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I. Introduction 

The energy market liberalization, acting this period in world, is demanding reduced energy production costs while 

meeting environmental stringent requirements. The utilization of coals for both energy production and various 

coal conversion processes is limited by the presence of sulphur in the coal. The high sulphur dioxide emissions 

caused by the utilization of coals as a major fossil fuel leads to worldwide environmental problems. The energy 

content and sulphur content do affect the price of coal. It is very important to understand the sources and types of 

sulphur present in coal before the analytical methods for its characterisation. Therefore, investigating the sources 

and nature of sulphur in the steam coal is important for improving their utilization. 

Sources of Sulphur in Coal:  

Much of the sulphur in low sulphur coal derives from the sulphur content of the plant material making up the 

original peat. Sulphur contents greater than a few tenths of a percent have long been known to derive from the 

depositional environment. Fresh water contains 0 to 10 ppm S and therefore, even if there is prolonged circulation 

of fresh water through the peat, cannot donate much sulphur to the coal. It is unlikely that much sulphur in coal 

comes from extraneous mineral matter. If the mineral matter contains sulphides, then they could provide a source 

of SO4 and H2S to the coal, but amounts would usually be small [1]. Vegetation generally has between 0.01 % 

and 0.5 % S on a dry basis and with marine influenced vegetation having higher concentrations. Plants that grow 

in brackish water have higher organic sulphur contents than fresh water species, probably because they have 

adapted to a high sulphur environment. These concentrations will increase as the vegetation is coalified and 

volatile matter lost [2].  

Sea water is denser than fresh water and it is interesting to consider various ways that it can be introduced into a 

paralic environment. One possibility is that occasional high tides cause an influx of sea water over the top of the 

fresh-water saturated swamp. The sea water sinks and mixes with the underlying fresh water aided by the density 

difference and various gases, such as methane and carbon dioxide, that are migrating upwards through the swamp. 

The result is a temporary brackish water environment, that increases the sulphur content of the interstitial water. 

Over a period of years repeated high tides are able to supply sufficient SO, to the swamp to explain sulphur 

concentrations higher than I %. Because the influxes are repeated only once or twice a year they do not inhibit 

plant growth. Other scenarios exist for the introduction of sea water, such as the percolation of sea water through 

unconsolidated permeable hanging wall rocks. [3]. Secondary sulphur includes sulphur remobilized during 

coalification to form syngenetic pyrite, which is often found on cleats. This sulphur may originate from less stable, 

organic sulphur compounds that break down at low rank or from sulphate rich interstitial water that is squeezed 

out of the coal as it is compacted and rank increases [4]. At optimum pH conditions (7 to 4.5) bacteria can use 

SO, from sea water or true organic sulphur to generate H2S, which is then used to make pyrite. Therefore, the 

organic sulphur content can decrease in some high sulphur coals because it is used to make pyrite [5]. Organic 

sulphur refers to how the sulphur is bound to the coal molecule. In general organic sulphur is concentrated in the 

liptinite and vitrinite macerals with less in the inert macerals. 

In the formation of high-sulphur coal, seawater sulfate diffuses into peat and is reduced by microorganisms to 

hydrogen sulfide, elemental sulphur and polysulfides. During early diagenesis in a reducing environment, ferric 
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iron is reduced to ferrous iron, which reacts with hydrogen sulfide to form iron monosulfide. Iron monosulfide is 

later transformed by reaction with elemental sulphur into pyrite. It is well known that high sulphur coal usually 

contains both mineral sulphur which is largely pyrite, but can also include other metal sulfides and sulfates, and 

in some cases small amounts of elemental sulphur. Even though pyrite is often found in parting material in coal, 

the sulphur probably originated in the coal. 

Wert et al. at the University of Illinois [6] made similar measurements on Illinois #5 coal by Transmission Electron 

Microscopy and showed that the sporinite contained twice as much sulphur as the vitrinite. 

 

Kinds of sulphur in coal:  

Primary sulphur (S) in coal can originate from sea water, fresh water, vegetation and extraneous mineral matter. 

Secondary sulphur can be introduced during (syngenetic) or after (epigenetic) coal formation by ground water, 

which is probably remobilizing sulphur that originated in sea water or as loosely held organic sulphur in the 

vegetation. There are organic and inorganic forms of sulphur. Organic sulphur is part of maceral structure of coal. 

The content of organic sulphur is from 0.1 to about 0.5%. The inorganic sulphur in coal consists predominantly 

(pyrite (FeS2), sphalerite (ZnS), galena (PbS), arsenopyrite (FeAsS), markasite, melnikovite) and sulfites 

(gypsum, epsomite, jarosite, melanteritet). Sulfites are products of pyrite decomposition.) and sulphates (barite 

(BaSO4), gypsum (CaSO4·2H2O), anhydrite (CaSO4), and a number of iron sulphates e.g. ferrous sulfate 

(FeSO4,.7H2O). 

Total sulphur does not necessarily imply a highest amount of organic sulphur than pyrite and sulfate or vice versa. 

This means that sulphur forms in coal are influenced by the genesis of coal. The slight difference between the 

analytical determination of total sulphur and the sum of concentrations of sulphur forms could be due to any of 

the protocols followed during the determination of each form of sulphur. From the analytical pint of view, the 

following sulphur forms can be distinguished: 

 Total sulphur (organic and inorganic sulphur in coal and carbonaceous products) 

 Ash sulphur (sulphur present in ash of fuels) 

 Flammable sulphur (the difference between total sulphur and ash sulphur) 

 Sulfate sulphur (gypsum, epsomite, jarosite, melanteritet) 

 Pyrite sulphur (as pyrite and/or markasite) 

 Inorganic sulphur (sulfates and sulfides) 

 Organic sulphur (part of the organic matter of the coal, the difference between total and inorganic sulphur). 

 Elemental sulphur (occurs as chemical elements S). There is only a small amount of elemental S in coals. 

Much of the sulphur in low sulphur coal derives from the sulphur content of the plant material making up the 

original peat. Sulphur contents greater than a few tenths of a percent have long been known to derive from the 

depositional environment. Sea water or brackish water in the coal beds contain sulfates. The sulfates undergo 

bacterial reduction to H2S which reacts with iron in the water to form pyrite and with the organic material or the 

sulfate reducing bacteria to form the organic sulphur structure. At least two classes of organic sulphur structures 

appear to be present in coals, with the low rank coals generally containing a larger percentage of the total sulphur 

as more reactive aliphatic sulphur components. As rank increases. the more stable heterocyclic sulphur structures 

increase and become predominant.  

The modes of pyrite occurrence suggest that its generation occurred in two main stages:  

 A syngenetic stage during peat formation, and a subsequent epigenetic stage. Syngenetic pyrite was observed 

as separate framboids, framboids clusters, and individual euhedral crystals or clusters therefore along 

bandings, mainly in humodetrinite and humotelinite 

 Epigenetic pyrite is present as massive irregular grains with sizes ranging from 20 to 300 µm, spheroidal 

aggregates and clusters of framboids and euhedral pyrite crystals in coal fracture. 

From the geochemical perspective, the organic sulphur compounds in coal may have formed in an early stage of 

diagenesis (humification) when bacterial activity decomposed plant debris into premaceral humic substances [7]. 

Organic sulphur is bound in a number of forms. Markuszewski et al. [8] classifies organic sulphur into different 

types.  

 Aliphatic or aromatic thiols. Aromaticity refers to the tendency of carbon in coals of higher rank to form 

hexagonal rings similar to the structure of graphite. Aliphacity refers to the ability of carbon hydrogen 

complexes to form chains as in most of the oils. This molecular structure tends to disappear at higher ranks. 

Thiols are hydrogen sulphur pairs, which in this case are incorporated into the above structures. Thiols (aryl 

and aliphatic thiols) and disulphides are unstable and tend to decompose easily to H2S and to unsaturated 

compounds. 

 Thiophenes, which are heteroaromatic compounds, are very stable and do not decompose thermally up to 

very high temperatures. This is a ring structured molecule containing carbon and a single sulphur atom. The 

thiophenic group is thermally the most stable and predominates at higher ranks, whereas the thiols are 

converted or lost. During carbonization much of the thiol-held sulphur is lost. For medium-volatile coals 



D. Mahapatra, American International Journal of Research in Science, Technology, Engineering & Mathematics, 15(1), June-August, 2016, 

pp. 59-69 

AIJRSTEM 16-220; © 2016, AIJRSTEM All Rights Reserved                                                                                                               Page 61 

about 30% of the organic sulphur is lost during carbonization. The thiophenic organic sulphur forms are the 

most dominant organic sulphur in bituminous coal [9]. 

 Aryl sulphides, in which the sulphur is connected to an aromatic ring, are usually very stable because the 

sulphur is adjacent to an aromatic ring and takes part in the ring resonance. 

 Aliphatic sulphides, are relatively unstable and tend to decompose to unsaturated compounds and H2S. 

Aliphatic aromatic or mixed disulphides. This a radical+sulphur+sulph+radical molecule 

 Aliphatic, aromatic or mixed sulphide (thioethers). This is a radical+sulphur+radical bond, in which the ring 

or chain structures form the radials.  

 Cyclic sulphides, in which the sulphur is part of nonaromatic ring, are more stable than aliphatic but less 

stable than aromatic sulphides. 

Natural sources of elemental sulphur are mainly volcanic eruptions, evaporations from water, bacterial processes 

and decaying. In coal, elemental sulphur is mainly due to decaying organisms and bacterial process. Gryglewicz 

and Gryglewicz [10] are reported to have quantified this.  

In this paper an attempt has been made to review the test methods available for analysis of sulphur in coal with a 

particular emphasis on steam coal which are likely blend of various coals with wide range of physical and chemical 

compositions and also of different geological origin. 

 

II. Review of Test Methods for Sulphur estimation in Steam Coal 

A. Sulphur determination by indirect titration:  

The determination of total sulphur in coa1 was done with the method of W. Radmacher [11], a modification of 

the method of Seuthe. The sample is burnt at about 1200 ºC with addition of ferric phosphate or other suitable 

agents to remove all the sulphur from the ash. Depending on the composition of the ash, difficulties, which we 

believed to be due to a low melting point of the ash, were sometimes observed. If in such a case the combustion 

is carried out at 1200 ºC, part of the molten ash is absorbed in the porcelain, and, in consequence, is kept from 

reacting with ferric phosphate. These difficulties could be overcome by a slightly altered procedure: combustion 

of the organic material at about 800°C, addition of ferric phosphate to the ash and subsequent heating to 1200 ºC. 

This had two additional advantages: the contents of the porcelain boat are not driven out by the swelling coal as 

often happens when the ferric phosphate is added before the combustion, and no organic material is kept from 

combustion by the ferric phosphate. 

W. Schuhknecht and H. Kunz [12] stated that ferric phosphate gives irregular results when the sulphuric acid is 

determined by indirect titration (addition of excess barium hydroxide and back-titration of the excess with lithium 

sulfate). Interference through phosphoric acid is not likely to occur when the silvergauze-method is used. From 

the total sulphur content found with the method described the sulphur present as pyrite and sulfate should be 

subtracted. These two figures can be determined with the methods described by Radmacher and Mohrhauer [13]. 

B. Sulphur determination by XRF:  

The sulphur in the whole coal and the composition of coal ash were determined with Philips PW 4026/458 X-ray 

fluorescence spectrometer. The coal sample was dried in an oven at 105 °C for 1 hour and cooled to ambient 

temperature in desiccators. The sample was then mixed with 2.5 g of cellulose flakes binder and pelletized at a 

pressure of about 1.63 MPa. After sample preparation and storage in the desiccators, the machine was switched 

on and allowed to warm up for 2 hours. Using appropriate programs, the sulphur content of the samples were 

determined and displayed [14, 15]. The major difficulty in obtaining an accurate analysis is in preparing the 

samples because the sulfur fluorescence yield increases greatly as the average particle size of the sample decreases.  

However, when large amounts of several forms of sulfur are present, tests by EPA have shown that it is very 

difficult to obtain enough resolution for a precise and accurate sulfur forms analysis. 

Ruch et.al. [16] have recently described a method of preparing pressed coal samples, which may be used for the 

determination of a variety of major, minor, and trace elements, including sulphur, in whole coal. Their sulphur 

values for more than 100 coals showed good agreement with those determined by the ASTM standard 

Eschka procedure (Ruch, p.15). methods, when used for multiple determinations in the same prepared coal sample, 

are probably unsurpassed by any other method. 

C. X-ray diffraction (XRD):  
Querol et al., [17] reported to have analyzed pyritic sulphur in subbituminous coals with XRD by oxidizing iron 

sulphide after ashing coal samples at 750 °C. The values of this form of sulphur in these high sulphur coal samples 

were found in the range of 0.86-6.75 % in those high sulphur coals. 

D. Sulphur determination using ultra violet spectrophotometer:  

The absorption of the incident ultra violet radiation was determined with Heλios α ultra violet spectrophotometer. 

3 ml of the leaching filtrate was poured into a test tube and mixed with 2 ml of the conditioning reagent. Some 

quantity of barium chloride was then added to the mixture and it was vigorously shaken. Some volume of the 

mixture was poured into the adsorption cell and the absorption readings were taken. The % sulphur in the filtrate 

was then calculated using Equation [18] 

% Sulphur in filtrate= 0.333 X CF X VF 
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where: CF = Concentrations of filtrates (ppm); VF = Volume of filtrates (ml). 

E. Sulphur determination using AAS:  
Atomic absorption spectrometry (AAS) cannot be used for the determination of non-metals, such as sulphur, 

because the main absorption lines of these elements are below 190 nm, i.e., outside of the range of conventional 

AAS instrumentation. The determination of non-metals, using the absorption spectra of diatomic molecules in a 

conventional atomic absorption spectrometer and a graphite tube furnace for vaporization, was pioneered by 

Dittrich and co-workers in the 1970s and 1980s [19]. A new method of determining sulphur in coal by high 

resolution atomic absorption spectrometry with continuum light source based on the measurement the absorption 

of CS diatomic molecule formed in fuel-rich air and ethyne flame was proposed [20]. The instrumental conditions 

were optimized using sulphur-bearing standard solution and certified reference materials of coal. The digestion 

methods of coal sample with different acid mixtures with HNO3, HClO4 and HF were compared. The possible 

existing spectral and chemical interference and the influence of organic solvent on the absorption of CS were 

studied. The results showed that, except that the wavelength difference between Fe 258.045 nm and CS 258.056 

nm was smaller than 0.015 nm, the wavelength differences between the interference lines of other elements and 

CS line were all larger than 0.015 nm. Therefore, these interference lines could be separated from CS line by the 

high resolution of instrument, overcoming the interference. Although Fe 258.045 nm line could not be totally 

separated from CS 258.056 nm, its absorption strength in fuel-rich air and ethyne flame was very low and had no 

true interference. The generated PbSO4 precipitates from Pb and SO4
2- in solution reduced the absorption of CS, 

so ammonium acetate was added into solution to release the SO4
2-from PbSO4 precipitates to eliminate the 

interference of lead. The effect of HNO3 and HClO4 on the absorption of CS was not obvious. In five organic 

solvents including methanol, ethanol, acetic acid, acetonitrile and acetone, only ethanol showed obvious inhibition 

on the absorption of CS, and acetone and acetonitrile could significantly enhance the absorption of CS. For three 

absorption lines of CS (9257.594 nm, 258.056 nm and 257.961 nm), the linear ranges of calibration curves of 

sulphur were all 50-1000 mg/L. The detection limits were 34 mg/L, 21 mg/L and 12 mg/L, respectively. The 

proposed method was applied to the determination of sulphur in certified reference material of coal and coal seam 

sample. The found results were consistent with the certified values, and the relative standard deviation (RSD, n=5) 

of determination results were 0.053%-0.082% [21] FAAS is a well-developed, mature technique and the standard 

procedures for determining elements such as Ca, Fe, K, Mg, Mn, Na, Co and Li in coal ash, as   well   as   indirect   

measurement   of   pyritic   sulphur concentration   in   coal   by   determining   the iron concentration in a separated 

fraction by FAAS have long been established [22, 23] 

F. X-ray Absorption Near Edge Structure (XANES) Spectroscopy and X-ray Photoelectron 

Spectroscopy (XPS):  

These are two techniques which have been applied recently for the direct speciation and approximate 

quantification of organically bound forms of sulfide and thiophenic sulphur in nonvolatile liquid and solid 

carbonaceous materials [24,25]. 

Inductively coupled plasma-optical emission spectrometer: Spectro Genesis End-on-plasma (Spectro analytical 

instruments (Pty) Ltd, Johannesburg, South Africa) inductively coupled plasma-optical emission spectrometer 

(ICP-OES) was used to determine sulphur in coal samples [26]. 

Although CHNS and MAE followed by ICP-OES results concerning total sulphur content were within the certified 

range, MAE - ICP values slightly differed from the results obtained from CHNS. This might be due to the accuracy 

of methods. These analytical methods used do not show any similarity since CHNS analysis is a direct method 

while MAE - ICP was an indirect one. ICP-OES in principle should be more accurate since it is less matrix 

interfered as the sample is digested first. 

G. X-ray emission spectroscopy (XRES):  
XRES can also be used to determine organic sulphur in coal, usually in an electron microprobe or an SEM. The 

Kα X- ray line of sulphur emitted when electrons or other charged particles strike a coal specimen is measured 

using either crystal-dispersive detectors or energy-dispersive detectors. The intensity of the line is proportional to 

the sulphur content. This is then quantified after the system is calibrated using a standard sample of known sulphur 

concentration [27, 28] 

H. Mössbauer spectroscopy:  
Mössbauer spectroscopy has been used to analyses the included minerals and mineral-derived phases of a large 

suite of coal and other coal-related samples. A new method was developed for making direct, quantitative 

determinations of the amount of pyritic sulphur in coal, which involves comparing the observed Mössbauer mass 

absorption coefficient for pyrite in coal to a standard calibration curve [29] 

I. Nuclear Sulphur Meter:  
This analytical system is based on prompt monitoring of gamma rays produced by the interaction of fast neutrons 

with coal. [30].  In this method, fast neutrons are emitted equally in all directions from a small capsule of 

californium-252 centered in a bin of coal.  The neutrons penetrate the coal and are slowed by multiple collisions 

which produce a sphere of thermal neutrons that are captured by the elements in coal, in. proportion to their 

neutron cross sections.  These neutron capture reactions produce prompt gamma rays with energies characteristic 
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of each element.  A gamma ray detector then records the gamma ray spectrum.  Sulfur atoms in coal, for example, 

produce 5.4-MeV gamma rays which appear in a gamma ray spectrum as a peak whose height is directly 

proportional to the sulfur content of the solid fuel.  The detector is a 6- by 7-inch sodium iodide crystal that 

provides a reasonable compromise between detection efficiency, resolution, activation, and cost. 

J. Sulfur in Coal by Ion Chromatography:  

The sulfur is converted to sulfate ion in a fusion reaction using a flux of Eschka mixture (2 parts MgO to 1 part 

Na2CO3) at 800 °C according to the following reaction sequence: 

S (as organosulfur and metal sulfides) + O2 → SO2 

Na2CO3·MgO + SO2 + ½O2 → Na2SO4 + MgO + CO2 

The soluble Na2SO4 is then dissolved in water and the sulfate ion is determined by IC. [31]. The results for total 

sulfur were reproducible, and the accuracy, based on total sulfur balance, was good. 

K. IS: 1350 (part III) 1969, [32]  

This standard was originally issued in 1959 and reaffirmed in 2000. Later a study of various recommendations 

made by International Organization for Standardization (ISO), as well as the experience gained with the adoption 

of these methods in the country necessitated the present revision. 

Analysis sample of about 300 g of air-dried coal, ground to pass 212-micron IS Sieve; and in addition special 

moisture sample of 1 kg of coal, crushed to pass IS Sieve 12-5 mm, to be sent in duplicate. Where air-drying has 

been adopted in the preparation of the samples, the percentage loss of air dried moisture in this operation shall be 

recorded on the label together with the method of sampling used and paste it on the sample container. Certain 

coals may be found to give irregular results on analysis. In such cases, and for analytical work only, the analysis 

sample should be further ground to pass 125-micron IS Sieve and re-mixed. Mostly high ash coals tend to behave 

like this due to improper grinding and homogenization of sample. 

IS 1350 covers two aspects of sulphur estimation in coal  

1. Total sulphur in coal is determined gravimetrically by the Eschka method  

2. The forms in which sulphur is present are determined by the method was presented in clause 5.2 which 

was completely removed in amendment no. 2 June 2011. 

L. IS 15438:2004 [33].  

This Indian Standard which is identical with ISO 157: 1996 [34] ‘Coal - Determination of forms of sulphur’, 

issued by the International Organization for Standardization (ISO) was adopted by the Bureau of Indian Standards 

on the recommendations of the Solid Mineral Fuels Sectional Committee and approval of the Petroleum, Coal and 

Related Products Division Council.   

Sample preparation: Grind about 25 g of the sample to pass a sieve of aperture 75 µm and ensure that its moisture 

content is in equilibrium with the laboratory atmosphere, exposing it if necessary in a thin layer for the minimum 

time required to achieve equilibrium. Before commencing the determination, thoroughly mix the test sample for 

at least 1 min, preferably by mechanical means. If the results are to be calculated other than on an air- dried basis 

then, after weighing the test portion, determine the moisture content using a further portion of the test sample by 

the method described in ISO 5068 [35] or as appropriate. 

The forms in which sulphur is present are determined by the method. 

• 'Sulphate' sulphur is determined by extracting coal with dilute hydrochloric acid and determining the sulphur 

in the extract.  

• 'Pyritic' sulphur is insoluble in dilute hydrochloric acid, but it is quantitatively dissolved by dilute nitric acid 

under the experimental conditions described. It is conveniently determined by an indirect method, that is, by 

determining the amount of iron combined in the pyritic state and calculating the amount of sulphur associated 

with this iron.  

• Organic sulphur is calculated by deducting the sum of the percentages of sulphate and pyritic sulphur from 

the total sulphur in the coal as determined by the Eschka method. Interference from cations is both common 

and serious and hinders sulfate precipitations and/or causes precipitation of the indicator.   As a result, cations 

should be removed with an ion exchange column prior to analysis. 

• Depending on the expected sulphur content select the weight of test sample 

• The repeatability and reproducibility as per this test method described as below 

- Repeatability ± 0.02% and reproducibility is ±0.03% for Sulphate Sulphur 

- Repeatability ± 0.05% and reproducibility is ±0.10% for pyritic Sulphur content < 0.5% in coal 

- Repeatability ± 0.07% and reproducibility is ±0.15% for pyritic Sulphur content 0.5 – 1.5% in coal 

- Repeatability ± 5% and reproducibility is ±10% of result for pyritic Sulphur content >1.5% in coal 

M. ISO 334:2013 [36] (Solid mineral fuels – Determination of total sulphur – Eschka method)  

An alternative reference method to that specified in this International Standard is given in ISO 351:1996 [37]. 

Instrumental methods for a more rapid determination of total sulphur are now available. If such a method is to be 

used, it is important to demonstrate that the method is free from bias, when compared to this reference method, 

and will give levels of repeatability and reproducibility which are the same as, or better than, those quoted for the 

reference method. This International Standard specifies a reference method for determining the total sulphur 
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content of hard coal, brown coals and lignites, and coke by the Eschka method. Test coal sample is ignited in 

intimate contact with the Eschka mixture in an oxidizing atmosphere at 800 °C to remove combustible matter and 

to convert the sulphur to sulfate. This is then extracted with hydrochloric acid solution and determined 

gravimetrically by precipitation with barium chloride. 

N. ISO 351:1996 [37]  

The high-‐temperature combustion method with acid base titration detection procedures is also covered in ISO 

351:1996.  However, in a recent review it has been withdrawn in September 2013 without any replacement.  

O. ISO 157:1996 [38] Determination of the various forms of sulphur. This is equivalent to IS 15438 [33]. 

P. ISO 19579:2006 [39] (Solid mineral fuels-determination of sulphur by IR spectrometry).   

ISO 19579:2006 specifies an alternative method of determining the total sulphur content of hard coal, brown coal, 

and lignite by high-temperature combustion and infrared absorption using commercially available instruments. 

This method has been shown to be applicable to coal samples having an ash yield of less than 40 %. This standard 

has been reviewed and confirmed in 2011. The coal sample is combusted at 1350 °C in a stream of oxygen. 

Particulates and water vapour are removed from the gas stream by traps of glass wool and magnesium perchlorate. 

The gas stream then passes through a cell in which the sulphur dioxide is measured by an infrared absorption 

detector, connected to a microprocessor. The instrument is calibrated with standard reference materials. The 

percentage of sulphur in the sample is calculated from this prior calibration by the microprocessor. 

It was demonstrated, when the instrument was calibrated by varied pure compounds containing sulphur and 

certified reference materials (CRMs) for coal, that there was a large deviation in the measured sulphur contents. 

It indicates that the difference in chemical speciations of sulphur between CRMs and the analyte results in a 

systematic error. [40]. The time-IR absorption curve was utilized to analyze the composition of sulphur at low 

temperatures and high temperatures and then the sulphur content of coal sample was determined by using a CRM 

for coal with a close composition of sulphur. Therefore, the systematic error due to the difference in chemical 

speciations of sulphur between the CRM and analyte was eliminated. On the other hand, in this combustion at 

high temperature-IR absorption method, the mass of CRM and analyte were adjusted to assure the sulphur mass 

equal and then the CRM and the analyte were measured alternately. This single-point calibration method reduced 

the effect of the drift of the IR detector and improved the repeatability of results, compared with the conventional 

multi-point calibration method using the calibration curves of signal intensity vs sulphur mass. The sulphur 

content results and their standard deviations of an anthracite coal and a bituminous coal with a low sulphur content 

determined by this modified method were 0.345% (0.004%) and 0.372% (0.008%), respectively. The uncertainty 

(U, k =2) of sulphur contents of two coal samples was evaluated to be 0.019% and 0.021%, respectively. 

Q. ASTM D3177:  

The ASTM D3177–02(2007) [41] covers Eschka method and bomb washing method as standard test methods for 

determining total sulphur in an analysis sample of coal. These test methods cover two alternative procedures for 

the determination of total sulphur in samples of coal, Method A—Eschka Method and Method B—Bomb Washing 

Method. Sulphur is included in the ultimate analysis of coal and coke. Formerly under the jurisdiction of 

Committee D05 on Coal and Coke, these test methods were withdrawn in December 2012 and replaced by D4239 

[42]: Test Method for Sulphur in the Analysis Sample of Coal using High Temperature Tube Furnace Combustion. 

R. ASTM D4239–14 [42]:  

This test method covers the determination of sulphur in samples of coal by high-temperature tube furnace 

combustion by two analysis methods using pulverized sample to pass No. 60 (250-µm). 

 Combustion Method A (1350 °C): A weighed test portion of sample is burned in a tube furnace at a minimum 

combustion tube operating temperature of 1350°C in a stream of oxygen. Sulphur dioxide after decomposed 

and oxidized from coal is measured by an infrared (IR) absorption detector. This method uses coal reference 

materials to calibrate the sulphur analyzer and also uses a pure substance, BBOT (2,5-di 5-tert-

butylbenzoxazol-2-yl) thiophene, C26H26N2O2S)—A pure substance and certified reference material for 

sulphur (7.47 % sulphur) to calibrate the sulphur analyzer. 

 Combustion Method B (1150 °C): A weighed test portion of sample is burned in a quartz combustion tube in 

a stream of oxygen with an equal or excess weight of tungsten trioxide (WO3). Sulphur is oxidized during the 

reaction of the sample and WO3. The tube furnace is operated at a minimum combustion tube operating 

temperature of 1150°C and tin (Sn) sample boats are utilized. 

All other IR energy is eliminated from reaching the detector by a precise wavelength filter. Thus, the absorption 

of IR energy can be attributed only to sulphur dioxide whose concentration is proportional to the change in energy 

at the detector. One cell is used as both a reference and a measurement chamber. Total sulphur as sulphur dioxide 

is detected on a continuous basis. 

The test results of total sulphur for Coal should have following information:  

 Mass percent sulphur, as determined, dry, or other bases. 

 Method used; Test Method D4239, (Method A, and calibrants, or Method B). 

The repeatability and reproducibility of the sulphur test results as per ASTM D 4239 has been shown in Table 1.  
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Table 1 Repeatability and Reproducibility for Sulphur in 250 µm (No.60) 

Method Range Repeatability Reproducibility 

Method A, 250µ, CRM 0.28-5.61  0.02 + 0.03A 0.02 + 0.09A 

Method A, 250µ, BBOT 0.37-5.48 0.053 + 0.019A 0.125 + 0.053A 

Method B, 250µ, 0.38–5.6 0.04 + 0.05A 0.07 + 0.66A 

Where A is the average of two single test results 

From the above table it can be seen that the repeatability or reproducibility is a single value for a wide range of 

sulphur content coal. Which is theoretically not precise. We have taken all the coals shown in ASTM D 4239, 

(Table A1.1, page 5) and tried to understand the correlation between TS content with repeatability and 

reproducibility limits. The details are shown in figure 1.  

 

 
 

Figure 1: Polynomial relation between Total Sulphur content with repeatability and reproducibility  

of sulphur estimation by Method A with CRM 

It is very clear from above figure that both repeatability and reproducibility of sulphur estimation of coal by 

Method A with CRM is having very good polynomial correlation coefficient (R2=0.97 to 0.98). Therefore, 

depending on the total sulphur content of coal the repeatability or reproducibility values will change, higher the 

total sulphur, larger the values of repeatability and reproducibility, which can be calculated using the equation 

shown in figure1. It is also observed that with increase in total sulphur content in coal, the reproducibility value 

differs higher than in comparison to repeatability value. This indicates high sulphur coals have poor 

reproducibility in various labs.  

The limit of accuracy of test results in this method for total sulphur in coal is up to 6% only and beyond 6%, it’s 

not clear. 

S. ASTM D2492 - 02(2012) [43]:  

Standard Test Method for Forms of Sulphur in Coal. Committee D-05 on Coal and Coke, of the American Society 

for Testing and Materials (ASTM), began a study of methods for the determination of forms of sulphur in coal in 

1957. This study eventually led to the current Standard Method D-2492, forms of Sulphur in Coal. This test 

method provides for a separation of coal-associated sulphur into two commonly recognized forms: pyritic and 

sulfate. Organic sulphur is calculated by difference. This test method has considered that Monosulfides (pyrites 

and FeS2 are disulfides) of iron and elements such as cadmium, lead, vanadium, and zinc can be present in coal. 

In the range of 0 to 100 ppm, these monosulfides do not contribute significantly to the total inorganic sulfide 

content. 

The method is based on the different solubilities of sulfate and pyritic sulfur in HC1 and HNO3. Sulfate sulfur is 

soluble in dilute HC1, both sulfate and pyritic forms of sulfur are soluble in HNO3, and organic sulfur is insoluble 

in the acids. Pyritic sulfur is generally determined by extracting the coal residue from the sulfate sulfur 

determination, although it may also be determined on a separate coal sample if corrections for the sulfate sulfur 

or iron are made. Pyrite is oxidized by HNO3 to ferric iron and sulfate, but it is the ferric iron associated with the 

pyrite that is usually determined rather than the sulfur. The HNO3 extraction may oxidize small amounts of organic 

matter that contains sulfur. This would be erroneously determined as part of the pyritic sulfur. Organic sulfur is 

calculated by difference as previously described. 

According to Colin Campbell, SaskPower, and D05 member WK22936, is to be based on D2492, [44], Test 

Method for Forms of Sulphur in Coal, but will be focused on reducing the required sample sizes. Gravimetric and 

atomic absorption detection methods used in D2492 will be replaced in the proposed new standard with 
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inductively coupled plasma-atomic emission spectroscopy. The proposed standard will also provide an optional 

means of directly measuring the organic sulphur fraction using high temperature combustion. 

T. ASTM D2015:  

The bomb washing procedure is convenient for laboratories that make frequent coal calorimetric determinations 

as described in ASTM D-2015 [45]. After cooling and careful venting, the bomb used for a calorific determination 

is thoroughly washed with water, and the sulphur is then gravimetrically determined in the bomb washings. This 

method gives excellent results when used for the analysis of coals containing no more than 4% sulphur.  This 

standard has been withdrawn in 2000 with no replacement. 

U. ASTM D5016 – 08ε1: [46]  

This method is not exactly for air dried coal sample but it’s for the testing of sulphur in coal ash interpreted as a 

combustion residue.  

III. Precautions 

While conducting the measurement of sulphur in steam coal samples, which likely to be a blend of various 

chemical and physical properties of coals, the following precautions assumed to give accurate result.  

• Grinding to the usual -60 mesh particle size is important for homogenizing the sample for the reason of 

blending of various physical characteristics in steam coal and its sulphur contained minerals and/or macerals. 

• Use only chemical reagents of high purity of recognized analytical reagent grade having traceability. 

• All glass fresh distilled water of low conductance is preferred. 

• Laboratory glassware and related apparatus conforming to the requirements for class A in the International 

Standards prepared by lSO/TC 48. 

• Calibrated glassware with known uncertainty budgets. 

• Prefer ashless, close-textured, doubly acid-washed filter paper 

• Electrically heated Muffle furnace with uniform hot zone with preferably ± 10 ºC with linear stability over 

time, with continuous flushing of fresh dry air or oxygen. 

• Electric oven being uniformly maintained at 130 ± 5 ºC, check for stability over time with continuous flushing 

of fresh dry air/nitrogen. 

• Do not regenerate Magnesium perchlorate the absorbent. Do not allow contact with organic materials or 

reducing agents. 

• Oxygen, 99.5 % pure with suitable regulator 

• Carry out a blank determination under the same conditions but omitting the test sample material. 

• Look for any unusual features noted during the determination if any abnormal deviation found in result 

• The analysis of duplicate samples is recommended as a QC of the analytical procedures. 

• All analytical equipment should be periodically inspected and calibrated.   

• It’s advisable to conduct gage R&R periodically 

• During the analysis, accurate records should describe each step. 

• The method of division, reduction, and analysis must be consistent so that any large difference in analytical 

results can be attributed to the sample, and not to an error in preparation or analysis 

• Quality assurance measures may Include reproducibility tests, where split samples are analyzed by different 

laboratories using the same standard method, and the results compared. 

• In addition to these quality control procedures, an independent observer (External Audit) not associated with 

the normal sampling operation may review the sampling procedure (Internal procedural audit) to assure that 

standard methods are being followed. 

• An important QC procedure for sample preparation is periodic sieve tests on the product of the sample 

crusher.  This allows an evaluation of the performance of the equipment and the procedures. Ornlng [47] 

found that the sampling variance is more dependent on particle size. 

• As coal sizes represent extremes in both sulfur and ash content, under-sampling them had a compensation 

effect. The bias, expressed as percent error, is more pronounced when the sulfur content is high. This is due 

to the fact that the finer particles of coal have a higher sulfur content (weight percent) than larger particles. 

Possibly due to gravity separation. 

• Bomb wash procedure using the gravimetric finish is equally or more precise than the Eschka procedure. 

However, some analysts have reported retention of sulfur in the fused ash and an additional extraction step 

was necessary for accurate analysis. The gravimetric portion of this procedure is subject to interference from 

iron.  Unless carefully removed, the iron will yield low sulfur values because it can be occluded as iron sulfate 

in the BaSO4 precipitate and can be converted to ferric oxide during the ignition step.  Additional care must 

be taken to avoid occlusion of sulfate when the iron is precipitated. If large volumes of ferric hydroxide are 

precipitated, it is mandatory to re-dissolve and re-precipitate to obtain a quantitative recovery of sulfate. 

• The sample may contain an iron-bearing mineral that is incompletely dissolved in hydrochloric acid; thus, 

the iron appears as pyrite iron in a subsequent digestion with nitric acid. Iron-bearing minerals likely to occur 

in coal include siderite, hematite, marcasite, and goethite [48]. 
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• Instructions on background correction (matrix effect) and analysis of standard reference materials (SRMs) or 

certified reference materials (CRMs) are given as essential parts of the procedures. 

• Organically bound sulphur may have been oxidized in the nitric acid digestion, thus, giving high values for 

pyritic sulphur. Iron-bearing mineral that is incompletely dissolved in hydrochloric acid; thus, the iron 

appears as pyrite iron in a subsequent digestion with nitric acid. Iron-bearing minerals likely to occur in coal 

include siderite, hematite, marcasite, and goethite [48] 

• Any errors made in total, pyritic, or sulfate sulphur determinations will be cumulative in the organic sulphur 

calculation. 

• Sulphur in coal affects clinkering and slagging tendencies; corrodes equipment inside. So periodically check 

the equipment inner responsive parts.  

• It is a well-known fact that samples rich in sulphur may cause difficulties owing to formation of carbon 

disulfide and carbon oxysulfide. The method of I. J. Oita and H. S. Conway [49] which we used for several 

years, is very suitable for preventing this interference. The gas is led over copper at 900 °C to decompose the 

above products. 

• A fundamental and more serious problem is many coals contain finely dispersed (< 5µ) pyrlte which is in the 

form of single crystals or in spherical crystal assemblies (framboids).  These particles may be occluded in 

coal particles or enclosed in a kaolin lattice which can retard or prevent their dissolution in the standard 

digestion procedure. 

• The nitric acid extraction often removes substantial amounts of organic material.  If not destroyed, this 

material is oxidized by dichromate or permanganate titrant in the determination of pyritic iron yielding a high 

result. 

• Both iodimetric titration and infrared absorption detection procedures are empirical and therefore, the 

apparatus must be calibrated using the standard reference materials with sulphur percentages in the range of 

the samples to be analyzed keeping the matrix similar composition with test sample [50] 

• Carefully select reference materials, in the range of the samples to be analyzed. Use at least three or more 

such reference materials, for each range of sulphur values to be tested. Select one reference material 

containing at least as much sulphur as the highest level of sulphur expected. Select two additional reference 

materials, one approximately at the mid-point of the range and one below the lowest level of sulphur expected 

• Verify the instrument calibration prior to analyzing test samples, upon completion of all test samples and as 

needed to meet quality control requirements. 

• Do not use the reference material for calibration or calibration verification when less than 2 g remain in the 

container, because cannot repeat the test later. The remaining material can be used for instrument 

conditioning. 

• If the test result determined for each reference material employed for verification is not within the specified 

uncertainty for the assigned sulphur value repeat the instrument calibration. Repeat all samples analyzed since 

the last successful calibration verification. 

• For each reference coal employed for calibration, use the as-determined sulphur value previously calculated 

from the certified dry-basis sulphur value and residual moisture determined using Standard Test Methods  

• If the analysis time exceeds the maximum analysis time recommended by the manufacturer take corrective 

action as recommended by the manufacturer. Therefore, the lab should have record of start and completion 

time for each analysis 

• The standard uncertainty is evaluated by scientific judgment based on all available information on the possible 

variability. Values belonging to this category may be derived from: 

- Previous measurement data 

- Experience with or general knowledge of the behavior and properties of relevant materials and 

instruments 

- Manufacturer’s specifications 

- Data provided in calibration and other certificates 

- Uncertainties assigned to reference data taken from handbooks  

• The ASTM [51] defines the sources of variability of a measurement method, each of which belongs to one of 

the following categories: 

- Different operators (and the same operator at different times) introduce variability into the process 

because of differences in dexterity, reaction time, color sensitivity, ability to interpolate scale readings, 

and so forth. Variability due to the operator can be reduced by providing clear, complete instructions to 

operators regarding the proper methodology. Careful training and quality control in the execution of the 

method might also reduce the uncertainty associated with the test method. Sometimes procedural audits 

with chemists while conducting a test from beginning to end also helps in correcting the practical 

knowledge and eliminating the gaps in understanding. 

- Apparatus typically allow variations in measurements due to specification tolerances. Because no 

apparatus can be built that has zero tolerance, these variations are one source of variability between test 
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results from different test equipment. Apparatus calibration is also a potential source of error. An 

instrument that is not calibrated correctly or is calibrated to an incorrect standard may introduce bias into 

the measurement process. NIST SRMs for sulphur in fossil fuels directly impact this potential source of 

bias. Uncertainty due to the apparatus can be reduced by improving the instrument’s tolerances, by more 

careful (or more frequent) calibration and quality control of the instrument, or by calibration to a more 

reliable standard. 

- The environment also contributes to measurement uncertainty. Although test methods typically specify 

the standard environmental conditions for testing, these factors cannot be controlled perfectly. Thus, 

slight differences in environment yield differences in test results. Variability due to the environment such 

as temperature, humidity, dust can be reduced by carefully controlling the conditions under which 

measurements are made. 

- Another major source of uncertainty is sampling. A batch or lot of material to be tested (such as a 

shipment of coal) is rarely perfectly uniform. Sampling methods are typically employed to ensure that 

the sample is representative of the lot; however, sampling is often (especially in the case of coal, which 

is typically very heterogeneous and in case of steam coal it is pronounced) a large source of measurement 

uncertainty. Uncertainty due to the sample can be reduced by taking more samples or by taking more 

composites of a representative sampling point. Material heterogeneity is the primary source of 

uncertainty in steam coal. 

- All of the above sources of uncertainty in measurement can change over time, and this contributes to 

variability in measurement. For example, the environment in a laboratory may change systematically 

over time. Thus, the longer the amount of time between different realizations of a test method, the greater 

the potential variability in the results. 

• The test results of total sulphur for coal should have following information in order to have a better 

comparability with other labs analysis results- 

- Mass percent sulphur, as determined, dry, or other bases. 

- Method used and calibrants (with their values). 

- Residual moisture of the test sample at the time of sulphur determination. 

-  

IV. Conclusion 

Sulphur is a key characteristic of fossil fuels and an important factor in determining their commercial value. 

Information about the sulphur content of fossil fuels is important to industry to demonstrate regulatory compliance 

and control the quality of their products. Measurements of the sulphur content of fossil fuels, are subject to some 

uncertainties. Variability in coal is an inherent quality is a function of the geologic and chemical processes of its 

formation. Careful resampling and re-analysis has shown that differences are due to poor sampling and/or 

analytical techniques [52]. The measuring error variance may possibly be reduced by adherence to improved 

QA/QC procedures, more increments per composite, additional composites from other sampling points, better 

equipment etc. The measured value of a variable is a function of both its true value and the measurement system. 

Uncertainties of analytical measurements must be quantified so that decision-makers can understand the degree 

of reliability of the result.  
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