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ABSTRACT

The emission of sulphur oxides during the combustion of coal is one of the causes of

an environmental problem known as acid rain. Biodesulphurisation technology

applied as a method to remove sulphur before coal combustion was investigated in
this work. The desulphurisation abilities of three specific bacterial strains including
Rhodococcus erythropolis IGTS8, R. erythropolis X309 and Shewanella putrefaciens
strain NCIMB 8768 have been evaluated. R. erythropolis IGTS8 and X309 were
found to be able to remove both inorganic and organic sulphur from model
compounds and coal samples. Their abilities to remove sulphur from benzothiophene
were observed for the first time. A novel desulphurising bacterium, S. putrefaciens
was also found to be able to remove inorganic and organic sulphur from coal samples.
The bacterium, however, lost its ability to remove organic sulphur from model

compounds during the investigation. R. erythropolis 1GTS8 presented the greatest
desulphurisation efficiency among the three bacterial strains. Nevertheless, the

desulphurisation activity of R. erythropolis IGTS8 was too low for an economical
coal biodesulphurisation process as it removed only 32.0% of total sulphur in
bituminous coal, and 21.1% of total sulphur in anthracite coal. Alternatively, coal
biodesulphurisation can be carried out in inexpensive conditions by using the bacteria
inherent in the coal itself. The type of coal has an important effect on desulphurisation
efficiency since the sulphur reduction in bituminous coal, which is in a lower rank
than anthracite, was greater than the sulphur reduction in anthracite coal. This work
also developed and evaluated the analytical methods used in the field. A HPLC
method was developed to detect the desulphurisation metabolites of model

compounds. The techniques for measuring sulphur in coal were improved.
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INTRODUCTION



INTRODUCTION

Coal has been accepted as a major source of energy for centuries. In addition, the

International Energy Agency (IEA) has forecast a substantial increase in its use over

the next few years, rising from 3.5 billion tonnes at present to over 5.3 billion tonnes
per year (IEA, 1998). When coal is burnt its sulphur content combines with oxygen to
form sulphur dioxide (SO,), which contributes to both pollution and acid rain.
Governments throughout the world have recognised the problems and moved to

reduce the amount of SO, emission through legislation. For instance, the SO,

emission limit for coal-fired utility boilers under Title IV of the 1990 Clean Air Act

Amendments (CAAASs) has been set at 0.52 kg/ 10° kJ (Miller & Srivastava, 2000).

To meet this standard, flue gas desulphurisation (FGD) has been retrofitted to existing

coal combustion plants in many countries (UK Clean Coal Technologies, 1998). In

the FGD process, flue gas is sprayed with a slurry made up of water and an alkaline

agent, usually lime or limestone (Figure 1.1). The SO, is converted into calcium
sulphate (gypsum) and disposed of as a wet sludge. Fluidised bed combustion (FBC)
has been used in another instance. This method cleans coal inside the furnace where
the coal is actually burned (Figure 1.2). Coal is ground into small particles, mixed
with limestone and injected with hot air into the boiler. This mixture, a bed of coal

and limestone, is suspended on jets of air and resembles a boiling liquid. As the coal

burns, the limestone acts as a sponge and captures the sulphur.



10 stack

Figure 1.1 Typical coal fired power station with flue gas desulphurisation (UK Clean
Coal Technologies, 1998).

Figure 1.2 Pressurised fluidised bed combine cycle (UK Clean Coal Technologies,
1998).



Nevertheless, both FGD and FBC techniques are too expensive and impractical for
users of small to intermediate volumes of coal. It is believed that the best method to
limit the amount of sulphur dioxide emitted into the atmosphere i1s to reduce the
amount of sulphur in coal before combustion. The techniques used include physical,

chemical and biological processes.

In physical processes coal is crushed, ground and washed. These allow some of
inorganic sulphur to be removed. However, a considerable amount of finely pyrite
(the predominant form of inorganic sulphur in coal) as well as organic sulphur can not
be removed (Klein, 1998). Chemical processes are carried out with a chemical
catalyst under high temperature and pressure. Although chemical processes can
remove both inorganic and organic sulphur, they are costly, producing hazardous
products, and the structural integrity of the coal is affected. Biological processes
based on degradation of sulphur compounds by microorganisms are the alternative

methods. The processes offer many advantages since they perform under mild
conditions with no harmful reaction products, and the value of coal is not affected

(Monticello, 1998). A large research effort has been put into the biological processes

in recent years. Nevertheless, there is still relatively little understanding in the

processes and no commercial application available yet.

Different biodesulphurisation techniques have been developed using acidophilic or
thermophilic sulphur metabolising archaea. The mesoacidophilic bacteria such as
Thiobacillus ferrooxidans, T. thiooxidans and Leptospirillum ferrooxidans have been

proven to be efficient in the removal of pyritic sulphur and other forms of inorganic

sulphur, but inefficient in the removal of organic sulphur from coal (Juszczak et al.,



1995). The thermoacidophilic bacteria including Sulfolobus acidocaldarius, Acidianus
brierleyi, Metallosphaera sedula and Thiobacillus caldus were reported to remove
both inorganic and organic sulphur from coal. At the elevated temperature used for

the thermophilic bacteria, the removal of inorganic sulphur is greater and faster.

However, precipitation of iron sulphates also increases and counteracts the

desulphurisation as the precipitates stick to the coal even after the washing step.
Therefore, the mesoacidophilic bacteria seem to be more appropriate to apply for the
removal of inorganic sulphur. In addition, the experiments using a sulphur model
compound, dibenzothiophene (DBT) which is generally regarded as a model
compound representative of the forms of organosulphur found in coal, have shown
that the thermoacidophilic bacteria can only break the C-C bond, not the C-S bond of
the compound. So that sulphur still remains in the compound and the caloric value of

the compound 1s reduced (Konishi et al., 1997). More preferable, desulphurising

microorganisms should attack the sulphur without altering the carbon skeleton or

affecting other valuable components in the coal structure. Pseudomonas strain Coal

Bug One (CB1) i1solated from coal has suggested that sulphur could be removed

specifically from coal with little or no reduction of caloric value. Nevertheless, it is

unfortunate that the desulphurisation ability of strain CB1 has been lost and the strain

1s no longer available for the research community.

Up to date, many researchers have carried out their work using Rhodococcus species.
R. erythropolis IGTS8 has been the most extensively studied strain since it can

selectively remove sulphur from DBT without reduction of caloric value (Kayser et

al., 1993). In practice, there are many DBT derivatives such as alkyl-substituted, and

it 1s considered that the more complicated compounds are the more recalcitrant to



chemical desulphurisation (Ohshiro et al., 1996). R. erythropolis IGTS8 has not been
shown to desulphurise DBT bearing alkyl substitutions adjacent to the sulphur atom.

R. erythropolis ECRD-1 which can selectively remove sulphur from these DBT
derivatives was then isolated (Lee et al., 1995). Interestingly, even with the obvious

chemical similarity of DBT and benzothiophene (BT), the Rhodococcus species able

to desulphurise DBT such as strain IGTS8 could not desulphurise BT (Gilbert et al.,
1998). Gordonia sp. strain 213E was later isolated for the desulphurisation of BT.
Nevertheless, the strain 213E could not desulphurise DBT (Gilbert et al., 1998). This

absence of cross-reactivity is desirable. It is observable from the literature that all
cultures proclaimed useful for removing sulphur are not versatile for a wide range of
sulphur compounds. Furthermore, their desulphurisation abilities seem unstable and

the reproducibility of results is poor. It is necessary to search for more stable and
active microbial cultures with improved efficiency toward a wider variety of sulphur

compounds in order to achieve a successful biodesulphurisation process.

Previous work at Cranfield Biotechnology Centre reported that when using
Shewanella putrefaciens (NCIMB 8768) 1n clay desulphurisation, sulphur odour was
reduced (Whittles, personal communication). A more detailed investigation was
undertaken in the present study to examine the ability of this strain of S. putrefaciens
in sulphur removal from the sulphur model compounds (both organic and inorganic

forms). The effect of different parameters on the desulphurisation ability of this strain

has been examined. The results achieved were compared to those obtained by the

current desulphurising bacteria, R. erythropolis strain IGTSS and strain X309.



Although there were many reports on the desulphurisation ability of R. erythropolis
strain IGTS8, most of these investigations were carried out with sulphur model
compounds which are recognised to behave differently to sulphur in coal (Davidson,

1994). Very few studies on biodesulphurisation of certain coal have been published.

Therefore, experiments with coal samples performed in this study may provide data of
greater relevance to coal biodesulphurisation than experiments which employ sulphur
model compounds. Biodesulphurisation of two types of coal (bituminous and

anthracite) by R. erythropolis 1IGTS8, R. erythropolis X309, S. putrefaciens and the

bacteria inherent in the coal were investigated.

In addition, to gain more understanding of the coal biodesulphurisation processes,

accurate analytical techniques for measuring sulphur in coal are required. The most

common methods used are the standard methods of the American Society of Testing

Materials (ASTM): a coal sample is analysed chemically to determine total sulphur
and sulphate sulphur; pyritic sulphur is calculated from pyritic iron; and organic

sulphur is obtained indirectly by subtracting the sulphate and pyritic sulphur contents
from total sulphur content. The techniques are time consuming, cumbersome and not
SO consistent; many errors can be introduced in each stage of the analysis. Therefore,
it 1s difficult to monitor the efficiency of the different bacterial desulphurisation

processes with confidence. In this study, the alternative determination methods of

sulphur forms in coal were proposed and evaluated.



CHAPTER 2:

LITERATURE REVIEW



2.1 INTRODUCTION

This Chapter is intended to cover the overview and progress achieved to date in coal
desulphurisation. The focus is primarily on microbiological processes. At the end of

this Chapter, the aims and objectives of this research project are detailed.

2.2 COAL FUEL

2.2.1 The origin of coal

Coal is a carbonaceous deposit derived from vegetation, which has been consolidated
between other rock strata to form coal seams, and altered by the combined effects of
microbial action, pressure and heat over a considerable period of time. Initially, the

peat (the precursor of coal) was converted into lignite. Lignite was later changed into

the range known as sub-bituminous. As the processes continued, the coal became
harder and is classified as bituminous and then anthracite. The degree of
metamorphism undergone by coal has an important bearing on its physical and
chemical properties, and is referred to as the rank of the coal. Low rank coal, such as
lignite and sub-bituminous coal, is typically softer, friable materials with a dull and
earthy appearance. Higher rank coal is typically harder and stronger. Increasing rank

1s accompanied by a rise in the carbon and energy contents and a decrease in the

moisture content of the coal as shown in Figure 2.1.
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Figure 2.1 Rank of coal with world reserves and uses (World Coal Institute, 1999).
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2.2.2 Coal structure

Coal is not a homogenous substance. As a result of its origin, coal 1s an almost non-
volatile, insoluble, non-crystalline, highly complex mixture of organic molecules of

varying size and structure. Coal, being an organic sedimentary rock, is composed of
fossilised plant remains which are called macerals (Haenel, 1992). Macerals are

differentiated into three major groups; vitrinite, exinite and inertinite.

Vitrinite is the most prevalent group and believed to be derived from woody plant
material (mainly lignin). EXxinite (alternatively called liptinite) is developed from

lipids and waxy plant substances. Char formed by prehistoric pyrolysis, e.g. during

wood fires, is suggested as a possible origin of inertinite. In analogy to macerals, coal

contains varying amount of fixed carbon, hydrogen, sulphur, nitrogen and trace

minerals. Analytical data of some coal samples are given in Table 2.1.

Table 2.1 Analytical data of coal samples (White ef al., 1994 and Rubiera et al.,
1999).

Analysis Lignite Sub- Anthracite
bituminous

Proximate analysis (wt%)
Moisture
Volatile matter

Ash
Fixed carbon

Ultimate analysis (wt %)

Form of sulphur (wt %)
Pyritic

Sulphate
Organic
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It is extremely difficult to detail the characteristic of coal structure. Many models of

coal structure have been proposed. Figure 2.2 shown a model of hard coal was

proposed by Wise (1981).

Figure 2.2 Structural model of hard coal (Wise 1981).
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The model assumes that the aromatic and hydroaromatic structural units of three to
five rings are cross-linked through short aliphatic and ether bridges to form

macromolecular aggregates. Later, this model was adapted by Jones et al. (1999) to fit

the ultimate analysis of the coal as shown in Figure 2.3.

As an alternative, a two-component system has been suggested for the vitrinite of
bituminous coal (Haenel, 1992). This model largely abandons the concept of
individual structures. A macromolecular, three-dimensional network of the coal

substance forms the immobile phase in which i1s embedded a multitude of relatively

small molecules of varying structures forming the mobile phase. The sketch of this
model is shown in Figure 2.4. However, this model retains some of the previous

structural concepts, for instance the identification of aromatic/hydroaromatic

structures and aliphatic/ether bridges.
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Figure 2.3 Structural model of bituminous coal (Jones et al., 1999).

Characlenistics -
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-~ Included in the network,
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Hydroaromatics  Etherbridges  Molecules

Figure 2.4 Conceptual coal model (Haenel, 1992).
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2.3 SULPHUR COMPO UNDS

Living cells possess several organosulphur compounds, for example amino acids,
vitamins, coenzymes, penicillins, biotin, sulphone, and chondroitin sulphate. Various

amounts and selections of these compounds were transformed into different forms of

sulphur in coal, depending upon the geobiology and geochemistry of sulphur cycling

(Murty et al., 1994).

2.3.1 Sulphur compounds in coal

Sulphur in coal is present in both inorganic and organic forms. The total sulphur
contents vary considerably from <0.1 wt% to >7.0 wt%. The inorganic sulphur in coal
consists predominantly of sulphides and sulphates. Sulphide minerals include pyrite
(FeS,), sphalente (ZnS), galena (PbS), arsenopyrite (FeAsS) and others. The sulphate
minerals include barite (BaSOs), gypsum (CaS04.2H,0), anhydrite (CaS0O,), and a
number of iron sulphates and others (Calkins, 1994). The pyritic sulphur is generally

the preponderant inorganic sulphur in coal. Particles of pyrite are randomly

distributed as crystals throughout the coal but are not bound to it as shown in Figure

2.2 (Klein et al., 1994). The pyrite is probably formed by reaction of the H,S from

bacterial reduction of sulphate with ferrous or ferric ions in the ground water (Calkins,
1994). The organic sulphur in coal is covalently bound into its large complex
structure, so that it is more difficult to remove physically, chemically, or biologically
in contrast to pyritic or inorganic sulphur (Constanti et al., 1994). The organic sulphur

in coal exists as both aliphatic and aromatic or heterocyclic forms, which can be

classified into four groups (Klein et al., 1994):
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1) aliphatic or aromatic thiols (mercaptans, thiophenols);
2) aliphatic, aromatic, or mixed sulphides (thioethers);
3) aliphatic, aromatic, or mixed disulphides (dithioethers); and

4) heterocyclic compounds or the thiophene type (dibenzothiophenes).

Figure 2.5 represents the four types of organic sulphur compounds. There 1s
considerable evidence that the low-rank coal contains more of the organic sulphur in
aliphatic or labile form, whereas the higher-rank coal contains predominantly
heterocyclic sulphur. The thiophenic sulphur compounds in high-sulphur coal can be
grouped into families with up to six rings including thiophenes, benzothiophenes,
dibenzothiophenes, naphthothiophenes, phenanthrathiophenes and anthrathiophenes.
Many of these have structural isomers, and contain alkyl substituents up to C6 or

longer. Some of these substituents are unsaturated (e.g. vinyl) or branched (Calkins,

1994). It is assumed that the thiophenic structures in coal originated through

incorporation of inorganic sulphur into unsaturated compounds, followed by

cyclisation and aromatisation of branched alkyl thiophenes.

Vetter et al. (1989) proposed that the organic sulphur in low-sulphur coal (<0.5 wt%)
i1s obtained primarily from the sulphur components of the coal-forming plant such as
cysteine and cystine (sulphur containing amino acids) whereas the sulphur in high-
sulphur coal 1s obtained primarily from the bacterial reduction of sulphates from sea
water or brackish water. Evidence for this came first from geology when it was noted
that high-sulphur coal in the Illinois Basin were overlain by marine shale and

limestone whereas lower-sulphur coal in the Appalachian Basin were not.
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Figure 2.5 Types of sulphur-containing organic compounds identified in coal
(Shennan, 1996).
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2.3.2 Methods of analysing and identifying sulphur compounds

With the need for coal desulphurisation, techniques to quantify and identify sulphur
compounds in coal are required. The customary methods used for the determination of
total sulphur are combustion methods. The coal is oxidised in an oxygen bomb

calorimeter or ignited in a mixture with magnesium oxide and sodium carbonate
(Eschka mixture) and the resulting sulphate is determined gravimetrically as barium
sulphate. For 1nstance, in total sulphur analysis via ASTM D3177 coal is ignited with

Eschka mixture and then dissolved in hot water to get barium sulphate (BaSQO;) as a

precipitate which will be weighed for calculation (American Society for Testing and

Materials, 1993). Alternatively, coal can be burned in a furnace in a stream of oxygen

and the sulphur dioxide determined by infrared spectrometry (Leco method). This

latter method requires calibration but is quicker and easier.

Because most of the sulphate minerals can be extracted with hydrochloric acid (HCI)

whereas many of the sulphide minerals cannot, the sulphate sulphur are usually

determined by extraction with HCl followed by titration of the acid extract or

conversion to BaSOy for a gravimetric determination. In the ASTM D2492, sulphate
sulphur is extracted using dilute HCI and then quantified using the gravimetric
determination of BaSOy precipitate. The residue from sulphate analysis is further
extracted for pyritic sulphur using dilute nitric acid (HNO;). The pyritic sulphur is
calculated following determination of iron concentration in the extract solutions by

atomic absorption spectrometer by assuming a FeS, stoichiometry for pyrite

(American Society for Testing and Materials, 1994). The organic sulphur is calculated

by subtracting the sum of sulphate and pyritic sulphur from the total sulphur.
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The calculation of organic sulphur is subject to many errors accumulated in the
analyses of sulphate, pyritic and total sulphur. For example, the assumption that all of
the iron sulphides extracted by nitric acid have the same stoichiometry as pyrite could
cause inaccuracies in the calculation of pyritic sulphur. The sulphur attributable to
sulphide minerals other than pyrite will also be unaccounted for in the calculation.
Furthermore, there may be a contribution of iron from either the partial dissolution of
iron silicate or iron oxide minerals leading to an over-estimation of pyritic sulphur

(Kilbane, 1989). Therefore, more accurate analytical methods of sulphur forms in coal

are required.

Recently, the sequential digestion method developed by Laban & Atkin (2000) has

been reported for the direct determination of sulphate, pyritic and organic sulphur
concentrations in coal. A three-stage extraction was developed, using acid digestion in

a microwave oven. In the first stage, SM HCI was used to dissolve sulphate phases in

coal. Pyritic sulphur was then extracted using 2M HNO;. The final stage, for the
determination of organic sulphur, involved the use of concentrated HNO;, HCI,

hydrofluoric acid (HF) and boric acid for the complete decomposition of residue that
remained following stage 2. The extract solutions from each stage were analysed for

sulphur by inductively coupled plasma atomic emission spectrometry (ICP-AES). The

sums of the three forms of sulphur have shown consistent agreement with certified
total sulphur data for most of the coals studied. However, use of HF in the process

poses a potential hazard which should be avoided. The technique is thereby not

preferable.
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Determining the actual forms of sulphur, other than organic or inorganic is considered
to be more difficult. The flash pyrolysis technique was proposed. This technique
applies heat to convert sulphur in coal to volatile compounds. The quantification of

the organic sulphur forms was based on a study of organic sulphur model compounds

which are recognise to behave differently to organic sulphur in coal (Davidson, 1994).

A reduction technique in which all the sulphur groups in coal could be reduced to H,S

by heating in the presence of reducing solvents was later proposed. Each reduction

reaction has a given activation energy and frequency factor which is different for
different sulphur groups. The problem was to determine these for each sulphur group,

and ensure that all the sulphur in each group in the coal sample was reduced to HjS.
Additionally, the amount of H,S produced needed to be measured accurately.

Temperature programmed reduction (TPR) with an automated potentiometric method

of determining H,S has been later developed. This should improve the precision of
detection, but it still suffers from limited quantitative reduction of the sulphur groups

(Davidson, 1994).

Similarly, the controlled-atmosphere programmed-temperature oxidation (CAPTO),

in which the sulphur compounds in coal were oxidised to SO, was invented. Lately,
pyrolysis-gas chromatography, in combination with a flame photometric detector
(FPD), a mass spectrometer or a low-voltage high-resolution mass spectrometry

(LVHRMS) has been introduced. However, all of these methods still have their

limitations.
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All of the procedures described above are destructive methods. Non-destructive
methods for sulphur determination are preferable. The instrumental techniques which

have been predominant in sulphur determination in coal are based on electron
microscopy. The general principle behind this is that a high energy electron beam

interacts with atoms in the coal sample. The atoms which are struck by the electron

beam are excited into a higher energy state. Characteristic X-rays are emitted as the

atoms return to the stable ground state, and the intensity of the X-rays is measured.

Sulphur 1s usually determined by measuring the area of its Ko peak (Davidson, 1994).

There have been some reports on the use of two closely related techniques; scanning

electron microscopy (SEM) and electron probe microanalysis (EPM). Quantitative
analysis by SEM and EPM is performed by comparing the X-ray intensity produced

by the sample with that produced by a standard of known composition. The methods

are time consuming as account is taken of the weight percentages of the various coal

macerals. The sulphur content is not the same for every maceral in a sample.

Although 1nfrared spectroscopy and nuclear magnetic resonance are routinely used for
coal analysis, neither has proved satisfactory for sulphur. The instrumental techniques
which have proved more successful are types of X-ray spectroscopy. X-ray
photoelectron spectroscopy (XPS) is a technique which can provide information on
the chemical state of elements in a solid state (Davidson, 1994). This solid is
irradiated with monochromatic X-rays, which eject electrons from the core levels of

the nuclei. The kinetic energy of the electrons, the binding energy, 1s characteristic of

both the element and its state of chemical bonding. Sulphur at or near the surface of

coal particles can be investigated by observing the S 2p peak, that is electrons ejected
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from the 2p level. XPS analysis is limited by the escape depth of the electrons, usually
about 2-4 nm. Therefore, XPS is primarily a surface analysis technique and, in
untreated coal samples, there is a lack of resolution of the sulphur peaks.
Deconvolution of the spectra and oxidation of the coal can improve matters,

nevertheless the improvement is only partial.

X-ray absorption spectroscopy has been used in another instance. A coal sample is
irradiated with an intense beam of X-rays until there is sufficient energy to eject an

electron from an atom absorbing the X-rays. Then, the absorption rises rapidly to

form the absorption edge (Davidson, 1994). The spectrum in the region of this edge is

studied in X-ray absorption near edge spectroscopy (XANES). In general the K-edge
XANES spectra do not show a great deal of resolution. Recently, L-edge XANES

spectra have been obtained. XANES method suffers, as do other non-invasive

methods, from inadequate resolution.

In fairness, there would seem to be no more reason to be sceptical of the non-invasive

techniques than of the chemical techniques. They all use deconvolution of some sort.
The non-invasive technique will hardly become a routine laboratory technique since it
s a highly specialised technique and therefore not convenient for routine analysis.

Nevertheless, the non-invasive techniques should provide a useful check on

interpretation of data from the chemical techniques. Further studies and development

of the analytical methods of sulphur are still required.
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2.4 DESULPHURISATION PROCESSES

To decrease the sulphur content in coal before combustion, physical, chemical and
biological processes have been applied. Physical methods involve grinding, screening
and washing processes. The heavier pyritic sulphur particles can be removed by
floating off the remaining coal or by magnetic attraction. However, a considerable

amount of finely distributed pyritic and organic sulphur can remain in and attach to

the coal particles.

The inability of physical methods to completely remove even the inorganic sulphur
has led to the development of many chemical desulphurisation processes. These
include carbonisation in different atmospheres, air oxidation, wet oxidation, Meyers
process, chlorination and extraction with sodium hydroxide, copper chloride and

ethanol solutions. Table 2.2 summarises the results of the chemical desulphurisation

studies using Turkish lignite.

Hydrodesulphurisation (HDS), a physicochemical technique, has been applied as a

conventional sulphur removal process worldwide. It 1s a high-pressure (150-250 psig)

and high-temperature (200-425 °C) process (Monticello, 1998). Figure 2.6 presents a

typical process layout of this technique.
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Table 2.2 The results of chemical desulphurisation studies using Turkish lignite
(Yaman ef al., 1995).

Method Temp. (°C) Time (min) Total sulphur
removal (%)

Carbonisation From 11 regions Until the gas 19.9-46.0

(Fischer retort) release is |

complete

Steam Carbonisation Beypazari 600 300 67.9
Afsin 450 300 68.9

oo % i
Oxydesulphurisation 125-175 — 20-23
5350

Air oxidation Cayirhan 15 41.92

Alkali extraction Can 200 30
Ethanol-alkali extraction | Beypazari 243 86.6

Carbonisation in NH; From 7 regions 800 26.7-75.1
From 7 regions 550 15 28.4-52.3

Alkali extraction Soma 30-150 5-33

Chlorination 74 300

0 31.2-79.1

o
W

27-187

25.36-58.99

74 300 23.58-71.07
80 60 64.84
80 60 85.18

Oxidation by CuCl, 150 210 52.95
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Figure 2.6 Typical hydrodesulphurisation process layout (Cyr, 2000).

In the HDS process, feed stock is mixed with hydrogen-rich make up gas and recycle
gas. The mixture is heated in a reactor loaded with catalyst. The catalyst used is

normally cobalt, molybdenum and nickel finely distributed on alumina. In the reactor
sulphur is converted to hydrogen sulphide (H,S). The reaction products leave the
reactor and, after having been cooled to a low temperature (40-50 °C), enter a

separation stage. The hydrogen-rich gas from the high-pressure separation is recycled

to combine with the feed stock. The effluent is sent to a stripper column where H,S is

removed.
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Although chemical and hydrodesulphurisation processes give a high rate of coal

desulphurisation they are expensive to build and operate. In addition, the processes do
not work well on certain sulphur molecules, particularly the polyaromatic sulphur

heterocycles as shown in Table 2.3. It is this limitation that has tempted researchers to

move to the biological methods which present many advantages since they are

performed under mild conditions with no harmful reaction products and the value of

coal 1s not affected.

Table 2.3 The results of hydrodesulphurisation of oil distillate (Monticello, 1998).

Sulphur compound

HDS difficulty Compound’s conc. (ppm)

Straight-run Cracked

classification

distillate distillate

Non-thiophenic R==$, R=S§=—R, Moderate 5000 300
RS §==R
Thiophenes Very easy 0 0

Benzothiophenes Very easy 1700 7300

Non-B-substituted DBTs Easy 1000 1900

B-substituted DBTs Moderate 1500 2300

Di--B-substituted DBTs Difficult 600 900

Unassigned 3,4-ring S- Variable Moderate 100 20
containing molecules
Unassingned 1,2-ring S- Variable Moderate 53500 2800
containing molecules
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2.5 BIODESULPHURISATION PROCESSES

2.5.1 State of the art

Since 1935, when an early account of microbial desulphurisation of crude oil was

published, the ability of microorganisms to remove sulphur from coal has been of
sporadic interest (Shennan, 1996). In the early 1950s, a series of U.S. patents were
issued on microbial desulphurisation processes. However, these processes were found

not to work. In the late 1970s and early 1980s the U.S. Department of Energy (DOE)

and other organisations sponsored work around the country to crack this technology.
The bacteria that had been isolated at that time were not appropriate for commercial

desulphurisation technologies because they attacked the hydrocarbon portion of
polyaromatic sulphur heterocycles (PASHs) and only coincidentally solubilised the

sulphur molecules to water, thus removing them from oil.

Campbell’s article in the late 1980s (Campbell, 1993) is the largest stimulation in
development of biological desulphurisation processes. Bacteria that could liberate

sulphur from the model PASH, dibenzothiophene, without attacking the hydrocarbon
were 1dentified. Some of the government, industry and academic groups encompassed
in the field of biodesulphurisation are summarised in Table 2.4. Some of these have
made significant contributions, e.g. Energy Biosystems Corporation (EBC) have

constructed and operated a large-scale oil biodesulphurisation process (Figure 2.7)

which presents many challenges.
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Table 2.4 The organisation in biodesulphurisation technology (Monticello, 1998).

Organisation (In

approximate order of

capability)
Energy Biosystems
Corporation (EBC)

Petroleum Energy
Center, Japan
(PEC)

Tottori University
Japan

University of Tokyo,
Japan

Exxon Corporate
Research

University of Bologna,
[taly

Institute of Gas
Technology (IGT)

Korean Institute of
Science & Technology

Oak Ridge National
Laboratory

Brookaven National
Laboratory

University of Alberta,

Canada

Universitat Rovira I
Virgili, Spain

University of Notre
Dame

Canadian National
Research Council and

University of Calgary,
Canada

Monticello, Squires,
Pienkos, Johnson,
Childs, Gray
Folsom, Pacheco,
Mrachko

Yasui, Suzaki

Izumi

Omori, Kodama

Grossman

Setti
Kilbane
Kim

Kaufman

Premuzic

Fedorak

Constanti

Kulpa

Voordouw (University

of Calgary),
Sankey (Imperial Qil)

Principal
investigators

Public corporation

Ministry of
International Trade and
Industry (MITI)

MITI

MITI

Public corporation

Enichem

DOE/EBC

Korean government

DOE

DOE

Canadian gevernment
Catalan Spanish

government

EBC

Canadian government

28

Collaborations,
partnerships, or
alliances

Total Raffinage,
Texaco, Koch, Baker
Petrolite, M. W.
Kellogg, The U.S.

Department of Energy
(DOE), ATP

~12 Japanese
companies

~12 Japanese
companies

~12 Japanese
companies

Canadian National
Research Council

Agip

EBC

EBC, University of
Calgary (Canada)

EBC, Texaco

Exxon, Chevron
Baker Petrolite

Unknown

EBC

None

EBC

Imperial Oil, Exxon

|
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Figure 2.7 Schematic of oil biodesulphurisation process (Monticello, 1998).

In Figure 2.7, a biocatalyst is combined with water and transferred to the bioreactor.
The biocatalyst slurry and high-sulphur petroleum feedstock are mixed with oxygen
in a continuous stirred tank reactor. The desulphurised petroleum is separated from
the aqueous/biocatalyst output stream. The aqueous phase is further treated to separate
the biocatalyst and water. The sulphur by-product is removed from the process in the
aqueous phase as sulphate, which can be disposed of as sodium sulphate (salt water)

or ammonium sulphate, depending on local conditions. The biocatalyst/water mixture

i1s recycled to the bioreactor after the spent biocatalyst is removed.
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To compare with oil, desulphurisation of coal is more difficult as permeation of

highly polymeric material into the bacterial cell is impossible (Klein et al., 1994). The

data on coal biodesulphurisation are scarce. At the end of 1993, studies on a pilot

scale (1 ton/day) coal biodesulphurisation plant at the Porto Torres (Sardinia) was

completed. The main conclusions that could be derived from these studies are

(Camara et al., 1997):

1) the removal of inorganic sulphur (pyrite and other metal sulphides) from a

large variety of coals is a technically feasible process;

2) the residence time in the pilot plant required for a 90% removal of the

3)

4)

)

pyrite present appeared to be about 50% less than suggested from shake

flask experiments in the laboratory;

the maximal pulp density which does not interfere with the first order

kinetics of pyritic sulphur removal appeared to be far higher than indicated
in the literature. Almost 40% (w/v) pulp density does not interfere with the

specific removal rate;

nevertheless, the economics of the technology are not yet favourable,

mainly due to the high energy need of the reactor systems; and
Thiobacillus ferrooxidans does not play a key role in the process and thus
1S not an appropriate model organism. Mixed cultures containing

Leptospirillum ferrooxidans seem to be far more important in bacterial

leaching of sulphidic minerals.

In order to gain more understanding on coal biodesulphurisation process, mechanisms

involved in the process are discussed next.
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2.5.2 Biodesulphurisation of inorganic sulphur

Microbiological removal of inorganic sulphur from coal has been demonstrated in
numerous laboratory studies over the past 30 years (Bos & Kuenen, 1990). Rossi
(1993) found that pyrite bioleaching occurs in a three-phase system, the suspension of

coal in an aqueous solution through which a stream of air + CO; 1s dispersed by

suitable injectors. The presence of certain microbial strains, which can be mesophilic

or thermophilic, in aqueous suspensions of finely ground pyrite in suitable inorganic

salt solutions enhances the dissolution kinetics of the mineral.

Two mechanisms have been proposed for the biologically catalysed oxidation of

pyrite by Thiobacillus ferrooxidans: a direct, and an indirect mechanism. In the direct
mechanism, the pyrite is oxidised biologically and it requires physical contact

between the bacterium and the pyrite particles as represented in Equation 1 (Larsson

et al., 1994).

T. ferrooxidans

4 FeS;+150,+2 H;O  =memmemeeee- > 2Fey)(S04); +2 HySOy (Equation 1)

Several attempts have been made to demonstrate the direct attack of 7. ferrooxidans
on metal sulphides. It can be considered as a heterogeneous process in which the
bacterial cell attaches itself to the sulphide crystal surface and the corrosion occurs in
a thin film located in the interspace between the bacterial outer membrane and the

sulphide surface. With certain coals, the direct mechanism for oxidation of pyrite may

be limited because the microorganism is too large to enter most of the coal pores as

shown in Figure 2.8.
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Figure 2.8 Bimodal pore structure of coal and pyrite oxidation (Hone et al., 1987).
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This suggests that pyrite oxidation in coal to a large extent must rely on the indirect

mechanism. In the indirect mechanism, the bacterium oxidises ferrous iron (Fe**) to
ferric iron (Fe’™); the regenerated Fe’* ions are then used for chemical oxidation of
pyrite. Equation 2 and Equation 3 describe the indirect oxidation mediated by Fe'*

and T. ferrooxidans (Larsson et al., 1994).

ISP V) PSR 3 € (o Je—— > 15Fe*" +16 H" +2 SO4*~ (Equation 2)
T. ferrooxidans
2Fe?* +2H " +0.50; =mmemmememm- > 2Fe** +H,0 (Equation 3)

The oxidation of ferrous iron in the absence of microorganisms is a slow process. It is
considered to be the rate-limiting step for the oxidation of pyrite with ferric iron.
Another option for the indirect mechanism 1is that the ferric iron oxidises the ferrous
iron in the pyrite, leaving elemental sulphur behind as in Equation 4. The elemental

sulphur is then oxidised to sulphate by the microorganisms, as shown in Equation 3.

| TR R L A—— > 3Fe?*+28° (Equation 4)
T. ferrooxidans
2 8% 43 0735200/ 5 01 0 SR I——— > 2 H,SO, (Equation 5)

The rate of pyrite oxidation in coal might be mass<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>