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1. INTRODUCTION 
 
Large parts of the Witbank / Middelburg / Highveld coalfield have previously been mined by 
underground board-and-pillar mining. The pillars left to support the roof represents a 
significant proportion of the original reserves. This proportion has been estimated to be as 
high as 60 % in some areas. 
 
Both modern opencast and mechanised underground mining are now making it possible to 
extract these pillars and, in so doing, to extend the life of a number of coal reserves in the 
Witbank / Middelburg / Highveld coalfield. Two separate CoalTech 2020 projects are 
investigating the most efficient and cost-effective methods for extracting the remnant pillar 
coal.  
 
Since a number of years may have elapsed between the original extraction of the coal and 
the recovery of the pillar coal, it may be expected that the coal left in the pillars could be 
weathered. Weathering of coal is a degenerative process and is known to have several 
negative effects on coal. The following properties of coal are affected by weathering: 
 
 Heat value 
 Moisture content 
 Volatile matter content 
 Size consist 
 Surface chemistry  
 Coking properties 

 
Weathered coal is also known to exhibit an increased propensity towards spontaneous 
combustion. 
 
In the past, most coal processing plants received freshly mined coal. There were some 
exceptions and a few plants occasionally received some oxidised coal, usually from a mini-
pit or small opencast operation. The plants where this occurred, mostly in the former 
province of Natal, found that oxidised coal does not ‘work’ in the flotation plant. 
 
It is anticipated that in future years, many plants will have to process coal that will be re-
mined from old workings. Since much of this coal may be weathered, having been exposed 
to the atmosphere for many years, plants may experience problems when processing this 
coal. In particular, it is anticipated that problems may arise in the following areas: 
 
 

 froth flotation 
 solid-liquid separation – both in dewatering and flocculation 
 dust abatement 
 size consist and plant mass balance 

 
 
This report attempts to explain the nature of coal weathering (also referred to as coal 
oxidation although weathering is a wider concept which includes oxidation as one of the 
causes of coal degeneration) and its potential influence on the processing of such coals. It 
also examines the methods currently being used to measure the extent of oxidation of coals 
and methods that could be employed in practice to overcome the negative effects of 
oxidation on the processing of coal. 
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2. WEATHERING OF COAL 
 
Before being mined, underground coal exists in a water-saturated, oxygen-free environment. 
Any disturbance of this environment such as a change in the temperature, moisture content 
or oxygen partial pressure, will affect the coal’s physical and chemical stability. This dynamic 
behaviour of coal is termed ‘weathering’ and includes the aerial oxidation of the organic and 
mineral matter (chemical weathering), the microbial oxidation of pyrite (biological 
weathering) and changes in the moisture content that may result in particle size degradation 
(physical weathering) 
 
Oxidation of the organic matter in coal is a very complex phenomenon as coal itself is a 
physically heterogeneous and chemically complex substance. The process can be 
categorized as a gas-solid reaction15 with oxidation proceeding from the external surface of 
the coal particle.  
 
Coals contain a variety of functional groups involving carbon, oxygen, nitrogen and sulphur. 
The functional group content depends on the coal rank, with lower rank coals having a 
higher concentration of functional groups. Carbon is the most abundant element in these 
functional groups and oxygen the second most abundant element. Phenolic (-OH) and 
carboxylic (-COOH) groups are the most important surface oxygen groups in coals4. Oxygen 
reacts with these functional groups to cause changes to the coal surface. 
 
Oxidation results in changes in the appearance of the coal and these changes are 
detectable by microscopic examination in the early stages and with the naked eye when the 
oxidation is at a more advanced stage. 
 
In weathered coal, the natural fissures in the coal structure are enlarged and vitrinite 
particles display irregular micro-fissures15 as can be seen in Figure 1. 
 

 
 

Figure 1: Micro-fissures in weathered Vitrinite 
 
The edges of vitrinite particles become duller (lower in reflectance). These dull edges are 
termed  ‘weathering rims’ and are the result of humic acid formation. Distinct weathering rims 
can be seen bordering the fissures in oxidised vitrinite grains illustrated in Figure 2. 
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Figure 2:Weathering rims in oxidised Vitrinite 
 
During weathering, the coal absorbs oxygen and coal-oxygen complexes with acidic 
properties are formed on the coal surface. These oxidize further to yield humic acid-like 
substances or hydroxy-carboxylic acids. These acids may be further degraded to water-
soluble acids17. Some hydrocarbon chains at the coal surface are oxidised to yield phenolic 
and carboxylic groups. This reduces the hydrocarbon content of the coal and renders the 
coal surface more hydrophilic 
 
The oxidation of mineral matter in coal also contributes to the weathering process. The most 
significant contribution may be the oxidation of pyrite to iron sulfates, sulphuric acid and 
various other compounds. Elemental sulphur is not a native constituent of coal but may often 
be observed in weathered coal. The presence of elemental sulphur is believed to be a result 
of these reactions. A white sulphate (gypsum) deposit may also frequently be observed in 
weathered coal. 
 
The oxidation reaction is accelerated by increasing humidity, temperature and oxygen partial 
pressure. It is also believed that aerobic micro-organisms such as Thiobacillus ferroxidans 
may play a role in accelerating the reaction15. 
 
Prior to being mined, coal is saturated with water. Following mining, the coal will lose 
moisture until it reaches a new equilibrium with the ambient atmosphere. It is reported15 that 
irreversible physical changes accompany this initial drying and that although coal will re-
absorb moisture on subsequent submersion in water, the same initial moisture content will 
not be reached9. 
It is believed that the loss of moisture may increase the porosity of coal and in so doing allow 
easier access for oxygen into the coal. 
 
The absorption of moisture by coal is an exothermic reaction. The amount of heat liberated 
is, however, a function of the initial moisture of the coal. Dry coal, for example, will produce 
more heat when re-wetted than coal that already contains some moisture15. Unless such 
heat is dissipated, it may contribute to increased oxidation and spontaneous combustion of 
the coal. 
 
Absorption of moisture is usually accompanied by changes in the volume of coal. Since 
moisture is absorbed and desorbed faster on the coal surface than within the bulk of the 
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coal, differential swelling and shrinking takes place. This causes internal stresses in the coal 
which, in turn, create fissures and cracks. In this way, the coal is mechanically weakened. 
  
In extreme weather conditions, moisture within the coal pores may freeze. The resultant 
increase in volume may cause fracturing or mechanical weakening of the coal.  
 
 
 
2.1   FACTORS INFLUENCING OXIDATION 
 
2.1.1 Particle size 
 
The amount of oxygen consumed by coal is dependent on the particle diameter because 
smaller particles have a much larger external surface area than large particles. Some 
workers9, however, have reported that the relationship between particle diameter and 
oxygen uptake capacity is not linear, which seems to indicate that some of the internal 
surface area of the coal plays a role in the process. 
The screen analysis of coal and the potential of the coal to produce additional fines during 
handling (friability), are therefore important considerations. 
 
 
2.1.2 Rank 
 
High rank coals usually have high calorific values, low inherent moisture contents, low 
affinity for oxygen and low deterioration on exposure to the atmosphere. The opposite is true 
of low rank coals. Rank also influences the friability of coal – high rank coal is normally more 
friable than low rank coal. 
 
Rank is generally regarded as a fairly reliable indicator of a coal’s relative propensity towards 
weathering and also towards spontaneous combustion9. The lower the rank, the more liable 
the coal will be to oxidation. The maximum inherent moisture of the coal gives an indication 
of its rank and there is a close relationship between the maximum inherent moisture content 
of a coal and its internal surface and heat of wetting characteristics. 
 
The maximum inherent moisture content of coals has been used as an indicator of their 
liability towards spontaneous combustion9. 
 
 
2.1.3 Associated mineral matter  (grade of coal) 
 
Coal containing shale will usually deteriorate much faster than clean coal; especially in terms 
of size consist.  
 
Weathering of the inorganic substances in coal may sometimes manifest as a whitish 
sulphate20 deposit. Gypsum and elemental sulphur are also observed in some instances for 
the same reason. 
 
Pyrite oxidation may also help to reduce flotation response in weathered coals22. 
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2.1.4 Time elapsed 
 
The rate of oxidation of coal decreases as the coal absorbs more oxygen. The rate of 
oxygen uptake is estimated to be inversely proportional to the ¼th root of the amount of 
oxygen consumed9. 
 
 
2.1.5 Oxygen concentration 
 
The rate of oxygen uptake by coal was estimated by Schmitt and Elder (quoted in la 
Grange9) to be proportional to the 0,61 power of the oxygen concentration in the gas phase. 
 
 
 
3.  EFFECTS OF OXIDATION ON COAL 
 
The oxidation of coal at ambient conditions may result in the coal becoming discoloured and 
it may assume a ‘rusty’ appearance. This change in appearance of the coal does not 
necessarily imply a change in the nature of the coal since only the surface may be affected. 
However, very often the bulk of the coal may be affected and some of these changes may 
not be observable. 
 
Where coal is indeed weathered, the following effects may result: 
 
 The electro-kinetic properties of the coal surface are affected and the coal surface is 

rendered less hydrophobic and more hydrophilic. 
 
 Degradation in size (slackening) of the coal may occur. For South African coals, the 

greatest increase in friability was found to take place within the first month of exposure10 

with the increase becoming small after about three months. The coal on the surface of a 
stockpile will obviously be subject to more intense weathering. 

 
 The inherent moisture content20 of the coal increases. 

 
 The volatile matter content of the coal decreases20 

 
 The decease in volatile matter content20 results in an increase in the fixed carbon 

content. 
 
 The coking properties of the coal will be negatively affected. 

 
 The ash content may reduce slightly due to a loss of iron and leaching out of alkaline 

earths as sulphate. Where such a reduction in ash content occurs, it is usually in 
proportion to the amount of pyritic sulphur in the coal20 

 
 Spontaneous combustion of the coal may occur, depending on the storage conditions 

of the coal. 
 

 A change in the density of the coal - either a decrease or an increase - may occur. 
The nature of the coal, the associated mineral matter and the properties of the 
oxidation products are the determining factors 
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3.1 FROTH FLOTATION 
 
Coal normally exhibits a natural hydrophobicity and will tend to repel water. The associated 
minerals, on the other hand, tend to be naturally hydrophilic and are readily wetted. 
 
A drop of water, when placed on the surface of a mineral, will spread over it in a continuous 
film. A drop of water placed on a coal surface, or any other hydrophobic surface, will ‘stand’ 
on the surface as a separate droplet. The interface between the air and the water at the 
edges of the droplet forms an angle with the solid surface. This angle, measured ‘in the 
water’, is called the contact angle. A contact angle of 0o implies that a surface is completely 
wetted by a drop of water placed on it. A large contact angle implies that the drop of water 
remains on the surface of the water-repellent material as a spherical droplet. 
 
The zeta potential is a measure of the strength of the electrical charge present on a particle 
suspended in water. It plays a very important role in the stability of suspensions and in the 
flocculation of solids from suspensions. 
 
It has been found that when coal has been subjected to oxidation, the contact angle 
reduces. At the same time, the zeta potential reduces or becomes more negative. 
 
The following graph, Figure 3, based on the work of Wen and Sun21, illustrates the influence 
that oxidation of coal has on the contact angle and the zeta potential. 
 

 
 

Figure 3: Correlation between contact angle and zeta potential of oxidized coal21 

 
 
The formation of oxygen-containing functional groups on the coal surface make the coal’s 
organic components more hydrophilic thereby reducing the hydrophobic-hydrophilic 
differences between coal’s organic constituents and mineral matter contents. 
 
The practical consequence of this is that it becomes more difficult to selectively separate the 
mineral particles from the coal on the basis of their hydrophilic surface properties. The 
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effectiveness of processes such as froth flotation and oil agglomeration is therefore largely 
reduced. 
 
Dewatering and drying become more energy-intensive and less effective. The effect of the 
more hydrophilic nature of the coal’s organic constituents, coupled with the fact that 
weathered coal contains more inherent moisture, adds to this problem. 
 
The more polar and acidic surface properties of oxidised coal are also alleged15 to affect the 
stability and viscosity of coal-liquid slurries. They also contribute to the corrosion of metal 
surfaces and containers. 
 
The increase in hydrophilicity of the coal surface results in reduced flotation response. It has 
been found2 that low-rank coals may exhibit an improved response to flotation after a low 
temperature thermal treatment. However, the same treatment22, when applied to medium 
volatile coals results in the coal becoming more hydrophilic and exhibiting a reduced flotation 
response. 
 
Loss in flotation response of a variety of coals has been reported by a number of 
authors17,18,21. The following graph, Figure 4, depicts the typical trend found for the flotation 
(and agglomeration) response of oxidised coal in comparison with that of fresh, un-oxidised 
coal. 
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Figure 4: Agglomeration response of fresh and oxidised coal17 
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3.2 FLOCCULATION 
 
Flocculation of ultra-fine coal is usually achieved by the addition of synthetic polyacrylamide 
flocculants to the slurry containing the fine coal. The principal mechanism by which the 
polymer flocculates the suspension is charge neutralisation or charge reduction11.  
 
The charge of individual particles, measured as the zeta potential, has a direct influence on 
the degree of flocculation taking place. The flocculant acts by reducing or eliminating the 
repulsive forces between particles so that they gather into bigger, faster-settling 
agglomerates. 
 
Flocculants are manufactured with a large range of charge densities and molecular weights. 
Three main types are available based on the charge density notably anionic, cationic and 
non-ionic. An anionic flocculant, for example, carries a negative charge and will react 
‘against’ a positively charged suspension.   
 
In froth flotation, the hydrophibic nature of the coal particles is used to affect a separation 
between these particles and the hydrophilic shale and sand particles. In flocculation, both 
the coal and the shale particles must be flocculated, irrespective of the nature of the solid. 
Polyacrylamide flocculants absorb on the surface of both the coal and shale particles, 
making the coal less hydrophibic and the shale less hydrophilic11.  
 
In the event of a coal being subjected to oxidation, the surface charge on the coal particles 
changes as a result of the absorption or desorption of ions and for a number of other 
reasons. This change in the surface charge is measurable as a shift in zeta potential. In 
addition, the pH of the water in which the particles are suspended may be lowered by some 
of the oxidation products (humic acids) going into solution. All this adds up to the fact that a 
flocculant that is effective on the coal/shale suspension in the absence of oxidised coal may 
become ineffective when oxidised coal is present. 
 
The correct flocculant for a specific application is usually identified from empirical test data. 
When the situation changes due to the presence of weathered coal, a different flocculant 
may be needed. If oxidised coal is present only intermittently, the operation of a thickener 
could become very problematic.  
  
 
3.3 CALORIFIC VALUE 
 
The loss in calorific value of coal during storage will vary depending on the nature (rank) of 
the coal and the storage conditions. High rank coals may be only slightly affected, whereas 
in low rank coals the effects may be severe. 
 
Measurements on British coals9 showed a loss of only 5 % of their original calorific value 
after 25 years of storage. 
 
According to Nelson15, low rank coals will lose approximately 0,44 MJ/kg for each 1 % 
increase in oxygen content, whereas higher rank coals will lose about 0,56 MJ/kg for each 1 
% increase in oxygen content. It is further stated7 that the oxygen content of freshly mined 
lignite coals can increase by several percent in a matter of weeks. 
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3.4 SIZE CONSIST 
 
Weathering also causes increased friability, especially in the coal on the outer edges of a 
stockpile. The Hardgrove Index decreases with an increased degree of weathering1. This is 
believed to be due to the micro-cracks and fissures that develop in the coal during oxidation 
and to physical weathering. 
 
 
3.5 COKING PROPERTIES 
 
Exposure of bituminous and sub-bituminous coals to oxygen at ambient temperatures can 
result in a very rapid reduction in the fluidity that is exhibited when they are heated and a 
significant narrowing of the plastic temperature range15. 
 
Other authors 12,21 have reported a virtual total loss of Gieseler fluidity and dilatation.  
According to Crelling et al2, coke stability and coking rate decrease and the amount of coke 
breeze increases as the proportion of weathered coal in the coal mix increases.  
 
The swelling number of coking coals is reported 9,20,21 to decrease rapidly with increasing 
degree of weathering. The “coking value” of coal is likely to be destroyed after a period of 3 
years according to la Grange9. It is recommended that coking coals never be stored for a 
period of more than a year.  
 
Coke reactivity also increases when weathered coal is used and this is detrimental to the 
operation of blast furnaces. 
 
Most authors agree that oxidised coal is not suitable as a feedstock for coke making 12,21. 
 
 
3.6 GASIFICATION AND CHAR PRODUCTION 
 
It is reported15 that pre-oxidation of coal may result in improved gasification reactivity and 
may improve the surface area of char produced from such coal. 
 
 
3.7 SULPHUR CONTENT 
 
According to Savage20 total sulphur in coal decreases with increased weathering. This is due 
to sulphate sulphur being leached from the coal. Pyritic sulphur is reported20 to reduce within 
17 months by between 33 % and 50 %20. Organic sulphur remains approximately the same 
and seems to be largely unaffected by weathering. 
 
 
3.8 SPONTANEOUS COMBUSTION 
 
One of the unfortunate consequences of oxidation of coal is the fact that heat is liberated by 
the oxidation reaction and this heat, unless dissipated, can result in the heating and 
eventually the ignition of the coal. 
 
Matoney et al14 state that oxidation of the ‘coal substance proper’ is the primary cause of 
spontaneous heating. This heating, however slight, is caused by slow oxidation of coal in an 
air supply sufficient to support oxidation, but not sufficient to carry away all the heat 
generated. This process occurs whenever a fresh coal surface is exposed to air. 
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The particle size of the coal plays a very important role in the process. In the case of sized 
coal such as nuts or peas, adequate circulation of air through a stockpile of the material 
appears to cause oxidation. However, any heat generated is carried away by the circulating 
air. On the other hand, in the case of fine (or compacted) coal, very little air is able to 
circulate through the stockpile to cause oxidation of the coal. The dumps of duff-sized coal in 
the Witbank area that have survived up to 40 years of storage without serious spontaneous 
combustion problems bear testimony to this fact. 
 
In stockpiles of coal containing a mixture of fine and coarse coal, enough air may enter the 
stockpile to cause heating. According to Taylor, quoted by la Grange9, the rate at which an 
air current has to move through a heap of coal in order to cause spontaneous combustion is 
around only 230 mm per day. The air flow may, however, be inadequate to have a cooling 
effect and, in such cases, the heat generated by the coal will tend to build up within the coal 
pile. This type of situation often occurs in stockpiles of coal containing a range of sizes 
(ROM coal for example) and is usually made worse by size segregation within the stockpile. 
Areas where unfavourable size/airflow conditions exist can easily develop. 
 
Matoney et al14 divide the process of spontaneous combustion of coal into the following 5 
general stages: 
 

1) Coal oxidises slowly until it reaches a temperature of about 50oC. 
2) As the temperature increases, the rate of oxidation increases and the coal will heat at 

an accelerated pace until a temperature of approximately 140oC is reached. 
3) Once the coal reaches a temperature of 140oC, carbon dioxide and water vapour are 

given off. 
4) Carbon dioxide liberation increases rapidly until a temperature of about 230oC is 

reached. At this temperature, spontaneous combustion may take place.  
5) At about 350oC, the coal ignites and combusts. 

 
 
Coals differ in their propensity to absorb oxygen and this usually varies with the rank of the 
coal. Anthracite, on the high end of the rank scale, is not known to heat spontaneously 
whereas those coals with a high bed moisture, high oxygen content and high volatile matter 
content, i.e. low rank coals, are known to be problematic in this regard. 
 
The moisture content of coal is known to play an important part in spontaneous heating. 
Coal, once dried, will re-absorb water when it comes into contact with either humid air or a 
source of water. Rewetting of coal generates heat and this can contribute to the build-up of 
heat within a coal stockpile. 
 
It has often been observed that coal may have been stored without problems through the dry 
winter months only to be literally ‘set alight’ by the first spring shower. 
 
An interesting experiment, which illustrated the potential heating effect of water 
condensation on coal, was conducted by Blaskett (quoted in la Grange10) in 1947. He 
allowed air, saturated with water, to flow through a bed of low rank coal for four minutes. 
During this period the moisture content of the coal increased from 5% to 6,75% and the 
temperature rose from 20 oC to 39 oC. 
 
The temperature at which the coal is stockpiled also plays an important role. Just a few 
degrees centigrade may be significant. In some cases, coal stockpiled on a warm day may 
heat spontaneously whereas the same coal, when stockpiled during cold weather, may be 
stored without problems. 
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The consensus of opinion seems to be that pyrite does play a role but that it is a minor one. 
Pyrites are, however, believed to promote the breaking-up of coal through the formation of 
“higher volume” oxidation products. 
The physical form of the associated minerals in coal vary and so too do the occurrence and 
behaviour of pyrite during weathering. 
 
The status quo regarding spontaneous combustion may still be summarised by a quotation 
from Stoek and co-workers (quoted in la Grange9) who, more than 50 years ago, stated the 
following: “It is probably true that all varieties of bituminous coal have been stored without 
fire resulting, and equally true that all varieties of coal have fired when stored”. 
 
Coal can be rendered ‘absolutely safe’ by the total exclusion of all ventilation, but in practice 
this is usually not feasible. However, the amount of ventilation in a coal stockpile can be 
minimised by compaction and by controlling the slopes of coal stockpiles and dumps.  
 
Wind is responsible for the movement of air through large coal stockpiles and therefore 
shallow slopes facing the direction of the prevailing wind are very important to minimise the 
amount of ventilation through the coal pile. 
 
Ventilation can also be minimised by storing coal under water9 or in an open pit with 
impervious sides 9.  However, the cost of providing such storage conditions may preclude 
their everyday use. 
 
If it is not practicable to exclude air from a stockpile or dump, the only other possible means 
of preventing spontaneous combustion is to remove the heat generated by the oxidation 
reaction or to allow it to dissipate instead of building up within the pile. This can be achieved 
by limiting the height of stockpiles or by storing different sizes of coal separately. Large coal 
with the fines removed, will allow sufficient air -flow through the pile to enable the heat 
generated to dissipate. On the other hand, fine coal stockpiled separately will tend to 
exclude most airflow and hence will be less prone to spontaneous heating than when in a 
mixture with the large coal. 
 
 
 
 
4. MEASUREMENT OF OXIDATION 
 
4.1 PETROGRAPHIC METHODS 
 
The presence of oxidation in coal may be detected by microscopic analysis of the coal.  
Oxidised coal may exhibit the following indicative features8: 
 

 The vitrinite particles display cracking unrelated to cleat, preparation or pseudo 
vitrinite.  

 A slight discoloration (darker than vitrinite) may occur along the edges of the vitrinite 
particles and the previously mentioned cracks. 

 The edges of the vitrinite become rounded. 
 A slight alteration of FeS2 (pyrite) to its oxidised form and swelling of clay minerals 

may be present. 
 The cleat surfaces and the edges of the vitrinite particles are often coated with 

secondary minerals. 
 All of the above conditions may be present simultaneously or in any combination, but 

any one is an indicator of oxidised coal. 
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Kruzewska et al8 found that oxidation of coal can be detected in the very early stages, even 
before the above phenomena manifest, through the use of long-wave fluorescence intensity 
measurements of the vitrinite and also by measuring the elasticity of vitrinite particles. 
 
If coal is oxidised, the fluorescence reflectance measurement decreases in comparison with 
that of un-oxidised coal. 
 
The elasticity of the vitrinite particles, measured with a micro hardness tester, was found to 
increase with increasing oxidation of the vitrinite particles. 
 
Figures 5 and 6 show the comparative micro hardness indentations in fresh and oxidised 
vitrinite particles. 
 
The indentation in un-oxidised coal, as shown in Figure 5, is plastic. Oxidised coal results in 
the micro hardness indentation being of an elastic nature, as shown in Figure 6. 
 
 

 
 

Figure 5: Plastic imprint in fresh, un-oxidised vitrinite 
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Figure 6: Elastic imprint in oxidised vitrinite grain 
 
 
Osborne16 describes a test developed in the USA in which Safranin-O dye is used to stain 
oxidised fragments of coal to facilitate the quantitative assessment of the degree of oxidation 
of the coal using microscopic techniques. 
 
 
4.2 SURFACE PROPERTY (WETTING BEHAVIOUR) MEASUREMENTS 
 
A number of ‘indirect’ techniques are used to measure the degree of oxidation of coal 
surfaces by determining the wetting behaviour of the coal. These methods include the 
measurement of the receding contact angle, liquid penetration rate, heat of immersion, 
immersion time, salt flotation response, micro-electrophoresis (zeta potential) measurements 
4,19 bubble attachment time and others. 
 
Zeta potential measurement of coal is used as a measure of coal oxidation by a number of 
researchers. The zeta potential of oxidized coal is generally found to be lower than that of 
un-oxidized coal 4,17 and the iso-electric point usually shifts toward the acid pH range. 
 
A film flotation technique developed by Fuerstenau and Diao3 consists of placing a certain 
mass of closely sized fine coal particles on the surface of a wetting liquid and measuring the 
time taken for the coal to be imbibed into the liquid.  
 
The hydrophobic coal particles remain on the surface of the liquid but the hydrophilic 
particles are immediately immersed into the liquid. By varying the surface tension of the 
wetting liquid, a range of values for wettability can be established. 
 
 Vacuum flotation of fine coal in concentrated salt (sodium chloride) solutions without the 
addition of any additional reagents4 is often used to assess the relative state of weathering 
of coals. As in conventional flotation using surfactant-type reagents (collectors and frothers), 
the flotation response of oxidised coal is reduced compared with that of un-oxidised coal. 
Salt flotation offers the advantage of being less complicated than conventional flotation and 



 17 

therefore offers a more direct means of comparing different coals. In salt flotation, only the 
surface properties of the coal control the flotation behaviour17. 
 
 
4.3 MEASUREMENT OF OXIDATION PRODUCTS 
 
A more direct method of measuring the degree of oxidation of a coal surface is to measure 
the ‘oxygen-functional groups’ by leaching the humic acids (carboxylic and phenolic) formed 
on the coal surface and measuring the amount of base required to neutralise the acid 4,24. 
 
Lowenhaupt and Gray12 developed a rapid test procedure, used by U.S. Steel to test coking 
coals for the presence of incipient oxidation. The test, called the alkali-extraction test, 
involves boiling a sample of coal in a caustic solution. If the coal is oxidised, the humic acids 
formed on the coal surface will dissolve in the caustic solution and darken it. The slurry is 
then filtered and the transmittance of the resulting solution determined. If the transmittance is 
below 80 %, as compared with that of a clear caustic solution, the coal is considered to be 
too oxidised for inclusion in the coke oven feed. 
 
Very good correlation between the results from the alkali-extraction test and petrographic 
techniques has been reported6. The test is also said to be a much more sensitive and 
reliable indicator of oxidised coal than using the swelling number of the coal. 
       
 
 
5. PRACTICAL IMPLICATIONS AND POTENTIAL SOLUTIONS 

 

5.1 FLOTATION 
 
From the literature, it is evident that froth flotation is one of the main areas that will be 
affected by oxidation of coal. Flotation is currently gaining popularity in the Witbank area and 
the number of mines at which flotation is being employed is growing. It is therefore evident 
that a solution to the problem of floating oxidised coal will become an important issue.  
 
It is reported by Garcia et al5 that the flotation response of a weathered Spanish coal was 
largely restored by shifting the flotation pH up towards the basic range. It is believed that the 
hydrophilic humic acids, which formed on the coal surface due to oxidation, were removed 
by dissolution at basic pH values. 
 
Klimpel7 suggests that hydrophobic ethers and epoxides could be useful as conditioners for 
oxidized or aged coals.  
 
Zimmerman and Sun25 recommend using cationic amine collectors as a means of floating 
oxidised coals. They also suggest longer retention time in the froth cells and the use of a 
conditioning tank. A high-speed scrubber may also help to clean coal surfaces provided the 
coal is only superficially oxidised. Highly friable coals are, however, not amenable to 
scrubbing. 
 
Sarikaya and Őzbayoğlu19 found that cationic reagents were effective in the flotation of 
oxidised coal. In their work, they found that employing a cationic collector at a neutral pH 
yielded the best results. 
 
Osborne16 reports that polyglycol ether-based reagents have been found effective for 
oxidised coals. He also mentions that coal that has become hydrophilic can be made to float 
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at pH 2 when deslimed and/or scrubbed and that dilute hydrofluoric acid can be used to 
remove silica from the surface of oxidised coal and to restore hydrophobicity. 
 
Ultrasonic energy may be used to ‘re-activate’ the surface of oxidised coal particles, 
provided the oxidation is limited to the surface of such particles. This technology has been 
tested at the University of Pretoria, South Africa, and although no official reports are 
available yet, verbal feedback is that the process may have potential. 
 
Gravity based processes, as an alternative to froth flotation, have not been proved yet but 
some successes have been reported13 in cleaning coal down to sizes below 100 micron with 
units such as the Falcon Concentrator and the Mozley Multi-Gravity Separator. This is 
maybe something that should be pursued further, not only as a potential solution to the 
processing of oxidised coal, but also from a cost point of view. 
 
 
5.2 FLOCCULATION 
 
No ready recommendation is available when it comes to flocculation of oxidised coal. Most 
people with plant experience know that flocculation in plants processing fresh coal from 
underground sources is often difficult. The most appropriate flocculating agent is usually 
identified only through a trial-and-error process. Flocculation of No. 5 Seam coal, freshly 
wrought, is also still problematic. 
 
It would most probably be expedient to obtain the assistance of the flocculant suppliers in 
this regard.  
 
 
 
5.3 SPONTANEOUS COMBUSTION 
 
Spontaneous combustion of pillar coal becomes much more of a problem when pillars are 
being mined. New surface area is generated by fracturing of the pillars during mining and the 
coal is also subjected to re-wetting. The subsequent storage of the coal, often in size-
segregated loose stockpiles, prior to being sent to the plant, makes it almost a certainty that 
plants will receive hot, if not burning coal. Figure 7 illustrates the situation already existing at 
a colliery where pillars are being re-mined. 
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Figure 7: Burning raw coal stockpile at a colliery 
 
 
Unless proper precautions are taken, the possibility of conveyors (and other equipment) 
being set alight by the coal is very high.  It may therefore be necessary to use special fire-
resistant belting and to ensure that adequate water sprays are available to quench the coal 
in the event of a conveyor trip-out or a power failure.  
 
The storage of raw coal in silos and surge bins, ahead of processing, as found at many 
plants today, will have to be reconsidered. This may make plants less flexible with regard to 
dealing with surges in the production rates.  
 
Once the coal has been subjected to pre-wet screening in which water sprays are 
customarily used to assist screening, it should be cooled down. During the subsequent 
processing by dense-medium or other water-based processes, complete cooling of the coal 
should occur. According to Taylor, quoted by la Grange9, coal that has once heated and then 
cooled is safer to store than the same coal freshly mined. 
 
Special care needs to be taken to ensure that all employees are made aware of the potential 
dangers associated with the hot coal and also the associated dust, smoke and gas. Where 
water is sprayed onto hot coal, steam may escape explosively and cause injuries and burns 
to personnel. 
 
Hot or burning coal also implies dry and dusty conditions. Special dust-suppression 
measures will be required at tips and transfer points. 
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5.4 SIZE CONSIST (FRIABILITY) 
 
One of the effects of weathering on coal is that the coal is rendered friable. This will imply 
that a larger-than-normal proportion of the coal may report as fines which will affect the 
distribution of coal to the different processing units. The throughput capacity of a plant could 
be severely affected if the fine coal processing sections become overloaded and this could 
necessitate the installation of additional plant capacity in order to maintain throughput. Since 
fine coal processing tends to be more expensive than the processing of coarse coal, 
operating cost may be increased. 
 
The size composition of the final product could also be affected and more fine coal implies a 
higher product moisture content. In oxidised coal, this is made even worse by the fact that 
the inherent moisture of the coal could also tend to be higher than normal. 
  
 
5.5 COAL QUALITY    
 
It is possible that the density of coal could be affected by oxidation and this could have an 
influence on its washability characteristics. Furthermore, the relationship between ash 
content and heat value in the product coal as compared with fresh coal could be changed. In 
cases where product quality is controlled only by ash content but heat value is part of the 
final product specification, special quality control measures may need to be implemented. 
The volatile matter content of the coal may also need to be carefully monitored. 
 
 
5.6 DESTINED END-USE OF THE COAL 
 
Processed, weathered coal should be suitable for thermal and gasification uses but would 
not be suitable as feedstock for coking plants. 
 
 
6. CONCLUSION 
 
Coal processing has to be continually adapted to new mining methods and new ways have 
to be found to maximise yield and quality from raw coal of ever-decreasing quality. The re-
mining of pillar coal will present new problems to be overcome.  
 
A few plants are already processing re-mined pillar coal and a substantial amount of 
experience has been accumulated by the personnel of these plants. If this knowledge can be 
shared, much time, effort and money can be saved. 
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