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No % Cr % Fe % C % Si

1 25,6% 57-62 22-26 0,6 -1,20 5-8

14,2% 58-65 18-20 0,5- 0,10 6-10

45,7% 51-53 16-20 0,3 - 0,5 21-28

13,3% 52-55 20-22 0,3 - 0,8 21-24

5 1,23%

No % Cr % Fe % C % Si

1 17,0% 51-54 24-30 0,7 - 1,40 4-7

14,3% 51-55 17-20 0,5 -0,9 6-9

68,7% 42-47 18-28 0,3 - 1,0 20-30

- 46-49 16-18 0,5 -0,9 18-21

5 0,00%

No % Cr % Fe % C % Si

1 40,90 68 -72 23-27 0,1 -0,2 0,5 -2 

59,10 57-62 27-33 0,1 -0,2 5-10



690

A. Özözen, B. Uygur

 
10

gürültüyü elimine edecek 
  

 
ile münferit 

   
- Gerek üreti

 
- 

mi 

le 

 
 

4.4.2 Cü  Üretime 

Etkileri 

 

in 
de le, 

 
, 

 
 

t  

 
 

LC c  
 

P evrelerinde 
 in 

 

ile -  
 yine 

 ve 
 

 

4.4.3  - -   

i  

 

dirilmekle 

 
 

 

de  tercih 
 

ve 
 tüketimi 

 ir 

 

, 

 

ek

(nüklee
deleri, 



691

23rd

 

çimento hammaddesi gibi)  (National 
Slag Associaitin, TS curuflu çimentolar 

 
 

5 SONUÇ  

 

zanginletirme, gerekse maden/metalurji 
lendirilmesi 

uygulama olarak  bir 
de bahse konu modern jiglerin 

 uygulama 
 

KAYNAKLAR 

 
Atoll Engi

Air-  www.atoll.co.za 
Bateman Apic Jigs 

Process Coal in India, 2006 

for Bateman-  www.atoll.co.za 
Atoll En

Now Fitted with Jigscan, www.atoll.co.za 
Bateman Globe,No 31, February 2003, Large 

 

-  Atoll Engineering 
Applications www.atoll.co.za 

eday,G, 2006, An 

The Journal of The Southern African 
Institution Mining and Metallurgy 

-African 
- A New  
Scott , 2008, Techno Economics of 

from Atoll 
Engineering Applications 

 
Journal of 

Minerals&Materials Characterization & 
Engineering, Vol. 7, No1 

Global Slag Magazine, Periodicals, UK 
 2008, Atoll 

Engineering Applications 
National Slag Association, Periodicals, USA 

TS EN TSE 
Y  

of Metal -cell-
Jig, Journal of Minerals & Materials 
Characterization & Engineering, Vol 2, No2,(ör. 
s.137-144)  

 
 



692



693

23rd

ABSTRACT A new sensor based sorting system related to complex image analysis has been 
developed at Comex AS - Norway. It makes it possible to separate different mineral particles 
regarding their colour, shape, texture, size, density and indirectly their composition. The 
sorting system has been successfully tested and applied for sorting minerals providing high 
separation efficiency in the range of 95-99.9 %. The main advantage of this system is 
connected with its universality where many material parameters are analysed in the same 
processing unit by a single passage.  

 
 
1 INTRODUCTION 

Sensor based sorting systems available on 
the market today are not flexible enough to 
be applied in very different conditions 
without complicated reprogramming and 
mechanical reconstruction. Typical 
limitations for this type of technology are: a) 
inability to process small and large particles 
at the same time, b) limited analysis 
complexity, where the analysis is very often 
based on simple basic colour differences, c) 
inaccurate rejection due to particle trajectory 
variations and particle rotation. The newly 
developed sorting system from Comex 
eliminates the mentioned limitations and in 
addition, it makes it possible to separate 
different particles by sophisticated image 
processing. The analysing system includes 
an optical camera and the X-ray attenuation 
imaging in the same equipment. The sorting 
system can be used with both optical and 
XRT analysis or separately depending on an 
application. 
 

 

2 COMPLEX ANALYSIS 

The main advantage of the new system is 
related to its universality and at the same 
time very sophisticated image processing 
functions, which can be carried out in the 
same processing unit. Figure 1 shows the 
new system configuration, where many 
different analysed parameters can be used to 
provide particle separation. The image 
analysis system includes a camera installed 
either over the transport belt conveyor or at 
its discharge end. The system includes the 
X-ray attenuation analysis realized by the 
XRT system in the central part of the 
conveyor belt. The sorting system can be 
used with both optical and XRT analysis or 
separately depending on an application.  
Particle recognition used to separate 
different materials is based on a complex 
shape and colour analysis where the particles 
can also be identified by over 20 parameters 
used for shape description. Some of them 
are: diameter in different orientations, 
perimeter, centre of mass, moment of inertia, 
particle elongation factor, edge sharpness, 
etc. Additional combinations of these 
parameters can also be used for 
distinguishing particles of interest. The 

Advanced Sensor Based Sorting System for Mining Applications 

 

 

J. Kolacz  
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surface of particles where different colours 
or contours vary in intensity and frequency 
can be analysed by FFT filtration (Fast 
Fourier Transformation) to recognize 
differences in texture and structure of the 
processed particles. This analysis brings 
much more complex information about the 
analysed particles rather than colour 
recognition alone. Finally, the XRT picture 
is integrated into the optical analysis, which 
provides a lot more information about the 
particle surface properties and its internal 
structure. All these sophisticated analysing 
functions require a lot of computation power 
and they have to be optimized to allow high 
capacity sorting. This is done by special 
program architecture and algorithm solutions 
allowing efficient management of the 
calculation routines and sorting priorities. 
This allows achieving still high separation 
capacity and extremely high efficiency 
where the product purity can reach even 99.9 
%. 

 
 

Figure 1. Sensor based sorting system from 

Comex – configuration example with the X-

ray (XRT) analysis carried out over the 

transport belt and the optical properties at 

the discharge. 

 
Figure 2 illustrates some examples of 

image processing where darker and coloured 
particles are defined and separated as waste 
from the white quartz material. In this case 
the separated particles are identified on the 
base of their colour, shape and texture. The 
picture shows four cases of different material 
combinations used during system tuning.  
 
 

Figure 2. Identification and separation 
examples during purification of the white 
quartz particles. Section 1 and 2 illustrate the 
advanced texture analysis while section 3 
and 4 show the typical colour analysis. 

The first group of particles represents the 
clear product fraction without any 
contamination. The second group shows the 
product particles contaminated by the small 
intrusions of other minerals. The third group 
represents the particles contaminated by 
different colours and in different degree. 
Finally, the fourth group shows the particles 
having totally different colour. In the case of 
the first and the fourth group the separation 
is very clear, however in the case of the 
second and third group it is necessary to 
carry out texture analysis. In this case the 
particle contours are defined and the texture 
information is analysed in the software. 
Furthermore, the percentage of the 
“contaminated surface” is divided by the 
total projected particle surface to define if 
the analysed particle can be qualified as 
waste. The threshold can be adjusted by the 
user so the contamination level for the 
accepted material can be changed according 
to individual requirements. The combination 
of waste and product particles is then 
repeated for other particles being 
representative for the rest of the processed 
material. Furthermore, the software routines 
are defined for each combination to optimize 
processing time, since the clear colour 
differences do not need much processing 
time while particles with texture analysis 
require longer calculation procedures. 
Eventually, the algorithm is ready tuned for 
separation of the investigated material.  
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Some of the results from the practical 
applications are shown in Table 1, where the 
OSX sorting system has been used for 
purification of limestone with texture 
analysis algorithm. The initial material had a 
purity of 81.5 % of white particles and it has 
been defined as low quality filler. After 
sorting, the product material has been 
improved to 99.8 % of white particles and 
the waste fraction contained only 5.6 % of 
the white particles.  
 

Table 1. Sorting results during purification 

of the limestone fraction in the size range 4-

10 mm.  

Parameter Unit Results 
Feed material purity % 81.5 
Product fraction 
purity 

% 99.8 

Waste fraction 
purity 

% 5.6 

Product recovery % 98,7 
Waste recovery % 99.0 

 

Considering the recovery figures, it can be 

noticed that the product white particles were 

recovered to the concentrate fraction in 98.7 

% and the contaminating particles were 

recovered to the waste fraction in 99%. This 

is the example of almost ideal separation 

process. 

3 XRT ANALYSIS 

X-ray transmission analysis (XRT) provides 
a new powerful tool for complex particle 
description. Separation examples are given 
on Figures 3 and 4, where XRT system is 
employed to separate coal and tungsten ore. 
In this case, the valuable information about 
the internal particle structure is of critical 
importance to calculate ratio between the 
impurities and the material of interests. For 
coal separation, the exact percentage of the 
rock contamination (shown by green and 
blue colour) can be calculated and each coal 
particle (orange) and can further be defined 
as waste or product for the separation 
process. For the tungsten ore, each particle 
can be evaluated in terms of tungsten 

compound content shown by black colour 
against the regular rock material (green).   
 

 

Figure 3. Separation of coal using XRT 

analysis. Green and blue areas show 

contaminating rock particles.  

This information from the XRT system can 

easily be combined with the image 

processing employing texture analysis to 

recognize other objects contaminating our 

valuable materials. Separation of coal from 

rock impurities, metal pieces and wood 

particles can be an example of such 

advanced separation. 

 

 
Figure 4. Separation of tungsten ore using 

XRT analysis. Black areas represent 

tungsten compounds.  

Table 2 shows some of the results obtained 
during separation of iron ore, where the X-
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ray based sorting system (CXR) has been 
used. The initial material had 58.8 % of Fe 
and it has been defined as good quality iron 
ore. However, this material could not be sent 
to the metallurgical process without pre-
processing like crushing, grinding, gravity 
and magnetic separation etc, since the limit 
for metallurgical quality is defined as 63-
64% of Fe. After sorting in the CXR unit in 
two stages, the product material has been 
improved to 63.6 % of Fe and it could be 
directly used for iron production without 
complicated processing. Regarding the 
weight distribution, this concentrate fraction 
corresponded to about 78 % of the material. 
It means that 78 % of the ore did not require 
complicated and costly processing before 
being sent to the ironworks. Only a small 
part of it (about 12%) required typical 
mineral processing and about 9.5% could be 
either processed in the same way or be 
completely wasted since it represented quite 
low quality material. The process provided 
dramatic efficiency increase regarding the 
processing cost and overall energy 
consumption for iron making.  
 
Table 2. Sorting results during purification 
of the iron ore fraction in the size range 40-
100 mm.  

 

Fraction 
Weight 

distribution 
[%] 

Concentration 
of Fe 

[%] 

Feed 
material 100.0 

58.8 

Product 
fraction 78.3 

63.6 

Middle 
fraction 12.2 

49.8 

Waste 
fraction 9.5 

30.1 

4 ADDITIONAL ALGORITHMS 
 
Areas of particles where different colours are 
varying in intensity and frequency can be 
analysed by FFT filtration (Fast Fourier 
Transformation) to recognize differences in 
texture and structure of the processed 

particles. This analysis brings much more 
complex information about the analysed 
particles rather than colour recognition 
alone. Finally, the XRT picture is integrated 
into the optical analysis, which provides a 
lot more information about the particle 
surface properties and its internal structure. 
All these sophisticated analysing functions 
require a lot of computation power and they 
have to be optimized to allow high capacity 
sorting. This is done by special program 
architecture and algorithm solutions 
allowing efficient management of the 
calculation routines and sorting priorities.  
Images which are exposed to digitisation can 
be further processed by a variety of 
electronic filters which can provide very 
advanced processing. Normally the digitised 
image is processed by analysing each pixel 
and setting up a number of thresholds for the 
light intensity in different colour planes. 
This method, however, provides a limited 
particle structure analysis when a particle 
has uneven lighting or has an irregular form 
with many surfaces positioned at different 
angles. This provides reflections which 
further disturb the important information. 
This problem can be solved when the 
frequency filtration is applied. 

Frequency filters alter pixel values with 

respect to the periodicity and spatial 

distribution of the variations in light 

intensity in the image. Frequency 

representation is obtained through a function 

called the Fast Fourier transform (FFT). The 

spatial frequencies seen in an FFT image can 

be filtered (low pass or high pass filter) and 

the inverse FFT then restores a spatial 

representation of the filtered FFT image as 

shown on Figure 5.    
 

 
 

Figure 5. Illustration of the FFT filtration. 

 

The f(x,y) is the light intensity of the point 

(x,y) and (u,v) are the horizontal and vertical 
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spatial frequencies. The FFT transformation 

is defined as (j is a constant):  

 

             
–  dx dy 

         - -  

   

Inversely, a Fast Fourier Transform F(u,v) 

can be transformed back into a spatial image 

f(x,y) as shown below (N and M define an 

image resolution):     

 

                        N-1  M-1     
–  

            u=0 v=0 

 

The FFT of an image F(u,v), is a two-

dimensional array of complex numbers, or a 

complex image. It represents the frequencies 

of occurrence of light-intensity variations in 

the spatial domain. The low frequencies 

(u,v) correspond to smooth and gradual 

intensity variations found in the overall 

patterns of the source image. The high 

frequencies (u,v) correspond to short-

intensity variations found at the edges of 

objects, around noisy pixels and around 

details. This allows eliminating of noisy 

pixels from the image and distinguishing the 

important details.  

The FFT transformation based filter, 

however, has a significant limitation related 

to the computation power of the image 

analysis system. It is therefore necessary to 

optimise the processing steps to obtain a 

reasonable response time. It is mainly to 

balance between the image resolution and 

FFT filtration, which does not need to be 

applied to high resolution images. Another 

optimisation method can be related to 

application of ROI (region of interests), 

where only parts of an image are processed 

by the advanced filtration tools. Anyhow, 

this type of image filtration based on FFT, 

provides a new dimension in the separation 

techniques.  

5 MULTIPLE STAGE SORTING 

General sensor based separation techniques 

are used in single operating stages. It means 

the separator is often used as an important 

part of the system and the process is carried 

out in a single stage. In many cases it is not 

economical and brings a lot of confusion 

about optical sorting generally. The result is 

often not satisfactory when compared to the 

operating and investment cost. This problem 

can be solved by a multiple stage separation 

procedure. Looking at other separation 

techniques like flotation, gravity separation, 

magnetic separation, it can be noticed that 

many of them are applied in multiple stage 

configuration thus providing a satisfactory 

result.  

Sensor based separation is based on 

different scanning techniques, which very 

particle is qualified as a waste or a product. 

It is therefore very probable that some of the 

scanned particles can accidentally be 

analysed in a wrong way and consequently 

be separated to a wrong fraction. Multiple 

separations can solve this problem when 

there is an extremely small chance that such 

particle is separated to a wrong fraction in 

two or three separation stages. The example 

of the multiple stage separation is shown on 

Figure 6 where the quartz material has been 

processed. The feed material contained 65% 

of the quartz and 35% of different impurities 

in form of various minerals. The first 

separation stage was adjusted to very strict 

separation criteria (high sensitivity 

threshold) to remove maximum of the 

impurities from the quartz fraction. The 

product had a purity of 99.8% which 

represented a very good result. However, 

there was a lot of quartz particles also 

removed from the feed material as the waste 

cles 

were analysed as impurities. 
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Figure 6. Example of sorting of quartz in 

multiple stage configuration. 

The waste fraction still contained 22% of 
the quartz particles. In such cases, due to 
different light reflection conditions or inter-
particle collisions, some quartz particles 
could be detected as the waste fraction. 
However, it is an extremely low probability 
that these particles can be analysed in a 
wrong way twice. Therefore when the 
second purification separation stage was 
applied to the waste fraction a lot of quartz 
particles were recovered back to the main 
product fraction. It resulted in very improved 
and robust separation process with limited 
losses of quartz particles. The final waste 
fraction contained only 3.5 % of quartz 
particles. 

The similar separation configuration can 
be applied for the product fraction to provide 
further purification of the “clean” fraction, 
depending on the final purpose and process 
requirement. Finally, if necessary both 
fractions from the first separation stage can 
be processed by the next separators 
providing very high separation efficiency, 
high purity and high recovery. In any 
separation technique employing multiple 
stages, the cost of the separation equipment 
will play a decisive role for any process. It is 
therefore of critical importance that the 
separation equipment is not cost prohibitive. 
Optical separation equipment provided by 
Comex fulfils this main cost requirement for 
multiple stage separation keeping the total 
cost at a competitive level. The resent 
development and progress in 
microelectronics provided quite a number of 

new possible solutions within automation 
and separation techniques. It is especially 
important in the light of criticism in the last 
years related to too high cost of the 
discussed equipment and this its limited 
potential. The total investment and operating 
cost of the discussed Comex equipment 
ranges between USD 0.1-0.5 per ton of the 
processed material depending on the particle 
size and working environment (optical or X-
ray). It easily provides possibilities for 
multiple stage separation during processing 
of most of minerals. 

6 CONCLUSION 

Advanced sensor-based sorting provides 
new potential for continuous separation of 
particles having different size, colour, shape, 
texture and density. Application areas for 
such equipment are almost unlimited 
(minerals separation, recycling of metals, 
plastics, paper, rubber, wood etc.). It can be 
applied to the mineral industry in many 
different processing steps. Very significant 
savings are achievable when the separated 
material, representing rejects, can be 
removed from the process in the early stage. 
By shape, colour and XRT density analysis 
the material composition can be estimated 
indirectly. This may result in new 
possibilities for optimising the existing 
circuits and for making new installations 
more profitable. 
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Triboelectric Belt Separator for Beneficiation of Fine Minerals 
 

J. D. Bittner, S. A. Gasiorowski, F. J. Hrach,  
Separation Technologies, LLC, Needham, Massachusetts USA 

 

L. A. Canellopoulos, H. Guicherd 
Separation Technologies, LLC, Athens, Greece 

 

 

ABSTRACT Separation Technologies, LLC (ST) has developed a processing system based 
on triboelectric charging and electrostatic separation that provides the mineral processing 
industry a means to beneficiate fine materials with an entirely dry technology. Unlike other 
available electrostatic separation processes that are typically limited to particles greater than 
75 µm in size, the ST belt separator is ideally suited for separation of very fine (<1 µm) to 

moderately coarse (300 µm) materials with very high throughputs. The highly efficient 
process is effective on fine materials that cannot be separated at all by the conventional 
electrostatic techniques. Since 1995, this triboelectric process has been extensively used for 
the beneficiation of coal fly ash with eighteen separators in place and over 130 machine-years 
of operation at locations in North America and Europe. The technology has been also 
successfully applied to the beneficiation of a variety of minerals including calcium carbonates, 
talc, and potash. 

1 TECHNOLOGY OVERVIEW 

The ST separator utilizes electrical charge 
differences between materials produced 
by surface contact or triboelectric 
charging. When two materials are in 
contact, material with a higher affinity for 
electrons gains electrons and thus charges 
negative, while material with lower 
electron affinity charges positive. This 
contact exchange of charge is universally 
observed for all materials, at times 
causing electrostatic nuisances that are a 
problem in some industries. Electron 
affinity is dependent on the chemical 
composition of the particle surface and 
will result in substantial differential 
charging of materials in a mixture of 
discrete particles of different 
composition.  

In the ST separator (Figures 1 and 2), 
material is fed into the thin gap 0.9 – 1.5 
cm (0.35 -0.6 in.) between two parallel 
planar electrodes. The particles are 

triboelectrically charged by interparticle 
contact. For example, in the case of coal 
combustion fly ash, a mixture of carbon 
particles and mineral particles, the 
positively charged carbon and the 
negatively charged mineral are attracted 
to opposite electrodes. The particles are 
then swept up by a continuous moving 
open-mesh belt and conveyed in opposite 
directions. The belt moves the particles 
adjacent to each electrode toward 
opposite ends of the separator. The 
electric field need only move the particles 
a tiny fraction of a centimeter to move a 
particle from a left-moving to a right-
moving stream. The counter current flow 
of the separating particles and continual 
triboelectric charging by carbon-mineral 
collisions provides for a multistage 
separation and results in excellent purity 
and recovery in a single-pass unit. The 
high belt speed also enables very high 
throughputs, up to 40 tonnes per hour on 
a single separator. By controlling various 
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process parameters, such as belt speed, 
feed point, electrode gap and feed rate, 
the ST process produces low carbon fly 
ash at carbon contents of 2 % ± 0.5% 

from feed fly ashes ranging in carbon 
from 4% to over 30%.  

 
 
 

 
 
Figure 1.  Schematic of ST triboelectric 
separator 

The separator design is relatively 
simple. The belt and associated rollers are 
the only moving parts. The electrodes are 
stationary and composed of an 
appropriately durable material. The belt is 
made of plastic material. The separator 
electrode length is approximately 6 meter 
ft (20 ft.) and the width 1.25 meter (4 ft.) 
for full size commercial units. The power 
consumption is about 1 kilowatt-hour per 
tonnes of material processed with most of 
the power consumed by two motors 
driving the belt.  

 
 
 
 
 
 
 
 
 

Figure 2.  Detail of separation zone 
 

The process is entirely dry, requires no 
additional materials and produces no 
waste water or air emissions. In the case 

of carbon from fly ash separations, the 
recovered materials consist of fly ash 
reduced in carbon content to levels 
suitable for use as a pozzolanic admixture 
in concrete, and a high carbon fraction 
which can be burned at the electricity 
generating plant. Utilization of both 
product streams provides a 100% solution 
to fly ash disposal problems. 

The ST separator is relatively 
compact. A machine designed to process 
40 tonnes per hour is approximately 9.1 
meter (30 ft) long, 1.7 meter (5.5 ft.) wide 
and 3.2 meter (10.5 ft.) high. The required 
balance of plant consists of systems to 
convey dry material to and from the 
separator. The compactness of the system 
allows for flexibility in installation 
designs. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Commercial ST separator 
 
2  ST BELT SEPARATOR VERSUS 
OTHER ELECTROSTATIC 
SEPARATION PROCESSES 
 
The ST separation technology greatly 
expands the range of materials that can be 
beneficiated by electrostatic processes. 
The most commonly used electrostatic 
processes rely on differences in the 
electrical conductivity of the materials to 
be separated. In these processes, the 
material must contact a grounded drum or 
plate typically after the material particles 
are negatively charged by an ionizing 
corona discharge. Conductive materials 
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will lose their charge quickly and be 
thrown from the drum. The non-
conductive material continues to be 
attracted to the drum since the charge will 
dissipate more slowly and will fall or be 
brushed from the drum after separation 
from the conducting material. These 
processes are limited in capacity due to 
the required contact of every particle to 
the drum or plate. The effectiveness of 
these contact charging processes are also 
limited to particles of about 100 µm or 
greater in size due to both the need to 
contact the grounded plate and the 
required particle flow dynamics. Particles 
of different sizes will also have different 
flow dynamics due to inertial effects and 
will result in degraded separation. The 
following diagram (Figure 4) illustrates 
the fundamental features of this type of 
separator. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Drum electrostatic separator (Elder 
& Yan, 2003) 
 

Triboelectrostatic separations are not 
limited to separation of conductive / non-
conductive materials but depend on the 
well-known phenomenon of charge 
transfer by frictional contact of materials 

with dissimilar surface chemistry. This 
phenomenon has been used in “free fall” 
separation processes for decades. Such a 
process is illustrated in Figure 5. 
Components of a mixture of particles first 
develop different charges by contact 
either with a metal surface, or by particle 
to particle contact in a fluidized bed 
feeding device. As the particles fall 
through the electric field in the electrode 
zone, each particle’s trajectory is 
deflected toward the electrode of opposite 
charge. After a certain distance, collection 
bins are employed to separate the streams. 
Typical installations require multiple 
separator stages with recycle of a 
middling fraction. Some devices use a 
steady stream of gas to assist the 
conveying of the particles through the 
electrode zone. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. “Free fall” triboelectrostatic 
separator 
 

This type of free fall separator also has 
limitations in the particle size of the 
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material that can be processed. The flow 
within the electrode zone must be 
controlled to minimize turbulence to 
avoid “smearing” of the separation. The 
trajectory of fine particles are more 
effected by turbulence since the 
aerodynamic drag forces on fine particles 
are much larger than the gravitational and 
electrostatic forces. The very fine 
particles will also tend to collect on the 
electrode surfaces and must be removed 
by some method.  Particles of less than 75 
µm cannot be effectively separated. 

Another limitation is that the particle 
loading within the electrode zone must be 
low to prevent space charge effects, 
which limit the processing rate. Passing 
material through the electrode zone 
inherently results in a single-stage 
separation, since there is no possibility for 
re-charging of particles. Therefore, multi-
stage systems are required for improving 
the degree of separation including re-
charging of the material by subsequent 
contact with a charging device. The 
resulting equipment volume and 
complexity increases accordingly.  

In contrast to the other available 
electrostatic separation processes, the ST 
belt separator is ideally suited for 
separation of very fine (<1 µm) to 
moderately coarse (300µm) materials 
with very high throughputs. The 
triboelectric particle charging is effective 
for a wide range of materials and only 
requires particle – particle contact. The 
small gap, high electric field, counter 
current flow, vigorous particle-particle 
agitation and self-cleaning action of the 
belt on the electrodes are the critical 
features of the ST separator. The high 
efficiency multi-stage separation through 
charging / recharging and internal recycle 
results in far superior separations and is 
effective on fine materials that cannot be 
separated at all by the conventional 
techniques. 

3 APPLICATIONS OF THE 
TECHNOLOGY 

3.1 History of Separation Technologies, 
LLC 

 
ST was founded in 1989 to develop 
commercial applications for a proprietary 
electrostatic separation process invented 
by David Whitlock, one of the company’s 
founders. By 1994, ST was focusing on 
processing fly ash that could be used in 
higher value concrete production rather 
than being placed in landfills. Installation 
of mandated NOx control equipment at 
coal-fired power plants which increased 
the carbon (Loss On Ignition, LOI) 
content of previously marketable fly ash 
created this opportunity to apply the ST 
separation process to fly ash 
beneficiation. 

ST began operation of the first 
commercial fly ash processing plant to 
control the LOI content of fly ash in 
1995. In 2002 ST was acquired by the 
Titan Cement Company S.A.  Titan 
Cement Company, based in Greece, has 
operations in Europe, the Eastern 
Mediterranean, and North America and 
turnover of more than €1.5 billion.  Titan 
America operations include cement 
plants, ready-mix concrete plants, 
concrete block plants, quarries, import 
and rail terminals, as well as fly ash 
production facilities  

Controlled low LOI fly ash is 
produced with ST’s technology at twelve 
power stations throughout the U.S., 
Canada, the U.K. and Poland. The 
processed fly ash is marketed under the 
ProAsh® brand. ProAsh® fly ash has been 
approved for use by over twenty state 
highway authorities, as well as many 
other specification agencies in the USA. 
ProAsh® has also been certified under 
Canadian Standards Association and EN 
450:2005 quality standards in Europe.  ST 
ash processing facilities are listed in 
Table 1.. 
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Table 1.  ST commercial operations 

Utility / power station Location 

Start of 

commercial 

operations 

Facility details 

Progress Energy – Roxboro 
Station 

North Carolina 
USA 

Sept. 1997 2 Separators 

Constellation Power Source 
Generation - Brandon Shores 

Station 

Maryland 
USA 

April 1999 
2 Separators 

. 

ScotAsh (Lafarge / Scottish 
Power Joint Venture) - 

Longannet Station 

Scotland 
UK 

Oct. 2002 1 Separator 

Jacksonville Electric 
Authority - St. John’s River 

Power Park, FL 

Florida 
USA 

May 2003 
2 Separators 
Coal/Petcoke 

blends 

South Mississippi Electric 
Power Authority R.D. 

Morrow Station 

Mississippi 
USA 

Jan. 2005 1 Separator 

New Brunswick Power 
Company 

Belledune Station 

New Brunswick, 
Canada 

April 2005 
1 Separator 

Coal/Petcoke 
Blends 

RWE npower 
Didcot Station 

England 
UK 

August 2005 1 Separator 

PPL Brunner Island Station 
Pennsylvania 

USA 
December 2006 

2 Separators 
 

Tampa Electric Co. 
Big Bend Station 

Florida 
USA 

April 2008 
3 Separators, 
double pass 

RWE npower 
Aberthaw Station (Lafarge 

Cement UK) 

Wales 
UK 

September 2008 1 Separator 

EDF Energy West Burton  
Station 

(Lafarge Cement UK, Cemex) 

England 
UK 

October 2008 1 Separator 

ZGP (Lafarge Cement Poland 
/  Ciech Janikosoda JV)) 

Poland June 2010 1 Separator 

 
3.2 Mineral Applications 
 
Electrostatic separations have been 
extensively used for beneficiation for a 
large range of minerals (Manouchehri, 
Hanumantha & Foressberg, 2000a).  
While most application utilize differences 
in natural or induced conductivity of 
materials with the corona-drum type 
separators, triboelectric charging behavior 

with free-fall separators is also used at 
industrial scales (Manouchehri, 
Hanumantha & Foressberg, 2000b).    A 
sample of applications of electrostatic 
processing reported in the literature is 
listed in Table 2.  While this is not an 
exhaustive listing of applications, this 
table illustrates the potential range     of 
applications for electrostatic processing of 
minerals.
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Table 2.  Reported electrostatic separation of minerals 
 

Mineral Separation Reference 
ST 

Experience 

Potassium Ore – 
Halite 

Manouchehri, Hanumantha & Foressberg, 2000b 
Searls, 1985 

Berthon & Bichara, 1975 
Brands, Beier & Stahl, 2005 

* 

Talc – Magnesite 
Fraas, 1962 
Fraas, 1964 

Lindley & Rowson, 1997 
* 

Limestone – quartz 
Fraas, 1962 

Lindley & Rowson, 1997 * 

Brucite – quartz Fraas, 1962 * 

Iron oxide – silica 

Manouchehri, Hanumantha & Foressberg, 2000a 
Brands, Beier & Stahl, 2005, 

Fraas, 1962 
Inculet, 1984 

* 

Phosphate – calcite - 
silica 

Fraas, 1962 
Feasby, 1966 

Stencel & Jiang, 2003 
 

Mica - Feldspar – 
quartz 

Manouchehri, Hanumantha & Foressberg, 2000a 
Manouchehri, Hanumantha & Foressberg, 2002 * 

Wollastonite - quartz Manouchehri, Hanumantha & Foressberg, 2002 * 

Boron minerals 
Lindley & Rowson, 1997 

Celik & Yasar, 1995 
 

* 

Barites – Silicates Fraas, 1964 * 

Zircon – Rutile 

Elder & Yan, 2003 
Manouchehri, Hanumantha & Foressberg, 2000a 

Brands, Beier & Stahl, 2005 
Fraas, 1962 

 

Silver and gold slags Manouchehri, Hanumantha & Foressberg, 2000b  
Carbon – Silica Fraas, 1962 * 
Beryl – quartz Fraas, 1964  

Fluorite  –  silica Fraas, 1947  
Fluorite – Barite - 

Calcite 
Manouchehri, Hanumantha & Foressberg, 2000b  

 
ST has conducted extensive pilot plant 

and field testing of many challenging 
material separations in the minerals industry. 

Examples of separations achievable with 
ST’s technology are shown in Table 3. 
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Table 3.  Examples, ST mineral 
separations 
 

Mineral 
Calcium 

Carbonate 
Talc 

Separated 
materials 

CaCO3 – 
SiO2 

Talc / 
Magnesite 

Feed 
composition 

90.5% 
CaCO3 / 

9.5% SiO2 
 

58% talc / 
42% 

Magnesite 

Recovered 
product 

composition 

99.1% 
CaCO3 / 

0.9% SiO2 

95% talc / 5% 
Magnesite 

Mass yield 
product 

82% 46% 

Mineral 
recovery 

89% 
CaCO3 

Recovery 

77% Talc 
Recovery 

Use of the ST triboelectric separator 
has been demonstrated to effectively 
beneficiate many mineral mixtures. Since 
the ST separator can process materials 
with particle sizes from about 300µm to 
less than 1 µm, and the triboelectric 
separation is effective for both insulating 
and conductive materials, the technology 
greatly extends the range of applicable 
material over conventional electrostatic 
separators. Since the ST process is 
entirely dry, use of it eliminates the need 
for material drying and liquid waste 
handling from flotation processes. 

 
4 SUMMARY 

 
The ST triboelectric separator provides 
the mineral processing industry a means 
to beneficiate fine materials with an 
entirely dry technology. The 
environmentally friendly process can 
eliminate wet processing and required 
drying of the final material. The ST 
process requires little, if any, pre-
treatment of the material other than 
grinding and operates at high capacity – 
up to 40 tonnes per hour by a compact 
machine  Energy consumption is low, 
approximately 1 kWh/tonnes of material 

processed. Since the only potential 
emission of the process is dust, permitting 
is typically relatively easy.  
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ABSTRACT Many coal mines are considering dry coal beneficiation nowadays. Water and 
the related legal, economic, and environmental aspects are key issues. Therefore the idea of a 
dry coal “washing” plant is not new. Although known for almost 40 years, x-ray-transmission 
sorting technology started in industrial applications since 2004.  

In the past, the benefits of dry sorting were well known, but these gave only comparably 
poor performance versus wet technologies. Today, highest efficiencies and recovery rates can 
be achieved using the latest technologies and lead to extremely competitive EPM-values. 
Latest computers and modern x-ray scintillators enabled high-performance units. The 
machines reached a status of real field stability and can support or even replace wet 
technologies for coal destoning or deshaling.  

Economically, dry processing is cheaper compared to a wet plant, it offers a much better 
handling of product and tailings, and the product will show a higher caloric value. 
 
1 INTRODUCTION 

1.1 Coal and Water 

In 2012 coal became the world’s largest 

source of energy, since China commissions 
more and more coal power plants to satisfy 
the energy hunger of its rapidly growing 
industry (Jenny 2012). Besides industrial use 
coal is still one of the provider of basic 
energy for heating and cooking in less 
industrialized areas. 

Water is an as sensitive issue. For the 
future various scientists expect this 
commodity to be the main reason for wars. 
(Putzier 2012). So it should be clear to 
everybody not to waste this valuable good.  

1.2 Wet Coal Beneficiation 

Wet coal processing technologies are state of 
the art. Almost all coal preparation plants 
built since the 1960s have been based on wet 
processing technologies because they are 
able to handle damp and sticky run-of-mine 
coals (Frankland 2001). The success has also 
been driven by the high efficiencies ranging 
at around 0.01EPM. This average probable 

error (EPM) is largely independent from coal 
quality and is one of the main marks to 
measure the separation efficiency of coal 
preparation units. It is, by definition (Sanders 
2007), half the relative density difference 
between the 75% and 25% partition 
densities. It is expressed dimensionless as  

 

The dominance of wet coal processing 
exists also due to the high abundance and 
therefore low cost of water in the coal 
processing regions.  

But, there are also many negative aspects 
of wet coal processing:  

 Water enhances the acid generation 
potential of materials inside the coal 
and can dissolve heavy metals;  

 The coal will be physically degraded 
by pumping and handling, which 
leads to autogene pulps affecting the 
cut-point of dense medium separation 
processes and which also creates a lot 
of non-saleable fines; 

Dry Coal Processing using X-ray Transmission Technology  

 

J.M. Bergmann 
Tomra Sorting GmbH, Wedel, Germany 
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 Wet processing reduces the calorific 
value of the coal due to more free 
surface moisture; 

 Since also the water has to be moved 
the wet process leads to more 
transport cost by using more energy; 

(Weitkämper, Wotruba and Sampaio 
2010). 

1.3 Dry Coal Beneficiation 

Dry arid climates are a main driver for the 
application of dry coal processing. Typical 
arid coal producing areas are found in South 
Africa, Australia, India and China. In these 
regions not only the access to water and the 
costs thereof are affecting the economics of 
coal preparation plants, but also 
environmental legislation. Additionally, coal 
processing is competing for water with other 
stakeholders, in particular agriculture 
(Yongren et al 2001) (Zhenfu and Quingru, 
2001, 2002). 

Permitting becomes increasingly difficult 
with Environmental Impact Assessments 
affecting the lead times for coal mining 
projects negatively. In some regions water 
licensing can take up to three years. Modular 
dry processing methods can therefore step in 
to ensure fast cash flow in the beginning of 
the life of mine. 

Despite being not as efficient as wet coal 
processing methods, dry coal cleaning can be 
effectively used to destone or deshale run-of-
mine coal. Dry coal processing technologies 
have the benefit of working without 
extensive water circuits, water handling and 
cleaning systems. Dry technologies can be 
applied as semi-mobile plants which can be 
installed close to the mining face. 
Particularly XRT-sorting is well suited to 
process large volumes of coal with very 
compact installations. These semi-mobile 
installations can be relocated at regular 
periods keeping the distance to the coal face 
at a minimum (Kleine et al 2012). 

Dry coal cleaning technologies have been 
successfully used to beneficiate coals at cut 
points higher than 1.85 relative density The 
capital costs for dry coal processing 
installations are around US$ 6200/tph dry in 
contrary to US$13000/tph for wet coal 
processing installations. Regarding operating 
costs, including capital dry processing costs 
about 0.5US$/t versus 1.95US$/t for wet 
processing (Honaker and Lutrell 2006). 

Taking into account that dry processing 
methods are not as effective they can still be 
technically and financially viable for easy 
coal processing tasks, namely destoning or 
deshaling. Advantages of semi-mobile 
destoning plants close to the mining 
operation are cost saving and providing 
additional production capacity in all 
downstream processes by unloading 
bottlenecks such as the sink stream of dense-
medium separation (Kleine et al 2012). 

 
2 DRY SORTING TECHNOLOGIES 

2.1 General 

Dry coal processing technologies are based 
on selective crushing and screening, 
gravimetrical methods or sensor-based 
sorting. 

Selective crushing and screening works 
only as a pre-concentration technology with 
low organic recovery. But this comminution 
process also creates large amounts of fines 
which are problematic to handle. 

2.2 Sensor Based Sorting Technology 

Sensor-based sorting (SBS) is the general 
expression for all applications where 
particles are singularly detected by a sensor 
technique and then ejected using a 
mechanical, hydraulic or pneumatic process 
(3).  

During the SBS process all feed particles 
are spread on the vibratory feeder (1) and 
presented one by one to the sensor (2) where 
they are scanned. 
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Figure 1 
 

The resulting fractions of a sensor-based 
sorter are called “accepted fraction” and 

“ejected fraction” with one of them being the 

concentrate and one of them being the 
tailings. The fraction with the smaller mass 
flow is usually the ejected fraction to save 
energy at the of the ejection process. 

The technique is generally applicable for 
particle sizes in the range of 0.5 mm until 
300 mm. Since SBS is a single particle 
separation technique, the throughput and also 
the operating costs are linearly depending on 
the average particle size.  

2.3 XRT-Detection Principle 

This Dual Energy XRT-detection technology 
is widely known as it is used at airports in 
luggage scanners.  

XRT detection is a transitive, non-contact 
and fast detection technology. The 
particulate stream is passing between an x-
ray source and a line of x-ray detectors, 
which are detecting the radiation energy of 
two different energy levels.  

Depending on the elemental composition 
and the thickness of the particles within the 
x-ray detection zone, the x-rays will be 
absorbed differently for different matter. To 
overcome the influence of thickness, two 
different energies of x-rays are used to 
mathematically exclude this factor when 
discriminating between coal and discard. 

The XRT principle is a transmittance 
detection technology which literally reflects 

the inside x-ray image of each particle. This 
has definite advantages for coal applications 
when compared to surface detection 
technologies. Surface detection technologies 
are only applicable for homogenous particles 
that do not show different compositions on 
the surface and in the core. Furthermore, 
surface detection technologies need clean 
surfaces with no water or dust adhesion that 
would influence the measurement. 

2.4 The XRT-Sorting of Coal 

For coal the XRT-technology is ideal. 
First, the pure coal looks very “transparent” 

to the x-rays, which means only a small 
quantity of the x-rays is attenuated. The 
barren rocks absorb much more of the x-rays 
and therefore the difference between the 
good and bad material can be “seen” very 

clearly by the sensor system (Erdmann, 
Kleine, 2010).  

But, as always, the middlings are the 
challenge for any technology. For this the 
precision of the mechanical presentation of 
the particles, the sensitivity and reliability of 
the scintillators and the accuracy of 
correlating the two energies are essential.  

 

 

Figure 2 
 

Figure 2 shows the physical particles on 
the left, the x-ray scan in the middle and the 
Dual-Energy image of the rocks on the right. 
The red color represents the coal, green are 
the middlings and blue are pure waste rocks. 
 

Additionally to this, special, patented 
contrast filters can even see small inclusions 
of high density material (for instance pyrites) 
inside the coal pieces. 



710

J.M. Bergmann

 

Figure 3 

2.5 The XRT-Sorter for Coal 

For the separation of discard and coal the 
robust and compact chute-type sorter (see 
Figure 1) has been selected. This machine 
has a small foot-print and few moving parts 
as the feed material is scanned, evaluated and 
ejected in free-fall. This also allows robust 
and compact semi-mobile plant installations. 
 

 

Figure 4 
 

For the separation of finer coal between 8 
and 25 mm a belt based unit would be more 
efficient, but certainly has more moving 
parts. 

 

3 THE SORTING RESULTS 

3.1 Lignite from Turkey 

The first presented results are from a lignite 
mine in Turkey, sorted in two grain sizes 
within a band of 10 to 110 mm material is 
sorted.  

Figure 5 

 

In test one 23% of the feed was ejected to 
the waste (mass pull to waste). This setting 
removed 53% of the ash and increased the 
caloric value of the product from 4.2.to 5.15 
MJ/kg. 

In test two 16% of the feed was ejected to 
the waste. This setting removed 40% of the 
ash and increased the caloric value from 
4.6.to 5.15 MJ/kg. 

 

 

Figure 6 
 

The ash content of the ejected material 
clearly demonstrates the “purity” of the 
waste and the efficiency of the sorting. 
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3.2 Hard Coal From South Africa 

Several bituminous South African coals have 
been tested and the results compared. This 
coal is known to be difficult-to-treat. 

To describe the results the main 
parameters used in the coal industry for the 
evaluation were determined: EPM-value, 
organic efficiency, float-in-sink, sink-in-
float, and total misplaced. The term organic 
efficiency is used comparable to recovery of 
carbon. Float-in-sink describes the amount of 
material lighter than the cut point being 
displaced to the heavy fraction. Sink-in-float 
describes the amount of material heavier than 
the cut-point reporting to the light fraction. 
Total misplaced material is the sum of the 
two. 

 

Parameter Unit Coal 

A 

Coal 

B 

Coal 

C 

Coal 

D 

Feed ash [%] 31.2 43.0 33.8 27.7 
Product ash [%] 19.5 25.7 20.3 21.1 
Discard ash [%] 45.6 53.1 48.2 34.8 
Product 
Yield 

[%] 55.27 36.66 51.60 52.46 

D50  1.677 1.633 1.679 1.615 
Organic 
efficiency 

[%] 79.2 63.1 78.1 66.1 

Sink in float [%] 6.59 10.79 7.88 8.66 
Float in Sink [%] 12.60 9.94 10.53 18.98 
Total 
misplaced 

[%] 19.19 20.73 18.40 27.63 

EPM  0.113 0.1301 0.1205 0.1198 

Table 1 
 
These bulk tests (table 1) have shown the 

capabilities of XRT sorting for various South 
African coals. The results have proven that 
the XRT based dry sorting technology is 
feasible to treat coal in coarse particle size 
ranges between 30mm and 120mm at 
throughputs of 100tph or more. (Kleine 
2012; Von Ketelhodt 2012). 

3.3 Hard Coal From Turkey 

Additional test work was executed on coal 
from Kozlu near Zonguldak in Turkey. This 
coal is known to be very high in ash. At this 
location a good performing beneficiation 

plant is the key to guarantee the survival of 
the mines in that area.  

Furthermore the existing processing plants 
are right in the middle of the city and 
growing awareness of environmental issues 
and the noise emissions force the operators 
to reassess their concept. 

The test work was executed on three grain 
bands, 10-20, 20-35 and 35-100 mm. On the 
coarse material (35-100 mm) the following 
partition curve was generated: 

 

 

Figure 7 
 

As expected, the results of the finer 
material look a little bit less perfect due to 
the sorters’ resolution and valve grid, but the 

results are extremely competitive: 
 

Parameter Unit 10-20 

mm 

20-35 

mm 

35-100 

mm 

Feed ash [%] 55.9 50.9 55.2 
Product ash [%] 16.9 19.3 23.2 
Discard ash [%] 64.3 55.1 56.2 
Product Yield [%] 17.7 11.8 3.1 
D50  1.72 1.68 1.71 
Organic 
efficiency 

[%] 95.0 87.3 47.4 

Sink in float [%] 0.83 0.63 0.57 
Float in Sink [%] 0.96 0.63 0.14 
Total 
misplaced 

[%] 1.790 1.27 0.71 

EPM  0.04 0.04 0.01 

Table 2 
 

When looking at above figures in table 2 
one must not forget, the sorting objective 
was to generate a coal product with less than 
20% ash. This objective seriously influences 
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the results since a XRT-cut point has to be 
programmed to eliminate the high-ash-
middlings.  

More interesting are the EPM-values, 
which are quite close to DMS results. 

 
4 COMPARISON AND CONCLUSION 

4.1 Comparison to DMS and Dry Jigs 

 

Figure 8 
 

Comparing wet dense medium separation 
with sensor based XRT-sorting and dry 
jigging the results are clearly visible we are 
using the EPM-values, who are representing 
the separation accuracy of each technology.  

For DMS values of 0.01-0.02 are typically 
achieved.  

The dry jigging process is the least 
accurate of the three achieving EPM values 
of 0.2 - 0.3.  

XRT-sorting is found right in the middle 
between the other two with values of 0.1-0.2 
(de Korte 2009, Von Ketelhodt 2012). But 
introducing the latest results from Kozlu 
demonstrate that much better separations are 
achievable with the XRT-sorters with EPM-
values of 0.04 or lower. This moves the 
XRT-sorting technology very close to DMS 
and makes it a competitive dry separation 
alternative.  

4.2 Conclusion 

XRT sorting is a flexible dry beneficiation 
technology that is technically viable for coal 

destoning. Its’ relatively small footprint and 
low infrastructure needs make it an ideal 
technology for near-face destoning with 
semi-mobile installations. The main 
components of a complete plant consist of a 
feeder breaker, screen, XRT sorter and a 
compressor station. The air consumption in 
relation to the high sorter throughput is 
comparably low. This, together with the 
lower capital expenditures, makes it an 
efficient and cost effective coal destoning 
technology for coals bigger than 8 mm and 
larger. 

To base such a decision on hard facts, 
Tomra operates a complete test center for 
various mining applications and is in close 
collaboration with various universities. 
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