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ABSTRACT

Fundamental processes involved in the microbial degradation of coal and its derivatives
have been well investigated and documented over the past two decades. However, limited
progress in industrial application has been identified as bottleneck in further active
development of the field. The sporadic and unanticipated grow@yoebdon dactylon
(Bermuda grass) has been observed on the surface of some coal dumps in the Witbank
coal mining area of South Africa. Preliminary investigations showed the formation of a
humic soil-like material from the breakdown of hard coal in the root zone of these plants.
The potential of this system to contribute to industrial scale bioprocessing of hard coal
was investigated.

This study involved an investigation of tBe dactyloricoal rhizosphere environment and
demonstrated the presence of fungal species with known coal bioconversion capability.
Amongst thes&leosartorya fischenwvas identified and its activity in coal bioconversion
was described for the first tim€ynodon dactylorplant roots were also shown to be
colonized by mycorrhizal fungi includin@lomus, ParaglomuandGigasporaspecies.

The role of plant photosynthate translocation into the root zone, providing organic carbon
supplementation of fungal coal bioconversion was investigated in deep liquid culture with
theN. fischeri isolate used as the biocatalyst. Organic acids, sugars and complex organic
carbon sources were investigated and it was shown that glutamate provided significant
enhancement of bioconversion activity in this system.

The performance ofN. fischeri in coal bioconversion was compared with
Phanaerochaete chrysosporiuend Trametes versicolorpoth previously described
fungal species in the coal bioconversion application. Fourier transform infrared
spectroscopy indicated more pronounced oxidation and introduction of nitro groups in the
matrix of the humic acid product of coal bioconversion Nin fischeri and P.
chrysosporiunthan forT. versicolor Macro-elemental analysis of biomass-bound humic
acid obtained from th&l. fischeri catalyzed reaction showed an increase in the oxygen
and nitrogen components and coupled with a reduction in carbon and hydrogen. Pyrolysis
gas chromatography mass spectroscopy further supported the proposal that the
mechanism of bioconversion involves oxygen and nitrogen insertion into the coal
structure.

The C. dactylonbituminous hard coal dump environment was simulated in a fixed-bed
perfusion column bioreactor in which the contribution of organic supplement by the
plant/mycorrhizal component of the system was investigated. The results enabled the
proposal of a descriptive model accounting for the performance of the system in which
the plant/mycorrhizal component introduces organic substances into the root zone. The
non-mycorrhizal fungi utilize the organic carbon supplement in its attack on the coal
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substrate, breaking it down, and releasing plant nutrients and a soil-like substrate which
in turn enables the growth Gf. dactylonin this hostile environment.

Based on these results, the Stacked Heap Coal Bioreactor concept was developed as a
large-scale industrial bioprocess application based on heap-leach mineral processing
technology. Field studies have confirmed that bituminous hard coal can be converted to a
humic acid rich substrate in a stacked heap system inoculated with mycorrhiZél and
fischeri cultures and planted wiéh dactylon
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Chapter one

The bioconversion of hard coal

1. Energy

Crude oil currently supplies 37 % of world energy requirements (Department of Energy
(DOE), 2007). However, Hubbert (1949 and 1956) predicted that the era of oil-based
fuels would be short-lived and that the United States of America’s (USA) oil reserves
would peak around 1965 — 1970 and decline sharply thereafter. According to the DOE
(2007), the cost per barrel of oil has experienced a gradual increase, since the mid 1990s,
with an all time high approaching $100 per barrel in November, 2007. As a result,
interest has shifted once again to coal (World Coal Institute (WCI), 2007). At present,
coal constitutes nearly 25 % of global primary energy consumption and according to the
WCI it maintains a central role in the social and economic development of the world
(WCI, 2007). Coal generates 40 % of the world’s electricity for lighting, cooking and
refrigeration and fossil fuels all together supply over 80 % of total energy needs (Global
Environmental Outlook (Geo-4), 2007).

World coal reserves are estimated at 900 billion metric tonnes with a Reserve-to-
Production (R/P) ratio of around 147 years as against a world oil reserve of 164 thousand
million tonnes with R/P ratio of 40.5 years (BP Statistical Review of World Energy,
2007). The recoverable coal reserve worldwide is estimated at 2500mel@c tonnes

and would peak around 2150, depending on how the usage graph is drawn (International
Energy Outlook, 2007).

However, coal utilization is associated with serious environmental problems from its
mining right through to its final utilization by consumers (Geo-4, 2007). 1t is a

substantial source of pollution and has been identified as the largest source of
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atmospheric C@ and thus a major contributor to global warming (BP Statistical Review

of World Energy, 2007; Geo-4, 2007). It has been labeled by some as environmental
enemy number one (The Economist, 2002). In the USA alone, coal power plant emissions
have been implicated as the cause of tens of thousands of premature deaths annually
(DOE, 2007). Contaminants arising from coal utilization include fly ash, bottom ash,
boiler slag and heavy metals, which are dangerous when released into the environment.
The presence of low levels of the radioactive elements (uranium and thorium) in coal
could result in a cumulative radioactive waste over time, comparable to that of a nuclear
power plant (Gabbard, 2007).

It has been widely argued that to minimize the deleterious effects of coal on the
environment, research into more sustainable production and consumption of coal is
warranted (Steel and Patrick, 2001; Coal Industry Advisory Board (CIAB), 2003; Pandey
et al., 2005). The necessity for a move to cleaner coal technologies was identified as a
priority at the Earth Summit (2002).

1.1 Clean coal technology

According to the Australian Coal Association (ACA), the term “clean coal” is used to
describe technologies that are designed to enhance the efficiency and environmental
acceptability of coal extraction, preparation and utilization (ACA, 2007). Both physico-
chemical and biological processes have been investigated in the development of clean

coal technological processes.

Physico-chemical processes for coal conversion to synfuel (synthetic fuel), in the form of
gasoline or diesel, is referred to as Coal-To-Liquid operations with technologies such as
the Fischer-Tropsch process providing one of the largest current applications (Optima,
2007). The Fischer-Tropsch process, developed and in current use by Suid Afrikaanse

Steenkool en Olie Lidmaatskapy (SASOL) in South Africa, is a chemically catalyzed
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process in which syngas (carbon monoxide and hydrogen produced from coal
gasification) are converted into liquid hydrocarbons such as petrol and diesel. Joint
research by Chevron and SASOL, has indicated a significant reduction in pollution with
the move from normal crude oil-based fuels to liquid-transport fuel derived from coal
(Optima, 2007). Another clean coal physico-chemical process is the Bergius process,
which involves a direct liquefaction of lignite by hydrogenation to synfuel, but this is
currently utilized only in Germany. Other physico-chemical clean coal processes that
involved direct coal liquefaction include the Solvent Refined Coal (SRC-I and SRC-II)
process developed by Gulf Oil, and implemented at pilot scale in the USA, and the
Karrick process, which is a low temperature carbonization process that was developed at
the United States Bureau of Mines in the 1920s (US Patent number 1,958,918).

Biological processes for the production of clean coal have received particular attention
but are less well developed technologies (Klassbml., 1993; Gupta and Birendra,
2000). Potential applications are numerous and end products of biological processing of
coal could serve as feedstocks for a range of other biological processes, including
biological wastewater treatment (Bumpaisal., 1998; Steinberg, 1999), or they could be
further modified by other microorganisms to produce methane, which may also be

converted biologically to methanol to produce liquid fuel (¥iral., 2004a and b).

The study reported here has focused on the investigation of biological approaches to coal
conversion and clean coal technology, but in order to discuss the bioprocess environment,
it is necessary to review the nature of coal, its structure, diagenesis and degradation

functions.

1.2  Coal genesis

Coal is fossilized plant material that is chemically and physically heterogeneous

(American Coal Foundation, ACF, 2001). It is an organic rock formed from plant, which
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is not easily liquefied without the decomposition of its core structure. It is insoluble in
common organic solvents resulting in it being chemically unreactive under mild
conditions and, therefore, resistant to microbiological degradation (Fakoussa, 1981;
Hodek, 1994; ACF, 2001).

Coal formation can be classified into biochemical and geochemical phases (Haenel, 1991;
ACF, 2001).This process can be traced to the Devonian Periognwilants with
cellulose-rich stems had evolved. During the biochemical phase of coal formation known
as peatification (Fakoussa, 1981), dead vegetation, usually in swampy areas, sank to the
bottom of these swamps and accumulated, and with the aid of bacteria under anaerobic

conditions, eventually formed a dense material known as peat.

The later geochemical phase involved the burial of the peat and the increase in pressure
and temperature cause a gradual loss of water, transforming it into coal (coalification).
This process occurred in stages which increased the coal rank from lignite (also known as
brown coal or low rank coal) through to sub-bituminous coal, then to bituminous hard
coal (BHC) and finally, to anthracite (Haenel, 1991; de la Puentd., 1998). It is
estimated that 0.3 million tonnes of BHC would have been produced from 0.9 million to

2.1 million tonnes of compacted plant material (ACF, 2001).

1.2.1 Coal classification

Coal is generally classified by increasing carbon content or decreasing moisture content,
as well as the elemental composition and atomic ratio distribution (Table 1-1) (Hodek,
1994; ACF, 2001). Using this classification, four main coal ranks are identified; lignite,
sub-bituminous (high volatile coal), bituminous (low volatile hard coal) and anthracite
(hard coal). Other categories that are present during coal formation, but not generally
grouped amongst the coal ranks, are peat, which precedes lignite, and graphite, which

succeeds anthracite (Haenel, 1991).
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The elemental composition of coal (of the same rank) can vary amongst different coal
deposits, probably as a result of the variation in the composition of the original plant
material and diagenetic processes (Haenel, 1991; van Krevelen, 1993; Fakoussa and
Hofrichter, 1999). Nevertheless, a general classification of the coal ranks can be made
based on the elemental composition (Table 1-1) (Hodek, 1994; ACF, 2001).
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Table 1-1 Classification of coal based on moisture content, percentage elemental composition and atomic ratio of the component elements (Modified after
Hodek, 1994 and American Coal Foundation, 2001).

Coal sample Notes Elemental analysis (%) Atomic ratio
C H 0] N S C H o N S
Lignite A high moisture content coal with heat energy ranging from 868.60 5.00 24.50 1.56 0.31 100 87.00 27.00 1.90 0.20

10 MJ/Kg. Mainly used for electricity power generation.

Sub-bituminous  Sooty with fairly high moisture content and low sulphur conte82,70 5.10 9.40 1.59 0.95 100 74.00 850 1.70 0.40
this makes it attractive for use in cleaner burning.

Bituminous Fastest growing in the coal market with heat generating valueg8f70 4.50 2.70 1.59 1.20 100 61.00 2.30 1.50 0.50
28 MJ/Kg and less than 3 % moisture content. Used primarily
for the generation of electricity and coke for the steel industry.

Anthracite A shiny coal, which has virtually no moisture content and has@h00 3.80 1.30 1.95 0.87 100 49.00 1.10 1.80 0.40
energy content of up to 32 MJ/Kg. It has the lowest volatility
amongst all the categories. It burns with little or no smoke, a
reason for its frequent use in heating homes.




Chapter one

1.2.2 Coal structure

The structure of coal is very complex, and no two coals are the same. Coal diagenesis
varies strongly with each coal deposit and depends on the nature of the source plant as
well as other coal generating conditions (Haenel, 1991; van Krevelen, 1993; Fakoussa
and Hofrichter, 1999). Therefore, the structural models found in texts are generally
hypothetical models, which changes with the rank of coal (Fakoussa, 1981; Haenel,
1991; van Krevelen, 1993; ¥mur d al., 2000). Structural models of lignite, which is
regarded as being more complex than hard coal, consist of several distinct compound
classes that include bitumen (mainly hydrophobic), alkaline soluble humic acid (HA)
(a water soluble coal fraction), fulvic acid (FA) (soluble at any given pH) (Fakoussa
and Hofrichter, 1999; Janos, 2003) and humin, or the matrix, which is an insoluble
residue regardless of pH, but soluble in organic solvents (Figure 1-1) (Moldoveanu,
1998).

In recent times, coal-derived HA has become of great interest in understanding the
structure of coal as well as it having economic potential as feed stock for biological
processes (Bumpust al., 1998; Steinberg, 1999) and an energy source €iXat,

2004a and b). It has also found use as a marker in microbial coal biodegradation
research (Dehorter and Blondeau, 1992; Yaeagil., 2002; Zavarzinat al., 2004,
Kluczek-Turpeineret al.,2005; Elbeyliet al.,2006a; Yuaret al., 2006). Therefore, a

proper definition and understanding of HA is justified.

Humic acid, together with FA and humin, are geopolymers that are highly ubiquitous
and are found naturally in soil as an integral part of humic substances (Moldoveanu,
1998). Humic substances are formed via numerous transformations of organic matter
that escape complete degradation. These organic substances include cellulose, lignin,
proteins, fats and low molecular weight plant components (Moldoveanu, 1998).
Humic acids are also present in sewage sludge (Hernastdak, 1988) aquatic

environments (Steffeat al., 2002), and groundwater (Pettersson et al., 1994).
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Figure 1-1 Hypotheticalstructural models for coals of different ranks (Fakoussa and Hofrichter, 1999).
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Large amounts of HA are found in low grade coal such as lignite (Lobattail,

1992; del Ricet al.,1994). They are the fraction of the humic substances that are dark
brown to black in colour (Novakt al.,2001), heterogeneous in composition with a
wide range of molecular weight distribution and rich in structural moieties such as
hydroxyl, carboxyl or carbonyl groups (Henniagal, 1997; Janos, 2003). They are
soluble at high pH and precipitate at low pH (JanoS$, 2003). The regeneration of HA
from coal, described by Piccoéd al (1992) as a reversal of the diagenetic process, is
facilitated in the presence of oxygen. These regenerated HAs are particularly rich in
aromatic compounds and are structurally different from the HA coal precursors, but
share similar solubility and reactivity properties (Picosi@l, 1992). However, little
information is available about the coal-derived HA (Picceti@l, 1992; Henninget

al., 1997). Fulvic acids are known for their characteristic yellow colouration and
solubility at any given pH (Janos, 2003). Fulvic acids had been characterized to be of
smaller molecular weight in comparison with HA, with oxygen present as functional

groups rather than as structural components as in the case of HA (Janos, 2003).

The defining coal structure falls into one of two categories (Olietli., 2002). One
approach is to characterize coal directly by the use of techniques which allow a non-
destructive investigation into the solid coal structure. The other technique applies a
destructive approach aimed at defining the structure of coal by initially fragmenting
the coal matrix and subsequently deriving the original coal structure through the

reconstruction of the representative fragments.

Techniques used for the non-destructive investigation of the structure of coal include
infrared (IR) and solid state nuclear magnetic resonance (NMR) spectrometry (del Rio
et al., 1994; Osipowicet al.,1996; Novalet al.,2001; Wadhwa and Sharma, 1998),
X-ray adsorption spectrometry (XAS), X-ray diffraction and transmission electron
microscopy (TEM) (Haenel, 1991), X-ray photoelectron spectrometry (XPS) (Olivella
et al, 2002; Lyubchiket al.,, 2002) and X-ray absorption near-edge structure
(XANES) (Olivella et al, 2002).

A non-destructive investigation of the coal macromolecule would generally define the
typical structure of coal as consisting a large polymeric matrix of aromatic structures

commonly called the macromolecular matrix, and a tetrahydrofuran soluble part,
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referred to as the “mobile phase” of coal (Figure 1-2). The “mobile phase” usually
vaporizes at 356C and is thought to be susceptible to microbial attack (Hodek, 1994;
Ralph and Catcheside, 1994a; Solonairal., 1988). The macromolecule network
consists of clusters of condensed aromatic rings that are linked to other aromatic
structures by bridges thought to be mainly aliphatic in nature such as methylene and
ether bridges. The C-C bond strength may be up to 218 KJ/mol and thermal
requirement for cleavage may be as high as 350 @Q®hinn, 1984; Solomoat

al., 1988). Some bridges consist of a single bond between two aromatic clusters and
are known as bi-aryl linkages. Bridges between carbon atoms can also be formed by
inorganic elements, such as oxygen, sulphur, silicon, aluminum, iron, phosphorus,
sodium, titanium, magnesium, potassium and calcium (Fakoussa, 1981; Sa@bmon
al., 1988). Other attachments to the aromatic clusters that do not form bridges are
referred to as side chains and are thought to consist mainly of aliphatic and carbonyl
functional groups. These side chains, unlike the coal core structure, are accessible to
bacterial attack (Hodek, 1994; Solomon et al., 1988).

Mobile
Phase
Group
Q :
‘LO

Figure 1-2 Hypothetical coal macromolecules as denoted by a non-destructive investigation. The
macromolecular matrix and the mobile phase groups are pronounced and the condensed
aromatic rings are linked together by aliphatic groups mainly of methylene and ether bridges
(Solomonet al.,1988).

Bridge
Structure

Aromatic

Cust?rj
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Chemical degradation and pyrolysis are the two destructive approaches utilized for
defining the coal structure (Olivellat al., 2002). Analyses of fragmentized coal
macromolecules using the pyrolysis gas chromatography mass spectrometer (Py-
GCMS) usually produce various aromatic ring systems of various sizes, and aliphatic
compounds of various lengths (Philp, 1982; Giuleinal.,1991; Martinet al., 1994;
Olivella et al., 2002; Kashimurat al., 2004). The chemical degradation techniques

will be discussed in the subsequent section.

Destructive analysis of the coal macromolecule structure has provided evidence for
the abundance of condensed aromatic ring systems numbering from two to six (Shinn,
1984; Kashimuraet al., 2004). Apart from the occurrence of the condensed aromatic
rings, the results also indicated that solubilized coal analyzed with absorption and
fluorescence spectrometry, had larger poly-aromatic ring systems than coal analyzed
with pyrolysis (Kashimuraet al. 2004). This implies that smaller poly-aromatic ring
systems are lost via decarboxylation from the coal during pyrolysis, thus discrediting
the use of pyrolysis as a technique for determining the coal structure. However, the
introduction of tetramethylammonium hydroxide (TMAH) prior to pyrolysis prevents
decarboxylation and greatly enhances the product yield, which includes methyl esters
of both carboxylic acids and hydroxyl groups (Margihal., 1994; Chefetet al,

2002; Olivellaet al., 2002). Some possible units obtained using the destructive
approach is presented in Figure 1-3 (Haenel, 1991; Kashiehatg 2004).

Different methods of molecular weight determination of the coal macromolecule,
such as gel permeation and size exclusion chromatography (SEC), would yield
different molecular weight fragments, ranging from 300 to 800,000 D. This dismisses
the relevance of a molecular weight for coal, as it is more accurate to determine the
molecular weights of single fragmentized units rather than the whole coal
macromolecule itself (Fakoussa, 1981; Fakoussa and Hofrichter, 1999). Kasaimura
al. (2004) emphasized the difficulty in obtaining structural information from the entire
coal macromolecule without exhaustive breakage of the linkages between the poly-

condensed rings of the coal.

The fragmentation of the coal macromolecule for structural determination also

indicated the presence of two vital compounds (HA and FA), which are alkaline

11
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soluble and are responsible for the molecular weight distribution in coal (Schulten and
Schintzer 1993; Stevenson, 1994; Fakoussa and Hofrichter 1999). The heterogeneity
of the molecular weight of coal was suggested to be related to the inverse
proportionality constant between the HA and FA in coal and it varies from coal to
coal. By this factor, the properties of coal differ greatly from one another, e.g. the
higher the HA in a coal sample, the higher the molecular weight, the tendency to
precipitate, the ratio of carboxylic groups to the total oxygen (-COQHoxygen
functions) and the lower the FA (Fakoussa and Hofrichter, 1999).

Anthracene

Chrysene Naphthalene
‘g “ OO ]
(@]

Phenanthrene Fluorothene Fluorenone

"
989 -
[e] . % (e}
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Anthroquinone Xanthone Benzothrophene
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Figure 1-3 Structures of possible units of the fragmentized coal macromolecule that could be detected
with destructive analysis of the coal substrate (Haenel, 1991; Kashétalrz2004).
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1.3  The biodegradation of coal

Cimadevilla et al. (2003) described the degradation of coal or weathering as a
complex phenomenon which involves several simultaneous and interacting chemical
processes, sometimes coupled with physical changes. Four categories of coal
weathering are described by Cimadevitaal. (2003), which include a laboratory
process of low and moderate-temperature oxidation (simulated weathering), aerial
oxidation of organic and mineral matter (chemical weathering), microbial oxidation of
pyrite (biological weathering) and changes in the coal moisture content that may
result in elevated particle size fractionation (physical weathering). In this study, the
coal conversion process has been grouped into four categories, namely conversion by
natural processes (weathering), conversion by thermal processes, conversion by
chemical processes and conversion by microbial processes. In particular, the term
conversion or bioconversion will be used to refer to any change to the coal substrate
including those induced by microbial activity. This covers a wide range of terms used

in the literature including solubilization, depolymerization and degradation.

1.3.1 Conversion by natural process

Coal conversion by natural processes refers to the alteration of the coal
macromolecule when exposed to the atmosphere after mining (de la Buehte

1998; Cimadevillaet al., 2003). The oxidative process that occurs under this
condition involves the release of a large amount of heat, which could result in
spontaneous ignition of the coal material with a subsequent loss in calorific value,
alteration of macromolecular properties and a modification of the coal
macromolecular behaviour during the conversion processes (Ndaji and Thomas, 1995;
Ibarra and Miranda, 1996; MacPhee et 2004).

It is generally understood that the natural oxidative weathering of coal usually occurs
in two steps. The first step involves the utilization of oxygen to produce intermediate
products while the second step involves the subsequent decay of the protracted
intermediates leading to the loss of carbon as (EQuation 1). When low rank coals

13
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such as lignite are involved, humic substances are generated as part of the

intermediates (Chang and Berner, 1998).

Ceoa + 0, [(IT' = intermediates [T —» CO, Equation 1

The regeneration of humic substances can be achieved in the laboratory by simulating
natural weathering using oxidizing agents such as HNQuigley et al., 1988;
Machnikowskaet al.,2002; Elbeyliet al., 2006a) and hydrogen peroxide (Holker

al., 1997; Hofrichteet al., 1997b; Willmann and Fakoussa, 1997a), or by aerating the
coal macromolecule at elevated temperature (Ndaji and Thomas, 1995). The observed
regeneration of humic substances in the field via the natural oxidative processes of

higher rank coal has yet to be confirmed (Chang and Berner, 1998).

The weathering of coal is characterized by the increase in oxygen functionalities and
the subsequent decrease in aliphatic hydrogen content. Fourier transform infrared
(FT-IR) spectrometry is widely employed to monitor and determine the extent of
oxidation of the coal macromolecule (Ibarra and Miranda, 1996). The 3000 — 2700
cm™ and 1800 -1500 chregions of IR spectrum are denoted for the aliphatic and
oxygen functionalities, respectively (Pavia et al., 2001; Alvated., 2003), and their
turnover is usually monitored during the coal weathering process (lbarra and Miranda,
1996; de la Puentet al., 1998; Cimadevillat al., 2003). Thermogravimetry coupled

to gas analysis by infrared spectrometry (TG-FTIR) had been demonstrated to be
effective in the accurate auditing of the oxygen mass balance in the three main oxygen
containing gases @, CO and Cg) during the weathering process (MacPkeal.,

2004). Results from FT-IR studies of the coal weathering process suggest a slight
decrease in the aliphatic hydrogen contents and an increase in carboxyl group with
increasing time of storage. Significant structural changes were observed in samples
obtained from areas where spontaneous heating and ignition occurred (Ibarra and
Miranda, 1996). The early stages of the weathering process usually entail the
formation of peroxides, which eventually decompose to generate water, at a
temperature that is below the softening point of bituminous coals (MacRhae

2004).

14
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1.3.2 Conversion by thermal process

As a result of the large variety of functional groups that make up the bridge structures
of coal, bridges tend to have a large distribution of bond strengths (Hodek, 1994).
This distribution of bond strengths is vital during pyrolysis (thermal combustion in
the absence of oxygen), as the weakest bonds are broken first. Bridges that contain
oxygen atoms as ethers have relatively weak bond strength and are therefore broken
first (Solomonet al., 1988). Coal conversion by thermal process therefore refers to

any alteration to the coal structure through application of heating.

The pyrolysis behaviour of coal is known to be subject to temperature, heating rate,
particle size, pressure, coal type among other factors (Soletnaln, 1988). During
pyrolysis of coal, devolatilization occurs. Tar and light gases (volatiles) are driven
out, and a solid residue known as char, remains (Sol@hah, 1988; Matsuokat

al., 2005). Tar is generally defined as the volatile components that condense to a solid
or liquid at room temperature (Solomenal., 1988). The morphology of the resultant
char is responsible for the aerodynamic characteristics of the coal char when
introduced into a reactor. Simply put, the eventual characteristic of coal char during
conversion is determined by the rank of coal and petrographic composition of the

parent coal, as well as the experimental conditions (Matsuoka et al., 2005).

Figure 1-4 is a representation of the hypothetical pathway of coal degradation during
pyrolysis (Solomonet al, 1990). As the coal particle temperature rises during
pyrolysis, the bonds between the aromatic clusters in the coal macromolecule break,
creating fragments that detach from the macromolecule (Figure 1-4). The larger
fragments, referred to as metaplast, either vaporize and escape from the coal, or are
reincorporated into the coal macromolecule through a process known as cross-linking.
The decomposition rate and the extent of reaction of coal is a factor determined by the
extent of cross-linking in the macromolecular structure. This determines the duration
of chemical reaction or thermal process needed for the depolymerization of the coal
macromolecule (Ndaji and Thomas, 1994). The portion of the metaplast that is
vaporized usually consists of the lower molecular weight fragments; fragments

consisting of light gasses of tar that can characterize the rank of coals. The side chains

15
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on the aromatic clusters released from the coal as light gases are generally oxides
(CO;,, CO, HO) and light hydrocarbons (€,) (Figure 1-4). Low rank coals, such as
lignite and sub-bituminous coals produce relatively high levels of light gases and very
little tar. Bituminous hard coals produce significantly more tar than the low rank coals
and moderate amounts of light gases. The higher rank coals (anthracite) produce

relatively low levels of both light gases and tar (Solomon,et380).

Figure 1-4 The hypothetical pathway of coal degradation during pyrolysis. A rise in temperature of the
coal particle would result the cleavage of bonds between the aromatic clusters in the coal
macromolecule break, creating fragments that are detached from the macromolecule (Solomon
et al, 1990).

The general consensus in current coal degradation research is that the linkage between
the aromatic clusters must be exhaustively cleaved for the structure of the coal
macromolecule to be elucidated, and to make solubilization and depolymerization, as
well as cleaner coal fuel production, attainable (Steell., 2001; Kashimurat al.,

2004).

A major disadvantage in the industrial pyrolysis of coal is the high capital cost of the

facilities and the high operational cost needed to achieve the high temperature

required for bond cleavage between the aromatic clusters. Noxious gases, such as
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sulphide, are released into the atmosphere during thermal combustion. The
accumulation of these gases results in air pollution and acid rain (8zehd.,

1994; Mukherjee and Borthakur, 2001). Highly reactive intermediate pyrolysis
products cause uncontrollable side reactions that result in undesirable side products.
These activities can be avoided by the use of ionic reactions at low temperature,
which could result in derivatives that are soluble in common solvents (Hodek, 1994;
Shimizuet al., 1999; Steel et al., 2001).

1.3.3 Conversion by chemical process

Physical methods of desulphurization and demineralization, as earlier mentioned, are
limited because of environmental constrains. This is not a crucial factor in the
conversion of the coal molecule by chemical process, which is becoming more
acceptable as the alkali used is easily recovered though various chemical processes
and the acid by simple distillation process (Stefanewal., 1999; Mukherjee and
Borthakur, 2001). Though the main part of coal can not be dissolved by solvent-based
methods as a result of the three-dimensional macromolecular structure of coal, partial
solubility of most lignite and BHCs in benzene/ethanol and in non-specific solvents,
such as chloroform, ether and acetone, are possible because of the presence of
paraffinic wax and resins (Hodek, 1994). Using solvents of high polarity, such as
pyridine and phenol, partial solubility of up to 20 or 40 % is achieved at temperatures
below 200°C. The solubilized products, in these cases, are said to have similar
properties to the main insoluble coal macromolecule (Hodek, 1994), which undergoes
a process known as “swelling” (diffusion of molecules towards the polymer structure

of the coal macromolecules) (¥aur,  al., 2000).

The chemical pre-treatment of coal prior to its solubilization has been the subject of
several studies. Chemical pre-treatment by reduction, alkylation, reductive alkylation,
non-reductive alkylation and selective oxidative alkylation has been investigated
(Bimer et al., 1992). These investigations have been extensive but did not elaborate
on the effect of chemical pre-treatment on the coal macromolecule (Eitmredr,

1992). Acid catalyzed coal depolymerization reactions that involve the use of strong

acids such as AIGIHCI and AIBri-HBr are usually carried out at low temperatures as
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a pre-treatment step prior to solubilization (Shimetual., 1999). However, coal
compounds formed with the acid are usually not easily separated into different
constituents, making the recovery of the depolymerized coal products almost
impossible. A Bronsted/Lewis (HF/Bfacid catalyst with a low boiling point was
shown to be essential for coal depolymerization and the acid was easily recoverable
by distillation (Shimizuet al., 1999). This investigation highlighted the coal
depolymerization pre-treatment step as vital for effective solubilization in selected

solvents.

In another investigation of coal pre-treatment steps, coal solubilization was obtained
via a stepwise process of coal activation (by alkali metal treatment), ionic oxidation,
and finally, non-reductive alkylation (Stefanogtial., 1999). This study proposed a

chemical mechanism for an effective cleavage of C-C bonds in the coal

macromolecule creating an opportunity for coal solubilization.

Coal activation by alkali treatment using potassium as an electron transfer agent was
achieved in the presence of tetrahydrofuran (THF) and naphthalene. This was
followed step-wise by the oxidation of the activated coal with dry oxygen,
acidification to pH 4 using n-BuOH, and finally, distillation by the use of water
vapour. The non-reductive alkylation was accomplished by introducing 2 mL freshly
distilled THF to 1 g of coal and adding 10 mL Tetramethyethelenediam (TMEDA)
under argon atmosphere while stirring the mixture in liquid nitrogen. This was
followed by the drop-wise addition of 10 mL of n-butyl lithium (n-BuLi) solution in
heptane. Stirring continued at room temperature for 3 hrs and an excess of n-Butyl
iodide (n-Bul) (three fold of potassium), which was distilled over copper wire, was
introduced. Finally, the product was acidified using 3 % HCI and steam distilled to

recover the treated coal.

Solubility of chemically treated coal in trichloromethane (Chl@icreased up to 84

%, depending on the activation procedure adopted. Spectral analysis of the solubilized
coal by FT-IR spectrometry and —Bhd **C CP/MAS NMR revealed that the
solubilization of the coal was effected by C-alkylation, and consequently, the

weakening of strong C-C bond interactions present in coal. Here the solubilization of
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the coal was effected by the weakening of strong C-C bond interactions present in

coal (Stefanova et al., 1999).

Other forms of chemical pre-treatment of coal such as metallic potassium (K-THF-
isopropanol) could increase coal susceptibility to solubilization in methanol-NaOH,
while reductive methylation with potassium tetrahydrofuran methyl iodide (K-THF-
CHal), decarboxylation, reduction with lithium aluminium hydride (LiA)Hand O-
methylation has been investigated and were found to greatly reduce coal reactivity
(Bimer et al., 1992). Also, the use of aqueous sodium hydroxide followed by
hydrochloric acid pre-treatment has been investigated as a pre-treatment step for the
desulphurization and demineralization of coal (Mukherjee and Borthakur, 2001).
Results indicate a 43 — 50 % removal of total inorganic sulphur and around 10 % of
organic sulphur from the coal sample that was of Indian origin. Desulphurization and

demineralization were found to increase with the increase in alkali concentration.

The degree of modification, mainly by insertion and oxidation, depends on various
factors, such as the nature of chemical agents, treatment time and temperature, as well
as the nature of the coal used (Lyubchikal, 2002; Alvarezet al, 2003). HNQ
oxidative pre-treatment of coal has been shown to desulphurize the coal
macromolecule (Alvareet al, 1996 and 2003), and to incorporate carbonyl/carboxyl
functionalities (Alvarezet al, 1996 and 2003; Maet al, 2005). In addition, the
introduction of aromatic nitrogen was observed after HN@e-treatment of coal
(Machnikowskaet al, 2002; Alvarezt al, 2003; Elbeyliet al., 2006a and b), and an
increased aliphatic hydrogen content under more energetic conditions (Advarez

2003). Interestingly, HN®treatment does not seem to have any influence on the

methylene and methyl groups present in the macromolecule (Aletetz2003).

The oxidative pre-treatment of the coal samples using Hiéatly elevated the coal
solubilization potential for microbial interaction (Achi, 1993, 1994a and b; Fakoussa,
1994; Machnikowskat al., 2002; Bgaranet al., 2003). For example, Machnikowska

et al. (2002) found 90 and 40 % enhanced solubilization of lignite and sub-bituminous
coal, respectively, after HNQreatment.
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1.3.4 Conversion by microbial process (bioconversion)

Although the biological reactivity of coal has been known for some time, more recent
investigations of the microbial action on coal date from 1979 when the structural
similarities between wood lignin and coal were reported by Hayettal (1979).
Fakoussa (1981) provided the first direct evidence that filamentous fungi, yeast and
bacteria utilize coal as the sole carbon source. This was followed shortly by evidence
that fungi can liquefy coal (Cohen and Gabriele, 1982). Over the years several
investigations resulted in the descriptive postulation of fungal activity on coal and
coal related macromolecules. Most of these investigations focused on fungal activity
on low rank coal such as lignite (Scett al., 1992; Ralph and Catcheside, 1993;
Holker et al.,1995; Holker and Hofer, 2002; Yua al.,2006). This was mainly due

to the accessibility of the coal macromolecule to microorganisms, because of the
lesser compactness of the aromatic ring system as well as the higher moisture content
of low rank coal when compared with higher rank coal or hard coal (Hodek, 1994).
Oxidative pre-treatment of the low rank coal greatly enhanced the microbial
interaction resulting in the solubilization of the coal macromolecule (Quajley.,

1988 and 1989; Achi, 1994a; Fakoussa, 1994; Hofrigttaf., 1997b; Labordat al,

1997; Machnikowskaet al., 2002). Only a few investigations have focused on
microbial solubilization of untreated hard coal (Fakoussa, 1988; Osip@wiet.,

1994; Monistrol and Laborda, 1994; Hofrichtdral.,1997a). Both bacterial consortia

and pure bacterial isolates have been implicated in coal bioconversion (Fakoussa,
1988; Andrews et al., 1994; Torzilli and Isbister, 1994; Hoélker et al., 1997).

Findings on the microbial degradation of coal are, however, not conclusive and in
some cases were found to be contradictory and very limiting (Torzilli and Isbister,
1994). Willmann and Fakoussa (1997maintained that extracellular enzymes
(peroxidases and/or laccases) were a key factor responsible for coal solubilization, but
that the enzymes were induced by some mediators. They found that the excretion of
these enzymes starts shortly before the solubilization of the coal and the enzymes are
rendered inactive during the course of solubilization. These enzymes could be
responsible for modifying the structure of coal which eventually results in a decrease

in the octanol-water partition coefficient of coal (an indication of increased
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solubility). The application of purified peroxidases and enriched laccases, as well as
commercial samples of these enzymes, was not able to effeeitro coal
solubilization. These results led to the conclusion that other enzymes or factors help to
promote coal solubilization. The oxidation state of coal was, however, found to be a
major factor that determines the extent of its solubilization using fungi (Willmann and
Fakoussa, 1997a).

At present there are no standardized protocols for the screening of microbial species
with coal bioconversion potential. Research groups have generated and customized
screening protocols that meets their various requirements (&ieihh 1999). In most
investigations that involved the microbial degradation of coal, the secretion of
extracellular oxidative enzymes had been targeted and incorporated in the screening
protocol to determine organisms with coal depolymerization potential. The presence
of extracellular oxidative enzyme-secreting organism can be confirmed by the
addition of the substrate 2,2zinobis(3-ethylbenzoline-6-sulphonic acid) (ABT8)

the growing agar plates (Hofrichter and Fritsche, 1996 and 1997a; Hofrathaér

1997b; Willmann and Fakoussa, 1997a). A colour transformation of the agar plate that
contained the ABTS, compared to a control plate without ABTS, is usually interpreted
as laccase activity, an indication of the fungal ability to depolymerize coal and its
derivatives. However, organisms that lack the ability to degrade ABTS have been
implicated and documented in coal depolymerization studies (Qetoal., 1991,
Hofrichteret al., 1997a). The presence of extracellular manganese peroxidases (MnP)
activity can be screened in a non-agitated submerged culture system in the presence of
hydrogen peroxide, by the oxidation of Mrto Mn"® (Lundell and Hataka, 1994;
Hofrichter and Fritsche, 1997a and b; Willmann and Fakoussa, 1997a). Lignin
peroxidase (LiP) activity can be detected by the oxidation of veratryl alcohol (3,4-
dimethyoxylbenzyl alcohol) to veratraldehyde (Dehorter and Blondeau, 1993; Lundell
and Hataka, 1994; Ralph and Catcheside, 1994a; Hofrichter and Fritsche, 1997a).
Besides the screening methods for extracellular oxidative enzymes, other screening
methods for the identification of potential coal degraders target the release of water-
soluble products from coal particles, or the liquefaction of the coal particle when in
contact with mature fungal cultures, which is described as gutation (Hofrethaer

1997b; Holkeret al, 1997; Yuaret al.,2006). Additional method include clearance

zones around colonies on agar containing alkali-solubilized coal (Hofrichter and
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Fritsche, 1996 and 1997b) and the clearance of a nutrient broth medium containing
alkali-soluble coal when inoculated with microorganisms (Willmann and Fakoussa,
1997b). It is evident that the identification of a larger array of organisms is much
needed for the advancement of coal bioconversion technology and is currently based
on a limited understanding of the microbial coal bioconversion mechanism, and of the

final microbial coal bioconversion products (Klein et 4999).

Microbial activities on coal such as depolymerization, decolorization, solubilization
and liquefaction were clarified in the update of the Résumé of the Bioconversion
Session of the ™ International Conference on Coal Science in 1997 (Kétiml.,
1999). Depolymerization was defined as the catabolic reduction of higher molecular
mass to smaller fractions, which could be accompanied by loss of chromophore;
whereas, decolourization is the loss of chromophore without any change in the
molecular size. Liquefaction was defined as a change of physical state (solid to liquid
state) and should not be confused with solubilization, which is the dissolution of all or
part of the coal molecule.

Various investigations have been conducted in a bid to elucidate the microbial coal
degradation mechanism. Findings on the microbial enzymatic coal degradation
indicated extracellular oxidative enzymes, such as laccases (which inclu