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ABSTRACT

Dual Energy X-Ray Transmission (DE-XRT) Imaging is a multi-sensor technique employed to
conduct particle-by-particle sorting. The system makes use of a dual energy x-ray line scan sensor,
which generates images of the transmitted x-rays, similar to images generated for suitcase inspection
in airport security applications. The dual energy x-ray system allows for rapid approximation of
atomic number range, which is utilised to evaluate the mineral and maceral content. The process is

independent of particle surface condition, and can thus be utilised as a dry process.

A unique application of this technology is in the removal of torbanite from a coal deposit located in
Mpumalanga, South Africa. The separation of coal and torbanite by conventional gravity separation
techniques is often difficult, due to the overlapping densities of torbanite and coal. Preliminary
laboratory DE-XRT testwork results on high quality coal and torbanite products were promising. In
order to evaluate the separation of typical ROM material on pilot scale, a production scale Mikrosort
X-Tract Sorter was purchased. This was the first DE-XRT sorter available in South Africa, and was
housed at Mintek. A 150t sample was provided from a box cut adjacent to the coal deposit under

investigation in order to conduct bulk and pilot sorting tests.

Clear distinctions between the coal, torbanite and shale fractions were observed using this technique.
The sorter feed (-80mm+20mm) could be upgraded from a CV of 22MIJ/kg to 28MJ/kg. Ash content
could be reduced from 26% to 10%. Petrographic analysis of the coal product indicated that a high
purity coal product was attainable (91% by volume) at a mass yield of 42.9% to the coal product, with
shale and mixed humic/sapropelic coal as contaminants. Under these conditions, torbanite

contamination was marginal.

Thermogravimetric analysis (TGA) of the torbanite product derived from testwork indicated that

volatiles release occurred as two separate but overlapping events. At a temperature of
approximately 450°C, maximum release of volatiles occurred for the torbanite sample. At
approximately 550°C all volatile material has been removed from the sample. This is
favourable, as cracking starts to increase at a high rate from a 450-500°C. The most valuable
and useful diesel fraction is allowed to boil up to 395°C. The heavy diesel product could

potentially be utilised by Sasol Secunda to upgrade excess light diesel product.
The capability to process coarse materials (-80mm+20mm) allows for throughputs in excess
of 40t/hr. Consequently, this technique may be applied in simpler coal upgrading processes,

such as coal deshaling in arid regions.
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1 INTRODUCTION

Electronic ore sorting was initially introduced as a means of separating ore from gangue as
early as the 1940’s. Computer processing speeds of the first sorting units were initially very
slow and cumbersome, resulting in very low throughputs. As a result, the application of ore
sorters in the mining industry was limited to specialist applications, such as radiometric
sorting for upgrading of gold ores and x-ray fluorescent sorting of diamondiferous gravels.
By the early 2000’s processing speeds had improved dramatically, allowing optical sorting
units utilised in the recycling industry to process up to 150 tons of scrap per hour. This also
revived interest in the use of sorting as a tool for preconcentration in the mining industry. As
a result, sorting units are widely utilised in the industrial minerals industry worldwide.
Typically sorters can process materials within the size range -200mm +15mm at a throughput
in excess of 150 tons per hour. Smaller size ranges can be processed for specialised

applications, but at reduced flow rates.

Sorting technology has experienced rapid advancement during the last decade. The
technology offers the mining industry a wide variety of sensors which can be utilised
individually or in combination to identify properties such as conductivity, response to near
infra-red and ultraviolet light and translucence. The most exciting of these is Dual Energy X-
Ray Transmission Sorting (DE-XRT). Originally derived from x-ray detection units used for
inspection of suitcases in airport security applications, the dual energy x-ray system allows
for rapid approximation of atomic number range, which is utilised to evaluate mineral and
maceral content. This includes degraded plant material, alginate and other components of
coal and oil shale. As this process is insensitive to surface condition (e.g. the presence of
dust), the process can be operated completely dry. In addition, as relative atomic number
forms the basis of separation, this technique can be utilised for applications where standard

minerals processing techniques have been deemed unfeasible.

An example of this is the separation of coal from torbanite. Torbanite is a very fine grained
intermediate between coal and oil shale and is characterised by the presence Botryococcus-
related alginite (Han et al, 1999). As a result of its composition, torbanite yields paraffinic
and olefinic hydrocarbons when retorted. It is therefore a very lucrative commodity for the

production of synfuel.



A number of torbanite reserves have been identified in South Africa. However, few of these
have been exploited. In many instances, the torbanite is located as a seam of varying depth
between two layers of high grade coal. The value of both coal and torbanite products are
severely compromised by contamination with the other. The separation of these two
commodities from one another is thus imperative for the financial success of such a mining
undertaking. Studies conducted in the 1970’s indicated that selective mining would not be
financially feasible. In addition, it was noted during these studies that the density of torbanite
and coal could overlap significantly. This ruled out the use of gravity based coal processing
techniques, such as Dense Medium Separation (DMS) and spirals. Evaluation of such
deposits (including the deposit near Kinross evaluated for this project) was terminated owing

to lack of a suitable processing route.

With the introduction of Dual Energy X-Ray Sorting for applications such as the deshaling of
coal, interest in the use of this technology for the separation of coal from torbanite was
generated. Hand selected samples of torbanite and coal from a deposit located near Kinross
were submitted to CommoDas GmbH in Wedel, Germany for preliminary DE-XRT
laboratory testwork. The outcome of these tests was encouraging. However, it was
recognized that a more detailed examination (in the form of a pilot scale campaign) was
required to determine the performance of this technology on Run-of Mine (ROM) material.
This would not only demonstrate the impacts of poor liberation on the separation, but would
also allow for examination of the quality of products which could be attained on a bulk

sample of material.

At that time, the technology was only available in Germany where logistics did not allow for
bulk testing. A production scale sorting unit was purchased by the Central Energy Fund
(CEF) to conduct a pilot scale evaluation of this technology. The unit was installed at Mintek
for the duration of the testwork program. This was the first industrial scale x-ray
transmission sorter to be installed in South Africa. A sample of 150 tons of typical ROM

material was mined from a box-cut at an adjacent mine for testwork purposes.

This report documents results attained from process optimization and pilot scale sorting

campaign.



2 INTRODUCTION TO DUAL ENERGY X-RAY
TRANSMISSION SORTING

2.1 Ore Sorting- an Alternative Technique for Upgrading of Minerals

Global trends towards environmentally sustainable ore processing have resulted in a great
deal of interest in the development of dry processing alternatives to conventional processing
techniques. Optical sorting techniques are very energy efficient and require minimal
quantities of water for operation. Other sorting techniques such as x-ray sorting can be
conducted completely dry. It has been observed that operating costs of sorting units can be
lower than those of conventional mineral processing units, making ore sorters a viable

prospect for future mineral processing circuits.

The earliest form of ore sorting dates back to the stone-age, where banded iron stone was
hand sorted from waste by ancient metal workers, based on distinct visual characteristics
(Wills, 1992). Based on personal experience, it has been noted that hand sorting is still a

prevalent technique utilised in small scale mining operations throughout Africa.

The first sorting units were developed in the early 1940’s, and were utilised up until the late
1970’s (Salter and Wyatt, 1991). Process rates of these units were slow, often allowing only
for the processing of one rock at a time. As average throughputs of these units were low,
sorting units were only feasible for niche markets, such as radiometric sorting of gold ores

and x-ray fluorescence sorting of diamondiferous gravels (Sivamohan and Forssberg, 1991).

With the advent of more sophisticated computer technology, optical sorting units found a
wide variety of application in the recycling industry. Interest in the use of sorting technology
as a tool for the mining industry was rekindled in the early 2000’s when sorters capable of
processing in excess of 150 tons per hour were introduced for various applications in the
mining industry. As a result of rapid development of this technology, a wide variety of

sensors are currently available within the electromagnetic spectrum, as presented in Figure 1.



Sensor/Technology Material Property

Gamma- [m] 1p-12 Mal scintilator and a natural gamma radiation,
radiation Lot photomultiplier tube (PMT) uranium ores
X-ray 10-10 X-ray transmission (DE-XRT) Atomic Density
10 XRF X-ray Fluorescence, diamonds
, 10-8
Ultraviolet (UV) 107 CCD Color Reflection, Absorption,
Yisible light (VIS) 106 Camera Transmission
MNear Infrared (NIR) 10-5 MNear Infrared (NIR) Reflection, Absorption
10 Spectrometer
Infrared (IR) 103 Infrared (IR) camera Heat conductivity, heat
Microwaves 102 dissipation
1p1 Microwave heating - in Sulfide and Metals heat faster
conjunction with TR than other minerals
Radio waves o
102
10% Electro- Conductivity,
Alternating current 104 Magnetic sensor permeability
(AC)

Figure 1: Sensors Available Within the Electromagnetic Spectrum (Courtesy of CommoDas,
GmbH, 2009)

The sorting process consists of four distinct mechanisms, as demonstrated in Figure 2
(CommoDas, 2006):

1. Particle Presentation Mechanism. This is the most crucial system, as this ensures that
particles report to the detection zone in a monolayer and are well spaced from one
another. The detection system needs a clear image of each individual particle presented

for analysis. Overlapping particles are treated as single elements.

2. Detection System. This can consist of a single sensor or multiple sensors working in
conjunction with each other. Typically, an image of the particles passing through the
sensor is taken in a “line by line” fashion. This allows for a high resolution image to be

obtained. An x-ray scintillation crystal sensor can capture up to 2500 lines per second.

3. Processing System. The data acquired in this process is transferred to the Programmable
Logic Controller (PLC), which analyses the captured images at a maximum rate of 10 000
particles per second. The prescribed algorithm is then applied to the particle to determine
if it is to be rejected or accepted. The position and size of particles to be rejected is
determined, and the PLC then controls the ejection of material by activating an
appropriate number of valves in the correct position. The valves control a series of air

jets, which facilitate separation.



4. Ejection System. A number of mechanisms have been utilized to perform the ejection of
particles, including gate systems. The most popular is particle-by-particle ejection
utilising pneumatic valves. Such a system typically consists of an array of 256 air jets,
which are capable of rapid ejection of materials. This system allows for selective ejection

of individual particles.

Legend

Material Feed

Vibratory Feeder

Free Fall Acceleration

Sensor

Data Processing

Air pressure

Accept/Reject Streams

Co| N S Ll K| W N~

Network Control

Interface

Figure 2: Typical Sorting Mechanism (Courtesy of CommoDas GmbH, 2006)
Ore sorter design and available throughput vary from manufacturer to manufacturer. The
most typical designs are:
¢ Chute based systems, where particles are scanned in free fall. This design is preferred
for optical sorting applications, as it allows for double sided scanning of particles.
Particles of up to 250mm can be processed by this unit, which can have throughputs
of up to 200 tons per hour.
e Belt driven sorters, where particles are presented to the sensor on a conveyor belt,
travelling at the same velocity. This is the preferred method of processing materials
utilising alternative sorting sensors. Recommended top size for these types of units is

80-100 tons per hour at a throughput of up to 100 tons per hour.



2.2 Identification of Minerals by X-Ray Transmission Theory

X-rays are transmitted through material at varying degrees, depending on the density of the
material. Materials absorb a proportion of the radiation resulting in a reduction in the
intensity of the x-ray. This phenomenon, referred to as transmission damping, can be

explained by x-ray transmission theory.

Lambert’s Law indicates that transmission damping is a function of the density and thickness

of the material through which the beam passes, as presented in Equation 1 (Platt, 1999):

I. =1 e—ﬂ(l)Pd [1]

det o

Where I4; = detected intensity

I,=intensity of undisturbed beam

2
W(A ) = mass absorption co-efficient o

( Koningsberger, 1988)

3

p= solid density

d= thickness of irradiated material
Mass absorption co-efficient of all elements at various wavelengths are available in literature.

Mass absorption co-efficients for minerals and mixed element materials are determined from
the sum product of the elemental composition and the mass absorption co-efficient of that
element. For example, the mass absorption co-efficient of a particle with n elements is

determined from:
M =20 [2]

where .= mass absorption co-efficient of the particle, as is independent of state or phase

f;= the mass fraction of element 1

The detected intensity is an exponential function of the thickness of the irradiated material.
As significant variations in particle thickness are anticipated for scrap and mineral sorting,

the use of a single energy wave (monochromatic imaging) to identify minerals would be



inaccurate. Observing the effects of two or more different wavelengths would rule out the

effects of particle thickness.

Dual energy x-ray transmission involves the use of a high energy and low energy x-ray beam
(i.e. two beams of different wavelengths). Mass absorption co-efficients vary as the
wavelength of the x-ray beam varies. The extent of the change is dependant on atomic

number of the material into which the x-rays are absorbed (Fox, 2004).

Application of Lambert’s Law to dual energy absorption is presented as (De Jong & Harbeck,
2005):

1 _ _

Lz = () =, 3]
12

where I;; I, = det1:2 (/?1;2)) = dimensionless detected intensities at two different wavelengths

01;2

C, = constant dependant only on the material properties and chosen wavelength.

As a result, if the Cm of two materials is different, these materials can be distinguished from
one another. Measurement of I; and I, can thus be utilised to evaluate Cm (and hence
approximate the atomic number of the material). Particle thickness can be determined by

solving Lambert’s Law for the high and low energy levels.

De Jong and Harbeck (2005) suggested that by comparing and plotting the degree of
transmission of x-rays through particles at two different energy levels, a transmission curve
specific to that material type could be generated. Various grades of the material type would
have a separate transmission curve. This theory was examined utilizing binary mixtures of
Zinc and Lead Sulphide, as demonstrated in Figure 3 and 4 respectively. Such curves could

be derived for various grades of a particular element.
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Figure 4: Model Calculation of PbS mixtures at 110kV/62kV and at 83kV/50kV (De Jong and
Harbeck, 2005)

De Jong and Harbeck (2005) demonstrated that materials can be distinguished from one
another if their curves on the transmission graphs do not coincide. This concept of a unique
transmission curve per ore type forms the foundation of Dual Energy X-Ray Transmission

Sorting.



Images produced by the transmission of x-rays through objects can provide a great deal of
information regarding their density i.e. an object of low density appears brighter than a denser
object on the x-ray film. It is a technique widely utilized in the medical and airport security
industries. By examining the brightness produced by materials at two different x-ray
intensities, a “visual” interpretation of Figure 3 and 4 can be derived. This is referred to as a

Sorting Calibration Curve, and is presented in Figure 5.

Brishtness-
High Intensity
Bzam

Increasing particle
thickness

(==

Brightness- Low Intensity Bzam

Figure 5: Representation of Typical Dual Energy X-Ray Transmission Sorting Calibration Curve,

Adapted from Transmission Curves

Calibration curves are generated by taking images of typical examples of the material to be
sorted. The images are broken into a number of small sub-units, called pixels. The pixels are
compared to a standard brightness scale, and the number of pixels reporting to the various
brightness levels on both high and low x-ray intensity images is plotted as indicated in Figure
5. The curve is produced by use of linear regression through the plotted points. This curve
represents the average density composition of the target material within the processing size

range. Section 2.3 presents how this curve is applied in order to facilitate separation.



2.3 Principals of Dual Energy X-Ray Transmission Sorting

This section presents the operating principles of Dual- Energy X-Ray Transmission Sorters.

2.3.1 Image Generation

Imaging techniques similar to those available for the security and medical fields are utilized.
The process of capturing images is as follows:

e X-rays are generated by an x-ray tube, placed at the top of the unit, as indicated in
Figure 6.

e The x-rays strike the material as it passes through the detection zone. X-ray
transmission through the material is then captured by a dual energy line scan x-ray
sensor. The sensor consists of an array of scintillation crystals that capture the
number of counts on each element for the array.

® An image of the object is generated in a “line by line “fashion, similar to optical
sorting. A typical example of such an image is presented in Figure 7. According to
Harbeck (2004), the resolution obtained by the x-ray sensor is similar to that obtained
by standard optical sorting units.

¢ A high x-ray intensity and low x-ray intensity image of each particle to be sorted is

generated for analysis.

I'.‘-t-m\-ruyor

 — —
S?I‘ISDI L L —"
amay: g -

I - =

Sorting Cabin

| L
s
|

Product’,, Rtelect

:%‘\ . line scan sensor
Inside the serting cakhin

Figure 6: Principle of X-Ray Detection with on-belt sensor geometry (CommoDaS , 2004)
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Figure 7: Typical Image Generated By the DE-XRT Process (de Jong et al, 2003)

2.3.2 Image Analysis and Product Quality Control

The analysis of images in order to facilitate separation is conducted using an algorithm

consisting of two components, viz:
e (Calibration curve for target mineral, as presented in Section 2.2

® Rejection criteria, defined as percentage of high density material allowable into the
coal product. The quality of the required product is controlled by establishing
rejection criteria. Suitable values for rejection criteria are typically determined
through process optimization based on final product specifications and mass yield

requirements.

The calibration curve for the target material is used to classify the materials present within
each particle as high or low density. The area above the calibration area is assigned as the
high density (blue) zone. The calibration curve area, as well as the area below is defined as

the low density (red) zone, as demonstrated in Figure 8.
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Figure 8: Representation of High and Low Density Zones

Both the high and low intensity image of each particle is divided into pixels. The brightness
of each pixel within the particle is evaluated, and is plotted on the calibration curve. The
pixels within a particle are assigned as blue or red, depending on their position on the
calibration curve. The percentage of pixels reporting to the high (blue) and low (red) density
zones are recorded. The rejection criteria are applied to each particle and the decision to

accept or reject the particle is made.

Information regarding the size and position of particles on the conveyor belt, as well as the

overall decision to accept or reject a particle is relayed from the PLC to the valve bank.

2.3.3 Particle Ejection

Particle ejection is conducted in a similar fashion to the standard CommoDaS optical sorting
units described in Section 2.2 and will not be discussed in great detail. Ejection is conducted
by means of a bank of air valves placed above the feed conveyor. An appropriate number of
valves are then opened, according to the estimated size of the particle to be ejected. Air jets
displace the particle from the stream leaving the feed conveyor into a separate collection bin.
Accepted material passes over a splitter bar into a collection bin. Harbeck(2004) indicates
that operating speeds of the x-ray sorting units are comparable to standard optical sorting

units.

12



2.4 Advantages of Utilizing DE-XRT

Dual energy x-ray transmission sorting has a number of advantages over other available
sorting equipment. The images produced provide information on the internal structure,
texture and shape of the particle. Because particle volume is detected as opposed to surface
layer, the process is insensitive to surface coatings and dust (Delgado and Stenmark, 2005). It
can therefore have application as a dry processing technique. This could be advantageous to
the coal processing industry for the following reasons (De Korte, 2009):-

® A number of South African coal deposits are in arid regions, where water supply is
limited.

e Coal quality, especially in terms of heat content, is retained as the coal remains dry
during processing.

e No slurry is produced which reduces the risk of groundwater contamination. Risk of
groundwater contamination still exists in terms of run off from the discard coal
dump.

e Potential exists for underground processing, thus reducing the amount of material

required for hoisting.

In addition to this, sorting can be conducted on materials where little visual distinction is

observed, as is the case with the separation of torbanite from coal.

3 LITERATURE REVIEW

3.1 Dual Energy X-Ray Transmission Sorting for Recycling Applications

Application of x-ray transmission sorting to various recycling applications is an ongoing

research initiative of the Delft University of Technology in the Netherlands, and is well
documented for the following applications:-

e Recovery of lightweight non-magnetic metals from scrap. Dalmijn and De Jong

(2004) utilised DE-XRT to identify and separate magnesium from aluminium scrap.

This research also demonstrated that wrought aluminium could be distinguished from

cast aluminium, as demonstrated in Figure 9. Mesina et al (2007) demonstrated that

the combination of electromagnetic and x-ray transmission sorting was very effective

for metal separation and recovery of non-ferrous scrap.
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Estimation of calorific value of packed mixed waste, based on DE-XRT scan
information (Dalmijn and De Jong, 2004).

Sorting of shredder residue, resulting in the recovery of metals, solid recovered fuel,
polymers and inorganic filler matter. Metal recovery from the shredder residue was
possible, and it was noted that the ash content, calorific value of the resulting solid
recovered fuel could be improved. PVC and polymers coated in flame retardant could
be successfully rejected from the solid recoverable fuel, resulting in reduced

concentration of harmful elements, including bromine and chlorine (Bakker, 2009).
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Figure 9: X-Ray Transmission Images and Analysis Results for a) Magnesium, b) Wrought

Aluminium and c) Cast Aluminium (Dalmijn and De Jong, 2004)
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According to Bruno (2009), x-ray transmission sorting can be successfully implemented in

plastic sorting applications. Units such as the VinylCycle (National Recovery Technologies)

are very effective in separating PVC polymers from PET plastics.

3.2 Dual Energy X-Ray Transmission Sorting of Minerals

The use of x-ray transmission imaging as a means of sorting base metal sulphides from

gangue was first presented by Harbeck (2004). Initial work was conducted utilising mono-

energetic transmission, but progressed to dual-energy transmission once this demonstrated to

be more feasible (Harbeck, 2004). De Jong and Harbeck (2005) examined the degree of

resolution and accuracy attainable by transmission sorting. Utilising binary ZnS;PbS/SiO,

mixtures (0%, 1%, 5% 10%,18% and 20%), it was ascertained that:-

Resolution was dependant on feed size, type of material and grade.

Typically detection accuracy was better at lower grades. There was some correlation
between the average atomic number of the material examined and the detection
accuracy

Transmission curves such as those presented in Section 2.2 could be prepared for all
mineral types and compositions. A separation was feasible provided that the

transmission curves of the two materials did not coincide.

As a result of this work, the use of dual energy x-ray transmission sorting was successfully

demonstrated for number of mineral applications, including:-

Nickel sulphide ores, such as pentlandite (Riedel, (2006); Allen and Gordon, (2009) )
Copper sulphide ores, such as chalcopyrite and bornite (Von Ketelhodt, 2009)

Gold ores, where gold is associated with narrow veined pyrite (Von Ketelhodt, 2009)
As alternative technology to x-ray fluorescence for diamond sorting ( Von Ketelhodt,
2009)

Separation of copper and cobalt metal from slag

Based on the author’s opinion, the success of any ore sorting venture is highly dependant on

the liberation of the material to be examined. It is therefore important to evaluate the validity

of sorting on a case by case basis.
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3.3 Dry Processing of Coarse Coal by Dual Energy X-Ray Transmission Sorting

Delft University of Technology has been utilising financial grants from the European Coal
and Steel Community to investigate the feasibility of coal upgrading by x-ray sorting
technology. Preliminary work conducted on Saarwilligen coal demonstrated that shale could

clearly be distinguished from coal, as illustrated in Figure 10.

Shale Coal Shale Coal

Figure 10: Dual Energy XRT images of Shale (left) and Coal (right) from Saarwillingen,
Germany (De Jong,van Houwelingen and Kuilman 2003)

Further samples from Saarwillingen were utilised to establish x-ray transmission performance
on materials of various size fractions, as presented in Figure 11 . The images were utilised for

online washability and size distribution analysis, as presented in Figure 12.
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Figure 11: XRT Coal/Shale scans of four different size fractions of Saarwellingen coal product. Shale

contamination is presented in green (De Jong, van Houwelingen and Kuilman 2003).
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Figure 12: On-Line XRT Analysis (Size Distribution and Washability) for Saarwilligen Coal-
Reisbach Seam (De Jong, van Houwelingen and Kuilman, 2003).

The final phase of testwork conduced by Delft University of Technology on deshaling of coal

was to evaluate and compare three deshaling techniques:
e Jigging
¢ Electromagnetic separation
¢ Dual energy x-ray transmission

The testwork utilised laboratory scanning equipment to determine detection efficiencies of
electromagnetic and XRT of coal fractions of various densities. This testwork was conducted
in conjunction with L3 communications (USA). The data attained was utilised to produce
partition curves for various dso values by varying the threshold of the amplitude
(electromagnetic separation) and frequency (x-ray sorting), as presented in Figure 13. It
should be noted that the test was conducted at laboratory scale, and that 100% ejection

accuracy was assumed.
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Figure 13: Ash determination and partition curves derived from laboratory scale XRT scans
(De Jong and Harbeck, 2005)

Efficiency of electromagnetic deshaling was determined to be with an Ep range of 0.1-0.15.
According to De Jong and Harbeck (2005), this is comparable to wet jigging of coal
(Ep = 0.1), and is better than proposed dry processes, such as tabling and pneumatic jigs
(0.15<Ep<0.03). The separation efficiency of x-ray sorting was evaluated as 0.02<Ep<0.09
for cut points between 1.4< dso< 2.0, and was noted to be more efficient than electromagnetic
deshaling.

Although both processes could not match DMS cyclone efficiencies (Ep<0.02), it should be
noted that DMS cyclones are limited in terms of the top size that can be processed, whereas
x-ray sorters can be applied to material up to 80mm in size.

Several small pilot scale testwork campaigns were conducted by De Jong (2006) on three
samples:

¢ ROM coal from the Ruhr region of Germany (Sample A)
e A coal sample from the Saar region, with poor washabilty as a result of poor

liberation ( Sample B)

e A sample of non-European origin with good washability results (Sample C)

Results attained are summarised in Table 1.
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Description Sample A | Sample B Sample C
Feed Ash Content (%) 23.6 17.9 4.6
Product Ash Content (%) 8.3 14.7 1.5
Mass pull to Product(%) 73.5 80.8 97.1
Waste Ash Content (%) 64.3 32.0 52.2

Table 1: Summary of Pilot Scale Coal Testwork

The following observations were made:
e Results attained for ROM material indicated that results comparable to washing can

be attained.

e Efficiency of the sorting process was less at smaller size fractions (<10mm) due to
limitations in resolution, as well as the carry over of small shale particles into the

product bin by the air from the valves.

e The performance and viability of DE-XRT sorting was dependant on the liberation
and washability of the material. It is thus important to evaluate the potential of XRT

coal sorting on a case-by-case basis.

Pilot scale deshaling testwork was conducted at Mintek on coal samples derived from the
Dolan Colliery. De Korte (2009) indicated that the efficiencies at cut points of 1.6 and 2.0
produced a separation efficiency (Ep) of 0.14 and 0.25 could be attained respectively. This is

in line with efficiencies attained by other dry processing techniques.

4 FORMULATION OF PROBLEM

4.1 Review of Previous Testwork

The production of relatively pure products was imperative to the financial viability of
exploiting the torbanite and coal deposit under investigation. As torbanite and coal have
overlapping densities, standard minerals processing routes were deemed unfeasible. An

innovative solution to the separation of coal from torbanite was therefore required.

Dual Energy X-Ray Transmission Sorting applications for the coal industry were the result of
collaborative work between the Delft University of Technology (Holland) and CommoDas
GmbH (Germany). The development of process for the deshaling of coal and upgrading of
coal products for niche market is well documented (Dalmijn (2004), Harbeck (2004), de
Jong, van Houvelingen and Kuilman (2003, 2004), de Jong, Dalmijn and Kattentidt (2003)
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,Harbeck and De Jong (2005) and de Jong (2006)). Much of this work presented reflects
progress made on a laboratory scale. Their combined efforts have culminated in a full scale

investigation of coal upgrading for niche markets at the Amsterdam port.

An initiative to investigate novel techniques for the separation of coal from torbanite was
established in the 2000’s, after promising results were obtained from ore sorting techniques
for coal applications. Laboratory scale testwork was conducted at the CommoDas GmbH
laboratory in Wedel, Germany during the course of 2004/2005. Hand selected specimens of
torbanite and coal were provided for testwork purposes. A number of sorting sensors were
examined, including:

e Optical sensors

e Ultraviolet sensors

e Near Infrared sensors

e X-ray transmission sensors

Examination of images derived via x-ray transmission indicated that differences in average
atomic density could be identified. These images are presented in Figure 14. Torbanite was

characterized by the speckled appearance in the images.

Coal Torbanite

Figure 14: Dual energy x-ray transmission images of coal and torbanite.

Preliminary data analysis derived from these images is presented in Figure 15.
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Figure 15: Classification of Coal and Torbanite by Relative Atomic Number, as Determined
by Dual Energy X-Ray Transmission

Based on results from Figure 15, the coal samples provided to CommoDaS generally had an
effective atomic number ranging between 7.0 and 8.0. The torbanite tended to occur at an
atomic number ranging from 9.0 to 10.0, thus facilitating a separation. As a result of these
promising findings, a calibration curve for the separation of coal from torbanite was derived,

as presented in Section 2.2.

These promising findings highlighted the need for further investigation to address the
following concerns:
¢ The sample utilized to conduct the testwork was not representative of typical
feed material. Samples provided for testwork were high quality specimens of
coal and torbanite. It was anticipated that the ore to be mined would contain a
substantial proportion of unliberated material and may contain inclusions such
as pyrite. The impacts of these on the sorting process could not be quantified
from the preliminary testwork program.
e The process had not been demonstrated at production scale or pilot scale.

Testwork at such scale could not be accommodated at CommoDas.
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Laboratory scale testwork could not provide data regarding the performance of
the sorting process, such as product purity and associated mass yields.
Sorter efficiency could not be quantified on laboratory scale

Retorting performance of torbanite product could not be established.

In order to address these concerns, a pilot scale investigation was required. A full scale

Mikrosort X-Tract sorting unit was purchased by the project sponsors, and was housed at

Mintek for the testwork campaign.

4.2 Overall Study Objectives

The objectives of the pilot scale program were as follows:

Characterisation of feed material, including washability analysis

Set-up and commissioning of a pilot scale Dual Energy X-Ray Sorter
Validation of previous testwork conducted on pure coal and torbanite samples
Investigation of the range of products attainable and associated mass yields
Process Optimisation

Process Demonstration at Pilot Scale in order to produce sufficient material

for retorting testwork

4.3 Research Questions

The research program addressed the following questions:

e Can Dual Energy X-Ray Transmission Sorting Technology be utilized to produce a

coal product of high purity?

¢ Does the torbanite product produced as a result potentially have a market?

e What are the impacts of unliberated material on the quality of the separation process

and on the quality of coal and torbanite that can be attained?

e What are the ranges of products that can be attained and the associated mass yields?

4.4 Hpypothesis

Good differentiation between coal, torbanite and shale can be noted through the use of Dual

Energy X-Ray Transmission. This differentiation is significant enough to effect a separation

between the three materials.
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S PLANT INSTALLATION AND COMMISSIONING

5.1 Plant Layout and Process Description

A production scale Mikrosort ® X-Tract DE-XRT Sorter was acquired from CommoDas

GmbH by the project sponsors.

The sorting unit consists of six modules, including:

¢ Feed Chute (with frame) , designed to ensure that the material reports to the feed

conveyor in a monolayer
¢ Feed conveyor belt and frame

e Sorting mechanism, including x-ray tube, and sensor arrays. The sensor arrays are

located under the feed conveyor belt.
¢ Electrical power supply for x-ray source and water cooling
¢ Pneumatic system, incorporating valves for ejection of particles
e Switch cabinet with control unit (MGC41) for x-ray system
® Process Logic Controller

A mini plant incorporating the required ancillary equipment such as conveyor belts, feeders
and compressors was established at Mintek. The layout of the plant is presented in Figure 16
and Table 2.
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Figure 16: Layout of X-ray Sorter
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Item No. | Description

—_

Feed Hopper

Feed Conveyor — 10m

Joest Vibratory Pan Feeder
Sorter Support Frame

Sorter Conveyor

Sorting Mechanism

Control Panel

Reject Conveyor-10m length
Accept Conveyor 1 — 7m length
Accept Conveyor 2 — 10m
length

Compressor and Receiving
Tank

Nelle RN o WAV, NN ROSEY O

—
o

11

Table 2: Annexure to Figure 16

Feed material is crushed and pre-screened to —80mm+20mm prior to sorting. The sample is
loaded into the hopper via forklift. The material is then passed to the feed conveyor and
vibrating feed pan. The vibrating pan and lip ensure that the material presents to the conveyor
belt in a monolayer and minimizes lateral movement of particles from the belt. Once on the
belt, the sample is transported to the detection zone at a speed of 3m/s.

As the material passes through the detection zone, data relating to the material is captured.
The data captured is relayed to the PLC, which applies an appropriate algorithm to the data,
identifies materials to be rejected and activates the appropriate number of valves to reject the
required particles. Material to be rejected is ejected from the stream of particles by air jets
located underneath the particle stream. Rejected material is collected in a separate bin and is
transported via conveyor to the reject stockpile. Material to be accepted is collected and

transported to the accept stockpile by means of two accept conveyors.

5.2 Mechanical Commissioning

Mechanical optimization was conducted by passing rock samples of various size and mass
through the sorter and observing how the sample behaved through the detection and ejection
zones. Two simple algorithms were applied:
e Rejection of all materials to ensure that delay times and selected air pressure were
appropriate
e Accept all materials in order to establish if splitter position is appropriate.

Adjustments were made as required based on the visual observations of each test.
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6 EXPERIMENTAL PROCEDURE

6.1 Overview of Scope of Work

The scope of work was extensive and included:
e Sample preparation
e Feed characterization

e Small scale sorting test (+- 1 ton per test) for validation of previous testwork and for
process optimization
¢ Pilot scale testwork on a 150 ton sample, operating parameters to be based on results of

process optimization tests

A schematic overview of the testwork procedure is presented in Figure 17.

6.2 Feed Preparation

Mintek received 150 tons of coal and torbanite rich material which had been pre-crushed and
screened to a size range of -80mm+10mm. The sample was bagged and weighed for
accounting purposes.
As the optimal processing size for the Mikrosort X-tract Unit is +20mm, the sample was dry
screened at 20mm. The sample of -10mm material has been dry screened at 0.5mm for feed
characterization purposes. This resulted in four size fractions, viz.:

e -80mm+20mm

e -20mm+10mm

¢ -10mm+0.5mm

e -0.5mm
The -20mm+10mm, -10mm+0.5mm and -0.5mm material was blended using cross cut

technique and representative sub-samples were removed for feed characterization purposes.
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Process Optimisation
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and Evaluation
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process conditions
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Figure 17: Schematic Overview of Testwork Objectives
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The -80mm+20mm material was focused upon for the testwork campaign. This sample was
blended by cross cut technique, and a 30 ton representative sample was removed, and split

into 1 ton samples for process optimization testwork.

6.3 Feed Characterisation

The feed material in the pre-screened size fractions were submitted to Witlab for the

following analyses:

¢ Proximate analysis

e Calorific value (CV)

e Sulphur and Types of Sulphur

e Ash Constituents and Ash Fusion Temperature

e Washability by “Float/Sink™ Analysis at cut points ranging from 1.3 to 1.8 in

increasing intervals of 0.05.

Full suite petrographics were conducted by Ms Vivien Du Cann (CSIR).

6.4 X-Ray Sorting Testwork

6.4.1 Validation of Previous Testwork

As part of the previous testwork campaign, a calibration curve as presented in Section 2.2
was derived for the separation of pure coal from pure torbanite. It was essential to ensure that
the designed algorithms were applicable to the sample received. This was a major concern at
the outset of the testwork, as it was suspected that the ROM sample received would contain
unliberated materials (including shale/coal mixtures and torbanite coal/mixtures) as well as

pyrite inclusions.

The aim of this phase of testwork was to confirm if this calibration curve was suitable for the
separation of a typical ore and to make appropriate adjustments to the rejection criteria where
necessary in order to separate the ore appropriately. The most effective means of doing this
was to capture linescan images of typical coal, torbanite and shale material and examining the

impacts of applying the calibration curve to the images.
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A sub-sample of the feed material was screened into the following size fractions:

® +75mm

e -75mm+40mm

e -40mm+20mm
These fractions were hand sorted into coal, shale and torbanite fractions with assistance from
staff from the samples origin. Care was taken to ensure that samples of dull and bright coal
were included in the coal samples. Each of these samples was photographed and numbered
for identification purposes. They were placed on sheets of brown paper and were passed
through the x-ray unit in order to take x-ray transmission images. The previously devised
algorithm was then applied to the samples by means of the Mikrosort® simulation package.
The images were scrutinized in order to determine if the algorithms were appropriate for use

on this sample.

6.4.2  Process Optimisation Testwork

Process optimisation testwork was conducted in order to examine:
e The range of coal and torbanite products that could be attained by adjusting the
rejection criteria
e The effects of liberation on sorter performance
e The feasibility of separating shale from torbanite
The major focus of the work was on optimising the quality of the coal product, without
compromising on the mass yield to coal product.
The matrix of tests conducted is presented in Table 3. This table presents the objective of

each test as well as the parameters adjusted per test.
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Test Test Type Objective Size Fraction Rejection
No. Criteria
1 Coal from Torbanite and Sorter -80mm+20mm | Reject if >70%
Shale Performance Blue Pixels
Test 1
2 Coal from Torbanite and Sorter -80mm+20mm | Reject if >60%
Shale Performance Blue Pixels
Test 2
3 Coal from Torbanite and Sorter -80mm+20mm | Rejectif >53%
Shale Performance Blue Pixels
Test 3
4 Coal from Torbanite and Sorter -80mm+20mm | Rejectif >80%
Shale Performance Blue Pixels
Test 4
5 Coal from Torbanite and Liberation -50mm+20mm | Rejectif >80%
Shale Effects Blue Pixels
6 Shale from Torbanite Clean Torbanite | Shale Removal | Rejectif >95%
Product Blue Pixels

Table 3: Optimisation Test Matrix
For consistency, each test was conducted on a 1 ton sample. Feed flowrate was restricted to 3
t/hr in order to minimize sorter error. The torbanite and coal products from each test were
collected and weighed. Sub-samples were removed for CV, Ash and proximate analysis.

These test products were submitted for full suite petrographic analysis.

6.5 Pilot Scale Testwork

Pilot scale sorting conditions were selected based on the results obtained in the optimisation
phase of testwork. Factors considered were coal product quality and mass yields to coal
product. The pilot scale testwork program was conducted in two separate stages, namely:

e Separation of Coal from Shale and Torbanite

e Separation of Torbanite from Shale

The decision to conduct the separation as two separate processing steps was derived from

observations made during process simulation for validation of laboratory scale tests.

A basic process flowsheet for the pilot scale campaign is presented in Figure 18.
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Figure 18: Two Stage Sorting Process

The sorting plant was operated at an average feed rate of 20 t/hr, which was the maximum

feed rate possible with the available equipment. Target mass yield to coal product was

derived from the optimisation testwork, and was confirmed by flowrate measurement on an

hourly basis. Sub-samples of both products produced were removed on an hourly basis and

were composited at the end of every 24 hour running period. At the conclusion of the tests,

all composited samples of coal, shale and torbanite were blended individually and submitted

for the following analyses:

Full suite petrographic analysis
Proximate and CV

Ash Analysis and Ash Fusion Analysis
Sulphur and Forms of Sulphur

Trace Element Analysis

Thermogravimetric Analysis (TGA) analysis was conducted on representative sub-sample of

the coal, torbanite and shale products by the Institute of Applied Minerals at the University of

Pretoria. The experimental procedure for these tests is presented in Appendix D.
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7 RESULTS AND DISCUSSION

7.1 Feed Characterisation

7.1.1 Chemical Composition of Feed

The chemical analysis data is presented in the form of tables and figures for comparative
purposes. Full analytical data is presented in Appendix A.
The proximate analysis, calorific value (MJ/kg) and total sulphur content for the various size

fractions are compared in Figure 19.

100.0-1 m
90.0
80.0
70.0
60.0
50.0
40.0
=
30.0
2001 i
10.0
o0 Caloriic Val Fixed Carb
o alorific Value o N ixed Carbon . o .
Mass % (Mikg) Ash (%) Volatiles (%) %) Moisture (%) S (%)
l-80mm+20mm 251 251 20.2 31.3 441 44 1.3
0-20mm+10mm 249 234 236 289 427 48 15
0-10mm+0.5mm 16.7 23.1 233 283 43.0 54 14
0-0.5mm 333 17.2 38.3 25.0 31.2 55 15
O Feed ( Calc) 100.0 21.7 27.6 28.1 39.3 5.0 14
Analysis

Figure 19: Comparison of Proximate analysis, CV and Total S for four size fractions

Figure 19 indicated that in the size fraction of interest for this testwork program
(-80mm+20mm), feed Calorific value of 25.1MJ/kg could be anticipated. This was higher
than the other size fractions examined. Calorific values of the material reporting to the
—0.5mm size fraction were significantly lower (17.2 MJ/kg) than the other three fractions
considered. Ash content of +0.5mm material ranged between 20-24% and increased
significantly with decreasing size (38.3% ash content for material reporting to —0.5mm size

fraction.).
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The samples received were of higher total sulphur content that average South African ROM
coal samples, ranging from 1.25% to 1.47%. A substantial proportion of the sulphur present

in the sample was due to the presence of pyrite inclusions within samples, as presented in

Figure 20.
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Figure 20: Forms of Sulphur Occurring in Feed Samples

Ash content in the sample was analysed as follows:
¢ Ash fusion temperature
® Ash constituent analysis

These are presented in Figure 26 and Figure 27 respectively.
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1600.0

Analysis Result

0.0
Def Soft Hem Flow
0-80mm+20mm 1446 1467 1478 1498
B -20mm+10mm 1366 1393 1411 1421
0-10mm+0.5mm 1360 1384 1406 1413
0-0.5mm 1190 1210 1246 1271

Ash Fusion Temperature (C)
Reducing Atmosphere

Figure 21: Ash Fusion Temperature for Four Size Fractions

Ash analysis presented in Figure 22 indicates that the composition of the ash products were

consistent for all size fraction examined.
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Figure 22: Variation in Ash Constituents (Major Elements)
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7.1.2  Petrographic Evaluation of Feed Samples

Petrographic analysis was conducted on all size fractions. The results are presented in Figure

23.
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Stream

B Humic Coal OMixed H/S B Torbanite @ Cbmin/Rock

Figure 23: Summary of Petrographic Feed Analysis
Based on the results obtained in Figure 23, the following can be noted:

e The ROM sample received was a particularly coal rich sample, with torbanite

accounting for approximately 2.4% of the ROM feed.

e Torbanite appeared to report preferentially to the -80mm+20mm and -20mm-+10mm
size fractions, with very marginal amounts (<3% of specific fraction) reporting to the
-10mm+0.5mm and -0.5mm size fractions. This was anticipated, as torbanite is

generally less friable than coal and is expected to break less readily than coal.

e A larger proportion of the -0.5mm material was composed of shale. This accounts for

the higher ash content reported for this size fraction.

The sorter feed (-80mm+20mm) consisted predominantly of humic coal (71.2%) with

approximately 5.2% of the sorter feed consisting of torbanite.
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7.1.3 Washability Results

Comprehensive washability results for the —-80mm+20mm, -20mm+10mm and —10mm are
presented in Table 4, 5 and 6 as well as Figure 24, 25 and 26 respectively. Comprehensive

washability data is presented in Appendix B.

In general, it was noted that all three size fractions tested could potentially be upgraded by
gravity concentration utilising DMS. By applying a cut point of 1.40g/ml the following coal
products could be attained:
e A mass yield of 54.73% would be attained for the —80mm+20mm material. The
product would have a CV of 28.35MJ/kg at an ash content of 9.33%
e Similarly, the —=20mm+10mm product would have a CV value of 28.24 MJ/kg with an
ash content of 8.68%. Mass yield would increase to 60.79% for this size fraction.
¢ The —10mm+0.5mm fraction could be upgraded from a CV of 22.26 MJ/kg to
27.96MJ/kg with a mass yield of 57.22%. Ash content could be reduced from 24.04%
to 8.40%.
The washability data does not provide an indication of the amount of torbanite present within
the —1.4 density range, and it must be acknowledged that low density torbanite material could

report to the coal product.

It was also noted that materials reporting to density fractions higher than 1.7 were ash rich,
and contained in excess of 40% Ash (CV values less than 16MJ/kg). This material accounted
for 15-25% of the material reporting to each size fraction. For the purposes of this exercise it

was assumed that this material consists of primarily of shale.
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Yield %o Moisture (%a) Ash (%) Volatile (%) Fixed Carbon (%) | Calorific Value (MJkg)|  Sulphw- Total (%)

Density Fraction [Discrete |Cunulative [Discrete |Cumulative |Diserete |Cumulative |Discrete |Cunulative  |Discrete |Cumulative |Discrete |Cumulative  [Diserete |Cumulative
-1300 079 079 £.00 .00 580 5,80 3570 3570 5250 52.50 29 66 29 66 0.51 0.51
-1.35+1.30] 3210 32.89 5.30 5.32 760 756 36.00 3599 5110 5113 2898 2900 0.62 0.62
S140+1.35] 2183 5473 490 2.15 12.00 9.33 3410 3524 4500 50.28 2731 28.35 0.65 0.63
-145+1.400 1592 70.64 440 498 18.30 11.35 3230 3458 45.00 4509 2521 2764 0.88 0.69
S1A0+145) 262 73.26 490 493 2140 11.71 2980 3440 43.90 4891 2392 2751 1.10 070
S155+1500 207 75.34 450 497 2480 1207 2930 3426 4140 4870 23.00 2738 2.19 0,74
S1A0H+155 218 7152 430 495 2740 1250 2670 34.05 4160 4850 2174 2722 1.80 0.1
-165+160[ 140 78.92 400 493 2920 12.30 2900 3396 3780 48.31 2131 2712 4.24 0.83
S1T0H165) 158 2050 450 492 3470 13.23 2360 3376 37.20 48.09 18.69 2696 388 0.89
S1I5H1LT00 155 8205 420 491 4150 1376 19.30 3349 35.00 4784 16.50 2676 112 0.90
SLEH1LTA 271 24 76 3.60 487 31.20 14.96 16.30 3295 2840 4722 12.29 26.29 346 0.98
1801 1524 100.00 2710 454 6910 2321 12.00 2976 16.20 4250 5.58 2314 336 134

Total] 100.00 454 2321 2976 4250 2314 134

Table 4: Washability Data for —80mm+20mm Size Fraction
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Figure 24: Cumulative Calorific Value and Ash vs. Cumulative Mass Yield for —80mm+20mm material
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Yield % Moisture (%) Ash (%) Volatile (%) Fixed Carbon (%) | Calonific Value (MJkg) | Sulphur- Total (%)

Density Fraction |Discrete| Cmnulative |Discrete| Cumulative |Discrete| Cumulative |Discrete| Cumulative |Discrete| Cumulative |Discrete| Cumulative |Discrete| Cumulative
-1.30 21N 21N 6.00 6.00 £.40 6.40 36,00 36,00 5160 3160 28.98 28.98 0.38 0.58
-1.35H.30 1279 2450 370 5.89 .00 6.99 3510 3567 31,20 3145 28.54 28.82 (.49 0.35
14041 35 2629 6079 560 576 1090 868 3320 34 60 5030 09 2748 2824 (.56 055
145140 8.06 69 84 480 565 16.90 87 3230 34,30 45.90 30,30 2370 2191 (.63 057
15145 310 7284 500 562 20.80 10,22 2870 411 44,50 3003 2413 211 (.83 (.58
-1.55H.50 2.36 75351 480 5.60 2430 10,70 21.80 33.8% 43.10 49,82 22.88 27.58 (.84 0.59
160155 161 T 11 470 5.08 270 1105 23.90 EEX 4170 4965 2163 2746 108 (.60
-165H160 131 7842 470 5.6 3260 1141 2320 3395 3950 4948 1946 2133 153 061
SLTHLES 171 4012 4350 504 3670 11.95 20,60 320 3820 4924 18.21 2113 144 (63
L0 138 8131 440 552 4040 1243 13.80 3303 36,40 49.02 1543 26.93 142 (.63
SLAHLTS 4 80 86,32 3.80 543 3290 14.68 16.10 32.0% 2120 4780 1196 26.12 2.88 077
14 1368 [ 100.00 330 513 £0.30 20,93 14.90 2973 21,50 44.21 863 2373 £.03 148

Total 100.00 513 2093 2973 44.21 2373 149

Table 5: Washability Data for —20mm+10mm
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Figure 25: Cumulative Calorific Value and Ash vs. Cumulative Mass Yield for —20mm+10mm Material
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Yield %o Moistare (%o) Ash (%) Volatile (%) Fixed Carbon (%) | Caloific Value (MJkg) | Sulphur- Total (%)

Density Fraction |Discrete | Cunulative|Discrete | Cumulative| Discrete | Cumulative |Discrete Cumulative  |Discrete |Cumulative |Discrete | Cumulative Discrete | Cumulative
-1.30] 16.88 16.88 6.40 6.40 3.20 5.20 3430 34.30 410 3410 28.80 28.80 0.61 061
-13541.30] 2089 | 3787 530 579 820 6.86 3410 3419 3240 33.16 28.14 2843 (.58 0,59
S1404135) 1935 | 5722 570 576 1140 840 3300 3379 4990 52.06 2103 2796 050 056
-145+41400 676 6393 520 570 15.90 919 3290 3369 46.00 5142 2534 2768 053 056
S15041450 375 6773 500 566 19.90 978 2970 3347 4540 51.08 411 2148 059 056
-15541.500 260 70.33 510 5.64 2390 10.30 2170 33.26 43.30 50.80 22.38 2730 081 057
S16H155 168 72.01 4.60 5.62 30.30 1077 2460 33.06 40,30 3055 19.94 2112 053 0,57
S1e1 600 155 73.56 4 60 560 3090 11.20 2390 32 86 4060 5035 19.64 2697 111 058
1704165 1T 7521 450 557 3720 11798 2010 3257 3820 5007 1742 26775 064 053
-175-1700 164 76.91 4.10 5.54 40.30 12.40 18.30 3227 0| 4879 16.31 26.93 0.57 0,58
-1E0-175 463 81,54 4.10 546 3030 14.55 16.90 3140 2870 | 486D 12.30 23712 1.02 061
+180] 1846 [ 10000 280 497 6590 2403 14.20 2822 1710 | 4278 6 96 22.26 491 140

Total| 100.00 497 24.03 28.22 42,78 22.26 1.40

Table 6: Washability Data for —10mm+0.5mm Material
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Figure 26: Cumulative Calorific Value and Ash vs. Cumulative Mass Yield for —10mm+0.5mm Material
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7.2 Validation of Preliminary Laboratory Testwork

7.2.1 Observations Derived from Simulation Results

X-Ray Transmission images of typical coal, torbanite and shale samples (-80mm+20mm),
hand picked from the ROM stockpile are presented in Table 7. The calibration curve derived
from well liberated coal and torbanite samples during laboratory tests at CommoDaS in
Wedel was applied to these images, utilising the Mikrosort® simulation package. Simulated

images with density classifications in red/blue are also presented in Table 7.

Qualitative analysis of the simulation images proved to be adequate in order to draw
conclusions regarding the suitability of the calibration curve for separating typical ROM ore.
As demonstrated in Table 7, the simulation images showed that a clear distinction between
coal and torbanite could be obtained. The reason for the clear distinction is uncertain, but it is
presumed to be due to the waxy nature of the torbanite material.

Observations from examination of the images included:-

e Torbanite particles displayed “speckled” characteristics consistent with laboratory
scale findings. This allows for the separation of torbanite from shale.

e X-ray images clearly displayed “bands” of shale or torbanite present within the
structure of the coal particles, which is characteristic of this coal deposit. A good
example of this is demonstrated in Figure 27 .

e Large pyrite inclusions were also detectable in the images, as is presented in Figure
28. This implies that large inclusions could be detected and potentially rejected from

the coal product in order to reduce sulphur content.

44
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Table 7: Simulation of Existing Algorithm for —70mm+40mm Samples




: -
Figure 27: Band of Shale/Torbanite (Represented in Blue) Within Coal Seam
(Represented in Red)

o

Figure 28: Coal Particle with Pyrite Inclusions (Represented in Blue)

Based on these findings, it can be concluded that the calibration curve derived from
the laboratory scale investigation is adequate for the separation of typical ores,
because sufficient differentiation could be attained between the coal and torbanite.
However, the algorithms previously derived would need to accommodate unliberated
material, which was not accounted for in the preliminary laboratory testwork. This is
done by adjusting the rejection criteria of the algorithm, i.e. the percentage of blue
pixels allowed to report to the coal “product stream” to a point where a suitable coal
product is attained.

As both torbanite and shale are represented predominantly by high density pixels, an
additional sorting step would be required in order to remove shale rich material from
the torbanite product. The simulation results indicate that this could be achieved
utilizing the same calibration curve by rejecting particles with very high percentages
of dense material (>90%). As with the first sorting stage, the rejection criteria for the
second stage should also be optimized. However, the addition of an extra sorting stage
has major cost implications in terms of capital requirements. It was recommended that
the effects of retorting the shale material with the torbanite be investigated initially to
evaluate the necessity of the additional processing stage. For this reason, the
separation of torbanite and shale is presented in this report for demonstration purposes

only.
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7.3 Optimization Testwork

7.3.1 Effects of Program Sensitivity on Coal Product Quality

This test series demonstrated the impacts of the program sensitivity on the quality of
products that can be attained. The rejection criterion was varied to examine its effects
on product quality and mass yield. The effect of increasing the percentage of blue

pixels permitted to report to the product stream is presented in Figure 29 and Table 8.
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Figure 29: Variation of Mass Pull and Coal Product Quality with Changes to Sorting
Criteria

As anticipated, mass yield increased as the percentage of high density material
permitted to report to the coal product increased, as more material fell within the
sorting criteria. This allowed for the introduction of more high density unliberated
coal pieces to the coal product, resulting in increase in Ash content and reduction in

Calorific Value.
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TestNo. Rejection Criteria Stream Mass Yield (%) CV (ALI/kg)| Ash (%o)| Moisture (%) Volatiles (%)] Fixed Carhon (%) | Total 8§ (%)
Coal Product 65.0 273 123 36 329 4912 1.0
1 Reject »70% Blue Torbanite and Shale Product 350 145 492 3 208 264 25
Reconsituted Feed 100.0 22.8 25.2 4.9 28.7 41.2 1.3
Coal Product 48.1 28.1 10.1 53 339 507 08
2 Reject »60% Blue Torbanite and Shale Product 519 187 373 38 253 336 26
Reconsituted Feed 100.0 232 242 4.3 294 41.8 1.7
Coal Product 419 282 103 51 337 507 08
3 Reject »53% Blue Torbanite and Shale Product 571 200 336 38 259 36.7 17
Reconsituted Feed 100.0 235 237 4.4 20.2 42.7 13
Coal Product 718 269 133 55 316 184 1.0
4 Reject =80% Blue Torbanite and Shale Product 282 13.1 516 33 201 25 28
Reconsituted Feed 100.0 230 242 4.9 20.1 41.8 1.3

Table 8: Effect of Program Sensitivity on Product Quality
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The variation of calorific value, volatiles and Ash content with mass yield to the coal

product is presented in Figure 30 and 31 respectively.
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Figure 30: Variation of CV, Volatile and Ash Content of Coal Product with Mass
Yield
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Figure 31: Variation of CV, Volatile and Ash Content of Torbanite/ Shale Product
with Mass Yield

A summary of the petrographic composition of the coal and torbanite products is

presented in Figure 32 and 33 respectively.
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Figure 32: Variation of Coal Product Composition with Mass Yield (by Volume)
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Figure 33: Variation of Torbanite/ Shale Product Composition with Mass Yield (by
Volume)
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Based on the sample received, a saleable quality coal can be produced up to mass
yields of 48.1% to coal product. Under these conditions, products had a CV of
28.1MJ/kg at an Ash content of 10.1%. The torbanite and shale product derived would
have a CV of 18.7MJ/kg and have an Ash content of 37.3%.This constituted an
upgrade in coal composition from a feed stock consisting of approximately 71.0% (by

volume) humic coal to 91.0% (by volume) humic coal, as illustrated in Figure 32.

Torbanite contamination in the coal product was marginal at a mass yield of 42.9%,
but did increase up to 2% as mass yield to coal product was increased. The major
contaminants in the coal product included interlocked particles, mixtures of
humic/sapropelic coal, shale and mudstones. Such contamination accounted for

between 9 and 14%, depending on the mass reporting to the coal product.

Some contamination of the coal product by interlocked and mixed humic/sapropelic
coal was anticipated as a direct consequence of algorithm design. Interlocked and
mixed pieces which have a higher proportion of coal would often have shale and
torbanite compositions well below the rejection criteria and would therefore report to
the coal product. This is demonstrated in more detail when coal recovery is discussed

in Section 7.3.2.

It was observed that shale and mudstone particles that reported to the coal product
were correctly placed into the torbanite/ shale product if passed through the sorting
unit a second time. This suggests that these particles have been derived from
interlocked particles which have broken during the vigorous ejection and handling

process after sorting has taken place, or have been misplaced by sorter error.

7.3.2  Effect of Program Sensitivity on Coal and Torbanite Recovery

Figure 34 presents the distribution of the various mineral components to the coal and
torbanite/shale products. This figure indicates the percentage (by volume) of coal,
shale and torbanite present in the feed that reports to the coal product, as well as

torbanite and shale product.

52



429 481 65.0 718 100 (Feed)
Mass Yield to Coal Product

@ Reporting to Coal Product mReporting to Torbanite/Shale |

5 10004 - 100.0 -
2 900/ 2 900
by -]
& 8004 &£ 80.0-
2 )
= 70.0 = 70.04
£ £
T 6004 £ 6004
=]
=
50.0 4 £ 5004
& 3
g 4004 = 40.0
@«
& 3001 £ 200
5 20.0 4 % o000
== ==
g 10.0 A ; 10.0
0.04 0.0
429 481 65.0 7.8 100 (Feed) 429 481 65.0 718 100 (Feed)
Mass Yield to Coal Product Mass Yield to Coal Product
@ Reporting to Coal Product B Reporting to Torbanite/Shale E Reporting to Coal Product B Reporting to Torbanite/Shale |
Coal Distribution (by Volume) Torbanite Distribution (by Volume)
100.0 4 100.0 4
B T
2 90.0 2 90.04
k=) =
& 80.04 &  80.0
k=] =
'é 70.04 'é 70.0 1
£ 60.04 £ 60.0
2 so0d 2 sood
& 3
= 40.0 = 40.0
E g
& 30.0 & 30.0 4
s 20.04 ] 20.0 4
= ==
g 10.0 4 g 10.0 A
0.04 0.0 4

429 481 65.0 718 100 (Feed)
Mass Yield to Coal Product

|l Reporing to Coal Product B Reporting to Terbanite/Shale |

Mixed HfS Distribution (by Volume)

CBMIN/Rock Distribution (by Volume)

Figure 34: Recovery of Various Feed Components to Coal Product
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At a mass yield of 42.9% to coal product, only 55% (by volume) of the coal present in
the feed material was recovered to the coal product. It was anticipated that the primary
cause of coal losses to the torbanite and shale fraction was owing to the presence of

unliberated material in the ROM sample. The reason for these losses is demonstrated

in Figure 35.
Interlocked Particle (50% High density)
Scenario 1 Scenario 2
Sorting Scenario Reject > 40% Reject > 70%
High Density High Density

J U

Particle Fails the
Rejection Criteria

!

Sorting Evaluation

Sorting Outcome

Figure 35: The Effect Of Rejection Criteria on Unliberated Material

As demonstrated in Figure 35, the proportion of shale or torbanite within unliberated
particles defines whether the particle will report to the coal or torbanite fraction, based
on the applied rejection criteria. In order to meet the requirements for a torbanite free,
high grade coal product, low rejection criteria are required to minimize the amount of
interlocked material reporting to the coal product. This has the following

implications:-
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e The torbanite and shale fraction will always contain some coal, as a
proportion of the unliberated material will report to the torbanite and shale

fraction.

e Lower grade, dull coals may also be misplaced to the torbanite/shale product,

as was visually observed during this testwork program.

e Recovery of coal to the coal product would be low, as observed by the

optimization testwork.

Coal recovery increased significantly as mass yield to coal product was increased
(90% recovery at a mass yield of 71%.) However, the increase in mass yield resulted
in the introduction of torbanite, as well as more interlocked material into the coal

product. This impacted negatively on the coal product CV and Ash content.

Based on visual examination of the torbanite and shale product, it would appear that
the majority of the misplaced coal samples at high mass yields to coal product contain
substantial proportions of pyrite, present as bands across the length of the particle.
This is further substantiated by the reduction of sulphur content of the coal product.
Pyrite rich coal samples tended to report to the shale fraction during second stage

processing due to their high density.

Vitreous coal was also noted to report to the torbanite and shale products at high mass
yield to coal product. The presence of vitreous coal within the torbanite fraction can

be beneficial in the retorting process.

7.3.3  Effect of Degree of Liberation on Sorter Performance

The effect of degree of liberation on the sorting performance is demonstrated
graphically in Figure 36. This figure presents simulated x-ray images of torbanite

samples at various fractions.
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Figure 36: Simulation Images of Torbanite at Various Size Fractions

Figure 36 demonstrates that liberation in the -80mm+20mm size fraction is poor, but
is significantly improved at -50mm+20mm. Reducing the top size of the material to
50mm by means of further communition would have positive impacts on the overall

mass yield to coal product and coal product purity.




An additional test (Test 5) conducted on -50mm+20mm material confirmed this
finding. The test was conducted at a mass yield similar to that of Test 4 (refer to Table
8) conducted on -80mm+20mm material in order to compare sorter performance. The

results are compared in Figure 37.

100.0

87.0
84.0

90.0

80.0

78
700 {— S

60.0 T—

50.0 +—

40.0 +—

269 276
30.0 +—
20.0 +—
185 454
100 7.0
10.0 +—
40 20 5.0
1.0 '
0.0 ; ; ; ; [ ‘ '_- ‘
Coal Product Mass CV (MJ/kg) Ash (%) Humic Coal (%vol)  Torbanite (%vol)  Mixed H/S (% vol) CBMIN/Rock (% vol)

Yield (%)

[@-80mm+20mm @-50mm-+20mm |

Figure 37: Comparison of Coal Product at Processing Size Ranges of
-80mm+20mm and -50mm+20mm

The results of Test 5 indicated that at similar mass yields to coal product:-
e (Calorific value could be improved from 26.9MJ/kg to 27.6 MJ/kg. Ash content
could be reduced from 13.5% to 12.1% by reducing the top size from 80mm
to 50mm

e Torbanite and shale content could be reduced by 3%.
It is recommended that further optimisation of the processed size fraction be

conducted, including examination of various crushing techniques, as this may

improve the sorter performance significantly.
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7.4 Deshaling of Torbanite Product

As discussed in Section 7.2, the deshaling of the torbanite product was conducted only
to demonstrate that the process was feasible. The deshaling test was conducted at 95%

sensitivity.

The results, including petrographic analysis of the resulting products are presented in

Tables 9, 10 and Figure 38.

Stream Mass Yield (%)|CV (MI'kg)| Ash (%) |Moisture (%0)| Volatiles (%)| Fixed Carhon (%)| Total § (%)
Coal Product 68.9 1761 121 47 339 493 09
Torbarite and Shale 311 151 464 3l 200 133 34
Feed Material 100.0 133 13 4l 296 4.2 L7

Stage 2

Torbaite 174 188 373 19 16 32 27
Shale 516 121 M7 35 176 B7 40
Torhanite and Shale 100.0 153 46.5 4l 200 2.2 34

Table 9: Results of Deshaling Tests

Composition (% volume)

Stream Mass Yield (%)| Humic Coal [Mixed H/'S| Torbanite |Total Organicl Chmin/Rock
Coal Product 63.9 §7.0 50 1.0 93.0 70
Totbaite and Shale 311 356 78 6.3 497 503
Feed Material 100.0 710 30 2.6 79.3 205

Stage 2

Torbanite 474 40 11.0 11.0 66.0 340
Shale 526 280 50 20 350 63.0
Torbanite and Shale 100.0 356 7.8 6.3 49.7 303

Table 10: Petrographic Analysis of Samples Derived From Deshaling Test
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100.0

Composition (vol%)
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‘lCoaI Product M Torbanite Product B Shale Discard ‘

Figure 38: Summary of Petrographic Analysis- Deshaling Tests.
Based on the rock and carbonaceous mineral content of the shale product (65% by
volume), and torbanite content (2%), it would appear that, in principle, the separation
of torbanite from shale is feasible. It was noted that:-

e The shale discard had a calorific value of 12.1MJ/kg, and an Ash Content of
54.7%. The shale product consisted of approximately 16.4% of the
-80mm+20mm sorter feed.

e The shale product has high total sulphur content (4.0% S). It is anticipated that
coal material with large pyrite inclusions report to the shale fraction due to the
high density of the inclusions. Other humic coal is present in the shale discard
is attributed to interlocked material with very high shale compositions.

e Torbanite recovery can be improved through optimization of the selection

criteria
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7.5 Production of Bulk Coal and Torbanite Products

7.5.1 Overall Process Mass Balance

Pilot scale testwork was conducted using very conservative rejection criteria in order
to obtain reasonable mass yields to the coal product. A rejection criterion of 60% was
selected. The mass balance presented in Figure 39 takes all streams, including
undersize sample that were not suitable for sorting into account. Comprehensive

analysis of the products is presented in Appendix D.

A relatively small proportion of the ROM material reports to the -80mm+20mm size
fraction. The sorter feed consists of approximately 25.5% of the ROM feed material.
Typically, the size distribution for coal operations is approximately 50-60% reporting
to the +20mm fraction. There is at present no feasible means of upgrading the finer
material. As a result, only 17.2% of the ROM feed material is recoverable as a coal
product and 5% of the overall feed is recoverable as a torbanite product. A means of
maximizing the percentage of ROM material reporting to the feed is required to

ensure that the process is financially viable.

The coal product has a calorific value of 27.6MIJ/kg, with an ash content of 11.5%. As
a conservative program was utilised, this grade could be improved by reducing the

rejection criterion to 50%.

The grade of the shale product produced is consistent with washability results attained
for the—1.75 SG fraction, and contains a calorific value of 8.9MIJ/kg, 61.3% ash. This

product contained 75.6% non-organic material.
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*-Ray Sorter

Coal Product
ROM Feed H-Ray Sorter
Primary Crusher
EI Torbanite Product
? > Shale Product

10rmrm

(&

0.5mm

Chemical Evaluation Petrographic Evaluation
CV Ash ] Moisture | Volatiles| Total § | F/Carbon {Humic Coal |Mixed H'S |Torbanite|Total Organic | Chmin/Reck
Stream Description Size Mass ' [ MJ/Kg (%) {%) (%) (") (%) (") () [k} (%) {%)

1 ROM Feed ROM 100.0 220 5.3 54 286 14 40.2 678 6.0 24 78.0) 24.0
2 Crushed ROM  |-B0mm 100.0 220 5.3 54 286 14 40.2 B7.6 6.0 24 76.0) 24.0)
3 Sorter Feed -B0mm+20mem %5 238 223 44 304 12 436 7.2 5.7 5.2 82.1 179
4 -20mm product  |-20mm+10mm 254 240 216 5.3 27 148 43.8 772 4.0 3.0 4.2 15.8
g -10mm product  |-10mm+0.5mm | 17.2 236 219 87 258 14 437 737 4.6 26 0.9 19.1
B -0.5mm product  |-0.5mm 3.9 18.1 356 6.2 6.0 148 326 538 76 1.0 62.0) 38.0
7 Coal Product -B0mm+20mm 17.5 75 114 5.0 34.0 0.3 a0.6 878 44 40 9.2 3.8
i T+5 Product -B0mm+20mm 8.6 16.1 443 32 233 2.0 29.0 74 8.2 7.7 534 45.6
9 Torbanite Product |-80rmm+20mm 5.0 2.4 Sl 34 258 1.0 /7 482 128 127 747 253
10 Shale Product  |-B0mm+20mm 36 8.9 A1.3 28 15.8 3.4 20.0 214 2.0 1.0 24.4 75.6

Figure 39: Bulk Product Mass Balance
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7.5.2  Comparison of Pilot Scale Investigation and Optimization Testwork

Figure 40 and Figure 41 compare the x-ray sorter performance at optimisation and pilot

production scale. Both tests were conducted at the same sensitivity level, and provide an

indication of the robustness of the sorting process.

B0.0+

Grade

Analysis

W Test 2 Optimisation |

| O Bulk Coal Product

Figure 40: Chemical Comparison of the Coal Products of Optimisation Test 2 and Bulk
Production Test
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Composition (%)

2 D | D |
& g & g &
Hurmic Coal Mixed H/S Torbanite Total Organic Chmin/Rock
Analysis
‘ 0 Bulk Coal Product B Test 2 Optirnisation ‘

Figure 41: Petrographic Comparison of the Coal Products of Optimization Test 2 and
Bulk Production Test

The results attained on pilot production scale (10t/hr) are consistent with those attained
on optimisation scale (3 ton/hr), with the exception of the improved torbanite recovery in
the bulk processing exercise. This indicates that the process is particularly robust within

these process parameters.
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7.6 TGA analysis of Torbanite Products

A comprehensive TGA report from University of Pretoria is presented in Appendix E.

The TGA analysis of the coal, shale and torbanite products indicate that volatiles release
occurred as two separate but overlapping events. At a temperature of approximately
450°C, maximum release of volatiles occurred for the torbanite sample. At approximately
550°C all volatile material has been removed from the sample. This is favourable, as
cracking starts to increase at a high rate from a 450-500°C. The most valuable and useful
diesel fraction is allowed to boil up to 395°C. The heavy diesel product could potentially

be utilised by the Sasol Secunda to upgrade excess light diesel product (Goosen, 2006).

8 CONCLUSIONS

Dual Energy X-Ray Transmission Sorting has been utilised successfully in the separation
of Coal from Torbanite. The technique has demonstrated that differentiation between
coal, torbanite and shale could be attained, and that the differentiation was significant
enough to effect a separation. Calibration curves derived from high quality coal samples
during preliminary laboratory testwork proved to be adequate, and did not require
adjustment. However, rejection criteria established for purer coal samples were
inappropriate, and required adjustment to accommodate unliberated material present in

the ROM sample.

A two stage sorting process was required in order to produce a coal, torbanite and shale
product. The deshaling of torbanite was conducted utilising the same calibration curve,
but at a higher rejection criteria. This additional stage would have cost implications in
terms of capital expenditure. It is recommended that the impact of the shale
contamination in the torbanite product be investigated from a syncrude quality

perspective, in order to establish the necessity of this additional processing stage.

Optimisation testwork conducted on the samples indicated that a high purity coal product
could be attained. Coal products with marginal torbanite contamination could be attained

at rejection criterion of 53% or less. This has not been accomplished by any other
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processing technique. Based on the sample received, 42.9% of the material reporting to
the sorter feed could be recovered. The product had a calorific value of 28.1MJ/kg with

an ash content of 10.1%, and could therefore be a marketable product.

A number of issues arose from the proportion of unliberated material present in the sorter
feed. The unliberated material reported to either the coal or torbanite fraction, depending
on the ratio of coal to torbanite/shale within the particle, as well as the rejection criteria

defined. This had the following impacts on sorter performance:-

¢ In order to produce a high grade, torbanite free coal product, low rejection criteria
were required. As a result, a significant proportion of the coal present in the sorter

feed was lost to the torbanite fraction.

e Low mass yields to coal product were required to produce a torbanite free

product.

e Torbanite products will always contain unliberated coal/shale particles, if high
purity coal products are targeted. The retorting process will therefore need to be

very robust, and be able to tolerate the presence of up to 55% by volume of coal.

It was observed that reducing the processing size from -80mm+20mm to -50mm+20mm
resulted in reduced coal losses, as well as improved coal quality in terms of calorific

value and ash content.

The results attained from pilot scale processing of a bulk sample were consistent with
results attained from optimisation tests at the same program conditions, indicting that the

X-ray sorting process is robust.

TGA analysis of the resulting deshaled torbanite product from the pilot test program
indicated that the heavy diesel product produced from the retorting process could

potentially be utilised by Sasol to upgrade excess light diesel product.

An issue arising from the pilot sorting campaign that needs to be addressed is the low
proportion of the ROM feed material reporting to the sorter feed as a result of the size
distribution of the sample received. As a direct result, the coal and torbanite products
represent a very small proportion of the overall ROM feed. Techniques for the separation

of coal from torbanite in fine size fractions have yet to be evaluated. It is therefore
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essential from a financial perspective to maximise the proportion of the ROM material

reporting to the sorter.

9 RECOMMENDATIONS

A number of recommendations are proposed to address issues arising from the testwork

program:-

9.1 Minimising The Proportion of Unliberated Material

An investigation into means of minimising the proportion of unliberated material into the
sorter feed should be conducted. Such an investigation should include:
e Optimising the top size for the sorting process, by crushing ROM feed material to
various top sizes.
e New technology such as High Pressure Grinding Rolls (HPGR) could potentially
exploit the differences in breakage characteristics between coal, shale and

torbanite, resulting in preferential liberation at coarse sizes.

9.2 Maximising the Proportion of ROM Material Reporting to the Sorter Feed

It is recommended that the following alternatives be investigated in order to exploit more
of the available resource:-
e The size distribution of the sample received is atypical, and should be
confirmed by conducting a full ROM size distribution.
e Use of alternative mining and crushing techniques should be examined, with
the objective of minimising fines production.
® An investigation into the minimum processing size should be conducted.
Based on the sample received, the proportion of ROM material reporting to
the sorter feed could be increased from 25.5% to 51.1% by mass if reducing
the bottom size for processing from 20mm to 10mm. Reduced throughput as
a result of reducing the bottom processing size would also need to be

considered.
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e Petrographic analysis of the -0.5 mm material indicated that this consisted
predominantly of coal. The potential of upgrading this size fraction by means
of spirals in order to produce a clean coal product should be investigated, as
this would provide an alternative means of increasing the proportion of ROM

material reporting to the product.
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11 APPENDICES

11.1 Appendix A: Feed Analysis Certificates

Lish Fusion Terperature ¥ Ve ¥
i i i Yo i) Yo Yo *C Redueing Atrosphere Yo Yo Yo Yo Pymitical | Bulfate | Organic
Sample Identity H,0 Lgh | Volatlle | FiCatbon | Cal Value iT Sulphuri  Phos Def Soft Hem Flow | Cathon iHydrogen! Nitrogen | Oxygen | Sulplwr | Sulphur | Sulphur
COAL FEED +20mm 4.4 anz 313 441 2308 133 1446 1467 1473 1493 338 411 1.55 31lE 075 0.03 0.45
COAL FEED-20murcH O, @ 48 234 29 427 2335 1.46 1366 1393 1411 1421 508.21 348 1.25 599¢ 100 0.1 0.44
COAL FEED-10mmot) Sreee ;5.4 233 283 430 2310 139 1360 1384 1406 1413 58.84 366 1.24 617 092 0.a7 0.42
COMLL FEED-0 St 35 383 250 3.2 1724 1.47 1190 1210 1246 1271 0.53 0.03 0.75
Lish Constituent Snalyses
Y Y Y Y Y Y Y % % % % Y Y Y Y i
Sample Identlty 5101 A1203 FE}O3 TIOg Png Cal) MgO 503 N&go Kgo CI'103 WInQ VjOj ZIO: BaD i)
COAL FEED +20mm 3930 1 2468 6,79 101 0.06 196 136 245 0.43 138 0.02 0.02 0.02 0.04 0.07 0.05
COAL FEED- 20t Oreze @ 5987 ¢+ 2372 790 0.97 0.08 193 128 227 0.44 143 0.02 001 0.02 0.04 0.05 .04
COAL FEED-10mrmH] S | 5970 ¢ 23771 7.80 0.97 0.08 151 132 2.3 0.55 1 0.05 001 0.02 0.05 0.06 0.04
COAL FEED-0.5numn ] 1512 746 0.8 0.06 491 1.58 3.53 0.7 23 0.25 004 00t 004 007 003
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11.2 Appendix B : Comprehensive Washability Data
-80mm+20mm Sample

Flass g e vield P HzD Fo Ash e “oalatile e Fixed Carbon| Sal ~al - kAji<g P T Sulphur
Satmnple ldentity Total Fract Fract Curmul Fract Curmiual Fract —urmul Fract Curmul Fract Curmiual Fract Curmual Fract Curmul
Fass=~"3.520kg| 73520
F e 1.30 f=1=]] a.5 a5 =.0 =.0 =.5 5.8 357 357 2.5 2.5 Z29. 65665 Z29.65665 0.51 0.51
F & 1.535 25500 2.1 2.9 5.5 =.35 il =] 7.5 5.0 S5.0 =1.1 1.1 25.95 =Z9.00 o.52 o.52
F & 1.40 15050 21.8 =1 4.9 5.2 120 9.3 S4.1 352 A9.0 S50.3 27 .37 28.35 O.65 0.53
F &2 145 11700 15.9 OB 4.4 =.0 1=5.3 11.4 2.3 3465 A45.0 Aa49.1 =25.21 2754 0.53 o.s59
F e 1.50 1925 2.6 3.3 4.9 =.0 =21.4 11.7 29.3 4.4 45.9 45.9 =Z23.92 =27.51 1.10 0. 0
F & 1.595 1525 2.1 5.3 4.5 =.0 =24.5 12.1 2935 S4.5 41.4 457 Z25.00 2735 219 o.74
F & 1.60 16065 2.2 TS 4.3 4.9 274 125 2657 S4.1 416 A5.5 21.74 2722 1.80 o.77
F &2 1.65 1030 1.4 ri=R=) 4.0 4.9 =29.2 123 =29.0 4.0 =78 A5.3 =21.37 2712 4.24 0.53
F e 1.70 1150 1.6 =S0.5 4.5 4.9 =4.7 13.2 2365 33.8 =72 45,1 15.689 Z25.95 =.853 o.59
Fi&e 1.75 1155 1.5 S2.0 4.2 4.9 41.5 13.5 19.5 35.5 =5.0 47.5 15.50 25.75 1.12 o0.90
F & 1.80 1995 2.7 845 3.5 4.9 51.2 15.0 15.5 335.0 25.4 A7 .2 1229 25.29 3.45 0.95
SiEe 1.50 11200 15.2 100.0 2.7 4.5 B59.1 23.2 12.0 29.5 15.2 A2.5 =55 =Z23.14 =.068 1.34
Total FS512 100.0
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-20+10mm Sample

Mass g %% Yield ¥ Hz O % Ash %% “olatile %% Fixed Carbon| Cal ~al - Mjfg %% T Sulphur
Sarmple Identity Total Fract Fract Curmul | Fract Curmul Fract Curnul | Fract Cumul | Fract Curmul | Fract Curmul | Fract Curmul
Sample Mass 52770
F & 1.30 11457 21.7 21.7 5.0 5.0 5.4 5.4 36.0 35.0 51.6 51.6| 2593 25.95 0.55 0.55
F & 1.35 E750 12.5 34.5 5.7 5.9 5.0 7.0 35.1 35.7 51.2 51.5| 285.54| 25.82 0.49 0.55
F & 1.40 13870 26.3 E0.5 5.6 5.8 10.9 5.7 33.2 34.6 a0.3 51.0| 27458 25.24 0.55 0.55
F & 1.45 ATVE 9.1 59.8 4.9 57 15.9 9.7 32.3 34.3 45.9 50.3| 2570 27.91 0.58 0.57
F & 1.50 1536 3.1 729 5.0 55 20.8 10.2 29.7 34.1 44.5 501 24.13| 2¥.75 0.83 0.58
F & 1.55 1352 2.5 75.5 4.8 5.5 24.3 10.7 27.8 33.9 43,1 A49.8| 2288 2F.58 0.584 0.59
F & 1.60 545 1.5 Firi 4.7 5.5 27.7 11.0 259 33.7 41.7 A9.5| 21.53| 2¥.45 1.08 0.50
F & 1.65 559 1.3 78.4 4.7 5.5 32.5 11.4 23.2 33.5 39.5 A49.5 19.45| 27.33 1.53 0.51
F @& 1.70 j=]u]n] 1.7 801 4.5 5.5 35.7 11.9 20.5 33.3 38.2 49.2 18.21 27.13 1.44 0.53
F&@1.75 733 1.4 81.5 4.4 5.5 40.4 12.4 18.8 33.0 35.4 49.0 15.45| 25.95 1.42 0.55
F & 1.80 2535 4.8 85.3 3.8 5.4 52.9 14.7 15.1 321 272 A7.8 1195 25.12 2.858 0.77
SigEe 1.80 7220 13.7 100.0 3.3 5.1 0.3 20.9 14.9 29.7 21.5 44 .2 865 23.¥73 5.03 1.49
a
Total 52765 100.0

-10mm-+0.5Smm Sample
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MMass g %5 YWield % Hz O Y Ash %5 Walatile %% Fixed Carbon| Cal “al - Mif<g % T Sulphur
Sample ldentity Total Fract Fract | Curmul | Fract Curnul | Fract | Curnul | Fract | Curmul | Fract | Curmul | Fract | Curmul | Fract | Curnul
Sample Mass ZE030
F g 1.30 4361 16.9 16.9 .4 5.4 5.2 5.2 34.3 34.3 54.1 4.1 25.80| 25.80 0.61 0.61
F g 1.35 5423 21.0 379 5.3 5.8 8.2 5.9 34.1 34.2 52.4 53.2| 28.14| 28.43 0.58 0.52
F & 1.40 s000 19.4 a7.2 = 5.5 11.4 5.4 33.0 33.8 49.9 521 27.03] 27.96 0.50 0.565
Fig 1.45 1746 5.5 54.0 5.2 5.7 15.9 9.2 32.9 33.7 46.0 S51.4| 2534| 27 63 0.53 0.56
F & 1.50 === 3.8 B7.7 5.0 8.7 19.9 9.8 29.7 33.5 45.4 21.11 24.11 27.48 0.52 0.56
F & 1.55 672 256 0.3 5.1 5.6 23.9 10.3 277 33.3 43.3 S0.8| 2238 27.30 0.51 0.57
F & 1.60 435 1.7 72.0 4.6 5.6 30.3 10.8 24.6 33.1 40.5 S0.6| 1994 2712 0.53 .57
F & 1.65 399 1.5 736 4.6 5.6 30.9 11.2 23.9 329 40.6 S0.3| 19.64| 26.97 1.11 0.55
Fige 1.70 442 1.7 75.3 4.5 5.6 372 11.8 20.1 326 358.2 50.1 17.42] 26.75 0.64 0.55
Fi&1.75 424 1.6 6.9 4.1 5.5 40.5 12.4 18.3 32.3 371 49.8| 16.31 26.53 0.57 0.58
F & 1.80 1196 4.6 §1.5 4.1 5.5 50.3 14.5 16.9 31.4 28.7 45.6 12.30] 2572 1.02 0.61
Sig 1.80 4770 18.5] 100.0 28 5.0 B5.9 24.0 14.2 28.2 17.1 42.8 96| 2226 4.91 1.40
Total 25536 100.0
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11.3 Appendix C:- Optimisation Testwork Raw Data

Streain Mass Yiald = W Pal aisture Walatiles Fixed Carlson| Total S
Coal Product 55.0 27 .54 12.5 56 32.9 49 2 1.02
Tarbanile + Shale 3.0 14.53 49,2 3.E 20,5 25.4 2.47
Taotal 100.0 229 252 4.9 287 41 2 1.5

Stroean Mass vicld [ Ash Ml cisture Volatiles Fixed Cartbon| Total 5
Coal Product 451 26.13 101 53 EEE] 0.7 073
Torbanite + Shale 51.9 18,73 a7 .3 3.8 253 236 2.6
T axtaall 100.0 .3 24.2 4.5 29.4 41.8 1.7

___Susam Mass Wield % oW Asly M aistune Walatiles Fixed Catbon| Toeral S
Coal Product 428 28.18 10.5 5.1 437 507 0.77
Tarbanite + Shale S7.1 20.00 336 3.8 25.9 357 1.74
Total 100.0 235 237 a.a FEN] a2 7 ]

Straan Mass Yiald % A Azl Malstura Volatiles Fixad Cartlbon| Total 5
Coal Product 7.8 2604 13.5 - 325 434 _08s
Tarbanite + Shals 252 1307 = = 3.3 201 25 2.5
T ol 100.0 23.0 24.3 4.9 29.1 41 B 1.5




Compositio

Stream

Mass Yield

0-":3!

Humic Coal

Mixed H/'S

Torbanite

Total Organic

Chmin/Rock

Coal Product 55.9 =1 =] 1 9= -
Torbanite + Shale =1.1 9565 7.8 5.3 A9 .7 S0.35
Total 100.0 1.0 .9 2.5 =R 20.5

Stage 2

Compositio

Stream

Mass Yield

0-":3!

Humic Coal

Mixed H/'S

Torbanite

Total Organic

Chmin/Rock

Taoarbanite 47 .4 44.0 11 11 ==} S
Shale 52.6 25.0 =] 2 35 |=1=)
Total 100 356 il =] 5.3 497 S0.3

Compositio

Stream

Mass Yield

0-":3!

Humic Coal

Mixed H/'S

Torbanite

Chmin/Rock

Coal Product B55.0 59 < 1 94 =]
Torbanite + Shale =50 =0 =N ] <1 A5 =1
Total 100.0 534 = 2.0 .2 238

Compositio

Stream

Mass Yield

0-":3!

Humic Coal

Mixed H/'S

Torbanite

Chmin/Rock

Coal Product 45,1 91 £ 1 95 £
Torbanite + Shale 51.9 Lis] 2.0 ki 53 =37
Total 100.0 =37 5.1 4.1 782 =11

Compositio

Stream

Mass Yield

0-":3!

Humic Coal

Mixed H/'S

Torbanite

Chmin/Rock

Coal Product 429 91 =] ] 95 £
Torbanite + Shale =701 =5 2.0 = S5 =37
Total 1000 S0 = 1.7 Ei=RE] 228

Composition

Stream

Mass Yield

0-":3!

Humic Coal

Mixed H/'S

Torbanite

Total Organic

Chmin/Rock

Coal Product 71.8 54 £ = S0 10
Torbanite + Shale 282 25 11.0 = 22 =5
Total 100.0 57 5 5.0 2.8 FE. A 235
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11.4 Appendix D: Comprehensive Product Analysis

............................................................................. E e e B e B e DB e BB e R EINE Sutroosphere
Sarnple Identitsr H,O Lazh Walatile ! FiZarbon | Cal Walae (T Sulphuar D=t Soft Hern Flonar
el PRODTTICT .= 11.5 233 0.4 27 E4 n.gg 1395 1405 141= 1444

Sarnple Identitsw S, P M Feals Tic, Py Cla TwIgil S, Hay o E
............ COALPRODIICT ;5634 : 2517 @ 2923 (0822 ;002 : 370 (175 o449 oo v 112
TOBRBRAMITE PRODITTICT @ 6295 : 2684 10 S 110 ] o0 G Laio o 1,11 o 125 5] 039 i 132
__________________________ SHALE pelns | 2240 @ 1033 ! 082 o008 foo0O7F1 P 114 o074 o042 fo19d
........ Lurgd -Sroom x40 Smoam, | ¢ @241 f 2a.49 2 2oe o 115 o noF  ogiee o1z g 1 sF o snas 135
___________________ Lurgd -0 5w, P @2ald (| 2586 @ 405 (107 o005 i 127 0 foo125 f 1ed Po03s  fo1.d44
__________________________________________________________________________________________ Trace Elerments (rog o e,
"""""""" Saraple Identity | fas i Ba | Bi i od L Tea  VTTgy TV e T Ga L Ge | He
O AT PRODIITCT 1. 52 0 0.2 0.1 EE] 11.5 6.5 76 5.1 0.1
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11.5 Appendix E : TGA Report

TG ANALYSIS
Date 10-08-2005
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INTRODUCTION

Prof Rosemary Falcon approached the Institute of Applied Materials at the Pretoria
University for TG analysis on 3 samples for volatile content and CO, reactivity.

The samples were labeled: Coal 97397
Torbanite 97398
Shale 97399
METHOD

Thermogravimetric analysis (TGA) implies the monitoring the weight loss of a as the temperature
increases. Weight loss is dew to moisture and other volatiles, and at higher temperatures, to the
degradation of the materials. This technique can be used both to examine the state of material (i.e. the
presence and quantity of volatiles) and to investigate the process of degradation (identifying
temperatures at which significant changes occur and, by controlling the atmosphere and / or by
analyzing the products evolved obtaining information about the chemistry of the degradation process).

In the cases where various weight losses are not completely discrete, the use of the derivative
thermogravimetric curve (DTG) is recommended. In DTG the rate of weight loss of the sample is
recorded as a function of temperature. The DTG curve consists of a series of peaks, corresponding to
the various steps in the decomposition of the sample. The area under each peak is proportional to the
weight loss.

Mettler TGA/SDTA 851e was used for the analysis. It is equipped with an additional sensor to record
the temperature difference between the temperature measured directly at the sample and the model
reference temperature. This measuring signal is called SDTA (single DTA) and indicates for example
whether transition is exothermic or endothermic, analogously to DSC.

SDTA curve can be converted to a heat flow curve (DSC) by the determination of a temperature
dependent calibration function.

VOLATILE RELEASE AND REACTIVITY

Two methods were used:

1. Volatile Release and CO; Reactivity. The samples were heated in Nitrogen
from 25 to 150°C at a heating rate 10°C/min and held isothermally at this
temperature for 5 min. The mass loss represents the moisture in the sample.
The temperature was then raised at rate 10°C/min to 1000°C and held at this
temperature for 5 min. The mass loss was attributed to loss of volatile
components. While temperature was maintained at 1000°C the purge gas was
changed from Nitrogen to Carbon Dioxide and held at this temperature 60
min. The reactivity (mg/min) of the coal in CO, was determined.

Combustion. The samples were heated in air from 25 to 1000°C at rate 10°C/min. The remaining mass
in the sample pan is the ash content in the sumple. The heat of
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1. combustion is converted from SDTA curve, using the temperature dependent calibration
function.

CONDITIONS

(a) VOLATILE RELEASE AND REACTIVITY

Measuring cell: TGA 851e with gas controller

Pan: Alumina 70 pul, no lid
Sample preparation: The sample was used as received and + 20 mg was carefully weighed on the
Thermogravimetric analyzer.
TGA measurement: 25-150 °C 10 °C/min N, 50 ml/min
150 °C 5 min N, 50 ml/min
150 °C-1000 °C 10 °C/min N, 50 ml/min
1000 °C S min N, 5 Oml/min
1000 °C 60 min CO, 50 ml/min

(b) COMBUSTION

Measuring cell: TGA 851e with gas controller

Pan: Alumina 70 ul, no lid

Sample preparation: The sample was used as received and + 20 mg was carefully weighed on the
Thermogravimetric analyzer.

TGA measurement: 25-1000°C 10°C/min AIR 50ml/min

RESULTS

VOLATILE RELEASE

Typical TG and SDTA results curves are given in Figures 1 to 8. Figures 3 and 4 compare the TG and
DTG properties of the three samples. Figure 3 indicates that
1. The moisture, volatiles and fixed carbon and reactivity contents increases in the order shale <
torbanite < coal
2. Ash content increases in the order coal <torbanite < Shale
Figure 4 shows that the volatiles release occurs as two separate but overlapping events.
Figure 5 compares the TG CO, reactivity of Coal, Torbanite and Shale.

Figure 6 to 8 show the combustion in air for Coal, Torbanite and Shale.

The results of volatile components, the DTG peak temperatures (inflection point of the TG curve) are
given in Table 1.
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Fig. 1: TG moisture content, volatiles and the reactivity of Torbanite.
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Fig. 2 TG CO, reactivity of Turbonite
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Fig. 3: TG comparison: Moisture, volatiles and CO, reactivity content.
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Fig. 4: DTG moisture and volatiles of Coal, Torbanite and Shale.
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Fig. 6: TGA combustion in air of Coal
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Fig. 8: Comparison SDTA combustion in air of Coal, Torbanite and Shale.
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Table 1: TG/DTG results

Sample ID Moisture Volatile Components

% % Mass loss

DTG Residue

Peak Temperature %

°C

Coal 97397 4.18 31.48

Torbanite 97398 3.15 24.98

Shale 97399 291 17.14

58.01
452.09 63.36
548.54
56.33
457.72 71.02
542.47
49.83
458.70 79.58
571.31

SDTA curves in Nitrogen shoved an endothermic peak related to moisture and exothermic to volatiles.

The middle endothermic and exothermic events (T. max.) are stated in Table 2.

Table 2: SDTA results

Sample ID Moisture Volatiles
Endotherm peak Temperature Exotherm peak Temperature
°C °C

149.41

Coal 97397 67.13 583 46
. 149.45
Torbanite 97398 74.03 57273
149.44

Shale 97399 60.64 560.03

REACTIVITY

The results of the CO, reactivity are given in Table 3.

Table 3: Reactivity to CO,

Sample ID Reactivity in CO, Residue Reactivity in CO,
Mass loss % (mg/hr)
%
Coal 97397 48.52 14.83 3.05
Torbanite 97398 33.96 37.06 7.58
Shale 97399 20.48 59.10 11.96
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COMBUSTION

The initial weight loss is due to the loss of moisture. The increase in weight at around
120-275 °C is due to oxygen absorption. Then combustion takes place over a range of

temperature, leaving a residue of ash.

The TGA combustion components are given in Table 4. The DTG peak temperatures for
the identification at 10°C/min are given in Table 5.

Table 4: TGA results

Sample ID Combustion Ash
Total Mass loss %
%
Coal 97397 85.39 13.42
Torbanite 97398 62.22 37.24
Shale 97399 39.53 59.89
Table 5: DTG results
TG/DTG EVALUATION Coal 97397 Torbanite 97398 Shale 97399
Temp. Range °C 25-120 25-120 25-120
% Weight Loss 3.75 3.11 2.39
Temp. Range °C 120-275 120-275 120-275
% Weight Gain +1.13 +0.19 +0.43
Temp. Range °C 275-1000 275-1000 275-1000
% Weight Loss 82.77 60.02 37.57
% ASH 13.42 37.24 59.89
Onset/Endset °C 275.6 /1 655.7 404.2 / 568.0 417.6 / 554.06
Peak Temp. °C 504.09 492.53 435.28 /514.78

Combustion reaction is characterized by an exothermic peak. The measured peak areas
with peak temperature are listed in Table 6
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Table 6: SDTA T.max.

Sample ID Combustion
Exotherm Peak
°C
Coal 97397 509.28
Torbanite 97398 504.23
Shale 97399 521.49

FULL ANALYSIS OF COAL SAMPLES

Table 7: Summary analysis of coal samples, obtained by TGA/SDTA

Sample Moisture Volatile Fixed Ash Reactivity Heat of
Material ~ Carbon in CO, Combustion
(%) (%) (%) (%) (mg/hr) (kl/g)
Coal 97397 4.18 31.48 50.92 13.42 3.05
Torbanite 97398 3.15 24.98 34.63 37.24 7.58
Shale 97399 291 17.14 20.06 59.89 11.96
Remarks:

The fixed carbon is calculated from:
Fixed carbon = (100 - % Moisture - % Volatile material - % Ash)

The steps have been evaluated with horizontal baseline. A blank curve has been run prior
to the measurement.

All onsets/endsets are based on inflectional tangents.

It should be noted that the TGA/SDTA 851e provides the results of the calibration
standards in the conversion of the SDTA curve into DSC within 10%.
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