test procedure 

The experimental set-up for tribo-electrostatic separation of ash forming minerals 

from coal maceral is shown in Figure 1. The whole test unit mainly consists of a fluidised bed 

tribo-charger with internal baffles system (FTB), cyclone discharging system, two copper 
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plate electrodes enclosed in a rectangular Perspex box, high DC voltage supply source (VS), 

collecting bins in the form of Faraday cups, nitrogen gas cylinder and Keithley electrometer 

with 6532 scanner card. The fluidised bed tribo-charger was made of copper metal of 

cylindrical structure of 0.065 m diameter and 0.7 m length. The top and bottom openings of 

tribo-charger were closed with funnel shaped head whose ends are connected to a pipe of 0.01 

m diameter. The cylinder and funnel head were united with O-ring flange coupling. Filter 

cloth of 5 μm pore size was sandwiched between the flanges at top and bottom to give support 

to the fine coal particles inside the fluidised bed chamber. An internal baffle system, also 

made up of copper, was integrated at the centre of the cylinder for efficient contact of fine 

coal particles with the metal. The length of the baffle system is 0.64 m and the system was 

placed at a distance of 0.03 m from the top. The coal particles after tribo-charging were 

transported pneumatically through a pipe of diameter 0.01 m at a height 0.025 m from the 

base of tribo-charger and then through a cyclone to fall freely between the electrode plates. 

All the pipes and the cyclone were also made of copper. The lengths of cylindrical and conical 

sections of cyclone are 0.045 and 0.48 m respectively. The cyclone and vortex finder 

diameters are 0.04 and 0.03 m respectively. The apex diameter of the cyclone is 0.006 m. The 

cylindrical and conical sections were connected by O-ring flange coupling and therefore could 

be easily dismantled for cleaning. 

The bottom conical end of fluidised bed tribo-charger is connected to the nitrogen gas 

cylinder. The volumetric gas flow rate of nitrogen through the pipe can be regulated by the 

rotameter (RM) and gate valve V3 connected between the nitrogen cylinder and fluidised bed 

tribo-charger. The flow rate through the top of fluidised bed and cyclone was regulated by 

using the solenoid valves V1 and V2 respectively. The flow rate through the vortex finder can 

be regulated by valve V4. However this valve is closed all the time during the period of 

operation.
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The rectangular Perspex box has the dimensions of 1 x 0.52 x 0.52 m. Two electrode 

copper plates A and B of length 0.84 m and breadth 0.43 m are fixed within the box. The 

electrode plates are connected in such a way that top and bottom gaps between them can be 

adjusted. In the present tests, the top and bottom gaps of electrodes were maintained at 0.095 

and 0.46 m respectively.  

The electrode A was connected to the +ve teminal of the supply source, while 

electrode B was connected to the –ve terminal. The electrodes were charged with a high DC 

voltage power supply. There were six collecting bins in the form of Faraday cups below the 

electrode plates to collect the material after passing through the electric field and the polarity 

and charge magnitude of the particles collected in each bin can be measured. All the Faraday 

cups were placed on a Teflon surface. The dimensions of the outer shield of Faraday cup are 

0.365 x 0.07 x 0.04 m while the dimension of inner shield are 0.345 x 0.05 x 0.03 m. All the 

Faraday cups are connected to the 6532 scanner card of Keithley electrometer. To ensure 

stable voltage measurements the capacitance of Faraday cups were increased by connecting a 

1500 nF capacitor in series between the shields of Faraday cups. The capacitance of Faraday 

cups, i.e., bins 1 to 6, are 1.519, 1.591, 1.569, 1.54, 1.53 and 1.563 nF respectively. By 

following the standard protocols supplied by Keithley, the potential difference V was 

measured using Keithley electrometer. The charge Q acquired by the coal particles at different 

bins were calculated by knowing the capacitance C of Faraday cup and voltage V by using the 

equation Q = CV. 

In the present beneficiation tests, a coal sample of –300 μm size fraction having a 

moisture content of 1-2% was used. The D90 of the sample was 234 μm and the mean 

diameter of particles was 86 μm. A 25 g of coal sample was introduced from the top of the 

fluidized bed tribo-charger and then closed with top conical head sandwiched with a filter 

cloth. The test is a two step procedure. In the first step the valve V1 and V3 were opened while 
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the valve V2 was closed so that gas will flow through the tribo-charger and the coal particles 

attain fluidization condition and get contact with wall and baffles of the tribo-charger. The 

mineral and maceral particles acquire opposite polarity based on their relative work functions 

with respect to copper. The minimum fluidization velocity calculated to fluidise a 100 μm and 

250 μm particles was 0.01 and 0.06 m s-1 respectively. Accordingly, in order to achieve 

turbulent fluidisation in the tribo-charger, volumetric flow rates of nitrogen of 3500, 4500 and 

5500 l h-1 were used. A residence time period of 30, 60 and 90 s was maintained for tribo-

charging. In the second step the valve V1 was closed while the valve V2 was opened and the 

charged particle were transported pneumatically to fall freely between the electrode plates 

through the cyclone by slowly increasing the velocity of nitrogen gas. The negatively charged 

particles were attracted by the positive electrode and the positively charged particles were 

attracted by the negative electrode and based on their magnitude of charge polarity they are 

deflected and collected in bins 1 to 6. The samples collected in each bin were subjected to ash 

analysis by following the ASTM standard procedure. Tests were conducted at three different 

10, 15 and 20 KV applied voltages. In order to understand the effect of applied electric field 

on the charged particles and the extent of particles collected in different bins, the size 

distribution of particles collected in each bin was analysed by Cilas particle size analyzer. The 

experimental conditions are presented in Table 1. 

3. Results and Discussion 

3.1. Effect of flow rate and residence time on tribo electrification of quartz, kaolinie and illite 

The effect of gas flow rate and residence time on charge acquisition by the ash 

forming inorganic particles in tribo-charger was initially studied. The results obtained after 

tribo-charging of the individual mineral phases of quartz, kaolinite and illite in fluidised bed 

tribo-charger with internal baffle system are shown in Figures 2, 3 and 4 respectively. Since 

quartz had higher work function, 5.4 eV (Kim et al. 1997) than copper, 4.38 eV (Inculet, 
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1984), it accepts electrons from copper and becomes negatively charged and the results shown 

in Figure 2 are in good agreement with these reported work function values. The results also 

show that increasing the flow rate of nitrogen for fluidisation, the magnitude of charge 

acquisition increases. Similar effect of gas flow rate on charge acquisition was reported earlier 

by Nifiku et al. (1989). It can also be observed that increasing tribo-charging time the 

magnitude of charge acquisition also increases. The increase in tribo-charging time allows all 

the particles to come in contact with copper tribo-charger and accordingly the particles 

acquired higher charge magnitude. Similarly, the results in Figures 3 and 4 reveal that 

kaolinite and illite also charged negatively upon contact with copper corroborating higher 

work functions of these minerals than copper. However, an increase in the gas flow rate for 

higher fluidisation intensity, the charge acquisition is decreased until 4500 l h-1 and then 

increases at 5500 l h-1. Since these mineral samples were very fine and in micron and sub-

micron size range, the aggregation and dispersion of the particles in the fluidised bed affected 

the charge magnitude. The increase in fluidization velocity imparts higher force and numerous 

contacts with metal surface resulting higher electron transfer in the case of quartz particles. 

The increase in tribo-charging time invariably increased the magnitude of particles charge at 

all the gas flow rates studied. This is obviously related to the time needed for all the particles 

to come in contact with the metal. The magnitude of charge acquisition observed to be 

relatively very high in comparison to our previous studies of contact electrification with 

cylindrical rotating drum (Dwari and Rao, 2006). The Gaussian theory limits that a particle to 

attain maximum charge according to the equation Qs=Q/A= 0 E and the value of Qs is 26.5 

μC/m2. For quartz particles the maximum charge acquired in FTB is 11.6 μC/m2, which is 

well below the Gaussian limit. In the fluidised bed, the particles effectively come into contact 

with baffles and walls of the tribo-charger and therefore higher magnitude of charge 
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acquisition. This significantly suggests that the fluidised bed tribo-charger with internal baffle 

system has a higher efficiency of tribo-electrification. 

3.2. Effect of voltage and tribo-charging time on charge of coal particles 

The effect of applied voltage on the particles charge collected at different bins at three 

different tribo-charging times of 30, 60 and 90 s is shown in Figures 5, 6 and 7 respectively. 

The coal maceral and minerals are charged in the fluidized bed and also in the cyclone based 

on their relative work functions. The particles entering into the electric field get deflected 

towards +ve or –ve electrode plate according to their charge polarity and magnitude and fall 

in different bins in between the electrodes. As shown in the experimental set-up, bin 1 is 

adjacent to the +ve electrode plate while bin 6 is nearer to the –ve electrode plate and 

accordingly the negatively and positively charged particles are expected to collect at bin 1 and 

bin 6 respectively. However, the particles collected in all the bins are found to be positively 

charged with a very low magnitude in bin 1, successively increasing in the bins towards the   

–ve electrode. The +ve charge of particles in all the bins could be due to non-liberated 

particles or coating of fine coal maceral on mineral particles leading to an overall positive 

charge acquisition. It can be seen in Figure 5 that the particles collected in bin 6 have higher 

magnitude of positive charge and hence collected nearer to the –ve electrode plate while 

particles collected at bin 1 and 2 are either negative or have lower magnitude of positive 

charge. It can also be observed that the charge magnitude of the particles increases from bin 1 

to 6 suggesting that carbon rich particles are collected in the bin close to the negative 

electrode. The charge magnitude of particles collected in bins 2 to 5 increases with increasing 

applied voltage from 10 to 20 KV. With increasing applied voltage the electrostatic force 

between the electrodes increases leading to increased deflection of charged particles towards 

positive and negative electrodes and therefore the particles collected in the bins are in a 
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different distribution. This explains the magnitude of charge alterations in the bins close to the 

electrodes with increasing applied voltage.

Figures 6 and 7 show the charge of particles collected at different bins at 60 and 90 s 

tribo-charging time respectively. The results display that highly positively charged particles 

collected at bin 6 which is bordering to the negative electrode and the charge of the particles 

increased in the bins from positive plate to negative plate. At 10 KV applied voltage, the 

particles collected close to +ve electrode (bins 1 and 2) and –ve electrode (bin 6) have lower 

and higher magnitude of charge than at 15 and 20 KV. It can also be seen from Figures 5 to 7 

that with increasing tribo-charging time, the charge magnitude of particles increases at 10 and 

15 KV applied voltage. In the case of 20 KV applied voltage the increase in tribo-charging 

time increased the charge magnitude of particles in bins 1 and 6 that which were adjacent to 

+ve and –ve electrodes respectively.

The effect of applied voltage on the weight percentage of material and size distribution 

of particles collected at different bins at 60 s tribo-charging time is shown in Figure 8. A 

typical size distribution of particles collected at different bins at 10 KV applied voltage and at 

30 s tribo-charging time is presented in Figure 9. It can be observed from Figure 8 that the 

weight percentage of particles collected at positive plate is higher than for particles collected 

at other bins except bin 4, and 30 percent of total coal sample is stacked to the electrode 

plates. The percentage of particles collected at bin 4 decreased with increasing applied 

voltage. At higher voltage, the electrostatic force between the electrodes is greater which 

influences the deflection of particles. Oppositely charged particles are dragged in opposite 

direction with increased force at higher applied voltage. It can also be seen from the Figure 8 

that the mean particle size is increasing from positive plate to bin 6. However, the mean 

particle diameter of particles adhered to –ve plate is lower. It is clear that finer particles are 
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attracted more towards the plates and carbon rich particles having higher particle size and 

higher magnitude of positive charge are collected at bins 5 and 6.

3.3. Effect of voltage and tribo-charging time on coal beneficiation 

The proximate analysis of Ramagundam bulk coal shows that it contains 5.8% 

moisture, 23.5% volatile matter, 43.2% ash and 33.3% fixed carbon. The washability studies 

carried out with this coal reveal that 25 % ash clean coal can be achieved with 65% yield 

(Figure 10). A typical ash percentage of coal collected at different bins at 10 KV applied 

voltage and 60 s tribo-charging time is shown in Figure 11. The ash analysis of coal particles 

collected at plates and different bins suggests that it is possible to reduce the ash content of 

coal from 43% to 18% with the present system. The ash percentage of coal collected at 

positive and negative plates are 70 and 21.7% which illustrates that mineral particles are 

charged negatively and attracted towards positive plate whereas carbon rich particles are 

positively charged and collected at negative plate. It can also be observed that the ash 

percentage of coal collected at bin 6 is lower than the ash content of coal collected at negative 

plate. This could be due to coating of fine coal particles on the mineral surface which drag the 

minerals to the negative plate and thus lead to higher ash content than the particles in bin 6. In 

order to understand the performance of electrostatic separation, cumulative recovery of 

combustible matter and cumulative yield as a function of cumulative ash of the coal particles 

collected from negative plate to positive plate were examined. The beneficiation results with 

300 μm fine coals with fluidised bed electrostatic separator at different tribo-charging times 

of 30, 60 and 90 s are shown in Figures 12, 13 and 14 respectively. The feed coal ash content 

can be read from these figures corresponding to 100% yield or 100% combustibles. Figure 13 

shows that it is possible to achieve 33% ash clean coal from 43% ash coal with 67% yield at 

10 KV applied voltage and at 60 s tribo-charging time. The total combustibles recovered 

equal to 80% at these test conditions. This corresponds to a reject ash of 64.5%. The increase 
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in applied voltage does not improve the separation and in fact the separation is less at higher 

voltage than at 10 KV. The separation results are nearly the same at 15 and 20 KV applied 

voltage. At 10 KV applied voltage the separation results are similar at 30 and 60 s tribo-

charging time (Figures 12 and 13), although the particles acquired higher magnitude of charge 

at higher tribo-charging time. The effect of flow rate on coal beneficiation at 60 s tribo-

charging time is shown in Figure 15. It can be seen from the figure that better separation can 

be achieved at 3500 l h-1 flow rate. Further Increase in flow rate does not improve the 

separation. However the separation is better at 5500 l h-1 in comparison to 4500 l h-1. This 

could be correlated to the decrease in charge of clay minerals at 4500 l h-1 flow rate (Figure 3 

and 4). The optimum parameters for best separation appear to be 60 s tribo-charging time and 

10 KV applied voltage.

4. Conclusions 

High-ash thermal coal beneficiation was studied by tribo-electrostatic method. The 

separation process involves tribo-electrification with a fluidised bed tribo-charger and 

separation in an electrostatic field. The following conclusions are derived: 

1. The build-up of charge on the ash-forming quartz, kaolinite and illite minerals in a new 

fluidised bed tribo-charger found to be greater when compared to other tribo-charging 

systems. The minerals acquired negative charge upon contacts with copper and the charge 

measurements of coal particles collected in the bins showed that the carbon rich particles are 

charged positively. 

2. The effect of gas flow rate and residence time of fluidisation and applied voltage showed 

that these parameters have strong dependence on particles charging and therefore on coal 

beneficiation. The increase in gas flow rate and residence time increases the magnitude of 

charge acquisition by the particles. The optimum conditions for coal separation found to be 60 
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s tribo-charging time at a gas flow rate enough for particles fluidisation and 10 KV applied 

voltage.

3. At optimum conditions, the minus 300 μm size coal sample containing 43% ash is reduced 

to 18% ash with about 30% yield. A high yield of 67% can also be obtained but with a 

moderately reduced 33% ash. In this case, the combustible recovery found to be nearly 80%.

4. Since the coal particles collected in the bins adjacent to +ve and –ve electrodes contain 

about 70% and 20% ash respectively, a better separation results could be accomplished by 

recycling the material. Thus, the electrostatic separation with fluidised bed tribo-charging

system realised to be a potential technique for non-coking coal beneficiation. 

5. It is possible to treat fine coal material with the vapours of acidic and/or basic organic 

solvents in the fluidised bed tribo-charger for altering the surface energetic structure of 

particles and thereby enlarging the work function difference between the contacting surfaces 

for efficient tribo-electrification and separation. The results of these studies will be presented 

in a future publication.
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Table 1. Materials and experimental conditions 

Minerals used for charge measurements and 
experimental conditions 

Values

Minerals used for charge measurements Quartz, kaolinite and illite 
Mean particle diameter for quartz, kaolinite 
and illite (μm) 

104, 6.43 and 7.75 

BET surface area of quartz, kaolinite and 
illite (m2/g)

0.0997, 11.18 and 64.17 

D90 and mean particle diameter of -300 μm 
of coal beneficiated (μm) 

234 and 86 

Distance between top and bottom electrode 
plate (m) 

0.095 and 0.46

Time of tribo-charging of minerals (min) 1, 2 and 3 
Time of tribo-charging of coal for 
beneficiation (s) 

30, 60 and 90

Nitrogen Flow rate for tribo-charging of 
minerals (l h-1)

3500, 4000, 4500 and 5500 

Nitrogen Flow rate for coal beneficiation
(l h-1)

3500

DC voltage applied (KV) 10, 15 and 20 
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Fig. 1. Schematic representation of experimental set-up for electrostatic separation of coal. 

17



-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
3000 3500 4000 4500 5000 5500 6000

Flow rate, l/hr

C
ha

rg
e,

 μ
C

/g

1 min
2 min
3 min

Fig. 2. Effect of gas flow rate and tribo-charging time on charge acquisition by quartz particle. 

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
3500 4000 4500 5000 5500 6000

Flow rate, l/hr

C
ha

rg
e,

 μ
C

/g

1 min
2 min
3 min

Fig. 3. Effect of gas flow rate and tribo-charging time on charge acquisition by kaolinite 
particle.

18



-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0
3500 4000 4500 5000 5500 6000

Flow rate, l/hr

C
ha

rg
e,

 μ
C

/g

1 min
2 min
3 min

Fig. 4. Effect of gas flow rate and tribo-charging time on charge acquisition by illite particle. 

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 1 2 3 4 5 6 7

Bin number

C
ha

rg
e,

 μ
C

/g

10 KV, 30 sec

15 KV, 30 sec

20 KV, 30 sec

+Ve –Ve

Fig. 5. Effect of voltage on charge acquired by coal particles collected at diffrent bins at 30 s 
tribo-charging time. 

19



0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 1 2 3 4 5 6 7
Bin Number

C
ha

rg
e,

 μ
C

/g

10 KV, 60 sec

15 KV, 60 sec

20 KV, 60 sec

+Ve –Ve

Fig. 6. Effect of voltage on charge acquired by coal particles collected at diffrent bins at 60 s 
tribo-charging time. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 2 4 6 8

Bin number

C
ha

rg
e,

 μ
C

/g

10 KV, 90 sec

15 KV, 90 sec

20 KV, 90 sec

+Ve –Ve

Fig. 7. Effect of voltage on charge acquired by coal particles collected at diffrent bins at 90 s 
tribo-charging time. 

20



+V
e 

Pl
at

e

B
in

1

B
in

2

B
in

3

B
in

4

B
in

5

B
in

6

-V
e 

Pl
at

e

0
20
40
60
80

100
120
140
160

w
t%

 a
nd

 p
ar

tic
le

 si
ze

Plate and bin number

10 KV, wt%
15 KV, wt%
20 KV, wt%
10 KV, mean dia μm
15 KV, mean dia μm
20 KV, mean dia μm

Fig. 8. Effect applied voltage on the weight percentage of material collected and size 
distribution of particles collected at different bins at 60 s tribo-charging time. 

0

10

20

30

40

50

60

70

80

90

100

0.01 0.1 1 10 100 1000
Particle size, μm

C
um

. U
nd

er
siz

e%

+Ve plate
Bin 1
Bin 2
Bin 3
Bin 4
Bin 5
Bin 6
-Ve plate

Fig. 9. Size distribution of particles collected at different bins and plates at 10 KV applied 
voltage and at 30 s tribo-charging time. 

21



0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40

Cum. Ash%

C
um

. y
ie

ld
%

50

-150 mm coal

-1 mm coal

Fig. 10. Washability study of Ramagundam coal 

0

10

20

30

40

50

60

70

80

+Ve
Plate

Bin1 Bin2 Bin3 Bin4 Bin5 Bin6 -Ve
Plate

Plate and bin number

A
sh

%

10KV, 60 sec

Fig. 11. Ash percentage of coal collected at different plates and bins at 10 KV applied voltage 
and 60 s tribo-charging time. 

22



0

10

20

30

40

50

60

70

80

90

100

15 20 25 30 35 40 45 50
Cum. Ash%

C
um

. y
ie

ld
%

0

10

20

30

40

50

60

70

80

90

100

C
om

bu
st

ib
le

 r
ec

ov
er

y%

Cum wt%, 10 KV
Cum wt%, 15 KV
Cum wt%, 20 KV
Combustible recovery%, 10 KV
Combustible recovery%, 15 KV
Combustible recovery%, 20 KV

–Ve +Ve 

Fig. 12. Effect of applied voltage on coal beneficiation at 30 s tribo-charging time. 

0

10

20

30

40

50

60

70

80

90

100

15 20 25 30 35 40 45 50
Cum. Ash%

C
um

. y
ie

ld
 %

0

10

20

30

40

50

60

70

80

90

100
C

om
bu

st
ib

le
 r

ec
ov

er
y 

%

Cum wt%, 10 KV
Cum wt%, 15 KV
Cum wt%, 20 KV
Combustible recovery%, 10 KV
Combustible recovery%, 15KV
Combustible recovery%, 20 KV

–Ve +Ve 

Fig. 13. Effect of applied voltage on coal beneficiation at 60 s tribo-charging time 

23



0

10

20

30

40

50

60

70

80

90

100

15 20 25 30 35 40 45 50

Cum. Ash%

C
um

. Y
ie

ld
 %

0

10

20

30

40

50

60

70

80

90

100

C
om

bu
st

ib
le

 r
ec

ov
er

y 
%

Cum. wt%, 10 KV
Cum wt%, 15 KV
Cum wt%, 20 KV
Combustible recover%, 10 KV
Combustible recovery%, 15 KV
Combustible recovery%, 20 KV

–Ve +Ve

Fig. 14. Effect of applied voltage on coal beneficiation at 90 s tribo-charging time. 

0

10

20

30

40

50

60

70

80

90

100

15 20 25 30 35 40 45 50
Cum. Ash%

C
um

. y
ie

ld
%

0

10

20

30

40

50

60

70

80

90

100

C
om

bu
st

ib
le

 r
ec

ov
er

y%

Cum. wt%, 3500l/hr
Cum. wt%, 4500 l/hr
Cum. wt%, 5500 l/hr
Combustible recovery%, 3500 l/hr
Combustible recovery%, 4500 l/hr
Combustible recovery%, 5500 l/hr

+Ve–Ve 

Fig. 15. Effect of flow rate on coal beneficiation at 60 s tribo-charging time. 

24



Paper VI 

Non-coking coal preparation by novel tribo-electrostatic method. 
R. K. Dwari and K. Hanumantha Rao 
Submitted for publication in Fuel, 2008 





Non-Coking Coal Preparation by Novel Tribo-
Electrostatic Method
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Abstract

A new laboratory fluidised bed tribo-electrostatic separator has been assembled and 

the beneficiation potential of thermal non-coking coal from Hingula block of Talcher coal 

field, India, is examined on this separator. The uniqueness of the separator originates from the 

efficient tribo-electrification of coal material in the cylindrical fluidised bed with internal 

baffle system. The collecting bins of the material underneath the copper plate electrodes are 

designed to function as Faraday cups such that the charge polarity and magnitude of particles 

in each bin can be measured directly. The liberation attributes of coal material is assessed by 

sink and float analysis of various size fractions. The mineral and maceral composition is 

determined by XRD and petrographic analysis.  

The separation tests were conducted at different tribo-charging and applied voltage 

conditions. The material collected in bins close to positive and negative electrodes show an 

ash content of 61% and 8% respectively, illustrating differential charge acquisition of mineral 

rich and coal rich particles during tribo-electrification. The charge results are in good 

agreement with the ash content of the coal material collected in the bins. The results showed 

that a clean coal of about 15% ash can be obtained from a coal containing 30% ash with about 

70% yield. A better separation results can be achieved by recycling the material. The ash 

content in the clean coal is however limited by the liberation characteristics of the coal, which 

is evidenced by the SEM analysis of the particles in different bins. Thus, the tribo-

electrostatic method observed to be a promising dry coal preparation technique.

Key words:  Coal preparation, tribo-electrostatic separation, fluidization, particle charging 
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1. Introduction 

Coal being the abundant and cheapest fuel, it will remain as major resource for power 

generation. Coal fired power stations use about 60% of the coal produced in the world. 

Conventional thermal power stations of those that burn fossil fuels - prevail in the 25 EU 

countries accounting for 58% of installed capacity in 2004 [1]. Coal-based thermal power 

stations represent the leading position in power generation in India. The major portion of the 

coal used for such power generation is not clean enough to maintain the rigorous 

environmental standards required these days world over. Although CO2 emission is the major 

concern for global warming and green house effect, fossil fuels will continue to provide 

energy for the foreseeable future. Therefore carbon capture and storage technology is viewed 

for near zero carbon emission [2]. Henceforth developing a clean coal technology for 

electricity generation has been the key for power industries.

In recent years dry beneficiation techniques are achieving eloquent interest among the 

researchers throughout the world for coal preparation. Dry beneficiation technique has several 

advantages in comparison to wet process in terms of water pollution, coal dewatering, water 

demands and energy requirements [3]. As a dry technique tribo-electrostatic separator has 

tremendous potential for further developments. Major applications are for the separation of 

coal from minerals, quartz from feldspar, phosphorus and silica from iron ore, phosphate rock 

from silica sand, diamond from gangue, zircon from rutile, and rubber from fabric [4-6]. 

Tribo-electrification or frictional-charging phenomenon has been extensively reported in the 

literature for coal preparation utilizing the difference in the electrostatic properties of finely 

ground maceral and minerals [7-20].  

Among the known electrical beneficiation methods, the tribo-electric separation 

process is most suitable for finer materials and minerals with relatively similar and varying 

electro-physical properties and involves the following guiding principles [21-23]:
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Charging the minerals by contact and/or friction with other materials and the separation of 

minerals in an electric field are the two underlying steps in tribo-electric separation 

process.

When two materials are in contact, electrons move until the energy of electrons in each 

material at the interface is equalised. The material with the lower affinity loses electrons 

and charges positively. 

A measure of the relative affinity for electrons of the materials is the work function, which 

is the energy to move an electron from surface to infinity.  

The transfer of the charges (e.g., electrons) between minerals and tribocharger media, and 

between coal and tribocharger media allow to attain different polarities and magnitude of 

the charges by the participating mineral and coal particulates.

The acquisition of the charges by the minerals depends on several parameters such as the 

position of the energetic levels between the minerals and tribo-charger medium, 

temperature, humidity, surface contamination and impurities, crystal lattice defects, etc.  

Consequently the electro-physical behaviour and the response of the charged mineral 

particles in the electric field of the separating device can be modified by the thermal, 

irradiation, doping, humidity and other pre-treatment methods.  

The maceral and minerals will be charged with opposing polarity on contact or friction 

with a material having work function in between the two, and when the material fall freely  in 

the electric field, the particles get deflected  towards electrodes according to the sign of their 

charge and get separated. Mazumder et al. [6] suggested that the efficiency of separation 

depends on coal bulk and surface composition, and fineness of grind. Soong et al. [24] 

observed that freshly ground coal demonstrate better separation than that ground days earlier. 

Surface oxidations of coal were also a hindrance in tribo-charging process and reduce the 

tendency of carbon to charge positively. They advocate that di-oxygen molecule is 
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paramagnetic and thus has low activation energy to form bonds with free radicals present on 

the coal. Eventually, they form surface peroxides which accept electrons during tribo-

charging to decrease the positive charge on the carbon particles. In the present investigation 

Hingula coal of Talcher coal field, Orissa , India was characterised and a finer fraction of the 

coal with ash content of 30% is subjected for tribo-electric separation method. The results 

achieved are presented and discussed on the potential use of fluidised bed tribo-charger for 

effective differential charge acquisition of ash-forming minerals and coal macerals.        

2. Experimental techniques 

2.1. Materials 

High ash non-coking coal sample from seam VIII Hingula block of Talcher coal field, 

Orissa, India was used for their characterisation and subsequent beneficiation studies with the 

tribo-electrostatic separator. The coal was ground and screened to different size fractions of   

–75+40, –-40+25, –25+15, –15+6, –6+3, –3+2, –2+1, –1+0.5, –0.5+0.3, –0.3+0.21, –

0.21+0.15, –0.15+0.1, –0.1+0.075, –0.075+0.045 and –0.045 mm, and a representative 

sample from each size fraction was prepared by following the standard sampling procedure 

for washability studies. Petrographic studies of each size fraction and of the sink and float 

fractions at different densities were carried out to get detailed information on the maceral and 

mineral composition of coal. Washability study was carried out for each fraction by sink-and-

float method by using a mixture of acetone and bromoform as liquid medium at different 

specific gravities ranging from 1.3 to 2.0. The sink-and-float products were washed 

thoroughly with acetone, dried and analysed for ash. The proximate analysis of each float and 

sink samples were carried out with Thermo Gravimetric Analyser (TGA-601). The TGA was 

operated under N2 atmosphere for moisture and volatile matter analysis, whereas an oxygen 

atmosphere was used for ash analysis. Approximately 10 mg sample was used for proximate 

4



analysis where the heating rate was maintained at 10ºC min-1, and the air flow rate was 6 liter 

min-1.

The typical characteristic of Hingula coal is that the – 1 mm size fraction among the 

above mentioned size fractions has less than 30% ash content. In order to study the 

performance characteristics of tribo electrostatic separator towards the low ash coal, -1 mm 

coal has been used in the beneficiation studies. 

2.2. Petrographic studies

Different size fractions of coal samples higher than 1 mm size were crushed to -850 

m size. By quartering and coning process, four to five grams of representative sample was 

subjected to process for polished section following conventional procedure as per the Bureau 

of Indian Standard based on International Committee of Coal Petrography (ICCP) procedure. 

Polished sections of –850 m particle size and sink and float fractions of different 

sizes have been studied under dry and oil immersion objectives using Leitz metalloplan 

microscope under white and fluorescence light. Maceral analysis has been carried out as per 

ICCP (1994, 2000) following the format prepared by the IMMT (Institute of Minerals and 

Materials Technology, Bhubaneswar, Orissa, India) based on point count technique. In the 

present study about 500 points were counted for each block. Skip lengths and traverse spacing 

were looked relative to grain sizes of the sample in order to obtain representative counts. The 

number of points counted for mineral matter and maceral are expressed as volume percentage. 

Mineral matter in coal has been identified visually under the optical microscope and by XRD.  

2.3. Tribo-electrostatic separation test procedure 

The experimental set-up for tribo-electrostatic separation of ash forming minerals 

from coal maceral is shown in Figure 1. The whole test unit mainly consists of a fluidised bed 

tribo-charger with internal baffles system (FTB), cyclone discharging system, two copper 

plate electrodes enclosed in a rectangular Perspex box, high DC voltage supply source (VS), 
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collecting bins in the form of Faraday cups, nitrogen gas cylinder and Keithley electrometer 

with 6532 scanner card. The fluidised bed tribo-charger was made of copper metal of 

cylindrical structure of 0.065 m diameter and 0.7 m length. The top and bottom openings of 

tribo-charger were closed with funnel shaped head whose ends are connected to a pipe of 0.01 

m diameter. The cylinder and funnel head were united with O-ring flange coupling. Filter 

cloth of 5 μm pore size was sandwiched between the flanges at top and bottom to give support 

to the fine coal particles inside the fluidised bed chamber. An internal baffle system, also 

made up of copper, was integrated at the centre of the cylinder for efficient contact of fine 

coal particles with metal. The length of the baffle system is 0.64 m and the system was placed 

at a distance 0.03 m from the top. The coal particles after tribo-charging were transported 

pneumatically through a pipe of diameter 0.01 m at a height 0.025 m from the base of tribo-

charger and then through a cyclone to fall freely between the electrode plates. All the pipes 

and the cyclone were also made of copper. The lengths of cylindrical and conical sections of 

cyclone are 0.045 and 0.48 m respectively. The cyclone and vortex finder diameters are 0.04 

and 0.03 m respectively. The apex diameter of the cyclone is 0.006 m. The cylindrical and 

conical sections were connected by O-ring flange coupling and therefore could be easily 

dismantled for cleaning. 

The bottom conical end of fluidised bed tribo-charger is connected to the nitrogen gas 

cylinder. The volumetric gas flow rate of nitrogen through the pipe can be regulated by the 

rotameter (RM) and gate valve V3 connected between the nitrogen cylinder and fluidised bed 

tribo-charger. The flow rate through the top of fluidised bed and cyclone was regulated by 

using the solenoid valves V1 and V2 respectively. The flow rate through the vortex finder can 

be regulated by valve V4. However, this valve is closed all the time during the period of 

operation.
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The rectangular Perspex box has the dimensions of 1 x 0.52 x 0.52 m. Two electrode 

copper plates A and B of length 0.84 m and breadth 0.43 m are fixed within the box. The 

electrode plates are connected in such a way that top and bottom gaps between them can be 

adjusted. In the present tests, the top and bottom gaps of electrodes were maintained at 0.095 

and 0.046 m respectively.

The electrode A was connected to the +ve terminal of the supply source, while 

electrode B was connected to the –ve terminal. The electrodes were charged with a high DC 

voltage power supply. There were six collecting bins in the form of Faraday cups below the 

electrode plates to collect the material after passing through the electric field and the polarity 

and charge magnitude of the particles collected in each bin can be measured. All the Faraday 

cups were placed on a Teflon surface. The dimensions of the outer shield of Faraday cup are 

0.365 x 0.07 x 0.04 m while the dimension of inner shield are 0.345 x 0.05 x 0.03 m. All the 

Faraday cups are connected to the 6532 scanner card of Keithley electrometer. To ensure 

stable voltage measurements the capacitance of Faraday cups were increased by connecting a 

1500 nF capacitor in series between the shields of Faraday cups. The capacitance of Faraday 

cups, i.e., bins 1 to 6, are 1.519, 1.591, 1.569, 1.54, 1.53, 1.563 nF, respectively. By following 

the standard protocols supplied by Keithley, the potential difference V was measured using 

Keithley electrometer. The charge Q acquired by the coal particles at different bins were 

calculated by knowing the capacitance C of Faraday cup and voltage V by using the equation 

Q = CV. 

 In the present beneficiation tests, a coal sample of –300 μm size fraction was used. 

The D90 of the sample was 242 μm and the mean diameter of particles was 104 μm. A 30 g of 

coal sample was introduced from the top of the fluidized bed tribo-charger and then closed 

with top conical head sandwiched with a filter cloth. The test is a two step procedure. In the 

first step the valve V1 and V3 were opened while the valve V2 was closed so that gas will flow 
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through the tribo-charger and the coal particles attain fluidization condition and get contact 

with wall and baffles of the tribo-charger. The mineral and maceral particles acquire opposite 

polarity based on their relative work functions with respect to copper. The minimum 

fluidization velocity calculated to fluidise a 100 μm and 250 μm particles was 0.01 and 0.06 

m s-1, respectively. Accordingly, in order to achieve turbulent fluidisation in the tribo-charger, 

volumetric flow rate of nitrogen of 3500 l h-1 was used. A residence time period of 30 and 60 

s was maintained for tribo-charging. In the second stage the valve V1 was closed while the 

valve V2 was opened and the charged particles were transported pneumatically to fall freely 

between the electrode plates through the cyclone by slowly increasing the velocity of 

nitrogen. The negatively charged particles were attracted by the positive electrode and the 

positively charged particles were attracted by the negative electrode and based on their 

magnitude of charge polarity they are deflected and collected in bins 1 to 6. The samples 

collected in each bin were subjected to ash analysis by following the ASTM standard 

procedure. Tests were conducted at three different 10, 15 and 20 KV applied voltages. In 

order to understand the effect of applied electric field on the charged particles and the extent 

of particles collected in different bins, the size distribution of particles collected in each bin 

was analysed by Cilas particle size analyzer. 

  The minerals inclusion in the particles collected at positive and negative electrode 

plates was studied using a Philips XL 30 SEM equipped with energy dispersive spectra (EDS) 

analysis for chemical mapping. In the present investigation, back scattered electron (BSE) and 

EDS were used to characterize the mineral rich and carbon rich coal particles collected at 

positive and negative electrode plates. A representative sample of coal particles was sprinkled 

onto the double sided carbon tape mounted on a SEM stub to determine the particle 

morphology, external surface structure and elemental distribution of coal particles. 
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3. Results and discussion 

3.1. Coal characterisation 

The proximate analysis of Hingula bulk coal indicates that the coal contains 39.39% 

ash, 27.21% volatile matter and 33.40% fixed carbon. The proximate analysis of different size 

distributions suggests that –1 mm size fractions content 26.85% ash, 31.45% volatile matter 

and 41.70% fixed carbon. The washability characteristics of –75 mm crushed run-of-mine 

coal and –1 mm size fractions were carried out to ascertain the clean coal separation potential 

and the results are shown in Fig. 2. From the figure it can be observed that a clean coal with 

only 25% ash can be obtained with 64% yield from bulk coal, illustrating the non-liberation of 

coal at these size ranges. Washability curve for –1mm size fraction reveals that 17% ash clean 

coal can be obtained with 85% yield. This size fraction is in more liberated form in 

comparison to coarser size fractions.  

Coal samples of seam VIII of Hingula block, Talcher coalfield are dull grey in colour. 

All the lithotypes i.e., vitrain, clarain, durain and fusain are found in the coal. Coals are 

banded in nature with bright and dull bands. Vitrain and clarain constitute bright band where 

as dull bands are mostly durain and fusain. Four lithotypes are found in the coal samples with 

decreasing order of durain, clarain, vitrain, and fusain. Vitrain occurs as distinct bands within 

the limits of 1 cm thick having pinching and swelling character within the band. Clarain 

occurs in bands of variable thickness. Broken surfaces are profoundly gloss and marked with 

dull and bright fine lamination. Fusain is dull occurs predominantly as patches or wedges that 

are parallel to the bedding plane. Fusain consists of powdery, fibrous strands of both soft and 

hard varieties. Fusain layers are easily fractured and can be separated from coal mass. Durain 

is dull with granular texture to the naked eye having more variable thickness than any other 

lithotypes.   
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All three groups of macerals viz. vitrinite, liptinite (exinite) and inertinite are found in 

Hingula coal samples with dominance of vitrinite group of maceral. Seam VIII of Hingula 

block dominated by vitrodetinite or collodetrinite maceral of detrovetrinite group. Liptinite 

(exinite) group of macerals are dominated by liptodetrinite, sporinite, resinite and cutinite. 

Inertinite group of macerals are mostly dominated by semifusinite, fusinite, inertodetrinite, 

funginite and secretinite. Figs. 3 and 4 show the association of clay material in vitrinite and 

semifusinte in Talcher coal. A typical fusinite is shown in Fig. 5. Maceral compositions of 

coal sample are shown in Table 1. Vitrinite group of macerals are dominated by detrovitrinite 

sub-group maceral mostly vitrodetrinite although other macerals viz. telenite, collotelinite, 

corpogelinite and gelinite are also present. However the vitrinite group maceral always 

present more than liptinite and inertinite group of macerals. Liptodetrinite, resinite, sporinite 

and cutinite are the decreasing order of macerals found in this group. This group of maceral 

always constitute the lowest percentage among other maceral group. Semifusinite, fusinite, 

inertodetrinite, funginite and secretinite are the decreasing order of macerals found in the coal 

samples. Funginite and secretinite macerals are very common occurrences.  

In the present study mineral matter is considered as all the forms of inorganic material 

associated with coal. They were identified megascopically, microscopically and by X-ray 

diffraction pattern (XRD). These are mostly adventitious type and more discrete inorganics. 

Major mineral components are found in cleat and bedding planes of the coal and are 

commonly seen with the naked eye. In order of abundance of minerals present in the coal are 

clay mineral (aluminosilicates viz. illite, and kaolinite), silica (predominantly quartz), 

carbonates (siderite, dolomite and calcite) and sulphide (pyrite). Clay minerals are identified 

by XRD (Fig. 6) and also observed under microscope. Quartz always dominates either in 

lithotype or bulk coal but not visible in naked eye. However, in size fractions (–1+0.5 mm and 

– 500+300 micron size) free quartz is well marked with naked eye. To know the details of 
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mineral matter present in the sample the sink product at 1.8 liquid density is further separated 

by heavy liquid medium. Mineral grains in different fractions were again studied under sterio 

binocular microscopes to identify heavy mineral.  

Goethite, limonite, hematite, pyrite, chalcopyrite, magnetite etc. are detected 

microscopically but of minor constituents. Grains of apatite, barite, beryl of gem variety, 

biotite, calcite, chalcedony, kyanite, dolomite, epidote, garnet, gypsum, hematite, ilemenite, 

limonite, magnetite, muscovite, orthoclase, pyrite, pyroxene, quartz of different colour, rutile, 

siderite, tourmaline, zircon,  etc. are identified by heavy media liquid separation of sink 

fraction of seam VIII of Hingula block.  

3.2. Tribo-electrostatic coal separation

3.2.1. Effect of voltage on charge of coal particle 

The –300 μm coal powder is subjected to tribo-charging in the fluidised bed and 

cyclone transport system. The maceral and minerals are differentially charged based on their 

relative work function 3.93 eV [25] and 5.4 eV [26] with respect to 4.38 eV copper metal 

work function [27]. As expected minerals having higher work function than the copper tribo-

charging medium accepted electrons and become charged negatively while macerals having 

lower work function than Cu donate electrons and charged positively. When the material 

enters into the electric field, the negatively and positively charged particles get attracted 

towards positive and negative plates, respectively. The charge acquired by coal particles 

collected after deflection at different Faraday cup bins at different applied voltage are shown 

in Figs. 7 and 8 at 30 and 60 sec tribo-charging residence time.  As shown in the experimental 

set-up, bin 1 is adjacent to +ve electrode plate while bin 6 is nearer to –ve electrode plate and 

accordingly the negatively and positively charged particles are expected to collect at bin 1 and 

bin 6 respectively. However, the particles collected in all the bins are found to be positively 

charged with a very low magnitude in bin 1 and successively increasing in the bins towards –
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ve electrode. The explanation for +ve charge of particles in all the bins could be due to non-

liberated particles or coating of fine coal maceral on mineral particles leading to an overall 

positive charge acquisition. It can be seen in Fig. 7 that at 10 and 15 KV applied voltages the 

particles collected in bin 6 have higher magnitude of positive charge and hence collected 

nearer to the –ve electrode plate while particles collected at bin 1 and 2 are lower magnitude 

of positive charge. At 10 KV applied voltage the magnitude of particles charge increasing 

from bin 2 to 5 suggesting that carbon rich particles are collected in the bin close to the 

negative electrode. At 15 and 20 KV applied voltages the magnitude of particles charge 

collected in bins 3 to 6 and 1 to 3 increases, respectively, while the magnitude of charge 

decreasing from bin 1 to 3 and 3 to 6, respectively. With increasing applied voltage, the 

electrostatic force between the electrodes increases leading to increased deflection of charged 

particles towards positive and negative electrodes and therefore the particles collected in the 

bins are in a different distribution. This explains the magnitude of charge alterations in the 

bins close to the electrodes with increasing the applied voltage. Fig. 8 shows the results of 

particles charge collected at different bins at 60 s tribo-charging time. It can be seen from the 

figure that lower positively charged particles are collected nearer to positively charged 

electrode (bin 1) while  highly positively charged particles are collected close to negative 

electrode (bins 5 & 6). The magnitude of charge is seen to increase from positive to negative 

electrode except bin 6 in the case of 15 and 20 KV applied voltages. The magnitude of charge 

acquired by coal particles is higher at 60 sec than 30 sec tribo-charging time at 10 KV applied 

voltage.
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3.2.2. Effect of voltage on weight distribution

The effect of applied voltage on the weight percentage of material collected at 

different bins at 30 and 60 s tribo-charging times is shown in Figs. 9 and 10 respectively. The 

results in these figures suggest that weight percentage of material collected at negative plate is 

higher than the positive plate and around 50 percent of total coal stacked to these plates. It can 

also be observed that weight percentage is higher at higher voltage except in bins 3 and 4 

where the weight percentage is decreasing with increasing of voltage. At higher voltage, the 

electrostatic force between the electrodes is greater which influence on the deflection of 

particles. Oppositely charged particles attracted in opposite direction with increased force at 

higher applied voltage causing the variation of weight percentage of particles collected in the 

bins.

3.2.3. Effect of voltage on size distribution

The effect of applied voltage on the size distribution of coal particles collected at 

different bins at 30 and 60 s tribo-charging times is shown in Figs. 11 and 12 respectively. 

Fig. 12 suggests that the mean particle size increases from positive plate (bin 1) to bin 5 at 60 

s tribo-charging time. The mean particle size collected at negative plate is higher than the 

positive plate. Similar trend is also observed at 15 KV applied voltage (Fig. 11). A typical size 

distribution of particles collected at different bins at 15 KV applied voltage and at 30 s tribo-

charging time is shown in Fig. 13. It can be seen from the figure that the particle size shift 

towards right as we move from positive plate to negative plate. The shift is more prominent 

until D20.

3.2.4. Coal beneficiation 

A Typical ash percentage of coal collected at different bins and plates at different 

applied voltages and at 30 s tribo-charging time is shown in Fig. 14. The results show that it is 

possible to reduce the ash content of coal from 26% to 8% with the present system. It can also 
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be observed that ash percentage of coal collected at positive and negative plates are 61 and 

8% which demonstrates that mineral particles are negatively charged and collected at positive 

plate while carbon rich particles are positively charged and collected at negative plate. The 

ash percentage is decreasing exponentially from positive plate to negative plate.  

Fig. 14 also suggests that mineral rich particles still contain around 40% carbon. In 

order to understand the mineral inclusion and its distribution in the coal collected at positive 

and negative plates, SEM studies were carried out. A typical BSE (A+B) image of mineral 

rich (a) and carbon rich (b) particles collected at positive and negative plates is shown in Fig. 

15. A BSE image of typical mineral rich particle is also shown in Fig. 16. This particle is 

collected at the positive plate, which illustrates its negative polarity but also suggests that 

carbon and minerals are intimately associated and are not liberated in this size range. SEM 

images also suggest that coal particles are coated with fine mineral particles which in fact 

making the overall charge of the particles negative and therefore they are collected close to 

the positive electrode plate. 

 SEM EDS mapping was also carried out with particles collected at positive and 

negative plates and are shown in Figs. 17 and 18 respectively.  The EDX spectrum shows that 

C, Si, Al, O, Ca, Fe are the major elements present in the coal. The mapping suggests that the 

minerals are aluminium silicate and quartz (SiO2). The relative peak intensity and mapping 

suggest that the particles present at the positive plate are mineral rich whereas the particles 

collected at the negative plate are carbon rich. Fig. 18 clearly demonstrate that a large number 

of macerals are included within the particle and therefore creating bigger problem for 

separation.

The cumulative recovery of combustible matter and cumulative yield as a function of 

cumulative ash of particles collected from negative plate to positive plate were studied to 

evaluate the performance of the tribo-electrostatic separator. The beneficiation results at 30 
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and 60 s tribo-charging time are shown in Figs. 19 and 20, respectively. Fig. 19 shows that it 

is possible to achieve 15.6% ash clean coal from 25% ash coal with 69% yield at 15 KV 

applied voltage and at 30 s tribo-charging time. The total combustibles recovered equal 78% 

at these test conditions. Increased applied voltage improved the separation at 60 sec tribo-

charging time (Fig. 20) and there is no significant change in separation results at 15 and 20 

KV applied voltages. At 15 KV applied voltage, the separation results are similar at 30 and 60 

s tribo-charging time. The optimum tribo-charging time for best separation appears to be 30 s. 

A  better selectivity can also be observed in the results presented in Fig. 21.

4. Conclusions 

1. All three groups of vitrinite, liptinite and inertinite macerals are found in the Hingula coal 

where vitrinite is predominant. The mineral matter in the coal mainly contains quartz, 

kaolinite, illite, siderite, dolomite, calcite and pyrite. The clay minerals are intimately 

associated with macerals. The washability and petrography studies demonstrate poor 

liberation characteristics of the coal. The typical characteristics of Hingula coal is that the – 1 

mm size fraction has less than 30% ash content and better liberation characteristics in 

comparison to  other size fractions and hence suitable for tribo-electrostatic separation. 

2. In the present investigation, a novel tribo-electrostatic separator with fluidised bed tribo-

charger with internal baffle systems was designed and fabricated. The system is designed in 

such a manner that it can operate in a wide range of variables for different types of coal 

beneficiation. The collecting bins are in the form of Faraday cups connected to Keithley 

electrometer through scanner card which enable to measure the charge polarity and magnitude 

of particles collected at different bins.

3. Experimental results and analysis reveal that it is possible to achieve 15.6% ash clean coal 

from 25% ash coal with 69% yield at 15 KV applied voltage and 30 s tribo-charging time. 

The total combustible recovered at this test condition is 78%.
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4. SEM analysis reveals the carbon inclusion within the minerals in the mineral rich coal 

particles collected at positive plate and poor liberation characteristics with the present -300 

μm size coal particles. To achieve better separation, the coal material needs to be ground 

further to a finer size. Better separation may also be accomplished by recycling the material. 
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LIST OF TABLE 

Table1. Maceral composition (Vol % and mmf basis) of -1+500 μm Hingula coal 

Table1. Maceral composition (Vol % and mmf basis) of -1+500 μm Hingula coal 

Sample 
Name 

Mineral Inertinite Liptinite Vitrinite 

1.4 F 2.64 13.74 (14.12) 1.75 (1.80) 81.87 (84.08) 
1.5 F 13.31 17.20 (19.85) 3.21 (3.70) 66.28 (76.45) 
1.6 F 17.24 24.55 (29.67) 4.75 (5.74) 53.46 (64.59) 
1.7 F 16.10 22.15 (28.55) 7.25 (8.62) 54.5 (64.83) 
1.8 F 15.00 28.3 (31.11) 6.25 (6.9) 55.45 (61.99) 
1.9 F 17.00 25.00 (30.4) 4.0 (4.8) 54.00 (64.8) 
1.9 Sink 83.00 9.00 3.0 5.00

*Figures within parenthesis indicate maceral composition, mineral matter free (mmf) basis 
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Fig.1. Schematic representation of experimental set-up for electrostatic separation of coal.
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Fig. 2. Washability characteristics of Hingula coal. 

Fig. 3. Photomicrograph showing vitrinite (grey) with oxidation cracks and clay materials 
(fine dark colour) within coal material. Seam VIII, Hingula block, Talcher coalfield, Orissa. 
Mgf X320 oil.
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Fig. 5.  Photomicrograph showing typical fusinite seam VIII, Hingula block, Talcher 
coalfield, Orissa. Mgf X320 oil. 
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Fig. 6. XRD of the bulk coal sample of Seam VIII, Hingula block, Talcher coalfield. 
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Fig. 8. Effect of voltage on charge acquired by coal particles collected at diffrent bins at 60 s 
tribo-charging time 
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at 30 s tribo-charging time. 
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Fig. 10. Effect of applied voltage on the weight percentage of material collected at different 
bins at 60 s tribo-charging time. 
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Fig. 11. Effect of applied voltage on the size distribution of coal particles collected at different 
bins at 30 s tribo-charging time. 
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Fig. 12. Effect of applied voltage on the size distribution of coal particles collected at different 
bins at 60 s tribo-charging time. 
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Fig. 14. Ash percentage of coal collected at different bins at 30 s tribo-charging time.  

a b

Fig. 15. BSE (A+B) image of coal samples collected at positive plate (a, mineral rich) and 
negative plate (b, carbon rich). 
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Fig. 16. BSE image of particle collected at positive plate. 
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Fig. 17. SEM EDS mappling and EDX spectrum of carbon rich (negative plate) particles 
collected at negative plate. 
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Fig. 18. SEM EDS mappling and EDX spectrum of mineral rich (positive plate) particles 
collected at positive plate. 
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Fig. 19. Effect of applied voltage on coal beneficiation at 30 s tribo-charging time. 
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Fig. 20. Effect of applied voltage on coal beneficiation at 60 s tribo-charging time. 
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Fig. 21. Combustible recovery vs ash distribution plot at 30 s tribo-charging time.   
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