
J. MET. MATER SC., Vol.  63, No. 1-2, 2021  13

Journal of Metallurgy and Materials Science, Vol. 63, No. 1-2, January-June 2021
Printed in India, © NML, ISSN 0972-4257

Study of Sulphur Speciation in New Zealand Coal by Density Gradient Separation

K. KUMARI1, S. CHAKLADAR2, V. K. SAXENA1, M. SHARMA2, S. CHAKRAVARTY2

1Department of Chemical Engineering, Indian School of Mines, Dhanbad-826004
2 CSIR-NationalMetallurgicalLaboratory,Jamshedpur-831007

Abstract : Presence of high sulphur in coal is a burning issue due to emission of sulphur dioxides and hydrogen 
sulphide in the environment during the process of energy production. In the present study, New Zealand coal with 
total sulphur concentration of 1.29% has been collected and sulphur speciation has been carried out using standard 
methods. Density gradient separation has been adopted to separate the raw coal in seven density fractions. The 
raw coal and the density fractions derived from it have been thoroughly characterized usingproximate analysis, 
ultimate analysis, petrographic characterization and FTIR spectroscopy to gain in-depth understanding of the 
functional group variation in the coal sample. Importantly, sulphur speciation has also been carried out for each 
fraction. The total concentration of organic sulphur in this coal is found to be 1.13% while the pyritic content is 
0.11%. and the rest of the content is that of sulphatic sulphur.
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1. INTRODUCTION
Widespread interest in reducing the sulphur content of coal has increased the need for chemical determinations 
of speciation of sulphur in coals. Both inorganic and organic forms of sulphur exists in coal. The predominant 
inorganic contaminants are sulfides, sulfates and pyrite in most coals. Conventional analytical methods are 
available to determine these inorganic sulphur components. There are strategies which are commercially practiced 
for their efficient removal from coal. The organic sulphur structures in coals, however, are main components of 
the macromolecular structures of the coal and hence difficult to separate. The relative proportions of organic and 
inorganic sulphur in coal vary with the source of the coal [1]. The typical variation of total sulphur content in 
coals is in the range of 0.5% to 5%. Coals are classified into three broad sections based on their sulphur content, 
low-sulphur coal (£1% sulphur), medium sulphur coal ( 1%-3% sulphur) and high-sulphur coal (>% sulphur)[1]. 
The three forms of sulphur commonly found in coal are pyritic,organic and sulphate. While pyritic and organic 
sulphur are the predominant forms, elemental sulphur forms are less only found in trace to minor amounts.

The predominant sulfide mineral in coal is pyrite. Macroscopically, pyrite occurs as veins, lenses, nodules and 
disseminated crystals [2]. On microscopic level, pyrite primarily occurs as blebs, fine veinlets, dendrites and 
replacement of plant material [3]. In order to develop strategies for efficient removal of pyritic sulphur by physical 
coal cleaning, the distribution of the various forms of pyrite in coal based on their size variation has been studied 
by several research groups[4-6].

The different forms of organic sulphur are (i) aliphatic or aromatic thiols, (ii) aliphatic, aromatic or mixed suphide 
and disulfides and (iii) thiophene and derivatives [7-8]. The stability of thiols and disulphides are the least and they 
tend to decompose easily to H2S and to unsaturated compounds. However, aryl sulfides and thiophenes are quite 
stable to decomposition owing to the extra stability imparted by the aromatic group. Knowledge of the types of 
sulphur present in coals from different geographical origin is crucial to develop a suitable desulphurization process. 

Development of an efficient desulphurization process for utilization of high sulphur coal has been a great concern. 
In particular for combustion processes because of the emission of sulphur dioxide and sulphur trioxide – which 
are responsible for numerous health problems and acid rain[9]. Stricter environmental policies have been recently 
implemented where fuel sulphur limits have been significantly reduced to near-zero levels (that is <10 ppm)to 
minimize these major environmental and health concerns[9-10]. Desulphurization is thus, today, one of the most 
important problem for which a number of physical, chemical and biological methods of desulphurization have 
been reported [11-19]. However, an efficient desulphurization route can be only developed if we understand the 
sulphur speciation in different parts of the world. 
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There are vast deposits of high-sulphur coals throughout the world where coal is typically found. The sulphur 
content in Australian coal is considerably low, which is an exception. In India, the high sulphur coals occur in the 
north eastern part of the country [20]. According to literature precedence, New Zealand coal is known to possess 
more of organic sulphur compared to pyritic sulphur [21].  Although, several researchers have investigated upon 
the types of sulphur in raw coal taken from various geographical locations in New Zealand, not much is known 
yet with respect to the distribution of different forms of sulphur with density gradient separation. An improved 
knowledge of the nature of sulphur-bearing minerals and their distribution in coal, organic sulphur-containing 
functional groups and their concomitant chemistry is necessary to develop smart and efficient desulphurization 
processes. This is turn will undoubtedly enhance the environmental acceptability of coal-derived energy.

The present study aims to investigate the association of different form of sulphur in various densities of New 
Zealand coal and evaluate the different forms of sulphur compounds associated with coal molecule. A detailed 
chemical characterization of coal, density gradient separation, FTIR studies and petrographic analysis was 
performed to delineate the distribution pattern of various forms of sulphur. To our knowledge, such a detailed 
analysis of variation of sulphur speciation with density has not been performed on New Zealand coal previously. 

2. MATERIALS AND METHODS
In our present study, New Zealand coal was chosen for detailed analysis of sulphur speciation. Bromoform and 
benzene used for density gradient separation were purchased from Rankem, India and used as received. Milli 
Q water was produced with a Millipore water purification system with a resistivity of 18.2 MU cm. The head 
sample was grinded to obtain the size fraction of -1+0.5mm using pulveriser and was sieved prior to density 
gradient separation. Sample was subjected to density gradient separation in 7 density fractions viz 1.3 g/cc, 1.35 
g/cc, 1.4 g/cc, 1.6 g/cc, 1.7 g/cc, 1.8 float and 1.8 sink. All the density fractions along with the head sample 
were thoroughly characterized with reference to proximate analysis, ultimate analysis and sulphur speciation. 
Structural forms of sulphur for these samples were also investigated by Fourier transform infrared spectroscopy 
(FTIR) for the better understanding of the functional forms in the coal. 

2.1 Chemical characterization 
Coal was air dried basis and the proximate analysis was carried out by Automated TGA-1000, (NAVAS Instrument, 
USA) as per ASTM D7582-10, Ultimate analysis of coal was conducted using CHNS analyzer, Vario, EL, III 
(Elemental GmBH, Germany) as per ASTMD5373-08, sulphur analysis of coal is carried out by Sulphur analyzer 
(Leco 144DR) as per ASTM 1991. The sulphur speciation (pyritic sulphur, sulphatic sulphur and organic sulphur) 
were determined using standard protocol as per ASTM 2005, the percentage of organic sulphur were calculated 
by difference.

2.2 FTIR Spectroscopy
Functional group characterization of New Zealand coal was performed using Fourier Transform infrared 
spectroscopy (FTIR). Samples were prepared using the standard potassium bromide (KBr) press pellet procedure 
using a ration of 1:400 (coal: KBr) mixture. FTIR spectroscopic analysis was performed on a Perkin–Elmer 
(model-Paragon 500) FT-IR spectrometer, equipped with a DTGS detector at a resolution of 4 cm−1. The infrared 
signal was recorded in the range of 400 and 4,800 cm−1 wave numbers.

2.3 Petrographic Characterization
In order to perform the petrographic analysis of our coals under microscope,the samples were ground to less 
than 1mm size (-18 mesh size) and coal pellets were mounted in epoxy-resin along with hardener followed 
by polishing to obtain a smooth surface. The maceral analyses were made on polished mounts using advanced 
Polarizing Microscope (DM4500, Leica, Germany). Petrographic analysis of the coal samples were carried out 
following BIS procedure (IS-9127).
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3. RESULT AND DISCUSSION 

3.1 Density Gradient Separation of New Zealand Coal
The fractional weight distribution of head sample shows that the major proportion of coaly matter floats in the 
lighter density fractions of 1.3 g/cc (57.49%) and smaller proportions in heavier density fraction of 1.6 g/cc 
(21.87%) (Fig.1). The heavier densities (1.7g/cc and 1.8 g/cc) yielded much lower with respect to coaly matter. 
The heavier fractions namely 1.7 float, 1.8 float and 1.8 sink accumulate to only 1.86% in total weight. The 
observation is well supported by literature precedence[22]. 

Fig. 1: weight percentage of density fraction of New Zealand coal.

3.2 Chemical characterization
The chemical characterization of New Zealand coal in various density fractions is shown in Table 1. It appears 
from the data that the carbon content along with hydrogen decreases with increase in density which depicts that 
the inorganic impurities of coal primarily accumulated in the higher density fractions. The proportion of sulphur 
initially shows a decreasing trend from 1.11% in 1.3 float to 0.65% in 1.6 float and then increases from 1.12% 
in 1.7 float to 7.12% in 1.8 sink. This is vital information which proves that the type of sulphur in lower density 
fractions of coal (1.3g/cc) is primarily organic in naturewhereas the inorganic sulphur is concentrated in higher 
density fractions (1.7 g/cc, 1.8g/cc) as pyrites and sulphates. Volatile Matter(VM), which is essentially a measure 
of the non-water gases formed from a coal sample during heating, also decreases with increase in density of coal 
(Table 1). However, maximum percentage of VM and oxygen obtained in 1.6 density fraction of coal indicates the 
presence of inorganic volatiles like carbonates associated with coal. Proximate analysis shows that the ash content 
is maximum in the higher fraction of coal indicating the association of sulphur with mineral matter present in coal. 

Table1: Proximate and ultimate analysis of different fractions of New Zealand Coal
S.No Sample Ash% Moisture% VM% FC% C% H% N% S% O%

1 Raw 2.93 2.69 32.65 61.73 83.12 5.60 1.12 1.29 3.25
2 1.3 float 0.76 2.59 36.24 60.41 87.42 5.38 1.28 1.11 1.46

3 1.35 float 3.59 2.74 33.10 60.57 81.90 5.06 1.34 1.06 4.30
4 1.4 float 4.16 3.20 31.99 60.65 79.13 4.90 1.42 0.84 6.35

5 1.6 float 2.78 2.20 40.90 54.12 71.93 4.45 1.19 0.65 16.80

6 1.7 float 14.94 2.72 25.44 56.90 64.27 3.32 0.92 1.12 12.71

7 1.8 float 25.45 2.77 25.16 46.62 51.07 3.29 0.80 1.26 15.36

8 1.8 sink 64.49 1.67 20.16 13.67 18.27 1.29 0.06 7.12 7.10
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3.3 Sulphur Speciation
The results obtained for sulphur speciation of head sample as well as various density fractions of parent coal 
are shown in Fig. 2. The percentage of pyritic sulphurincreased from 1.3 float to 1.8 sink with the maximum 
value of 5.11% in 1.8 sink. Sulphatic sulphur also shows the same trend as pyritic sulphur, indicating that the 
maximum part of the sulphur in 1.8 sink was inorganic in nature. Sulphur content in lighter density fractions of 
coal (1.3g/cc to 1.5g/cc) is associated with the organic matrix with traces of impurities. The possible organic 
sulphur compounds in coals could be thiols, sulfides or thiophene and its derivatives. Although there are several 
new analytical techniques to analyse organo-sulphur compounds embedded in coal matrix, it is still an arduous 
task to delineate the exact molecular structure of organo-sulphur components in coal.

Fig. 2: Percentage of forms of sulphur in raw and density fraction of New Zealand coal.

3.4 FTIR spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) is a technique which records the absorption peaks of various 
functional groups in organic matter and assists in deducing the semi-quantitative structural parameters of the 
raw coal and their respective density fractions (Fig. 3). FTIR curves establish the difference in distribution 
and abundance of functional groups in isolated density fractions bands with respect to presence of sulphur 
functionalities and their corresponding association to coal matrix. Fig.3 shows the comparative graph of FTIR 
spectra for 1.3g/cc, 1.4 g/cc, 1.6 g/cc, 1.7 g/cc, 1.8 g/cc float and 1.8 g/cc sink. The major variations of sulphur 
functional groups were observed between the lighter density fractions (1.3 g/cc, 1.4g/cc and 1.6 float) and heavier 
density fractions (1.7g/cc, 1.8 float and 1.8 sink).

Fig.3 : FTIR Spectra of density fractions of New Zealand coal.



Study of Sulphur Speciation in New Zealand Coal by Density Gradient Separation

J. MET. MATER SC., Vol.  63, No. 1-2, 2021  17

The most prominent absorption bands in heavier density fractions (1.7 float, 1.8 float and 1.8 sink) were observed 
in the fingerprint region of 550cm-1, indicative of presence of stretching vibrations of S-S bonds in sulfides and 
C-S bonds in primary and secondary thiols [23]. Of note, this peak was not visible in the head sample as well as 
in the lighter density fractions (Fig. 3). The presence of inorganic pyrites confined in heavier density fractions 
justifies the presence of such stretching bands. Another important absorption band observed was in the range of 
1020 to 1050cm-1, indicative of the presence of inorganic sulphate (SO4) in the coal sample [24]. The peak in the 
range of 1560 to 1590cm-1 corresponds to C=C bonds present in the polyaromatic structure in coal, the presence 
of which is interestingly more prominent in 1.3 float to 1.8 float, but present in much reduced quantity in 1.8 sink 
(Fig. 3)[25-26]. In particular, aromatic C=C stretching band is visible in the all density fractions isolated from 
New Zealand coal. The FT-IR spectrum demonstrated the presence of hydrogen bonded groups like O–H, N-H 
and COOH groups (∼3420 cm−1), aliphatic methyl and methylene groups (2920 cm−1, 2850 cm−1), and aromatic 
C=C bonds (1603 cm−1) in the molecular structure. The C-H stretching vibration originating from aromatic 
structure (3054 cm−1), which is typically found in low intensity, is an evidence of highly condensed nature of the 
aromatic structure [17], which is present in raw and density fractions of New Zealand coal. Band corresponding 
to methylene (-CH2-) scissoring vibrations is found at ~1436 cm−1[18].The aliphatic CH stretch is attributed to 
the region of 2920-2850cm-1with CH2 group being the dominant contributor to this region [27]. The clay minerals 
were found predominantly in the heavier coal fractions (1.7, 1.8 float and 1.8 sink) as evident from the absorption 
bands in the region of 3600-3650cm-1.

3.5 Petrography
Microscopic studies of New Zealand Coal showed that vitrinite macerals are dominant (63.5%) in the head 
sample. Inertinites, dominated by semifusinites, fusinites and inertodetrinites, observed as bright fragmental 
form contributed 18% to the total maceral count. Liptinite macerals,which contributed only 5% to the total 
maceral count gave a thread like appearance in dark color. Of note, the key mineral matters observed were mainly 
argillites, some carbonate and sulphide minerals which alsoappeared dark colored either as cavity fillings or in 
disseminated forms. Such mineral matters concentrated up to 13.5%. The result of petrographic characterization 
of head sample and density fractions is tabulated in Table2. It has been observed that the percentage of vitrinite 
decreases from 76.4% to 66.1% with increase in specific gravity from 1.3g/cc to 1.6g/cc. On contrary, with 
increase in the specific gravity from 1.3g/cc to 1.6g/cc, the percentage of inertinite increases from 7.3% to 8.5% 
and mineral matter increases from 10.8% to 22.7%. The microscopic view of head sample and different fractions 
of coal is shown in Fig.4. It has been clearly implicated that organic sulphur is primarily concentrated more in 
vitrinites, and vitrinite macerals are most commonly localized in the lower density fractions.

Sulphur

Carbonate

(a) (a)



K. Kumari, S. Chakladar, V. K. Saxena, M. Sharma, S. Chakravarty

18  J. MET. MATER SC., Vol.  63, No. 1-2, 2021

Pyritic
Sulphur

Vitrinite

(c) (d)

Mineral
Matter

(e) (f)

Liptinite

(g) (h)

Fig. 4 : Microscopic view of New Zealand coal. (a)-(c) microscopic view of head sample, sulphur, carbonate and pyritic sulphur are shown 
respectively. (d)–(e) microscopic view of 1.3 float, showing vitrinite is prominent. (f) microscopic view of 1.6 float, showing mineral matter. 

Liptinite is shown in visible light (g) and also under fluorescence light (h)

Liptinite in 
florescence 
light
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Table2: Petrographic Characterization of New Zealand coal

Sample Vitrinite% Inertinite% Liptinite% Mineral matter%

NZ Raw 63.5 18.0 5.0 13.5

NZ 1.3 Float 76.4 7.3 5.5 10.8

NZ 1.6 Float 66.1 8.5 2.7 22.7

4. CARBONATE ANALYSIS
Carbonate minerals commonly occur in coals of many ages and from utilization viewpoint can be deleterious. A 
quantitative and qualitative analysis of the carbonate composition of coaliscrucial with respect to their influence 
on ash characteristics during coal utilization in conventional power stations and slagging gasifiers. Hence, we 
decided to do the carbonate analysis for head sample and heavier specific density fractions (1.6 float, 1.7 float, 
1.8 float and 1.8 sink). Table 3 shows the results of carbonate analysis which depicts that the carbonate carbon 
for the head sample coal was 25.43% and it goes on decreasing with specific density from 22.79% in 1.6 float to 
7.6% in 1.8 sink. Combustible carbon in head sample was 55.56% which also goes on decreasing with the specific 
density from 52.94% in 1.6 float to 13.62% in 1.8 sink. The key conclusion is that the carbonate carbon which 
are present in the lighter density fractions are included in the coal structure whereas the carbonate present in the 
heavier specific density fraction are excluded from the coal structure. Table 3 shows the value of carbonate carbon 
of raw and heavier density fractions of coal.

Table3 : Carbonate Carbon of Raw and heavier density fraction of New Zealand Coal

S.No. Sample Total Carbon Combustible Carbon Carbonate Carbon

1 Raw NZ 80.99 55.56 25.43

2 1.6 Float 75.73 52.94 22.79

3 1.7 Float 69.62 53.59 16.03

4 1.8 Float 61.77 49.05 12.72

5 1.8 Sink 21.22 13.62 7.60

5. CONCLUSION
The New-Zealand coal taken for present investigation contains mainly organic sulphur. The heavier density 
fractions namely 1.7 float, 1.8 float and 1.8 sink which merely contributes 1.86% to the total weight, contains 
inorganic materials (clay, silica, mineral matter, sulphur etc.) and high percentage of pyritic sulphur. The coal 
properties like fixed carbon, volatile matter, carbon percentage and vitrinite percentage deteriorates with increase 
in specific density. A detailed sulphur speciation clearly demonstrated that heavier density fractions consist of 
primarily pyritic sulphur whereas the lighter density fractions are comprised of mainly organic sulphur. FTIR 
spectra shows the major variation of functional groups between lighter density fractions (1.3 g/cc,1.4 g/cc and 1.6 
float) and heavier density fractions (1.7 float, 1.8 float and 1.8 sink) with the prominent peak of sulfide, inorganic 
sulfate and clay in heavier fractions which are absent in lighter fractions. The occurrence of carbonate carbonis 
within the coal matrix for lighter density fractions which on contrary is excluded for heavier density fractions of 
New Zealand coal. 
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